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Abstract: The risk of a zoonotic pandemic disease threatens hundreds of millions of people. Emerging
infectious diseases also threaten livestock and wildlife populations around the world and can lead to devas-

tating economic damages. China and the USA—due to their unparalleled resources, widespread engagement in
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activities driving emerging infectious diseases and national as well as geopolitical imperatives to contribute to

global health security—play an essential role in our understanding of pandemic threats. Critical to efforts to

mitigate risk is building upon existing investments in global capacity to develop training and research focused

on the ecological factors driving infectious disease spillover from animals to humans. International coopera-

tion, particularly between China and the USA, is essential to fully engage the resources and scientific strengths

necessary to add this ecological emphasis to the pandemic preparedness strategy. Here, we review the world’s

current state of emerging infectious disease preparedness, the ecological and evolutionary knowledge needed to

anticipate disease emergence, the roles that China and the USA currently play as sources and solutions to

mitigating risk, and the next steps needed to better protect the global community from zoonotic disease.

Keywords: China, USA, Emerging infectious diseases, Pandemic, Preparedness, Ecology, Training

INTRODUCTION

The catastrophic health and economic impacts of recent hu-
man and agricultural epidemics and the continued risk of
novel infectious disease emergence, stemming from the
alteration of our planet, are clear (Daszak et al. 2000; Altizer
et al. 2011; Allen et al. 2017; Johnson et al. 2015; Carroll et al.
2018). The global nature of emerging and re-emerging infec-
tious disease threats indicates the critical role of international
cooperation, particularly spearheaded by China and the USA,
in emerging infectious disease (EID) preparedness. China and
the USA are well positioned asleaders in the field of EIDs. They
are motivated to act out of both national and geopolitical
interest and have the resources and instruments to do so:
Together they produce over 40% of the world’s livestock
(Food and Agriculture Organization of the United Nations
2019; Beef2Live 2019; National Hog Farmer 2019), are the
largest legal export/import countries for mammals in the
global wildlife trade (Can et al. 2019) and constitute a quarter
of the world’s population (Worldometers 2018), and over
30% of the world’s purchasing-power-parity gross domestic
product (GDP-PPP) (World Bank 2019) [Fig. 1 (Guha-Sapir
2019; Ritchie and Roser 2019)]. The world would be much
better equipped for curbing the next pandemic, if China and
the USA provided a united front for research and progress
toward EID preparedness. At recent meetings in Shenzhen
China and Berkeley California, Chinese and US researchers in
the fields of disease ecology, virology, epidemiology, veteri-
nary medicine and public health united to discuss the
opportunities for collaboration on infectious disease risk
assessment studies that are strongly embedded in ecological
and evolutionary principles. What resulted, as discussed
herein, is the central role that cooperation between these two
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Figure 1. Factors contributing to China, USA and rest of the world’s

stake in emerging infectious disease preparedness. (Since values vary
with sources and each source updates its estimates from time to time,
the actual numbers reported here are not definitive, but should be
treated with circumspection.)
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highly populous, economic powerhouses is likely to play in
understanding the ecological and evolutionary drivers of
disease emergence relative to anticipating and managing
zoonotic spillovers in China, the USA and worldwide.

EID PREPAREDNESS 1S NEEDED

Two hundred years ago, fewer than one billion people
inhabited the earth. Today there are over 7.6 billion
(Worldometers 2018). This population explosion has
necessitated extensive conversion of natural to urban
landscapes and agricultural and livestock intensification to
support growing human populations. These conversion
activities bring wildlife, domestic animals and humans into
closer and intensified contact with each other, increasing
the likelihood of pathogen evolution, interspecies trans-
mission and spillover of wild and domestic animal patho-
gens to humans (Daszak et al. 2000; Karesh et al. 2005;
Jones et al. 2013). Changes wrought by global warming also
play a significant role in pathogen evolution, transmission
and spillover, as does expanding socio-economic connec-
tivity—both macro-scale impacts of expanding human
populations and resource use. As a result of these global
changes, EIDs are on the rise, threatening far-reaching
populations (Jones et al. 2008). The economic cost of an
EID pandemic today, even in the absence of significant
global mortality, is estimated to exceed tens of billions of
US dollars (Pike et al. 2014). Understanding the underlying
human activities and ecological changes driving EIDs is
paramount to preparing for outbreaks and reducing their
economic and public health impacts (Barnosky et al. 2012).

The incidence of disease epidemics in wildlife, and
pathogens spilling over from wildlife into humans, is
increasing in countries where urbanization has recently or
is currently occurring (Liu et al. 2018; Hassell et al. 2017).
Human urbanization extends city boundaries and alters
wildlife host community compositions, leading to biodi-
versity shifts and loss (Keesing et al. 2010), disturbing the
delicate balance between microbes and their natural wild
animal reservoir hosts. Human urbanization also brings
domesticated animals into closer contact with wild animals,
providing opportunities for cross-species pathogen trans-
mission, as evidenced by recent outbreaks of canine dis-
temper virus in giant pandas in China (Feng et al. 2015; Jin
et al. 2017) and the introduction of feline leukemia virus in
the Florida puma in the USA (Cunningham et al. 2008).
Changes in wildlife populations due to infectious disease

outbreaks can have long-term serious consequences for
ecosystem resilience. Disease outbreaks in wildlife may also
result in direct infection of nearby human populations or
changes in wildlife host population dynamics, leading to
spillover of other pathogens to humans or domestic live-
stock (Daszak et al. 2000). A prime example is the recent
emergence of a novel coronavirus, SADS-CoV, from bats to
pigs, resulting from pig farms encroaching on bat habitat,
devastating several pig farms in Southern China and posing
a major biosecurity risk to the USA (Luo et al. 2018).

The rise in intensive farming, particularly in China and
the USA, also potentially creates conditions for selection of
more virulent pathogens and greater opportunities for
cross-species transmission (Mennerat et al. 2010). China
has recently experienced a rapid transformation from
small-scale farms to large-scale livestock production
enterprises. During 2018, pork production throughout
China was estimated at 5404 tons, with the number of
individual slaughtered hogs estimated at 693,820,000 (The
National Bureau of Statistics 2018a). The number of
slaughtered poultry in 2016 was estimated to be greater
than 12.3 trillion (The National Bureau of Statistics 2018b).
Such intensive production practices in China have con-
tributed to outbreaks of influenza H5N1, HIN1, H7NO,
and African Swine Fever viruses (Wei et al. 2016; Wang
et al. 2018). In the USA, due to high-density livestock
production methods, there has been identification of
methicillin-resistant Staphylococcus aureus (MRSA) strains
in people living in proximity to these farms (Casey et al.
2014).

China is the largest producer and user of antibiotics in
the world (Qiao et al. 2018), increasing the likelihood of
AMR pathogen development in food-borne illness. China
was estimated to use 162,000 tons of antibiotics in 2013
(48% by humans and 52% by animals, respectively) which
was 9 times that used in the USA in 2011-2012 (Zhang
et al. 2015). Approximately 46% of the antibiotics used in
China were ultimately released into rivers through sewage
effluent with the remainder distributed on land through
manure and sludge spreading (Zhang et al. 2015). AMR is
particularly acute in China because of its over-prescription
and self-administration practices, as well as its widespread
misuse of sub-therapeutic doses of antibiotics in the live-
stock industry (Yezli and Li 2012; Yu et al. 2014).
Antimicrobial-resistant Escherichia coli (plasmid-mediated
colistin resistance mechanism, MCR-1) originating from
overcrowding and high-intensity farming of pigs in China
(Liu et al. 2016) can at present be found in countries far
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from China, including the USA (Hu et al. 2016; Skov and
Monnet 2016; Sun et al. 2018). China and US societies are
now integrally connected, with intensive regional and
international human movement (Tatem et al. 2006), trade
of domestic and wild animals (Marano et al. 2007), and
other economic activities facilitating the spread of infec-
tious pathogens from high-density farming operations to
other geographic locations.

Increasingly complex and robust global trade systems
are also fueling the legal and illegal wildlife trade markets.
The USA is the largest importer, and China is the largest
exporter of legally traded wild mammals (Can et al. 2019)
and while challenging to quantify, China is considered the
leading country in the consumption and illegal trade of
wildlife (Karesh et al. 2005; Patel et al. 2015). Southern
China is a hub for domestically and internationally im-
ported and exported wildlife given its strategic geographic
location near major ports of trade, dense human popula-
tion and increasing human mobility. Local tradition also
fuels consumption of wild animals in this region. In
Guangdong province alone, there are more than 1300
enterprises engaged in wildlife breeding, of which approx-
imately 600 breed wild animals regulated by CITES Ap-
pendix II. During 2001-2004, a total of 21 bird species
(around 56 thousand individuals), 21 mammal species
(~5400 individuals), 41 amphibious and reptile species
(up to 346 tons) were raised and traded in Guangzhou, the
most populous city in Guangdong Province. Communities
engaged in this concentrated wildlife production and trade
enterprise represent a valuable resource at the front lines of
pathogen spillover and can be leveraged to understand and
control the spread of zoonotic diseases.

At a macro-scale, anthropogenic activities have influ-
enced microbial transmission dynamics, particularly for
vector-borne pathogens (Jones et al. 2008; Goklany 2009;
Woodward et al. 2014; Murray and Daszak 2013; Morse
1995). For example, climate variation has been documented
to drive transmission of dengue virus dynamics in
Guangdong, China (Liu et al. 2018; Xu et al. 2017; Sang
et al. 2014, 2015; Xiang et al. 2017). This region experi-
enced no outbreaks of dengue-like illness from the period
of 1950-1977, followed by a relatively low level of incidence
until a large-scale outbreak occurred in 2014, infecting over
45,000 people (Liu et al. 2018). Similarly, climate change is
projected to impact the distribution of vector-borne disease
in the USA, with the environment being more suitable for
the introduction of Zika virus in certain regions of the
southeastern USA (Carlson et al. 2018). The combined US—

China resource capacity is critical to better understand and
mitigate anthropogenic EID drivers, such as urbanization,
biodiversity loss, landscape conversion, intensive farming
and climate change that are contributing to the spread of
disease across the wildlife-livestock—human health contin-
uum.

REQUIRED EcoLOGICAL AND EVOLUTIONARY
PERSPECTIVE

A holistic ecological and evolutionary process perspective is
required to understand the risk of spillover and spread of
pathogens in humans and animals (Alexander et al. 2018).
Pathogens are not fixed entities, and some pathogens carry
a greater innate ability to evolve and spillover into new
hosts than others (Johnson et al. 2015; Olival et al. 2017).
Evaluation of pathogen evolution from initial spillover to
establishment in the human population (e.g., simian
immunodeficiency virus chimpanzee to human immun-
odeficiency virus; HIV-1) (Gao et al. 1999) is critical to
understanding why certain pathogens can establish and
others cannot. Viral surveillance in “real-time” is required
to examine and track pathogen evolution. For example, the
Global Influenza Surveillance and Response System, de-
signed to monitor the quickly evolving and recombining
influenza virus in a timely manner, has served for over half
a century as a global alert mechanism for the emergence of
influenza viruses with pandemic potential (World Health
Organization 2019a). Knowledge of ecological scenarios
surrounding the accelerated viral evolution of highly pa-
thogenic avian influenza (HPAI) is vital to preparing for
future outbreaks of the disease in humans and worthy of
significant investment in China and elsewhere (Gao 2018).
Monitoring of viral evolution in similarly relevant time
scales for other quickly evolving pathogens, such as coro-
naviruses, lags further behind and is an area of research
with much needed additional attention. For example, re-
cent evolutionary analyses of Middle East Respiratory
Syndrome (MERS) coronavirus have helped to elucidate
viral transmission dynamics between camels and people
(Dudas et al. 2018). We also now know that viruses sharing
diverse vertebrate hosts are “worth watching” for potential
emergence in humans, because host breadth (i.e., infecting
a taxonomically diverse range of hosts) is a key factor
associated with a virus’ likelihood of spillover and sec-
ondary human-to-human transmission and geographic
spread (Johnson et al. 2015; Olival et al. 2017). Thus,
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expanding “real-time” surveillance of such pathogens
would be a worthwhile investment for public health.
Analyzing epidemiological data using theory and
methods from macroecology allows us to forecast impacts
of ecological and environmental drivers on infectious dis-
ease incidence. Examples include how land cover and cli-
mate changes influence epidemics in wildlife (e.g., chytrid
fungus, white-nose syndrome), livestock (e.g., foot-mouth-
disease, African swine fever, bluetongue) and human (e.g.,
schistosomiasis, malaria) populations, as well as impact
complete wildlife-livestock-human systems (e.g., avian
influenza, tuberculosis) (Estrada-Pena et al. 2014; Peterson

2014; Purse et al. 2005). Large-scale, high-resolution data
on environmental and climatic factors and populations of
humans and wildlife facilitate the creation of dynamic
distribution models for infectious agents and can help
prioritize research and control efforts (Cohen et al. 2016;
Carlson et al. 2017). Collaborative research between China
and the USA could greatly advance spatiotemporal disease
prediction schemes because both countries encompass large
climatic gradients, have high capacity for ecological and
climatic data collection, and share some overlapping vec-
tors, and zoonotic pathogens (Liu et al. 2018; Estrada-Pena
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animal ecology influence the global spread of disease.
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et al. 2012; Springer et al. 2015; Wu et al. 2013; Centers for
Disease Control 2018).

A complete understanding of host—pathogen interac-
tions and how and where to intervene requires an eco-
system or “One Health” viewpoint that accounts for pro-
cesses occurring at both macro- and micro-scales, including
at the pathogen, host and environmental levels, as well as
an integration of the effects of processes across these scales
(Alexander et al. 2018; Forst 2010; Blackburn et al. 2019).
Such multiscale “One Health” research requires the
incorporation of many disciplines including, but not lim-
ited to, human medicine, veterinary medicine, public
health, environmental science, ecology, conservation biol-
ogy, nursing, social sciences, the humanities, engineering,
economics, education and public policy (Lu et al. 2016;
Carlson et al. 2018). China and the USA have led response
activities for several epidemic and pandemic outbreaks
impacting humans and animals which have required a One
Health perspective. Three relevant case studies which are
expanded upon below include: the West Africa Ebola
outbreak, the SARS pandemic, and the emergence of
amphibian chytridiomycosis.

The first outbreak of Ebola virus disease (EVD) outside
of Central Africa demonstrated the importance of focusing
on wildlife host and human ecological risk factors in ad-
vance of major disease outbreaks and the need for inter-
national collaboration in outbreak response (Fig. 2).
Despite nearly 40 years of research since the first outbreak
in 1976, including public investment of US$ 1.035 billion
between 1997 and 2015 (Fitchett et al. 2016), national and
international public health agencies were caught off guard
by the 2014 outbreak in West Africa (Kamradt-Scott 2016)
that resulted in 28,600 cases with more than 11,300 deaths
(WHO Ebola Response Team et al. 2016). Evidence from
humans and wildlife indicating the distribution of Ebola
virus (species Zaire ebolavirus) in West Africa existed prior
to this health crisis. Distribution and migration patterns of
the hammer-headed fruit bat (Hypsignathus monstrosus),
little collared fruit bat (Myoncycteris torquata), straw-col-
ored fruit bat (Eidolon helvum) (Leroy et al. 2005), Fran-
quet’s epauletted fruit bat (Epomops franqueti) (Olival and
Hayman 2014) and the greater long-fingered bat (Min-
iopterus inflatus) (Kupferschmidt 2018), species implicated
as reservoir hosts for Ebola virus, were known to extend
into West Africa with opportunities for spread of the virus.
Human serological exposure also indicated a wider geo-
graphical range for ebolaviruses including Guinea (Boiro
et al. 1987), Liberia (Van der Waals et al. 1986) and Sierra

Leone (Schoepp et al. 2014) well in advance of 2014.
During this outbreak, China and the USA collaborated
together for the first time in an international health
emergency outside of their borders, which constituted
China’s largest ever humanitarian mission in addressing a
public health emergency of international concern (Huang
2017). Twenty-four of the Chinese public health experts
who were deployed to Africa were graduates of, or residents
in, the Chinese Field Epidemiology Training Program
(CFETP) established by the US Centers for Disease Control
and Prevention (CDC) (Centers for Disease Control 2016).
Also, the Chinese government sent 115 military medical
professionals to Sierra Leone to work along with US
medical personnel to assist with infection prevention and
control, clinical care and health promotion and training
(Lu et al. 2016). Further investment from China and the
USA in working together on response efforts will
undoubtedly be mutually beneficial for pathogens of
importation concern. Efforts toward unraveling the disease
ecology of ebolaviruses—including a better understanding
of the ecology of reservoir host(s), the role of secondary
spillover hosts, as well as human behaviors surrounding
exposure—is also needed and would benefit exponentially
from a China-US collaborative effort.

The Severe Acute Respiratory Syndrome (SARS) pan-
demic caused by a novel zoonotic coronavirus (SARS-CoV)
was the first pandemic of the twenty-first century and
spread to more than 30 countries (Fig. 2). Initial isolation
of SARS-related coronavirus (SARSr-CoV) from masked
palm civets and the detection of SARS-CoV infection, in
humans working at wet markets selling these animals in
Guangdong Province, suggested that masked palm civets
could serve as a source of human infection (Guan et al.
2003). Subsequently, SARSr-CoVs were detected in Chinese
horseshoe bats (Rhinolophus sinicus) and provided strong
evidence that bats are the natural reservoir of SARS-CoV
(Ge et al. 2013; Li et al. 2005; Yang et al. 2015). Through
long-term human and wildlife surveillance, investigators
from China and the USA subsequently found that bats
carry a diverse range of SARSr-CoVs (Ge et al. 2013; Li
et al. 2005; Yang et al. 2015; Lau et al. 2005; Drexler et al.
2010; Yuan et al. 2010; He et al. 2014; Wu et al. 2016; Hu
et al. 2017), extending as far as Yunnan Province, and some
of them can directly infect humans without intermediate
hosts (Wang et al. 2018). While it is unknown whether the
SARS outbreak could have been preempted with this
knowledge, the joint efforts of China and the USA to ra-
pidly determine where, how and when the virus was spilling
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over and what human behaviors and populations were at
greatest risk for infection may have reduced the severity of
the outbreak and will help in mitigating future spillover
events. The SARS outbreak was a prime example of the
importance  of  contextualizing  epidemiologically
notable human behaviors in social, economic and cultural
systems in order to decipher causality of an EID.

Pandemic diseases in wild animals (epizootics) can also
result in devastating impacts to a country’s biodiversity and
natural resources. For example, amphibian chytridiomy-
cosis, caused by the novel pathogen Batrachochytrium
dendrobatidis, is responsible for massive losses of biodi-
versity to an entire Class of organisms (Amphibians). The
global pandemic lineage of the pathogen originated in
Eastern Asia (Ostfeld and Keesing 2012) and disseminated
through human trade and transportation (O’Hanlon et al.
2018) into the biodiverse areas of Australia and the
Neotropics. The lack of demographic studies, combined
with limited population estimates in the IUCN Red List
prior to this pandemic, made it difficult to understand the
scope of the disease. A better understanding of wildlife
population dynamics before massive declines occur is
essential to better understanding biodiversity’s impact on
EIDs and what elements of biodiversity disease theory
(Fig. 2) apply (Jones et al. 2008; Keesing et al. 2010; Murray
and Daszak 2013; Morse 1995; Ostfeld and Keesing 2012;
Civitello et al. 2015). Interestingly, another fungal patho-
gen, white-nose syndrome (WNS), which has decimated
bat populations in the USA, may also have an Asian or
Eurasian origin because it has been found on bats in
Northern China (Hoyt et al. 2016). Recent studies suggest
that the systemic effects of WNS may down-regulate anti-
viral responses in bats persistently infected with coron-
aviruses and increase the potential of virus shedding (Davy
et al. 2018). Thus, a pathogen predominantly infecting
wildlife may additionally have cascading effects on spillover
of other pathogens of significance for human health.

CURRENT STATE OF READINESS

Global-scale, government-sponsored EID preparedness ef-
forts, initiated or supported to date by joint China-US
partnerships, have focused on improving early-warning
capabilities for known and novel human pathogens in both
humans and animal reservoirs. These initiatives have in-
cluded the US CDC Global Disease Detection program
(CDC-GDDP), which has collaborated with China CDC

and 10 other nations to develop international centers that
help countries prevent, detect and respond to public health
threats (Centers for Disease Control 2018); the US Agency
for International Development’s (USAID) Emerging Pan-
demic Threats (EPT) Program, which has collaborated with
China CDC and Wuhan Institute of Virology and 29 other
nations to strengthen EID preparedness through pathogen
surveillance in wildlife, domestic animals and humans, risk
characterization for pathogen spillover and One Health
training and outreach; the WHO, OIE and FAQO’s collab-
orative global early-warning system for animal diseases
transmissible to humans (GLEWS) (World Health Orga-
nization 2018); the China National Global Virome Initia-
tive (CNGVI; part of the Global Virome Project (GVP
Carroll et al. 2018), a pathogen discovery project proposed
to identify a large portion of the remaining undiscovered
viruses (Carroll et al. 2018; Mora et al. 2011; Geoghegan
et al. 2016); and joint research supported by the US Na-
tional Institutes of Health (NIH) to define the origin of
SARS- and MERS-like coronaviruses (Luo et al. 2018; Hu
et al. 2017) and identify other SARS coronavirus mam-
malian infections in China (Zhou et al. 2018).

Over the past ten years, the USA has made a significant
investment in spear-heading an international network of
government collaborative laboratories and surveillance
mechanisms for EID preparedness through the USAID EPT
program, CDC-GDDP and the Department of Defense’s
Overseas Research Laboratories. For example, the PRE-
DICT project, a part of the EPT program, was operational
in 30 countries, increasing capacity in over 60 laboratories
located in EID hot spots and training over 6200 health
professionals in laboratory diagnostics, field epidemiology,
surveillance and biosafety (PREDICT Consortium 2019).
Such a large-scale investment by the USA in global disease
surveillance, targeting both humans and animals, has laid
the foundation and built the networks and infrastructure
necessary for implementing future training and research in
the underlying disease ecology of EIDs.

China, with its much larger population, has historically
taken a more nationalist perspective toward EID research
and preparedness. Following the outbreak of SARS in
China, the
surveillance, building the web-based Nationwide Notifiable

Government enhanced infectious disease
Infectious Disease Reporting Information System (NI-
DRIS) (Yang et al. 2017). Based on experience detecting
and responding to national epidemics such as SARS, and
influenza H5N1, HIN9 and H7N9, China has expanded

their efforts to assist with diagnostics and surveillance in
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the region; they are a participant in the Mekong Basin
Disease Surveillance Network (Phommasack et al. 2013)
and committed to promoting the prevention and control of
communicable diseases and public health emergency re-
sponse through ASEAN (Association of Southeast Asian
Nations)-China health cooperation (Association of
Southeast Asian Nations 2018). The China International
Development Cooperation Agency (CIDCA) (Chinese
International Development Cooperative Agency 2019) has
historically invested in infrastructure projects but is now
increasingly supporting global health initiatives.

CHINA-US LeADERSHIP

China and the USA are well placed to lead efforts in EID
preparedness both from a national interest standpoint, re-
source availability and a global health interconnectedness
perspective. China and the USA have a long history of
collaboration, have the two largest economies in the world
with significant resources for investment in global health,
the largest current combined investment in infrastructure
for infectious disease research, and have the skill sets nec-
essary for advancing disease prevention and response.
China and the USA first signed a Protocol for Cooperation
in the Science and Technology of Medicine and Public
Health in the 1970s (Obamawhitehouse.gov. 2018). Today,
more than 40% of publications from Chinese scientists are
co-authored with scientists from the USA (Wang et al.
2013). With successful poverty reduction in China and
transformation from a recipient to a provider of aid, China
has taken a more active role in global health initiatives,
signing an MOU with the USA in 2017 to designate
funding toward cooperation on international development,
focusing on food security, public health, humanitarian
assistance and disaster response (Carnegie-Tsinghua Center
for Global Policy 2018). China has also made efforts to
streamline international scientific collaborations, issuing
from the General Office of the State Council in March
2018, the regulatory document entitled, “Measures for the
Management of Scientific Data” (People’s Republic of China
2018; Uga et al. 2001), expected to standardize the data
sharing process with the goal of encouraging collaboration.

Since the end of the nineteenth century, the USA has
maintained the largest economy in the world and has been
the preeminent international influence on global trade and
foreign direct investment (International Monetary Fund
2018). China has recently become the second largest

economy and is increasingly playing an important and
influential role in global trade and infrastructure invest-
ment, particularly since the initiation of the Belt and Road
Initiative in 2013 (National Development and Reform
Commission (NDRC) 2018). In 2018, the World Bank
ranked China 1Ist and the USA 2nd for GDP-PPP (gross
domestic product taking into account purchasing power
parity) (World Bank 2019). Further, China accounts for
18.5% of the world’s population and the USA an additional
4.3% (over one-fifth combined). Companies, products and
employees from both countries are distributed across the
world presenting opportunities for both importation and
exportation of infectious diseases through animal products,
human travel and wildlife trade, and as major drivers of
ecological change responsible for the emergence of new
diseases. China and the USA thus have imperative moral
and fiscal responsibility to invest in global health security,
and their cooperation is key for preparedness and control
of global EIDs in the future.

The USA has several key government agencies which
are actively contributing to emerging infectious disease
research around the world including the Department of
Defense, Health and Human Services, the President’s
Emergency Plan for AIDS Relief, the President’s Malaria
Initiative, the State Department and USAID [see program
compilation available at the NIH Fogarty International
Center website (National Institutes of Health Fogarty
International Center 2019)]. The USA is currently the lar-
gest donor to global health in the world (approximately $11
billion in 2019); however, the current US administration
has proposed significantly reducing global health funding
for the fiscal year 2020 (to approximately $8 Billion)
(Henry ] Kaiser Family Foundation 2019). The USA also
benefits from significant private investment in global
health, and this trend is likely to continue, with efforts from
private foundations such as the Gates Foundation and the
Chan Zuckerberg Biohub poised to accompany US gov-
ernment funding of global health-related projects (Reubi
2018). China has also recently expanded its national
infrastructure for EID preparedness and a country-wide
network of laboratories including 11 national technology
platforms, 11 national research centers and 6 national key
China also has several WHO collaborat-
ing centers with research focused on: tuberculosis, schis-
EIDs,

management of HIV, influenza, vector surveillance, infec-

laboratories.

tosomiasis, infectious disease  surveillance,

tious disease epidemiology, echinococcosis, tropical dis-
eases, malaria, and emerging and re-emerging infectious
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Figure 3. Current and projected future contributions to research

Rest of World

involving the ecology and evolution of infectious diseases from
China, the USA and the rest of the world based on the published
literature.

diseases (World Health Organization 2019b), and two OIE
collaborating centers with research focused on food-borne
parasites and zoonoses (World Organization for Animal
Health 2019). A strong emphasis on leading edge tech-
nology for molecular diagnostics and pathogen character-
ization has made China a leader in the field of virology and
biotechnology (Ellis 2018), including investment in the
state-of-the-art pathogen isolation and identification
technologies such as high-throughput sequencing. In Jan-
uary 2018, for the first time, China overtook the USA in
terms of total number of scientific publications, according
to statistics compiled by the US National Science Foun-

dation (NSF) (Tollefson 2018).

Historically, China and the USA have placed different
levels of emphasis on the ecological and evolutionary
components of infectious diseases research. A search of the
Web of Science (August 15, 2018: see supplementary
information for details) revealed that from 2000-2007, 43%
of publications on ecology/environment that included
disease/pathogens were authored by US researchers exclu-
sive of Chinese participation, while only 2.2% were au-
thored by Chinese of US
participation. These figures changed to 36% and 8%,

researchers  exclusive
respectively, from 2010 to 2017. If this trend continues into
the next decade (2020-2027), then under a linear extrap-
olation we can expect the USA and China to publish
around 30% and 15% of ecological and evolutionary
infectious disease-related research (Fig. 3). Together, the
USA and China have published half of the world’s eco-
logical and evolutionary infectious disease-related research.
Despite these trends, and while around 45% of all pub-
lished disease research is undertaken within the USA and
China, integrated scientific studies with strong ecological
and evolutionary components are largely missing.

ProPOSED NEXT STEPS

While current investments from the USA and China have
built a foundation for better disease surveillance in humans
and animals around the world, an investment in training in
disease ecology with an emphasis on critical thinking re-
mains a missing link. A key observation identified by us
during the recent US—China workshops was that Chinese
infectious disease research has a strong emphasis on biol-
ogy, biotechnology, genomics, virology and public health
surveillance at the expense of research into the spa-
tial/geographic, social/cultural, transmission and ecological
components needed to develop models to guide policies for
controlling zoonoses and other outbreaks. This technology-
oriented bias in research at the cost of a broader social and
ecological understanding of disease systems can result in an
intellectual trap where developing countries continue to
depend on external ecological and environmental systems-
level expertise critical to managing outbreaks. In addition,
with the explosion of bioinformatics related research in the
USA, it is important that the USA not lose sight of the
fundamental importance of foundational training in eco-
logical understanding. Future investments in training in the
fields of disease ecology, eco-evolutionary dynamics, study
design in natural systems, disease modeling and complex
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data analysis are essential for China—as it is no less for
other Asian and sub-Saharan Africa countries—to take a
lead role in their own disease investigations and to con-
tribute toward global health security as equal partners.

An investment in human capacity for critical thinking
regarding infectious diseases involves extending ecological
and analytical training in less developed countries, where
pathogens are most likely to emerge—moving beyond ef-
forts limited to field sampling and pathogen detection. The
UN China One Health Event held in 2011 emphasized the
importance of problem-based as opposed to disciplinary
learning to achieve these goals (Fearnley et al. 2019). This is
the critical next step toward fully collaborative EID pre-
paredness programs, so that capacity strengthening can be
focused on preparing in-country teams for designing their
own outbreak investigations, conducting their own human
and wildlife disease ecology surveys, and taking a more
active role at every step of the scientific process involved
with understanding EIDs and responding to outbreaks.
Significant challenges exist to accomplishing this holistic
training approach, when in-country tertiary science edu-
cation has not produced sufficient research groups able to
carry out the needed research. China is the logical next step
for the global health community’s major investment in
disease ecology training, given its well-developed scientific
infrastructure, current investments in basic science, virol-
ogy and biotechnology, and national interest to contribute
to global EID initiatives.

New approaches are needed to integrate ecological
training and accelerate EID preparedness. These include
broadening data collection to reduce uncertainties and
improving analytical techniques to identify regions at
highest risk for EIDs, as well as strengthening public health
infrastructures in these locations to reduce the number of
outbreaks. The application of novel analytical approaches
to address these critical needs has been conflated by aca-
demic debate on whether or not EID prediction is possible
(Geoghegan and Holmes 2017). While we currently do not
have the ability to accurately forecast the time and location
of the next EID outbreak, existing predictive models have
been instrumental in prioritizing efforts. These include
focusing on: sub-national regions (Allen et al. 2017; Jones
et al. 2008); underlying environmental drivers (Allen et al.
2017; Johnson et al. 2015); specific reservoir host species
(Olival et al. 2017); and pathogen traits (Olival et al. 2017;
Fearnley et al. 2019) that facilitate spillover (Carlson et al.
2018). With a larger investment in disease ecology training
in countries likely to be hot spots for EIDs, we can create

the next generation of modeling and analytical techniques
that incorporate more robust input from EID source na-
tions.

Substantial decadal-long US—China joint funding
mechanisms for integrated multidisciplinary EEID research
projects are also needed to accomplish cross-training and
meet research objectives discussed above. Efforts toward
this mission have been limited because of unwillingness of
traditional funders to redirect resources across sectors and
expand out of siloed missions (Mazet et al. 2016). Disease-
related research focused on medical or genetic components
at the point of human infection and spread has received
much more funding than that with an ecological health
focus, aiming to describe the environmental or host com-
munity scenarios facilitating initial spillover of a pathogen
to humans, or the impact of biodiversity loss on human
health (Ostfeld 2017; Cardinale et al. 2012). An important
step in the right direction was the Ecology and Evolution of
Infectious Diseases (EEID) program through the NSF’s
announcement in August 2018, of the addition of the
National Natural Science Foundation of China as a new
international collaborative partner. Through a relatively
modest government investment of $275 million USD (in-
cluding contributions from foreign partners) since 2000,
this program has funded over 150 individual projects and
led to some key discoveries that have greatly advanced our
understanding and prediction of EID spillover, amplifica-
tion and spread (Lloyd-Smith et al. 2005; Kilpatrick et al.
2006; Gilbert et al. 2008; Chiu et al. 2019; Lee et al. 2017;
Carver et al. 2016; Coffey et al. 2008). Continuation of this
program and further collaborative funding efforts between
the USA and China are needed.

With the burgeoning world population and dramati-
cally increased movements of individuals, the potential for
a disease outbreak to cause the death of hundreds of mil-
lions of individuals is now a reality. Only a deep under-
standing of disease from an ecological systems point of
view, taking into account every scale of a pathogen’s life
cycle, can avert the increasing number of catastrophes in
waiting. Very often it is information on disease ecology that
is missing from programs purporting to take a One Health
approach. Without the scientific and funding support of
China and the USA in addressing the ecological compo-
nents of disease systems through engagement of researchers
and health practitioners from every part of the globe, we
will continue to remain dangerously naive of how best to
confront the threat of pandemic disease.



Synergistic China—US Ecological Research is Essential for Global Emerging Infectious Disease Preparedness

ACKNOWLEDGEMENTS

This study was supported by NSF Grant 1832725 to WMG
and MB (PIs). Tierra Smiley Evans was supported by an NIH
Fogarty International Center KO1 Grant (TW010279-04),
Yrjo Grohn was supported by USDA-NIFA AFRI 2014-
67015-2240 as part of the joint USDA-NSF-NIH-BBSRC-BSF
EEID program, Jishu Shi was supported by the National Bio
and Agro-Defense Facility Transition Fund and USDA ARS
Specific Cooperative Agreement (59-5430-001-23S, NP-103),
Lihong Yuan was supported by the National Natural Science
Fund of China (31872499), Heidi Brown was supported by
the National Institute of Allergy and Infectious Diseases of the
National Institutes of Health under Award number
K01AI101224, Wayne M. Getz was additionally supported
by NIH GM 117617 and NSF EEID 1617982, and Mike Boots
was additionally supported by NTH/ GM122061 and BBSRC
BB/L010879/1. We would like to thank S. Oerding for
graphical illustration. This project benefitted from intellec-
tual developments (or contributions) from the PREDICT
project of the United States Agency for International Devel-
opment (USAID) Emerging Pandemic Threats Program.

OPEN ACCESS

This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to
the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were
made. The images or other third party material in this
article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative
Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you
will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativec
ommons.org/licenses/by/4.0/.

REFERENCES

Alexander KA et al. (2018) In: The Connections Between Ecology
and Infectious Disease. Advances in Environmental Microbiology
vol. 5 Hurst C (editors), Springer, Berlin, pp 267-298

Allen T, et al. (2017) Global hotspots and correlates of emerging
zoonotic diseases. Nat Commun 8:1124. https://doi.org/10.1038/
s41467-017-00923-8

Altizer S, Bartel R, Han BA (2011) Animal migration and infec-
tious disease risk. Science 331:296—302. https://doi.org/10.1126/
science.1194694

Association of Southeast Asian Nations (2018) Joint Statement: 6th
ASEAN-China Health Ministers Meeting. https://asean.org/wp-c
ontent/uploads/2017/09/6th-ACHMM-Joint-Statement_FINAL.
pdf

Barnosky AD, et al. (2012) Approaching a state shift in Earth’s
biosphere. Nature 486:52-58. https://doi.org/10.1038/nat-
urell018

Beef2Live (2019) World Beef Production: Ranking of Countries. h
ttp://beef2live.com/story-world-beef-production-ranking-coun
tries-0-106885

Blackburn J, et al. (2019) Modeling RO for pathogens with envi-
ronmental transmission: animal movements, pathogen popu-
lations, and local infectious zones. Int. | Environ Res Public
Health 16:954. https://doi.org/10.3390/ijerph16060954

Boiro I, et al. (1987) Clinico-epidemiologic and laboratory re-
search on hemorrhagic fevers in Guinea. Bull Soc Pathol Exot
Filiales 80:607-612

Can OE, D’Cruze NE, Macdonald D (2019) Dealing in deadly
pathogens: Taking stock of the legal trade in live wildlife and
potential risks to human health. Glob Ecol Conserv 00515

Cardinale BJ, et al. (2012) Biodiversity loss and its impact on
humanity. Nature 486:59—67. https://doi.org/10.1038/nat-
urell148

Carlson CJ et al. (2017) Parasite biodiversity faces extinction and
redistribution in a changing climate. Sci Adv 3. https://doi.org/
10.1126/sciadv.1602422

Carlson C, Dougherty E, Boots M, Getz W, Ryan S (2018a)
Consensus and conflict among ecological forecasts of Zika virus
outbreaks in the United States. Sci Rep 8

Carlson CJ, et al. (2018) Spores and soil from six sides: interdis-
ciplinarity and the environmental biology of anthrax (Bacillus
anthracis). Biol Rev Camb Philos Soc 93:1813-1831. https://
doi.org/10.1111/brv.12420

Carnegie-Tsinghua Center for Global Policy (2018) US-China
Collaboration on Global Development. https://carnegietsinghua.
org/2017/09/19/u.s.-china-collaboration-on-global-developmen
t-event-5688

Carroll D, et al. (2018) The global virome project. Science
359:872-874. https://doi.org/10.1126/science.aap7463

Carver S, et al. (2016) Pathogen exposure varies widely among
sympatric populations of wild and domestic felids across the
United States. Ecol Appl 26:367-381. https://doi.org/10.1890/15-
0445

Casey J, et al. (2014) High-density livestock production and
molecularly characterized MRSA infections in Pennsylvania.
Environ Health Perspect 122:464—-470

Centers for Disease Control (2016) 2014 Ebola Outbreak in West
Africa, http://www.cdc.gov/vhf/ebola/outbreaks/2014-west-afric
a

Centers for Disease Control (2018a) Asian Longhorned Tick
Spreading Widely in the US. https://www.cdc.gov/media/release
$/2018/p1129-tick-spreading-widely.html

Centers for Disease Control (2018b) Global Disease Detection

Program https://www.cdc.gov/globalhealth/healthprotection/gd
d/index.html


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41467-017-00923-8
https://doi.org/10.1038/s41467-017-00923-8
https://doi.org/10.1126/science.1194694
https://doi.org/10.1126/science.1194694
https://asean.org/wp-content/uploads/2017/09/6th-ACHMM-Joint-Statement_FINAL.pdf
https://asean.org/wp-content/uploads/2017/09/6th-ACHMM-Joint-Statement_FINAL.pdf
https://asean.org/wp-content/uploads/2017/09/6th-ACHMM-Joint-Statement_FINAL.pdf
https://doi.org/10.1038/nature11018
https://doi.org/10.1038/nature11018
http://beef2live.com/story-world-beef-production-ranking-countries-0-106885
http://beef2live.com/story-world-beef-production-ranking-countries-0-106885
http://beef2live.com/story-world-beef-production-ranking-countries-0-106885
https://doi.org/10.3390/ijerph16060954
https://doi.org/10.1038/nature11148
https://doi.org/10.1038/nature11148
https://doi.org/10.1126/sciadv.1602422
https://doi.org/10.1126/sciadv.1602422
https://doi.org/10.1111/brv.12420
https://doi.org/10.1111/brv.12420
https://carnegietsinghua.org/2017/09/19/u.s.-china-collaboration-on-global-development-event-5688
https://carnegietsinghua.org/2017/09/19/u.s.-china-collaboration-on-global-development-event-5688
https://carnegietsinghua.org/2017/09/19/u.s.-china-collaboration-on-global-development-event-5688
https://doi.org/10.1126/science.aap7463
https://doi.org/10.1890/15-0445
https://doi.org/10.1890/15-0445
http://www.cdc.gov/vhf/ebola/outbreaks/2014-west-africa
http://www.cdc.gov/vhf/ebola/outbreaks/2014-west-africa
https://www.cdc.gov/media/releases/2018/p1129-tick-spreading-widely.html
https://www.cdc.gov/media/releases/2018/p1129-tick-spreading-widely.html
https://www.cdc.gov/globalhealth/healthprotection/gdd/index.html
https://www.cdc.gov/globalhealth/healthprotection/gdd/index.html

T. S. Evans et al.

Chinese International Development Cooperative Agency (2019)
CIDCA, http://en.cidca.gov.cn/index.html

Chiu ES, et al. (2019) Multiple Introductions of Domestic
Cat Feline Leukemia Virus in Endangered Florida Panthers.
Emerg  Infect Dis  25:92-101.  https://doi.org/10.3201/
eid2501.181347

Civitello DJ, et al. (2015) Biodiversity inhibits parasites: Broad
evidence for the dilution effect. PNAS USA 112:8667-8671.
https://doi.org/10.1073/pnas.1506279112

Coffey LL, et al. (2008) Arbovirus evolution in vivo is constrained
by host alternation. PNAS USA 105:6970—6975. https://doi.org/
10.1073/pnas.0712130105

Cohen JM, et al. (2016) Spatial scale modulates the strength of
ecological processes driving disease distributions. PNAS
113:E3359-E3364. https://doi.org/10.1073/pnas.1521657113

Cunningham M, et al. (2008) Epizootiology and management of
feline leukemia virus in the Florida Puma. J Wildl Dis 44:537—
552

Daszak P, Cunningham AA, Hyatt AD (2000) Emerging infectious
diseases of wildlife—threats to biodiversity and human health.
Science 287:443—-449

Davy C, et al. (2018) White-nose syndrome is associated with
increased replication of a naturally persisting coronaviruses in
bats. Sci Rep 8:15508

Drexler JF, et al. (2010) Genomic characterization of severe acute
respiratory syndrome-related coronavirus in European bats and
classification of coronaviruses based on partial RNA-dependent
RNA polymerase gene sequences. ] Virol 84:11336-11349.
https://doi.org/10.1128/JVI1.00650-10

Dudas G, Carvalho LM, Rambaut A, Bedford T (2018) MERS-
CoV spillover at the camel-human interface. eLIFE, e31257

Ellis S (2018) Braced for the biotech boom: why careers in China’s
biopharmaceutical industries have never looked more promis-
ing. Nature Jobs Career Guide, S19-522

Estrada-Pena A, Ayllon N, De La Fuente J (2012) Impact of cli-
mate trends on tick-borne pathogen transmission. Front Physiol
3. https://doi.org/10.3389/fphys.2012.00064

Estrada-Pena A, Ostfeld RS, Peterson AT, Poulin R, de la Fuente ]
(2014) Effects of environmental change on zoonotic disease risk:
an ecological primer. Trends Parasitol 30:205-214. https://
doi.org/10.1016/j.pt.2014.02.003

Fearnley L, Wilcox B, Sims L, Martin V, for USAID, UNDP,
WHO, FAO (2019) Report on the UN China One Health Event:
An Eco-System Health Approach to Address Emerging Infectious
Diseases in China, http://www.fao.org/3/a-an334e.pdf

Feng N, et al. (2015) Fatal canine distemper virus infection of
giant pandas in China. Sci Rep 6:27518. https://doi.org/10.1038/
srep27518

Fitchett JR, et al. (2016) Ebola research funding: a systematic
analysis, 1997-2015. ] Glob Health 6:020703. https://doi.org/
10.7189/j0gh.06.020703

Food and Agriculture Organization of the United Nations (2019)
FAOSTAT Livestock. http://www.fao.org/faostat/en/#data/QL
Forst C (2010) In: Infectious Disease Informatics Sintchenko V
(editor), Berlin: Springer, pp 123-147

Gao GF (2018) From, “A”IV to “Z”IKV: Attacks from Emerging
and Re-emerging Pathogens. Cell 172:1157-1159. https://
doi.org/10.1016/j.cell.2018.02.025

Gao F, et al. (1999) Origin of HIV-1 in the chimpanzee Pan
troglodytes troglodytes. Nature 397:436—441. https://doi.org/
10.1038/17130

Ge XY, et al. (2013) Isolation and characterization of a bat SARS-
like coronavirus that uses the ACE2 receptor. Nature 503:535—
538. https://doi.org/10.1038/nature12711

Geoghegan JL, Holmes EC (2017) Predicting virus emergence
amid evolutionary noise. Open Biol 7. https://doi.org/10.1098/
rsob.170189

Geoghegan ], Senior A, Giallonardo F, Holmes E (2016) Viro-
logical factors that increase the transmissibility of emerging
human viruses. PNAS 113:4170-4175

Gilbert M, et al. (2008) Mapping H5N1 highly pathogenic avian
influenza risk in Southeast Asia. PNAS USA 105:4769—4774.
https://doi.org/10.1073/pnas.0710581105

Goklany IM (2009) Climate change is not the biggest global health
threat. Lancet 374:973-974. https://doi.org/10.1016/S0140-
6736(09)61655-X

Guan Y, et al. (2003) Isolation and characterization of viruses
related to the SARS coronavirus from animals in southern
China.  Science  302:276-278.  https://doi.org/10.1126/sci-
ence.1087139

Guha-Sapir D (2019) EM-DAT: The Emergency Events Database—
Universite Catholique de Louvain (UCL), Brussels. www.emda
t.be

Hassell J, Begon M, Ward M, Fevre E (2017) Urbanization and
Disease Emergence: Dynamics at the Wildlife-Livestock-Human
Interface. Trends Ecol Evol 32:55-67

He B, et al. (2014) Identification of diverse alphacoronaviruses
and genomic characterization of a novel severe acute respiratory
syndrome-like coronavirus from bats in China. J Virol 88:7070—
7082. https://doi.org/10.1128/JV1.00631-14

Henry ] Kaiser Family Foundation (2019) The U.S. Government
and Global Health. http://www kff.org/global-health-policy/fact-
sheet/the-u-s-government-and-global-health/footnote-274921-1
2

Hoyt JR, et al. (2016) Widespread bat white-nose syndrome
fungus, Northeastern China. Emerg Infect Dis 22:140-142.
https://doi.org/10.3201/eid2201.151314

Hu Y, Liu F, Lin IY, Gao GF, Zhu B (2016) Dissemination of the
mcr-1 colistin resistance gene. Lancet Infect Dis 16:146-147.
https://doi.org/10.1016/S1473-3099(15)00533-2

Hu B, et al. (2017) Discovery of a rich gene pool of bat SARS-
related coronaviruses provides new insights into the origin of
SARS coronavirus. PLoS Pathog 13:e1006698. https://doi.org/
10.1371/journal.ppat.1006698

Huang Y (2017) China’s response to the 2014 Ebola outbreak in
West Africa. Global Challenges 1

International Monetary Fund (2018) GDP, Current Prices. https://
www.imf.org/external/datamapper/NGDPD@WEO/OEMDC/A
DVEC/WEO/JPN/FRA

Jin Y, et al. (2017) Canine distemper viral infection threatens the
giant panda population in China. Oncotarget 8:113919

Johnson CK, et al. (2015) Spillover and pandemic properties of
zoonotic viruses with high host plasticity. Sci Rep 5:14830.
https://doi.org/10.1038/srep14830

Jones KE, et al. (2008) Global trends in emerging infectious dis-
eases. Nature 451:990-994

Jones BA, et al. (2013) Zoonosis emergence linked to agricultural
intensification and environmental change. PNAS USA
110:8399-8404. https://doi.org/10.1073/pnas.1208059110

Kamradt-Scott A (2016) WHO’s to blame? The World Health
Organization and the 2014 Ebola outbreak in West Africa. Third
World Quarterly 37


http://en.cidca.gov.cn/index.html
https://doi.org/10.3201/eid2501.181347
https://doi.org/10.3201/eid2501.181347
https://doi.org/10.1073/pnas.1506279112
https://doi.org/10.1073/pnas.0712130105
https://doi.org/10.1073/pnas.0712130105
https://doi.org/10.1073/pnas.1521657113
https://doi.org/10.1128/JVI.00650-10
https://doi.org/10.3389/fphys.2012.00064
https://doi.org/10.1016/j.pt.2014.02.003
https://doi.org/10.1016/j.pt.2014.02.003
http://www.fao.org/3/a-an334e.pdf
https://doi.org/10.1038/srep27518
https://doi.org/10.1038/srep27518
https://doi.org/10.7189/jogh.06.020703
https://doi.org/10.7189/jogh.06.020703
http://www.fao.org/faostat/en/#data/QL
https://doi.org/10.1016/j.cell.2018.02.025
https://doi.org/10.1016/j.cell.2018.02.025
https://doi.org/10.1038/17130
https://doi.org/10.1038/17130
https://doi.org/10.1038/nature12711
https://doi.org/10.1098/rsob.170189
https://doi.org/10.1098/rsob.170189
https://doi.org/10.1073/pnas.0710581105
https://doi.org/10.1016/S0140-6736(09)61655-X
https://doi.org/10.1016/S0140-6736(09)61655-X
https://doi.org/10.1126/science.1087139
https://doi.org/10.1126/science.1087139
http://www.emdat.be
http://www.emdat.be
https://doi.org/10.1128/JVI.00631-14
http://www.kff.org/global-health-policy/fact-sheet/the-u-s-government-and-global-health/footnote-274921-12
http://www.kff.org/global-health-policy/fact-sheet/the-u-s-government-and-global-health/footnote-274921-12
http://www.kff.org/global-health-policy/fact-sheet/the-u-s-government-and-global-health/footnote-274921-12
https://doi.org/10.3201/eid2201.151314
https://doi.org/10.1016/S1473-3099(15)00533-2
https://doi.org/10.1371/journal.ppat.1006698
https://doi.org/10.1371/journal.ppat.1006698
https://www.imf.org/external/datamapper/NGDPD%40WEO/OEMDC/ADVEC/WEO/JPN/FRA
https://www.imf.org/external/datamapper/NGDPD%40WEO/OEMDC/ADVEC/WEO/JPN/FRA
https://www.imf.org/external/datamapper/NGDPD%40WEO/OEMDC/ADVEC/WEO/JPN/FRA
https://doi.org/10.1038/srep14830
https://doi.org/10.1073/pnas.1208059110

Synergistic China—US Ecological Research is Essential for Global Emerging Infectious Disease Preparedness

Karesh WB, Cook RA, Bennett EL, Newcomb J (2005) Wildlife
trade and global disease emergence. Emerg Infect Dis 11:1000—
1002. https://doi.org/10.3201/eid1107.050194

Keesing F, et al. (2010) Impacts of biodiversity on the emergence
and transmission of infectious diseases. Nature 468:647—652.
https://doi.org/10.1038/nature09575

Kilpatrick AM, et al. (2006) Predicting the global spread of H5N1
avian influenza. PNAS USA 103:19368-19373. https://doi.org/
10.1073/pnas.0609227103

Kupferschmidt K (2018) This Bat Species May be the Source of the
Ebola Epidemic that Killed More than 11,000 People in West
Africa. https://www.sciencemag.org/news/2019/01/bat-species-
may-be-source-ebola-epidemic-killed-more-11000-people-wes
t-africa

Lau SK, et al. (2005) Severe acute respiratory syndrome coron-
avirus-like virus in Chinese horseshoe bats. PNAS USA
102:14040-14045. https://doi.org/10.1073/pnas.0506735102

Lee J et al. (2017) Feline immunodeficiency virus cross-species
transmission: implications for emergence of new lentiviral
infections. J Virol 91. https://doi.org/10.1128/jvi.02134-16

Leroy EM, et al. (2005) Fruit bats as reservoirs of Ebola virus.
Nature 438:575-576

Li W, et al. (2005) Bats are natural reservoirs of SARS-like
coronaviruses. Science 310:676-679. https://doi.org/10.1126/
science.1118391

Liu YY, et al. (2016) Emergence of plasmid-mediated colistin
resistance mechanism MCR-1 in animals and human beings in
China: a microbiological and molecular biological study. Lancet
Infect  Dis  16:161-168.  https://doi.org/10.1016/S1473-
3099(15)00424-7

Liu Q, et al. (2018) Landscape of emerging and re-emerging
infectious diseases in China: impact of ecology, climate, and
behavior. Front Med 12:3-22. https://doi.org/10.1007/s11684-
017-0605-9

Lloyd-Smith JO, Schreiber SJ, Kopp PE, Getz WM (2005) Su-
perspreading and the impact of individual variation on disease
emergence. Nature 438:344-359

Lu J, Milinovich GJ, Hu W (2016) A brief historical overview of
emerging infectious disease response in China and the need for
a One Health approach in future responses. One Health 2:99—
102. https://doi.org/10.1016/j.onehlt.2016.07.001

Lu, et al. (2016) Chinese military teams in the Ebola outbreak of
Sierra Leone. ] R Army Med Corp 162:198-202

Luo CM et al. (2018) Discovery of novel bat coronaviruses in
South China that use the same receptor as middle east respi-
ratory syndrome coronavirus. J Virol 92. https://doi.org/10.112
8/jvi.00116-18

Marano N, Arguin PM, Pappaioanou M (2007) Impact of glob-
alization and animal trade on infectious disease ecology. Emerg
Infect Dis 13:1807-1809. https://doi.org/10.3201/eid1312.071
276

Mazet J, McDermott H, Goldstein T (2016) In: Transforming
Public Health Surveillance: Proactive Measures for Prevention,
Detection, and Response McNabb S et al. (editor)

Mennerat A, Nilsen F, Ebert D, Skorping A (2010) Intensive
farming: evolutionary implications for parasites and pathogens.
Evol Biol 37:59-67. https://doi.org/10.1007/s11692-010-9089-0

Mora C, Tittensor DP, Adl S, Simpson AG, Worm B (2011) How
many species are there on Earth and in the ocean? PLoS Biol 9

Morse SS (1995) Factors in the emergence of infectious disease.
Emerg Infect Dis 1:7-15

Murray KA, Daszak P (2013) Human ecology in pathogenic
landscapes: two hypotheses on how land use change drives viral
emergence. Curr Opin Virol 3:79-83. https://doi.org/10.1016/
j.coviro.2013.01.006

National Development and Reform Commission (NDRC) Peo-
ple’s Republic of China (2018) Vision and Actions on Jointly
Building Silk Road Economic Belt and 21st-Century Maritime Silk
Road, http://en.ndrc.gov.cn/newsrelease/201503/t20150330_669
367.html

National Hog Farmer (2019) World Pork Production and Trade
Keep Expanding. https://www.nationalhogfarmer.com/marketin
g/world-pork-production-and-trade-keep-expanding

National Institutes of Health Fogarty International Center (2019)
US Government Agencies. https://www.fic.nih.gov/Global/Pages/
USGovt.aspx

Obamawhitehouse.gov (2018) Fact Sheet: US-China Science and
Technology Cooperation Highlights: 32 Years of Collaboration. h
ttps://asean.org/wp-content/uploads/2017/09/6th-ACHMM-Joi
nt-Statement_FINAL.pdf

O’Hanlon §J, et al. (2018) Recent Asian origin of chytrid fungi
causing global amphibian declines. Science 360:621-627. https://
doi.org/10.1126/science.aar1965

Olival K, Hayman D (2014) Filoviruses in bats: current knowledge
and future directions. Viruses 6:1759-1788. https://doi.org/
10.3390/v6041759

Olival KJ, et al. (2017) Host and viral traits predict zoonotic
spillover from mammals. Nature 546:646-650. https://doi.org/
10.1038/nature22975

Ostfeld RS (2017) Biodiversity loss and the ecology of infectious
disease. Lancet Planet Health 1:e2—e3. https://doi.org/10.1016/
$2542-5196(17)30010-4

Ostfeld RS, Keesing F (2012) Effects of host diversity on infectious
disease. Annu Rev of Ecol Evol Syst 43:157-182

Patel N, Rorres C, Joly D, Brownstein J, Boston R, Levy M, Smith
G (2015) Quantitative methods of identifying the key nodes in
the illegal wildlife trade network. PNAS USA 112:7948-7953.
https://doi.org/10.1073/pnas.1500862112

People’s Republic of China (2018) Notice of the General Office of
the State Council on Issuing the Measures for the Management of
Scientific Data. http://www.gov.cn/zhengce/content/2018-04/02
/content_5279272.htm

Peterson AT (2014) Mapping Disease Transmission Risk, Balti-
more: Johns Hopkins University Press

Phommasack B et al. (2013) Mekong basin disease surveillance
(MBDS): a trust-based network. Emerg Health Threats ] 6. h
ttps://doi.org/10.3402/ehtj.v6i0.19944

Pike J, Bogich T, Elwood S, Finnoff DC, Daszak P (2014) Eco-
nomic optimization of a global strategy to address the pandemic
threat. PNAS USA 111:18519-18523. https://doi.org/10.1073/
pnas.1412661112

PREDICT Consortium (2019) Semi-annual Report, One Health
Institute: University of California, Davis, pp 2018

Purse BV, et al. (2005) Climate change and the recent emergence
of bluetongue in Europe. Nat Rev Microbiol 3:171-181. https://
doi.org/10.1038/nrmicro1090

Qiao M, Ying GG, Singer AC, Zhu YG (2018) Review of antibiotic
resistance in China and its environment. Environ Int 110:160—
172. https://doi.org/10.1016/j.envint.2017.10.016

Reubi D (2018) Epidemiological accountability: philanthropists,
global health and the audit of saving lives. Econ Soc 47:83—110.
https://doi.org/10.1080/03085147.2018.1433359


https://doi.org/10.3201/eid1107.050194
https://doi.org/10.1038/nature09575
https://doi.org/10.1073/pnas.0609227103
https://doi.org/10.1073/pnas.0609227103
https://www.sciencemag.org/news/2019/01/bat-species-may-be-source-ebola-epidemic-killed-more-11000-people-west-africa
https://www.sciencemag.org/news/2019/01/bat-species-may-be-source-ebola-epidemic-killed-more-11000-people-west-africa
https://www.sciencemag.org/news/2019/01/bat-species-may-be-source-ebola-epidemic-killed-more-11000-people-west-africa
https://doi.org/10.1073/pnas.0506735102
https://doi.org/10.1128/jvi.02134-16
https://doi.org/10.1126/science.1118391
https://doi.org/10.1126/science.1118391
https://doi.org/10.1016/S1473-3099(15)00424-7
https://doi.org/10.1016/S1473-3099(15)00424-7
https://doi.org/10.1007/s11684-017-0605-9
https://doi.org/10.1007/s11684-017-0605-9
https://doi.org/10.1016/j.onehlt.2016.07.001
https://doi.org/10.1128/jvi.00116-18
https://doi.org/10.1128/jvi.00116-18
https://doi.org/10.3201/eid1312.071276
https://doi.org/10.3201/eid1312.071276
https://doi.org/10.1007/s11692-010-9089-0
https://doi.org/10.1016/j.coviro.2013.01.006
https://doi.org/10.1016/j.coviro.2013.01.006
http://en.ndrc.gov.cn/newsrelease/201503/t20150330_669367.html
http://en.ndrc.gov.cn/newsrelease/201503/t20150330_669367.html
https://www.nationalhogfarmer.com/marketing/world-pork-production-and-trade-keep-expanding
https://www.nationalhogfarmer.com/marketing/world-pork-production-and-trade-keep-expanding
https://www.fic.nih.gov/Global/Pages/USGovt.aspx
https://www.fic.nih.gov/Global/Pages/USGovt.aspx
https://asean.org/wp-content/uploads/2017/09/6th-ACHMM-Joint-Statement_FINAL.pdf
https://asean.org/wp-content/uploads/2017/09/6th-ACHMM-Joint-Statement_FINAL.pdf
https://asean.org/wp-content/uploads/2017/09/6th-ACHMM-Joint-Statement_FINAL.pdf
https://doi.org/10.1126/science.aar1965
https://doi.org/10.1126/science.aar1965
https://doi.org/10.3390/v6041759
https://doi.org/10.3390/v6041759
https://doi.org/10.1038/nature22975
https://doi.org/10.1038/nature22975
https://doi.org/10.1016/S2542-5196(17)30010-4
https://doi.org/10.1016/S2542-5196(17)30010-4
https://doi.org/10.1073/pnas.1500862112
http://www.gov.cn/zhengce/content/2018-04/02/content_5279272.htm
http://www.gov.cn/zhengce/content/2018-04/02/content_5279272.htm
https://doi.org/10.3402/ehtj.v6i0.19944
https://doi.org/10.3402/ehtj.v6i0.19944
https://doi.org/10.1073/pnas.1412661112
https://doi.org/10.1073/pnas.1412661112
https://doi.org/10.1038/nrmicro1090
https://doi.org/10.1038/nrmicro1090
https://doi.org/10.1016/j.envint.2017.10.016
https://doi.org/10.1080/03085147.2018.1433359

T. S. Evans et al.

Ritchie H, Roser M (2019) CO, and Greenhouse Gas Emissions. https://
ourworldindata.org/co2-and-other-greenhouse-gas-emissions

Sang S, et al. (2014) Predicting local dengue transmission in
Guangzhou, China, through the influence of imported cases,
mosquito density and climate variability. PLoS One 9:€102755.
https://doi.org/10.1371/journal.pone.0102755

Sang S, et al. (2015) Predicting unprecedented dengue outbreak
using imported cases and climatic factors in Guangzhou, 2014.
PLoS Negl Trop Dis 9:e0003808. https://doi.org/10.1371/jour-
nal.pntd.0003808

Schoepp RJ, Rossi CA, Khan SH, Goba A, Fair JN (2014) Undi-
agnosed acute viral febrile illnesses. Sierra Leone. Emerg Infect
Dis 20:1176-1182. https://doi.org/10.3201/eid2007.131265

Skov R, Monnet D (2016) Plasmid-mediated colistin resistance
(mcr-1 gene): three months later, the story unfolds. Euro Sur-
veill 21. https://doi.org/10.2807/1560-7917

Springer YP, Jarnevich CS, Barnett DT, Monaghan AJ, Eisen RJ
(2015) Modeling the present and future geographic distribution
of the lone star tick, Amblyomma americanum (Ixodida: Ixo-
didae), in the Continental United States. Am J Trop Med Hyg
93:875-890. https://doi.org/10.4269/ajtmh.15-0330

Sun J, Zhang H, Liu Y, Feng Y (2018) Towards understanding
MCR-like colistin resistance. Trends Microbiol 26:794-808.
https://doi.org/10.1016/j.tim.2018.02.006

Tatem AJ, Rogers DJ, Hay SI (2006) Global transport networks
and infectious disease spread. Adv Parasitol 62:293-343. https://
doi.org/10.1016/S0065-308X(05)62009-X

Team WHOER et al. (2016) After ebola in West Africa-unpre-
dictable risks, preventable epidemics. N Engl ] Med 375:587—
596. https://doi.org/10.1056/nejmsr1513109

The National Beureau of Statistics (2018a) National Data. htt
p://data.stats.gov.cn/easyquery.htm?cn=C01&zb=A0D00 &sj=2
018

The National Bureau of Statistics (2018b) 2018 National Economic
and Social Development Report of The Republic of China. http://
www.stats.gov.cn/tjsj/zxfb/201902/t20190228_1651265.html

Tollefson J (2018) China declared largest source of research arti-
cles. Nature 553:390

Uga AD, et al. (2001) Considerations on methodology used in the
World Health Organization 2000 Report. Cad Saude Publica
17:705-712

Van der Waals FW, Pomeroy KL, Goudsmit J, Asher DM, Gaj-
dusek DC (1986) Hemorrhagic fever virus infections in an
isolated rainforest area of central Liberia. Limitations of the
indirect immunofluorescence slide test for antibody screening in
Africa. Trop Geogr Med 38:209-214

Wang XW, Xu SM, Wang Z, Peng L, Wang CL (2013) Interna-
tional scientific collaboration of China: collaborating countries,
institutions and individuals. Scientometrics 95:885-894. https://
doi.org/10.1007/s11192-012-0877-4

Wang T, Sun Y, Qiu HJ (2018) African swine fever: an unprece-
dented disaster and challenge to China. Infect Dis Poverty 7:111.
https://doi.org/10.1186/540249-018-0495-3

Wang N, et al. (2018) Serological Evidence of Bat SARS-Related
Coronavirus Infection in Humans. China. Virol Sin 33:104-107.
https://doi.org/10.1007/s12250-018-0012-7

Wei P, et al. (2016) Pains and gains from China’s experiences with
emerging epidemics: from SARS to H7N9. Biomed Res Int
2016:5717108. https://doi.org/10.1155/2016/5717108

Wikipedia.org (2018) List of Countries by GDP. https://en.wikiped
ia.org/wiki/List_of _countries_by_GDP_(nominal)

Woodward A, et al. (2014) Climate change and health: on the
latest IPCC report. Lancet 383:1185-1189. https://doi.org/
10.1016/S0140-6736(14)60576-6

World Bank (2019) Gross Domestic Product 2019, PPP. https://da
tabank.worldbank.org/data/download/GDP_PPP.pdf

World Health Organization (2019a) WHO Collaborating Centres
Global Database, http://apps.who.int/whocc/List.aspx?cc_code=
CHN

World Health Organization (2019b). Global Influenza Surveillance
and Response System, http://www.who.int/influenza/gisrs_labora
tory/en/

World Health Organization TFO (2018) GLEWS: Global Early
Warning and Response System for Major Animal Diseases,
Including Zoonoses, http://www.glews.net

World Organization for Animal Health (2019) List of Collabo-
rating Centres, http://www.oie.int/scientific-expertise/collaborat
ing-centres/list-of-centres/

Worldometers (2018) Current World Population. http://www.wor
ldometers.info/world-population/

Wu XB, Na RH, Wei SS, Zhu JS, Peng HJ (2013) Distribution of
tick-borne diseases in China. Parasit Vectors 6:119. https://
doi.org/10.1186/1756-3305-6-119

Wu Z, et al. (2016) ORF8-related genetic evidence for Chinese
horseshoe bats as the source of human severe acute respiratory
syndrome coronavirus. J Infect Dis 213:579-583. https://doi.org/
10.1093/infdis/jiv476

Xiang J, et al. (2017) Association between dengue fever incidence
and meteorological factors in Guangzhou, China, 2005-2014.
Environ Res 153:17-26. https://doi.org/10.1016/j.en-
vres.2016.11.009

Xu L, et al. (2017) Climate variation drives dengue dynamics. Proc
Natl Acad Sci U S A 114:113-118. https://doi.org/10.1073/
pnas.16185581141618558114

Yang XL, et al. (2015) Isolation and characterization of a novel bat
coronavirus closely related to the direct progenitor of severe
acute respiratory syndrome coronavirus. J Virol 90:3253-3256.
https://doi.org/10.1128/JV1.02582-15

Yang S, et al. (2017) Epidemiological features of and changes in
incidence of infectious diseases in China in the first decade after
the SARS outbreak: an observational trend study. Lancet Infect
Dis 17:716-725. https://doi.org/10.1016/S1473-3099(17)30227-
X

Yezli S, Li H (2012) Antibiotic resistance amongst healthcare-
associated pathogens in China. Int ] Antimicrob Agents 40:389—
397. https://doi.org/10.1016/j.ijjantimicag.2012.07.009

Yu M, et al. (2014) Knowledge, attitudes, and practices of parents
in rural China on the use of antibiotics in children: a cross-
sectional study. BMC Infect Dis 14:112. https://doi.org/10.1186/
1471-2334-14-112

Yuan J, et al. (2010) Intraspecies diversity of SARS-like coron-
aviruses in Rhinolophus sinicus and its implications for the
origin of SARS coronaviruses in humans. J Gen Virol 91:1058—
1062. https://doi.org/10.1099/vir.0.016378-0

Zhang QQ), Ying GG, Pan CG, Liu YS, Zhao JL (2015) Compre-
hensive evaluation of antibiotics emission and fate in the river
basins of China: source analysis, multimedia modeling, and
linkage to bacterial resistance. Environ Sci Technol 49:6772—
6782. https://doi.org/10.1021/acs.est.5b00729

Zhou P, et al. (2018) Fatal swine acute diarrhoea syndrome caused
by an HKU2-related coronavirus of bat origin. Nature 556:255—
258. https://doi.org/10.1038/s41586-018-0010-9


https://ourworldindata.org/co2-and-other-greenhouse-gas-emissions
https://ourworldindata.org/co2-and-other-greenhouse-gas-emissions
https://doi.org/10.1371/journal.pone.0102755
https://doi.org/10.1371/journal.pntd.0003808
https://doi.org/10.1371/journal.pntd.0003808
https://doi.org/10.3201/eid2007.131265
https://doi.org/10.2807/1560-7917
https://doi.org/10.4269/ajtmh.15-0330
https://doi.org/10.1016/j.tim.2018.02.006
https://doi.org/10.1016/S0065-308X(05)62009-X
https://doi.org/10.1016/S0065-308X(05)62009-X
https://doi.org/10.1056/nejmsr1513109
http://data.stats.gov.cn/easyquery.htm?cn=C01&zb=A0D0O&sj=2018
http://data.stats.gov.cn/easyquery.htm?cn=C01&zb=A0D0O&sj=2018
http://data.stats.gov.cn/easyquery.htm?cn=C01&zb=A0D0O&sj=2018
http://www.stats.gov.cn/tjsj/zxfb/201902/t20190228_1651265.html
http://www.stats.gov.cn/tjsj/zxfb/201902/t20190228_1651265.html
https://doi.org/10.1007/s11192-012-0877-4
https://doi.org/10.1007/s11192-012-0877-4
https://doi.org/10.1186/s40249-018-0495-3
https://doi.org/10.1007/s12250-018-0012-7
https://doi.org/10.1155/2016/5717108
https://en.wikipedia.org/wiki/List_of_countries_by_GDP_(nominal
https://en.wikipedia.org/wiki/List_of_countries_by_GDP_(nominal
https://doi.org/10.1016/S0140-6736(14)60576-6
https://doi.org/10.1016/S0140-6736(14)60576-6
https://databank.worldbank.org/data/download/GDP_PPP.pdf
https://databank.worldbank.org/data/download/GDP_PPP.pdf
http://apps.who.int/whocc/List.aspx%3fcc_code%3dCHN
http://apps.who.int/whocc/List.aspx%3fcc_code%3dCHN
http://www.who.int/influenza/gisrs_laboratory/en/
http://www.who.int/influenza/gisrs_laboratory/en/
http://www.glews.net
http://www.oie.int/scientific-expertise/collaborating-centres/list-of-centres/
http://www.oie.int/scientific-expertise/collaborating-centres/list-of-centres/
http://www.worldometers.info/world-population/
http://www.worldometers.info/world-population/
https://doi.org/10.1186/1756-3305-6-119
https://doi.org/10.1186/1756-3305-6-119
https://doi.org/10.1093/infdis/jiv476
https://doi.org/10.1093/infdis/jiv476
https://doi.org/10.1016/j.envres.2016.11.009
https://doi.org/10.1016/j.envres.2016.11.009
https://doi.org/10.1073/pnas.16185581141618558114
https://doi.org/10.1073/pnas.16185581141618558114
https://doi.org/10.1128/JVI.02582-15
https://doi.org/10.1016/S1473-3099(17)30227-X
https://doi.org/10.1016/S1473-3099(17)30227-X
https://doi.org/10.1016/j.ijantimicag.2012.07.009
https://doi.org/10.1186/1471-2334-14-112
https://doi.org/10.1186/1471-2334-14-112
https://doi.org/10.1099/vir.0.016378-0
https://doi.org/10.1021/acs.est.5b00729
https://doi.org/10.1038/s41586-018-0010-9

	Synergistic China--US Ecological Research is Essential for Global Emerging Infectious Disease Preparedness
	Abstract
	Introduction
	EID Preparedness is Needed
	Required Ecological and Evolutionary Perspective
	Current State of Readiness
	China--US Leadership
	Proposed Next Steps
	Acknowledgements




