EMERGING &
INFECTIOUS DISEASES

A Peer-Reviewed Journal Tracking and Analyzing Disease Trends Vol.11, No.12, December 2005

-4"’!, . A
i
o

B OQEBIic Diseases s




A Peer-Reviewed Journal Tracking and Analyzing Disease Trends

EMERGING

pages 1813-1994

INFECTIOUS DISEASES

EDITOR-IN-CHIEF
D. Peter Drotman

EDITORIAL STAFF

Founding Editor

Joseph E. McDade, Rome, Georgia, USA
Managing Senior Editor

Polyxeni Potter, Atlanta, Georgia, USA
Associate Editors

Charles Ben Beard, Ft. Collins, Colorado, USA
David Bell, Atlanta, Georgia, USA

Charles H. Calisher, Ft. Collins, Colorado, USA
Patrice Courvalin, Paris, France

Stephanie James, Bethesda, Maryland, USA
Takeshi Kurata, Tokyo, Japan

Brian W.J. Mahy, Atlanta, Georgia, USA
Martin I. Meltzer, Atlanta, Georgia, USA
David Morens, Bethesda, Maryland, USA

J. Glenn Morris, Baltimore, Maryland, USA
Tanja Popovic, Atlanta, Georgia, USA

Patricia M. Quinlisk, Des Moines, lowa, USA
Gabriel Rabinovich, Buenos Aires, Argentina
Didier Raoult, Marseilles, France

Pierre Rollin, Atlanta, Georgia, USA

David Walker, Galveston, Texas, USA

J. Todd Weber, Atlanta, Georgia, USA

Henrik C. Wegener, Copenhagen, Denmark
Copy Editors

Angie Frey, Thomas Gryczan, Ronnie Henry,
Anne Mather, Carol Snarey

Production

Reginald Tucker, Ann Jordan, Maureen Marshall
Editorial Assistant

Carolyn Collins

www.cdc.gov/eid

Emerging Infectious Diseases

Emerging Infectious Diseases is published monthly by the
National Center for Infectious Diseases, Centers for Disease
Control and Prevention, 1600 Clifton Road, Mailstop D61,
Atlanta, GA 30333, USA. Telephone 404-371-5329,
fax 404-371-5449, email eideditor@cdc.gov.

The opinions expressed by authors contributing to this journal
do not necessarily reflect the opinions of the Centers for Disease
Control and Prevention or the institutions with which the authors
are affiliated.

All material published in Emerging Infectious Diseases is in
the public domain and may be used and reprinted without special
permission; proper citation, however, is required.

Use of trade names is for identification only and does not
imply endorsement by the Public Health Service or by the U.S.
Department of Health and Human Services.

oo Emerging Infectious Diseases is printed on acid-free paper that meets
the requirements of ANSI/NISO 239.48-1992 (Permanence of Paper)

EDITORIAL BOARD

Dennis Alexander, Addlestone Surrey, United Kingdom
Ban Allos, Nashville, Tennessee, USA

Michael Apicella, lowa City, lowa, USA

Barry J. Beaty, Ft. Collins, Colorado, USA
Martin J. Blaser, New York, New York, USA
David Brandling-Bennet, Washington, D.C., USA
Donald S. Burke, Baltimore, Maryland, USA
Jay C. Butler, Anchorage, Alaska

Arturo Casadevall, New York, New York, USA
Kenneth C. Castro, Atlanta, Georgia, USA
Thomas Cleary, Houston, Texas, USA

Anne DeGroot, Providence, Rhode Island, USA
Vincent Deubel, Shanghai, China

Ed Eitzen, Washington, D.C., USA

Duane J. Gubler, Honolulu, Hawaii, USA
Richard L. Guerrant, Charlottesville, Virginia, USA
Scott Halstead, Arlington, Virginia, USA

David L. Heymann, Geneva, Switzerland

Sakae Inouye, Tokyo, Japan

Charles King, Cleveland, Ohio, USA

Keith Klugman, Atlanta, Georgia, USA

S.K. Lam, Kuala Lumpur, Malaysia

Bruce R. Levin, Atlanta, Georgia, USA

Myron Levine, Baltimore, Maryland, USA
Stuart Levy, Boston, Massachusetts, USA

John S. MacKenzie, Perth, Australia

Tom Marrie, Edmonton, Alberta, Canada

John E. McGowan, Jr., Atlanta, Georgia, USA
Philip P. Mortimer, London, United Kingdom
Fred A. Murphy, Davis, California, USA
Barbara E. Murray, Houston, Texas, USA

P. Keith Murray, Ames, lowa, USA

Stephen Ostroff, Honolulu, Hawaii, USA
Rosanna W. Peeling, Geneva, Switzerland
David H. Persing, Seattle, Washington, USA
Gianfranco Pezzino, Topeka, Kansas, USA
Richard Platt, Boston, Massachusetts, USA
Jocelyn A. Rankin, Atlanta, Georgia, USA
Mario Raviglione, Geneva, Switzerland

Leslie Real, Atlanta, Georgia, USA

David Relman, Palo Alto, California, USA
Nancy Rosenstein, Atlanta, Georgia, USA
Connie Schmaljohn, Frederick, Maryland, USA
Tom Schwan, Hamilton, Montana, USA

Ira Schwartz, Valhalla, New York, USA

Tom Shinnick, Atlanta, Georgia, USA

Patricia Simone, Atlanta, Georgia, USA

Bonnie Smoak, Bethesda, Maryland, USA
Rosemary Soave, New York, New York, USA
P. Frederick Sparling, Chapel Hill, North Carolina, USA
Jan Svoboda, Prague, Czech Republic

Bala Swaminathan, Atlanta, Georgia, USA
Robert Swanepoel, Johannesburg, South Africa
Phillip Tarr, St. Louis, Missouri, USA

Timothy Tucker, Cape Town, South Africa
Elaine Tuomanen, Memphis, Tennessee, USA
John Ward, Atlanta, Georgia, USA

David Warnock, Atlanta, Georgia, USA

Mary E. Wilson, Cambridge, Massachusetts, USA

Emerging Infectious Diseases « www.cdc.gov/eid ¢ Vol. 11, No. 12, December 2005



EMERGING

INFECTIOUS DISEASES

A Peer-Reviewed Journal Tracking and Analyzing Disease Trends Vol. 11, No. 12, December 2005

Introduction

Role of Multisectoral
Partnerships . ........... ... ... .... 1813
N. Marano et al.

Perspectives

Framework for Classifying

Disease Threats ................... 1815
A. Fenton and A.B. Pedersen

Ecologic and evolutionary features of multihost
pathogens determine the likelihood of emerging
infectious diseases.

Bushmeat Hunting,

Deforestation, and Zoonoses . ....... 1822 . 1829 S

N.D. Wolfe et al.
Integrating virology, ecology, and other disciplines
enhances prediction of new emerging zoonoses.

Human Granulocytic

Anaplasmosis .................... 1828
J.S. Dumler et al.

The unique niche of Anaplasma phagocytophilum,
the neutrophil, has implications for pathogenetic
mechanisms.

L]
Synopsis
Francisella tularensis
in the United States ................ 1835
J. Farlow et al.
Subpopulations A.l and A.Il. of Francisella tularensis
subsp. tularensis are associated with unigque biotic
and abiotic factors that maintain disease foci.

On the Cover

Jan Brueghel the Elder (1568-1625).
The Entry of the Animals

into Noah's Ark (1613)

Oil on panel (54.6 cm x 83.8 cm).

The J. Paul Getty Museum, Los Angeles,
California, USA (92.P8.82).

Courtesy of the J. Paul Getty Museum

About the Cover p. 1991

Research

Host Range and Emerging

and Reemerging Pathogens ......... 1842
M.E.J. Woolhouse et al.

Human pathogens are associated with a broad
range of nonhuman hosts.

Person-to-Person Transmission

of Andes Hantavirus ............... 1848
V.A. Martinez et al.

Two lineages are implicated in person-to-person
transmission.

European Bat Lyssaviruses,

the Netherlands ................... 1854
W.H.M van der Poel et al.

Genotype 5 lyssaviruses are endemic in the
Netherlands and can cause fatal infections in
humans.

SARS-CoV Infection in a

Restaurant from Palm Civet ......... 1860
M. Wang et al.

Contact with food animals was associated with
SARS-CoV infection in the People’s Republic of
China.

Echinococcosis in

Tibetan Populations ............... 1866
L. Tiaoying et al.

This area has the highest prevalences of both forms
of this disease in the world.

Porcine and Human Noroviruses ....1874
Q.-H. Wang et al.

Pigs may be reservoirs for human noroviruses, and
porcine/human genogroup Il recombinants could
emerge.

Viral Load Distribution

in SARS Outbreak ................. 1882
C.M. Chu et al.

Airborne transmission may have resulted in an
outbreak of SARS in Hong Kong.

Foot-and-Mouth Disease

Virus Serotype O .................. 1887
N.J. Knowles et al.

The PanAsia strain is spreading explosively in Asia
and extending to parts of Africa and Europe.



Bartonella henselae in

Porpoise Blood ................... 1894
R.G. Maggie et al.

Bacterial DNA in porpoises suggests an emerging
infectious disease in marine mammals.

Salmonella Typhimurium,

Minnesota, 1997-2003 . ............. 1899
S.D. Wedel et al.

Food animals are likely the primary reservoir of
resistant S. Typhimurium.

Postepizootic Persistence of Venezuelan
Equine Encephalitis Virus .......... 1907
J.-C. Navarro et al.

Etiologic subtype IC virus persists, 5 years after the
apparent end of the major 1995 epidemic.

Intergenogroup Recombination

iN Sapoviruses .................... 1916
G.S. Hansman

Recombination event occurred between 2 different
human sapovirus genogroups.

Rabies Postexposure

Prophylaxis, New York ............. 1921
J.D. Blanton et al.

Bats are now the leading source of rabies post-
exposure prophylaxis.

Another Dimension
The Enigma We Answer by Living . ...1927
A.H. Deming

Dispatches

1928 Hunters Exposed to Simian
Immunodeficiency Virus
M.L. Kalish et al.

1931 Bartonella quintana from
Cynomolgus Monkey
L.G. O’Rourke et al.

1935 Passatempo Virus in Brazil
J. Leite et al.

1939  Anthrax in Eastern Turkey
Z. Ozkurt et al.

1942 Methicillin-resistant Staphylococci
in Companion Animals
K.E. Baptiste et al.

1945 Phocine Distemper Outhreak, the
Netherlands, 2002
J.M. Rijks et al.

1949 Bat Nipah Virus, Thailand
S. Wacharapluesadee et al.

1952  Cat-transmitted Sporotrichosis
A. Schubach et al.

1955  Hemolytic Uremic Syndrome Risk
and E. coli O157:H7
B. Tserenpuntsag et al.

EMERGING
INFECTIOUS DISEASES

A Peer-Reviewed Journal Tracking and Analyzing Disease Trends ~ Vol. 11, No. 12, December 2005

1958  Hepatitis E Virus Transmission
from Wild Boar Meat
T.-C. Lietal.

1961 Human Rickettsia felis
Infection, Canary Islands
J.-L. Pérez-Arellano et al.

1965 MRSA in Pig Farming
A. Voss et al.

1967  Salmonella and Campylobacter

spp. in Seals
R.A. Stoddard et al.

1970 Dogs and Rabies Transmission

in China
X. Tang et al.

Letters

1973 Echinococcus multilocularis in
Estonia

1974 Influenza Virus Infections in
Racing Greyhounds

1976  Syngamoniasis in Tourist

1977 Human Angiostrongylus
cantonensis, Jamaica

1978 Nipah Virus Strain Variation
(Replies)

1979 Trichinellosis Outbreak

1981  Ciguatera Fish Poisoning,
Canary Islands

1983 Human Rabies in China

1984 Resistant S. Virchow in
Quail Products

1985  Vancomycin-resistant
Enterococcus faecium Clone

1987 Rabies Vaccine Baits,
Pennsylvania

1989  Salmonella Veterinary Clinic
Outbreak

Book Review

1990 Behind the Mask
M. Massoudi

News & Notes

About the Cover
1991 Painting from Life Nature’s
Unpredictable Menagerie



Role of Multisector
Partnerships in Controlling
Emerging Zoonotic Diseases

Nina Marano,* Paul Arguin,* Marguerite Pappaioanou,t and Lonnie King*}

his issue marks the second time that an issue of

Emerging Infectious Diseases has been devoted to
zoonotic diseases; the first zoonoses issue was published 1
year ago, in December 2004. The publication of this sec-
ond theme issue attests to the frequency, visibility, and
attention that these diseases are receiving. A year ago, we
commented on several prevailing factors worldwide that
facilitate the emergence of zoonotic infectious diseases,
among them a growing human population, increased inter-
action between species, global climate changes, and rapid
movement of people and animals (1). These factors contin-
ue to exert their influence, and we continue to see a pletho-
ra of emerging zoonotic infectious diseases.

In their book Beasts of the Earth: Animals, Humans,
and Disease, Torrey and Yolken point out that domestic
and international public health and animal health agencies
have a long history of poor coordination and little effort to
bridge the gulf between these 2 professional worlds (2).
The authors suggest that we must learn to cooperate if we
are to effectively combat emerging microbial threats. In
the past year, improved cooperation has been evident. We
have observed early detection and response to several
important zoonotic diseases threatening the public’s
health. These responses were made possible by several
strategic partnerships across human and animal health sec-
tors—partnerships that have been long in the making.

As this issue goes to press, the year has been bracketed
by several major natural disasters in 2 hemispheres—the
tsunami in Southeast Asia, hurricanes in North America,
and the earthquake in Pakistan and India. These events
underscore the fragility of our society and the importance
of working in partnerships to effectively protect and pro-
mote the health of all persons in challenging times. In the
United States, understanding the potential threat for
zoonotic disease outbreaks in natural disaster settings,
local and state agencies and the Centers for Disease
Control and Prevention (CDC) have worked in partnership

*Centers for Disease Control and Prevention, Atlanta, Georgia,
USA,; tUniversity of Minnesota, Minneapolis, Minnesota, USA; and
FMichigan State University, East Lansing, Michigan, USA
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with nongovernmental and other federal agencies to aug-
ment surveillance systems to allow for early detection and
response to potential rodent- and insect-borne infectious
disease threats (3).

In between these events, the world detected and
responded to a range of emerging microbial threats from
all corners of the animal kingdom, including wildlife, cap-
tive wildlife in zoos, domestic poultry and livestock, and
pet animals (4). Recurring reports have shown that HSN1
avian influenza in Southeast Asia is moving into eastern
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INTRODUCTION

Europe, and scientists are concerned that this virus could
rapidly move across geographic regions through poultry,
animal husbandry, and wild bird migration (5,6).
Outbreaks of Escherichia coli have been detected in pet-
ting zoos (7). Lymphocytic choriomeningitis and West
Nile virus have been transmitted through organ transplan-
tation, and outbreaks of Salmonella spp. have been traced
back to pet rodents (8-10). The world also witnessed the
remarkable survival of a young woman with rabies in
Wisconsin (11).

The articles in this special themed issue reflect emer-
gence and reemergence of a wide array of known zoonotic
pathogens, including lyssavirus, hantavirus, Rift Valley
fever, methicillin-resistant Staphylococcus aureus,
Echinococcus spp., norovirus, Nipah virus, and Bartonella
spp., as well as pathogens for which the potential for
spread to humans is yet unknown, such as canine influen-
za virus and phocine distemper virus (12-14).

How should we respond to these emerging disease chal-
lenges? This year has brought about renewed, and at times
unprecedented, collaborations and partnerships to confront
these health challenges. Wildlife, animal agriculture, and
public health agencies worked together, often for the first
time. They developed surveillance plans for monitoring
wild birds for highly pathogenic avian influenza (HPAI),
provided guidance for safely handling wild birds during
these monitoring efforts, and created a comprehensive plan
to combat avian flu in Southeast Asia. Such partnerships
also facilitated collection of human and wild bird speci-
mens for HPAI H5N1 surveillance in Southeast Asia, use
of a survey instrument to evaluate state animal
health-human health communication and coordination,
and collaborations with industry for recommendations for
safely handling pet rodents (15, N. Marano, unpub. data).

However, we need to respond further by calling for
more multidisciplinary, integrated research that identifies
the causes and factors leading to the emergence of zoonot-
ic diseases and explores how to effectively prevent and
control them (16). Avian influenza, in particular, has
shown the importance of this research, as the results are
vital to the health of both human and animal populations.

In 2006 we look forward to strengthening and nurturing
essential collaborations between organization to improve
human and animal health. One step will be the
International Symposium on Emerging Zoonoses, organ-
ized by the World Animal Health Organization and CDC,
to be held in Atlanta in March 2006.

This past year we have begun to come together. Let us
do everything we can to continue in this direction, and the
reward will be success in protecting and promoting human
and animal health through effectively confronting zoonot-
ic infectious diseases. This theme issue is an important
component in this process.
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Community Epidemiology
Framework for Classifying
Disease Threats

Andy Fenton* and Amy B. Pedersent

Recent evidence suggests that most parasites can
infect multiple host species and that these are primarily
responsible for emerging infectious disease outbreaks in
humans and wildlife. However, the ecologic and evolution-
ary factors that constrain or facilitate such emergences are
poorly understood. We propose a conceptual framework
based on the pathogen’s between- and within-species
transmission rates to describe possible configurations of a
multihost-pathogen community that may lead to disease
emergence. We establish 3 dynamic thresholds separating
4 classes of disease outcomes, spillover, apparent multi-
host, true multihost, and potential emerging infectious dis-
ease; describe possible disease emergence scenarios;
outline the population dynamics of each case; and clarify
existing terminology. We highlight the utility of this frame-
work with examples of disease threats in human and
wildlife populations, showing how it allows us to understand
which ecologic factors affect disease emergence and pre-
dict the impact of host shifts in a range of disease systems.

M odels of host-pathogen dynamics have typically
assumed a single-host population infected by a sin-
gle pathogen. However, most pathogens can infect several
host species; >60% of human pathogens, >68% of wild
primate parasites, and >90% of domesticated animal
pathogens infect multiple host species (1-3). An interest in
multihost pathogens is particularly timely, given that many
of the most threatening current pathogens (e.g., HIV, West
Nile virus, influenza virus, Ebola virus) are believed to
have crossed species barriers to infect humans, domesticat-
ed animals, or wildlife populations (1,3-8). However, we
do not know the host and pathogen characteristics that
determine such host shifts and the likely characteristics of
future emerging infectious diseases. To address this issue,
2 theoretical approaches have been adopted. The first,

*Institute of Zoology, London, United Kingdom; and fUniversity of
Virginia, Charlottesville, Virginia, USA
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using dynamic models, focuses on the host’s perspective
and ascertains how a shared pathogen affects the dynamics
of 2 host populations (9-12). The second approach takes
the pathogen’s point of view and considers how combined
host densities affect pathogen persistence within the com-
munity (13-15). However, as the number of studies grows,
so does the terminology. Terms such as multihost
pathogens, dead-end hosts, reservoir hosts, host shifts, and
spillovers are frequently used, but often different phrases
are used to describe the same phenomenon, and possibly
more concerning, the same terminology may be used to
describe strictly different phenomena.

This lack of consolidation makes it unclear how these
different approaches relate in terms of understanding the
mechanisms driving disease emergence. A need exists for
a single, comprehensive framework that characterizes dis-
ease outcomes bhased on biologically meaningful process-
es. Recently, attempts have been made to reconcile these
concepts, mainly by highlighting the role of reservoir hosts
(13,16). Haydon et al. (13) proposed a conceptual model
that assumed a target host species was exposed to a
pathogen endemic in a second host species (or species
complex). The outcome of infection then depended on the
sizes of the populations and whether they were able to
maintain the pathogen alone. This approach expanded the
naive view that reservoirs are nonpathogenic, single-
species populations and encompassed the complexity of
pathogen-host communities observed in nature. However,
focusing just on host density ignores many key features of
emerging diseases. The likelihood of disease emergence
will depend on highly dynamic processes determined by
both between- and within-species transmission rates.
Therefore, ecologic forces acting on both hosts and
pathogens will influence the contact structure of the com-
munity and affect the likelihood and persistence of an
emerging infectious disease in a new host.
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PERSPECTIVE

We propose a conceptual framework to describe the
configurations of a host-pathogen community that may lead
to disease emergence in a target host. We develop our
framework from a simple 2-host 1-pathogen model and
establish thresholds for pathogen and host persistence
based on the between- and within-species net transmission
rates. We then consider what ecologic factors determine the
location of various host-pathogen systems within the
framework. Finally, we use a stochastic model to consider
what characteristics of the hosts and pathogen define the
dynamics and likelihood of an emerging infectious disease.

Conceptual Framework of an Emerging
Infectious Disease

We start by considering the assembly of a 2-host com-
munity infected by a single pathogen (15,17,18) where the
pathogen is endemic within host population H, such that
individuals of H, are either susceptible (S,) or infected (l,).
We then assume a second target host population (H,) enters
the community and can become infected by the pathogen
(Figure 1A). Since the pathogen is well established in H,,
we assume S, and |, are unchanged by H,; thus, our model
most closely resembles the asymmetric model of Dobson
(15). In the terminology of Haydon et al. (12), H, is a
maintenance host species (or species complex) with the
potential to be a disease reservoir for H,. H, may or may
not be a maintenance host (see below). The model is

ds H

ditz = er(l_?z) —( fzz + flz)

&: f,,+ f,—dl,

dt (model 1)

where r is the reproductive rate, K the carrying capacity,
and d the death rate of the infected hosts. The composite
functions f,, and f,, describe the net within-species (H, to
H,) and between-species (H, to H,) transmission rates,
respectively. We assume density-dependent transmission
and so these functions have the form f;; = B;; I; S,, where j3;
is the per capita transmission rate from species i to species
j. Therefore, for example, the net rate of transmission from
H, to H, (f,,) depends on the size of the susceptible target
population (S,), the size of the reservoir (1,), and the level
of exposure and susceptibility of H, (B,).

The target host population H, has 4 possible outcomes:
1) uninfected, 2) infected but unable to sustain the
pathogen, 3) infected and able to sustain the pathogen, or
4) infected and driven to extinction by the pathogen
(Figure 1). These 4 outcomes are separated by 3 thresholds
(Figure 1C): i) invasion threshold, ii) persistence thresh-
old, and iii) host extinction threshold. The first 2 thresh-
olds are analogous to established density-based thresholds
in epidemiology; the first allows ecologic invasion of a
pathogen, which subsequently dies out, and the second

1816
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Figure 1. Emerging infectious disease framework. A) Schematic
diagram of the multihost-pathogen community. B) Possible out-
comes for a novel host, H,, after an initial infection by a pathogen
endemic in an existing host, H;, where (1) the pathogen is unable
to invade H,, (2) the pathogen invades but cannot be sustained
within H,, (3) the pathogen invades and persists in H,, and (4) the
pathogen invades and drives H, to extinction. C) Three thresholds
separating the 4 possible outcomes: (i) the invasion threshold, (ii)
the persistence threshold, and (iii) the host extinction threshold.

allows persistence of the pathogen (19). Here we combine
these density effects with the per capita rates of infection
to express these thresholds in terms of the magnitude of the
net between- and within-species transmission rates (f,, and
f,,, respectively).

Community-Epidemiology Continuum

Infection of H, by H, and transmission within H, are 2
separate processes determined by f;, and f,,. Different
combinations of these parameters lead to the different out-
comes described above, and all possible scenarios can be
placed within a 2-dimensional continuum (Figure 2), with
f;, on one axis (i.e., can H, get infected from H,?) and f,,
on the other (i.e., can H, sustain infection?). We can then
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divide the f,,— f,, parameter space into regions of different
disease outcomes.

Case 1: Spillover

In this case, the within-H, transmission rate is too low
to sustain the pathogen (f,, — 0). The between-species
transmission from H, is also low (f,, — 0). Thus, although
infections of H, do occasionally occur, they are transient.
This represents the case in which the pathogen is special-
ized to the endemic host and there is either very low expo-
sure to H, (an ecologic constraint, such as parasite
transmission mode) or H, is resistant to infection (a phys-
iologic constraint). We recommend the term spillover to
describe this form of cross-species infection. Previously,
spillover has been used to describe a wide range of
dynamics (20), but we recommend limiting its use to tran-
sient infections in a target host because of transmission
from a reservoir host that is not self-sustaining in the tar-
get population.

The recent outbreak of West Nile encephalitis in the
United States is such a spillover: the virus moved from
bird populations (H,) to infect humans (H,), which are
unable to transmit the pathogen (B,, = 0) (21).
Nevertheless, spillovers still represent a serious health
concern; increases in the reservoir population may lead to
dramatic increases in disease prevalence in the target host.

Case 2: Apparent Multihost Pathogen

In this case, the within-species transmission rate for the
target host is low, but the between-species transmission
rate exceeds the invasion threshold, resulting in persistent
infections in H,. This case represents apparent multihost
dynamics that differ from spillover dynamics in that the
disease is nontransient in H,, but the pathogen is sustained
because of frequent between-species transmission from the
disease-endemic host. Apparent multihost dynamics exist
because the potentially high prevalence in the target host
would give the appearance of a true multihost pathogen,
but the lack of within-species transmission means the dis-
ease cannot be maintained in the absence of H,. We recom-
mend the term reservoir to describe H, in both cases 1 and
2, in which the pathogen is permanently maintained in H,
and without between-species transmission (B,,), the dis-
ease would not persist in the target host.

An example of an apparent multihost pathogen is rabies
in side-striped jackals (H,) in Africa. Until a recent analy-
sis (22), rabies was considered sustainable in the jackal
population (H,), but detailed monitoring showed that
rabies is not self-sustaining because of the density of the
low susceptible jackal population (S,), and epidemics are
frequently seeded from the domestic dog reservoir (high
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Figure 2. Community-epidemiology continuum, determined by the
net between-H, and -H, transmission rate (f;,) and the net within-
H, transmission rate (f,,). EID, emerging infectious disease.

Case 3: True Multihost Pathogen

In this case, both the within- and between-species trans-
mission rates are high. Thus, since the pathogen can inde-
pendently persist in either host population in the absence
of the other, following Haydon et al (13), both are consid-
ered maintenance hosts. This case represents a true multi-
host pathogen with substantial within- and between-
species transmission. One example is brucellosis infec-
tions around Yellowstone National Park, where the
pathogen can be endemically maintained in cattle, bison,
and elk populations (23).

Case 4: Potential Emerging Infectious Disease

In this case, the within-H, transmission rate is high, but
the between-species transmission rate is very low (f;, —
0). Thus, the pathogen can persist in the target host (H,),
but the net rate of between-species transmission is so low
that H, is rarely exposed to the disease. This case might
occur when a disease is transmitted through close contact
and thus has little chance of transmission between species.
Similarly, the barrier to infection could be an ecologic fac-
tor, such as geographic isolation, which may be overcome
by an anthropogenic change such as the introduction of
exotic or invasive species. Thus, this case represents a
potential emerging infectious disease in which the
pathogen will become self-sustaining in H, once the initial
barrier to infection has been crossed. This case may be the
region of greatest future concern since a single transmis-
sion event can have devastating consequences because of
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the high rate of within-species transmission in the target
host.

Recent examples of potential emerging infectious dis-
eases that were realized include the emergence of HIV-1
and HIV-2 in human populations, in which the close-con-
tact nature of the infection process prevented transmission
of simian immunodeficiency virus (SIV) from primates to
humans (6,24). Another example is severe acute respirato-
ry syndrome—associated coronavirus in humans, in which
the primary transmission event is believed to be the result
of close human contact with civet cats in China. Once the
infection was successful, it spread rapidly throughout the
human population by direct contact (25).

Factors Affecting Location of a
Host-Pathogen Community

The location of a host-pathogen system within the con-
tinuum will be determined by characteristics of both host
populations and the pathogen. For instance, the pathogen’s
transmission mode will greatly determine its likelihood of
encountering new hosts (26). Parasites transmitted by
close contact may have limited exposure to multiple
species and thus transmission modes that decouple host-to-
host contact (i.e., waterborne or soilborne transmission)
will increase the opportunity for between-species trans-
mission. Evidence from wild primates and humans shows
that pathogens with direct contact transmission are associ-
ated with high host specificity (1,3). Therefore, host-
pathogen systems should segregate along the f,, axis
according to their transmission mode.

Furthermore, the evolutionary potential of a pathogen
will affect its ability to infect a new host (2,27). Pathogens
in taxa with high mutation rates, antigenic diversity, and
short generation times may rapidly adapt to new hosts
(28,29), and recent evidence suggests that RNA viruses are
the most likely group to emerge in humans (26,30), possi-
bly because of their high mutation rate (31). Thus, host-
parasite systems may segregate along the f,, axis according
to taxonomy. Similarly, the phylogenetic relationship
between the reservoir and target host will have conse-
quences for disease emergence; viruses are less likely to
jump to new hosts as the phylogenetic distance between
hosts increases (32).

However, host-pathogen systems are not static, and a
community may move across the continuum either
because of ecologic or evolutionary shifts of the host or
pathogen (27). In particular, anthropogenic changes, such
as environmental exploitation and the introduction of
domestic animals into previously uninhabited areas, may
increase exposure to the pathogen and drive such transi-
tions. For instance, although transmission of SIV from
chimpanzees to humans may have occurred on a number of
distinct occasions (6), these spillovers remained isolated.
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Only through various anthropogenic changes, including
urbanization (increasing S,) and increased global travel
(increasing B,,) did the HIV pandemic take off in the 20th
century.

In addition, pathogen evolution may greatly affect the
likelihood of disease emergence by increasing the
pathogen’s basic reproductive ratio (R,) (18,26). For exam-
ple, avian influenza has emerged several times in human
populations since 1997. Typically, limited human-to-
human transmission exists (3,, = 0), so that although the
avian reservoir (1) and susceptible human populations (S,)
are high, outbreaks are rare and isolated (i.e., occupying
region 1 of the continuum). Only through recombination
between strains and acquisition of human-specific respira-
tory epithelium receptors (thereby increasing f3,,) could
the virus evolve sufficient transmissibility to be sustained
in the human population, which poses the greatest risk for
pandemics (33). These genetic changes could shift avian
flu from being a spillover to becoming a true multihost
parasite, which would have serious implications for human
health.

Stochastic Dynamics and Consequences for
Vulnerable Host Populations

Theoretical and empiric evidence suggest that
pathogens harbored by reservoir host populations are of
particular concern because they can drive target hosts to
extinction (34). Therefore, we must investigate population
dynamic properties of different regions of the continuum
and regions that pose the greatest risk for a target host. In a
deterministic model, the invasion and persistence thresh-
olds are the same and are determined by the pathogen’s
basic reproductive ratio (R,); if R,>1, an initial infection
can both become established and persist. As shown by
Dobson (15), R, for a pathogen in an asymmetric host com-
munity (with no back-transmission from the target host to
the reservoir) is dominated by the largest within-species
transmission term, which implies that infection dynamics in
the 2 host populations are largely independent; once
between-species transmission has occurred, infection in H,
is driven solely by within-H, transmission. However, in the
stochastic reality of the natural world, an established infec-
tion may fade out, and reinfection from H, could occur in
the future (19). Therefore, we developed a stochastic ana-
log of the above deterministic model to explore dynamics
of the community-epidemiology continuum. The model
was a discrete-time Monte Carlo simulation model, in
which each event in model 1 (births, deaths, between- and
within-species transmission) occurred probabilistically, and
the next event was chosen at random based on those prob-
abilities. The model was run 100 times for different combi-
nations of within- and between-species transmission rates,
and the infection status of the target host (H,) was measured
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as the mean prevalence over time, the proportion of time
the pathogen was absent from H, (the proportion of time
the pathogen faded out), and the proportion of runs in
which the pathogen drove the host to extinction. This sto-
chastic model is appropriate for exploring the dynamics of
emerging infectious diseases not captured by continuous-
time deterministic models, in particular when exposure of a
target host to a pathogen from a reservoir is likely to occur
at discrete intervals (27).

As in the deterministic case, low between- and within-
species transmission prevents the pathogen from persisting
in the target host (prevalence =0, Figure 3A; proportion of
time pathogen was absent =100%, Figure 3B). Increasing
the exposure of H, to the pathogen (i.e., increasing B,,)
leads to a gradual increase in both the prevalence of infec-
tion and the proportion of time the pathogen is present in
H,. This increase applies even if within-H, transmission is
negligible (B,, — 0). Therefore, regular, high exposure to
the pathogen from the reservoir can give the appearance of
endemic infection, even if the pathogen cannot be sus-
tained within the population (case 2: apparent multihost
dynamics). Increasing the within-H, transmission rate
(B,,) from very low levels has little impact on the preva-
lence of infection or the proportion of time H, is infected.
Eventually, however, a point is reached at which increas-
ing B,, suddenly allows the long-term persistence of the
pathogen in H,. At this point, the persistence threshold is
reached and the pathogen becomes endemic in H,, regard-
less of input from H,. This threshold can be approximated
from the deterministic model by setting 3;, = 0 and solv-
ing for R, = 1, which shows that 3,, must be > (d + r)/K for
the pathogen to persist in the absence of input from H, (the
horizontal line in Figure 3).

Framework for Classifying Disease Threats

Increasing either between- or within-species transmis-
sion rates (B,, or B,,) leads to a point when the host is driv-
en to extinction (Figure 3C), which highlights the danger
of an emerging infectious disease; even if H, is a poor
transmitter of the disease (3,, — 0), repeated exposure
from H, may be sufficient to drive the population to
extinction. Analysis of the equivalent deterministic model
(model 1) suggests that this threshold should be in the
between-species transmission rate (,,) only (host extinc-
tion is not affected by B,,) and is given by ,, > dr/(d —r)
for H, extinction to occur (shown by the vertical line in
Figure 3). Thus, even if the probability that H, will con-
tract the pathogen is very low (,, — 0), a single transmis-
sion event may spark an epidemic that completely
decimates the population (region 3).

Implications for Disease Control

The correct classification of the different regions of the
community-epidemiology continuum are of more than just
semantic importance; quantifying the between- and with-
in-species transmission rates and the location of a host-
pathogen system within the continuum are vital to
determine the appropriate control strategy. Haydon et al.
(13) proposed 3 means of controlling infection in a target-
reservoir system: 1) target control, which is aimed at con-
trolling infection within the target population; 2) blocking
tactics, to prevent transmission between the reservoir and
target host population; and 3) reservoir control, which sup-
presses infection within the reservoir. These 3 control
strategies correspond to reducing the within- and between-
species transmission rates (j3,,, B1,, and B,;, respectively).
The benefits of each approach will vary according to the
relative contributions different transmission processes
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Figure 3. Stochastic model predictions of system behavior in 3,,—,, parameter space. Each square represents the average of 100 sim-
ulation runs. Two measures of pathogen persistence are shown: A) Mean prevalence of infection in H,, where black represents zero
prevalence and white represents 100% prevalence, and B) Proportion of time in which the pathogen is absent (i.e., has faded out) from
H,, where white represents zero fade-outs (i.e., the pathogen is always present in H,) and black represents 100% fade-outs (i.e., the
pathogen never infects H,). C) Probability of pathogen-driven host extinction, where black represents the case in which all runs resulted
in host extinction and white the case in which none of the runs resulted in host extinction. The horizontal dashed lines are the determin-
istic approximation threshold. The points marked A and B in panel A and the associated arrows represent different control scenarios for
2-host pathogen systems located at different points within the continuum (see text for details).
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make to the overall prevalence in the new host (H,). Our
stochastic model showed that high exposure to the
pathogen from the reservoir host can give the appearance
of endemic infection in the target host, even if it cannot
sustain the pathogen alone. In this case, the optimal control
strategy is completely different from that used against a
true multihost pathogen endemic in the target host. For a
host-pathogen system in region 2 of the continuum (appar-
ent multihost dynamics), where between-species transmis-
sion rates are high but within-H, transmission rates are low
(point A in Figure 3A), the prevalence of infection in H,
may be very high, but mounting a target control program
aimed at reducing within-H, transmission is unlikely to be
effective (the vertical arrow from point A in Figure 3A).
However, blocking control, which would reduce transmis-
sion from the reservoir to the target host, may drastically
reduce prevalence (the horizontal arrow from point A in
Figure 3A). Conversely, similar levels of prevalence in H,
may be observed for a host-pathogen system located in
region 4 of the continuum (point B in Figure 3A) but
because of fundamentally different processes. In this case,
blocking tactics aimed at preventing transmission from the
reservoir to the target host will be ineffectual (horizontal
arrow from point B in Figure 3A), but target control may
prove highly effective (vertical arrow from point B in
Figure 3A). Therefore, establishing the initial location of a
novel host-pathogen system within the community-epi-
demiology continuum and understanding the within- and
between-species transmission rates are essential for opti-
mizing vaccination and culling strategies to lessen the
impact of disease.

Conclusions

This report provides a conceptual framework to under-
stand the ecologic characteristics of disease emergence
based on between- and within-species transmission rates
involving a potential disease reservoir population and a tar-
get host population. Using this framework, we outlined 4
possible cases of long-term disease dynamics in the target
host and showed that these outcomes occupy different
regions of a 2-dimensional continuum described by the net
between- and within-species transmission rates. Further-
more, the development of the community-epidemiology
framework allows us to clarify the wealth of terminology
currently used to describe disease occurrence in host com-
munities, based on an understanding of the underlying eco-
logic and epidemiologic processes. In particular, the
much-overused terms reservoir and spillover can be seen to
have explicit definitions, depending on whether the
pathogen can be sustained within the target host population.

By explicitly considering how the ecologic and evolu-
tionary characteristics of hosts and pathogens combine to
affect the between- and within-species transmission rates,
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and the subsequent consequences for disease occurrence in
a novel host, this framework highlights that current human
diseases, domestic and wild animal diseases, and the
threats of emerging infectious diseases can be understood
by a quantitative framework of the underlying transmis-
sion processes. Given that most parasites can infect multi-
ple host species and the recent surge of emerging
infectious diseases in wildlife and human populations,
understanding the dynamics of disease persistence in novel
hosts has never been more important.
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Bushmeat Hunting,
Deforestation, and Prediction
of Zoonotic Disease Emergence

Nathan D. Wolfe,* Peter Daszak,t A. Marm Kilpatrick,t and Donald S. Burke*

Understanding the emergence of new zoonotic agents
requires knowledge of pathogen biodiversity in wildlife,
human-wildlife interactions, anthropogenic pressures on
wildlife populations, and changes in society and human
behavior. We discuss an interdisciplinary approach com-
bining virology, wildlife biology, disease ecology, and
anthropology that enables better understanding of how
deforestation and associated hunting leads to the emer-
gence of novel zoonotic pathogens.

pproximately three fourths of human emerging infec-
tious diseases are caused by zoonotic pathogens (1).
These include agents responsible for global mortality (e.g.,
HIV-1 and -2, influenza virus) and others that cause limit-
ed deaths but result in high case-fatality rates and for
which no effective therapies or vaccines exist (e.g., Ebola
virus, hantaviruses, Nipah virus, severe acute respiratory
syndrome [SARS]-associated coronavirus) (2). Despite the
growing threat of zoonotic emerging infectious diseases,
our understanding of the process of disease emergence
remains poor. Public health measures for such diseases
often depend on vaccine and drug development to combat
diseases once pathogens have emerged. Indeed, many
believe that predicting emergence of new zoonoses is an
unattainable goal (3). Despite this, a growing trend in
emerging disease research attempts to empirically analyze
the process of emergence and move towards predictive
capacity for new zoonoses. These studies track broad
trends in the emergence of infectious diseases, analyze the
risk factors for their emergence, or examine the environ-
mental changes that drive them (4-6).
Many new zoonoses are viruses that emerge as human
and domestic animal populations come into increasing con-

*Johns Hopkins Bloomberg School of Public Health, Baltimore,
Maryland, USA; and tConsortium for Conservation Medicine, New
York, New York, USA
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tact with wildlife hosts of potentially zoonotic pathogens
(1). The risk for emergence of new zoonotic agents from
wildlife depends largely on 3 factors: 1) the diversity of
wildlife microbes in a region (the “zoonotic pool” [5]); 2)
the effects of environmental change on the prevalence of
pathogens in wild populations; and 3) the frequency of
human and domestic animal contact with wildlife reservoirs
of potential zoonoses. The first factor is largely the domain
of virologists, particularly those analyzing evolutionary
trends in emerging viruses (7). The last 2 factors are stud-
ied by wildlife veterinarians, disease ecologists, wildlife
population biologists, anthropologists, economists, and
geographers (4,8). Understanding the process of emergence
requires analyzing the dynamics of microbes within
wildlife reservoir populations, the population biology of
these reservoirs, and recent changes in human demography
and behavior (e.g., hunting, livestock production) against a
background of environmental changes such as deforesta-
tion and agricultural encroachment. To fully examine
zoonotic emergence, a multidisciplinary approach is need-
ed that combines all of these disciplines and measures the
background biodiversity of wildlife microbes. We use hunt-
ing and deforestation in Cameroon as an example to discuss
the complex interactions between human behavior, demog-
raphy, deforestation, and viral dynamics that underpin the
emergence of diseases.

Logging, Hunting, and Viral Traffic

Hunting of wildlife by humans is an ancient practice
that carries a substantial risk for cross-species transmis-
sion. Despite the discovery of cooking =1.9 million years
ago (9), the risk of zoonotic diseases emerging from hunt-
ing and eating wildlife is still of global importance because
of increases in human population density, globalized trade,
and consequent increased contact between humans and
animals.
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Deforestation of tropical forests is 1 cause of increasing
contact between wildlife and hunters. However, the
mechanics of disease emergence are complex. For exam-
ple, clear-cut logging may be less likely to result in zoonot-
ic emergence than selective extraction because of the
relatively low contact rate between people and wildlife
during clear-cutting. Because of the high costs of extrac-
tion and transportation, logging in central Africa generally
involves selective extraction of high-value timber species.
Selective extraction is also more likely to sustain natural
diversity of wildlife than clear-cutting (10) and therefore to
sustain the diversity of potentially zoonotic pathogens
available to hunters. Selective logging generally involves
constructing roads and transporting workers into relatively
pristine forest regions. Although roads can bring health
care to rural communities, they also provide increased con-
tact between low-density, remote human populations and
urban populations with access to international travel,
which allows localized emergence events the potential for
rapid global spread (11,12).

Building logging roads also leads to habitat fragmenta-
tion as forest edges along roads are degraded, which low-
ers the movement of wildlife between forest patches. This
process may have 3 counteractive effects. First, as patch
size decreases, smaller, more discrete, less dense popula-
tions of reservoirs result, some of which may be lowered
below the threshold density of some potentially zoonotic
microbes (13). In these cases, mathematical models of
infectious diseases predict that the microbes will become
extinct, lowering the risk for transmission to humans.
Second, in some cases, the loss of vertebrate reservoir host
species richness may result in increased abundance of
highly competent reservoirs of some zoonotic agents,
increasing the risk for transmission to humans. Although
this phenomenon has only been demonstrated for 1
pathogen, Borrelia burgdorferi, the causative agent of
Lyme disease (14), it may be more widespread. In this
case, fragmentation increases the relative abundance of the
highly competent reservoir, the white-footed mouse
(Peromyscus leucopus) and results in a higher risk for
infection to humans (14). Third, fragmentation due to road
building may increase the functional interface between
human populations and reservoir hosts. Historically, hunt-
ing activities radiated in a circular fashion from isolated
villages, with decreasing impact at the periphery of the
hunting range. Roads provide an increased number of
points at which hunting activities can commence. Road-
side transport means that hunters can lay traps and hunt at
the same distance from roads. This changes the pattern of
human contact from a circular pattern to a banded pattern
surrounding developed roads, increasing the area in which
hunting can be conducted with economic returns.
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Anthropology of Bushmeat Hunting, Trade, and
Consumption

Different activities associated with bushmeat trade will
involve different levels of risk for microbial emergence.
Hunting (tracking, capturing, handling, sometimes basic
field butchering, and transporting of the carcass) involves
contact with potentially infected vectors, whereas distant
consumption may not. Particularly high risks may be asso-
ciated with hunting nonhuman primates, and even greater
risks in hunting species such as chimpanzee, which are
phylogenetically closest to humans. Butchering (opening,
cutting, dressing, and preparing the carcass) is obviously
more high risk for bloodborne pathogens than the trans-
portation, sale, purchase, and eating of the butchered meat.

Research in medical anthropology has begun to exam-
ine indigenous theories of infectious disease (15) and the
cultural contexts within which diseases emerge (16), but
little data exist on local perceptions of health or other risks
associated with hunting and eating bushmeat. Humans as
well as other animals employ behavioral adaptations to
avoid exposure to infections, yet the type of protective
strategies that hunters might use and the effectiveness of
such strategies remain unknown. For this reason, anthro-
pologic studies of bushmeat should include not only the
details of hunting, but also the transportation of meat to the
village, the market, the kitchen, and onto the table. These
practices are often articulated along lines of gender and
ethnicity and within cultural contexts.

The demand for bushmeat in West and central Africa is
as much as 4 times greater than that in the Amazon Basin
(10). Estimates of the extraction rate in the Congo Basin
suggest that >282.3 g of bushmeat per person per day may
be eaten there, with a total of 4.5 million tons of bushmeat
extracted annually (17). Expanded demand for bushmeat
will likely lead to changes in the exposure of humans to
potentially zoonotic microbes. Therefore, assessing the
risk that bushmeat extraction and consumption poses to
public health will include an assessment of the economy
and geography of bushmeat demand and supply.

Case Study: Bushmeat Hunting in Cameroon

A collaboration between Johns Hopkins University and
the Cameroon Ministry of Health and Ministry of Defense
is exploring emergence of infectious diseases in Cameroon
(Figure). The ecologic diversity in Cameroon and the
range of new and changing land-use patterns make it an
ideal setting to examine the impact of environmental
changes on novel disease transmission. Deforestation rates
in Cameroon are high, with a loss of 800-1,000 km? forest
cover per year and corresponding increase in road-building
and expansion of settlements (18). Finally, Cameroon is
representative of the region from which a range of notable
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emerging infectious diseases, including HIV/AIDS, Ebola
and Marburg viruses, and monkeypox, have emerged
(Table).

A key factor driving the bushmeat trade in Cameroon
is the large and growing urban demand for bushmeat in
conjunction with the opening up of logging concessions in
the East Province. The construction of the World
Bank—funded Yaoundé-Douala truck road in the mid-
1980s and the European Union—funded extension of this
road to the border of the timber-rich East Province in 1992
dramatically reduced the cost of extracting timber and
increased access to these areas for bushmeat hunters. One
of the most important non-timber forest product activities
within this region is the poaching of bushmeat by market
hunters. The bushmeat market among households for
sauce preparation in Yaoundé alone is estimated at
=~$4 million annually (International Institute of Tropical
Agriculture [IITA], unpub. data). A recently conducted
consumption study showed that bushmeat plays an impor-
tant dietary role among poor households and is not a
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luxury product eaten mainly by the rich. Across income
classes, the poorest 2 quantiles spent 16% and 17%,
respectively, of their meat budgets on bushmeat versus
7% for the richest quantile and 9% overall (IITA, unpub.
data). Finally, our work in Cameroon has shown that not
only bushmeat hunters but also persons who keep various
species of vertebrate pets or butcher and handle meat are
at risk for zoonotic transmission due to bites, cuts, and
other exposures to fluids or tissue (27).

Viral Chatter and Globalized Emergence

The global emergence of a zoonotic pathogen such as
SARS or HIV-1 and -2 requires 3 steps. First, the pathogen
must be successfully transmitted between a wild reservoir
and humans or their domestic animals. Several recently
emerging zoonoses have achieved this stage without fur-
ther transmission, e.g., Hendra virus. Second, the pathogen
must be directly transmitted between humans. Finally, the
pathogen must move from a local epidemic into the global
population. Understanding and predicting the global emer-
gence of pathogens require knowledge of the drivers of
each of these steps or processes. These are, in fact, stages
of emergence that have been described previously as inva-
sion, establishment, and persistence of infectious diseases
introduced into new host populations (8).

Evidence suggests that many pathogens are transmitted
between their animal reservoirs and humans but fail to be
transmitted from human to human or do so at rates that do
not allow pathogen establishment within the human popu-
lation. For example, sequence data from HIV-1 and HIV-2
suggest that as many as 10 prior transmission events into
human populations occurred over the last century before
this virus emerged globally (23). Recent data from our own
field sites suggest that simian foamy viruses infect bush-
meat hunters regularly, so far without evidence of human-
to-human transmission (26). Other pathogens, such as
avian influenza and Hendra viruses, which do not appear
to be transmitted through bushmeat consumption, have
also led to several small epidemics with little or no evi-
dence of human-to-human transmission. We have termed
this “viral chatter”, a seemingly common phenomenon of
repeated transmission of nonhuman viruses to humans,
most of which results in no human-to-human transmission
(28). We hypothesize that this mechanism is common in
viral emergence. High rates of viral chatter will increase
the diversity of viruses and sequence variants moving into
humans, increase the probability of transmission of a
pathogen that can successfully replicate, and ultimately
increase the ability of a human-adapted virus to emerge in
a more widespread manner. In some cases this process may
result in the evolution of a new viral strain (29) and may
be a very common mechanism for viral emergence into the
human population (23,28).
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Table. Some zoonotic pathogens that have emerged in the Cameroon—Congo Basin region, 1970-2005*

Confirmed or probable transmission routes

Pathogen or Reservoir Outcome of Body Bites/ Organs/ Feces/ Vectors
disease species transmission Risk behavior fluids  saliva tissues urine (indirect) Ref.
Arboviruses Various Localized outbreaks =~ Human presence in X (5,19,
(dengue, yellow region for habitation, 20)
fever) work or leisure
Ebola Unknown Localized epidemics,  Hunting or wildlife X X X X 21)
short timescale necropsy
Monkeypox Squirrels Localized epidemics X X (22)
and others (at least four
transmission cycles
recorded)
HIV-1 and -2 Chimpanzee, Repeated single Hunting & butchering X X X (23)
sooty infections or localized nonhuman primates
mangabe outbreaks, followed
by national then
global emergence
Anthrax Ungulates Single infections or  Butchering or eating X X X
localized epidemics carcasses
Salmonellosis Range of Single infections Keeping pets X (24)
nonhuman
primates
Herpes B virus Range of Single infections Keeping pets X X X (25)
(did not emerge  non-human
locally) primates
Cutaneous Localized outbreaks Logging/road- X X X
leishmaniasis, building, ecotourism,
Loa loa research
Simian foamy Gorilla, Exposure without Hunting nonhuman X X X X (26)
viruses mandarin, replication, or primates
De Brazza’'s replication in a single
guenon, human
other
unknown
spp.
Chromomycosis Wood collection X X X

*Note that herpes B virus did not infect humans locally in the Cameroon-Congo basin.

Monkeypox and Nipah viruses are examples of the sec-
ond stage towards global emergence. These viruses have
shown limited human-to-human transmission in a number
of relatively small epidemics before fading out (22,30).
This phenomenon can be understood by using what math-
ematical modelers of disease dynamics refer to as the
reproductive ratio (R,), which measures a pathogen’s abil-
ity to cause an outbreak. R, is the number of secondary
cases in a population caused by a single case, assuming
that all other members are susceptible (8). When R, is >1,
the pathogen will amplify within a population and cause an
outbreak. In the environmental conditions in which mon-
keypox and Nipah viruses emerged, R, was <1, and ulti-
mately the epidemics faded out (22).

One of the crucial questions in disease emergence is:
What environmental or evolutionary changes cause the R,
of wildlife viruses to rise above 1 in human populations?
In mathematical models for density-dependent transmis-
sion, R, is proportional to host density, so that there is a
critical threshold of human population density (known as
the threshold density, N;), below which a pathogen will
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fade to extinction. Increasing densities of human popula-
tions in urban centers close to bushmeat hunting areas and
the increasing rates of movement of people between vil-
lage, town, and city, will increase R, and the risk for new
epidemic zoonoses. Alternatively, changes to human
behavior that increase the transmission of viruses between
people (e.g., sexual contact, injected drug use, or fluid con-
tact by means of medical procedures) will increase R, and
may also assist in driving their emergence.

In the final stage of emergence, increased travel or
migration facilitate the global spread of new zoonoses. For
example, increased movements between villages or cities
and higher between-person contact rates through increased
numbers of sexual partners appear to have facilitated the
early emergence of HIV/AIDS in Africa (12). This disease
became a global pandemic following the expansion of road
networks, changes in workforce demography, and increas-
es in international air travel to central Africa and globally
(12,23).

Our review suggests that predicting the emergence of
new zoonoses will be a difficult but important task for
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future medical research. This goal has been described as
challenging or impossible by some researchers (3).
However, we propose that it is now becoming possible to
conduct the science of predicting emerging zoonoses and
that far more attention should be paid to this approach than
is currently given (31). We have previously proposed 3 cri-
teria that can be used to predict which microbes are most
likely to emerge (6). These include microbes that have a
proven ability to 1) lead to human pandemics, 2) lead to
panzootics in (nonhuman) animal populations, and 3)
mutate at high rates and recombine with other similar or
dissimilar microbes. The high mutation rates of RNA
viruses and their predominance within zoonotic emerging
infectious diseases that are transmitted from human to
human suggest that this group is a key candidate for future
emergence (7). Simian foamy viruses are members of this
group, and the high rates of viral chatter observed in
Cameroon suggest a strong potential for their emergence
as a human-to-human transmitted pathogen.

Little is known about the complexity of this process,
but with =75% of human emerging infectious diseases
classified as zoonoses (1), understanding the process is
critical to global health. We propose that more attention be
given to multidisciplinary studies at all stages of the
process. For example, understanding how the rates of viral
chatter respond to anthropogenic land-use changes (e.g.,
deforestation, mining) that affect the density of wildlife
species and the prevalence of viruses that affect them will
be critical for predicting hotspots of disease emergence.
Second, understanding which viruses are likely to rapidly
evolve in humans, rather than become dead-end hosts, will
involve a combination of host immunologic and viral evo-
lutionary traits (7,32). Studies of the characteristics of the
zoonotic pool (i.e., the biodiversity of yet-to-emerge
wildlife viruses [5]) may explain these events. Some
strains within viral quasispecies may be able to infect and
be transmitted between humans far more readily than oth-
ers. Such complexity requires the collaboration of medical
scientists with many other disciplines, including geogra-
phy, ecologic and evolutionary biology, conservation biol-
ogy, medical anthropology, and veterinary medicine.

Recent advances in a number of fields include some of
direct relevance to predicting unknown zoonoses, among
them modeling multihost disease dynamics in wildlife and
humans (33), modeling the evolutionary dynamics of
pathogens (34), insights into the phylogenetic characteris-
tics of emerging pathogens (7,32), greater understanding
of the environmental changes that drive emergence (4),
risk assessments for pathogen transmission (35,36) and
introduction (37), and major advances in the technology
for microbial discovery (e.g., microarrays) and characteri-
zation (e.g., noninvasive sequencing) (38). A number of
collaborative initiatives between veterinary medicine,
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human medicine, and ecology have already begun (39,40),
and our analysis suggests these should be strengthened by
even wider collaboration. The fusion of these diverse, rap-
idly evolving fields will allow the first steps to be taken
towards emerging disease research’s ultimate challenge of
predicting new zoonotic disease emergence.
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