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Preface

The subject of medical entomology contin-
ues to be of great importance. Arthropodborne
diseases such as malaria, yellow fever, dengue
and filariasis continue to cause considerable
human suffering and death. Problems in ani-
mal production, wildlife and pets of humans
caused by arthropods still exact a large eco-
nomic toll. In the past 2 decades, the invasion
of exotic pests and pathogens has presented
new problems in several countries, including
the USA. For example, the year 1999 saw the
invasion of the eastern USA by Aedes japonicus,
an Asian mosquito, and West Nile virus, a mos-
quito-transmitted African arbovirus related to
St. Louis encephalitis virus.

At the same time old and new health prob-
lems with arthropods occur, the traditional ap-
proaches to arthropod control have become
more limited. Arthropod resistance to chemi-
cal pesticides by arthropods, a diminishing in-
terest on the part of pesticide producers to de-
velop new products for public health and vet-
erinary uses, and the regulatory restrictions on
pesticide use worldwide forces medical ento-
mologists to seek entirely new methods to con-
trol arthropod vectors.

The field of medical entomology has ex-
panded in recent years to include a number of
new approaches and disciplines. When the
widely-used textbook of medical entomology
by James and Harwood was released in 1979,
molecular biology was in its infancy. There
were many examples of applications of genet-
ics to medical entomological problems, but little
understanding of the expression of genes for

ix

factors such as insecticide susceptibility, vec-
tor competence, host preference and similar im-
portant phenomena. Now, a variety of new
methods are available to study genes, and to
genetically alter important characteristics in
vectors as a potential means of controlling hu-
man and animal diseases.

Many of the traditional tasks of medical en-
tomologists continue to be important. Arthro-
pod systematics is important because the need
for accurate identification of arthropods is vital
to an understanding of natural disease cycles.
Systematics has been made even more challeng-
ing because of the current appreciation of the
number of groups of sibling species among vec-
tors of important disease pathogens. New mo-
lecular tools are assisting in separating these
forms.

The ecology of arthropod-mediated prob-
lems is still the fundamental component of
medical entomology. New tools available to re-
searchers also abound here, perhaps none more
important than the desktop computer.

With the enormous increase in the litera-
ture associated with medical entomology —
there are several new journals that have ap-
peared during the past 20 years — it may be
unrealistic to cover the entire field of medical
entomology in a single textbook. However, we
felt that a textbook of medical entomology
aimed at advanced undergraduate and gradu-
ate students was lacking, especially one that
recognized modern approaches to the field.
Further, we sought to emphasize the ecology
of arthropod-mediated diseases rather than
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the arthropods themselves. To produce such a
book, information traditionally available, such
as keys to the identification of medically-im-
portant arthropods, had to be left out. Fortu-
nately, there are other sources of this informa-
tion, most notably the excellent treatment by
Lane and Crosskey entitled “Medical insects
and arachnids.” For advanced students inter-
ested in the application of modern biological
approaches to vector biology there is the book
edited by Beaty and Marquardt entitled “The
biology of disease vectors.” Neither of these
books stresses the epidemiology of
arthropodborne diseases and other public
health and veterinary problems with
arthropods. We believe this textbook will fill
that gap, while serving as an overall introduc-
tion to the subject.

Another book that should be mentioned is
Service’s “Medical entomology for students.”
This book provides a concise treatment of pub-
lic health entomology for students, including
physicians, nurses and public health officials,
who seek a brief introduction to medical ento-
mology.

We hope our text will provide adequate cov-
erage of the subject of medical entomology on
a worldwide basis. It is inevitable that a book
edited and written mainly by Americans will
have an American bias, especially in terms of
the examples offered, but we have tried to mini-
mize that.

Finally, we hope that those interested in pub-
lic health and veterinary problems will find an
adequate treatment of both those subjects un-
der the overarching title of medical entomol-
ogy.

This book could never have been produced
without the substantial assistance of many
people. Nancy Dullum was an enormous help
in typing and retyping manuscripts, in handling
much of the administrative responsibility for
contacting authors and in coordinating correc-
tions. James Freeman edited all the chapters for
grammer and syntax. Kenneth Lorenzen pre-
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pared many of the computer generated figures
and did the final editing and checking of manu-
scripts. Carol S. Barnett prepared several origi-
nal drawings.

We are especially appreciative of the many
people who reviewed individual chapters. Their
comments were extremely helpful, and often
uncovered important references in the litera-
ture. Those reviewing one or more chapters
were: M.F. Bowen, Patricia A. Conrad, Anthony
J. Cornel, J. Gordon Edwards, Durland Fish,
John E. George, Nancy C. Hinkle, Harry K.
Kaya, MarcJ. Klowden, Robert S. Lane, Chester
W. Moore, Mir S. Mulla, Frederick A. Murphy,
Roger S. Nasci, William K. Reisen, Ronald M.
Rosenberg, Michael W. Service, Walter .
Tabachnick, Edward D. Walker, Robert K.
Washino and Robert A. Wirtz.

We are indebted to many other individuals
and organizations who furnished illustrations.
They are mentioned in the figure captions.

Finally, we wish to acknowledge the sup-
port and encouragement of our late friend and
colleague, E. Paul Catts, who was originally one
of the authors and the illustrator for this text.
This book is dedicated to him.

Bruce F. Eldridge and John D. Edman
Davis, California, December 1999

A NOTE CONCERNING THE SECOND
PRINTING

We are indebted to many individuals who
reviewed the first printing of this book and
pointed out numerous errors and inconsisten-
cies. We hope we have removed most of them.
We have also corrected several figures and
their captions and added several new ones.

BFE
JDE
Davis, California, October 2003



Chapter 1

Introduction to Medical Entomology

BRUCE F. ELDRIDGE AND JOHN D. EDMAN

University of California, Davis

At the end of the 20th Century about 6 bil-
lion people lived in the world. Over 40% inhab-
ited areas, mostly in the tropics, where they
were at risk to malaria, a mosquitoborne dis-
ease. About 120 million new clinical cases of ma-
laria occur each year, with over 1 million deaths
among young children in Africa alone. About
300 million people probably are infected with
the malarial parasite at any given time (World
Health Organization 1990). In each year of the
past 2 decades of the 20th Century, there was
an epidemic of dengue, another mosquitoborne
disease, in some part of the world, with each
epidemic resulting in thousands of cases, many
of them fatal in children (Fig. 1.1). Arthropods
continually attack cattle, a primary source of
food for many people of the world. These at-
tacks can involve transmission of disease patho-
gens, which in turn can result in death, lower
body weight, reduced milk production and
slower development (Sellers 1981). Even when
pathogen transmission does not take place,
there can be direct injury and reduced economic
return because of severe annoyance and blood
loss (Steelman 1976). These examples empha-
size that arthropod-mediated diseases are not
phenomena associated only with the past. There
have been spectacular advances in our under-

1

Figure 1.1. Young patient with dengue, Thailand (cour-
tesy of World Health Organization).
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2

standing of these diseases, and significant ad-
vances in technology aimed at disease detec-
tion, control and prevention. In spite of this
progress, debilitating and often fatal diseases
associated with insects and other terrestrial
arthropods continue to plague people, their do-
mestic animals and pets, and wildlife. Rapid
transportation of people, domestic animals and
commodities, and new or reemerging patho-
gens and their vectors put nearly everyone at
risk for contracting arthropodborne diseases.

The field of study devoted to understand-
ing, preventing and controlling these diseases
is medical entomology.

Medical entomology investigates the rela-
tionship of insects and other arthropods to the
health of humans, domestic animals and wild-
life. This branch of science has 2 primary sub-
divisions: public health entomology, the study
of arthropods and human health; and veteri-
nary entomology, the study of arthropods and
their effects on pets, livestock and wildlife. The
distinction between public health entomology
and veterinary entomology is not well marked,
because in many instances the same species of
arthropods cause diseases in both human hosts
and other vertebrate animals. Furthermore, the
approaches used to solve research questions in
the 2 subdisciplines often are similar, if not iden-
tical. Most arthropodborne infectious diseases
are zoonoses, i.e., diseases such as plague that
primarily affect animals other than human be-
ings, but that also can cause human ailments.
Further, many zoonoses are transmitted by ar-
thropods. This close relationship among arthro-
podborne infectious diseases, various species
of vertebrate animals, and human beings makes
futile any attempt to divorce the related sub-
jects of public health and veterinary entomol-
ogy.

Not all authorities accept this definition of
medical entomology. McClelland (1987) restricts
the term “medical entomology” to human
health considerations. Harwood and James
(1979) recognized “medical entomology” and
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“veterinary entomology” as separate disci-
plines. We believe that such distinctions serve
no useful purpose, and obscure the many simi-
larities and interrelationships involved with
diseases of human beings and other vertebrate
animals.

Some entomologists consider infestations of
household pests such as ants, silverfish, house
flies and cockroaches to fall within the scope of
medical entomology. Certainly, where insects
such as roaches and house flies contaminate
human or animal food with infectious disease
organisms, this linkage is true. However, stud-
ies on the biology and control of household
pests overlap the disciplines of industrial pest
control and urban entomology and, as a practi-
cal matter, receive greater emphasis in those
well-established disciplines.

THE ROLE OF ARTHROPODS IN HUMAN
AND ANIMAL HEALTH

Medical entomology addresses the impor-
tant role played by arthropods associated with
diseases in people and certain other vertebrate
animals. A disease is any condition that repre-
sents a departure from a normal or healthy con-
dition in an organism. Under this definition, a
wide variety of conditions qualify as diseases,
including traumatic conditions such as broken
bones, inflammatory skin conditions caused by
toxic substances, or infections caused by patho-
gens. Such infections are called infectious dis-
eases, and most frequently come to mind when
thinking about diseases. Arthropods can cause
diseases directly (2-component relationships),
or can serve as vectors or hosts of pathogenic
microorganisms (3-component relationships).
Arthropods serving as vectors of disease patho-
gens represent by far the most significant as-
pect of the relationship between arthropods and
vertebrate animals. In many such cases the ar-
thropod serves as a host, at times the primary
host, for the pathogen as well. However, asso-
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Figure 1.2. Ear of white-tailed deer infested with adult and immature lone star ticks, Amblyomma americanum (courtesy

of Chris Santos).

ciating with arthropods can cause allergic reac-
tions, and secondary infections can occur due
to severe scratching of the affected areas of the
skin, particularly among children.

Arthropods as Direct Causes of Disease

The ways in which arthropods directly af-
fect the health of people and other animals vary.
Medical entomologists have used many differ-
ent schemes to classify these relationships.
Some classifications recognize the type of in-
jury produced, others the role that arthropods
play as parasites of vertebrate animals. Para-
sites are organisms that live at the expense of
other species of organisms (called hosts). Patho-
gens are organisms whose presence in another
organism has the potential to cause disease (i.e.,

a pathogenic condition). The definitions of
pathogen and parasite overlap, although by
convention organisms classified as animals (e.g.,
protozoans, helminths, arthropods) are referred
to as parasites, whereas viruses, rickettsiae,
fungi and bacteria are termed pathogens. The
following paragraphs cover arthropods as para-
sites as well as the types of injury they may
cause by biting, stinging, burrowing, and oth-
erwise coming into contact with animal hosts.
These activities result in a wide range of patho-
genic conditions from actual or imagined skin
irritation to death from destruction of vital or-
gans.
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Ectoparasitoses

These are diseases caused by various kinds
of contact between arthropods and the external
body surfaces of hosts. Arthropod bloodfeed-
ing, burrowing, crawling, or scraping at and just
beneath the skin surface cause adverse reac-
tions. There are many species of ectoparasitic
arthropods. Ticks, fleas and sucking lice are ex-
amples of bloodsucking ectoparasites (Fig. 1.2).
Scabies mites are an example of arthropods that
burrow just beneath the skin of vertebrate ani-
mals, including humans. Reactions can include
dermatoses, allergic reactions, and loss of effi-
ciency and productivity. In cattle, the activities
of ectoparasites cause weight loss and lowered
milk production (Steelman 1976).

Endoparasitoses

Some arthropods invade tissues or body
cavities of vertebrate hosts. One example is the
“chigoe” or “chigger” flea, the female of which
becomes imbedded as a result of the swelling
of the host’s tissues surrounding the feeding
site of the flea. Vertebrate animals, including
humans, are attacked in tropical and subtropi-
cal areas of the world, including parts of the
USA (Jellison 1959). Some insects invade living
tissue of vertebrates. When the invasion is by
fly maggots, the condition is called myiasis.
Many species of fly are involved, and most ver-
tebrate animals are susceptible. Although hu-
mans can suffer from myiasis, it is much more
common in livestock and wildlife.

Envenomization

This is the introduction of venom or other
toxins by arthropods through stinging or bit-
ing. Toxins are substances produced by a vari-
ety of organisms. These substances often are
proteins that cause poisonous reactions in other
animals. Venoms are also toxins, but usually
are secreted by arthropods and other animals
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such as snakes for defensive purposes or to kill
prey. Wasps, bees and spiders are arthropods
that produce venom.

Allergic reactions

Most animals have physiological mecha-
nisms that defend against the introduction of
foreign, or nonself, substances. A foreign sub-
stance that results in the production of antibod-
ies by the animal is called an antigen. Most an-
tigens are proteins. Antigens that produce un-
usually strong defensive reactions in animals
are called allergens and the conditions in ani-
mals are allergies. These hypersensitive reac-
tions often are associated with adverse symp-
toms such as itching, redness, swelling and rash.
Repeated exposure to the same antigen usually
causes allergy. Venoms of arthropods also can
act as allergens, and in rare instances, can re-
sult in a particularly serious condition known
as anaphylaxis. Untreated, an anaphylactic re-
action can be fatal. In some hypersensitive in-
dividuals, fragments of arthropod integument
may be allergenic. A small mite in house dust
(the house dust mite) frequently causes allergy.
Cockroaches can cause serious allergies in hu-
mans. Mosquito bites can result in allergic re-
actions to some people because they inject sali-
vary fluids containing antigens.

Annoyance

Arthropods can cause considerable discom-
fort and annoyance to people and other animals
merely by their presence and normal activities,
even when they produce no serious physical
harm. The larger the number of arthropods the
greater the possibility of severe annoyance. Ex-
amples of annoyance caused by arthropods are
flies that surround and land on cattle, preda-
ceous wasps that land on exposed food at pic-
nics, and insects such as chironomid midges,
mosquitoes and black flies that splatter on au-
tomobile windshields. Annoying attacks by
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bloodsucking arthropods may not result in
transmission of disease pathogens, but as dis-
cussed earlier, they can cause allergic reactions.

Delusory parasitosis

One of the most unusual types of disease
associated with arthropods is not caused by ar-
thropods at all, at least not directly. Certain
people may develop a psychopathic condition
that is manifested by a strong sense of being
infested by arthropods. This condition may be
accompanied by actual symptoms such as skin
rash, redness, abrasions and secondary infec-
tions. However, the arthropods may not be the
actual cause of the symptoms; rather they may
be the result of self-inflicted scratching, or the
unwise application of fluids. Once it is deter-
mined thatarthropods are not directly involved,
responsibility for treatment passes from the
medical entomologist to the psychiatrist or other
health care professional.

Details concerning the role of arthropods as
direct causes of human and animal diseases are
discussed in Chapter 4.

Arthropods as Vectors and Hosts of
Pathogenic Microorganisms

For little over a century, scientists have
known that arthropods could serve as vectors
and intermediate hosts of pathogens of humans
and other vertebrate animals. Since the late 19th
Century scientists discovered that mosquitoes
and other bloodfeeding flies, ticks and blood-
feeding mites, fleas, lice and kissing bugs were
vectors of organisms causing infectious dis-
eases. Malaria, trypanosomiasis, leishmaniasis,
filariasis, dengue and yellow fever are
mosquitoborne diseases, and are among the
most serious parasitic ailments of humans.
Many arthropodborne infectious diseases affect
livestock and wildlife. Some of these diseases
are zoonoses, with humans sometimes serving
only as dead-end hosts of the pathogens.

Arthropods as vectors

The most significant role played by arthro-
pods in human and animal health is as vectors
of pathogenic microorganisms. In epidemiol-
ogy, a vector is any agent by which a pathogen
is transmitted from one host to another. In medi-
cal entomology, the agent of transmission, or
vector, is an insect or an arachnid (ticks and
mites). The most common type of transmission
occurs when an infected bloodsucking insect or
other arthropod probes or feeds on a human or
other vertebrate host. However, there are other
types of transmission mechanisms involving
arthropods, discussed in detail in Chapter 5.

Arthropods as hosts

Some instances of disease transmission in-
volve no arthropod vector, but arthropods can
serve as intermediate hosts of a disease patho-
gen. An example is the double-pored dog tape-
worm, Dipylidium caninum. Here, larval fleas
that live in the bedding of dogs and cats ingest
eggs of the tapeworm, and the dogs and cats
become infected when they ingest the biting
adult fleas during grooming. Small aquatic ar-
thropods in the Class Crustacea serve as inter-
mediate hosts of other parasitic flatworms. Para-
sitic flatworms and roundworms commonly are
referred to as helminths.

Origins of Arthropod-Vertebrate-Pathogen
Relationships and History of Early Work

Arthropods have been on the earth much
longer than humans or any mammals or birds.
The long evolutionary history of insects
stretches back at least into the Devonian period,
about 450 million years ago. Diptera, the insect
order to which flies and mosquitoes belong, are
believed to have first appeared no later than the
Triassic period, about 200 million years ago.
Mosquitoes probably arose later in this same
period, but the first fossil specimens recogniz-
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able as such are associated with the Eocene ep-
och of the Quaternary Period (40-60 million
years ago). Some of these specimens look re-
markably similar to present-day Culex species.
The first Aedes fossils are found in sediments
from the middle Oligocene Epoch, about 30
million years ago (Edwards 1932). Most ento-
mologists believe that the bloodsucking habit
in mosquitoes had already developed by the
time birds and mammals arose late in the Me-
sozoic Era (70-230 million years ago). They sup-
port this assertion by noting species of mosqui-
toes that do not feed on warmblooded animals,
and lack certain sensory receptors found in spe-
cies that do. It seems likely that biting and crawl-
ing arthropods have adversely affected people
for as long as they have been on the earth.

Early writings made numerous references to
what today we consider medically-important
arthropods. Greenberg (1971) provided a de-
tailed review of early references to synanthropic
(closely associated with humans) flies. Busvine
(1976) is another useful source of early writings
about associations between arthropods and
people. For the most part, insects were regarded
as annoying pests because, like mosquitoes and
other bloodsucking arthropods, they bite, or
because, like flies and roaches, they contami-
nate food. Researchers did not understand the
role of microorganisms and other parasites in
diseases until after the middle of the 19th Cen-
tury; it took even longer to discover the role of
certain arthropods as vectors of disease patho-
gens.

Several scientific developments presaged the
discovery that arthropods transmitted human
and animal disease pathogens. One was the in-
vention of the microscope by Antony Van
Leeuwenhoek (1632-1723). Another was a se-
ries of discoveries by scientists in the middle of
the 19th Century that linked microorganisms
to various human and animal diseases. A clas-
sic paper by Robert Koch in 1876 explained the
relationship between Bacillus anthracis and the
disease anthrax. Before this time, the only or-
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Figure 1.3. Sir Patrick Manson in 1908 (courtesy of
Wellcome Institute Library, London).

ganisms known to cause human infectious dis-
eases were helminths, although the association
between many of these parasites and certain hu-
man diseases often were overlooked (Hoeppli
1959).

Sir Patrick Manson (Fig. 1.3) is generally re-
garded to have begun the modern period of
medical entomology. Service (1978) provides an
excellent description of this research and the
other research on arthropodborne diseases that
followed. In 1877, Manson, working in China,
demonstrated that mosquitoes became infected
with immature stages of filarial worms (microfi-
lariae) in the process of taking a bloodmeal.
Thus, he was the first person to prove an asso-
ciation between insects and parasites causing
human and animal diseases.
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Figure 1.4. Conquerers of yellow fever (courtesy of Wyeth-Ayerst Laboratories, Philadelphia).

A number of landmark discoveries concern-
ing the role of arthropods as vectors of micro-
bial pathogens followed Manson’s research.

In 1891, 2 employees of the United States De-
partment of Agriculture, Theobald Smith and
F.L. Kilbourne, released the results of their ep-
och-making discovery. Working in Texas, they
demonstrated the transmission of Texas cattle
fever (piroplasmosis) by the cattle tick, Boophi-

lus annulatus. This discovery represented the
first demonstration of the transmission of a
pathogenic microorganism from an infected ar-
thropod to a vertebrate animal, and also the first
demonstration of vertical transmission from an
adult female arthropod to its progeny via in-
fected eggs (transovarial transmission) of a mi-
croorganism pathogenic to vertebrate animals.



The discovery that vellow fever virus, which
causes an often-fatal disease of people, is trans-
mitted by a mosquito represents a fascinating
story in the history of medicine (Fig. 1.4). Carlos
Finlay, a Cuban physician, hypothesized that
the yellow fever mosquito, now known as Aedes
aegypti, was the vector of the disease. Scientists
of the Yellow Fever Commission, under the
leadership of Major Walter Reed, working in
Havana, Cuba in 1900 proved this hypothesis.
James Carroll, A. Agramonte, and Jesse Lazear
participated in a series of experiments that dem-
onstrated conclusively that Ae. aegqypti mosqui-
toes could transmit the virus from infected pa-
tients in hospitals to uninfected volunteers, and
that the disease could not be transmitted
through direct contact with contaminated food
or bedding, nor with infected patients. Dr.
Lazear lost his life by permitting infected mos-
quitoes to feed upon him.

In 1895, David Bruce discovered that trypa-
nosome parasites (later named Trypanosoma
brucei in his honor) present in the blood of cattle
caused nagana, a fatal disease of cattle and
horses. In 1896, he demonstrated that the para-
sites were transmitted by flies in the genus Glos-
sina (tsetse). A few years later (1903), Bruce and
David Nabarro reported that tsetse transmitted
the related parasite T. gambiense to humans, re-
sulting in African sleeping sickness.

The story of the discovery of the cause and
mode of transmission of malaria extends over
a number of years. In 1894, Charles Laveran be-
came the first to observe malarial parasites in
the blood of infected patients. This was followed
by the discovery, in 1897 by Sir Ronald Ross, of
developing malarial parasites in mosquitoes
that he characterized as “dapple-winged.” We
now know he was referring to mosquitoes in
the genus Anopheles. A year later, Ross discov-
ered that Culex mosquitoes transmitted para-
sites causing bird malaria, and the Italian sci-
entist Battista Grassi demonstrated the complete
developmental cycle of malarial parasites in
Anopheles mosquitoes. Shortly thereafter, L.W.
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Figure 1.5. William C. Reeves, medical entomologist
(courtesy of University of California).

Sambon and G.C. Low, following a protocol de-
veloped in collaboration with Sir Patrick
Manson, demonstrated that the human malarial
parasite is transmitted by anopheline mosqui-
toes. Manson had called attention to the fact that
not all species of mosquitoes were able to serve
as vectors. That only anopheline mosquitoes
transmitted human malarial parasites was con-
firmed by Malcom Watson in Malaya and by
Sir Rickard Christophers in India (Philip and
Rozeboom 1973). These discoveries laid the ba-
sis for the concept of vector competence devel-
oped much later (see Chapter 6). Unfortunately,
this entire chapter in the history of medical en-
tomology was marred in later years by conflict-
ing claims of originality between Ross and
Grassi, culminating in controversy and bitter-
ness (Garnham 1971).

H. Graham made the significant discovery
in Beruit in 1902 that mosquitoes were the vec-
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tors of the then unknown organism causing
dengue (Graham 1903).

During the period 1895-1910, fleas were in-
criminated as vectors of plague based on the
research of a number of investigators, includ-
ing W.G. Liston (1905) and D.B. Verjbitski (1908,
cited in Hirst 1953). The work of the Commis-
sion for the Investigation of Plague in India pro-
vided confirmation of this connection by 1910
(Hirst 1953).

Carlos Chagas, a Brazilian parasitologist, dis-
covered that a disease prevalent in South
America was caused by a trypanosome para-
site he named Trypanosoma cruzi in honor of his
colleague Oswaldo Cruz. In 1908, he reported
that the triatomid bug Panstrongylus megistus
transmitted these parasites, causing the disease
now called Chagas disease.

In 1926, D.B. Blacklock reported the results
of his research in Sierra Leone that demon-
strated that black flies (Simuliidae) vectored the
parasite causing onchocerciasis, or river blind-
ness (Blacklock 1926).

In the 1930s, research began on the epide-
miology of a group of viruses that cause a vari-
ety of disease symptoms in human and domes-
tic animal hosts. These viruses are grouped un-
der the general term encephalitides. Not until
the years just preceding World War Il were vari-
ous species of mosquitoes incriminated as vec-
tors of these viruses. Then, William McD.
Hammon and William C. Reeves conducted
their pioneering research in the Yakima Valley
of Washington that led to the understanding of
the basic ecology of western equine encephalo-
myelitis and St. Louis encephalitis (Fig. 1.5).
They demonstrated that the mosquito Culex
tarsalis, which feeds mainly on birds, was the
primary vector of the viruses causing both dis-
eases.

Breakthrough research of this type has con-
tinued to the present. The decade of the 1980s
saw the isolation and identification of the causal
agents of Lyme borreliosis and ehrlichiosis, and
the incrimination of several species of ticks as
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vectors. The recent awareness of these diseases
has alerted experts to the possibility that global
warming, deforestation, and other environmen-
tal changes may continue, and perhaps increase,
the threat of emerging infectious diseases dur-
ing the coming decades (Lederberg et al. 1992,
Morse 1993).

CURRENT STATUS OF MEDICAL
ENTOMOLOGY

In the USA, medical entomology is taught
primarily in schools of public health or veteri-
nary medicine, and in colleges of agriculture
and natural sciences. In addition to colleges and
universities where medical entomology is of-
fered as a subject, employers of medical ento-
mologists include government departments of
agriculture, military, public health and foreign
services. Many state or provincial health depart-
ments and local agencies such as mosquito, vec-
tor, or malaria control programs employ medi-
cal entomologists. Job opportunities also exist
with the World Health Organization and other
international agencies and foundations.

A number of professional organizations wel-
come membership by medical entomologists.
There are at least 4 professional journals de-
voted exclusively to some aspect of medical en-
tomology: Medical and Veterinary Entomology
(published by the Royal Entomological Society),
the Journal of Medical Entomology (published by
the Entomological Society of America), the Jour-
nal of Vector Ecology (published by the Society
for Vector Ecology) and the Journal of the Ameri-
can Mosquito Control Association. Individual ar-
ticles on medical entomology subjects also ap-
pear in many other scientific journals.
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Figure 1.6. A scientist using molecular biology methods to conduct research in medical entomology (photograph by

Bruce F. Eldridge).

MEDICAL ENTOMOLOGY AND OTHER
DISCIPLINES

Medical entomology often is regarded as a
branch of epidemiology or applied ecology.
Over the past 10-15 years, emphasis in the field
has broadened considerably to include sub-
organismal approaches, especially those using
tools of molecular biology. Presently, the scope
of activities within the field are very broad and
include ecology, systematics, genetics, behav-
ior, evolution, physiology, parasitology, toxi-
cology, biological control and molecular biol-
ogy (Fig. 1.6). Because of this gradual evolu-
tion in the scope and practice of medical ento-
mology, there have been some changes in the

disciplinary designations of people who address
problems in medical entomology. For example,
scientists studying the gene structure of
anopheline vectors of malaria might not call
themselves medical entomologists in spite of the
fact that their activities would fall within the
scope of medical entomology through the un-
derstanding and management of the arthropods
that are responsible.

In part to differentiate ecologically-based ac-
tivities in medical entomology, the career des-
ignation “vector ecologist” has come into vogue
in recent years. Regardless of the job titles ap-
plied to persons engaged in various activities
in medical entomology, the discipline is active
and vigorous, and remains focused on reduc-
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ing or eliminating arthropodborne diseases
through the management of the arthropods that
are responsible.

FUTURE TRENDS IN MEDICAL
ENTOMOLOGY

A number of trends occurring on a world-
wide basis suggest that the field of medical en-
tomology will continue to evolve so that a de-
scription of the field written 15-20 years from
now probably will differ considerably from one
written today. Up to the present time, solutions
to problems in medical entomology often have
been sought in a relatively vertical, single-ob-
jective framework. If mosquitoes transmit dis-
ease-causing pathogens, then the obvious so-
lution is to eliminate the mosquitoes. Hence-
forth, any such solution will have to consider
all consequences of intervention, including ad-
verse consequences for the total environment.

In the USA, a number of significant pieces
of federal legislation now influence decisions
on the control of arthropods of medical impor-
tance. The Federal Insecticide, Fungicide and
Rodenticide Act placed restrictions on the use
of chemical pesticides. The Federal Clean Wa-
ter Act requires detailed reviews of measures
such as ditching, draining and filling of wet-
lands to eliminate mosquito breeding. The Fed-
eral Endangered Species Act limits the applica-
tion of pesticides of all kinds within the range
of “threatened” or “endangered” species.

Preventing arthropodborne diseases in the
world has become a difficult challenge. On the
one hand, scientific and technical advances have
produced exciting new tools with which to
study and manage arthropodborne diseases. On
the other hand, economic constraints and pub-
lic policies for environmental management have
rendered obsolete the simple approaches to con-
trolling arthropod populations as formerly prac-
ticed. Modern approaches will be discussed in
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detail in the following chapters against a back-
drop of contemporary environmental science.
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Chapter 2

Introduction to Arthropods: Structure, Function and Development

WILLIAM S. ROMOSER
Ohio University, Athens

THE PHYLUM ARTHROPODA

The phylum Arthropoda is the largest as-
semblage in the Animal Kingdom, the number
of arthropod species outstripping all others
many times over. Of particular interest in medi-
cal entomology are the more than 17,000 spe-
cies of bloodsucking (hematophagous) insects
and the 25,000 or so species of ticks (Beaty and
Marquardt 1996). The enormous success of this
group is reflected in the seemingly endless va-
riety of niches occupied, their 600 million-year
evolutionary time span, and their high biomass
in various ecosystems.

Arthropods (Fig. 2.1) have an exoskeleton
of hardened plates separated by regions of flex-
ibility that allow movement. Arthropods are
thought to have evolved from annelid-like crea-
tures made up of repeating body segments
(somites or Y) capped anteriorly by a preoral
segment (the acron or prostomium) and poste-
riorly by a segment containing the anus (telson
or periproct). Whether the key event in the evo-
lution of arthropods, i.e., the development of
paired, jointed appendages (arthropodization),
occurred once (monophyly) or more than once
(polyphyly) has caused debate. Interpretation
of evidence has shifted periodically from one

point-of-view to the other. Currently, the mono-
phyletic origin holds sway (Romoser and
Stoffolano 1998). In any case, it is clear that there
are at least 4 major groups of invertebrates with
jointed appendages. During the evolution of the
major arthropod groups, the primitive
metameres and their accompanying append-
ages fused in various combinations, producing
distinct body regions (tagmata). The append-
ages took on specialized functions appropriate
to a given region (tagma); e.g., several pairs of
appendages have given rise to the extant insect
mouthparts.

Other arthropod characteristics include the
presence of chitin, a nitrogenous polysaccha-
ride that is a polymer of n-acetyl-glucosamine,
in the exoskeleton; an open circulatory system;
and commonly, specialized excretory struc-
tures, Malpighian tubules, which open into the
alimentary canal.

Arthropod groups that contain members of
medical importance include the crustaceans,
chelicerates, myriapods and insects. An addi-
tional major group of arthropods, the trilobites,
has long been extinct, and is known only from
fossils.

The Class Crustacea (Fig. 2.2a), lobsters,
crabs, copepods, etc., are mostly aquatic gill-

B.F. Eldridge and ].D. Edman (eds.), Medical Entomology, Revised Edition, 13-51.
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Figure 2.1. Hypothetical evolution of insect form from annelid-like ancestor (modified from Romoser and Stoffolano
1998, after Snodgrass 1935).
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breathers, commonly with 2 well-defined body
regions: a cephalothorax and an abdomen. They
possess 2 pairs of cephalic appendages, anten-
nae, and several pairs of branching appendages
on the remaining cephalothoracic segments. A
few have abdominal appendages as well. Cal-
cium salts that impart considerable rigidity of-
ten impregnate the exoskeleton.

The Class Arachnida (spiders, mites and
ticks, scorpions and relatives; Fig. 2.2b-d) also
are characterized by 2 body regions: a cephal-
othorax and an abdomen. They lack antennae
and typically bear 6 pairs of appendages. The
first pair, the chelicerae, are jawlike or may bear
fangs. The second pair of appendages, the pe-
dipalps, are variable in form, but typically not
leglike. For example, the pedipalps in scorpi-
ons are clawlike (chelate). The remaining 4 pairs
of appendages are legs.

The myriapods (Fig. 2.2¢,f) have 2 body re-
gions: a head and trunk. Their elongate, worm-
like bodies typically bear 9 or more pairs of ap-
pendages. Two classes, Diplopoda (millipedes)
and Chilopoda (centipedes), are of minor medi-
cal significance. Millipedes have cylindrical or
slightly flattened bodies, with more than 30
pairs of legs, typically 2 legs per body segment,
and short antennae. Found in moist habitats,
they are mostly scavengers, but a few are preda-
tory. Several millipede species secrete a vesi-
cating (blistering) substance from dermal
glands. Centipedes have fewer legs than milli-
pedes, usually more than 15, but with one pair
of legs on each body segment. They are preda-
tory and the appendages on the first body seg-
ment bear poison fangs with which they cap-
ture and subdue prey.

The Class Insecta (Fig. 2.2g) contains the vast
majority of medically important arthropods.
Members of this class are characterized by 3
body regions (head, thorax and abdomen), 3
pairs of thoracic appendages, compound eyes
and commonly, simple eyes (ocelli).
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THE CLASS INSECTA
The Integument

The general body covering of an insect, the
integument (Figs. 2.3, 2.11, 2.12), serves many
roles, not the least of which is to form a sup-
portive and protective shell, the exoskeleton.
The exoskeleton is made up of hardened, or
sclerotized, plates (sclerites) separated by flex-
ible (“membranous”) regions, conjunctivae (or
arthrodial membranes), or by grooves (su-
tures). These grooves may or may not indicate
infolding of the integument. This structure of
sclerites and conjunctivae or sutures allows flex-
ibility as well as the protection inherent in over-
lapping, hardened plates.

Although the integument is multilayered
and complex, overall it is formed into a con-
tinuous sheet in which the relative hardness
varies spatially. The epidermis, a single layer
of cells that synthesizes and deposits the cu-
ticle, determines this variation.

Muscles attach directly to the inside of the
integument and certain muscles are opposed
by cuticular elasticity when they contract. Any
protuberances of the exoskeleton directed ex-
ternally or internally are continuous with the
integument, and modified forms of cuticle line
parts of the alimentary canal, tracheae and ducts
of the reproductive system. Various single-
celled or multicellular dermal glands may be
found interspersed among the epidermal cells
of the integument. As a group, these carry out
a variety of functions, such as secreting the out-
ermost layer of cuticle and secreting defensive
substances and various pheromones.

The insect integument bears an assortment
of external processes, such as setae, spines and
minute fixed hairs, as well as infoldings. Setae
typically are hairlike, but may be branched,
modified into flattened scales, or take on any of
several other forms. They usually articulate in
a socket, one cell forming the projected portion
(hair or otherwise) and another cell forming the
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Figure 2.2. Representative arthropods: (a) Crayfish; (b) spider; (c) scorpion; (d) hard tick; (e) centipede; (f) millipede;
(g) bed bug (from US Public Health Service 1969).
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Figure 2.3. Diagram of typical insect integument (modified from Metcalf, Flint and Metcalf 1962).

socket. Setae often are pigmented and impart
characteristic colors and patterns on the body
and appendages. Coloration of this kind can be
seen, for example, with mosquitoes. Setae also
may be connected to a neuron and act as sen-
sory structures. Spines are multicellular pro-
cesses, the cuticle of which is continuous with
that of the integument. Regions of cuticle com-
monly are covered with various tiny cuticular
hairs or microtrichia. Infoldings of the body
wall may be spinelike apophyses or ridgelike
apodemes. These infoldings provide structural
support for the exoskeleton as well as exten-
sive surface areas for the attachment of muscle
fibers.

Generalized Insect Form

An effective approach to learning insect
morphology is to use a generalized form as a
basis for comparison with actual insects. Such
a generalized insect is shown in Fig. 2.4. The
closest real insect to this generalized form might

be a grasshopper or a cockroach. More detailed
information on insect structure may be found
in Chapman (1982), Richards and Davies (1977),
Romoser and Stoffolano (1998), and Snodgrass
(1935, 1959).

As mentioned in the introduction, the insect
body is divided into 3 regions: the head, thorax
and abdomen. The head and thorax are box-
like structures, various primitive metameres
having coalesced to form structural/ functional
units. In contrast, the insect abdomen is com-
posed of very flexible segments capable of ex-
panding. The rigidity of the head and thorax is
correlated with the strong muscle contractions
associated with mouthpart movement and lo-
comotion, respectively.

In addition to the mouthparts, the head bears
a pair of compound eyes, simple eyes (dorsal
ocelli) and a pair of antennae, all of which are
sensory organs. The head thus is specialized for
ingestion of food and sensation of the environ-
ment. The thorax evolved from 3 primitive seg-
ments that are evident as the prothorax, me-
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Figure 2.4. Generalized insect (from Romoser and Stoffolano 1998).

sothorax and metathorax. Typically, each tho-
racic segment bears a pair of legs. Wings, when
present, are borne on the meso- and/or met-
athorax. The abdomen in the most primitive
insects is composed of 11 segments. The last
segment is divided into a dorsal epiproct and
lateroventral paraprocts and bears a pair of ap-
pendages, the cerci (singular, cercus). Segments
8 and/or 9 bear the external genitalia.

Head and mouthparts

The head capsule

The head can be viewed as consisting of 2
parts: the rigid head capsule and the mouth-
parts, which articulate with the head capsule
(Figs. 2.4, 2.5). The mouthparts are moveable
while the head capsule provides rigid points of
attachment for mouthpart musculature. The
head capsule is joined with the prothorax by
means of the membranous cervix. The cervix
contains small plates, the cervical sclerites,
which provide articular points for both the pos-
terior head capsule and the anterior edge of the
prothorax. Skeletal muscles, as well as the ali-
mentary canal, the aorta and nerves, enter the
head capsule from the thorax via the opening
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Figure 2.5. Generalized insect head (from Snodgrass 1935).

at the back of the head capsule called the fora-
men magnum. Sutures on the head capsule,
some of which probably reflect primitive inter-
segmental lines, are useful in comparative mor-
phological studies of the various groups of in-
sects. Roughly delineated regions may be rec-
ognized on the head capsule. The region be-
tween the compound eyes is referred to as the
frons, the lateral regions below the compound
eyes, the genae (singular, gena), and between
the compound eyes on the dorsum of the head,
the vertex.

During the development of the head capsule,
an internal strutwork forms from 2 anterior in-
vaginations and 2 posterior invaginations.
These invaginations meet and fuse, forming the
tentorium. This structure provides internal sup-
port for the head capsule and additional sur-
face area for muscle attachment. In the fully
formed head, external pits remain from the in-
vaginations that formed the tentorium, 2 ante-
rior tentorial pits and 2 posterior tentorial pits.
The epistomal suture runs horizontally between
the anterior tentorial pits and the lobe-like
clypeus, which is located immediately beneath
the epistomal suture.

The compound eyes, located on each side of
the head capsule, are made up of eye units
called ommatidia. The externally apparent part
of each ommatidium is the corneal lens. Insects
are thought to perceive the external world as a
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mosaic, each ommatidium sensing a portion of
the environment. Thus, the resolving power of
a compound eye may be a function of the num-
ber of ommatidia: the greater the number, the
greater the resolving power. The 3 or fewer
simple eyes, or dorsal ocelli, are found on the
frons.

The pair of antennae characteristic of the in-
sect head may have evolved from the append-
ages of primitive metameres. Whatever their
origin, antennae are sensory structures and are
composed of the basal scape, the pedicel and
the distal flagellum, which is relatively long and
composed of several small antennomeres. The
pedicel typically houses a highly specialized
sensory structure, Johnston’s organ. The basal
scape articulates with the head capsule in the
antennal socket.

Mouthparts

In the more generalized, primitive insects,
the mouthparts are of the chewing, or mandibu-
late, type (Fig. 2.6). They are composed of an
anterior labrum (“upper lip”) that articulates
with the clypeus. Two pairs of mouthpart ap-
pendages articulate with the head capsule be-
hind the labrum: the more anterior, tooth-like
mandibles and the more posterior, tearing max-
illae. The posteriormost mouthpart is the la-
bium that forms the “lower lip.” The mouth-
parts, and possibly the labrum, may have
evolved from appendages associated with
primitive metameres. If the labium is visualized
as being bisected, the structure of each half par-
allels the structure of a maxilla. The labium thus
is considered to have arisen by the medial fu-
sion of 2 maxilla-like primitive appendages.
Likewise, the labrum may be viewed as repre-
senting medjially fused, primitive basal leg seg-
ments. The tonguelike hypopharynx is located
centrally and is surrounded by the mouthparts.
The true mouth is located dorsally at the base
of the hypopharynx while the opening of the
common salivary ductis located at the ventral/
basal extreme of the hypopharynx. The cavi-
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Figure 2.6. Mandibulate mouthparts: (a) Grasshopper, frontal view with labrum lifted and mandibles and maxillae
spread; (b) cricket mouthparts dissected from head capsule (a, redrawn from Metcalf, Flint and Metcalf 1962; b, from
Harwood and James 1979).
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Figure 2.7. Generalized insect thorax (modified from Romoser and Stoffolano 1998).

ties formed by the hypopharynx and the sur-
rounding mouthparts are the dorsal preoral
cavity, or cibarium, and the ventral salivarium.

Thorax

Of the 3 thoracic segments, the prothorax is
the smallest, the meso- and metathoracic seg-
ments being fused into a structure that bears
the wings and associated musculature (Fig. 2.7).
Together, the mesothorax and metathorax are
referred to as the pterothorax (“wing-bearing
thorax”). Each thoracic segment consists of a
dorsal notum, bilateral pleura (singular,
pleuron) and the ventral sternum. Each may
be further subdivided by sutures into smaller

sclerites. The legs articulate in membranous
regions on the pleura and each leg is composed
of a number of segments. External openings to
the tracheal (ventilatory) system, spiracles,
typically are found in the pleura between the
pro- and meso- and the meso- and metathoracic
segments.

As with the head capsule, infoldings and
invaginations in the thoracic segments provide
additional structural rigidity and increased sur-
face area for muscle attachment.

Wings

Insect wings (Fig. 2.4) evolved on a thorax
originally designed for walking and running
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Figure 2.8. Generalized insect abdomen (from DuPorte
1961).

and are not derived from primitive walking
appendages, but rather as evaginations of the
integument. Wings articulate between the tho-
racic nota and pleura on the meso- and met-
athorax. Since wings arise as integumental
evaginations, they are composed of 2 layers of
integument. During development, tracheae
grow into the space between these integumen-
tal layers and the wing veins form along these
tracheae. Thus, spaces along each wing vein re-
main continuous with the hemocoel. The wing
veins typically are more rigid than the adjacent
integument and thus provide additional sup-
port. Cross-veins between the longitudinal
veins divide wings into cells. Patterns of wing
veins and cells vary between different groups
of insects and are, therefore, valuable in insect
identification.

Abdomen

Abdominal segments (Fig. 2.8) are much
simpler than thoracic segments, each being
composed of a dorsal tergum and a ventral ster-
num with the 2 plates being separated by the
very flexible, laterally located, pleural mem-
branes. Successive abdominal segments are
separated by intersegmental membranes. The
combination of pleural and intersegmental
membranes imparts flexibility to the abdomen,
both dorsoventrally and longitudinally. This ar-
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rangement facilitates expansion of the stomach
with food, or ovaries with yolk-filled eggs. Spi-
racles typically are present in the pleural regions
on the first 8 segments.

Along the thorax, the abdominal segments
can be grouped into pregenital (1-7), genital (8
and 9) and postgenital segments (10 and 11).
The external ovipositor in females and aedeagus
in males have been derived from appendages
associated with the primitive genital segments.
Together, the genital and postgenital segments
often referred to as terminalia.

Variation in Insect Structure

A fascinating array of structural modifica-
tions accompanies the seemingly endless spec-
trum of terrestrial niches in which insects may
be found. Their impressive evolutionary suc-
cess is probably in large part due to the struc-
tural plasticity associated with their segmented
bodies, segmented appendages, and the integu-
ment to which muscles can attach at virtually
any point. Structure also typically varies be-
tween the sexes of a given species and it usu-
ally is possible to identify the sex of a given in-
sect by structural differences, i.e., sexual dimor-
phisms.

Head structures

Head structures of particular interest are the
eyes, antennae and mouthparts. Compound
eyes may vary in general form, number of om-
matidia, and position along the midline of the
vertex. The simple eyes, or dorsal ocelli, may
be absent or 2 or 3 in number and may vary in
position relative to one another and to the com-
pound eyes. Antennae can be classified roughly
as being one of the several types shown in Fig-
ure 2.9.

Mouthparts may be well-developed or re-
duced. Among those that are well-developed
are 2 general types: mandibulate and haustel-
late. Two well-defined “toothlike” mandibles
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Figure 2.9. Variation in insect antennae: (a) Filiform; (b) moniliform; (c) capitate; (d) clavate; (e) setaceous; (f) serrate;
(g) pectinate; (h) plumose; (i) aristate; (j) stylate; (k) lamellate; (1) flabellate; (m) geniculate (from Romoser and Stoffolano
1998).

usually are apparent in insects with mandibu-  other hand, typically have sucking functions,
late mouthparts. Typically, mouthparts thatfall ~ and the mandibles, although homologous with
into this category are used to chew. However,  those in insects with the mandibulate type, are
there are many modifications that depart from  highly modified or have been reduced or lost
strictly chewing. Haustellate mouthparts, onthe  altogether. In many insects with haustellate
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Figure 2.10. Piercing-sucking mouthparts of a mosquito: (a) Stylets removed from labial sheath (labium); (b) cross-
section showing stylet positions within labial sheath (from Tipton 1974).
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mouthparts, the various components are de-
signed to penetrate plant or animal tissue and
suck sap or blood (Fig. 2.10). These are referred
to as piercing-sucking mouthparts and the
mandibles, maxillae and hypopharynx have
been formed into needle- or sword-like stylets
that facilitate piercing. In these insects, other
mouthparts have been modified to serve as
sheaths containing the stylets, which usually are
held together in a bundle or fasicle. Within the
fasicle of stylets are food and salivary channels.
Not every insect capable of piercing and suck-
ing has the full complement of mouthparts, and
in these forms, like the biting muscoid flies (e.g.,
the stable fly, Stomoxys calcitrans), modifications
of the remaining mouthparts enable piercing.
Some insects, like butterflies, skippers and
moths (order Lepidoptera) and non-biting true
flies (order Diptera), have non-stylate, haustel-
late mouthparts that enable them to suck fluids
available without penetration of tissues, e.g.,
flower nectar. In insects with sucking mouth-
parts, the cibarium commonly has become
modified as a pump. The pharynx, a portion of
the alimentary canal, also is modified as a suck-
ing pump in many insects.

Thoracic structures

As with the head, virtually every thoracic
structure varies among the members of the In-
secta.

In the generalized insect form, legs have a
basic walking (cursorial) function. However, in
many of the more specialized insects, legs dis-
play modifications, the functions of which usu-
ally are obvious from their appearance. There
are raptorial forelegs used in prey capture; fos-
sorial legs used in digging; natatorial legs used
in swimming; and saltatorial legs used in jump-
ing. Variations in the tarsi and tarsal claws are
common. For example, among the true flies
there may be a spine-like or bulbous arolium
between the claws, or there may be pad-like pul-
villi associated with the claws.
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Flight is one of the premier adaptations of
insects, and wings display an enormous array
of specializations. The most obvious variation
in wings is their presence or absence. Most in-
sects have one or 2 pairs of wings, but some
lack wings. The absence of wings is primitive
in insects whose ancestors lacked wings, but
winglessness also may be a secondary condi-
tion in insects that have winged ancestors. The
later condition prevails in ectoparasitic insects
such as lice, bed bugs and fleas. In the true flies,
the mesothoracic wings have been reduced to
small knob-like organs called halteres, which
are flight-stabilizing organs. Wings also vary
relative to their relationship to one another. In
some insects with 2 pairs of wings, the wings
operate together as a unit by virtue of a cou-
pling mechanism. For example, in the order
Hymenoptera (ants, bees, wasps and relatives),
the fore- and hindwings are united by a series
of hooks. Further wing variations include size,
patterns of venation, texture, coloration, pres-
ence or absence of scales and hairs, and resting
position.

Abdominal structures

In most adult insects the pregenital abdomi-
nal segments are fairly uniform, but the genital
and postgenital segments vary greatly, particu-
larly relative to the external genitalia, cerci, and
epi- and paraprocts. The terminalia are useful
particularly in species identification because
they often are involved in reproductive isola-
tion. Another important abdominal variation is
in the number of segments. More modified in-
sect forms have reduced the number of abdomi-
nal segments and the higher winged forms usu-
ally have 10 or fewer, and lack cerci. Other varia-
tions include size and the occurrence of prege-
nital appendages, particularly in larvae.
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Figure 2.11. Diagrammatic section of insect cuticle (modified from Davies 1988).

General body form

Overall body form may vary dramatically
in insects adapted for life in very specific habi-
tats. For example, among ectoparasitic insects
such as fleas, the body may be bilaterally flat-
tened, an adaptation that favors movement
through host hair. Or the body may be dors-
oventrally flattened, as in bed bugs, a charac-
teristic that enables them to hide in very small
cracks and crevices.

External integumentary processes
Spines, setae and other external integumen-

tary structures associated with a given species
typically are arranged in characteristic, constant

patterns. The study of such patterns for identi-
fication purposes is called chaetotaxy.

Internal Structure and Physiology

Knowledge of insect physiology is essential
to understanding medically important insects.
It provides the foundation necessary to under-
stand, for example, how blood is digested and
assimilated, interactions between ingested mi-
croorganisms and insects, why certain chemi-
cals act as toxins to insects, how novel ap-
proaches to insect control might be developed,
and how particular kinds of insects deal with
specific environments.

As with all living things, the cell is the fun-
damental unit that sustains life, and a multicel-
lular organism is the totality of expression of
its variously specialized cells. Cells need a fa-
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Figure 2.12. Electron photomicrograph (24,500X) of mosquito cuticle (courtesy of Kriangkrai Lerdthusnee).

vorable environment, access to reduced carbon
and oxygen, a means by which waste material
such as the nitrogenous end-products of pro-
tein metabolism and CO, are removed, and pro-
tection from forces that would interfere with
optimal functioning. In multicellular organisms,
the various organ systems ultimately are re-
sponsible for meeting these needs.

Useful treatments of insect physiology may
be found in Beaty and Marquardt (1996),
Chapman (1982), Kerkut and Gilbert (1985), and
Romoser and Stoffolano (1998).

The integumentary system

A preceding section stressed the skeletal
function of the integument. However, by vir-
tue of its location between the external and in-
ternal environments, the integument plays roles
far beyond that of external structure and it is,
in fact, a dynamic system.

The integument is composed of 3 basic lay-
ers (Figs. 2.11, 2.12): the epidermis, a single layer

of cells and 2 noncellular layers, the cuticle and
the basal lamina. The cuticle is on the outside
and is secreted by the epidermal cells. The basal
lamina is formed on the hemocoel side of the
epidermis, is 0.5 pm or less in thickness, and in
electron photomicrographs appears as a con-
tinuous, amorphous granular layer.

Under the light microscope 3 different lay-
ers of insect cuticle can be seen: the innermost
endocuticle, the exocuticle, and the very thin
(0.03-4.0 pm thick) outer layer, the epicuticle.
The endo- and exocuticles may or may not be
pigmented, and the epicuticle is unpigmented.
Cuticle in the more flexible integumental region
is called arthrodial membrane (conjunctiva, Fig.
2.3).

Smaller organisms, such as insects, have a
relatively large surface area per unit of volume
compared to larger organisms and hence
smaller organisms have a greater tendency to
lose water. Although thin, the epicuticle is re-
sponsible for preventing water loss by evapo-
ration from the body surface.
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The cuticle, like the skin in vertebrates, is
the first line of defense against the invasion of
parasites. Not surprisingly, microbes that attack
insects (e.g., certain fungi) synthesize and se-
crete the enzyme chitinase, which enables them
to penetrate the chitinous insect cuticle. Like-
wise, the cuticle and epidermis determine the
kinds of molecules that can enter from the en-
vironment making integumental permeability
characteristics of special interest to toxicologists.
Contact pesticides are those that can penetrate
the insect cuticle.

As the seat of body coloration, the integu-
ment is important in providing camouflage, sig-
nals of recognition to the opposite sex, warn-
ings to would-be predators, and in the dynam-
ics of body heat and temperature. Coloration
may be due to pigments synthesized by the epi-
dermal cells and deposited in the cuticle, or it
may be due to the light diffracting or scattering
effects of cuticular layers or striations. Alterna-
tively, it may be a combination of pigments and
physical effects. Pigment granules in epidermal
cells, or even in fat body cells, may show
through thin cuticle and thereby provide col-
oration.

Depending upon the nature of the outermost
cuticular layer, a region of cuticle may be wet-
table (hydrophilic) or non-wettable (hydropho-
bic). Here again, the relatively large surface area
to volume ratio of insects comes into play, but
with mass more important than volume. This
characteristic makes insects especially liable to
becoming stuck to water surfaces when exposed
cuticular regions are hydrophilic; it also enables
some insects to move on the water surface and
facilitates such things as opening spiracular
flaps (e.g., in mosquito larvae) when exposed
cuticle is hydrophobic.

Finally, external sensory structures are by
virtue of their location intimately involved with
the integument. Thus, the corneal lenses of each
ommatidium of a compound eye are made of
modified cuticle. Various external processes
actually may be mechanical or chemical sensilla,
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having not only hair- and socket-forming cells,
but also involvement with sensory neurons.

Coordination and effector systems: nerves,
muscles and glands

The nervous system monitors both the in-
ternal and external environments and brings
about responses appropriate to the conditions
prevailing in these environments. The endo-
crine system and muscles provide the means
by which the nervous system brings about these
responses and thus are called effectors.

The nervous system

The single nerve cell, or neuron, is the basic
functional unit of the nervous system. A neu-
ron (Fig. 2.13) is made up of a cell body and
one or more elongate axons. Typically associ-
ated with the cell body are numerous branches
called dendrites. Other branches, called termi-
nal arborizations, also occur at the end of the
axon. The terminal arborizations of one neuron
are located close to the dendrites of an adjacent
neuron (the synaptic cleft) and they usually
communicate by means of molecules called neu-
rotransmitters, such as acetylcholine. Neu-
rotransmitters are secreted from the ends of the
terminal arborizations and stimulate an electri-
cal wave, or action potential, in the next neu-
ron via its dendrites. Neurons may be associ-
ated with specialized sensory structures, with
muscles, with glands, or with each other.

Neurons are organized into nerves, several
fibers running along a path together, and gan-
glia, clumps of neurons. Glial cells invest
nerves and ganglia, providing functional sup-
port. Afferent nerves carry input to the central
nervous system from the sensory organs that
monitor the external as well as the internal en-
vironment, while efferent nerves stimulate
muscle contraction or glandular secretion. Neu-
rons between afferent and efferent pathways are
called interneurons or association neurons.
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Figure 2.13. Neuron types: (a) Unipolar; (b) bipolar; (c) multipolar; (d) relationship among sensory, motor, and inter-

neurons {from DuPorte 1961).

In ganglia, the neuron cell bodies are periph-
eral and their axons intermingle centrally, form-
ing the neuropile. Each ganglion is ensheathed
in connective tissue layers that help support
nervous function.

Fused, paired ganglia and the nerves that
run between them make up the central nervous
system (Fig. 2.14). In the head, the brain, which
is dorsal to the alimentary canal, has evolved
from at least 3 primitive ganglia and receives
input from the sensory organs (antennae, com-
pound eyes and ocelli) on the head as well as
from the rest of the central nervous system. A

pair of bilateral nerves provides continuity be-
tween the brain and the subesophageal gan-
glion, located ventral to the esophagus. The
subesophageal ganglion receives sensory input
from, and provides motor output to, the mouth-
parts and is connected via the paired ventral
nerve cord to a chain of ganglia that runs along
the ventral midline of the body. In more primi-
tive insects like cockroaches, the ventral chain
ganglia are found in each thoracic segment and
several of the abdominal segments. Each gan-
glion provides coordination for its respective
segment, but there also is interaction among the
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Figure 2.14. Generalized insect nervous system (from Romoser and Stoffolano 1998).

ganglia as well as with the brain. The last gan-
glion in the ventral chain, often called the cau-
dal ganglion, coordinates the reproductive or-
gans and the hindgut.

A complex of small ganglia and nerves regu-
lates endocrine function and coordinates ali-
mentary functions. This complex, usually re-
ferred to as the stomatogastric nervous system,
ultimately connects to the brain via the recur-
rent nerve, which runs beneath the brain, and
the frontal ganglion, which lies immediately
dorsal to the alimentary canal and just anterior
to the brain.

The endocrine system

The endocrine system (Fig. 2.15) is composed
of several specialized cells and tissues that may

be found throughout the insect body, frequently
in close association with the nervous system.
Endocrine glands, unlike exocrine glands, usu-
ally are ductless, their secretions being released
directly into the hemolymph or into storage or-
gans (neurohemal organs) for later release. En-
docrine secretions are called hormones (Greek,
“to excite”). When released, hormones circulate
throughout the insect body cavity, but they
have specific target cells and tissues that re-
spond by virtue of receptor molecules on their
plasma membranes. The endocrine system is
like the nervous system in that it brings about
adjustment to external or internal changes, but
typically the response is slower than that
brought about by nervous transmission.
Several endocrine cells and tissues have been
identified, but the best known are the thoracic
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Figure 2.15. Endocrine regulated processes in insects (from Cook and Holman 1985, with permission from Pergamon

Press Ltd., Headington Hill, Oxford, UK).

glands, the corpora allata and the corpora car-
diaca. In addition to these, highly specialized
neurosecretory cells derived from neurons can
be found in the brain, the ventral chain gan-
glia, and other locations. These secrete neuro-
hormones and link the nervous and endocrine
systems. The thoracic glands (ecdysial glands)
are found in association with tracheae in the tho-
racic region of immature insects, except in in-
sects in the Subclass Apterygota. These glands
secrete the hormone ecdysone, which initiates
molting. The corpora allata are associated with
the stomatogastric nervous system and secrete
juvenile hormone as well as act as storage or-
gans for some brain hormones. The corpora car-
diaca also are closely associated with the sto-
matogastric nervous system and act as

neurohemal organs by storing and releasing
certain brain hormones.

Many functions are regulated, at least in part,
by the endocrine system, e.g., molting, growth
and development, polymorphism, egg devel-
opment and yolk deposition, behavior relative
to seasonal changes (e.g., migratory behavior
and winter dormancy), reproductive behavior,
hardening and darkening of the cuticle (sclero-
tization and melanization, respectively) and os-
moregulation.

Muscles

Muscles (Fig. 2.16) are made up of elements
that convert chemically stored energy to effect
contraction. Muscles are either anchored to the
integument (skeletal muscle, Fig. 2.16a) or form
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Figure 2.16. Photomicrographs of mosquito muscles: (a) Transverse section showing skeletal muscles of the head and
thorax; (b) section of midgut showing visceral muscles (photographs by W.S. Romoser).

into regular or irregular networks around vari-
ous viscera (visceral muscle, Fig. 2.16b). Thus,
contraction produces such actions as skeletal
movement, e.g., appendicular movement and
locomotion, and peristalsis, regular waves of
contraction that propel, for example, food along
the alimentary canal. Although sometimes dif-
ficult to discern under the microscope, all in-
sect muscles are striated and typically colorless
or weakly colored.

The 2 basic sets of wing muscles deserve
special mention. Direct flight muscles attach
to the wing bases and can contribute to the lon-
gitudinal twisting of the wings during flight as
well as flexion of the wings back over the abdo-
men in many insects. Wing twisting also is a

function of the mechanical relationship between
the wings and the pterothorax. Direct flight
muscles provide the main force for flight in
some insects, e.g., dragonflies and damselflies.
However, in most higher insects, the indirect
flight muscles provide the main force for wing
flapping and hence for flight. There are 2 groups
of indirect flight muscles: the dorso-ventrals
(tergosternals) that run between the terga and
sterna of wing-bearing thoracic segments, and
the Jongitudinals that run from anterior to pos-
terior in the wing-bearing segments.

The mechanical design of the thorax is such
that contraction of the dorsoventral flight
muscles causes the terga to depress and the
wings to elevate, while contraction of the lon-
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gitudinal flight muscles causes an arching of
the thorax that results in depression of the
wings. Thus, the 2 sets of indirect flight muscles
act as antagonists in effecting flight. In many
insects, both nerve impulses and stretching
cause these flight muscles to contract. Again,
due to the design of the thorax (in this case the
elasticity of the thoracic cuticle), contraction of
one set of muscles induces not only wing move-
ment, but also a stretching of the antagonistic
set of muscles at the end of the wing movement.
A single nervous impulse prompts several os-
cillating wingbeats, enabling the insects to
achieve high wingbeat frequencies and rapid
flight.

Maintenance systems

The systems discussed in this section get
energy and molecular building blocks in the
form of food, as well as oxygen, to cells, and
remove metabolic wastes (including nitrog-
enous wastes and carbon dioxide) from cells.

Alimentary system

The alimentary system (Figs. 2.17,2.18, 2.23)
acquires and processes food and eliminates
undigested wastes. The alimentary canal, a tube
beginning with the anterior mouth and ending
with the posterior anus, is composed of a con-
tinuous one-cell-thick epithelial layer. On the
body cavity (hemocoel) side of this epithelial
cell layer is the noncellular basal lamina.

Three fundamental regions are recognizable
in the insect alimentary canal (Fig. 2.17): the
foregut, midgut and hindgut. The fore- and
hindguts arise as ectodermal invaginations dur-
ing development and are lined with modified
cuticle (intima). The intima is continuous with
the cuticle of the integument. Typically, the fo-
regut intima is impermeable, while the hind-
gut intima has regions that are permeable to
inorganic ions and small molecules. The mid-
gut arises internally (probably endodermally),
hooking up with the anterior and posterior in-
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vaginations, completing the tube. Each gut re-
gion has a complement of regularly or irregu-
larly arranged circular and longitudinal muscles
that effect peristalsis. Extrinsic muscles that at-
tach to a gut region and an area of cuticle pro-
vide suspension, and in the anterior part of the
foregut, pumping action. A complement of tra-
cheae and tracheoles also is associated with the
alimentary canal.

The fore-, mid- and hindguts typically are
subdivided into specialized areas. The true
mouth can be found at the base of the hypophar-
ynx and is surrounded by the mouthparts. In
insects with piercing-sucking mouthparts, the
cavity immediately anterior to the true mouth,
the cibarium, may be modified into a pumping
structure, e.g., in mosquitoes (Fig. 2.18).

The pharynx (Figs. 2.17, 2.18,) is the first
structure immediately posterior to the true
mouth. Probably every insect pharynx is ca-
pable of a degree of pumping action, but in
many insects the pharynx is highly specialized
as a pump, e.g., in mosquitoes (Fig. 2.18). The
associated cuticle in insects with cibarial and/
or pharyngeal pumps often is highly elastic and
acts antagonistically with the extrinsic muscles
that dilate the pump lumen.

Lying posterior to the pharynx, the esopha-
gus (Figs. 2.17, 2.18) is a conducting tube that
commonly opens into an expanded region, the
crop, which stores food. In some insects, the
crop is in the form of a blind sac, or diverticu-
lum, which extends well into the abdomen, e.g.,
in tsetse. Three such diverticula are found in
mosquitoes (Fig. 2.18): 2 dorsal sacs that inflate
between the 2 sets of wing muscles and a larger
ventral sac that extends into the abdomen. The
proventriculus (Fig. 2.17) lies posterior to the
opening of the crop and in more generalized
insects, like cockroaches, the intima contained
in this structure has hardened tooth-like pro-
jections that carry out a secondary chewing
function. The stomodeal valve (Fig. 2.17) lies
between the proventriculus and the midgut and
regulates the passage of food from the foregut
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Figure 2.17. Generalized insect alimentary canal (from Romoser and Stoffolano 1998).

Figure 2.18. Mosquito alimentary canal (from Romoser and Stoffolano 1998).
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to the midgut. This complex structure forms as
an intussusception between the developing fo-
regut and midgut and the foregut-midgut junc-
tion is located within it. In the order Diptera,
the proventriculus with teeth as just described
is not found and the term “proventriculus” is
applied to the stomodeal valve (Fig. 2.18).
The enzymatic breakdown of large mol-
ecules in food into absorbable-size molecular
units (digestion), and the absorption of these
units, occurs in the midgut. Three major struc-
tures make up the midgut in most insects: the
cardia, the gastric caecae and the ventriculus.
The cardia is the outside layer of the stomodeal
valve and its anterior extreme delineates the
beginning of the midgut. The gastric caecae (Fig.
2.17), when present, are outpocketings of the
midgut epithelium. The ventriculus (Fig. 2.17)
is the largest part of the midgut and in some
insects, e.g., true bugs, structural and functional
subdivisions can be recognized. The gastric
caecae secrete digestive enzymes and act as ab-
sorptive structures for water, inorganic ions and
certain other molecules. Three basic cell types
are present in the midgut epithelium: colum-
nar digestive/absorptive cells, regenerative cells
and endocrine cells. The columnar cells have
well-developed microvilli on the luminal side.
These finger-like projections greatly increase the
absorptive surface area. On the body-cavity
side, the columnar cells have an extensively
folded plasma membrane, forming a series of
interconnecting channels and collectively re-
ferred to as the basal labyrinth. Regenerative
cells usually are located at the bases of the co-
lumnar cells, but also may be present in clumps
or nests. They replace the columnar cells as they
break down and are involved in reconstructing
the midgut during metamorphosis in many in-
sects. In most insects, the food bolus is sur-
rounded by a noncellular chito-proteinaceous
sheet referred to as the peritrophic membrane
(Fig. 2.17) or peritrophic envelope. Typically, it
is formed by specialized cells in the cardial epi-
thelium, e.g., in mosquito larvae, or by delami-
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nation from most or all of the midgut cells, e.g.,
adult mosquitoes in response to a bloodmeal.
The function of the peritrophic membrane is not
well understood and many hypotheses have
been advanced, including that of protection of
the midgut epithelial cells from abrasion by food
particles, protection of the insect from parasitic
invasion, an ultrafilter and so on. For additional
information on the peritrophic matrix, see
Jacobs-Lorena and Oo (1996).

The hindgut forms a conducting tube be-
tween the midgut and the anus. Depending on
the species of insect, a varying number of slen-
der, elongate blind tubes, the Malpighian tu-
bules (Figs. 2.17, 2.18), open into the Iumen
immediately posterior to the pyloric valve that
separates the mid- and hindguts. The region
into which these tubules open is called the py-
loric ampulla. In its simplest form, the hindgut
posterior to the pyloric valve consists of an elon-
gate anterior intestine and the posterior, well-
muscled rectum. In some insects, the anterior
intestine is further differentiated into subre-
gions. Several pad-like structures, the rectal
papillae, may protrude into the rectal lumen.
In addition to its role in conducting undigested
wastes from the midgut, the hindgut, along
with the Malpighian tubules, makes up the ex-
cretory system. The Malpighian tubule cells,
which are microvillate on their luminal sides,
pump water, various inorganic ions, amino ac-
ids and nitrogenous wastes (such as uric acid)
into their lumens. These molecules then are
washed down into the hindgut lumen and are
propelled peristaltically to the rectal lumen.
Within the rectal lumen and with the help of
the rectal papillae, the molecules still needed
by the insect are reabsorbed back into the body
cavity and metabolic wastes egested along with
undigested wastes from the midgut. Needed
water in undigested wastes from the midgut
also is absorbed in the insect rectum.

Depending on the insect, various specialized
cells or tissues may be present in the alimen-
tary canal that support the lives of symbiotic
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microorganisms that may provide specific di-
gestive enzymes or other needed molecules
(e.g., certain vitamins).

See Romoser (1996) for more information on
the insect alimentary canal and its involvement
with ingested parasites.

Salivary glands

The salivary glands (Fig. 2.17) usually func-
tion in association with the alimentary process.
These glands are derived from the labial seg-
ment of the head and usually lie in the anterior
part of the thorax, lateroventral to the foregut.
They vary in structure but usually fall into one
of 2 categories: acinar (grape-like) and tubular.
These bilateral glandular masses communicate
with a common salivary duct via lateral sali-
vary ducts, and the common salivary duct in
the more primitive insects (e.g., cockroaches)
opens into the salivarium ventral to the hy-
popharynx. More advanced insects with pierc-
ing-sucking mouthparts, like mosquitoes, usu-
ally have a salivary channel within one of the
mouthparts within the fasicle of stylets. In ad-
dition to the ducts, a salivary reservoir may be
present to store salivary secretions. Insect sa-
liva has been shown to have many functions,
depending on the species. These functions in-
clude moistening of the mouthparts, serving as
a medium for digestive enzymes, anticoagu-
lants or agglutinins, acting as a food solvent,
secretion of antimicrobial substances, and so on.

Circulatory system

Insects have an open circulatory system (Fig.
2.19), i.e., the blood (hemolymph) bathes the
tissues directly within the body cavity. The in-
sect body cavity, or hemocoel, is bounded by
the epidermal cells, the tissues of ectodermal
origin that form from invaginations or evagi-
nations of ectodermal tissues (e.g., the tracheae
and the fore- and hindguts), and by the mid-
gut. This arrangement differs from vertebrates
whose body cavity is lined with tissues of me-
sodermal origin, i.e., a true coelom. Although
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the insect has an open circulatory system, there
are pumping and conducting elements. The
most obvious is the dorsal vessel that runs
along the dorsal midline from the posterior end
of the abdomen to the head. This vessel is closed
posteriorly and opens at the posterior base of
the brain just above the esophagus. The tissue
that makes up the dorsal vessel is contractile
and peristaltic waves typically move from pos-
terior to anterior. Two regions of the dorsal ves-
sel are discernible: the posterior heart and the
anterior aorta. The heart is characterized by the
presence of pairs of openings, usually bilateral,
called ostia. Hemolymph may enter or exit the
heart via the ostia, but in the generalized pic-
ture, it enters as a peristaltic wave passes. The
nature of the ostia is such that they close when
hemolymph already within the heart passes by
them. Thus, the general tendency is for
hemolymph to enter the heart in the abdomen
and be pumped anteriorly. Periodically spaced,
fibromuscular alary muscles connect bilaterally
with the heart and attach to the integument at
the opposing ends. Contraction of the alary
muscles opens the heart lumen. The aorta is
contractile, but has no ostia or alary muscles. It
opens at the base of the brain, and hemolymph
exits the dorsal vessel at this point. The pump-
ing of the heart has been studied physiologi-
cally and its rhythmic pulsations generally are
thought to be under neurohormonal control.
Accessory pulsatile organs provide the force
necessary to drive hemolymph into the extremi-
ties of the antennae, wings and legs, which are
so designed that hemolymph enters in certain
points and exits at others.

Insect blood usually is colorless and is called
hemolymph because it carries out most of the
functions of both blood and lymph, which are
separate fluids in vertebrates. While
hemolymph contains both cellular and fluid
portions, as in vertebrates, it differs from verte-
brate blood in that except over very short dis-
tances, it does not transport oxygen to the tis-
sues. Such transport is carried out by the tra-
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Figure 2.19. Generalized insect circulatory system (from Romoser and Stoffolano 1998).

cheal system. The characteristics such as solute
concentration and pH are closely regulated, as
the hemolymph provides the growth and main-
tenance medium for all of the cells of an insect.
Hemolymph carries out many important func-
tions, not the least of which is that of transport-
ing molecules from digested food materials that
have been absorbed into the midgut cells and
released into the hemocoel. Thus, it serves as a
reservoir for raw building materials. The
hemolymph also transports metabolic wastes
such as CO,, nitrogenous wastes generated by
protein metabolism, and so on, from the tissues
where they are produced to the Malpighian tu-
bules or other excretory organs. The

hemolymph also commonly acts a hydraulic
medium. Contractions of muscles associated
with the body wall can direct the incompress-
ible hemolymph to accomplish specific tasks.
For example, the proboscis of the house fly is
extended by hydraulic (hemostatic) pressure
being applied in the head region and then is
retracted by contraction of muscles in the pro-
boscis and head. Hydraulic pressure also comes
into play with the splitting and shedding of old
cuticle during molting. Hemolymph, being
present throughout the hemocoel, lubricates the
various tissues and organs as they move about
and as the insect itself moves.
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Among the functions of the cellular fraction
of the hemolymph, the hemocytes, are hemo-
stasis (blood clotting) at wound sites, wound
repair, detoxification of toxic molecules and at-
tack of microbial and parasitic invaders through
phagocytosis or sequestration by the formation
of nodules or by encapsulation. Nodule forma-
tion and encapsulation are associated with bac-
terial invasion in numbers too high to be neu-
tralized by phagocytosis alone or with large in-
vaders such as helminths. Inducible antibacte-
rial and antifungal proteins, e.g., cecropins and
defensins, also have been discovered in the
hemolymph.

The fat body, nephrocytes and oenocytes
appropriately are considered in association with
the hemolymph. The fat body (Figs. 2.12,2.23a)
is a diffuse organ made up of regularly placed
packets of individual cells called adipocytes.
The name “fat body” is inaccurate since it syn-
thesizes, stores and releases many important
molecules, including lipids, proteins and car-
bohydrates, and functions in a fashion some-
what analogous to the vertebrate liver. Fat body
cells are involved in intermediary metabolism,
synthesis of egg yolk proteins, storage of nutri-
ents for growth and development, and so on.

Nephrocytes are stationary cells that take in
colloidal-size materials by the process of en-
docytosis. These cells may occur singly or in
groups, and those associated with the dorsal
vessel are called pericardial cells.

Oenocytes are found in nearly all insects and
often are arranged in segmental packets. Al-
though they may synthesize and secrete mate-
rial deposited in the epicuticle, their function
remains unclear.

Ventilatory system

Oxygen reaches the tissues of insects via the
tracheal system (Fig. 2.20) of branching tubes.
Their openings to the outside world are called
spiracles. As they divide and subdivide, pen-
etrating deeper and deeper into the tissues, tra-
cheae become progressively smaller in diam-
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eter. Ultimately, the smallest tubes end in single
cells called tracheoblasts. Tracheoblasts have
several thin projections on the order of 1.0 pm
or less in diameter that are called tracheoles.
All insect tissues are close to a tracheole and it
is from these tubes that oxygen and carbon di-
oxide exchange occurs. Tracheoles also may
arise directly from a trachea. Tracheae arise as
ectodermal invaginations and as such are lined
with a modified cuticle, the tracheal intima. The
intima is thrown into supportive helical folds
called taenidia.

In many flying insects, some tracheae may
be enlarged into air sacs. These structures have
a variety of functions including increasing the
tidal flow in actively ventilating insects, pro-
viding room for expansion associated with mid-
gut filling and egg development, and reducing
specific gravity, which aids flight.

Spiracles provide access to oxygen, but given
the enormous surface area provided by the
finely divided tracheae and tracheoles and given
the relatively large surface area to volume ra-
tio, there is great potential for loss of water (tran-
spiration) through the spiracles. An evolution-
ary solution to this problem is the presence of
various spiracular closure mechanisms that re-
main closed, or partially closed, except when
replenishment of oxygen is needed. Spiracles
are under neural control and respond to
changes in carbon dioxide levels in the
hemolymph.

The organization of the tracheal system is
complex. Typically, the spiracles open into lat-
eral longitudinal trunks. In addition, there may
be paired dorsal and ventral longitudinal
trunks. The various paired trunks are connected
by transverse tracheal commissures. Spiracles
vary from a single pair, such as those at the pos-
terior end of the body in mosquito larvae, to 2
thoracic and several abdominal pairs. In many
aquatic insects and those with endoparasitic
larvae, there are no functional spiracles, and
oxygen enters and carbon dioxide exits directly
through the integument.
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Dorsal tracheal trunk
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Figure 2.20. Diagrammatic cross-section of insect thorax showing major tracheal branches (from Essig 1942).

Diffusion of gases along concentration gra-
dients is sufficient in smaller insects and in the
deeper tracheae of larger, active insects. How-
ever, larger active insects may ventilate actively,
gas movement being aided by muscular con-
traction and overall body movement.

Excretory system

The hemolymph bathes all the tissues in the
body cavity and thus provides the “culture
medium” for these tissues. Consequently, the
characteristics of the hemolymph such as os-
motic concentration, pH and so on must be
maintained at constant levels. This is the role
of the excretory system (Figs. 2.17, 2.18). Main-
tenance of a constant internal environment that
is at least partly under endocrine control, is ac-
complished by the removal of metabolic wastes
and excesses and the regulation of ions and
water. Metabolic wastes include the end-prod-
ucts of amino acid/protein metabolism, e.g.,
uric acid. Hemolymph is filtered in the Mal-
pighian tubules and needed materials are reab-
sorbed in the rectum. The number of Mal-
pighian tubules varies among different insect

species, ranging from 2 to more than 200. These
tubules usually have muscles and are capable
of some movement within the hemocoel. The
Malpighian tubule epithelium is one-cell thick,
the cells being comparatively large and possess-
ing microvilli on the Juminal side. As with the
other epithelia in the hemocoel, a basal lamina
invests the tubules on the hemocoel side. The
epithelium is richly supplied with mitochon-
dria, presumably to provide the energy needed
for the active transport of ions.

The kind and extent of changes that need to
be effected by the excretory system depend, in
part, on the kind of food ingested. For example,
insects that feed on vertebrate blood must con-
serve sodium by reabsorption in the rectum. The
kind and extent of changes also depend upon
the nature of the external environment of an
insect. Different situations pose different excre-
tory problems. For example, terrestrial insects
continually are challenged by the tendency to
lose water through the spiracles and across the
integument. Therefore, mechanisms for con-
serving water are essential. Such mechanisms
include the ability to regulate opening and clos-



40

ing of spiracles, rectal reabsorption of water,
production of metabolic water with production
of very dry feces, uric acid, which requires rela-
tively little water to egest, and so on. Aquatic
insects in saline environments, such as some
mosquito larvae, are susceptible to loss of wa-
ter and buildup of excess inorganic ions. They
counteract this danger by drinking large
amounts of water, and removing ions by active
transport across membranes of the Malpighian
tubules and rectum. Conversely, aquatic insects
in fresh water risk flooding and loss of inor-
ganic ions. They drink little water and actively
absorb chloride, sodium and potassium ions
from the surrounding water (Bradley 1987).

Reproduction, Growth and Development

Insects are fundamentally bisexual, egg-de-
positing organisms. Here, we consider the sys-
tems and processes that are involved in pro-
ducing and bringing together the sperm and
egg, and in the subsequent growth and devel-
opment of the egg into sexually mature adults.

The reproductive system

Both the male and female reproductive sys-
tems are located in the posterior part of the ab-
domen and the external genitalia, considered
to have been derived from primitive segmental
appendages, are associated with the 8th and 9th
abdominal segments.

Male reproductive system

The male reproductive system produces,
stores and delivers prodigious numbers of mi-
crogametes called spermatozoa. The male re-
productive system, shown in Fig. 2.21 in gen-
eralized form, consists of bilateral, paired tes-
ticles. A testicle is made up of one or more tes-
ticular follicles invested in a follicular epithe-
lium that absorbs nutrients from the
hemolymph and provides them for the devel-
oping gametes. The meiotic cell divisions that
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produce mature spermatozoa occur in a distal
to proximal sequence in each follicle. The tes-
ticles are connected to the rest of the male sys-
tem by means of conducting tubes, each follicle
opening via a vas efferens into a common vas
deferens. The vas deferens from each side join
the medial ejaculatory duct that opens at the
base of the aedeagus, or penis. The vas defer-
ens may be thrown into convoluted folds (epi-
didymis) or have an expanded region (semi-
nal vesicle) in which spermatozoa are stored.
Muscles associated with the various ducts pro-
pel spermatozoa along the lengths of the ducts
as well as out of the insect during copulation.
Other structures usually associated with the
male system are the accessory glands that se-
crete seminal fluid and probably substances that
provide signals for the female system, e.g.,
stimulation of contractions of the female repro-
ductive ducts that might aid in propulsion of
spermatozoa. Some insects produce sperm in
groups and house it in a proteinaceous secre-
tion of the accessory glands called a spermato-
phore. The spermatophore may be deposited
directly into the female during copulation or
may be deposited on a substrate to be picked
up by the female.

Female reproductive system

The female reproductive system is shown in
Fig. 2.22 in generalized form. Like the testes,
the ovaries are bilaterally located. Each ovary
may consist of a varying number of units called
ovarioles. The ovarioles are collectively invested
in an ovarian sheath. The number of ovarioles
present varies with the species, the extreme of
one being found in tsetse and the opposite ex-
treme of 1,000 to 2,000 in termite queens. Each
ovariole consists of a distal germarium in which
the cells proliferate mitotically, producing the
cells that will develop into oocytes (egg cells),
nurse cells and follicular epithelial cells. Proxi-
mal to the germarium in each ovariole are a
number of successively more developed ova-
rian follicles, each invested in a follicular epi-
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Figure 2.21. Diagram of male reproductive system (from
Davies 1988).

thelium. A duct located at the base of each ova-
riole opens into a common region, the calyx,
which in turn communicates with the lateral
oviduct. The 2 lateral oviducts open into the
common oviduct and this system of tubes with
its investing muscles conducts vitellogenic eggs
(i.e., those with yolk) into the central portion of
the reproductive system, the vagina, which
opens to the outside of the insect. The vagina
also receives the male penis during copulation.
The vagina typically bears one or more
evaginated structures, the spermathecae, in
which sperm are stored until fertilization. Thus,
insect females typically have the ability to con-
trol when, and in some cases if, fertilization oc-
curs. One or more accessory glands also may
be associated with the ducts in the female sys-
tem. Accessory glands carry out such functions
as secretion of gelatinous materials that protect
clutches of deposited eggs and secretions used
to glue eggs to the substrate.

The female reproductive system is designed
to:
(a) receive and store spermatozoa,
(b) produce eggs,
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Figure 2.22. Diagram of female reproductive system (from
Davies 1988).

(c) provide eggs with the nutriment (yolk)
necessary to support embryological devel-
opment,

(d) provide eggs with a protective outer shell
or chorion that resists transpiration, but at
the same time facilitates gaseous exchange,

(e) bring eggs and spermatozoa together, ef-
fecting fertilization, and

(f) deposit the eggs in an environment that
will support the newly hatched insects.

As with the other physiological/behavioral
processes, the processes directly involved with
reproduction are closely regulated. The expan-
sion caused by the process of vitellogenesis

(yolk synthesis and deposition in the eggs) is

accommodated by the tremendous flexibility

and expandability of the insect abdomen.

Egg development

The processes that lead to the development
of a mature egg ready to be fertilized can be
grouped under the heading of “oogenesis” and
includes the processes of egg differentiation,
vitellogenesis (Fig. 2.23a-c), ovulation (exit of
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an egg from an ovariole), and finally, around
the time of fertilization, completion of the re-
duction divisions of meiosis, producing the hap-
loid egg nucleus. Yolk proteins (vitellogins) are
synthesized in the fat body and transferred via
the hemolymph to the ovaries, where they are
taken up by endocytosis and deposited as yolk.
Insect eggs usually are elongate, ovoid struc-
tures surrounded by a cuticle-like chorion se-
creted by the follicular epithelia. The chorion
protects the egg from water loss while allow-
ing gaseous exchange. Within the confines of
the chorion, the yolk dominates the volume.
Small cytoplasmic regions are present contain-
ing the egg nucleus (nuclear cytoplasm) and
around the periphery of the yolk (periplasm).

Copulation, insemination and fertilization

The male and female gametes are brought
into proximity during copulation as the male
deposits semen in the female (insemination).
Such internal fertilization protects against wa-
ter loss. Gametes, being very small, are espe-
cially susceptible to drying. Fertilization occurs
by 2 sequential events: first the release of the
spermatozoa from the spermatheca and second
the entry of the egg by a sperm passing through
the micropyle, a pore in the egg. Insect sper-
matozoa are filamentous to facilitate passage
through the very narrow micropyle. This is an-
other mechanism by which the drying tendency
is avoided, i.e., by having filamentous sperm,
the micropyle can be very narrow, thus mini-
mizing water loss.

Embryonic and postembryonic development

Since most insects develop eggs with chori-
ons and deposit them externally (oviposition),
embryogenesis usually occurs in the egg when
it is separate from its parent. The energy for
embryogenesis comes from yolk. When em-
bryogenesis is complete and cues are received
signaling that environmental conditions are fa-
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vorable, an insect egg undergoes eclosion
(hatching) and the first immature stage
emerges. The immature stage, or larva, then
proceeds to eat and grow, growth being facili-
tated by molting, a periodic shedding of par-
tially digested old cuticle and deposition of new.
Molting involves the following processes: sepa-
ration of the old cuticle from the epidermis
(apolysis), partial digestion and resorption of
old cuticle, secretion of new cuticle, and the
shedding of remaining old cuticle (ecdysis or
eclosion). A newly ecdysed, or teneral, indi-
vidual is soft and pale, but soon the processes
of hardening (sclerotization) and darkening
(melanization) occur. Newly emerged insects
gulp air or water, expanding the body prior to
hardening.

Following hatching of the egg, insects grow
through a series of immature stages, each sepa-
rated by a molt, and ultimately reach the adult
stage and become sexually mature. Each stage,
including the adult, is referred to as an instar
and often can be recognized on the basis of size
and various characteristic anatomical traits. For
example, mosquitoes have 4 larval instars each
distinct from the others. The instar is the insect
itself and the time spent as a given instar is
called the stadium for that instar. The adult in-
star is called an imago and when referring to
an adult trait the term imaginal is used. The
strict definition of an instar has been debated
but it may be viewed as an insect either between
successive ecdyses or between successive
apolyses. If one subscribes to the later defini-
tion, the insect is referred to as pharate after
apolysis but before ecdysis. Thus, in the case of
a biting gnat larva, for example, after apolysis
in the 3rd larval instar and before ecdysis, the
form is referred to as a pharate 4th instar.

Metamorphosis
Insects vary in the degree of change they

undergo between eclosion and reaching the
adult stage. The change may be minimal, con-
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Figure 2.23. Photomicrographs of saggital sections of a mosquito: (a) Prior to bloodmeal—note that midgut is
undistended and ovaries small; (b) immediately following bloodmeal—note that posterior midgut is distended with
blood (photographs by W.S. Romoser).
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Figure 2.23 (continued). Photomicrographs of saggital sections of a mosquito: (c) Following digestion of blood—note
abdomen is now filled with vitellogenic eggs and the posterior midgut is compressed by the fully expanded ovaries

(photograph by W.S. Romoser).

sisting only of a gradual size increase from molt
to molt, with the adult looking essentially like
a large larva except that it is sexually mature.
Or the change may be more distinct, with
wingpads appearing in late larval instars and
with the greatest change occurring between the
last larval instar and the adult. Or the change
may be dramatic, the wingless larvae appear-
ing completely different from the adult and the
adult being “assembled” during a single stage,
the pupa, inserted between the larval and adult
stages. Insects that undergo the first mentioned
minimal change, are referred to as undergoing
no metamorphosis, or ametabolous develop-
ment. Insects that undergo some change have
simple metamorphosis (Fig. 2.24). There are
paurometabolous and hemimetabolous varia-
tions of simple metamorphosis. Finally, those
that exhibit dramatic major change undergo

complete metamorphosis or holometabolous
development (Fig. 2.25). In insects that undergo
complete metamorphosis, the larval instars ap-
pear similar to one another and the only evi-
dence of the future adult stage is the presence
of imaginal buds or disks that form internally
in association with the integument. These disks
will form into the antennae, mouthparts, legs
and wings that are apparent in the pupal stage
and reach full development by the adult stage.
By contrast, in insects that undergo simple
metamorphosis, the antennae, legs and mouth-
parts are already present in the larval instars
and the wings appear as wing pads only in the
later larval instars. Based on the differences in
wing development, insects that undergo simple
metamorphosis are referred to as exopterygotes
(“external wings”) and those with complete
metamorphosis as endopterygotes (“internal
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EGGS

ADULT

Figure 2.24. Simple metamorphosis illustrated by a tria-
tomid bug in the family Reduviidae (from US Public
Health Service 1969).

wings”). In the past, insects that undergo simple
metamorphosis and have aquatic larvae were
said to undergo hemimetabolous development.
Conversely, insects with simple metamorpho-
sis having both terrestrial-aerial larvae and
adults were said to be paurometabolous. These
terms now are rarely used, and Hemimetab-
olous larvae are sometimes called naiads and
paurometabolous larvae, nymphs. More com-
monly, both types of larvae are called nymphs.

Control of growth, development and metamor-
phosis

Growth, development and metamorphosis
are under endocrine control. Molting is initiated
when glands in the prothorax secrete the molt-
ing hormone (also called ecdysone or protho-
racic gland hormone). Another hormone, juve-
nile hormone (JH), which is synthesized and
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secreted by the corpora allata, determines the
nature of a given molt. Juvenile hormone sus-
tains the larval stage. When it is present, a given
molt will be from one larval instar to the next.
The titer of JH gradually diminishes over the
course of larval development. At the time of the
larval-adult molt in insects with simple meta-
morphosis, or the larval-pupal adult in insects
with complete metamorphosis, only ecdysone
is secreted, and metamorphosis commences.
The timing of secretion of ecdysone and hence
the timing of molting is determined by the se-
cretion of brain hormone (prothoracicotropic
hormone, or PTTH) that is synthesized in neu-
rosecretory cells in the brain and is stored in
the corpora allata. The target tissues of PTTH
are the glands and this hormone induces activ-
ity of the prothoracic glands and the secretion
of ecdysone. At least one hormone, eclosion
hormone (a neuropeptide) and probably 2, is
involved in the process of ecdysis in insects. This
hormone is synthesized in the brain and influ-
ences functions such as ecdysial behavior.
The appropriate timing of synthesis and re-
lease of particular amounts of hormones accom-
plishes physiological regulation. Chemicals that
have hormonal effects are called insect growth
regulators (IGRs). Examples of IGRs include the
juvenile hormone analogues methoprene and
kinoprene. Synthetic IGRs are used to disrupt
these processes and thereby control insects.

Ecological synchronization of life cycles

Evolution has synchronized insect life cycles
with the environmental changes that occur in a
givenregion. During winter in temperate zones,
a cold-hardy insect may enter a resting state or
diapause (as eggs, larvae, pupae or adults). An
insect might become torpid and resistant to dry-
ing in a region with a regularly periodic dry
season. An insect may begin to display migra-
tory behavior in response to seasonal changes.
Diapause and migration thus are mechanisms
that have evolved to enable insects to deal with
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(@)  EGG (b) LARVA

(c) PUPA (d) ADULT

Figure 2.25. Complete metamorphosis illustrated with a mosquito (from US Public Health Service 1969).

deleterious seasonal environmental conditions. THE CLASS ARACHNIDA

The study of the relationships between the in-

sect life cycle and seasons is called phenology. Acari Structure and Function

As with most other processes, diapause and

migratory behavior are under endocrine and The Acari (from the Greek “akares,” small)
neurological control. are ticks and mites included in the class Arach-

nida. The Acari possess the typical arachnid
traits: they lack antennae, and as adults, bear 6
pairs of appendages (chelicerae, palps and 4
pairs of jointed legs). Several members of this
group are of medical importance. Information
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presented in this section is based on Sauer and
Hair (1986) and Evans (1992).

Exterior Structures
The integument

The integument of mites and ticks is similar
to that found in insects, comprising a single
layer of cells (epidermis) that secretes, on the
outside, a noncellular cuticle and which is sepa-
rated from the hemolymph by a basal lamina.
Numerous specialized cells, including dermal
glands that open to the outside through minute
pores, are interspersed among the epidermal
cells. As with other arthropods, the degree of
cuticular sclerotization varies temporally and
spatially, and among different species.

The mite and tick cuticle often is pigmented,
and in some species with pale bodies the color
of ingested food may show through, e.g., the
red to brown to black appearance of a
bloodmeal. Likewise, in pale forms pigment
within the epidermal cells may impart color.

As with other arthropods, mites and ticks
grow in association with periodic episodes of
molting. However, molting has not been well
studied in this group.

Other structures

Unlike other arachnids, except spiders, mites
and ticks differ in lacking evident body segmen-
tation, although there may be sutures. The
acarine body (Fig. 2.26) is divisible in various
ways. Fundamentally, it can be divided into the
anterior gnathosoma and posterior idiosoma.
The idiosoma is divided further into the leg-
bearing region (podosoma) and the remaining
portion (opisthosoma).

The gnathosoma often is called the capitu-
lum, especially in ticks. The epistome and
subcapitulum (basis capituli) form the upper
and lower walls of the gnathosoma, respec-
tively, and connect to the esophagus. A median
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hypostome extends anteriorly from the
subcapitulum and in ticks, for example, serves
as an anchoring organ, a process facilitated by
posteriorly directed teeth. Closely associated
with the gnathosoma are the paired, and some-
times retractable, chelicerae (variously modified
piercing, cutting, tearing appendages) and the
paired palps (sensory appendages).

The idiosoma bears 3 (in larvae) or 4 (in
nymphs and adults) pairs of legs as well as the
external openings (stigmata or spiracles) of the
respiratory system and various sensory and
secretory structures, e.g., some bear simple
eyes. BEach leg is composed of a basal coxa, fol-
lowed by the trochanter, femur, patella, tibia,
tarsus, caruncle and claw. The stigmata may or
may not be present and vary in number and
position, features used to divide the Acari into
subgroups.

Internal Structure and Physiology
Coordination and effector systems

The central nervous system is composed of
a ganglionic mass (brain) that surrounds the
esophagus and gives rise to nerves that extend
to various areas within the body (Fig. 2.27). This
mass is divided by the esophagus into 2 regions:
the pre- or the supraesophageal and post- or
subesophageal. The preesophageal region in-
nervates the photoreceptors (in some cases,
eyes) and the gnathosoma, while the postesoph-
ageal region innervates the remaining parts of
the body. Mites and ticks possess a variety of
sensory structures on the body surface similar
to sensory structures in insects.

Endocrine regulation of physiological pro-
cesses in mites and ticks has not been studied
as intensively as it has been in insects. How-
ever, there are clearly identifiable neuroendo-
crine complexes and evidence of neurosecretion.
It seems likely that processes such as molting,
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Figure 2.26. External anatomy of a mite (from US Public Health Service 1969).

diapause and reproduction are regulated in a
fashion similar to that in insects.

All acarine muscles are striated and there is
a complex skeletal musculature involved with
moving of the various appendages. The cheli-
cerae in most mites and ticks are retracted by
the action of skeletal muscles and protracted by
hydrostatic pressure translated through the
hemolymph by contraction of muscles in the
idiosoma. Longitudinal, circular and irregular
networks of visceral muscle effect peristalsis in
various tubular organs such as the alimentary
canal.

Maintenance systems

The embryogenesis and functional subdivi-
sion of the acarine alimentary canal closely re-
sembles that of insects. There are 3 basic gut
regions. The fore- and hindguts are of ectoder-
mal origin and are lined with a chitinous in-
tima; the midgut originates endodermally. In
the fully developed alimentary canal (Fig. 2.27)
the mouth opens into a muscular pharynx, fol-
lowed by the esophagus, which passes through
the ganglionic mass. Interestingly, as with in-
sects, the foregut forms an intussusception with
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Figure 2.27. Internal anatomy of a tick (from Balashov 1972).

the midgut, and muscles lie between the folded
foregut walls, providing a sphincter effect. This
probably helps regulate movement of material
from the foregut into the midgut as well as pre-
vent regurgitation of midgut contents into the
foregut.

The midgut (Fig. 2.27) often is diverticulate,
i.e., it has several finger-like projections, and
often is capable of great expansion, especially
in vertebrate bloodfeeding forms. The midgut
is the region where most digestion and absorp-
tion occurs and this organ is composed of a
single layer of epithelial cells separated from
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the hemolymph by a basal lamina. In addition
to the ventriculus (stomach) per se, there often
is a postventricular region within the midgut
that is composed of a colon and a postcolon. A
pyloric sphincter apparently controls move-
ment of materials from the ventriculus into this
region. Commonly, a pair of Malpighian tu-
bules opens into the postventricular region. The
hindgut is short, consisting of the anal atrium,
which opens through the slit-like anus. Bilater-
ally located glandular masses are found in the
posterior of the acarine body and communicate
by means of lateral ducts either with the buc-
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cal/subcapitular cavity or near the coxal bases
of the front pair of legs. Those that open into
the capitulum often are called salivary glands,
e.g., in ixodid ticks (subclass Ixodida). While
these glands have been studied extensively in
ixodid ticks, little is known about their func-
tion in other groups.

Mites and ticks have an open circulatory sys-
tem in which the more or less clear hemolymph
circulates in the hemocoel. The hemolymph
comprises a cellular and fluid portion and plays
the same physiological roles as in other
arthropods. Fat body occurs near the central
ganglion and in association with the coxae and
tracheae.

Contraction of body muscles and move-
ments of viscera effect circulation in the smaller
Acari, but in ticks and certain mites this pro-
cess is aided by a dorsal, longitudinal heart. Two
regions are recognizable in the heart: an ante-
rior portion with longitudinally oriented muscle
fibers and a posterior region with radially ar-
ranged muscle fibers and openings (ostia) into
the hemocoel.

Ventilation is achieved by a system of tra-
cheae that open to the outside via openings
called stigmata.

Malpighian tubules that open into the hind-
gut in several groups, including ixodid ticks,
eliminate nitrogenous wastes. In Acari that lack
Malpighian tubules, a portion of the midgut
carries out the necessary function. Water and
ion balance involve several organs, including
coxal glands, salivary glands, genital papillae
and claparede organs. In ixodid ticks, much of
the excess water in bloodmeals is excreted back
into the host via the salivary glands.

Reproduction and Development

The germinal tissues (testes and ovaries; Fig.
2.27) are of mesodermal origin and communi-
cate with the outside by means of ducts that
originate from mesodermal tissue (oviducts in
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the female, vasa deferentia in the male) and
ectodermal tissue (vagina; ejaculatory duct).
Although the ovaries and testes are primitively
paired structures, they are fused into a single
median mass in certain groups. In most cases,
the external genital opening (gonopore) is lo-
cated ventrally. In males, there may be a semi-
nal vesicle inserted between the vasa deferen-
tia and the ejaculatory duct, a portion of which
may be elaborated into an intromittent organ
(penis or aedeagus). Accessory glands may
open into the seminal vesicle or ejaculatory duct
and contribute to the production of seminal
fluid. In females, a seminal receptacle may be
associated with the vagina and accessory glands
may be present. In some Acari there is a sperm
receptacle or spermatheca.

Sperm, usually within a spermatophore, are
introduced into the female by direct deposition
or are deposited on the substrate and then taken
up by the female. Parthenogenesis is common
among the Acari.

Acarines go through, at most, 6 stages dur-
ing their life cycle: prelarva, larva, protonymph,
deuteronymph, tritonymph and adult. As with
other arthropods, each stage is separated by a
molt and considerable variation exists in their
life cycles. As the nymphal stages resemble one
another, 4 distinct phases in the life cycle are
recognized: prelarva, larva, nymph and adult.
The prelarva and larva have 6 pairs of legs while
the nymphs and adults have 8 pairs. Mites and
ticks do not continue to molt once they have
reached the adult stage. Mite life cycles vary
greatly. Chapter 3 provides more information
on the life cycle.
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Chapter 3

Introduction to Arthropods: Systematics, Behavior and Ecology

WILLIAM S. ROMOSER
Ohio University, Athens

ARTHROPOD SYSTEMATICS
General Principles

The variety of living forms bewilders us with
its diversity. However, more detailed inspec-
tion reveals strong threads of unity running
throughout. Systematics identifies these
threads and uses them to devise useful group-
ings, or classifications, of organisms. These
groupings enable biologists to identify specific
kinds of organisms, i.e., to recognize whether
or not a given organism has been previously
described and where it fits relative to other or-
ganisms. Thus, 3 fundamental tasks of biosys-
tematics are to establish identifications, pro-
vide descriptions and erect classifications.
Modern biology recognizes organisms as the
products of millions of years of evolution and
therefore classifications are viewed logically as
reflecting, to a greater or lesser extent, phylo-
genetic relationships. As with all biological sci-
ences, systematics constantly changes. New
species are described and classifications are
erected, modified and corrected. Each change
moves our understanding of phylogeny closer
to the truth. For additional information on the

role of systematics in entomology, see Danks
(1988).

The fundamental unit of living things is the
individual organism. Individual organisms
typically exist in interacting groups called popu-
lations. Populations of individual organisms
capable of mating and producing viable off-
spring are recognized collectively as species. By
making detailed comparisons based on many
kinds of organismal characteristics (morpho-
logical to molecular), systematists organize spe-
cies into successively larger groupings based
on similarities. Such groupings, including spe-
cies, are called categories that are arranged in a
hierarchy of increasingly inclusive groups (Fig.
3.1). In any classification scheme, the actual or-
ganisms assigned to a given category consti-
tute a taxon (pl., taxa). Once erected, classifica-
tions facilitate identification and in so doing pro-
vide a “place” to file biological information
about a given taxon. Thus, classifications form
the basis for storage and retrieval of biological
information. They also provide a basis for com-
munication among biologists.

Another critical task of systematics is to de-
velop and maintain the procedures for naming
and grouping organisms, i.e., the task of deal-
ing with nomenclature. The International Code

B.F. Eldridge and ].D. Edman (eds.), Medical Entomology, Revised Edition, 53-97.

© 2004 Kluwer Academic Publishers.
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Kingdom Animalia
Phylum Arthropoda
Class Insecta
Order Diptera
Suborder Nematocera
Family Culicidae
Subfamily Culicinae
Tribe Culicini
Genus Aedes
Subgenus (Stegomyia)
Epithet (species) aegypfi

Figure 3.1. Naming conventions for biological organisms.

of Zoological Nomenclature published by the
International Commission on Zoological No-
menclature, founded in 1895, spells out these
rules. The most recent edition, the 3rd, was pub-
lished in 1985; the 4th edition is well underway.
Because this publication is extensive and com-
plex, a few nomenclatural details deserve men-
tion here. Each species of organism is named
by a binomen that consists of the genus and
specific epithet; e.g., the formal name of the
Astan tiger mosquito is Aedes albopictus. A com-
prehensive checklist of the scientific names and
the taxonomic position of the medically most
important arthropods may be found in Pittaway
(1991). The categories above the generic level
are uninomials and there are accepted conven-
tions regarding the suffixes of some of these
names; e.g., family names end in “-idae” while
most order names of insects end in “-ptera” (Fig.
3.1). Arthropods also may be assigned common
names. In some cases these names are vernacu-
lar, while others are formally recognized. For
example, all members of the order Diptera are
referred to as true flies and all members of the
order Hemiptera, true bugs. Species of arthro-
pods of medical (or economic) significance
sometimes are assigned formal common names,
e.g., the yellow fever mosquito, Aedes aeQypti.
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The Entomological Society of America publishes
an extensive listing of accepted common names.
For consideration of the biosystematics of blood-
feeding insects, see Service (1988).

Cryptic Species and Species Complexes

Two groups of closely similar organisms are
recognized as distinct species if they are repro-
ductively isolated from one another, regardless
of whether they live in the same geographic lo-
cale (sympatric) or in distinctly separate geo-
graphic locales (allopatric). The mechanisms of
this reproductive isolation may act before mat-
ing occurs (e.g., due to behavioral differences
that result in a failure to mate, or structural dif-
ferences that make copulation impossible), or
after mating, due to various cellular and genetic
incompatibility mechanisms. Despite this con-
cept of the biological species, tests regarding the
ability to interbreed seldom are feasible and
species designations historically have rested
firmly on morphological bases (morpho-
species).

Because subtle biological differences can pre-
vent interbreeding, it is not surprising that simi-
lar species can be difficult or impossible to dis-
tinguish on purely morphological grounds.
Such species are referred to as sibling or cryp-
tic species. Among the arthropods, there are
many sibling species, some of which involve
several different species (so-called species com-
plexes). Often, this may cause confusion in the
use of species names in the literature. When
authors refer to a complex of species, especially
when the name of the complex has been well
established previously as a species name, they
may use the designation sensu lato (i.e., “in the
broad sense,” abbreviated s.1.). When referring
to a species member of a complex bearing the
same name, they may use the designation sensu
stricto (i.e., “in the strict sense,” abbreviated
s.str.). Thus, Anopheles maculipennis s.1. would
refer to the An. maculipennis group of sibling
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Table 3.1. Major divisions of the important orders of the Class Insecta.
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Subclass Section Order Common names
Apterygota Collembola Springtails
Thysanura Silverfish and relatives
Pterygota Paleopterous Odonata Dragonflies and damselflies
Exopterygotes
Ephemeroptera Mayflies
Neopterous Plecoptera Stoneflies
Exopterygotes
Phasmida Walking sticks
Orthoptera Grasshoppers and relatives
Dermaptera Earwigs
Isoptera Termites
Blattaria Cockroaches
Mantodea Praying mantids
Psocoptera Barklice and booklice
Mallophaga Chewing lice
Anoplura Sucking lice
Thysanoptera Thrips
Hemiptera True bugs
Homoptera Cicadas, leafhoppers and relatives
Neopterous Coleoptera Beetles
Endopterygotes
Neuroptera Dobsonflies, lacewings
Mecoptera Scorpionflies

Siphonaptera
Diptera
Tricoptera
Lepidoptera

Hymenoptera

Fleas

True flies
Caddisflies
Butterflies and moths

Bees, wasps and relatives




56

species; An. maculipennis s.str. would refer to
the species belonging to the group.

Sibling species and species complexes are of
particular interest in medical entomology be-
cause species within a complex may vary in
traits that influence their ability to transmit
pathogens. These traits include behavioral dif-
ferences (e.g., host preference, tendency to feed
indoors versus outdoors, choice of oviposition
sites and so on) and physiological differences
that directly affect their ability to transmit a
given pathogen (vector competence). For ex-
ample, scientists in early 1900s in Europe rec-
ognized that the distribution of malaria and of
the anopheline vector Anopheles maculipennis,
did not coincide. This phenomenon was re-
ferred to as “anophelism without malaria” and
remained a puzzle until all life stages (particu-
larly the eggs) had been examined closely and
new technology that provided information
based on other than morphological traits had
been developed. Eventually, it became evident
that the 7 species previously recognized as An.
maculipennis differed in behavioral and physi-
ological traits important for transmitting ma-
laria. Thus, in order to understand the dynam-
ics of a given vectorborne disease system, we
must know exactly which species are vectors.

The identification of species complexes
sometimes has used subtle morphological char-
acters in other than adult stages, as was the case
in early studies of the An. maculipennis complex.
Differences in egg colors and patterns provided
the first signs of differences within the group.
But separation of the members of species com-
plexes became possible when techniques were
developed that facilitated comparisons based on
non-morphological characters. Such techniques
involve observation of chromosomal character-
istics (cytospecies), biochemical characteristics
(recognition of isoenzyme differences), identi-
fication of cuticular hydrocarbons by means of
gas chromatography, and most recently, stud-
ies of nucleic acids using methods of molecular
biology. The latter techniques are especially
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valuable since they discriminate at the genome
level, can be applied to any life stage and re-
quire only small samples of hemolymph, leav-
ing material available for other kinds of analy-
ses, e.g., the identification of pathogens.

Several species complexes of medically im-
portant arthropods are known and no doubt
many more await discovery. The most inten-
sively studied and best known are those in
mosquitoes (family Culicidae) and black flies
(family Simuliidae). Members of these com-
plexes vary considerably in vector competence
relative to pathogens transmitted. Among the
mosquitoes are the already mentioned An.
maculipennis complex (at least 7 species) and the
Anopheles gambiae complex (6 species). Two sub-
species have been identified in Aedes aegypti (Ae.
aegypti aegypti and Ae. aegypti formosus). Some
systematists consider Culex pipiens and Culex
quinquefasciatus to be subspecies, while others
treat them as distinct species. Several complexes
have been identified among the black flies, the
best known being the Simulium damnosum com-
plex, which includes 40+ species. Species com-
plexes also have been discovered among the
tsetse (family Muscidae, subfamily Glossinae)
and among the Acari (e.g., the Ornithodoros
moubata group, the Rhipicephalus sanguineus
group and the Hyalomma marginatum group).
Additional information on sibling species and
species complexes can be found in Black and
Munstermann (1996), Crosskey (1990), Lane
and Crosskey (1993) and Service (1988).

The Orders of Insects

The current major subdivisions of the class
Insecta are based on key events in their evolu-
tionary history and on their major life cycle pat-
terns (Romoser and McPheron 1998). The first
insects were wingless, terrestrial, comparatively
small scavenging forms, perhaps similar to the
extant wingless Thysanura (silverfish and
firebrats) and Archaeognatha (jumping bristle-
tails). Early in their evolution they developed
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wings, which arose on the 2 posterior thoracic
segments as bilateral evaginations superim-
posed on segments originally designed for
walking. In the most primitive winged insects,
the wings at rest were held laterally or together
over the dorsum. This position is referred to as
the paleopterous (“ancient wing”) condition.
The advent of wings on animals of relatively
small size enabled insects to fill a multitude of
niches. Once flight occurred, those possessing
this ability comprised a monophyletic group.
Flight favored escape from predators, dispersal
and genetic mixing by increasing distributional
ranges. A subsequent major event in insect wing
evolution was the ability to fold the wings back
over the abdomen when not in use, the so-called
flexion mechanism. This ability facilitated run-
ning and hiding while still providing the ad-
vantages of wings. Insects with the ability to
flex the wings are referred to as possessing the
neopterous (“new wing”) condition. Another
major event in insect evolution was the devel-
opment of complete metamorphosis. This abil-
ity is considered to have arisen once and there-
fore all insects that display it form a monophyl-
etic group.

Insects are divided into 2 subclasses on the
basis of wings, the prefix or suffix “pter,” mean-
ing wing, being used in the names. Insects con-
sidered to be primitively wingless, i.e., derived
from ancestors that never had wings, are placed
in the subclass Apterygota, while those insects
that have wings, or wingless insects with
winged ancestors, are placed in the subclass
Pterygota. Essentially no metamorphosis occurs
during thelife cycle of insects in the Apterygota,
i.e., they are ametabolous. Pterygote insects can
be subdivided into groups on the basis of the
presence or absence of wing flexion and kind
of metamorphosis they undergo, i.e., simple
metamorphosis (exopterygote) or complete
metamorphosis (endopterygote). Thus, within
the subclass Pterygota, we have paleopterous
exopterygotes, neopterous exopterygotes and
neopterous endopterygotes. More than 90% of
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insects can flex their wings and undergo com-
plete metamorphosis, i.e., they are neopterous
endopterygotes. The orders of insects may be
conveniently grouped based on these designa-
tions (Table 3.1).

BLOODFEEDING INSECTS
The Bloodfeeding Habit

Taking vertebrate blood as nutriment
(haematophagy) is spread widely within the
class Insecta and clearly evolved independently
several times (Table 3.2). Through convergent
evolution, many aspects of the structure and
function of bloodfeeding insects are similar.
Bloodfeeding insects are found among both the
exopterygotes and endopterygotes. In the
exopterygote bloodfeeders (bed bugs, kissing
bugs and sucking lice), both sexes of all stages
take blood. In endopterygotes, with few excep-
tions, bloodfeeding is confined to the adult
stage, and sometimes solely the female. Lehane
(1991) discussed in detail many aspects of blood-
feeding in insects.

Different groups (Table 3.2) utilize nutrients
from the bloodmeal in various ways that may
involve one or more of the following: synthesis
of egg yolk material (e.g., mosquitoes; see Fig.
2.23), growth and development (e.g., sucking
lice) and source of energy for mobility and main-
tenance of life (all bloodfeeders). Only adult fe-
male mosquitoes take bloodmeals as well as
flower nectar; males feed solely on nectar. Mos-
quito larvae are aquatic filter-feeding forms. In
this case, the primary utilization of blood is in
the development of eggs. On the other hand,
blood provides all of the nutritional needs for
insects like kissing bugs in which both sexes
and nymphs as well as adults bloodfeed.

Because vertebrate blood lacks certain nu-
trients, particularly B vitamins, insects that rely
solely on blood typically harbor symbiotic mi-
croorganisms that provide crucial missing nu-
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Table 3.2. Feeding habits and symbionts in bloodfeeding insects.

Adult food
Taxon Larval food Male Female Use of Symbionts
blood*
Anoplura Blood Blood Blood 12,3 Ventral wall of midgut,
ovaries
Cimicidae Blood Blood Blood 1,23 Fat body
Triatominae Blood Blood Blood 1,2,3 Some in blood storage
area of midgut lumen
Siphonaptera Miscellaneous Blood Blood 12,3 Some in lumen of midgut
organic debris
Psychodidae Miscellaneous Nectar Blood and 3 None known
(Phlebotominae) organic debris nectar
Culicidae Microplankton Nectar Blood and 3 Some within germinal
nectar cells
Simuliidae Microplankton and Nectar Blood and 3 None known
decaying organic nectar
matter
Ceratopogonidae Microbial growth, Nectar Blood and 3 None known
some scavengers nectar
and predators
Tabanidae Known and possible Nectarand Blood and 2,3 None known
predators pollen nectar
Muscidae (Stomoxyinae} Decaying organic Blood and  Blood and 2,3 None known
matter nectar nectar

*Code: 1= growth and development, 2 = maintenance, 3 = egg development.

trients. These symbionts may be free-living or
maintained in specialized cells (mycetocytes) or
tissues (mycetomes).

The bloodfeeding habit may have stemmed
from long-term associations between a verte-
brate and a pre-bloodfeeding insect such as
might have occured between scavenging insects
that were lured to a vertebrate’s nest or burrow
by virtue of a sheltered, organic matter-rich, hu-
mid environment or by predatory insects at-
tracted to a vertebrate nest due to other insects

congregated there (Lehane 1991). Some insects
may have been preadapted for bloodfeeding by
already having piercing-sucking mouthparts
used to drain hemolymph from their prey.
These insects already may have had in place
physiological characteristics in their alimentary
system that made them capable of digesting and
assimilating vertebrate blood. This pre-adaption
could have happened in the kissing bugs, whose
relatives in the same family are hemolymph-
sucking insect predators. Scavenging insects
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Figure 3.2. Chewing lice: (a) Amblycera; (b) Ischnocera (from Communicable Disease Center 1969).

may have been attracted to sloughed skin or
scabs and then developed the ability to induce
bleeding or actually suck blood with their ex-
isting mouthpart structures. For more informa-
tion on the evolution of bloodfeeding, see
Waage (1979).

Bloodfeeding Groups

Details of the morphology, systematics and
biology of bloodfeeding arthropods may be
found in Beaty and Marquardt (1996), Borror et
al. (1989), Durden and Romoser (1998), Kettle
(1994), Lane and Crosskey (1993), Lehane (1991)
and Smith (1973).

Lice

Two orders of insects belong in this group:
the chewing lice (order Mallophaga) and the
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(b)

sucking lice (order Anoplura). Members of
these closely related orders are vertebrate ecto-
parasites. Some systematists lump them into the
single order Phthiraptera. Both orders show
strong morphological affinities with the order
Psocoptera (the booklice and barklice). Mem-
bers of this order are small, free-living scaven-
gers that feed on organic matter under bark, in
vegetation and in vertebrate nests. Scavenging
in the nests of birds and mammals probably led
to the ectoparasitic way of life. For more infor-
mation on lice, consult Marquardt (1996),
Marshall (1981), Durden and Musser (1994),
Kim and Ludwig (1978) and Kim et al. (1986).
Both chewing and sucking lice display traits
associated with ectoparasitism, such as their
small size, winglessness, reduced antennae,
dorsoventrally flattened bodies, commonly with
grasping tarsi, and reduction or loss of many
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structures, including the compound eyes, ocelli
and cerci.

Mallophaga

Mallophaga (Fig. 3.2) means literally “wool
eaters.” These insects have chewing mouth-
parts. Superficially they resemble the sucking
lice, but have a triangular head that is broader
than the thorax, whereas the sucking lice have
just the opposite condition, i.e., a narrow head
and broad thorax. Chewing lice have well-de-
veloped mandibles and short, 3- to 5-segmented
antennae.

Three suborders of chewing lice are recog-
nized: Amblycera, Ischnocera and
Rhyncophthirina. Amblycera and Ischnocera
predominate. They can be separated by the fact
that Amblycera have clubbed (capitate) anten-
nae concealed in grooves along the head and
maxillary palps, while the Ischnocera have free,
unclubbed antennae and lack maxillary palps.
Rhyncophthirina is an extremely small group,
but of systematic interest because the chewing
mouthparts are borne on the end of an elon-
gate projection of the head capsule (rostrum), a
condition which may represent an intermedi-
ate condition between the chewing and suck-
ing lice.

The majority of chewing lice hosts are birds,
but nearly 15% of the known species parasitize
mammals (e.g., cattle, horses, sheep, dogs, cats).
They do not attack humans, but may occur ac-
cidentally, e.g., a horse louse crawling onto a
horseback rider. However, one species, the com-
mon dog louse, Trichodectes canis, serves as an
intermediate host for the double-pored dog
tapeworm Dipylidium caninum. This parasite can
infect a human if an infected louse is acciden-
tally ingested.

Chewing lice feed on a wide variety of or-
ganic matter, including feathers, skin, sebum
from hair follicles and blood. Typically, they use
their mandibles to pick away material from the
host. In some species, the mandibles are sharp
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enough to induce bleeding. Eggs are attached
to the feathers or hairs of the host; after they
hatch, chewing lice have 3 nymphal stages be-
fore becoming adults. Being permanent resi-
dents on a host, these lice rely largely on direct
contact between their hosts for dispersal. How-
ever, some may attach to a biting fly as it feeds
on their host and “hitch a ride” to the next host
the fly feeds on. This phenomenon is called
phoresy. There are cases where more than one
species of chewing louse may infest the same
host species and the lice may prefer living on
specific parts of the host’s body. Chewing lice
of domestic animals rarely constitute a major
problem unless in excessive numbers. Heavy
infestations in poultry may cause restlessness
and even a drop in egg production.

Anoplura

In contrast to the chewing lice, the Anoplura
have piercing-sucking mouthparts that are re-
tracted into the head when not in use. They have
short 3- to 5-segmented antennae and one-seg-
mented tarsi typically adapted for grasping
hairs (Fig. 3.3). Like the chewing lice, they have
3 nymphal instars. Unlike the chewing lice, they
are exclusively bloodsucking parasites of mam-
mals. Sucking lice are highly host specific, re-
flecting their coevolution with mammalian
hosts. Several major pests of domestic animals
are in this order as well as 2 species that attack
humans. Among the domestic animal pests are
the hog louse, Haematopinus suis, the horse suck-
ing louse, Haematopinus asini, and the
long-nosed ox louse, Linognathus vituli. The 2
species of sucking lice that attack man are
Pediculus humanus (family Pediculidae; Fig.
3.3a) and Pthirus pubis (family Pthiridae; Fig.
3.3b).

Pediculus humanus is divisible on morpho-
logical grounds into 2 subspecies: P. humanus
humanus, the body louse, and P. humanus capi-
tis, the head louse. The body louse favors body
regions that are in frequent contact with cloth-
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Figure 3.3. Sucking lice: (a) The body louse, Pediculus humanus humanus; (b) the pubic louse or crab louse, Pthirus pubis

(from Lane and Crosskey 1993).

ing, e.g., the neck, armpits and crotch. Body
louse eggs are attached to clothing and this, in
addition to direct contact, is the way the lice
spread. In contrast, head lice favor the head re-
gion where they attach their eggs to hairs. Head
lice are spread by contact with eggs attached to
stray hairs on objects like combs and hats. In-
festations cause intense itching and large ones
can cause anemia. Body lice serve as vectors of
several human pathogens, including Rickettsia
prowazekii, the cause of epidemic typhus.
Pthirus pubis, the pubic louse or crab louse,
infests areas of the body that have coarse hair,
particularly the pubic region and the armpits.
Eggs, or nits, are attached to the host’s hairs.
Nymphs and adults are spread mainly by di-
rect contact such as sexual intercourse (hence

the vernacular name “papillons d’amour,”
meaning “butterflies of love”). These lice cause
intense itching.

Kissing bugs and bed bugs

These bloodfeeding insects are members of
families in the order Hemiptera, the true bugs.
This is thelargest order of exopterygote insects.
True bugs (Fig. 3.4) are so-named on the basis
of their forewings, which are hardened basally,
and membranous apically, called hemelytra
(“half-wings”). The wings flex back over the
abdomen at rest, with the membranous
hindwings held beneath the forewings. Some
are wingless or have shortened wings. True
bugs have piercing-sucking mouthparts com-



62

Chapter 3

Figure 3.4. A triatomid bug, Panstrongylus megistus: (a) General appearance of adult female; (b) morphological features

(from Lane and Crosskey 1993).

posed of a fasicle of stylets encased in a labial
sheath and degenerate palpi. The pronounced
pronotum and small, triangular scutellum lie
between the forewings at rest. Most have well-
developed compound eyes and 2 or no ocelli,
and their relatively long antennae are composed
of 4 or 5 segments. None have cerci. Many true
bugs possess glands that synthesize and release
repugnatorial substances. For example, a large
infestation of bed bugs can be detected by a
characteristic odor. For more information on the
true bugs, see Dolling (1991).

Hemiptera are found in a wide variety of
habitats and display different food preferences,

ranging from green plants to other insects to
vertebrate blood. Many beneficial insect preda-
tors are in this order. The bloodfeeding habit
can be found in the families Reduviidae
(conenose or kissing bugs) and Cimicidae (bed,
bird and bat bugs).

Kissing bugs

Most members of the family Reduviidae are
predators, feeding on other insects. However,
members of the subfamily Triatominae (Fig.
3.4) are ectoparasites of vertebrates, with both
sexes of nymphs and adults taking bloodmeals.
The winged adults can fly. As with the bed
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bugs, they live and deposit their eggs in crev-
ices around human abodes, some species favor-
ing thatched roofs. And again as with the bed
bugs, they visit hosts at night only to feed. They
are not particularly host-specific and most will
take a bloodmeal from a human as readily as
from a rodent. Many species in this group def-
ecate on the host during bloodfeeding, a habit
that favors the transmission of Trypanosoma
cruzi, the etiological agent of Chagas disease, a
major health problem in Central and South
America. Common vector species include
Rhodnius prolixus, Triatoma dimidiata and
Panstrongylus megistus. Lent and Wygodzinsky
(1979) and Schofield (1988) provided extensive
information on triatomid bugs.

Bed bugs

Members of the family Cimicidae (Fig. 3.5)
are ectoparasites of birds and various mammals
including bats and rodents. They are wingless,
oval, dorsoventrally flattened insects with
prominent 4-segmented antennae. There are 5
nymphal instars before the adult stage. Unfed
individuals are yellowish or brownish, but be-
come a dark brownish red after a bloodmeal.
Bed bugs differ from lice in that they do not
remain on the host after feeding. To take their
nocturnal bloodmeals they approach the host,
stick out the proboscis and penetrate the skin.
When not feeding they hide in cracks in furni-
ture and molding. They also deposit their eggs
in these locations. Both sexes of nymphs and
adults take bloodmeals and blood is the sole
food of these insects.

Bed bugs largely depend on passive trans-
port in furniture and luggage. Bed bugs and a
few close relatives display a bizarre method of
copulation, apparently unique among the mem-
bers of the class Insecta. The male has an elon-
gate, daggerlike penis that is inserted directly
through the integument of the female into the
hemocoel. The region of penetration on the ven-
tral surface of the female abdomen is identifi-
able by the presence of a characteristic notch.
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Figure 3.5. Adult female bed bug, Cimex lectularius (from
Lane and Crosskey 1993).

Among the 90 or so species in the family
Cimicidae, 2 attack humans: Cimex lectularius
and Cimex hemipterus. Some other species that
are ectoparasites of birds (e.g., Oeciacus vicarius)
will bite humans who accidentally come in con-
tact with infested nests. Cimex lectularius has a
wide distribution, while C. hemipterus is more
or less tropical. Although large infestations can
cause anemia in children, and possible allergic
problems, bed bugs are not important vectors
of disease agents.

Fleas

Like lice, adult fleas (order Siphonaptera)
display distinctive adaptations associated with
an ectoparasitic life (Fig. 3.6a). These similari-
ties include very small size; hard, bilaterally
compressed bodies with many posteriorly-di-
rected spines; lack of compound eyes; and the
ability to jump. They have piercing-sucking
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Figure 3.8. Horse fly, Tabanus fraternus (from Lane and Crosskey 1993).

mouthparts with which both sexes of adults
obtain bloodmeals. Fleas undergo complete
metamorphosis and their larvae differ dramati-
cally from the adults. Whereas the adults live
on their vertebrate hosts, with few exceptions
the larvae are free-living scavengers in the host
nest or burrow. The larvae (Fig. 3.6b) are worm-
like (vermiform) with well-developed heads.
They pupate in silken cocoons in which they
can remain for extended periods. Adults emerge
from the cocoons in response to stimuli given
off by a potential vertebrate host (CO,, vibra-
tions, shadows). They attack warmblooded ani-
mals, e.g., birds and mammals.

Biting flies
The order Diptera, the true flies (including

mosquitoes; Fig. 3.7), is the 4th largest in the
class Insecta and its members occupy many dif-

ferent niches and habitats. Several families of
flies have acquired the vertebrate bloodfeeding
habit and consequently have become involved
with the transmission of microorganisms that
cause disease. Aside from the transmission of
disease-causing microbes, bloodfeeding flies
occurring in large populations can annoy hu-
mans and domestic animals by their feeding
activities alone. Further, larvae in several fami-
lies invade animal tissues. On the positive side,
many flies are beneficial because of their preda-
tory (e.g., robber flies, family Asilidae) and para-
sitoid (e.g., the tachinid flies, family Tachinidae)
habits.

The true flies are characterized by a single
pair of mesothoracic wings with the hindwings
reduced to gyroscopic structures called halteres.
Several species are apterous. The true flies range
in size from minute to large insects, with leg-
less and sometimes headless larvae. The adult
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Figure 3.9. (a) Adult female house fly, Musca domestica; (b) puparium; (c) maggot (3rd-stage larva) of the blow fly
Calliphora vicina; (d) enlarged view of the cephalopharyngeal skeleton and mouthhooks (a, ¢ and d from Lane and

Crosskey 1993, b from USDA).
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Figure 3.10. An adult female phlcbotomine sand fly, Phlebotomus papatasi (from Lane and Crosskey 1993).

mouthparts vary, but are fundamentally suck-
ing structures. The larvae, on the other hand,
have various modifications of mandibulate
mouthparts. Adult flies typically have well-de-
veloped compound eyes and most have 3 dor-
sal ocelli.

Three suborders are recognized:
Nematocera, Brachycera and Cyclorrhapha. The
Nematocera (“thread-horned;” mosquitoes,
black flies and relatives; Figs. 3.7, 3.11) are called
the long-horned flies in reference to the rela-
tively long antennae, typically filiform, found
in the adult stage. The members of this group
are mostly mosquito- or gnat-like in appear-
ance. The larvae have well-developed heads and
the pupae are obtect (without free appendages).

The Brachycera (“short-horned;” horse flies,
robber flies and relatives; Fig. 3.8) are called the
short-horned flies in reference to the relatively
short (shorter than the thorax), typically stylate

antennae found in the adults. In contrast to the
nematocerous flies, the larvae have weakly-de-
veloped heads and the pupae are exarate (with
free appendages).

The Cyclorrhapha (“circular seam;” tsetse,
house flies, stable flies and relatives; Figs. 3.9a,
3.14) also have short, typically aristate anten-
nae, but their name is based on the appearance
of the opening through which they escape from
the pupal case or puparium (Fig. 3.9b). This
structure is formed from the somewhat con-
tracted, hardened and darkened, next-to-last
larval exuviae. Pupation occurs within the pu-
parium and when ready to emerge, the pharate
adult directs pressure against one end of the
puparium by means of an airbag-like structure,
the ptilinum, that is inflated from the front of
its head by hydrostatic pressure. This pressure
causes a small portion of the puparium to break
free due to a preformed line of weakness. The
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_—~hooklets

Figure 3.11. Adult female (a) and larva (b) of a black fly
in the Simulium dammnosum complex (from Lane and
Crosskey 1993).

adult also uses the ptilinum to push its way up
through the environmental material in which
pupation has occurred. Larvae (Fig. 3.9¢) in this
suborder are vermiform (“maggots”), lacking
heads altogether. The mouthparts articulate
with a sclerotized, melanized cephalopharyn-
geal skeleton (Fig. 3.9d).

Flies of medical importance are found in each
suborder and the following paragraphs provide
a brief synopsis of the major medically signifi-
cant families.

Medically important nematocerous Diptera
are found in several families. The Psychodidae
(moth and sand flies) are minute, hairy flies,
one subfamily of which are vertebrate blood-
feeders, the Phlebotominae (“vein cutters” or
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Figure 3.12. An adult female biting midge, genus
Culicoides (from Lane and Crosskey 1993).

sand flies; Fig. 3.10). These flies transmit sev-
eral species of pathogenic protozoans in the
genus Leishmania that cause potentially serious
human diseases, collectively referred to as leish-
maniasis, as well as viruses that cause sand fly
fever in humans. Members of the other major
subfamily, the Psychodinae (moth flies), breed
in habitats containing decaying organic matter
such as sink drains, sewers and water treatment
plants.

Members of the black fly family Simuliidae
(Fig. 3.11) are voracious bloodfeeders and trans-
mit the causative agent of onchocerciasis, the
filarial worm Onchocera volvulus. They can seri-
ously annoy wild and domestic animals and
humans by their bloodfeeding habit alone. Black
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Figure 3.14. A tsetse, Glossina longipennis, in resting attitude (from Lane and Crosskey 1993).

fly adults (Fig. 3.11a) have a robust appearance.
The larvae (Fig. 3.11b) are found in well-oxy-
genated, rapidly moving streams and rivers
where they filter organic particles into the
mouth. They attach themselves to submerged
objects such as logs and rocks by means of a
circle of hooklets that they are able to release,
and by using a combination of the hooklets and
the single median proleg on the thorax, they
are able to move in an inchworm-like fashion.

The biting midges, or no-see-ums (family
Ceratopogonidae; Fig. 3.12), are minute (less

than 3 mm long) and the bloodsucking forms
have profoundly annoying bites that seem dis-
proportionate to their size. Some biting midges
prey on other insects. The worm-like larvae live
in aquatic or other moist habitats. Wings of
adult midges have pigmented spots that char-
acterize the various species. Some of the blood-
feeding species act as vectors of disease agents,
e.g., bluetongue virus.

Mosquitoes (family Culicidae; Fig. 3.7) are
arguably the most medically important arthro-
pod group. These flies are vectors of the etio-
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Figure 3.15. The sheep ked, a hippoboscid fly (from
Richards and Davies 1977).

logic agents of malaria, filariasis and a host of
arboviruses (yellow fever, dengue, various en-
cephalitides and so on). Adult mosquitoes have
variously pigmented scales on the body as well
as on the wings and legs. The color and arrange-
ments of these scales help to identify mosqui-
toes. Mosquito larvae (Fig. 3.13) are aquatic and
mostly filter-feeding detritivores. However, a
few, e.g., members of the genus Toxorhynchites,
are beneficial predators, feeding on other mos-
quito larvae. In the bloodfeeding species, the
females take the bloodmeals as well as feed on
flower nectar, while the males are solely nectar
feeders. For extensive information on the biol-
ogy and ecology of mosquitoes, see Clements
(1992) and Service (1993).

Bloodfeeding brachycerous flies are found
in the families Tabanidae (horse flies, deer flies
and clegs) and Rhagionidae (snipe flies). Ta-
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banid flies (Fig. 3.8) are comparatively large
flies, typically dark-bodied with pale patches,
although some are lighter in color and others
even metallic green or blue. While many spe-
cies take human blood, these flies transmit few
disease pathogens biologically. A notable ex-
ception is the filarial worm Loa loa, which flies
in the genus Chrysops transmit. Tabanids also
serve as vectors for Trypanosoma evansi, the caus-
ative agent of surra, a disease of livestock and
other domestic animals in the tropics and sub-
tropics. Tabanids probably are involved in the
mechanical transmission of diseases such as tu-
laremia. Adult females take meals of vertebrate
blood, while the males are restricted to flower
nectar. The larvae typically are aquatic.

Most snipe flies are predatory, feeding on
other insects, but a few species bite humans and
they may be involved in the mechanical trans-
mission of disease organisms.

Families of the suborder Cyclorrhapha that
contain vertebrate bloodfeeders are Muscidae,
Hippoboscidae, Nycteribiidae and Streblidae.
Among the Muscidae, stable flies (Stomoxys
spp.), horn flies (Haematobia spp.), and several
species in the genus Glossina (tsetse) deserve
mention. Stable flies and horn flies feed on vari-
ous wild and domestic mammals and, although
not their primary source of blood, will attack
humans. These flies can severely annoy, but
except for the possibility of mechanical trans-
mission, they apparently do not transmit dis-
ease-causing microbes.

In contrast to the other muscid flies, tsetse
(subfamily Glessinae; Fig. 3.14), which are
found in a large belt across the middle of the
African Continent, constitute much more than
nuisances. They are vectors of the protozoans
that cause African sleeping sickness in humans
(Trypanosoma brucei gambiense and T. brucei
rhodesiense) and nagana in cattle (T. brucei
brucei). Both sexes of tsetse take bloodmeals and
even the larvae rely solely on the nutrients in
blood. The larvae do so because they are re-
tained within the reproductive chamber of the
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Figure 3.16. Adult male cockroaches: (a) The oriental, or common, cockroach, Blatta orientalis; (b) the German cock-

roach, Blattella germanica (from Lane and Crosskey 1993).

maternal parent until shortly before they are
ready to pupate.

The families Hippoboscidae, Nycteribiidae
and Streblidae sometimes are grouped as
Diptera Pupipara since they, like the tsetse, re-
tain larvae in their bodies until they are ready
to pupate. Many of these bloodfeeding flies are
wingless and feed on various mammals and
birds. For example, the wingless “sheep ked”
(Fig. 3.15) attacks sheep and goats.

Other Insects of Medical Importance

In addition to disease transmission through
bloodfeeding activities, many insects may trans-
mit disease pathogens indirectly through their
various activities or they may harm or annoy
humans or other vertebrate animals. Two or-
ders of insects, Diptera and Blattaria, contain

members associated with habitats characterized
by large numbers of microorganisms, especially
bacteria.

The order Diptera already has been intro-
duced. Members of several families within this
order are important detritivores that break
down decaying organic matter. In this capac-
ity, they play important roles in the function-
ing of ecosystems. However, these same habits
bring them into contact with myriads of bacte-
ria (e.g., those in fecal material and garbage)
and with humans and other vertebrates. Most
of these flies are in the suborder Cyclorrhapha
in the families Muscidae (e.g., house flies, Musca
domestica and Fannia canicularis; the latrine fly,
Fannia scalaris), Calliphoridae (blow flies) and
Saracophagidae (flesh flies). These flies can
spread microorganisms through direct contami-
nation of food items and consequent involve-
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Figure 3.17. Urticating saddleback caterpillar, Sibine
stimulae (from Communicable Disease Center 1969).

ment in the spread of foodborne illnesses like
dysentery, typhoid and so on. Flies in several
families, especially the family Chloropidae (frit
flies and relatives) are attracted to body secre-
tions (e.g., tears and mucous) as well as to open
sores, and they tend to congregate around the
mouth, nose, genitalia and anus. These habits
set them up as the probable transmitters of con-
junctivitis (“pinkeye”), yaws and bovine mas-
titis.

Members of the order Blattaria (the cock-
roaches; Fig. 3.16), are characterized by a dors-
oventrally flattened body that tends to be dark,
although some in the tropics are brightly col-
ored. They have chewing mouthparts, well-de-
veloped compound eyes, 2 or no dorsal ocelli,
long, threadlike (filiform) antennae and 2 sets
of wings. The forewings are parchment-like
(tegmina) while the hindwings are more mem-
branous and broader than the forewings, be-
neath which they are folded at rest. The
pronotum is large and shield-like, nearly cov-
ering the dorsum of the head from above. Small
cerci are present in both sexes and the males
have, in addition, a pair of styli on the 9th ab-
dominal segment.

Cockroaches are omnivorous, feeding on
decaying plant and animal matter. They tend
to be nocturnal and are quick, agile runners,
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seldom taking flight. They undergo simple
metamorphosis and many are oviparous or
ovoviviparous. In oviparous species like
Periplaneta americana, the American cockroach,
the eggs are contained in an “egg purse” or
ootheca. In the case of P. americana, the ootheca
is cemented to the substrate, while others carry
it in a specialized part of the reproductive sys-
tem.

Several species of cockroaches have become
domiciliary (adapted to living in human habi-
tations), surviving on garbage, fecal material
and food. Because of this diet, they, along with
the filth flies, are common suspects in outbreaks
of foodborne illness. Among the common do-
miciliary species in the USA are P. americana;
Blatta orientalis, the Oriental cockroach (Fig.
3.16a); Blattella germanica, the German cockroach
(Fig. 3.16b); and Supella longipalpa, the brown-
banded cockroach.

Members of several orders have medical sig-
nificance other than bloodfeeding and associ-
ating with filth. For example, insects that are
predominately plant-feeders or predators on
other insects, especially those with piercing-
sucking mouthparts, will on occasion bite hu-
mans or other vertebrates, causing discomfort.
Bites of insect predators usually are defensive
in nature. For example, many of the predatory
aquatic true bugs, such as backswimmers and
giant water bugs, can inflict painful bites if
handled carelessly. In the case of plant feeders,
“bites” probably are associated with reflected
light cues and perspiration that induce attempts
to “feed.” Many families of true bugs (order
Hemiptera), the leafhoppers and relatives (or-
der Homoptera), the thrips (order
Thysanoptera) and the butterflies and moths
(order Lepidoptera) bother humans and other
animals in this way.

The Homoptera resemble the Hemiptera,
but lack the hemelytra characteristic of the true
bugs. They all feed on plants with piercing-
sucking mouthparts that are capable of pierc-
ing or abrading human skin. The thrips (order
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Figure 3.18. Yellow jacket, Vespula squamosa (from Communicable Disease Center 1969).

Thysanoptera) are plant-feeders or prey on
other insects. An outstanding feature of these
insects is their pair of thin elongate wings out-
lined with well-developed hairs; hence the name
Thysanoptera, which means “tassel-wing.”
When their “rasping-sucking” mouthparts are
applied to human skin, the itch can be mad-
dening. Butterflies and moths (order Lepi-
doptera) are characterized by the presence of 2
pairs of characteristically-shaped wings covered
with scales (modified setae), which impart an
impressive variety of patterns and colors. A few
species in Africa and Malaysia are attracted to
the eyes of various animals, including humans,
where they ingest lachyrmal secretions (tears).

Some of these even have been observed to take
bloodmeals (Banzinger 1971).

When their body secretions act as toxins, ir-
ritants and/or allergens, insects also cause prob-
lems for humans. Two orders, Lepidoptera and
Hymenoptera, contain members having struc-
tures that can deliver toxic secretions. Among
the Lepidoptera, the larvae (caterpillars) of sev-
eral families possess stinging or urticating hairs.
These hairs may be associated with dermal
glands that secrete toxic materials that cause
severe itching or painful burning and blister-
ing. Examples include the slug caterpillars (fam-
ily Limacodidae; Fig. 3.17) and puss caterpil-
lars (family Megalopygidae).
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Figure 3.19. A blister beetle, family Meloidae (from Com-
municable Disease Center 1969).

Members of the order Hymenoptera (ants,
bees, wasps and relatives; Fig. 3.18) are charac-
terized by having 2 pairs of membranous wings
with the hindwings smaller and joined to the
forewings by means of a line of small hooks.
Further, most Hymenoptera have a narrow peti-
ole separating the thorax and abdomen, the so-
called “wasp waist.” Many groups of Hy-
menoptera can sting via modified ovipositors
that have evolved into efficient, complex toxin
delivery organs. Many insects in this order are
social and congregate in large nests, increasing
the potential for multiple stings.

Insects in a number of orders produce de-
fensive secretions that irritate, or sometimes
blister. For example, some members of the or-
der Coleoptera (blister beetles in the family
Meloidae; Fig. 3.19) demonstrate the phenom-
enon of reflex bleeding. In response to distur-
bance, these insects release droplets of
hemolymph from the body that may contain
active vesicating molecules. For example, blis-
ter beetles produce a substance called canthari-
din. This substance severely blisters the skin and
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if ingested acts as a genitourinary irritant. The
infamous Spanish fly, Lytta vesicatoria, is a blis-
ter beetle. Coleoptera have mandibulate mouth-
parts and the forewings are hardened cases,
elytra, which protect the membranous
hindwings.

Theoretically, any insect secretion can be al-
lergenic. Allergy to insects is something of an
occupational hazard for entomologists who are
prone to allergies. The toxins of stinging insects
can be severe allergens, as can the airborne par-
ticles that result from the breakdown of dead,
dried insects. Mayflies (order Ephemeroptera)
are one example of this. These insects have
aquatic larvae. The adults can be recognized by
2 pairs of membranous wings with reticulate
venation and the hindwings much smaller than
the forewings, well-developed compound eyes,
short bristlelike antennae and 2 or 3 long cau-
dal filaments. When they emerge to mate they
go through a unique winged, subadult stage
(subimago). This stage molts once and the
adults enjoy a brief mating period and then die.
Mayflies often occur in exceptionally large
populations. For allergy-prone persons, they
can cause severe conjunctivitis, rhinitis and even
asthma, as has been observed in regions around
the Great Lakes. In the case of stinging insects,
the allergic response may take on the severe
form of anaphylactic shock that can lead to
death if not treated immediately.

Finally, as with many species of true
flies, non-bloodfeeding insects may invade
organs and tissues of humans or other verte-
brates directly. Insects may be accidentally in-
gested and cause considerable gastrointestinal
irritation. Invasion by fly larvae is called myia-
sis and can lead to severe injury and even death.
The author once observed maggots in a stool
from a young woman who had eaten a sand-
wich from a vending machine. Aninvasion also
may represent a facultative or obligate response
as part of the fly’s normal life cycle. Flies in sev-
eral families (e.g., Calliphoridae,
Sarcophagidae), attracted to secretions associ-
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Figure 3.20. The human bot fly, Dermatobia hominis, family Cuterebridae: (a) Adult female (drawing by A. Cushman,
USDA, from Harwood 1979); (b) larva (from Communicable Disease Center 1969).

ated with open wounds or nasal discharge, may
deposit eggs that hatch into larvae that invade.
Several families contain members in which the
tissue invasion is an obligate part of the life
cycle. This is the case in the screwworm fly, Co-
chliomyia hominivorax (family Calliphoridae)
and members of the families Gasterophilidae
(horse bot flies) and Oestridae (warble flies and
bot flies; Fig. 3.20). In the tropics, the so-called
human bot fly, Dermatobia hominis (family
Oestridae) is said to deposit its eggs on
bloodfeeding insects, usually mosquitoes, and
when these mosquitoes feed on livestock or
humans, the eggs hatch and penetrate the skin.
An interesting description of an experience with
bot flies can be found in Forsyth and Miyata
(1984) in a chapter entitled “Jerry’s maggot.”
Invasions of the body by beetles have been
recorded and for the most part result from acci-

dental ingestion. However, beetles have
crawled into the noses and ears of sleeping per-
sons, and possibly into the anus. Invasion by
beetles is sometimes referred to as canthariasis.

Arachnids

The preceding chapter described the defin-
ing characteristics of the chelicerates. Among
the arthropods, the class Arachnida contains
several medically important groups. The class
Arachnida is divided into subclasses that con-
tain approximately 65,000 species. However,
only those in the subclasses Araneae (spiders),
Scorpiones (scorpions) and Acari (mites and
ticks) contain members of major interest in
medical entomology. Although members of the
subclass Solifugae (windscorpions) are not ven-
omous, the larger members are capable of in-
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Figure 3.21. Spiders: (a) Brown recluse, Loxosceles reclusa, dorsal view; (b) black widow, Latrodectus mactans, ventral

view (from Communicable Disease Center 1969).

flicting painful bites, and the large vinegaroon
(subclass Uropygi, the whipscorpions)
Mastigoproctus giganteus found in Florida and
the Southwestern USA, is purported to spray a
skin-irritating defensive substance.

Subclass Araneae

Spiders (Fig. 3.21) are predatory arthropods
that feed mostly on insects. There are approxi-
mately 30,000 species found worldwide, with
an estimated 2,500 species living in North
America. In spiders, a stalk-like pedicel joins

the 2 tagmata (cephalothorax and abdomen).
Among the 6 pairs of appendages associated
with the cephalothorax are the anterior cheli-
cerae, which are composed of 2 parts: a distal
fang that articulates with a larger basal segment.
The fang contains an opening through which
secretions of the venom glands can be released.
The chelicerae in most spiders are prehensile
and when brought to bear on a prey item, come
together in a horizontal, forceps-like fashion.
Some more primitive spiders apply the fangs
vertically. In addition to capturing and immo-
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Figure 3.22. A scorpion, Centruroides vittatus (from Com-
municable Disease Center 1969).

bilizing prey, the chelicerae are used as organs
of defense.

The pedipalps are leg-like sensory struc-
tures, which in male spiders insert semen into
the female during copulation.

The remaining 4 pairs of appendages on the
cephalothorax are walking appendages. A
transverse furrow on the ventral side of the ab-
domen contains openings for the genitalia and
for the book lungs, specialized ventilatory struc-
tures. Located on the posterior ventral tip of the
abdomen are 2-6 (typically 6) spinnerets, organs
associated with silk-producing cells from which
silken threads emanate. This silk is used to form
draglines, webs, wrap prey and to “balloon.”
The later is a form of aerial locomotion used by
small spiderlings in which they become airborne
and drift on wind currents by means of a long
silk streamer.
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The vast number of spiders play an impor-
tant role in the functioning of nature and most
are unable to penetrate human skin with their
poison fangs. However, a few, probably fewer
than 40 species, are capable of harming humans.
Especially notable among these are members
of the widely-distributed families Loxoscelidae
(recluse spiders; e.g., Loxosceles reclusa, the
brown recluse; Fig. 3.21a) and Theridiidae (the
comb-footed spiders; e.g., Latrodectus mactans,
the black widow; Fig. 3.21b). Two other fami-
lies with dangerous species are the Dipluridae
(funnel-web spiders; e.g., Atrax robustus, the
Sydney funnel-web spider) found in Australia
and Tasmania, and Ctenidae (wandering spi-
ders; e.g., Phoneutria nigriventer, the Brazilian
“banana spider”) found in South America.

Subclass Scorpiones

Scorpions (Fig. 3.22) are found in arid tropi-
cal and subtropical regions. The number of de-
scribed species is approximately 1,400. Scorpi-
ons differ somewhat from spiders in structure.
The cephalothorax (prosoma) and abdomen are
joined broadly between the 6th and 7th abdomi-
nal segments, and the abdomen, divided into
the broad mesosoma and narrow metasoma,
terminates with the stinging apparatus (telson).
The chelicerae are small and jaw-like, while the
pedipalps are large and bear well-developed
claws. As with spiders and other arachnids, the
remaining 4 pairs of appendages that articulate
with the cephalothorax are walking legs. Comb-
like organs, pectines (singular, pecten), prob-
ably tactile in function, are found on the ven-
tral side of the mesosoma. Keegan (1980) pro-
vided detailed information on medically impor-
tant scorpions.

Scorpions are nocturnal predators that feed
on insects and spiders by catching them with
the pedipalps, immobilizing them with stings
from the telson and chewing them with the che-
licerae. The stinger also is used as an organ of
defense whether the victim is a potential preda-
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Figure 3.23.Ticks: (a) Adult hard tick, Dermacentor andersoni, family Ixodidae; (b) adult soft tick, Ornithodoros moubata,

family Argasidae (from Lane and Crosskey 1993).

tor or an unfortunate human being. Most scor-
pions can deliver a painful sting and the venom
of some species can be deadly. Most of the dan-
gerous scorpions are in the family Buthidae;
important genera include Buthus, Androctonus,
Parabuthus and Centruroides. Among the known
species, the number capable of inflicting lethal
stings is probably fewer than 25.

Subclass Acari

The preceding chapter outlined the external
structure and defining characteristics of this
group. The taxonomy of the Acari has been in
continual flux and there is no widely accepted

classification scheme for the higher taxa. Here
we follow the approach outlined in Evans
(1992). The Acari represent a monophyletic
group divisible into 2 superorders,
Anactinotrichida and Actinotrichida, on the
basis of several morphological traits. The
Anactinotrichida includes the orders
Notostigmata, Holothyrida, Ixodida (=
Metastigmata) and Mesostigmata (=
Gamasida). The Actinotrichida includes the or-
ders Prostigmata (= Actineidida), Astigmata (=
Acaridida), and Oribatida. In other schemes, the
Notostigmata are recognized as
Opilioacariformes, and the Holothyrida,
Ixodida and Mesostigmata are grouped as
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Figure 3.24. Follicle mite, Demodex spp. (from Lane and
Crosskey 1993, adapted from Krantz 1978).

Parasitiformes. The Prostigmata are recognized
as Trombidiformes and the Astigmata and
Oribatida are grouped as Sarcoptiformes. The
orders Ixodida, Mesostigmata, Prostigmata,
Astigmata and Oribatida include medically sig-
nificant members.

The 800 or so members of the Ixodida are
called “ticks” (Fig. 3.23). The largest members
of the Acari, they are bloodfeeding ectopara-
sites of a wide variety of vertebrates and trans-
mit many pathogenic microorganisms, includ-
ing viruses, rickettsiae, bacteria and protozoa.
The Ixodida is divided into 3 superfamilies: Ix-
odoidea (the “hard” ticks; Fig. 3.23a),
Argasoidea (the “soft” ticks; Fig. 3.23b) and
Nuttallielloidea. The last is represented by one
species and occurs only in South Africa and
Tanzania, while the Ixodoidea and Argasoidea
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are distributed worldwide and contain many
genera and species.

The hard ticks are well-sclerotized and char-
acterized by a dorsal scutum and an anteriorly
directed gnathosoma. The soft ticks are less scle-
rotized, lack a dorsal scutum, and the
gnathosoma is more or less ventrally located
and usually not visible from above. The hard
ticks attach to their hosts and take some time to
engorge, while the soft ticks are relatively rapid
feeders. Important genera of Ixodoidea include
Dermacentor, Amblyomma, Haemaphysalis, Boophi-
Ius, Rhipicephalus and Hyalomma. Important gen-
era of Argasoidea include Argas, Otobius and
Ornithodoros.

Only 3 basic instars are recognized in the tick
life cycle: larva, nymph and adult. However,
among the soft ticks there are additional
nymphal instars that resemble one another.
Ticks are obligate vertebrate bloodfeeders, one
or more bloodmeals preceding each molt, with
hard ticks (superfamily Ixodoidea) feeding once
during each stage and soft ticks typically tak-
ing several bloodmeals per instar. Ticks may
change individual hosts or host species during
their life cycle. Most species of soft ticks take
bloodmeals from the same host several times
or have several hosts of the same or different
species. Hard ticks are limited to a maximum
of 3 host species, i.e., a different host for each
instar. Thus, there are one-host, 2-host and 3-
host hard tick life cycles. Between times on the
host, ticks are free-living but do not feed or
drink. As with insects, the tick life cycle is
closely attuned to environmental changes. For
example, in the northern Temperate Zone the
entire life cycle may take 2-3 years to complete.
Some ticks can live for several years without a
bloodmeal.

The small mesostigmatid mites (order
Mesostigmata) range in size from 200-2,500 pm.
Many are pale in color with little sclerotization,
but typically there are brownish sclerites
(“shields”) on the dorsum of the body. They
can be differentiated from ticks by a number of
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Figure 3.25. Life cycle of a trombiculid mite (from Lane and Crosskey 1993).

traits, including the presence of a single pair of
stigmata (spiracles) located on the venter at
some point posterior to the bases (coxae) of the
2nd pair of legs. A length of trachea (peritreme)
usually is evident, running in an anterior direc-
tion from each stigma. Three families contain
members that attack humans: the
Dermanyssidae (bloodsucking parasites of
birds and mammals; e.g., Dermanyssus gallinae,
the red poultry mite); Macronyssidae (blood-
sucking mites of birds, mammals and reptiles;
e.g., Ornithonyssus bacoti, the tropical rat mite);
and Laelapidae (bloodsucking parasites of ro-

dents or free-living forms; e.g., Haemogamasus
and Laelaps).

The order Prostigmata includes a wide vari-
ety of forms with a rather large size range (100
pm-16 mm). Stigmata, often with peritremes,
are found between the bases of the chelicerae
or at least well anterior on their weakly sclero-
tized bodies. The habits of these mites vary con-
siderably because the group includes aquatic
(Hydrachnidia = freshwater mites) as well as
terrestrial, free-living forms with plant-feeders,
predators and parasites. Among the large num-
ber of families, only 3 contain members of medi-
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Figure 3.26. Scabies mite, Sarcoptes scabiei, family
Sarcoptidae (from Lane and Crosskey 1993).

cal importance: Demodicidae, Trombiculidae
and Pyemotidae.

Mites in the family Demodicidae, genus
Demodex (e.g., D. folliculorum, the human follicle
mite; Fig. 3.24) are minute, with elongate bod-
ies and attenuated legs. These mites live in hair
follicles and sebaceous glands of many species
of wild and domestic mammals as well as hu-
mans. Although usually harmless, they some-
times cause skin problems.

The Trombiculidae (Fig. 3.25) are tiny para-
sites of mammals, particularly rodents and in-
sectivores, and birds. They range from white to
red in color and sometimes are called chiggers,
redbugs, harvest mites or scrub itch mites.
Trombiculids usually are parasitic in the larval
stage and free-living predators as nymphs and
adults. When a larva feeds, a process that takes
several days, it attaches by its chelicerae and
the injected saliva partially digests host tissues.
When feeding on humans, they can cause a
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maddening itch and dermatitis. In Japan, south-
east Asia and Australia, the larvae serve as vec-
tors of the pathogen that causes scrub typhus
(Orientia tsutsugamushi).

Species in the family Pyemotidae can cause
dermatitis when they get on the skin of humans
who come into contact with materials (e.g.,
stored grain) infested with these mites. They
normally attack insects and while very irritat-
ing do not establish themselves on mammalian
skin.

Astigmatid mites (order Astigmata), as the
name describes, lack stigmata. Four families
contain members of medical significance:
Sarcoptidae, Pyroglyphidae, Acaridae and
Glycyphagidae. The Sarcoptidae (e.g., Sarcop-
tes scabiei, the scabies mite; Fig. 3.26; Notoedres
cati, feline mange mite) burrow into the skin of
birds and mammals and remain on the host
throughout their life cycles. The Pyroglyphidae
are scavengers that infest stored food products
and when on humans will feed on skin detri-
tus. Certain species, such as Dermatophagoides
farinae (the American house dust mite), are
found in house dust as well as in beds and rugs.
These mites form large populations and are so
tiny that they are easily airborne and inhaled.
Their bodies as well as fecal material contain
potent allergens that can cause rhinitis and
asthma, i.e., these mites produce the active prin-
ciple associated with house dust allergy.

The Acaridae and Glycyphagidae infest
various stored products (grain, dried fruits and
cheeses). They can cause dermatitis in persons
who handle these products, including “grocer’s
itch” caused by Glycyphagus domesticus. Mites
in these families occasionally enter the respira-
tory or urinary tracts or are ingested acciden-
tally, and can cause considerable irritation.

Oribatid mites (order Oribata) are free-liv-
ing in soil and litter where they feed on fungi
and other organic matter. Some species serve
as intermediate hosts of tapeworms.
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Of the 4 groups of myriapods, Pauropoda,
Symphyla, Diplopoda (millipedes) and
Chilopoda (centipedes), only the last 2 have
members of medical significance. The milli-
pedes feed on living or decaying plant mate-
rial. A number of species have specialized der-
mal glands that produce noxious defensive sub-
stances, which in some cases can be sprayed
for a distance. These secretions can cause burn-
ing, blistering, or staining of human skin and
considerable irritation and possibly blindness
if rubbed into the eyes. Centipedes, on the other
hand, are predators in which the first pair of
legs is modified so that they act as poison jaws
to inject toxic venom. Their bites can be very
painful, but usually are not fatal.

ARTHROPOD BEHAVIOR

In the previous section, the various systems
were considered in isolation from one another.
However, in nature, systems respond to
changes (stimuli) in the internal and external
environments by acting together in a regulated,
integrated fashion. This total, dynamic respon-
siveness to change is termed behavior. Further,
all organisms and the environment act together
in the grand concert of life. Therefore, in order
to understand behavior, we must view it in its
ecological context. Of interest, then, is the
adaptiveness of particular behavior patterns,
i.e., the timing of appearance and appropriate-
ness of particular behaviors in association with
changes in the internal environment (nutritional
state, readiness to mate) and the external envi-
ronment (availability of a host, onset of poten-
tially deleterious conditions). Behavior also may
be viewed from the standpoint of evolution (the
phylogenetic origins of specific patterns) as well
as from the standpoint of mechanisms of neu-
ral, endocrine and genetic control. The approach
below, based on Romoser and Stoffolano (1998),
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first will consider the kinds of behavior patterns
followed by a broad treatment of the biological
functions of behavior. For an excellent treatment
of behavior of vector arthropods, see Klowden
(1996).

Kinds of Behavior

Arthropods display various levels of innate
behavior as well as different kinds of learned
behavior, but not the ability to reason. Although
flexible, innate behavior is characterized by a
genetically determined, fixed response or a se-
ries of fixed responses to changes. Learned be-
havior, on the other hand, is brought about by
experience with the external world, including
other organisms, both conspecifics and other
species. While the specific “lessons” learned by
a particular arthropod are not genetic, the abil-
ity to learn is.

Innate behavior

Innate behavior patterns range from rela-
tively simple reflexes to orientation behaviors,
to the more complex fixed action patterns
(FAPs, or stereotypic, preprogrammed motor
patterns). Reflexes may involve only a part of
the body, such as the proboscis extension re-
flex displayed by a house fly when it tastes
something stimulating with its tarsal receptors,
or they may involve the entire body, such as
the righting reflex displayed with an insect is
placed upside-down on a surface.

Orientation behaviors involve movements
of the entire body that change the attitude or
location of the body. These behaviors involve
response to stimuli in the external environment
as well as internal stimuli that provide infor-
mation regarding the position
(proprioreceptors) and state of the body. Some
examples include the simple act of standing, the
movement of the whole body in relation to the
position of a potentially dangerous stimulus
(e.g., excessive heat) or toward the position of
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a potentially beneficial stimulus (e.g., moisture
or a host). Undirected locomotion in response
to stimuli are called kineses, while directed re-
sponses, i.e., where the long axis of the body is
positioned relative to a given stimulus, are
called taxes (e.g., phototaxes in response to
light, or geotaxes relative to gravity).

Fixed action patterns are characteristic se-
quences of behavior that usually require a state
of internal readiness induced by particular hor-
mones (primers) that in turn may represent re-
sponses to cues that impinge on sensory organs
and the nervous system from without (e.g.,
light, moisture or temperature changes) and/
or from within (e.g., an empty stomach, a full
crop or a spermatheca full of spermatozoa).
Readiness may be either a response to irregu-
larly occurring environmental circumstances or
a regular, periodic state controlled from within
the arthropod. FAPs appear when an appro-
priate stimulus (releaser) is present. Readiness
often is expressed by so-called appetitive be-
havior, such as an increase in locomotor activi-
ties, which increases the probability of encoun-
tering a releasing stimulus. When a releaser is
encountered the FAP plays out, the so-called
consummatory act, and reduces the state of
readiness. A given behavior pattern may be di-
visible into a series of FAPs, each with a spe-
cific releasing stimulus, and a final one that com-
pletes a consummatory act and reduces or ends
the state of readiness. An example: a
bloodfeeding arthropod that displays appetitive
behavior by seeking a vertebrate host. From a
distance, particular stimuli characteristic of a
potential host (such as an outline against a back-
ground) release locomotion toward the poten-
tial host, closer-in releasing stimuli may result
in further approach by the “hungry” arthropod,
and so on until the arthropod lands on the host.
At this time further releasing stimuli induce
behavior that may culminate in bloodfeeding,
which in turn diminishes the state of readiness
(“blood-hunger”). At any point during the se-
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quence of releasing stimuli, if a given stimulus
is “incorrect,” the approach may be aborted.

Learned behavior

Learned behavior is behavioral change that
results from experience with the environment.
Thus, it involves the acquisition and storage of
information that, after the experience, affects the
arthropod’s behavior. Examples of learned be-
havior are habituation, classical conditioning
and trial and error learning. Habituation occurs
when an organism’s response to a given poten-
tially noxious stimulus gradually diminishes as
the stimulus turns out to be harmless or un-
avoidable. Classical conditioning involves 2
stimuli where one stimulus is known to induce
a particular response and the other is known
not to induce such a response. When the 2
stimuli are presented together repetitively to an
organism, the organism associates the two such
that later, the stimulus that originally failed to
elicit a response, will do so in the absence of
the other. Trial and error learning can be illus-
trated by putting a given animal in a maze and
providing a strong positive stimulus (e.g., food)
for a correct turn and/or a strong negative (e.g.,
electric shock) stimulus for an incorrect turn.
Gradually, as trial and error learning occurs, the
number of errors made in a given traverse of
the maze diminishes.

Behavioral Periodicity

Many behaviors occur in regular cycles co-
ordinated with regular environmental changes.
These may be short-term, commonly in relation
to the daily light-dark cycle, i.e., circadian
rhythms. For example, bloodfeeding insects
such as mosquitoes commonly exhibit daily bit-
ing patterns, e.g., at dawn and dusk (crepuscu-
lar periods), in conjunction with the activities
of their vertebrate hosts. Alternatively, the be-
haviors may display long-term periodicities.
Depending on geographic region and particu-
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lar habitat, there are regular, highly predictable
changes that have existed for very long peri-
ods. For instance, in the temperate regions of
our planet the seasons march with highly pre-
dictable, regular cycles of cold and warm. As-
sociated with these cold and warm cycles are
regular, predictable changes in daylength. As-
sociated with these environmental periodicities
are periodicities in the patterns of behavior of
arthropods that put them in synchrony with
such things as the onset of potentially danger-
ous changes in temperature, availability of food
(e.g., host vertebrates), mates and oviposition
sites. Thus, many insects use the decreasing
day-lengths of fall and winter as cues to enter a
cold-resistant state or to migrate.

Communication

Communication is the process whereby
some aspect of one organism (the sender) af-
fects the behavior and/or physiology of another
organism (the receiver). The sender and receiver
may be members of the same or different spe-
cies. Communicatory signals can be any aspect
of an organism, ranging from direct contact to
color, to form, to a chemical secretion or to a
sound. The key is the elicitation of a response
from the receiver. Arthropods have sense mo-
dalities capable of receiving stimuli in many
forms including tactile (via hair sensilla), visual
(via compound and simple eyes), acoustical (via
various tympanic organs) and chemical (via
chemosensilla). While all of these sense modali-
ties play important roles in the lives of arthro-
pods, the chemical sense stands out. Chemicals
can effect communication over relatively long
distances. They may act as signals for sexual
readiness, defensive signals with repellent or
even damaging effects, suitability as a host for
abloodfeeding arthropod, trails to food and calls
to alarm. Chemicals involved in intraspecific
communication are called pheromones. For
example, when a honey bee colony is disturbed,
workers that sense the disturbance release a
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chemical, an alarm pheromone, which alerts the
other workers. Chemicals used in interspecific
communication are called allomones and
kairomones. Allomones benefit the sender;
kairomones benefit the receiver. Thus, when an
arthropod releases a repugnatorial substance
from an exocrine gland and repels a would-be
predator, the substance acts as an allomone.
When a mosquito is attracted by the lactic acid
in human perspiration, the lactic acid is acting
as a kairomone.

The Biological Functions of Behavior

The behaviors briefly considered in this sec-
tion combine the behaviors described above.
Here we are concerned with the functional roles
played by behavior during an arthropod’s life
cycle. These roles include behavior associated
with feeding, escape and defense, environmen-
tal fluctuations, reproduction and group behav-
ior.

Feeding Behavior

The behavior patterns associated with feed-
ing are the means by which arthropods, all of
which are at least secondary consumers, acquire
both the simple and complex molecules that
provide the building blocks and energy neces-
sary to sustain life. The feeding activities of ar-
thropods usually cause trouble for humans.
Thus, the bloodfeeding activities of mosquitoes
may infect humans with pathogens that cause
diseases such as malaria, dengue and yellow
fever.

Depending upon the source of nutriment,
arthropods can be recognized as being
saprophagous, phytophagous, mycetophagous,
carnivorous or omnivorious. Saprophagous ar-
thropods feed on dead, decaying organic mat-
ter such as rotting flesh (carrion), leaf litter and
dung. Many apparently saprophagous arthro-
pods actually feed on microorganisms found in
decaying organic matter and perhaps should
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be called “microphagous.” As such, these ar-
thropods are important in the degradation side
of the various mineral cycles. Examples of
saprophagous arthropods that are of direct in-
terest in medical entomology include the cock-
roaches and many of the so-called filth flies dis-
cussed earlier. Phytophagous arthropods feed
on living plant materials; mycetophagous ar-
thropods feed on fungi; and carnivorous arthro-
pods feed on other animals (arthropods and
otherwise). Omnivores, as their name denotes,
display 2 or more of the other feeding prefer-
ences. Most insects, and many members of other
arthropod groups, are phytophagous.

Of particular interest in medical entomology
are groups of specialized carnivorous arthro-
pods that can be grouped loosely as parasites.
In this group we include the externally feeding
ectoparasitic forms (ticks, bloodsucking bugs,
lice, fleas and the bloodfeeding true flies such
as mosquitoes and black flies) as well as the
endoparasitic forms (fly maggots that invade
wounds and other openings in vertebrates). Po-
tential vertebrate hosts emit a wide spectrum
of stimuli used by bloodfeeding arthropods for
host location. These include visual, olfactory,
tactile, thermal and hygro-stimuli. Other car-
nivorous arthropods, i.e., the predators and
parasitoids, can be important in controlling ar-
thropods of medical and veterinary importance.

Escape and Defensive Behavior

When confronted by a potential predator or
other threat, an arthropod may respond in a
variety of ways, including immediate escape,
defense, or both.

Taking flight is probably the most common
escape behavior. The ability to jump plays a
major role in the case of fleas that can be there
one moment and disappear instantly, the re-
sult of a fascinating mechanism. Some arthro-
pods, like cockroaches, react by rapidly running
off in response to a jet of air across their cerci.
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Defensive approaches used by arthropods
include an impressive array of tricks. Some ben-
efit from camouflage, having bodies that re-
semble thorns, leaves or lichen in color and/or
shape. Others use a combination of camouflage
at rest, but when disturbed flash eyespots on
their hindwings, apparently giving the impres-
sion of the eyes of an owl. Some synthesize nox-
ious chemicals that can be sprayed or otherwise
released. For example, as mentioned earlier,
beetles in the family Meloidae respond to han-
dling by reflex bleeding in which their leg joints
release irritating hemolymph. Many insects are
brightly colored, advertising that they taste bad
(aposematic coloration). They may actually
taste bad or they mimic other species that do.
Other insects, such as the saddleback moths,
have sharp spines with poison glands. Many
wasps and bees store toxins in poison glands
and have modified ovipositors capable of pierc-
ing vertebrate skin, thereby injecting doses of
toxins. This stinging behavior can cause seri-
ous problems for vertebrates. When handled,
some arthropods emit substances that induce a
predator to let go.

Behavior Associated with Environmental
Fluctuations

The environment of arthropods is subject to
irregular as well as regular fluctuations, some
of which may threaten survival. For example,
an arthropod exposed to a less than optimal
temperature or moisture level may move along
a gradient until conditions are optimal.

Arthropods commonly respond to regular,
deleterious environmental changes, such as in
temperature or moisture, by entering a resis-
tant physiological state of dormancy or by mi-
grating. The cues that induce these behaviors
may be potentially deleterious changes, e.g., de-
creasing temperatures themselves, or may be
changes in other “predictable” environmental
cues such as daylength. Migration is one form
of dispersal, other forms of which include move-
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ments associated with searching for a mate or
food, or movements along gradients of envi-
ronmental factors such as temperature and
moisture. Another form of dispersal is passive
movement by being carried on air currents.

Dormancy in response to adverse environ-
mental conditions ranges from quiescence to
diapause. Quiescence is an immediate slow-
down or arrest of metabolism and development
(embryonic or larval) that reverses upon termi-
nation of the adverse conditions. Diapause is a
more programmed, genetically determined re-
sponse by which an arthropod enters a dor-
mant, resistant (e.g., cold-hardy) state in re-
sponse to environmental cues that indicate the
onset of adverse conditions, but are not neces-
sarily the adverse conditions themselves. Fur-
ther, diapause doesn’t necessarily terminate
when the adverse conditions improve, but of-
ten only after a predetermined period of expo-
sure to the adverse conditions and/or particu-
lar cues associated with the improvement of
conditions. Diapause may be obligatory or fac-
ultative. When it is obligatory, arthropods en-
ter this state each generation; when facultative,
several generations can pass without entering
diapause. Diapause may vary between species
and among strains of the same species. Arthro-
pods that display obligatory diapause undergo
one generation per season (are univoltine).
Those that display facultative diapause may
undergo several generations per year and range
from 2 (bivoltine) to several generations per
year (multivoltine).

Reproductive Behavior

Mate location, courtship and mating, ovipo-
sition, and in some cases brood care, are the
basic elements of reproductive behavior. There
is considerable complexity and variation in re-
productive behavior.

Mate location initially involves stimuli that
are perceived over relatively long distances
(such as those associated with sight, smell and
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sound) and that may operate alone or in com-
bination with one another. Thus, mate location
simply may be a matter of a male insect visu-
ally sensing and approaching any moving ob-
ject within an appropriate size range. Alterna-
tively, more specific visual stimuli may be re-
quired.

Following the initial encounter, other stimuli
are necessary to release further approach be-
havior. These may involve particular stimuli,
such as sex pheromones, or they may be a par-
ticular behavior displayed by the sex being pur-
sued.

Environmental features also may be in-
volved in mate location. For example, among
the true flies, males may swarm about a given
object or remain by a marker until a female ap-
proaches the same marker. The sexes also may
get together at sites of other biological activi-
ties such as emergence or feeding sites.

Olfactory cues involve potent volatile sub-
stances called sex pheromones produced by
specialized glands in males, females or both.
These substances are extraordinarily active
physiologically and can be detected in minute
quantities. For example, a concentration of 1,000
molecules of the sex pheromone bombykol,
produced by the female silk moth, Bombyx mori,
stimulates a male. Most sex pheromones appear
to be species-specific, but there are examples of
nonspecificity. Acoustic signals used in mate
location often have specialized sound-produc-
ing structures. In some insects, the sounds pro-
duced by beating wings may be involved. For
instance, the sounds produced by female mos-
quito wingbeats elicit copulatory behavior in
males that will react to the same frequency
when produced by a tuning fork.

After mate location, often elaborate courtship
behavior occurs and releases behavior that even-
tually leads to copulation. These behavior pat-
terns may involve the same stimuli used in mate
location, e.g., the wingbeat sound of female
mosquitoes also releases copulatory behavior
in the male. Sex pheromones may act similarly,
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e.g., female American cockroaches, Periplaneta
americana, produce a sex pheromone that both
attracts males and acts as an aphrodisiac. Court-
ship and mating patterns vary from simple to
complex, depending upon the insects involved.

While insects may compete for mates in vari-
ous ways before copulation, there are mecha-
nisms of competition after mating. For instance,
a copulating male may deposit mating plugs in
the female’s genital tract to block entry of sperm
from another male. If the block is not present,
multiple episodes with different males may oc-
cur (Thornhill and Alcock 1983).

As part of the elaborate mechanisms that
regulate insect reproduction, male ejaculate may
contain chemicals that signal mating has oc-
curred, making the female unreceptive to the
amorous advances of other males and releas-
ing oviposition behavior.

The success of insect offspring depends to a
large extent upon the ability of the female par-
ent to place the eggs (oviposit) in a suitable habi-
tat, particularly if the diet of a given species is
highly specialized. As with mate location, vari-
ous behavior-releasing stimuli are involved. For
example, female mosquitoes respond to stimuli
associated with the presence of water or places
that have been repeatedly flooded and there-
fore emanate characteristic patterns of stimuli
(Bentley and Day 1989).

While perhaps most insects simply deposit
their eggs and depart, many carry out some
brood care. This behavior reaches its zenith in
the social insects. However, much brood care
falls short of fully developed social behavior.
For example, female earwigs (order
Dermaptera) guard their eggs until hatching.

Behavior of Arthropods in Groups

In addition to solitary behavior, many insects
organize into various groups. These range from
simple aggregations to fully developed and
complex societies with many intergradations.
Simple aggregations may result from common
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attraction to a particular habitat based on par-
ticular stimuli such as temperature, light, food
and specific chemicals. On the other hand, in-
sects of the same species may be mutually at-
tracted to one another. Examples of aggrega-
tions include those of cockroaches that form
feeding aggregations or ladybird beetles that
hibernate together in sheltered situations.

Truly social (eusocial) insects exist in only 2
orders: Isoptera (termites) and Hymenoptera
(ants, bees, wasps and relatives). The Hy-
menoptera particularly interest medical ento-
mologists because many sting humans and
sometimes occur in very large populations.

Group behavior no doubt provides benefits
such as the protection derived from collective
displays as well as more efficient detection and
utilization of food.

ARTHROPOD ECOLOGY

Ecology is the study of organisms in an en-
vironmental context. Knowledge about the ecol-
ogy of arthropods helps us manage both harm-
ful and beneficial species as well as assess the
effects of human activities that could damage
the environment. Under the rubric of ecology,
we can appropriately examine arthropod popu-
lation biology and the interactions of arthropods
with both the abiotic and biotic components of
their environment, keeping in mind that at any
given moment all of these components act in
concert.

Every arthropod is part of a complex eco-
system that may be viewed as a basic functional
unit of the environment. An ecosystem consists
of a biotic component, i.e., a community of liv-
ing organisms, and an abiotic component, i.e.,
the nonliving aspects such as temperature,
moisture, light and other physical/chemical
parameters. An ecosystem can range anywhere
from a rot cavity in a tree filled with water (the
habitat of certain mosquito species) to the en-
tire biosphere, the part of our planet where life
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exists. The biotic portion consists of producers
(mostly green plants that carry out photosyn-
thesis, thereby producing carbohydrates and
other compounds), consumers (mostly animals
that obtain energy in the form of molecular
building blocks by eating producers, herbi-
vores; by eating other consumers, carnivores;
or by eating the remains of dead organisms,
detritivores) and decomposers (mostly bacte-
ria and fungi that recycle the complex organic
molecules of usually dead producers and con-
sumers back to simple inorganic nutrients us-
able by producers).

Every organism lives in a place, its habitat.
This locale can vary from areas as small as the
underside of a leaf to a pond or a house or an
entire forest, depending on the species and life
stage. Although the degrees of tolerance to par-
ticular environmental variables (e.g., tempera-
ture) may differ, the habitat of a given species
typically remains similar throughout its distri-
bution. Environmental variables are not distrib-
uted uniformly within a given ecosystem and
therefore, if an arthropod species lives in a very
limited portion of an ecosystem, we must con-
sider its microhabitat.

All of the needed resources, both in nature
and amount, comprise the ecological niche of
a given species. Thus, a niche may be described
as the total of the quality and quantity of food,
shelter, breeding sites, temperature and humid-
ity needed for a given species to survive and
reproduce. As a group, arthropods fill just about
every imaginable ecological niche.

Both biotic and abiotic components of the
environment influence arthropod populations.
One component determines the distributional
limits of a given species. For example, a given
maximum or minimum temperature necessary
for reproduction and development or survival
may determine the north-south distributional
limits of a species.

Chapter 3
Arthropod Populations

Organisms usually occur in relatively dis-
crete groups or populations. Knowledge of
population characteristics (genetic composition,
sex ratio, age composition, dispersion or ar-
rangement in space, biomass), population per-
formance over time (i.e., dynamics, as deter-
mined by birth, death and migration rates) and
of the environmental factors that directly influ-
ence composition and performance are impor-
tant to medical entomology. Essential informa-
tion, if available, may predict population per-
formance and allow for the planning and ex-
ecution of timely control measures. Genetic
variation within a population, and factors that
impact this variation, are particularly important
in developing and understanding the roles of
arthropods in disease transmission. Studies of
this genetic variation and associated environ-
mental factors fall under the rubric of popula-
tion genetics. Excellent treatments of popula-
tion biology and population genetics as they
pertain to vectorborne diseases may be found
in Black and Moore (1996) and Tabachnick and
Black (1996).

Populations can be studied in the laboratory
under controlled conditions or in the field un-
der natural conditions. Studies in the laboratory
help, but they often are too simplified and may
not accurately represent what would happen
under field conditions. Although learning about
population performance under field conditions
is preferable, most studies rely on sampling
since it usually is unrealistic to study an entire
natural population.

Mathematical modeling also studies popu-
lations. Modern computers and statistical meth-
ods facilitate this process. However, our over-
all knowledge of population performance gen-
erally relies on laboratory and field studies in
conjunction with modeling.

In simple terms, population performance
over time may be the result of interaction be-
tween 2 fundamental and opposing forces: an
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inherent capacity for most organisms to un-
dergo exponential population growth (biotic
potential) and factors in the environment that
counteract this capacity (environmental resis-
tance).

Exponential growth in the absence of envi-
ronmental resistance is described by the equa-
tion:

dN/dt=N(b - d)

where N = population, t = time and b and
d = average birth and death rates, respectively,
per individual per unit; dN/dt = the instanta-
neous rate of increase.

The factors b and d, the average birth (na-
tality) and death (mortality) rates respectively,
can be reduced to:

r=(b-d)

where r is the intrinsic rate of increase (also
known as the reproductive capacity) of a popu-
lation.

This allows the equation:

dN/dt = rN

If r = 0, the population is stable; if r > 0, the
population is growing; and if r < 0, the popula-
tion is decreasing. If r remains constant, the
population expands at an ever increasing rate
(i.e., exponential growth). However, due to en-
vironmental resistance, r never remains con-
stant, being subject to additive and subtractive
density-dependent and density-independent
factors described below.

Thus, a more realistic equation describing
population growth is the so-called logistic
model in which the changes in the instanta-
neous rate of increase are described by the equa-
tion:

dN/dt = r(K - N/KON

where K = the carrying capacity of the envi-
ronment.

As N aproaches K, the term (K - N/K) ap-
proaches zero and hence the instantaneous rate
of increase approaches zero. Thus, the popula-
tion reaches a constant level. At this point, the
population is said to have reached the carrying
capacity of the environment. While helpful in

91

thinking about populations, this model of popu-
lation growth is a simplification. It is limited by
4 assumptions: that reproductive potential of
all individuals is equal; that the age distribu-
tion is constant with the same proportion of in-
dividuals reproducing at all times; that repro-
duction is not influenced by environmental fac-
tors; and that the carrying capacity does not
change (Price 1997). Any one of these assump-
tions is rarely true under natural conditions.
Further movement of individuals into and out
of a population, immigration and emigration
respectively, can exert a major influence.

As populations interact with the various
environmental factors, they fluctuate in size.
Some do so periodically in a regular or irregu-
lar fashion, while others fluctuate regularly
about an average level. Such regular fluctua-
tions may reflect additive or subtractive pro-
cesses, i.e., processes that result in population
increases or decreases, respectively. These pro-
cesses may be density-dependent or density-
independent, i.e., their action may or may not
be related to factors that differ according to the
density of a population, such as the influence
of natural enemies and competition for food and
shelter. Regular fluctuations of populations
about a fairly constant average may indicate
population regulation by a subtractive density-
dependent process that acts with increasing
power as population density increases, thus
checking population growth. Seasonal changes
typically are associated with arthropods that
reproduce only at certain times of year such as
those in the northern extremes of temperate cli-
mates.

Practical approaches to evaluating popula-
tions include “multifactor” studies that gener-
ate life tables. They describe population densi-
ties at different times during the life cycle and
provide age-specific information regarding
“key” environmental factors that account for
mortality. When preliminary studies have in-
dicated a few essential influences, the key-fac-
tor method may be applied. Population den-
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sity is measured at one point in each genera-
tion, a procedure that requires less sampling
by concentrating on periods in the life cycle
when the “key” influences are operating.

Arthropods and Abiotic Factors
Temperature

Arthropods are fundamentally poikilother-
mic, body temperature tending to be the same
as the ambient temperature. However, body
temperature is not always the same as ambi-
ent. Absorption of radiant energy, heat pro-
duced metabolically and rapid muscle contrac-
tions can increase body temperature. Every ar-
thropod species has a temperature range in
which it is able to survive. Typically, this inter-
val is within the extremes of zero and 50°C.
Optimal temperatures for most species lie be-
tween 22°-38°C. These ranges vary from spe-
cies to species, within a species and among in-
dividuals, according to physiological state. Tol-
erance of extreme temperature may vary sea-
sonally, as with most arthropods found in tem-
perate zones. Mechanisms that make these ar-
thropods cold-hardy or result in migratory be-
havior respond to environmental cues such as
daylength in the fall. Not surprisingly, tropical
species tolerate less cold than temperate spe-
cies. Arthropods avoid extreme temperatures
and if exposed to a temperature gradient will
move to the most optimal zone. Deleterious ef-
fects of high temperatures include protein de-
naturation and increased water loss through
transpiration, while low temperatures may form
ice crystals that destroy cellular structure.

Even if temperature does not kill an insect,
it may impair duration of life, reproduction, de-
velopment rate, mobility, horizontal and verti-
cal distribution and rate of dispersal. In blood-
sucking insects such as tsetse that depend on
nutrient stores between bloodmeals, metabolic
rates increase with temperature and high tem-
peratures may shorten the survival period be-
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tween meals. The human body louse does not
deposit eggs below 25°C (Wigglesworth 1984).

Moisture

Water is critical to the survival and effective
functioning of all living things, including arthro-
pods. As with temperature, each species has an
optimal moisture range below and above which
it is negatively impacted. Below tolerable lev-
els, individuals” activities are seriously impaired
and with sufficient water loss, they can die.
Excessive water loss is dangerous to arthropods
because of their small size and their tendency
to lose water through transpiration. Several fac-
tors influence arthropod water content, includ-
ing temperature and air movement. Environ-
mental moisture factors such as relative humid-
ity and rainfall vary both temporally and spa-
tially. Relative humidity varies with such fac-
tors as the time of day (typically higher at night),
topography, season and vegetation. Too much
environmental moisture, as well as too little, can
be deleterious. For example, high moisture con-
ditions favor fungi, bacteria and viruses that
infect arthropods.

In addition to survival, factors that are nega-
tively impacted by suboptimal moisture condi-
tions include feeding, growth and development,
reproduction, oviposition rates and duration of
life. Therefore, moisture, like temperature, plays
an important role in arthropod distribution.

Fascinating adaptations of arthropods enable
them to cope with environmental moisture
problems and a tendency to lose water. As the
preceding chapter mentioned, the epicuticular
wax layer, spiracular closure mechanisms, the
production of relatively dry urine and feces and
the chorion surrounding an egg illustrate such
adaptations. Further, there are behavioral ad-
aptations, the most obvious of which is drink-
ing water. Other behaviors include orienting to
optimal conditions in moisture gradients and
entering a resting, desiccation-resistant stage
during periods of low availability of environ-
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mental moisture. Arthropods living in regions
where there have been regular periods of
drought long enough for natural selection to
have occurred possess this ability. The chirono-
mid larva, Polypedilum vanderplanki, survives
nearly complete dehydration for several years
by entering a low metabolic state called crypto-
biosis (Hinton 1960). Eggs of floodwater mos-
quitoes in the genera Aedes, Psorophora and oth-
ers can withstand extensive dry periods.

Light

Light parameters such as photoperiod
(daylength), illuminance and wavelength are
relatively constant. Arthropods use them fre-
quently as environmental cues. As discussed
above, photoperiod changes in temperate re-
gions signal the changing seasons, thereby pro-
viding consistent warnings of deleterious envi-
ronmental changes.

Different wavelengths of reflected light pro-
vide potentially useful cues in mate or host lo-
cation (plant or vertebrate). Cycles of bloodfeed-
ing behavior sometimes are associated with the
consistent periods of transition {crepuscular
periods) between the light of day and dark of
night, which occur at sunrise and sunset. Like-
wise, cloud cover may influence arthropod ac-

tivity.
Other abiotic factors

Currents in air and water, gases dissolved
in water, air composition, electricity, ionizing
radiation and soil composition may influence
arthropod activities. Air movement influences
moisture by increasing the rate of transpiration,
which could hurt or help under conditions of
high temperature or humidity. Winds influence
insect flight and dispersal. Under conditions of
high wind, arthropods hunch down close to the
substrate thereby diminishing the likelihood of
being blown away. If the substrate is the sur-
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face of water, their exposure to predators may
increase.

Water currents can influence the distribution
of aquatic arthropods in a way similar to wind
in terrestrial environments. Aquatic insects have
adapted to water currents. For example, the
ability of black fly larvae to affix their bodies to
stationary submerged objects in fast-moving
streams was discussed earlier. On the other
hand, some aquatic insects such as mosquito
larvae cannot survive in swiftly moving water.
Water movement strongly influences the
amount of dissolved oxygen and thereby influ-
ences the distribution of aquatic insects. Black
fly larvae require a high concentration of dis-
solved oxygen and are found in rapidly mov-
ing streams while some mosquito larvae thrive
at considerably lower oxygen concentrations.

Wind, water splashing and photosynthesis
by aquatic plants also influence dissolved oxy-
gen.

As with other living forms, arthropods suf-
fer the negative effects of environmental pol-
lutants, including agricultural and industrial
chemicals, heavy metals and acid rain. These
pollutants can affect arthropods directly by act-
ing as toxins or indirectly by acting on host
plants or animals, or predators and parasites.

Other abiotic factors that may affect arthro-
pods include the jonization of air, atmospheric
potential and high-energy electromagnetic ra-
diation.

Arthropods and Biotic Factors

Biotic components include both intraspecific
and interspecific interactions. Intraspecific in-
teractions can be beneficial, involving coopera-
tion, or deleterious, involving competition. Ben-
eficial interactions reach their highest level in
the social insects (orders Isoptera and Hy-
menoptera). Population density can influence
the amount of competition. High population
density may favor successful mate location and
survival of potential predation, while low den-
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sity may result in few fertilizations and lower
fecundity. On the other hand, high population
density may lead to competition for food and
shelter, especially when resources are limited.
Intraspecific interactions may, in turn, regulate
population.

Competition, symbiosis, predator-prey inter-
actions, herbivore-plant interactions and indi-
rect interactions comprise types of interspecific
interactions. When 2 different species overlap
niches, they may compete for resources such
as food and shelter. If one competing species
has an advantage over another, it may lead to
competitive displacement whereby one species
completely displaces another (Price 1997). In
fact, niche overlap logically would be expected
to be selected against, thus providing a mecha-
nism for segregation of species into a commu-
nity segregated into different niches.

Two kinds of organisms may associate inti-
mately. These associations are termed symbio-
sis. There are several different types of symbio-
sis, depending upon whether the participating
species benefit, are harmed or left unchanged.
Chapter 1 fully described these associations. The
symbiotic relationships between microbes and
insects whereby the microbes gain a place to
live and disperse, and the insects gain some nu-
tritive factor, are well known.

Parasitism is a type of symbiosis important
in medical entomology. Among the many or-
ganisms that parasitize insects are insects them-
selves, microorganisms, mites and nematodes.
Where microbes and nematodes parasitize both
insects and vertebrates, the insects may act as
vectors, carrying parasites to their vertebrate or
plant hosts. More than a thousand microorgan-
isms in insects (e.g., bacteria, viruses, protozoa
and fungi), many of which cause disease, have
been described. Microbes enter insects when the
insects feed, through wounds in the integument
or by active penetration of the integument (e.g.,
certain entomogenous fungi). Once a microbial
infection is established in an insect, the infect-
ing microbes may be passed transovarially (via
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the egg) to offspring, as with certain arboviruses
(e.g., LaCrosse encephalitis virus) in mosqui-
toes, and rickettsiae (e.g., the causative agent
of Rocky Mountain spotted fever) in ticks.
Chapter 5 discusses the various kinds of arthro-
pod transmission mechanisms.

Microbes that are pathogenic to arthropods
are of particular interest due to their potential
application in the biological control of their ar-
thropod hosts. For example, the bacterium Ba-
cillus thuringiensis has been used very success-
fully against a variety of insect pests and vec-
tors. A particular variety, B. thuringiensis
israelensis, is useful against mosquito and black
fly larvae. Microbes can even influence the mat-
ing compatibility among different populations
of the same species. Rickettsiae in the tribe
Wolbachieae infect several mosquito species,
lodging in the gonads. Specifically, Wolbachia
pipientis infects the mosquito Culex pipiens, caus-
ing sexual incompatibility between geographic
populations (Yen and Barr 1973). The biology
of Wolbachia recently has been reviewed by
Werren (1997).

Probably many of the relationships between
arthropod species and between arthropods and
microorganisms are commensal. A good ex-
ample of commensalism is found in the phe-
nomenon of phoresy, where an individual of
one species attaches to an individual of another
species, thereby gaining a mode of transporta-
tion. For example, chewing lice (order Mallo-
phaga) may use their mouthparts to grasp louse
flies (order Diptera, family Hippoboscidae),
some of which are bird parasites, thus gaining
aride to a new host. The human bot fly, Derma-
tobia hominis (Fig. 3.20) may oviposit on other
flies, such as mosquitoes and black flies, and in
this way uses other insects to reach a potential
vertebrate host (including humans). Predators
of arthropods include arthropods themselves
(various insects, mites, scorpions and
pseudoscorpions), vertebrates (including birds,
fish, reptiles, amphibians and mammals) and
even a few plants (e.g., the Venus fly trap and
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pitcher plant). Arthropods also are subject to
indirect effects from the activities of other or-
ganisms, notably those of humans. The mani-
fold effects of “development” often are delete-
rious to harmless arthropods while sometimes
enhancing the survival and spread of harmful
ones. See, for example, the multi-authored text
“Demography and vector-borne diseases” (Ser-
vice 1989).

MOLECULAR BIOLOGY AND MEDICAL
ENTOMOLOGY

Using a microbe (e.g., the bacterium Escheri-
chia coli) as a molecular factory, it now seems
possible to isolate specific genes and produce
endless quantities of eucaryotic cell-derived
genes (clones) and gene expression products
(proteins). Reagents such as cloned genes and
expressed proteins can then be used to locate
given genes on a chromosome (i situ location)
and when, where and to what extent given
genes are expressed in a given organism. It also
is possible to detect minute amounts of a given
gene (theoretically from a single copy) using the
ingenious technique of gene amplification by
the polymerase chain reaction (PCR). Further,
current methods can introduce genes from one
eucaryotic cell into another from a different spe-
cies. As with virtually every other area of bio-
logical science, the exciting and powerful tools
of molecular entomology are helping to solve
old problems and define new ones in entomol-
ogy. The ability to examine the very depths of
life from the recipe written in the language of
deoxyribonucleic acid (DNA) to the grand ex-
pression of this recipe in the multitude of liv-
ing forms is revolutionary. It changes how we
understand life, and challenges long-held no-
tions of exactly what life is and what it means.
This brief section provides just a few examples
of developments in molecular entomology. The
texts by Watson et al. (1987) and Lewin (1997)
should be consulted for rigorous treatments of
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molecular biology, while Horodyski (1998), Hoy
(1994) and Beaty and Marquardt (1996) discuss
applications of molecular biology to insects.
Specific treatments of molecular techniques may
be found in Sambrook et al. (1989), Ausubel et
al. (1987) and Crampton (1994), this last refer-
ence dealing specifically with applications to
insect vectors of disease.

Examples of the application of molecular
biology within the context of medical entomol-
ogy include use in arthropod identification,
analysis of mechanisms of insecticide resistance,
identification of arthropodborne pathogens and
genetic modification of arthropods for purposes
of control.

A technique called RAPD (rapid amplifica-
tion of polymorphic DNAs) technology can
identify and use genus-specific or species-spe-
cific markers, and even differentiate between
individuals of the same species. This PCR-based
method has found application, for example, in
the separation of cryptic (hidden) species in
mosquitoes of the genus Aedes (Kambhampati
et al. 1992). This technique is so sensitive that
only small amounts of DNA are required; so
small, in fact, that individual insects need not
be killed to obtain samples.

Molecular techniques have been used to ge-
netically dissect mechanisms of pesticide resis-
tance, enhancing our understanding of this cru-
cial process that threatens to make ineffectual
one of the major methods of arthropod control.
At the same time, understanding these mecha-
nisms may enable us to incorporate the genes
associated with pesticide resistance into benefi-
cial insects, thereby facilitating the use of pesti-
cides against dangerous vectors without harm-
ing insect predators of these vectors. Under-
standing pesticide resistance genes also may
contribute to the development of new pesticides
by genetically engineering cultured cells to ex-
press cloned resistance genes for pesticide test-
ing.

The use of molecular “probes” to identify the
presence of pathogen genomes in vector arthro-
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pods is finding wide use in medical entomol-
ogy. For example, such probes have been used
to identify the presence of specific arboviruses
in vectors such as mosquitoes and ticks
(Monroy and Webb 1994, Persing et al. 1990,
Vodkin et al. 1994).

Genes can be introduced effectively into eu-
caryotic cells, so there are enormous possibili-
ties for modifying cells to our advantage, e.g.,
in the genetic manipulation of arthropod popu-
lations by producing so-called transgenic ani-
mals. Genes could be introduced into vector
arthropod populations to alter the fitness of in-
dividuals as a means of control, or genes that
impact negatively on the competence of a given
vector to transmit a given pathogen could be
introduced.

Manipulation of insect symbionts also holds
promise. For example, the bacterium
Rhodococcus rhodnii is a gut symbiont of the
bloodsucking true bug, Rhodnius prolixus, one
of the major vectors of the protozoan Trypano-
soma cruzi that causes Chagas disease. A method
has been developed whereby this symbiont has
been made to express a gene product that may
impact negatively on the development or trans-
mission of T. cruzi and hence reduce transmis-
sion of this parasite by the bug.
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INTRODUCTION

Arthropods cause a wide range of health
problems in humans (Table 4.1). Arthropods in-
jure hosts by (1) feeding on their fluids or tis-
sues, (2) inflicting toxic stings or bites, (3) stimu-
lating allergies and hypersensitivity reactions,
(4) inducing phobias and psychoses and (5) ac-
cidental infestation and invasion. Arthropod
injury is perceived falsely in entomophobia and
delusory parasitosis, but these conditions still
represent important health problems. Arthro-
pod-caused injuries are usually the result of di-
rect contact with arthropods but as in the case
of airborne allergens, may result from indirect
contact. Also, skin or tissue damage caused by
arthropods can open the door to serious sec-
ondary bacterial infections.

Arthropods are the dominant animals on
earth, comprising about 80% of all macroscopic
species. Direct contact between arthropods and
vertebrates, including humans, therefore is fre-
quent, especially in warm weather. Injurious
contact with arthropods has evolved from sev-
eral different circumstances. Some arthropods
have adapted to live near or inside vertebrate
“nests,” whereas others have evolved into true
facultative or obligate parasites living on or in

vertebrate hosts. In this case, contact with ver-
tebrates is essential for their development and
survival as species. All blood and tissue feed-
ing arthropods fall into this category. These
parasitic associations may be as short as the 3
minutes needed for kissing bugs to extract a
bloodmeal from their sleeping host to perma-
nent associations during all life stages, as in the
human head louse. Some arthropods are para-
sites during only one life stage, as with larval
bot flies tunneling into the skin of their hosts.
Others are intermittent, changing hosts within
each active stage, as with the larva, nymph and
adult of many ticks.

Larval stages of some species of blow flies
and flesh flies, and all species of warble flies,
have evolved to invade vertebrate tissue, a con-
dition called myiasis. Tissue loss caused by their
feeding can cause severe injury, secondary in-
fection and death to livestock and wildlife. Prior
to its eradication from North America and much
of Central America, the primary screwworm fly
caused large losses to cattlemen in affected ar-
eas. Although less commonly involved than
Diptera, other groups of arthropods also can
cause injury by invasion of host tissue. For ex-
ample, when species of Coleoptera are involved,
the situation is called canthariasis.

B.F. Eldridge and ].D. Edman (eds.), Medical Entomology, Revised Edition, 99-149.
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Table 4.1. Summary of direct effects of arthropods on humans and domestic animals.

Condition

Harmful effects

Arthropods responsible

Delusory psychoses

Entomophobia/Arachnophobia

Physical nuisance

Contact irritation

Feeding annoyance and blood

loss

Envenomization

Myiasis

Irrational or destructive behavior

Accidents triggered by an unusual
fear of arthropods

Stress and mental anguish;
reduced productivity

Asthma and other respiratory
allergies

Pain, anemia, itching and other
allergic skin reactions; stress,
reduced fitness and death

Prolonged pain, inflamation,
cyto/neurotoxic symptoms; Arthus
and anaphylactic allergic
symptoms, including death

Prolonged pain, tissue and fluid

None: usually imagined to be
skin-invading ectoparasites

Many; usually spiders or
Hymenoptera

Any extremely abundant arthropod
that interferes with normal
activities

Any abundant or domestic
arthropod that produces airborne
allergens

Temporary and permanent
ectoparasites

Arthropods with toxic stings,
bites, setae, hemolymph,
defensive secretions; usually
Hymenoptera, spiders or
scorpions

Larval Diptera (Cyclorrhapha)

loss; secondary infection;
reduced fitness, death

Besides feeding damage, arthropod parasites
also can cause toxic reactions when large num-
bers of arthropods are involved or, as in un-
usual cases like tick paralysis, when feeding-
associated secretions target critical physiologi-
cal processes. Parasitic arthropods can induce
immunologic reactions when hosts develop sen-
sitivity to saliva or other allergens produced by
the arthropod.

A second major form of injurious contact
between arthropods and vertebrates results
from the stings and bites of nonparasitic arthro-
pods, especially social Hymenoptera and spi-
ders. Venom (biological toxin) injected into ver-
tebrates during these often accidental encoun-
ters with arthropods can cause acute poisoning
or, if the host has a history of previous expo-
sure to the venom, allergic reactions that can

be fatal. Arthropods generally sting or bite ver-
tebrates as defensive reactions to threats against
the arthropods or their colonies. Defensive se-
cretions also may be associated with fluid-filled
hairs or other specialized delivery mechanisms
such as reflex bleeding. In some cases, arthro-
pod venom is not a defensive secretion but nor-
mally is used to immobilize prey.

In general, the medical importance of arthro-
pods involved in all of these injuries is directly
related to the frequency of contact with humans
(or highly valued domestic animals) and the
severity of the injury inflicted. The type of in-
jury arthropods inflict depends on the nature
of the contact. Damage takes many forms and
results in a wide range of physical and mental
symptoms. It is sometimes difficult to separate
toxic symptoms associated with arthropod feed-
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ing or stinging from those induced by host im-
munologic responses to allergens in arthropod
venom or saliva. Envenomization from arthro-
pod stings and bites can cause severe compli-
cations, especially in individuals sensitized to
specific arthropod allergens. Allergic symptoms
normally result from repeated exposure to the
same arthropod allergen (i.e., sensitization) and,
in the extreme (i.e., hypersensitivity), life-threat-
ening anaphylactic shock can result from a
single arthropod sting or bite.

Except for a few highly venomous spiders
and scorpions, severe toxic reactions, in the ab-
sence of allergic reactions, generally occur only
when large numbers of stings are involved.
Some non-stinging arthropods such as milli-
pedes and blister beetles also have defensive
secretions that can be toxic to vertebrates. Sim-
ply coming into contact with arthropods, their
body parts or airborne particulates can cause
allergic skin reactions or severe asthmatic reac-
tions in sensitive individuals. Cockroaches and
house dust mites are common household
sources of such reactions.

Occasionally, biting flies are present in num-
bers sufficient to cause significant blood loss that
can be fatal even in large vertebrates. Swarms
of biting flies can block respiratory passages and
large vertebrates can suffocate. More often,
blood loss and overall aggravation result in low-
ered productivity among meat, milk or egg pro-
ducing animals. Blood loss and annoyance in
humans, domestic animals and wildlife also can
result from contact with lice, cimicid bugs,
triatomid bugs, ticks, chigger mites, itch or
mange mites and fleas. Humans may be at-
tacked accidentally by biting arthropods, espe-
cially mites and ticks that normally are associ-
ated with wild animals.

Biting arthropods cause annoyance that im-
pacts tourism, recreation, land development
and industrial or agricultural production. They
affect homeowners by restricting outdoor ac-
tivity and depressing home and land values.
Production of essential products from agricul-
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ture, forestry and mining often are adversely
limited by biting arthropods. Severe annoyance
around homes and recreational areas has led to
the development of entire industries centered
on nuisance/vector control and personal pro-
tection. Some products can significantly protect
vertebrates from biting pests while others are
useless.

ECONOMIC IMPACT OF DIRECT EFFECTS
OF ARTHROPODS

Effects on Humans

Although losses are surely substantial, it is
difficult to estimate the economic impact of ar-
thropods on humans caused by stinging, bit-
ing, annoyance and other conditions resulting
directly from arthropod activities. It is especially
difficult to make accurate loss estimates for hu-
man activities such as tourism, recreation, land
resource development and agricultural produc-
tivity. However, it is useful to consider that ac-
cording to the National Pediculosis Association
(Newton, Massachusetts), over $150 million was
spent in the USA in 1997 just for over-the-
counter pediculicides and combs to eliminate
head lice. Costs associated with allergies and
toxic reactions from arthropods also are enor-
mous. These costs include not only medical
treatment and prophylaxis, but also public
health preventive measures such as control of
Africanized honey bees.

Undoubtedly, biting arthropod populations
have an adverse effect on tourism and recre-
ation, but there have been few studies to quan-
tify this. Ironically, in some instances large
populations of biting Diptera are considered to
be a positive factor. At the Everglades National
Park in southern Florida, Aedes taeniorhynchus
mosquitoes serve as a major ecological focus of
the park environment. Here, large-scale mos-
quito control is avoided, despite empty camp-
grounds during much of the year, and graphi-
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Figure 4.1. Public exhibit on food webs at Everglades National Park (photograph by Jonathan F. Day).

cal displays along nature trails portray
saltmarsh mosquitoes as key components of the
food chain, an indication of their perceived im-
portance to the park’s ecology (Fig. 4.1).
Linley and Davies (1971) attempted to quan-
tify the impact of ceratopogonid midges on tour-
ism and recreation in Florida, the Bahamas and
the Caribbean. Three species, Culicoides furens,
Culicoides barbosai and Leptoconops becquaerti,
were estimated to have an economic impact.
Even today, biting midges in many coastal ar-
eas are a serious nuisance for which there is
rarely an effective remedy. In southern Florida,
mosquito control ditches constructed in
saltmarshes during the late 1950s have silted in
and now provide ideal Culicoides oviposition
sites. In some situations, this has resulted in fi-

nancial loss on the resale of homes and prop-
erty because of persistently high biting midge
populations.

Black fly infestations also can result in finan-
cial losses. In 1994 and 1995, emergences of
black flies at a private South Carolina golf club
caused a loss estimated at >$27,000 (Gray et al.
1996). A suppression program reduced adult
black fly populations by 92% in 1995 and 88%
in 1996, which resulted in acceptable black fly
biting levels. The cost of suppression was ap-
proximately $12,500 per year.

It is difficult to estimate the number of visi-
tors who fail to return to a resort, a state or na-
tional park, or even a particular region due to a
bad experience with biting arthropods. Never-
theless, anecdotal accounts abound of such ex-
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periences and are accompanied by expressions
of determination never to return.

Biting fly populations have influenced the
course of land development, particularly in
coastal habitats. New home construction along
the barrier islands in southeastern Florida
lagged behind development on the mainland.
In Indian River County, Florida, earnest new
home construction on the barrier islands was
not attempted until the early 1960s, due mainly
to unbearable mosquito and ceratopogonid
midge populations. With the advent of mod-
ern mosquito control practices such as perma-
nent control methods that included the con-
struction of dikes to form saltmarsh impound-
ments, the barrier islands became habitable and
construction flourished. Presently, the absence
of effective ceratopogonid midge control and
an increasing annual midge population are
again making outdoor life on these islands more
difficult.

Coastal habitats also can produce large num-
bers of other biting fly species. Greenhead flies
(Tabanidae) present a major problem along the
East Coast of the USA from Maine to South
Carolina. Visually attractive box traps are some-
times placed in saltmarshes to reduce the bit-
ing annoyance of greenheads in nearby neigh-
borhoods and beaches. Stable flies (Muscidae)
are found in coastal habitats from Texas to New
England. Adult seaweed flies (Coelopidae) can
sometimes reach levels sufficient to drive people
from beaches, especially along the Gulf Coast
of Florida. There, a stable fly (Stomoxys calcitrans)
control program relies on an aerial spray cam-
paign to reduce the numbers of these biting flies
during the summer.

Effects on Domestic Animals

The effects of biting arthropods on domestic
animal production are more easily quantifiable.
Steelman (1976) reviewed the financial effect of
arthropod activities on livestock. Biting and
other annoyance by arthropods can cause re-
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duced milk, egg and meat production. Black
flies, mosquitoes, stable flies (5. calcitrans), horn
flies (Haematobia irritans), face flies (Musca
autumnalis), house flies (Musca domestica), bit-
ing midges, lice and ticks all have been shown
to reduce milk production in dairy cattle. Or-
ganophosphate-resistant ticks (Boophilus
microplus and Amblyomma cajennense) caused a
reduction in milk production by dairy cattle in
Cuba (Cordoves et al. 1986). After dipping cattle
in flumethrin to control ticks, milk yield rose
by 18%, mortality rates due mainly to blood
parasites in cows were halved, the abortion rate
was reduced by 35%, the pregnancy rate rose
by 28% and the annual cost for drug treatment
was reduced by 32%.

Biting arthropods sometimes are present in
numbers sufficient to reduce meat yield in beef
cattle. Yield loss results from 2 factors: (1) in-
creased grooming movements to escape biting
arthropods that result in reduced caloric intake
and (2) actual blood loss. Attack by bloodfeed-
ing flies in the families Culicidae, Cerato-
pogonidae, Simuliidae and Tabanidae have
been found to reduce the productivity of beef
and dairy cattle in Russia. Attacks by these flies
resulted in an average daily reduction in milk
yield of 16.4% per cow and an average seasonal
weight loss of 29.5% per animal in young cattle.
During daytime observations, individual ani-
mals were estimated to be attacked by more
than 10,000 biting flies (Muradov et al. 1980).
In view of attack rates such as these, it is easy
to understand why cows fail to produce milk
and beef cattle fail to gain weight.

Stress caused by biting arthropods can be
compounded by environmental conditions that
result in even greater weight and productivity
losses in domestic animals. Campbell (1988) re-
ported that the adverse effect of stable flies on
beef cattle weight gain and food assimilation
was further aggravated by heat. Large stable
fly populations cause cattle to bunch (Fig. 4.2),
thus increasing heat stress, especially during
summer months. Complex, multi-factored cir-
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cumstances such as fly abundance, environmen-
tal temperature and the elevated body heat of
densely grouped cattle make it difficult to in-
criminate the individual factors responsible for
weight and productivity loss in animals ex-
posed to high numbers of biting arthropods.

The ultimate loss to cattle ranchers is the
death of stock animals due to blood loss or suf-
focation resulting from biting arthropods. Hol-
lander and Wright (1980) estimated that dur-
ing periods of high tabanid abundance in Okla-
homa, blood loss in cattle due to fly bites aver-
aged 200 ml/animal/day. Loss of blood due to
attack by the saltmarsh mosquito, Aedes
sollicitans, was linked to the deaths of 21 cattle
during 4 nights in Brazzoria County, Texas
(Abbitt and Abbitt 1981). In 1998, after a hurri-
cane caused severe flooding in coastal Louisi-
ana, massive broods of mosquitoes reportedly
caused several deaths in beef cattle. Lone indi-
viduals such as penned bulls were most sus-
ceptible, presumably because they experienced
greater biting pressure than animals bunched
together. In many cases, suffocation, as well as
blood loss, contributes to the death of animals
exposed to biting flies. In addition to mosqui-
toes, other arthropods linked to domestic ani-
mal mortality include horse flies, ticks, lice and
black flies. The deaths of 23 cows, one mule and
one heifer in a small area of the Vosges Depart-
ment of France were blamed on Simulium
ornatum black flies. One dead cow was esti-
mated to have received ~25,000 bites and the
dead heifer received at least 60,000 bites (Noirtin
and Boiteux 1979).

Losses in livestock due to myiasis have been
substantial. There have been $800 million in
losses annually to cattlemen from the southern
USA from Florida to California and another
$300 million in losses to Mexican ranchers (FAQ
1998).

Chapter 4
Effects on Wildlife

Biting arthropods can affect wildlife popu-
lations adversely. An important difference be-
tween wild and domestic animals is that for the
most part, if the biting pressure becomes too
great, wild animals can move whereas domes-
tic animals generally are confined. As might be
expected, biting arthropods have a greater im-
pact on young animals than on healthy adults.
Nestling birds are particularly at high risk to
biting arthropods. High ectoparasite popula-
tions cause egg neglect and nest abandonment
by adult birds and are directly responsible for
the death of nestlings. In Florida, mourning
dove chick mortality was observed on several
occasions due to large numbers of bloodfeed-
ing Culex nigripalpus mosquitoes.

Attacks by biting flies and other arthropod
parasites force birds to devote a greater portion
of their time budgets to avoidance and groom-
ing. Cotgreave and Clayton (1994) studied 62
different bird species and found that the aver-
age bird spent 9.2% of the day in maintenance
activities, 92.6% of which involved grooming.
Bird species known to harbor parasitic lice spent
more time grooming than did birds without lice.
Swallows have been observed to abandon colo-
nial nesting sites under bridges when high den-
sities of swallow bugs (Cimicidae) in their nests
affected the fitness and survival of their young.

In addition to grooming, wild animals have
the option of leaving habitats, home and breed-
ing ranges or nests when biting pressure be-
comes too high. The distribution, microhabitat
choice and behavior of mountain caribou
{(Rangifer tarandus) in the Burwash area of south-
western Yukon, Canada, are influenced by
Aedes mosquitoes and oestrid flies, especially
Cephenemyia trompe and Hypoderma tarandi. Cari-
bou reduce mosquito harassment by vertical
migration up mountain slopes to elevations and
temperatures where mosquito numbers and
activity are reduced. Caribou also can reduce
biting pressure by choosing microhabitats, such
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Figure 4.2. Cattle forming a defensive circle to avoid attacks by biting flies (photograph by John D. Edman).

as patches of snow and exposed windy ridges
where mosquito numbers are diminished. Re-
cent studies in northern Norway indicate that
caribou may stand on snow patches mainly for
thermoregulation (Anderson and Nilssen 1998).
Oestrids are more difficult for caribou to avoid
and affect caribou energy budgets by reducing
feeding and resting times and increasing the
time spent standing and moving (Downes et
al. 1986).

ENTOMOPHOBIA AND ARACHNOPHOBIA

Entomophobia and arachnophobia refer to
an unusual and unreasonable fear of insects or
spiders and scorpions. Public surveys show that

after snakes, spiders are the most feared of all
animals. Why some people fear animals out of
proportion to the harm they might inflict is un-
clear, but such fears may have cultural origins.
Biblical stories about serpents and plagues prob-
ably contribute to fears in the western world.
There also may be a genetic component (Sagan
1977). Motion pictures and television reinforce
many of these fears by creating vivid images of
large deadly creatures that resemble the most
repulsive looking arthropods (Fig. 4.3). Most
rational people learn to deal with nature’s less-
loved creatures in a realistic way. However, oth-
ers tend to panic, in some cases with tragic re-
sults. There are several news reports annually
of serious or fatal accidents resulting from
people being frightened or stung by bees or
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wasps inside their automobiles. Educating
young people about arthropods and encourag-
ing hands-on experience is the best antidote for
such unwarranted fears (Berenbaum 1998).

DELUSORY PARASITOSIS

General medical practitioners, dermatolo-
gists, allergists, psychiatrists, medical entomolo-
gists and pest control specialists often deal with
patients with delusory (or delusional) parasi-
tosis (DP). Delusory parasitosis is defined as the
condition in which patients complain of hav-
ing the sensation that “bugs” are crawling, bit-
ing or burrowing into their skin (Mumford
1982). Arthropods normally are not involved,
despite evidence of skin irritation and the fact
that certain arthropods can cause symptoms
that closely mimic many of those experienced
by patients suffering from DP. The challenge
for those who encounter patients presenting
these symptoms is to quickly separate symp-
toms that are related to arthropods or some
other medical condition from those that are only
imagined and require treatment by mental
health professionals. In mental health terms, DP
is classified as an obsessive-compulsive disor-
der, a form of psychosis. More information on
this disorder can be found in the web site and
publication on Delusional Parasitosis produced
by the Center for Biosystematics, University of
California, Davis.

Many medical conditions, food and skin al-
lergies, and prescription, over-the-counter and
illicit drugs may mimic the symptoms described
by DP sufferers. For example, insulin, estrogen,
arthritis and hypertension medications, cocaine,
soaps, latex, cosmetics and dyes all can cause
itching, skin irritation, rashes and other sensa-
tions similar to those presented by DP suffer-
ers. Medical conditions with symptoms that
may mimic DP include diabetes, photosensitiv-
ity, thyroidism, hepatitis, and nutritional defi-
ciencies or excesses. Such organic causes obvi-
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ously demand proper diagnosis and appropri-
ate treatment for a successful resolution. As part
of this diagnostic process, it is important to be
able to eliminate arthropods as a possible cause.
This is a task for which most physicians are ill
equipped.

Scabies mites are permanent ectoparasites
that can be identified microscopically from skin
scrapings taken in a physician’s office. Most
other skin irritations caused by temporary ex-
posure to arthropods living in or around the
home are best diagnosed by medical entomolo-
gists or qualified pest control professionals.
Thorough inspection of the home, yard and pets
of patients should reveal if arthropods such as
bed bugs, mites, lice and fleas normally associ-
ated with pets, rodents or birds could be respon-
sible for the dermatological symptoms. Gener-
ally, if arthropods are the cause, there are tell-
tale signs (e.g., the bite pattern) or circumstances
(e.g., only bitten at certain times of the day or
in certain areas of the home or work place) that
are at variance with the more stereotypic symp-
toms described by patients suffering from DP.

Familiar patterns of symptoms should alert
knowledgeable professionals to the likelihood
of DP. Patients usually claim that tiny bugs are
biting or burrowing into their skin or body.
These attacks normally occur when patients are
at home and often while they are asleep. Some-
times attacks are linked to specific articles of
clothing, certain activities or, in the case of
cleptoparasitosis, to the home itself (Grace and
Wood 1987).

The sensation of arthropod contact often re-
sults in chronic itching and mental anguish that
can lead to self-abuse, including scratching the
skin until raw. Self-treatment with bizarre or
potentially harmful home remedies such as tur-
pentine, gasoline or agricultural insecticides
often follows, especially when proper diagno-
sis is delayed. Patients may insist adamantly
and convincingly that their problems are real.
People suffering from DP often appear com-
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Figure 4.3. A poster advertising a movie in which insects attack humans. Movies and other popular media can invoke
fear of insects and other arthropods well beyond their actual threat (courtesy of The Cabinet Productions).

pletely normal in other respects, a fact that of-
ten complicates proper and timely diagnosis.

Neuroleptic drugs, such as Haloperidol and
Pimozide, generally relieve DP symptoms, but
accompanying antidepressant drugs may be
required in some patients (Frances and Munro
1989, Paholpak 1990). There is evidence that DP
has a genetic basis (Gieler and Knoll 1990) and
that it may be drug-induced (Marschall et al.
1991).

When physicians find no organic cause for
DP, they sometimes accept the patient’s diag-
nosis and recommend intervention by a pest
control service or a medical entomologist. These
individuals are not trained to provide the nec-
essary psychiatric counseling and treatment of
DP. Individuals with DP often are shuttled be-
tween entomologists and dermatologists with-

out benefit of the mental health treatment that
is needed.

ANNOYANCE CAUSED BY ARTHROPODS

Arthropods can cause a number of condi-
tions in human and other vertebrate hosts rang-
ing from annoyance to fatal allergic or toxic re-
actions. The most important groups of arthro-
pods responsible for annoyance of humans or
other animals caused by the bloodfeeding ac-
tivities of ectoparasitic arthropods or from their
crawling or burrowing activities are discussed
below. Itching, rashes, welts and other mani-
festations of allergic reactions often heighten
this annoyance. Allergic and toxic reactions to
arthropods are discussed in other sections.



108

Chapter 4

Figure 4.4. The human body louse: From left, adult female, adult male, nymph (courtesy of John D. Edman).

Lice

Lice are usually classified in 2 orders:
Anoplura, the sucking lice, and Mallophaga, the
chewing lice.

Chewing lice

Chewing lice are associated permanently
with their vertebrate hosts but transfer from one
host to another may occur when hosts come into
close contact. Chewing lice feed on organic frag-
ments of skin and feathers and on epidermal
secretions. The chicken body louse (Menacanthus
stramineus) can gnaw through the skin and feed
on blood. Louse infestation in domestic animals
may result in significant economic loss. Poul-

try infested with chewing lice have reduced egg
production and weight gain. Sheep, cattle,
swine and horses have associated species of
chewing lice that, in cases of severe infestation,
can cause reductions in body weight, pelt qual-
ity and milk production.

Sucking lice

All species of sucking lice feed on blood. The
family Haematopinidae is a cosmopolitan
group that includes species of lice found on
cattle (Haematopinus eurysternus), pigs (Hae-
matopinus suis) and horses (Haematopinus asini).
Another cosmopolitan family, Linognathidae,
includes species of lice that parasitize dogs (Li-
nognathus setosus), sheep (Linognathus ovillus
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Figure 4.5. Monkeys (a) and humans (b) removing lice from one another (University of Massachusetts collection).

and Linognathus pedalis), cattle (Linognathus
vituli) and goats (Linognathus stenopsis).

The family Pediculidae contains 2 subspe-
cies in the genus Pediculus that are found ex-
clusively on primates. Pediculus humanus
humanus is the human body louse or “cootie”,
and Pediculus humanus capitus (head louse) para-
sitizes both humans and New World monkeys
(Fig. 4.4). Morphologically, these subspecies are
indistinguishable; however, they clearly are dif-
ferent in terms of behavior, microhabitat pref-
erence and vector status. The family Pthiridae
includes Pthirus gorillae, found on gorillas, and
Pthirus pubis, the pubic louse of humans.

Head lice, as their name implies, are found
primarily on head hair (Fig. 4.5), but occasion-
ally are found on other hairy regions of the
body. Body lice feed on body regions where
clothing fits tightly and infest the clothing dur-
ing non-feeding periods. Pubic lice infest the
pubic area, armpit and other coarse hair such
as eyebrows. All 3 species of lice found on hu-
mans are transmitted by direct contact; head lice
by sharing hats and combs, body lice by shar-
ing clothing, and pubic lice through shared tow-
els and close body contact. The life cycle of the
pubic louse takes about one month to complete,
whereas the life cycle of head and body lice is
more rapid, with a generation time of about 3

weeks. Body lice attach their eggs (nits) to cloth-
ing and head lice attach their eggs near the base
of individual hairs.

Pediculosis is the condition resulting from
infestation by human sucking lice. The control
of lice has been a problem faced by humans for
centuries. Egyptians solved the problem by
shaving their heads and bodies. Lice combs
have been used for at least 3,500 years and re-
main effective today (Mumcuoglu 1996). Insec-
ticidal treatments for the control of lice also have
been used for centuries. Viper broth, herbal rem-
edies, mercury, carbolic acid, cresol powder,
naphthalene, sulfur and kerosene are all sub-
stances that once were used for the control of
lice. Today, the active ingredients in products
marketed internationally for the control of lice
include organochlorines (lindane), organophos-
phates (malathion), carbamates (carbaryl) and
pyrethroids (permethrin). Even though a large
number of insecticides are now available for the
treatment of lice, the number of cases has in-
creased worldwide since 1965. In the USA, an-
nual infestation rates number 6-12 million,
mostly involving children. The increase in case
numbers may be due in part to the large selec-
tion of over-the-counter pediculicides that of-
ten are ineffective. In laboratory tests, the great-
est mortality achieved with pyrethroid products
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was 80% for adults and nymphs and 30% for
eggs (Mumcuoglu 1996). Exposure to sublethal
doses of insecticides can select quickly for re-
sistance in populations of lice. Resistance to
DDT, lindane, malathion and the pyrethroids
have been reported worldwide.

The future control of pediculosis undoubt-
edly will be tied to better education, the judi-
cious use of combs and development of
pediculicides based on new, safe chemicals such
as methoprene and avermectins. However, even
with the introduction of new control products,
lice will continue to be a major problem, espe-
cially head lice in children. Public education,
personal hygiene and the frequent monitoring
of school children for the presence of head lice
will remain important components for the con-
trol of these pests.

Bed Bugs

These small, flattened hemipteran ectopara-
sites belong to the family Cimicidae. They are
wingless nest parasites that feed on the blood
of birds and mammals (Fig. 4.6).

There are 7 species of bed bugs associated
with humans throughout the world, but 2 spe-
cies predominate (Usinger 1966). Cimex
lectularius, the human bed bug, is a cosmopoli-
tan species, and Cimex hemipterus, the tropical
bed bug, is found mainly in southern Asia and
Africa. Bed bugs are gregarious and are associ-
ated most commonly with conditions of poor
hygiene and overcrowding. They hide during
the day, usually close to human sleeping quar-
ters, and come out to feed at night. They are
seldom seen, but emit a characteristic aroma that
can permeate a room when the bugs are present
in large numbers. Eggs are laid in crevices near
daytime resting sites. After hatching, the bugs
have 3 nymphal instars, each taking up to 3
bloodmeals. Cimicids have the ability to fast for
extended periods when no hosts are available.
Their bites usually do not cause immediate pain,
an advantage for a species that feeds on sleep-
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ing humans. However, by morning, bites gen-
erally form reddened wheals that can cause ex-
treme itching and irritation.

A 3-step process is necessary to control bed
bugs: (1) launder all clothes and bedding that
may contain eggs, nymphs or adults, (2) elimi-
nate all potential resting places and (3) treat
houses and furniture with a residual insecticide.
Some bed bug populations now show resistance
to organophosphate insecticides. During World
War II, American troops in Italy continually
were harassed by bed bugs until it was discov-
ered that the bugs were living in the hollow
supports for their folding cots.

Kissing Bugs

The neotropical subfamily Triatominae (kiss-
ing bugs, Fig. 4.7) of the family Reduviidae (as-
sassin bugs) contains more than 5,000 described
species of nest parasites that bloodfeed on ver-
tebrates, including humans (Usinger 1944,
Schofield 1994). The term “kissing bug” refers
to the preference of these species to feed around
the lips and eyes where the skin is thin. Like
bed bugs, kissing bugs congregate in protected
areas in and around bedrooms and feed at night
on sleeping humans. Bites are not immediately
painful, possibly because an anesthetic is in-
jected along with the saliva. However, some
people become hypersensitive to bites and de-
velop severe swelling and itching at the site of
the bite (Ribeiro 1995).

Source reduction is the most effective con-
trol strategy against reduviid bugs. The elimi-
nation of daytime hiding places (e.g., plaster-
ing walls, replacing dirt floors with concrete and
replacing thatched roofs with sheet metal) all
help to reduce the level of infestation. The use
of residual insecticides sprayed on interior walls
or incorporated into wall paints, and silicone
dusts blown into crawl spaces are effective
short-term control measures against reduviid
bugs.



4. Direct Injury by Arthropods

Figure 4.6. Life cycle stages of the common bed bug (from
Lane and Crosskey 1993).

Fleas

Fleas are nest parasites belonging to the or-
der Siphonaptera. Most occur on mammals,
usually rodents. Their bilaterally compressed
body and posteriorly directed heavy spines are
adaptations that allow them to move quickly
through dense hair and feathers. Adults of both
sexes are exclusively bloodsucking ectoparasites
that usually remain on hosts only long enough
to obtain a bloodmeal. Many flea species live in
animal nests and burrows during most of their
adult lives.

Some flea species are host-specific
(monoxenous). For example, the flea
Hystrichopsylla schefferi is found only on beavers
in the Pacific northwestern USA. Most flea spe-
cies are polyxenous, attempting to feed on vir-
tually any vertebrate host that comes within
jumping range. Some species have been col-
lected from as many as 20 different host spe-
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cies. Flea species that are important pests of
humans and domestic animals are found in the
families Pulicidae and Tungidae. Members of
the family Pulicidae (approximately 180 species)
are found worldwide. Important species in-
clude: Xenopsylla cheopis (the Oriental rat flea),
Pulex irritans (the human flea), Ctenocephalides
canis and Ctenocephalides felis (dog and cat fleas)
and Echidnophaga gallinacea (the sticktight flea).
The family Tungidae contains 10 species that
are mostly tropical. One, Tunga penetrans, with
local names such as jigger, chigoe and sandflea,
(Fig. 4.8a) appears to burrow under the skin of
its host. In fact, they do not burrow, but rather
induce host tissue changes that cause the skin
to swell and envelop them. They usually attach
to human feet in areas where the skin is thin
(Fig. 4.8b).

Because dogs and cats share our homes, so
do their fleas. Dog and cat fleas do not hesitate
to attack humans when their normal host is ab-
sent. Usually, the main flea on both cats and
dogs in the New World is C. felis, while in the
Old World the dog flea commonly is found on
both cats as well as dogs. Adult fleas can re-
main quiescent in their cocoons for long peri-
ods and emerge synchronously in response to
vibrations and other cues produced by the en-
trance of a potential host. This is an obvious
adaptation that prevents adult fleas from
emerging when there is no host in the “nest”
and explains why homes may literally fill with
hungry adult fleas after the occupants return
from an extended absence.

Mites and Ticks

Ticks, mites, scorpions and spiders belong
to the Class Arachnida and possess neither an-
tennae nor mandibles. Ticks and mites are small
arthropods belonging to the subclass Acari,
which lack the cephalothorax of scorpions and
spiders. Their life cycle consists of 4 stages: the
egg, a hexapod larva, an octopod nymph (but
with multiple nymphal instars in many mites)



Pt
Pl
N

Chapter 4

Figure 4.7. Various life cycle stages of the kissing bug, Rhodnius prolixus (from Tipton 1974).

and an octopod adult. Some mite and tick spe-
cies have a wide-ranging effect on the health of
humans and domestic animals.

Mites in the family Sarcoptidae are perma-
nent ectoparasites of mammals and birds. These
mites spend most of their life cycle buried un-
der the host’s skin, resulting in scabies or mange
(a condition characterized by scabby eruptions
and loss of hair) in mammals (Fig. 4.9a) and
“scaly leg” in birds (Fig. 4.9b). Sarcoptes scabiei
(the itch mite; Fig. 4.9c) is responsible for sca-
bies in humans and sarcoptic mange in a vari-
ety of other mammals (Arlian 1989b). A second
species, Notoedres cati, causes mange in cats and
occasionally infests humans (Fig. 4.9d). Mites
that cause mange generally are host-specific.

Sarcoptes scabiei has infested humans since
antiquity (Mellanby 1972, Burgess 1994). Epi-
demics of human scabies occur approximately
in 30-year cycles that are separated by 15 years
(Orkin and Maibach 1978). Human infestations
with S. scabiei are common, especially among
homeless individuals and elderly invalids who
receive poor care. Skin folds on the hands and
elbows are favored points of entry for scabies
mites in humans. As few as 20 mites can pro-
duce an intense immune response and associ-
ated itching. “Crusted,” or “Norwegian” sca-
bies results in individuals who have infestation
rates of >1,000 mites. This condition produces
scaly, crusted skin and infested individuals are
extremely contagious. Mites are transferred
from host to host by close and prolonged per-
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Figure 4.8. (a) The chigoe flea, Tunga penetrans (from Lane and Crosskey 1993); (b) damage to foot due to chiggoe flea

infestation {(courtesy of John D. Edman).

sonal contact. Infestations are treated with pre-
scription skin lotions that contain an acaricide
such as one of the pyrethroids.

Epizootics of scabies in animal species other
than humans have been reported frequently
(Arlian 1989b). There are a number of S. scabiei
varieties that are considered to be host-specific
(Arlian 1996). During a scabies infestation,
gravid females burrow into the host’s dermis
and oviposit. The act of burrowing is painful
and uncomfortable, but it is the host’s allergic
reaction to antigens produced by these mites
that causes the most discomfort.

Heavy infestations of mites can result in
lower productivity in domestic animals and
changes in behavior and reduced survivorship
in wild animals. For example, S. scabiei-infested
red foxes in Norway were less active and trav-
eled shorter distances than did healthy foxes
(Overskaug 1994). Psoroptic mange in domes-
tic and wild mammals also can have a serious
impact (Thorne et al. 1982).

Most humans have a tiny hair follicle mite
{Demodex spp.) that infests the sebaceous glands
on their face and sometimes other regions (Fig.
4.10). These normally are benign but may cause
skin acne in some individuals. Demodex mites
can cause severe mange in certain other mam-
mals, especially canids.

Chigger mites in the family Trombiculidae
are cosmopolitan in distribution, especially in
disturbed habitats. The 6-legged larval stages
are parasites of mammals and birds (Fig. 4.11).
Other stages are free-living. Larvae are ex-
tremely small, measuring only 0.25 mm long,
and thus are difficult to see on host animals. Of
the approximately 1,200 known species, about
20 attack humans. In the process of feeding, they
may cause severe dermatitis.

Chigger larvae feed continuously on the
host’s epidermis by forming a feeding tube
(stylostome) that extends into the skin from the
point of attachment. Larvae feed by sucking lig-
uefied host tissue that has been predigested by
salivary enzymes injected by the chigger. Some
humans are highly sensitive to chigger salivary
allergens and severe reactions may result from
chigger feeding. Mites resting in vegetation
climb onto passing hosts and usually crawl up
the host and begin to burrow in areas where
clothing fits tightly (e.g., at the tops of socks,
the backs of knees and the bands of undergar-
ments). Many home-remedies, such as treating
entry wounds with nail polish, are common
folklore. However, by the time the allergic re-
action begins, mites usually have dropped off.
For humans that venture into chigger habitats,
their best defense is to wear protective clothing
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Figure 4.9. Mange and scabies: (a) Sarcoptic mange in a cow; (b) scaly leg in a chicken; (c) the scabies mite, Sarcoptes
scabiei; (d) infestation in cat with Notoedres cati (courtesy of John D. Edman).

(boots and long pants), tuck pants into socks
and spray boots and pants with a repellent con-
taining at least 15% N,N-diethyl-meta-
toluamide (DEET) as the active ingredient.
Mite infestations usually can be diagnosed
by their location on the body and the appear-
ance of the skin reactions. Inspecting the skin
for burrows first identifies suspected scabies
infestations; confirmation is made by identify-
ing mites microscopically in skin scrapings.
Once the infestation is confirmed, the entire
body from the neck down is treated with insec-
ticidal lotions or ointments such as 0.5%
malathion, 25% benzyl benzoate (usually re-
stricted to adults), 10% N-ethyl-o-crotontoluide

(Crotamiton), sulfur ointment or tetraethylthi-
uram monosulphide (Tetmosol).

Handling wild birds (e.g., young birds that
have fallen from their nest) and the nesting
material of birds or rodents may result in acci-
dental mite infestation. Chicken mites (Der-
manyssus gallinae) infest wild birds and domes-
tic poultry and readily bite humans when re-
moved from their normal hosts. Similarly, the
tropical rat mite (Ornithonyssus bacoti) occurs
wherever rats are abundant (e.g., seaports, zoos,
granaries and storehouses) and will feed on
humans when rodents are unavailable. Humans
frequenting fields and meadows also may acci-
dentally encounter mites for which they are not
the normal host. European harvest mites
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(Neotrombicula autumnalis) infest small mam-
mals and birds, but will bite humans who enter
infested fields, especially during late summer
and early autumn. Starved predatory grain or
hay itch mites (Pyemotes tritici) attack people
who come into contact with raw agricultural
products.

Ticks (Fig. 4.12) belong to the suborder
Ixodida that contains about 800 species in 3
families: Ixodidae (hard ticks), Argasidae (soft
ticks) and Nuttalliellidae, a family containing
the single species Nuttalliella namaqua. Only
about 80 species of ticks feed on domestic ani-
mals, but these are responsible for significant
economic loss both in developed and undevel-
oped countries. European breeds of cattle are
particularly susceptible to blood loss and dam-
age due to feeding ticks.

Ticks are particularly annoying because they
remain attached for long periods of time, take
large bloodmeals and are difficult to remove.
Tick bites, especially those of nymphs and lar-
vae, often are not noticed until after the tick has
detached when there may be a severe toxic or
allergic reaction at the bite site. Granulomatous
lesions can form as a result of tick bites, espe-
cially at sites where clothing binds tightly to the
skin. Tick bites sometimes are accompanied by
intense itching and may take months to heal.

When a bloodfeeding tick is found, it usu-
ally is difficult to remove because the mouth-
parts, including a barbed hypostome that an-
chors it, are cemented firmly in the host’s skin.
There are numerous folklore remedies for tick
removal ranging from hot matches to gasoline.
However, the safest and most effective method
is to grasp the tick as close to the skin surface
as possible with angled forceps and exert a
steady pulling motion until the tick is extracted.
The residual wound should be treated with a
topical antibiotic and covered.

Tick paralysis in humans, dogs, cattle and
other animals including birds, sometimes re-
sults from tick engorgement. This can be a rap-
idly fatal, but easily reversible condition. The
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condition in humans is most common in chil-
dren and has been associated with engorgement
near the spinal column by at least 43 species of
ixodid ticks and several Argas species world-
wide. It is caused by the injection of a neuro-
toxin in the saliva during engorgement. The
neurotoxin disrupts nerve synapses and blocks
neuromuscular junctions. Ticks causing paraly-
sis remain attached for long periods of time,
sometimes more than a week. During that pe-
riod, the host slowly develops fatigue, extrem-
ity numbness, fever and muscular pain. Paraly-
sis is ascending, migrating rapidly from the legs
up and can result in respiratory failure if the
attached tick is not found and removed. Once
the tick is removed, recovery usually is rapid.
In humans, tick paralysis is associated most
commonly with bites by Dermacentor andersoni,
Dermacentor wvariabilis and Amblyomma
americanum in the USA; Ixodes holocyclus in Aus-
tralia; and Ixodes rubicundus in South Africa.

Lachrymal and Unusual Bloodfeeding
Arthropods

Eye-moths in the families Pyralidae,
Geometridae and Noctuidae feed on lachrymal
secretions (moisture associated with the eyes,
nose and mouth) of mammals, including hu-
mans. Slight pain is associated with feeding by
these moths and eyes can become infected and
inflamed from bacterial contamination. Some
male moths bloodfeed. Bloodfeeding moths can
be categorized by 2 basic feeding strategies:
those that pierce the skin and those that scrape
the skin to obtain blood. The noctuid moth Ca-
lyptra eustrigata from Southeast Asia has a strong
proboscis that can pierce the skin of a number
of mammalian species (Banziger and Buttiker
1969).

Lachrymal and sweat-feeding flies in the
family Muscidae are well-known nuisance
pests. Those in the genus Hydrotaea feed on lach-
rymal secretions and lymph or even blood
around fresh wounds. Some Musca species (in-
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Figure 4.10. Demodex, the follicle mite (courtesy of
John D. Edman).

cluding Musca sorbens, Musca vetustissima and
Musca autumnalis) cause great annoyance by
feeding on open sores, cuts and body secretions.
Similarly, Hippelates eye gnats (family Chloropi-
dae) are small (2 mm), shiny black Diptera that
commonly feed on the lachrymal secretions of
a variety of mammals, including humans.

ALLERGIC REACTIONS TO ARTHROPODS

Interactions of arthropods and their antigens
with the vertebrate immune system are com-
plex and varied. The term “allergic reaction,”
although convenient, reflects only one aspect
of the immunologic relationship among verte-
brates, arthropods and arthropodborne infec-
tious agents. Allergic reactions include imme-
diate and delayed responses and resulting se-
quelae to various arthropod venoms, saliva and
inhaled or ingested antigens. Arthropod bites
may stimulate a sequence of cutaneous reac-
tions that change with exposure history.

Host-arthropod immunologic interactions
also include development of host acquired re-
sistance to infestation and arthropod circum-
vention of host defenses. Bloodfeeding insects,
ticks and scabies mites stimulate development
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Figure 4.11. A chigger mite, Leptotrombidium akamushi
(from Lane and Crosskey 1993).

of immunity to infestation. Due to the long-
standing and intimate association of many ec-
toparasitic arthropods with their hosts, it is not
surprising that arthropods have developed
countermeasures to host immune defenses. Im-
munosuppression of the host facilitates ecto-
parasite infestation and contributes to the suc-
cessful transmission of vectorborne pathogens.
Immunosuppressive proteins in arthropod sa-
liva have been identified, purified and charac-
terized for a few arthropods (Wikel and
Bergman 1997). This emerging area of investi-
gation is providing new insights into the role
of arthropod modulation of host defenses in the
facilitation of pathogen transmission (see Chap-
ter 5).

Discovery that animals infested with biting
arthropods can acquire resistance to repeated
infestations has stimulated efforts to develop
anti-arthropod vaccines. The first commercial
anti-tick vaccine is now on the market. Novel
technologies are being used to develop vaccines
that not only limit the ability of arthropods to
infest hosts, but also specifically target factors
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Figure 4.12. Female adult Ixodes persulcatus. Dorsal and ventral views plus details of hypostome and other structures
(from US Army 1957).
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essential for pathogen transmission (Wikel and
Bergman 1997). Advances in immunology, mo-
lecular biology, biotechnology and vaccine re-
search are enhancing understanding of the im-
munology of host-vector-pathogen interactions,
and fostering development of new strategies to
control arthropods and the diseases they trans-
mit.

Allergic and Toxic Reactions to Insect
Venoms

Stings, bites or other contact with arthropods
can result in dermatitis, severe neurologic or
cytologic symptoms, localized or systemic al-
lergic reactions and secondary bacterial infec-
tions. Insects in the order Hymenoptera (bees,
wasps and ants) most commonly are associated
with venomous reactions. A local inflammatory
response to the insect’s venom is the most com-
mon cause of discomfort. A less common re-
sult is induction of a systemic allergic reaction
that causes some individuals to become sensi-
tized, usually following repeated encounters
with a particular venom. Two basic manifesta-
tions of immunity to arthropods are immedi-
ate type hypersensitivity (ITH) and delayed
type hypersensitivity (DTH). In DTH, activated
macrophages respond to the antigen challenge
by phagocytizing particulate antigens, secret-
ing mediators that promote local inflammation
and secreting cytokines and growth factors that
facilitate immune clearance of the antigen. The
term “delayed” refers to the fact that at least 24
hr elapse between the antigen challenge and the
immune response.

In ITH, there often is a rapid release of me-
diators, such as histamine, causing dilation of
local blood vessels and increased vascular per-
meability. Immediate (within an hour) swell-
ing (wheal) and engorgement of vessels with
blood (flare) is caused by escape of blood plasma
into the surrounding tissue. Immediate type hy-
persensitivity in humans is the cause of aller-
gies and asthma. Immediate systemic hyper-
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sensitivity is called anaphylaxis, a condition that
can prove fatal if not treated rapidly. Human
and animal deaths have resulted from stings
by fire ants, honey bees and other stinging bees,
hornets and wasps.

Female Hymenoptera are the only insects
that possess a true stinger that has evolved from
a modified ovipositor. Stinging insects include
yellow jackets and New World hornets
(Vespula), Old World hornets (Vespa), wasps
(Polistes), honey bees (Apis), bumble bees
(Bombus) and fire ants (Solenopsis). Honey bees,
yellow jackets, bald-faced hornets, paper wasps
and imported fire ants are the most common
causes of allergic reactions to insect stings in
North America. Honey bees leave their sting-
ers in the skin, whereas other Hymenoptera can
sting repeatedly. Fire ants use their mandibles
to anchor themselves to their victim and sting
multiple times while pivoting around the at-
tachment site.

Honey bee venom contains approximately
50 mg of solids per droplet, which is thought to
be the entire contents of the venom sac. Other
Hymenoptera deliver smaller doses of venom
protein per injection. Constituents of honey bee
venom include histamine and other vasoactive
substances, melittin (a polypeptide with deter-
gent activity), apamin (a neurotoxic polypep-
tide), and the enzymes phospholipase A2, hy-
aluronidase and acid phosphatase (Habermann
1972). There is little, if any, cross-reactivity of
honey bee antigens with those of the vespids.
Vespid venom includes a major protein aller-
gen (antigen 5) as well as phospholipase and
hyaluronidase. Considerable venom cross-reac-
tivity exists among vespids.

Reactions to stings and bites fall along a con-
tinuum ranging from virtually no reaction to
localized reactions to systemic involvement.
Hypersensitivity to arthropod venom ranges
from mild, localized cutaneous reactions to se-
vere systemic anaphylaxis and death. Excellent
discussions of the etiology, pathogenesis, clini-
cal presentation, diagnosis, and treatment of
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allergy to stinging insects can be found in re-
views by Valentine (1995).

Approximately 50 deaths occur annually in
the USA as a result of allergy to stinging in-
sects. This estimate of fatalities undoubtedly is
low because many sudden deaths occurring in
the outdoors might be attributed inaccurately
to other causes. Most deaths from arthropod-
induced anaphylaxis result from one or 2 stings
(Graft 1996). The absence of a history of sensi-
tivity to insect stings, though rare, does not rule
out the possibility of a fatal anaphylactic reac-
tion.

In addition to anaphylaxis, death can result
from toxic reactions to multiple insect stings.
Death due to toxicity of insect venom occurs
most frequently in young children and the eld-
erly. McKenna (1994) estimated that the lethal
dose of honey bee venom for 50% of the popu-
lation (LDsg) is equivalent to 19 stings/kg body
weight. This translates into 500 stings for the
average child, 1,100 stings for the average adult
female and 1,400 stings for the average adult
male.

The African honey bee (Apis mellifera
adansonii) from central and eastern Africa was
released accidentally into Brazil in 1957. Ini-
tially, it was brought in for crossbreeding ex-
periments to improve honey production of Eu-
ropean honey bees (Apis mellifera mellifera) al-
ready there. However, the African queens es-
caped, mated with drones from local colonies
and great concern arose due to the frequent ag-
gressive attacks of hybrid ‘Africanized” work-
ers on humans and domestic animals. They
spread southward in South America and north-
ward into Central America (~400 km/yr), finally
reaching the USA border in 1990. Now found
in Texas, Arizona, New Mexico and California,
they are expected to spread throughout the mid-
temperate regions of the USA (Fig. 4.13). Some-
times erroneously referred fo as ‘killer’ bees
because of their aggressiveness, their stings are
no more serious than other honey bees. Inter-
estingly, the volume of the venom sac of the
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Africanized honey bee is slightly less than that
of the European honey bee. However, they are
more defensive of their hive and are able to
mount large and sustained attacks that often
result in multiple stings that can lead to serious
toxic reactions. Within 6 years of their arrival
in Mexico, at least 200 people had died as a re-
sult of stings by Africanized workers. Similar
increases in deaths in people can be expected
in the USA.

The red imported fire ant (Solenopsis invicta,
Fig. 4.14) was introduced into the USA near
Mobile, Alabama in the 1930s. It spread quickly
throughout the southeastern states infesting
over 9.3 million km? by 1985. Fire ants have their
most adverse impact on birds that nest on or
close to the ground and colonial nesting water
birds. There is some evidence that there also
may be a beneficial aspect to the introduction
of fire ants. They are voracious predators on
ticks, horn flies, mosquito eggs and many agri-
cultural pests.

Allergic reactions to Hymenoptera venom
can range from localized cutaneous responses
at the site of the sting to systemic reactions of
varying severity. Type I Immunoglobin E-, or
IgE-mediated) hypersensitivity, involving aller-
gen-induced release of mediators from mast
cells and basophils, is the basis for immediate
localized and systemic reactions that occur
within 1 hr of being stung (Valentine 1995).
More prolonged cutaneous manifestations, per-
sisting hours to days after the sting, also are
initiated by IgE, and they represent a phenom-
enon known as the “allergic late phase re-
sponse” (Lemanske and Kaliner 1993). While
approximately 4% of the population of the USA
is hypersensitive to Hymenoptera stings, 13%
react to fire ant allergens and the rate is 58% in
areas where the ants are endemic.

Differing opinions exist regarding diagno-
sis and treatment of insect sting allergy because
the basis for effective immunotherapy is not
fully understood. A positive diagnosis of allergy
to insect venom is established by a skin test (re-
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activity and identification of venom-specific IgE)
and/or radioallergosorbent test. Selection of
specific venoms and the assessment of poten-
tial cross-reactions are important for diagnosis.
Venoms are best for determining allergy to hon-
ey bees and vespids, whereas fire ant hyper-
sensitivity can be tested with whole body ex-
tract. Acute sting reactions are treated accord-
ing to the symptoms. Treatment for local reac-
tions includes ice packs and antihistamines,
whereas more extensive local reactions may
require a course of corticosteroids. Systemic ana-
phylaxis is a life-threatening, acute situation
involving hypotension, laryngeal edema, severe
bronchospasm, increased vascular permeabil-
ity, a vasodepressor effect and smooth muscle
contraction. The treatment of systemic anaphy-
laxis involves the administration of epinephrine
(a vasoconstrictor) and oxygen (Valentine 1995).

Immunotherapy (i.e., desensitization) usu-
ally can be used effectively to avoid anaphy-
laxis from Hymenoptera stings. Multiple
mechanisms likely are involved in immuno-
therapy-induced protection against anaphy-
laxis. Whole body extracts of fire ants are used
for immunotherapy, but are not recommended
for honey bee, wasp, hornet and yellow jacket
immunotherapy (Valentine 1995, Freeman
1997). Immunization with venom results in a
lower incidence of anaphylaxis than does im-
munization with whole body extracts. A strong
positive correlation exists between effective de-
sensitization and the presence of venom-spe-
cific IgG “blocking” antibodies, particularly for
immunoglobulins of the IgG4 subclass. Honey
bee venom can be collected for desensitization
by electroshocking live bees.

The most toxic arthropod bites are associ-
ated with spiders and scorpions. In terms of
human death and sickness resulting from bites,
the most dangerous spiders are found in 4 gen-
era: Atrax (Dipluridae), Harpactirella
(Barychelidae), Loxosceles (Sicariidae) and Latro-
dectus (Theridiidae). Atrax robustus is the Sydney
funnel-web spider of Australia. The genus
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Harpactirella of South Africa contains 11 venom-
ous species. Loxosceles reclusa is the brown re-
cluse spider (Fig. 4.15a) and Latrodectus mactans
is the black widow spider (Fig. 4.16). Both are
found in North America and both are danger-
ous to humans in terms of the severity of their
bites. There is a northern and southern subspe-
cies of black widow that can be separated by
the shape of the red hourglass on their under-
side. Two other species, the red widow and
brown widow, are found only in Florida, and a
4th species occurs only in the western USA.
Only female widow spiders, which are 3 times
larger than males, inflict venomous bites. Their
venom is 15 times more potent (dry weight)
than the venom of the prairie rattlesnake. Fe-
males inject very small amounts of venom with
each bite, so widow bites are rarely fatal. How-
ever, they can result in severe discomfort, with
symptoms including abdominal pain and hard-
ness, hypertension, muscular pain, agitation
and irritability. When all symptoms are present
or some symptoms persist (>12 hr) anti-venom
treatments are recommended, especially in chil-
dren.

Physical contact with arthropod body parts,
hemolymph, poisonous spines and defensive
secretions can cause contact dermatitis and lo-
cal irritation. Conjunctivitis can be caused by
beetles in the family Staphylinidae that swarm
in large numbers and accidentally enter eyes.
Once trapped in the eye, they release defensive
secretions that cause intense burning and some-
times temporary blindness known as “Nairobi
eye.” Larvae of some beetles (Dermestidae),
butterflies (Morphoidae and Nymphalidae) and
moths (Arctiidae, Bombycidae, Eucliidae,
Lasiocampidae, Limacodidae, Lithosiidae,
Lymantriidae, Megalopygidae, Noctuidae,
Notodontidae, Saturniidae, Sphingidae and
Thaumetopoeidae) have urticating, or “net-
tling,” hairs capable of penetrating the skin and
causing a histamine release and dermatitis. Ur-
ticating hairs sometimes are connected to poi-
son glands. Simply brushing against these
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Figure 4.13. Distribution map of Africanized honey bees (from Winston 1992).

spines causes the release of toxin into the skin, ~ Urticating hairs also are attached to cocoons.
and this often results in an intense burning sen- ~ Hairs retain their urticating properties long af-
sation that may persist for more than an hour.  ter being shed by the insect. If urticating hairs
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Figure 4.14. Red imported fire ants: (a) Map of USA actual and projected distribution (adapted from USDA data); (b)
mounds surrounding nest (photograph by Les Greenberg); (c) blisters caused by fire ants (courtesy of John D. Edman).
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areinhaled, they may cause breathing difficulty,
and if ingested, can cause inflammation of the
mouth and throat.

The body fluids of blister beetles (Meloidae)
contain vesicating substances that cause skin
blisters. These body fluids are an important
source of cantharidin (the so-called Spanish fly),
which is used as a counterirritant for skin blis-
ters and erroneously as an aphrodisiac. Diges-
tive tract irritation (colic) in livestock can result
from the ingestion of crushed beetles in alfalfa
and other forage. In Zimbabwe, the misuse of
aphrodisiac preparations from crushed Mylabris
alterna has resulted in death. Body fluids from
larval beetles in the families Chrysomelidae and
Carabidae are used as lethal arrow poisons in
South Africa.

Millipedes (Diplopoda) are primarily her-
bivorous arthropods with 2 pairs of legs on each
segment of their wormlike bodies. However,
they possess defensive secretions in specialized
glands on their body. Some species are able to
expel these secretions several centimeters when
threatened. Secretions include hydrogen cya-
nide, aldehydes, esters, phenols and quinonoids
that can cause burning and blistering of skin
and conjunctivitis when introduced into the
eyes.

Airborne Arthropod Allergens

A variety of molecules derived from arthro-
pods are potent allergens that induce a variety
of respiratory symptoms when inhaled
(Mathews 1989). The importance of cockroaches
and free-living mites in the stimulation of house
dust allergy is well established, and specific al-
lergens have been characterized (Thien et al.
1994). Mites of the genus Dermatophagoides are
linked to [gE-mediated respiratory iliness. Spe-
cies commonly responsible for the allergens of
house dust allergy include Dermatophagoides
pteronyssinus, Dermatophagoides farinae and
Euroglyphus maynei (Arlian 198%a).
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House dust mites (Fig. 4.17) are ubiquitous
in dwellings. The highest populations are asso-
ciated with high humidity in areas such as bed-
rooms, where sloughed human skin scales are
available as food. The number of mites varies
considerably within homes and are found most
commonly in mattresses, overstuffed furniture
and loose pile carpets. Low humidity, especially
during the winter, will reduce mite populations.
Species of house dust mites differ in their preva-
lence in geographic regions and among homes
within a region (Arlian 1989a).

An important advance that facilitated the
characterization of Dermatophagoides allergens
was the colonization of these mites. This al-
lowed the isolation of cDNA that coded for Der
p I, a major allergen of D. pteronyssinus.
Dermatophagoides farinae contains a cysteine pro-
tease allergen, designated Der f I (Heymann et
al. 1986). Der pIand Der f I are known as Group
I allergens. Group II allergens do not appear to
possess enzymatic activity, and their nature re-
mains to be fully characterized. Group III aller-
gens are serine proteases, whereas Group IV
allergens are amylases. The Group I, Il and IV
allergens of both D. pteronyssinus and D. farinae
are secreted by the mite digestive tract, result-
ing in high levels of allergen in mite fecal pel-
lets. Due to their size, mite fecal pellets can be
dispersed readily into the air and inhaled. Fe-
cal pellets as well as mite bodies contain Group
II allergens (Heymann et al. 1989). Immuno-
therapy with house dust mite allergens is ef-
fective in selected patients (Thien et al. 1994).

In addition to mites, house dust allergy fre-
quently is associated with sensitization to cock-
roach allergens (Kang 1976). The American
cockroach (Fig. 4.18), Periplaneta americana, and
the German cockroach, Blattella germanica, are
the species to which individuals are sensitized
most commonly in the USA (Thien et al. 1994).
A number of other insect species have been
linked to respiratory allergies (Mathews 1989).
Sensitization often results from occupational
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Figure 4.15. The brown recluse spider, Loxoceles reclusa: (a) Adult female; (b) lesions on human arm resulting from bite

(from Tipton 1974).

exposure to insects in either large numbers or
for long periods.

Hypersensitivity to cockroach allergens is
the most significant cause of house dust induced
respiratory disease in many settings (Kang
1976). The likelihood of sensitization to cock-
roach antigens is greatest in multifamily,
crowded dwellings and lower socioeconomic
settings. Cockroach feces, saliva and shed cu-
ticle contain allergens (Platts-Mills 1995). The
major allergens identified are Bla g I and Bla g
II from the German cockroach, and Per a I from
the American cockroach. Allergen Bla g I is a
heat labile, 36 kdal protein to which twice as
many humans have specific IgE antibodies,
when compared with sensitivity to Bla g I. Im-
munotherapy using aqueous cockroach extracts
is effective, but avoidance of the allergens is the
best management strategy (Kang et al. 1988).

Mathews (1989) reviewed respiratory aller-
gies induced by inhalation of insect allergens.
Specific sensitivities are not rare and reinforce
the importance of occupational exposures in
insect allergy, particularly among entomolo-
gists. Selected examples of occupational related
hypersensitivities include the development of
rhinitis and/or asthma from exposure to the
grain weevil, Sitophilus granarius, the fruit fly,
Drosophila melanogaster and locusts, Locusta

migratoria and Schistocerca gregaria. The bed bug,
Cimex lectularis, also has been implicated as a
causative agent of asthma attacks (Sternberg
1929). Additional insects to which respiratory
hypersensitivities have been reported include
crickets, grasshoppers, mealworms, silk moths,
butterflies, screwworm flies, house flies, sewer
flies, box elder bugs, mosquitoes and aphids
(Mathews 1989).

Immune Responses to Ectoparasitic
Arthropods

Feingold et al. (1968) proposed that immu-
nological reactions to arthropod bites are caused
by antigenic substances contained in the
arthropod’s oral secretions. They suggested that
repeated challenge by oral antigens in sequen-
tial bites produces an effect characterized by 5
distinct stages: 1) an initial bite, causing no ob-
vious reaction, 2) a delayed skin reaction, 3) an
immediate skin reaction followed by delayed
reactions, 4) an immediate reaction only and 5)
no reaction. Many people who have long-term
exposure to bites by specific arthropod species
achieve stage 5 and no longer react to the bites
of those species.

Significant advances have been made in re-
cent years in understanding the spectrum of
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Figure 4.16. The black widow spider, Latrodectus mactans
(courtesy of Maricopa County Cooperative Extension).

immune responses induced by ectoparasitic ar-
thropods, particularly bloodfeeders (Wikel
1996). The complexity of host-arthropod im-
mune interactions is increased by the fact that
many ectoparasitic arthropod species are ca-
pable of modulating host immune defenses
(Wikel et al. 1996b). Furthermore, immunosup-
pression of the host can be an important factor
in pathogen transmission, such as in the case
of ticks (Zeidner et al. 1996, Wikel and Bergman
1997). In addition to immunosuppressive mol-
ecules, ectoparasitic arthropod saliva contains
an array of pharmacologically active molecules
including anticoagulants, inhibitors of platelet
aggregation, vasodilators and pain inhibitors
(Ribeiro 1995, Champagne and Valenzuela
1996). Bloodfeeding has arisen independently
multiple times among the ectoparasites, so itis
not surprising that a diverse array of pharma-
cologically active molecules are found in the
saliva of these species. These molecules contrib-
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Figure 4.17. The house dust mite, Dermatophagoides
pteronyssinus {from Krantz 1978).

ute to successful feeding and the ability of vec-
tor species to transmit disease pathogens. Im-
mune responses associated with individual
groups of arthropods are reviewed below.

Lice

Host immune responses to sucking lice have
been studied for many years. Repeated infesta-
tions of the human body louse results in intense
cutaneous irritation and development of sys-
temic symptoms suggestive of anaphylaxis.
Immediate and delayed hypersensitivity reac-
tions in sensitive individuals are elicited by skin
tests with louse heads and feces. Skin test sen-
sitivity is correlated directly with the intensity
of cutaneous reactivity to infestation.

Polyplax serrata, a sucking louse of mice, is a
useful experimental model for studying the
immunology of host-louse interactions. Mice
that were prevented from grooming developed
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Figure 4.18. The American cockroach, Periplaneta americanum (photograph by Daniel R. Suiter).

peak louse burdens by the 4th week of infesta-
tion, after which the number of lice declined to
few or none (Bell et al. 1966). Development of
resistance to infestation appeared to be corre-
lated directly with the length and intensity of
infestation. Resistance to reinfestation with P.
serrata was limited to the site of prior louse feed-
ing, because naive sites on previously infested
mice were susceptible to engorgement. Lice al-
lowed to feed on previously uninfested cuta-
neous areas on resistant mice were reduced by
59% when compared to susceptible controls.
Systemic acquired immunity to P. serrata was
developed by mice within 50 days of infesta-
tion (Ratzlaff and Wikel 1990). Systemic anti-
louse immune responses were responsible for
acquired resistance. One week after initial in-
festation, lymphocytes of infested mice prolif-

erated in vitro when cultured in the presence of
P. serrata extract, indicating immune recogni-
tion of louse immunogens. A distinct sequence
of skin test reactivity to louse antigens devel-
oped during the course of a primary infesta-
tion. Delayed reactions were elicited by day 19
of infestation and both immediate and delayed
reactions developed to skin testing by day 34.
Continued infestation resulted in a loss of skin
test reactivity.

True bugs

Hemipteran saliva has been characterized
extensively for anti-platelet, vasodilatory and
anticoagulant molecules (Ribeiro 1995), but not
for immunogens. Cimicid bug bites cause the
sequential development of the 5 stages of cuta-



4. Direct Injury by Arthropods

neous reactivity previously described (Feingold
et al. 1968).

Fleas

Host-flea immunological interactions were
among the first studied in detail. A progressive
pattern of skin responsiveness was described
for guinea pigs repeatedly exposed to bites from
cat fleas, Ctenocephalides felis (Benjamini et al.
1961). The sequence of host reactions is similar
to that described by Feingold et al. (1968). In
animals exposed to flea bites daily for 10 days
and then twice weekly for several months, im-
mediate hypersensitivity only (Stage 4) occurred
after 60-90 days of exposure. Fleas sensitize
and elicit host immune reactions involving an-
tibodies and specifically sensitized T-lympho-
cytes.

Characterization of flea immunogens is of
practical importance, not only in understand-
ing flea allergy, but also for developing strate-
gies for desensitizing individuals who are hy-
persensitive to flea bites. Cat flea allergens are
hypothesized to be haptens that complex with
host components, especially collagen
{Benjamini et al. 1963, Michaeli et al. 1965). The
biological activities of these allergens and their
potential usefulness in control of flea hypersen-
sitivity remain to be determined.

Mosquitoes

The role of mosquito saliva as the source of
allergens first was established by cutting the
main salivary duct and then allowing mosqui-
toes to feed on sensitive individuals (Hudson
et al. 1960). Bites of females with severed ducts
did not elicit cutaneous hypersensitivity,
whereas bites of mosquitoes with intact salivary
ducts did elicit skin responses. Mellanby (1946)
described 5 stages of cutaneous hypersensitiv-
ity to Aedes aegypti bites, similar to those de-
scribed for bed bugs and fleas. Immediate and
delayed type hypersensitivity reactions were
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observed after mosquito bites (Wilson and
Clements 1965). These cutaneous reactions in-
dicate the involvement of mosquito specific IgE
for immediate hypersensitivity, circulating IgM
and/or IgG for the Arthus reaction, and spe-
cifically sensitized T-cells mediating delayed
type hypersensitivity responses. Individuals
with immediate hypersensitivity to Aedes
albopictus had serum antibodies that reacted in-
tensely on immunoblots (Shan et al. 1995). Se-
vere systemic anaphylaxis and even death can
occur from mosquito bites (Ohtaki and Oka
1994). Cutaneous and serological cross-reactiv-
ity among mosquito species have been observed
for bite sensitive individuals (Peng and Simons
1997).

Other Diptera

Cutaneous hypersensitivity is caused by
bites of the midge, Culicoides imicola (Ungar-
Waron et al. 1990), the tsetse, Glossina morsitans
centralis (Ellis et al. 1986), the black fly, Simu-
lium wvittatum (Cross et al. 1993b) and the horn
fly, Haematobia irritans (Kerlin and Allingham
1992). Antibody and cell-mediated immune re-
sponses are stimulated by feeding flies. An im-
portant feature of host immune reactivity to
dipterans is that the responses elicited do not
protect the host from further bites. Molecules
essential for the feeding success of the fly are
poorly immunogenic, perhaps to assure con-
tinued fly survival. Genetic composition of the
animal being attacked is also an important fac-
tor in determining the nature of the immune
response to fly bites, and most flies feed on a
wide variety of animal hosts.

Ticks

Host immune responses to ticks have been
studied more than any other arthropod ecto-
parasite-host relationship. The initial stimulus
for investigating tick-host immune interactions
was the observation that vertebrate hosts ac-
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quired resistance to infestation (Willadsen 1980,
Wikel 1982a). A practical implication is that re-
sistance to ticks might be inducible by immu-
nization. Acquired resistance to tick infestation
is characterized by reduced engorgement, pro-
longed feeding, diminished egg production,
inhibition of molting and death (Wikel et al.
1996a). Many experiments focusing on host
immune responses to ticks have utilized un-
natural vertebrate-tick associations. This has
been a source of criticism and concern. How-
ever, hosts also acquire immunologically-based
resistance to ticks infesting them in nature.
Laboratory mice respond to Ixodes ricinus in-
festation in a manner similar to mice in nature
(Mbow et al. 1994). The black vole
(Clethrionomys glareolus) is a natural host of Ix.
ricinus and still acquires resistance to infesta-
tion (Dzij and Kurtenbach 1995). An advantage
of laboratory animal studies of tick-host im-
mune interactions is the availability of reagents
to study specific mediators and cell popula-
tions, inbred lines of animals and the availabil-
ity of “knockout” mice lacking genes encoding
specific elements of the immune system.
Early investigations of host immunity to
ticks focused on the histology of bite sites on
susceptible and resistant hosts. Guinea pigs and
cattle expressing acquired resistance developed
intense basophil accumulations at tick attach-
ment sites (Allen 1973, Allen et al. 1977), which
had the characteristics of cutaneous basophil
hypersensitivity (CBH) responses. Eosinophils
are a prominent component of the cellular in-
flux surrounding the imbedded mouthparts of
ticks attached to vertebrate animals with ac-
quired resistance (Allen 1973). Resident mast
cells and infiltrating basophils possess Fc re-
ceptors for IgE and other classes of antibodies.
These are capable of interacting with specific
immunogens introduced into the bite site in tick
saliva, resulting in the release of bioactive me-
diators and the influx of eosinophils (Brossard
and Fivaz 1982). Passive administration of anti-
basophil or anti-eosinophil serum results in re-
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duced resistance to infestation with the lone star
tick, Amblyomma americanum, indicating a role
for both cell types in acquired resistance (Brown
et al. 1982). Histamine, an important compo-
nent of basophil and mast cell granules, causes
the disruption of tick feeding (Paine et al. 1983).

Circulating antibodies in vertebrate animal
hosts contribute to acquired resistance. Antibod-
ies for acquired resistance to infestation by a
number of tick species, including Dermacentor
variabilis, Ixodes holocyclus, Boophilus microplus
and A. americanum, can be transferred passively.
Guinea pigs develop increasing levels of sali-
vary gland-specific antibodies during the course
of repeated infestations with Dermacentor
andersoni (Whelen et al. 1986). These antibodies
are important in resistance expression (Whelen
and Wikel 1993).

Host immunity to ticks is not entirely de-
pendent on antibodies. T-lymphocytes have
regulatory and effector functions in acquired re-
sistance. Resistance has been adoptively trans-
ferred with viable lymphocytes (Wikel and
Allen 1976). The CBH reactions elicited by ticks
feeding on resistant hosts are a form of delayed
hypersensitivity, and are mediated by Th1 lym-
phocytes (Mosmann and Coffman 1989). Fur-
thermore, in vitro cultures of peripheral blood
or splenic lymphocytes proliferate in the pres-
ence of tick salivary gland molecules (Brossard
et al. 1991). Use of the T-lymphocyte specific
immunosuppressant, Cyclosporin A, resulted
in a significant reduction of immunity to Ix. rici-
nus. (Girardin and Brossard 1989).

The contribution of T-lymphocytes to the
regulation and expression of acquired resistance
to ticks is complex and dynamic, changing dur-
ing the course of infestation. Delayed type hy-
persensitivity responses and the production of
IgM and IgG are orchestrated in part by IL-2,
IFN-G and other cytokines elaborated by the
Th1 subpopulation of T-helper cells. Th2 cytok-
ine IL-4 contributes to the development of the
homocytotropic antibody response induced by
tick feeding. Significant gaps remain in our un-
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derstanding of acquired resistance to ticks, par-
ticularly the identity and characteristics of im-
munogens responsible for antibody and cell-
mediated responses. Construction of salivary
gland cDNA libraries and application of the
tools of molecular biology should result in
significant advances in this area.

Mites

Several ectoparasitic mite species have been
studied in relation to their interactions with host
immune systems. These include: Psoroptes ovis,
Psoroptes cuniculi, and Sarcoptes scabiei. A com-
prehensive review of the literature on host re-
sponses to mange mites (other than S. scabiei)
and chiggers has been prepared by Wrenn
(1996).

Psoroptes spp.

Sheep scab, caused by P. ovis, was recognized
as a serious disease of sheep prior to 180 BC
(Kirkwood 1986). Psoroptes ovis cause great eco-
nomic loss, and extensive efforts have been
made to eradicate this mite. Psoroptes ovis and
P. cuniculi (rabbit ear mite) are not reproduc-
tively isolated (Wright et al. 1983). Host eryth-
rocytes are ingested by both P. ovis and P. cuni-
culi (Wright and DeLoach 1980), but their
mechanisms of feeding are not well defined.
Host sensitization arises from exposure of host
skin to mite antigens introduced during feed-
ing (Kirkwood 1986). Rabbits infested with P.
cuniculi develop mite specific antibodies that are
thought to be responsible for the skin lesions.
Cattle infested with P. ovis develop circulating
antibodies that bind components of extracts of
both P. gvis and P. cuniculi, suggesting the pres-
ence of shared epitopes (Fisher and Wilson
1977). Development of dermatitis caused by P.
ovis by Hereford heifers restricted from groom-
ing was correlated to the presence of circulat-
ing antibodies (Purett et al. 1986). Cattle previ-
ously infested with P. ovis develop resistance
to a second infestation, during which mite

129

populations are greatly reduced (Stromberg and
Fisher 1986). Host grooming is an important
factor limiting the number of mites infesting
cattle (Guillot 1981). The development of im-
munologically-mediated cutaneous hypersen-
sitivity would contribute significantly to the
cutaneous sensations that stimulate grooming.

Sarcoptes scabiei

The most extensively studied mite-host im-
munological relationship is scabies and humans
(Arlian 1989b). Scabies mites reside in the epi-
dermis and burrow from the bottom of skin
creases by the action of the mouthparts and the
blade-like claws of the first and second legs (Bur-
gess 1994). Mouthparts of adult female S. scabiei
can penetrate the spinose layer of the epider-
mis. The constant growth of the epidermis re-
sults in the burrow and larvae are found in the
cornified layers of the epidermis. The burrow
eventually is lost as the keratinized layer of the
epidermis is sloughed off. Mites deposit immu-
nogens that stimulate and elicit host immune
responses in the burrow. Immunogens are
found in mite saliva, feces, cuticle, eggs, feces
and dead mites.

Arlian (1996) reviewed the immunology of
scabies. The sequence of cutaneous immune
reactions occurring during the course of scabies
is similar to that described for bites by bed bugs,
mosquitoes and fleas. The induction, or sensi-
tization, phase lasts 4-8 weeks, depending on
the intensity of infestation. During this time
there is an absence of cutaneous hypersensitiv-
ity. The delayed hypersensitivity response to
infestation involves antigen presenting cells,
specifically sensitized T-cells and inflammatory
cells.

Immediate hypersensitivity responses are
mediated by mite specific IgE, or other immu-
noglobulin isotypes, that are bound to mast cells
situated around blood vessels in the dermis.
With the onset of immediate hypersensitivity,
the characterization of persistent or delayed re-
actions becomes more complicated due to the
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phenomenon of the late phase allergic reaction,
which can persist for more than 24 hr
(Lemanske and Kaliner 1993). Late phase aller-
gic reactions involve the infiltration of granulo-
cytes and mononuclear cells over a period of
hours into the site of an immediate hypersensi-
tivity response. Eventually, individuals become
specifically unresponsive to S. scabiei immuno-
gens. Unresponsiveness (anergy) to mite anti-
gens could be occurring in individuals with
crusted (Norwegian) scabies. This would ex-
plain the lack of cutaneous irritation and the
large numbers of mites experienced by these
patients. Circulating IgM and IgG immunoglo-
bulins are induced by S. scabiei infestation
(Arlian 1996). Circulating antibodies are not
dependent upon an IgE response. During in-
festation, serum IgA levels were found to be
lower than after successful treatment (Hancock
and Ward 1974). IgE, IgM and IgG levels are
increased during infestation, while IgA is low-
ered (Morsy et al. 1993) and complement levels
are not changed. Antibodies and complement
levels appear to contribute to the cutaneous
pathology of scabies.

The first S. scabiei infestation induces resis-
tance to reinfestation. Primary infestation of
human volunteers was characterized by devel-
opment of peak mite populations after 8-15
days, followed by a rapid decline in mite num-
bers (Mellanby 1944). A second infestation re-
sulted in a rapid onset of cutaneous irritation,
and the mite population was only a fraction of
that reached during the first exposure. Subse-
quent investigations of acquired immunity to
scabies established the importance of cell-me-
diated immunity in protection, i.e., the predomi-
nance of Thl responses in resistant hosts, and
the dominant Th2 reactivity of susceptible in-
dividuals (Arlian 1996). These results indicate
that a cell-mediated, pro-inflammatory re-
sponse is associated with resistance to scabies,
while a predominantly immediate hypersensi-
tivity response is associated with susceptibility
to infestation.

Chapter 4

Arthropod Modulation of Host Immunity

The survival of bloodfeeding arthropods is
threatened by the hemostatic and immune de-
fenses of vertebrate hosts. Problems of host im-
mune defenses are particularly important for
arthropods such as ticks that feed for long peri-
ods of time. Short-term bloodfeeders also are
faced with host immunity stimulated by re-
peated feedings over time. Therefore, it is not
surprising that ectoparasitic arthropods can
modulate host defenses. Disease pathogens
possess a variety of mechanisms for circumvent-
ing host defenses (Marrack and Kapler 1994,
Kotwal 1996). Many of the immunosuppression
strategies employed by pathogens also are used
by ectoparasitic arthropods.

A dynamic balance occurs between the im-
mune defenses of the host and arthropod-me-
diated immunosuppression that likely evolved
to facilitate feeding. Saliva of hematophagous
arthropods contains anticoagulants, anti-plate-
lets and vasodilatory molecules, all of which are
essential for a continuous supply of blood while
the arthropod is feeding (Ribeiro 1995, Cham-
pagne and Valenzuela 1996). Pathogens appear
to have taken advantage of this situation to fa-
cilitate their own transmission. Inhibiting im-
munity to the point where hosts are over-
whelmed by commonly encountered microor-
ganisms would deprive the arthropod of essen-
tial food and/or habitat. Thus, a balance is
achieved between the parasite and host de-
fenses. Arthropod modulation of host defenses
is a topic of current research interest and will
enhance understanding of host-arthropod re-
lationships and vectorborne pathogen transmis-
sion.

Diptera are capable of suppressing host in-
nate and specific acquired immune responses.
These reductions in host defenses facilitate suc-
cessful bloodfeeding or migration through host
tissues for myiasis larvae. Furthermore, the im-
mune defenses suppressed by the arthropod are
those that would be involved in the host re-
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sponse to arthropodborne disease agents.
Therefore, arthropod suppression of host im-
munity provides a favorable environment for
transmission and establishment of vectorborne
pathogens (Wikel 1999).

Salivary gland extracts of the black fly, S.
vittatum, modulate host immunity (Cross et al.
1993a). These extracts reduce the expression of
molecules essential for effective presentation of
antigens to T-lymphocytes, decrease the ability
of T- and B-lymphocytes to proliferate and in-
hibit production of specific cytokines. In es-
sence, S. vittatum has the ability to suppress key
host defense mechanisms.

Infectivity of Leishmania major in the verte-
brate host is enhanced by saliva of the sand fly,
Lutzomyia longipalpis (Titus and Ribeiro 1990).
This enhanced infectivity can be attributed in
part to the fact that sand fly saliva inhibits the
ability of macrophages to effectively participate
in the development of a specific T-cell-mediated
immune response to Le. major (Theodos and
Titus 1993). Furthermore, saliva of the Old
World sand fly, Phlebotomus papatasi, inhibits the
production of macrophage molecules that are
capable of killing intracellular pathogens (Hall
et al. 1995). The importance of these observa-
tions is that disease agents transmitted by these
flies are deposited into a bite site where host
defenses against them are reduced.

Mosquitoes also inhibit host innate and spe-
cific immune defenses. Salivary gland extracts
of female, but not male, Ae. aegypti reduces the
release of pro-inflammatory cytokines from
mast cells (Bissonnette et al. 1993). The impor-
tance of this observation is that mast cells are
found around small blood vessels from which
female mosquitoes will be attempting to obtain
a meal. The presence of biologically active mol-
ecules released from mast cells has the poten-
tial to disrupt the normal events associated with
bloodfeeding. By blocking mast cell mediator
release, the female mosquito provides a more
favorable environment in which to dine. Fur-
thermore, salivary extracts of female Ae. aegypti
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reduce pro-inflammatory cytokine production
by T-lymphocytes (Cross et al. 1994). Reduced
inflammatory/immune responses are to the
advantage of the female mosquito as she at-
tempts to feed.

Tissue-migrating fly larvae are in intimate
contact with host immune defenses so that any
reduction in host immunity would provide a
more favorable environment for their develop-
ment within host tissues. Larvae of the warble
fly, Hypoderma lineatum, degrade host comple-
ment levels (Boulard 1989), inhibit T-lympho-
cyte proliferation (Chabaudie and Boulard 1992)
and reduce T-cell production of the cytokine IL-
2 (Nicolas-Gaulard et al. 1995). Phaenicia cuprina
larvae, which infest sheep, have the ability to
reduce host antibody responses (Kerlin and East
1992), degrade host antibodies of the IgG class
(Sandeman et al. 1995) and inactivate comple-
ment (O'Meara et al. 1992). Clearly, these my-
iasis larvae have the ability to counteract ele-
ments of the host defenses that would impair
their ability to survive.

Tick modulation of host defenses has been
investigated more thoroughly than other ecto-
parasitic arthropod-host relationships. Readers
interested in an in-depth discussion of this topic
should consult the reviews by Wikel and
Bergman (1997) and Wikel (1999). Because ticks
feed over a period of days, host immune de-
fenses are a particular threat to their survival.
Ticks have developed countermeasures to avoid
these host defenses. Saliva of Ix. scapularis in-
hibits activation and biological activity of spe-
cific components of the complement system
(Ribeiro and Spielman 1986, Ribeiro 1987). Tick
infestation reduces the ability of infested ani-
mals to develop an antibody response to a for-
eign antigen (Wikel 1985). Inhibiting the ability
of the host to make antibodies and the inhibi-
tion of complement action can directly facilitate
tick feeding and reduce the host defensive re-
sponse to any infectious agent introduced by
the engorging tick.
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In addition to reducing the antibody arm of
the immune response, infestation with D.
andersoni (Wikel 1982b) or Ix. ricinus (Ganapamo
et al. 1996) reduces T-lymphocyte responses.
Furthermore, infestation with these tick species
or in vitro exposure of cells to salivary gland
extracts, modulates host T-lymphocyte cytok-
ine responses (Ramachandra and Wikel 1992,
Ganapamo et al. 1996). Tick suppression of these
specific aspects of host cell-mediated immunity
is induced by specific proteins produced by tick
salivary glands (Urioste et al. 1994, Bergman et
al. 1995).

Tick immunosuppression of the host influ-
ences transmission and/ or establishment of the
tickborne pathogen Borrelia burgdorferi. Cytok-
ines passively administered to mice suppressed
transmission by feeding Ix. scapularis nymphs
infected with B. burgdorferi whereas control mice
were not protected (Zeidner et al. 1996). In ad-
dition, mice repeatedly infested with pathogen-
free Ix. scapularis nymphs were resistant to the
transmission of B. burgdorferi when subse-
quently infested with infected ticks (Wikel et
al. 1997). The basis for resistance to tick-trans-
mitted infection following repeated infestation
with pathogen-free ticks appears to be linked
to development of a host response that reduces
the intensity of tick-induced host immunosup-
pression.

Anti-Arthropod Vaccines

Anti-arthropod vaccines are based in part on
the observations that hosts acquire natural re-
sistance to infestation by some arthropods. Fur-
thermore, arthropod-derived molecules not in-
troduced into hosts during feeding can be used
to stimulate anti-arthropod immunity. The most
striking success to date is development of a vac-
cine to control B. microplus ticks. This vaccine
consists of a recombinant digestive tract sur-
face membrane glycoprotein, Bm86 (Tellam et
al. 1992). Significant advances are being made
toward the development of a vaccine to control
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myiasis by the sheep blowfly, P. cuprina
(Sandeman 1996). Although attempts to de-
velop anti-insect vaccines have been variable,
advances being made in vaccine research, mo-
lecular biology and biotechnology certainly will
further efforts to develop commercially viable
anti-arthropod vaccines in the future.

MYIASIS

Myiasis is the invasion of vertebrates by
dipteran larvae that feed on living or dead tis-
sue and fluids or on the ingested food of the
host. Such invasions may be asymptomatic;
however, they can be severe and result in death
if left untreated. Myiasis may be obligatory
when the parasite is dependent on the host to
complete its development, or facultative when
the larva, though normally free-living, can un-
der certain circumstances adapt itself to a para-
sitic existence. Accidental myiasis results from
inadvertent ingestion of fly larvae or eggs.
Tables 4.2, 4.3 and 4.4 present common species
of Diptera associated with each of these types
of myiasis.

Zumpt (1965) hypothesized that Diptera
causing myiasis evolved independently along
2 routes: the saprophagous and the
sanguinivorous. Modern species that followed
the saprophagous route developed through 3
steps: (1) carrion- or excrement-feeding larvae
invaded hosts through diseased or ill-smelling
wounds; (2) healthy tissues, usually those in
contact with the necrotic ones, were invaded;
(3) finally, the parasite became obligatory and
malign, requiring healthy tissues for develop-
ment. In some species, the final step still has
not been bridged thoroughly. For example, the
sarcophagid fly Wohlfahrtia vigil is an obligatory
parasite in its earlier stages and usually
throughout its larval development. However,
it can survive as a final instar after its host has
died.
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Diptera evolving along the sanguinivorous
route began as predaceous larvae that pierced
the cuticle and sucked the hemolymph of other
insects that shared their habitat in excrement
or carrion. Maggots then proceeded to attack
vertebrates as bloodsuckers (e.g., the Congo
floor maggot, Auchmeromyia senegalensis) and fi-
nally became warble-forming or body-invading
parasites.

James (1969) discussed the probable evolu-
tion of the 3 obligatory screwworms: the pri-
mary screwworm (Cochliomyia hominivorax), the
Old World screwworm (Chrysomya bezziana) and
Wohlfahrtia magnifica, compared to their scav-
enger-facultative counterparts Cochliomyia
macellaria (the secondary screwworm), Chry-
somya megacephala and Wohlfahrtia meigenii.
Strains of the common green-bottle fly, Phaenicia
sericata, include one harmless enough to be used
safely in maggot therapy of wounds and osteo-
myelitis, while another is economically impor-
tant as a sheep wool maggot. More in depth
reviews of myiasis can be found in Harwood
and James (1979), James (1947), Zumpt (1965),
Morikawa (1958), Scott (1964), Lee (1968), (Broce
1985) and Kettle (1990). The last-named author
also provided an economic analysis.

Accidental Enteric Myiasis

About 50 species of fly larvae that may in-
vade the human digestive track and cause en-
teric myiasis belong to the genera Musca, Calli-
phora, Sarcophaga, Fannia, Eristalis and Droso-
phila. Usually no development of these larvae
occurs within the human host. Infestation is
caused by ingestion of food or liquids contami-
nated with larvae or eggs. Enteric myiasis as a
pathological condition in humans is discussed
in detail by Riley (1939), James (1947) and West
(1951). They contend that true enteric myiasis
may occur occasionally when chemical and
physical conditions within the host alimentary
tract favor parasite survival. Leclercq (1974)
presented a concise account of enteric myiasis

133

and its associated dipterans. Zumpt (1965) does
not consider enteric infestation in humans to
be true myiasis because the ingested larvae
normally do not feed while they complete their
development in the human digestive tract. He
sees this as the ability of the fly maggots to re-
sist an extremely unfavorable environment,
rather than an adaptation to a facultative form
of parasitism. An obligatory type of enteric
myiasis does occur in the Gasterophilidae that
naturally invade the digestive tract of herbivo-
rous mammals.

Accidental enteric myiasis (Table 4.2) some-
times may cause severe clinical symptoms in
humans. Symptoms vary with the larval spe-
cies, number or location within the digestive
tract. Severe infestations may cause depression
and malaise in the patient. Vomiting, nausea,
vertigo, abdominal pain and diarrhea with
bloody discharge may occur as a result of in-
jury to the intestinal mucosa. Diptera involved
in human enteric myiasis include the house fly
(Musca domestica), the little house fly (Fannia
canicularis), the latrine fly (Fannia scalaris), the
false stable fly (Muscina stabulans), the cheese
skipper (Piophila casei), the black soldier fly
(Hermetia illucens) and the drone fly (Eristalis
tenax).

Some fly larvae invade the intestine via the
anus, which may explain reported cases of in-
testinal myiasis caused by E. tenax, F. scalaris,
F. canicularis, M. stabulans and certain species
of Sarcophaga. These larvae are excrement feed-
ers and may complete their development in the
host’s rectum or terminal part of the intestine.
Parasitism of this type may occur in humans,
usually small children or bedridden adults, liv-
ing under filthy conditions, or in domestic ani-
mals that are partially paralyzed or otherwise
helpless.

Facultative myiasis may occur when a spe-
cies that normally is a saprophage or carrion
feeder becomes adapted to a parasitic existence
(Table 4.3). Phaenicia cuprina is a facultative para-
site that is benign in many parts of the world
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but has become an important wool maggot in
Australia since the introduction of sheep.

Urinary Myiasis

Urinary myiasis occurs when the bladder
and urinary passages are invaded by Diptera
larvae. This may cause obstruction, pain, pus,
mucus, blood in the urine and a frequent de-
sire to urinate. Fannia canicularis is the species
most frequently involved, although F. scalaris,
M. domestica, M. stabulans, the ephydrid
Teichomyza fusca and other species have been
associated with urinary myiasis. Infestation
probably occurs at night in warm weather when
people (usually females) sleep without cover-
ing. Discharges from diseased reproductive or-
gans, soiled or unbathed pubic areas or use of
unsanitary toilets may stimulate oviposition
and infestation of the host.

Cutaneous Myiasis

Larvae that normally develop in carrion or
processed meats may become involved in trau-
matic cutaneous myiasis. Blow flies (Calli-
phoridae), including species such as Calliphora
vicina, Phaenicia sericata, P. cuprina, Lucilia
illustris, Lucilia caesar, Phormia regina, C.
macellaria and several species of Chrysomya are
involved most commonly. Other related fami-
lies of flies that may produce this type of myia-
sis include sarcophagid species such as
Sarcophaga haemorrhoidalis and the phorid
Megaselia scalaris.

Species such as P. regina and P. sericata may
be attracted to neglected, suppurating, malodor-
ous wounds, especially if the patient is incapaci-
tated. Considerable pain may accompany the
invasion of these maggots. Hall et al. (1986) de-
scribed a case of human myiasis caused by P.
regina. Phaenicia sericata is often a benign hu-
man wound parasite, feeding primarily on ne-
crotic tissues; however, healthy tissues may be
invaded. Greenberg (1984) described 2 cases of
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human myiasis caused by P. sericata in Chicago
hospitals. There is evidence that Chrysomya
rufifacies, while having larvae that usually are
predatory, may be an important pest in some
areas. Richard and Gerrish (1983) recorded the
first confirmed human case of myiasis produced
by C. rufifacies in the continental USA;
Baumgartner (1993) discussed its taxonomy,
distribution, bionomics and medical / veterinary
importance. He stated that late instars are ben-
eficial as predators of the maggots of pathogen-
transmitting and myiasis-producing flies, but
strains from Australia, India and Hawaii can
cause secondary myiasis. In Hawaii, C. rufifacies
produces an unusual myiasis in newborn calves
in which larvae eat the epidermis, causing death
by dehydration. Other Chrysomya species may
be either primary or secondary parasites.

The secondary screwworm of the Americas,
Cochliomyia macellaria, may be a secondary
wound invader of some consequence, particu-
larly in domestic animals. However, much of
the damage attributed to this fly in early litera-
ture was caused by its close relative, the pri-
mary screwworm, Cochliomyia hominivorax. A
similar situation occurs in the Old World, where
Chrysomya bezziana was responsible for much
of the traumatic myiasis previously attributed
to Chrysomya megacephala.

Wool Maggots

Although wool maggot, or fleeceworm, in-
festation is most serious in Australia, it also is
important in certain other parts of the world.
Frogatt (1922) suggested that prior to the intro-
duction of cattle and sheep into Australia, these
blow flies existed as simple scavengers. Losses
from wool maggots in Australia, due primarily
to P. cuprina, were estimated at $28 million dur-
ing the 1969-1970 season. Phaenicia cuprina is
also the most important species in South Af-
rica. Phaenicia sericata replaces P. cuprina in im-
portance in some areas, such as in Scotland. In
the USA, P. sericata, P. regina and C. macellaria
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Table 4.2. Some common species of Diptera associated with accidental myiasis in humans (adapted

mainly from James 1947).

Family and species

Type of myiasis

Distribution

Syrphidae

Eristalis tenax

Ephydridae

Teichomyza fusca Urinary
Stratiomyidae

Hermetia illuscens Enteric
Piophilidae

Piophila casei Enteric

Muscidae

Fannia scalaris
auricular

Fannia canicularis
auricular

Musca domestica

Enteric (anal)

Enteric (anal), urinary,

Enteric (anal), urinary,

Enteric, urinary, nasal,

Cosmopolitan

Palearctic, Neotropical

Nearctic, Neotropical, Palearctic,
Australian

Cosmopolitan

Palearctic, Nearctic, Ethiopian

Palearctic, Nearctic, Neotropical,
Ethiopian, Australian

Cosmopolitan

auricular, general tissue

Muscina stabulans

Stomoxys calcitrans

Enteric (anal), urinary

Enteric, general tissue

Palearctic, Nearctic, Neotropical,
Ethiopian, Australian

Cosmopolitan

are responsible for most attacks on sheep
(known as sheep strike. Another important spe-
cies is Calliphora stygia in New Zealand and to a
lesser extent in Tasmania and Australia. A
sometimes important species native to Austra-
lia is Calliphora augur. Ophyra rostrata can be of
secondary importance in South America.

Surgical Maggots

The role of maggots in healing was discov-
ered as early as 1799 and was utilized first dur-
ing the US Civil War (Miller 1997). Although
now mainly of historical interest, the use of ster-

ile maggots in wound therapy was practiced
commonly from 1931 until the advent of sulfa
drugs and antibiotics a decade later. One of the
authors (SEK) continues to receive inquiries
about the availability of Phaenicia maggots for
surgical purposes and they still appear to be
used on a limited, but not well advertised, ba-
sis to treat certain bone and other deep injuries.
One of the first known natural antibiotics,
allantoin, was isolated from blow fly larvae in-
vading human wounds. This discovery gave
credence to observations during the Civil War
that injured soldiers with maggots in their
wounds seemed to suffer less gangrenous bac-
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Figure 4.19. (a) The New World primary screwworm, Cochliomyia hominivorax; (b) cattle damage from screwworm

(courtesy of USDA Livestock Insects Laboratory).

terial infections. The subject of maggot therapy
is summarized by Greenberg (1973).

Obligatory Myiasis

Domestic and wild mammals are subject to
attack primarily by dipteran larvae that are
obligatory flesh parasites (Table 4.4). However,
birds, reptiles and amphibians occasionally are
invaded by this group of parasites. These fly
larvae can develop only in living host tissue.
Flies of several families may be involved, usu-
ally Calliphoridae, Sarcophagidae, Oestridae,
Gasterophilidae and Cuterebridae.

The primary screwworm

Cochliomyia hominivorax (Fig. 4.19a) can be
an important human parasite in tropical areas
where humans are associated closely with live-
stock (Fig. 4.19b). The last reported human case
was a soldier returning from duty in Panama
(Mehr et al. 1991). The primary screwworm is a
major pest of livestock, and has resulted in sig-
nificant economic losses.

Cochliomyia hominivorax is an obligate para-
site requiring living tissue to complete its de-
velopment. However, a cut, abrasion or other
injury to the skin is generally required for the

larvae to gain entry to host tissues. Larvae also
can enter through body orifices, but it is believed
that the mucous membranes still must be bro-
ken or abraded. Many livestock husbandry
practices such as castration, dehorning, brand-
ing and shearing, along with cuts, scratches and
insect bites, often create wound stimuli that at-
tract ovipositing female screwworm {lies.

Adult flies are approximately 3 times the size
of a house fly and characteristically are metallic
blue or blue-green in color. Females lay batches
of 200-300 eggs in compact masses on the skin
around fresh or necrotic wounds. Eggs hatch
in 12-24 hr and larvae are gregarious, feeding
in a characteristic head-down position with the
posterior spiracles toward the opening of the
wound. Larvae continue development for 4-10
days and grow to a length of approximately 17
mm before dropping from the wound to pu-
pate in the top 2.5 cm of soil. The pupal stage
lasts from about 1 week during summer to
about 3 months during winter. Females typi-
cally mate only once and lay their first egg batch
5-10 days after eclosion. The summer life cycle
averages approximately 24 days. The screw-
worm has no true hibernating life stage and thus
cannot overwinter in cold climates.

Beginning in the early 1950s, entomologists
with the US Department of Agriculture dem-
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Table 4.3. Some common species of Diptera associated with facultative myiasis in humans (adapted

mainly from James 1947).

Family and species Type of myiasis Distribution
Sarcophagidae
Wohifahrtia meigenii Traumatic Nearctic

Sarcophaga haemorrhoidalis

Sarcophaga bullata Dermal

Sarcophaga barbata Traumatic
Sarcophaga carnaria Traumatic

Calliphoridae

Cochliomyia macellaria Traumatic
Chrysomya megacephala Traumatic
Chrysomya rufifacies Traumatic
Phormia regina Traumatic
Protophormia terrae-novae Traumatic

Lucilia caesar

enteric
Lucilia illustris Traumatic
Phaenicia cuprina Traumatic

Phaenicia sericata
auricular

Calliphora vicina

Traumatic, urinary, enteric

Traumatic, auricular,

Traumatic, dermal,

Associated with various

Nearly Cosmopolitan; rare in
Oriental and Australian

Nearctic
Nearctic, Palearctic, Australian

Palearctic

Nearctic, Neotropical

Nearctic, Neotropical, Ethiopian,
Australian

Palearctic, Oriental, Australian,
Nearctic

Palearctic, Nearctic

Palearctic, Nearctic

Palearctic

Palearctic, Nearctic, Neotropical,
Australian

Oriental, Australian, Ethiopian

Nearly Cosmopolitan

Nearctic, Palearctic, Australian

diseased tissues

Calliphora vomitoria Traumatic

Nearctic, Palearctic, Australian

onstrated that the exposure of screwworm pu-
pae to ionizing radiation resulted in sterile adult
males. Matings between sterile males and wild-
type females produced eggs that did not hatch.
Because of the single-mating tendency of the
female screwworm, it was theorized that mass

release of sterile flies into a natural population
would produce significant sterility among wild-
type females. In testing this autocidal technique,
mass-reared and sterilized flies were used to
eradicate natural screwworm populations from
the islands of Curacao and Puerto Rico and from
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the southeastern USA in the late 1950s. That
program was successfully extended through-
out the USA and Mexico. Currently, the screw-
worm has been eradicated from most of Cen-
tral America except Costa Rica and Panama. Ef-
forts are underway to eradicate the screwworm
from all of Central America and the Caribbean.
A recent accidental introduction of C.
hominivorax into northern Africa (Libya) was
eradicated successfully by the release of sterile
males being mass produced for the Central
American program.

Old World screwworms

In Africa, India and the nearby islands of the
Pacific and Indian Oceans (e.g., Indonesia, New
Guinea and the Philippine Islands), another
calliphorid fly (Chrysomya bezziana) occupies a
position similar to that of Cochliomyia
hominivorax in the Americas. It also differs from
the other members of the genus (including the
widespread Chrysomya megacephala, which it
closely resembles) in being an obligatory para-
site.

Wohlfahrtia traumatic myiasis

A third screwworm fly, Wohlfahrtia magnifica
(Sarcophagidae), is widespread over the
warmer parts of the Palearctic Region. The fe-
male does not lay eggs, but rather deposits ac-
tive first-stage maggots. Skin lesions and inju-
ries in prospective hosts may be the site of lar-
val entry. Mucous membranes, eyes, ears and
genital openings also may be used as entry
points. Fatal cases in humans have been re-
ported. Nearly all warmblooded animals are
attacked.

Gasterophilus enteric myiasis
Obligatory enteric myiasis occurs in horses,

donkeys, mules, zebras, elephants and rhinoc-
eroses (James 1947). Zumpt (1965) listed 6 Gas-
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terophilus species that attack domestic equids
(G. intestinalis, G. haemorrhoidalis, G. nasalis, G.
inermis, G. pecuorum and G. nigricornis). The first
3 of these species have been introduced into the
Anmericas from Europe. All are widely distrib-
uted in the Old World. Broce (1985) reviewed
the biology of the 3 species found in North
America.

Adults of G. intestinalis, G. nasalis, and G.
haemorrhoidalis possess nonfunctional mouth-
parts, are shortlived and similar in size to honey
bees, which they superficially resemble. Adults
mate shortly after emergence and females be-
gin ovipositing almost immediately by attach-
ing eggs to hairs on the host’s body (Fig. 4.20).
The particular site of oviposition varies with the
species, but all newly hatched larvae penetrate
the soft tissues of the mouth (lips, gums and
tongue) where they spend approximately 3
weeks. Larvae then migrate to the stomach or
small intestine where they attach to the lining
(Fig. 4.21). After several months, full grown lar-
vae (3rd instars) detach and pass out with the
feces. Pupation takes place in the soil under the
dung pile. Adults emerge 2-8 weeks later, de-
pending on climatic conditions.

The horse bot fly, G. intestinalis, mates in the
vicinity of horses, and females may lay 500-
1,000 eggs. The pale yellow or grayish eggs usu-
ally are attached to the inside of the forelegs,
but also can be found on the outside of the legs,
the mane and the flanks. Females oviposit while
in flight, hovering about the host and occasion-
ally darting in to deposit an egg. The incuba-
tion period for horse bot fly eggs is about 5 days,
after which they can be stimulated to hatch by
the warmth and moisture of the host’s tongue
during grooming. After a short period in the
mouth, larvae attach to the mucosa of the left
sac or esophageal area of the stomach and re-
main there for 7-10 months. Mature larvae pass
out with the feces and pupate in the soil. Adults
are active during the early summer.

The throat bot fly, G. nasalis, attaches its whit-
ish-yellow eggs to the host’s hair beneath the
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Figure 4.20. Horse bot life cycles (Gasterophilus spp.): (a) Eggs attached to hair of host; (b) oviposition and attachment
sites; (c), (d) and (e) larvae of G. nasalis, G. intestinalis and G. haemorrhoidalis, respectively (from Broce 1985).

jaw. Each female can produce 450-500 eggs that
may hatch within 4-5 days. These eggs do not
require an external stimulus to hatch. Newly
hatched larvae crawl along the skin to the
horse’s mouth where they penetrate the soft tis-
sue. After ~20 days, they leave the mouth and
attach to the pyloric region of the stomach or
the upper portion of the duodenum. Mature lar-
vae pass out with the feces. Most adult activity
occurs during late spring or early summer.
The nose bot fly, G. haemorrhoidalis, is a rapid
flier. Females attach their blackish eggs to hairs
on the upper and lower lips of horses. Females
produce an average of 160 eggs. Hatching,
stimulated by moisture, occurs in about 2 days.
Young larvae burrow into the tongue or lips,
where they remain for about 6 weeks. After
migration down the esophagus, they attach to
the pyloric region of the stomach or the duode-
num in a manner similar to G. nasalis. Mature

larvae do not pass directly out with the feces,
but rather, reattach to the wall of the rectum
near the anus for 2-3 days before leaving the
host. Adults are active during the summer
months.

Damage caused by horse bot flies falls into
several categories. Reactions of horses to ovi-
positing females may be so violent that they
injure themselves or others. First-stage larvae
cause irritation and pus pockets when burrow-
ing in the oral tissue. The attachment of larvae
to the stomach and duodenum walls probably
interferes with digestion and gives rise to the
characteristic “stretching out” behavior. In-
fested animals gain weight at a slower rate than
uninfested ones. Surveys conducted in the USA
and other countries indicate that nearly all pas-
tured horses are affected by bot flies. Of the 3
horse bot species in the USA, G. intestinalis is
the most prevalent.
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Table 4.4. Some common species of Diptera associated with obligate myiasis in humans and live-

stock (adapted mainly from James 1947).

Family and species

Type of myiasis

Distribution

Sarcophagidae

Wohlfahrtia magnifica

Traumatic, ocular,

Palearctic

auricular, anal, etc.

Wohlfahrtia vigil Furuncular
Calliphoridae
Cochliomyia hominivorax

Chrysomya bezziana

Auchmeromyia senegalensis Sucks blood

Cordylobia anthopophaga Furuncular

Cordylobia rodhaini Furuncular
Gasterophilidaae

Gasterophilus intestinalis Creeping

Gasterophilus haemorrhoidalis ~ Creeping

Gasterophilus nasalis Creeping

Oestridae

Cuterebra sp.
furuncular

Dermatobia hominis Furuncular
Hypoderma bovis

Hypoderma lineatum

Oestrus ovis

Nearly all types

Nearly all types

Nasal, oral, auricular,

Creeping, furuncular

Creeping, furuncular

Nasal, auricular, ocular

Nearctic

Nearctic, Neotropical
Oriental, Ethiopian
Ethiopian

Ethiopian

Ethiopian

Nearly Cosmopolitan

Nearctic, Neotropical, Oriental,
Australian, Ethiopian

Nearctic, Neotropical, Oriental,
Australian, Ethiopian

Nearctic, Neotropical

Neotropical
Nearctic, Palearctic

Nearctic, Palearctic, Neotropical,
Ethiopian

Cosmopolitan

Control of bot flies has involved removal or
killing of eggs, as well as chemical control of
larvae in the digestive tract. Clipping of the eggs
from the hair will prevent larvae from entering
the host, but generally, this is not practical.
Sponging the eggs of G. intestinalis with warm

water induces hatching, after which larvae may
be washed off the animal.

Other genera of parasitic Gasterophilidae
include Gyrostigma in rhinoceroses, and
Cobboldia, Platycobboldia and Rodhainomyia in el-
ephants.
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Fig. 4..21. Horse bots attached to intestinal wall (courtesy
of John D. Edman).

Cattle grubs

Larvae of 2 species of the genus Hypoderma
(the heel or ox warble flies) parasitize cattle and
Old World deer but occasionally they invade
horses and humans as well. Hypoderma lineatum,
the common cattle grub (Fig. 4.22), is distrib-
uted widely in the USA, Canada, Europe and
Asia. Hypoderma bovis, the northern cattle grub,
is found in the northern USA, Canada and Eu-
rope. Literature on the cattle grub is volumi-
nous; Gebauer (1958) and Scholl (1993) are com-
prehensive works.

Adults of both cattle grub species superfi-
cially resemble honey bees and are termed “heel
flies” because of their habit of ovipositing on
the lower legs of cattle. Their mouthparts are
nonfunctional, and adults usually live for only
2-3 days. Activity of the adult stage of the 2
species is separated chronologically, the north-
ern cattle grub usually appearing about a month
later than the common cattle grub. There is only
one generation per year. Eggs of the common
cattle grub typically are attached in rows of 3—-
10 on a single hair, while those of the northern
species generally are attached singly. Females
are estimated to produce 500-800 eggs. Cattle
may be severely agitated by ovipositing heel
flies, especially the northern species, termed the
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“bomb fly.” This gadding behavior is typified
by running and stampeding, but affected cattle
also are known to stand in ponds or streams or
to seek dense shade to avoid ovipositing fe-
males.

Eggs of both cattle grub species usually hatch
in about 4 days and the resultant larvae crawl
down the hairs and enter the skin, usually
through a hair follicle (Fig. 4.23). Such penetra-
tion is probably irritating, with the point of en-
try marked by a clear scab of dried serum. Mor-
tality of first-stage larvae is estimated to be
greater than 50%. Little is known about the sub-
sequent migration of the larvae through the
host’s body, but in 1-2 months they are about
the size of a grain of rice and often are observed
in the submucosa of the gullet (common cattle
grub) or in the tissue surrounding the spinal
column (northern cattle grub). Larvae feed at
these sites for variable lengths of time, increas-
ing in size about 6-fold before migrating to the
back of the host.

Upon reaching the upper back, the grubs cut
a small opening in the hide, reverse their posi-
tion, and form a small pouch called a warble
between the layers of skin. Feeding on secre-
tions from the tissue, larvae grow rapidly for
about 2 additional months, then exit through
the hole and drop to the ground and pupate. In
North America, grubs appear in the backs of
animals between September and February, de-
pending on the latitude. They appear in the
early autumn in central and southern Texas, but
not until midwinter in the northern USA. This
typical pattern may be disrupted by transport
of infested cattle between locations. Duration
of the pupal stage varies with climate, ranging
from 2-8 weeks.

Emerging females are ready to mate almost
immediately with males gathering at aggrega-
tion sites. Females are ready to oviposit within
20 minutes after copulation. There are no effec-
tive mechanical or cultural procedures available
for the control of cattle grubs in pastured or
range cattle. Confinement of animals in barns
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Fig. 4.22. The cattle grub, Hypoderma lineatum (from James
1947).

to prevent oviposition by adult heel flies may
be effective, but is not always practical. Control
of cattle grubs generally is effected by insecti-
cide application. Although systemic insecticides
have been effective in controlling cattle grubs,
they remain a serious pest and can rebound
quickly if insecticidal treatment is not rigorously
followed.

Various systemic compounds have excellent
therapeutic value by killing the small migrat-
ing larvae, but because of the short residual life
of these materials, it is important to delay treat-
ment until after the end of all adult fly activity.
However, there are geographically variable
“cutoff” dates after which systemic treatments
should not be applied to cattle because the pres-
ence of large numbers of dead grubs following
late treatment may cause potentially fatal ana-
phylactic shock.

Hypoderma as a human parasite

Numerous reports of attacks on humans by
H. lineatum, H. bovis, and Hypoderma diana have
been published. Unlike Gasterophilus, Hypoderma
can complete its larval development in humans,
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often with serious consequences. In 1996, a case
was reported to one of the authors (SEK) from
a hospital in central Texas.

Caribou flies

The caribou, or reindeer, warble fly, Hypo-
derma tarandi, is distributed widely over the
range of its host in northern Eurasia and north-
ern North America. Its life history is similar to
that of the warble flies of cattle. This parasite
may cause heavy mortality among young ani-
mals. Warbles tend to form mainly on the rump.
Lung involvement may occur and death from
suffocation may result. As with other Hypo-
derma, partial immunity develops, older animals
being more resistant than younger ones. In ad-
dition to death or damage to the host, this fly
may be involved in the spread of brucellosis.

Sheep bot fly

The sheep bot, Oestrus ovis, is widely dis-
tributed. Females are slightly smaller than a
honey bee and deposit live larvae in the nos-
trils of domestic sheep, goats and related wild
hosts from early summer to autumn. Larvae
move up the nasal passages into the nasal and
frontal sinuses and reach maturity the follow-
ing spring. There usually is only one genera-
tion per year. Parasitized animals have a puru-
lent discharge from the nostrils, loss of appe-
tite and grating of the teeth. The majority of
cases are not fatal, but death may result after
the appearance of aggravated symptoms.

Head maggots

Rhinocephalus purpureus is an important head
maggot of horses in parts of Europe, Asia and
Africa. Its habits are similar to those of O. ovis.
Deer, elk, caribou and other related animals are
commonly infested with head maggots. Euro-
pean species include Cephenemyia stimulator in
roe deer, Cephenemyia auribarbis in the red deer,
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Figure 4.23. Cattle grubs (Hypoderma spp.): (a),(b) Eggs of H. bovis and H. lineatum, respectively; (c) routes followed by
larvae within host from the legs to the back; (d) mature grub in warble (after Broce 1985).

Cephenemyia ulrichii in the European elk and C.
trompe in the reindeer. Cephenemyia trompe also
occurs in reindeer and caribou in the New
World. American species include Cephenemyia
phobifer in white-tailed deer, Cephenemyia pratti
in mule deer, Cephenemyia jellisoni in Pacific
black-tailed deer and white-tailed deer, and
Cephenemyia apicata primarily in California deer.

Cuterebra

Larvae of the genus Cuterebra (Family
Cuterebridae) are common parasites in the sur-
face tissues of rodents, and wild and domestic
rabbits and hares in the New World (Fig. 4.24a).
Occasionally animals other than rodents or lago-
morphs, including dogs, cats, monkeys and
humans, are parasitized by Cuterebra. Fatal cases
have been recorded in cats and dogs, but hu-
man cases are rare. One of the authors (JDE)
identified larvae from 2 cases in recent years,
one in the cheek of a young male shade-leaf to-

bacco worker and the other in the breast of an
elderly woman with no pets and little outdoor
exposure. Both individuals were living in Mas-
sachusetts and reported that the invasion (i.e.,
skin boil) was quite painful. Adult flies are large,
dark, tabanid-like flies without functional
mouthparts. Eggs are laid in and around the
burrows or nests of their host. Egg hatch is
stimulated by the presence of the host and
hatched larvae crawl onto the host and burrow
into the skin. The cutaneous bots usually de-
velop in places where the hosts cannot groom,
i.e., on the neck or hind region (Fig. 4.24b).

Dermatobin

Dermatobia hominis is common in parts of
Mexico and Central and South America and has
been called the human bot fly or térsalo. It para-
sitizes a wide range of hosts: cattle, swine, cats,
dogs, horses, mules, sheep, goats, humans,
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Figure 4.24. Bot flies: (a) Dermatobia hominis larva emerged from the arm of Darrell Ubick, California Academy of
Sciences, in Costa Rica, 53 days after egg hatched on skin; (b) pupa after 65 days; (c) adult fly after 110 days; (d) wounds
in arm of girl in Ecuador after removal of human bot fly larvae (a, b, and ¢, photographs by Tom Davies; d, photograph

by J. Gordon Edwards).

monkeys and certain other wild mammals. It is
a serious pest of cattle in Latin America.

This fly inhabits forested areas and it is
claimed that its life history includes a bizarre
adaptation for gaining access to its host. Fe-
males do not deposit eggs directly on the host,
rather they capture other host-frequenting
Diptera and glue their eggs along the ventral
or lateral side of the carrier’s body with a quick-
drying adhesive. When the carrier lands on its
host to feed, the Dermatobia eggs hatch rapidly
and young larvae transfer to the host.
Guimarées and Papavero (1966) listed as known
carriers 48 species of flies and one tick, A.

cajennense. The flies include 24 species of mos-
quitoes as well as black flies, species of Chrysops
and Fannia, M. domestica, S. calcitrans and oth-
ers.

Larvae produce warble-like lesions and
swelling at the point where they enter the skin.
They display no wandering behavior within the
host. Development in the body of the host re-
quires about 6 weeks. Mature larvae drop to
the soil for pupation. The entire life cycle re-
quires 3—4 months.

Dermatobia hominis myiasis has been diag-
nosed on several occasions in people who have
acquired the parasite in tropical America and
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then returned to their homes in North America
and Europe before the parasite completed its
development. As with Cuterebra, humans ex-
periencing Dermatobia report painful symptoms.
Guimardes and Papavero (1966) reviewed the
biology, systematics, pathogenesis, economic
importance and control of D. hominis.
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Chapter 5

Arthropod Transmission of Vertebrate Parasites
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ROUTES OF TRANSMISSION

Survival and reproduction of vertebrate
parasites depend on a reliable mechanism for
their movement from one host animal to an-
other. Transmission is accomplished more eas-
ily by vertebrate ectoparasites that live on or
near the surface of the host than by endopara-
sites that must penetrate exterior defenses and
get inside their host. There are three basic chan-
nels for infectious agents to get on or inside their
vertebrate hosts: (1) direct contact, (2) ingestion
of contaminated water or food and (3) inhala-
tion of contaminated air. Direct contact includes
physical contact with contaminated surfaces or
infected individuals (including sexual contact),
active penetration (usually in water) by inva-
sive stages of parasites, and contact via infected
vectors as a result of their feeding or defecation
behavior. Therefore, vectors are agents of para-
site infection and represent a unique route of
direct transmission.

TRANSMISSION BY VECTORS

Parasites often can reproduce in multiple
host species, but in vectorborne agents this host

range is unusually diverse phylogenetically.
These parasites must alternate between verte-
brates and invertebrates. In addition to hosting
the development and/or reproduction of the
pathogen/parasite, the invertebrate also serves
as the vehicle for the transfer of the infectious
agent between infected and noninfected verte-
brates. This role defines the word vector as nor-
mally used by medical entomologists and dis-
ease epidemiologists. In recent years, other ve-
hicles such as rodent urine or feces (e.g., in
hantavirus transmission) also have been termed
vectors but this is an expansion of the classical
definition. Transfer via an arthropod vector usu-
ally takes place while arthropods are bloodfeed-
ing on the vertebrate host of the parasite. Thus,
the vertebrate host experiences double parasit-
ism: first by the feeding arthropod (e.g., tick,
flea or biting fly), then by the much smaller in-
fectious parasite transmitted (= vectored) dur-
ing arthropod feeding.
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ORIGIN AND EVOLUTION OF
ARTHROPOD-TRANSMITTED INFECTIONS

Arthropods and microbes existed, and un-
doubtedly interacted, millions of years before
vertebrates evolved. Bloodfeeding arthropods
appeared early in the history of land vertebrates
and are thought to have arisen via 2 quite dif-
ferent pathways (Waage 1979). In one case, in-
sects with piercing-sucking mouthparts
adapted for feeding on plant juices (e.g., mos-
quitoes) or prey hemolymph (e.g., reduviid
bugs) appear to have made the transition to a
more nutritious liquid, vertebrate blood. In the
other pathway to bloodfeeding, arthropods
with chewing mouthparts and adapted to liv-
ing in the nests of vertebrates and feeding on
nest detritus such as fur/skin surfaces of the
nest occupants, gradually acquired mouthparts
for piercing the skin and feeding on vertebrate
blood.

Helminth, protozoan and bacterial parasites
of vertebrates have a long history as well. When
and how bloodfeeding arthropods began serv-
ing as dual hosts and vehicles for the transmis-
sion of these parasites is less clear. Some mod-
ern day vertebrate parasites, such as the rick-
ettsiae, appear to have originated with arthro-
pods and later were introduced into vertebrates
after bloodfeeding arthropods evolved. In the
case of other parasites, arthropod involvement
may have come after they were already firmly
established in their vertebrate hosts. Obviously,
reliable interaction between certain arthropods
and their vertebrate hosts had to occur before
these relationships could be exploited by para-
sites as a more efficient mechanism for invad-
ing new hosts. At some transitional phase,
many parasites undoubtedly utilized multiple
mechanisms for their transfer, arthropods be-
ing only one of them. Some modern insect-vec-
tored parasites still do not rely on a single
mechanism for their transfer and represent such
a transitional phase.

Chapter 5

Zoonotic infections illustrate how changing
animal abundances can influence the host-feed-
ing patterns of vectors and thereby the types of
new parasites to which expanding host popu-
lations such as humans might then be exposed.
With time and further specialization in vector
feeding behavior, such relationships may be
transformed from zoonotic to anthroponotic
ones.

Protozoan and filarial parasites and vectors
associated primarily with humans are modified
variants of older parasite-vector relationships
involving primates, rodents or other vertebrates
that lived in close proximity with early human
populations. Destruction of wild hosts and their
habitat, along with the expansion of stable hu-
man populations, undoubtedly provided the
backdrop for the selection and evolution of these
newer relationships in concert with the chang-
ing host-feeding behavior of the insect vector.
The development of agrarian societies about
40,000 years ago and the domestication of cer-
tain wild animals, beginning about 14,000 years
ago, greatly influenced the evolution of many
of the disease agents that human societies are
battling today (Edman 1988). Hunter-gatherer
societies appear to have low levels of parasitic
infections. The long-term maintenance of many
acute disease agents that stimulate lifelong im-
munity (e.g., many viruses and bacteria) seems
to require concentrated settlements of ~200,000
or more individuals (Anderson and May 1979,
1991).

Many Old World parasites apparently were
introduced into the new world during early
European exploration or through the slave trade
that occurred within the last 500 years. Thus,
the New World vectors of these transplanted
parasites represent comparatively recent para-
site adaptations. In addition, the parasites them-
selves have undergone limited, but recogniz-
able, genetic modifications during the short
period since their introduction into the New
World. This process is still continuing, as new
pathogens and vectors are being discovered or
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rediscovered in new regions of the world an-
nually. These often are referred to as “emerg-
ing” or “reemerging” diseases. The 1999 out-
break of West Nile virus in the New York City
area is an example of such a new introduction
(Centers for Disease Control and Prevention
1999). The mechanism by which this virus en-
tered the USA remains a mystery. Sequencing
the microbial genome can help to determine the
origins and strain relationships of recently in-
troduced or geographically isolated parasites/
pathogens (Enserink 1999).

Transmission Efficiency

Among vertebrate parasites with well de-
fined, multiple developmental stages (e.g., hel-
minths), transfer between hosts usually is ac-
complished by the egg or early immature stage.
The transfer may be active, involving move-
ment and penetration by the juvenile stage of
the parasite, or it may be entirely passive, e.g.,
relying on the host or vector to ingest material
containing infectious forms of the parasite. Eu-
karyotic parasites are capable of little movement
on their own and often appear to depend en-
tirely on chance for their transmission.

Although changing hosts is precarious for
parasites, the probability of successful transfer
can be enhanced or reduced by many events.
The success rate or efficiency of transmission is
a major determinant of: (1) the geographic or
host distribution of parasites and (2) the inci-
dence of any given parasite and the disease it
brings to its hosts. Parasites often enhance the
probability of their own transfer. Hosts, through
their own behavioral patterns, unwittingly en-
courage transmission as well. Thus, parasite
transmission usually involves a combination of
parasite-induced and parasite-exploited behav-
ior on the part of both the vertebrate and inver-
tebrate host. The life cycles of some vectorborne
parasites seem so complex and inefficient that
the biggest unsolved mystery is why these para-
sites have not become extinct. Clearly, there are
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elements of transmission efficiency that remain
unrecognized or under appreciated.

Parasites that employ vectors for their trans-
mission are often the most complex because
their success involves adaptation to both a ver-
tebrate and invertebrate host. Moreover, para-
site success relies on a close relationship be-
tween these two very different but equally im-
portant hosts. Some parasites actively promote
this relationship, a phenomenon that will be
discussed later in this chapter.

Transmission Frequency

The shorter the life cycle of a parasite, the
more frequently it must be transferred between
hosts and the more efficient its transfer mecha-
nism must be. If parasitism causes acute infec-
tion that can kill the host, rapid cycling to new,
noninfected hosts takes on added urgency. It
has been argued that vectorborne parasites gen-
erally cause more severe pathology and mor-
tality in their vertebrate hosts than do non-vec-
torborne parasites. The logic for this lies in the
assertion that these parasites cannot afford to
become too adapted to their vertebrate host and
still live successfully within their invertebrate
host. Of course, some parasites spend their time
in each host while in a different developmental
stage, so stage-specific adaptations may occur.

Vectorborne parasites tend to be transmit-
ted frequently because the life span of the vec-
tor often is short, and frequent transmission
favors greater pathogenicity (Ewald 1993, 1996).
Following this logic, one would expect that
parasites with long-lived vectors (e.g., ticks) that
also serve as reservoir hosts might be less patho-
genic than those with vectors that only live a
few days or weeks.

Both transmission frequency and efficiency
are related to the bloodfeeding frequency and
efficiency of the vector. These are key param-
eters in vectorial capacity, discussed in Chap-
ter 6.
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ACQUISITION OF INFECTIOUS AGENTS
AND TRANSFER TO NEW VERTEBRATE
HOSTS

Vector Acquisition of Parasites From
Vertebrates

The transfer of infectious agents from verte-
brate hosts to invertebrate vectors is as tenu-
ous as the reverse process, but it is less vari-
able. Bloodfeeding vectors always acquire the
infectious agents during the uptake of blood,
although the parasites may be in lymph as well
as in blood. When parasites are acquired from
the lymphatic system rather than from blood,
the vectors are pool-feeding insects rather than
capillary feeders. Stages of parasites that are
infectious to the vector often are present in blood
for only short periods of time, i.e., a few days
in the case of most viruses. This often is referred
to as the parasitemic (or viremic in the case of
viruses) period.

Ingestion of viable parasites during feeding
does not always result in the infection of the
vector. One factor that can influence the suc-
cess of the transfer is the number (= dose) of
parasites ingested by the vector. If the dose is
too small, it may be overcome by the arthro-
pod’s immune system so that insufficient para-
sites are available to invoke an infection in the
arthropod. After ingestion, parasites must find
their way to target organs in the vector where
they can develop or replicate. The road has
many curves that may lead to the demise of the
parasite. Understanding the mechanisms and
genetics of parasite resistance and susceptibil-
ity in vector arthropods is an important topic
of contemporary research. One strategy under
consideration for interrupting the transmission
of vectorborne agents is to engineer vectors that
can no longer successfully transmit these patho-
gens and replace wild vector populations with
these resistant forms.

Chapter 5

Vector-Mediated Mechanical Transmission
to Veriebrates

In bloodborne mechanical transmission, ar-
thropod mouthparts act as hypodermic needles,
transferring microorganisms between hosts in
the same fashion as the needles shared by IV
drug users. This is an inefficient process for sev-
eral reasons, so no infectious agent relies solely
on arthropods to guarantee its transfer in this
manner. It is no coincidence that the most ill-
adapted bloodfeeding insects make the best
mechanical vectors. Horse flies and deer flies
(Diptera: Tabanidae) mechanically transmit the
virus causing equine infectious anemia (EIA)
among horses and the bacteria causing tulare-
mia among rabbits. Nearly all tabanids are au-
togenous (i.e., able to develop eggs without a
bloodmeal) because their ability to successfully
obtain blood from vertebrates is severely lim-
ited by the painful way in which they attempt
to extract blood from potential hosts. Tabanids
lack an effective salivary anesthetic or antico-
agulant and have no ability to capillary feed.
Thus, these flies must rely on repeated slash-
ing movements with their serrated mouthparts
to open surface wounds from which they can
sponge up limited amounts of pooled blood.
The natural clotting process soon forces them
to create new wounds in order to continue feed-
ing. The annoyance associated with their feed-
ing leads to frequent interruption by the host
and such disturbances often results in flies re-
landing on a different host (their hosts are gen-
erally herd animals) where they immediately
reattempt to feed. This primitive bloodfeeding
scenario is well suited for the quick transfer of
bloodborne pathogens that can adhere to the
mouthparts of these rather large, robust flies.
Still, both EIA and tularemia have alternate
transmission mechanisms because mechanical
transmission by flies is too tenuous for the para-
site to rely on.

Public concern over insect transmission of
human immunodeficiency virus (HIV) focused
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renewed attention on both the possibilities and
the inefficiencies of mechanical transmission by
insects. Lice, bed bugs, mosquitoes, black flies
and biting midges that, unlike tabanids, often
feed on human hosts, are small by comparison
to tabanids and are much less likely to exhibit
the sequential biting and host switching behav-
ior seen among tabanids. HIV is fragile once
externally exposed; it is present only in low ti-
ters in blood and cannot replicate within any
known insect. Thus, the chance for this virus to
be mechanically transmitted is extremely re-
mote. Epidemiological patterns of HIV infection
provide further evidence that insect transmis-
sion of this virus, even if possible, is inconse-
quential (Miike 1987).

The most common form of mechanical trans-
mission occurs among bacterial infections of the
eye and skin. Certain wound- and eye-frequent-
ing Diptera such as face flies (Musca autumnalis),
house flies (Musca domestica) and eye gnats (Hip-
pelates spp.) are attracted to the very sites where
these bacteria (e.g., those causing conjunctivi-
tis and yaws) abound. Bacteria are picked up
readily by the sponging mouthparts of flies
feeding on lachrymal secretions and oozing
sores on the skin. Like tabanids, these flies have
a tendency to visit several hosts in the course
of their feeding and thereby can quickly pass
on these bacterial agents before the harsh ex-
ternal environment destroys them. Nonetheless,
these microbes also are not solely dependent
on the feeding of these flies for their transmis-
sion (for details see Chapter 12).

Vector-Mediated Biological Transmission
to Vertebrates

The most successful arthropodborne para-
sites are those that depend on their arthropod
vector to support part of their life cycle. This
support may take 1 of 3 forms: propagative
transmission, cyclo-developmental transmis-
sion and cyclo-propagative transmission
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Propagative transmission

In the case of viruses, rickettsiae, and bac-
teria, parasites reproduce (i.e., propagate) in the
vector, but do not pass through developmental
stages. Transmission cannot occur until the
parasite population has increased manyfold
and been disseminated, e.g., to the salivary
glands.

Cyclo-developmental transmission

Insectborne filarial parasites are the only
known examples of this type of transmission.
Microfilarial parasites ingested by the vector
with the bloodmeal undergo development to
3rd-stage larvae (L3) before being transferred
back to another vertebrate host. There is no rep-
lication and not all ingested microfilaria survive
to L3. Thus, the number of parasites leaving the
vector always is less than the number entering.

Cyclo-propagative transmission

Protozoan parasites undergo both develop-
ment and reproduction within the vector. These
parasites both increase in number and trans-
form to a different life stage before transmis-
sion can take place. However, the vertebrate
stages of these parasites sometimes can invoke
a new infection if they are directly transferred
to another vertebrate host via blood transfusion
or across the placenta (e.g., malaria parasites)
or through sexual intercourse (e.g., trypano-
somes).

The time from when an arthropod ingests
an infected bloodmeal until it becomes infec-
tive to other vertebrate hosts when it again feeds
on blood is termed the extrinsic incubation pe-
riod. This period varies from a few days up to 2
weeks or more. It generally is longer at cooler
ambient temperatures and shorter at higher
ambient temperatures. In contrast, the intrinsic
incubation period is the time in the vertebrate
host from parasite delivery by the vector until
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the vertebrate host is able to infect new vectors.
In most infectious diseases, the intrinsic incu-
bation period is defined as the time from expo-
sure until clinical symptoms appear. This defi-
nition does not fit many vectorborne infections
because the vertebrate host may become infec-
tious prior to, or even without, the appearance
of clinical symptoms {e.g., in some arboviruses
and filariae). Moreover, some malaria parasites
are not infectious to vectors until after clinical
symptoms have abated.

Mechanisms of Parasite Transfer By
Vectors

Transmission of pathogens by arthropods
may be either horizontal or vertical (genera-
tional). [t also may be from vector to vertebrate,
from one life cycle stage to another within vec-
tors or between vectors.

Vertical transmission (vector to vector)

Complete vertical transmission (i.e., genera-
tional transmission within the vector) occurs
when some arboviral and rickettsial pathogens
are passed from the female vector via her eggs
to the next generation. This also can occur when
infected male sperm fertilizes eggs laid by non-
infected females (Table 5.1). Partial vertical
transmission occurs in some arthropods in
which the immature stages also bloodfeed (e.g.,
ticks and kissing bugs). Parasites are transferred
from one immature stage to the next or to the
adult stage (= transstadial transmission) but not
to the next generation (= transovarial or genetic
transmission).

Horizontal transmission (vector to vector)

Venereal transmission

Venereal transmission is a unique form of
horizontal transmission. It occurs with certain
arboviruses that also are transovarially trans-
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mitted when infected male mosquitoes (which
do not bloodfeed) infect females during mat-
ing.

Co-feeding

Another recently reported vector to vector
transfer method is co-feeding. It involves 2 or
more ticks feeding in close proximity on a naive
host and occurs when the salivary secretions of
one infected tick pass the infection to the non-
infected tick feeding nearby, the host tissues
acting as a conduit (Randolph et al. 1996,
Randolph 1998).

Horizontal transmission (vector to vertebrate)

Horizontal transmission from vector to ver-
tebrate host can occur through any of 6 differ-
ent mechanisms (Table 5.1).

Salivarian transmission

The most common and efficient method of
transmission of pathogens by arthropods is
through salivary secretions that are injected
during feeding or while probing for blood prior
to feeding. This type of transmission is not pos-
sible for parasites that remain within the arthro-
pod gut or hemocoel. These parasites escape
their arthropod host by more tenuous routes.
The most active escape occurs with filariae. Af-
ter development, the infective stages of these
parasites congregate in the head and mouth-
parts of infective vectors and actively crawl out
while the vector is bloodfeeding. Within a very
short time (before desiccation occurs) these
small worms must locate the feeding puncture
of the insect and use it to gain entrance to the
vertebrate host.

Stercorarian transmission

Some parasites (e.g., Trypanosoma cruzi and
Rickettsia typhi) exit posteriorly with arthropod
feces that are deposited on the host during or
just after feeding. Defecated parasites still must
gain entrance to the host. This generally is ac-



5. Arthropod Transmission

157

Table 5.1. Mechanisms of parasite transfer involving arthropod vectors.

General category

Specific route of transmission

Parasite/vector example

Babesia bigeminaltick
Borrelia burgdorferiltick

La Crosse virus/mosquito

Vertical’ Transovarial (mother to offspring)
Vertical' Transstadial (stage to stage)
Horizontal' Venereal (male to female)
Horizontal' Co-feeding

Horizontal? Salivation

Horizontal? Stercorarian

Horizontal? Regurgitation

Horizontal? Assisted escape / passive transfer
Horizontal? Active escape / active invasion
Horizontal? Ingestion by host

Borrelia burgdorferi/tick
Plasmodium spp./mosquito
Trypanosoma cruzi/triatomid
Yersinia pestis/flea

Borrelia recurrentis/louse

Onchocerca spp./black fly

Dipylidium caninuml/flea

1From vector to vector.
2From vector to vertebrate.

complished by the host itself when it scratches
its skin or rubs its eyes. Defecation behavior
becomes an important aspect of the transmis-
sion efficiency of potential vectors of these para-
sites.

Regurgitation

Other gut-inhabiting parasites (e.g., Leishma-
nia and Yersinia) exit anteriorly during regurgi-
tation by the arthropod while attempting to
bloodfeed. This unnatural response is stimu-
lated by the presence of masses of these para-
sites in the arthropod gut to the point that they
interfere with the vector’s ability to bloodfeed
successfully. Thus, the parasite is responsible
for the repeated unsuccessful feeding attempts
of the vector, which in turn greatly augments
its own chances for transmission to a new host.

Fleas transmit plague bacilli (Yersinia pestis)
by regurgitation of infected blood. Regurgita-
tion results from blockage of the alimentary ca-
nal by masses of multiplying bacteria that ad-

here to the spines of the proventriculus. Even-
tually, this prevents normal bloodfeeding by the
flea, and regurgitation occurs when the flea at-
tempts to clear the obstruction. The vector com-
petence of individual fleas is related to the de-
gree of blockage by bacteria.

Assisted escape and passive transfer of patho-
gens

A few bacterial parasites rely on the verte-
brate host to macerate the body of the annoy-
ing arthropod vector (e.g., body lice), thereby
releasing the parasites onto the surface of the
host. These parasites (e.g., Rickettsia recurrentis)
also rely on host behavior to gain entrance to
their vertebrate host (Table 5.1).

Parasites that are deposited on vertebrate
skin via the crushed body parts or feces of the
vector require the behavioral assistance of the
host to assure successful invasion of a new host.
Itching associated with the immediate allergic
reaction to salivary antigens injected into sub-
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cutaneous tissues during probing and feeding
by vectors helps expedite this process. Verte-
brate hosts inadvertently abrade contaminated
areas of skin because these areas also are where
the localized itching occurs. Resulting skin
breaks allow the parasites to enter. The natural
tendency of hosts to rub their eyes provides
another point of entry for the parasites if the
fingers are contaminated. The “Eye of Romafia,”
a characteristic early symptom of Chagas dis-
ease (Trypanosoma cruzi), is an example of this
method of parasite entry. The feeding wound
of the vector also may provide the skin break
that is utilized by the parasites to invade their
new host (e.g., 3rd-stage filarial larvae).

Active escape and active transfer of pathogens
The transmission of most filariae occurs dur-
ing bloodfeeding, but not by injection of saliva.
In this type of transmission, L3 migrate to the
mouthparts of the vector and escape from the
mouthparts at the tip, sometimes through open-
ings torn by the larvae. The L3 then enter the
feeding wound by serpentine movement.

Ingestion of vector

In a few instances, transmission to zoonotic
reservoirs occurs through grooming or forag-
ing when the animal eats the infected arthro-
pod. Examples of this method are rodents eat-
ing reduviid bugs infected with T. cruzi and
dogs eating fleas infected with the dog tape-
worm. Other infections such as rodent malaria
have been shown experimentally to be trans-
missible by this same oral route, but the role of
this mechanism in natural transmission remains
unknown.

Barriers to Transmission

When parasites leave the protected environ-
ment of one host and are provided a brief op-
portunity to invade a new host, they may en-
counter potentially fatal hazards. Most parasites
can survive only for short periods away from
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one or the other of their hosts. Using an arthro-
pod vector may help to assure that the transfer
will take place quickly and safely. Parasites that
do not utilize a vector often have a specialized
resistant stage to carry them through the envi-
ronmentally harsh and protracted time spent
away from a living host. Desiccation and ad-
verse temperatures are major hazards parasites
face during transfer between living hosts. This
is true even for some vectorborne parasites, but
the degree of risk depends on the efficiency of
the transmission provided by the vector. Para-
sites that are transmitted in vector salivary flu-
ids are not exposed to the external environment
because they are injected directly into the ver-
tebrate host during feeding. In contrast, me-
chanical transmission is high-risk and so para-
sites do not rely solely on this method for their
transfer to new vertebrate hosts.

Once the parasite successfully invades the
host, whether vertebrate or invertebrate, the
host’s defensive armament confronts the para-
site. Parasite transmission to resistant or im-
mune hosts is wasted transmission. Thus, there
is selective pressure on parasites to develop
mechanisms for invading susceptible hosts and
for neutralizing or avoiding immune or other
defensive responses. This conflict has been char-
acterized as a coevolutionary battle between
parasites and their hosts. When mosquitoes in-
gest virus in a bloodmeal, the barriers the virus
must negotiate if it is to successfully pass to a
new host have been put into five categories: the
peritrophic membrane barrier, the midgut bar-
rier, the hemolymph barrier, the salivary gland
barrier and the salivary gland escape barrier
(Hardy et al. 1983, Hardy 1988). Parasites also
face the insect’s immune system and may fall
victim to encapsulation or melanization re-
sponses or antibacterial peptides such as
defensins and cercropins. It now appears that
the latter also may help protect resistant insects
against invasion by certain protozoans such as
malaria parasites (Paskewicz and Christensen
1996).
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Parasite Maintenance and Amplification

Not all hosts that become infected are essen-
tial to perpetuating or maintaining parasites.
Because some parasites are transmitted ineffi-
ciently, they frequently end up in hosts that ei-
ther cannot support development and/or re-
production or that are unlikely to serve as res-
ervoir hosts of infection for the future transmis-
sion of the parasites. Transmission that is vital
to the long-term perpetuation of parasites is
termed primary transmission, while nonessen-
tial transmission that may occur sporadically
or for limited periods, such as only during epi-
zootics or epidemics, is referred to as second-
ary transmission. Transmission to hosts that
cannot serve as reservoirs of future infection is
referred to as dead-end transmission and the
hosts involved are called dead-end hosts. Trans-
mission of all zoonotic infections to humans fall
into either the secondary or dead-end catego-
ries. There also are dead-end arthropod hosts
that become infected but cannot serve as vec-
tors. This is why finding a parasite in an ar-
thropod species is not sufficient proof that it
serves as a vector for that parasite. Vector in-
crimination involves several other criteria as
well (see Chapter 6).

Hosts that serve as reservoirs provide for the
long-term maintenance of the parasite and can
be either the vertebrate or invertebrate host or
both. Stable transmission between reservoir
hosts and vectors is referred to as enzootic
transmission (or endemic transmission if hu-
mans are the reservoir) and the hosts and vec-
tors involved are termed the enzootic hosts and
enzootic vectors of the parasites. By definition,
endemic and epidemic transmission involves
human hosts. However, some human outbreaks
of zoonotic infections such as certain arbovi-
ruses also are referred to often as epidemics
even though all the human transmission is
dead-end. For that matter, even horse outbreaks
of certain arboviral diseases have been referred
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to as epidemics because, as with humans, horses
are not natural enzootic hosts.

Parasite amplification, or rapid spread, can
occur for limited periods when ideal environ-
mental and biological conditions for transmis-
sion exist. These episodes of accelerated trans-
mission lead to an increased incidence of para-
sitism and disease, i.e., epizootics (increased
incidence among nonhuman animals) or epi-
demics (when humans are involved). They also
widen the distribution of parasites into hosts
and geographic regions where they do not nor-
mally occur. Amplification among avian hosts
is sometimes referred to as an epiornitic.

Parasite Enhancement of Transmission

Parasites are not merely spectators to their
own transmission. Many infectious agents par-
ticipate actively by changing the behavior or
physiology of both their vertebrate and inver-
tebrate hosts. This increases the probability of
successful transmission.

Arthropod-transmitted parasites must be cir-
culating in the vertebrate bloodstream (or
lymph and surface tissues) to be ingested by
bloodfeeding vectors. Blood provides the hu-
moral defense system that protects vertebrates
from infection. It may also, after repeated ex-
posure, provide some protective immunity
against protozoan and helminth parasites. To
limit exposure of their surface antigens to the
host’s immune system, it is advantageous for
parasites to be present in blood only when the
probability of transmission is high. The infec-
tive stages of many filarial worms have circa-
dian or seasonal patterns of appearance in host
blood that mirrors the daily and seasonal bit-
ing cycle of their mosquito vector (Sasa and
Tanaka 1972). Still other parasites have evolved
to congregate at locations where the vector pre-
fers to feed. For example, Onchocerca bovis para-
sites congregate in the umbilicus where black
flies that feed on the underbelly are likely to
become infected. Of course, feeding on selected
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regions of the body also may lead to regional
concentrations of the parasite so that it natu-
rally remains high in the region where flies are
most likely to feed.

Phlebotomine sand flies are attracted to and
selectively feed around the skin lesions associ-
ated with cutaneous leishmaniasis and so their
chances of becoming infected with highly lo-
calized leishmanial parasites are enhanced
(Coleman and Edman 1988).

As already described, microbes that me-
chanically interfere with bloodfeeding can en-
hance their transmission. Certain parasites also
enhance transmission at the biochemical level.
For example, malarial parasites in the salivary
glands of mosquitoes disrupt the production of
apyrase, a component of the salivary secretion
that aids the probing mosquito in locating a
blood vessel. Lack of apyrase prolongs prob-
ing time and thereby increases the probability
of transmission of the malaria parasites
(Rossignol et al. 1984, Ribeiro et al. 1985, Ribeiro
1989). Parasites also manipulate their vertebrate
hosts physiologically and behaviorally to in-
crease the feeding success of vectors that attack
infective hosts (Day and Edman 1984, Rossignol
et al. 1985).

As discussed in Chapter 4, salivary secre-
tions injected by vectors during feeding also
may modify the vertebrate host milieu in ways
that assist the parasite in establishing an infec-
tion. However, this is an example of parasite
exploitation rather than parasite induction.

PARASITES AND PATHOGENS WITH
ARTHROPODS AS HOSTS OR VECTORS

Some members of most major groups of
parasitic helminths, protozoans and microbes
are transmitted to their vertebrate hosts by
bloodfeeding arthropods. For many helminths,
non-bloodfeeding arthropods serve as interme-
diate hosts, but do not directly vector the verte-
brate parasites they harbor through their feed-
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ing behavior. Instead, the parasitic stages found
in the arthropods enter their vertebrate host in
1 of 2 ways: some are ingested by the verte-
brate host while eating or drinking; others have
motile, invasive stages that leave their inverte-
brate host (usually in water) and actively pen-
etrate the vertebrate host on their own. These
parasites will be covered briefly here.

Arboviruses

As detailed in Chapter 11, many different
viral taxa in at least 5 different families
(Togaviridae, Flaviviridae, Bunyaviridae,
Reoviridae and Rhabdoviridae) are vectored by
arthropods (Monath 1988, 1989). These are col-
lectively referred to as the arthropodborne vi-
ruses or arboviruses. By definition, arboviruses
are viruses that infect vertebrates and are trans-
mitted in some way by hematophagous arthro-
pods.

Over 500 arboviruses are recognized and
well over 100 of these have been associated with
naturally acquired disease in humans and do-
mestic animals. They generally have febrile,
hemorrhagic or neuropathic effects on their ver-
tebrate hosts. They cause acute infections with
rapid onset following transmission and gener-
ally result in lifelong immunity among indi-
viduals that survive exposure. Disease sever-
ity ranges from inapparent infection or mild fe-
brile illness to severe encephalitis or hemorrhag-
ing and death. Arboviruses are transmitted bio-
logically by various species of mosquitoes, sand
flies, biting midges and ticks. Much of the lit-
erature on transmission dynamics and vector-
parasite interaction has been generated from
research with arboviruses and mosquitoes.

Following viral replication and dissemina-
tion within the arthropod host, transmission is
effected through the salivary secretions when
infective arthropods bloodfeed on vertebrate
hosts. All human arboviral diseases, except for
dengue fever, normally cycle in nonhuman
hosts (i.e., are zoonotic infections) but human
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to mosquito to human transmission sometimes
may occur during epidemics of other arbovi-
ruses as well (e.g., yellow fever). Because only
yellow fever and Japanese encephalitis vaccines
are available generally to prevent arboviral dis-
eases and there are no curative drugs for treat-
ing these infections, interruption of transmis-
sion through vector control has been widely
promoted.

Rickettsiae

Nearly all rickettsiae are associated with he-
matophagous arthropods with which they ap-
pear to have coevolved. The family
Rickettsiaceae consists of small coccoid to rod-
shaped, gram negative bacteria, 0.3-0.7 p by 1.5-
2.0 p in size. These tiny bacteria once were con-
sidered intermediate between bacteria and vi-
ruses. They contain both RNA and DNA and
are bounded by a 3-layered cell wall. They are
obligate intracellular parasites capable of inde-
pendent metabolic activity and reproduce, as
do other bacteria, by binary fission.

Many rickettsial infections are maintained
transovarially in the arthropod vector that
serves as the reservoir host. Horizontal trans-
mission to vertebrate hosts, including humans,
takes place during bloodfeeding via the infected
salivary secretions or feces deposited on the skin
by mites, fleas, lice and, in particular, ticks. The
genera Coxiella (agent of Q-fever) Rickettsia and
Orientia contain the important species that are
transmitted by arthropods to humans. Rickett-
sia and Orientia are grouped according to their
antigenic and clinical features into 3 subgroups:
(1) Spotted Fever, (2) Typhus and (3) Scrub Ty-
phus. All human rickettsial diseases, with the
possible exception of epidemic typhus, are
zoonotic infections. Rickettsial infections often
are lethal but fortunately they are treatable with
certain antibiotics. Few vaccines for prevention
exist, and those that do (e.g., Rocky Mountain
Spotted Fever) rarely are used. Interruption of
transmission by controlling the vector is there-
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fore a common practice whenever these mostly
zoonotic infections become epidemic.

Bacteria

Only a few of the many bacterial diseases of
humans and other animals involve arthropods.
Some of these may be transmitted mechanically
on the mouthparts of bloodfeeding or wound-
and eye-frequenting flies. Those that are bio-
logically-transmitted by bloodfeeding
arthropods (e.g., fleaborne plague bacilli and
louse- and tickborne Borrelia spirochetes) are
zoonotic infections (except for louseborne re-
lapsing fever) caused by non-spore-forming
bacteria. Transmission from arthropods to ver-
tebrate hosts (usually rodents) is via infected
saliva, crushed body parts or regurgitant asso-
ciated with failed bloodfeeding attempts. Bac-
terial infections that are treated quickly respond
well to antibiotic therapy. No vaccines existed
to prevent any arthropod-transmitted bacterial
infection until the recent release of 2 different
vaccines. Their benefits are still being evaluated.

Protozoa

Flagellates (Trypanosoma and Leishmania) and
blood-invading sporozoans (Babesia, Theileria,
Leucocytozoon and Plasmodium) utilize arthro-
pods as vectors and as hosts in which they un-
dergo critical development. They produce the
most serious and widespread arthropodborne
diseases of humans: malaria, trypanosomiasis
and leishmaniasis. Although single-celled ani-
mals, protozoans have complex life cycles and
reproduce both sexually and asexually. As with
all other prokaryotes, they have been intractable
to vaccine development thus far despite major
efforts in recent years. These parasites undergo
replication and transformation in or around the
insect’s gut and then make their way to the sali-
vary glands from where they are transmitted
during feeding. The exception is T. cruzi, which
develops in the gut of its kissing bug vector but
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is transmitted via fecal contamination of host
skin. Most human protozoan infections are
zoonotic, but 3 of the 4 species of human ma-
laria have no wild animal reservoir. Drugs, of-
ten too harsh for long-term use, are available to
treat protozoan infections, but drug resistant
strains of some parasites have developed and
spread rapidly in recent years. Vector control is
a common strategy for interrupting transmis-
sion, except in the poorer developing countries
where such preventive measures are often too
costly.

Helminths

About 50 species of filarial worms (Nema-
toda) infect the lymphatic and circulatory sys-
tems of humans and domestic animals. All re-
produce sexually and are transmitted biologi-
cally by species of bloodfeeding flies. These
parasites develop but do not reproduce within
their arthropod vector/host. Circulating mi-
crofilariae, the motile embryonic stage of the
worm, are continuously produced by the long-
lived female worms living (with males) in the
vertebrate host. Microfilaria are ingested when
vector flies bloodfeed and then develop into the
infective stage (L3) within the flight muscles or
Malpighian tubules of the vector. Infective stage
larvae migrate to the head and mouthparts of
the fly where they escape and penetrate the host
skin when flies bloodfeed again. Chronic infec-
tion by nematodes is debilitating but usually
not fatal to their human host. The 3 recognized
species of human filariae do not infect naturally
any other animal. Drugs traditionally used to
treat adult worms are harsher than those used
to prevent or treat microfilariae. The new
ivermectins seem effective against both stages
with few adverse side effects. No vaccine exists
for any stage of any human nematode parasite,
but research to develop such vaccines, especially
for animal helminths, continues.
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TRANSFER OF HELMINTHS THROUGH
ARTHROPOD INTERMEDIATE HOSTS

Many Trematoda (flukes) and Cestoda (tape-
worms) use insects (especially scarab beetle lar-
vae), oribatid mites, isopods, crustaceans or
mollusks as their intermediate hosts. However,
these invertebrates do not actively transmit the
infective stage of these parasites to their defini-
tive, vertebrate host. Nonetheless, they are criti-
cal hosts in the life cycle of these parasites and
often serve as the vehicle by which the para-
sites are transmitted indirectly to their verte-
brate host (e.g., by ingesting the infected inver-
tebrate host).

EPIDEMIOLOGICAL PATTERNS OF
TRANSMISSION

Transmission involving vectors is not ran-
dom and periods of accelerated transmission
(epidemics and epizootics) are particularly dis-
ruptive to human and animal populations.
These patterns often relate to changes in vector
or vertebrate populations that may in turn be
related to changes in weather, climate or the
biotic environment. In temperate zones, where
the transmission of most vectorborne diseases
ceases during the colder months of the year, a
summer pattern of disease often is used to in-
dicate that the disease may be vectorborne.
Transmission patterns also may be seasonal and
repetitive from year to year even in the tropics,
as with accelerated malaria and dengue trans-
mission, which often are associated with the
rainy season.

Some arbovirus epidemics occur in clusters
of years separated by several years without
transmission. The basis for such unusual pat-
terns is not clear; it could be related to herd im-
munity. Epidemic patterns also may be associ-
ated with unusual weather patterns such as El
Nifio events or to catastrophic events such as
those brought on by war, earthquakes, floods
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or drought. Epidemics of louse and fleaborne
infections generally follow catastrophic events
due to the disruption of host populations rather
than increases in vector populations. Many of
these features of transmission are discussed for
specific diseases in the chapters that follow.
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Chapter 6

The Epidemiology of Arthropodborne Diseases

BRUCE F. ELDRIDGE

University of California, Davis

Epidemiology is the study of disease ecol-
ogy. A disease is any departure from health.
Infectious diseases result from infections by
pathogens or parasites. However, as Chapter 1
explained, there are many other kinds of dis-
eases (e.g., vitamin deficiencies, metabolic dis-
orders, psychoses, etc.). Ecology studies the re-
lationships between individuals or populations
and their biological and physical environment.
Understanding arthropodborne disease ecology
is fundamental to medical entomology. Thor-
ough knowledge of ecological relationships
among host, parasite and vector may permit
accurate prediction of the risk of arthro-
podborne diseases to humans or other verte-
brate animals. Such knowledge also is vital to
optimize strategies for disease prevention.
Lastly, understanding pathogen-host interac-
tions of a disease may help develop therapeu-
tic measures.

EPIDEMIOLOGICAL CONCEPTS
AND TERMS

Historically, epidemiology studied only hu-
man diseases. It now studies diseases of ani-
mals other than humans, and even those of

plants. In this chapter, epidemiology will be
discussed solely in relation to diseases of hu-
mans and other animals. An epidemic is an
unusually large number of cases of a disease
(Barr 1979). Epidemics encompass human dis-
ease outbreaks, whereas the term epizootic is
used for diseases in other animal species, in-
cluding invertebrate animals. Incidence of a
disease means the number of new cases in a
defined population occurring during some time
interval. This is commonly expressed as an in-
cidence rate, or the number of new cases per
unit of time in a population, e.g., 100 cases per
year per 100,000 people. Prevalence refers to
the number of cases of a disease present in a
population at any given time.

When the incidence of a human disease is
localized and stable, and new cases are balanced
by increases in disease-free hosts so that preva-
lence remains relatively constant, the disease is
said to be endemic. The term enzootic refers to
the same situation in other animals.

A zoonosis is an infectious disease of non-
human vertebrate animals that is secondarily
transmissible to humans. This concept is espe-
cially important in medical entomology because
most arthropodborne infectious diseases are
zoonoses, and many zoonoses are arthropod-
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Effects on Species 1
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Figure 6.1. Various kinds of symbiotic relationships based on effects of species involved. “+” = benefit received;
“O" =no effect; “~” = harm. Terms in boldfaced type discussed in text (courtesy of Richard Karban).

transmitted. There are notable exceptions: ra-
bies is a zoonotic disease that is not arthro-
podborne, but rather spreads by direct contact.
Malaria may be the most important arthro-
podborne human disease of all, yet it is not a
zoonosis. Malaria also occurs in other primates,
as well as rodents, birds and lizards, but other
species of plasmodial parasites cause diseases
in these hosts. Diseases such as malaria that
occur only in humans are known as
anthroponoses. Dengue 1is another
anthroponosis. Claims that nonhuman verte-
brate hosts for dengue occur in nature have
never been confirmed, and they are not essen-
tial for the maintenance of the disease. Epidemic

(louseborne) typhus, another arthropodborne
disease, was long thought to lack a nonhuman
reservoir. However, recent studies have dem-
onstrated the causal agent of epidemic typhus
in North American flying squirrels, raising the
possibility of other vectors and vertebrate hosts
(Sonenshine et al. 1978).

When individuals of 2 different species of
organisms live intimately, the relationship is
called symbiosis. This intimacy may have
evolved to the point where the 2 species cannot
exist without one another. There are many dif-
ferent kinds of symbiotic relationships (Fig. 6.1).
When both species derive some benefit, the re-
lationship is termed mutualism. Commensal-
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ism means that one species benefits and the
other does not. A special case of commensal-
ism is phoresy, in which one species transports
another. In parasitism, one of the species (the
parasite) benefits, while the other (the host) is
harmed. The parasite usually depends on the
host for nutrition, as well as a place to live. Para-
sitology is a field of study closely related to
medical entomology, and is concerned with
parasitic organisms, transmitted by both arthro-
pods and non-arthropods. Arthropods them-
selves can be parasites. When they occur at or
near the surface of the skin of the parasitized
hosts, they are called ectoparasites. Common
examples of ectoparasites are sucking lice and
fleas. Parasites that usually spend most of their
life cycles inside the body of their hosts are
called endoparasites. A number of arthropods,
such as lung mites and bot flies, fit this classifi-
cation because they invade body cavities and
tissues of vertebrate animals. The invasion of
vertebrate tissue by Diptera larvae is called my-
iasis.

Arthropodborne infectious diseases have 3
components in their natural transmission cycles.
A pathogen is an organism whose presence in
or on the host may cause disease (i.e., a patho-
genic condition). The host is a vertebrate ani-
mal, although arthropod vectors may be con-
sidered hosts for the pathogens they transmit.
The establishment of a pathogen in a host is
termed an infection. For a variety of reasons
(e.g., low pathogenicity, host immune status)
infections do not always display signs of dis-
ease. The vector is the organism that transmits
the pathogen from host to host. For all diseases
capsulated within medical entomology, vectors
are arthropods. The terms pathogen and para-
site have overlapping definitions. However, as
explained in Chapter 1, microorganisms that are
not classified as animals (e.g., viruses, rickett-
siae, bacteria) are referred to as pathogens,
whereas organisms (both microorganisms and
larger animals) classified as animals (e.g., pro-
tozoans, helminthes, arthropods) are termed
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parasites. The relationship between pathogens
and vectors, and the various mechanisms of
pathogen transmission, were covered in Chap-
ter 5.

The relationships between pathogens and
their hosts are complex. Although beyond the
scope of this book, pathology and immunol-
ogy are important in understanding the epide-
miology of arthropodborne diseases. Accord-
ing to Barr (1979), these disciplines consider
questions such as the pathogenicity of an etio-
logical agent (the proportion of hosts that de-
velop symptoms among those infected by a
given agent) and virulence (the proportion of
infected individuals that develop severe symp-
toms). An important consideration in medical
entomology is the occurrence of infectious
stages of pathogens within the peripheral blood-
stream of infected hosts (called parasitemia for
parasites, viremia for viruses, etc.).

VECTOR INCRIMINATION

A fundamental activity of medical entomolo-
gists is to establish the role that a particular ar-
thropod species or population plays in the trans-
mission of a particular infectious disease agent.
A group of arthropods may have no relation-
ship to the transmission of a given pathogen,
or may range in importance from involvement
in rare, occasional or secondary transmission
(secondary vector) to the most important means
of transmission (primary vector). In the case of
some zoonoses, arthropods may not necessar-
ily be the primary means of transmission to
humans, but may be responsible for transmis-
sion in enzootic cycles (enzootic vector).

The role of vectors is quantitative as well as
qualitative. In other words, it is not enough sim-
ply to record that a given population of arthro-
pods is or is not a vector of a given pathogen;
rather, the epidemiological role of the arthro-
pods as vectors must be described. Establish-
ment of the relationship of arthropod popula-
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Table 6.1. Criteria for incrimination of arthro-
pods as vectors of pathogens of humans and
other animals (after Barnett 1962).

Criteria

1. Demonstration that members of the suspected
arthropod population commonly feed upon vertebrate
hosts of the pathogen, or otherwise make effective
contact with the hosts under natural conditions.

2. Demonstration of a convincing biological association
in time and space between the suspected vectors and
clinical or subclinical infections in vertebrate hosts.

3. Repeated demonstration that suspected vectors,
collected under natural conditions, harbor the
identifiable, infective stage of the pathogen.

4. Demonstration of efficient transmission of the
identifiable pathogen by the suspected vectors under
controlled experimental conditions.
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