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Coronavirus disease 2019 (COVID-19) is as an emerging infectious disease (EID) that has caused the worst
public health catastrophe of the 21st century thus far. In terms of impact, the COVID-19 pandemic is sec-
ond only to the Spanish Flu pandemic of 1918 in modern world history. As of 7 September 2021, there
have been 220 million confirmed cases of COVID-19 and more than 4.5 million deaths. EIDs pose serious
public health and socio-economic risks, and 70% of EIDs originate from wildlife. Preventing development
of EIDs such as COVID-19 is a pressing concern. Here, taking the COVID-19 pandemic as an example, we
illustrate the disastrous effects of EIDs and assess their emergence and evolution from a One Health per-
spective. We propose a One Health strategy, centered on ‘moving the gates forward’, for EID prevention
and control at the human–animal–environment interface. This strategy may be instructive and provide
early warnings of EIDs in the future.
� 2021 Published by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

By 1918, the Spanish influenza (H1N1) pandemic had infected
about 1 billion people worldwide and caused more than 25 million
deaths. The 1918 Spanish Flu has been described as one of the ‘the
deadliest infectious diseases in the world’.1 Coronavirus disease
2019 (COVID-19), caused by a novel coronavirus called severe
acute respiratory syndrome coronavirus-2 (SARS-CoV-2),2 spread
worldwide within weeks of an initial outbreak in Wuhan, China
in December 2019. As of 7 September 2021, there have been 220
million confirmed cases of COVID-19 and more than 4.5 million
deaths.3 Both the 2018 Spanish Flu and COVID-19 represent exam-
ples of deadly EIDs, defined as diseases caused by a newly discov-
ered species or a new pathogenic microorganism.

The history of humankind can be viewed as a struggle against
infectious diseases. In the past 20 years, EIDs including H5N1 avian
influenza, H7N9 avian influenza, severe acute respiratory syn-
drome (SARS), Ebola fever, and Middle East respiratory syndrome
(MERS) have posed serious threats to human health and global eco-
nomic development. Considering their potential to cause high mor-
bidity and mortality and their rapid spread, EIDs cannot always be
controlled using traditional strategies before novel approaches can
be developed. Moreover, the development of drugs and vaccines is
a complex, time-consuming, and costly process. Therefore, a key
question is how to avoid the next EID pandemic.

By the 1990s, researchers had begun to investigate similarities
among EIDs by identifying the origins and emergence patterns of
pathogens. Overall, 60% of global EIDs are of zoonotic origin, and
70% originate from wildlife.4 To the best of our knowledge, most
EID emergence has been related to anthropogenic activities that
place people in increased contact with wildlife carrying numerous
previously unfamiliar microbes, promoting pathogen spillover.4–6

With ongoing globalization, the emergence of EIDs has been exac-
erbated by increased rates of human travel and global trade.7 Var-
ious factors at the human–animal–environment interface jointly
promote the emergence of EIDs; in turn, the adverse impacts of
EID affect humans, animals, and the environment. Preventing EIDs
from occurring cannot be achieved by any one discipline alone;
Fig. 1. Global map of coronavirus disease 2019 cases. Figures represent the cumulative nu
numbers of cumulative confirmed cases are labeled.
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intersectoral, interregional, and interdisciplinary cooperation is
needed. This viewpoint is known as the One Health strategy, a
new concept to address zoonoses at the human-animal-
environment interface.8 A key focus of a One Health strategy for
EIDs is establishing interdisciplinary, cross-sectoral, and cross-
regional collaborations to provide early warnings of EID outbreaks.
Metaphorically speaking, we call this goal ‘moving the gates for-
ward’, and it can be accomplished by focusing on the course of
animal-to-human transmission to stop pathogen spillover and
development of epidemics.9

Here, we illustrate the disastrous effects of EIDs and analyze
their emergence and evolution from a One Health perspective.
We propose a One Health strategy centered on moving the gates
forward for EID prevention and control.

2. Current global pandemic and disease burden of COVID-19

In early December 2019, the media reported sporadic and clus-
tered cases of a ‘pneumonia of unknown origin’ in the city of
Wuhan in Hubei Province, China.10 The pneumonia spread quickly,
affecting other countries and regions globally within a short time.
On 11 February 2020 the World Health Organization (WHO)
named the syndrome COVID-19 and declared this infectious dis-
ease a global pandemic.11 At present, COVID-19 is still spreading
at an unrelenting pace worldwide (Fig. 1). As of 7 September
2021, there had been more than 220 million infections and 4.5 mil-
lion related deaths, and 30 countries had exceeded 1 million cumu-
lative confirmed cases. The United States, India, and Brazil have
recorded the highest numbers of both COVID-19 confirmed cases
and deaths. The rapid development of this pandemic has taxed
healthcare systems worldwide and also wreaked havoc on the glo-
bal economy and society, with far-reaching effects on global mar-
ket trading, job markets, tourism, and transportation.12,13 The
disability adjusted life year (DALY) is an important indicator that
combines disease incidence and mortality to quantify the burden
of a disease, and can be used to better understand the impact of
COVID-19 on health and the economy.14,15 As of the end of April
2021, the number of DALYs (in thousands) lost because of
mber of confirmed cases as of 7 September 2021. The ten countries with the highest
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COVID-19 was estimated at 31 930,16 very close to the burden (in
thousands) of 45 000 DALYs lost because of tuberculosis and
malaria combined and 4.61-fold the 6340 (thousand) DALYs lost
because of upper respiratory diseases.17
3. Origins and emergence of COVID-19 and zoonotic links

3.1. Wildlife origins and intermediate hosts of SARS-CoV-2

Epidemiological investigations established that the first COVID-
19 patient hospitalized in the Central Hospital of Wuhan on 26
December 2019 was a worker at the Wuhan Huanan seafood
wholesale market. A wide variety of live wild animals are sold at
the market, including hedgehogs, badgers, snakes, and birds (tur-
tledoves), as well as animal carcasses and animal meat.18 In addi-
tion, about 49% of early COVID-19 cases had a history of contact
with the Huanan seafood market.19 Given these epidemiological
findings, the source of the causative agent of COVID-19 was sus-
pected to be related to wild animals at this seafood market. This
hypothesis was supported by a report that 33 of 585 environmen-
tal samples from the Huanan seafood market tested positive for
SARS-CoV-2, and most of these samples were obtained from stalls
selling wildlife.20 Moreover, sequence homology of SARS-CoV-2
with SARS-CoV and MERS-CoV (79% and 50%, respectively) sug-
gests the virus probably originated in bats, which acted as the orig-
inal hosts.21,22 Whole genome sequencing has shown that SARS-
CoV-2 shares 96.2% sequence identity with BatCoV RaTG13 and
88% similarity with two bat-derived SARS-like coronaviruses
(bat-SL-COVZC45 and bat-SL-COVZC21), suggesting that bats are
the most likely hosts of SARS-CoV-2.23 The Chinese horseshoe bat
(genus Rhinolophus, identified in Yunnan province) is believed to
be the natural reservoir for SARS-CoV-2 based on genomic and evo-
lutionary analyses.23

It is noteworthy that there was no clear evidence that bats were
being sold at the Huanan seafood market and there is a geographic
discrepancy between the site where SARS-CoV-2 was proposed to
originate (Yunnan) and where the outbreak occurred (Wuhan).
Thus, scientists have hypothesized the existence of intermediate
hosts promoting spillover to humans from bats. Snakes sold at
the market were initially suspected of being intermediate hosts24;
however, this hypothesis was disproved on the basis of the compo-
sition of snake ACE and its differences from human ACE2.25 Previ-
ously, Malayan pangolins were considered likely intermediate
hosts because a coronavirus isolated from pangolins (pangolin-
CoV) shared 91.02% sequence identity with SARS-CoV-2 and
90.55% identity with BatCoV RaTG13 at the whole genome level.26

Comparative genomics analyses suggested that SARS-CoV-2 might
be derived from recombination between a BatCoV RaTG13-like
virus and a pangolin CoV-like virus,27 which may have represented
the critical step for the virus to infect humans. This hypothesis
would also explain why SARS-related coronavirus-specific antibod-
ies are present at higher levels in individuals living in rural loca-
tions compared with those living near bat caves.28 Further
studies are required to identify the definitive intermediate host
(s) and elucidate the exact mechanisms underlying the origin of
SARS-CoV-2.
3.2. Frozen foods as a potential source of SARS-CoV-2

Imported frozen foods, especially meat products and animal
carcasses contaminated or infected with zoonotic pathogens, are
other controversial potential sources of SARS-CoV-2. This hypoth-
esis originated from a report by the WHO stating that wildlife car-
casses were left behind in freezers at the Huanan market as frozen
food and sold in late December 201929 and that during the pan-
7

demic, SARS-CoV-2 has been identified from frozen foods, packag-
ing, and storage surfaces.30 One notable event in China (the
shortage of pork caused by the African swine fever virus pan-
demic)31 facilitated the use of cold-chain transport for a variety
of other meats to meet the massive demand for meat products.
Frozen meat, especially lower-priced or illegally produced meat,
is more likely to carry pathogens.32 Higher rates of pathogen con-
tamination combined with low transport temperatures enables
long-term survival of such pathogens, masking considerable infec-
tion risks to susceptible persons. Some cases of COVID-19 in China
were reported to be linked to imported frozen foods.30 Frozen
foods are worth our attention as potential trans-regional sources
of SARS-CoV-2 and other pathogens.
3.3. Reverse and secondary zoonosis of SARS-CoV-2

The COVID-19 pandemic among humans has shown reverse
zoonotic properties (human-to-animal transmission; Fig. 2). Natu-
rally occurring reverse SARS-CoV-2 zoonosis events have been doc-
umented in several animal species and in different countries.33 An
increasing number of pets, including cats, ferrets, and dogs, live in
close contact with humans and have been reported to be infected
with COVID-19; clinical manifestations ranging from asymp-
tomatic infection to severe respiratory illness.34–37 Studies have
reported that cats and ferrets appear to be more susceptible to
COVID-19 than dogs.38 Fortunately, no strong evidence exists for
pet-to-human or sustained pet-to-pet transmission of SARS-CoV-
2. In addition to pets, multiple zoo animal species have been
observed to suffer from COVID-19, including tigers, lions, gorillas,
Asian small-clawed otters, and cougars.39,40 These animals appear
to have been infected by zoo staff members with COVID-19. Rev-
erse zoonotic transmission of SARS-CoV-2 in farmed minks is
alarming. Minks are highly susceptible to SARS-CoV-2 infection
and have transmitted the virus back to humans as a secondary
zoonosis. Although additional investigations are necessary, evi-
dence contained in one report indicated that a SARS-CoV-2 variant
in Danish farmed mink could be spread to mink-farm workers.41

Cats near these farms were infected with COVID-19 by minks, pro-
viding proof of animal-to-animal transmission. Transmission of
SARS-CoV-2 from humans to numerous animals, occasionally from
animals to animals, and even from animals to humans, makes it
clear that the virus can infect and be transmitted between a wide
range of distantly related mammal species. This increases the risk
of cross-species transmission on a large scale.
4. Similarities between EIDs occurring in the past and present

4.1. EIDs are a persistent human catastrophe

The history of humankind can be viewed as the history of our
struggle against infectious diseases. In the mid to late 14th century,
a plague known as the ‘Black Death’ swept across Europe and killed
25 million people, corresponding to approximately one-third of the
population at the time.42 In the early 20th century, a process was
invented to replace mink skins with otter skins to increase profits.
This led to a culling frenzy and transmission of the plague to
humans through otters, resulting in the death of nearly 60 000 peo-
ple in northeastern China.43 In 1918/1919, the Spanish Flu infected
about 1 billion people and killed at least 25 million worldwide, far
exceeding the death toll of the First World War.1 With gradual
improvements in the public health system, significant progress
has been made in the prevention and control of infectious diseases.
However, the threat to humanity from EIDs is still present: multi-
ple EIDs have emerged worldwide in the last 20 years alone, plac-
ing a heavy burden on public health systems and the economy. For



Fig. 2. Zoonotic links of severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2). The horseshoe bat has been reported as the source of SARS-CoV-2. The intermediate
host is unclear, although snakes or pangolins have been suggested to be most likely. Animals that have been associated with reverse zoonoses are shown above. Secondary
zoonotic events have been reported at mink farms.
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example, in 2002/2003, the SARS epidemic caused at least 8096
infections and 774 deaths; the mortality rate was 11% and the glo-
bal economic cost was over US$30 billion.44 In March 2009, an out-
break of influenza A (H1N1) in Mexico and the United States
spread to 214 countries and territories worldwide, infecting 1.3
million people and killing more than 18 000.45 In 2012, an out-
break of MERS occurred in Saudi Arabia with a 39% mortality rate;
the virus caused 1401 infections and 543 deaths globally, con-
tributing to anxiety in more than half of the general population
of Saudi Arabia at the end of the epidemic.46,47 In 2014, outbreaks
of Ebola occurred several countries across West Africa, killing 11
310 people with mortality rates of 50% to 90%.48 These EIDs
demonstrated rapid spread and high mortality, and represented
major public health problems endangering human health.

Immunization is one of the most economical and effective
means for the prevention and control of infectious diseases. How-
ever, owing to the time required and high costs of vaccine develop-
ment before market, vaccines are inadequate for the prevention of
EIDs. For these reasons, we need to focus on how to avoid the
occurrence of EIDs and enable early warning of EID outbreaks to
improve prevention and control.

4.2. Wildlife is a major source of EIDs

Many uncharacterized viruses are zoonotic and understanding
these viruses, particularly those of wild animal origin, is vital in
the management of EIDs. Of the 180 RNA viruses recognized as
potentially harmful to humans, 89% are zoonotic,49 suggesting that
animal-derived viruses play an important role in the occurrence of
EIDs. Zoonotic EIDs such as human immunodeficiency virus (HIV)/
acquired immunodeficiency syndrome (AIDS), Ebola, Marburg
8

hemorrhagic fever, West Nile fever, Nipah fever, Hendra, human
monkeypox, various subtypes of avian influenza, SARS, MERS,
and COVID-19 are caused by viral spillover from wildlife to
humans. Anthropogenic activities play an important role in this
process. Wild apes and rodents are common animal sources of
EIDs. A precursor of HIV was identified in monkeys in central Africa
and was originally contracted by African people preying on mon-
keys.50 Cases of monkeypox were reported in the United States
in 2003, with the majority of patients having had close contact
with imported pet prairie dogs infected by African rodents.51 Bats
are the primary natural hosts of SARS-CoV-2 as well as SARS-CoV
and MERS-CoV. According to the Global Bat Virus Database, scien-
tists have identified more than 4100 viruses in nearly 200 species
of bat, including more than 500 coronaviruses.52 More and more
people are eating wild animals to satisfy a demand for high-
protein foods. The fruit civet, which is often eaten by humans,
and the dromedary, which is the most traded animal in Saudi Ara-
bia, are important intermediate hosts of SARS-CoV and MERS-CoV,
respectively.53 Wild waterfowl are natural reservoirs for all types
of avian influenza viruses.54 In summary, rodents, primates, and
wild birds are important sources of pathogens causing EIDs. These
animals carry viruses that have adapted to coexist within their
hosts and have low or no pathogenicity, but can spill over into
humans or domesticated animals and become highly pathogenic
to humans. In recent years, a complex mixture of human activities,
ecological damage, and socio-economic factors including illegal
hunting, wildlife farming, and illegal trade, have contributed to
promotion of direct human–and domestic animal–wildlife interac-
tions, resulting in contact with wildlife-derived EIDs.6

SARS-CoV-2 and other past EIDs have reminded us of the need
to pay careful attention to the close links between humans, ani-



Q. Wu, Q. Li and J. Lu Journal of Biosafety and Biosecurity 4 (2022) 5–11
mals, and the environment and their role in the occurrence and
development of EIDs. Wildlife origins are important features of
EIDs. Anthropogenic activities and their impact on the environ-
ment, including hunting and the wildlife trade, urbanization, eco-
logical tourism, climate change, and habitat destruction, play
critical roles in facilitating spillover of emerging pathogens.55 In
turn, the emergence of EIDs can have severe impacts on humans,
animals, and the environment. The time has arrived for us to com-
bine multisectoral and multidisciplinary efforts to tackle EIDs.
5. A One Health strategy for EIDs

5.1. Animal-based reverse etiology studies and surveillance

Wild animals carry large numbers of microorganisms, which are
not only important sources of EIDs but also key targets for inter-
rupting cross-species transmission. Unfortunately, research on
specific species of wild animals is lacking, and thus prevention
and control efforts for EIDs are currently passive. China is one of
the richest countries in the world in terms of wildlife species:
the estimated number of undescribed virus species in the country
is over 1.2 million.56 Xu Jianguo, an academic at the Chinese Acad-
emy of Engineering, proposed the concept of ‘reverse microbial eti-
ology’ research. The aim of this field is to investigate the
relationships between animal-derived pathogens and human
pathogenesis through wildlife microbial research, to assess the
probability that animal-derived pathogens will cause major out-
breaks of infectious diseases, and to provide forewarning of poten-
tial EID outbreaks.57 Wildlife microbiology research is essential to
understand wildlife microbial communities and for the prediction,
timely detection, and early warning of potential emerging patho-
gens. Furthermore, findings on potential emerging pathogens
should be shared with experts across different disciplines and sec-
tors to fully assess the risk of cross-species transmission and to
assist in providing early warnings. For example, a researcher iso-
lated a potentially pathogenic novel sandy virus, known as the
Wenzhou mammarenavirus virus (WENV), from five species of
rodents and one species of shrew in Wenzhou, Zhejiang Province,
China; a number of patients with respiratory symptoms in South-
east Asian countries subsequently tested positive for the virus.58

Subsequently, it was discovered that the prevalence of WENV in
wild rodents was about 1.0%,59 providing a meaningful baseline
for this newly zoonotic pathogen. Investigations into potential
pathogenic agents carried by domestic animals should also be
taken seriously. Pseudorabies virus (PRV) is extremely infectious
in pigs, causing catastrophic economic losses in the swine indus-
try; the role of PRV as a potential zoonotic pathogen has been con-
troversial for some time.60 Recently, Chinese scientists isolated
porcine PRV from human cerebrospinal fluid for the first time, pro-
viding direct and strong evidence of cross-species transmission of
PRV to humans.61 More importantly, we need to establish a sys-
tematic surveillance system for zoonotic viruses in a wide range
of animal species based on microbial etiology research, and estab-
lish stable animal surveillance sentinel sites to detect wildlife and
domesticated animal epidemics in a timely manner. This will help
shift from a reactive response to EIDs to a proactive one to enable
‘moving the gates forward’ in the prevention and control of EIDs.
5.2. A One Health strategy based on animal practitioner populations

Animal workers are those who are involved in animal breeding,
slaughtering, processing, and marketing; these individuals have
the most frequent contacts with animals. These populations are
at high risks of EIDs and are often sentinels for the spillover of
emerging pathogens to humans. This elevated risk has been con-
9

firmed by multiple studies: pig farm workers have 3.4 times higher
risk of H3N2 influenza virus infection than the general popula-
tion,62 and mink farmers have elevated risks of infection with
mink-associated coronavirus variants.63 The composition of the
animal workforce in China is large and complex. The National
Bureau of Statistics has estimated that the number of individuals
working with animals in China is between 50 and 70 million.
Therefore, regular monitoring of animal practitioner populations
is of significant strategic importance. Fever is a common early
symptom of EID and may be the primary indicator for surveillance
of animal workers. With the help of intelligent positioning sys-
tems, anomalies can be detected and sources of infection can be
quickly traced, thus interrupting the spread of EIDs in a timely
manner. This strategy involves keeping a close eye on the health
status of animal workers and facilitates rapid traceability of patho-
gens to enable early warning and response in the early stages of an
outbreak. These factors are critical stopping EIDs from spreading to
larger-scale populations and causing epidemics. We need to estab-
lish a stable cohort of animal workers, moving away from the cur-
rent reactive model based on hospital surveillance to a proactive
surveillance model with animal workers as the target population,
to improve early warning capabilities and early detection of
outbreaks.
5.3. Establishing a One Health early warning information platform

Under the One Health strategy, an early warning information
platform should be established to accommodate research and
monitoring information arising from the human–animal–environ
ment interface. This platform should involve different sectors and
regions and span multiple disciplines. The platform would include
information on the distribution and disease surveillance in animals
(including wildlife and domestic animals); microorganism baseli-
nes and monitoring of microorganism frequencies in animals; pop-
ulation ecology data (including population migration and
ecological damage); environment and climate data; disease moni-
toring in animal workers; and other factors related to the human–
animal–environment interface. Above all, this information ought to
be shared and integrated by relevant authorities to evaluate dis-
ease risk and assess economic benefit using a mathematical mod-
elling approach. This will enable these bodies to provide early
warnings regarding EIDs and guide decisions and responses. For-
mulating appropriate laws and regulations is critical to enable
the government to protect this shared information platform and
coordinate the interests of various sectors.
6. Conclusion

Avoiding future EIDs is a pressing concern. An important shared
property of historical EIDs is their animal origins. The outbreak of
COVID-19 has re-emphasized the human–animal interface as an
important source of EIDs. This suggests that prevention and control
of EIDs requires a shift from traditional thinking to action at the
human–animal–environment interface. The novel One Health
strategy is described here as a response to the characteristics EIDs;
the goals of this strategy are to avoid the emergence of EIDs or to
stop their spread early. Using the One Health strategy, we need to
establish a cross-sectoral, interdisciplinary, and cross-regional col-
laborative mechanism, focusing on populations at risk of EIDs and
infectious wildlife sources, to carry out active surveillance of ani-
mal workers, strengthen ‘reverse microbial etiology’ research in
animals, and establish stable and systematic multi-species animal
surveillance. From this foundation, a well-established, integrated
One Health early warning information platform shared across sec-
tors and countries can take shape. Only in this way can we avoid
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the recurrence of EIDs and promote the common health of human,
animals, and the environment.
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