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Preface

According to the United Nations, the global population is estimated to reach 8.1
billion in 2025 and increase to 9.6 billion in 2050. In developing countries, the
population is projected to increase to 8.2 billion in 2050. Sustainably supporting
these unprecedented populations will require integrating a “One Health” approach
in medicine, public health, and agriculture.

In a recent presentation by Jimmy Smith, the Director General of the Interna-
tional Livestock Research Institute, it was projected that total livestock production
would increase 92 % by 2050. To feed these enormous numbers of humans and
livestock, 61 million hectares of additional cropland would be needed worldwide.
Direct and indirect interactions between different species of animals, including
humans, are anticipated to increase, leading to the emergence of more zoonotic
pathogens. These novel pathogens might have the capacity for interhuman spread
and even pandemic potential among humans. To mitigate the burden of emerging
infectious zoonotic diseases, efficacious monitoring of diseases of wild and domes-
ticated animals would be required. This interspecies disease surveillance would
enable early disease detection at the interface of humans, livestock, and wildlife and
would promote rapid response capabilities.

Although emerging infectious diseases pose health threats to people regardless
of their economic status, the poor in many developing countries suffer the brunt of
the burden from “neglected zoonotic diseases.” In these countries, the poor depend
upon small livestock like goats and poultry for their livelihoods, but many of these
animals harbor zoonotic diseases. Industrialized countries, in contrast, have much
better biocontainment capabilities in their livestock production. Prevention is
critical but is often hampered by the diversion of necessary resources for diseases
with higher priorities in the human medical communities such as heart disease,
cancer, and diabetes.

Furthermore, the provincial silo approach to zoonotic and neglected diseases
makes matters more difficult because prevention and response measures are not
implemented using a collaborative, interdisciplinary One Health approach. These
diseases, which affect all species, require that disciplines with expertise in different
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areas work together. One Health is a concept that underpins the multidisciplinary or
transdisciplinary approaches to zoonotic diseases. This is equally applicable to
other health and health care categories that fall under the One Health Umbrella
(http://www.onehealthinitiative.com/OneHealth2) such as comparative medicine/
translational medicine.

Contributors to this book provide an overview of the current understandings of
zoonotic and emerging infectious diseases using examples where the One Health
approach was successfully applied. The book also highlights some of the challenges
societies face in confronting several specific zoonotic diseases. A chapter is
included on comparative medicine to demonstrate the broad scope of the One
Health concept.

This book is dedicated to those studying zoonotic diseases and comparative
medicine in both human and veterinary medicine, to those involved in the preven-
tion and control of zoonotic infections, and to those in the general public interested
in the visionary field of One Health.

Akio Yamada
Laura H. Khan
Bruce Kaplan
Thomas P. Monath
Jack Woodall

Lisa Conti
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Part I
The Importance of a One Health Approach
to Emerging Zoonotic Diseases



Chapter 1
The Origin of Human Pathogens

Gabriel Trueba

Abstract Modern human infectious diseases are thought to have originated in
domestic animals during the Neolithic period or afterwards. However, recent
genetic, phylogeographic and molecular clock analyses of microbial genomes
point to a much older Paleolithic origin (2.5 million to 10,000 years ago) and
suggest that many of these pathogens coevolved with ancestral hominids in Africa.
Another group of human pathogens seems to have derived recently from
non-human hominids.

Keywords Evolution « Molecular clock ¢ Phylogeny ¢ Zoonosis

1.1 Introduction

Some scientists contend that many modern human infectious diseases arose during
the Neolithic period or afterwards due to close contact with domestic animals and
their pathogens (Diamond 1999; Pearce-Duvet 2006; Wolfe et al. 2007). There is
indeed evidence of a recent origin of measles virus from bovine rinderpest virus
(Furuse et al. 2010), and bubonic plague (Yersinia pestis) from
Y. pseudotuberculosis, a zoonotic bacterium carried by rodents (Cui et al. 2013).
As a consequence of this view, the origins of many human infectious diseases, such
as tuberculosis, malaria, smallpox, and pertussis have focused on domestic animals
and environments outside of Africa. However, the combination of genetics, molec-
ular clock analysis and phylogeography provide evidence that some of these
diseases arose much earlier in the Paleolithic period and probably when our
hominid ancestors were still isolated in Africa (Forster 2004). Some of these
findings are in agreement with paleontological and archeological discoveries.

G. Trueba (I)
Instituto de Microbiologia Universidad, San Francisco de Quito, Quito, Ecuador
e-mail: gtrueba@usfq.edu.ec
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1.2 Older Origins

Tuberculosis was the typical example of a disease thought to have originated in the
Neolithic period and transmitted from cattle to humans (Diamond 1999). This
scenario implied that the human Mycobacterium tuberculosis bacterium derived
from a bovine M. bovis ancestor.

Recent analyses of genomic deletions and nucleotide polymorphisms suggests
that the ancestor of M. tuberculosis Complex (MTCP) may actually have originated
from a group of smooth mycobacteria found in humans in East Africa (Gutierrez
et al. 2005; Wirth et al. 2008). Molecular clock analysis of strains belonging to
MTCP indicates that the common ancestor may have existed 2.6-2.8 million years
ago (Gutierrez et al. 2005). This ancient date places the origin of the disease at a
time when our hominid ancestors were living in Africa. Furthermore, there is
evidence of a genetic bottleneck of M. tuberculosis occurring about 40,000 years
ago, possibly the result of the human migration out of African to Eurasia (Gutierrez
et al. 2005; Wirth et al. 2008). In congruence with the molecular data, tuberculosis
lesions and mycobacterial DNA have been found in pre-Columbian Americans
(Stone et al. 2009) who most likely did not have contact with domesticated cattle.
Furthermore, rather than evolving from bovines as originally hypothesized, recent
analyses of genome deletions and phylogeny suggest that M. bovis (and other
animal adapted MTCP mycobacteria) derived from a mycobacteria more similar
to the human adapted M. tuberculosis than to M. bovis. These studies clearly
contradict the notion that the human M. tuberculosis derived from M. bovis
(Smith et al. 2009; Garnier et al. 2003; Wirth et al. 2008). Nevertheless the
evolutionary relationship between M. tuberculosis and M bovis seems to be com-
plex; current evidence suggest that the most recent common ancestor of MTCP may
have evolved into two groups: M. tuberculosis and a group of mycobacteria
infecting different animal species; M. bovis may have emerged from the group of
animal adapted mycobacteria (Smith et al. 2009).

The presence of M. bovis in badgers and its possible connections with livestock
have been investigated using whole genome sequencing analysis and showed that
the transmission of M. bovis between cattle and badgers is recent, however the
direction of the transmission remains unresolved (Biek et al. 2012).

Another mycobacterial disease, leprosy was first recorded in humans around
600 B.C. in India (Stone et al. 2009). Based on historic documents, it was thought
that this disease was later brought to Europe during Greek military campaigns
(Stone et al. 2009). In support of this recent origin is an absence of leprosy in
pre-Columbian Americans (Stone et al. 2009), and little genetic variation among
isolates of Mycobacteria leprae (Gomez-Valero et al. 2007; Monot et al. 2005), the
causative agent of this infectious disease. By contrast, phylogeography using single
nucleotide polymorphism (SNP) analyses point to M. leprae originating in Africa
during the Paleolithic (Monot et al. 2005; Monot et al. 2009). This ancient date
suggests that the current presence of little genomic variation may be due to a recent
bottleneck (Monot et al. 2009; Monot et al. 2009), possibly due to M. leprae’s low
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rate of infection (Smith 1904). This low infection rate could also explain the
absence of leprosy in pre-Columbian Americans, even though their ancestors may
have themselves been infected. Interestingly, a mycobacterial species
(M. lepromatosis) has been discovered recently in Mexico and the Caribbean.
However, this bacterium seems to have diverged around 10 million years ago
from M. leprae and may have been brought to the American continent by the first
human immigrants (Han et al. 2009). Molecular clock analysis suggests that the
ancestor of M. leprae diverged from M. tuberculosis around 66 million years ago,
prior to the origins of the genus Homo, 2.5 million years ago (Forster 2004).
Analysis of non-synonymous nucleotide substitutions suggests that M. leprae
underwent genomic decay between 10 to 20 million years ago (Gémez-Valero
et al. 2007; Monot et al. 2009). See Sect. 1.4 below.

Other diseases whose origins have been subjected to major debates are human
treponematoses, which include syphilis (caused by Treponema pallidum subsp.
pallidum), bejel (caused by T. pallidum subsp. endemicum), yaws (caused by
T. pallidum subsp. pertenue) and pinta (caused by T. pallidum subsp. carateum)
(Scolnik et al. 2003). The genomes of the four subspecies display very few
differences, suggesting a recent common Treponema ancestor. However
T. pallidum seems to be a pathogen that has co-evolved with human ancestors;
typical yaws-like lesions have been found in prehistoric human bones and ancestral
hominids, indicating a Paleolithic origin of treponematosis (Rothschild and Roth-
schild 1996).

Most of the debate has focused on the origins and spread of syphilis. Recent
phylogenetic and SNP analyses of treponemal genes suggest that a New World
lineage of T. pallidum subsp. pertenue may be the origin of the subspecies pallidum
(Harper et al. 2008). Also there are interesting parallelisms between human trepo-
nematosis and similar infections in primates (please see Sect. 1.4) The change from
casual to venereal route of transmission in Treponema pallidum remains a puzzle.
However, non-venereal T. pallidum subsp. pertenue has been found to cause
chancre-like (syphilis-like) lesions in Guyanese indigenous people (Scolnik
et al. 2003). Neisseria gonorroheae, another venereal pathogen, may have evolved
from a linage of Neisseria meningitides (upper respiratory tract inhabitant) during
the Neolithic (Saunders et al. 1999) and it may be related to the emergence of large
villages. In this case there is no evidence of recent zoonotic origin of pathogenic of
human Neisseria which may suggest co-evolution within hominids.

Bordetella pertussis, the etiologic agent of whooping cough, was thought to have originated
recently from Bordetella bronchiseptica infecting domestic animals such as pigs and dogs
(Diamond 1999; Pearce-Duvet 2006; Wolfe et al. 2007). Although analysis of DNA
sequences of multiple loci (MLST) indicated that B. pertussis evolved from
B. bronchiseptica (Diavatopoulos et al. 2005), recent molecular clock estimations suggest
that the divergence time between B. pertussis and B. bronchiseptica associated with
domestic animals was 1.1 to 5.6 million years ago (Diavatopoulos et al. 2005), before the
origin of Homo sapiens, 0.2 million years ago (Forster 2004) and therefore also before the
domestication of pigs and dogs. Genomic decay in B. pertussis may have been the result of
evolution among ancestral hominids and adaptation to these hosts (Diavatopoulos
et al. 2005; Bentley and Parkhill 2004). Additionally, human strains of B. parapertussis
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(a bacterium causing less severe whooping cough in humans) have diverged from animal
B. bronchiseptica 0.7 to 3.5 million years ago and from a different clade than
B. parapertussis isolated from domestic animals, however a recent report suggests that
strains of B. parapertussis of human and ovine origins may be more closely related than
previously described (Park et al. 2012)

Some B. bronchisepica infecting humans seem to belong to different lineages from
those infecting domestic animals whereas other clades appear to be zoonotic
(Diavatopoulos et al. 2005). Human pathogenic Bordetella may have originated from
related bacteria infecting other animals during the Paleolithic period (Diavatopoulos
et al. 2005).

Variola (Smallpox) virus was also thought to have originated in domestic
animals (Diamond 1999; Pearce-Duvet 2006; Wolfe et al. 2007). However corre-
lation of phylogenetic analysis and historical records indicate that variola virus
belongs to a different lineage than cowpox virus (Li et al. 2007). Recent analysis
suggests that this virus originated in an African rodent during the Paleolithic period
(Li et al. 2007), however other authors have presented evidence of a more recent
divergence (approximately 3,500 years ago) between the virus from the African
rodent and the variola virus (Babkin and Babkina 2012).

1.3 Evidence of Co-evolution with African Primates

Mycobacterium leprae has been found in wild primates showing signs of leprosy
(Hubbard et al. 1991; Clark-Curtiss and Walsh 1989). The significance of
non-human primate leprosy is unknown because of lack of genetic information of
the etiologic agents. At this point it is not possible to decipher if these primates, like
armadillos (Truman et al. 2011), contracted M. leprae from humans or vice versa,
or whether this bacterium belongs to a distinct but phylogenetically related linage
(co-evolution within primates). While it is unknown whether this leprosy from
non-human primates could be passed to humans, there is some evidence that
leprosy from armadillos could be zoonotic in some regions (Truman et al. 2011).
Similarly, T. pallidum subsp. pertenue infection rates are high in both humans
and primates in yaws-endemic areas of West Africa (Centurion-Lara et al. 2006). A
simian yaws-like skin disease caused by a variant closely related to the human
T. pallidum subsp. pertenue, which does not appear to be the result of recent cross
infection from humans, has been described (Harper et al. 2008; Centurion-Lara
et al. 2006), although inoculation with the simian strain can cause a yaws-like
infection in humans suggesting that cross species transference is also possible
(Harper et al. 2008). Additionally, T. pallidum subsp.pertenue has been reported
to cause genital ulcerations in African primates (Knauf et al. 2011) and the tropism
to genital epithelia of these non-human primate strains could be an example of
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parallel evolution. These data suggest that skin treponematosis may have evolved
within African primates and ancestral hominids.

Other microorganisms which may have co-evolved with African hominids are
herpesviruses (McGeoch et al. 2005), papillomaviruses (Gottschling et al. 2007),
Helicobacter pylori (Linz et al. 2007), Streptococcus pneumoniae (Kilian
et al. 2008), Taenia solium, T. saginata (Hoberg et al. 2001), and even human
intestinal microbiota (Ochman et al. 2010).

1.4 Evolving to Human-Specific Pathogens

Pathogen crossing of host-species barriers is a common occurrence in natural
environments (zoonosis and anthroponosis). However, acquiring traits enabling
efficient transmission within a given host species is a more unusual event. Evolu-
tionary adaptation of many bacterial pathogens to a specific host transmission may
be accompanied by a trade off which reduces the competence to cross host species
barriers and often involves genome decay (Bentley and Parkhill 2004).

Adaptation to transmission within a new host (i.e. human to human transmision)
seems to occur more frequently in pathogens infecting phylogenetically related
hosts (Davies and Pedersen 2008; Holmes 2008). Molecular similarities between
cells from closely related animal species may facilitate this adaptation process
(Holmes 2008). The recent evolution of the human pathogens such as hepatitis B
virus (Simmonds and Midgley 2005; Vartanian et al. 2002; Tatematsu et al. 2009),
HIV (Keele et al. 2006), HTLV (Wolfe et al. 2005), falciparum malaria (Liu
et al. 2010) from African primates follows this pattern (Fig. 1.1). Close contact of
modern humans with their genetically closer hominid species such as Homo
neanderthalensis (Green et al. 2010) (or other archaic humans) may have also
played a role in the introduction of some of these infectious diseases to modern
humans (Fig. 1.1). For instance, the possible emergence of the typhoid fever agent
S. enterica serovar Typhi (Kidgell et al. 2002) and E. coli (Pupo et al. 2000) roughly
coincides with the time estimates of the interaction between Homo sapiens and
H. neanderthalensis (Green et al. 2010).

Close contact with phylogenetically distant animals can also result in the
evolution of new host-specific pathogens; animal pathogens becoming human
pathogens (measles, bubonic plague, smallpox, and swine and avian influenza)
and human pathogens becoming pathogens of other animal species (taeniasis,
tuberculosis and infectious gastritis).
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Fig. 1.1 Probable origins of human-specific infectious diseases. Arrows indicate suggested
direction of the original transmission

1.5 Conclusions

Many problems exist in inferring phylogenetic relationships (Felsenstein 2003) and
molecular clock estimations (Feng et al. 2008; Graur and Martin 2004; Sharp and
Simmonds 2011; Bromham and Penny 2003), however it is possible to conclude
that recent evidences (molecular clocks analyses, single nucleotide polymorphisms
and phylogeography) suggest that many modern human infectious disease did not
arise from domestic animals during the Neolithic period as previously thought.
Rather, these diseases have a much older origin (Paleolithic period); some of them
may have co-evolved with hominids whereas others may have originated in wild
animals. In other cases, such as measles and possibly parapertussis, the evidence
suggests a Neolithic origin from zoonotic agents present in domestic animals
(Sharp and Simmonds 2011; Park et al. 2012). Despite the recent evidence that
many human-infectious diseases have originated in primates, the study of infectious
diseases of primates (especially non-human hominids) is still a neglected field of
research. African primates, including human’s closest relatives (chimpanzees and
bonobos) also share the same habitats in many regions of central Africa. Most
importantly, many people in this region consume ape meat and are exposed to blood
and other fluids from these animals (Wolfe et al. 2005). African primates remain an
untapped source of information required to complete the puzzle of the mechanisms
of origin and evolution of many human pathogens.
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As the genomic data from a wider population of microbial pathogens and
commensals from humans and other animals are available, we will have a better
understanding of the mechanisms that govern transmission and microbial adapta-
tion to different animal species. The discovery of the factors involved in host
species crossing and the evolution of human specific pathogens may help the
identification of human activities, which can potentially promote the emergence
of new infectious diseases.

There is a complex relationship between human activity, animal microbial
diseases, human microbial diseases and the environment. A better understanding
of the evolutionary processes implicated in the emergence of new diseases may
require the collaboration of many disciplines, an idea promoted by the One Health
concept.

Acknowledgements I would like to thank Micah Dunthorn Ph.D. who collaborated in the edition
of this chapter and the support of Universidad San Francisco de Quito. My thanks also go to
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Chapter 2
Drivers of Emerging Zoonotic Infectious
Diseases

Peter W. Horby, Ngo Thi Hoa, Dirk U. Pfeiffer, and Heiman F.L. Wertheim

Abstract This chapter discusses drivers of emerging infectious diseases (EID) of
humans that have an origin in other vertebrate animals (zoonoses). This is a broad
topic, worthy of a book in its own right. This chapter will therefore provide only an
overview of key concepts of drivers of the emergence of zoonotic diseases, and
particularly infectious diseases with a major disease burden in humans. As the
authors mainly work in Asia, the focus of this chapter is Asia, but many of the
lessons learned in this region are likely to apply elsewhere.

More than 60 % of the world population live in Asia, a region with some of the
fastest developing economies in the world. Yet, despite tremendous advances,
infectious diseases still remain a major burden for the human population in Asia.
Of the estimated 2.1 million deaths in children aged less than 5 years in Southeast
Asia in 2010, 47 % are attributable to infectious causes (Liu et al., Lancet
379:2151-2161, 2012). As such, Asia is both vulnerable to imported EIDs and a
global focus of major social and environmental change that may facilitate the
emergence and dissemination of new pathogens. However, it would be too sim-
plistic to present the extensive changes in Asia as inevitably increasing the risk of
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EIDs. Some aspects of socio-economic change might serve to reduce the overall
risk of infectious disease emergence, but all ecosystem changes have the potential
to provide new opportunities for microorganisms to spill-over into human
populations.

Keywords Driver « Emerging infectious disease ¢« One health ¢ Zoonosis

2.1 The Concept of Emergence

Emerging infectious diseases are often perceived to be ‘novel’ pathogens of humans,
but EIDs are more broadly defined as diseases that are increasing in their incidence,
geographic or host species range, or their impact (due for instance to the acquisition
of resistance to antimicrobial drugs or new virulence factors) (Fauci and Morens
2012). This encompasses both newly recognised pathogens and known pathogens
that are ‘re-emerging’ (Box 1). The development and introduction over time of new,
more sensitive technologies for identifying microbial diversity, such as molecular
methods to identify elements of the microbial genome, coupled with geographical
heterogeneities in the availability of these technologies, make it difficult to accu-
rately assess the rate at which new infectious diseases emerge. The difficulty is
further compounded by changes over time in the ease of publishing articles in the
bio-medical literature. Attempts have nevertheless been made, and 335 emerging
infectious disease events were identified between 1940 and 2004, an average of five
per year, with a peak in the 1980s associated with the emergence of HIV/AIDs and
its associated opportunistic infections (Jones et al. 2008).

New human pathogens must come from somewhere, and unsurprisingly they
most often arise from animals; with which we share genes, physiology, microor-
ganisms, and environments. Around 60 % of current human infectious diseases are
zoonotic, and those that exclusively infect humans were probably shared with other
animal species at some time in the past (e.g. measles, mumps, dengue, pertussis,
hepatitis B). In addition, around 60 % of recent emerging infectious diseases of
humans have arisen from animals, with an estimated 72 % of these having their
origin in wildlife species (Jones et al. 2008). The recognition of the shared suscep-
tibility of humans and animals to many diseases has led to the concept of One
Health. The infection of humans by the microorganisms of animals is a natural
consequence of ecology and evolution (Karesh et al. 2012). Microbes are an
abundant life form and ecological factors (specifically the environmental living
conditions) critically define the niches that they inhabit. Microbes that normally
colonise or infect animals are able to ‘spill over’ to humans when they possess the
ability and are given the opportunity to exploit a similar niche (e.g. the gut or
bloodstream) of humans. The same is true for microbes of wild animals that spill
over to domesticated animals. Once provided this opportunity to infect a new host, a
process of Darwinian competition will select those natural variants of the microor-
ganism that are best able to survive and replicate in the new environment. In this
way microorganisms adapt to humans, and may become so well adapted as to
become exclusive pathogens of humans (Fig. 2.1) (Wolfe et al. 2007).
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Box 1. Categories of Infectious Diseases (Fauci, NEJM, 2012)

1. Established infectious diseases: endemic diseases that have been around
for a sufficient amount of time to allow for a relatively stable and predict-
able level of morbidity and mortality. Examples are common diarrheal
pathogens, drug-susceptible malaria, tuberculosis, helminthic and other
parasitic diseases;

2. Newly emerging infectious diseases: diseases that recently have been
detected in the human host for the first time. Nipah virus, severe acute
respiratory syndrome virus (SARS), human metapneumovirus (hMPV),
and new influenza subtypes (swine HIN1, avian HSN1, or avian H7N9)
are examples in this category. Often RNA viruses causing respiratory
diseases are in this category.

3. Re-emerging infectious diseases: Diseases in this category can be
subclassified as follows:

— Diseases that appear either in new regions, as we have seen for West
Nile virus (WNYV) in the Americas.

— Already known diseases that have become drug-resistant. Recent exam-
ples are drug resistant bacterial infections (penicillin resistant pneumo-
coccal pneumonia, carbapenem resistant hospital acquired infections),
drug resistant malaria, and oseltamivir resistant influenza.

— Already known diseases that reappear after apparent control or elimi-
nation, or under unusual circumstances. Examples in category are the
deliberate release of anthrax in the USA in 2001, or the reappearance of
dengue on Florida, USA.

2.2 Shared Ecologies

The conditions or events (the ‘drivers’) that result in the successful cross—over of an
animal microbe into humans are not well characterised, but emergence is often
precipitated by changes to ecological or biological systems (Wilcox and Colwell
2005). Such changes include altered patterns of contact between wild and domestic
animals (e.g. Nipah virus), of direct human and wild animal contact (e.g. HIV,
Ebola), and changes in species abundance or diversity (e.g. Hantavirus; Lyme
disease). Species diversity, including the diversity of insect vectors and pathogenic
microorganisms, increases towards the equator (Guernier et al. 2004), and Jones
et al. found a correlation between the emergence of zoonotic pathogens and the
diversity of mammalian wildlife species (Jones et al. 2008). Whilst high animal host
and pathogen species diversity may be associated with a high burden of infectious
diseases and an increased risk of disease emergence, biodiversity loss may, perhaps
counter-intuitively, be associated with increased disease transmission. Biodiversity
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Fig. 2.1 Five stages of how exclusive animal pathogens can adapt to and infect humans (Wolfe
etal. 2007). Stage 1: The pathogen is still exclusively infecting animals. Stage 2: The pathogen has
been transmitted from animals to humans under natural conditions but not yet from human to
human. Stage 3: There is limited transmission from animals to humans and between humans.
These are often severe and lethal diseases due to for instance filoviruses (e.g. Ebola). Stage 4:
Animal disease that have sustained transmission between humans (e.g. influenza). Stage 5: A
microbe that exclusively infects humans (e.g. measles, syphilis)

loss directly disrupts the functioning and stability of ecosystems, producing effects
that can extend well beyond the particular lost species (Hooper et al. 2012).
Changes in species abundance and diversity may favour pathogen amplification
and ‘spill-over’ through a variety of mechanisms, including reduced predation and
competition resulting in increased abundance of competent hosts, and the loss of
‘buffering species’ leading to increased contact between amplifying host species
and compatible pathogens (Keesing et al. 2010). Tropical regions with a rich pool
of existing and potential pathogens that are increasingly connected, but also
experiencing high rates of ecosystem disruption and biodiversity loss, may there-
fore be at a particularly high risk of disease emergence.

Human pathogens occasionally re-emerge as a result of dynamics that are
beyond the control of humans. For example the Hantavirus outbreaks in the
Southwestern U.S. in 1991-1992 and 1997-1998 have been attributed to changes
in the abundance of infected rodents following periods of heavy snow and rainfall
and vegetation growth leading to abundant production of rodent food. However,
many ecological disturbances resulting in an EID seem to originate in the direct
actions of humans. A wide range of anthropogenic factors have been linked to
infectious disease emergence, including changes in land-use, travel, trade, and
demographics. Notably, most of these associations are speculative and supported
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by little hard data because ecological and biological systems are highly complex
and multi-layered (Woolhouse 2011). Demonstrating or predicting the impact of
particular conditions or events on the functioning of a system is difficult, with
further inference of the impact of any changes on the risk of pathogen emergence
posing a formidable challenge.

2.3 Socioeconomic Development and Altered Ecosystems

Socioeconomic development is associated with large increases in demand for
natural resources. The demand for water, wood, pulp, agricultural land, living
space, roads, minerals and power has had an enormous impact on the landscapes
of Asia. Deforestation occurred throughout the 1990s and the area of primary forest
in Asia has continued to decline (FAO 2012). Deforestation, forest fragmentation,
and afforestation are all alterations in habitat, which change species composition
and the interaction between wild animals, domestic animals, insect vectors and
humans, providing new opportunities for microbial transmission and potential
emergence. There are well-documented examples of deforestation and forest
encroachment resulting in increases in infectious diseases, such as yellow fever,
Mayaro, and Chagas disease in the Americas (Saker et al. 2004). The clearing of
forest and planting of large cacao plantations was linked to the emergence of
Oropouche virus in Brazil. In Asia there are already very high pressures on
productive land, and the peak in land-use change in Asia has probably passed.
Many areas are now in an era of increasing intensification of land productivity. This
intensification is driven largely by demographic pressures, which are predicted to
result in a 70 % increase in food production by 2050, with decreased consumption
of grains and increased demand for meats, fruits and vegetables (FAO 201 1a, b).

The increased demand for food, and meat in particular, when combined with
demands for natural resources from industry and domestic consumers, and river
damming for hydroelectric power, is resulting in a large increase in stress on water
resources (FAO 2011b). The consequences of intensified agricultural production
include the depletion and degradation of river and groundwater, reduced soil
quality, and biodiversity loss. A direct and predictable effect of reduced access to
clean water for low-income families is an increase in the risk of water-washed
diseases (diseases that increase when the availability of water for personal hygiene
is limited e.g. diarrhoeal and respiratory infections, trachoma), and water-borne
diseases such as typhoid and hepatitis E. However, unquantified risks arising from
the intensification of agriculture are pollution of freshwater with pesticides and
fertilizers, loss of biodiversity, and land abandonment by small-scale farmers. The
potential consequences of these changes on the risk of emergence of zoonotic
infections have not been assessed.
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2.4 Wildlife Trade

Wild animals are an important source of food (bush meat) in some developing
countries and bush meat has been implicated in the emergence of HIV, and the spill
over of monkeypox, Nipah and Ebola virus (Brashares et al. 2011). Whilst the
reservoir of the SARS coronavirus is thought to be bats, wild civet cats traded for
food are thought to have acted as an intermediate host, transmitting the SARS virus
to humans through live animal markets (Li et al. 2005). Wild animal products are
popular in Asia as traditional medicines, tonics, delicacies, or as symbols of wealth.
Although all ten countries in the Association of Southeast Asian Nations (ASEAN)
are signatories to the Convention on International Trade in Endangered Species of
Wild Fauna and Flora (CITES), Asia continues to host the largest illegal wildlife
trade in the world (Rosen and Smith 2010). The smuggling of HSN1-infected birds
of prey into Europe, the frequent smuggling of bush meat from Africa into the U.S.,
and the importation into the U.S. of pet rodents infected with monkeypox show that
both the legal and illegal trade in wild animals and wild animal products is a
potential conduit for the international spread of zoonotic pathogens (Bair-Brake
et al. 2013; Van Borm et al. 2005)

2.5 Urbanization, Consumer Behavior, and Market Chains

Between 2011 and 2050 the world population is expected to increase by 2.3 billion
(a 32 % increase), and the increase will be concentrated in urban areas of develop-
ing countries (UN-DESA 2012). Whilst mega-cities (cities with a population of at
least ten million) receive a lot of attention, most urban dwellers live in small cities,
with half of the global urban population in 2011 living in cities of less than 500,000
people (UN-DESA 2012). This can be perceived positively as cities generally offer
better economic opportunities, better educational opportunities, better living con-
ditions, better nutrition, better sanitation, and therefore better health than under-
developed rural areas. At the same time it is likely to mean that in many low to
middle income countries, health and veterinary infrastructure in rural areas will not
improve, or may even deteriorate, adversely affecting the likelihood of the early
detection of EID. The demand for food in urban centres will increase and result in
livestock and their products being transported over large distances from a wider
catchment area, and thereby increase risk of spread and amplification of EID.
Urbanisation is one facet of changing human sociocultural systems, which also
includes changing consumer demands and dietary habits (Janes et al. 2012). The
consequence is a spatial concentration of people and animals; not necessarily
co-located, but connected through increasingly complex networks of rural and
peri-urban farms and markets, distributors, agricultural workers, and consumers.
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2.6 Livestock Production Systems

2.6.1 |Intensification of Production

Due to the increase in global human population and economic development,
demand for livestock products has risen dramatically over the last 50 years, with
the per capita consumption of meat in developing countries more than tripling since
the early 1960s and egg consumption increasing fivefold (FAO 2011a, b). The
increased demand for meat has been met by more intensive and geographically
concentrated production of livestock, especially pigs and poultry (Steinfeld
et al. 2006). Much of this has been through expansion of both the number of
small-scale production units and large commercial farms. High-density monocul-
ture of domestic animals is a form of low biodiversity that poses a particular threat
for the spread of infectious diseases from farmed animals to humans. Where
domesticated animals are a conduit of spread from wild animals to humans, high
density livestock production may promote spread of zoonotic diseases. Genetic
diversity within an individual host species is important since genetic diversity limits
the potential for devastating epidemics (King and Lively 2012).

The Nipah virus outbreak in Malaysia and Singapore in 1998-1999 is a good
example. Once Nipah virus crossed from wild bats to domestic swine, an explosive
outbreak in high-density swine farms resulted in widespread exposure of humans
and over 250 human cases of encephalitis (Pulliam et al. 2012). Other examples
where intensified livestock production practices may have led to emergence of a
zoonosis include:

o Streptococcus suis causes severe sepsis and meningitis in humans and is asso-
ciated with areas of intensive pig production (see Fig. 2.2). Risk factors for
human infection include swine slaughtering and the eating of undercooked pig
products (Wertheim et al. 2009). Outbreaks in swine herds of porcine reproduc-
tive and respiratory syndrome virus also potentially increases the rate of invasive
S. suis infection in swine, which in turn leads to an increased risk of S. suis
infection in humans (Hoa et al. 2013).

» Highly pathogenic avian influenza A subtype H5N1 crossed-over from wild
aquatic birds (the natural reservoir of influenza A viruses) to humans via massive
amplification in domestic poultry.

¢ The human Q-fever epidemic in the Netherlands during 2007-2010 caused by
the bacterium Coxiella burnetii is thought to have arisen when economic drivers
led to an increased density of dairy goat farming, which resulted in amplification
of Coxiella burnetii prevalence and consequent increased spill- over to humans
(Roest et al. 2011; Georgiev et al. 2013).

The classical foodborne diseases such as E. coli, campylobacteriosis and salmo-
nellosis associated with livestock products have been a significant problem in high-
income countries for some time (CDC 2011; Painter et al. 2013). One of the key
factors, in particular in the case of Campylobacter, has been the integration of
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highly intensive poultry production with poultry processing systems facilitating
cross-contamination of meat (Moore et al. 2005; Nyachuba 2010). It is notable that
some foodborne pathogens cause subclinical infections in their animal hosts (e.g.,
Campylobacter in poultry); therefore there is no direct incentive for farmers to
control them. In addition, subsequent attribution of the source of foodborne disease
in an affected human is notoriously difficult. It is likely that the global incidence of
foodborne illness will rise as a result of increased industrial production of poultry in
the emerging economies. The situation will be exacerbated by the emergence of
antimicrobial resistant pathogens of foodborne pathogens (Sahin et al. 2012;
Luangtongkum et al. 2009; Altekruse and Tollefson 2003).

Despite the examples above, the intensification of livestock farming often entails
more effective separation of domestic and wild animals, improved standards of
animal health and welfare, reduced movement and species mixing: all of which
reduce the risk of EIDs. Reducing contact between domestic and wild animals,
whether the wild animals are in their natural habitat or captive, is a key strategy of
the Food and Agriculture Organization (FAO) to reduce risk to human health, and is
part of the wider FAO strategy of enhancing ‘biosecurity’. Improving biosecurity in
farms is a major challenge since a large proportion of farming in Asia is based on
small-scale backyard production, and there is often a mix of commercial and
backyard farming in any one location. Achieving improvements in biosecurity
without adversely affecting the livelihoods of small-scale farmers requires an
approach to risk management that is adapted to their socio-economic context. The
longer-term vision is to restructure the livestock production sector towards a more
commercialised and controlled system, where controls benefit animal health,
human health, and commercial profitability. But it has also been recognised that
small-scale producers will continue to have a key role in providing food security in
developing economies, and in fact their importance may increase due to their more
efficient use of natural resources compared with large-scale industrial production
(Sjauw-Koen-Fa 2012; Quan 2011).

2.6.2 Intensity and Complexity of Animal Markets

Food production has become a complex national, regional and global network of
food value chains (Ercsey-Ravasz et al. 2012; Dickson-Hoyle and Reenberg 2009).
Many countries have begun to more tightly regulate live animal trade in the wake of
Bovine Spongiform Encephalopathy (BSE), SARS and avian influenza A/H5NI1,
but complex and poorly regulated food manufacturing and distribution chains still
offer ample opportunities for disease outbreaks. In endemic regions, live bird
markets are frequently contaminated with highly pathogenic avian influenza A
subtype HSN1 (Davis et al. 2010; Samaan et al. 2011; Wan et al. 2011). Contam-
inated markets can become reservoirs and the source of infection for poultry and
humans.
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Measures to reduce the risk in live animal markets include the separation of
species, not allowing animals to remain in the market more than 24 h, not allowing
poultry to exit the market alive, improved cleaning and disinfection, and weekly
rest-days, when all animals are removed and the market is thoroughly cleaned. The
re-emergence of brucellosis, one of the world’s most common zoonoses, is thought
to be the result of higher risk of transmission through increased within- and between
country trade of susceptible livestock and their products (Seleem et al. 2010). The
development of denser regional road transport networks may be especially impor-
tant since, compared to air travel, roads offer a more egalitarian form of connec-
tivity that includes animals and goods as well as humans. This provides
opportunities for pathogens to disperse beyond their traditional niche by increasing
opportunities for informal trade in live animals and their products (Eisenberg
et al. 2006).

Veterinary medical authorities often struggle to enforce compliance with regu-
lations, and it is common practice for farmers and traders to adapt their production
and trading behaviors to avoid adverse economic consequences of regulations
aimed at controlling zoonotic diseases. As a result, informal trade networks may
intensify and re-structure in unpredictable ways during disease outbreaks.

Increasing intensification of animal husbandry in Asia may be a trade-off
between a lower risk of emergence events, as animals will be ‘healthier’ and better
isolated, but should an EID event occur, an increased risk of massive amplification
in large, naive monocultures. Perhaps the greatest risk arises when a limited number
of intensive livestock production units are surrounded by substantial backyard
farming with little or no biosecurity, thereby linking extensive and weakly regu-
lated value chains with global food systems.

2.6.3 Antibiotics and Other Practices

Livestock production practices can have major unintended and unanticipated
impacts on the risk of zoonotic infections. Perhaps the most notable example is
BSE. The feeding of ruminant-derived meat and bone meal to cattle, and possibly
changes in practices for rendering animal tissue, led to an epidemic of BSE in cattle,
that was followed by an epidemic of a fatal neurological disease (variant
Creutzfeldt-Jacob Disease) in humans (Taylor and Woodgate 2003).

In contemporary livestock production, the use of antibiotics is a significant
concern. Almost 40 % (23/59) of EIDs identified in Asia since 1940 represent the
emergence of a new pattern of antimicrobial resistance (Jones et al. 2008). Bacteria
in some areas show alarmingly high rates of resistance to anti-bacterial agents, and
the recent emergence of the New-Delhi Metallo-beta-lactamase-1 (NDM-1) resis-
tance gene, conferring resistance to a last resort antibiotic, and its rapid dissemi-
nation to other regions highlights the serious threat to human health of
antimicrobial resistance (Khan and Nordmann 2012). Antibiotics are used exten-
sively in the livestock and aquaculture sector to treat or prevent infections, or as
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growth promoters. Non-therapeutic use of antibiotics as growth promoters involves
the prolonged administration of sub-therapeutic doses. This practise has a demon-
strable effect on the emergence and prevalence of resistant microorganisms in food
animals and their environment, as well as resulting in the excretion of antibiotics
into the environment, where environmental bacteria may be subject to antibiotic
selection pressures (Marshall and Levy 2011).

Synthetic antibiotics such as quinolones are quite stable in the environment over
long periods of time. Heavy metal contamination of animal food may also play a
role in selection of antimicrobial resistance. Whilst there remains some debate
about the overall impact of these findings on human health, it is clear that the
continued use of non-therapeutic antibiotics in an agriculture industry that is rapidly
increasing in scale and intensity, has potential for becoming a very real threat
through the inability to prevent/cure disease in production animals and the conse-
quences for human food security as well as the transmission, for example, of
resistant food-borne bacterial pathogens to humans.

Some recent examples concern transmission of methicillin resistant Staphylo-
coccus aureus (MRSA) from pigs to humans and ESBL (extended spectrum beta-
lactamase, an important resistance mechanism against most beta-lactam antibiotics)
positive E. coli on chicken meat for human consumption (Verkade et al. 2012;
Kluytmans et al. 2013). Swine-associated MRSA is now contributing significantly
to invasive disease in patients in the Netherlands (Verkade et al. 2012).

Antibiotic production and consumption continues to increase, often in an
uncontrolled way, accelerating the evolution of antibiotic resistance, which then
spreads rapidly across the globe. Since the 1990s few new antibiotics have been
developed and we are on the cusp of returning to an era of untreatable infections.
The consequences of antibiotic use in animals therefore require better surveillance,
research and regulation.

2.7 Conclusions

Infectious diseases continue to be an important cause of human and animal mor-
bidity and mortality worldwide. Whilst important health advances (e.g. hygiene and
vaccination) have been made, infectious diseases are dynamic and resilient, and
continue to challenge local, national and global public health systems (Fauci and
Morens 2012).

The recognition of the linkage between anthropogenic changes, animals, and
disease emergence has resulted in repeated calls for a more holistic, interdisciplin-
ary, and integrated approach to the study of infectious diseases. The One Health
approach is one initiative aimed at realizing this aspiration. The task ahead is to
understand how social, economic, and environmental changes are altering the
landscape of infectious disease risks for both animals and humans, and how future
emerging risks may be mitigated. A more analytical approach to these emergence
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events requires characterisation of the attributes of natural and artificial ecological
systems before and after disturbance, and the functional relationship between
changes in system attributes and pathogen emergence (Woolhouse 2011).
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Chapter 3
Biodiversity and Emerging Zoonoses

Serge Morand, Katharine Owers, and Frédéric Bordes

Abstract This chapter examines the links between biodiversity and worldwide
patterns of zoonotic disease outbreaks. We find that biodiversity appears to be a
major contributing factor determining the diversity of human infectious diseases,
and that zoonotic disease outbreaks should be considered with the indices of human
development and biodiversity loss. Increasing population and wealth (i.e., GDP)
both threaten biodiversity and favour epidemics, leading us to conduct an analysis
showing the deleterious impacts of development (and globalization) on health. Our
results support this premise in contrast to most studies showing generally negative
effects of biodiversity reduction on the spread of infectious diseases. Biodiversity
has a complex relationship with human infectious diseases, serving both as a source
of pathogens and as a regulating factor, keeping the incidence down.

Keywords Biodiversity  Dilution effect « Infectious diseases « Outbreaks ¢ Species
richness * Zoonoses

3.1 Introduction

The number of emerging infectious diseases (EID) has increased during the last
century (Wilcox and Gubler 2005; Wolfe et al. 2007; Jones et al. 2008), a change
often attributed to growing human-induced environmental changes (Daszak
et al. 2000; Chivian 2003; Chivian and Bernstein 2004; Patz et al. 2004; Wilcox
and Colwell 2005; Lafferty 2009). Concurrently, the number of reported infec-
tious disease outbreaks has also dramatically increased during the last 60 years
(Morand and Waret-Szkuta 2012; Morand et al. 2013). The explanatory factors
reported for these trends are generally associated with ongoing global changes
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such as climate change and variability, global trade and economic development,
land use change and biodiversity loss, which have been occurring on an unprec-
edented scale (MEA 2005).

Increased biodiversity may correlate to more numerous human infectious dis-
eases, as a statistical correlation has been observed between the number of birds and
mammals (used as a proxy of biodiversity) and the number of human pathogens
(Dunn et al. 2010). The density of human pathogens increases towards lower
latitudes, and indeed, bird and mammalian species richness are highest in the
tropical zones (Schipper et al. 2008). A similar trend has been observed for
human pathogens (Guernier et al. 2004; Dunn et al. 2010) and rodent-borne
diseases (Bordes et al. 2011).

However, biodiversity loss has been positively associated with human infectious
disease emergence. This occurs through increased interactions between humans,
their domestic animals and wildlife as a result of habitat fragmentation and changes
in wildlife species richness and community composition. Several studies have
shown that a reduction in biodiversity at the local level may lead to an increase in
the prevalence and transmission rates of certain diseases, such as Lyme disease or
West Nile fever (Keesing et al. 2010). The decrease in biodiversity seems to be
associated with the loss of the ecosystem’s capacity to buffer the spread of
pathogens (Keesing et al. 20006).

Taken together these two patterns seem a priori opposite if not contradictory.
From this perspective this chapter re-examines the links between biodiversity and
patterns of infectious disease number, but also on zoonotic disease outbreaks, by
considering the prediction that the number of zoonotic disease outbreaks should be
associated with indices of human development and biodiversity loss. In fact,
number of infectious diseases and zoonotic outbreaks are different things, even
though most human infectious diseases are zoonotic. Such global trends should be
discussed in relation to the ecological and epidemiological mechanisms that func-
tion at the local scale, which will be re-examined with a review on the effect of
biodiversity reduction on the spread of infectious diseases. Finally, we discuss how
biodiversity is related to emerging zoonotic diseases.

3.2 Re-examining the Link Between Biodiversity
and the Number of Infectious Diseases

3.2.1 Data and First Analyses to Identify Highly Correlated
Variables

Data on infectious diseases were obtained from GIDEON (Global Infectious
Diseases and Epidemiology Network, www.gideononline.com), which contains
information on the presence and occurrence of epidemics of human infectious
diseases in each country. This source has regularly been used in comparative studies
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of pathogen diversity and epidemics (Guernier et al 2004; Dunn et al. 2010; Morand
et al. 2013). We collected data on socioeconomic, demographic, biodiversity and
environmental variables to use as explanatory factors for the disease data. Our
variables included country area and population, per capita gross domestic product
(GDP), per capita health expenditure, forested surface area and forest as a propor-
tion of each country’s total area from the World Bank (worldbank.org/ddp/home.
do); latitude, area, and elevation from the Harvard Center for International Devel-
opment (Gallup et al. 1999); values of mean temperature and precipitation from
WorldClim (Hijmans et al. 2005); values for evapotranspiration, a proxy of biolog-
ical productivity, from the FAO (www.fao.org); the number of languages spoken in
a country, as a measure of cultural diversity and complexity, which was found to be
linked with biodiversity at threat (Sutherland 2003), was obtained from the
Ethnologue (www.ethnologue.com); bird and mammal species richness came
from Bird Life International (http://birdlife.org/datazone/home) and from the Inter-
national Union for Conservation of Nature (www.iucnredlist.org/initiatives/mam
mals); and species at threat from the International Union for Conservation of Nature.
Maps of bird and mammal species richness, number of threatened species, number of
languages, and number of infectious diseases show that each of these variables vary
widely between countries and seem to correlate each other (Fig. 3.1, but see below).

Per capita healthcare expenditure and the number of diseases for which a survey
has been conducted in a country (GIDEON) were used as measures of investigation
effort. To avoid potential confounding effects of nation size, we converted all
variables potentially linked to nation size, such as number of infectious diseases,
bird and mammal richness, number of languages, number of species at threat to a
ratio based on nation size (per square kilometre).

A Principal Component Analysis (PCA) allowed the identification of highly
correlated variables such as latitude and temperature (Fig. 3.2a), biodiversity and
number of languages, and GPD and health expenditure. These results were confirmed
using cross correlation analyses (Fig. 3.2b, c). The closest associations were found
between bird and mammal species richness, language diversity and number of infec-
tious diseases. This is in agreement with studies showing that cultural biodiversity is
linked with natural biodiversity (Collard and Foley 2002; Harmon and Maffi 2002;
Maffi 2005) and with biodiversity under threat (Sutherland 2003). In contrast to the
correlation of number of diseases with bio- and cultural diversity, the number of
outbreaks was more closely associated to the number of species at threat (Fig. 3.2a).

This first result permits us to test several hypotheses using general linear models
(GLMs) to explain bird and mammal species richness, number of species at threat,
number of diseases, and number zoonotic of outbreaks as a function of potential
explanatory variables selected from the above PCA.

3.2.2 Main Variables Linked to Biodiversity

We performed general linear modelling to explain the richness of birds and
mammals with human population density, mean temperature, mean precipitation,
evapotranspiration (i.e. the amount of water removed from a soil surface through
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Fig. 3.2 (a) Principal Component Analysis on environmental, biodiversity, and socio-economic
variables potentially linked with the infectious diseases and their outbreaks. Variables correlated
with nation size were controlled by using their ratio to nation size (i.e. expressed as a density). See
Sect. 3.3 for the sources of variables. (b) Cross correlation among variables concerning richness or
number: birds and mammals, languages, infectious diseases, zoonotic outbreaks, and threaten
vertebrates. (¢) Cross correlation among socio-economic variables: GPD, health expenditure,
health development index, human development index, and number of surveys on infectious
diseases. See Sect. 3.3 for the sources of variables

evaporation and through transpiration) estimated using remote census methods, and
GDP as potential explanatory variables. The best model, selected using Akaike’s
Information Criterion (AIC), showed that bird and mammal species richness (inde-
pendent of nation size) is linked to human population density and evapotranspira-
tion (Table 3.1). High productivity areas, using evapotranspiration as a proxy,
support high biodiversity. Interestingly, human population density appears to be
positively correlated with biodiversity independent of nation area, in agreement
with previous studies showing that biodiversity hotspots are situated in high
human? population density areas (Cincotta et al. 2000).

3.2.3 Main Variables Linked to the Number of Human
Infectious Diseases

The best model showed that the number of infectious diseases (controlled for nation
size) is statistically associated with bird and mammal richness, climate (precipita-
tion and temperature) and GDP (Table 3.2). It appears that a country with high
biodiversity (in terms of birds and mammals) relative to its size also has a greater
diversity of infectious diseases (Fig. 3.3a), confirming the pattern already found at
the global level by Dunn et al. (2010).
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Table 3.1 Summarized results for a generalized linear model (GLM) explaining the richness
density of bird and mammal species (expressed as the ratio of a country’s richness to its area)

Explanatory ANOVA
Dependent variable variables Effect (P) | F (P) F,R%P
Species richness density in | Human population | 0.46 58.4
birds and mammals density (<0.0001) |(<0.0001)
Evapotranspiration | 0.002 25.5 Fr15,=41.93,
(<0.0001) |(<0.0001) |0.36, <0.00001

Initial variables were population density, mean temperature, mean precipitation, evapotranspira-
tion, and per capita gross domestic product (GDP). Selection of the model was done using
Akaike’s Information Criterion (AIC)

Table 3.2 Summarized results for GLMs explaining the number of infectious diseases (expressed
as the ratio of a country’s infectious disease richness to its area) and of zoonotic diseases with
outbreaks (expressed as the ratio of the number of zoonotic diseases with outbreaks in a country to

its area)
Explanatory ANOVA
Dependent variable variables Effect (P) |F (P) F, R%P
Number of infectious dis- | Richness density in 1.18 3,552.2
eases (ratio to nation size) | birds and mammals (<0.0001) |(<0.0001)
Temperature —0.01 82.9
(<0.0001) |(<0.0001)
Precipitation —0.26 76.4
(<0.0001) |(<0.0001)
GDP 0.04 5.4 (0.02) |F4150=879.3,
(0.02) 0.96,
<0.00001
Number of zoonotic dis- Richness of infec- 0.63 589.3
eases with outbreaks (ratio | tious diseases (ratio (<0.0001) |(<0.0001)
to nation size) to nation size)
Human population 0.24 138.3
density (<0.0001 | (<0.0001)
Temperature —0.02 65.1
(<0.0001) |(<0.0001)
Precipitation 0.23 28.2
(<0.0001) |(<0.0001)
GDP 0.16 70.9
(<0.0001) |(<0.0001)
Survey 0.23 36.4 Fe.145 =154.7,
(<0.0001) |(<0.0001) |0.86, <0.0001

Initial variables were human population density, language diversity, bird plus mammal species
richness, mean temperature, mean precipitation, evapotranspiration, surveys, GDP and per capita
health expenditure, and for the zoonotic disease outbreak model, number of infectious diseases.
Model selection was done using the AIC criterion
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Fig. 3.3 (a) Relationship between the number in infectious diseases (residuals of GLM in
Table 3.2) and the richness in birds and mammal species (residuals of GLM from Table 3.1).
(b) Relationship between the number of infectious diseases (residuals of GLM in Table) and the
number of vertebrate species at threat (residuals of GLM from Table 3.2)

3.2.4 Main Variables Linked to Zoonotic Outbreaks

Over the period from 1950 to 2008, there was a dramatic increase in both the
number of outbreaks and the number of diseases causing outbreaks through time
(Fig. 3.4) taken into account reporting and surveillance, which is in accordance with
the global trend for EID (Jones et al. 2008). In the same manner as above, a GLM
was used to identify explanatory factors of the number of zoonotic outbreaks,
expressed as the ratio of the number of diseases with outbreaks to the nation area.
The number of zoonotic infectious diseases with outbreaks was correlated
positively with infectious diseases, human population density, climate (positively
with precipitation and negatively with temperature), GDP, and surveys (Table 3.2b).
Population density is a well-known factor driving disease dynamics (Anderson and
May 1978), and we find that increasing density increases the number of diseases
with outbreaks. The inclusion of precipitation and temperature underscore the
importance of climate in the occurrence of epidemics. Economic wealth,
i.e. GDP, was also found positively correlated with the total number of diseases
with outbreaks. Economic development potentially impacts the epidemiological
environment in a variety of ways. One is that with increased economic resources,
diseases are simply detected more frequently, which may be the case here since the
number of zoonotic disease outbreaks is also positively correlated with surveys.

3.2.5 Main Variables Linked to Species at Threat
and Human Infectious Diseases

We performed a GLM on the number of species at threat, expressed as a ratio to
nation area, as dependent on the following factors: human population density, bird
and mammal species richness, language diversity, number of infectious diseases,
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number of zoonotic disease outbreaks, temperature, precipitation, evapotranspira-
tion, forest cover and GDP. The best model explaining the number of species at
threat selected three variables, all positively correlated with the number of threat-
ened species: population density, number of human infectious diseases, and GDP
(Table 3.3). Here, both population density and economic development are linked
with the increasing threat to vertebrate species (see also Fig. 3.2a).

3.2.6 Capturing the Complexity of Human Zoonotic
Outbreaks: Human Population Density
and Development Matter

We performed a structured equation modelling (SEM) using the results of the
GLMs presented in Tables 3.1, 3.2, and 3.3. SEM is a useful modelling technique
to propose a causal chain of correlation. By fitting structural equation models, we
show that population size has a strong effect on bird and mammal richness,
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Table 3.3 Summarized results for a GLM explaining the number of vertebrate species at threat
(ratio to the nation size)

Dependent variable Explanatory variables Effect (P) |F (P) F, R*P
Number of species at Population density 0.39 206.7
threat (ratio to nation (<0.0001 | (<0.0001)
size) Number of infectious 0.75 198.4
diseases (ratio to nation | (<0.0001)
size)
GDP 0.19 15.7 F3151 =140.3,
(=0.0001) |(<0.0001) |0.73, <0.0001

Initial variables were human population density, language diversity, bird plus mammal richness,
number of infectious diseases, number of zoonotic diseases with outbreaks, forest cover, mean
temperature, mean precipitation, GDP and per capita health expenditure. Model selection was
done using AIC criterion

vertebrate species at threat and zoonotic disease outbreaks (Fig. 3.5). The only
climate variable significant in the SEM is precipitation, which has an effect on both
bird and mammal species richness and zoonotic outbreaks. GDP per capita impacts
the number of zoonotic outbreaks but also the number of threatened vertebrate
species. GDP also has a positive effect on the number of surveys, which in turn
helps at better recording outbreak events.

A simple causal chain seems to emerge from this analysis with increased
population density and GDP threatening biodiversity and population density
favouring epidemics. Indeed, positive population density effect on disease invisi-
bility and spread has been theoretically formalized and empirically observed for
numerous infectious diseases (Anderson and May 1978, 1991).

3.3 Mechanisms of Biodiversity as Insurance for Health

Among the many factors expected to affect parasitic transmission under natural
conditions, abiotic factors such as climate (Munson et al. 2008; Shamam
et al. 2010) and biotic factors including sex, age, behaviour, density, and commu-
nity structure of hosts or parasites (Altizer et al 2003; Keesing et al. 2006; Jones
et al. 2008; Ezenwa et al 2010) have all been stressed as important determinants of
exposure and/or susceptibility to parasites. Importantly, anthropogenic drivers are
more and more frequently identified as strong drivers of emerging diseases through
mechanisms that favour parasitic persistence or transmission (Rohr et al. 2008;
Acevedo-Whitehouse and Duffus 2009). Another factor potentially influencing
parasitic diseases is host diversity, which was first presented as a buffer for parasite
infection with the pioneering work of Elton (1958) who proposed the “disease
diversity hypothesis” in plants. This hypothesis has found later echoes with the
“dilution effect” in animals.
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Fig. 3.5 Structured equation modeling (SEM) illustrating standardized coefficients for pathways
among variables retained within the general linear modeling of Tables 3.1, 3.2, and 3.3 (all
coefficients were significant at P < 0.001). Precipitation, population density and GDP appear at
the principal correlates of zoonotic outbreaks

The expected links between host diversity and parasite transmission may be
quite complex. On one hand, a higher diversity of hosts has been linked to a larger
pool of novel pathogens. This positive link is often named the “amplification effect”
(Ogden and Tsao 2009). On the other hand, biodiversity can be linked to reduced
pathogen transmission through a “dilution effect” (Keesing et al. 2006, 2010). A
dilution effect may occur when the addition of one or more host species to a host
community is linked to “wasted transmissions” which negatively affect pathogen
persistence, despite the presence of highly competent reservoir host species
(Keesing et al. 2010). The initial proposed mechanism was a “direct” dilution effect
with a lost of infective stages in “wrong” arthropod vectors (i.e. Lyme disease, West
Nile fever). Other mechanisms were proposed for directly transmitted diseases,
often named “indirect dilution effects”. For instance, higher host diversity may lead
to a reduction of the susceptible host density via interspecific competition or
predator—prey interactions, which in turn will decrease the transmission (Begon
et al. 2002).
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Table 3.4 Examples of studies showing a link between a decrease of biodiversity and an increase
of parasite/pathogen transmission (prevalence), and are therefore in agreement with the “dilution

effect” hypothesis

Host species Locality Parasite/pathogen References

Rodents USA Hantavirus (Sin Suzan et al. (2009)
Nombre Virus)

Rodents USA Hantavirus (Sin Dizney and Ruedas (2009)
Nombre Virus)

Rodents Southeast Hantavirus (Seoul Blasdell et al. (2011)

Asia Virus)

Rodents USA Hantavirus (Sin Clay et al. (2009)
Nombre Virus)

Rodents Belgium Hantavirus Tersago et al. (2008)
(Puumala Virus)

Rodents USA Bartonella spp Bai et al. (2009)
(bacteria)

Rodents and USA Borrelia burgdoferi | Ostfeld and Keesing (2000), Lo

other mammal (Lyme disease) Giudice et al. (2008), Keesing

species et al. (2006)

Small mammals | USA Anaplasma Foley et al. (2008)
phagocytophilum
(bacteria)

Birds USA West Nile virus Ezenwa et al. (2006)

Birds USA West Nile virus Allan et al. (2003)

Birds USA West Nile virus Swaddle and Calos (2008)

Birds Germany Himasthla elongata | Thieltges et al. (2008)
(helminth)

Amphibians USA Batrachochytrium Searle et al. (2011)
dendrobatidis
(fungi)

Amphibians USA Ribeiroia ondatrae | Johnson et al. (2013)
(helminth)

Snails Laboratory Schistosoma Johnson et al. (2009)
mansoni (helminth)

Snails New Zealand | Microphallus Kopp and Jokela (2007)

sp. (helminth)

Several studies found strong support for a dilution effect (direct or indirect)
(Table 3.4). This strong pattern encourages some scientists to infer that a consistent
picture has emerged: biodiversity loss tends to increase pathogen transmission and
disease incidence (Keesing et al. 2010). The local conditions of host species
richness and composition in reservoir hosts may be the determining factors as to
whether an increased number of potential hosts will divert transmission from highly
competent reservoir host species and results in fewer new infections or not.



38 S. Morand et al.

3.4 Discussion

3.4.1 Biodiversity and Infectious Diseases

Several studies have emphasized the need to preserve vertebrate biodiversity and
community composition in order to significantly reduce the risk of infectious
disease emergence (LoGiudice et al 2003; Keesing et al 2010). The results
presented here agree with previous analyses (Dunn et al. 2010), that show biodi-
versity appears to be a main explanatory factor for the diversity of human infectious
diseases. A country with high bird and mammal diversity, independently of its area,
likely also harbours a high number of vectors and reservoirs, which constitute the
essential elements for the transmission of infectious diseases.

Dunn et al. (2010) analyzed the diversity of human parasites by nation. Their
results indicated that the diversity of human pathogens in a nation increased with
human population size and the diversity of birds and mammals in a nation. We
found the same result for biodiversity, but instead of population size, we looked at
population density, which appears not to be a determinant of the diversity of
pathogens but instead a determinant of the number of zoonotic disease outbreaks.
We found that the density of bird and mammal species is positively linked with
population density. Hence, the relationship between high pathogen richness and
high biodiversity may be due to the fact that a nation with high biodiversity is
generally related to high population density (Cincotta et al. 2000).

We encountered here a classical pitfall of correlative studies where two variables
may be linked only because they are in fact linked to a third one. From this
perspective, the pattern that pathogens are more abundant in the tropics could be
linked not to higher biodiversity in tropical areas but rather to higher human
population densities encountered in those parts of the Earth. As host density is
linked with disease spread (Anderson and May 1978) and is also a strong determi-
nant of parasite species richness across mammal species (Bordes and Morand 2011)
these results seem to be rather related.

The increase in the number of outbreaks, both total number and number of
diseases presenting outbreaks over the last 60 years, is in agreement with results
from studies carried out worldwide (Morand and Waret-Szkuta 2012; Morand
et al 2013). Several explanatory factors have been identified for the increase in
outbreaks, including growing urbanization, forest alteration, agriculture intensifi-
cation and global trade. It is important to note, however, that the increase in
epidemic diseases is strongly correlated with improvements in disease detection
and increased healthcare expenditures, reflected in part by the positive effect of
GDP, which is strongly correlated with per capita health expenditure. The results
presented here, particularly the SEM, strongly suggest that increases in population
and wealth (GDP) both threaten biodiversity, whereas increases in population
favour epidemics (Anderson and May 1991). This is an important qualification to
some recent analysis showing positive impacts of development (and globalization)
on health (Martens et al. 2010).
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3.4.2 Implications for Human Well-Being

The ecosystem approach has been endorsed by the Millennium Ecosystem Assess-
ment (MEA 2005) as a conceptual framework. This approach defines ecosystem
services as the benefits that people obtain from healthy ecosystems. According to
the Millennium Ecosystem Assessment (MEA 2005), one such ecosystem service is
the regulation of human and animal diseases, a benefit largely due to positive
effects of biodiversity on disease regulation. The MEA also notes that any changes
in ecosystems can directly affect human pathogens.

This and the results presented in this chapter suggest that although biodiversity is
a source of pathogens, well-preserved biodiversity may act as insurance against
outbreaks. However, much work is necessary to confirm these results at regional
and local levels where land planning can integrate the management of biodiversity
as a way to improve human health.

Combining results of these studies on species richness, emergence, and inci-
dence, we see that biodiversity has a complex relationship with human disease,
serving both as a source of pathogens and a regulating factor that keeps
incidence down.
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Chapter 4
Hantaviruses

Thomas M. Yuill and James N. Mills

Abstract This chapter focuses on hantaviruses of known human health
importance. In humans, New World hantaviruses cause hantavirus pulmonary
syndrome (HPS) and Old World hantaviruses cause hemorrhagic fever with renal
syndrome (HFRS). Hantaviruses are distributed world-wide and are maintained
primarily in rodent hosts.

Rodent hosts are persistently infected, transmitting the viruses among them-
selves, through fighting or contamination of their surroundings, the latter being the
most frequent source of human infection. A variety of ecological factors influence
the population dynamics of these rodent hosts and, in turn, the dynamics of
transmission among them with corresponding risk of human infection.

Keywords Diagnosis ¢ Disease ¢ Hantaviruses ¢ Prevention ¢ Rodents
* Transmission

4.1 Background

Hantaviruses and their diseases have interesting histories. These viruses are dis-
tributed nearly world-wide and are maintained primarily in rodent hosts (Fig. 4.1).
An increasing number of hantaviruses have recently been discovered in association
with insectivore (order Soricomorpha) species, but none have been associated with
human disease and they will not be discussed here. The hantaviruses of the Old
World cause hemorrhagic fever with renal syndrome (HFRS) (Tables 4.1). Hanta-
viruses are a cause of HFRS throughout much of Europe and Asia (Vapalahti
et al. 2003). In 1934, a mild form of HFRS, much later found to be due to Puumala
virus (PUUYV), was reported in Finland. During World War II, Japanese troops in
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Fig. 4.1 Named hantavirus genotypes that have been associated with human disease

Manchuria succumbed to a more severe disease. Hantaan virus (HTNV) infections
causing HFRS with a 10 % case fatality rate were first recognized in 1951 in United
Nations troops in Korea, when the disease was termed Korean hemorrhagic fever
(KHF). The disease doubtless occurred in Asia perhaps for centuries. From 1951 to
1954, approximately 3,200 troops developed KHF (Schmaljohn and Hjelle 1997).
Fatality rates declined gradually, from 4.9 % in 1982 to 2.7 % in 1991, then to 1 %
in 1995 through 2007 (Zhang et al. 2010). Many years after the clinical syndrome
was recognized, HTNV was first isolated by Lee et al. (1982) and later propagated
in cell culture (French et al. 1981).

The isolation of Dobrava virus from a yellow-necked mouse (Apodemus
flavicollis) was reported in 1992 (Avsic-Zupanc et al. 1992). The isolation of
Belgrade virus from a severe human case of HFRS was reported that same year
(Gligic et al. 1992). Subsequently, these viruses were shown to be identical and the
International Committee for Taxonomy of Viruses (ICTV 2013) designated the
name as Dobrava-Belgrade virus (DOBYV). Following the isolation of the virus,
DOBYV was shown to be widely distributed in Europe and eastward in Russia
(Tables 4.1), with A. flavicollis as the main rodent host. DOBV was isolated from
a sibling rodent species, Black Sea field mice (A. ponticus), in the Black sea region of
European Russia (cited in Klempa et al. 2013). The Saarema isolate of DOBV was
found in striped field mice (A. agrarius) in two Estonian islands (Plyusnin
et al. 1997). A Central European DOBYV also was isolated from a striped field
mouse (Klempa et al. 2005) Other molecularly distinct DOBV isolates were made
from striped field mice from the Kurkino region of Russia (Plyusnin et al. 1999) and
from Slovakia (Sibold et al. 1999, 2001). Interestingly, in several European coun-
tries where both striped and yellow-necked mice are present in the same areas, their
viruses in each are from distinct genetic lineages. Because of the difference in
lineages, Klempa et al. (2013) proposed that DOBV be subdivided into four
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genotypes, Dobrava, Kurkino, Saaremaa and Sochi, based on phylogeny, rodent host
reservoir species, geographical distribution and pathogenicity for humans
(Tables 4.1). Although Saarema virus has been recognized as a separate species,
Klempa et al. (2013) make a strong case for it being a genotype of Dobrava-Belgrade
virus. Following the recognition of HFRS due to HTN'V, milder cases of HFRS were
recognized in Finland due the Saaremaa lineage of DOBV, somewhat more severe
cases in central and eastern Europe due to DOBV and HFRS cases of intermediate
severity in urban settings in Europe and Asia due to Seoul virus (SEOV).

SEOV was first isolated from urban brown rats (Rattus norvegicus) in Seoul,
Korea and reported in 1982 (Lee et al. 1982). There was evidence of SEOV
infections occurring previously in laboratory rats in medical institutions in Japan
(Umenai et al. 1979, Lee et al. 1979, Lee et al. 1980). In China, HFRS caused by
SEOV was first identified in humans in 1981 in the neighboring regions of Henan
and Shanxi provinces along the Yellow River (Hang et al. 1982). It was subse-
quently isolated from rats of two other species, R. losea and R. confuscianus (Liu
et al. 1984). SEOV is unusual with its wide geographic distribution because
movement of its carrier host, the brown rat through international shipping. The
virus occurs in brown rats in Asia, Africa, Europe, and the Americas (Cueto
et al. 2008; Leduc et al. 1986). More than 15,000 cases of HFRS are estimated to
occur yearly, with more than half of these in China (Song 1999).

New World hantavirus pulmonary syndrome (HPS) is sometimes called hanta-
virus cardiopulmonary syndrome (HCPS). In 1993, the first recognized cases of
HPS occurred in the Four Corners area of the southwestern USA (where the states
of Arizona, Colorado, New Mexico, and Utah are contiguous) leading to the
identification of a new hantavirus named Sin Nombre virus (SNV) detected in the
tissues of patients and in deermice (Peromyscus maniculatus) trapped near patient’s
dwellings (Hjelle et al. 1994; Ksiazek et al. 1995; Nichol et al. 1993).

As of December 31, 2013, 637 cases of HPS had been reported in the United
States (CDC 2014). Of these reported cases, 63 % were male, 37 % female with a
mean age of 37 years and a range of 6 to 83 years (CDC 2014). The discovery of
SNV was followed by studies throughout the Americas, with several viruses
identified as etiological agents of HPS, along with their Cricetid rodent reservoir
hosts (Tables 4.1).

There are two other hantaviruses in the Americas that cause HPS with some
frequency. Andes virus (ANDYV) is endemic in the Andean region of Argentina and
Chile, where a small number of cases of hantavirus pulmonary syndrome (HPS)
occur every year. It was first detected in southwest Argentina, in a family outbreak
in 1995 in a rural area near El Bolson, where two of three individuals who
developed HPS died. Hantavirus RNA was extracted from frozen autopsy lung
and liver tissues, and was identified as ANDV (Lopez et al. 1996). In early out-
breaks in Argentina, ANDV was shown to be transmitted directly from one person
to another but only when individuals are in close contact (Enria et al. 1996; Padula
et al. 1998; Toro et al. 1998). In Chile, confirmed cases of ANDV HPS have
occurred since 1995 with serological surveys having confirmed its presence from
30° 56’S to 53° 37'S (Toro et al. 1998; Torres-Pérez et al. 2004). However, ANDV
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has been found in the long-tailed pygmy rice rat, its natural rodent host, throughout
the animal’s range in Chile and in the Valdivian temperate forests in Argentina
(Palma et al. 2012).

Cases of HPS also occur with some frequency in the Azuero Peninsula of
Panama. The cases were first diagnosed in 1999. Subsequent studies found that
the Costa Rican pygmy rice rat, Oligoryzomys fulvescens costaricensis, was the
host of a novel hantavirus, Choclo virus, that was related to the cases of human HPS
(Vincent et al. 2000). In a study in four western Panama clinics, individuals
presenting with a severe febrile prodrome for acute hantavirus infection from
2006 to 2009, at least 21 % of 117 patients diagnosed with acute hantavirus
infection had no evidence of pulmonary edema (without respiratory distress or
radiographic lung infiltrates), and 44 % of patients had very mild HPS (radiographic
pulmonary edema but no respiratory insufficiency). Thus, acute hantavirus infec-
tion caused by Choclo virus in Panama often occurs without severe HPS (Armien
et al. 2013). However, there have been occasional cases of clinically severe HPS up
to the present time.

Other hantaviruses have been shown to cause sporadic cases of HPS in the
Americas (Tables 4.1). Studies of HPS cases and their epidemiologies in the
Western Hemisphere are continuing.

4.2 Viruses

Hantaviruses are a genus within the family Bunyaviridae (Schmaljohn and Dal-
rymple 1983; Schmaljohn et al. 1983, 1985). The genus Hantavirus contains the
only bunyaviruses that are not arthropod transmitted. Hantaviruses are enveloped,
negative sense, with RNA in three segments designated as L (large, 6,530-6,550
nucleotides), M (medium, 3,613-3,707 nucleotides) and S (small, 1,696-2,083
nucleotides). The L segment codes for RNA-dependent RNA polymerase, the M
segment for Gn and Gce envelope glycoproteins and the S segment for the nucleo-
capsid. The genome segments are encapsidated by the N protein to form ribonu-
cleoproteins enclosed within a lipid envelope with glycoprotein spikes composed of
Gn and Gc. The virion morphologically is round or pleomorphic with a diameter of
120-160 nm (Hepojoki et al. 2012). Electron microscopy shows that the virions
have a grid like surface pattern unique to this genus (Martin et al. 1985). Unlike
other genera of the Bunyaviridae, HTNV and SEOV do not have a nonstructural
NSs protein (Schmaljohn et al. 1986). The viruses are inactivated by heat, organic
solvents, detergents, ultraviolet irradiation, and hypochlorite solutions
(Bi et al. 2008; Kraus et al. 2005). Reassortment between HTNV and SEOV
tripartite genome segments was found in naturally infected brown rats in Guizhou
Province, China (Zou et al. 2008), with S and M segments of two different lineages
of DOBV (Klempa et al. 2003), and different lineages of PUUV in
Finland (Razzauti et al. 2009), between different lineages of SNV (Rodriguez
et al. 1998), which indicates that genetic reassortment can occur naturally between
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Fig. 4.2 Phylogeny and host relationships of some major hantaviruses. Thottapalayam virus is
nonpathogenic for humans and is hosted by an insectivore (order Soricomorpha). All other viruses
are hosted by rodents (order Rodentia) of the superfamily Muroidea, families Muridae (Europe and
Asia) and Cricetidae. Three subfamilies of Cricetidae host hantaviruses: Sigmodontinae (South
America and southern North America) Neotominae (North America), and Arvicolinae
(circumboreal). The phylogram is constructed using the complete S segment. PUUV Puumala
virus, TULV Tula virus, PHV Prospect Hill virus, BAYV Bayou virus, BCCV Black Creek Canal
virus, LANV Laguna Negra virus, ANDV Andes virus, SNV Sin Nombre virus, NYV New York
virus, HTNV Hantaan virus, SEOV Seoul virus, THAIV Thai virus, SAAV Saaremaa virus, DOBV
Dobra virus. TULV and PHV are not known to be human pathogens and are not included in
Tables 4.1. From: Vaheri et al. (2011)

different hantaviruses or between lineages of the same hantavirus. The evolutionary
radiation of selected hantaviruses and association with their rodent hosts is illus-
trated in Fig. 4.2.

4.3 Pathogenesis in Human Disease

The hantaviruses are responsible for human disease in the Western Hemisphere,
Europe, and Asia. Both disease syndromes (HPS and HFRS) involve capillary
leakage (Peters et al. 1999). There is evidence that pathogenesis is due to immu-
nopathology, rather than direct cell and tissue damage (Borges et al. 2006;
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Kilpatrick et al. 2004; Terajima et al. 2004). It has been proposed (Terajima
et al. 2007) that impairment of endothelial cells’ defense mechanisms against
cytotoxic CD8+ T cells is the mechanism resulting in capillary leakage in HPS
and HFRS. Tumor necrosis factor-a, interleukin-6 and -10 and y-interferon play a
role in pathogenesis (Makela et al. 2002; Mori et al. 1999). Studies of 21 HPS
patients indicated that IL.-6 may have an important role in the pathogenesis of HPS
and was associated with fatal outcome. A mixed Th1/Th2 immune response
occurred during the course of HPS and the magnitude of Thl response effector
cytokines was correlated to HPS severity. Reduced levels of TGF-beta in HPS
patients suggested immunoregulatory damage (Borges et al. 2008).

Clinically, HPS is a severe disease with a case fatality rate of 36 % in the USA.
The case definition of HPS (CDC 1997) is a febrile illness characterized by bilateral
interstitial pulmonary infiltrates and respiratory compromise usually requiring
supplemental oxygen and clinically resembling acute respiratory disease syndrome.
Hematological and pulmonary histopathological features were described for a
series of fatal HPS cases (Zaki et al. 1995). The incubation period is 1-5 weeks
after exposure. Four to ten days after the initial phase of illness, coughing and
shortness of breath may occur. The typical prodrome consists of fever, chills,
myalgia, headache, and gastrointestinal symptoms with thrombocytopenia
progressing rapidly to acute pulmonary edema, hypoxia, respiratory insufficiency,
hypotension, and cardiogenic shock. There is hemoconcentration, left shift in the
white blood cell count, neutrophilic leukocytosis, thrombocytopenia, and circulat-
ing immunoblasts. Because hypoxia induces pulmonary epithelial and endothelial
cells to secrete vascular endothelial growth factor it can also increase capillary
permeability and edema locally (Duchin et al. 1994; Gavrilovskaya et al. 2012).
SNV-specific CD8(+) cells contribute to the severity of HPS disease outcome
(Kilpatrick et al. 2004).

In general, HFRS symptoms usually develop 1-2 weeks after infection, but may
take up to 8 weeks to appear. Initial symptoms begin suddenly and include intense
headaches, back and abdominal pain, fever, chills, nausea, and blurred vision.
There may be flushing of the face, inflammation or redness of the eyes, or a rash.
Symptoms can progress, including low blood pressure, acute shock, vascular
leakage, and acute kidney failure, which can cause severe fluid overload. The
severity of the disease varies depending upon the virus causing the infection.
Hantaan and Dobrava virus infections usually cause severe symptoms, while
Seoul is intermediate, and Saaremaa and Puumala virus infections are usually
more moderate (Plyusnin et al. 2006). Complete recovery may take months (CDC
2013b; Muranyi et al. 2005).

Nephropathia epidemica (NE) is a clinically milder form of HFRS. There is
sudden onset with high fever, headache, backache, abdominal pain, and transient
thrombocytopenia in the early phase of the disease. Three days later, there may be
conjunctival hemorrhages and palatine and truncal petechiae. Usually, only 1 %
of patients develop severe neurologic signs including seizures or bladder paraly-
sis. Hemorrhages develop with oliguria, azotemia, proteinuria, and hematuria.
The rash disappears after the third day and polyuria develops. The convalescent
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phase lasts for several weeks, usually without sequelae. Fatality from acute renal
failure ranges from 0.1 to 1 % (Beers and Berkow 2005). Patients with neurolog-
ical disease were seen in a large study of HFRS patients infected by Puumala
virus. The common symptoms included headache, blurred vision, and vomiting
and some of the patients had all three. Nine patients had severe neurological
manifestations: meningism and cerebral hemorrhage during the first week of
illness, and epileptiform seizures and urinary bladder paralysis during the second
week (Alexeyev and Morozov 1995). Impaired pulmonary function has been
documented in some HFRS patients (Linderholm et al. 1997; Mustonen
et al. 1996) and more than half of 70 PUUV-infected, hospitalized patients had
abnormal cardiac findings (Makela et al. 2009). However, one patient with
Puumala virus infection who developed a severe clinical syndrome typical of
hantavirus pulmonary syndrome (Gizzi et al. 2013).

Severe HFRS disease occurs in 1015 % of cases. HFRS involves capillaries and
venules, causing hemorrhage circulation disorders. Acute renal failure may result
from interstitial hemorrhage and infiltrates (Sirotin and Keiser 2001).

The clinical course of severe HFRS has five phases: febrile, hypotensive,
oliguric, diuretic, and convalescent. The onset lasts for 3—4 days with high
fever, backache, abdominal pain, chills, myalgia, malaise, and bradycardia. Pho-
tophobia, pharynx enanthema, and a diffuse flushing of the face occur. Petechia
develop on the palate and conjunctival hemorrhages may appear with temporary
vision impairment. There is hematuria with gross proteinuria. Hypotension occurs
3-6 days after onset of fever and there may be shock. Laboratory findings include
leukocytosis and thrombocytopenia. Renal damage occurs, including acute
tubulointerstitial nephritis, necrotizing glomerulonephritis, and IgA nephropathy
(Cosgriff 1991). The oliguric phase starts and hemorrhage may become severe.
The diuretic phase usually begins on day 11. Convalescence usually begins
3 weeks to 6 months after the acute phase. Sequelae are unusual, but when
they occur may include hypertension and chronic renal failure (Beers and
Berkow 2005).

4.4 Zoonotic Hantaviruses and Their Rodent Hosts

Hantaviruses establish persistent infection in their rodent hosts without apparent
disease (Botten et al. 2000, 2002). Studies suggest that TGF-p1-expressing regula-
tory T cells may play an important role in limiting immunopathology in the natural
reservoir host, but may interfere with viral clearance (Schountz et al. 2007). This
response may have arisen as a mutually beneficial, coadaptive, evolutionary process
between hantaviruses and their natural rodent reservoirs, limiting disease from the
infection while allowing virus persistence (Schountz et al. 2007). Perhaps there has
been historic host switching followed by long-term adaptation (Ramsden
et al. 2009), with persistent infections and minimal host damage. However, that
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strict concept has been challenged with new information indicating that host
switching can occur currently (Lin et al. 2012; Vapalahti et al. 1996).

Natural and human-induced environmental changes can affect the prevalence
and transmission of hantaviruses among their rodent hosts and spillover of the
viruses to humans. It has been suggested that regulators of hantavirus prevalence
and transmission can be categorized into five major classes (Mills 2005). (1) Envi-
ronmental regulators (weather and food availability) affect transmission rates
through their effect on reproductive success and on population densities. (2) Anthro-
pogenic factors, such as ecosystem disturbance, may simplify those systems,
decreasing biodiversity and favoring opportunistic species that may be hantavirus
reservoirs. (3) Genetic factors may influence susceptibility of mice to infection or
for chronic shedding. (4) Behavior, such as fighting, can increase risk of hantavirus
transmission, causing different patterns of infection between males and females. In
temperate regions, communal nesting may result in overwinter transmission.
(5) Physiologic factors can control host response to infection and length of time
the host remains infectious. Thus, risk prediction is difficult because these several
regulators often interact. The relative importance of each factor varies according to
the status of the host species, season, year, and geographic location.

There is evidence that regulators 1 and 2 above may be interacting synergisti-
cally to produce counterintuitive effects on the incidence of HPS. Although high
biodiversity has been associated with high risk of emergence of infectious diseases
(Jones et al. 2008; Wolfe et al. 2005), outbreaks of HPS and of the rodent borne
viral hemorrhagic fevers have been associated with areas with severe anthropogenic
disturbance and extremely low biodiversity (Mills 2006). There are several possible
explanations for this apparent paradox.

Anthropogenic disturbance is known to simplify natural ecosystems, decreasing
biodiversity and resulting in local extirpation of some species. As a result of global
climate change, which is increasingly blamed on human factors (Stocker and
Qin 2013), numerous species, including rodent hosts of zoonotic diseases, are
moving their ranges poleward and upward in altitude (Hickling et al. 2006; Jannett
et al. 2007; Moritz et al. 2008). Although a similar migration occurred at the end of
the last ice age (Wright et al. 1993); migration is now complicated by massive
barriers created through mechanized agriculture, massive deforestation, building of
towns and cities and highways. Many species, especially nonvolant specialists, will
not be able to migrate (Root and Schneider 2002). The Intergovernmental Panel on
Climate Change (IPCC IV) predicts that 20-30 % of species are likely to at
increased risk of extinction as global average temperature exceeds 1.5-2.5 °C
above pre-industrial levels. Species, however, will not go extinct randomly. Spe-
cialist species with narrow habitat and diet requirements will disappear quickly,
while more adaptable opportunistic species take their place, rapidly reproducing to
high population densities in the absence of their specialist competitors (Dahlberg
1992; Peters 1997; Ruedas et al. 2004). Although opportunistic species constitute a
minority of total Cricetid species, they form the majority of known hantavirus hosts
in the Americas. Thus, climate change and anthropogenic disturbance may be
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acting synergistically to create conditions where opportunistic hosts of hantaviruses
thrive, increasing risk to humans inhabiting those disturbed habitats.

A phenomenon labeled the “dilution effect” is hypothesized to result in higher
risk of vector-borne (Ostfeld and Keesing 2000) and, apparently, directly transmit-
ted zoonotic diseases including HPS (Clay et al. 2009; Mills 2006; Suzan
et al. 2009) to humans in ecosystems with lower potential host diversity. Studies
of the dilution effect are providing increasing evidence that human perturbation of
ecosystems in the form of direct disturbance and indirectly through climate change
are resulting in biodiversity loss which leads to greater incidence of HPS and other
zoonotic diseases.

4.4.1 The Old World Zoonotic Hantaviruses
and Their Rodent Hosts

Three hantaviruses in Europe, Dobrava, Seoul, and Puumala viruses, cause HFRS
(Olsson et al. 2010).

4.4.1.1 Hantaan Virus (HTNYV)

HTNYV and its Asian variants are harbored in mice of the genus Apodemus (Lee
et al. 1978a, b, 1981a, b). The reservoir of HTNV is A. agrarius koreae in eastern
Asia including China. In China, the density of A. agrarius, the water-level differ-
ence in the Huai River and crop production were correlated with the incidence of
HFRS (Bi et al. 1998). In another study employing a landscape epidemiologic
approach, along with geographic information system and remote sensing tech-
niques, multivariate logistic regression analysis showed that incidence of HFRS
from HTNYV infection was associated with elevation, a vegetation index, precipita-
tion, annual cumulative air temperature, semihydromorphic soils, timber forests,
and orchards (Yan et al. 2007). In farming areas of the Anhui Province of China,
where cases of HFRS occurred, there was higher risk of HTNV infection among
those who had slept on the ground or had been engaged in heavy farm work
(Xu et al. 1985; Chen et al. 1986). HTNV variants Amur and Soochong viruses,
both human pathogens, are harbored by A. peninsulae (Baek et al. 2006; Zhang
et al. 2007). In laboratory studies, laboratory rats (R. norvegicus) infected with
HTNYV shed virus in saliva and feces but longest in urine (Lee et al. 1981a). A study
of HFRS related hantaviruses in the Russian Far East has shown the presence of
several different genotypes of viruses related to, but with S segments somewhat
different from, HTNV (Yashina et al. 2000).
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4.4.1.2 Puumala Virus (PUUYV)

The bank vole Myodes glareolus, the reservoir host of PUUV is widely distributed
in northern and central continental Europe (Bernshtein et al. 1999; Brummer-
Korvenkontio et al. 1980). As with SNV in deer mice, PUUV infection in adults
is associated with wounds in the fall, i.e., at the end of the breeding season, but not
in spring. In addition, in a study in southern Belgium, sexually active animals were
significantly more often wounded and positive for infection. Wounds resulting from
biting or scratching were observed mainly in adult rodents. PUUV infection was
associated with higher mobility in juvenile and subadult males (Escutenaire
et al. 2002).

HFRS epidemics due to PUUV can be predicted based on the population
dynamics of bank voles, the reservoir hosts (Kallio et al. 2009; Olsson
et al. 2009). A recently developed model (Sauvage et al. 2007) indicated that
only vole populations with multi-annual fluctuations resulted in simultaneously
high numbers of infected voles with a high proportion of voles in the acute virus
excretion phase as the population increase was ending. This results in a brief peak
of exceptionally high virus concentrations in the environment with an increased risk
of human exposure. In assessing factors influencing the association of increased
PUUY infection in bank voles in a northern Sweden area endemic for the virus, four
factors together predicted 80 % of the model outcome: age, body mass index,
population abundance (increasing, peak, or declining/low), and sex . Specifically,
voles that were in the oldest age class, of higher body mass index, in the peak stage
of abundance and of male sex were most likely to be infected (Olsson et al. 2002).
In this area in northern Sweden, particular environmental characteristics associated
with old-growth moist forests dominated by Alectoria spp., Picea abies, fallen
wood, and Vaccinium myrtillus were associated with increased bank vole abun-
dance and, hence, the number of PUUV-infected voles, whereas dry forests did not
have this association (Olsson et al. 2005).

Efficient spread and transmission of PUUV depends on high bank vole popula-
tion densities that increase as food availability becomes abundant during good mast
(edible shrub and tree seeds or nuts) years in central Europe (Schwarz et al. 2009;
Tersago et al. 2009). Climate change can affect hantavirus occurrence in rodent
hosts and risk of human PUUV infection. Climatic conditions favoring increased
mast production have resulted in an increase in HFRS cases a year later (Clement
et al. 2009). Increased average temperatures in West-Central Europe have been
associated with more frequent PUUV outbreaks with increased bank vole popula-
tion densities due to increased mast production. Warmer climate, perhaps coupled
with increased surveillance, have resulted in an increase in documented cases of
HFRS from PUUV infections (Heyman et al. 2009; Schwarz et al. 2009). In
contrast, warm winters in Scandinavia have led to a decline in vole populations
as a result of reduced protective snow cover with increased predation (Klempa
2009). Similar to findings with deermice and SNV discussed below, a study of wild
populations of bank voles in Finland showed that PUUV infected voles had
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significantly lower overwinter survival (Kallio et al. 2007), slowed maturation, and
reduced survival and reproduction compared to uninfected voles (Tersago
et al. 2012).

4.4.1.3 Dobrava-Belgrade Virus (DOBYV)

DOBY is a genetically distinct hantavirus (Xiao et al. 1993). In Europe, Apodemus
Aavicollis, the yellow-necked forest mouse is the reservoir species of DOBV
(Avsic-Zupanc et al. 1992; Taller et al. 1993). Sequence comparison and phyloge-
netic analysis of the Slovenian wild type DOBV from A. flavicollis strains were
closely related whereas the strain harbored by A. agrarius had a high level of
genetic diversity from other Slovenian DOBV strains and clustered together on
phylogenetic trees with other DOBV strains harbored by A. agrarius from Russia,
Estonia, and Slovakia. These findings suggest that the DOBV variants harbored by
the two species of Apodemus in Europe represent distinct genetic lineages (Avsic-
Zupanc et al. 2000). DOBV was recently reported to occur in A. uralensis captured
on the Black Sea coast of Turkey (Oktem et al. 2014).

4.4.1.4 Seoul Virus (SEOV)

The brown rat (Rattus norvegicus) is the main reservoir host of SEOV and is
doubtless responsible for moving it around the world. Lin et al. (2012) hypothesized
that an ancestor of phylo-group A SEOV variants was first exported from China to
Europe and then spread through the New World following the migration of brown
rats. Phylogenetic analysis carried out by these authors that included 136 novel
Chinese strains, indicated existence of four distinct phylogroups. All non-Chinese
SEOV strains and most of the Chinese variants fell into the phylogroup A, while the
Chinese strains originating from mountainous areas clustered into three other
distinct groups (B, C, and D).

SEOV has also been isolated from wild (Lee et al. 1982) and domestic pet Rattus
rattus (Jameson et al. 2013). SEOV variants Geo and Serang viruses are associated
with R. rattus in China and R. tanezumi in Indonesia respectively (Leduc 1987;
Plyusnin et al. 2009). Transmission between brown rats can occur through exposure
to SEOV-containing excrement or by wounds inflicted through fighting (Glass
et al. 1988; Hinson et al. 2004). Infection of newborn laboratory R. norvegicus
resulted in persistent infection, but infection was transitory when adult rats were
infected (Kariwa et al. 1996). SEOV was detected in pet rats (R. norvegicus) in
England (Jameson et al. 2013) and in Sweden (Lundkvist et al. 2013) with a risk of
human infection to humans in contact with these pets.
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4.4.2 The New World Zoonotic Hantaviruses
and Their Rodent Hosts

HPS due to SNV infection was first recognized in 1993 in the Four Corners area of
the USA. SNV was shown to be harbored by the North American deermouse,
Peromyscus maniculatus, a species widely distributed in North America that occurs
in a variety of habitats (Childs et al. 1994; Nichol et al. 1993). Subsequently,
presence of SNV antibody indicated that deermice were infected throughout their
range in the United States, Canada, and Mexico (Mills et al. 1998; Monroe
et al. 1999). Studies during the initial outbreak indicated that cases clustered
seasonally and temporally by biome type and geographic location. Areas of
human exposure and areas of highest prevalence in host populations were most
often found in pinyon-juniper woodlands, grasslands, and Great Basin desert scrub
lands, at elevations of 1,800-2,500 m (Engelthaler et al. 1999; Mills et al. 1997).
Elevation, as well as habitat evaluation accrued from satellite data, showed an
association between environmental conditions and HPS risk the following year
(Glass et al. 2000). It was hypothesized that the 1991-1992 El Nifo-southern
oscillation (ENSO) caused increased precipitation, increasing the food supply that
led to greater rodent population densities with enhanced risk of transmission to
humans. The result of this series of events may have been responsible for the 1993—
1994 outbreak of the disease in the Four Corners states. A second strong ENSO
occurred in 1997-1998. Researchers who were monitoring rainfall, habitat quality,
and deermouse population density in the southwestern US at the time observed
increased rainfall, green-up of vegetation, increased food supplies, and an abrupt
spike in deermouse population density. The peak in rodent density was followed by
a similar peak in HPS cases in the Four Corners states in 1998—1999 (Mills 2005;
Yates et al. 2002). Most of the 1998-1999 patients reported indoor exposure to
deermice (Hjelle and Glass 2000). Several of the initial (1993) cases in the Four
Corners area occurred in Native Americans. Interestingly, the oral history of local
American Indian healers describes clusters of similar deaths occurring over three
cycles during the twentieth century in association with specific ecological changes
(Chapman and Khabbaz 1994).

Subsequent field studies indicated that SNV occurred in an extensive geographic
area where P. maniculatus is found. However, infections in deermouse populations
were focal, being common in some areas and absent in others. Areas of high SNV
antibody prevalence in deermouse populations were determined and satellite imag-
ery was used to identify environmental characteristics associated with transmission
within its reservoir population. At least 2 years of high-risk conditions were needed
for prevalence to increase. Areas with persistently high-risk environmental condi-
tions may serve as maintenance foci for the survival of SNV in local deermouse
populations (Glass et al. 2002). Despite very low rodent population densities at
some sites, hantavirus infection persisted at a low level, perhaps because of chronic
infection and shedding in a few long-lived individuals or by periodic virus
reintroduction from neighboring populations. Hantavirus antibody prevalence was
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seasonal with multiyear patterns suggesting a delayed density-dependent relation-
ship between prevalence and population density (Mills et al. 1999). SNV infection
was more prevalent in males and individuals of larger body mass (Douglass
et al. 2001; Mills et al. 1997). In deermice, IgG antibody prevalence was positively
associated with delayed population density. Virus transmission among deermice, as
indicated by seroconversion, occurred primarily during the breeding season (spring
through summer) and primarily affected males (Douglass et al. 2007). In some sites,
there was a second peak in the in the winter that affected males and females equally
(Calisher et al. 1999). This might be explained in that breeding season transmission
may involve male-to-male aggression while mid-winter transmission may be asso-
ciated with communal huddling that involves both sexes. Serological results
suggested that the longer deermice live, the greater the probability they will be
infected with SNV (Calisher et al. 1999). At numerous sites in the southwestern US,
SNV antibody prevalence in deermice was inversely correlated with rodent species
richness (number of species) and diversity (a measure combining richness and
proportional representation of species) (Calisher et al. 2002; Clay et al. 2009;
Mills 2006).

Higher prevalence of SNV infections in male deermice related to virus trans-
mission from aggression was demonstrated in several studies. In longitudinal
studies in Colorado and Montana, there was a positive association between wounds
and SNV antibody in adult deermice suggesting that when infected rodents fight
with uninfected individuals, virus transmission occurs (Calisher et al. 1999; Doug-
lass et al. 2001). As in other studies, male rodents comprised a larger percentage of
the total seropositive mice suggesting that male mice contribute more to the SNV
epizootic cycle than female mice.

Antibody prevalence and occurrence of SNV RNA in blood have been used as
indications of presence of SNV in deermouse populations. However, the antibody
response to SNV infection in naturally infected deermice was shown to be highly
variable. Presence of SNV RNA has been used as an indicator of relative risk of
transmission. Blood levels of viral RNA varied as much as 100-fold, even in
individuals infected with identical strains of virus. Deermice that infected other
susceptible individuals tended to have a higher SNV RNA levels than those that did
not infect other individuals (Bagamian et al. 2012).

Although hantavirus infections have been considered to have little adverse effect
on their natural rodent hosts, a field study in Montana showed that recently infected
male deermice gained less weight over the 1-month period following seroconver-
sion than did those that did not acquire antibody, suggesting that SNV infection
may have negatively impacted the health of infected individuals (Douglass
et al. 2007) and decreased survival time (Luis et al. 2012). SNV infected deermice
had smaller movement areas on trapping grids than uninfected individuals (Amman
et al. 2013), another effect that can influence population dynamics and the mainte-
nance of the virus in nature.

The ecological setting can influence the prevalence of SNV infections in deer
mice populations. Studies of SNV infections in P. maniculatus populations in
California and Nevada characterized the vegetation type and density, elevation,
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slope, and hydrologic features of study sites using remote sensing and geographic
information systems data. The data retroactively predicted infection status of
deermice with up to 80 % accuracy (Boone et al. 2000), with potential use as a
determinant of risk of human infection.

Numerous other rodents of the families Cricetidae, Muridae, and even Sciuridae
(squirrels) have been occasionally found with antibody to SNV, or even SNV RNA,
as a result of spillover infection, especially during periods of very high deermouse
population density (Childs et al. 1994). It is likely that similar spillover occurs for
all hantaviruses and such events in the past may have led to host-switching,
coadaptation and the evolution of new hantaviral lineages.

Among the New World hantaviruses, SNV epidemiology is the best studied.
After its discovery, other hantaviruses that cause HPS were discovered in various
areas of North, Central and South America (Tables 4.1). At least 13 named hanta-
virus genotypes have been described in 12 species of rodent hosts of the family
Cricetidae, subfamily Sigmodontinae (New World rats and mice) in the four
countries of the Southern Cone of South America (Palma et al. 2012).

Andes virus is endemic in the Andean region of Chile and Argentina. Andes
virus HPS in Chile and Argentina occurs where there is contact with the pygmy rice
rat (Oligoryzomys longicaudatus) and its habitat in rural areas. The habitat is
characterized by shrub vegetation, and forest edge with bamboo (colihue cane,
Chusquea quila) and brushy peridomestic areas. Population irruptions of these
rodents can occur when colihue cane flowers, producing seeds that are a preferred
source of food for them (Palma et al. 2012). Population densities of these rodents
during population irruptions may reach as much as 100 individuals per ha (Jimenez
et al. 1992; Gallardo and Mercado 1999). Interestingly, ANDV antibody prevalence
in the long-tailed pygmy rice rats was seasonally highest in the spring, when the
population was comprised mainly of adults, than in the autumn, when the
populations, although of higher densities, consisted mainly of juvenile individuals.
The highest relative seroprevalence of O. longicaudatus was found in the Mediter-
ranean ecoregion. Torres-Pérez et al. (2010) postulated that spatial features such as
landscape structure and habitat fragmentation are major components in differences
in ANDV antibody prevalence in this rodent in Chile. This relationship suggests
delayed density dependent effects on antibody prevalence (Mills et al. 2007). The
peridomestic habitat places them in close juxtaposition with human dwellings.

In Panama, cases of HPS occur in the Azuero Peninsula where contact with the
Costa Rican pygmy rice rat (Oligoryzomys fulvescens costaricensis), the host of
Choclo virus, and its habitat occur. This rodent is found in anthropogenically
disturbed habitats characterized by several crops including corn (maze), watermelon,
beans, coffee and sugar cane (Salazar-Bravo et al. 2004).

Other hantaviruses associated with human disease in North, Central, and South
America are listed in Table 4.1. The rodent hosts for most of these hantaviruses
have been identified, although there is incomplete understanding of host and virus
taxonomy.
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4.5 Transmission to Humans

Risk of transmission to humans usually depends on presence of viable virus in the
environment. Several hantaviruses have been shown to be relatively stable under
environmental conditions. Transmission of hantaviruses to humans most frequently
occurs through breathing of aerosols of virus-contaminated rodent excreta with
exposure often occurring when entering or cleaning rodent-infested structures
(Armstrong et al. 1995). Large quantities of infectious virus may be excreted in
the urine, saliva, and feces of the infected rodents. Voles infected with PUUV have
shown that the shed virus is surprisingly stable, and thereby infectious over long
periods outside the rodent host (Kallio et al. 2006). In laboratory studies, cell-
cultured HTNV on glass or plastic surfaces remained infectious for 1-3 days at
room temperature (Schmaljohn et al. 1998). Similar laboratory experiments with
dried PUUV from cell culture gave similar results with all virus becoming
noninfectious after 24 h. In contrast, naive bank voles that were exposed to bedding
(wood shavings) contaminated by laboratory infected “donor” voles became
infected when exposed to the contaminated bedding up to 15 days after the donor
voles had been removed (Kallio et al. 2006). In cotton rats (Sigmodon hispidus)
infected experimentally with Black Creek Canal virus, virus was sporadically
isolated from wet bedding and consistently from dried feces, strongly suggesting
that the virus was somewhat stable in the environment (Hutchinson et al. 1998).

These experiments were conducted in the laboratory environment. Exposure to
sunlight would likely have rendered the virus noninfectious in a few hours, if not
minutes. Virus may be shed by infected hosts at least intermittently for the life of
the rodent. The quantity of virus shed may be orders of magnitude higher during the
first 2—-8 weeks following infection (Lee et al. 1981a; Hutchinson et al. 1998). Peak
shedding of PUUV occurred at 11-28, 14-21, and 11-28 days postinfection for
saliva, urine, and feces, respectively (Hardestam et al. 2008).

4.6 Diagnosis and Treatment of Hantavirus Infections

4.6.1 Diagnosis

Clinically, the patterns of symptoms, the rate of development of signs and symp-
toms, and specific clinical laboratory parameters discriminated between individuals
having SNV infections and developing HPS versus those suspected of having the
infections but later were ruled out (Chapman et al. 1999).

Laboratory diagnosis can be made by serology (detection of immunoglobulin M
or rising titers of immunoglobulin G or A) (Padula et al. 2000), by demonstration of
hantavirus-specific RNA by polymerase chain reaction (PCR) (Giebel et al. 1990)
or of hantavirus antigens by immunohistochemistry (CDC 1997). The requirement
for a high level of biological containment for infectious hantaviruses has been a
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significant constraint in the development of serological diagnostic tests. Use of an
expression vector for the nucleocapsid protein gene of provided specific serological
reactivity with immune sera (Schmaljohn et al. 1983). The low level of biological
containment required for production of this protein offers a significant advantage
over live virus antigens for serological diagnosis of hantavirus infections. As a field
test, a strip immunoblot assay bearing four immobilized antigens for SNV showed
promise for the detection of SNV antibodies early in the course of HPS (Hjelle
et al. 1997). Presumptive diagnosis may be made by examination of a peripheral
blood smear after the onset of the cardiopulmonary phase of HPS (Mertz
et al. 20006). A rapid and easy test for PUUV and ANDV employed an immunochro-
matographic assay and was useful for the diagnosis of nephrophathy from PUUV
infection in Europe. Recently, multiparametric indirect immunofluorescence assays
(IFA) based on biochip mosaics were developed to detect serum antibodies against
clinically important Old and New World hantaviruses simultaneously. The
multiparametric IFA provided highly sensitive and specific serological diagnosis
of HTNV, PUUYV, SEOV, SAAV, DOBV, SNV or ANDV (Lederer et al. 2013).
With both human and animal sera, antibody responses fell into two groups: those
that reacted with HTNV, SEOV, and DOBYV and those reacting with SNV and
PUUYV (Elgh et al. 1997).

A real-time reverse transcriptase (RT) PCR method developed for detection of
PUUV RNA had a detection threshold for PUUV cDNA of two copies per reaction.
A two-step qualitative RT-PCR to detect PUUV RNA showed 100 % agreement
with the real-time RT-PCR assay (Evander et al. 2007).

4.6.2 Treatment

Critical care management for HPS includes the avoidance of fluid overload and
cardiac output maintained. In severe SNV infections, patients experience extreme
pulmonary edema and cardiogenic shock and may require mechanical ventilation
and occasionally extracorporeal membrane oxygenation therapy (Koster and
Jenison 1997). About 5 % of hospitalized PUUV and 1648 % of DOBV patients
require dialysis and prolonged intensive-care treatment (Vaheri et al. 2013).
Treatment with intravenous ribavirin is probably not effective when initiated during
the cardiopulmonary phase of HPS (Mertz et al. 2006). However, ribavirin has been
used successfully to reduce mortality and the severity of disease in HFRS patients

4.6.3 Prevention and Control

Vaccines are used to prevent HTNV infections in Asia. To control and prevent
HFRS in China, a comprehensive preventive strategy has been implemented and
includes public health education and promotion, rodent control, surveillance, and
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vaccination (Zhang et al. 2010). Approximately two million doses of inactivated
rodent brain- or cell culture-derived HFRS vaccines are given annually in China.
Although vaccination, along with public education and rodent control measures,
have coincided with a reduction in HFRS cases to less than 20,000 per year, China
still has the highest number of HFRS cases and deaths in the world (Zhang
et al. 2010). A rodent brain-derived inactivated HFRS vaccine has also been used
in the Republic of Korea since the early 1990s and has similarly resulted in reduced
numbers of HFRS cases (Cho et al. 2002). This vaccine has been used in Korea for
military personnel and high-risk rural residents (Cho and Howard 1999; Lee
et al. 1990; Sohn et al. 2001). Schmaljohn et al. (1990) found that passively
transferred neutralizing monoclonal antibodies prevented infection, suggesting
that an antibody response alone can prevent infection.

There are no commercially available vaccines for New World hantaviruses. In
experiments designed as a proof of concept, Rhesus macaques were vaccinated with
an expression plasmid that contained HTNV and ANDV M genome segments
(Custer et al. 2003). The animals developed high levels of neutralizing antibodies
that not only neutralized ANDYV but also cross-neutralized other HPS-associated
hantaviruses, including SNV (Hooper et al. 2006). However, the high cost of
development of commercial vaccines is prohibitive considering the relatively
small number of HPS cases in the Americas.

Prevention is the best approach to avoid becoming infected with hantaviruses.
Although the CDC recommendations are focused on North American hantaviruses,
(CDC 2013a) the same measures apply to avoidance of hantavirus infection in other
geographic areas. The CDC preventive measures, as well as those of most national
and local health agencies include:

— Eliminate or minimize contact with rodents in the house, workplace, or
campsite.

— Seal up holes and gaps in the house and garage.

— Place traps in and around the house to decrease rodent infestation.

— Eliminate available rodent food sources.

— Ventilate closed areas that have been unoccupied for a long period of time that
may be inhabited by rodents.

— Avoid making dust. Wet down floors and other surfaces with bleach before
sweeping.

— Keep food and garbage in rodent-proof thick plastic or metal containers with
tight lids.

— Keep outside cooking areas and grills clean.

— Put pet food away after use and do not leave pet-food out overnight.

— Keep garbage in a rodent-proof thick plastic or metal garbage can with a
tight lid.

— Keep bird feeders away from the house and utilize squirrel guards to limit access
to the feeder by rodents.

— Keep compost bins as far away from the house as possible (30 m or more).
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— Keep grains and animal feed in rodent-proof thick plastic or metal containers
with tight lids. In the evening, uneaten animal feed should be returned to
containers with lids.

— Eliminate possible rodent nesting sites outside the house. Elevate hay, wood-
piles, and garbage cans at least 30 cm off the ground.

— Move woodpiles far away from the house (30 m or more).

— Get rid of old trucks, cars, and old tires that could house mice and rats.

— Keep grass cut short and shrubbery within 30 m of the home well trimmed.
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Chapter 5
Enterohemorrhagic E. coli Infections

Larry I. Lutwick

Abstract

.. .there is always some little thing that is too big for us

Don Marquis, Archy and Mehitabel, 1929

Enterohemorrhagic E. coli (EHEC) represent a classic example for the role of
the One Health paradigm. A silent barnyard colonizer of ruminants, this zoonotic
group of organisms was recognized to have jumped the species barrier to humans
barely three decades ago and now is an human enteric infection which is the most
common cause of acute kidney failure in children. Transmitted primarily through a
breakdown in the food chain that facilitates contamination by some of the world’s
overwhelming amount of bovine manure, EHEC demonstrate a great deal of genetic
diversity and clearly show the ability to develop into more virulent strains. EHEC
also have interactions with a spate of other life forms including viruses, fungi,
protozoa and plants.

Keywords E. coli « EHEC » Hemolytic uremic syndrome ¢ Shiga toxin ¢ Zoonosis

5.1 Introduction

Escherichia coli, E. coli for short, by far the most common facultative Gram
negative bacillus in the human intestinal tract, starts to colonize the gut within
hours of birth. Within its niche in the intestinal tract, the organism is part of the
normal bacterial flora with many functions to help its human host including
preventing pathogen colonization, degrading dietary and in situ-produced com-
pounds, and producing nutrients. The genetic makeup of these symbiotic E. coli
is varied and quite dynamic. Lawrence and Ochman (1998) estimated that almost a
fifth of its genome has been transferred horizontally from other organisms.
Although pathogenicity of these normal flora strains of the organism occurs when
the commensal enters sterile parts of the body including the peritoneum, urinary
bladder and blood stream, some E. coli have acquired virulence factors to become
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Table 5.1 E. coli enteropaths

Type Disease
Enterotoxigenic E. coli (ETEC) Weanling diarrhea
Traveler’s diarrhea
Enteropathogenic E. coli (EPEC) Acute/chronic diarrhea in children <2 years of age
Enteroinvasive E. coli (EIEC) Bacillary dysentery
Bacteremia
Diffusely adhering E. coli (DAEC) Childhood diarrhea
Enteroaggregative E. coli (EAEC) Acute/chronic diarrhea
Traveler’s diarrhea
Enterohemorrhagic E. coli (EHEC) Bloody diarrhea

Hemolytic Uremic Syndrome

enteropathogenic for man. There are currently six enteropaths of the bacterium
described (Table 5.1), one being the zoonotic EHEC.

These E. coli enteropaths, as well as all other Enterobacteriaceae, can be
classified based on surface antigenic serotypes, the somatic (O antigen) and flagel-
lar antigens (H antigen). This typing system was derived from studies with Proteus
vulgaris. Some sera directed against Proteus would suppress the swarming motility
of the organism and some would not (Weil and Felix 1916). The swarming quality
referred to as hauch, the German word for “breath”, is now known to correspond to
the flagellar antigen. Non-motility associated antigenicity was referred to as ohne
hauch, German for “without breath”, corresponding to the somatic antigen. Now,
the modified Kauffman serotyping scheme is used to classify each E. coli by its
individual O and H antigens, for example, E. coli O157:H7. Some bacilli are
non-motile and “NM” or “H-" replaces the H antigen in the designation. These
antigens are organism-specific so that E. coli O1 is not O antigenically the same as
Vibrio cholerae O1.

EHEC serotype O157:H7 literally burst on the microbiological scene during the
first half of 1982 when found to be associated with two outbreaks of hemorrhagic
colitis in Oregon and Michigan linked to undercooked beef (Riley et al. 1983). The
serotype was rare, having been characterized only once before in the USA, in 1975
from a California woman with bloody diarrhea, by the Centers for Disease Control
and Prevention (CDC). Isolated cases of a similar illness had been described in
Japan and USA, usually associated with antimicrobial use, but no organism was
identified as the cause (Sakurai et al. 1979; Toffler et al. 1978; Pittman et al. 1974).

An association of EHEC with hemolytic uremic syndrome (HUS) came soon
afterwards with the finding of a toxic factor (Shiga toxin) produced by E. coli O157:
H7 having a cytotoxic effect very similar to that of Shigella dysenteriae serotype
1 (O’Brien et al. 1983) and the observation that serotype O157:H7 infection could
be followed by HUS (Karmali et al. 1983). Two decades previously, Barnard and
Kibel (1965) suggested that E. coli infection could result in HUS and a decade
before intrafamily clustering of HUS had been observed (Kaplan et al. 1975). Prior
to the 1982 outbreak, as well, Konowalchuk et al. (1977) had found that some
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E. coli strains produced a toxin that could kill Vero cells derived from African green
monkey kidneys, referring to it as Verotoxin. Verotoxin and Shiga toxin were
subsequently shown to be identical.

5.2 The EHEC Organisms

EHEC are types of E. coli that can produce Shiga toxin and contain the genes to
effectively deliver the toxin, thereby causing disease in man. Not all E. coli
containing one or both Shiga toxin genes (stx1 and stx2) can do so. Indeed, there
are more than 380 different Shiga toxin producing O:H serotypes that have been
characterized but only a limited number are linked to toxin-related human disease
(Karmali et al. 2003). The canonical EHEC organism is E. coli O157:H7 but
non-O157 serotypes that can cause an indistinguishable Shiga toxin-linked disease
include O serogroups 26, 103, 111, 121, and 145. Among serotype O157:H7 iso-
lates, single nucleotide polymorphism (SNP) analysis (Manning et al. 2008) has
grouped clinical isolates into nine clades. Among them, clade 8 is more frequently
linked to more severe disease.

5.2.1 EHEC Population Genetics

The clonal group of serotype O157:H7 is only distantly related to EHEC of other
serotypes and it seems to have developed from an enteropathogenic progenitor
E. coli O55:H7, a cause of infantile diarrhea worldwide (Whittam et al. 1988,
1993). Whittam and colleagues (Feng et al. 1998; Wick et al. 2005) have set forth
an evolutionary model in which O157:H7 emerged from the progenitor through a
series of genetic changes starting with acquiring the phage carrying the gene for
Shiga toxin 2 and followed by the EHEC plasmid pO157 and the phage for Shiga
toxin 1, and losing both sorbitol fermentation and beta-glucuronidase activity. A
sorbitol fermenting, non-motile clone (O157:H-) also developed which was initially
seen primarily in Europe (Karch and Bielaszewska 2001) and is characterized by a
higher risk of HUS progression (Buvens et al. 2009). The evolution of non-O157
EHEC has been felt to begin with a serotype O26:H11 that acquired one or both
Shiga toxin phages and other virulence factors (Donnenberg and Whittam 2001).
Bacteriophage gain and loss play a very dominant role in bacterial genomic change
with acquisition of genes by horizontal transfer or loss by deletion occurring at a
rate 140 times greater than that for point mutations in standard housekeeping genes
(Wick et al. 2005) whose open reading frame backbones tend to be remarkably well
preserved.
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5.2.2 Shiga Toxins

Evolutionarily, bacterial acquisition of protein exotoxins such as the Shiga toxin is
unlikely to be related to effects of the toxin on humans, as man is likely neither the
original nor primary target of such toxins (Matz and Kjelleberg 2005). Since a
substantial degree of bacterial mortality is related to predation by single celled
eukaryotic protozoa, toxin release before or after ingestion could be a major defense
mechanism. Indeed, Shiga toxin can kill Tetrahymena thermophila, a protozoan
bacterial predator (Lainhart et al. 2009; Stolfa and Koudelka 2013). Therefore,
EHEC disease in man can be thought of as collateral damage in E. coli’s fight for
survival.

EHEC carry copies of one or two toxin-converting lambda-like bacteriophages.
Bacteriophages, accounting for around 10°' individuals, are as a group the most
abundant organism on our planet (Whitman et al. 1998). The toxins are two-thirds
of the Shiga toxin family, prototypically represented by the Shigella dysenteriae
Shiga toxin. Shiga toxin 1 (Stx1) differs from the S. dysenteriae toxin by only one
amino acid whereas Shiga toxin 2 (Stx2) is only 57 % identical. There is no
antitoxin cross-neutralization between the EHEC toxins. Variant toxins exist, a
through d for Stx1 and a through g for Stx2 (Bergan et al. 2012). Stx2c seems
particularly linked to increased toxicity and overall Stx2 is several hundred times
more toxic than Stx1 in animal models.

Stxs consist of an enzymatically active A subunit with five non-toxic B subunits
arranged in a pentameric ring around the A moiety. The B subunits facilitate
binding to target cells, each having three separate binding sites, producing high
affinity adherence to the trisaccharide component of the receptor globotriaosyl-
ceramide (Gb3). The degree of binding is a major part of the differences in toxicity
of Stx variants (Shimizu et al. 2007). Stx2 binding is not solely to the trisaccharide
part of the molecule but also involves other surface components of the ceramide
portion of Gb3 (Gallegos et al. 2012). These and other differences in receptor
binding not only are involved in differential targeting of susceptible tissues but
also affect intracellular trafficking, impacting upon toxicity. Clade 8 of E. coli
O157:H7 overexpresses Stx2 (Neupane et al. 2011) and other virulence factors
(Abu-Ali et al. 2010), contributing to the more severe disease associated with this
clade.

After receptor binding, Stx enters cells by endocytosis. Cells resistant to Shiga
toxin, like those of the bovine intestinal and vascular tissues, are able to degrade
the protein in lysosomes (Hoey et al. 2003). In toxin-sensitive cells, however, a
retrograde transport route occurs, bypassing the late endocytic pathway by traf-
ficking from the early/recycling endosomes directly to the frans-Golgi network
and then to the endoplasmic reticulum where it can be transferred to the cytosol.
Once in the cytosol, the A subunit, functioning as an RNA N-glysosidase,
removes a single adenine from the 28S rRNA inhibiting elongation factor-1-
dependent amino-acyl-tRNA binding to ribosomes and with cessation of protein
synthesis and subsequent cell death (Obrig et al. 1987). Interestingly, the plant
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toxin ricin, derived from castor beans of the Ricinus communis plant, removes the
same adenine, illustrating evolutionary convergence in quite divergent organisms
(Brigotti 2012). Although this inhibition of protein translation has been the classic
cause for Stx injury, Marsden’s laboratory (Petruzziello-Pellegrini and Marsden
2012) has shown that at levels of Stx that minimally affect protein synthesis,
dramatic changes in gene expression occur altering the phenotype of susceptible
vascular endothelial cells, promoting proinflammatory cytokines, upregulating
chemokine receptors and their ligands, and cellular apoptosis (Colpoys
et al. 2005; Petruzziello-Pelligrini et al. 2012). Shiga toxin, in a murine model,
also causes complement activation, contributing to microvascular thrombosis
(Morigi et al. 2011).

Once released into the intestinal milieu, the Shiga toxin phage infects other
E. coli causing lytic cycles and releasing more toxin. In a murine model, intestinal
flora susceptible to the phage augmented Stx2 production whereas fecal toxin levels
were diminished if phage-resistant E. coli were present (Gamage et al. 2003). This
process likely also plays a role in the degree of disease produced by the infection
and can be enhanced by biofilms produced by EHEC (Solheim et al. 2013). As there
are often multiple prophages in an EHEC (the Sakai strain had 18, many of which
are defective), recombination between them can occur helping to disseminate
virulence factors to other E. coli (Asadulghani et al. 2009).

Shiga toxin-negative strains of EHEC O26 can be isolated from patients who
have had HUS (Bielaszewska et al. 2007b). During the course of HUS, a subset of
EHEC may suffer excision of the toxin-converted phage. This particular O26:H11
Stx2a clone, which is sometimes H-, has become more prevalent in Europe and is
linked to a higher risk of HUS. It is postulated by Bielaszewska, et al. (2013) that
loss of the Stx phage can increase adaptability in the human gut, increasing in the
number of organisms and then reacquiring the Stx gene to emerge highly virulent.
Isolates losing the Stx prophage have been designated EHEC-LST (EHEC—Lost
Shiga Toxin) (Bielaszewska et al. 2007a).

5.2.3 Other Virulence Factors

The locus of enterocyte effacement (LEE) is a chromosomally located pathogenic-
ity island encoding for proteins involved in the formation of the attaching and
effacing lesions by EPEC and EHEC including a regulator (Ler), activated by
quorum sensing (Sperandio et al. 2001). Quorum sensing relates to gene expression
in response to fluctuations in cell population density through hormone-like medi-
ators called autoinducers. The process bestows upon bacteria some qualities of
higher organisms and could have been an early step in the development of
multicellularity (Miller and Bassler 2001). LEE encodes for a type III secretion
system, intimin (the binding moiety) and effector proteins. The secretion system
(abbreviated TTSS or T3SS) is an injectosome that serves to detect target organisms
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and introduce effector proteins into the host cell, including Tir (translocated intimin
receptor that produces adherence between intimin and Tir).

Sorbitol fermenting O157 strains, which can have a higher risk of HUS, adhere
to intestinal cells at higher levels than the standard nonfermenting strains. These
strains, besides fermenting sorbitol, are nonmotile, do not encode for the hemolysin
but contain a unique gene cluster not found in other EHEC or other Enterobac-
teriaceae encoding for novel fimbriae and mediating mannose-resistant hemagglu-
tination (Brunder et al. 2001). Other molecular mechanisms related to EHEC
colonization are reviewed by Farfan and Torres (2012).

5.2.4 Identification of EHEC strains

Much of the description of the EHEC bacteriology and clinical disease is based on
E. coli O157:H7. EHEC, however, is a group of organisms heterogeneous in
serotypic and other phenotypic markers, but like the group of bacilli that
produce botulinum toxin, are tied together by the production of a toxin, in this
case Shiga toxin which can causes hemorrhagic colitis and hemolytic uremic
syndrome.

EHEC are non-invasive zoonotic, Gram negative bacilli that intermittently
colonize cattle and other animals, essentially as commensals causing minimal
damage, but when crossing species boundaries into man can precipitate signifi-
cant disease. Serotype O157:H7 has been identified by culture on selective media,
specifically sorbitol MacConkey agar with or without cefixime and tellurite.
MacConkey agar was developed to identify non-lactose fermenting Gram nega-
tive enteric pathogens such as Salmonella and Shigella in stool samples. Fermen-
tation of lactose (or in the EHEC media, sorbitol) will produce CO, in the local
milieu causing a decrease in pH. Since the medium contains a neutral red
indicator, the colony and sometimes the surrounding medium will become pink
in color (Fig. 5.1a) and non-fermenting colonies will remain beige (Fig. 5.1b). On
sorbitol MacConkey agar, nonfermentors can be identified as serotype O157 by
agglutination with specific antisera. Non-O157 serotypes ferment sorbitol as do
some O157 strains, so this detection modality does not identify these strains. To
avoid missing these strains of EHEC, Shiga toxin can be assayed by immunoassay
or the gene can be probed for by PCR. Usually, these assays are done on overnight
enrichment broth cultures rather than the diarrhea directly.

In many diagnostic laboratories, screening for EHEC is performed only on
bloody diarrheal stools or if specifically requested. Needless to say, not testing
for EHEC makes diagnosis more difficult. To avoid this, the CDC now recommends
routine testing of acute community-acquired diarrhea for EHEC using culture on
selective media and with an assay to detect Shiga toxin (Gould 2012).
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Fig. 5.1 A sorbitol MacConkey agar plate showing a fermenting E. coli (9.1a) and one showing a
non-fermenting E. coli O157:H7 (9.1b)

5.3 Animal Reservoirs

Ferens and Hovde (2011) describe EHEC prevalence in livestock as a paradox
where the bacteria occur worldwide but are found infrequently in many prevalence
studies, reflecting issues such as the sporadic nature of carriage, the low numbers of
bacteria present, insufficiently sensitive sampling or culturing approaches, and the
poor correlation between fecal shedding and harboring the organism
extraintestinally. As examples of the latter, EHEC has been noted to be more
prevalent in cattle on the ears than in feces in one study from Sweden (Boqvist
et al. 2009) and serotype O157 could be isolated from the oral cavity or hides of
130 of 139 feedlot cattle including 50 cattle that were fecal-negative (Keen and
Elder 2002).

5.3.1 Cattle

The prototypical association of cattle and human EHEC infection could reflect the
predominance of beef and dairy cattle among domesticated animals together with
their voluminous output of bovine manure (Ferens and Hovde 2011). Disease does
not occur in cattle and most livestock because of the lack of vascular receptors for
the toxin although diarrhea may be caused in young calves (Kang et al. 2004). The
organism is not entirely a commensal as it may cause mucosal hemorrhage in the
intestines of colonized cattle that remain for several months after shedding ceases
(Walle et al. 2012). EHEC is typically spread quickly when a carrier animal is
placed in a pen of non-infected cattle. McGee et al. (2004) reported that within
2 days the organism contaminated the hides of many pen mates and soon after could
be found in the stool of the previously uninfected. Shedding could be found in
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adjacent pens within 8 days (Shere et al. 2002). Disseminated among dairy cattle is
more efficient than beef cattle, likely because a dairy herd is moved several times
daily for milking (Ferens and Hovde 2011).

Most infected cattle pass EHEC in stool at low numbers (less than 100 colony
forming units/gram of stool). Such low numbers can make detection difficult, often
underestimating overall carriage prevalence (LeJeune et al. 2006) and excretion is
often intermittent. Some animals, however, harbor quite high amounts of EHEC for
prolonged amounts of time. One report (Omisakin et al. 2003) found that 9 % of
carriers excreted over 96 % of total EHEC. It is these animals, termed
supershedders, which are the major transmitters to other animals’ gastrointestinal
tracts and/or hides. Non-EHEC shedding cattle are five times more likely not to be
housed with a supershedder (Cobbold et al. 2007). Supershedding is linked to
colonization of the rectoanal junction of the animal where proteins other than
LEE seem to contribute to adherence to the rectoanal junction stratified squamous
epithelial cells (Kudva et al. 2012). It must be noted that the meat contamination
may not necessarily be related to direct fecal contact at all but rather due to spread
from contaminated hides (Arthur et al. 2010).

One feature of particular importance is the marked variability of EHEC preva-
lence in cattle. Prevalence depends on the time of the year with peaks between the
late spring and early fall, seen particularly in temperate climates. As examples, in
Nebraska, USA, feedlot cattle had a prevalence of serotype O157:H7 carriage of
almost 100 % in the fall diminishing to less than 20 % by March (Arthur et al. 2009)
and in Alberta, Canada, dairy herd positivity for EHEC was 15 times more common
between June and September than during other periods (Stanford et al. 2005). The
cause of this variability is unclear but may be related to increased day length
impacting on bovine hormone production (Lahti et al. 2003; Edrington
et al. 2006). Alternatively, warmer temperatures increase EHEC levels in contam-
inated drinking water available to the herd and represent a higher risk of spread
(Gautam et al. 2011).

A variety of interventions have been studied in both dairy and beef cattle
regarding reducing EHEC rates, often with heterogeneous results. Two issues will
be mentioned: dietary manipulations and bovine immunization. Grain-fed cattle
tend to carry higher amounts of EHEC than forage-fed cattle and by abruptly
switching from grain to an all hay diet, EHEC populations can decline (Callaway
et al. 2009). Finishing beef and lactating dairy cattle are commonly fed high grain
rations, often distiller’s grain, in order to maximize performance and production
efficiency. Probiotics, however, may decrease EHEC prevalence. As an example, a
combination of Lactobacillus acidophilus and Proprionibacterium freudenreichii
reduced the prevalence of EHEC in feces and on hides as well as increasing the
growth efficiency of cattle (Stephens et al. 2007). Cull et al. (2012), however, found
no effect of the probiotic in a pen-level field trial of feedlot cattle as compared to
controls.

The Cull study (2012) also reported that a serotype O157 outer membrane-
based vaccine (siderophore receptor and porin proteins) reduced the overall
prevalence of E. coli O157:H7 as well as the prevalence of supershedders.
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This large study confirmed the observations of older, smaller studies. A meta-
analysis of this vaccine and a second commercial vaccine targeting the type III
secretion system proteins also suggested bovine vaccination as an effective
modality in the control of EHEC (Varela et al. 2012). Snedeker et al. (2012)
reported similar reductions of prevalence in their review but cautioned the
interpretation because of heterogeneity in the results. Among vaccine candidates
being evaluated are a fusion protein carrying a detoxified Stx2 A subunit together
with a Stx1 B subunit monomer (Cai et al. 2011); an intranasally administered
fusion protein with both Stx 1 and 2 B subunit monomers, the Tir protein and the
zonula occludens toxin from a bacteriophage of Vibrio cholerae (Zhang
et al. 2012); and a double repeated B subunit produced in transgenic lettuce
designed for oral administration of the vegetable (Matsui et al. 2011). The
potential use of edible transgenic plant vaccine technology (Lutwick 2008) can
generate produce that may prevent EHEC infection.

5.3.2 Other Livestock

EHEC can also be found in bovine species other than cattle. With the increasing
popularity of bison meat, it should be noted that the fecal prevalence of EHEC
ranges from 17 to 83 %, averaging 42 % (Reinstein et al. 2007). High prevalence
rates have also been reported in water buffalo in Turkey (Seker and Yardimci
2008), Bangladesh (Islam et al. 2008), and Italy (Lorusso et al. 2009; Borriello
et al. 2012). The pathogen has also been isolated from raw yak milk and milk
products (Bandyopadhyay et al. 2012).

Goats and sheep: The prevalence of EHEC in these small domestic ruminants is
less well documented than in cattle and varies considerably (La Ragione
et al. 2009). Prevalence in sheep has been reported to be as high as 31 % during
the summer (Kudva et al. 1996). There is less documentation in goats but studies do
suggest a similar or slightly lower prevalence. Sheep in particular have been found
to harbor a variety of EHEC serogroups that can affect man. As an example, an
outbreak of EHEC O103:H25 infection with HUS was reported in Norway traced to
dry cured mutton sausage (Schimmer et al. 2008).

Pigs: Unlike most of the animals that can carry EHEC without symptoms,
porcine hosts develop “edema disease” related to EHEC enteric infection with
organisms that produce Shiga toxin 2e. In Japan, the same level of carriage of
EHEC 0157 exists in pigs as in cattle and such isolates can persist in swine.
Ferens and Hovde (2011) postulate that swine may be an unlikely source of
human EHEC infection because of their sensitivity to virulent Shiga toxin pro-
ducing strains.

Fowl: Chickens appear to be rare carriers of EHEC but the bacterium may be
present in turkeys. One report (Doane et al. 2007) found serotype O157:H7 in only
0.9 % of chickens but 7.5 % of turkeys. Experimentally, however, chickens
inoculated with O157:H7 could become colonized, shed bacteria and contaminate
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eggs up to 11 months (Schoeni and Doyle 1994). The organism could be isolated
from egg shells but unlike Salmonella enterica serotype Enteritidis, was not found
inside intact eggs.

Camels: E. coli O157:H7 was isolated from camel meat (Hajian et al. 2011) and
feces (Salehi et al. 2012) in Iran, but an older study of 400 camels from five East
African countries found no evidence of the organism (EI-Sayed et al. 2008).

Horses: Carriage of EHEC appears to be uncommon in horses (Lengacher
et al. 2010) although a case report exists suggesting horse-to-man transmission of
serotype O157 (Chalmers et al. 1997).

5.3.3 Other Animals

Deer: Prevalence of EHEC O157 in white-tailed deer has ranged from 0.25 to 2.4 %
in various studies and non-O157 EHEC has been reported in 5 % of white-tailed
deer feces (Rounds et al. 2012). In limited studies of deer meat from various
species, non-O157 EHEC contamination ranged from 7.5 % in Germany to 22 %
in Belgium (Miko et al. 2009).

Rabbits: In 2001, a cluster of EHEC O157 infections occurred in visitors to a
wildlife park in the UK which was associated with wild rabbit feces. The rabbits
were living in an adjacent field along with O157 colonized cattle (Scaife
et al. 2006). Subsequently, Dutch Belted rabbits naturally infected with EHEC
0153 were found to develop a hemolytic uremic syndrome-like disease (Garcia
et al. 2006).

Dogs and cats: EHEC including serotype O157 have been isolated from dogs and
cats (Kataoke et al. 2010; Franiek et al. 2012). Dog-to-human transmission has been
reported to occur (ProMED-mail 2001)

5.4 The One Health Interface: Vehicles for Transmission

An infectious dose of EHEC is not entirely established and may vary for different
strains and serotypes but given the various ways it can be transmitted including
person-to-person spread, the IDs (estimated number of organisms to infect 50 % of
people) seems to be quite low. Studies (Paton and Paton 1998; Griffin et al. 1994)
suggest that it is between 10 and 100 colony-forming units with the lower end
occurring in the more susceptible: young children, the elderly and the
immunocompromised.
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5.4.1 Ground Beef

The seminal outbreak of EHEC O157:H7 (Riley et al. 1983) was associated with
undercooked ground beef and this vehicle will remain prototypically associated
with the infection. Commercial ground beef is not simply a piece of meat that is run
through a grinder but rather it is usually produced in bulk using the parts of the cow
remaining after primal cuts of beef (to produce steaks and roasts) are removed,
usually from multiple cows and even different slaughterhouses. This lower grade
product, called beef trim, tends to be cut from the parts of the cow more likely to
have had contact with bovine sources of EHEC.

Prior to butchering, carcasses have antibacterial sprays or dips in an attempt to
diminish pathogen burdens. These methods often include combinations of high-
pressure ambient temperature water washing, hot water sprays, and warm lactic or
acetic acid sprays. Although treatments decrease pathogen burden, care must be
taken to avoid spreading of the contamination to other areas of the carcass (Castillo
et al. 1998). Wolf et al. (2012) have reported that a 4.4 % lactic acid dip was
superior to lactic acid spray for control in reducing pathogen counts, but Harris
et al. (2012) emphasize that all these types of interventions require validation under
industry conditions to ensure their effectiveness.

The US Department of Agriculture (USDA) Food Safety and Inspection Service
(FSIS) has tested for E. coli O157:H7 in slaughter houses since 1996. Now FSIS
tests for six other EHEC strains (026, 045, 0103, O111, O121, and O145). If any
of these EHEC serotypes is detected, recall implementation is evaluated carefully
considered. Primal and subprimal (subprimal cuts are meat larger than a steak or
roast but smaller than a side of beef which are shipped to markets for final cutting to
reduce processing costs and retard spoilage) cuts are not generally tested and may
be surface contaminated, so home or retail store grinding is not recommended by
the USDA. Even if EHEC-contaminated, adequate cooking to an internal temper-
ature of at least 160 °F and appropriate kitchen hygiene (Table 5.2) essentially
eliminates any risk of infection. Moreover, USDA-FSIS inspection of meat and
poultry using Hazard Analysis Critical Control Point (HACCP), Standard Sanita-
tion Operating Procedures and other techniques has helped significantly reduce
EHEC (and other foodborne illness risks) in the farm to table food movement
dynamic. In addition, more widespread use of food irradiation would likely elim-
inate more pathogenic microorganism contaminants from risk meat and poultry
offered to consumers.

5.4.2 Non-ground Beef

When a roast or steak is contaminated on its cut surface, surface searing alone will
eradicate pathogens. However, individual steaks are not necessarily intact per
se. Many are sold nonintact, that is, after being mechanically and/or chemically
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Table 5.2 Appropriate Hamburger Market and Kitchen Hygiene Practices

While shopping and packing, keep meat (and poultry) away from other foods
Refrigerate or freeze as quickly as possible

Defrost frozen meat in the refrigerator, not at room temperature

Wash hands with soap and hot water prior to preparing any foods

Do not taste the uncooked hamburger prior to adequate cooking

Wash hands with soap and hot water just after handling the raw meat

Cook until internal temperature of the hamburger is 160 °F

The internal color of the meat not being pink is NOT an adequate measure

It is preferable to flip the hamburger multiple times (Rhee et al. 2003)

After adequate cooking, do not place the meat (or other food) on the uncleaned cutting board or
plate that held the uncooked meat to prevent cross-contamination

flavor enhanced by blade and needle tenderization, chemical injections, or hydro-
dynamic shock. These methodologies can transfer pathogens deeper in the meat,
requiring more cooking to eradicate. Several outbreaks related to nonintact steaks
have been reported (Laine et al. 2005; ProMED-mail 2007). In addition, EHEC has
been transmitted via other beef vehicles including steak tartare (Greenland
et al. 2009) and dried, fermented beef salami (MacDonald et al. 2004).

5.4.3 Other Meat Reservoirs

As noted in Sect. 5.3, EHEC has been isolated from a variety of non-cattle sources,
for the most part there are only anecdotal reports of non-bovine meat as vehicles for
transmission. EHEC contaminated bison meat has resulted in two separate recalls in
the USA, at least one of the recalls being associated with human cases (ProMED-
mail 2010). Some deer are EHEC colonized in the wild and human infection has
been associated with both venison (Rounds et al. 2012) and jerky made from deer
meat (Keene et al. 1997).

5.4.4 Seafood

A Japanese seafood outbreak of EHEC occurred in 1998 with 62 cases linked to
salted salmon roe, where EHEC must have survived the salinity (Asai et al. 1999).
Additionally, crab meat can be another vehicle for EHEC. In an outbreak in the UK
during 2011, a statistically significant association between illness and the consump-
tion of crab meat away from home and presumably contaminated was reported
(ProMED-mail 2011a).
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5.4.5 Direct Exposure to Animal Reservoirs

Direct exposure to livestock reservoirs of EHEC is closely linked to transmission,
especially in children. Recommendations issued by the CDC (2011) to prevent
enteric disease transmission associated with farm animal contact were originally
prompted by two EHEC outbreaks occurring in the USA in 2000 (CDC 2001;
Crump et al. 2002). Exposures can be directly at a farm or be associated with petting
zoos such as those found at state fairs and other gatherings. Risk factors linked in
most clusters include touching either the animals or their pens, feeding the animals
and eating or drinking prior to hand washing. Developing a lather with soap and
water while hand washing diminishes risk, demonstrating the value of thorough
hand washing but drying one’s hands on clothing can increase the risk by
recolonization of the hands (CDC 2011).

Temporary animal exhibits including petting zoos, festivals and Christmas tree
lots are particularly vulnerable to design flaws leading to increased transmission.
One of the largest petting zoo outbreaks of E. coli O157:H7 was linked to the 2004
North Carolina State Fair (Goode et al. 2009). The outbreak involved 108 reported
cases. Especially among children <5 years of age who visited the petting zoo,
contact with animal manure and hand-to-mouth behaviors were strongly linked to
disease. Genetically identical serotype O157:H7 was isolated from the environ-
ment. Of note, parental awareness of the risk of zoonotic diseases in petting zoo was
protective but using alcohol-based hand sanitary rubs instead of soap and water was
not. Tables 5.3 and 5.4 overview some of the important issues related to livestock in
public settings.

Disease transmission in this environment may occur indirectly, even after the
event itself has ended. The outbreak strain in a North Carolina State Fair petting zoo
cluster was isolated from shoes and wood shavings stuck to a stroller in households
of visitors (Goode et al. 2009). Additionally, in an Oregon county fair outbreak
(Keene et al. 2004) the risk of illness was linked to certain environmental expo-
sures, not directly to animals. Cases of EHEC illness have also occurred linked to
buildings a week or more after a petting zoo had been in them with the outbreak
strain still found in the environment 42 weeks after the event (Varma et al. 2003),
underscoring the need for adequate decontamination of such sites. A puzzling
Italian cluster of mixed EHEC serotypes was recorded over several months in
1993. No common food vehicles and no cattle exposures were found but the
epidemiology of the outbreak suggested exposure to live poultry or chicken coops
(Tozzi et al. 1994).

In almost all of the outbreaks related to livestock exposures, cases occur in
visitors rather than a parallel group of adults and children with daily exposure to the
colonized animals. This suggests that previous exposures to EHEC act to confer a
degree of protection against symptomatic infection (Reymond et al. 1996; Wilson
et al. 1996).
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Table 5.3 Diminishing EHEC Risk in Livestock/Public Interaction in Non-Animal Areas
(adapted from CDC (2011)

Non-Animal Areas

Do not permit animals, except service animals, in non-animal areas

Prepare, serve, and consume food and beverages only in non-animal areas

Provide soap and hand-washing facilities and display hand-washing signs where food or bever-
ages are served

Transition Areas Between Non-Animal and Animal Areas
Entrance Transition Area

Post signs or otherwise notify visitors that they are entering an animal area and that there are
risks linked to animal contact

Reinforce visitors not to eat, drink, smoke, place their hands in their mouths, or use bottles or
pacifiers while in the animal area

Provide holding areas for strollers

Control visitor traffic to prevent overcrowding

A one way flow is preferred with separate entrance and exit points
Exit Transition Area

Post signs or otherwise notify visitors to adequately wash their hands when leaving the animal
area

Provide accessible hand washing stations for all visitors, including children and persons with
disabilities

Position staff venue members near exits to underscore the importance of hand washing with
soap

Table 5.4 Diminishing EHEC Risk in Livestock/Public Interaction in Animal Areas
(Adapted from CDC (2011))

No food or beverages allowed in animal areas

No toys, pacifiers, spill-proof cups, baby bottles, strollers or similar items allowed
No smoking or use of other tobacco products allowed

Discourage hand-to-mouth behaviors such as nail-biting and thumb sucking
Prevent contact with animal manure or soiled bedding

Do not allow children to play or sit in animal areas

Any overt hand soiling should have supervised hand washing immediately
Ensure regular animal food and water areas are not publicly accessible
Animal feeding allowed only if barriers present

Animal feed containers should never be ones eaten by humans (such as ice cream cones)

All manure and soiled animal bedding requires prompt removal from the area

Trained staff members should be present to prevent inappropriate interactions and reduce
potential risks

Avoid transporting stored manure or soiled bedding through public areas
If feasible, disinfect animal areas at least once daily
Provide adequate ventilation for both animals and humans
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5.4.6 Human-To-Human Transmission

Secondary cases of EHEC infection are reported in most outbreaks, particularly
notable from one small child to another. In reviewing 90 serotype O157 outbreaks
from several continents, Snedeker and colleagues (2009) reported that about 20 %
of cases were secondary, especially in the household setting. A later study (Locking
et al. 2011) reported that 11 % of total cases were secondary. Since transmission
relates to the poor bathroom hygiene of small children, it has been suggested that
promptly separating siblings, especially if the primary case is less than 5 years old,
can limit secondary spread (Werber et al. 2008). Chains of transmission, however,
seem uncommon.

Two other settings linked to EHEC transmission are infant daycare and the
elderly adult nursing home. Both have in common a cohort of more susceptible
individuals with poor sanitary habits. A Minnesota study (Belongia et al. 1993)
reported person-to-person EHEC transmission in all nine daycare facilities exam-
ined with a median attack rate of 22 %. The median age of the primary case was
26 months. Introduction of EHEC into the daycare center is often from an asymp-
tomatic infant who acquired the infection at home. After EHEC is introduced into
this setting, screening policies should not be based solely upon reported symptoms
since it is clear that asymptomatic shedding occurs. Because of this, in the presence
of EHEC, screening of all children in attendance at the daycare setting with at least
one stool examination for EHEC is recommended (Gilbert et al. 2008).

The geriatric nursing home is another ideal situation for EHEC spread. Introduc-
tion into the facility is more likely to be foodborne so the number of cases in the
primary wave can be prominent. Carter et al. (1987) reported that older age and
previous gastrectomy were risk factors for acquiring EHEC and higher mortality
rates occur. In a review of nursing home-associated EHEC infections (Reiss
et al. 2006), the authors underscored the need for considering EHEC in the differ-
ential diagnosis of any case of gastroenteritis or bloody stool in this setting because
of the higher complication rate. As with daycare settings, infection can occur in
workers at nursing homes but with less morbidity and mortality. Intrahospital spread
of EHEC has occurred in the laboratory (Spina et al. 2005) as well as in the clinical
setting to both patients and health care workers (Weightman and Kirby 2000). In this
milieu, adequate hand hygiene is important in prevention.

5.4.7 Inanimate Interfaces
5.4.7.1 Water
EHEC has been transmitted via contaminated water from municipal or rural sources

of drinking water as well as from water used for recreational or other purposes.
EHEC contaminated drinking water is more likely to occur in small water systems
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or wells supplying rural townships or camps. In general, contamination occurs
when cow manure seeps into shallow, unchlorinated, poorly protected water sup-
plies after large rainstorms (Olsen et al. 2002). Examples include a 1998 outbreak,
from contaminated well water, of EHEC O157:H7 (and some Campylobacter)
causing 921 cases of diarrhea at a New York State county fair (CDC 1999), a
2000 outbreak involving an estimated 2,300 cases of EHEC O157:H7 in Walkerton,
Ontario, Canada from the town’s water supply (Bruce-Grey-Owen Sound Health
Unit 2000) and a large 1992 outbreak of serotype O157:H- in southern Africa
(Effler et al. 2001).

Contamination of recreational lakes has been linked with outbreaks of EHEC as
well as other enteric pathogens, usually linked to domestic or wild animal fecal
contamination or untreated sewage runoff (Bruce et al. 2003; McCarthy
et al. 2001). Swimming pools can also be associated with EHEC (Verma
et al. 2007), minimized by maintaining adequate chlorine levels. Contamination
of the pool water is usually directly due to pool users.

5.4.7.2 Unpasteurized Dairy and Other Foods

The widespread adoption of pasteurization primarily for dairy products, starting
whole scale in the early twentieth century, produced dramatic decreases in milk/
dairy product-related infections, a milestone in the history of food safety (Tauxe
and Esteban 2007). EHEC is only one of a multitude of infections that can be
transmitted by raw milk including campylobacteriosis, salmonellosis, yersiniosis,
listeriosis, brucellosis as well as tuberculosis due to Mycobacterium bovis. Some
individuals believe that pasteurization removes nutritional factors present in raw
milk but no added benefits from the raw product has been scientifically proven
(Potter et al. 1984) and there any clear superiority of using “certified” raw milk.

In the USA, it is illegal to sell unpasteurized milk across state lines but each state
has laws regarding its sale. Some ban the sale, some allow sale of “cow shares”
where the consumer owns part of the cow, while others allow sale for pet con-
sumption or for sale only at the farm. During the 20 years between 1973 and 1992,
40 (87 %) of the 46 outbreaks of unpasteurized milk-associated illness occurred in
states where the sale of raw milk was legal (Headrick et al. 1998). The Program for
Monitoring Emerging Diseases (ProMED) regularly reports on such outbreaks
related to EHEC or other pathogens (www.promedmail.org). Internationally,
unpasteurized cow’s milk is much more available. Pasteurized milk can be cross-
contaminated following pasteurization, especially if defects in the process occur.
An outbreak of non-O157 EHEC infection linked to ice cream produced on a farm
in Belgium (de Schrijver et al. 2008) and a UK outbreak from yogurt (Morgan
et al. 1993) illustrate this point.

Since EHEC can be found in other milk-producing livestock, it would be
expected that cases of this infection can be linked to such a vehicle as shown by
a Czech Republic cluster of serotype O157:H7 associated with unpasteurized goat’s
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milk (Bielaszewska et al. 1997). Fecal contamination of milk from sheep and goats
is less likely than for cows as their feces tend to be more solid (Farrokh et al. 2012).

Fresh cheese made from unpasteurized milk can also serve as EHEC vehicles,
as examples, cases have been reported with cheese from both raw caprine (Espie
et al. 2006) and bovine milk (CDC 2000). Much raw bovine milk cheese produced
is aged 60 or more days at an appropriate temperature which has been claimed to
create conditions able to eradicate milkborne pathogens (FDA 21 CFR Part 133).
Observations following epidemics of typhoid fever caused by cheddar cheese made
from raw milk in the 1940s and survival data on Brucella abortus in cheddar led to
the 60 day curing period in the USA (Johnson et al. 1990; D’ Amico 2008).

Prior to the emergence of EHEC, it was already clear that enteric pathogens may
survive beyond the 60 day curing period. Reitsma (1995) subsequently reported that
EHEC 0157 could survive the manufacture and curing of cheddar cheese and using
a 5-strain inoculum of EHEC 0157, Schlesser et al. (2006) also confirmed that
60 day aging could be inadequate to eliminate EHEC. Confirming these experi-
mental findings, several outbreaks of EHEC O157 (Honish et al. 2005; McCollum
et al. 2012) have been linked to aged raw milk cheese. The physiological responses
of EHEC (Peng et al. 2011), as measured by stress responses to acid, osmotic
pressure and heat shock contribute individually or in combination to survival of
during raw milk cheese production.

Although foods with a pH of less than 4.6 are generally regarded as safe by the
USA Food and Drug Administration (FDA), EHEC O157:H7 can survive such
acidic environments in unpasteurized foods. Both unpasteurized apple juice (Cody
etal. 1999) and apple cider (CDC 1997) have caused outbreaks of EHEC made with
apples that were likely unwashed and fallen from the tree. Mayonnaise or
mayonnaise-based dressings or sauces have also been implicated despite their
acidic pH (Weagant et al. 1994). Experimentally, EHEC did not replicate but
survived in commercial mayonnaise up to 55 days at refrigerator temperatures
(Zhao and Doyle 1994).

5.4.7.3 Produce

Produce that is eaten with minimal or no cooking can transmit EHEC. Soiling
occurs at any point in the food chain from field to market and beyond usually from
inadvertent exposure to water contaminated by animal droppings due to inappro-
priate irrigation, flooding or direct exposure to EHEC-containing feces. A
strawberry-associated EHEC outbreak was linked to contamination by wild deer
droppings (ProMED-mail 2011b). Among produce associated with outbreaks of
EHEC infection are spinach, various kinds of sprouts, lettuce, tomatoes, raw or
lightly pickled cabbage, salad greens, green onions, cantaloupes, mangoes, and nuts
including walnuts and hazelnuts. Cases have even been linked to raw flour made
into commercial refrigerated cookie dough that had been eaten raw (Neil
et al. 2012).
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Sprouts are a very notable vehicle for EHEC. Sprouting generally involves
germinating seeds (which may be contaminated) at temperatures higher than
ambient temperature facilitating a higher bacterial inoculum. Sprouts have been
the vehicle for two notable outbreaks. In July 1996, almost 10,000 cases of E. coli
O157:H7 occurred primarily in schoolchildren in Sakai City, Osaka, Japan,
transmitted by white radish sprouts (Michino et al. 1999). During 2011, an
outbreak centered in northern Germany (Buchholz et al. 2011) involved a chime-
ric, non-zoonotic EHEC/EAEC E. coli O104:H4 spread by fenugreek sprouts and
infecting almost 4,000 people. This unique outbreak produced one of the
largest number of deaths ever reported from a Shiga toxin-producing E. coli,
more than 50.

While washing produce with water before use (or in the field with water and/or
antibacterial agents such as dilute bleach) is recommended to help remove any
dirt, bacteria or residual pesticide, this procedure cannot always be successful in
preventing EHEC or other pathogens from causing illness. Bacteria including
EHEC are able to internalize into plants, survive and multiply (Deering
et al. 2012). Internalization can occur in seedlings or adult plants from exposure
to roots, stems, or leaves. Arbuscular mycorrhizal fungi, existing in symbiosis
with plant root structures, appear to enhance the survival of EHEC in growing
plants (Gurtler et al. 2013). These observations underscore the need to prevent the
initial contamination of the produce at all stages of growth. Produce contamina-
tion can also be due to poor kitchen hygiene in either the home or in a commercial
restaurant. In several chain restaurant-associated outbreaks of E. coli O157:H7,
cross-contamination of multiple salad bar items occurred from meat (Jackson
et al. 2000). Cross-contamination can also occur from using reusable grocery bags
by not washing between uses (Williams et al. 2011).

5.5 EHEC Human Infection

Paralleling the peak time for EHEC excretion in cattle, both O157 and non-O157
EHEC infections show a summer and fall peak. In 2009, the US reported a total of
3,108 EHEC infections with a rate of 1.01 per 100,000 population (CDC 2012).
States in the upper Midwest had the highest rates, whereas those in the South had
the lowest. Only a small percentage of these illnesses are diagnosed as Scallan
et al. (2011) estimated a total of about 231,000 EHEC illness in the US. In the
European Union, 3,573 cases were reported for 2009, 0.75 cases/100,000 (EFSA
2012). In Japan, 3,878 cases were reported for 2009 for a rate of 3.1/100,000 (NIID
2010).
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5.5.1 EHEC Clinical Illness

5.5.1.1 Gastrointestinal Symptoms

The incubation period of EHEC O157:H7 infection ranges from 2 to 12 days, so it
may be substantially longer than other E. coli and different enteric infections with
the exception of typhoid fever. Bell et al. (1994) has reported a mean incubation
period of 3.7 days. In most cases, the initial diarrhea is non-bloody for up to 3 days,
not associated with significant fever or abundant stool leukocytes. The peripheral
blood leukocyte count is often elevated and the affected individuals may complain
of substantial abdominal pain. The pathophysiology of this initial diarrhea may not
be related to Shiga toxin as E. coli O157 strains that are inherently Shiga toxin
negative can produce watery diarrhea (Allerberger et al. 2000).

Bloody diarrhea subsequently begins in as many as 90 % of symptomatic
infections, sometimes with almost all blood and little diarrhea. Bloody stools are
often the reason to present for medical care. Although normal human intestinal
lining cells do not express the Gb3 receptor for Shiga toxin, the toxin does
translocate to cause damage to the mucosa, resulting in bloody diarrhea and enters
the bloodstream to reach susceptible vascular epithelium of target organs (Schiiller
2011). The combination of afebrile patients with watery diarrhea and significant
abdominal pain should alert the clinician to the possibility of EHEC infection, even
before the onset of bloody diarrhea. Imaging studies of the colon may show a
thumbprinting appearance and thickening of the colon wall suggestive of either
colonic ischemia or pseudomembranous colitis. Indeed, in retrospect, some cases of
colonic ischemia may have been caused by EHEC (Su et al. 1998). Vascular injury
causing peripheral edema and decreased platelet counts are common during this
phase of illness; neither sign predict the development of HUS. During the usual
gastrointestinal phase, clinical signs of systemic inflammation are not present, the
individuals are not febrile, hypotensive, or acidotic. Quite mild or asymptomatic
infections with EHEC occur and may serve as a reservoir for secondary cases.
Cases of HUS have been reported in patients without diarrhea but are found to have
EHEC in their stool (Tarr et al. 2005). The length of EHEC shedding in the stool is
typically 10-20 days, generally to be shorter in adults and asymptomatic individ-
uals. Chronic carriage is rare but may be a cause of chronic diarrhea (Spacek
et al. 2004).

Risk factors for the subsequent development of HUS compiled by Tarr and
colleagues (2005) include children less than 10 years of age, elevated white blood
cell counts, persistent low platelet counts without reversal, and the use of either
antimicrobial agents or antimotility agents. The onset of definable HUS is seen
about a week after the onset of diarrhea but ranges between 4 to 12 days after the
onset of symptoms. High levels of stromal cell-derived factor-1 (SDF-1), also
called chemokine ligand 12 (CXCL12), caused by activation of CXCR4/CXCR7
receptors, may distinguish those who subsequently develop HUS (Petruzziello-
Pelligrini et al. 2012). This may also be true for increased urinary levels of vascular
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Fig. 5.2 A peripheral blood
smear showing the
misshapen schistocytes

endothelial growth factor (VEGF) (Stearns-Kurosawa et al. 2011). Extraintestinal
infections with EHEC are uncommon but urinary tract infections have occurred and
may (Starr et al. 1998) or may not (Gadea et al. 2012) be linked to HUS.

5.5.1.2 Thrombetic Microangiopathy

HUS and thrombotic thrombocytopenic purpura (TTP) are examples of the mani-
festations of microangiopathy. TTP per se is generally not associated with EHEC
but the neurological signs and symptoms prominent in TTP do occur in HUS as
poor prognostic features. HUS is a thrombotic illness caused primarily by the
effects of Shiga toxin on the vascular endothelium of organs where the
glycosphingolipid receptors for the toxin are expressed. The syndrome consists of
the combination of prominent thrombocytopenia, intravascular hemolysis resulting
in a prominent anemia with schistocytes (fragmented red blood cells) seen in the
circulating blood (Fig. 5.2), and diminishing renal function that can result in overt
kidney failure.

Shiga toxin induces dysfunction in the vascular endothelial cells of organs such
as the kidney and brain with induction of proinflammatory mediators and wide-
spread microvascular thrombosis. The coagulopathy differs from disseminated
intravascular coagulation as coagulation factors are not consumed and markers of
fibrinolysis are only mildly elevated. The thrombocytopenia is caused by direct
activation of platelets causing aggregation and clearance by the reticuloendothelial
system. Hemolytic anemia is related to mechanical injury of erythrocytes induced
by passing through microthrombus-narrowed capillaries, especially in the renal
vasculature. HUS targets the kidney vasculature particularly as the Gb3 toxin
receptor is expressed at high density on glomerular endothelial cells (Obrig
et al. 1993) and is the most common cause of acute renal failure in children.
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Fibrin-rich microvascular thrombi occur in the renal glomeruli with endothelial
swelling and detachment from the glomerular basement membrane, accompanied
by subendothelial deposits and vessel lumen narrowing. A microvasculature-on-a-
chip model has been developed to study the manifestations of HUS and could be
useful in the understanding of the process and for drug discovery (Tsai et al. 2012).

Neurological involvement in diarrhea-associated HUS occurs primarily in those
who develop renal failure, portending substantially higher mortality and sequelae
(Nathanson et al. 2010). Manifestations include seizures which may be protracted,
coma, cranial nerve abnormalities and stroke (Sheth et al. 1986; Hamano
et al. 1993). Cardiac manifestations are uncommon, tending to occur during the
acute phase of HUS related to fluid overload, hypertension, myocarditis or myo-
cardial microangiopathic thrombosis, presenting as congestive heart failure
(Poulton et al. 1987). Cardiac ischemia or infarction is rare.

As the microangiopathy resolves, renal function and thrombocytopenia improve.
The hemolytic component of the process seems to be the last to resolve. In a mouse
model, VEGF and angiopoietin 1 appear to play important roles in the regeneration
of the endothelial injury (Ohara et al. 2012).

5.5.2 EHEC Management
5.5.2.1 Antimicrobials

The early observations regarding what was likely EHEC infection seemed to
suggest that antimicrobial intervention had a deleterious effect by increasing
HUS risk. Subsequent analyses for the most part underscored this risk of antimi-
crobial use. Wong et al. (2000) found that, in a multivariate analysis, antimicrobial
administration was a substantial risk factor for HUS development with a relative
risk of 17.3 and 95 % confidence interval 2.2 to 137. Smith et al. (2012) also
reported an increased risk of HUS when bacteriocidal antimicrobials were used,
within the initial either 3 or 7 days, after the onset of diarrhea. Not all studies
showed such an association (Bell et al. 1997; Safdar et al. 2002) suggesting as the
effect may be dependent on the particular strain of EHEC and the type of
antimicrobial used.

Different classes of antimicrobials affect the amount of Shiga toxin released
after exposure to subinhibitory concentrations of the drug. Using several different
strains of EHEC O157, some which produced either Shiga toxin 1 or 2 or both,
trimethoprim-sulfamethoxazole, trimethoprim, azithromycin and gentamicin mark-
edly increased Shiga toxin levels in all strains, and cefixime, ceftriaxone, penicillin,
ciprofloxacin and erythromycin increased toxin production in some (Grif
et al. 1998). In another study using 5 different O157 strains (Walterspiel
et al. 1992), significant differences between strains and different antimicrobials
were found but consistently ciprofloxacin induced the largest increase in free Shiga
toxin levels (as much as 436 %) with trimethoprim/sulfamethoxazole second
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followed by cefixime and tetracycline. Interestingly, Zhang et al. (2000) also
reported in mice that, although both ciprofloxacin and fosfomycin reduced EHEC
fecal levels, ciprofloxacin produced increased Shiga toxin levels and increased
mortality in mice whereas fosfomycin did not. Ciprofloxacin was found to not
only induce the toxin-related phage but also caused enhanced intraintestinal transfer
of toxin prophage from one E. coli to another. The mechanism of increased Shiga
toxin production with antimicrobial use is, in part, related to stimulation of the SOS
stress reaction of the bacterium with the induction of the Shiga toxin prophage
precipitating toxin production and cell lysis.

Some antimicrobials appear not to induce toxin production or phage-mediated
lysis in EHEC including rifampin (Matar and Rahal 2003) and rifaximin (Ochoa
et al. 2007). Additionally, imipenem, a carbapenem antimicrobial, does not appear
to induce toxin increases (Takahashi et al. 1997). The latter antimicrobial, with
broad spectrum antibacterial activity, could be used in the management of bacterial
complications of EHEC infection such as bacteremia or colon perforation and even
might be useful in treating EHEC. A rifamycin or fosfomycin might also have such
a role in EHEC infection or in clearing colon colonization but, if possible, all
antimicrobial use in EHEC infection should be avoided. Be that as it may, many
EHEC strains, particularly non-O157 ones, can be multidrug resistant (Folster
et al. 2011; Horoi et al. 2012).

5.5.2.2 Supportive Therapy

Few interventions have clearly had a modulating effect on preventing the progres-
sion of EHEC disease. Ake et al. (2005), however, reported that volume expansion
using parenteral hydration with isotonic solutions, when begun in the first 4 days of
illness, protected against the development of oligo- or anuric HUS. This therapy
must be carefully monitored if HUS ensues. Supportive measures that should be
avoided is the use of antimotility agents (including opiates) since they appear, when
used in the first 3 days of illness, to prolong the duration of bloody diarrhea (Bell
et al. 1997). Non-steroidal anti-inflammatory agents should also be avoided as this
class of medications reduces renal blood flow. Hemodialysis is used if substantial
kidney failure should occur and is continued until renal function begins to return.
Plasmaphoresis, although pathologically rational in TTP or atypical, non-EHEC-
associated HUS (Bu et al. 2012), it is not a first-line therapy for EHEC-linked HUS
at any age (Tarr et al. 2012). Likewise, an orally administered Shiga toxin-binding
agent given to children with HUS had no effect in diminishing the severity of
disease (Trachtman et al. 2003). Once full blown HUS has developed, it may well
be past the time for many interventions.
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Mechanism

Description

References

Circulating Stx

Synthetic compounds with clustered trisaccharides can

Nishikawa (2011)

Binding bind circulating Stx in the circulation

Gb3 C-9, a specific inhibitor of glucosylceramide synthe- Silberstein

Downregulation | tase, decreased Gb3 expression in a rat model, et al. (2011)
diminishing colon and kidney damage and mortality

0157 A specific engineered bacteriocin, Avr2-V10.3, Ritchie

Engineered prevented or ameliorated EHEC disease in an infant et al. (2011)

Pyocin rabbit model when given as late as 3 days after O157

infection. It also reduced bacterial carriage and fecal
shedding

LED209, by inhibiting signal binding to the membrane
histidine sensor kinase QseC, decreased the expression
of Stx genes in response to a stressor or autoinducer
A cell-permeable peptide (TVP) that binds to Stx2

Quorum Sens- Rasko et al. (2008)

ing Inhibition

Stx Trafficking Stearns-Kurosawa

Inhibition reduced disease severity in a baboon model and rescued | et al. (2011)
primates from a lethal dose of toxin given beginning Watanabe-
24 h after Stx2 by preventing toxin from reaching its Takahashi

target et al. (2010)

5.5.2.3 Experimental Methodology

The following clinically available medications (licensed for other purposes) may be
useful in the future management of EHEC disease, especially if instituted early in
the course of illness. Certain other potential medical interventions are found in
Table 5.5.

Manganese: Mukhopadhyay and Linstedt (2012) reported that non-toxic levels
of manganese (Mn*™"), a trace element that can used in intravenous and oral therapy,
could protect HeLa cells against Stx-induced cell death. With a protective factor
reported to be 3,800, the effect is mediated by degradation of trafficking protein
GPP130, preventing Stx from avoiding inactivation. Pretreatment with non-toxic
doses of Mn™" protected mice from subsequent Stx1-induced toxicity clinically
and pathologically. Subsequent reports did not confirm this with either Stx
(Gaston et al. 2013).

Plerixafor: As previously noted, Petruzziello-Pelligrini et al. (2012) reported that
higher SDF-1 levels could distinguish children who subsequently developed HUS.
The authors also showed that Stx enhanced transcription of CXCR4, CXCR7 and
SDF-1 RNA and increased association of these RNAs with ribosomes. Inhibition of
the CXCR4/SDF-1 receptor/ligand interaction with plerixafor, also known as
AMD3100 or Mozobil (Debnath et al. 2013), decreased endothelial activation and
organ injury with increased murine survival. CXCR4 (CXC chemokine receptor
type 4), also known as fusin or CD (cluster of differentiation) 184, is mainly
expressed on hematopoetic, immune and neuronal cells where it serves multiple
functions. This receptor was initially discovered as one of the co-receptors for HIV
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infection. Plerixafor is already US FDA approved for use in autologous stem cell
transplants in certain patients.

Eptifibatide: In a microvascular model (Tsai et al. 2012), the glycoprotein
IIa/IIIa fibrinogen receptor antagonist eptifibatide that inhibits platelet aggregation
was able to attenuate Stx2-induced thrombi formation and microchannel obstruc-
tion, especially at conditions of higher shear. Eptifibatide is currently approved by
the US FDA as an anticoagulant for treatment of some patients with acute coronary
syndrome. It is a cyclic heptapeptide that was synthesized based on barbourin, an
anticoagulant in the venom of the pigmy rattlesnake, Sistrurus miliarius babouri.

Eculizumab: This humanized hybrid IgG2/IgG4 monoclonal antibody is
approved by the American FDA for the treatment of atypical, non-diarrhea-associ-
ated HUS and paroxysmal nocturnal hemoglobinuria. The drug (Soliris) is directed
against complement component 5 preventing C5 convertase from cleaving C5 into
C5a, a potent proinflammatory moiety, and C5b, the principal initiator of the
complement membrane attack complex of terminal complement components.
Lapeyraque et al. (2011) reported the utility of eculizumab in 3 children with
EHEC-associated HUS associated with dramatic neurological manifestations.
With the recognition of an increasing role of complement in typical HUS, this
biologic could play a role in severe cases. It was used in almost 200 individuals
during the 2011 Germany-centered EHEC/EAEC O104:H4 outbreak but did not
clearly produce a positive effect (Kielstein et al. 2012).

5.5.3 EHEC Clinical Outcomes

Depending upon individual risk factors and the strain of EHEC involved, 5-10 % of
symptomatic infections will progress to HUS. Garg et al. (2003) reviewed the long
term renal complications of EHEC-associated HUS in almost 3,500 children up to
age 18 from 49 studies in 18 countries. Follow up ranged from a minimum 1 to
22 years. Using pooled averages, 10 % of survivors had high blood pressure, 15 %
proteinuria, and 16 % diminished glomerular filtration rate (less than 80 mL/min).
25 % overall had some evidence of residual renal disease. 3 % had end stage kidney
disease on dialysis and 9 % had died, usually during the acute illness from non-renal
reasons. Oakes et al. (2006) reported 17 deaths among 358 children with HUS
(4.7 %) with all but 2 of the deaths occurring during the acute phase of HUS,
primarily from severe brain damage. Factors during the acute illness associated
with a worse prognosis in these studies included an elevated white blood cell count
(greater than 20,000/ul), central nervous system symptoms, ischemic colitis and
hypertension. More prominent or prolonged periods of oliguria or anuria and a
longer need for dialysis during the acute stage were also associated with worse
prognoses. Indeed, in the Garg report, no patient with a dialysis need of more than
4 weeks achieved full renal recovery.

It is important to note that those with less severe HUS are not necessarily spared
renal sequelae with evidence of renal dysfunction presenting after apparent kidney
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recovery. Rosales et al. (2012), in a report from Austria and Germany, found that
18 % of patients who had no sequelae at 1 year subsequently developed proteinuria
or hypertension with no difference in sequelae based on EHEC serotype. Pre-HUS
antimicrobial use did increase the need for acute phase dialysis but did not affect
long-term sequelae. Additionally, the Rosales study reported that neurological
sequelae persisted in 4 % of HUS-affected children, 12 % of those with neurolog-
ical signs during HUS.

In children with self-limited EHEC gastrointestinal infection without HUS, Garg
et al. (2006) has reported that no renal sequelae could be found in a follow up to
4 years but a report relating to adults from the same large outbreak in Walkerton,
Ontario, Canada (Clark et al. 2010), found an increased risk of hypertension and
renal disease. Another follow up study (Hizo-Abes et al. 2013), reported no long
term increased risk of cardiovascular events in the same cohort.

5.6 The 2011 E. coli 0104:H4 Outbreak

In 2011, an almost 4,000 person outbreak presumably caused by an EHEC occurred
in 2011 centered in northern Germany. The organism was, however, found to be a
chimeric, nonzoonotic E. coli that contained genetic material from both an
enterohemorrhagic enteropath and an enteroaggregative one. Since that outbreak,
very closely related isolates that were not derived from the 2011 strain have been
described, sharing many of the same virulence genes and portending potential
future outbreaks (Grad et al. 2013). As this organism is not zoonotic, it will not
be discussed further.
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Chapter 6
Bartonellosis: A One Health Perspective

Elizabeth L. Pultorak, Ricardo G. Maggi, and Edward B. Breitschwerdt

Abstract Recently, Bartonella, a genus comprised of fastidious, Gram-negative,
intracellular bacteria, has rapidly expanded from approximately 4-5 species in the
1990s to 30—40 named or proposed species that are currently described in the
literature. While Bartonellae are highly adapted to a number of mammalian reser-
voir hosts, substantial genetic diversity allows for the transmission of Bartonella to
humans (i.e. a zoonosis) and other non-reservoir hosts. Improvements in the
diagnostic sensitivity of laboratory tests have allowed researchers to identify a
spectrum of Bartonella species in novel host species, including domestic animals
and wildlife. Because Bartonella can infect a spectrum of accidental hosts, it is
imperative that researchers determine the consequences of Bartonella spp. infection
on new host populations and the impact of this genus during environmental
changes, particularly natural disasters. Rapid, accurate diagnostic tests now afford
researchers and clinicians the ability to conduct more reliable epidemiologic and
treatment related studies that will better characterize the outcomes of Bartonella
spp. infection in animals and human patients. Prevalence studies have shown that
Bartonella spp. DNA can be found in numerous arthropods, though additional
research is required to identify epidemiologically important competent vectors of
Bartonella spp. transmission. Future Bartonella spp. research initiatives should
strive to not only identify the bacterium in arthropod and host populations, but
also to combine those data with epidemiologically relevant case data and ecological
risk assessment. Combined efforts from professionals in animal and human medi-
cine, vector ecology, pathogen evolution, microbial ecology, and sociology are
necessary in order to create the veterinary and medical infrastructure, training,
prevention, and surveillance required to thoroughly understand Bartonella spp.
ecology, dynamics and control. Bartonellosis may prove to be one of the most
important One Health emerging zoonotic diseases of the next decade.
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6.1 Introduction

In the past several decades, the emergence or re-emergence of infectious diseases
and the increasing number of human pathogens that have emerged from animal
reservoirs have gained much attention. Zoonotic diseases represent a constant threat
to humans, pets and production animals, and wildlife populations. Persistent
endemic zoonoses create substantial regional health problems around the world,
and account for one billion cases of human illness and millions of deaths each year
(Karesh et al. 2012). Transmission of pathogens is determined by interactions
among arthropods, wildlife, domestic animals, and the social, economic and cul-
tural practices of humans. Ecological changes that favor the proliferation, persis-
tence, and movement of arthropod species throughout the world will result in the
continued emergence of vector borne diseases.

The genus Bartonella is comprised of over 30 species of zoonotic, vector-
transmitted intracellular bacteria that are able to infect a large number of vertebrate
hosts. Because Bartonella spp. can infect a range of mammalian hosts and are found
in a spectrum of arthropod vectors, understanding the ecology and transmission
dynamics of these pathogenic bacteria requires an integrated approach, more
rigorous than typically used for other vector-borne diseases. The existence of
Bartonellosis in humans and animals dates back hundreds of years. However, due
to advances in biotechnology, molecular diagnostic techniques, and subsequent
newly discovered syndromes associated with infection, this genus of bacteria has
only recently been acknowledged as an emerging pathogen.

Frequent interactions with companion animals that are infested with fleas and
ticks place humans in developed, as well as developing countries, at increased risk
of infection with Bartonella spp. In recent years, a rapid proliferation of case
reports and epidemiological surveys indicate that Bartonella spp. have a significant
impact on human populations in developing countries. Because Bartonella spp. can
affect the health of populations in both developed and developing countries,
collaboration among various types of researchers, animal and human health clini-
cians, and governments across countries is required to develop effective prevention
and intervention strategies.

Within the past 25 years, the number of Bartonella species that have been
identified in a variety of mammals has dramatically increased. On an evolutionary
basis, Bartonella species have become highly adapted to one or more mammalian
reservoir hosts, and are able to induce a long-lasting intra-erythrocytic or
endotheliotropic infections. Species within the Bartonella genus are transmitted
mainly by arthropod vectors, such as fleas, sand flies, lice, biting flies, potentially
ticks and other vectors.

Frequent reports of Bartonella infection began in early 1915 during World War I
with Bartonella quintana, the causative agent of trench fever (Brenner et al. 1993;
Kostrzewski 1950; Swift 1920) which affected over one million soldiers in the
trenches of the Western front and across Europe and the Middle East during World
War I, and a smaller proportion of soldiers during World War II (Relman 1995).
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The manifestations of trench fever ranged from a mild influenza-like illness,
including fever, malaise, bone pain, and transient macular rash, to debilitating
protracted and recurrent disease (Swift 1920; Relman 1995; Vinson et al. 1969).
Patterns of fever had been noted in several soldiers with recurrent disease, including
a single episode of fever, continuous fever for 5-7 days, and recurrent episodes of
fever occurring every 4-5 days (Vinson et al. 1969; McNee and Renshaw 1916).
The cyclical nature of febrile illness in soldiers with trench fever caused it to be
nicknamed ‘5-day fever’. Once a soldier became infected, B. quintana could
circulate in the blood for weeks to months to longer than a year (Vinson et al. 1969).

Soon after the first reports of trench fever, scientists began to emphasize that
transmission of B. quintana occurred between persons in frequent contact with each
other (Byam and Lloyd 1920). Though initially described as a virus, the bacterium
was observed in the blood of infected patients and the feces of human body lice
(Byam and Lloyd 1920). Early experimental transmission studies proved that lice
were the vector of trench fever. Researchers could successfully transmit the disease
by allowing lice to first feed on several patients with trench fever before infecting
healthy volunteers (Byam and Lloyd 1920). In the 1960s, Vinson successfully
fulfilled Koch’s postulates by inoculating volunteers with B. quintana and observed
them develop clinical disease consistent with trench fever (Vinson et al. 1969). The
incidence of trench fever increased during cold, winter months, due to people
staying indoors in close contact, and the wearing of underclothing for long periods
of time (Kostrzewski 1950).

Trench fever had long been regarded as a disease occurring only in wartime, or
associated with louse infestation and crowded, unsanitary conditions. Until
recently, this Gram-negative bacterium was rarely recognized within industrialized
countries, including the United States. In the 1980s, two members of the Bartonella
genus, identified as B. quintana and B. henselae, were implicated as agents of
severe or fatal disease in individuals infected with Human Immunodeficiency Virus
(HIV) (Regnery et al. 1995). In 1990, an organism with DNA sequences closely
related to B. quintana was identified in an HIV patient with bacillary angiomatosis,
a vascular proliferative disorder that occurs in HIV patients (Koehler et al. 1992). In
1986, special blood culture techniques identified a novel Bartonella species in
patients with HIV, in addition to immunocompetent individuals with relapsing
illness (Slater et al. 1990). This novel Bartonella species was named B. henselae
(Regnery et al. 1992; Welch et al. 1992). The spectrum of clinical manifestations in
immunocompromised HIV patients, concomitantly infected with Bartonella, has
since increased to include blood culture-negative endocarditis, vasoproliferative
lesions of the skin, liver, lung, bone, and brain and osteolytic or osteoproliferative
lesions. Prior to the diagnostic recognition of this genus, undiagnosed Bartonella
infection in HIV-positive patients was shown to produce fatal consequences (Spach
et al. 1993; Koehler and Tappero 1993; Cockerell et al. 1987).

In addition to HIV-positive patient populations, documentation of infection with
Bartonella spp. began to emerge in other immunocompromised populations, where
infection has caused persistent fever in transplant patients and acute graft rejection
complications in two renal transplant patients (Lienhardt et al. 2009; Thudi



116 E.L. Pultorak et al.

et al. 2007). In liver transplant patients, B. henselae can cause hepatic granulomas,
hepatic masses, or disseminated bacteremic disease (Humar and Salit 1999; Bonatti
et al. 2006). It has been shown that Bartonella species can survive throughout the
storage period of red blood cell units, and therefore transmission of Bartonella from
asymptomatic blood donors to blood transfusion recipients may cause additional
morbidity and mortality in immunocompromised populations (Magalhaes 2008).

In the early 1990s, reports from the United States and France described cases of
B. quintana in various homeless populations (Spach et al. 1995a, b; Drancourt
et al. 1995). In 1995, researchers in Seattle reported ten patients, not infected with
HIV, with bacteremia caused by B. quintana. These patients reported symptomatic
febrile illness that was clinically similar to classical descriptions of trench fever
(Spach et al. 1995b). The infections were mostly in homeless individuals suffering
from chronic alcoholism—a condition facilitated by close contact with other
individuals with poor hygiene,—previously described risk factors for trench
fever. Later studies would show that alcoholism is significantly associated with
positive antibody titers (>64) to B. quintana (Jackson et al. 1996).

A simultaneously published report from France described B. quintana in
HIV-negative homeless individuals who later developed endocarditis (Drancourt
etal. 1995). B. quintana was also found to be a significant cause of Bartonella blood
culture-negative endocarditis, which had a poor prognosis with a 20 % fatality rate,
became a frequent diagnosis in HIV-negative homeless individuals, and may have
contributed to increases in endocarditis-related deaths among the homeless
(Fournier et al. 2001a). It was later reported that approximately 5—10 % of homeless
people in Marseilles, France had persistent B. quintana bacteremia (Brouqui
et al. 1999). Other epidemiological studies, including one conducted in emergency
rooms in Marseilles, have shown that 30 % of 71 tested homeless persons had
antibody titers against B. quintana and that 14 % were bacteremic (Brouqui
et al. 1999). A second study from Marseilles demonstrated that 50 (5.4 %) of
930 non-hospitalized, homeless persons tested during 4 years (2000-2003) had
B. quintana bacteremia (Brouqui et al. 2005).

The presence of B. quintana in body lice has recently been reported in Moscow,
Russia (12.3 %), rural Andean villages in Peru (1.4 %), and various countries in
Africa (2.3-93.9 %) (Fournier et al. 2002; Raoult and Roux 1999). In Mexico, the
presence of B. quintana in body lice was first reported in 1954 from a homeless
population in Mexico City (Varela et al. 1954). Current reports estimate a
B. quintana infection rate of 28 % in body lice from prisoners and homeless people
in Mexico City (Alcantara et al. 2009). In Tokyo, Japan, 57 % of homeless patients
had immunoglobulin (Ig) G titers >128 for B. quintana (Sasaki et al. 2006). A later
study in Japan examined clothing from 12 homeless persons for body lice. These
authors found that lice from 2 (16.7 %) of 12 homeless persons were positive for
B. quintana by PCR (Sasaki et al. 2002). The recent emergence of B. quintana
among homeless populations throughout the world may be due to increases in
poverty and recrudescent human body louse infestations. A higher seroprevalence
of B. quintana has been reported in injection drug users (IDUs), and high frequency
of injection has been associated with a higher prevalence of Bartonella antibodies
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(Comer et al. 1996). However, it is currently unclear if transmission can occur
through needling sharing of IDUs. Additionally, while not previously documented,
transmission of B. quintana in homeless/IDU populations through direct contact
should not be excluded. Several factors in the homeless population, such as
crowded and unsanitary living conditions, inability to change clothes regularly,
and close exposure to people potentially carrying ectoparasites, predispose home-
less individuals to louse infestations.

6.2 Hosts

6.2.1 Humans

In addition to B. quintana, humans are also the natural host reservoir for
B. bacilliformis, the causative agent of Carrion’s disease, which characteristically
causes massive hemolytic anemia and vasoproliferative skin lesions, and is found
primarily in the Andes region of Peru, Columbia, and Ecuador (Ihler 1996). Until
1993, B. bacilliformis was the only member of the Bartonella genus. At that time, the
Rochalimaea and Bartonella genera were merged to accommodate an expanding list
of Bartonella species, including B. henselae, B. quintana, B. vinsonii, and
B. elizabethae (Brenner et al. 1993). B. bacilliformis was first identified in erythro-
cytes in 1905 by Alberto Barton, though archeological evidence suggests its pres-
ence in human society for several millennia (Minnick and Battisti 2009).

Oroya fever, or verruga peruana, a sequelae of chronic infection by
B. bacilliformis, has been documented in anthropomorphic pottery jugs and carv-
ings made by pre-Columbian Indians. In the 1540s, tales of epidemic acute febrile
illness followed by ‘warts full of blood” were passed down from Spanish conquis-
tadores in South America (Minnick and Battisti 2009). Infection with
B. bacilliformis can be relatively short lived and potentially life threatening, due
to the severe hemolytic anemia (Minnick and Battisti 2009).

In stark contrast to the often acute and fulminant nature of B. bacilliformis
infections, other major pathogenic Bartonella, including B. henselae, B. quintana,
B. vinsonii subsp. berkhoffii, and B. koehlerae, can establish a chronic intracellular
parasitism of erythrocytes, endothelial cells and macrophages in humans (Minnick
and Battisti 2009). As previously discussed, Bartonella was first documented as a
cause of disease in immunocompromised individuals. Subsequently, B. henselae
was identified as the predominant cause of cat scratch disease (CSD). CSD is
typically characterized by self-limiting lymphadenopathy and generalized flu-like
symptoms in immunocompetent individuals. However, in 10 % to more recently
20 % of human cases, atypical symptoms of CSD can manifest, including enceph-
alopathy, endocarditis, granulomatous hepatitis and nephritis, bacillary
angiomatosis and peliosis hepatis, osteomyelitis, arthropathy, myalgia, and neuro-
logical issues. (Houpikian and Raoult 2005; Armengol and Hendley 1999; Kahr
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et al. 2000; Koehler et al. 1997; Maman et al. 2007; Giladi et al. 2005;
Breitschwerdt et al. 2008). While immune suppression is a risk factor for more
severe clinical manifestations of CSD, it has been recently shown that a subset of
immunocompetent individuals can remain chronically infected with Bartonella and
produce more atypical symptoms, as listed above. Evidence suggests that at least
14 Bartonella spp. can cause pathology in humans, with a wide range of symptoms
being reported by persistently bacteremic individuals. Pathogenic Bartonella spp.
species can be found in Table 6.1.

6.2.1.1 Factors Leading to Re-emergence

Bartonella quintana DNA has been identified in the dental pulp in the remains of
soldiers in Napoleon’s Grand Army, demonstrating its presence in humans for
hundreds of years (Raoult et al. 2006). The detection of Bartonella spp., a histor-
ically old bacterial pathogen, in patients with new disease manifestations led
clinicians and researchers to wonder why bacteremic disease caused by Bartonella
was beginning to re-emerge. Possible explanations include the heightened surveil-
lance of disease combined with improved methods of microbiologic detection that
were being developed throughout the 1990s and 2000s. Bartonella spp. comprise a
fastidious genus of organisms whose growth is not efficiently supported through
routine blood-culture methods used in the majority of clinical microbiology labo-
ratories. Isolation of Bartonella spp. on blood agar plates requires a lengthy
incubation period of 21 days, and even then, is rarely met with success (Maggi
and Breitschwerdt 2005). In 1990, researchers found that isolation of the bacterium
was enhanced by lengthening the routine maintenance of plates of lysis-
centrifugation cultures to at least 2 weeks, (Slater et al. 1990). Shortly after,
Drancourt et al. developed a technique that involved the co-cultivation of blood
with endothelial cells (Drancourt et al. 1995). In 2005, Maggi et al. reported an
insect-based liquid culture medium that supports the growth of at least seven
Bartonella species (Maggi et al. 2005a). However, limitations of conventional
and new culture-based assays include the prolonged incubation period required
for isolation of this fastidious pathogen, special growth requirements, and the
potential of a relapsing bacteremia.

The use of polymerase chain reaction (PCR) has given researchers and micro-
biologists the ability to rapidly detect and identify the DNA of Bartonella spp. in a
variety of blood, effusion, and tissue specimens. Studies have indicated that a
combinatorial approach that independently tests blood, serum, and enrichment
culture by PCR can improve the diagnostic documentation of Bartonella spp.
bacteremia (Maggi et al. 2011). Due to the potential relapsing bacteremia associ-
ated with Bartonella spp. infected patients, serial testing of blood samples from a
3-day collection period may further enhance the diagnostic sensitivity of Bartonella
spp. detection in bacteremic patients (Pultorak et al. 2013). Rapid changes in test
sensitivity for the detection of Bartonella spp., in conjunction with enhanced
understanding of the microbial ecology of these bacteria, have resulted in the
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expansion of the Bartonella genus from approximately 4—5 organisms in the 1990s,
to 30-40 Bartonella species that are currently reported in the literature (Kosoy
et al. 2012).

Additional factors continue to influence the rapid increase in the number of
Bartonella species that are being reported. A variety of animals have been identified
as reservoirs for different Bartonella species. These animals and their respective
vectors play an important role in the ecological maintenance of these bacteria
within various environmental niches and thereby pose a risk for Bartonella trans-
mission to humans and other non-reservoir hosts. Multi-host pathogens have been
implicated in the emergence of new diseases in humans and animals, and transmis-
sion strategies that increase encounters with a new host, such as transmission
through an arthropod vector in the case of Bartonella, can increase the range of
hosts that a pathogen can infect (Woolhouse et al. 2001). For example, recent
reports suggest that B. henselae may be a multi-host and multi-vector pathogen,
rather than a bacterium that is limited to cats and their fleas. Additionally, the
substantial antigenic variation among Bartonella strains appears to contribute to
differences in virulence and may allow the bacterium to easily exploit new hosts
and vectors (Pedersen et al. 2005). The host range of Bartonella spp. may be
expanding into new populations of mammals, such as B. henselae in marine
mammals in coastal estuaries (Maggi et al. 2005b), resulting in more frequent
documentation of this genus of bacteria.

From an evolutionary perspective, Bartonella spp. appear to be highly adapted to
both an arthropod vector and a reservoir host that have developed an immunologic
adaptation to allow for intravascular persistence of the bacterium. This high degree
of host and vector specificity would indicate that spill-over events into non reservoir
hosts do not happen frequently. However, recent progress in Bartonella spp.
research has been aimed at identifying various species of this bacterium in novel
wildlife, domestic animal, or human hosts. Although molecular techniques afford
researchers and clinicians the ability to continue to identify Bartonella spp. among
novel host populations, we are still unable to identify which Bartonella species are
most likely to be both a virulent pathogen within a given host population and also
capable of spillover or sustained transmission within that population. Understand-
ing the ecology of Bartonella spp. requires not only knowledge of the prevalence of
infection in reservoir and non-reservoir hosts, but the underlying issues that drive
transmission of Bartonella within human, wildlife, and domestic animal
populations. In the context of One Health, this genus poses many challenges and
many opportunities.

6.2.2 Bartonellae of Rodents and Small Mammals

Several Bartonellae found in small mammals, such as wild mice, squirrels and rats,
have been linked to human disease, including B. grahamii with ocular syndromes,
B. elizabethae with endocarditis, B. vinsonii subsp. arupensis with fever and
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bacteremia, and B. washoensis with fever and myocarditis (Gil et al. 2010). Recent
evidence from southeast Asia suggests that rodent Bartonella spp. may play an
important and previously unrecognized role as a source of infection in stray dogs
and febrile human patients (Kosoy et al. 2010b; Bai et al. 2012). Small mammals
and rodents are responsible for maintaining the highest number of Bartonella
species, including currently unnamed Bartonella (Gundi et al. 2009; Inoue
et al. 2010). Bartonella species are continuing to be discovered in novel potential
reservoir species of small mammal and rodent populations around the world,
including Europe, Africa, Asia, North and South America (Lin et al. 2012; Kosoy
etal. 1997, 2003; Pretorius et al. 2004; Gundi et al. 2004; Jardine et al. 2005; Castle
et al. 2004; Winoto et al. 2005; Ying et al. 2002). Based upon several lines of
evidence, studies support the hypothesis that Bartonellae have very effectively
co-evolved with rodent species as reservoir hosts (Telfer et al. 2007b).1

First, closely related phylogenetic groups of Bartonella are present in
populations of related species of rodents separated by considerable geographical
distances and land barriers (Castle et al. 2004; Kosoy et al. 1997; Bai et al. 2008).
Additionally, experimental infection of some rodents, including cotton rats
(Sigmodon hispidus) and white-footed mice (Peromyscus leucopus), resulted in
bacteremia only when variants were originally isolated from the same species or a
close taxonomic relative (Kosoy et al. 2000). However, the diversity of Bartonella
species that can exist within a single rodent species or individual is highly variable.
Multiple distinct Bartonella species have been documented in a single rodent
species (Birtles et al. 2001) or within a rodent population within a single site
(Kosoy et al. 1997).

The relative abundance of each Bartonella spp. within these rodent populations
is thought to be dependent on host density of the rodent species, density of flea
species (with peak activity during peak flea season, or seasonal changes in host
behavior that result in significant amounts of transmission by means other than
fleas), and spill-over infection between each species of rodent (Telfer et al. 2007a).
Importantly, transplacental transmission has been documented for some rodent
species (Kosoy et al. 1998). It has recently been shown that species of bats in
Kenya, southwest England, Taiwan, Central America, and South America can
harbor Bartonella spp. (Lin et al. 2012; Kosoy et al. 2010a; Concannon
et al. 2005; Bai et al. 2011, 2012). Phylogenetically, Bartonella strains exhibit
high genetic diversity in bats, but isolates cluster in specific host bat species (Kosoy
et al. 2010a, b; Bai et al. 2012).

! Bartonella species that are able to infect rodents and small mammals include B. elizabethae
(Ying et al. 2002), B. grahamii (Ellis et al. 1999), B. vinsonii subsp. arupensis (Welch et al. 1999),
B. doshiae (Birtles et al. 1995), B. taylorii (Birtles 1995), B. vinsonii subsp. vinsonii (Ellis
et al. 1999), B. tribocorum (Heller et al. 1998), B. washoensis (Kosoy et al. 2003),
B. rattimassiliensis (Gundi et al. 2004), B. phoceensis (Gundi et al. 2004), B. birtlesii (Bermond
et al. 2000), B. rochalimae (Lin et al. 2008), B. japonica (Inoue et al. 2010), and B. silvatica (Inoue
et al. 2010).
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6.2.3 Bartonellae of Domestic and Feral Cats

B. henselae was first isolated from cats in the early 1990s (Koehler et al. 1994).
Domestic cats are the primary, but seemingly not the sole reservoir for B. henselae,
the etiologic agent of cat scratch disease (CSD), B. clarridgeiae, and B. koehlerae,
and have been found to be accidental hosts for other species of Bartonella, such as
B. quintana and B. bovis, which are less adapted to the cat host and therefore able to
produce a variety of severe clinical manifestations (Chomel et al. 2004, 2006;
Breitschwerdt and Kordick 2000; Breitschwerdt et al. 2007b). Cats are carriers of
B. henselae, showing few clinical manifestations of infection. However, experi-
mental studies of cats with B. henselae have shown that some cats may experience
transient fever, anorexia, and lymphadenopathy following infection (Boulouis
et al. 2005; Guptill et al. 1997). Bacteremia in cats may last for months to years,
which may allow for Bartonella to be more efficiently transmitted among cat
populations by fleas, and potentially other vectors (Chomel et al. 2006; Guptill
et al. 2004). Mechanisms of transmission cat-to-cat and cat-to-human are provided
below.

Seroprevalence studies have indicated that a high proportion of cats worldwide
have been exposed to Bartonella spp., and can therefore act as a substantial
reservoir for infection in humans and other animals. However, recent molecular
microbiological evidence indicates that the predominant B. henselae strains iso-
lated from cats are not the predominant strains isolated from human patients with
CSD (Bouchouicha et al. 2009). Seroprevalence to B. henselae antigens in cats
tends to vary by geographic region and is highest (40-70 %) in areas with warm or
humid climates that are well suited to support flea populations.

In the United States, regional seroprevalence in domestic and feral cats can vary
from 13 to 90 %, and a higher seroprevalence correlates to outdoor exposure
(Jameson et al. 1995; Guptill et al. 2004). Elsewhere around the world, seroprev-
alence has ranged from 7 to 48 %.> There is often a great discrepancy between
antibody and bacteremia prevalence in cats, with no correlation between seropos-
itivity and active infection (McElroy et al. 2010). Studies have shown that cats
younger than 1 year of age are more likely to be bacteremic than older cats (Guptill
et al. 2004), and that feral cats are more likely to be bacteremic for Bartonella spp.
than pet cats from within the same geographic region, presumably due to the higher
prevalence of parasite infestation within feral cat populations (Breitschwerdt and
Kordick 2000).

Historically, it has been thought that B. henselae and B. clarridgeiae can exist as
part of a healthy intravascular microbial flora in cats for months to years

2 Studies have documented seroprevalences in cats of 47 % in Hawaii, 15 % in Japan, 40.6 % and
41.8 % in pet and feral cats in the United Kingdom, respectively, 54 % in Indonesia, 53 % in
France, 40 % in Israel, 11 % in Egypt, 7 % in Portugal, 48 % in Singapore, 21 % in South Africa,
and 24 % in Zimbabwe (Kelly et al. 1996; Nasirudeen and Thong 1999; Childs et al. 1995;
Maruyama et al. 1996; Demers et al. 1995; Barnes et al. 2000)
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(Breitschwerdt and Kordick 2000). While most naturally infected cats are able to
tolerate the chronic bacteremia of Bartonella spp. infection without obvious clinical
abnormalities, epidemiological evidence suggests a link between Bartonella infec-
tion and various clinical manifestations in cats. Several case reports and studies
have suggested a link between B. henselae and ocular diseases in cats, such as
uveitis and conjunctivitis (Ketring et al. 2004; Lappin and Black 1999; Lappin
et al. 2000). B. henselae DNA has also been amplified from cats with fatal
pyogranulomatous myocarditis and diaphragmatic myositis in the United States
(Varanat et al. 2012)

In a non-controlled retrospective study, B. henselae antibodies were associated
with seizures and other neurological manifestations in cats (Pearce et al. 2006;
Leibovitz et al. 2008). In a very recent study, B. henselae antibody titer was
associated with hyperglobulinemia, which suggests that persistent feline infection
with B. henselae may be of pathogenic importance, potentially contributing to
feline immune complex diseases (Whittemore et al. 2012). However, further studies
are needed to fully elucidate any potential role of Bartonella spp. in these and other
feline diseases.

B. henselae and B. clarridgeiae have been shown to be transmitted through
inoculation of infected cat blood (Kordick et al. 1999). Therefore, cats should be
screened by blood culture and serology, and cats that are seropositive or blood
culture positive should not be used as feline blood donors. Prevention of Bartonella
infection in cats can be accomplished by avoiding exposure to fleas by routine use
of arthropod control measures and by limiting exposure to other infected animals.
B. henselae can be transmitted from cats to humans via a bite or scratch, resulting in
clinical illness in the non-reservoir human host. Kim et al. documented B. henselae
DNA in over 40 % of the saliva, nails, and blood samples of feral cats in Korea
(Kim et al. 2009). Bartonella DNA has also been detected in the saliva of cats in
Iran (Oskouizadeh et al. 2010), in addition to the United States, where either
B. henselae or B. clarridgeiae was amplified from 31 % of skin biopsies, 18 % of
both gingival and claw bed swabs, and 57 % of blood samples of feral cats (Lappin
and Hawley 2009). It is thought that transmission may occur via bite or scratch if cat
blood or flea excrement contaminates the bite site, cat saliva, or nail bed. Despite
the risk of transmission via cat scratch, there is no evidence or studies indicating
that declawing cats decreases the probability of transmission of B. henselae among
cats and to non-reservoir species (Guptill 2010). Currently, there is no evidence to
support direct cat to cat transmission through bites or scratches that may occur
during tomcat fights.

6.2.4 Bartonellae of Canids

Bartonellae have been reported in wild canids, such as coyotes (Canis latrans), gray
foxes (Urocyon cinereargenteus), red foxes (V. vulpes), and domestic dogs across
North America and Europe, and wild canids have been implicated as reservoir hosts
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for B. vinsonii subsp. berkhoffii (Henn et al. 2009; Gabriel et al. 2009; Marquez
et al. 2009). Based upon sequence differences in the 16-23 s intergenic spacer
region (ITS) and bacteriophage associated heme binding protein Pap31 gene, four
genotypes of B. vinsonii subsp. berkhoffii have been described (Breitschwerdt
et al. 2007a; Chang et al. 2000b; Maggi et al. 2006). Studies have reported a
B. vinsonii subsp. berkhoffii seroprevalence of 35-76 % in coyotes in California
and a PCR detection rate of 28 % (Chang et al. 1999, 2000b). The seroprevalence of
Bartonella in gray foxes in the United States is extraordinarily high, ranging from
89 % in Northern California (Sykes et al. 2007), 63 % in Santa Rosa Island, Florida
(Schaefer et al. 2011), to 50 % in Texas (Schaefer et al. 2012).

B. vinsonii subsp. berkhoffii is able to cause persistent, prolonged bacteremia in
domestic dogs that may result in severe pathophysiological and clinical manifesta-
tions (Kordick and Breitschwerdt 1998; Breitschwerdt and Kordick 2000). There is
evidence for substantial strain variation. The variability among strains may reflect
host adaptation, strain variation due to geographic origin, or random events
(Cadenas et al. 2008). B. vinsonii subsp. berkhoffii was first isolated from a
domestic dog with endocarditis in 1995 (Breitschwerdt et al. 1999). A later study
using molecular methods found a prevalence of Bartonella infection in 28 % of
dogs with infective endocarditis at the UC-Davis School of Veterinary Medicine in
California, United States (MacDonald et al. 2004). Since that time, Bartonella
infection in dogs has been serologically associated with or detected in dogs with
myocarditis, cardiac arrhythmias, anemia/thrombocytopenia, arthropathy, epi-
staxis, neurological and neurocognitive abnormalities, granulomatous inflamma-
tory diseases, vasoproliferative disorders, such as peliosis hepatis, bacillary
angiomatosis, and splenic disease, such as hemangiosarcoma (Breitschwerdt
et al. 1999, 2004, 2005; Tuttle et al. 2003; MacDonald et al. 2004; Smarick
et al. 2004; Pesavento et al. 2005; Cadenas et al. 2008; Diniz et al. 2009; Pappalardo
et al. 2000; Kitchell et al. 2000; Yager et al. 2010; Varanat et al. 2011).

In the context of One Health, dogs may serve as an important naturally-occurring
model for human disease manifestations and vice versa (Breitschwerdt et al. 2013).
Domestic dogs may also serve as environmental sentinels, as dogs can be infected
with several Bartonella spp. or subspecies.” (Breitschwerdt et al. 2010a), and the
clinical manifestations of Bartonella infection in dogs are similar to those seen in
human patients. Early studies documented a seroprevalence of 4 % to B. vinsonii
subsp. berkhoffii antibodies among sick dogs in North Carolina and Virginia
(Pappalardo et al. 1997). A more recent study that measured the molecular preva-
lence of Bartonella spp. documented 9 % of dogs with Bartonella spp. DNA in their
blood (Perez et al. 2011). Seroprevalence studies in other parts of the world have
documented higher exposure rates of Bartonella spp. in dogs, including 38 % in
Bangkok, Thailand, 7 % in Sri Lanka, 0.8—6 % in San Paulo, Brazil, 0 % in rural
dogs in Vietnam, and 47 % of dogs in Iraq (Diniz et al. 2007; Suksawat et al. 2001;

3 Including B. vinsonii subsp. berkhoffii, B. henselae, B. vinsonii subsp. arupensis, B. clarridgeiae,
B. washoensis, B. elizabethae, B. quintana, B. koehlerae, B. bovis, B. rochalimae.
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Brenner et al. 2013; Chomel et al. 2012). Dogs have been implicated in recent
reports of Bartonella transmission to humans. In a prevalence study in 52 dogs,
Bartonella DNA was found in five of nine oral swabs and five of nine nail clippings
(Tsukahara et al. 1998). Studies have also identified Bartonella spp. in the saliva of
dogs (Duncan et al. 2007). A recent seroprevalence study in China identified an
association between having being bitten by a dog and human Bartonella seropos-
itivity, suggesting that a large stray dog population may pose a risk for Bartonella
spp. transmission, as is the case for rabies transmission (Sun et al. 2010).

6.2.5 Bartonellae of Additional Domestic Animals: Cattle
and Horses

B. bovis (formerly B. weissii), B. chomelii, B. schoenbuchensis, and B. henselae
have been identified in cattle (Rolain et al. 2003; Raoult et al. 2005; Cherry
et al. 2009), and research over the past decade implicates cattle as the natural
reservoir for B. bovis. B. bovis has been documented in cattle around the world,
including North America (Chang et al. 2000a), Europe (Bermond et al. 2002;
Rolain et al. 2003), and Africa (Raoult et al. 2005). In the United States, studies
have shown a high prevalence of B. bovis in cattle; in one study, nearly half of all
beef and dairy cattle sampled in Oklahoma and California were positive for
Bartonella spp. (Chang et al. 2000a), while nearly 90 % of North Carolina beef
cattle tested PCR positive in a second study (Cherry et al. 2009). The high
prevalence of B. bovis in cattle indicates that B. bovis may have successfully
co-evolved with cattle as its primary host, similar to the evolutionary adaptation
of B. henselae and cats (Cherry et al. 2009). However, recent reports have described
B. bovis in a cow that died of endocarditis, indicating B. bovis may be able to induce
clinical manifestations in some cows (Erol et al. 2013). In addition to cattle,
preliminary reports suggest that other ruminants, such as deer and elk may also
be possible reservoirs of Bartonella spp. infection (Chang et al. 2000a; Chitwood
et al. 2013; Dehio et al. 2001, 2004; Lobanov et al. 2012).

Bartonella spp. was first reported in horses in 2008 when B. henselae was
isolated from a 7 year old mare with presumptive vasculitis and from an 11 year
old gelding with chronic arthropathy (Jones et al. 2008). In contrast to cattle, horses
are not thought to be a reservoir host for any Bartonella species. Various case
reports have suggested that infection with Bartonella spp. in horses may potentially
lead to severe clinical illness, including high grade hemolytic anemia (Cherry
et al. 2011), spontaneous abortion (Johnson et al. 2009), and musculoskeletal
disease (Cherry et al. 2012), though additional studies are necessary to elucidate
the association between Bartonella infection and these clinical manifestations in
horses.
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6.2.6 Bartonellae of Wildlife

Bartonella also have been identified in a variety of other wildlife species, including
marine mammals. Recent reports have identified infections in stranded harbor
porpoises (Phocoena phocoena), harbor seals (Phoca vitulina), clinically normal
loggerhead sea turtles (Caretta caretta), free-ranging wild bottlenose dolphins
(Tursiops truncatus), and captive and hunter harvested beluga whales
(Delphinapterus leucas) (Maggi et al. 2005b, 2008; Harms et al. 2008; Turnbull
and Cowan 1999). Bartonella spp. has been identified in the seal louse
(Echynophtyrus horridus), which can infest pinneped such as harbor seals (Phoca
vitulina), though the mechanism of transmission from terrestrial mammals to sea
mammals is not readily apparent (Harms et al. 2008). Bartonella spp. have been
implicated in the development of neurologic disorders in animals and people, and
therefore the relationship between Bartonella spp. infection and the stranding of
marine mammals warrants investigation (Harms et al. 2008).

Bartonella spp. have also been amplified from blood samples taken from feral
pigs in the southeastern United States. Feral pigs may represent a transmission risk
to domesticated pigs and other livestock, in addition to hunters and butchers that are
exposed to large quantities of pig blood (Beard et al. 2011). Bartonella spp. DNA
and antibodies have been identified in an expanding list of wildlife species, includ-
ing raccoons (Procyon lotor), Florida panthers (Puma concolor coryi), mountain
lions (P. concolor stanleyana) (Rotstein et al. 2000; Henn et al. 2009), and African
cheetahs (Kelly et al. 1998).

6.3 Vectors

As scientists, clinicians, and epidemiologists discovered more about the medical
importance of Bartonella spp. infection, increasing efforts were placed on the study
of known and suspected arthropod vectors. Reports have shown that Bartonella spp.
have been identified in a variety of arthropod vectors (Billeter et al. 2008). Many
cases of Bartonella spp. detection in arthropods have been determined by culture or
by PCR, which documents the presence of the pathogen within the arthropod or the
arthropod’s feces, but does not provide definitive proof of vector competence. Proof
of vector competence of an arthropod requires demonstration of both the suscepti-
bility of the particular arthropod to acquire a pathogen and also the arthropod’s
ability to transmit the pathogen (Eldridge and Edman 2003). Vector competence
must be proven through experimental studies that demonstrate reliable transmission
between the vector and the host (Billeter et al. 2008). However, it is not simply
enough to document whether an arthropod is a competent vector of a given
pathogen; the epidemiological importance of the vector-pathogen relationship
must also be investigated at the population level (Eldridge and Edman 2003). A
competent vector may have no current epidemiologic relationship to the pathogen,
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may produce rare or occasional transmission involvement (as a secondary vector),
or may provide the primary means of pathogen transmission among a population
(primary vector). Medical entomologists have detailed a description of criteria
(Barnett 1962) that can be used to incriminate pathogen vectors in humans and
animals as follows:

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

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

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

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

An extraordinarily varied amount of information exists pertaining to the vector
competence and vector potential of arthropods for Bartonella spp. A majority of the
publications are epidemiologically based upon case reports or case-controlled
studies. However, several experimental transmission studies have been conducted
to examine the vector competence of several arthropod species for Bartonella
transmission. With the exception of louse and sandfly transmission of B. quintana
and B. bacilliformis respectively, the role of other vectors, such as the common,
worldwide distributed cat flea, is not known.

6.3.1 Lice

As previously mentioned, the human body louse (Pediculus humanus humanus) has
been identified as a vector of B. quintana for several decades. Scientists, including
Topfer, Jungmann and Kuczynski, and da Rocha-Lima, described Rickettsia-like
organisms within the intestinal mucosa and feces of infected lice (Swift 1920), and
experimental studies demonstrated the lack of transovarial transmission of
B. quintana to offspring of infected lice (Bruce 1921).

A more recent study conducted by Fournier et al. (2001b) demonstrated the
ability of body lice to excrete viable B. quintana (Fournier et al. 2001b). The
observations from these studies indicate that transmission of B. quintana by body
lice occurs when an adult louse becomes infected, by way of a blood meal, and
maintains viable organisms in its intestinal tract. In contrast to other louse-borne
pathogens that cause obstruction of the louse intestinal tract, as seen with Rickett-
sial bacteria and Yersinia pestis, Bartonella are able to multiply in the gut lumen
without interfering with louse viability and are excreted in the feces (Fournier
et al. 2001b). Transmission to humans occurs during contamination of the louse
bite site or when a wound becomes contaminated with louse feces.
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Bartonella spp. have been detected in a number of other louse species, including
human head lice. The presence of B quintana DNA has been detected in Nepalese
children that were heavily infested with the head louse (P. humanus capitis) (Sasaki
et al. 2006), and in head lice from a homeless population in San Francisco,
California (Bonilla et al. 2009). In addition to human lice, Bartonella spp. has
been detected in various lice infesting rodents and mammals. Bartonella spp. DNA,
including B. henselae, B. phoceensis, B. tribocorum, and B. rattimassiliensis, has
been detected in rodent and small mammal infesting lice within the
Neohaemotopinus Hoplopleur, Polyplax, and Echinophtirius genera throughout
the United States, Egypt, and Taiwan (Durden et al. 2004; Nelder et al. 2009).

6.3.2 Sandflies

While B. quintana infection with louse transmission is the most widely known
Bartonella in many parts of the world, the first Bartonella species to be described
was B. bacilliformis. Arthropod transmission of B. bacilliformis was proposed in
the early 1900s by Strong et al., and the sandfly (Lutzomyia verrucarum) was
hypothesized to be the potential vector for B. bacilliformis in 1913 (Strong 1915).
As previously mentioned, B. bacilliformis is the causative agent of Oroya fever and
verruga peruana, a clinical manifestation of the bacterium that is restricted to the
Andean cordillera in Peru, Ecuador, and Colombia, with sporadic cases in Bolivia,
Chile, and possibly Guatemala (Schultz 1968; Gray et al. 1990). In 1913, a British
scientist named C.H.T. Townsend observed that the distribution and feeding habits
of Lu. verrucarum overlapped with cases of Oroya fever in the Peruvian Andes.
Townsend’s speculation heightened when a British sailor on his ship willingly
became exposed to wild sandflies and later developed intermittent fever and
papules, presumably Oroya fever, though a diagnosis could never confirm
B. bacilliformis as the cause of illness (Townsend 1914).

Additional culture experiments detected Gram-negative rod organisms in the
proboscis of female sandflies (Hertig 1942). Interestingly, similar organisms, pre-
sumably B. bacilliformis, have been detected in male sandflies, which do not take a
blood meal, and in unfed females. Though this would suggest transovarian trans-
mission, limited studies have been conducted on the replication/survival/transmis-
sion of B. bacilliformis in the sandflies, and scientists have speculated that
transmission of Bartonella spp. between sandflies may occur through the
commingling of breeding areas, contaminated water supplies and various other
locations (Billeter et al. 2008).
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6.3.3 Fleas

The cat flea (Ctenocephalides felis) has been experimentally and epidemiologically
shown to be an important vector of B. henselae, the agent of cat scratch disease.
Studies have shown that the seroprevalence of Bartonella spp. in cats is dependent
on average daily temperature and annual precipitation. The seroprevalence is higher
in warmer climate areas, where fleas are more common (Jameson et al. 1995). The
first epidemiological studies conducted on patients with cat scratch disease identi-
fied owning a cat or kitten with fleas as a major risk factor for B. henselae infection
(Zangwill et al. 1993). Various experimental studies have been conducted to
demonstrate the successful acquisition of B. henselae by cats or kittens through
cat flea transmission (Chomel et al. 1996; Higgins et al. 1996; Foil et al. 1998).
Other studies have demonstrated transmission of Bartonella spp. through flea feces.
In 1998, B. henselae was transmitted via intradermal injection of saline containing
infected flea feces to five cats (Foil et al. 1998). It has been hypothesized that
Bartonella spp. can remain reproductively viable in flea feces within the environ-
ment, and that transmission of Bartonella to humans or other animals can occur via
inoculation of contaminated flea feces onto the skin through an animal bite, scratch,
or other open wound (Finkelstein et al. 2002). It is also possible that infection might
occur by inhalation of infected flea feces, potentially resulting in a pulmonary
presentation for bartonellosis (Breitschwerdt et al. 2010b).

It is thought that cat fleas can maintain infection with other Bartonella species
and transmit the organism among cats, which can subsequently transmit these
species to people via bite or scratch (Breitschwerdt et al. 2007a). Cat scratches
are able to transmit Bartonella through both cat blood and flea feces, in addition to
blood that has been ingested by fleas that may contaminate cat claws. Bartonella
spp. have also been detected in fleas from various other mammals, including human
fleas (Pulex spp.) infesting people in Peru. The species identified in these fleas was
closely related to B. vinsonii subsp. berkhoffii, which has been associated with
endocarditis and myocarditis in humans and dogs (Parola et al. 2002). Human fleas
(P. irritans) have also been shown to harbor B. quintana DNA collected from a pet
monkey (Cercopithecus cephus) in Gabon, Africa (Rolain et al. 2005),
B. rochalimae collected from red foxes (Vulpes vulpes) in Hungary (Sreter-Lancz
et al. 2006) and dogs in Chile (Perez-Martinez et al. 2009), while a similar flea,
P. simulans, has been shown to harbor B. vinsonii subsp. berkhoffii and
B. rochalimae in gray foxes (Urocyon cineroagentus) in northern California
(Gabriel et al. 2009).

Additional studies have suggested that other species of fleas, including rodent
and bat fleas, may be important vectors for transmission of Bartonella spp. Exper-
imental studies have indicated that wild-caught Ctenophthalmus nobilis are com-
petent vectors for transmission of B. grahamii and B. taylorii to bank voles (Myodes
glareolus) (Bown et al. 2004). Many other rodent fleas have been tested for the
presence of Bartonella DNA. Species of Bartonella, including included
B. elizabethae, B. vinsonii-like, B. quintana, B. henselae, B. clarridgeiae,
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B. schoenbuchensis-like, B. birtlesii, B. koehlerae, B. taylorii, B. tribocorum,
B. queenslandensis, and B. rochalimae, have been detected in various flea genera
in China, Indonesia, Egypt, Israel, Thailand, Myanmar, Taiwan, including
Xenopsylla, Nosopsyllus, Sternopsylla, and Leptopsylla (Winoto et al. 2005; Loftis
et al. 2005; Li et al. 2007; Reeves et al. 2007; Tsai et al. 2010; Morick et al. 2010).
Recently, a proposed new species of Bartonella (Candidatus B. antechini) was
detected in fleas collected on yellow-footed antechinus (Antechinus flavipes) in
Western Australia (Kaewmongkol et al. 2011). While it is unclear how many of
these flea species are competent vectors for Bartonella transmission, the increas-
ingly identified number of flea and host species and diversifying geographic range
suggest that current literature may only be reporting a fraction of species and ranges
that Bartonella may be present in.

6.3.4 Ticks

It is currently unclear whether ticks are involved in the transmission of Bartonella
spp. to humans and animals under natural conditions. However, the high prevalence
of Bartonella spp. in various tick species highlights the need for increased discus-
sion relative to transmission of Bartonella spp. following a tick bite. The first
documentation of Bartonella spp. detection or isolation from ticks was in the
mid-1990s, when a Bartonella strain was cultured from a questing Ixodes ricinus
tick collected from a park in Poland (Kruszewska and Tylewska-Wierzbanowska
1996). Since then, there have been numerous reports of Bartonella spp., mostly
based on PCR amplification of organism specific DNA sequences, though rarely by
culture, from various tick species. In the early 2000s, two studies out of California,
United States, provided evidence that two separate tick species might serve as
vectors for Bartonella transmission. The first study identified several pathogenic
Bartonella, including B. henselae, B. quintana, B. washoensis, B. vinsonii subsp.
berkhoffii, and B. bovis in 19.2 % of questing adult /. pacificus ticks that were
collected by flagging local vegetation (Chang et al. 2001). The second study
identified Bartonella spp. in adult and nymph I. pacificus ticks, in addition to
Dermacentor variabilis and D. occidentalis ticks (Chang et al. 2002). Near that
same time, researchers identified Bartonella spp. from I. scapularis deer ticks that
were collected from the household of two patients co-infected with B. henselae and
Borrelia burgdoferi (the etiologic agent of Lyme disease) detected from their spinal
fluid (Eskow et al. 2001), and from 34.5 % of field collected I. scapularis in New
Jersey (Adelson et al. 2004). Bartonella spp. DNA has since been detected in ticks
throughout the world, including Carios kelleyi, 1. ricinus, I. persulcatus,
Dermacentor reticulates, Hyalomma longicornis, Rhipicephalus microplus,
1. tasmani, I. sinensis, H. rufipes, and H. longicornis.(Loftis et al. 2005)
Additional epidemiological and experimental evidence exists that suggests ticks
may be a relevant vector for disease transmission. Ticks have been identified as a
risk factor for B. vinsonii subsp. berkhoffii infection in dogs; a case control study
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determined that Bartonella seropositive dogs are 14 times more likely to have been
exposed to previous heavy tick infestations (Pappalardo et al. 1997). In a clinical
survey performed in Connecticut, United States, patients were more likely to have
been bitten by a tick than controls (Zangwill et al. 1993). Several case reports
describe human Bartonella infection shortly following a tick bite (Lucey
et al. 1992) (Angelakis et al. 2010) (Eskow et al. 2001), and co-infections with
Bartonella and Borrelia burgdoferi, the etiologic agent of Lyme disease, have been
frequently reported (Halperin and Wormser 2001). A recent report detected a high
prevalence of bacteremia with and antibodies against Bartonella spp. in patients
diagnosed with Lyme disease or chronic arthralgia and myalgia, and statistically
associated Bartonella spp. bacteremia with neurologic symptoms (Maggi
et al. 2011). While some researchers may argue that cases of Bartonellosis may
be potentially misdiagnosed as Lyme disease, rigorous scientific studies will clarify
the role of Bartonella infection with rheumatic and neurologic symptoms.

Experimental transmission of Bartonella by ticks has also been demonstrated. In
one study, I. ricinus ticks were infected with B. henselae in artificially infected
ovine blood using an artificial feeding system. The ticks maintained infection
throughout the molt, and were able to transmit B. henselae during a subsequent
blood meal through an artificial feeding system (Cotte et al. 2008). A more recent
study demonstrated vector competence of I. ricinus through transmission of
Bartonella by ticks from an infected mouse and subsequent transmission to a
naive mouse, in addition to localization of Bartonella within the adult ticks (Reis
et al. 2011). Also, Billeter et al. (2009) demonstrated invasion and replication of
seven Bartonella species in an Amblyomma americanum tick cell line in 2009,
visualized Bartonella within the cells and quantified bacterial growth through
qPCR amplification (Billeter et al. 2009). Recently, Billeter was able to detect
B. vinsonii subsp. berkhoffii DNA in R. sanguineus ticks post-capillary tube feed-
ing, as well as in tick feces (Billeter et al. 2012). Similar to other vectors for
Bartonella that may transmit the bacterium through contamination of arthropod
feces, it has been hypothesized that R. sanguineus may transmit Bartonella through
inoculation of tick feces through broken skin. Despite the evidence that Bartonella
spp. might be transmitted through a tick vector, many scientists argue that trans-
mission of Bartonella spp. to animals or humans through ticks is unlikely. While no
well-documented case of transmission by ticks to humans or animals has been
reported, additional studies will clarify the role of ticks in the transmission of this
pathogen.

6.3.5 Biting Flies and Mites

A potential role in the transmission of Bartonella spp. has been suggested for a
variety of other insects and arthropods. A study conducted in France revealed that
86 % of 83 sample Hippoboscidae flies, including 94 % of deer keds (Lipoptena
cervi), 71 % of louse flies (H. equina), and 100 % of sheep keds (Melophagus
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ovinus) harbored Bartonella DNA, notably B. schoenbuchensis or B. chomelii
(Halos et al. 2004). Dehio et al. (2004) isolated B. schoenbuchensis from deer
keds, which are flies that lose their wings after finding a host animal, collected from
roe deer and red deer in Germany and demonstrated the presence of large bacterial
aggregates in the midgut of the flies, suggesting that the arthropod may be a viable
vector for Bartonella transmission (Dehio et al. 2004). B. schoenbuchensis has been
detected in deer keds in Georgia and South Carolina, United States (Reeves
et al. 2006), and it has been hypothesized that B. schoenbuchensis and deer keds
may be widely distributed by elk or caribou across continents (Matsumoto
et al. 2008).

Bartonella has also been detected in pools of Mesostigmatid mites collected
from wild rodents and insectivores in Korea, in addition to house dust mites
(Dermatophagoides farina and D. pteronyssinus) in the United States (Kim
et al. 2005; Valerio et al. 2005). B. tamiae has been detected in chigger mite
pools (Leptotrombidium, Schoengastia, and Blankarrtia) that had been collected
on rodents in Thailand (Kabeya et al. 2010). The bat fly (Trichobius major
Coquillett) and the Eastern bat bed bug (Cimex adjunctus Barber) are ectoparasites
of bats. A bat fly collected from Florida caverns and a Eastern bat bed bug collected
from the Santee Caves in South Carolina, USA, were shown to harbor a unique
Bartonella species (Reeves et al. 2005). Bartonella has also been detected in honey
bees (Apis mellifera capensis Eschscholtz). It has been suggested that the organism
was ingested through contact with the environment and therefore it does not appear
as though Bartonella can commonly be found in honey bees (Jeyaprakash
et al. 2003). Recently, Bartonella spp. has also been detected in woodlouse hunter
spiders and their associated prey, the woodlouse, though vector competence has yet
to be investigated in these arthropods (Mascarelli et al. 2013).

6.4 Bartonella and One Health

Prior to 1990, Bartonella infection was not reported in human or animal species in
North America. The AIDs epidemic and subsequent recognition of Bartonella-
induced vasoproliferative disorders in immunocompromised individuals has helped
to unveil Bartonella as a complex, stealth pathogen of substantial medical impor-
tance. The difficulties in studying Bartonella spp. risk factors, pathology, and
potential treatment options lie in the bacterium’s generalist and versatile host
affiliation and its ability to induce a spectrum of disease expression in a variety
of species that ranges from self-limiting and benign to chronic and complex.
Bartonella’s strain variability in combination with the nuances of a specific host
response (influenced by various nutritional, genetic and other medically relevant
factors) creates an unpredictable pattern of disease expression within or across
infected species. As such, it remains difficult to reproduce and study an accurate
model of Bartonella infection in a scientific setting. Furthermore, as a fastidious
organism, it remains technically difficult to detect and diagnose cases of naturally
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occurring Bartonellosis within non-reservoir populations; misclassification of true
cases of disease as false negatives limits the ability of researchers to conduct
controlled and insightful epidemiologic studies that will better elucidate risk factors
for infection or subtle manifestations of disease. To combat the difficulties in
studying this complex pathogen, a One Health approach that combines clinical,
microbiological, and pathological observations across animal genera and species
has proved necessary to further elucidate the ability of Bartonella spp. to induce
disease processes in humans and animals. A broad scale analysis of Bartonella
literature has observed that similar pathologies following Bartonella infection can
be seen across multiple mammalian species. The DNA of Bartonella species has
been detected in both humans and dogs with clinically similar and histolopatho-
logically confirmed vasoproliferative lesions; granulomatous inflammation has
occurred in naturally infected cats, dogs, and humans. And most notably,
Bartonella induced culture-negative endocarditis has been observed across various
mammalian species, including humans, dogs, cats, and cattle (Breitschwerdt
et al. 2013). These observations have proved crucially insightful to researchers
and medical professionals that have previously struggled to attribute disease cau-
sation to Bartonella spp. The importance of a comparative examination of the
biological and pathological behavior of Bartonella and other stealth pathogens
across different animal/arthropod species cannot be understated. As humans, pets,
domestic animals, and wildlife are expanding their number of overlapping habitats,
a close integration of veterinary, medical, and public health professionals is a
necessary framework of disease investigation for pathogens shared between
humans and animals, with Bartonella spp. as only an example.

6.5 Conclusions

Zoonotic diseases present a constant threat to humans, domestic animals, and
wildlife. Transmission of pathogens into human populations and non-reservoir
hosts from other animal species occurs from changes in the interactions between
host, vector, and environment. The emergence and re-emergence of Bartonella spp.
in humans and a variety of mammalian hosts and arthropod vectors draws attention
to the need for enhanced diagnostic techniques for documenting infection in hosts,
effective vector control, and treatment of individuals with associated diseases.
Certainly, enhanced pathogen detection and diagnostic techniques have enabled
the discovery of a wide spectrum of Bartonella species, hosts and vectors outlined
within this chapter. However, substantial gaps in the knowledge of Bartonella
disease ecology and transmission diagnostics have prevented researchers from
developing effective strategies for disease prevention and control. Key challenges
in combating zoonotic infections, such as Bartonella, have to do with the
non-specificity and similarity of symptoms caused by a variety of infections. This
highlights the need for continued development of high-quality laboratory based
diagnostics so as to facilitate the rapid identification of infections for proper
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surveillance and appropriate treatment. Increased use of rapid, accurate diagnostic
tests will afford researchers and clinicians with the ability to conduct more reliable
epidemiologic and treatment-related studies and will more accurately characterize
the outcomes of Bartonella spp. infection.

Environmental changes that affect vector prevalence and distributions and also
impact wildlife reservoir hosts, in addition to social changes that affect human
exposure to vectors may contribute to the local emergence and increases in human
incidence in Bartonella spp. infection, and should not be overlooked. Though the
catalogue of animal hosts and insect vectors that harbor Bartonella spp. continues
to expand, researchers are still unable to accurately quantify the epidemiological
and medical significance of these bacteria or the effects of Bartonella in animal and
insect vector populations. As presented earlier, reports of severe clinical manifes-
tations in domestic animals and livestock, such as cattle and horses, infected with
Bartonella spp. are continuing to emerge. The distribution of reservoir host
populations and vector communities is easily altered through land modification
activities such as increased farming, cyclical deforestation/reforestation, and hab-
itat fragmentation. Modifying the distribution of vectors and reservoir hosts, such as
rodents and small mammals, in a given area will increase the exposure of domestic
animals and livestock to Bartonella spp. infection and could easily result in
substantial morbidity and mortality within the domestic animal production industry.
The spill-over effects of Bartonella spp. into non-reservoir domestic animal hosts
remains an understudied aspect of current research.

Introductions and increases in the incidence of vector borne pathogens clearly
call attention to the need for effective vector control measures. Increased outdoor
activity, poverty, and low income may allow for humans and other non-reservoir
populations, such as dogs and cats, to come into increased contact with infected
arthropod vectors (Boulouis et al. 2005). Control of arthropod transmitted
Bartonella requires combination efforts by clinicians, researchers, and public
health officials to educate and promote behavior that will minimize the risk of
infection and reduce sociologic and human-driven environmental factors that may
facilitate the transmission of Bartonella. But before this can be done, additional
research is required to identify epidemiologically important competent vectors of
Bartonella spp. transmission. It is currently unclear which arthropod vectors are
able to amplify the bacterium and successfully transmit it to new host populations.
Studies that aim to not only identify Bartonella spp. in arthropod populations but
also combine epidemiologically relevant case data with ecological risk assessment
should be encouraged. While Bartonella spp. appear to have distinct host-vector
specificity, epidemiological studies are needed to identify the effects of transmis-
sion into new hosts and the ability of Bartonella spp. to adapt and become a
successful part of a new host-vector-pathogen lifecycle.

Changes in the abundance of available animal hosts caused by events such as
habitat fragmentation, new animal production systems, and global travel may
increase the risk of spill-over or zoonotic transmission of Bartonella into novel
non-reservoir populations. With the ability of Bartonella to jump to accidental
hosts, it is imperative that we determine the consequences of Bartonella spp.
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infection on new host populations and environments. Co-factors that exacerbate
pathologic manifestations, such as co-infections and immunosuppression, need to
be investigated. An aging immunosenescent human population, behavioral and
societal changes that bring animals and humans into increasingly close contact,
and alterations in vector biology and reservoir host density all contribute to the
community interactions among Bartonella species, host, and vectors (Boulouis
et al. 2005). A One Health approach incorporating the combined efforts of pro-
fessionals in human and animal medicine, vector ecology, pathogen evolution,
microbial ecology, and sociology are necessary in order to create the veterinary
and medical infrastructure, training, prevention, and surveillance required to thor-
oughly understand Bartonella spp. ecology, dynamics and control.
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Chapter 7
A One Health Approach to Influenza
Pandemics

Robert E. Kahn and Jiirgen A. Richt

Abstract Controlling influenza pandemics requires extensive scientific research,
both in the laboratory and in the field. Focusing on the experience with influenza A
HINI1, H5N1 and H7N9, this chapter sets out a historical framework for
implementing the One Health paradigm within the context of interspecies medicine.
Effective control and eradication of influenza viruses requires extensive surveil-
lance, improved biosecurity, improved detection devices, new vaccines and
monitoring.

Keywords Influenza ¢ Interspecies medicine » One Health « Pandemic

7.1 A One Health Perspective

Writing about 400 BCE, in his book On the Nature of Man, the Greek physician
Hippocrates sought to achieve an unified approach to health by balancing four
humors (blood, phlegm, yellow bile and black bile). His humoral theory influenced
the treatment of disease for more than 2,000 years, with each of the humors linked
to a particular characteristic—courageousness, calm, anger, or depression. Today
we are still engaged in that search for unity in understanding, our tools are no longer
the discredited four humors, but rather, the triad of the person, the animal, and the
environment. These three factors are interdependent. The One Health concept
recognizes these three interdependent factors because human health is inextricably
linked with animal and environmental health. The One Health concept offers a
viable and informed approach to controlling pandemics.

At least three major influenza outbreaks have occurred in the sixteenth, eigh-
teenth, nineteen and twentieth centuries, as well as regional outbreaks in the
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seventeenth century (Crosby 1993). The most famous and most lethal of these
pandemics began in 1918, afflicting approximately one-quarter of the world’s
population and killing some 50 million people with a 2.5 % case fatality rate
(Steel and Palese 2008). The origins of the pandemic were either in Europe or the
United States (or both), but the experience became known as “The Spanish Flu”
because the Spaniards, neutral in World War I, were not censoring their press,
unlike all the combatant nations (Barry 2006; Oxford et al. 2005). Initially, a
bacterium was suspected of being the cause of this emerging zoonotic disease
which infected birds, pigs and people, while moving probably solely by inter-
human transmission to kill more than 50 million people.

In 1931, Richard Shope isolated a virus that caused swine influenza (Crosby
2003). But it wasn’t until 1944, after years of investigation, that Oswald Avery with
the support of others, identified that viruses contain nucleic acids that carry genetic
information (Barry 2006). One of the reasons why it took so long to identify the
cause of influenza was that the highly respected bacteriologist, Richard F. J.
Pfeiffer, thought that the secondary bacterial infections were its primary cause
(Crosby 1993). However, even more significant was the common thought that the
influenza virus was primarily a human pathogen, thereby limiting a fuller epidemi-
ological understanding of the sources and transmission events of the disease. With
the rise of interspecies medicine, it has become increasingly clear that scientific
investigations of one species are seldom sufficient to uncover the mysteries of a
zoonotic disease.

Pandemics are often evaluated in the context of their impact on human health.
This is understandable but consistently obscures the origins of a pandemic, its
original host species and reservoir, its means of transmission, its ecology, and
how it can best be controlled. The problems and solutions for human health require
an awareness of all forms of life—humans, animals and plants—each in their own
environment, yet also connected to other forms of life. Without such an
interdependent awareness within the One Health paradigm, no future pandemic
will likely ever be swiftly and effectively brought under control.

Influenza has been a global threat to human health for many centuries. While
acute viral and bacterial infections of the human upper respiratory tract are gener-
ally mild, infections of human /ower respiratory tract are often severe, leading to
increased morbidity and mortality, and killing a significant number of children
under age five every year—the vast majority in low-income countries (Reingold
and Phares 2005). It has only been within the last 100 years that zoonotic influenza
viruses, especially in chickens and pigs have been identified as a cause of human
influenza.

Of the five major routes by which zoonotic pathogens are transmitted to humans,
it is the first four that are pertinent to the interspecies transmission of influenza:
(1) the inhalation of infectious materials; (2) the ingestion of contaminated mate-
rials; (3) direct or indirect contact of the human skin with the hides, hair, excreta,
blood or carcasses of infected animals; (4) animal bites and scratches; and (5) biting
arthropods that seek out animals and people on which to feed (Reingold and Phares
2005). As zoonotic agents, influenza viruses move back and forth between avian
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species and mammals, including humans. The original viruses change and reassort
with other influenza viruses, creating new pathogens whose biological characteris-
tics are initially unknown. Therefore, every new influenza pandemic is disturbingly
unique; and its impact on any species will only be discovered after careful labora-
tory and epidemiological investigation.

7.2 The H7N9 Influenza Virus

Between 1996 and 2012, sporadic human outbreaks with H7 influenza viruses
(H7N2, H7N3 and H7N7) had been reported in the United Kingdom, the United
States of America, Italy, the Netherlands, Canada and Mexico. These human out-
breaks were usually linked to outbreaks in poultry. With the exception of the death
of one veterinarian in the Netherlands in 2003, human infections have usually been
minor, mainly conjunctivitis and upper respiratory symptoms (WHO 2013a). How-
ever, the H7NO outbreak that began in southern China in March 2013 and spread in
less than 2 months throughout various parts of the country was of a different order.
The latest information on H7N9 infections and deaths is available on the web from
the World Health Organization (WHO) at Disease Outbreak News at: www.who.
int/csr/don/en/index.html.

The H7N9 virus probably originated from the reassortment of at least three virus
strains that infected only birds, with the six genes coding for the internal proteins
similar to recent HON2 viruses, the gene for the NA protein similar to avian N9, and
the gene for the HA protein similar to Eurasian H7 viruses (WHO European Office
2013; Liu et al. 2013; Van Ranst and Lemey 2013). However, the unusual behavior
of the new virus made tracing its origins difficult, because this H7N9 virus has low
pathogenicity in birds and poultry, but high pathogenicity in humans. Furthermore,
as a WHO Risk Assessment warned: “Some genetic changes, including amino acid
substitutions associated with increased affinity to alpha 2—6 receptors, suggest that
H7N9 may have greater ability to infect mammals, including humans, than other
avian influenza viruses” (WHO 2013b; WHO 2013c; Holmes 2013).

In less scientific language, this newly emerged virus is dangerous, both because
it is asymptomatic within China’s poultry and wildfowl, and because it is a zoonotic
agent that might be more likely to make the leap to human beings than the deadlier
HS5N1 virus. However, research published after this WHO Risk Assessment sug-
gests that although the human H7N9 virus has already acquired certain receptor-
binding characteristics that are typical of pandemic viruses, its further evolution
toward a virus that could bind to cellular receptors in the upper human respiratory
tract might be prevented by the preference of human H7N9 viruses to bind mainly
to avian influenza receptors (Xiong et al. 2013).

The task of finding the reservoir(s) of emerging influenza viruses in China is
daunting. The statistical background is important: 1.36 billion people—19 % of the
world’s population in 2013—Ilive in the midst of immense livestock populations—
an estimated five billion chickens (bred for consumption and egg production, often
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in small farms or in backyards) along with 716 million pigs slaughtered in 2013
(National Bureau of Statistics of China 2014; The Economist 2011). Furthermore,
although China’s population is now nearly stable with an annual increase of less
than 0.5 % in 2013, the annual output of pork, beef, mutton and poultry increased by
1.8 % from 2012 to 2013, with the number of slaughtered pigs increasing by 2.5 %
(National Bureau of Statistics of China 2014). With the Gross Domestic Product of
China having risen by a further 7.7 % in 2013 more and more people have sufficient
income to add meat to their diets, often purchased live or recently slaughtered
from live animal markets (National Bureau of Statistics of China 2014; The
Economist 2011).

Neither the precise reservoirs nor host species of Influenza A H7N9 has been
definitively determined. Chickens appear to be the primary reservoir, but wildfowl,
ducks and pigeons have also been implicated as host species (WHO 2013c;
Kahn and Richt 2013). Furthermore, it has now been shown through laboratory
testing that the H7N9 virus can be transmitted to both pigs and ferrets as interme-
diate hosts (Zhu et al 2013). In effect, the initial “reservoir” may well be the live
animal markets themselves, because of the mixing of species in confined spaces
with poor hygienic conditions.

Temporarily closing many live animal markets in urban areas, the Chinese
health authorities appear to have considerably reduced the presence of the H7N9
virus, at least as measured in transmission to humans. Happily, despite extensive
follow-up of human patients, in the summer and fall of 2013, there was no evidence
of sustained human-to-human transmission. However, in a broad One Health
perspective, for a number of reasons this reduction in human illness linked to the
H7NO virus may be misleading because: (1) influenza viruses are generally less
prevalent in the summer months than in the winter months; (2) closing live animal
markets in rural areas is not a sustainable policy; and (3) as noted above, the genetic
characteristics of this already mutated H7N9 virus suggest that it is close to being
able to sustain mammalian transmission; and the reality of efficient replication in
both ferrets and swine has been demonstrated under laboratory conditions (Zhu
et al. 2013).

Of even greater significance for transmission is the undisputed evidence that
H7N9 has now been found in poultry in animal markets in all 31 provinces of the
Chinese mainland (Holmes 2013; Chen et al. 2005). With such extensive presence
in chickens in mainland China, as well as a potential intermediate host such as pigs,
the number of human exposure events to this new virus will most likely increase
significantly. However, whether occasional cross-species transmission of the H7N9
virus will lead to a human pandemic is unknown (Morens et al. 2013).

Given the billions of people and animals interacting within China, the continuing
emergence of influenza viruses, is inevitable. Both scientists and the public need to
know what is happening in the midst of a fast moving scene in which new data is
constantly emerging and being evaluated about how the novel influenza virus is
being transmitted, as well as possible difficulties in making an efficacious vaccine
(Bao et al. 2013; Koopmans and de Jong 2013; Branswell 2013).
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The study of evolutionary genetics is essential because although environmental
changes often trigger viral emergence, some viruses are better equipped than others
to jump species barriers (Holmes and Rambaut 2005). To ensure the future control
of H7N9, an intensive combination of laboratory investigation, epidemiological
study, continuing surveillance of both human and animal outbreaks, and the
preparation and manufacture of appropriate antiviral drugs and vaccines is neces-
sary for disease control. Such a One Health-oriented strategy is essential for
reducing the risk of sporadic disease transmissions from chickens and other animals
to humans (Schenk et al. 2013).

7.3 The Ubiquity of Influenza A Viruses

The identification and characterization the influenza H5N1 virus has required
considerable sustained scientific research. Most avian influenza A viruses are low
pathogenic avian influenza (LPAI) viruses and have been isolated in many wild and
domestic birds, with a multitude of serotypes (H1 to H16, N1 to N9) having been
found. Moreover, there is now a scientific consensus that wild aquatic birds provide
the natural hosts of all LPAI viruses, thereby forming a large genetic pool that
serves as a source for highly pathogenic avian influenza (HPAI) viruses of the HS
and H7 subtype (Klenk et al. 2008). The mixing of numerous influenza viruses in
many species is an ever-present reality that requires considerable surveillance and
at times medical intervention.

7.4 Reservoir and Host Species of Influenza

Although it is clear that wild birds provide both a reservoir and a host species for the
majority of the influenza A viruses, other reservoirs and host species are also
significant, especially chickens, quail, geese, ducks and pigs. The interaction of
these multiple hosts and multiple reservoirs creates a formidable challenge to
scientists in the laboratory, farmers in the field, public health officials and doctors,
veterinarians and hospital workers. Furthermore, in the US, the classical swine
HINI1 has been replaced in the past 10—15 years by reassortment viruses of both H1
and H3 subtypes that contain genes from classical swine, human and avian viruses
(Zhou et al. 1999; Webby et al. 2000; Scholtissek 2008; Khiabanian et al. 2009).
Prior to the pandemic HIN1/2009 virus outbreak in Mexico, both Scholtissek
(2008) and Ma et al. (2009) and their colleagues pointed out the danger that
reassorted pig viruses from North America, rather than a HSN1 virus from South-
east Asia, might start a future pandemic. This was indeed what happened, but in this
instance the reassortment virus was not as deadly as initially feared (York and
Donis 2013). However, direct infections from avian species to humans are possible
and could generate new pandemics without pigs or other animals serving as
intermediary hosts.
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7.5 Mode of Transmission

For any influenza virus present in nonhuman species to adapt to human species and
become pandemic, considerable changes are necessary during interspecies trans-
mission (Matrosovich et al. 2008). These changes may be by either adaptation of
the virus to a new host or reassortment of the virus, causing changes in the
specificity of the viral receptor binding sites of the novel virus (Matrosovich
et al. 2008). The complexity of receptor specificity is so great that in trying to
trace the origins of a specific virus such as the 1918 pandemic influenza virus,
definitive answers are often not possible without sequencing strains of earlier
viruses (Steel and Palese 2008).

There is an emerging consensus that a key variable in whether a pandemic viral
strain emerges is the receptor specificity of the HA protein. However, in the context
of HS5N1 and other avian viruses “it is believed that a poor fit of avian viruses to
receptors in humans limits the emergence of new pandemic strains” (Matrosovich
et al. 2008). Unfortunately, it is not clear which hosts can transmit viruses to
humans. Therefore, for all of the influenza viruses, “the challenge for the future is
to determine what chain of events makes it possible for a virus to be successfully
transmitted fo, and more importantly within, an alternative host population”
(Webby et al. 2007). Much further research, both in the field and in the laboratory,
is essential in order to understand how and why transmission of influenza viruses
occurs.

7.6 Ecology and Control

On a global scale, the interaction between species has increased vastly in the last
40 years, as the number of chickens grown for human consumption has increased
from 5.2 billion in 1970 to 19.4 billion in 2010, while during the same time, pigs
have increased from 347 million to 965 million, ducks from 256 million to 1.187
billion, and cattle from 1.081 billion to 1.428 billion (Worldwatch Institute 2012).
The human population of the world during these 40 years has also increased
from 3.71 billion to 6.86 billion (United States Census Bureau 2013); and this has
led David Quammen (2012, pp. 496-497, 503) to question whether from an
ecological perspective homo sapiens itself should be characterized as “an
outbreak”.

In considering this question with the University of Chicago ecologist, Greg
Dwyer, the two men agreed that clearly both human and animal behavior have to
be considered; and that the answer “it depends” indicates that there is no one
definitive answer to the question of whether the growth in population of any one
species will lead to its ultimate destruction (Quammen 2012, pp. 518-519). What
is striking is that simply posing this ecological quandary led Quammen and
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Dwyer to a consideration of influenza, because the influenza virus itself in all
its forms poses a great threat to many species, including people, wild birds,
chickens and pigs. Whether influenza A viruses or any other virus should be
viewed as a living organism is much debated among scientists. However, as the
virologist Nathan Wolfe rightly insists “viruses are part of the living systems of
our planet ... and should be interpreted in that way” (Wolfe 2011; cf. Miller and
Spoolman 2011).

The possibility of exercising meaningful control or even modest mitigation of
any virus outbreak must begin with effective surveillance of both HP and LP
influenza viruses in both animals and humans. Such surveillance is essential to
identify the emerging virus and provide the time necessary to establish viable virus
repositories with appropriate seed viruses from which to formulate and manufacture
both animal and human vaccines (Osterhaus et al. 2008). The genetic diversity of
the many different influenza viruses has clearly established multiple genetic clades
not only in the traditional influenza epicenter of Southeastern Asia, but throughout
the whole of Asia and many other continents (Yen et al. 2008). The scale of the
problem is indicated by the fact that in China alone during the years from 2004 to
2006 the attempt to minimize the impact of the HSN1 virus led to the death of
around 35 million poultry either by infection or “stamping out” (i.e. killing) as well
as the use of 20 billion doses of vaccines in order to control HSN1 outbreaks
(Chen et al. 2008).

Effective control and eradication of influenza viruses will require an integrated
global program with four distinct policy arms: (1) extensive surveillance, especially
of multiple viruses in pigs with their potential for interspecies transmission (Brown
2008); (2) improved biosecurity; (3) the administration of inactivated, recombinant
or live virus-vectored vaccines (Werner et al. 2008) or the use of reverse genetics-
based vaccines (Neumann et al. 2008); and (4) monitoring (Furuse et al. 2011). The
complexity of this challenge is indicated by the fact that for monitoring alone, it is
necessary not only to isolate as many as possible virus strains of different subtypes,
but also to develop full phenotypic and genotypic characterizations, hopefully with
considerable awareness of the genetic relationship of emerging virus to earlier
influenza A virus strains and subtypes (Lvov and Kavein 2008). Furthermore,
such a four-pronged attack on influenza viruses in both animals and people will
need to be ongoing throughout the twenty-first century with a preventive orienta-
tion, not a sporadic, isolated response to emerging outbreaks. Clearly, extensive
translational scientific research, improved manufacturing capacity of vaccines,
national legislation and proactive international guidelines will be essential to
formulate and implement an effective program for controlling influenza
(cf. Capua et al. 2008; Miller et al. 2009).

In conclusion, it is only with a One Health approach that sufficient scientific
knowledge can be gained from many disciplines to make possible the control of an
influenza pandemic. Interspecies medicine, with all its uncertainties, is only possi-
ble with a One Health perspective that is open to new ideas and new links among
people, animals and the environment. Furthermore, controlling pandemics and
emerging infections requires not only extensive scientific knowledge and an
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awareness of the importance of interspecies medicine, but also effective collabo-
ration among scientists, doctors and public health professionals, all of whom must
learn how to communicate the validity of the One Health approach to the public.
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Chapter 8
One Health: From Concept to Practice

John S. Mackenzie, Moira McKinnon, and Martyn Jeggo

Abstract One Health (OH) is an approach, focusing on emergent infectious
diseases, which looks at health in the context of human, animal and environment
relationships. Governments worldwide through the International Ministerial Con-
ferences on Avian and Pandemic Influenza (IMCAPI) meetings have made a
commitment to OH. There is unanimous agreement from the international organi-
zations to the community level that this is a necessary approach in an increasingly
populous world. It is a world, however, in which professions have moved to
specialization and expertise within their own realm rather than in collaboration
and cross discipline. This chapter reports on the operationalization of OH to date
and consideration of the forward path in examination of the key areas of: leadership,
relationships, infrastructure, skills and capacity, communication and technology,
and resources.
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8.1 Introducing and Defining the Scope and Concept
of One Health (OH)

8.1.1 Development of the OH Paradigm: The Decade
Since SARS

The past two decades have been a momentous period for extending our knowledge
of the origin and emergence of novel diseases, and in particular, our recognition of
the role of wildlife reservoirs as the source of potential pathogens. It has clearly
delineated the importance of the interface between humans and domestic and wild
animals in cross-species transmission of zoonotic diseases.

It is now 10 years since the world was faced with the first severe and readily
transmissible new disease to emerge in the twenty-first century, Severe Acute
Respiratory Syndrome (SARS). Caused by a previously unrecognized coronavirus
associated with the animal markets of southern China, the disease spread across the
world via major air routes, reaching 29 countries on five continents (Guan
et al. 2003). Later evidence strongly implicated insectivorous bats as the probable
natural reservoir of the virus (Lau et al. 2005; Li et al. 2005; Ge et al. 2013). This
discovery stimulated further investigations into a variety of wildlife species which
revealed a plethora of new viruses carried by fruit and insectivorous bats, rodents
and other species of wildlife from around the globe (Mackenzie and Jeggo 2013).
Thus the SARS outbreak led to a number of important observations. It demonstrated
that:

¢ apreviously unknown pathogen could emerge from a wildlife source at any time
and in any place and, without warning, threaten the health, well-being and
economies of all societies;

e there was a clear need for countries to have the capability and capacity to
maintain an effective alert and response system to detect and quickly react to
outbreaks of international concern, and to share information about such out-
breaks rapidly and transparently; and

e responding to pandemic threats requires global cooperation and global
participation.

International concerns about novel zoonotic diseases were subsequently height-
ened by the spread of virulence of highly pathogenic avian influenza (HPAI) HSN1
and its potential to become the next worldwide pandemic. The H5N1 avian influ-
enza threat persists (World Health Organization 2014a), but the more immediate
concerns are the possible global spread of two novel viruses, avian influenza H7N9
and the Middle East Respiratory Syndrome coronavirus (MERS-CoV). At the time
of writing, there have been 432 human cases of avian influenza H7N9, most of
which have occurred in mainland China with a few cases from China Taiwan and
Hong Kong SAR (ProMED 2014; World Health Organization 2014b; Centre for
Health Protection 2014). Surveillance at the animal-human interface is proving
difficult because of the avirulence of the virus in domestic poultry (Chen
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et al. 2013). With MERS-CoV, 253 laboratory-confirmed cases have been reported
at the time of writing, most of which have occurred in the Middle East (particularly
in Saudi Arabia, but also including Jordan, Kuwait, Oman, Qatar, and United Arab
Emirates), but with sporadic cases in travellers from the Middle East to Europe
(France, Germany, Greece, Italy and the United Kingdom), North Africa (Tunisia)
and Asia (Malaysia and Philippines) (World Health Organization 2014c). Recent
data has suggested that dromedary camels are the spill-over hosts of MERS-CoV
and the source of most human infections (Alagaili et al. 2014; Meyer et al. 2014),
although bats have been suggested as a possible reservoir (Memish et al. 2013).

Many emergent pathogens are not only linked to increasing contact between
humans and animals, both domestic and wild, but to intensification and integration
of food production, to the need for clean drinking water, to climate, and to the
expansion of international travel and trade. The role of the wildlife-livestock-
human-ecosystem interfaces has been fundamental to the development of the OH
paradigm over the past decade, a concept that recognizes that the health of humans,
animals, and ecosystems are interconnected, and that to better understand and
respond to zoonotic diseases requires coordinated, collaborative, multidisciplinary
and cross-sectoral approaches.

The concept of OH is not new; the recognition that the health of people, animals
and the ecosystems of which we are part, are inextricably woven together and is as
old as human culture (Veterinarians Without Borders 2010). Over 2,500 years ago
Hippocrates urged physicians that all aspects of their patients’ lives need to be
considered including their environment. However, the concept has been more
commonly associated with the nineteenth century physician Rudolf Virchow,
who acknowledged the similarities between human and animal medicine, and
who first used the term ‘zoonosis’ for infections acquired from animals. Much
more recently in the mid-1960s, the eminent American veterinary epidemiologist,
Calvin Schwabe, also recognized that the health of humans, animals and ecosys-
tems are interconnected, which he referred to as “One Medicine” in his textbook
“Veterinary Medicine and Human Health” (Schwabe 1984).

The significance of zoonoses in the emergence of human infectious diseases was
also recognized in the 1992 Institute of Medicine Report ‘Emerging Infections:
Microbial Threats to Health in the United States (IOM 1992), and the subsequent
2003 Report “Microbial Threats to Health: Emergence, Detection, and Response
(IOM 2003). These and a number of subsequent meetings and events have been
instrumental in further developing and defining the OH paradigm. They have been
listed in Table 8.1 as a series of milestones.

The current momentum associated with the OH concept during the past decade
was driven initially by a series of strategic goals, known as the ‘Manhattan
Principles’ which were derived during a ‘One World, One Health™’ meeting of
the Wildlife Conservation Society entitled Building Interdisciplinary Bridges to
Health in a “Globalized World” held in September 2004 in New York (Wildlife
Conservation Society 2004). These goals, developed for combating threats to life
on Earth, clearly recognized the link between human health and animal health, and
the threats that diseases pose to food supplies and economies, and called for the
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Table 8.1 A timeline of major milestones in the development and implementation of the One

Health concept

Time Event

Approximately Hippocrates urged physicians that all aspects of their patient’s lives need

400 BCE to be considered including their environment

1855 Rudolph Virchow first used the term ‘zoonosis’ for infections acquired
from animals

1971 An international group, Wildlife Trust, formed by naturalist Gerald Dur-
rell. The Wildlife Trust is now known as EcoHealth Alliance

1984 Calvin Schwabe, veterinary epidemiologist coined the term ‘One
Medicine’

1992 Institute Of Medicine release the report, ‘Emerging infections: Microbial
Threats to Health in the United States.’

1993 Federation of American Scientists and WHO sponsored a meeting in
Geneva to discuss the potential threat of biological warfare

1994 Launch of the Program for Monitoring Emerging Diseases (ProMED)
(Morse et al. 1996)

2000 The Global Outbreak Alert and Response Network (GOARN) conceived
and development begun

2003 ‘Microbial Threats to Health: Emergence, Detection and Response’
Report released by IOM

2004 Human Animal Infections and Risk Surveillance (HAIRS) begins opera-

tion in the UK

2004 September

Manhattan Principles are defined in a meeting on ‘One World One Health’
convened by the Wildlife Conservation Society

2005

International Health Regulations agreed by the World Health Assembly
(WHO), and implemented in 2007

2005 September

United Nations Systems for Influenza Coordination formed (UNSIC)

2005

The Asia Pacific Strategy for Emerging Diseases (APSED) implemented

2006 January First International Ministerial Conference on Avian Influenza and Pan-
demic Influenza (IMCAPI) Beijng, PR China
2006 The Global Early Warning System for major Animal Diseases (GLEWS)

developed and implemented by FAO, OIE and WHO

2006 December

Second IMCAPI Bamako, Mali

2007

American Veterinary Medicine Association (AVMA) was instrumental in
forming the One Health Initiative Taskforce (OHITF) (King et al. 2008)

2007December

Third IMCAPI New Delhi, India

2008 January

The South Africa Centre for Infectious Disease Surveillance (SACIDS)
established as a One Health Virtual Centre linking research institutions in
Tanzania, DRC, Mozambique, Zambia and South Africa

2008

The One Health Initiative (OHI) www.onehealthinitiative.com, a major
internet based communications resource launched

2008 October

Fourth IMCAPI Sharm el-Sheikh, Egypt

2008 October

FAO, OIE, WHO, UNICEF, World Bank and UNSIC produce collabora-
tive document ‘Contributing to One World, One Health. A Strategic
Framework for Reducing Risks of Infectious Disease at the Animal—
Human-Ecosystem Interface’ endorsed by IMCAPI at Sharm el-Sheikh

(continued)


http://www.onehealthinitiative.com/

8 One Health: From Concept to Practice 167

Table 8.1 (continued)

Time

Event

2009 March

Expert international consultation held in Winnipeg ‘One World One
Health: from Ideas to Action’

2009

A national (USA) One Health Commission (http://www.
onehealthcommission.org) formed following recommendations of the
OHITF, with AVMA, the American Medical Association, the American
Public Health Association, the Association of American Medical Colleges,
the Association of American Veterinary Medical Colleges, the American
Society for Microbiology, and the Infectious Diseases Society of America
as partners, and funded by the Rockefeller Foundation

2009

Afrique One, an African Research Consortium on Ecosystem and Popu-
lation Health, launched with members from West and East Africa with
three European partners

2009

One Health Alliance of South Asia (OHASA) formed as a network of
scientists in Bangladesh, India, Nepal, and Pakistan

2010 April

Fifth IMCAPI Hanoi

2010 April

Tripartite Concept Strategy—An FAO-OIE-WHO collaboration to
address health risks at the animal-human-ecosystems interface’ is
endorsed

2010 May

Centers for Disease Control (CDC) Stone Mountain meeting initiates
seven international working groups to progress aspects of One Health

2010

World Bank publishes ‘People, Pathogens and Our Planet: Vol 1. Toward
a One Health Approach for Controlling Zoonotic Disease.’

2010

‘Connecting Organizations for Regional Disease Surveillance (CORDS)’,
a non-government platform connects global regional surveillance systems

2011 February

First International One Health Congress Melbourne, Australia

2011

One Health Central and Eastern Africa (OHCEA) formed as a network of
14 public health and veterinary institutions in Ethiopia, Uganda, Kenya,
Tanzania, DRCongo and Rwanda

2012 One Health Global Network, an information clearing house, is launched

2012 World Bank publishes ‘People, Pathogens and Our Planet: Vol 2. The
Economics of One Health’

2012 February Global Risk Forum One Health Summit ‘One Health, One Planet, One

Future’ held in Davos, Switzerland

2013 January

Second International One Health Congress Bangkok, Thailand

2013

The Gates Foundation calls for One Health research through the Grand
Challenge program

2014

One Health Summer Schools available in Denmark, England and
Australia. Masters in One Health offered in USA and UK, and a doctorate
in the USA

inclusion of wildlife health as an essential component of global disease prevention,
surveillance, monitoring, control and mitigation. The goals also recognized the
need to devise holistic and forward-looking approaches for responding to emerging
and resurging diseases.

Support for OH continued to grow at different levels through workshops,
meetings and discussion groups, and with government agencies advancing the
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agenda, and the paradigm broadened as it became clearer that OH extends beyond
an examination of the human—animal health interface to encompass the health and
sustainability of the world’s ecosystems This has led to the recognition that the
environment profoundly influences both human and animal health, especially
through effects on the water and food supply and through global climate and air
quality (Shomaker et al. 2013).

8.1.2 Definitions and Scope

There is no single, accepted definition of OH, but the most frequently used
definition is that developed by the AVMA:

The integrative effort of multiple disciplines working locally, nationally, and globally to
attain optimal health for people, animals and the environment. (King et al. 2008).

The breadth and scope of OH, however, makes it difficult to find a definition that
covers all aspects, and indeed the lack of consensus in definition gives the OH
approach much greater flexibility. Increasingly OH is considered to be systemic-
based with its scope of practice broad and growing, ranging from a specific
zoonosis focus to a wide multidisciplinary ecosystem approach with a very broad
canvas. However, the price for flexibility even in the field of emerging infectious
disease (EID) has been diffusion, fragmentation and duplication of effort, and there
is a strong argument put forward that it is timely for a unified international voice
and structure to counteract these impacts (Lee and Brumme 2012).

There is a general agreement, especially in national OH programs, of the need to
focus on the animal-human infectious disease interface as ‘doable’ whilst
extending activities to develop infrastructure and capacity to a broader approach.
Many of the important zoonoses relate to animals in the food production chain.
Food, therefore, becomes an important vehicle for a substantial number of these
zoonotic pathogens (Wielinga and Schlundt 2013), and food safety and food
security are major OH issues, as clearly envisaged by the Food and Agriculture
Organization (FAO) (Lubroth 2013; FAO 2011), the United Nations (Nabarro
2012) and WHO. Indeed, within WHO, OH is located in the Food Safety and
Food Security Division of the Health, Security and Environment cluster. Globali-
zation of the food supply has increased the risks for outbreaks and spread of food-
borne pathogens, and also for the emergence and spread of novel antibiotic resis-
tance genes (IOM 2012; Wielinga and Schlundt 2013). The International Food
Safety Authorities Network (INFOSAN), a joint program of FAO and WHO, with
the Secretariat in WHO, links national authorities responsible for managing food
safety emergencies (INFOSAN 2013).

Food security is potentially one of the biggest global issues facing the planet.
Kelly et al. (2013) argue that increasing livestock numbers without increasing
productivity is a recipe for ecosystem disaster and eventual protein scarcity. The
authors call on OH practitioners to “develop a vision for veterinary education that
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sees livestock disease control and productivity as a continuum, going beyond
disease control to include production efficiencies, economically based agricultural
development, the potential impact on the food system of changes in technology,
ecosystem health, urbanization, public health and the multidisciplinary collabora-
tions necessary to generate food policies”. Sadly there has not been a similar
passionate cry expressed from the medical world.

8.1.3 Recent Drivers of the One Health Paradigm

8.1.3.1 Concerns About Pandemic Risks from Highly Pathogenic Avian
Influenza

After the SARS epidemic, international attention and concern focused on the
potential of the HPAI H5N1 virus to mutate and become transmissible from
person-to-person. This was the catalyst that led to President George W Bush to
announce the International Partnership on Avian and Pandemic Influenza at a high-
level Plenary Meeting of the United Nations General Assembly in September 2005.
The goals of the partnership were to improve global readiness by elevating the issue
on national agendas, leveraging resources, and building capacity to identify, con-
tain and respond to pandemic influenza. The Secretary-General of the United
Nations, Kofi Annan, subsequently announced that the UN family would do all it
could to ensure all countries—rich and poor—were protected and prepared for a
pandemic caused by avian influenza, and appointed a UN Systems Coordinator for
Avian and Human Influenza (UNSIC). This proved to be a major leap forward in
advancing One Health through bringing about collaboration between international
organizations, regions and nations to discuss the ongoing pandemic threat posed by
HPAI H5N1, and provided an excellent example of what can be done when
specifically targeting collaborations between leaders in order to bring about change
and action. This collaboration brought together international organizations, includ-
ing FAO, WHO, the World Organization for Animal Health (OIE), the United
Nations Children’s Fund (UNICEF), the World Bank, and the EU, with various
country representatives, and was the force behind the development of the Interna-
tional Ministerial Conferences on Avian and Pandemic Influenza (IMCAPI).
IMCAPI have clearly been major drivers of OH over the past decade, and may
provide a blueprint for future directions and leadership of OH. The early confer-
ences were concerned with pledging of funds and resources for an international
preparedness and response effort, but subsequent IMCAPI have considered the
wider impact and cause of EIDs. In 2008, the four international organizations
(FAO, OIE, WHO and UNICEF), together with the World Bank and UNSIC,
collaborated on developing strategies primarily focused on influenza yet clearly
intended to extend to the wider context of disease emergence. The strategies
were outlined in a document entitled ‘Contributing to One World, One Health.
A Strategic Framework for Reducing Risks of Infectious Diseases at the
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Animal-Human-Ecosystems Interface’ which focused on how best to diminish the
risk and minimize the global impact of epidemics and pandemics due to EID by
enhancing disease intelligence, surveillance and emergency response systems at
national, regional and international levels, and by supporting them through strong
and stable public and animal health services and effective national communication
strategies (UNSIC 2008).

The IMCAPI meeting in Hanoi in 2010 concluded with the Hanoi Declaration
which proposed a multi-sector array of national measures to detect new diseases
that may cross from animals to humans. There was an agreement to promote
international surveillance, diagnosis and rapid response, and a clearly stated rec-
ognition of the need for community participation, increased capacity particularly in
least developed countries, and consideration of societal and cultural elements. It
also noted that country strategies should be aligned nationally and regionally to
address “One Health” challenges (UNSIC 2010). In addition, FAO, OIE and WHO
distributed their Strategy Framework to work more closely together to address the
animal-human-ecosystem interfaces. This Tripartite Concept Note, ‘The FAO-OIE-
WHO Collaboration—sharing responsibilities and coordinating global activities to
address health risks at the animal-human-ecosystems interfaces’ aligned strategies
and resource streamlining and commitment (World Health Organization 2010).
Several areas have been advanced through the Tripartite Concept including iden-
tification of elements for joint plans, development and implementation of integrated
risk assessment projects at country level in Egypt and Vietnam, OH assessment
missions in Costa Rica and Kenya, table top exercises, collaboration in surveillance
systems, strengthening awareness in food safety, jointly agreed food standards and
the development of a tripartite road map to tackle neglected zoonotic diseases
(Landford and Nunn 2012).

Early detection and response to outbreaks of emerging infectious diseases were
greatly assisted by the introduction of the International Health Regulations (2005)
(IHR) which provided a policy infrastructure for OH in keeping with the awareness,
prevention, shared data and response. The IHR, developed and implemented by
WHO, is a global instrument agreed to by all 194 member States to plan for and
respond to public health threats to the international community. The IHR set out the
basic public health core capacities that States must develop in order to detect, report
and respond to public health risks and public health emergencies of international
concern (World Health Organization 2008a). The new regulations offer a new
global health governance framework that promotes collective interests above
national interests, and is radically transforming the international law applicable to
identifying and responding to the international spread of diseases.

8.1.3.2 Developing Plans to Put One Health Concepts into Practice
Two seminal meetings were held in 2009 and 2010 that were directed at developing

ways to put the concepts of OH into practice. The first of these was an expert
consultation entitled “One World, One Health: From Ideas to Action”, sponsored by
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the Public Health Agency of Canada and bringing together scientific experts,
international organizations and government officials to seek ways to advance the
concept and build a framework for future activities. The meeting made a number of
recommendations including to: (a) foster political will; (b) support partnerships and
collaborations: (c) encourage data sharing and integration; (d) build capacity;
(e) develop communication strategies (include the media); (f) provide incentives
for reporting adverse events; (g) encourage stakeholder and community engage-
ment; and (h) develop ‘supra country’ (trans-border) approaches (Public Health
Agency of Canada 2009).

This meeting was followed a year later in 2010 by a second strategy meeting
convened by the US Centers for Disease Control and Prevention (CDC) and the
major international organizations at Stone Mountain, entitled ‘Operationalizing
One Health: a Policy Perspective—Taking Stock and Shaping an Implementation
Roadmap’ (CDC 2010). The specific aim of the meeting was to identify clear and
concrete actions to move the concept of OH from vision to implementation. Seven
working groups were identified as being crucial steps in attaining the 3-5 year
vision. These were: (1) ‘Training’ to develop and build skills, expertise and
competencies through a OH curriculum; (2) a ‘One Health Global Network’ as a
means of gaining international support and as a vehicle to stimulate further global
collaboration; (3) an ‘Information Clearing House’ to promote advocacy through
providing information on success stories and lessons learned; (4) ‘Needs Assess-
ment’, by developing country-level self-assessment methods to identify activities
which could benefit from a OH approach; (5) ‘Capacity Building’, by identifying
ways to leverage existing programs and capacity-building efforts to have a major
impact at minimal cost; (6) ‘Proof of Concept’, through demonstrating a retrospec-
tive and prospective evidence base that the use of OH interventions and/or concepts
leads to better cross-species health outcomes; and (7) a ‘Business Plan’, by artic-
ulating the concept of and rationale for OH more clearly and presenting this
information to policymakers and donors worldwide (Centers for Disease Control
and Prevention 2010). Outcomes from the working groups are, with some excep-
tions, still progressing (Stone Mountain Workgroups 2011; 2012; Rubin 2013). The
workgroup to develop an ‘Information Clearing House’ was subsequently com-
bined with the ‘One Health Global Network workgroup and, led by the group chair
Dr Vandersmissen, the One Health Global Network (www.onehealthglobal.net)
was successfully launched in 2012. The Proof of Concept working group has also
reviewed and assembled evidence to demonstrate that proof of concept for a OH
approach to EID threats is feasible through cross-sectoral integration between
human, animal and environmental health sectors. It concluded that bigger and
more controlled comparative studies of OH disease prediction and control strategies
are needed, such as larger implementation of surveillance systems integrating
human, animal and environmental data, and larger controlled intervention trials
(Rabinowitz et al. 2013).
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8.2 Implementation of One Health Activities

UNSIC clearly demonstrated the significant impact that an organization dedicated
to forming effective international relationships can achieve in the pursuit of deter-
mined goals. UNSIC’s role and authority have diminished since the influenza HIN1
pandemic and it has not, as many wished, evolved into a collaborating organization
to promote a global OH approach. The effectiveness of UNSIC might also suggest
that the Tripartite Collaboration of FAO, OIE and WHO should take the lead in
implementing OH internationally. While the argument that a global governance
approach is needed to oversee implementation of an effective and strong OH
agenda, there are currently many important activities happening internationally,
regionally, nationally and even locally.

8.2.1 The Involvement of the International Organizations
in One Health

Each of the three major international organizations has instituted OH approaches or
units within their organizations. The different scope, priorities and resources of the
three international organizations however, have proved a challenge for ongoing
collaboration and maximizing synergies. The OIE, which has a narrower remit and
far less resources than FAO and WHO, has moved to ensure implementation of OH
approaches in global animal health policies, reflecting also the activity of veterinary
services regionally. FAQO’s approach aims to strengthen veterinary-public health
systems to more clearly encompass disease prevention, with greater emphasis on
food production, distribution and marketing practices, and adoption of sustainable
animal agriculture and natural resource management. It established the Emergency
Center for Transboundary Animal Diseases to assist member countries in
responding to threats from transboundary animal diseases, initially HPAI, but
subsequently for all transboundary diseases with probable consequences for
human and animal health (FAO 2014). WHO has aligned One Health activities to
food safety and food security in the Department of Food Safety and Zoonoses in the
Health Security and Environment cluster, and despite its close involvement with
OIE and FAO in the Tripartite Concept Note for sharing responsibilities in
addressing health risks at the animal-human-ecosystems interfaces, makes no
mention of the concept of OH at any place on its website. Joint OH programs and
policies are limited between the three organizations, although they have made
considerable effort to develop collaboration in surveillance and laboratory net-
works, and FAO, WHO and OIE are strong promoters of OH forums internationally
and regionally. These collaborations are described in more detail below.

The World Bank has grasped the value of OH and taken a leadership role,
especially with respect to economic evaluation. It has produced two volumes in
the series ‘People, Pathogens and Our Planet’, the first volume entitled ‘Toward a
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One Health Approach for Controlling Zoonotic Diseases’ (World Bank 2010) and
the second entitled ‘“The Economics of One Health’ (World Bank 2012). They
provide advice not only for economists in determining funding arrangements and
effectiveness evaluation but also for project planners and policy makers on under-
standing a rigorous economic framework for OH. These documents are a significant
step forward in developing economic policy in considering the multidisciplinary
nature and multiple outcomes of the OH approach. The importance of the applica-
tion of the principles to least developed country funding cannot be under-estimated.
Furthermore, in taking this forward, the World Bank is now supporting projects in
individual countries to progress this approach at the nation level e.g. Mongolia
((South Asia Regional One Health Symposium, 2—-6 December, 2013 Paro, Bhutan;
personal communication, M Jeggo).

International regional instrumentalities have also supported OH approaches with
respect to potential threats from zoonoses. In Europe, the European Union has been
a key supporter of the IMCAPI and, since 2008, has promoted the OH approach and
integrated it into certain EU strategy documents (European Union 2013). In Asia
the Association of South East Asian Nations (ASEAN) and the Asia Pacific
Economic Cooperation (APEC) have played active roles in capacity building and
preparedness for influenza pandemic response, and developed and strengthened
cross-sectoral networks and operations against the threat of emerging and zoonotic
infectious diseases (ASEAN 2008; APEC 2011).

8.2.2 National, Multidisciplinary and Cross-Border Activities

Many regions and nations, particularly developing nations, have now taken up the
principles of One Health and are applying them to the extent that their own
capabilities and capacities permit. As examples, nations as diverse as the United
Kingdom (UK), France, Sweden, Laos, Thailand, Mongolia, Canada and Tanzania,
to name but a few, have set up national OH entities within or supported by
government and varying in scope and resources. France has endorsed support for
the Tripartite Collaboration and has committed to align its strategies and activities
with the Tripartite Collaboration (French Government 2011; Hall and Coghlan
2011). In the UK, a cross-government approach chaired by Public Health England
entitled ‘Human Animal Infections and Risk Surveillance (HAIRS) group’ provides
a One Health approach to zoonoses and emerging infections across Government,
and has been operating since 2004. It acts as a horizon-scanning group to identify
emerging zoonoses which may pose a future threat, and brings together represen-
tatives from human and animal health from the Departments and Agencies across
the UK (Public Health England 2014). Developing countries appear to be more
successful in implementing OH programs than developed countries, due in large
part to the fact that limited resources make it necessary for different sectors to work
closely together, whereas more developed nations have older, established and more
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rigid public health structures with well-defined responsibilities met using a fairly
narrow range of disciplines.

OH programs include elements of field epidemiology, the sharing of laboratory
resources and health information, the use of multi-sectoral teams and the applica-
tion of an evaluation framework. A good example of how this is working in practice
can be seen in Mongolia. Coordination mechanisms established between veterinary
and public health sectors in Mongolia are proving crucial in addressing issues of
food safety, emergency disease management and the impact of climate change on
disease emergence. Tuberculosis, anthrax, rabies and brucellosis are managed
through the National Emergency Management Agency (NEMA) which adopts the
OH approach involving both veterinarians and medical professionals. It is proposed
to establish a “Centre” or “National Hub” for the further development of coordi-
nation mechanisms between relevant sectors, including animal and human sectors,
food safety authorities, wildlife management authorities, border quarantine services
and environmental health personnel, at all levels (sub-national, national,
sub-regional, regional). This Centre will deal not only with the immediate threats
but longer time risk reduction strategies. Increased and improved national surveil-
lance, more comprehensive risk assessment, and the development of a broader
based response capability will be further developed based on multilevel, multidis-
ciplinary and multi-sectoral coordination through this national Center. This exam-
ple in Mongolia provides a snapshot of what is being developed in countries in both
Asia and Africa (Batsukh et al. 2013; Mazet et al. 2009; Hall and Coghlan 2011;
Hueston et al. 2013).

Laos presents another example of a nationally operating One Health framework.
Laos has an ideal platform for the spread of trans-boundary and emerging zoonotic
pathogens through a complex web of wildlife, livestock and human interfaces,
extending from remote protected areas to the center of the capital city, Vientiane.
Wildlife is still widely hunted across the country, eaten by villagers for subsistence,
traded locally in wet and medicinal markets, and transported widely for domestic
and international trade. The extensive and often geographically rugged borders of
land-locked Laos are extremely porous and movement of wildlife products, live-
stock, and other items are pervasive, both into and out of the country, representing a
potentially significant conduit for the movement of novel pathogens. Bovine cys-
ticercosis, tuberculosis, Q fever, brucellosis and leptospirosis are of particular
concern (Vongxay et al. 2012). Laos has seen high levels of economic growth in
the last decade and along with this growth have come new roads, many extractive
and hydroelectric industries, and an increase in intensive farming resulting in large
swathes of deforestation and dramatic land-use changes. All of these activities have
the potential to alter disease ecology and in order to respond effectively to these
challenges, Laos has reorganized to ensure effective collaboration between the
animal and human health sectors. With support from a number of international
agencies and NGOs, there is a significant shift towards a whole of Government and
OH approach to tackling health issues, whether it be human, livestock or the
environment.
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The impact of these events, although often difficult to quantify, is at the
community and environmental level. The European Union in the document ‘Imple-
mentation of a One Health Approach in Asia and Europe’ (Hall and Coghlan 2011),
noted over 90 OH programs and over 750 dedicated OH practitioners in Europe and
Asia involved in emerging infectious diseases. In detailing ten diverse case studies
ranging from the Swiss national antibiotic research program to controlling hydatid
disease in Nepal, they noted firstly the need to take a systems approach when
dealing with so many diverse players; secondly, that a One Health team must be
trans-disciplinary; and thirdly, that there must be involvement of the community.

This trend is reflected in the changing face of health funding with large philan-
thropic donors such as the Bill and Melinda Gates Foundation leaning away from
the more conservative vertical programs aimed at diseases which affect humans
primarily, HIV, AIDS and malaria (Liden 2013) to ones involving a OH approach.
The recent One Health call by the Gates Foundation through the Grand Challenge
program (Gates Foundation 2013) espouses many One Health principles of
multidiscipline cross-sectoral activity and in particular looks to fund innovations
that benefit health but are developed in a non-health sector and vice versa.

Innovative OH partnerships have been set up in Africa in collaboration with
various institutions in industrialized countries. These include the South African
Centre for infectious Disease Surveillance (SACIDS) with the remit to increase
capacity in zoonotic disease surveillance and to strengthen Africa’s capacity to
detect, identify and monitor infectious diseases of humans and animals
(Rweyemamu et al. 2013a, b; SACID 2011); the One Health Central and East
Africa (OHCEA 2013), which brings together 14 institutions of public health and
veterinary medicine in Ethiopia, Democratic Republic of Congo, Kenya, Tanzania
and Uganda; and East African Integrated Disease Surveillance Network
(EAIDSNet) which brings together government departments, academic institutions,
and health organizations in Kenya, Tanzania and Uganda (Ope et al. 2013); and
Afrique One, the African Research Consortium on Ecosystem and Population
Health, which brings together organizations in Cote D’Ivoire, Senegal, Chad,
Ghana, Tanzania, and Uganda (Afrique One 2013). All of these organizations
have demonstrated the ability to work across borders in a transparent and
collaborative way.

Similarly, in southern Asia, the One Health Alliance of South Asia (OHASA)
was launched initially by the Wildlife Trust to form a cohesive regional network of
scientists and policy makers from Ministries of Health, Agriculture and Environ-
ment, as well as NGOs and universities in India, Bangladesh, Pakistan and Nepal to
address zoonotic diseases (EcoHealth Alliance 2013).

There are a many other national and regional initiatives similar to those
described above, some for specific diseases and some much broader to encompass
zoonoses generally, as reflected in presentations at the First and Second Interna-
tional One Health Congresses. These range from dealing with the direct interface of
animal and human disease such as the collaboration in regard to Hendra virus in
Australia (Crawford et al. 2012) to looking comprehensively at food security
through the development of Animal Health clubs in Sub Saharan Africa (One
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Health Congress 2011; Prince Mahidol Conference 2013). The increased reporting
of such initiatives through the One Health websites, the One Health Newsletter, and
in journals dedicating issues to One Health such as Microbiology Australia (Vol-
ume 33, No 4; available on download from: http://www.theasm.org.au) and the
EcoHealth Journal (Volume 7 Supp 1) reflects a gradual but increasing global
diffusion of the One Health philosophy and approach,

8.2.3 Surveillance, Detection and Response

Surveillance is an essential component of the OH approach, especially for the early
detection of novel threats arising at the human-animal interface. Key international
surveillance networks are the Global Early Warning System for Major Animal
Diseases (GLEWS), developed by FAO, OIE and WHO (GLEWS 2013), and also
the Global Alert and Response Operations (GAR) of WHO. Coordinated rapid
outbreak response is provided by WHO’s Global Outbreak Alert and Response
Network (GOARN), a network of technical institutions, research institutes, univer-
sities, international health organizations and technical networks willing to contrib-
ute and participate in international coordinated responses to infectious disease
outbreaks (Mackenzie et al. 2014). FAO and OIE have also collaborated to develop
a network of Expertise on Animal Influenza (OFFLU 2013). While there is no
mechanism presently available to permit early and rapid detection of potential
human pathogens at the human—animal interface, the PREDICT program of the
USAID’s Emerging Pandemic Threats has the potential to do this by detecting
spillovers of pathogens from wildlife using their SMART (Strategic, Measurable,
Adaptive, Responsive, and Targeted) surveillance method (Morse et al. 2012;
PREDICT 2013). Animal disease surveillance or outbreak investigation is, in
general, fragmentary, and tends to be highly focused on domestic livestock and
supporting trade in livestock and livestock products. New platforms for pathogen
discovery integrated with new surveillance procedures targeted at the animal-—
human interface are needed. In response to these needs, innovative molecular
diagnostic platforms have been developed which have changed the face of pathogen
discovery and detection with enormous sensitivity and specificity (Lipkin 2013),
and novel procedures for targeted surveillance have been generated through the
PREDICT program (Morse et al. 2012). For non OIE-listed emerging and
reemerging diseases, the very recently launched OIE web application named
WAHIS-wild interface will potentially assist in surveillance of wild animal diseases
(OIE 2014).

The PREDICT project of the USAID’s Emerging Pandemic Threats program is
an exciting and far-reaching development with the aim of detecting the transmis-
sion of novel infectious agents from wildlife to humans. Coordinated by Dr. Jonna
Mazet at the University of California at Davis and Dr. Stephen Morse at Columbia
University, and with a number of partners including the EcoHealth Alliance and
Metabiota, it supports and coordinates projects in countries in Asia, Africa and
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South America. The SMART surveillance method developed by PREDICT is
designed to detect novel diseases with pandemic potential early, giving health
professionals the best opportunity to prevent emergence and spread. It also targets
sentinel animal species at active human interfaces in specific hotspots to increase
potential of success (PREDICT 2013). The Emerging Pandemic Threats program
has additional projects linked to PREDICT, which are PREVENT, IDENTIFY, and
RESPOND (USAID 2013). Importantly, the PREDICT project builds on a broad
coalition of partners and thus provides a capacity building component in a collab-
orative framework. These surveillance systems are now established and improving
and to date have received dedicated funding.

Regional surveillance networks, a key strategy of the Tripartite Collaboration,
have been set up and progressively improved in Europe, Southern Africa, South and
South East Asia, and in the Pacific Islands. A non-government platform for
connecting and sharing information between regional disease surveillance networks
was established in 2010 entitled ‘Connecting Organizations for Regional Disease
Surveillance (CORDS: http://www.cordsnetwork.org). Surveillance networks
included are the Mekong Basin Surveillance Network, Middle East Consortium
on Infectious Disease Surveillance, South-Eastern European Health Network,
Asian Partnership on Emerging Infectious Disease Research, Southern Africa
Centre for Infectious Disease Surveillance, and East African Integrated Disease
Surveillance Network (Gresham et al. 2011, 2013). The regional networks are
generally staffed by national governments with assistance from WHO and philan-
thropic organizations such as the Rockefeller Institute. The networks are more than
surveillance agencies, with the four key aims being: improving capacity, advancing
One Health, promoting innovation and building sustainable networks. CORDS is
currently undergoing an evaluation which includes assessing the value of commu-
nity activity, knowledge capital, and the sustainability and value of change in
practices.

In South-East Asia and Western Pacific, a plan known as the Asia-Pacific
Strategy for Emerging Diseases (APSED) was developed to assist member states
with achieving their core capacities for compliance with the new IHR, and to reduce
the risk of emerging diseases by strengthening early detection and response to
outbreaks, including zoonoses. This included a ‘Guide to Establishing Collabora-
tion between Animal and Human Health Sectors at the Country Level’ as a joint
collaboration between WHO, FAO and OIE covering surveillance and information
sharing, response, and risk reduction (World Health Organization 2008b). The
countries report back to a technical group on an annual basis.

8.2.4 Wildlife Interface

The wildlife-human interface is a crucial and pivotal step in the emergence of
zoonotic diseases, and being able to detect a novel pathogen before or shortly after a
spillover event and then to respond early would be a ‘game-changing’ development
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in the OH paradigm. As described previously, the emergence of new infectious
diseases is increasing, as is the pathogenicity and distribution of re-emergent
infectious diseases, with zoonotic infections predominating and primarily from
wildlife. McFarlane et al. (2012) note the association of land conversion and global
decline in diversity is associated with a rise of EIDs of wildlife origin. Underscoring
this is that ‘synanthropic’ mammal species, those wildlife species which adapt well
in human-modified environments, are 15 times more likely to be the source of EIDs.
This would strongly argue that surveillance and control of diseases in wildlife
should be at the same level as that for in farm animals as exchange of pathogens
within and between the two populations are increasing.

General surveillance for diseases in wildlife that can impact on trade, human
health and biodiversity occurs in most countries. However, the approach is often ad
hoc, uncoordinated, or with lines of reporting that do not recognize the broad
impact that diseases with wildlife as part of their ecology may have across different
sectors. Different circumstances in different countries have led to a variety of
different approaches, with some countries being more organized than others.
Wild animals are of high social and economic importance to human societies. It
is important to consider the value of wildlife in terms of ecology, species diversity,
and, many would argue, the contribution to mankind’s art and spirituality. Diseases
of wildlife threatening whole species include: plague, chytrid fungus, avain cholera
chronic wasting disease, mycoplasma spp., West Nile virus and avian malaria.

In many countries, however, wildlife surveillance is non-existent, and even
where some ad hoc surveillance occurs, resources are extremely poor or
unavailable. Systems often cited as being useful include those adopted by
Australia (the Australian Wildlife Health Network; AWHN 2013), Canada (the
Canadian Cooperative Wildlife Health Centre; CCWHC 2013), and France (The
SAGIR Network; LaMarque and Artois 1997). In an effort to identify and respond
to new zoonotic diseases before they spread to humans, partners in the PREDICT
program, described above, locate their research in geographic “hotspots” and focus
on wildlife that is most likely to carry zoonotic diseases—animals such as bats,
rodents, and nonhuman primates. The USAID PREDICT program with its focus on
human population densities and wildlife sources of pathogens may be a useful
model for individual countries.

In the last 5 years, OIE, WHO and FAO have all increased their interest and
activities associated with wildlife disease surveillance in recognition of the impact
that these disease can have on global trade, human health and biodiversity. The OIE
has an information network supported since 1994 by its international working group
composed of high level scientists with an expertise in wildlife. The network relies
on national Focal Points appointed by Member Countries Delegates for relaying
information to the working group and to the OIE. In response to the need for
improved knowledge of diseases in wildlife as well as in domestic animals, OIE
is introducing wildlife species of significance in each of the disease specific
chapters in the Terrestrial Code (OIE 2013a) and has developed a training manual
on wildlife diseases and surveillance (OIE 2013b). The latter points out that the
components of a National Wildlife Health Program should contain the same
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components as any population health program: prevention, including border man-
agement and environmental management to prevent emergence, early detection,
timely decisions and responses, and effective pathogen management.

Despite increasing interest, wildlife programs remain poorly resourced even
though the majority of emerging diseases arise from wildlife and spillovers from
wildlife to domestic animals and humans continue to occur. The law of diminishing
returns suggests that the greatest improvement in communicable disease control
will occur from investment in important areas with the least resources. At the
moment this is animal health, specifically wildlife health.

8.2.5 One Health Research

Research programs in OH are being developed and undertaken in various ways,
however funding is precarious and if able to be summed up would easily be
miniscule compared to agricultural and animal funding and non-existent to medical
care funding. Most current funding organizations are targeted at specific disciplines
or sciences and research projects on OH do not fit well into this model.

Recognition that a OH research methodology needs to be vastly different,
including many more players and having different evaluation methods and indeed
multiple hypotheses related not only to outcome but to processes and relationships.

Areas of excellence of OH research are nevertheless developing. The Interna-
tional Development Research Centre of Canada (IDRC) is one of the leaders in this
field. The IDRC strives for a trans-disciplinary approach in all its research in
developing countries and provides an excellent model not just for research but for
intervention programs, education, and for strategy and policy development, argu-
ably at all levels. The IDRC has methodology for measuring and evaluating
relationships and the impact of relationship strength to project success (IDRC
2013). Much more work is needed in this field. A meeting held in 2012 to explore
issues in the development of a research and education framework for OH identified
two broad OH research issues: (1) the need to develop and evaluate interventions
with the potential to provide economic benefits to human or animal health to
demonstrate a return on investment; and (2) the need to engage behavioral science
researchers and social marketers in conducting research to better understand con-
sumer perspectives on OH issues. Other areas included the need to obtain longitu-
dinal environmental data acquisition to support predictive modeling focused on the
implications of changes at the human—animal-environment interfaces, and the
development of rapid diagnostics for field and point of care use (Gargano
et al. 2013).
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8.3 Essential Issues and Challenges for Putting One Health
into Practice

While there has been wide-ranging commitment to the One Health approach for
addressing complex health problems by a large number of national and interna-
tional organizations and professional bodies, its operationalization has so far proved
to be challenging. Implementation is often a complex issue requiring collaboration
between diverse and multi-disciplinary partnerships (Conrad et al. 2013). At a local
or national level it often might be a matter of breaking down professional barriers
through improved communication and incorporating information on OH and its
benefits into professional training and university courses. At the international level
it is usually much more difficult and can be hindered by dysfunctions which
characterize current forms of global health governance (Lee and Brumme 2012).

8.3.1 Leadership

Leadership is a crucial issue in the development of One Health approaches. It is
essential for building relationships and trust, both vertically within an organization
and from community to international levels but most importantly horizontally
between disciplines and within communities. In many countries, the sectors and
disciplines needed to collaborate for a OH approach are based in different institutes,
departments or ministries. Offering leadership in this complex environment is often
seen as threatening or “empire building”. On the contrary, the OH approach is
alliance building, and leadership is crucial if the benefits of a One Health approach
are to be realized.

Despite their divergent roles and resources the Tripartite collaboration between
WHO, FAO and OIE is being looked at to provide international leadership. The
history of international governance and leadership indicate that such collaboration
needs dedicated resources and close attention to quality of key relationships (Fidler
2010), and this may be difficult in the absence of a crisis such as the influenza
pandemic threat. There has been arguably a lull since the HIN1 pandemic with a
false perception perhaps that sufficient preparation and infrastructure is in place for
infectious disease crisis. The World Bank has continued to take a leadership role by
stating that there are clear economic returns and benefits in driving a One Health
Approach. There is also a swell of interest in OH from the professional and lay
communities as evidenced by the burgeoning of national and international forums
and collaborations. This is driven by the recognition that there are not yet enough
mechanisms in place, nor are the wider drivers being given sufficient attention.
There is also a demand for consideration of the wider scope of OH and a call for
system thinking in all aspects of human, animal and environmental health. It may be
that the global leadership required is in the form of a collaborating body such as
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UNSIC formed for influenza. The demand for this is not clear, loud or certain
enough.

Leadership within nations requires at least political agreement if not clear
positioning such as public OH policies, strategies if not physical offices. The
Canadian Food Protection Agency has delineated a key priority for the Office of
the Chief Food Safety Officer to ‘steward’” OH nationally (Canadian Food Inspec-
tion Agency 2012). Thailand has emphasis on OH within its Public Health Ministry
and has led the South East Asia region in promoting surveillance network and
university OH networks.

8.3.2 Building Strong Relationships

Multi-disciplinary is defined as many disciplines being involved, inter-disciplinary
as disciplines working very closely with one another and plans fully integrated,
trans-disciplinary implies an exchange of knowledge and skills between disciplines
in working together for a desired outcome. It is therefore important to recognize
that OH requires a trans-disciplinary approach to be successful.

An examination of using a One Health approach to canine rabies control in
Africa provides a good example of the need to build strong trans-disciplinary
relationships. As considered by Landford and Nunn (2012), a broad and diverse
number of entities were revealed to be important for success, involving in addition
to Health and Agriculture Ministries, the Ministry of Justice (legal assistance,
advice on laws and regulations) and non-governmental organizations (resources,
programs), private sector (skills, capacity) and international organizations (guide-
lines, national, regional planning) to name a few.

The movement to true trans-disciplinary effort is seen mainly at a research level
with this being one of the key drivers and outcomes of the research programs.
Relationships have been developed at an international level through shared systems
such as GOARN, GLEWS and OFFLU and through international law as with the
IHR. Initiatives advanced through the Tripartite Concept rely on relationships, and
to some extent good relationships are a by-product, but the strength of relationships
needs to be recognized as an essential resource. Similarly while promising innova-
tive partnerships have been set up, such as that between the southern African
nations, London International Development Centre, Welcome Trust, the Rockefel-
ler Foundation and the Google Foundation forming the South African Centre for
infectious Disease Surveillance (SACIDS), care needs to be taken to nurture
relationships and in particular to develop trans-disciplinary capacity and skills.

The One Health movement in the last decade has been driven primarily by
veterinarians. HIV, tuberculosis and malaria are some of the infectious disease
priorities for physicians, and as a profession, medical leaders in some countries
appear unconvinced that emerging infectious diseases and zoonoses have a large
impact on human health. Engaging the human health profession, and the public
health sector in particular in developed countries is one of the challenges facing
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One Health. Veterinarians have generally been much more willing to embrace the
concept and value of OH than their human medical colleagues.

Community is an integral part of OH, being both the informer and the benefi-
ciary. Collaboration in developing countries is in many ways easier than in devel-
oped countries because of clear need and fewer administrative barriers, however
often a lack of skills and knowledge has also to be addressed. Techniques that
maximize the use of community knowledge, provide additional knowledge, and
impart skills, are needed. Participatory epidemiology using participatory rural
appraisal techniques (PRA) is based on the understanding that the local population
usually have of prevailing diseases and also conditions that might give rise to
diseases, and is used in concert with other surveillance methodology. The use of
PRA had contributed importantly to the successful eradication of rinderpest disease
(Marcotty et al. 2013).

Success in OH also needs cultural and societal values to be an integral part of the
process. Calvin Schwabe in his book Veterinary Medicine and Human Health
(1984) stated that ‘the critical needs of man include the combating of diseases,
ensuring enough food, adequate environmental quality, and a society in which
humane values prevail’ (Schwabe 1984). This was supported by Dr Suwit
Wibulpolprasert, senior advisor in disease control to the Ministry of Health,
Thailand, who emphasized the need for social equity and justice in his keynote
speech at the International Congress for One Health in Melbourne in 2011. He
stated that a more sustainable world is a more just world (Wibulpolprasert 2011).
Some of the ways in which One Health approaches can learn from many tenets of
the paradigm of social-ecological systems was discussed by Ross (2013).

The effectiveness of relationships in OH endeavors is a key aspect but is not
fully recognized as such. A methodology for assessing effectiveness of relation-
ships in OH is sorely needed.

8.3.3 Infrastructure

Infrastructure for OH has developed pragmatically around surveillance and labo-
ratory systems and networks of expertise, but infrastructure also implies dedicated
services for development of skills and capacity, communication and information
channels and organizational and policy frameworks to support OH. There is much
to do in this area as we operationalize the concepts.

Most attention to date has been in the development of surveillance and labora-
tory systems, and those of expert networks. Monitoring of environmental health
occurs separately to human and animal health activities, and there are very few
linkages. This is the area that remains least well developed in terms of a OH
approach. On the positive side, environmental perturbations are now being incor-
porated into risk predictions, as seen for example in temperature and humidity
trends reflecting potential spread of mosquitos, and in floods indicating a possible
increase in leptospirosis in infected areas. Complex predictive models are being
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developed for human health—for example Healthscape in King County,
Washington, which takes into account land use, transport, air quality and potential
climate change to predict impact on public health (King County HealthScape
2009).

8.3.4 Education and Training

It is essential to recognize that One Health requires thinking and acting across
disciplines as a basic tenant. Ideally skills are ‘trans-disciplinary’ that is, not just to
know how other disciplines work but sharing skills and agreed goals. One of the
ways to demonstrate the necessary skills and benefits is to use examples and case
studies of success stories, such as those described in the ‘One Health for One
World: a Compendium of Case Studies’ assembled by Veterinarians Without
Borders (Veterinarians Without Borders 2010). A number of other case studies
have been reported, including those in Asia and Europe described by Hall and
Coghlan (2011), Africa (Rweyemamu et al. 2013a), and various studies in One
Health Talk (2013).

Practitioners working in resource poor countries see a clear benefit in trans-
disciplinary training being introduced at an undergraduate level (Marcotty
et al. 2013). As yet it seems that ‘western society’ veterinary and medical faculties
have not recognized the benefit of pre-graduate training—but this is changing.
Global health is now reported to be included in 40 % of US and Canadian medical
schools either as mandatory or elective programs. Many of the Masters and
graduate training courses, and other professional training modules available in
support of OH are listed on One Health Global Network website (see below).

There are currently no standardized guidelines for competencies or curricula for
OH, or accreditation across professions.

8.3.5 Communication and Technology

Communication channels and networks are numerous, with many websites and
informal and formal reporting tools concerned with OH and other arenas relevant to
the animal-human-ecosystems interfaces such as disease emergence. The two
dedicated OH websites, the One Health Global Network (www.onehealthglobal.
net) and the One Health Initiative (www.onehealthinitiative.com/index.php) have
different emphases although they overlap in a number of areas. The objectives of
the former are on developing collaborative international programs and projects, on
the promotion of OH education, and on ensuring a coherence of messages regarding
OH strategies, communication and advocacy, whereas the latter has a broader remit
as a means of communication, news and advocacy for all and any OH activities, but
with a special interest in educational efforts across the OH spectrum and
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cross-species surveillance, transmission, prevention. A shared language is devel-
oping informally as is consensus definitions. One Health Sweden (formerly Infec-
tion Ecology and Epidemiology) has a focus on OH research but also works to
provide open and transparent access to research articles, new methodologies and
technological advances (One Health Sweden 2013). The EcoHealth Alliance, with
an emphasis on holistic environmental concerns and ecosystem stability is a strong
supporter of One Health and collaborates on language and definition (Zinsstag
2012).

The rapid growth and sophistication of new technologies, particularly informa-
tion technology, has greatly assisted many areas underlying the One Health
approach, including communication, data management, pathogen detection, risk
analysis, and modelling. One such new technology has been the development of
Geographic Information Systems (GIS) is an element in numerous projects
enabling activities such as herd mobilization mapping, and research related to
mixing of wildlife and livestock. On the ground easy to use Personal Digital
Assistants (PDAs) and spreading availability of Wi-Fi are making collection and
transfer of information easier and faster. In the world of molecular sciences, the
availability of complex sequence data on a single pathogen is leading to the
widespread use of molecular epidemiology to map and understand more closely
the spread of viruses both within and between epidemics. All this science can be
equally applied to human or animal health and the skills and knowledge to utilize
these technologies have a clear One Health dimension.

8.4 The Way Forward

It is 10 years since the Manhattan Principles were promulgated and international
concerns began to be raised about the risk posed by HPAI H5N1, and while the OH
approach has been greeted widely with enthusiasm, it can also be argued that it has
now reached a cross-road. To go forward, it is essential that professional silos are
broken down to present a common, cross-disciplinary approach to health issues at
the animal-human-ecosystems interfaces, and that the three major international
organizations together with other international partners must begin to provide the
global leadership which is presently lacking. This might best be done by a process
similar to that taken by the United Nations Secretary-General in forming the
UNSIC—that is by high-level international United Nations System coordination.

It is also essential that resources be made available to support research in the OH
arena, and particularly in developing a better understanding of the human—animal-
ecosystems interfaces including wildlife disease surveillance. The majority of
emerging diseases arise from wildlife but the vast majority of funds are spent on
understanding and controlling them in humans. There is an immediate need to
invest in the frameworks, policies and processes required to better identify, artic-
ulate and manage risks posted to trade, human health and biodiversity by diseases
with wildlife as part of their ecology.
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Globally accepted frameworks and standards for research, education and
accepted core competencies are required along with the need for an identified
career path. However, there is little interest in any form of ‘global governance’:
OH is a concept or approach not an association or society. Identifying a body that
can lead relationship development between major disciplines and foster a true trans-
disciplinary approach, develop global guidelines and strategies, and ensure sustain-
able funding is needed, probably in an advisory capacity. The recent establishments
of groups doing this at the regional level in developing countries (e.g. SACID) do
seem to be achieving success in operationalizing OH at the national level and a
similar approach could be emulated at the international level. In its most recent
guise, OH is still just an approach for detecting and managing global health at the
animal-human-environment interfaces, albeit relatively recent, and requires nur-
turing and further development to realize its full potential. It has been suggested
that there should be a One Health Global Guidance Group as one of the outcomes of
Stone Mountain, but this has still to be widely accepted. To some, this should be
part of the leadership devolved to FAO, OIE and WHO, with an invitation list of
international experts added to form an ‘oversight’ group. The importance of food
safety and security is reason enough to support their leadership. However, there is
no doubt that there is increasing global support for the usefulness and value of the
OH approach for the detection and response to diseases at the animal-human-
ecosystems interfaces in a transparent, collaborative, and multi-disciplinary way,
and that this approach will become an essential component to future global health,
and to the provision of safe food and water for an increasingly hungry world.
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Chapter 9
Field Epidemiology and One Health:
Thailand’s Experience

Sopon Iamsirithaworn, Karoon Chanachai, and David Castellan

Abstract Field epidemiology has become a major principle in public health and
animal health service. Field epidemiologists are the primary group of professionals
responding to outbreaks and other health emergencies who provide evidence-based
recommendations for decision makers. In outbreak investigations, their duties are to
identify the disease etiology, risk factors or source of an outbreak, and to contain the
spread of the disease. Field epidemiology training programs (FETP) recruit pro-
fessionals with training in medical, veterinary medical and other related health
sciences to deal with real-life outbreaks and health problems. Joint training in
surveillance and outbreak investigation has led to improved surveillance and
control of zoonotic diseases by young professionals from human health and animal
health sectors. Field epidemiology training programs for veterinarians (FETPV) is a
living branch of a mature FETP which could support the development of wildlife
and ecosystem needs under a broad One Health canopy. FETP can be a practical
means of actualizing the One Health approach based upon shared needs and mutual
benefit. One such model for sustainable, joint capacity development in field epide-
miology under a One Health approach has been initiated in Thailand and is being
adopted in other Asian countries. The Field Epidemiology Training Network of
FETP in Southeast Asia is a useful platform for further strengthening regional
disease surveillance and improving response to both public and animal health
problems of international concern.
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9.1 Needs for Field Epidemiologists and Field
Epidemiology Training

9.1.1 Function and Role of the Field Epidemiologist

In many public health emergencies, effective prevention and control of health
threats requires appropriate response by health professionals who have been trained
in field epidemiology. Prompt investigation and proper response to major disease
outbreaks by a team of field epidemiologists can minimize negative impacts on the
health and economies of affected populations. Outbreak investigation is commonly
recognized as an important function of field epidemiologists who work in a variety
of field settings in different countries. Outbreaks of communicable and
non-communicable diseases can occur in various settings ranging from a big city
or rural town to a sophisticated healthcare facility (Ungchusak and Iamsirithaworn
2009). During outbreak events, field epidemiologists work closely with health
professionals from different disciplines to gather relevant information from
patients, family members, close contacts and residents of the affected area. Com-
mon challenges to field epidemiologists include working with data sources that are
incomplete and using investigation protocols that are not well planned (Goodman
and Buehler 2008). The nature of the work of field epidemiologists demands a
timely response and travel to the field site which can sometimes require difficult
access to remote areas, in order to solve the problem. The extent of the investigation
is often limited because of the need for timely intervention as well as situational
constraints on study methods.

During public health crises (e.g., major outbreaks or events of illness with
unexpected deaths), field epidemiologists are usually the first group of professionals
deployed to investigate the outbreaks and initiate control measures to protect at-risk
populations. The primary function of field epidemiologists is to use findings
obtained from an investigation to define the disease etiology, to identify the
possible source(s) of an outbreak, and risk factors in order to contain its spread,
and to implement prevention and control measures. Key objectives of the investi-
gation generally include creating a case definition, implementing methods for case-
finding, and establishing the occurrence of cases by time, place, and attributes of the
affected population including, gender and age. The data generated are used to
formulate hypotheses regarding etiology, mode of transmission, and other key
facets of the disease. An important aspect of the investigation is the collection of
samples from patients, the environment, and other sources for diagnostic tests and
other laboratory investigations. An investigation of a foodborne Streptococcal suis
outbreak attributable to consumption of fresh pig blood is an example of field
epidemiologists identifying an implicated food item in this zoonotic disease out-
break (Khadthasrima et al 2008). The associated epidemic curve shows a pattern of
common point source outbreak following a funeral banquet in Thailand in 2007
(Fig. 9.1). Roughly 75 % of recently emerging diseases and 60 % of human
pathogens are zoonoses, outbreak response required coordinated and field
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Fig. 9.1 Epidemic curve of of S. suis infections (N =49%) in Phu Sang District, Phayao Province,
Thailand, April to May 2007

investigations (U.S. CDC 2013). Therefore harmonized, yet adapted approaches for
field investigation are essential components of a holistic approach to understand,
prevent and control zoonoses in a comprehensive manner.

Surveillance is a major epidemiological intelligence tool and serves as the brain
of health authorities and workers. Effective surveillance systems provide timely
information to guide appropriate interventions for solving health problems. Field
epidemiologists are often the key persons in establishing and maintaining surveil-
lance systems since they design the system as well as collecting, analyzing,
interpreting and sharing surveillance information with stakeholders for necessary
action. Regular evaluations of surveillance systems by epidemiologists are neces-
sary for quality improvement and ensuring utilization of the surveillance
information.

In recent decades, the principle of field epidemiology has become increasingly
applied to studying and solving complex chronic health threats, e.g., cancer in
humans as well as both animal production (health) and disease. Field epidemiolo-
gists play a role in conducting field studies to identify causes and risk factors for the
diseases, then select, design and implement appropriate intervention(s) to tackle the
problems. Furthermore, field epidemiologists get involved with many interven-
tional studies that are often carried out in the field setting to test the effectiveness
of health interventions.
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9.1.2 Concept of Field Epidemiology Training

In 1951, a pioneer training program for field epidemiology was first established in
the USA (Gregg 2008). The U.S. Centers for Disease Control and Prevention
(CDC) program, Epidemic Intelligence Service or EIS, is the first model that has
been progressively adopted by many countries around the world. The EIS program
aims to produce competent epidemiologists to combat infectious diseases and to
mitigate the non-communicable disease burden in communities. The program has
trained nearly 3,000 professionals in this discipline and assisted other nations to
establish a number of field-based training programs. Since its onset, the US CDC’s
EIS program included primarily physicians but also recruited a variety of other
health professionals such as statisticians, sanitary engineers, microbiologists, and
veterinarians.

The term “Field Epidemiology Training Program: FETP” was first used by the
Thai FETP at the time of its establishment in 1980. In the first two decades of the
program, only young medical doctors (physicians) who were dedicated and enthu-
siastic to pursue their career in public health and epidemiology service were
enrolled into the field-based training program. Beginning in 2005, veterinarians
were regularly recruited through close collaboration between human health and
animal health sectors including a formal memorandum of understanding signed by
both the Ministries of Public Health and of Agriculture and Cooperatives in 2008.

In most countries, field epidemiology training courses are specifically designed
for health professionals as applied post-graduation education. Graduates with a
background in medicine, veterinary medicine or other health sciences are recruited
and enrolled into a 2-year, non-degree program. Some programs closely collaborate
with universities or academic institutes as a part of a joint diploma-degree program.
In Thailand, the curriculum of FETP is incorporated as a part of the 3-year
residency training for human medical doctors who aim to build their expertise in
preventive medicine and epidemiology. As a second component of the residency
training, physicians pursue a Master’s of Public Health (MPH) degree in universi-
ties of their choice. This 1-year graduate degree provides broad knowledge for
working in public health. On-the-job, in-service training in applied epidemiology
provides trainees opportunities to learn from actual disease outbreaks and direct
experience in responding to important health problems. Close supervision by
mentors and learning through providing service are essential features and important
challenges of delivering field epidemiology training.

FETP has a unique curriculum that intends to provide opportunities for trainees
to learn epidemiology while they provide public health services. Transferable skills
and competencies are built which improve the level of government services
required to meet the challenges of emerging infectious diseases (EID) (TEPHINET
2013). Trainees learn how to conduct an outbreak investigation starting from
verifying its existence, then organizing and traveling to the field to collect, manage
and analyze data and interpret the findings in order to provide relevant recommen-
dations. Most FETP curricula are designed for 2-year training though some are
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shorter (6 months to 1 year) and are referred to as field epidemiology training
(FET). Trainees learn basic concepts of epidemiology and biostatistics and how to
conduct field surveys and surveillance. In addition they also develop basic skills
related to laboratory diagnosis, communication and outbreak management. Major
requirements for graduation in most FETPs include an evaluation of a surveillance
system, conducting outbreak investigations and epidemiologic field research.

In general, FETPs are based in ministries of health where trainees can legally
access surveillance data and participate in outbreak response with no delay and with
full legal authority. It should be noted that formal education in epidemiology has
existed in a variety of Master’s degree programs for decades but field-based
practice involving real-life outbreak investigation is less emphasized in the univer-
sities due to time constraints, difficult field management and a limited mandate to
deliver public health service. In contrast, the on-the-job epidemiology training
provides trainees opportunities to learn from field practice. During the 2-year,
in-service training in field epidemiology, the trainees’ time spent conducting field
work activities is placed at the highest priority and accounts for 70 % or more of
their time. The remaining time allocation is for non-field activities, such as didactic
teaching and workshops. This training strategy has proven to be successful in
producing competent field epidemiologists for effective response to disease out-
breaks and other public health challenges.

As of June 2013, 55 training programs in field epidemiology have been devel-
oped around the world (TEPHINET 2013) and the FETPs can address the needs for
capable epidemiologists in health service and to meet a requirement of the Inter-
national Health Regulations 2005 by building surveillance and response capacity in
the country.

9.1.3 Development of Field Epidemiology Training
in Thailand and Southeast Asia

The Field Epidemiology Training Program (FETP) in Thailand was initiated
following a demand by health authorities for competent field epidemiologists who
can effectively respond to acute health problems in a timely manner. The Thai
program is the first field-based epidemiology training outside the American conti-
nent that was modelled after the EIS in the U.S. (Malison et al 1989). The
curriculum of the Thai FETP was jointly developed by a collaborative effort of
the Thai Ministry of Public Health (MoPH), the World Health Organization (WHO)
and the U.S. CDC. The first cohort of trainees consisted of five medical doctors who
began on-the-job training in June 1980. The label “FETP” has been recognized as
applied epidemiology training that is directly linked to providing public health
services including the surveillance and outbreak investigation mandates of the
MoPH. An international training course was established in 1998 under
FETP-Thailand with the goal of addressing needs for capable field epidemiologists
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in controlling public health problems in Asian countries that include Bhutan,
Cambodia, China, Lao PDR, Malaysia, Myanmar and Vietnam.

The philosophy of Thai FETP is “Learning through Providing Services”. The
Thai FETP recruits young medical doctors with high interest in public health into
the 2-year in-service training at the Bureau of Epidemiology in the MoPH. Trainees
develop competence in operating surveillance systems by analyzing and
interpreting the data and disseminating key information to support policy decisions.
They also have opportunities to conduct a surveillance system evaluation or
become involved with establishment of a new surveillance system. Each trainee
investigates at least three outbreaks as a principal investigator and reports major
findings and recommendations to local authorities and relevant policy makers. One
of the requirements, an epidemiologic study, is carefully carried out to understand
priority health issues and disease epidemiology, and to solve those health problems.
In situations of health emergencies, FETP trainees are the front line investigators in
the field. Close supervision by well-trained mentors, the majority of whom are
FETP graduates, is a vital component of the successful field training.

As of June 2013, the program has graduated over 200 field epidemiologists to
serve in various public health programs. Approximately 70 % of graduates have
served in the MoPH by providing epidemiological services at national and local
levels. Others graduates work in universities, military service and international
organizations including WHO, US CDC and United Nations Populations Fund
(UNFPA).

During the first decade of FETP-Thailand in 1980s, infectious diseases were
major health challenges. Trainees and mentors worked with responsible agencies
to control the public health problems through outbreak investigation and provid-
ing recommendations for improving vaccination strategies in the Expanded Pro-
gram on Immunization. In the early 1990s, the Human immunodeficiency virus
infection/acquired immunodeficiency syndrome (HIV/AIDS) epidemic provided
another opportunity for the Thai FETP to demonstrate its usefulness. Trainees
and graduates from FETP assisted in investigating the first 100 AIDS cases in the
country and revealed epidemics among drug users and sex workers. The FETP
graduates played a key role in establishing a sentinel surveillance system to
monitor the HIV prevalence and risk behaviours among target populations
(Weniger et al 1991). A famous intervention called “100 % Condom Use
Program” was initiated and advocated and implemented by a program graduate.
This program resulted in slowing down the HIV epidemic in Thailand
(Rojanapithayakorn and Hanenberg 1996).

With a demonstration of the prominent 2-year field epidemiology training, a
policy to establish and train 1,030 “Surveillance and Rapid Response Teams”, so
called SRRTs to cover all districts in Thailand was initiated following the emer-
gence of the global severe acute respiratory syndrome (SARS) epidemic and out-
breaks of Highly Pathogenic Avian Influenza (HPAI) H5N1 in Southeast Asia
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Fig. 9.2 Target of Field Epidemiology Training in Thailand

including Thailand in the early 2000s. SRRTs provide timely surveillance and are
an effective response mechanism for containment of the epidemics. Thai FETP was
asked to design a curriculum and training materials for medical doctors and other
health professionals working at the district level. Each SRRT has approximately
five members each of whom was trained for 6 months in surveillance and outbreak
investigation, under supervision of more experienced epidemiology officers at the
provincial level (Fig. 9.2). In recent years, a short course for basic epidemiology
and event-based surveillance was developed for training personnel in communities
including public health and animal health volunteers under the One Health
approach.

In 1998, a new track for training of international participants was established
under FETP-Thailand. On average, two to three trainees from Southeast Asian
nations are enrolled into the 2-year program. After an 8-week introductory training
module of basic epidemiology and biostatistics in classroom and field studies, the
trainees perform actual surveillance studies and outbreak investigations in their
home countries under the supervision of a local advisor. Every 6-months, they
return to the training center in Thailand to work with their program advisor to share
their work and experiences with colleagues from other countries. By 2013, the
cumulative number of international graduates was 39. In late 2011, a network of
field epidemiology training programs, “ASEAN+3 Field Epidemiology Training
Network: ASEAN+3 FETN” was formed to strengthen field epidemiology training
capacity in ten Asian countries plus China, Japan and Republic of Korea.
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9.2 Establishment of FETPV in Thailand: A Collaboration
Between Human and Animal Health Sections Through
an Applied Field-Based Training Model

9.2.1 The Demand for Joint Field Epidemiology Capacity
in Thailand

In Thailand, animal zoonoses control and prevention is mainly the responsibility of
the Department of Livestock Development (DLD), Ministry of Agriculture and
Cooperatives while the human zoonoses control and prevention task is under the
authority of the Department of Disease Control (DDC), Ministry of Public Health.
Effective response to zoonoses needs close collaboration, at least, between these
two organizations. Many zoonotic diseases are notifiable diseases required for the
surveillance system under the responsibility of DDC, i.e., rabies, leptospirosis,
anthrax, influenza, trichinosis, Japanese encephalitis and streptococcosis caused
by Streptococcus suis. However, the most effective approach to fight against these
zoonoses is timely control at their origin. Thus, DLD and DDC have worked
collaboratively to tackle those important zoonoses for decades.

Human resource development, especially capacity building for field epidemiol-
ogists, is an essential component of preparedness and response for emerging,
re-emerging and endemic infectious zoonotic diseases under the concept of “One
Health”. In Thailand, the evidence shows that animal health and human health
sectors working closely together can effectively control many important zoonotic
diseases. For example, during the avian Influenza crisis in Thailand between 2004
and 2006, staff from DLD and DDC joined hands to fight against this emerging
disease and successfully controlled its spread in the country.

Considering differences in human resources, infrastructure, expertise and man-
date, collaboration in the area of joint human capacity development has begun in
2005. The Ministry of Public Health FETP recruited two veterinarians from DLD
into the 2-year training program at the Bureau of Epidemiology, DDC, Ministry of
Public Health. Since then, FETP has recruited one to two veterinarians annually to
participate in the FETP. It has been demonstrated that the collaboration results in
improved response to zoonoses as well as creating a working network between
public health and animal health sectors. Thus, DLD and DDC agreed to strengthen
the collaboration by the signing of a Memorandum of Understanding in January
2008 with the goal to produce 30 veterinary epidemiologists for DLD within the
next 10 years. Graduate veterinary epidemiologists are now core persons responsi-
ble for human capacity development in DLD and strengthening networks from
central to local levels.
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9.2.2 Development of FETPV

The Field Epidemiology Training Program for Veterinarians (FETPV) curriculum
was developed under close consultation with FETP faculty and veterinary experts
from DLD, universities and FAO for the most effective application of the FETP
concept, “Learning through Providing Services”. Thai veterinarians and physicians
are trained and work together to respond to any possible zoonotic disease outbreaks,
thereby contributing to the public health sector mandate. The program aims not
only to strengthen capacity of animal health personnel but also to promote self-
sufficiency and multi-disciplinary response capacity for animal diseases that
improves technical services for DLD.

In the first year of the training program, FETPV trainees are assigned for health
situation analysis and outbreak investigation and they are focused equally on
exclusive animal diseases and zoonotic diseases. This approach ensures that the
animal health situation will be analyzed and critiqued for a better understanding it
and improvement of the surveillance system. Trainees are expected to generate
hypotheses and research questions to identify gaps in the response system through
health situation analysis and outbreak investigation assignments in the first year of
the program. A field epidemiological study is developed during the second year of
the training program to further assess and provide recommendations to fill gaps
identified previously.

The program shares financial and technical resources among partners, particu-
larly DLD and DDC in order to train veterinarians. Trainees spend 30 % of the time
in formal classroom training and 70 % of the time conducting field work to fulfil the
requirements for graduation. During the 2-year training program, veterinarians
participate in various short training courses and workshops such as basic epidemi-
ology and biostatistics, field surveillance and outbreak demonstration and basic
computer software and laboratory workshops to ensure that trainees are competent
to carry out field epidemiological activities. Some of these short training courses
and workshops are organized in conjunction with the regional aspect of FETPV and
the animal health professional development programs of DLD. A summary of the
FETPV curriculum is shown in Table 9.1.

During the training course, veterinarians and physicians have a chance to share
their experiences and expertise and work collaboratively to solve animal and human
health problems. Veterinarians and physicians in the program are trained to under-
stand both animal and public health service systems. Since the beginning of
FETPV, a number of collaborative health situation analyses, outbreak responses
and field epidemiological studies of both human and animal health problems have
been conducted. These include human leptospirosis, human streptococcosis caused
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Table 9.1 Summary of the 2-year FETPV curriculum

S. Iamsirithaworn et al.

Classroom
Time® Duration | training Description In-service assignments
Year 1
June 1 month | Introductory Formal starting of 1. Health situation anal-
course in field two-year training ysis (either animal or
epidemiology program. human)
and biostatistics | Participants: Veterinar- | 2. Minimum three out-
ians and physicians break investigations as
Objectives: Provide an principal investigator
integrated training under | (zoonoses and
a One Health approach non-zoonotic diseases)
* One animal disease
outbreak investigation
July 1 week | Computer Participants: Veterinar- » Two zoonotic
software ians and physicians disease outbreak
investigations
Objectives: Trainees 3. Receive and verify
shall be able to apply outbreak report
computer software as a 4. Participate in weekly
tool for their meeting
investigation. 5. Lead scientific semi-
Software: Excel, nar
Epilnfo, Stata, etc. 6. Journal club
July 1 week | Surveillance Participants: Veterinar-
evaluation dem- | ians and physicians
onstration Objective: Understand
workshop surveillance system and
demonstrate how to con-
duct surveillance evalua-
tion, i.e. avian influenza
and Japanese
encephalitis.
July 1 week | Animal disease | Participants:
outbreak inves- | Veterinarians
tigation demon- Objective: Conduct a
stration systematic animal dis-
workshop ease outbreak investiga-
tion during a real disease
event.
January |1 week Advance data Participants: Veterinar-
analysis ians and physicians
Workshop ObjeCtiVe: Apply
advanced data analysis
methods,
i.e. multivariate logistic
regression.
January |3 days Computer soft- | Participants:
ware for animal | Veterinarians

disease
surveillance

Objective: Gain profi-
ciency with computer

(continued)
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Table 9.1 (continued)
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Time*

Duration

Classroom
training

Description

In-service assignments

software for animal dis-
ease surveillance.

February

3 days

Laboratory sur-
veillance
workshop

Software: Win Epi-
scope, Survey toolbox,

C survey, etc.
Participants:

Veterinarians
Objective: Understand

and apply sampling pro-
cedures, and interpreta-
tion of laboratory
results.

Year 2

August

1 week

Scientific writ-
ing and presen-
tation skills
workshop

Participants: Veterinar-
ians and physicians
Objective: Improve com-
munication skills with
scientific information.

1. Conducting field epi-
demiological study

2. Participate in outbreak
investigation as
co-investigator

3. Participate in weekly
meeting

4. Give presentation in
international conference

5. Teaching assistant for
animal and public health

“Time may be adjusted year by year to fit with overall program

by S. suis type 2 from pigs, human and animal brucellosis caused by Brucella
melitensis and B. suis, human and animal rabies, Porcine Reproductive and Respi-
ratory Syndrome (PRRS) in pigs, zoonotic Influenza A in humans and animals, and
Methicillin-resistant Staphylococcus aureus (MRSA) in pigs and farm workers.

It has been 8 years since veterinarians joined the FETP—tangible proof of the
program sustainability and commitment from both DLD and DDC. As of June
2013, a total of 13 Thai veterinarians graduated from the program. Further, as
trainees have graduated and returned to their own organizations, several animal and
public health collaboration activities have been initiated by an alumni network at
the local and central level. These include joint field investigations, and joint
surveillance database programs for avian influenza and rabies. Our experience
with FETPV development reinforces the concept that effective response to zoono-
ses and emerging animal-health related problems requires a broad range of com-
petencies from various disciplines.
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9.3 Collaboration Between Human and Animal Health
Sectors at Regional Level

9.3.1 The Challenge

The emergence and spread of Nipah virus, SARS and highly pathogenic avian
influenza (HPAI) HSN1 subtype in Asia since 2004 provided a stress test of both
country and regional capacity to deal with emerging infectious diseases (EIDs) and
transboundary animal diseases (TADs). Common constraints were identified in
addressing an emerging zoonosis including the lack of resources and the difficulties
in establishing a seamless interaction among human health, animal health and
environmental health agencies (Schelling et al. 2005). In order to fully support a
One Health approach to zoonoses, it was evident that the veterinary health infra-
structure needed to be strengthened in order to deal with EIDs which will continue
to pose a significant threat to human, animal and environmental health, food
security, livelihoods, sustainability of food production systems and the economies
of developing countries (FAO 2011).

9.3.2 The Response

A regional needs assessment was conducted in nine countries from Southeast Asia
between May and August 2008 to establish a baseline measurement of veterinary
epidemiology capacity. It included a semi-structured interview and questionnaire
and a gap analysis of 32 skills related to field epidemiology for veterinarians (FAO
2008b). Stakeholders from animal health and public health sectors at national,
regional and international agencies in each country were interviewed over several
days to assess capacity development needs for veterinarians working to fulfil the
mandates to address TADs and zoonotic diseases in the region.

The needs assessment revealed that the level of cooperation between animal and
human health sectors among countries in the region varied greatly and was gener-
ally limited. In 2008, eight of nine countries surveyed had established cooperative
relationships in dealing with zoonotic diseases, however in 2013 all countries have
established cooperative relationships related to zoonoses. In general, the lead
agency for HSN1 was designated according to the species first affected, related to
whether the index species was human or animal. The needs assessment in 2008 also
revealed that joint surveillance rapid response teams (SRRTs) existed only in
Thailand. Similar efforts to build SRRTs in China and Bangladesh as well as
several other countries in the region are now underway.

Most notably, epidemiologists from both human and animal health agencies
favored joint training of human medical and veterinary medical staff in applied field
epidemiology training programs such as FETP and FETPV. Joint training was
considered as a practical way to establish trust and working relationships among
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local stakeholders for zoonotic diseases. However the needs assessment concluded
that institutional barriers prevent greater linkage among human and animal health
sectors. Removal of institutional barriers at middle and upper management levels of
human and animal health agencies remains an essential target to address in order to
promote integration of joint training and implementation of functional SRRT in the
region for zoonotic diseases.

9.4 Regional Application of the Field Epidemiology
Training Program for Veterinarians (FETPV)

9.4.1 The Need for Veterinary Field Epidemiologists

Veterinary infrastructure will require improvement to support a successful One
Health approach. The 79th General Session of the World Assembly of the World
Organization for Animal Health (OIE) cited that more than half the countries of the
world have fewer than 35 public sector veterinarians per million inhabitants and
with a median number of 5.4 veterinarians per million with an animal health
mandate (including zoonotic and animal specific diseases (Bonnet et al. 2011)).
In addition, over half the countries of the world invest less than US$ 2 per capita per
year of public investment on veterinary services. The functional state of animal
health surveillance systems is limited since even though 86 % of countries reported
having the capacity for early detection by the animal health sector, 30 % of them
had not reported suspected disease events during the previous 5 years (Bonnet
et al. 2011). However diagnostic capacity has greatly improved since the advent of
avian influenza H5N1 subtype through the creation of an active regional laboratory
network which is increasingly capable of detecting a wider array of zoonotic
diseases, in partnership with public health laboratories and enabled through donor
support. “Two-way linking” of field and laboratory services within the animal
health sector is being strengthened with the aim of enabling the eventual “four-
way linking” between laboratory and field services of animal health and public
health services.

Veterinarians have been engaged in public health training and service in the
U. S. through the epidemiology intelligence service (EIS) since 1951 (Pappaioanou
et al. 2003). Engagement of veterinarians in field epidemiology training and service
has evolved more recently in Asia. Its development is also coincident with wider
recognition of the general need for field training in veterinary epidemiology
(Salman 2009). In 2008, three strategic areas were identified for the development
of FETPV, which include establishing partnerships, designing a programmatic
framework and developing a relevant curriculum to meet country needs within
the region.
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Table 9.2 Epidemiology related training parameters and findings, January 2006 to June 2008
(FAO 2008a)

Parameter Findings

Training Topic 59 % related to vaccinator training

12 % related to epidemiology

29 % other areas including disease response
Didactic Versus Applied |66 % didactic

25 % combined didactic and applied
Duration of Training 59 % less than 1 week

29 % 1-4 weeks

6 % 1-24 months

Target Group 18 % national level

13 % subnational level
28 % local
24 9% combination

Training Emphasis 26 % focused specifically on surveillance and outbreak investigation

9.4.2 Assessing Veterinary Epidemiology Capacity
Development in Asia

Prior to the development of FETPV, FAO conducted an inventory of training
related to epidemiology for veterinarians in the Region of Asia and the Pacific in
2008 for training conducted in the region that was largely supply-driven. The
training included an 30-month period between January 2006 and June 2008 asso-
ciated with efforts to prevent and control the panzootic of HPAI H5N1 in Asia. The
review included 356 training courses in 10 countries, which assessed the quantity
and quality of efforts at country level (FAO 2008a). A summary of these parameters
and findings is presented in Table 9.2.

It was necessary to adjust capacity development to provide demand-driven
training and to address country and regional ownership and stakeholder needs.
From its inception, FETPV was envisioned as a model that addresses both public
health and animal health sector needs for both zoonotic and animal-specific dis-
eases in order to be relevant and sustainable.

FETPYV is a living branch of a mature FETP which has been developed in many
countries in the region. This joint collaboration can also support the development of
wildlife and ecosystem needs under a broad One Health canopy.
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9.4.3 Regional Needs Assessment for Veterinary Field
Epidemiology Training

Vision and mission statements, six core competencies and 32 skills were defined
through a consultative workshop facilitated by FAO that included technical inputs
from Thailand MoPH, Thailand DLD and university representatives (FAO 2008c).
A list of skills and competencies for FETPV is presented in Table 9.3.

The stated objective of FETPV was “training through providing services” as
with FETP. The required skills, competencies and concepts from the Training
Programs in Epidemiology and Public Health Interventions Network (TEPHINET)
were adapted for veterinarians based on the public health needs as well as the nature
of the animal health work and services provided (Traicoff et al. 2008) (U.S. CDC
2006).

The output from this consultative workshop provided the basis for a needs
assessment tool including a gap analysis in nine member countries of the Region
of Asia and the Pacific including Cambodia, China, Indonesia, Lao PDR, Malaysia,
Mongolia, Myanmar, Thailand and Viet Nam (FAO 2008b). The needs assessment
included a semi-structured questionnaire using a Delphi approach which created a
profile of country level animal health services and their relationship with public
health services and needs. An analysis of skills identified for veterinary field
epidemiologists was produced for zoonotic and animal specific disease priorities
at the country level. The gap analysis and country profiles served as the basis for the
development for the FETPV pre-requisite short course and for the 2-year modular
curriculum. The process of conducting a needs assessment promoted trust and
ownership for countries that continue to support FETPV. Key outcomes of the
2008 regional needs assessment are listed in Table 9.4.

The assessments uncovered the need to develop short, medium and long-term
approaches for capacity development at local, subnational and national levels that
include vocational, in-service and academic training models.

In 2010, seeing the potential use of field epidemiology to solve animal disease
problems in their country the China Ministry of Agriculture (MoA) requested FAO
to assist in developing a roadmap to develop a 2 year national FETPV that would
complement the China FETP that which was established in 2003. After 2 years,
China MoA now provides the majority of funding to support China FETPV
(Fusheng 2012, personal communication). Further, coordination between the
Thailand based FETPV and China FETPV includes sharing lessons learned,
resource persons and training materials.

9.4.4 Application of FETPYV in the Region

Demand for veterinary field epidemiology training at the country and sub-regional
level has grown since 2010 through application of the pre-requisite short course
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Table 9.3 FETPV core Cor .
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Table 9.4 Findings of the 2008 regional needs assessment for the development of FETPV in the
Region of Asia and the Pacific (FAO 2008b)

Area Finding

Gap Analysis * Overall, 44 % of the 32 epidemiology skills had significant gaps
(score 2 out of a maximum of 3) between current capacity and
needs

» Significant gaps between current capacity and needs for skills
ranged from 16 to 72 % among countries

Priority areas identified by |+ Application of epidemiological concepts

countries * Data management

* Outbreak investigation and surveillance

» Field epidemiology research and report writing
Institutional challenges « Lack of functional epidemiology units

* Cross-utilization of epidemiology staff

 Variable and limited interaction with public health agencies

Primary target group * Subnational group identified as highest priority by all countries
in-country

Selection criteria proposed | » Merit based and age restricted
by countries + Gender equality

* English language competency

including 1 week of field activities based on country needs assessment profiles. The
FETPV pre-requisite course has been adapted for country level and regional
contexts including China, Lao PDR, Cambodia, India and the eight member
countries of the South Asian Association for Regional Cooperation (SAARC).
The Food Agricultural Organization (FAO) has developed working partnerships
with national, international and other public health agencies to provide joint
training under a One Health umbrella through memoranda of understanding that
include country FETP, the World Health Organization and the U.S. CDC.

To further create an enabling environment for field epidemiology training in the
region, strategic planning and regional institutionalization are required to sustain
FETPV. FAO has conducted advocacy with country Chief Veterinary Officers
(CVO) to raise awareness of the need for epidemiology and related institutional
changes required to enable and support field epidemiologists following their return
to the workplace (FAO 2010). In 2011 and 2012, member country representatives
from the Association of South East Asian Nations (ASEAN) developed a strategic
framework and plan for epidemiology capacity development (FAO 2012a). As of
May 2013 both FETPV and the strategic plan are now formally recognized by
ASEAN as regional platforms. There is similar potential to support the needs of the
SAARC member countries.

Since 2008, FETPV training has expanded to include both ASEAN and SAARC
member countries with 2-year programs established in Thailand and China. In
addition, a total of 12 FETPV pre-requisite short courses have been conducted in
six countries since January 2009 in Thailand (4), China (2), Lao PDR (2), Cambo-
dia (1), India (2) and Nepal (1). In consultation with country decision makers,
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trainees attend the FETPV short course in order to prepare in-country field studies
upon their return from the training. Fifty field studies have been conducted for
seven of the 12 short courses conducted since 2009 despite limitations in funding
and mentoring. Constraints related to travel, laboratory testing and mentoring limit
the number of eligible field surveys that can be implemented by FETPV short
course participants. Follow up workshops to report results are held in Thailand and
are currently under development in Cambodia and Nepal.

Veterinary participants in the FETPV short course demonstrate a strong interest
in conducting surveys for zoonotic diseases in their countries. Fifty-four percent
(27/50) of all field surveys conducted by FETPV short course participants involve
zoonotic diseases including brucellosis, rabies, anthrax, leptospirosis, and Japanese
encephalitis.

Institutional barriers such as lack of regional enabling mechanisms, lack of
funding and the limited availability of resource persons restrict input from national
and international public health experts for veterinary field epidemiology training
programs. However, well-established FETPs have provided significant inputs in
three of the six training centers. Training contributions from national health agen-
cies occurred at three of five training centers noted above and one of five training
centers received training inputs from international health agencies for FETPV short
course training across the region. Resource constraints limit input from some public
health agencies in addition to existing institutional barriers in some countries or
sub-regions.

9.4.5 Visible Implementation of One Health

FETP and FETPV are practical means of actualizing the One Health approach
based upon shared needs and mutual benefit. Integration of One Health through
joint training is progressing, however institutional barriers and financial constraints
must be overcome to increase the benefits of training investments in some coun-
tries. Mechanisms are needed to transfer One Health knowledge and approaches
beyond the conceptual stage within the existing institutional frameworks of each
country in order to conduct field studies that are trans-sectoral. The development of
joint surveillance and rapid response teams is limited and incipient in most coun-
tries in the region with some exceptions including Thailand, Bangladesh and
Cambodia.

Inter-sectoral as well as inter-disciplinary efforts are essential components of
FETPYV that include training modules linking these various aspects. Inter-sectoral
commitment includes joint classroom and field training by instructors and mentors
to demonstrate disease relationships at the human-animal-environment interface.
Similarly, FETPV trainees consider disease events at the social-economic-commu-
nications interface to broaden the scope and understanding of the role and inter-
relationships of field epidemiology with other disciplines.
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9.5 Opportunities for Collaboration and Future Challenges

Historically, the need for collaboration under a One Health approach has been
forced upon the global community by biological and political imperatives (Zinsstag
and Weiss 2001). The succession of large-scale disease events illustrates the need to
develop common platforms such as field epidemiology capacity in order to respond
to emerging zoonotic diseases and livestock diseases comprehensively. The collab-
oration between FETP and FETPV represents a practical vehicle for One Health in
action through training, working and sustainably building together at individual,
institutional and country levels.

9.5.1 Joint Training

Joint training and fieldwork raises awareness of the benefits of working together to
overcome differing institutional cultures and mandates. Joint training creates a
common language, culture and experience that can lead to operationalized
responses to pathogens and disease agents that are not constrained within institu-
tional walls.

Joint training through FETP and FETPV in Thailand fosters a culture of mutual
respect and appreciation among countries, sectors and disciplines. Individuals in
applied epidemiology training are exposed to a performance (student-centered)
model as opposed to an acquisition (teacher-focused) model (Taylor 2009). This
learning model builds critical thinking skills that are transferrable and can adjust to
the demands of dealing with any emergent disease agent that encompasses multiple
sectors, disciplines and geo-political boundaries. Joint training from a broad range
of instructors further expands understanding about how to implement surveillance
or outbreak investigation jointly where the disease agent interacts at the interface of
humans, livestock, wildlife and the environment. Quality assurance, particularly in
an operational sense, is essential for continual improvement and adaptation of
training to meet evolving challenges (White et al. 2001).

The FETPV is complementary to other training models needed for training para-
veterinarians as well as undergraduate and post-graduate academic training for
veterinarians. Veterinary Public Health needs must also be addressed including
meat inspection, food safety and zoonotic disease control in live animals (Zamri-
Saad et al 2009). Joint training of participants from many countries raises aware-
ness of transboundary and regional perspectives that affect prevention and control
of diseases at the country level (White et al. 2001).
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9.5.2 Working Together

Service delivery models for joint surveillance and investigation of zoonoses when
present will be specific for each disease event and within each country (Schelling
et al. 2005). The relative scarcity of human resources to conduct field assessment
and response in most countries requires a clear strategic approach to optimize these
scarce resources. The SRRTs model in Thailand reflects a technically sound and
financially practical option for disease response and surveillance from local com-
munities to the national level.

Field epidemiology training programs focus on producing high quality graduates
through an in-service training model at similar cost to a conventional academic
training program. Balancing this cost, it has been demonstrated that governments
also directly benefit from the “training through services model” (U.S. CDC 2006).
Funding and cost sharing for training and field investigation and research greatly
leverages scarce funds available, particularly for animal health agencies. Cost
sharing by the Thai national government and international development partners
has been used to support field activities and international fellowships including
sponsoring attendance at international conferences to present findings of field
research.

The increasing demand for food will require the use of systems-based
approaches in order to mitigate risks to human health (King 2008). The occurrence
of H7N9 in China in 2013 illustrated the opportunity to combine value chain
analysis with epidemiological information in order to characterize and mitigate
risks within large systems related to human exposure. These integrated systems-
based approaches are greatly needed as food systems become larger and more
complex. There are opportunities to extend the FETPV to building linkages with
animal industry that have been promoted in Indian veterinary curricula, (Rahman
2004).

9.5.3 Building Sustainably Together

At the country level, applied training through FETP has contributed greatly to
designing and implementing health programs since their initiation (White
et al. 2001) (Yin et al 2006) (Petersen et al. 2000). This need for applied field
training is now being extended to support the inclusion of both veterinary and
non-veterinary wildlife professionals through joint FETP and FETPV training such
as the wildlife training module (WILD) (FAO 2012b). TEPHINET has included the
participation of FETPV at regional and global meetings to discuss curriculum
development, program assessment and to share findings of field studies at
conferences.

Building functional regional networks of alumni and mentors is will ensure the
sustainability of FETP, FETPV and Field Epidemiology Training Network (FETN),



9 Field Epidemiology and One Health: Thailand’s Experience 211

which is a regional platform, recognized by 10 ASEAN nations plus China,
Japan and the Republic of Korea. These integrated networks will support effective
front line capacity to meeting the ongoing challenge of controlling emerging
infectious diseases.
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Chapter 10
One Health and Food Safety

Peter R. Wielinga and Jgrgen Schlundt

Abstract Many, if not most, of all important zoonoses relate in some way to
animals in the food production chain. Therefore food becomes an important vehicle
for many zoonotic pathogens. One of the major issues in food safety over the latest
decades has been the lack of cross-sectoral collaboration across the food production
chain. Major food safety events have been significantly affected by the lack of
collaboration between the animal health, the food control, and the human health
sector.

One Health formulates clearly both the need for, and the benefit of cross-sectoral
collaboration. Here we will focus on the human health risk related to zoonotic
microorganisms present both in food animals and food derived from these animals,
and typically transmitted to humans through food. Some diseases have global
epidemic—or pandemic—potential, resulting in dramatic action from international
organizations and national agricultural- and health authorities in most countries, for
instance as was the case with avian influenza. Other diseases relate to the industri-
alized food production chain and have been—in some settings—dealt with effi-
ciently through farm-to-fork preventive action in the animal sector, e.g. Salmonella.

Finally, an important group of zoonotic diseases are ‘neglected diseases’ in poor
settings, while they have been basically eradicated in affluent economies through
vaccination and culling policies in the animal sector, e.g. Brucella. Here we will
discuss these three different foodborne disease categories, paying extra attention to
the important problem of antimicrobial resistance (AMR). In addition, we present
some of the One Health inspired solutions that may help reduce the threat of several
of the foodborne diseases discussed.

Keywords Antimicrobial resistance ¢ Farm-to-fork  Food safety  Foodborne
zoonoses * One health

P.R. Wielinga ¢ J. Schlundt (b))
National Food Institute, Technical University of Denmark (DTU), Copenhagen, Denmark
e-mail: peter.wielinga@gmail.com; jors@food.dtu.dk

© Springer Japan 2014 213
A. Yamada et al. (eds.), Confronting Emerging Zoonoses,
DOI 10.1007/978-4-431-55120-1_10


mailto:peter.wielinga@gmail.com
mailto:jors@food.dtu.dk

214 P.R. Wielinga and J. Schlundt
10.1 Introduction

People in ancient times already understood they could get sick from consumption of
infected meat. By keeping their animals healthy, and by using dedicated methods of
food preparation and conservation, ancient farmers learned how to improve health
and prevent disease. Probably the oldest written document about it is ‘On Airs,
Waters, and Places’, written by Hippocrates,' which describes how human health is
influenced by its interaction with the environment. Since then, our health situation
has improved by applying these simple rules of thumb, and even more through
improved technologies such as good animal management, hygiene and biosecurity,
vaccination programs and prudent animal drug treatment. Nowadays, some of the
most feared zoonotic diseases such as anthrax or brucellosis are absent in many
countries. However, there are still many important diseases that threaten human
health and which have animals as their reservoir. These animal reservoirs range
from wildlife to domestic animals, both in companionship and agricultural settings.
By the obvious close contact and the sheer number of animals needed for consump-
tion, the animals produced for food form the largest reservoir and production
grounds for emerging zoonotic pathogens.

Actions of authorities to protect society from zoonotic diseases differ signifi-
cantly according to socio-economic status and the zoonotic pathogen in question.
Basically, zoonotic diseases related to food animals can be separated into three
groups. In the first group are diseases with a potential for global spread and with a
dramatic public relations potential, often these diseases have a significant human
reservoir showing human-human transmission, e.g. SARS, avian influenza and
certain types of AMR bacteria. The second group is constituted by persistent
zoonotic diseases related to the industrialized food production chain, such as
Salmonella and Campylobacter, which are broadly distributed in the farm-to-fork
chain. These human pathogens are often non-pathogenic in animals and seem to be
distributed in all countries, both rich and poor. In the third group are the ‘neglected
zoonotic diseases’. They are zoonotic diseases which have been eradicated
(or drastically reduced) in affluent economies through vaccination and culling
policies, and through introduction of hygienic and animal biosafety management
practices. However, in many poor settings these diseases are ‘neglected diseases’
and receive very little attention from national authorities or even international
organizations. This group includes Brucella, bovine TB (tuberculosis),
i.e. Mycobacterium bovis, and many parasitic diseases, e.g. leishmaniasis and
cysticercosis. In addition to these traditional infectious diseases there is a new
threat of antimicrobial resistant (AMR) bacteria. Caused by the use of antimicro-
bials both in human and veterinary medicine this problem has emerged and is now
to be recognized as one of the most important threats to human health.

Although in the detail the control of these groups of diseases differ, they are all
most efficiently prevented by a One Health approach which considers the full

! http://classics.mit.edu/Hippocrates/airwatpl.mb.txt.
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farm-to-fork chain. Such preventive and holistic approaches may reduce both the
disease burden to human health and the economic burden to developing economies,
and therefore represent a significant potential for improvement related to food
safety as seen in a One Health perspective.

10.2 Transmission Routes

Through food and feed, direct contact, and via the environment, the human- and the
animal microbial flora are in contact with each other. Figure 10.1 outlines the most
important routes of transmission for infectious diseases between humans and
animals. Via these routes infectious diseases from (food-)animals may enter the
human reservoir and vice versa. The foodborne transmission route is probably the
most important gateway for this contact, and the vast majority of human infections
with enteric zoonotic bacterial pathogens, such as Salmonella enterica, Campylo-
bacter colifjejuni, and Yersinia enterocolitica, occur through this route. For other
diseases there is evidence that transmission also occurs via direct contact between
(food) animal and humans, e.g. live-stock associated methicillin resistant
Staphlylococcus aureus (MRSA) (Graveland et al. 2011). Next, there is transmis-
sion via the environment (e.g. surface water or water used to irrigate plants) mainly
as a result of spreading of manure into the environment (Spencer and Guan 2004;
Hutchison et al. 2005). And though much less frequently reported, there may be
transmission of pathogens from humans to animals, which most probably was the

Human medicine Food & consumer authorities  Veterinary medicine

€—— Wild life

A 4 %

Meat/milk/eggs etc. ¢
Patients <__> Human <__> Food €—— Food animals —> Sick animals
Direct contact and
products (eg.skin)

Indirect contact via water/air
(faeces / urine / corpses)

Environment

Fig. 10.1 Schematic presentation of important microbial transmission routes via which the human
and (food) animals are in contact with each other. In blue control mechanisms are shown, and in
red some of the transmission routes that are more difficult to control. Via the environment
transmission may take place of microorganisms present in excretion products, and in diseased
animals and people. In addition, wildlife constitutes a risk, as it holds a broad spectrum of diseases,
including many highly pathogenic diseases
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case for the Staphylococcus aureus CC398 (Price et al. 2012). In many developing
countries, wildlife forms an additional important reservoir for foodborne pathogens,
not only through consumption of wildlife. Because of often lower bio-safety levels
in these countries, direct contact between humans and food animals is generally
more frequent, and diseases from the wildlife community may cross over more
easily to domestic animals. For instance, the general understanding now is that the
SARS epidemic in 2003 originated in direct human contact with and/or consump-
tion of wildlife, or indirectly through contact between wildlife and domestic
animals (Guan et al. 2003; Shi and Hu 2008).

Wildlife holds a broad spectrum of diseases including some of the most feared,
such as Ebola, rabies and anthrax and, and in contrast to other food sources, much of
the consumption of wildlife goes undetected by food controlling agencies. For these
reasons, and because of the global trade in wildlife derived food and other items
(Pavlin et al. 2009), consumption of wildlife animals, and the spillover of infectious
diseases from wildlife to food/production animals, should not be overlooked.

10.3 Food Animal Zoonoses in General

The spread of foodborne zoonoses through the food production chain is often
referred to as the ‘farm-to-fork’ (or ‘farm-to-table’ or ‘boat-to-throat’) chain. It
should be noted that risk mitigation solutions under this framework typically have
focused on a consideration of the full food production continuum, involving all
relevant stakeholders, i.e. a typical One Health framework invented before the One
Health paradigm was defined. Figure 10.2 tries to capture a generalized picture of a
farm-to-fork chain, starting with animal feed and ending in human consumption of
animal food products.

Although a number of very important zoonoses are related to wildlife—and in
some cases directly transmitted from wildlife animals—the vast majority of zoo-
notic disease cases in the world relate to animals that are bred for food purposes.
Such zoonotic pathogens include bacteria such as Brucella, Salmonella, Campylo-
bacter, verotoxigenic Escherichia coli and Leptospira; parasites, such as Taenia,
Echinococcus and Trichinella; and viruses, such as Influenza A H5N1 (Avian
influenza) and Rift Valley Fever virus. Next to these infectious diseases, derived
agents such as (microbial) toxins and prions (Prusiner 1997) form another important
zoonotic subgroup.

Diseases originating on the farm can in many cases most efficiently be dealt with
on the farm itself, thereby eliminating more complex measures or cross-
contamination down the farm-to-fork chain. For example, brucellosis in animals
(mainly cattle, sheep and goats) has been eliminated in many countries, thereby
virtually eliminating the human disease burden (Godfroid and Késbohrer 2002).
Also, some of the main parasites can be effectively controlled at the farm level, and
this could work for both Taenia solium in pigs (defined by WHO/FAO/OIE as a
‘potentially eradicable parasite’), as well as, Trichinella spiralis which is found in
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(Sick) animals cross-infections

Patient Preparaﬁon\ Slaughtering production

Food handling
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Fig. 10.2 Farm-to-fork scheme showing how infectious diseases may travel through the food
chain. Along the chain we have indicated some of the most prevalent causes of infectious disease
introduction

many wild animals and importantly in pigs for human consumption. Both parasites
have essentially been eliminated from farmed pigs in most northern European
countries (WHO/FAO/OIE 2005; Gottstein et al. 2009). However, both diseases
still form a serious ‘neglected diseases’ threat in settings where there is potential for
contact between wild and domestic animals.

10.3.1 Zoonoses with a Dramatic Public Relations Impact
and Potential for Global Spread

It was primarily the outbreaks of SARS and zoonotic influenza, AMR (dealt with
separately) and BSE (Bovine Spongiform Encephalopathy) which alerted the world
to the need for a One Health approach. Outbreaks of viral diseases in humans,
originating in or spreading through farm animals (avian flu—H5NT1 and swine flu—
HINT1) have caused major global alerts in the last decade. These influenza out-
breaks spread very quickly, either in the animal population (H5SN1) or directly in the
human population (HIN1), and formed a global threat for human health. HIN1 was
therefore characterized by the World Health Organization (WHO) as a pandemic.
Although in total the human disease burden related to the endemic bacterial
zoonoses is probably many fold higher than these influenza outbreaks, it is basically
these relatively few but fast spreading outbreaks that have put One Health on the
global agenda. In addition, the failure to predict, monitor and control the spread of
these diseases in animals presented regulators and politicians with a wake-up call,
and made them demand (better) cross-sectoral collaboration between the animal
and human health sectors.
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Prions, non-living infectious agents, have been a significant burden of disease in
animal and man. The most well-known zoonotic prion disease is probably the one
causing Bovine Spongiform Encephalopathy (BSE) in cows, and new variant
Creutzfeldt-Jakob disease in humans, as represented by the massive outbreak of
‘Mad Cow Disease’ in the UK in the 1980s and 1990s. This agent, a mutant protein,
which mainly sits in the brain, got into the (beef) food chain by the feeding of
ruminant derived meat and bone meal to ruminants. Prions (Prusiner 1997), Scrapie
(the disease in goats), spongiform encephalopathy of Rocky Mountain elk, trans-
missible mink encephalopathy, kuru and Creutzfeldt—Jakob disease were known
before the large outbreak of bovine spongiform encephalopathy in the UK. It,
however, took some time and great efforts, and an early One Health approach, to
establish the links between the different animal diseases and the human disease
(Hill et al. 1997; Prusiner 1998; Ghani et al. 1998). This insight created a back-
ground to efficiently stop the spread of this prion disease, by banning the use of
animals in animal feed, and seeing a subsequent decrease of the disease in humans
(Hoinville 1994).

In the Western world prion diseases have attracted much attention, and their
control has resulted in a large economic burden to society. In developing countries,
often with less strict rules about the re-use of dead animals, and more direct contact
with wildlife, prion diseases may still be endemic though unrecognized.

10.3.2 Endemic Zoonoses Related to Industrialized Food
Production

In contrast to the dramatic outbreaks discussed above, many food-related zoonoses
are endemic in farm animals and some of the most important of these do actually
cause disease in the animals. It should be realized that most countries—including
most developing countries—produce large amounts of food animals, and most of
the production takes place in some sort of industrialized setting. Such settings are
invariably linked to a number of important zoonotic pathogens. Table 10.1 shows
three lists of the most important food pathogens, as reported in studies published by
the CDC in the USA and by RIVM (Havelaar et al. 2012) in the Netherlands, as well
as a list of pathogens recognized by ECDC as focus organisms for the EU.
Although widespread, these pathogens are often not recognized as important
human pathogens because of their often mild disease syndromes in healthy persons
(e.g. limited to diarrhea and vomiting) and because of the complexity of source
attribution. However, they do form a serious threat to the vulnerable segments of
our societies (i.e. the young, the elderly, the immune-compromised and recovering
patients), and some patients may develop long-lasting chronic disorders
(e.g. arthritis and neurological disorders) (McKenna 2012). These facts, together
with the sheer number of infections they cause, results in a substantial total burden
of disease for these pathogens as expressed in Disability-Adjusted Life Years
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Table 10.1 The most important foodborne infections as experienced in the US, EU and the

Netherlands

Ranking of the top five
foodborne diseases in the USA,
ranked according to incidence
(regular), hospitalizations
(italic) deaths (bold) (CDC
2011)

Ranking of top 14 foodborne
pathogens and toxins in the
Netherlands, ranked according
to their burden of disease in
DALYs?* (Havelaar et al. 2012)

Focus panel of food- and
waterborne diseases in the
EU, without ranking
(ECDC 2010)

Norovirus 1, 2, 4

Norovirus 4

Salmonella (nontyphoidal)
2,1,1

Salmonella spp. 5

Salmonellosis

Clostridium perfringens 3,..,..

perfringens toxin 7

Campylobacter spp. 4, 3,5

Campylobacter spp. 2

Campylobacteriosis

Staphylococcus aureus 5, ..,..

Staphylococcus aureus toxin 6

Toxoplasma gondii .., 4, 2

Toxoplasma gondii 1

Toxoplasmosis

E. coli (STEC) 0157 .., 5, ..

STEC O157 10

Infection with VTEC/STEC

Listeria monocytogenes ..,.., 3 | Listeria monocytogenes 11 Listeriosis

Cryptosporidium spp. 13 Cryptosporidiosis

Giardia spp. 8 Giardiasis

HepA 9 Hepatitis A

HepE 12

Rotavirus 3

Bacillus cereus toxin 12
Shigellosis
Variant Creutzfeldt—Jakob
disease

“Disability-adjusted life years (DALYs), are a combined estimate of the burden of disease due to
both death and morbidity. One DALY can be thought of as 1 year of healthy life lost and is often
expressed in years of life lost on the population level, and can be thought of as a measure of the gap
between current health status and an ideal situation where each individual in the population lives to
old age, free from disease and disability (Murray 1994)

For the list of the CDC and the Netherlands the ranking in terms of incidence, hospitalizations,
deaths or DALY is given. The list from ECDC was generated by expert consultation and for use as
an EU focus list in future disease burden studies

(DALYs) (see Murray 1994). For instance, the study of Havelaar et al. (2012)
showed that the total burden of the 14 diseases he studied was 13,500 DALY, for a
total of 1.8 million cases and 233 deaths caused by these diseases (in 16 million
people). Source attribution estimates showed that one-third could be attributed to
foodborne transmission. Similarly large numbers were reported for the USA (CDC
2011), where surveillance studies of 31 known pathogens gave an estimated total of
9.4 million illnesses, 55,961 hospitalization and 1,351 deaths attributed to
foodborne diseases (in 315 million people). Importantly, the latter report also
showed that the 31 pathogens studied make up only 44 % of the foodborne diseases,
and the majority of 56 % is caused by unknown agents. This situation is probably
not unique for the USA, and thus indicates that there is still much health to be
gained from improved food safety. Table 10.1 shows that an almost identical list of
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important foodborne pathogens are found in Europe, and that Toxoplasma gondii,
Listeria monocytogenes, Campylobacter, rotaviruses, noroviruses and Salmonella,
should probably form the key targets for interventions. Except for norovirus, these
pathogens have been shown to be zoonotic, and find their way to humans via food
and the environment (Fig. 10.1). A One Health approach ensuring efficient cross-
sectoral collaboration and data-sharing, could lay the foundation for a realistic
description of the situation, and could help implement sensible cross-sector
solutions.

Building on the idea of One Health to control these diseases, there are several
countries (especially in northern Europe and North America) that have instituted
cross-sectoral data collection and collaboration. This is typically done through
the construction of zoonosis centers or their equivalents. These centers aim to
stimulate and facilitate the collaboration between human, veterinary and food
institutes. Some examples of such specialized centers are the US National Center
for Emerging and Zoonotic Infectious Diseases (http://www.cdc.gov/ncezid),
the British National Centre for Zoonosis Research (http://www.zoonosis.ac.uk/
zoonosis) and Danish Zoonosis Centre which is part of the Danish National Food
Institute (http://www.food.dtu.dk/English/Research/Research_Groups/Zoonosis_
Centre.aspx). Two clear examples of what such centers can accomplish are: the
reduction of Salmonella in food animals in Denmark, and the Danish integrated
approach to combat AMR (described below in a separate section). In the Danish
Salmonella reduction program, data sharing across animal, food and human
health sectors has enabled science-based solutions, and has most noticeably
resulted in significant reductions in human salmonellosis through lowering Sal-
monella prevalence in animals (Wegener et al. 2003). In relation to laying hens
the program started with a simple and inexpensive serological surveillance of egg
producers. Flocks found positive were either culled and repopulated, or used to
produce heat-processed eggs, Danish eggs are now considered free of Salmonella.
Next to this arm, a program of surveillance and eradication of infected broiler
flocks was setup. The effect of the whole program was measured in term of cases
of human salmonellosis, which were found to be significantly reduced as the
project progressed in time.

The construction and solutions of this program clearly followed One Health
principles. Food, veterinary and human health sciences worked together, using
similar detection and (geno)typing techniques, which enabled comparison and
sharing of data. This top-down selection of Salmonella-free poultry could work in
other countries with industrialized food animal production as well. In other coun-
tries—including most likely most developing countries, Salmonella-positive ani-
mals have been imported from big producers in industrialized countries.

One such documented example was the import into Zimbabwe of Salmonella
enteritidis via live animals. Salmonella entered the country through import of
infected poultry in the commercial national production system around 1993, and
thereafter spread quickly to the communal sector (small-scale farming), as well as
to the human population (Matope et al. 1998). The most likely reason for the spread
within Zimbabwe was that old animals from the commercial sector were sold to
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small-scale communal production systems. As the trade of live animals is done on a
global level and does not take into account whether the traded animals carry any of
the diseases from Table 10.1, reducing the prevalence in the commercial sector in
producing countries, may also lower the global spread and human disease burden in
the rest of the world.

10.3.3 Neglected Zoonoses Related to Poverty

The spectrum of neglected diseases is broad and includes diseases caused by
bacteria, viruses and parasites. Many are found world-wide but their prevalence
in the human and animal populations varies according to the local agricultural,
demographic and geographic conditions and tradition. For many of the neglected
diseases solutions to dramatically decrease the disease burden are well-known, but
action is lagging, this is the case for example for many of the parasitic zoonoses.
This is the reason why the WHO refers to these diseases as ‘Neglected Diseases’
(WHO 2006; Molyneux et al. 2011). Neglected diseases may be categorized into
two (strongly overlapping) categories. In the first category are the neglected tropical
diseases which include Chagas disease, trypanosomiasis, leprosy, rabies, schisto-
somiasis and others, many of which are zoonotic and parasitic diseases.” The
second category are the neglected zoonotic diseases, covering many of the diseases
above and also some bacterial diseases such as anthrax, bovine tuberculosis (TB),
brucellosis, and also cysticercosis and echinococcosis.’

Many of the neglected diseases are carried by wildlife and in poor and rural
settings by livestock (e.g. brucellosis, anthrax, leptospirosis, Q-fever and bovine
TB). In addition, many are food- and waterborne (e.g. brucellosis, cysticercosis/
taeniasis and echinococcosis). In particular, the prevalence of bovine TB appears to
be increasing in many poor settings and has been linked to HIV infections as an
important factor for progression of a TB infection to an active TB disease (LoBue
et al. 2010). Brucellosis and bovine TB in cattle cause lowered productivity in the
animal population, but seldom death, and both have largely been eradicated from
the bovine population in the developed world by test-and-slaughter programs,
which in effect has eliminated the human health problem (Godfroid and Késbohrer
2002).

Some of the parasitic diseases (e.g. schistosomiasis, cysticercosis, trematodiasis
and echinococcosis) have high mortality rates and long-term sequelae including
cancer and neurological disorders. Cysticercosis is emerging as a serious public
health and agricultural problem in poor settings (Garcia et al. 2003). Humans
acquire Taenia solium tapeworms when eating raw or undercooked pork contam-
inated with cysticerci. The route of transmission is, pigs infected through Taenia

2 http://www.who.int/neglected_diseases/diseases/en/.
3 http://www.who.int/neglected_diseases/zoonoses/en/.
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eggs shed in human faeces, and the disease is thus strongly associated with pigs
raised under poor hygienic conditions. This means that the cycle of infection can be
relatively easily broken by introducing efficient animal management, as has been
done in most developed countries.

Given that 70 % of the rural population in poor countries is dependent on
livestock as working animals to survive (FAO 2002), the effect of these animals
carrying a zoonotic disease can be dramatic, both relative to human health directly,
but also as it affects the potential to earn an income. This also affects the potential
mitigation action; for instance the large-scale culling of animals, which can be a
viable solution in rich countries, might be problematic in the poorest countries.
Such solutions would not only mean loss of food, but also a serious socio-economic
disruption, in some cases leading to national instability.

10.4 AMR in Food Animals

Some of the recent serious outbreaks of antibiotic resistant (AMR) foodborne
disease, such as EHEC in Germany (Mellmann et al. 2011), have shown us a new
problem. There seems to be a global trend with the prevalence of AMR rising
(WHO 2001; DANMAP 2010; ECDC 2010; Aarestrup 2012). Especially dangerous
is the emergence of resistance against antimicrobials that are considered critically
important in human medicine, and in multidrug resistant (MDR) infections (Potron
et al. 2011; Kumarasamy et al. 2010).

In the early 1940s antibiotics were first introduced to control bacterial infections
in humans. The success in humans led to their introduction in veterinary medicine
in the 1950s, where they were used in both production and companion animals.
Nowadays, antibiotics are also used with intensive fish farming and to control some
infectious diseases in plants. Their use is thus widespread. Antibiotics in animals
are mainly used in three ways: (1) for therapy of individual cases, (2) for disease
prevention (prophylaxis) treating groups of animals, and (3) as antibiotic growth
promoters (AGP) treating groups of healthy animals with sub-therapeutic concen-
trations to promote animal growth. When first introduced, the use of antibiotics led
to improved animal health, and subsequently higher levels of both food safety and
food security. All use, but in particular the use as AGP, resulted in a dramatic rise in
the use of antibiotics, and for instance, between 1951 and 1978 the use in the United
States alone went from 110 to 5,580 t (WHO 2011).

However, the use of antibiotics in animals has over the years also resulted in a
selective pressure for AMR microorganisms, contributing significantly to the
human health problem of AMR bacteria. Notably a number of bacterial strains
that were previously susceptible to antibiotics are now in very high frequencies
becoming resistant to various antibiotics, some of which are very important as last
resort treatment potential for humans (Bonten et al. 2001). In particular the use as
AGP is questionable, as the concentrations used are sub-therapeutic which result in
the selection for resistance but do not efficiently kill microorganisms. Nowadays
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there are serious efforts by national authorities and some international organizations
to reduce the antibiotic overuse in animals (Food Agricultural Organization of the
United Nations (FAO)/World Organization for Animal Health (OIE)/WHO 2003;
WHO 2011; U.S. Food and Drug Administration (FDA) (2012)), especially—but
not only—through abolishing their use as AGP. However, there seem to be major
problems in ensuring cross-sectoral understanding, since the veterinary and medical
professions are still in debate about how the AMR problem has emerged (Phillips
et al. 2004; Karp and Engberg 2004; Smith et al. 2005; Price et al. 2012). To
achieve a science-based understanding of the problem, data on AMR from both the
animal and the human side should be compared, and both risk assessments and
source attributions performed in an integrated way. In other words, a One Health
approach in which human and animal health sectors, including food and environ-
mental sectors, work together, may help to deliver answers needed and suggest
ways to reduce problems in both human and animal reservoirs (Figs. 10.1 and 10.2).

10.5 Global One Health Efforts

In addition to the factors described above, food production and food trade are now
more and more global, and thus some of the food related problems are also global
food problems. On the positive side, globalization has helped with some of the
important global food issues: it raised food security, made our food more varied and
tastier, and even including transport costs in the equation, still has global financial
advantages. However, together with the food also the foodborne diseases now travel
the globe. And if we do not stay on top of the problem, disease outbreaks might
affect large parts of the global food sector negatively, in the end leading to negative
health—but will also have financial and socio-economical consequences. A more
holistic and pro-active approach to food safety may help prevent future food
disasters and build healthy economies.

10.5.1 Global Initiatives to Contain Foodborne Zoonoses

One Health approaches to combat zoonotic foodborne diseases need to consider at
least three levels, the international level, national level and the farm level where the
actual production takes place. To facilitate the work at all these levels, many
countries have established specialized zoonosis centers. These centers focus their
work on zoonotic diseases and promote collaboration between different sectors, and
between different countries. They examine the prevalence of zoonotic diseases in
humans and (food-)animals, their routes of transmission, the risk associated with
their presence in our food chain, and the relation between human disease and
zoonotic transmission. In addition, as our food production system has become
increasingly dependent on global trade, the approaches taken by these zoonoses
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centers (should) also include a global angle. National zoonosis centers may also
help tackle the global problems associated with zoonotic diseases.

However, at the moment most of this work is done by international and global
organization, such as the WHO, OIE, and FAO. These three international orga-
nizations have recognized that combating zoonoses is best achieved via a One
Health approach, as stated in their seminal paper ‘A Tripartite Concept Note’
(FAO/OIE/WHO 2011), in which they express the need to collaborate for a
common vision. Given the impact zoonotic diseases have in socio-economical
terms and on the vulnerable sectors in our societies, a One Health vision is also
endorsed by the World Bank and the United Nations Children’s Fund (UNICEF)
(World Bank/WHO/UNICEF/OIE/FAO/UNSIC 2008). In their common vision,
they say that a One Health approach may lead to novel and improved solutions,
including solutions that have not been considered before because of the high costs
involved.

For instance, while in some cases vaccination is the ultimate tool to prevent
disease, it is not always considered because the costs of mass vaccination are higher
than the public health benefit savings, or because of global trade regulations. Under
a One Health approach sharing of costs, as well as other mitigation strategies could
likely enable novel ways of reaching sensible solutions (Narrod et al. 2012).

For global infectious disease safety national authorities report to WHO impor-
tant outbreaks of human disease which have the potential of cross-border spread,
under the auspices of the International Health Regulations (IHR) (WHO 2005).
These regulations also cover foodborne diseases associated with globally traded
food. However, given the major impact that such announcements may have on
global food trade, such as was the case with BSE in the UK or the more recent trade
barriers put up after the EHEC outbreak in Germany, national authorities may have
become more careful and restricted in what they report.

A global One Health approach which both considers human health aspects and
socio-economic consequences would therefore be a welcome improvement to the
IHR of 2005. Next to WHO, other organizations are active in reporting global
infectious disease outbreaks, most notably ProMED-mail (http://www.promedmail.
org), which is an internet based Program for Monitoring Emerging Diseases
worldwide, set up by the International Society for Infectious Diseases. The program
is dedicated to rapid global dissemination of information on outbreaks of infectious
diseases and acute exposures to toxins that affect human health, including those in
animals and in plants grown for food or animal feed, and thereby supports the One
Health principles.

Many of the (international) organizations and governing bodies named above
have generated guidelines to control — and disseminate information about—food
related zoonoses, such as for instance WHQO’s Global Foodborne Infections Net-
work (GFN) (www.who.int/gfn), the European Food Safety Authority (EFSA)
(www.efsa.europa.eu/en/topics/topic/zoonoticdiseases), Foodnet from the US
Centers for Disease Control and Prevention (www.cdc.gov/foodnet) and others.
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The goal of these networks is essentially the same: To help capacity-building and
promote integrated, laboratory based surveillance and intersectional collaboration
among human health, veterinary and food-related disciplines to reduce the risk of
foodborne infections.

10.5.2 Efforts to Contain AMR Zoonoses

The emergence of AMR in food animals is a serious threat for modern human
medicine. The risks exist that both (i) the overuse by mass prophylaxis and AGP in
animals, and (ii) the misuse of human critically important antibiotics in animals,
will lead to the emergence of new AMR organisms which may spread to the human
reservoir, and via global food trade spread around the world. In the most critical
scenario this will make our arsenal of antibiotics unfit to treat previously treatable
infectious disease, and it might take us back to a situation as before World War II,
when antibiotics were not yet used in human medicine.

One Health principles may help mitigate this risk and deal with the AMR
problem in an efficient way. Collaboration between the FAO/WHO Codex
Alimentarius Commission and the OIE have generated important guidance on
how an integrated approach and the prudent use of antimicrobials may reduce the
emergence of AMR in (food-)animals and subsequently in humans.* Previous to
this, in 2000 the WHO published the ‘Global Principles for the Containment of
Antimicrobial Resistance in Animals Intended for Food’ (WHO 2000) which all
countries should follow to reduce the risk of AMR. The three major principles are:

» Use of antimicrobials for prevention of disease can only be justified where it can
be shown that a particular disease is present on the premises or is likely to occur.
The routine prophylactic use of antimicrobials should never be a substitute for
good animal health management.

¢ Prophylactic use of antimicrobials in control programs should be regularly
assessed for effectiveness and whether use can be reduced or stopped. Efforts
to prevent disease should continuously be in place aiming at reducing the need
for the prophylactic use of antimicrobials.

¢ Use of antimicrobial growth promoters that belong to classes of antimicrobial
agents used (or submitted for approval) in humans and animals should be
terminated or rapidly phased-out in the absence of risk-based evaluations.

These Global Principles have been supplemented with, (1) guidance on the
prudent use of antibiotics from the Codex Alimentarius Commission together with
OIE, and (2) six priority recommendations from WHO to reduce the overuse of
antibiotics in food animals for the protection of human health (WHO 2001), being:

4See: www.codexalimentarius.org; www.who.int/foodborne_disease/resistance; www.oie.int/our-
scientific-expertise/veterinary-products/antimicrobials.
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(1) Require obligatory prescriptions for all antibiotics used for disease control in
(food) animals;

(2) In the absence of a public health safety evaluation, terminate or rapidly phase
out the use of antibiotics for growth promotion if they are also used for
treatment of humans;

(3) Create national systems to monitor antibiotic use in food-animals;

(4) Introduce pre-licensing safety evaluation of antibiotics [intended for use in food
animals] with consideration of potential resistance to human drugs;

(5) Monitor resistance to identify emerging health problems and take timely
corrective actions to protect human health;

(6) Develop guidelines for veterinarians to reduce overuse and misuse of antibi-
otics in food animals.

A recent publication (WHO 2011) covers the broader scope of AMR in relation
to both animals and humans. Thus, a ‘One Health’ approach has explicitly been
proposed by these international organizations to mitigate the risk of AMR.

Since the occurrence of AMR in the food production sector, different programs
to contain zoonoses and AMR zoonoses have been developed following these
Principles and Guidelines. The Danish program to contain AMR zoonoses,
DANMAP, has in particular gained international attention and has been analyzed
in different publications (WHO 2003; Hammerum et al. 2007; Aarestrup
et al. 2010). The reason for this was the early One Health approach that the Danish
government and stakeholders proposed to combat AMR. In 1995, after publication
of the finding that 80 % of Enterococci in all industrial produced chickens in
Denmark were highly resistant to vancomycin (a last resort drug for human therapy)
the government decided that actions had to be taken (Wegener et al. 2003) and set
up the Danish Integrated Antimicrobial Resistance Monitoring and Research Pro-
gram (DANMAP). Figure 10.3 shows the organization of DANMAP and how the
animal health, food safety and public health sectors work together.

The objectives of DANMAP are: (1) to quantitatively monitor the consumption
of antimicrobials used in (food) animals and humans, (2) to quantitatively monitor
the occurrence of AMR in (zoonotic) bacteria in animals, food and humans, (3) to
study and describe the associations between antimicrobial consumption and anti-
microbial resistance, and (4) to identify routes of transmission and areas for further
research. Next to this an automated/ICT program, called Vetstat, was introduced to
collect quantitative data on all prescribed medicine for animals from veterinarians,
pharmacies and feed mills (Stege et al. 2003).

Vetstat data on drug usage proved important for understanding the different
aspects of the antibiotic usage problem, and to provide tools to control the use. For
instance, with the information from Vetstat it has been possible for the Danish
Veterinary and Food Authority (DVFA) to introduce “The Yellow Card Initiative”
(DVFA 2012). This initiative works similarly to that in football, and farmers and
veterinarians get a yellow card when their antimicrobial use is excessive as com-
pared to similar farms. Only by reducing the antibiotic use, which may be done for
instance by adopting management practices from low users, the card can be
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Fig. 10.3 Organization of DANMAP showing the different collaborating institutes and agencies,
and how human, animal and food information is brought together (taken from: www.danmap.org)

retracted. This has not only worked as a stick, it also gives the farmers a sense of
how they are doing compared to their colleagues. In the European Union several
countries have now also started to collect antibiotic usage data and to compare
antibiotic use at country level (EMA 2011).

10.5.3 Global Microbial Identifier

Surveillance of foodborne infections, and infectious diseases in general, is impor-
tant to understand the transmission of infectious diseases and identify risks. To do
this efficiently data collection should be done in a harmonized way, so data can be
compared and integrated. Until now, this has been difficult because different human
medical, veterinary medical, food and environmental laboratories have been using
different techniques for surveillance, making it often almost impossible to
compare data.

With the introduction of whole genome sequencing (WGS) this problem may be
solved. Its unbiased way of detecting DNA and its single platform (the DNA code)
for comparing genomic information gives WGS the potential to take disease diag-
nostics to anew level. Some early uses showing the value of WGS for diagnostic and
epidemiological purposes were the tracking of the massive cholera outbreak in Haiti
in 2011 (Hendriksen et al. 2011) and by the EHEC outbreak that was first detected in
Germany and later also found in other countries and which could be traced back to
Egyptian imported fenugreek seed using WGS (Mellman et al. 2011).
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Following up on these successes, an international group of scientists with
representatives from OIE, WHO, EC, USFDA, US CDC, ECDC, universities and
public health institutes, came together in Brussels, September 2011, to further
discuss the possibilities of using WGS on a larger scale. Their simple conclusion
was that the technology to use WGS for diagnostic purposes is available, and its
potential high, however, to make efficient use of the data, a global genomic
database is needed (Kupferschmidt 2011; Aarestrup et al. 2012). Such a database
should be open to, and supported by, scientists from all fields: human health, animal
health, environmental health and food safety, and should include genomic data for
all types of microorganisms as well as meta-data to trace back the source of the
microorganism.

Building such a database depends on a global One Health approach, and in a One
Health manner both human health as well as other sectors will benefit from it. An
important aspect of pursuing this initiative is that it will not only be beneficial for
the developed world, but it may especially be beneficial for developing countries.
For them genomic identification will mean a giant leap forward as they do not need
to implement the wide variety of specialized methods that are nowadays used in the
developed world. If set up in a sensible, inclusive, open-source framework WGS
analysis will provide the world with a strong weapon in the fight to combat
infectious diseases in all sectors.

10.6 Discussion

One health approaches may be synergistic in controlling foodborne zoonotic
diseases to support both sufficient food safety, and sustainable food security.
Clearly, because of the unique situation of transmissibility between humans and
animals, zoonoses control relies on the control of the microorganisms in (1) animals,
(2) the food chain and in (3) humans. In addition, as zoonoses originate in animals
before being transmitted to humans, the most effective interventions may be
achieved at the source, i.e. at the farm. To be most effective, approaches to reduce
the risk of foodborne zoonoses should include all stakeholders from the human as
well as the animal health side. At the transmission level, it will be of major
importance to involve food and consumers authorities and related stakeholders
(e.g. environmental specialist), to make sure the spillover from the animal reservoir
is kept as low as possible.

The exact solution will differ per country and type of disease (e.g. in many
developing countries neglected diseases may still be of importance). Given that
70 % of the rural population in poor countries is still dependent on livestock as
working animals to survive, the effect of these animals carrying a zoonosis will
work out differently than in the industrialized settings. A number of the most
important zoonoses relate directly to food production systems in poor settings
which could be reduced dramatically through well-known interventions, such as
has been the case for Brucella, bovine TB and cysticercosis.
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Furthermore, it is important to realize that much of the One Health efforts until
now have focused on zoonotic pathogens with a potential for dramatic global spread
(such as avian influenza and BSE). However, major health gains can be obtained
with the endemic zoonotic pathogens. For instance Salmonella causes a dramatic
global disease burden because of the sheer number of cases and the global spread
via food and live animal trade. For Salmonella there are efficient methods to reduce
the prevalence in food animals.

One Health approaches in the food sector are complex and involve both public
and commercial stakeholders, which may put limitations on what can be done. On
the one hand food should be nutritious and adding to one’s health. On the other hand
most food is commercially produced and traded. As food is a commercial product,
one of the ways to make food producers (the supply-side) produce more healthy
food, is if the public demands this (the supply—demand balance). Therefore, edu-
cating the public to buy healthier food may be a way to make food manufacturers
produce healthier food. Next, there are other stakeholders and fields of science
(e.g. industrial sciences or logistics) and policy (e.g. economics) that contribute to
the food chain, but which may focus on other aspects than healthy food alone, and
their conclusions may conflict with the food safety principles (e.g. the use of AGP
to improve animal growth).

Clearly food safety is a complex issue, and integration of all its problems and
data is difficult and should best be limited to its essential components. For this
reason, countries should learn from experiences abroad that have documented
success. There are many examples of One Health approaches that have helped
lower the risk of zoonotic foodborne disease. Key to all approaches has been
surveillance of the farm-to-fork chain.

Surveillance should be done at relevant levels of the chain, at the farm level by
the veterinary system, and at the food production stage by food-scientist. Findings
should be shared and compared with the findings in human medicine, to be able to
make decisions about potential risks for human health. Thus the animal, food and
human sectors need working together, to collect and to share data in such a way that
they may be compared. As there are still many different techniques used in all three
fields, it is still difficult to compare data. An important development in infectious
disease diagnostics will be the introduction of WGS techniques, and the construc-
tion of a global, open-access genomic database for microorganisms. In a One
Health manner, the latter would take diagnostics to a new level, and will greatly
improve human, animal and food safety.
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Chapter 11
The Clinical Biomedical Research Advances
Achievable Utilizing One Health Principles

James L. Cook and B. Sonny Bal

Abstract Translational biomedical research is an excellent example of the evolv-
ing paradigm of the “one health” concept. The multidisciplinary collaborations
between physicians, veterinarians, physical therapists, engineers, molecular biolo-
gists and a host of other scientific disciplines have yielded, and will continue to
yield, significant advancements in the quality of healthcare in both animals
and man.

Keywords Animal model ¢ Biomedical research « FDA ¢ Orthopaedic

The concept of One Health is almost as old as medicine itself. The ancient Greeks
understood that information about the process of life could be gained by dissecting
and studying animals (Olsson 1969). From the comparative anatomical and phys-
iological studies of Galen and William Harvey to the discovery of insulin by
Frederick Banting and Charles Best, the careful and detailed studies performed
on animals were often responsible for significant advances in human medicine
(Lyons and Petrucelli 1978). Today, there is an entire industry dedicated to bio-
medical research that is intended to effectively translate data from animal models
and veterinary research to clinical use in humans. Companies in every area of the
healthcare industry understand the necessity for ethical animal-based data for
determining safety and efficacy of their diagnostics, pharmaceuticals, implants,
and techniques in order to satisfy the FDA, investors, stock-holders, physicians and
the public. This necessity provides the impetus and funding for quality translational
biomedical research utilizing One Health principles.

For biomedical research to become clinically applicable, there are a number of
facets pertaining to the “end product” that should be considered prior to initiation of
the work. First, the end product must address a true need in clinical medicine. It is
not effective to “make a hammer and then figure out what nail you can hit with it.”
Numerous innovative and efficacious technologies have failed to see clinical
success because of this problem. A very sensitive and specific diagnostic test, a
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pharmaceutical with a well-defined mechanism of action and few side effects, or a
biomaterial that perfectly mimics function of the native tissue may not attain
clinical utility because it addresses only a niche diagnosis, benefits a small number
of patients, or is useful for only a narrow indication. While it is certainly admirable
and important to try to address all clinical problems through quality biomedical
research, an already-difficult pathway to clinical application becomes nearly impos-
sible when the need it addresses is not both widespread and currently unmet.

Importantly, the diagnostic test, therapy, or technique must be proven safe
(http://www .fda.gov/). Demonstrating safety is the primary pre-requisite for FDA
approval for clinical use of any new product or technique. To gain FDA approval,
demonstration of safety typically requires use in a relevant animal model or
corollary of disease. As such, the One Health concept can be a valuable tool in
this process. In many areas of medicine, dogs, cats, or horses suffer from ortho-
paedic, metabolic, oncologic, infectious, and neurologic disorders that share similar
signs, symptoms, and clinical courses seen in their human counterparts. Once initial
safety has been demonstrated in vitro, in rodents, and/or in large animal models of
disease, application to veterinary clinical patients can be an effective way to
validate safety while also gaining data regarding efficacy. This pathway to US
Food and Drug Administration (FDA) approval and clinical application then
becomes a “two-way bridge” in that the safety and efficacy data can be applied to
veterinary patients as well, benefiting both fields (O’Connell et al. 2012; Stoker
et al. 2012; Garner et al. 2011; Kuroki et al. 2010; Arnoczky et al. 2010; Bal
et al. 2010; Janicek et al. 2010; Luther et al. 2009; Anz et al. 2009; Cook
et al. 2008a, b; Mahn et al. 2005).

Another often overlooked but critically important facet in translational research
that should be considered from the onset is the financial aspect. For biomedical
research to reach widespread clinical use, the benefits associated with use of
product must have a positive benefit to the treated individuals and/or to society.
On the cost side, the components include research and development (R&D) costs,
the indication(s) for the technology and the achievable market share for the
indication(s), all associated costs to the healthcare provider, all associated costs
to the patient, and to what degree associated costs will be reimbursed. While the
R&D costs are often addressed before initiation of the research, the latter compo-
nents are often not, especially in the context of small business where the assumption
may be that a strategic partner will assume downstream development responsibil-
ities. Like it or not, the financial part of the equation is a major driving force
governing clinical applicability and should be taken into account during the initial
planning stages of research.

The factors discussed above contribute to the acceptability of the technology,
which is the final determinant for successful clinical application. The diagnostic
test, new medication, new implant, or new surgical procedure must be “accepted”
by the profession, patients, industry, regulators, and policy-setting organizations in
order to be used clinically. In addition to the factors discussed above, acceptability
is also determined by the ability of the “average” practitioner to effectively apply
the technology in their practice, ease of access and use, and patient perception.
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Even a safe, effective and highly applicable technology can fail if it does not gain
acceptance by all interested parties. The cost: benefit equation (pharmacoe-
conomics) is especially critical to policy setters and third-party payers, and may
determine recommendations for use and government-sponsored programs.

So, how can all of this be accomplished? The keys to successful translational
biomedical research include establishing a direct clinical connection for the
research team, involving “end users” in the R&D process, completing a pre-IDE
or Pre-IND meeting with the FDA, and putting great science behind the technology
being developed. The clinical connection can come in many forms and mecha-
nisms, but should be set up to provide the much-needed “real life”” perspective for
the research. The clinical connection may be as simple as a single nurse who is on
the research team or be as complex as an international advisory board of physicians,
veterinarians, nurses, and salespeople. The key is that the clinical connection pro-
vides the perspective necessary to foster acceptability when the research is com-
pleted. To do so, key questions need to be asked and answered, such as: Which
patients will this technology truly benefit? Can the technology be incorporated into
a busy clinical setting? What associated costs do we need to consider? Will it be
accessible? What data will be convincing to clinicians? Patients? Regulatory
bodies? Industry?

While clinicians are one of the major end users for biomedical technologies,
other interested parties should be incorporated into the process as well. Three
parties that play key roles in successful clinical application of biomedical technol-
ogies are patients, industry, and regulatory bodies. These parties can be included in
the initial stages of the work as well by engaging patient advisory groups, industry
R&D representatives, and the appropriate regulatory body. Of course, regulatory
body approval will be a requisite step prior to clinical use of any technology in
humans. In the US, the FDA provides the mechanism for a pre-IDE and Pre-IND
meeting that is intended to provide guidance to researchers proposing to study new
technologies or new uses for existing technologies prior to the submission of an IDE
or IND application (http://www.fda.gov/). This communication with the FDA at the
start of the process can help in understanding FDA requirements, regulations, and
guidance documents, and allows FDA personnel to familiarize themselves with the
new technology. It can also help speed the regulatory process and minimize delays
in the development of useful devices intended for human use.

The communication with FDA can be in the form of Informal or Formal
Guidance Meetings. Informal Guidance Meetings are telephone conference calls,
video conferences, or face-to-face discussions with the reviewing division so that
they can provide advice and guidance for the development of supporting
pre-clinical data or the investigational plan for incorporation into the IDE applica-
tion. Formal Guidance Meetings are based on a written request to discuss the type
of valid scientific evidence that will be necessary to demonstrate that the technol-
ogy is safe and effective for its intended use. These meetings are designed to
develop a broad outline of a clinical trial design. Applicants may submit a written
request for a meeting to reach an agreement regarding FDA’s review of an
investigational plan. The written request should include a detailed description of
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the technology, a detailed description of the proposed conditions of use of the
technology, a proposed plan (including a clinical protocol and a toxicology proto-
col) for determining whether there is a reasonable assurance of effectiveness, and
information regarding the expected performance of the technology. If an agreement
is reached between FDA and the applicant regarding the parameters of an investi-
gational plan, the terms of the agreement are put in writing and made part of the
administrative record by FDA.

In addition to telephone contacts and informal or formal meetings, applicants
may submit preliminary information as a “pre-IDE” or Pre-IND submission. This is
encouraged when preparing a formal IDE or IND submission that requires FDA
guidance on troublesome parts of the application, e.g., clinical protocol design,
pre-clinical testing proposal, pre-clinical test results, protocols for foreign studies
when the studies will be used to support future marketing applications to be
submitted to FDA. Upon completion of the review of the pre-IDE or pre-IND
submission, the reviewing division will issue a response to the applicant to help
guide the research accordingly. A similar procedure is followed in Europe, where
“Scientific Guidance” may be obtained in advance of clinical testing.

Today, “one health” laboratories are located throughout the world and typically
employ both a comparative and translational research approach in an effort to
improve diagnostics, develop preventative and therapeutic strategies, and advance
our understanding of disease mechanisms. While comparative research focuses on
common pathological and regenerative pathways across species, translational
research refers to studies that attempt to extend basic science discoveries into
practical clinical applications. An example of a translational research study would
be to determine if a drug’s ability to increase cartilage cell metabolism could be
translated into a clinical treatment of arthritis. In these laboratories, translational
studies are usually carried out in the animal species deemed most appropriate by
comparative research investigations and are the “pre-clinical” foundations on
which clinical applications in humans are based.

Importantly, the comparative and translational avenues of “one-health” research
must always be considered as “rwo-way bridges”. While the knowledge gained,
and the technologies developed, through comparative research are often initially
focused on human applications, many of these advancements can be (and have
been) brought back to the animal species in which they were originally studied in
for veterinary clinical application. Because many of the comparative biomedical
research laboratories are directed by veterinarians who have had extensive clinical,
as well as research, training, such clinical applications are becoming more com-
mon. In addition, several of the major pharmaceutical, orthopaedic, and supplement
companies have established animal health divisions dedicated to development and
use of technologies in clinical veterinary medicine. These factors provide the
framework for the two-way bridges to be built, leveraging funding and resources
in order to benefit veterinary patients as biomedical research advances healthcare
for humans around the world.

While the regulatory pathway for animal health technologies is not as difficult as
it is for human health technologies, the FDA’s Center for Veterinary Medicine
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(CVM) regulates the manufacture and distribution of drugs and food additives
given to animals (http://www.fda.gov/AnimalVeterinary/default.htm). These
include animals from which human foods are derived, as well as food additives
and drugs for companion animals. CVM is responsible for regulating drugs,
devices, and food additives given to, or used on, over one hundred million com-
panion animals, plus millions of poultry, cattle, swine, and horses.

A new animal drug is any drug intended for use in animals other than man,
including any drug intended for use in animal feed, the composition of which is
such that the drug is not already recognized as safe and effective for use under the
conditions prescribed, recommended, or suggested in the labeling of the drug. A
new animal drug may not be sold into interstate commerce unless it is the subject of
an approved new animal drug application (NADA), abbreviated NADA (ANADA),
or there is a conditional approval (CNADA).

If requirements for exemption are met, unapproved investigational new animal
drugs may be exempt from approval requirements, and may be shipped in interstate
commerce for use by experts, qualified by scientific training and experience, to
investigate their safety and effectiveness. FDA also has regulatory oversight over
veterinary devices and can take appropriate regulatory action if a veterinary device
is misbranded, mislabeled or adulterated. It is the responsibility of the manufacturer
and/or distributor of these devices to assure that they are safe, effective, and
properly labeled. FDA recommends that devices should meet or be equivalent to
the performance standards for use in humans. This is especially important for
devices that can be used both in humans and animals, such as examination gloves,
sterile catheters, infusion pumps, orthopaedic implants, and other similar technol-
ogies. FDA recommends that manufacturers and/or distributors of veterinary med-
ical devices request a review of their product labeling and promotional literature to
ensure that it complies with regulations. This includes devices manufactured in
another country and offered for importation into the U.S.

Numerous examples of clinical biomedical research advances that have already
been achieved through the One Health concept exist in the areas of infectious
disease, oncology, ophthalmology, cardiovascular disease, neurologic disorders,
and many more (Koff et al. 2013; Patz and Hahn 2012; Mbugi et al. 2012; Henry
and Bryan 2013; Essman et al. 2003; Ranieri et al. 2013; Nishida 2010; Delaney
et al. 2011; Arendash 2012; Uccelli and Mancardi 2010). From our area of exper-
tise, orthopaedics, an excellent example of this process is the work by Arnoczky
and colleagues in the area of meniscal pathology, repair and replacement
(Arnoczky et al. 2010; Arnoczky and Warren 1982; Arnoczky and Warren 1983;
Crawford et al. 2004). From their seminal work describing the vasculature of the
canine and human menisci (Arnoczky and Warren 1982; Arnoczky and Warren
1983), including their close similarity and the critical role of blood supply in
treatment and healing, to their award-winning research addressing safety of allo-
graft tissue preservation using a feline model (Crawford et al. 2004), these inves-
tigators have provided the data needed to validate diagnostic and therapeutic
approaches for surgeons, radiologists, sports team physicians, trainers, and thera-
pists, as well as a broad spectrum of the orthopaedic industry and non-profit tissue
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banks. Importantly, this work has also directly benefited the veterinary clinical
world in the same way. Today, dogs, horses, and people receive function-saving
treatments based on this One Health-One Medicine biomedical research.

Hopefully, this chapter provides both insight and inspiration into the mecha-
nisms by which a multi-disciplinary, multi-species approach to solving clinical
problems in all areas of medicine is accomplished. As purveyors and beneficiaries
of One Health principles, the authors suggest that clinical advances are not only
possible by utilizing this approach, but can be made more efficient, safe, and
effective as a result.
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Chapter 12
One Health Successes and Challenges

Peter M. Rabinowitz and Lisa A. Conti

Abstract The concept of One Health encompasses a wide range of issues and is
subject to a variety of interpretations as a term. Central to the concept, however, is
the interconnectedness of human, animal, and environmental health. This chapter
reviews the experience of a number of disease detection and control efforts that
have relevance to the One Health concept. These examples include rabies control,
lead poisoning surveillance, animals as sentinels of environmental health hazards,
parasitic disease control, and comparative clinical medicine research. The suc-
cesses and shortcomings of these efforts illustrate both the potential of the One
Health concept as well as the inherent challenges in its implementation. The chapter
describes how integrated risk assessment and integrated disease control and pre-
vention strategies involving human, animal, and environmental health components
are central to the success of the One Health approach. It also outlines ways to
overcome existing barriers to implementing such integrated strategies.

Keywords Animal sentinel « Comparative clinical medicine * Environmental
intervention * Integrated assessment

As the different chapters in this book illustrate, the concept of One Health encom-
passes a wide range of issues and is subject to a variety of interpretations as a term.
Central to the concept, however, is the interconnectedness of human, animal, and
environmental health. This chapter reviews the experience of a number of projects,
including rabies control, lead poisoning surveillance, parasitic disease control, and
comparative medicine research, illustrating both the potential of the One Health
concept as well as the inherent challenges in its implementation.

In judging the success or failure of “One Health” efforts, it is useful to have a
working definition of what constitutes a successful One Health approach to a
particular problem. For the purposes of this discussion, we have focused on
particular disease prediction or control efforts that simultaneously considered the

A working definition of One Health: a transdisciplinary approach involving human, animal, and
environmental health aspects.
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spheres of human, animal, and environmental health. In particular, we propose that
One Health involves integrated assessment of human, animal, and environmental
health aspects of a disease problem, as well as integrated interventions across these
spheres to prevent or manage such diseases.

12.1 Rabies Prediction and Control: A One Health Success
and Challenge

Rabies is a classic zoonosis transmitted by the bites of domestic and wild animals
and remains almost uniformly fatal to humans. While the disease has been a focus
of veterinary and human public health efforts for centuries, it continues to cause
thousands of human deaths yearly, mostly in developing countries, is resurgent in a
number of regions, and would therefore seem to be a prime candidate for the
attention of a One Health approach. Modern management techniques include
effective vaccines for humans and animals, and in many countries there is ongoing
and effective communication between animal health and human health profes-
sionals regarding rabies detection and prevention. Yet attempts to control the spread
of rabies epizootics in wildlife by incorporating an environmental or ecosystem
aspect such as ecological manipulation have largely been unsuccessful. Rabies
control therefore illustrates some of the challenges to implementing One Health
concepts.

The bullet-shaped, single stranded RNA rabies virus is spread typically via the
bite of an infected animal to its next host. Non-bite transmission mechanisms such
as inhalation of aerosols or organ and corneal transplantation are rarely reported
(Constantine 1962; Winkler et al. 1973; Wohlsein et al. 2011). The neurotropic
virus replicates in its new host at the entry point and quickly works centripetally
through the nervous system. Once established in the central nervous system (CNS),
the resulting encephalitis is responsible for the characteristic furor and rage seen
among “mad” animals. This occurs concomitantly with further replication and viral
shedding in the host’s saliva, thus promoting viral transmission into subsequent
hosts. However, the virus itself is fragile and short-lived outside a host. Indeed,
washing a bite wound thoroughly to flush out the virus may aid in preventing
infection.

The incubation period from infection to clinical signs varies, depending on how
close the site of infection is to the CNS. From days to months following infection,
the resulting disease is progressive from malaise, fever, headache, agitation, paral-
ysis, and finally coma and death. People rarely survive rabies once they exhibit
clinical signs; there are rare documented/reported exceptions including an
unvaccinated Wisconsin girl who underwent extreme medical measures to survive
(Porras et al. 1976; Willoughby et al. 2005; Health News 2011).

Rabies virus is found on all continents with the exception of Antarctica. While
the virus can infect all mammals, different strains have been identified by mono-
clonal antibody analysis among certain (typically mesocarnivore and bat) species
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with “spillover” occurring when these reservoir hosts infect other mammals,
including humans. Principal reservoir hosts vary worldwide from dogs in Latin
America, Africa and Asia to wild mesocarnivores (especially raccoons, foxes,
coyotes and skunks) and bats in the Americas and Europe (insectivorous species
in North America and Europe and hematophagous species in South America). The
Brazilian marmoset is the sole primate identified with a unique viral variant
associated with human rabies cases (Favoretto et al. 2013).

12.1.1 History of Rabies Control

Louis Pasteur began the field of immunology by working on two zoonotic diseases:
fowl cholera and bovine anthrax. In 1885, he developed the first vaccine against
rabies, basing his work on that of Dr. Pierre-Victor Galtier, a veterinarian and
professor at the Veterinary School of Lyon, France (Jackson 2013). Two years later,
he established the interdisciplinary Pasteur Institute for the purpose of furthering
translational research. Today, prophylactic vaccination among high-risk individ-
uals, including animals, provides protection. In addition, post exposure prophylaxis
(PEP), involving vaccine and rabies immune globulin (RIG) are critical to
preventing rabies (http://www.cdc.gov/rabies/resources/acip_recommendations.
html. Accessed July 2013; http://www.who.int/rabies/human/postexp/en/.
Accessed July 2013). In the United States, public health veterinarians frequently
provide consultation to human health clinicians regarding rabies management.

In North America and Europe, the public health approach to controlling rabies
includes vaccinating dogs and controlling strays. The resulting reduction of the dog
strain of rabies combined with PEP has led to human rabies becoming relatively
rare in developed countries. In the USA, dog strains of rabies have been declared
eradicated (Velasco-Villa et al. 2008).

Distributed into the environment, oral rabies vaccine (ORV) in baits targeted
toward foxes, coyotes and raccoons has been a rabies control strategy used with
some success in Europe, Texas and eastern North America, respectively (http://
www.aphis.usda.gov/wildlife_damage/oral_rabies/. Accessed July 2013). Indeed,
ORYV development and distribution has been a fruitful partnership between wildlife
biologists and public health professionals. ORV has also been used as a strategy to
immunize dogs in developing countries.

NOTE: As another example of interdisciplinary cooperation between
human, animal, and environmental health professionals, state wildlife health
officials in Kentucky were recently facing budget limitations in their effort to
track and control white nose syndrome, an emerging fungal disease of bats.
Surveillance for white nose syndrome is labor intensive and expensive. The

(continued)
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(continued)

National Park Service proposed a plan to make use of ongoing surveillance
for rabies in bats to test the animals simultaneously for white nose syndrome.
This successful pooling of resources provided cost-effective benefits for
human and domestic animal health as well as wildlife disease control (Griggs
et al. 2012).

12.1.2 One Health Challenges for Rabies Control

Over 50,000 human deaths, particularly in children bitten by rabid dogs, are
estimated to occur in Asia and Africa, each year, demonstrating that, global rabies
prevention and control remains an urgent challenge (http://www.who.int/
mediacentre/factsheets/fs099/en/index.html. Accessed July 2013). Further, rabies
spillover from domestic dogs to wildlife populations results in additional stresses to
threatened and endangered species such as the Ethiopian wolf and the African wild
dog (Randall et al. 2004). In some developing countries, dog control efforts are
often underfunded or met with resistance (http://www.who.int/vaccine_research/
diseases/zoonotic/en/index4.html. Accessed July 2013).

In North America and Europe, the shift from rabies in domestic to wild animals
presents new challenges for disease control. Recent human cases in the United
States are attributed most frequently to bat strain rabies with occult exposure (http://
www.cdc.gov/rabies/bats/education/. Accessed March 2014). There are currently
no oral rabies vaccines available for bats, and as with other reservoir species,
widespread depopulation of bats is impractical, unethical and contraindicated
ecologically due to their dual role in reducing noxious insect populations and
pollinating fruit trees (Rupprecht et al. 1995). Rabies ecology is also influenced
by human development encroaching into wildlife habitat or creation of “wildlife
islands” which can concentrate susceptible animals.

12.1.3 Going Forward

International efforts to improve rabies control in developing countries have advo-
cated for a One Health approach involving multiple sectors. Presently, these efforts
are focusing on the domestic dog reservoir because that is the most direct threat to
human health, and current canine vaccination levels are low in many countries
(Lembo and Partners for Rabies Prevention 2012). While disease modeling sug-
gests that focusing on domestic dogs could be effective for control at country level,
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even in countries where wildlife canines are abundant, there is the possibility that
wildlife rabies reservoirs will become more important as the domestic dog reservoir
is controlled, as has happened in developed countries (Fitzpatrick et al. 2012).
Because rabies virus persists in diverse ecologic communities, the One Health
approach must be enhanced in the future to pursue further understanding of
enzootic maintenance mechanisms, in essence incorporating more consideration
of environmental health and ecological systems into an integrated One Health
assessment framework. This necessitates the partnership of multiple disciplines
including wildlife biologists to provide rabies control programs that are efficacious,
cost effective, publicly supported, and have negligible negative impacts on humans,
animals, and the environment.

12.2 Animal Sentinels for Lead and Other Hazards

A promising application of One Health principles is the prediction of infectious and
non-infectious disease events and risk in the environment. These prediction efforts
are based on the concept that one species may serve as a “sentinel” for another
species, just as the “canary in the coal mine” was used to warn miners of the
presence of dangerous gases (Rabinowitz 2009). While non-human animals can
serve as “sentinels” for human health threats in the environment, in some circum-
stances humans themselves may be the sentinels for such shared environmental
health risks.

The usefulness of the sentinel concept is exemplified by case reports of dogs
found to have lead toxicity, leading to the discovery that children sharing the same
household were found to have lead poisoning as well (Dowsett and Shannon 1994).
Similarly, cats and even cows have also been found to serve as sentinels for
environmental lead poisoning risk in humans (Bischoff et al. 2010).

Sentinel disease events can be incorporated into formal prediction systems in
order to provide more effective early warning. A study in California found that the
most effective combination of warning signals for West Nile virus infection risk to
humans involved environmental (climate) data as well as data on mosquitoes and
animal cases of disease (Kwan et al. 2012). Other examples of sentinel events for
human disease include:

» abundant wild pifion nut years in the Four Corners region of the USA predicting
deermice population explosions associated with hantavirus outbreaks in humans
(Mills et al. 1999),

» increased rainfall in East Africa predicting Rift Valley fever epizootics in
livestock and epidemics in humans (Linthicum et al. 1999),

¢ Monkey deaths in India predicting Kyasanur Forest disease (Pattnaik 2006), and

« Rat deaths (rat-fall) in India predicting plague (Dennis and Staples 2009).
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12.3 Schistosomiasis Prevention: Integrating human,
animal and environmental health

To date, a limited number of disease intervention and control efforts simultaneously
incorporated and documented the human, animal, and environmental health aspects
of the intervention. One project in China that took such approach was an effort to
prevent new cases of Schistosoma japonicum, a zoonotic form of Schistosomiasis
with a bovine reservoir. The traditional approach to controlling the disease in
humans was to treat human cases with anti-parasitic medication. Investigators
found, in a controlled intervention study, that when they simultaneously treated
humans and bovines (an animal reservoir for the disease), infection rates in both
humans and the environment (the rate of infection in freshwater snails) was much
lower than when only humans were treated (Gray et al. 2009). In a separate study,
they found even better results when they carried out environmental sanitation
measures including restricting cows from access to water bodies and installing
latrines on boats to prevent human fecal contamination of the same bodies of water
(Wang et al. 2009). While the authors of the study did not specifically label their
approach as “One Health”, it met the criteria described above for an integrated One
Health intervention.

One Health approaches in agriculture have also shown promise. One study found
that when humans and horses developed respiratory conditions related to the
presence of high levels of organic dusts in a barn, better ventilation of the barns
improved the air quality as well as the health of both species (Walinder et al. 2011).

12.4 Challenges to Implementing One Health

There are a number of reasons why One Health successes have been relatively
uncommon. These include professional segregation, difficulty engaging the human
health sector, separation of regulatory functions, reliance on traditional animal
disease models, funding priorities, and difficulty of incorporating environmental
health aspects of an assessment or intervention.

Professional segregation is the phenomenon of human, animal, and environmen-
tal health professionals receiving training in separate institutions, with often little or
no opportunity to interact with each other. Subsequently, in their professional lives,
these individuals find no routine way to communicate or collaborate. The recent
interest in One Health approaches may be breaking down such segregation among
the upcoming generation of professionals.

Another challenge for One Health has been its differential visibility in veterinary
medicine as compared to human medicine or environmental science. For example,
the Journal of the American Veterinary Medical Association regularly features One
Health, yet no medical or environmental health journals currently have an equiv-
alent forum for One Health topics (https://www.avma.org/KB/Resources/
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Reference/Pages/One-Health.aspx. Accessed 20 March 2014). Similarly, many
veterinary medical schools have One Health courses or programs, but such curric-
ula are currently absent from most medical schools and public health schools.
Possible reasons for the difficulty in engaging human health in the One Health
concept include lower levels of awareness and knowledge about zoonotic diseases
among human health care providers and the historical professional segregation
described above.

On the governmental level, there has been an historical separation of the
agencies responsible for human, animal, and environmental health. Departments
or ministries of agriculture traditionally deal with animal health and disease issues,
while departments or ministries of public health oversee human health, while
usually another separate department may handle environmental issues. In the US,
there have been up until recently few examples of different agencies working
together in a One Health model, although internationally, such models are being
explored (Kenya One Health national Plan 2013). Again, with the growing discus-
sion of One Health approaches at the international and national level, these tradi-
tional barriers between governmental agencies may be changing in the years
to come.

12.5 Comparative Clinical Medicine and One Health

An important component of One Health is its comparative medicine approach to
cross-species health and disease, noting the similarities and differences. Of course,
human medicine has long relied on animal models of disease. However, most
current comparative medicine research efforts involve laboratory animal models,
and there has been little exploration of comparative clinical and observational
approaches that could bring together human and animal health clinicians and
epidemiologists. One example would be exploring the different expression of
cancers in dog breeds to shed light on risk factors, both innate and environmental,
for cancers in humans. Another example would be asthma in cats, a disease
condition that closely resembles human asthma and could serve as a model for
how the lung responds to the environment. The One Health related “Zoobiquity”
initiative is an educational effort to bring human and animal clinicians together to
identify clinical overlaps between human and animal medicine which remain
largely unexplored but appear to hold great promise for providing new insights
into disease treatment and prevention across species (Natterson-Horowitz and
Bowers 2012). These efforts to move comparative medicine outside of the labora-
tory to consider naturally occurring diseases in multiple species could be termed
“Comparative Clinical Medicine”.

The lack of readily available funding or a dedicated funding agency for One
Health projects is another serious barrier to implementation. The National Institutes
of Health by law must prioritize human health above animal and environmental
health, and has not established funding mechanisms encouraging the type of
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interdisciplinary approach provided by One Health. On the clinical level, medical
insurance does not reimburse preventive visits to a veterinarian, even though such
visits may help prevent zoonotic disease transmission from a pet to an owner.

Human and animal medicine share many of the same pharmaceutical types of
interventions. One success has been the development of ivermectin, an antiparasitic
agent used widely in veterinary medicine, and more recently the same medicine has
been used in human medicine against lymphatic filariasis (Campbell 2012). Inter-
vening on the environmental level requires a different set of skills and perspectives.
For example, while both human and animal health professionals, including public
health professionals, learn in their training how to apply the tools of disease
epidemiology, they do not receive training in disease ecology and ecological
principles. It has been proposed that to effectively work at the human-animal-
ecosystem interface, there needs to be an appreciation of ecological concepts
such as population dynamics, community structure, and ecosystem aspects includ-
ing complexity, resilience, and geochemistry (Preston et al. 2013). Developing
practical, evidence-based applications of such environmental and ecological prin-
ciples will be a major challenge. Even when specific environmental interventions
can be proposed, they can be costly in the short run. For example, a published
analysis of a project controlling Tungiasis, a parasitic disease, acknowledged that
better environmental control of water runoff could produce the greatest benefit on
disease risk, but according to the authors would have the greatest short term costs
compared to the medical expense of treating symptomatic patients (Pilger
et al. 2008).

12.6 Future Needs

Despite the barriers listed above, there is a critical need for One Health approaches
to a number of pressing problems. To develop such approaches, interdisciplinary
cooperation along the lines described above will be essential.

As the world’s human population increases, there has been a parallel rapid
growth in the global population of food animals. There is also a trend toward
intensification of animal production, with greater number of animals housed in
production facilities. The intensification and crowding of food animals creates
potential for amplification of disease outbreaks, evolution and emergence of zoo-
notic pathogens, occupational risks to workers, and risks for environmental con-
tamination by animal waste and other facility emissions. There is a need to develop
One Health models for food animal production that simultaneously maximizes the
health of the involved humans (workers and consumers of food), the animals, and
the local environment and minimizes the risks (Sarkar et al. 2012). Such models
need to be applied both in small scale farming, where biosecurity is low, as well as
large scale intensive animal agriculture, where biosecurity may be higher, but the
scale of production amplifies some of the disease and environmental risks, as well
as issues of animal welfare.
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Another challenge is to define a One Health approach to the keeping of com-
panion animals. There is growing evidence of the importance and possible health
benefits of the human animal bond. In general, the positive aspects of pet ownership
are believed to outweigh the risks of zoonotic diseases or other animal-associated
health issues, even for immunocompromised individuals. However, increasingly
urbanized lifestyles and the frequent presence in a home of an immunocompro-
mised individual pose special challenges for pet ownership, as does the widespread
ownership of exotic and wild pets. Keeping parks and beaches free of fecal
contamination is an important environmental responsibility of pet ownership.
Veterinarians and human health care providers, as well as environmental health
specialists, need to collaborate to help define healthy models of living with com-
panion animals.

Clinicians have an important role to play in One Health efforts. Sentinel cases of
disease in humans or animals can indicate a risk in the environment that is shared
and relevant for both humans and animals in the household. An example is when the
diagnosis of a dog with the rickettsial disease Rocky Mountain spotted fever
provides evidence of the presence of infected ticks in the environment and potential
risk to humans. Clinical communication between veterinarians and human health
care providers can also help with the early detection and prevention of zoonotic
disease transmission. Lessons learned from diagnosing and treating one species,
including the recognition of particular susceptibilities to environmental stressors,
can be used to improve the health care of other species. Challenges to such
communication include the professional segregation and financial obstacles men-
tioned above. There is therefore a need to define pathways and procedures for
routine clinical collaboration between human health care providers and
veterinarians.

There have been relatively few published examples of disease prevention and
control interventions that effectively integrate human, animal, and environmental
health. The examples cited in this chapter should serve as a basis for larger
controlled interventions for a number of diseases shared between animals and
humans. While One Health is a promising model, there is a need to develop the
evidence base to support its integrated approach to disease prevention and control.
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