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Preface

All have their worth and each contributes to the worth of the others.
J.R.R. Tolkien, The Silmarillion

When you try to study something in isolation, you find it hooked to everything else.
John Muir

It becomes necessary in any active scientific discipline to sit back every few years and
take stock of the “state of the art” The time arrives to review recent progress, inspire
new ideas, and propose critical and novel lines of research.

In 1963, Yoshinori (“Joe”) Tanada laid the foundation for the current book with his
chapter “Epizootiology of Infectious Diseases” in E.A. Steinhaus’ Insect Pathology: An
Advanced Treatise, a two-volume reference that defined the scope of invertebrate pathol-
ogy. By 1987, after almost a quarter-century, the time had come for more than just a
review of the “state of the art” Fuxa and Tanada formalized the new scientific discipline in
their edited monograph, Epizootiology of Insect Diseases, organizing an emerging field of
study by establishing its components, definitions, types of studies, and research methods.

Another 30 years have passed, and that time has come again. Much has happened
since 1987 — science never stands still. New methods have opened doors unheard of in
the 1980s, most notably in molecular biology. Detection and characterization of strands
of DNA, RNA, and transposable genetic elements create almost unlimited research
opportunities in ecology. New diseases have emerged, such as the mysterious colony
collapse disorder of the honeybee, which has raised concern throughout much of the
world. Previously characterized diseases have erupted again in devastating epizootics,
notably MSX disease (Haplosporidium nelsoni) and dermo disease (Perkinsus marinus)
in populations of oysters. New relationships have opened eyes — who would have
thought that microsporidia are highly evolved fungi, not primitive protozoans that
evolved before the advent of mitochondria? New concepts have arisen for invertebrate
pathogens, contributing to theory in general ecology and host—pathogen coevolution.

Thus, we arrive at this new book. The reader, however, might ask, why Ecology of
Invertebrate Diseases rather than Epizootiology of Insect Diseases? A definition of epizoo-
tiology borrowed from the 1987 volume, “the science of causes and forms of the mass
phenomena of disease at all levels of intensity in a host population,” allows for study of the
total environment, including the host and pathogen populations, even a pathogen’s envi-
ronment inside its host. Epizootiology in turn is a subset of ecology, which was defined by
H.G. Andrewartha as “the scientific study of the distribution and abundance of organ-
isms,” a definition that has evolved to embrace concepts of “population” and “ecosystem.”
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Preface

Simpler may be better. Epizootiology is the study of animal disease at the population
level. It fits well into a broader mold of ecology, as outlined by Tolkien and Muir, if they
may be paraphrased, that everything is “connected to everything else” and “contributes
to the worth of the others” Perhaps these two authors were not trying to define ecology,
but they might just as well have been.

The editors of this book realized that the “state of the science” has exceeded the scope
of the 1987 monograph, thereby creating a multitude of opportunities to discuss new
concepts and types of studies, not to mention the myriad of non-insect hosts of infec-
tious disease. Even in a new volume, however, old questions arise, especially, why study
ecology of pathogens and their hosts?

First and foremost, parasites are not just dirty little things living a disgusting lifestyle.
They are highly evolved organisms — or near-organisms — as intricate and unique as any
creature on the planet. They contribute to all, whether by culling the weak or by trans-
porting bits of DNA, in relationships with their hosts ranging from near-benign to
something out of a horror film. The reader who delves into this book will see the “worth”
in these fascinating little creatures, whether prokaryotic, eukaryotic, or viral.

And, of course, invertebrate pathogens certainly are “hooked to everything” abiotic
and biotic, even to humans, a web of life and environment and planet earth. Many such
interactions almost defy belief, for that is life.

Science also is called upon to provide tangible benefit. The historical advantages of
studying invertebrate diseases remain as important as ever — enhancing disease in pes-
tiferous organisms and preventing disease in invertebrates useful to humans. Pathogens,
even viruses, function as parasites with population-level and ecological characteristics,
parasites that must be suppressed in populations of beneficial organisms or conserved
or enhanced if they are to succeed in pest management. Critics, however, might say that
such “germ warfare” against pests is passé, that we now have genetically modified crops,
recombinant mosquitoes, and on and on. Perhaps. However, the biopesticide market,
which is based on mass production of invertebrate pathogens, continues to grow.
Moreover, nothing works in isolation. For example, understanding the dynamics of
insect population resistance to disease facilitated management of resistance in wide-
spread use of crops incorporating toxin genes and environmental risk assessment
contributed to a safe, first release of a recombinant baculovirus.

Diseases of invertebrate hosts, many of them easy to culture, with their tiny sizes and
short generation times, also serve as model systems giving insight into disease ecology
in higher organisms — for example, contributions of pathogen reproductive rate, trans-
mission, and virulence to epizootics.

So much for the “What?” and the “Why?” of this book — how about the “Who?” Many
decisions were made in compiling this monograph, not the least of which is, where does
one stop if everything is “hooked to everything else”? Researchers will find themselves
fortunate in this volume’s scientific writers, fortunate because they will recognize the
names of the editors and authors, all outstanding pathologists, ecologists, or epizooti-
ologists. Readers will appreciate as they peruse this book that, much like Tolkien’s
world, every author has indeed “contributed to the worth of the others”

James R. Fuxa
Louisiana State University (Retired)
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General Concepts in the Ecology of Invertebrate Diseases
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1.1 Introduction

With the advent of molecular methods, new species of pathogens and parasites are
constantly being described, and as these new species are found, we are learning more
about the ecology of new invertebrate diseases, as well as diseases known for many
years. Parasitism is a specific and common life-history strategy, and understanding the
activity of parasites is central to community and population ecology (Bonsall, 2004).
Parasitism of invertebrate hosts also has practical sides, because diseases can help to
control insects in an environmentally friendly manner, but we also need to understand
the ecology of diseases killing beneficial invertebrates, ranging from pollinators to
clams and shrimp, in order to protect managed populations.

The ecology of invertebrate diseases is often referred to as the epizootiology of
invertebrate diseases; the word epizootiology is similar to the term epidemiology but
refers specifically to “the science of causes and forms of the mass phenomenon of
disease at all levels of intensity in an animal population” (Fuxa and Tanada, 1987). The
ecology of animal diseases, with emphasis on vertebrates, has been treated in an
edited book on disease ecology (Hudson et al., 2002), followed by books emphasizing
community and ecosystem ecology (Collinge and Ray, 2006; Hatcher and Dunn, 2011;
Ostfeld et al., 2014).

Disease ecology with an emphasis on invertebrates was first addressed by Steinhaus
(1949), specifically in relation to insects, and the treatment of this subject developed
depth and breadth with the publication of an edited volume by Fuxa and Tanada (1987).
Around this time, Anderson and May (1981, 1982) created models to investigate factors
driving the development of disease epizootics, with at least one system involving epizo-
otics caused by a granulovirus in a forest-defoliating lepidopteran (Anderson and May,
1980). Today, studies of the ecology of invertebrate diseases are commonly conducted,
often to understand the ecology underpinning control of invertebrate pests by patho-
gens, or to understand protection from pathogens for invertebrates valued by humans.
In addition, ecological studies of invertebrate diseases are used to build theoretical
insights into the causes and dynamics of all diseases. With the wealth of knowledge that

Ecology of Invertebrate Diseases, First Edition. Edited by Ann E. Hajek and David I. Shapiro-Ilan
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Ecology of Invertebrate Diseases

has accumulated since the last synthesis on the ecology of invertebrate diseases in 1987,
it is high time to pull together information on this subject. We are also broadening the
focus of this book to include the ecology of diseases of all invertebrates and not only
insects. Therefore, the hosts included in this book range from pest insects like grass-
hoppers and caterpillars to valued insects like bees, along with marine and soil inverte-
brates that are important to humans or ecosystems.

In this chapter, we will present and define the basic concepts on which this field of
study is built. Concepts that will be defined will be consistent with definitions in the
online glossary published by the Society for Invertebrate Pathology (Onstad et al., 2006).

1.1.1 What s Disease?

There are numerous definitions for disease, but we consider disease to be a departure
from the state of health or normality. Of course, this creates a very broad characteri-
zation, including multitudes of causes. However, this book will focus on infectious
diseases, which are those diseases caused by living organisms. Invertebrates are also
hosts to many noninfectious diseases, of which physical and chemical injuries, genetic
diseases, and cancers are a few examples. An example of noninfectious disease impact-
ing insects can occur due to exposure to pesticides. Noninfectious diseases are, how-
ever, outside of the material being covered in this book. Descriptive treatments of
noninfectious diseases of a diversity of invertebrates can be found in Lewbart (2012)
and Sparks (1972).

Returning to disease being a departure from health, this can be much more difficult
to determine for invertebrates than for higher vertebrates. Diseases of invertebrates that
cause subacute effects and which do not kill hosts could very well be regularly occurring
at low prevalence but going undetected. Perhaps recent studies demonstrating the
diversity of previously undetected and unrecognized pathogens occurring in honey bee
(Apis mellifera) colonies that do not die (see Chapter 14) indicate that departures from
health being caused by a diversity of parasites acting together can be quite common.
The most frequent way that invertebrate diseases are recognized is due to the death of
hosts, so emphasis in this field has been on acute diseases. However, in recent years,
investigations have included the impact of disease on host fitness, both for pathogens
causing chronic diseases and for acute pathogens, after infection and before host death.

The living organisms causing infectious diseases are parasites, which are organisms
that live at a host’s expense. This is a very successful life-history strategy as it has been
estimated that the majority of species on earth have parasitic lifestyles (Price, 1980;
Zimmer, 2000). Pathogens are defined as microorganisms capable of producing disease
under normal conditions of host resistance and rarely living in close association with a
host without producing some level of disease. Simply put, pathogens can be thought of
as microscopic parasites. In this book, the main groups of pathogens that will be covered
are viruses, bacteria, fungi, nematodes, and protists. Although many nematodes are not
microscopic, the genera that constitute a special group — entomopathogenic nematodes —
kill their hosts with the aid of symbiotic bacteria; these nematodes have traditionally
been included and studied within the discipline of invertebrate pathology, and thus we
include them as well. With the great diversity of pathogens and hosts being covered,
of course examples will be missed. In addition, this is presently an expanding field of
study, as new species of pathogens are constantly being found. One good example of
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this is the number of different pathogens that infect honey bees, with numerous exam-
ples discovered in recent years. We will focus on representatives from the diversity of
pathogens and hosts for which we know the most about disease ecology.

Diseases may be chronic or acute (or somewhere in between). Chronic diseases are
of along duration, and thus the host is expected to survive a relatively long time before
expiring, or to die of other causes before the disease can become fatal. Acute diseases
of invertebrates are often of a short duration; host mortality or maximum severity is
expected to occur within a relatively short time after infection. Certain pathogen
groups, such as entomopathogenic nematodes (Heterorhabditidae and Steinernema-
tidae) and their symbiotic bacteria tend to cause acute disease, whereas others, such as
most Microsporidia, tend to cause chronic diseases. Within other pathogen groups,
chronic versus acute diseases vary among combinations of pathogens and hosts.

1.1.2 Terminology and Measurements

Accurate use of terminology is critical to effective communication in science. In pathol-
ogy, a number of terms have been used with variable meanings in the literature (Shapiro-
Ilan et al., 2005). The terminology used in this book is supported by a widely accepted
glossary by Onstad et al. (2006), which is based on an earlier glossary by Steinhaus and
Martignoni (1970). Thus, we refer the reader to Onstad et al. (2006) as a reference for
definitions that may not be spelled out in this chapter or other chapters within this
book. Nonetheless, some of the more common terms in invertebrate pathology are
defined and discussed in this section.

1.1.2.1 Prevalence/Incidence

Prevalence and incidence are examples of terms that have been variably defined in the
literature. Prevalence refers to the total number or proportion of disease cases in a
population at a given time. For example, if a survey of 10000 pecan weevil (Curculio
caryae) larvae in a population indicates that 4000 of the individuals are infected with
the fungus Beauveria bassiana, then the prevalence rate is 40%. In contrast, incidence
is the number or proportion of new cases of a disease within a population during a
specific period of time. For example, in a given week, if 200 C. caryae larvae were found
to be infected with B. bassiana within a population of 10000 larvae, then the incidence
rate would 2% for that week. Both terms are important for quantifying infection and
disease levels over space and time. The difference lies in incidence emphasizing only
new cases versus prevalence including both new and old cases. Therefore, incidence
may be more useful in predicting risk or spread of disease within a certain timeframe,
while prevalence provides an assessment of the full impact of a disease on a population
at a given time.

1.1.2.2 Pathogenicity/Virulence

The terminology of pathogenicity and virulence has also been variably defined in the
literature. However, definitions of pathogenicity and virulence in the field of inverte-
brate pathology have been largely consistent over time, and are in agreement with defi-
nitions found in the fields of human pathology and microbiology (Shapiro-Ilan et al.,
2005). Pathogenicity is the quality or state of being pathogenic: the potential ability to
produce disease. Virulence is the disease-producing power of an organism: the degree
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of pathogenicity within a population or species. Generally, the term pathogenicity is
applied to entire populations or species, whereas virulence is usually intended for
within-group or within-species comparisons. Yet, both terms can conceivably be
applied across any taxonomic level (strain, species, genus, family, etc.), provided that
pathogenicity is a qualitative and virulence a comparative measure.

Indeed, for a given pathogen and host, pathogenicity is absolute whereas virulence is
variable (e.g., due to strain or environmental effects). Pathogenicity is an all-or-none
phenomenon. An organism is either pathogenic to a host or it is not. Pathogenicity can
be established based on Koch’s postulates (Shapiro-Ilan et al., 2005; Lacey and Solter,
2012). Virulence can be measured using various approaches, such as LDsy or LCs
(dosage or concentration required to cause 50% mortality in the test organisms), LT5
(time required to cause 50% mortality in the test organisms), or comparative mortality
or infection rates at a given dosage or concentration (Shapiro-Ilan et al., 2005).

1.1.2.3 Infection/Infectivity

An infection is the entry of a microorganism into a susceptible host. The presence of
the organism may or may not cause overt disease (obvious pathological effects) in the
host. If the infection is not immediately followed by overt disease then it is termed an
attenuated infection. There are three types of attenuated infections: latent, carrier state,
and microbial persistence. A latent infection is an asymptomatic infection that is in a
dormant or stationary phase and is capable of being activated at a later time. In the case
of viruses, a latent phase is also called an occult phase (and the virus is an occult virus
at that stage). In a carrier state, the infection remains as an inapparent infection (no
overt sign of its presence) in the current host but is capable of being transferred to other
hosts. Microbial persistence is characterized by the continued presence of a pathogenic
microorganism within the host in the absence of overt disease but following a period of
overt disease.

Infectivity is the ability to produce infection. Thus, infectivity is a measurable char-
acteristic. Infectivity can be measured by assessing the number of pathogenic units (e.g.,
spores, virus particles, infective juvenile nematodes, or other propagules) that have
entered a host following exposure to a known quantity. Infectivity can be positively
affected by the number of infection routes; infection routes include per os (through the
mouth), through the cuticle or natural openings in the host, and vertical transmission
(see later).

1.1.24 Immunity

Immunity is innate or induced resistance to a disease agent. It tends to be species-spe-
cific but can also vary within species. Invertebrates have immune systems, although
predominantly without memories; they are not known to recover from infections and
become resistant to further infections of the same pathogens, as vertebrates often can.
Immune responses can be cellular (via hemocytes) or humoral (e.g., via antimicrobial
peptides), or they may involve both humoral and cellular reactions (e.g., melanization)
(Chapter 4). The effectiveness of immune responses may depend on strain or popula-
tion variation, age and fitness, and stress factors such as environmental conditions or
diet. For example, feeding an improper diet resulted in higher percentages of Drosophila
being killed by a bacterium in their hemolymph (Galac and Lazzaro, 2011; Howick and
Lazzaro, 2014). See Chapter 4 for a more in-depth discussion of immunity.
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