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ABSTRACT

The human coronavirus disease 2019 (COVID-19) pandemic represents one of the greatest public health crises in
recent history, which has caused unprecedented and massive disruptions of social and economic life globally, and
the biggest communication challenges for public information-sharing. While there is strong evidence that bats
are the animal source of SARS-CoV-2, the causative agent of COVID-19, there are many uncertainties around the
epidemiology, the intermediate animal species, and potential animal routes of SARS-Cov-2 transmission to
humans. While it has also long been known that coronaviruses circulate among different animal species,
including SARS-CoV and MERS-CoV, responsible for the pandemics of severe acute respiratory syndrome and
Middle East respiratory syndrome endemic in Middle Eastern countries in 2002-2003 and 2012 respectively, the
way this pandemic is being managed tends to downplay or neglect the veterinary contribution, which is not in
line with the One Health approach, if we consider that the genesis of the COVID-19 pandemic, likewise SARS and
MERS lies on a close and interdependent links of humans, animals and the environment. To overcome this flaw,
and to better operationalize the One Health approach, there are several lines of contributions the veterinary
profession might provide to manage the COVID-19 pandemic in the framework of interventions jointly concerted
in the veterinary and medical domains, notably: the experience in dealing with past animal epidemics, the skills
in conducting wildlife surveillance targeting emerging pathogens at risky hot spots, and with the aim to predict
and prevent future pandemics, the laboratory support for the diagnosis and molecular characterization of SARS-
CoV-2 and human samples testing, and animal import risk assessment to define COVID-19 risk strategy for in-
ternational air travel. The veterinary profession presents itself ontologically with a strong One Health accent and
all the related valuable knowledge can be properly integrated within centralised multidisciplinary task-forces set
up at the national and international level, with a renewed role in the management and monitoring structures
required for managing the COVID-19 pandemic.

1. Introduction

worldometers.info/coronavirus/). US, India and Brazil have the highest
case loads. The European Center for Disease Prevention and Control

The novel infection COVID-19, caused by severe acute respiratory
syndrome coronavirus type 2 (SARS-CoV-2), which emerged in China in
late 2019, has marched relentlessly across the world, causing unequaled
disruption of the social structure and related human interactions,
wreaking havoc on the world economy and overstretching global health
care systems beyond their capacity [1]. As of 11 January 2021, in
accordance with the applied case definitions and testing strategies in the
affected countries, there have been almost 90,742,460 confirmed cases
of COVID-19 reported worldwide, with 1944, 209 deaths (https://www.
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(ECDC) reports continuing community transmission in most EU/EEA
countries, EU candidate and potential candidate countries and the UK,
with second or third waves of observed cases and large localised out-
breaks [2]. Despite the massive research efforts of the scientific com-
munity around the globe, there are still many uncertainties, including
the identity of the original animal source of SARS-CoV-2 [3], the in-
termediate animal host [4], the routes and dynamics of virus trans-
mission to humans [5], the broad range of animal hosts that are affected
in the field [6], the virus mutations and their impacts on pathogenicity
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[71, the efficiency and durability of antibody response and reinfection,
[8] the effectiveness of therapeutic regimes, current vaccines and
vaccination strategies [9] [10]. Clearly, although the pandemic is the
result of rapid and effective person-to-person spread of the virus in an
enormous immunologically-naive population, the fact that animals are
involved in the genesis of COVID-19 and possibly even the maintenance
of SARS-CoV-2 in the human population argues for a multidisciplinary
and multilateral One Health coalition [11] and a much stronger imple-
mentation of the One Health Berlin Principles [12]. The findings of
SARS-CoV-2 in cases of respiratory disease and sudden deaths in farmed
mink in the Netherlands, Denmark and a number of other countries
around the world identifies a highly-sensitive animal host. SARS-CoV-2
strains with the same genetic characteristics as affected mink have been
isolated from in-contact farm workers with respiratory disease and other
signs of COVID-19. This definitively shows the zoonotic capability of this
virus. The direction of first transmission will have been human-to-
animal, but subsequent multiplication and dissemination of the virus
has been animal-to-human. The effective management of COVID-19 and
future pandemics caused by animal-emergent pathogens requires the
overcoming of the dichotomy between the veterinary and human med-
ical professions by developing synergies and methodological integra-
tion. The relevance of veterinary experience, especially in the diagnosis
of emerging diseases, elucidation of disease dynamics and establishment
of effective collaborative control and disease management at national
and regional levels is a good reason to break down the interdisciplinary
barriers that still separate human from veterinary medicine and both
from ecological, evolutionary, and environmental sciences. There is a
prevalent attitude to downplay or neglect the contribution of veterinary
virologists, epidemiologists and public health experts to the monitoring
and management of COVID-19. However there are only a few European
countries where veterinarians are lead persons in centralised COVID
multidisciplinary task-forces and work together with human public
health colleagues. This is the case of Ireland, where the COVID-19 team
is chaired by a veterinary epidemiologist [13], and the United Kingdom
[14]. One Health is very relevant to the current pandemic and much can
be anticipated and prevented if the One Helath approach is operation-
alized by the wider mobilization of veterinary skills within national and
international task forces set up within the public health system.

2. Coronaviruses and the novel SARS-CoV-2

SARS-CoV-2 is a small RNA virus, diameter 65-125 nm, with an
outer envelope bearing an array of characteristic spike proteins (S-pro-
teins), containing a linear positive-sense single-stranded and large
genome of nearly 30kD. It has 82% sequence identity with SARS-CoV. It
belongs to the family Coronaviridae, subfamily Coronavirinae, and is a
member of the Betacoronavirus group, along with the viruses of SARS
and MERS, as well as low-pathogenicity endemic human coronaviruses
such as HCoV (Human Coronavirus)-OC43 and HCoV-HKU1 [15]. The
alphacoronavirus group includes CCoV, canine coronavirus, responsible
for enteric and respiratory disease, FCoV, the feline coronavirus that
causes feline infectious peritonitis (FIP), as well as HCoV-NL63 and
HCoV-229E [16], which globally contribute to about one third of the
common cold infections in humans [17]. Infections by any of the HCoV
types can sometimes cause life-threatening pneumonia and bronchiolitis
especially in the elderly, children, and immunocompromised patients
[18]. Pigs are infected by porcine deltacoronavirus, which appears
species-specific, and a recently-emerged alphacoronavirus SADS-CoV
responsible for Swine acute diarrhoea syndrome and most closely
related to bat coronavirus HKU2 [19]. Of concern, recombinant rSADS-
CoV can replicate efficiently in several primary human lung and intes-
tinal cell types, indicating it might become higher-risk for humans in the
future [20]. Recent work on the phylogenetic analysis of CoVs has
clarified the origins of the groups and the evolutionary lines among
animal species [21]. Coronaviruses are distinguished by their remark-
able complexity and high genetic variability, as a result of high rates of
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mutation and recombination [22]. SARS-CoV-2, compared to other RNA
viruses, has an overall 10-fold lower mutation rate, due to internal
proofreading by the non-structural protein 14 (nspl4) that cuts out
mutated genes as they are synthesized by RNA dependent RNA poly-
merase (RARp) [23]. The mutations that have been detected so far in
SARS-CoV-2 genomes are linked to the genes encoding the S (spike)
protein present on the surface or envelope of the virus and are used to
track virus spread and evolution with the goal to aid COVID-19 epide-
miological understanding and improve pandemic response [24]. The S
protein has the main function of recognizing and locking onto the ACE2
receptor (angiotensin 2 conversion enzyme) expressed by the target cells
of the respiratory system and other organs, while the receptor-binding
domain (RBD) on the S protein’s N-terminal is the key element for
beta-coronavirus entering into host cells. SARS-CoV-2 not only uses
ACE2 as a host receptor similarly to the SARS-CoV virus, but also shows
10 to 20 times higher binding capacity [25]. Indeed, the binding affinity
for the ACE2 receptors is one of the key factors for the infectivity and the
high efficiency of person-to-person transmission.

3. The zoonotic origin of COVID-19 pandemic

The majority (70%) of emerging diseases (eg. Ebola, Zika, Nipah
encephalitis) and all known pandemics (eg. influenza, SARS, MERS,
HIV/AIDS) are zoonoses, predominantly originating from wildlife [26].
Epidemiological investigations of the first cases of COVID-19, detected
in late December 2019 in Wuhan, Hubei Province, China, found an as-
sociation of the first and second-generation cases of SARS-CoV-2 in-
fections with the Huanan seafood wholesale market [27]. This was also
supported by the detection of genome sequences of environmental
samples, such as doorknobs and floors from that market, very closely
related to viruses sampled from the earliest Wuhan patients. However
the lack of direct animal sampling made it difficult to accurately identify
any animal reservoir at this location [28]. Moreover, 13 of the 41
confirmed cases of COVID-19 in the first wave had no connection to the
market [29]. Since SARS-CoV-2 has an incubation time of approximately
two weeks, the first zoonotic transfer most likely happened in November
2019 [30]. Though the origins of the pandemic remain unclear, phylo-
genetic analyses using a large subgenomic data set of bat coronaviruses
from China indicate that SARS-CoV-2 likely originated in horseshoe
bats, as its genome sequence has approximately 96% nucleotide identity
with RaTG13, isolated from Chinese Rhinolophus affinis [31] [32]. In
addition, there is 97.4% amino acid sequence similarity in the receptor-
binding domain (RBD) to and 85.5%-92.4% nucleotide identity in the
genome of Guangdong pangolin coronaviruses, and higher amino acid
identity to SARS-CoV-2 in the E, M, N and S proteins of Malayan pan-
golins, suggesting that pangolins might be the intermediate host in
which recombination to produce the SARS-CoV-2 precursor occurred
[33] [34,35]. To investigate their possible role, samples were collected
from 334 pangolins confiscated in Malaysia and Sabah in 2019, but none
of these yielded a positive PCR result for coronavirus. The lack of
coronavirus infection in wild pangolin entering the upstream portion of
the wildlife trade in Malaysia supports the hypothesis that infection
could reflect exposure to infected humans, wildlife or other animals
within the wildlife trade network [36]. Another possible scenario is that
the SARS-CoV-2 progenitor has jumped directly from bats to humans a
relatively long time before the first human cases were identified [37].
Inside the human host, the SARS-CoV-2 progenitor could have under-
gone rapid evolutionary adaptation that enabled the efficient replication
in human cells and produced the number of cases large enough to be
detected by the surveillance system. This progenitor could even be the
RaTG13 sarbecovirus that, interestingly, can infect cells expressing the
human ACE2 receptor [38]. The 4% genetic differences between
RaTG13 and SARS-CoV-2 represent 40-70 years of mutation, at the rate
generally found in coronaviruses, suggesting that the common ancestor
dates back to about 1948-1982 [39]. This indicates that the lineage
giving rise to SARS-CoV-2 have been circulating in bat populations for



M. Ferri and M. Lloyd-Evans

decades and also supports the belief that SARS-CoV-2 is not a laboratory
construct or a purposefully manipulated virus [40]. The evidence of high
affinity and binding capacity of RBD in the S protein of SARS-CoV-2 to
ACE of different animal species, especially felids and mustelids, thereby
increasing their susceptibility to infection, supports inter-species trans-
mission [41].

4. Human-animal-human transmission of SARS-CoV-2

Although the COVID-19 pandemic is exclusively a human phenom-
enon, there are concerns about the possibility of adaptation of the
original virus in an intermediate animal species, to produce a SARS-CoV-
2 with a greater infection efficiency for humans and the capacity for the
rapid and uncontrolled community spread that has been seen in the
pandemic. These concerns have their basis in findings in several animal
species that have been reported to be susceptible to SARS-CoV-2 infec-
tion either naturally (cats, dogs, minks, lions, tigers), with the trans-
mission source coming from humans, or after experimental infection
(mice, cats, ferrets, hamsters, primates, treeshrew. [42-44]. Some of
them may be able to contribute to the continuation of the pandemic, by
animal-human transmission following human-animal infection (reverse
zoonosis). The risk of reverse zoonosis, where humans transmit coro-
naviruses to other animals in nature [45,46], could also include naive
wildlife and other animal populations. Free-ranging bats, immunologi-
cally naive and susceptible to infection by SARS-CoV-2, are a key group
of concern for spillover from humans back to wildlife [47]. Close contact
between humans (pet-owners and zoo-workers) and their animals seems
necessary for human-animal infection. So far, there is no evidence of
further animal-human spread from infected pets or zoo felids and in-
fections in the animals themselves appear to be self-limiting and not
usually fatal. Notably, the sporadic cases of SARS-CoV-2 infection in
dogs and cats revealed the detection of the RNA virus in respiratory and/
or fecal samples with or without clinical signs, as well as of specific
antibodies in sera from pets in COVID-19-affected areas [48,49,109].
Despite cats showing a higher susceptibility than dogs, no cases of cat-
human transmission have been documented to date. Experimental
studies have shown that the most highly susceptible species to SARS-
CoV-2 are felines (cats, tigers, lions), mustelids (ferrets, mink), Golden
Syrian hamsters, Egyptian fruit bats and Macaques [41,50-52]. Indeed,
the RBD in the S protein of SARS-CoV-2 shows a higher affinity and
binding capacity to ACE2 of ferrets, cats, minks with high homology of
receptors, which explains their susceptibility to infection [53]. In
contrast, SARS-CoV-2 binding is unlikely with the ACE2 receptors of
mice, rats, most birds, fishes, amphibians, and reptiles. Experimental
studies have also shown susceptibility of the canid Nyctereutes, the
raccoon dog, to intranasal infection [54] and cattle and sheep, but not
pigs, using ex-vivo organ cultures, in this case lungs and trachea [55].
Additional studies of in vivo susceptibility of these domestic species are
warranted to determine their potential role in the epidemiology of
SARS-CoV-2. That human-animal-human transmission exists is shown
by COVID-19 in mink and in-contact humans on mink-farms in the
Netherlands, Denmark, Spain, Sweden, Italy and the United States of
America [56]. Since June 2020, Denmark has experienced extensive
SARS-CoV-2 outbreaks in mink farms with disease in farm-workers and
via them into the human community [57] with early circulation of a
unique mink-associated SARS-CoV-2 variant, referred to as the “cluster
57, presenting a combination of mutations in the S protein never
observed before, [58] with potential implications for viral fitness
(ability to infect humans and animals), transmissibility, and antigenicity
[59]. ECDC has recently published a rapid risk assessment of the human
health risk posed by COVID-19 outbreaks in mink [60]. There is also the
potential for establishment of a non-human reservoir of SARS-CoV-2 in
the wild, for example should the virus become established in wild mink
after escape from farms [61], as has been reported in Utah, USA [62].
Therefore it is imperative to prevent or contain the jump from animals to
human and vice versa, and the subsequent risk of an epidemic or
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pandemic, which, as demonstrated by the COVID-19, produces crippling
and long-term effects on human health and the global economy. To
reduce the risk of introduction of SARS-CoV-2 to susceptible farmed
animal populations from humans, from animal to humans and between
animals, the OIE has published a draft guidance for public health au-
thorities and other partners and recommended risk reduction strategies
based on the One Health approach [63]. In a previous paper, FAO
assessed the likelihood of exposure of humans or animals to SARS-CoV-2
in COVID-19 affected areas at a global level, through contact with wild
animals, livestock, companion animals, aquatic animals, and handling
or consumption of animal carcasses, meat/organs, body fluids and ex-
cretions [64]. The FAO paper does not include the assessment of the
likelihood of post-exposure human or animal infection. It is clear that
adopting the One Health approach is essential to address the risks and
related pathways associated with different farming systems, and for
timely and effective measures to adopt in case of SARS-CoV-2 intro-
duction to a farm, just as much as helping understand dynamics of
infection in companion animals.

5. The environment and the COVID-19 pandemic

In addition to elucidating the pathway of SARS-CoV-2 from its ani-
mal origin to humans, and monitoring susceptible wildlife for infection,
a new environment-orientated field that needs to be better explored in
the fight against COVID-19 is Wastewater-Based Epidemiology (WBE).
Several studies have reported the detection of SARS-CoV-2 RNA in
wastewater in the early stages of local outbreaks, and a quantitative
relationship can be seen between RNA densities in sewage and human
infection prevalence. This means that adoption of WBE on a wider basis
would efficiently generate useful and probably necessary data for the
detection and management of infectious disease transmission in com-
munities and predict spill-over into wildlife hosts or virus concentrators
via water run-off [65]. This is especially important given that asymp-
tomatic and pauci-symptomatic infections are unlikely to be detected
during clinical surveillance [66] [67] and, in any case, viral RNA is
undetectable within 5 or 6 days in such cases [68]. SARS-CoV-2 can
survive for extended periods in the aqueous environment, so that
infective virus can be still detected in the effluent from water-treatment
plants [69]. It could certainly be possible that an infection cycle could be
established, as for Hepatitis E virus, from human excreta, through
municipal wastewater treatment plants [70] and introduction into the
natural aquatic environment, contaminating drinking water. Another
environmental source of SARS-CoV-2 for humans might be edible filter-
feeders, such as bivalve seafoods (mussels, oysters), already well-known
to filter out and concentrate viruses such as norovirus and hepatitis A
and B from coastal waters contaminated with effluents [71]. Together
with concerns about wildlife hosts such as European mink, these find-
ings clearly signal the need to conduct wastewater and environmental
surveillance of COVID-19 in the community in the framework of
epidemiological monitoring of COVID-19 with the aim to reduce virus
circulation in the environment and the potential SARS-CoV-2 spillback
from infected humans to naive wildlife hosts that reside near the treat-
ment plants, and can act as a novel viral reservoir [72]. What also makes
this pressing is the continuous encroachment of human activities into
wildlife habitats and the corresponding habituation of wildlife into
human settings, leading to increased pressure for animal-human path-
ogen exchange [73] [26]. It goes without saying that if SARS-CoV-2 can
be successfully transmitted to humans via infected food items such as
shellfish, an enormous collaborative effort will be required between
public health, food safety and aquaculture professionals to deal with the
risks.

6. The one health approach to tame COVID-19

The One Health approach was born in 2004 during the symposium
“Building Interdisciplinary Bridges to Health in a Globalized World” at
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The Rockefeller University, Manhattan, hence the twelve 12 Manhattan
Principles agreed at that symposium [74], reaffirmed and updated as the
Berlin Principles in 2019 [75]. The Berlin Principles are much more
comprehensive than the original Manhattan Principles and three of
them, Nos. 2, 5 and 8, are especially relevant to management of COVID-
19 and future pandemics. These are: that strong institutions be devel-
oped that integrate understanding of human and animal health with the
health of the environment, with investment in the translation of robust
science-based knowledge into policy and practice; that adaptive, holistic
and forward-looking approaches need to be devised to manage emerging
and resurging diseases, taking account of the complex interconnections
among species, ecosystems, and human society; and that capacity for
cross-sectoral and trans-disciplinary health surveillance needs
enhancing, with clear, timely information-sharing to improve coordi-
nation of responses among governments and NGOs, health, academia
and other institutions, industry and other stakeholders. If the knowledge
of the environment and ecosystems is crucial to improve the control of
neglected and emerging infectious diseases, many of which are zoono-
ses, a further cultural move suggests a methodological convergence
between One Health, dominated by the veterinary and medical disci-
plines, and EcoHealth. Although both challenge the traditional reduc-
tionism of biomedical approaches by placing animal and human health
in their wider ecological context and promoting transdisciplinary and
interdisciplinary research, EcoHealth devotes greater attention to the
broader relationships between health and ecosystems, focusing on the
environment and related socio-economic systems [76]. Basically, by
exploiting this convergence and with a holistic vision of multi-systemic
relationships, the health authorities can place the health emergencies
within a much wider system and ensure effective and sustainable pre-
vention and control measures of health threats.

7. The veterinary contributions to the management of the
COVID-19 pandemic

The COVID-19 pandemic, like SARS and MERS, indicates that health
of humans, animals and the environment is inextricably linked and
supports the need for a transdisciplinary collaboration according to the
One Health approach. But how can public health veterinarians
constructively and proactively interface with the human health sector to
deal with COVID-19 or future pandemics and operate in the same
epidemiological surveillance program? Given the animal-origin of
COVID-19 and the predominance of zoonoses in merging infections, the
veterinarians’ key role is provided by their important work in animal
and public health disease surveillance to prevent disease outbreaks,
including of zoonotic diseases. They have long years of experience of
and expertise in dealing on the one hand with the circulation of path-
ogenic viruses among wild animals (epidemiological surveillance) and
on the other hand with epidemics caused by emerging or exotic patho-
gens introduced into fully sensitive animal populations. This will
contribute strongly to both the study of SARS-CoV-2 animal reservoirs
and the application of sampling strategies used for the surveillance of
animal epidemics and adjustment to the COVID-19 epidemic. Indeed,
the contribution of public health veterinarians from a One Health
perspective can be envisaged and substantiated through different levels
of expertise, such as viral surveillance of wildlife, management and
control of past animal epidemics, laboratory services to diagnose and
characterize pathogens including SARS-CoV-2, the processing of human
and animal COVID-19 tests, animal research and developing vaccines for
humans and for animals, and animal import risk assessment.

7.1. Viral surveillance of wildlife

It is recognised that about 75% of infectious pathogens in humans are
zoonotic in origin. Environmental destruction, caused by intense agri-
culture, land clearing, deforestation, wildlife trade and climate change,
is putting humans into closer contact with animals carrying microbes
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that can be transferred to people during these encounters. Given that an
estimated 1.7 million currently undiscovered viruses are thought to exist
in mammalian and avian hosts, up to 850,000 could have the ability to
cause the next animal-man spill-over [26]. Among the targeted species,
bats play a key role as reservoir, harbouring known dangerous viruses
such as malaria, yellow fever, chikungunya, Zika, Ebola and Nipah virus.
Bats have very limited immunological and inflammatory responses to
many viruses, mediated via a highly unreactive form of NLRP3 protein,
allowing them to tolerate, carry and spread viruses that can be highly
pathogenic for other species [77]. This poses a serious threat to human
and animal health, in particular when human activities disrupt their
habitat and create conditions for constant and repeated jumps of viruses
from these natural hosts to humans. Coupled with human hunting, sale,
and consumption of wild animals, this creates the conditions for the
transmission of coronavirus either from bats to humans directly, as for
Ebolavirus, or through proximity to intermediate hosts, as for SARS and
MERS or Nipah virus. To predict and prevent future pandemics caused
by further emerging viruses, it is therefore necessary to understand their
origin, evolutionary diversity and geographical distribution in reservoir
species and to define hotspots that could help target them for proactive
zoonotic disease surveillance. The role of veterinary virologists, with
their study of virus evolution, notably the circulation and pathogenesis
of viruses in domestic and wild animals, is essential for coordinating
integrated surveillance studies on the aetiology of viral zoonoses and
their impact on the health of animals, humans, and the ecosystem. The
related studies will provide essential data to explain their role as
emerging and zoonotic pathogens, streamline the viral surveillance in
reservoir populations, address the drivers of disease emergence and fine-
tune pandemic preparedness. Bats do appear to be strong candidates for
the source of other viruses. 7 of the 15 known alfa and beta-coronavirus
genera, which primarily affect mammals, have only been isolated in bats
and coronaviruses that are genetically related to HCoV 229E and NL63
have also been detected in bats [78]. A three-year veterinary monitoring
study in Northwest Italy focused on coronavirus and paramyxoviruses
(PMV) due to their proven ability to switch hosts and their zoonotic
potential, and helped to characterize viral diversity in the bat population
[79]. 20 new coronaviruses and 3 PMV strains were identified and
phylogenetically characterised using PCR. The study enabled the iden-
tification of alfa and beta-coronavirus in new species of bats and in
Italian regions that have never previously been monitored. More
recently, a SARS-like B-coronavirus was detected in three bat species in
Sardinia [80]. The SarBatCoV1 virus, identified using phylogenetic
analysis based on RNA-dependent RNA polymerase (RdRp) sequences,
belonged to clade 2b, which includes most of the SARS-like CoVs found
in bats, as well as human SARS-CoV. These studies demonstrate how
veterinary surveillance activities carried out within specific geograph-
ical areas can contribute to knowledge of the extent of viral circulation
in bats that live in close proximity to other animal hosts with direct
implications for the prevention of diseases in humans. Phylogenetic
analyses also have the advantage of identifying viruses with genetic
prerequisites for human infection, especially at hot-spots with ecological
conditions facilitating spillover and informing the most appropriate
prevention and control strategies for the management of potential
threats to public health. Unfortunately, as we previously noted, a
stronger integration of veterinary (eg. virologists and epidemiologists)
and human medicine, regrettably struggles to be centrally structured
within the public health system. However, under the One Health um-
brella, there are good examples of collaboration, supported by in-
formatic pipelines for sharing integrated data on the animal, human and
environmental health, and providing evidence-based resources for pol-
icymakers and risk assessment studies. One of these is the Italian West
Nile virus (WNV) national preparedness and response plan. WNV is an
infection of birds, transmissible by vector mosquitoes (Culex spp.) to
horses and humans, and endemic in some Italian regions, mainly in the
northern provinces located in the Po river basin. Since 2018, over 247
autochthonous human cases of WNV neuro-invasive infections have
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been notified in Italy. The implementation of the surveillance plan
allowed veterinarians to detect viral circulation in the vectors nine days
before symptoms-onset of the first confirmed human case, and to pre-
vent the transmission of human infection by means of vector control and
the adoption of blood and transplant safety measures [81].

In recent years many global collaborative projects have thrived with
the contribution of veterinarians, such as the PREEMPT [82], PREDICT
[83] and PREDICT 2 projects in the U.S. Agency for International
Development USAID’s Emerging Pandemic Threats (EPT) and EPT-2
programs [84]. Using the One Health approach and collaboration
across disciplines, the projects aim to build viral surveillance platforms
that will identify and monitor zoonotic pathogens such as influenza vi-
ruses, coronaviruses, paramyxoviruses, filoviruses, and flaviviruses,
before they can spill-over from animal hosts to people, and allow
investigation of the behaviours, practices, and ecological and biological
factors driving disease emergence, transmission, and spread. Notably,
PREDICT fed data from field and lab studies into computer models that
predict virus spill-over potential. The main aims are to develop recom-
mendations and countermeasures to minimize the risk of pandemics and
to identify optimal timing for application of vaccines targeting virus
elimination.

7.2. Opening the livestock epidemic toolbox for public health

Veterinarians have gained extensive field experience in the control of
past epidemics of infectious and contagious diseases (e.g. bluetongue,
foot and mouth disease, contagious bovine pleuro-pneumonia) and
zoonoses (e.g. avian and swine flu, brucellosis and tuberculosis, BSE).
From the lessons learned in the management of so many animal health
emergencies, they have developed a special aptitude to ‘get ready in the
field’ and to perform in a timely manner an array of activities, such as
diagnosis, epidemiological investigations, molecular/antigenic charac-
terization, planning of surveillance programs. Notably they have suc-
cessfully applied a variety of surveillance methods to understand the
ways in which viral agents spread, and to support evidence-based,
effective, sustainable and timely measures for the reduction of the
level of prevalence or the elimination of infectious diseases in animal
populations [85].

To overcome the fragmented management response to COVID-19
across the EU [86], the EU Commission and the Council, at the
request of the European Council Members, has developed a new Joint
European Roadmap towards lifting COVID-19 containment measures to
define an exit strategy as much as possible coordinated with the member
states [87]. Comparison of this fragmented approach and related sur-
veillance strategies adopted by EU member states at the outset of the
COVID-19 emergency to control the infection, with ones applied by
veterinarians for the control of animal infectious disease outbreaks
shows that, although both sets of control strategies share the same goal,
i.e. to limit the transmission of infection to humans and animals, the way
they are achieved differs substantially. Traditionally, the human health
system focuses on treatment of the individual patient, whilst rarely are
measures directed to the whole population. On the contrary, in veteri-
nary medicine, the health control strategy is directed to the whole ani-
mal population at risk, since epizootic diseases cause high cost for
livestock and the general agricultural sector or companion animals and
their owners, albeit with limited risks to public health. More practically,
controlling an infectious outbreak requires understanding the nature,
scale and dynamics of the epidemic, with the aim of reducing disease
prevalence (i.e., the proportion of cases present in a particular animal
population at any given time) and to provide swift evidence to decision-
makers for implementing measures able to mitigate the economic and
animal health burden. This is usually achieved by carrying out random
investigations (e.g. serological tests) on samples of animals representa-
tive of the whole population. By using specific sampling procedures, all
animals in the selected groups are systematically tested, including ani-
mals that are asymptomatic, to understand the likely exposure and to
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estimate the real prevalence of the infection, the extent of the spread, as
well as to monitor the situation over time and to suggest, predict or
model what will happen in the future. Progress in the program is
measured by the reduction of the incidence of the infection, i.e., the
proportion of new infections in a given animal population at any given
time. In essence, a control program has to be continued indefinitely.
Depending on the prevalence level, the overall and long-term objective
of the surveillance can be the eradication of the disease, meaning that
the infectious agent has to be eliminated from a given animal population
when the prevalence has been reduced to a level close to 2% of pro-
duction units. When eradication is achieved, a country is deemed “free
from the disease”, the post-eradication measures consist mainly of sur-
veillance and live animals are free to be traded internationally if origi-
nating from a recognised disease-free country. With this collection of
information, disease characteristics are obtained such as the percentage
of mild and asymptomatic infections and the lethality rate. The sys-
tematic data collected from a large population provides continuous and
reliable estimates of the transmission parameter R (basic reproduction
ratio). These epidemiological indicators, along with the use of the Sus-
ceptible — Infectious — Resistant (SIR) models, are then used to provide
evidence-based feedback to streamline the control policies and to make
necessary adjustments. There are several applications and software as
well as links from the web that are employed by veterinarians to
calculate the appropriate sample sizes and to estimate the real preva-
lence or to reach the level of ‘freedom’ of a population. Based on the
prevalence of infection and in order to limit the animal outbreak, vet-
erinarians adopt specific containment measures (eg. prohibition on
movement of animals of susceptible species, tracing of contacts, the
identification of animals or herds affected to prevent further spread).
The overall goal is to contain the epidemic at an early stage and to
minimize economic losses. The strategy of prevention and control of
transmissible animal diseases including zoonoses is a core task of the
Veterinary Services of each OIE Member Country and is well harmo-
nized at the international level. The animal health standards at EU level
(e.g. animal registration and identification, definition of infected, pro-
tection and surveillance zones) are supported by a harmonized legal
framework and are uniformly implemented by each EU member state.
The overall goal is to stop the spread of infection and to facilitate trade.
It goes without saying that all these standards facilitate the epidemio-
logical investigations, enable the prediction of animal infections, and
inform the international early warning system. In sharp contrast with
the EU harmonized surveillance and control of animal infection epi-
demics, the management of COVID-19 by some European countries
showed very poorly harmonized responses, most likely stemming from
diverse cultures and health systems, phase of the epidemic curve, and
the lack of efficient surveillance mechanisms able to provide timely
evidence for informing control approaches in advance. Moreover, the
surveillance strategies and protocols for carrying out the tests were
divergent and not harmonized at a central level through the exchange of
expert advice and data, leading to different containment measures
depending on the country, with variability in requiring quarantine, so-
cial distancing, wearing of masks at all times in public, numbers of
different household able to meet in public or within houses, or sizes and
nature of large public gatherings such as sports events [88]. To over-
come these intrinsic limitations of the European Union, the Commission
and the Council of the EU, at the request of the members of the European
Council, develop the Joint European Roadmap, for the phasing out of
containment measures and definition of an exit strategy coordinated as
much as possible with the Member States. Moreover with the aim of
achieving agreement on a coherent approach to COVID-19 testing across
Europe, the EU Commission has provided recommendations on different
aspects of the testing activity [89]. This was accomplished in parallel
with the ECDC’s guidance encompassing five different testing ap-
proaches for symptomatic and asymptomatic cases to achieve specific
public health objectives under different epidemiological situations
existing in the EU member states [90]. However in this context, and
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considering the experience gained by veterinarians in the epidemiology
of diseases within populations, using active and passive surveillance
systems and risk analysis, veterinary medicine might provide a valuable
contribution of knowledge to public health for the control of infection in
human populations. A basic veterinary protocol that will set up real-time
active random surveillance has been proposed for COVID-19, with the
aim of assessing COVID-19 outbreaks consistently and objectively and
have a positive impact on the management of long-term epidemics [91].
The benefits of carrying out repeated random surveys for the control of
epidemics are well documented in animal health veterinary surveil-
lance, and public health bodies and decision-makers should recognize
their usefulness when duly adapted to the human COVID-19 epidemic.
Indeed, once the infection is widespread (high prevalence) as is the case
of COVID-19, and it is no longer possible to trace individual clusters, the
syndromic and risk-based surveillance are ineffective for guiding de-
cisions on control at the community level, since identified cases are not
representative of infected individuals in the population. In these cir-
cumstances the use of repeated representative random samplings of the
human population (with the ad hoc calculation of sample size) at the
local or regional level, with utility for other areas sharing similar
characteristics, allows the estimation of the “real prevalence” of infected
people (symptomatic and non-symptomatic) corrected for the test’s
error (i.e. for sensitivity and specificity <100%), or even the “real”
prevalence of antibody positives. The proposed protocol would: allow
representative “snapshots” of disease presence in the population,
including the newly infected, not yet symptomatic; facilitate evidence-
based control strategies at a higher level (i.e. regional-national level);
generate parameters to “predict” the trend of the epidemic curve;
facilitate selection of the best control options; prevent overwhelming the
health care system; and inform decisions on when community control
measures can be lifted. Furthermore, the protocol is fit-for-purpose and
can be adapted to different circumstances and levels of responsiveness,
provided that resource constraints are overcome (notably a wide and
sufficient availability of tests) and collaboration between veterinary
epidemiologists and public health representatives is duly strengthened.
A rational combination of an individual patient-based approach and
measures aimed at population health is therefore essential [92].

7.3. The veterinary contribution on vaccines

The EU veterinary strategy for animal health, inspired by the prin-
ciple “prevention is better than cure”, is linked to the availability and
best use on farms of vaccines, drugs, and bio-safety measures, to limit
episodes of viral transmission inter-species (animals wild-domestic), and
prevent farms from becoming a source of global health problems. In-
ternational cooperation, the harmonized standards governing animal
husbandry, markets, and transport, and the advances in veterinary
medicine, seek to ensure that infections on farms, including zoonosis, do
not spread globally in the same way and at the same speed as COVID-19.
A strong acceleration in the action against COVID-19 comes from the
progress of the genome sequencing technique (Next-generation
sequencing) and related global sharing of sequences and bioinformatics
analysis. Moreover, in the case of COVID-19 the animal research and the
use of animal models, notably the species susceptible to SARS-CoV-2,
such as ferrets, non-human primates, pigs and rodents, along with the
availability of artificial intelligence programs and algorithms, clearly
support the development of human treatments and vaccines in relation
to many different disorders [93]. Indeed animal research has contrib-
uted to the successful development of vaccines against human infections
such as polio, measles, tuberculosis, meningitis and human papilloma-
virus that saved millions of lives [94] [95], and more recently to the
development of animal vaccines against zoonoses such as Ebola, which
is consistent with the One Health approach. The Jenner Institute at the
University of Oxford developed a new vaccine against Rift Valley Fever
(RVF), called ChAdOx1 [96], whose protective efficacy has been
confirmed by researchers from the Pirbright Institute (UK). RVF
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primarily affects ruminants (sheep, goats, cattle, camels) but is trans-
missible to humans through contact with infected animals and related
contaminated tissues, as well as by the bite of infected mosquitoes. In
severe cases, human infection leads to blindness, encephalitis, and
hemorrhagic fever, and to date there are no human vaccines. ChAdOx1
is a new vector vaccine technology which uses a non-replicating monkey
adenovirus integrated with the genes encoding some glycoproteins of
the viral envelope responsible for the immune response. This is now
making a direct contribution to the control of human diseases: in addi-
tion to RVF, ChAdOx1 is being used for the development of vaccines
against MERS [97], Chikungunya [98], and Nipah viral infections [99].
These new vaccines, a result of an integrated research area and inter-
disciplinary collaboration, offer an excellent example of a One Health
approach, that permits delivery of solutions that benefit animals, people,
and ecosystems simultaneously. In the current global race to develop
human COVID-19 vaccines, the University of Oxford in collaboration
with the Anglo-Swedish pharmaceutical company AstraZeneca has used
the ChAdOx1 technology for the production of the vector viral vaccine
ChAdOx1 nCov-19 containing the genetic material of the SARS-CoV-2
virus peak protein [100]. With respect to One Health, it is worth
mentioning the ZAPI (Zoonoses Anticipation and Preparedness Initia-
tive) project, a platform for the rapid characterization, design, and large-
scale production of vaccines to prevent the spread of viruses responsible
for animal and human infections, such as RVF, Schmallenberg, and
MERS [101]. ZAPI, which pulls together veterinary research and med-
ical institutions, NGOs, regulatory agencies and vaccines and bio-
technologies manufacturers, is financed with 9.5 million euros
(2015-2021) under the “Preparation and Response” action, and focuses
on the study of the defence against animal coronaviruses in order to seek
effective human treatments.

7.4. The diagnosis and molecular characterization of SARS-CoV-2

The COVID-19 pandemic has severely stressed the actual capacity of
health care systems globally, particularly in countries ill-prepared to
slow down the spread of the virus and “flatten the curve” of new cases.
Besides the overloading of hospitals, urgent issues came to the fore such
as the lack of equipment and materials, disposable personal protective
gear, and the massive workload of COVID-19 tests. The veterinary sector
played an important One Health role during the crisis. To support the
heavy workload of public health laboratories, veterinary laboratories in
many EU countries carried out SARS-CoV-2 testing of human samples
and jointly developed common diagnostic and data exchange protocols,
and provided masks and other protective materials to hospitals and key
equipment such as respirators.

7.5. Animal import risk assessment knowledge to tackle COVID-19

International travel poses substantial risks for continued introduc-
tion of SARS-CoV-2. The veterinary experience in animal import risk
assessment can support government in defining a COVID-19 risk strat-
egy for international air travel. Animal import risk methodology can be
quickly updated and adapted to COVID-19 prevalence estimate for
countries to assess the impact of any further changes to international
travel policy or disease occurrence. Such methodology was developed by
the UK Public Health England modelling team, composed of veterinary
epidemiologists, risk assessor and animal infectious disease modellers,
and responsible for providing scientific advice to inform Government's
COVID-19 policy on travel controls [102].

8. The challenges ahead to fully implement the One Health
approach

The One Health approach requires overcoming a series of gaps
related to communication, training, and financial resources. If not
enough has been done to prevent the COVID-19 pandemic, it is bluntly
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evident that for the next global health emergency, well-equipped and
effective national emergency plans will require adequate human and
material resources, synergies and inter-professional collaborations, and
the availability of advanced artificial intelligence forecasting tools. To
cope with the COVID-19 and similar threats with high socio-economic
and health impacts, communication is a key element to ensure swift
information flows within the surveillance systems, with data shared
among veterinarians, physicians, and other professionals, between them
and government functions, and externally with interested parties and
the general public, with the overall aim to develop evidence-based
containment and mitigation policies. Since viruses don’t know borders
and lack of adequate response by one country makes global control and
prevention less effective, the success of communication relies on the
cooperation between countries, and at the national level on the coor-
dination of relevant institutions, policymakers, and experts. Communi-
cation difficulties may be exacerbated by the lack of a coordination
strategy between countries, and at the national level between agencies
and involved institutions. A useful lesson on how to better manage the
COVID-19 crisis and the future health threats can be borrowed from the
military model: to be well prepared and to minimize the impact of
COVID- 9 or similar pandemic (“win the war”), is necessary to deploy
simulation and scenario analysis tools (“weapons”) within a strategic
plan, where the roles of policymakers, experts, and business subjects
(“forces”) are well defined. This exercise requires, on the national scale,
the government’s commitment to greater funding and careful and effi-
cient spending of such funding and, under the guidance of health in-
stitutions, the scheduling of annual epidemic simulations, to know when
and how to answer. Education and training play a fundamental role in
building a One Health mindset, and promoting cultural action to change
the societal perception of a lesser role of animals (reservoirs or inter-
mediate hosts of pathogens) in the epidemiology of human infections. If,
on the one hand, it is necessary to increase the awareness of policy-
makers of the importance of veterinary wildlife surveillance programs to
prevent future pandemics or panzootic, on the other hand, One Health
knowledge must be included in education programs starting from early
school years (eg. primary and secondary education) and maintained
throughout training courses in colleges and universities and post-
graduate education [103]. Indeed, early school years are an important
period for building a strong foundation for children who might become
future politicians, teachers, parents, or other influential people, on the
linkages between the environment, animals, plants, and human health,
as well on the positive behavioural changes [104].

It is evident that both communication and training gaps stem from
the general lack of political commitment to deploy adequate financial
resources to implement One Health projects at all levels (local, national,
and global) and to develop interdisciplinary networks. When looking at
recent EU initiatives, the principles of One Health are grievously absent,
whether from the broader vision of the European Commission in the
strategic document ‘From producer to consumer: for a fair, healthy and
environmentally friendly food system (From Farm to Fork-F2F)’ [105]
[106], or from specific COVID-19 initiatives, notably the ten priority and
coordinated short-term research and innovation actions of the first
‘ERAvsCorona’ action plan [107]. To deal with the COVID-19 emer-
gency, the EU has mobilized €72 million for therapies and diagnostics
projects from Horizon 2020, the EU’s research and innovation pro-
gramme, €45 million will be provided by the pharmaceutical industry,
Innovative Medicines Initiative (IMI) associated partners and other or-
ganisations involved with the projects, bringing the total investment to
€117 million [108]. The actions will concern epidemiology, epidemic
preparedness and response programs, diagnostic tools, treatments,
vaccines, and infrastructure, exactly the areas where veterinary
knowledge and practical experiences can make a huge impact. Unfor-
tunately, compared to the availability of such huge grants for human
health, the funds appear inadequate in the same sectors in veterinary
medicines. This incompleteness is confirmed by the absence of veteri-
nary research projects and One Health within the ‘European Research
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Area corona platform’, in spite of existing foundations, in the earlier EU-
supported ERA-NET STAR-IDAZ, ERA-NET ICRAD and DISCONTOOLS.

9. Final remarks

SARS-CoV-2 is rapidly transmitting across the globe and causing
unprecedented disruption of human health and political, social, hu-
manitarian and economic situations. More and better science is needed
to address the many sources of uncertainties around COVID-19, notably
its original animal reservoir, the intermediate host, the route of virus
transmission to humans, the role of pets and wildlife in spreading or
maintaining the disease in human communities. The COVID-19
pandemic, likewise past pandemics (SARS, MERS), tells us that the
One Health perspective, which considers human and animal health to be
interdependent and closely linked to the health of ecosystems, must be
strongly promoted among the medical and veterinary professions, by
overcoming the dichotomy between public health and animal health. If
the COVID-19 pandemic is imposing new challenges to all participants
in the public health systems, to better operationalize the One Health
approach, there is the need to consider several lines of contributions the
veterinary profession might provide to manage the COVID-19 pandemic.
Veterinarians have always been a core influential group of health pro-
fessionals on a global scale by virtue of their experience, know-how, and
responsibility to promote the health and welfare of animals, people, and
the environment. They have always been in the frontline of monitoring
and zoonosis surveillance of viruses (some of them lethal for humans)
among animal reservoirs, and successfully applied different types of
surveillance methods and sampling strategies in the context of animal
infectious epidemics. The related experience and data shared with
dedicated platforms between both professions (veterinary and physi-
cians) can be extremely informative of early warning signs for the rapid
detection and early control of transmissible diseases and potential
human epidemic or pandemic. New scientific evidence proves that pigs,
cats, ferrets, and minks, have similar or identical SARS cellular receptors
found in humans, and support viral replication. This highlights the
possibility that SARS-CoV-2 makes a further jump into new animal
hosts, without the need for significant genetic modifications. Moreover,
the random genetic mutations incurred by the virus during replication,
could increase the potential for endemic development in some animal
species, including domestic species, and the subsequent panzootic po-
tential. To be able to predict and prevent future pandemics, it is there-
fore necessary to work collaboratively across borders and disciplines and
to bolster regional and global wildlife surveillance in hotspots that have
ecological conditions conducive to an inter-species viral transmission.
For these reasons, the new SARS-CoV-2 surveillance guidelines should
also include livestock and pets. The task of curbing the spread of SARS-
CoV-2 requires a nationwide coordinated approach, as does the task of
ensuring optimal medical care, to increase the knowledge base, and an
effective and centralised multidisciplinary task-force. Considering the
limited funds allocated to manage the health threats, the hope is that
both at the EU and global level government and decision makers commit
to greater funding and careful and efficient spending for pandemic early
warning systems and epidemic intelligence gathering inside the One
Health approach. In order to fully operationalize the One Health concept
it is of the utmost importance to ensure that veterinarians, notably
veterinary epidemiologists and virologists, have a prominent place
within the national and international management and monitoring
structures of the COVID-19 epidemic. For the future, it is hoped that
both the EU and the international community will assign funding pri-
orities for the development of epidemic intelligence systems and sur-
veillance platforms aimed at the identification and monitoring of
emerging zoonotic pathogens and knowledge of the factors that
contribute to their spread pandemic, bringing the animal and human
public health specialisms together with risk analysers and epidemiolo-
gists to manage future pandemics more effectively.
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