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1. Introduction

The beginning of the 21st century was marked by an increase in the number of emerg-
ing/reemerging infectious diseases detected worldwide and by the challenging COVID-19
pandemic. Most of these emerging diseases are caused by viruses that are primarily RNA
viruses of animal origin, with a long history of adaptation to their natural hosts, becoming
pathogenic when crossing species barriers [1]. In humans, they can cause serious illness
that can be sometimes fatal, with some virus species having a high mortality rate in the
groups of neuropathies (Nipah virus, Rabies virus, etc.), of acute pulmonary syndromes
(SARS-CoV-2, Influenza viruses), or of viral hemorrhagic fevers, as exemplified by some
species of Bunyavirales (hantavirus, arenavirus), Flaviviridae (Dengue virus), and Filoviridae
(Ebola virus) [2]. The conditions for viral persistence in animal reservoirs, particularly
among the very diverse species of rodents and bats [3], and pathogenicity in humans are
not always elucidated [4]. Meanwhile, outbreaks are influenced by human activities that
disrupt ecosystems and increase contact between infected animals and humans. Therefore,
population dynamics are of great importance, with domestic animals playing key roles as
intermediate hosts in the transmission of viruses [5,6]. Determining interactions at different
levels (molecular, cellular, systemic) of viruses with their different human and animal
hosts [7–9] and their persistence in the environment [10] is of great importance for assess-
ing transmission risks. Above all, the contribution of different disciplinary approaches
integrated into the “One Health” concept is now recognized as being fundamental for the
implementation of measures to prevent new viral emergences [11]. In this context, the
spillover to other species, even from humans to domestic or wild animals in the event of
a major epidemic episode, as recently demonstrated by the spillback of SARS-CoV-2 to
farmed minks [12], white-tailed deer [13], and rodents [14,15], constitutes a major risk to
be considered.

2. Contents

The contributions to this Special Issue on Viral Zoonoses cover general aspects of the
pathophysiology of zoonotic viruses in different hosts and assess the role of certain factors
favoring their transmission, therefore, as reviewed in Agusi et al. 2022, addressing the
importance of One Health approaches, including a broad community of scientists working
in different fields.

The published studies highlight the requirement for:

(i). Good surveillance (epidemiology) of the viruses present in wild and domestic animals:
Hamel et al. 2023 discovered a new flavivirus infecting mosquitoes in rural areas of
Thailand. The circulation of the highly pathogenic H5N1 avian flu virus responsible
for sporadic outbreaks is presented in a seroprevalence and meta-analysis study

Viruses 2024, 16, 9. https://doi.org/10.3390/v16010009 https://www.mdpi.com/journal/viruses1
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carried out by Ntakiyisumba et al. 2023, supporting the necessity of monitoring the
avian influenza virus to protect farm birds from contamination.

(ii). Pertinent techniques to identify and diagnose viruses and their possible transmission
to humans: To obtain insights into inter-host adaptation, Embregts et al. 2022 used
NGS to analyze virus populations within specific hosts and tissues by isolating the
Rabies virus from a broad range of CNS and non-CNS samples of mouse and human
origin. The comparative study of the different detection assays used to detect Nipah
virus infection, as reviewed by Garbuglia et al. 2023, illustrates the importance of high
sensitivity tests for the management of epidemics.

(iii). Ecological and anthropological approaches to assess the risk and consequences of
epidemics: The influence of climate change on outbreaks due to henipaviruses cir-
culating in bats was evaluated in an article by Latinne and Morand 2022. A study
conducted by Rojas Sereno et al. 2022 exploring the factors associated with the spatial
expansion of bats carrying the Rabies virus in Colombia shows the importance of
these data for reducing epidemics by improving vaccination.

Furthermore, understanding the transmission factors between different animal species,
for example, between wild and domestic animals, through spillover between different
animal species or from animals to humans, as well as from humans to farm animals, is
essential to predict and limit the risk of new pandemics. Such questions are addressed in
some of the publications in the Special Issue: the implication of contact between wild and
domestic animals and the increasing risk of emergence is shown by the work of Morcatty
et al. 2022 carried out to identify viruses in different wild animals close to domestic ones
on sale in Indonesian wildlife markets. Virus transmission between animal species and
possible spillback from humans to animals are examined in the studies of Souza et al. 2023
and Kimble et al. 2022 that describe the circulation of influenza viruses in farm pigs, and in
the study carried out by Vandegrift et al. 2022 on SARS-CoV-2 found in white-tailed deer.

3. Conclusions

Faced with the increase in emerging infectious diseases, their occurrence on a global
scale, and the damage caused to ecosystems, mainly by human activities, thereby increasing
the contact between wild animals, domestic animals, and humans, the global “One Health”
approach is essential. The articles published in the Special Issue “Viral Zoonoses: Interac-
tions and Factors Driving Virus Transmission” contribute to this reflection.
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Abstract: The coronavirus disease 2019 (COVID-19) pandemic has become the most far-reaching
public health crisis of modern times. Several efforts are underway to unravel its root cause as well
as to proffer adequate preventive or inhibitive measures. Zoonotic spillover of the causative virus
from an animal reservoir to the human population is being studied as the most likely event leading
to the pandemic. Consequently, it is important to consider viral evolution and the process of spread
within zoonotic anthropogenic transmission cycles as a global public health impact. The diverse
routes of interspecies transmission of SARS-CoV-2 offer great potential for a future reservoir of
pandemic viruses evolving from the current SARS-CoV-2 pandemic circulation. To mitigate possible
future infectious disease outbreaks in Africa and elsewhere, there is an urgent need for adequate
global surveillance, prevention, and control measures that must include a focus on known and novel
emerging zoonotic pathogens through a one health approach. Human immunization efforts should
be approached equally through the transfer of cutting-edge technology for vaccine manufacturing
throughout the world to ensure global public health and one health.

Keywords: SARS-CoV-2; COVID-19; zoonosis; one health; emerging infectious disease; Africa

1. Introduction

The magnitude of morbidity and mortality of the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) pandemic has led to serious and far-reaching impacts on
healthcare systems, societies, economies, and politics worldwide [1]. To prepare for and
potentially prevent the occurrence of such an event, research was initially centered on
the probable origin of the zoonotic virus and its mechanism of spillover to humans [2].
Nonetheless, the increasing reports on zoonotic transmissions from humans to animals
(anthroponosis) [3] and evidence of bi-directional transmissions at the human–animal
interface [4] point to potential risks in the modification, adaptation, and perpetuation of the
pathogen in nature. Consequently, human–animal interfaces with the potential for spillover
infections from animals to humans and vice versa pose a significant and continuous global
public health threat.

As in the example of SARS-CoV-2, it is estimated that over 75% of emerging human
infectious diseases have animals as the primary source [5]. Age-long close contact be-
tween humans and domesticated species enabled the early transmission and co-evolution
(e.g., measles, smallpox) of the most adaptable pathogens to humans [6]. In comparison
with domestic animals, opportunities for close contact between humans and wildlife are
relatively rare. Yet, the recent emergence of many diseases, such as severe acute respi-
ratory syndrome (SARS) [7], Ebola [8], monkeypox [9], or Nipah virus encephalitis [10],

Viruses 2022, 14, 2473. https://doi.org/10.3390/v14112473 https://www.mdpi.com/journal/viruses5
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demonstrate the increased risk of a spillover of wildlife-sourced pathogens into the human
population [11]. The continuous growth of the global population leads to increasing de-
mand for food and natural resources [12,13]. This, in turn, has led to changes in land use,
continuous human encroachment, and changes in ecosystems, resulting in overlapping
habitats of wildlife, domestic animals, and humans, which are regarded as the main drivers
of zoonotic pathogen emergence [14].

Key characteristics evaluated for associations with high-risk disease emergence include
host plasticity [15] spatio-temporal distribution [16], and human-to-human transmissibil-
ity [17]. In addition, human practices that facilitate zoonotic and inter-human transmission
act synergistically to promote viral emergence [18]. Predominantly respiratory viruses
with the capacity for rapid human-to-human transmission may then succeed in broad
geographic spread [18].

The key objective of this review is to assess the extent of potential anthropogenic
transmission of SARS-CoV-2 to domestic and wild animals from an African perspective and
its implication on viral evolution and global public health. In the derivation of information
and data used for this review, a qualitative approach was adopted. Research keywords
such as zoonoses, SARS-CoV-2, emerging diseases in Africa, and one health and journal articles
published between the years 2001 to 2022 were mostly considered. Over 100 peer-reviewed
and pre-print articles as well as statistical data from governmental websites, published
until March 2022, were the sources adopted for this work.

2. The Probable Origin of SARS-CoV-2 Points to Animals

Phylogenetic analysis of the genome of SARS-CoV-2 shows its affiliation to the species
Severe acute respiratory syndrome-related coronavirus (SARSr-CoV) of the subgenus Sarbecovirus
within the Betacoronavirus genus [19,20]. Members of this genus were found in African
and Asian bats [21,22] as well as Asian pangolins [23]. The closest relative of SARS-CoV-2
was isolated from a horseshoe bat (Rhinolophus macrotis) in a Laotian bat cave in 2021 [24].
Although it is possible that spillover occurred through direct bat-to-human contact, the
first reported COVID-19 cases in December 2019 were associated with Wuhan wet market
activities [25], where live-trapped carnivores, such as raccoon dogs and badgers, were
offered for sale, but no bat species [26]. Different animals farmed for food or fur, including
civet cats [27], foxes [28], minks [29], and raccoon dogs [30], all proved highly susceptible
to sarbecoviruses. Taken together, these circumstances suggest a live intermediate host as
the primary source of the SARS-CoV-2 progenitor that humans were repeatedly exposed
to, as was the case with the origin of SARS-CoV [31]. Nonetheless, clinical and laboratory
confirmations of field infections with SARS-CoV-2-related viruses in such animals before
the outbreak of COVID-19 are yet to be made.

In places where environmental and anthropogenic activities predispose to spillover
transmissions, the risk of the emergence of a novel zoonotic pathogen is likely to be high [32].
Unfortunately, wild animal hosts and high-risk interfaces facilitating spillover are vastly
understudied—and most likely under-reported, in particular in sub-Saharan Africa [33].
Consequently, enhanced monitoring and control efforts beginning from local towards a
global strategic one-health surveillance as well as a significant increase in funding for basic
and applied research in high-risk countries are being recommended [34–36].

2.1. Mutations of SARS-CoV-2 Are a Common Feature Facilitating the Crossing of
Interspecies Barriers

As with many RNA viruses, the genetic diversity of coronaviruses is due to the
high frequency of homologous recombination and accumulation of mutations [37], which
supports the breaking of interspecies barriers, varying tissue tropism, and adapting to
biological variations [38]. For example, the recombination of the genomes of SARSr-CoV in
the spike glycoprotein (S) region is responsible for the mediation of initial cross-species
transmission from bats to other mammals [39].
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Studies by Lytras et al. (2021) [19] and Temmam et al. (2021) [24] suggested that homol-
ogous recombination of a sarbecovirus of unknown origin and a bat coronavirus within the
S-region resulted in the progenitor of SARS-CoV-2 [40]. The authors found that the entire
genome of SARS-CoV-2 is very similar to SARSr-Ra-BatCoV RaTG13, isolated in 2013 from
a horseshoe bat in China, except for the sequence coding for the receptor-binding domain.
Viruses genetically related to SARS-CoV-1 were also detected in Ghanaian and Nigerian
leaf-nosed bats in 2009 [41] and 2010 [42], respectively, indicating deep-rooted genetic and
ecological factors in sub-Saharan Africa yet to be fully explored. Generally, these results
point to the complexities of the origin of SARS-CoV-2, in which recombination enabled
further evolutionary selection of strains from distinct host species before its spillover to
humans. Repetitive close contact between animals and humans, enabling spillover and
reverse transmission, may further promote the genetic diversity of coronaviruses [43].

2.2. Frequent Transmissions of SARS-CoV-2 to Animals may Create Future Animal
Reservoir Hosts

The evolutionary selection of viruses with a greater ability to rapidly adapt to new
hosts co-selects for viruses capable of effective intra-species transmission in the new
host [17], underpinning disease emergence theory [44–46]. Transmission of SARS-CoV-2
from humans to susceptible animal hosts and onwards is likely to amplify mutations that
could, in turn, re-infect humans with altered virus variants [47,48], potentially leading
to renewed pandemic spread. The susceptibility of animal species depends on several
factors, including the compatibility between the viral spike protein and the host receptor
ACE2 [49] or alternative receptors such as Neuropilin-1 [50,51] or CD147 [52], the species,
and the capacity of the virus to escape the immune system and restriction factors of the new
host [47]. For an animal species to act further on as a successful reservoir host, the virus
has to become established in the animal population by efficient intra-species transmission,
leading to transiently infected animals with prolonged or repetitive phases of shedding
infectious particles [53].

Experimental studies suggest that animal species such as cats, dogs [47], ferrets [53],
raccoon dogs [54], crab-eating macaques [30], rhesus macaques [55], white-tailed deer [56],
rabbits [57], and Syrian hamsters [58] are susceptible to SARS-CoV-2 infection. Moreover, it
was found that onward cat-to-cat and ferret-to-ferret [59] as well as hamster-to-hamster
transmission [60] can occur through physical or airborne contact.

The worldwide geographical distribution of SARS-CoV-2 in animals according to
reports submitted to the OIE is summarized in Figure 1. As of July 2022, 36 countries
have reported a total of 679 occurrences of SARS-CoV-2 infections in 24 different animal
species of carnivores, primates, ungulates, and rodents [3]. These anecdotally reported
cases of natural transmission were mainly directly from infected humans in close contact
with animals, particularly to (i) companion animals such as cats and dogs [61] as well
as (ii) captive wild animals such as lions, tigers, pumas, snow leopards, and gorillas in
zoos [62] and (iii) farmed fur animals such as minks and ferrets. Further on, natural infection
was shown in wild white-tailed deer in the U.S. with comparatively high seroprevalences
of 37% in the investigated population, implying rapid and efficient spread among this
abundant wildlife species [63]. Conversely, animal-to-human transmissions have been
demonstrated only in a few reports. Nonetheless, mink-to-human transmission in a mink
farm in Denmark [4], the hamster-to-human cluster reported from Hong Kong [64], and
the most recently reported case of human infection with a highly divergent SARS-CoV-2
deriving from a wild-tailed deer in Canada [65] demonstrate the potential for further
zoonotic transmission cycles accompanied by alterations in nucleotide and amino acid
patterns, potentially resulting in new pandemic variants.
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Figure 1. Global distribution of animal infections with SARS-CoV-2. (reprinted with permission from
WOAH [3], source: https://www.woah.org/app/uploads/2022/02/sars-cov-2-situation-report-9.
pdf, CC BY-NC-ND 4.0 (accessed on 19 November 2021).

However, further investigation is required to determine whether SARS-CoV-2 or other
related betacoronaviruses can, in turn, transform new animal hosts into virus reservoirs [66].

3. Effective Spillover at the Human–Animal Interface Marks the Entry Point of Novel
Infectious Diseases

Spillover events from animal reservoirs into humans are not uncommon in locations
with a high frequency of human–animal contact [67]. Serological studies demonstrated
evidence of SARSr-CoV-specific antibodies in human residents in rural locations, and even
higher rates were recorded in humans living near bat caves in China [68]. Spillover risks
increase with human encroachment into rural areas and activities resulting from economic
networks around and between rural and urban areas. When a densely packed and immuno-
logically naïve human population in an urban area is then exposed to a novel pathogen,
spillover events have a much higher likelihood of resulting in extensive spread [69]. Urban-
ization characterized by rapid intensification of agriculture, socioeconomic change, and
ecological fragmentation can have profound impacts on the epidemiology of infectious
diseases [70].

Wildlife populations are heterogeneously distributed, and certain species group in
spatial aggregations with livestock and humans, creating interfaces that might be important
for the transmission of zoonotic agents [71]. Consequently, anthropogenic pressures can
create diverse wildlife–livestock–human interfaces, representing a critical point for cross-
species transmission and the emergence of pathogens into new host populations.

Many zoonotic viruses have recently emerged from bats. It has been argued that
bats may have an immune system that allows them to coexist with viruses from differ-
ent virus families [72], hence making them viral reservoirs for filoviruses (e.g., Ebola
virus [73], Marburg virus [74]), paramyxoviruses (Hendra henipavirus [75], Nipah heni-
pavirus [76]), rhabdoviruses [77], arenaviruses (Tacaribe mammarenavirus has a bat host) [78],
and Sarbecoviruses. Spillover to humans happened directly via close contact or bushmeat
consumption [79] or indirectly via an intermediate animal species [80]. The complexity of
urban systems as networks of physical interfaces across which pathogens can be transmit-
ted between humans and animals exists within the context of societal, cultural, and policy
interfaces. Therefore, the investigation of the conditions and the reasons for human–animal
contact potentially leading to the emergence of zoonotic diseases requires a multisectoral
approach [81,82].
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Spillover Transmission Is Driven by Human Activity

Interspecies transmission of zoonotic pathogens (Figure 2) is mainly driven by human
behaviors having a direct or indirect influence on ecosystems and human–animal interac-
tions [83]. Vector-independent transmitted pathogens such as SARS-CoV-2 are distributed
through close contact with an infected individual (e.g., droplets, aerosols, fecal-oral) or by
contact with contaminated fomites [83].

Figure 2. Transmission pathways between humans and animals (image created in Microsoft Power-
Point 2019).

Direct transmission of zoonotic pathogens applies bi-directionally almost solely re-
garding the transmission from and to domestic animals in a variety of settings as well as
regarding farmed animals or those kept in zoos, where direct contact is inevitable and a
substantial part of the human–animal relationship. In the wildlife domain, the direct trans-
mission pathway must be considered one-directional to humans from wildlife hunted and
traded for meat consumption or traditional medicine and bi-directional between humans
and synanthropic species such as pest rodents [84] or frugivorous bats [85,86]. Other direct
contacts between wildlife and humans potentially leading to bi-directional direct transmis-
sion may occur during conservation interventions or field research [87]. Remarkably, with
the increasing demand for exotic pet species and their trade around the world, the range of
pathogens potentially being transmitted within this domain is broadened [88,89].

Fomite transmission from humans to animals pertains whenever waste or sewage
can be accessed by domestic or wild animals. For example, SARS-CoV-2 survives on
surfaces of personal protective equipment and other household materials for up to three
days under normal conditions [90]. Inappropriate discarding or disposal of contaminated
personal protective equipment (PPE) such as face masks and gloves as well as tissue
wipes, etc., are regarded as a source of COVID-19 infection, especially among stray and
wild animals [91]. Even the most elaborate waste management or sewage systems may still
be accessed by rodents or birds and therefore cannot prevent onward transmission and
spread of pathogens. In the animal-to-human direction, the main transmission pathways
to consider are contaminated food of animal origin [92] as well as unwashed manured
crops [93]. Furthermore, the use or consumption of contaminated water can be the source
of infection with zoonotic pathogens in both directions [94].

4. Compounding a Bad Situation: The Impact of Zoonotic Diseases in Africa with a
Focus on Nigeria

As experienced with the SARS-CoV-2 pandemic, zoonotic diseases have the potential
to threaten human and animal health globally, potentially destabilizing our local economy
and impacting food security. In addition, countries of the African continent are still seri-
ously challenged by neglected zoonotic diseases (NZDs), causing huge economic losses
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and mortality (World Bank, 2018) [95]. The World Health Organization (WHO) has identi-
fied eight NZDs: anthrax, bovine tuberculosis, brucellosis, cysticercosis, echinococcosis,
leishmaniasis, rabies, and human African trypanosomiasis. These diseases are termed
“neglected”, as they mainly affect poor populations who live near domestic or wild animals,
often in areas where there are little or no adequate or healthy sanitary conditions [96].
Furthermore, they are neglected due to underestimation of the disease burden, which is
usually concentrated in developing countries with ineffective diagnostics and deprived
healthcare delivery systems [97]. Nonetheless, NZDs are known to have devastating im-
pacts on human health and welfare, on domestic animal and wildlife health, as well as on
risks associated with disease emergence [98]. Additionally, it can be assumed that their
presence and persistence in African populations are linked to well-established transmission
cycles between humans and animals that may further be used by other or novel zoonotic
pathogens with similar transmission modes.

Relatedly, according to a WHO report, while there has been a 63% jump in the number
of zoonotic outbreaks in the African region in the decade from 2012–2022 compared to
2001–2011, about 30% of 63% of the substantiated public health events recorded in this
region were zoonotic disease outbreaks [99]. The burden of infectious diseases in Africa
ranges from newly evolved strains of pathogens (e.g., multi-drug-resistant tuberculosis and
chloroquine-resistant malaria) to pathogens that have recently entered human populations
for the first time (e.g., HIV-1, Ebola virus, SARS-CoV-2) as well as pathogens that have
been historically present in humans but have recently increased in incidence (e.g., Lyme
disease, Lassa fever) [100]. With the presence and emergence of many zoonotic diseases, a
noticeable trend can be observed. Increasing ecological changes and economical challenges
further enhance the development and intensification of factors of (re-)emergence, such as
urbanization or socio-cultural behavior such as farming, hunting, and tourism [101].

4.1. SARS-CoV-2 Infection Detection Rate in the African Population Is Lower Compared to the
Rest of the World

In 2020, the WHO warned in their projection that Africa could likely be the next
epicenter of SARS-CoV-2, with an estimated 44 million infections and 190,000 deaths in
the first year of the pandemic [102]. Up to July 2022, with 8.7 million cumulated cases
and 173,248 deaths reported from the African region, the SARS-CoV-2-attributed mortality
in Africa was projected to fall by nearly 94% in 2022 [103]. Based on this record, the
enduring mystery of COVID-19 is why the pandemic has not hit low-income African
nations as hard as wealthy countries in North America and Europe [104]. The adoption of
heightened disease surveillance systems, such as mandatory screening at ports of entry,
setting up isolation and quarantine centers, activation of disease surveillance mechanisms
from previous influenza and Ebola surveillance systems, as well as contact tracing to swiftly
detect and respond to the outbreak, are discussed as potential explanations [105]. However,
most African governments are still struggling with strict implementation of containment
measures such as border and travel restrictions, bans on large gatherings, social distancing,
as well as poor uptake on free vaccinations [106]. Furthermore, the general shortage of
diagnostic tests for SARS-CoV-2 on the continent threatens to possibly contribute to a
massive underestimation of the true burden of the disease [107].

Concurrently, factors intrinsic to the African population are being discussed to be
causative for a lower morbidity and mortality on the continent, such as the general younger
demographic of the population, lack of diagnosis in cases of deaths, genetic factors [108],
the increased circulation of other coronaviruses having a protective effect against critical
COVID-19 [108,109], or the higher burden of other infectious diseases such as malaria
leading to an increased alertness of the innate immune system and consequently a lower
morbidity and mortality [110].
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4.2. Socioeconomic and Ecological Factors in Africa Enhance the Probability of Anthropozoonotic
Transmission of SARS-CoV-2

Despite the relatively low numbers of SARS-CoV-2 in Africa, particularly in Nigeria,
the impending shock on the public health sector could have a devastating impact on the
country’s previously strained and fragile health system and could quickly turn into a
socioeconomic emergency. The limited availability of diagnostic tests makes the detection
of asymptomatic patients nearly impossible and deepens the uncertainty of the potential
impact of SARS-CoV-2 infections. Beyond these health and social risks, there are several
factors that impact negatively on Nigeria’s economy, including lower trade and foreign
investment in the immediate term, falling demands linked with the lockdowns or travel
bans, and lastly, a continental supply shock affecting domestic and intra-African trade [111].

Affecting Nigeria’s economic growth, the crisis—together with the effects of climate
change—has a significant impact on the overall well-being of people and the number of
people living in poverty. According to United Nations (UN) estimates, approximately
30 million more people worldwide could fall into poverty, with a significant rise in the
number of acutely food-insecure people [112]. Inadvertently, poverty and food insecu-
rity also have a great impact on human migration, encroachment, as well as changes in
human–wildlife interfaces [113,114]. Therefore, policymakers are saddled with the re-
sponsibility of enacting measures that will be consistent in tackling realities posed by the
SARS-CoV-2 pandemic.

4.3. Limited Access to Vaccines Increases the Vulnerability of the Population

The WHO has set a global target of 70% of the population of all countries to be
vaccinated by mid-2022 [112]. As of mid-2022, more than 5.33 billion people have received
at least one dose of a COVID-19 vaccine globally [115]. However, the vaccination coverage
differs strongly in different regions of the globe. In the African region, about 27% of the
population was vaccinated with at least one dose [115]. In comparison, in upper-middle- to
high-income countries, 81% of the inhabitants have already received at least one dose of
vaccine [116]. This inequitable vaccine distribution is not only leaving millions of people
vulnerable, but it is also allowing novel, perhaps even more virulent variants of the virus
to emerge and subsequently spread across the globe.

As the African region grapples to meet the rising demand for essential vaccination
commodities, less than 10% of its nations are projected to hit the year-end target of fully
vaccinating 40% of their people by 2022. [117]. The main factors aside from skepticism and
hesitancy of some members of the population to be vaccinated [117] are the limited access to
vaccines, the disruption of the cold chain, and the shortage in associated medical care [118].
One of the most glaring revelations of the COVID-19 pandemic is the realization that
human vaccine manufacturing is almost nonexistent in the entire African continent [118].

4.4. Human-to-Animal Transmission May Happen Undetected due to Limited Implementation of
Biosecurity and Active Surveillance in Animal Holdings

At global and national levels, veterinary professionals, their representative associa-
tions, and animal health regulatory bodies have played various roles in protecting the pub-
lic’s health during the SARS-CoV-2 pandemic [119]. Controlling highly contagious animal
diseases on a large scale has been a recurring challenge for veterinarians for decades [120].
In addition, they understand the epidemiology of the zoonotic disease as well as the risk of
potential spillover at the various human–animal interfaces [120].

The Food and Agriculture Organisation of the United Nations (FAO) recommends
the systematic and close surveillance of farmed livestock as well as domestic animals,
as the transmission to these animals may lead to the further uncontrolled spread of the
virus and the potential formation of new reservoirs [121]. In already existing systems in
countries in Europe and North America, where the ownership especially of livestock is
meticulously registered and monitored by the authorities, the recommended surveillance
strategies were rapidly implemented [121]. In countries of Africa without such systems, the
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implementation of monitoring and control measures is vastly restricted. While SARS-COV-
2 transmission from humans to animals was reported in most parts of the world, evidence
is scant in Africa, and this may be related to limited surveillance [121].

5. Conclusions: Mitigating Future Respiratory Virus Pandemics

In an increasingly globalized world, a spillover of a zoonotic pathogen poses major
risks to the global society and economy. This has been well-demonstrated by the ongoing
coronavirus disease SARS-CoV-2 pandemic, which has resulted in an unprecedented global
public health, social, and economic crisis. Despite our experiences with emerging zoonotic
diseases such as SARS, Ebola, Lassa fever, or influenza and subsequently improved national
and global surveillance systems, humanity is probably not able to totally prevent the
emergence of zoonotic pathogens. Nonetheless, the SARS-CoV-2 pandemic has emphasized
the importance of sophisticated global preparedness measures, including monitoring and
early detection, prevention of spread, and strategic response mechanisms. Especially in
locations where there is a high overlap of wildlife, increasing livestock or agricultural
production, and human encroachment, the implementation of early warning systems is
needed. Consequently, spotting and mitigating the risks of future spillovers involves
working closely with the communities in hotspots for disease emergence and appropriate
risk communication. High-risk animal-to-human interfaces must be given special attention.
This includes companion animals whose owners have been infected, farmed animals that
are often reared in large numbers and are predisposed to viral spread, as well as wildlife in
close proximity to human and domestic animal populations. Other high-risk interfaces with
human-animal-environmental activities such as land-use change, hunting, and agricultural
practices that have been identified to have facilitated viral spillover events should be a
focus for education and interventions directed at disease prevention.

Monitoring and control measures limiting zoonotic and onward transmissions should
be established and publicly enforced. Particularly in developing countries, farming com-
munities remain vulnerable. Often farms are operated by women and children with limited
access to medical, veterinary, and animal production services. The lack of food safety con-
trol systems most likely prevents adequate responses to emerging and resurgent zoonotic
diseases. Non-pharmaceutical measures, such as physical distancing, strict hand hygiene,
respiratory etiquette, appropriate use of facemasks, and home isolation of suspected or
confirmed cases as the first line of defense in mitigating potential outbreaks may go along
with heavy losses in people’s livelihoods.

Once available, vaccination can provide direct protection in reducing susceptibility
among the uninfected and indirect protection in reducing viral spread among the pop-
ulation [122]. Accessibility to an effective vaccine remains a significant challenge in the
intervention against SARS-CoV-2. If the effective vaccination rate is satisfactorily high, herd
immunity generated by a transmission-blocking vaccine will help to control or even elimi-
nate the spread. Achieving this goal may become more difficult when external constraints
affect the deployment of vaccines or when vaccinal and natural immunity is inadequate
due to further-evolving immune escape variants.

To successfully tackle zoonotic spillover and its related issues, the resolutions dis-
played in Table 1 can be considered not just exclusively for the African setting:
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Table 1. Resolutions suggested to tackle zoonotic spillover infections and related issues.

Measure Explanation

Enactments

As a precaution, the public is urged to keep safe distances from wildlife, particularly species
that are known to be susceptible to SARS-CoV-2 infections. This can be achieved through
enactments such as emergency orders and temporary bans on hunting, trading, and
non-essential contact with wildlife.
Relatedly, prohibitive measures may be taken to discourage bushmeat hunting and the
consumption of raw, unprocessed meat. In all of these, alternative sources of low-cost
nutrition should be provided in resource limited communities in order to spare
wildlife hunting.

Education

To highlight issues of public health concern, awareness must be raised among the
population regarding the possibility of disease transmission from animals to humans and
vice versa. While some cultural or religious traditions may predispose to direct contact with
wildlife, there is a need to effectively communicate the risks of disease transmission. It may
be helpful to recall traditional folk tales that highlight the inherent danger in handling
(deceased) wildlife as a learning tool in local public teaching. Many such folklores abound
among the native Yorubas of Nigeria and may be applicable in other tribal settings in Africa
[123]. Furthermore, early education of pupils on the dangers of emerging or neglected
zoonotic diseases and the precautionary measures to be taken can be a significant way to
bridge the knowledge gap.

National One Health Strategic Plan

A national one health strategic plan should be actively adopted across the different
organizational frontiers (in Africa) to safeguard a holistic impact. From joint (national)
research projects to research projects by independent donors, combined efforts must achieve
the objective of containing virus spread. The capabilities of self-determined and
independent, top-level research should be continuously increased via access to funding,
training, and education. This enables local and independent monitoring and rapid
identification of novel emerging pathogens.

Vaccine equity

The autonomous development and production of vaccines in Africa must be actively
supported. This will create the enabling conditions to achieve a rapid response to emerging
or pandemic pathogens and increase the global vaccination coverage while continually
developing vaccines for mutant strains of the virus [117].

Heightened
Monitoring

Gathering data on human practices as well as contact with animals in settings with diverse
host assemblages will ensure effective analysis regarding potential spillover risks.
Environmental, veterinary and medical scientists may further investigate the pathogens
present and exchanged at the identified human–animal interfaces of risk. This will give an
informed direction towards critical points for disease control and behavior change
interventions aimed at prevention.
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Abstract: Rabies virus (RABV) has a broad host range and infects multiple cell types throughout
the infection cycle. Next-generation sequencing (NGS) and minor variant analysis are powerful
tools for studying virus populations within specific hosts and tissues, leading to novel insights into
the mechanisms of host-switching and key factors for infecting specific cell types. In this study we
investigated RABV populations and minor variants in both original (non-passaged) samples and
in vitro-passaged isolates of various CNS regions (hippocampus, medulla oblongata and spinal cord)
of a fatal human rabies case, and of multiple CNS and non-CNS tissues of experimentally infected
mice. No differences in virus populations were detected between the human CNS regions, and
only one non-synonymous single nucleotide polymorphism (SNP) was detected in the fifth in vitro
passage of virus isolated from the spinal cord. However, the appearance of this SNP shows the
importance of sequencing newly passaged virus stocks before further use. Similarly, we did not
detect apparent differences in virus populations isolated from different CNS and non-CNS tissues of
experimentally infected mice. Sequencing of viruses obtained from pharyngeal swab and salivary
gland proved difficult, and we propose methods for improving sampling.

Keywords: rabies virus; NGS; minor variants; CNS

1. Introduction

Rabies is a viral encephalitis that is caused by viruses of the genus Lyssavirus, and an
estimated 99% of human rabies cases are caused by rabies virus (RABV) transmitted by
dogs [1]. Lyssaviruses are transmitted through the saliva of lyssavirus-infected animals,
and rapid post-exposure prophylaxis is essential to prevent development of the disease.
There are, however, no treatment options after the onset of neurological symptoms, which
makes rabies the deadliest zoonosis worldwide with a near 100% case-fatality rate. Every
year at least 59,000 human rabies fatalities are reported worldwide, but the true burden
is expected to be much higher than that due to diagnostic difficulties, especially in rabies-
endemic regions [2,3]. Furthermore, loss of livestock (cattle, sheep, goats) due to RABV
infections is a major problem in South America [4].
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Lyssaviruses are neurotropic and can infect peripheral nerve endings, after which they
travel to the spinal cord via the ventral or dorsal root ganglions. After reaching the brain
and infecting local neurons, the virus further spreads to the salivary gland and other organs
and is finally secreted through the saliva. Despite their neurotrophic nature, lyssaviruses
are capable of infecting muscle cells at the initial infection site, various cell types during the
centrifugal spread, and acinar cells in the salivary gland, of which the latter step is essential
for virus secretion and infection of the next host [5,6].

RABV, along with other lyssaviruses, are negative single-stranded RNA viruses
(-ssRNA). These RNA viruses are generally known to display high rates of evolution-
ary change by both natural selection and recombination, enabling them to rapidly adapt
to new hosts and cell types [7–9]. Interestingly, RABV shows a rather low mutation rate
when compared to other -ssRNA viruses [10]. While most lyssaviruses are thought to be
restricted to specific hosts, RABV is transmitted by multiple species of the orders Carnivora
and Chiroptera (bats) [11]. In addition, rare spill-over infections have been documented in
a variety of other mammals, including camels and kudus [12,13]. Studying adaptability
of RABV within different environments is of immense importance, given its ability to
thrive in wide range of hosts by infecting different types of cells throughout its infection
cycle [14–16]. Comparing virus populations in different organs, both inside and outside of
the CNS during different phases of infection, is a first step in understanding the genetic
plasticity of RABV.

While most viral sequencing is performed on brain tissue specimens, given the pres-
ence of high viral loads, there is less information about viral populations in other organs.
In this study we investigated RABV populations in three different central nervous system
(CNS) regions (hippocampus, medulla oblongata and spinal cord) of a fatal human rabies
case [12], and the adaptation of the isolated virus after in vitro passages in mouse neuroblas-
toma cells. In parallel, we investigated RABV populations in various CNS (brain, trigeminal
ganglion, dorsal and ventral spinal cord) and non-CNS (salivary gland, tongue, nuchal skin
and pharyngeal swab) biopsies of C57BL/6 mice that were experimentally infected with a
silver-haired bat rabies virus (SHBRV) reference strain [17,18]. By using next-generation se-
quencing (NGS) and minor variant analysis, we were able to describe the virus population
within various CNS biopsies of a fatal human RABV case, as well as the virus population
within various CNS and non-CNS tissue biopsies of mice infected with a bat-related RABV
strain, in great detail. While minor variants were found to play an insignificant role in
RABV host switch events [19], investigating minor variants may provide crucial insights
into where mutations take place, and which variants might become dominant.

Pharyngeal swabs contain secreted virus and are therefore an important specimen
for studying virus evolution. However, the low virus loads obtained from pharyngeal
swabs severely limit the possibility of investigating virus populations. The parotid salivary
gland is easy to sample and contains saliva that is ready to be secreted. Therefore, we also
assessed the suitability of using salivary gland biopsies as a read-out for secreted virus.

2. Materials and Methods

2.1. Human Materials and Cell Culture

Human CNS biopsies (medulla oblongata, hippocampus, spinal cord) were obtained
from a fatal human rabies case in Qatar described previously [12]. Samples were stored in
virus transport medium and stored at −80 ◦C until processing. Samples were homogenized
in DMEM (Lonza), centrifuged for five minutes at 5000× g, after which 200 μL of the
supernatant was filtered using a 0.45 μm filter and was incubated on mouse neuroblastoma
astrocytes (MNA) for 1 h. After removal of the inoculum the cells were incubated with
supplemented DMEM medium at 37 ◦C in the presence of 5% CO2. Virus was passaged
when cytopathic effect was observed; the cell culture supernatant was centrifuged and
filtered, and 200 μL was inoculated onto freshly seeded MNA cells. The remainder of the
filtered virus was stored at −80 ◦C.
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2.2. Animal Materials

Six-to-eight-week-old mice (C57BL/6) were intramuscularly inoculated with 105 or 106

TCID50 of silver-haired bat rabies virus (SHBRV) in the left hind leg. This experiment was
designed and performed to validate an in vivo infection model, and the samples used in
this study were taken after the initial experiment had finished. Mice were euthanized upon
showing neurological symptoms, which appeared between day six and eight. Biopsies
of target organs and tissues of interest (brain, trigeminal ganglion, spinal cord dorsal
and ventral horn, parotid salivary gland and tongue), as well as a pharyngeal swab were
taken, homogenized in 1 mL of virus-transport medium, and stored at −80 ◦C until further
processing. In parallel, organs were fixed in 10% neutral-buffered formalin to verify virus
protein expression by immunohistochemistry (IHC). Samples were taken from 10 mice
in total, from which the samples of four animals were used to investigate differences
in viral populations within the salivary gland and pharyngeal swab isolates, and the
samples of the remaining six animals were used to compare virus populations throughout
different organs (brain, trigeminal ganglion, spinal cord dorsal and ventral horn, tongue,
nuchal skin, and parotid salivary gland). All animal experiments were performed in
compliance with Dutch legislation for the protection of animals used for scientific purposes
(implementing EU Directive 2010/63) and other relevant regulations. The research was
conducted under a project license (AVD1010020187204) approved by the competent Dutch
authority. The specific study protocol (18−7204−01) was approved by the institutional
Animal Welfare Body.

2.3. Sample Preparation and RNA Isolation

Isolates from original materials from the human RABV patient, the third and fifth
passage of these materials on MNA cells, and the samples taken from the infected mice,
were included for RNA isolation and sequencing. All samples were centrifuged and filtered
through a 0.45 μm filter, after which 100 μL of the filtrate was mixed with lysis buffer
(Qiagen). The animal samples were pre-processed with Omnicleave (Lucigen) to cleave
present host RNA, and all samples were further processed using the High Pure RNA
isolation kit (Roche) following the manufacturers guidelines, including the on-column
DNA digestion step. RT-PCR was performed as an initial investigation on the presence
of viral RNA, using a RABV genotype 1 RT-PCR [20] on all isolates obtained from mice
tissues, and a pan-lyssavirus RT-PCR [21] on the isolates and passages obtained from the
human materials.

2.4. cDNA Library Preparation and Sequencing

cDNA was made using random primers (Thermo Fisher) and SuperScript IV (Thermo
Fisher) and dsDNA was made using Klenow (NEBNext). The KAPA Hyper Plus kit (Roche)
was used to prepare the library for sequencing with minor adjustments: fragmentation
time was reduced to 3 min and the adapters were diluted 1:10. Targeted enrichment
was performed using VirCapSeq [22] and all 50 samples were pooled equimolarly and
sequenced on an Illumina MiSeq v3 flow cell (2 × 300 bp).

2.5. Minor Variant Analysis

Consensus sequences were generated using a reference-based alignment against the
previously sequenced SHBRV-18 strain (AY705373.1) or the RABV_Nepal_2018 strain
(MN534894.1). The reads were re-aligned to the newly generated consensus sequences and
minor variants with a 20% frequency cutoff were determined using Geneious version 9.1.8
using default settings.

2.6. Immunohistochemistry and Immunofluorescence

Presence of viral proteins in formalin-fixed paraffin-embedded tissue biopsies was
verified by immunohistochemistry (IHC), and presence of virus in the cell culture passages
was verified by immunofluorescence (IF). Briefly, 3 μM slides were cut from paraffin-
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embedded tissues of both human and murine samples, and the RABV nucleoprotein
(RABV-N) was detected using the 5DF12 antibody (kindly provided by P. Koraka). Images
were acquired using an Olympus BX51 microscope. MNA cultures were fixed with ice-cold
80% acetone and were stained with the FITC-conjugated anti-RABV-N antibody (Fujirebio).
A nuclear counterstain with Evans blue was included and images were acquired using a
Zeiss AX10 Colibri 7 fluorescence microscope.

3. Results

NGS of RABV isolated from three regions of the CNS of a fatal human case (medulla
oblongata, hippocampus and spinal cord), as well as the following in vitro passages in
mouse neuroblastoma (MNA) cells (illustrated in Figure 1), was successful. No single
nucleotide polymorphisms (SNP) were detected in the consensus sequence or a minor
variant of original materials of the three different tissues, nor in the first in vitro passage
(Table 1). One non-synonymous SNP within the matrix (M2) gene was first observed in
the third in vitro passage of the spinal cord which became dominant in the fifth passage.
Different dominant SNPs were found in the third and fifth passage of the virus isolated
from medulla oblongata and the fifth passage of the virus isolated from the hippocampus,
but these did not lead to codon changes. One minor variant was detected in the third
in vitro passage of virus isolated from the spinal cord, but it decreased below the 20%
threshold in the fifth in vitro passage. No minor variants were detected throughout the
passages of the hippocampus, and only in passage three, three minor variants were detected
in virus isolated from the medulla oblongata.

 
Figure 1. Overview of the human central nervous system (CNS) biopsy isolates used for in vitro
passaging and sequencing. The grey areas in the CNS depicted on the left indicate the three areas that
were included in our study. The expression of viral proteins within these samples was verified with
immunohistochemistry (IHC, red staining). Serial passaging of the isolates was performed on mouse
neuroblastoma cells (MNA), and the first, third and fifth passage was used for sequencing. Presence
of virus within the passages was confirmed by PCR and immunofluorescence (IF, green staining top
right picture). The figure, except the IHC and IF pictures, was generated using BioRender.com.

To investigate the possible occurrence of organ-specific lyssavirus adaptations, we
sequenced virus isolated from different CNS tissues (brain, trigeminal ganglion, spinal
cord) and non-CNS tissues (nuchal skin, tongue epithelium, salivary gland and pharyngeal
swab) of C57BL/6 mice that were experimentally infected with the silver-haired bat rabies
virus strain (SHBRV, Figure 2A), a strain for which the disease progression has been well
described before in our lab [17,18]. In contrast to the abundant presence of viral proteins in
CNS tissues, only very few RABV-positive cells were found in non-CNS tissues (Figure 2B),
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which is reflected in the higher Ct values of non-CNS tissue biopsies (Figure 2C and
Supplementary Table S1).

Table 1. Overview of the SNPs and minor variants found in RABV isolated from different human CNS
regions (original material, OM) and in vitro passages (P1, P3, P5) of these materials. The presence
and corresponding percentages of the specific minor variants are indicated in blue; orange indicates
that the specific minor variant is presented as a SNP in another tissue. Grey indicates an ongoing
nucleotide shift (49.6%C, 47.4%T).
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RABV is predominantly secreted via saliva, making saliva the preferred sample for
investigating secreted RABV populations. However, obtaining enough saliva sample
to successfully culture or sequence secreted virus is often a challenge, especially when
working with small experimental animals. We therefore investigated if the salivary gland
tissue is a reliable source for characterizing secreted virus populations by performing
pairwise collection and sequencing of viruses isolated from pharyngeal swabs and salivary
gland biopsies obtained from mice 1–4. Despite the presence of RABV as detected by PCR,
only one of these pairwise comparisons (mouse 3) resulted in successful viral sequences
of both samples. In this pairwise sample comparison, we found one SNP and three minor
variants in the salivary gland isolate and two different SNPs in the pharyngeal swab isolate,
of which one resulted in an amino acid change in the polymerase gene (Table 2). The second
sequence obtained from a pharyngeal swab isolate contained one non-synonymous SNP
in the matrix protein, a mutation that was not observed in any other sample. No other
samples were sequenced from mice 1–4, and therefore we cannot conclude if the observed
mutations are organ-specific. Moreover, no specific SNPs were detected in the salivary
gland isolates of mice eight and nine.

To compare virus populations in CNS tissues with non CNS tissues, isolates from both
CNS (brain, trigeminal ganglion, spinal cord ventral and dorsal) and non-CNS (tongue
epithelium, nuchal skin, salivary gland) tissues from mice 5–10 were collected and used
for sequencing. Successful sequencing required a Ct value below ~28–29 (Figure 2C and
Supplementary Table S2). Due to low viral loads in the non-CNS tissues, only the isolates
obtained from tissues of mice eight and nine resulted in successful sequencing of all seven
different tissues. No major differences were detected between samples of the individual
mice. The only SNP detected in virus isolated from the trigeminal ganglion and tongue
epithelial was present as a minor variant in all tissue isolates except the salivary gland
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of mouse eight. Additionally, all tissue isolates from mouse nine, but none of the other
samples included in the experiment, contained the same SNPs. The pattern that SNPs in
our dataset group together on the individual host (mouse) level, and not on organ level,
was strengthened by the fact that only one SNP was observed in more than one mice. A
non-synonymous SNP in the RABV glycoprotein protein gene was observed in the nuchal
skin sample from mouse nine.

 

Figure 2. Overview of the mice tissue isolates used for sequencing, and verification of the infection by
IHC and PCR. All samples processed for PCR and subsequent sequencing are shown in (A). Presence
of viral proteins was verified by IHC (red staining) (B). Red arrows in the lower panel show the sparse
distribution of RABV-positive cells in non-CNS tissues. The table in (C) presents the 45-Ct values
indicating the viral loads of each specified organ. Green cells resulted in a successful sequencing
result, grey cells yielded incomplete sequencing runs and were therefore excluded for further analysis.
Panel (A) was generated using BioRender.com.

A limited number of minor variants were detected in this dataset, similar to the SNPs.
However, the majority of them were found in single animals and did not appear to be
tissue-specific, as they were observed as SNP in other isolates of the same mouse.
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Table 2. Overview of SNPs and minor variants in the sequenced mice tissues. Samples are ordered
per mice, the SNPs (>50% abundance) are included in the third column, with the indicated amino acid
change (if present) in bold. Minor variants, with a cutoff of 20%, are shown from column 3 onwards.
The presences of the specific minor variants are indicated in blue, orange indicates that the specific
minor variants are presented as a SNP in another tissue. An overview of the abundance (%) of the
minor variants can be found in Supplementary Table S2.

Minor Variants (>20%)

M
o

u
se

ID

O
rg

a
n

S
N

P
s

(>
5

0
%

)

A
2

4
7

C

C
2

4
0

6
A

T
4

6
0

0
C

(G
:R

4
5

6
W

)

A
5

3
1

5
G

(L
:G

3
2

D
)

T
5

8
9

8
G

(L
:D

2
2

6
E

)

A
6

7
7

1
G

A
7

7
0

4
G

G
7

7
0

4
A

A
8

3
1

3
G

T
1

0
6

6
8

C

C
1

0
6

6
8

T

G
1

0
7

8
5

A

C
1

1
0

3
1

T

T
1

1
0

3
1

C

A
1

1
7

7
5

G

G
1

1
7

7
5

A

2 Pharyngeal swab
A1617C

(M1:L62T),
C10668T

3 Salivary gland C1783T

3 Pharyngeal swab C1702T, T5898G
(L:D226E)

5 Trigeminal ganglion G3131T
5 Spinal cord—dorsal G3131T
5 Spinal cord—ventral G3131T
6 Brain C247A
6 Trigeminal ganglion C247A
6 Spinal cord—dorsal C247A
6 Spinal cord—ventral C247A
6 Nuchal skin C247A, C2552T
7 Brain A2406C, C5246T
7 Trigeminal ganglion A2406C, C5246T
7 Spinal cord—dorsal A2406C, C5246T
7 Spinal cord—ventral A2406C, C5246T
7 Nuchal skin A2406C
8 Brain
8 Trigeminal ganglion C10668T
8 Spinal cord—dorsal
8 Spinal cord—ventral
8 Nuchal skin
8 Tongue epithelium C10668T
8 Salivary gland
9 Brain
9 Trigeminal ganglion
9 Spinal cord—dorsal
9 Spinal cord—ventral

9 Nuchal skin T4600C
(G:R456W)

9 Tongue epithelium
9 Salivary gland

10 Brain
10 Trigeminal ganglion

10 Spinal cord—dorsal A7704G, C11031T,
G11775A

4. Discussion

In the presented study we investigated virus populations isolated from human CNS
tissues, and from several CNS- and non-CNS tissues from experimentally infected mice.
Although we did not detect RABV evolution within the analyzed human CNS specimen,
multiple SNPs and minor variants were detected within few in vitro passages. Rapid
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virus adaptation to in vitro culture has been described for RABV previously [14,15,23], and
mutations were observed both during homologous and heterologous culture conditions [14].
The observed changes might be indicative of either cell-culture or host adaptations, given
that the in vitro passages were performed on mouse neuroblastoma cells and not on cells
of human origin. Irrespective of the nature of the mutations, their presence indicates the
need for using low-passage stocks for infection experiments, as well as the necessity of
sequencing every in vitro passage before using them in experiments.

While the Ct levels in the salivary gland extracts were lower than in pharyngeal swabs
of mice, only one of the pairwise comparisons between salivary gland and pharyngeal swab
isolates resulted in successful viral sequences of both samples. Given the low number of
successful sequences obtained from salivary gland isolates, we cannot definitively conclude
if the salivary gland is a reliable source for studying secreted lyssaviruses. Most likely the
high level of host RNA in salivary glands resulted in this failure to retrieve complete viral
sequences. Furthermore, high levels of RNAses present in the parotid salivary gland are
known to drastically reduce the yield of high-quality RNA isolated from its tissue [24].
Given the simplicity of collecting a pharyngeal swab, we propose an optimization of the
sample collection protocol to allow for successful sequencing in future experiments. This
includes lowering the volume of virus-transport medium in order to reduce dilution of the
sample, storing the swab directly in lysis buffer, and using a swab of different materials,
since foam swabs were found to be the optimal choice for virus collection [25,26]. The
presence of these minor variants in the salivary gland, but not in the pharyngeal swab,
might be explained by the presence of virus originating from (para-)sympathetic nerves
that innervate the salivary gland [27].

In line with a previous study [14], no differences were found in virus populations
isolated from CNS and salivary gland biopsies. Besides the salivary gland, no differences
were detected in virus population isolated from other non-CNS tissues, indicating that
RABV does not require adaptations in order to spread between the different tissues and
cell types of its host. While the virus can infect various extra-neuronal tissues and cells
of non-neuronal origin, the secreted virus needs to be capable of infecting (peripheral)
nerves again. Therefore, large organ-specific adaptations are not to be expected, since
this would not be beneficial to the spread and infectivity of the virus. Throughout the
dataset we detected one SNP in the RABV glycoprotein, an essential protein for binding to
host receptors. Changes in the glycoprotein gene sequence are commonly associated with
changes in virulence and/or adaptations to a novel host [28–31]. However, this SNP was
detected in virus isolated from nuchal skin, a tissue that is normally not actively involved
in virus dissemination.

In conclusion, this is the first study that performed NGS and minor variant analysis
on virus isolated from a broad range of CNS and non-CNS samples of human and mouse
origin. The mice experiment was performed independently from the collection and in vitro
passaging of the human CNS isolates. While this resulted in insights of inter-host adap-
tations of both a dog-related RABV strain (human case) and a bat-related RABV strain
(mice experiment), more in-depth insights into the dog-related strain could be obtained
by performing a specifically designed animal experiment that uses a dog-related RABV
isolate. Altogether, better understanding of the evolution and adaptation of RABV in the
host will be valuable in increasing the understanding of the spread of RABV and related
lyssaviruses within different hosts.

Supplementary Materials: The following information can be downloaded at: https://www.mdpi.
com/article/10.3390/v14122661/s1 Table S1: Ct values of the independent samples selected for viral
sequencing. Table S2: Abundance of the observed minor variants (in percentages) detected in the
various mice tissues.
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Abstract: Nipah virus (NiV) is a paramyxovirus responsible for a high mortality rate zoonosis. As a
result, it has been included in the list of Blueprint priority pathogens. Bats are the main reservoirs
of the virus, and different clinical courses have been described in humans. The Bangladesh strain
(NiV-B) is often associated with severe respiratory disease, whereas the Malaysian strain (NiV-M)
is often associated with severe encephalitis. An early diagnosis of NiV infection is crucial to limit
the outbreak and to provide appropriate care to the patient. Due to high specificity and sensitivity,
qRT-PCR is currently considered to be the optimum method in acute NiV infection assessment. Nasal
swabs, cerebrospinal fluid, urine, and blood are used for RT-PCR testing. N gene represents the main
target used in molecular assays. Different sensitivities have been observed depending on the platform
used: real-time PCR showed a sensitivity of about 103 equivalent copies/reaction, SYBRGREEN
technology’s sensitivity was about 20 equivalent copies/reaction, and in multiple pathogen card
arrays, the lowest limit of detection (LOD) was estimated to be 54 equivalent copies/reaction. An
international standard for NiV is yet to be established, making it difficult to compare the sensitivity of
the different methods. Serological assays are for the most part used in seroprevalence studies owing
to their lower sensitivity in acute infection. Due to the high epidemic and pandemic potential of this
virus, the diagnosis of NiV should be included in a more global One Health approach to improve
surveillance and preparedness for the benefit of public health. Some steps need to be conducted in
the diagnostic field in order to become more efficient in epidemic management, such as development
of point-of-care (PoC) assays for the rapid diagnosis of NiV.

Keywords: Nipah virus; zoonosis; One Health; molecular diagnosis; infection

1. General Aspects

Nipah virus (NiV) infection is a viral disease that has emerged in Southeast Asia
and is caused by a negative single-stranded RNA virus of 18,000 nucleotides in length,
which belongs to the Paramyxoviridae family and to the Henipavirus genus. This genus
also includes other species that can infect humans such as Ghanaian bat virus, Mojiang
virus, and Hendra virus (HeV) [1]. First detected in the 1998–1999 outbreaks in Malaysia
and Singapore, NiV is responsible for a zoonosis with mainly severe respiratory and
neurological clinical manifestations in humans and regular outbreaks in Bangladesh, India,
or the Philippines, and the morbidity and the mortality rate are related to the viral strain [2].
The high fatality rates in humans associated with NiV of up to 70% [3] has led to their
classification as risk-group 4 pathogens, restricting work on these viruses to Biosafety
Level 4 (BSL-4) facilities. The BSL categories take into account the lethality of the disease
and the availability of preventive and therapeutic treatments, which do not currently
exist in the case of NiV or HeV. NiV and HeV genomes share about 80% nucleotide
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identity [4], so diagnostics tests can be cross-reactive between these two viruses depending
on the RNA sequence targeted. Similar to all paramyxoviruses, the genome codes for
the following proteins: nucleocapsid protein (N), phosphoprotein (P), matrix protein
(M), glycoprotein F (F), glycoprotein G (G), and RNA polymerase, which represents the
large protein (L). The non-structural proteins C, V, and W, which play a key role in the
pathogenicity of NiV, are encoded by the P gene [5]. The RNA genome is associated with the
viral proteins of the replicative complex, which include nucleoprotein, phosphoprotein, and
the polymerase L enclosed by a lipid bilayer envelope containing the attachment protein G
and the fusion F protein [6]. The receptor of NiV is ephrin-B2, present in the endothelial
cells and neurons [7–9]. The NiV-G and -F proteins are necessary for the binding and fusion
to the host cells and for budding [10,11] (Figure 1).

Figure 1. Nipah virus (NiV) structure and genome organization. (a) Enveloped NiV virion comprises
different structural proteins: nucleoprotein (N), phosphoprotein (P), matrix protein (M), fusion
glycoprotein (F), and attachment glycoprotein (G). Viral RNA polymerase (L) and N proteins are
associated with the viral genome (negative-sense single-strand RNA). They are created by BioRender.
(b) Schematic representation of NiV genome organization. Genes encoding N, P, M, F, G, and L
proteins are shown. P gene encodes accessory proteins using an alternative start codon (C protein) or
using mRNA editing (V and W proteins).

2. Epidemiology

The first human cases of NiV were observed in Malaysia in 1998–1999, near Sungai
Nipah (Nipah River village). In this outbreak, close contacts with pigs, pig excreta, or fruit
bats were shown to be the main risk factors for disease transmission [12,13].

2.1. Fruit Bats

Pteropus bats were identified to be a reservoir of NiV infection in Malaysia [14]. NiV
neutralizing antibodies were detected in blood, and NiV RNA was detected in urine, saliva,
serum, and different organs of Pteropus bats in many regions of Asia, and also in countries
where no human infections had been described [15–17]. The Pteropus bats are widely
distributed in Southeast Asia, the Indian Ocean, Oceania, and Sub-Saharan Africa [18,19].
In India, in May 2018, 18 NiV human infections were observed in the State of Kerala with
patients showing acute respiratory syndrome and encephalitis [20,21]. The human NiV
strains showed 99.7–100% sequence homology with bat NiV strains, suggesting that bats
were the source of outbreak [22]. These fruit bats could infect humans or pigs through the
consumption of bat-bitten fruits amplifying the virus diffusion.

2.2. Pigs

It is commonly accepted that pigs contract NiV infection by eating food contaminated
with urine or saliva from bats and can then infect humans. The main symptom in pigs
infected with NiV is a respiratory disease with about 5% lethality. Pig farmers and abattoir
workers who are in direct contact with infected animals are the main group at risk for NiV
infection [13,23]. For example, an outbreak among slaughterhouse workers who looked
after pigs from Malaysia occurred in Singapore in 1999. The epidemic was limited with
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a ban on the import of pigs from Malaysia [24]. NiV was isolated from the nose and
oropharynx swabs of pigs, which are animals that can act as intermediate hosts [6,12,25,26].

2.3. Other Hosts

Serological studies have demonstrated that other animals such as cattle, horses, dogs,
cats, or goats can also be exposed to NiV and can develop specific antibodies against NiV,
although transmission to humans in this way is yet to be reported [6,23,27].

3. Modes of Transmission

After the Malaysia outbreak in 1998–1999, later outbreaks of NiV confirmed that
the main routes of virus transmission to humans are direct contact with the respiratory
secretions or body fluids of infected animals such as bats and pigs or by the consumption
of contaminated fruit palm or its derivatives (sap and alcohol). Indeed, several human
outbreaks originated from drinking contaminated raw palm sap or climbing the trees coated
with contaminated excrement, urine, or saliva from fruit bats [28,29]. Human outbreaks
can occur sporadically (as observed in India and The Philippines) or in more specific times
of the year, such as in the winter season in Bangladesh during the date palm harvest [30].
In the 2014 Philippines outbreak, close contact with horses or horse meat consumption was
reported in 10 of the 17 confirmed cases. In the same period, 10 horses died, 9 of which
were reported to have neurological disorders, although no test for NiV was performed on
the horse samples [31]. In this study, fruit bats were considered as the most probable source
of infection for horses [31].

Human-to-human transmission has also been reported [12,32,33]. For example, in
India in 2007, an outbreak originated from one person who contracted the disease due the
consumption of alcohol obtained from date palm. The infection was transmitted to other
members of the family and to the One Health worker who collected blood and performed a
tomography scan of the brain of the initial disease case, suggesting that close contacts are
required to transmit the disease [34]. Indeed, contact with the body fluids of NiV positive
patients increases the risk of virus transmission [35]. The Bangladesh strain of NiV is
usually associated with human-to-human transmission, with no intermediary host and
with a case fatality rate of 75% [12,36].

4. Symptoms and Pathogenesis in Humans

In humans, the infection mainly occurs via the oronasal site, and different incubation
periods are reported in the literature, mainly from 1 to 2 weeks, but ranging from 4
to 21 days [37–40]. According to the World Health Organization (WHO), the period of
incubation for NiV could vary from 4 to 45 days, but mainly from 4 to 14 days [41]. In the
outbreak in Malaysia and Singapore in 1998–1999, 3.3 days was the meantime between
fever onset and hospitalization, whereas death occurred after 9.5 days [42].

Different clinical courses have been described, and they vary according to the NiV
strain. Differences in symptoms and lethality rate have been observed between the
Malaysian (NiV-M) and Bangladesh strains (NiV-B). NiV-B is often associated with se-
vere respiratory disease, whereas NiV-M is more often associated with severe encephalitis.
Furthermore, in 2018, during the outbreak of Kerala caused by NiV-B, 83% of patients
showed respiratory distress syndrome (ARDS) [36,38]. The course of the disease also de-
pends on the strain: the mean disease duration from symptom onset to death was 16 days
in Malaysia and only 4–6 days in Bangladesh and India [43,44]. The variability of interval
time between symptom onset and death, which has been observed in different outbreaks,
is probably linked to the different virulence of the strains.

Generally, the beginning of NiV disease is characterized by flu-like symptoms, with
fever, myalgia, cough, vomiting, and headaches [12,39,45].

Respiratory complications characterized by cold, respiratory distress, shortness of
breath, and atypical pneumonia can be observed. The poor prognosis is linked to age,
thrombocytopenia, or the presence of other comorbidities [39]. In the late stage, NiV-
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M infection can also reach the Central Nervous System (CNS) with several degrees of
encephalopathy. Neurological symptoms include convulsions, altered functionality of
cerebellum, and reduction in consciousness. Different levels of consciousness reductions
have been reported, 50% in Malaysia versus 90% in Bangladesh, with NiV-B inducing more
severe respiratory troubles than NiV-M [4]. Problems of mental disorientation can also
appear [46]. The most common symptoms of encephalitis that could arise after a week are
hypotonia, segmental myoclonus, areflexia, limb weakness, and gaze palsy. Coma and
death can then happen within a few days. Fatigue, neurological deficits, and depression can
persist in about 20% of patients who recover from acute infection [47], and some cases of
relapsing or late-onset encephalitis have been described [48]. Furthermore, latent infections
have been described after acute infection with a persistence that can last months or even
years [49].

Subclinical infections have also been described in NiV epidemics. The rate of asymp-
tomatic infections among confirmed cases varies according to the outbreak, ranging from 8
to 17% in Malaysia to more than 45% in Singapore [4,13,24,50,51]. Asymptomatic infections
were absent or rarely observed with NiV-B in Bangladesh and India [52,53].

NiV infection leads to local changes in blood vessels with the appearance of vasculitis
in the small vessels in humans. Brain parenchyma often presents necrotic plaques and
sometimes syncytia of multinucleated giant endothelial cells. Moreover, the infection
spreads to major organs [6,32,45,54].

5. Diagnostics

5.1. Molecular Diagnostics

In suspected cases, an early diagnosis of NiV infection is crucial to limit the outbreak
and to provide appropriate care for the patient. NiV infection can be confirmed in several
ways using direct detection methods, such as virus isolation, immunohistochemistry or
immunofluorescence assays, nucleic acid amplification, or sequencing, but also using
indirect detection methods of anti-NiV IgM or IgG antibodies, such as enzyme-linked
immunosorbent assays (ELISA) or virus neutralization tests. Due to high specificity and
sensitivity, qRT-PCR is currently considered as the first-choice method for the diagnosis
of acute NiV infection, and it can reliably diagnose NiV infection within a few hours. As
described above, NiV has a period of incubation which mainly ranges from 4 to 14 days,
even though it can be longer [55]. It is yet to be established whether or not patients
can transmit the virus during the incubation period, but such transmission has been
demonstrated in pigs [56]. Nasal swabs, cerebrospinal fluid, urine, and blood are usually
used in RT-PCR tests [57].

Originally, heminested or nested RT-PCR were the main methods used to detect NiV
RNA. Real-time RT-PCR was set up later and, compared to conventional RT-PCR, provides
a better sensitivity, an ease of use, and a reduced risk of contamination, so it has become
the gold standard diagnostic method. Real-time PCR is also indicated by the CDC as the
reference method to be used for the diagnosis of acute infection [58].

Different kinds of RT-PCR have been set up for NiV detection, most of them being in-
house assays (Table 1). Some RT-PCRs are able to detect several paramyxoviruses including
NiV. For example, a nested RT-PCR described by Tong [59] is still used for known or new
paramyxovirus identification. It consists of a broad range RT-PCR that uses a conserved
region of L gene as a target. The sensitivity ranged between 500 and 1000 copies of template
RNA [59]. Another duplex RT-PCR was set up for RNA detection from the urine of bats.
This RT-PCR included an internal control (IC) consisting of an RNA plasmid containing
a 1.2 kb fragment of Kanamycin gene. The primers for NiV were specific for a conserved
region of N gene, as described previously [6]. The lower limit of detection was 0.37 pg/μL
of total RNA. This method was also applicable to other biological samples such as bat’s
saliva and blood [60,61]. One of the most frequently used Real-Time PCR was developed
by Guillaume [62] and is based on the amplification of a conserved region of the N gene.
This assay has a linearity between 103 and 109 equivalent copies of NiV. It was set up with
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the NiV-M strain, but the authors did not report whether this sensitivity was confirmed for
the NiV-B strain. This assay is specific for NiV and does not amplify Hendra nor measles
virus genome. A comparison of TaqMan Real-Time and SYBR Green assay using primers
designed in different regions of NiV virus (for N, M, L, and P genes) showed different
sensitivities according to the Real-Time PCR platform [63]. Since it was not possible to set
up a TaqMan Real-Time PCR assay for L gene, a heminested RT-PCR was carried out for this
gene. In this study, one-step RT-PCR appeared to be more sensitive than two-step RT-PCR.
Assays based on N and P genes showed the same sensitivity in SYBRGreen format, while P
gene was found to be the most sensitive in TaqMan platform. The SYBR Green method can
distinguish NiV and HeV on the basis of melting curve analysis. The TaqMan assays for P
and N regions, N SYBR Green protocols, and L heminested RT-PCR showed a sensitivity of
20 equivalent genomes per reaction, while M gene TaqMan assay was associated with a
sensitivity of 2000 equivalent genomes per reaction. In this case, the limited sensitivity of M
gene RT-PCR could be linked to the use of degenerate primers in the assays. M and P gene
primer pairs were found to be unsuitable for SYBR Green assays, because the potential
primer dimers probably interfere with the performance of the assay [63].

N gene was also used as a target in a SYBR Green I-based qRT-PCR amplification
assay used to analyze the kinetics of viral replication in vitro, with a sensitivity of about
100 pfu/μL [64]. For a precise molecular quantification of the viral burden, it is important to
note that in most of the real-time assays, target sequences are present both in genomes and
in mRNA transcripts. Thus, the viral burden estimation can be influenced by the amount
of mRNA transcripts. For example, N transcripts are the most abundant, and L transcripts
are the least abundant. A real-time approach to calculate the real burden of genomic NiV
RNA excluding amplification of the viral mRNA was developed by Jensen [65]. This
one-step RT-PCR targets only viral genomic RNA in the untranslated intergenic region
separating the F and G viral proteins and does not amplify mRNA transcripts, making it
also possible to detect both NiV-M or NiV-B isolates in the same sample. Detection is linear
from 1 × 102 to 1 × 109 copies/mL with a coefficient of correlation of r2 = 0.998. Different
LOD were reached with NiV-B and NiV-M strains with 1.63 × 104 genomes/mL compared
to 5.82 × 103 genomes/mL, respectively. No cross reactivity was found with Hendra virus
(HeV), Respiratory Syncytial Virus (RSV), Ebola virus (EBOV), or Lassa virus (LASV).

Moreover, in order to improve the rapidity of the diagnostics and to test different
pathogens at the same time, multiple pathogen card arrays are often used. Different types
of platforms exist on the market, and one of the main advantages of these cards is the
relatively easy use and storage as well as the stability at 4 ◦C for two years with shipment
at room temperature. For example, one TaqMan array card (TAC) based on N region is able
to detect several pathogens simultaneously in cerebrospinal fluid: Balamuthia mandrillaris
and Acanthamoeba (parasites), Streptococcus pneumoniae, Haemophilus influenzae, Neisseria
meningitidis, Mycoplasma pneumoniae, Mycobacterium tuberculosis, and Bartonella (bacteria),
and 13 viruses (parechovirus, dengue virus, Nipah virus, varicella-zoster virus, mumps
virus, measles virus, lyssavirus, herpes simplex 1 and 2, Epstein Barr virus, enterovirus,
cytomegalovirus, and chikungunya virus). The target sequence for NiV is the N gene, and
the estimated LOD is 54 equivalent copies/well [66].

Another TAC is based on quantitative reverse transcription PCR (qRT-PCR) for the
simultaneous detection of 15 viruses including NiV (Chikungunya, Crimean-Congo hem-
orrhagic fever (CCHF) virus, dengue, EBOV, Bundinbugyo virus, SUDV, hantaviruses
(Hantaan and Seoul), Hepatitis E, MARV, Nipah virus, O’nyong-nyoung virus, Rift Valley
fever virus, West Nile virus, and YFV), 8 bacteria (Bartonella spp., Brucella spp., Coxiella Bur-
neti, Leptospira spp., Rickettsia spp., Salmonella enterica and Salmonella enterica serovar Typhy,
and Yersinya pestis), and 3 protozoa (Leishmania spp., Plasmodium spp., and Trypanosoma
brucei) of particular relevance to Sub-Saharan Africa. TAC exhibited an overall sensitivity
of 88% and a specificity of 99%. The LOD for viral genomes is 104 copies/mL in blood. No
indication is available for cerebrospinal fluid samples. A critical aspect of this assay is the
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need of a nucleic extraction step that limits its use for NiV surveillance activities in remote
areas and could also induce some biosafety problems [67].

Nevertheless, it can be difficult to perform such RT-PCR tests if the outbreak occurs in
a remote area with limited facilities, especially for electrical power and working materials.
In such cases, other types of PCR techniques could be implemented. For example, N gene
is also the target for real-time reverse transcription-loop-mediated isothermal amplification
(RT-LAMP), which is able to detect all NiV strains [68]. The results are obtained within
45 min, and the sensitivity is close to 100 pg of total M and B genotypes NiV pseudovirus
RNA, corresponding to 107 RNA copies. This is ten fold higher than the sensitivity obtained
with a conventional N gene RT-PCR [69]. No cross reactivity was found with Influenza A
virus and Hendra virus. This assay was able to detect NiV in different biological samples:
urine, blood, feces, and throat swabs [68].

Recently, three rapid molecular diagnostic tests were developed. They are based on
reverse transcription recombinase-based isothermal amplification coupled with lateral flow
detection. For these three assays, a region of N gene is targeted and reaches an analytical
sensitivity of 1000 copies/μL, corresponding to 100–200 RNA copies/reaction, for both
NiV-B and NiV-M genotypes. These tests provide the results within 30 min without any
extraction step allowing their use in low-resource settings [69].

Finally, NiV can also be detected in biological samples using a metagenomic approach
based on high-throughput sequencing (HTS). These metagenomic approaches are used
frequently nowadays and could become the new reference technique in the future. A
combination of RNA baits specific for 35 epizootic and zoonotic viruses made it possible to
enrich the samples from about 10- to 10,000-fold, reaching a considerable sensitivity. For
NiV, this assay showed a sensitivity of 21 genomes/reaction [70].

5.2. Serological Diagnosis

RT-PCR is the best option to diagnose NiV in humans, especially during the acute
phase of infection, but indirect antibody detection methods may be used to diagnose
later NiV infections or as a complementary diagnostic method. IgG and IgM are indeed
key markers for Nipah seroprevalence studies, but data on kinetics or persistence during
human convalescence are limited. ELISA-based serological tests can be used to detect IgM
and IgG antibodies in the serum and cerebrospinal fluid (CSF), and it seems that for most
patients, the IgM and IgG antibodies appear in the serum during the first week after onset
(Figure 2) [71]. IgG antibodies seem to persist up to 8 months in symptomatic patients,
while IgM antibodies seem to persist from 3 to 7 months. According to Ramasundram et al.,
IgM positivity is observed on the first day after the appearance of symptoms in 50% of
patients and reaches 100% after three days, while IgG are detected two days after the onset
of symptoms in 31% of patients, with 100% positivity reached by day 17 [72]. In a small
study performed in India [73], contact cases of NiV-positive patients were tested regularly
for a number of months to detect IgM and IgG antibodies. Antibodies were detected among
three symptomatic and two asymptomatic contact cases. For symptomatic patients, IgM
was detectable from the 5th to 27th days following disease onset, while IgG can persist for
more than one year. Comparable IgM and IgG immune responses against NiV infection
were observed in the presence or the absence of clinical symptoms.

Due to their more complicated use compared to RT-PCR, need of specific reagents, and
longer implementation time, serological tests are more commonly used in epidemiological
studies and surveillance activities with no ongoing NiV acute infections. Several tests have
thus been implemented over the years to detect NiV IgG and IgM. These tests can generally
differentiate NiV from HeV [74–77].
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Figure 2. Different types of enzyme-linked immunosorbent assay (ELISA).

Initially, ELISA investigations used a gamma-irradiated NiV antigen [78,79]. However,
in this assay, the antigen derived from NiV-infected cells was difficult to standardize due to
the variability of different culture parameters such as virus strains, cell line, or multiplicity
of virus infection, and an antigen produced in different culture conditions could have
different antigenic properties causing potential troubleshooting in the interpretation of the
tests. The main advantage of these tests is their ability to detect a very broad spectrum
of human antibodies directed against the whole virus and not only restricted to several
proteins. On the other hand, more recent serological tests using NiV recombinant proteins
allow a greater standardization but cannot detect a large spectrum of antibodies directed
against the whole virus.

N recombinant protein is most frequently used in ELISA assays because of its immun-
odominance and conservation among different NiV strains. This structural protein is the
most abundant produced during the infection by NiV, and amino acidic sequences are
similar in humans and animal reservoirs [6,80]. NiV-N recombinant protein has been often
expressed in E. coli. Yu et al. [81] developed an ELISA with the NiV-N recombinant protein
that showed a sensitivity and specificity of 91.7% and 91.8% respectively, using human sera
and the CDC IgM ELISA assay as a reference test. The NiV antibody detection in swine
sera showed a 100% concordance with the CDC IgG ELISA assay. These findings confirmed
that N protein is a highly immunogenic protein that must be considered as an excellent
target for serodiagnosis assays.

In another assay, the NiV-N protein expressed in E. coli was tested in 1709 swine serum
samples and showed a sensitivity and specificity of 100% and 98.7%, respectively [82].

In addition to direct ELISA assays, antigen capture ELISA could also be implemented
to detect HeV and NiV antibodies. The anti-N antibody 1a11c1 captures proteins from HeV
and both NiV-M and NiV-B strains with a high sensitivity (LOD 400 pfu/well) and can
detect NiV antigen from a frozen pig lung specimen. No cross-reactivity was observed
with Marburg hemorrhagic fever (MHF) virus. The 1a11c1 antibody detects the NiV-M
SPB199901924 Malaysia strain [83–85] but a low background signal was observed for
uninfected Vero cell lysate, Lassa virus, Marburg, and Crimean-Congo hemorrhagic fever
(CCHF), indicating a lack of specificity of assays performed with this antibody. Indeed,
a problem linked to NiV-N protein expression is the non-specific binding due to residual
bacterial E. coli proteins, which are not totally removed during the purification process [86].
This aspect has been addressed by Chen [87] by calculating the background binding due
to non-specific interactions using incubation of the sera with excess free antigen to block
specific binding. The sample was considered positive only when its total reactivity signal
was higher than a pre-determined cut-off value, and the ratio of the total reactivity to the
background signal was A450 R sample reactivity/A450 B background reactivity > 2.0. This
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method eliminates 35% of reactive but non-specific sera, and reached a specificity of 95.8%,
which is no higher than those reported by other ELISA assays.

Another ELISA, named solid-phase blocking ELISA, was developed to detect anti-NiV
antibodies [88]. The ELISA plates were coated with NiV virus cell infected lysate, and
the serum incubated with solid phase was washed after one hour. Anti-NiV monoclonal
antibodies (mAb) conjugated to peroxidase were then added to detect the remaining free
antigen. A sample was considered positive when the inhibition due to mAb reaction
against NiV antigen was over 20%. The relative sensitivity and specificity against the serum
neutralization test were >70% and >95%, respectively, with human sera. Considering its
lower sensitivity compared to other ELISAs, this test should only be used for anti-NiV
screening. Luminex platform is also used for antibody detection. This type of assay uses
very small sample volumes, can be used in multiplex, and is much cheaper than traditional
ELISA assays and therefore is of relevance to low- and middle-income settings [89,90].
Serum neutralization assay as a confirmatory test should be then performed to confirm the
results for doubtful values and to avoid false positive results. This assay was employed to
test pig and bat sera but could also be used for other animal species.

5.3. Neutralization Assays

Considering its high specificity, serum neutralization testing is today considered as
the reference standard for the confirmatory diagnosis of NiV by the World organization
for Animal Health (OIE). Moreover, these tests are useful to check the protective immunity
of a serum that is correlated to the level of neutralizing antibodies. First neutralization
assays were initially developed with live virus. The sera are serially diluted and incubated
with a well-defined number of viral particles, before being added to Vero cells. After 24 h,
the syncytia specific of NiV infection can be observed [91]. Such an assay with infectious
virus has two main limitations as it must be conducted in a BSL4 laboratory, and the plaque
reduction observed could be linked to serum cytotoxicity instead of being a direct effect
produced by the virus, even though the serial dilutions used during the test limit this risk.

One alternative to standard plaque reduction neutralization tests (PRNT) is a neutral-
ization assay based on pseudovirions that can be used to detect antibodies against viral
surface glycoproteins. Since pseudovirions are able to produce non-infectious viruses, they
do not require BSL4 facilities and could be easy to implement. The envelope attachment
(G) and fusion (F) glycoproteins can be expressed in different systems: Moloney murine
leukemia virus (MuLV), vesicular stomatitis virus (VSV), or human immunodeficiency
virus lacking envelope protein [92–94]. The reporter gene can be the green fluorescent
protein (GFP) or luciferase [95,96]. All these assays based on pseudovirions are quantitative,
but some limitations exist as the sensitivity of each assay has not always been compared
with the sensitivity obtained using PNRT, which is considered as the gold-standard neutral-
ization assay. Some aspecific positivity has also been observed. For example, a study using
pig vaccinated serum compared the results obtained with PRNT assays and tests with
pseudovirions produced by VSV expressing the F and G proteins of NiV as target antigens
(pVSV-NiV-F/G) [96]. In this study, there is a good correlation in the results obtained with
the two assays, except to detect low levels of antibodies where PRNT results were better
than pseudovirion test results. The specificity was high (94–100%). Therefore, at least for
the moment, neutralization assays performed with pseudovirions cannot totally replace
the assays with live viruses.

5.4. Virus Isolation

Before RT-PCR, virus isolation was the reference method to confirm the diagnostics
of NiV infection, because it could characterize the strain precisely. Indeed, through viral
isolation, one can obtain enough material to sequence the whole genome or to set up
neutralization assays. Nevertheless, viral isolation requires BSL4 facilities, it is time-
consuming and less sensitive than RT-PCR because it is not always possible to isolate
a virus from a sample. It is therefore no longer used for primary diagnosis but only
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for confirmatory diagnosis and to work further with the isolated viral strain. NiV can be
isolated from throat swabs, urine, CSF, nasal swab samples, and brain and lung tissues using
the Vero E6 cell line. A cytopathic effect usually appears within 3 days. It is characterized
by the formation of syncytia that may contain 20 or more nuclei. Subsequently, syncytia
detach from the substrate leaving holes in the monolayer surface [78]. This technique can
be used to differentiate NiV from HeV. Indeed, for NiV, the nuclei and nucleocapsid are
localized in the periphery of the infected cells, while in the case of HeV, both structures
tend to localize centrally [97].

Moreover, different studies report a correlation between a positive virus isolation in
the CSF and a high lethality in patients [98].

6. One Health Concept for Preparedness Applied to Nipah Virus

NiV outbreaks occur regularly in India and Southeast Asia. Surveillance of NiV
circulation in endemic countries is therefore crucial for pandemic preparedness but must
be performed with adapted diagnostic tests and using the One Health approach.

As indicated on the WHO website, the One Health concept is an integrated, unifying
approach to balance and optimize the health of people and animals and the environ-
ment [99]. This approach mobilizes multiple sectors, disciplines, and communities at
varying levels of society to work together to prevent, predict, detect, and respond to global
health threats such as pandemics. One Health involves the public health, veterinary health,
and environmental approach and thus can be implemented to improve the surveillance of
this pathogen and to minimize the risk of large NiV outbreaks. Indeed, due to the following
characteristics, NiV represents a large threat for both animal and human health due to the
reservoir of NiV is Pteropodidae bats, which are widely distributed in Southeast Asia in
densely populated areas; direct transmission to humans could occur via bats or domesti-
cated animals; human-to-human transmission is possible; emergence is often described in
densely and connected areas; the mortality rate is high; and there is no effective vaccine
or treatment. All these reasons contribute to making NiV a high-risk pathogen priority
for the WHO, and using the One Health method seems to be of great importance for NiV
preparedness. Since the SARS-CoV-2 pandemic, the One Health approach for infectious
diseases has indeed become more significant because prevention and preparedness is the
key to better understand the risks of emergence and to limit pandemics.

Due to the mutual dependence between humans and animals, wild animal trade or
hunting, deforestation, climate change, intensive agriculture or unlimited urbanization
increase contacts between humans and animals and thus also the risk of viral emergence.
For example, very recently in Vietnam, the possibility of the emergence of novel viruses with
zoonotic potential in bats has been described, due to close human–animal contacts [100].
The spillover surveillance is the key for new viral emergence preparedness, for which it
is necessary to conduct risk assessments, to monitor wildlife or farms (pigs, poultry, etc.),
and to link all these data to human surveillance data. This approach could be useful to
set up appropriate containment measures as quickly as possible [101]. In Asia, animal
markets are well-known hotspots for viral emergences and, in particular, the bats that are
the reservoir for NiV are sold in many street markets [102]. The analysis of NiV genome in
bats using PCR and seroprevalence studies can therefore be useful to follow the circulation
of strains, including new ones, and to better understand how human outbreaks begin.
Indeed, four factors must be present to initiate an epidemic: the transmission intensity
in bats, the dynamic of transmission, the shedding of the virus, and the contact between
bats and humans via food consumption [30]. Surveillance of all activities that bring
animal reservoirs and humans in contact should be implemented in all at-risk countries
for NiV, but in the field, there are multiple organizational, financial, logistical, human, and
technical challenges. The successful strategy implemented in Vietnam, based on upstream
preparedness in the sanitary surveillance of wildlife, domestic animals, and humans,
should serve as an example and favor the identification of the areas with the highest risk
of emergence [100]. In the state of Kerala in India, a team composed of public health
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experts, microbiologists, and other infectious disease experts coordinate a multidisciplinary
response team to verify the diagnosis, control outbreaks, and identify the source of infection.
They collect and identify bats and ensure the quick availability of adequate PPE and other
logistics in the area concerned in order to rapidly limit person-to-person transmission in
cases of spillover [103]. To be a successful strategy, like in India, this preparedness must
be organized before there is a real emergency associated with NiV, by creating concrete
collaborations between human health and animal health institutions, thereby making it
possible to detect early signals and then develop a more appropriate and faster public health
response at the onset of an emergency [103]. The One Health holistic approach applied to
NiV thus appears particularly relevant to prevent outbreaks or limit their consequences.

7. Discussion

Since 2016, the WHO has added NiV on the Blueprint priority disease list. Thanks to
the CEPI efforts, at least 13 vaccine candidates are in the preclinical stages of development,
but none of them are licensed, and no therapy is available for this infection. As described
above, surveillance activities and the rapid identification of positive cases are still essential
to prevent or limit the impact of human outbreaks, and diagnosis is a key factor for this
success. In endemic countries, the diagnosis of NiV is still hampered by the few BSL4 or
BSL3 laboratories available to safely manage suspicious samples, which means additional
time is often required to transport the samples to these facilities. Classical diagnosis
in these facilities used mainly expensive and not so easy-to-use RT-PCR assays, which
must be implemented on specific and expensive machines by personnel trained for this
purpose. Rapid point-of-care tests that can be used at a patient’s bedside could represent
an alternative that do not require the extraction of nucleic acids from the samples. They
must be quite easy to use but compatible with biosafety, cheap, and not require to well-
trained personnel, rendering the diagnosis more rapid and available in remote areas of
these countries. Nevertheless, this kind of assay is often less sensitive than other classical
diagnosis assays, limiting their use in diagnoses such as those of RG4 pathogens like Nipah
virus. For highly pathogenic viruses, it is fundamental to detect the first cases as soon
as possible. It is essential not to miss any positive cases because of a significantly low
sensitivity assay because that would have serious consequences. These tests are not yet
available for NiV except for some CARDs assays that include a large panel of pathogens
and that are described in Section 5.1. They remain expensive, and their sensitivity and
specificity must be precisely assessed before being recommended for NiV diagnosis in the
field. Nevertheless, once the pathogen responsible for the outbreak is well known, and
as it has been observed in the field during the Ebola outbreak in West Africa, rapid tests
are very useful to quickly identify some positive cases and allow their isolation as soon as
possible to minimize the spread of the virus in the population.

RT-PCR methods therefore remain the technique of choice to diagnose NiV, even
though an international standard for NiV is yet to be established, and it is difficult to
compare the sensitivity of the different assays. Some RT-PCRs have also been validated
only on NiV-M or NiV-B but not on both the strains, impacting their use for diagnosis.
Indeed, RT-PCR recommended for diagnosis must recognize different members of the
Henipavirus genus, in order to not miss the emergence of a new viral strains. Moreover, the
sensitivity of molecular tests should still be improved due to the false-negative rate (0.7%)
observed by an external quality assessment program in China [104].

However, sensitivity of serological assays in the early phase of infection is too low [72]
for use in contact tracing during human outbreaks, and these assays are more often used
for surveillance. Serology remains an important tool for the surveillance of viral strain
circulation in bats and other animals as long as the assays are interpreted correctly. Cross-
reaction with Henipavirus-like viruses cannot be excluded, and positive detections should
be followed by virological studies to detect NiV shedding in animals [105]. With the same
limitations, serology is also used to perform seroprevalence studies in humans. These
studies are particularly useful in the field for predicting where the next outbreak may
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occur and to implement preparedness in advance. Nevertheless, the standardization of
these tests is currently lacking, and a precise comparison should be performed before
recommending the use of some tests in this context. Finally, recent studies suggest that
several bats could act as reservoirs for NiV such as Rosettus aegypticus, Taphozous longimanus,
Taphozous melanopagon, Rhinolophus luctus, Chaerophon plicatus, and Macroglossus minimus,
indicating that the list of NiV reservoirs can never be considered as definitive [21]. Reliable
serological tests will thus be necessary in the future to evaluate the virus circulation in an
area that could be larger than initially described.

8. Conclusions

For better NiV surveillance and preparedness, all gaps in diagnostic methods should
be filled in the near future. Molecular diagnostics for NiV already includes various tests
based on different target genes. It is now crucial to implement comparative studies to
assess their sensitivity and specificity in order to make some recommendations for future
use. Fewer serological tests are available, but the current lack of standardization prevents
them from being recommended for diagnostic use.
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Abstract: Among emerging zoonotic pathogens, mosquito-borne viruses (MBVs) circulate between
vertebrate animals and mosquitoes and represent a serious threat to humans via spillover from
enzootic cycles to the human community. Active surveillance of MBVs in their vectors is therefore
essential to better understand and prevent spillover and emergence, especially at the human–animal
interface. In this study, we assessed the presence of MBVs using molecular and phylogenetic methods
in mosquitoes collected along an ecological gradient ranging from rural urbanized areas to highland
forest areas in northern Thailand. We have detected the presence of insect specific flaviviruses in
our samples, and the presence of the emerging zoonotic Tembusu virus (TMUV). Reported for the
first time in 1955 in Malaysia, TMUV remained for a long time in the shadow of other flaviviruses
such as dengue virus or the Japanese encephalitis virus. In this study, we identified two new TMUV
strains belonging to cluster 3, which seems to be endemic in rural areas of Thailand and highlighted
the genetic specificities of this Thai cluster. Our results show the active circulation of this emerging
flavivirus in Thailand and the need for continuous investigation on this poorly known but threatening
virus in Asia.

Keywords: mosquito-borne viruses; Tembusu virus; Culex mosquito; emergent arboviruses

1. Introduction

Mosquito-borne viruses (MBVs) of zoonotic origins are responsible for multiple an-
imal and human diseases worldwide and represent a large reservoir of viruses with
emergence potential via spillover from their enzootic cycles. Tembusu virus (TMUV)
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is an emerging mosquito-borne flavivirus that belongs to the Ntaya serocomplex, in-
cluding Ntaya virus, Bagaza virus and Israel Turkey virus (refer to the ICTV database—
https://ictv.global/report/chapter/flaviviridae/flaviviridae/orthoflavivirus (accessed on
26 June 2023)). Similar to other flaviviruses, including DENV and JEV, TMUV is an en-
veloped, positive-sense single-stranded RNA virus with an approximately 11-kb genome
(reviewed in [1]). Despite recent sporadic outbreaks, knowledge on TMUV ecology and
biology remains fragmented, precluding a thorough evaluation of its emergence potential.

TMUV was first isolated in Malaysia in 1955 [2], before being reported in different
surveys in Asia and Southeast Asia (SEA) including China, Malaysia, Taiwan and Thai-
land [3–6]. TMUV has been intermittently reported in wild and domestic birds and in
trapped mosquitoes [7,8]. TMUV infects a wide variety of avian species such as ducks,
geese, chickens, sparrows and pigeons [1]. Since 2000, new variants of TMUV have been
reported to cause several outbreaks in poultry and birds. Symptoms include dramatic
decreases in egg production, severe neurologic disorders and retarded growth [5,7]. Migra-
tion of wild birds close to poultry farms could allow transmission to domestic ducks, while
retention of the virus in high-density duck-producing areas could facilitate the rapid spread
of the disease. Because of the symptom severity in ducks and the economic importance of
ducks, some reports named the new viral variant Duck-TMUV (DTMUV) [3]. Nonetheless,
hereafter, we will use TMUV as a generic term to refer to all viruses belonging to the TMUV
phylogenetic group. TMUVs are phylogenetically divided into two lineages: the “TMUV
lineage” including the original viruses, and the “DTMUV lineage”. The DTMUV lineage is
divided into three different clusters, named “TMUV cluster-1”, “TMUV cluster-2” (with
sub-cluster a and b) and “TMUV cluster-3” [9]. Culex mosquitoes are likely the main vector
of transmission, as TMUVs have been isolated from several Culex species such as Culex
tritaeniorhynchus, Cx. Vishnui, and Cx. Gellidus [1,10]. In addition to vector transmission,
vertical transmission and non-vector transmission in birds (by air droplet exposure or by
close contact) are suspected [11–13].

Located in the heart of South East Asia, Thailand has tight interactions with surround-
ing countries, including China and Laos. Endemic transmission of numerous mosquito-
borne flaviviruses such as JEV and DENV occurs in Thailand, and other arboviruses
associated with diseases in humans [14,15]. Thailand is largely covered with forests and
rural areas, with an increasing entanglement of rural and urban territories and a densi-
fication of urban areas. In Thailand, TMUV was isolated in mosquitoes from the rural
parts of the country, including the provinces of Kamphaengphet [8], Chiang Mai [16] and
Kanchanaburi [5,17]. TMUV strains were also detected in broiler and layer ducks from the
provinces of Chonburi, Nakhom Pathom, Nakhon Ratchasima, Prachinburi and Signburi [5].
Such recurrent detection indicates a wide distribution of TMUV in Thailand. Accordingly,
in 2013, TMUV outbreaks occurred throughout the year (August 2013–September 2014) and
many farms were affected, leading to losses in the poultry industry. Alarmingly, serocon-
version was detected in humans, irrespective of contact with ducks, suggesting a zoonotic
emergence of TMUV [18]. However, the serological survey in humans was conducted with
a limited number of samples, and the survey lacked methodological details. In this context,
TMUV surveillance in animals and vectors is essential to prevent agro-economical losses
and evaluate emergence in humans.

In this study, we conducted agnostic arbovirus surveillance in mosquitoes along an
ecological gradient in the Thai northern province of Nan, which shares a border with Lao
PDR. The sub-district of Saenthong in the province of Nan is divided into two geographical
landscape types: an agricultural lowland, including low-density urbanized villages, and a
highland with sparse villages and an agricultural zone embedded in the forest zone located
close to the protected Nanthaburi National Park. This contrasted area is separated by a
transition zone including agricultural areas with rice paddy fields and dwellings. These
landscapes provided an ideal study area with low and high levels of human-impacted habi-
tats to study the ecology of MBVs and their mosquito vectors. In the different landscapes
we sampled, we detected TMUV and insect-specific flaviviruses in the transition area, and
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in the lowland as well as the forest. We further characterized the phylogeny of the new
TMUV strains, revealing a potential endemic cluster in Thailand.

2. Materials and Methods

2.1. Mosquito Collections

Mosquitoes were collected in the province of Nan in the northern part of Thailand
(Figure 1a). The survey area was located in the Saen Thong sub-district of the Tha Wang
Pha district, a rural area localized in an ecological gradient between forests, paddy fields
lowlands and peridomestic urban areas. The eight collection points were distributed
along a transect covering eight villages and a forested area (three sessions) (Figure 1a,b).
The research proposal, involving specimen collection in Nan province, was approved
by the Faculty of Tropical Medicine, Mahidol University, under agreement number
FTM ECF-033-00.

  
(a) (b) 

Figure 1. Geographic localization of the study area. (a) Localization of Nan province in Thailand.
(map created with mapchart.net) and (b) localization of the collection sites in the Saen Thong sub-
district, Tha Wang Pha district (design credit to Chuanphot Thinphovong) on a schematic flat map
reflecting the different areas.

Samples were collected using BG-sentinel traps combined with BG Lure (Biogents
AG, Regensburg, Germany). BG-sentinel traps operated for 48 h, for day- and night-
time sessions.

Mosquito specimens were transported in cold boxes containing frozen cold packs to the
field laboratory, for sorting up to the species identification level. In cases in which species
could not be determined, specimens were grouped according to their genus only, and noted
“Genus” sp. Mosquitoes were sorted and pooled in a 15 mL tube according to genus, sex
and collection site, and then stored frozen. The samples were then transported in a liquid
nitrogen tank to the department of Medical Entomology, Faculty of Tropical Medicine,
Mahidol University, where samples were identified up to the species level following the
morphological identification keys outlined by Rattanarithikul, R. et al. [19–21]. Mosquitoes
were identified on a chilled table set to −4 ◦C, then mosquitoes were pooled according to
species, sex and collection site and stored in a −80 ◦C freezer.

Mosquito pools (1 to 15 specimens per pool) were made according to mosquito species,
sex and collection location. Stainless steel beads (5 mm diameter) were added to tubes
containing mosquitoes before homogenizing using a TissueLyzer (Qiagen, Hilden, Ger-
many) at 50 cycles/s for 5 min in 500 μL of DMEM medium (Gibco, Waltham, MA, USA),
complemented with 1% of penicillin/streptomycin solution (Gibco, Waltham, MA, USA)
and 1× of Fungizone solution (Gibco, Waltham, MA, USA). After homogenization, an
additional 1 mL of DMEM medium was added. Tubes were clarified using centrifugation
at 13,000× g at 4 ◦C for 10 min. The supernatants were collected and filtered, using an
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0.2 μm syringe filter (Sartorius, Bangkok, Thailand), into 1.5 mL tube and stored at −80 ◦C
before RNA extraction.

2.2. RNA Extraction and Reverse Transcription

Viral RNA was extracted from the supernatant of mosquito homogenate using a
NucleoSpin® virus kit (Macherey-Nagel, Düren, Germany) according to the manufacturer’s
protocol. Briefly, a 200 μL of homogenized sample was lysed in 5 μL of proteinase K and
200 μL lysis buffer containing guanidine hydrochloride. Carrier RNA was then added
to the mixture, and the viral nucleic acid was then extracted and collected in an elution
volume of 30 μL of RNase-free water. Purified RNA extracts were stored at −80 ◦C
until virus screening using RT-PCR. Reverse transcription (RT) was performed using an
M-MLV reverse transcriptase kit (Promega, Madison, WI, USA) on 14 μL of an RNA
sample, following the manufacturer’s instructions. cDNA was stored at −20 ◦C until
subsequent analyses.

2.3. Detection of Flaviviruses and Alphaviruses Using PCR

The pan-flavivirus primers [22] PFlav-fAAR (5′-TACAACATGATGGGAAAGAGAG
AGAARAA-3′) and PFlav-rKR (5′-GTGTCCCAKCCRGCTGTGTCATC-3′) were used to
amplify a 256 base pair(bp) region of the NS5 gene of Flaviviruses. PCR was performed
using GoTaq G2 Master Mix (Promega, Charbonnières-les-Bains, France) and 2 μL of
cDNA with the following parameters: 95 ◦C for 3 min, 45 cycles of 95 ◦C 15 s, 56 ◦C
15 s, 72 ◦C 20 s and 72 ◦C for 2 min. PCR products were visualized on 1.8% agarose gel.
Amplicons were purified from gel using a PureLink Gel extraction kit (Thermo Fisher
Scientific, Illkirch-Graffenstaden, France) and stored at −20 ◦C.

The pan-alphavirus primers [23] PanAlpha F2A forward primer (5′-ATGATGAARTCI
GGIATGTTYYT-3′), and reverse primers R2A (5′-ATYTTIACTTCCATGTTCATCCA-3′),
R3A (5′-ATYTTIACTTCCATRTTCARCCA-3′), R4A (5′-ATYTTIACTTCCATGTTGACCCA-
3′) were used to amplify a 200-pb region of the nsP4 gene in the alphavirus genome. PCR
was performed using GoTaq G2 Master Mix (Promega, Charbonnières-les-Bains, France)
and 2 μL of cDNA with the following parameters: 95 ◦C for 3 min, 45 cycles of 95 ◦C
15 s, 54 ◦C 15 s, 72 ◦C 20 s and 72 ◦C for 2 min. PCR products were visualized on 1.8%
agarose gel.

All purified amplicons obtained with pan-flavivirus- or pan-alphavirus-PCR were
characterized using Sanger sequencing in both forward and reverse directions (Eurofins,
Vergèze, France). Sequence identities were determined via BLAST alignment (https://blast.
ncbi.nlm.nih.gov/Blast.cgi, accessed on 26 June 2023).

2.4. TMUV Envelope Sequencing

A 1503-bp amplicon covering the entire TMUV envelope gene was amplified us-
ing the primers TMUV-E_F (5′-TTCAGCTGTCTGGGGATGCA-3′) and TMUV-E_R (5′-
GGCATTGACATTTACTGCCA-3′). PCR amplification was conducted from 2 μL of cDNA
using Q5 High Fidelity DNA Polymerase (NEB, Évry-Courcouronnes, France) and the
following parameters: 98 ◦C for 1 min, 40 cycles of 98 ◦C 10 s, 60 ◦C 15 s, 72 ◦C 60 s
and 72 ◦C for 2 min. PCR products were visualized on 1.5% agarose gel, and amplicons
were gel-purified using a PureLink Gel extraction kit (Thermo Fisher Scientific, Illkirch-
Graffenstaden, France) and stored at −20 ◦C. Purified amplicons were sequenced via
Sanger sequencing in both forward and reverse directions (Eurofins, Vergèze, France).

2.5. Phylogenic Analysis

To characterize TMUV isolated from mosquito homogenates, sequences encoding
TMUV Envelope were subjected to phylogenetic analysis, along with representative TMUV
sequences obtained from the NCBI GenBank database (Table 1).
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Table 1. TMUV sequences used in the phylogenetic tree, including the two strains identified in
this study.

Virus GenBank Accession n◦ Year Country

Tembusu virus strains

JX477685 1955 Malaysia
AB110495 1992 Thailand
JX477686 2000 Malaysia
KC810847 2002 Thailand
KC810846 2002 Thailand
MF621927 2007 Thailand
JX273153 2010 China
JF270480 2010 China

MN649260 2010 China
JF895923 2010 China
JF312912 2010 China
JF459991 2010 China

KX686578 2011 China
KF557893 2012 China
KF826767 2012 China
KX097989 2012 Malaysia
AB917090 2012 China
KX097990 2012 Malaysia
KR061333 2013 Thailand
KJ740748 2013 China
KF573582 2013 Thailand
KX686577 2013 China
MH748542 2014 China
MN649267 2014 China
KU323595 2014 China
KP742476 2015 China
KX686572 2015 China
KT824876 2015 China
MN649261 2015 China
MK276420 2015 Thailand
MH460536 2015 Thailand
MK276427 2016 Thailand
MK276442 2016 Thailand
MN649266 2016 China
MK276459 2017 Thailand
MK907880 2018 China
MK542820 2019 China
MN747003 2019 Taiwan

Ntaya virus JX236040 2013 -
JEV NC001437 1989 Japan

WNV NC009942 1999 USA
ZIKV KY766069 2013 French Polynesia

Usutu virus AY453411 2001 Austria
Israel Turkey virus KC734553 2010 Israel

Bagaza virus AY632545 2010 Central African Republic

P49_TH_2019 * ON254216 2019 Thailand
P73_TH_2019 * OQ543571 2019 Thailand

Year: year of isolation; Country: country of isolation. *: sequence obtained in this study.

Reference sequences were selected to cover all the diversity of TMUV strains and a
broad range of geographical origins. All sequences were referenced into the phylogenetic
tree in a format consisting of “accession number_country_year of isolation”. Multiple
sequence alignments and edits were carried out using MEGA 11. Sequences were edited
and sites that could not be unambiguously aligned were excluded from the analyses.
Maximum likelihood trees were constructed using PhyML software [24,25] with the best-fit
nucleotide substitution model (GTR+G) identified by Akaike’s information criterion (AIC).
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The bootstrap method was used to estimate the robustness of nodes with 1000 iterations.
Phylogenetic trees were edited using FigTree v1.4.4 software. Sequences of Zika virus
(ZIKV) (GenBank number: KY766069), JEV (GenBank number: NC001437) and West Nile
virus (WNV) (GenBank number: NC009942) were used as the outgroup to provide a relative
framework for analyzing the phylogenetic differences between viruses within the Ntaya
complex. All sequences from this study have been deposited in the GenBank database, and
their accession numbers are shown in Table 1 Amino acid sequences were aligned using
the MEGA 11 program to identify specific amino acid variations in the envelop protein
sequences of TMUV strains.

3. Results

3.1. Collection of Mosquitoes

Mosquitoes were collected in eight villages and in one forested area (over three ses-
sions) from the 19th to 26th of July 2019 in the Saenthong sub-district of the province of
Nan, Thailand (Figure 1b). The Saenthong sub-district is located in the rural district of
Thawangpha. Samples were collected along an ecological gradient from lowland areas,
including villages, farms, and agricultural areas (village 1, 2, 3 and 8), to highland areas
wherein three villages (village 5, 6 and 7) are located, with small agricultural zones sur-
rounded by a vast forest area. Village 4 is located in a transition zone between lowland and
highland (Figure 1b).

A total of 596 mosquitoes were collected and homogenized in 116 pools (Table 2).
genera total of 5 genera of Culicidae were reported, including 12 species. Some specimens
were damaged during collection, making it impossible to identify the species. In these
cases, specimens have been listed as “Genus” sp. (Table 2). Overall, the Culex genus was
the most represented (75%, n = 436), with Cx. vishnui representing the most prevalent
species (39.8%, n = 237). The Aedes genus represented 15.4% (n = 92), and Armigeres 8.9%
(n = 53), while Mansonia and Toxorhynchites both represented 0.17% (n = 1). However, the
mosquito genera largely varied depending on location. All Toxorhynchites (n = 1), 78.3% of
Aedes (n = 72) and 50.9% of Armigeres (n = 27) mosquitoes were caught in the forested area,
whereas only 1.1% of Culex (n = 5) were collected in this area. In contrast, Culex mosquitoes
represented 74% (n = 431) of all mosquitoes collected in the villages. Furthermore, the
majority of Culex mosquitoes (89%, n = 387) were collected in the lowland villages and in
the transition zone to the highland (villages 1–4 and 8, Figure 1b).

3.2. Detection of Flaviviruses and Alphaviruses

A total of 116 pools of mosquito homogenates were tested for flaviviruses and al-
phaviruses (Table 2). Six pools were positive for flaviviruses, and none for alphaviruses.
Positive PCR products were sequenced and sequences were identified using the NCBI
BLAST® website. Out of six samples, one Aedes and one Culex genus pool contained
sequences related to the Yunnan Culex flavivirus (YNCxFV), with a maximum identity of
80.68% and 81.31%, respectively (Table 3). The sequences of one pool of Aedes aegypti and
one pool of Culex vishnui contained the sequence of Phlebotomus-associated flavivirus (PAFV)
with a maximum identity of 98.07% and 98.78%, respectively (Table 3). The pools P#73 with
Cx. vishnui and P#49 with Cx sp. were both collected in “Ban Huak” village 4, and contained
a TMUV-like sequence, which we noted as P73_TH_2019 and P49_TH_2019, respectively.
The identity score for the first two hits for P49_TH_2019 sequence was 97.36% (cover-
age = 99%) and 96.04% (coverage = 99%) to TMUV KAN2016 (GenBank access number:
KX184310) and TMUV HNU-NX2-2019 (GenBank access number: OP186478), respectively
(Tables 3 and S1). The P73_TH_2019 sequence was similar, at 98.83% (coverage = 100%)
with TMUV_ GX2021 (GenBank access number: OM240641) and 98.44% (coverage = 100%),
with TMUV_ SD2021 (GenBank access number: OM240640) (Tables 3 and S1). The first ten
hits of each sample are visualized in the Supplementary Materials (Table S1). The alignment
of the P73_TH_2019 with P49_TH_2019 shows a very high similarity (96%), suggesting close
phylogenic history between the two TMUVs collected in two different mosquito-pools.
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Table 3. Detection and identification of viruses in the mosquito pools.

Mosquito
Pool ID

Mosquito
Species

Identification

Number of
Mosquitoes per Pool

First Hit with BLAST® Alignment

Collection Site Viral Identification Coverage Score Identity Score

P#13 Ades aegypti 2 ♀ Village 8 PAFV 97% 98.07%
P#20 Aedes sp. 9 ♀ Forest YNCxFV 97% 80.68%
P#49 Culex sp. 10 ♀ Village 4 TMUV 99% 97.36%
P#60 Culex sp. 1 ♀ Forest YNCxFV 98% 81.31%
P#73 Culex vishnui 15 ♀ Village 4 TMUV 100% 98.83%
P#77 Culex vishnui 15 ♀ Village 4 PAFV 98% 98.78%

PAFV: Phlebotomus-associated flavivirus; YNCxFV: Yunnan Culex flavivirus; TMUV: Tembusu virus, ♀: female.

3.3. Phylogenetic Analysis of the TMUV Isolates

To phylogenetically characterize the two virus isolates from the pools P49_TH_2019
and P73_TH_2019, we analyzed the envelope sequences. Alignment with representatives
of TMUVs’ phylogenetic diversity (Table 1) illustrated the distribution of TMUV strains in
five distinctives clusters, and their relation to the Ntaya virus (Figure 2a,b) [1].

A first group, named “TMUV”, includes the original strain isolated in 1955 in Malaysia
and the MN747003 strain isolated in Taiwan in 2019. The other viruses are divided into four
different clusters, named “cluster 1”, comprising strains isolated in Malaysia and Thailand,
“cluster 2.a”, including strains isolated in Thailand and China, “cluster 2.b”, corresponding
to strains isolated only in China, and “cluster 3”, including strains isolated in Thailand
and China. P49_TH_2019 and P73_TH_2019 isolates from this study form a monophyletic
lineage closely related to strains belonging to the cluster 3. The strains in cluster 3 were
isolated in Thailand in 2016 and in China in 2014. Furthermore, we generated another
phylogenetic tree by including the partial sequences of the envelope gene of three other
TMUV strains isolated in Thailand in 1992 and 2002 [10,16]. All three Thai TMUV strains
were clustered into the “cluster 3” with the isolates from this study (Figure 2b).

3.4. Identification of Envelope Amino Acid Modifications Specific to the TMUV Isolates from
Nan Province

The genomic sequences of the P49_TH_2019 and P73_TH_2019 samples cover the
entire coding sequence of the envelope protein (E protein), and were used to reveal amino
acid differences from other strains belonging to every cluster of TMUV. The positions of
amino acids with characteristic substitutions are shown in Table 4. All TMUV clusters have
specific amino acid variations at certain positions, with unique patterns for every cluster
(Table 4). The strains of cluster 1 carry specific amino acids on position 52 and 83, except
for the strain KX097989, isolated in Malaysia in 2012, which has unique substitutions at
position 373, 390 and 394. The strains of cluster 2 present unique amino acids on position
89, 180,185, 312, 332 and 451.

The strains of cluster 3 have nine amino acids unique to this cluster, except for
MH748542_CH2014 (Chinese isolate from 2014), and five other amino acids in common
with the ancestral cluster “TMUV”. Positions 69, 91, 135, 149, 150, 365, 371, 391 and 394
have common amino acids for the strains MK276427-TH-2016 and P49_TH_2019, and
P73_TH_2019 isolates. These amino acids are positioned in the DI (position 135; 149 and
150), DII (position 69) and DIII (position 365; 371; 391 and 394) domains. All TMUV strains
present an Asn residue at the position 154; in addition, the strains MK276427_TH_2016,
P49_TH_2019 and P73_TH_2019 present an S150N substitution. Finally, both P49_TH_2019
and P73_TH_2019 isolates have two unique substitutions at position 358 (V358I) of the
domain III of the envelope protein.
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Figure 2. Cont.
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Figure 2. Phylogenetic tree of TMUV isolates from Nan province. Maximum likelihood tree of TMUV
envelope sequences, generated using the GTR+G substitution model. Bootstrap values higher than
0.85 are shown on branch nodes by an asterisk. Samples collected in this study are indicated by a
red-colored rectangle. (a) Phylogenetic tree based on the full envelope gene sequence’s alignment.
(b) Phylogenetic tree based on the partial envelope gene sequence’s alignment. Country acronyms
are abbreviated as CH for China, MY for Malaysia, TW for Taiwan, and TH for Thailand. Strains
from this study are marked in red.
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4. Discussion

In this study, we report the investigation of more than 596 mosquitoes collected in
2019 in the Nan province of northern Thailand. Samples were collected along a transect
covering an ecological gradient ranging from a sparsely urbanized rural area to dwellings
clustered in a few villages surrounded by forests and highland. Although we screened for
flaviviruses and alphaviruses, we only detected three different flaviviruses in six different
mosquito pools. These flaviviruses included two insect-specific flaviviruses and two TMUV
strains in two pools of Culex mosquitoes.

Composition of mosquito species varied along the ecological gradient depending on
the type of landscape. Aedes albopictus was abundantly collected in the forest, although
a few specimens were captured inside the villages. Our observations were as expected
based on its reported peridomestic distribution [26], and were in accordance with previous
Ae. albopictus collections in the rural and forested habitats of Thailand [27,28]. Additionally,
Ae. albopictus was the most prevalent species in the forest sample site, although we could
not identify all Aedes sp. due to sample damage. Aedes aegypti was strictly found in village
8, which corresponds to an urbanized rural area in the lowland. Aedes aegypti prefers urban
zones in part because of its use of human-made containers as breeding sites [29]. Culex spp.
were the most prevalent genera in the villages, likely in relation to the breeding conditions
made available by agricultural activities. We identified Cx vishnui in all habitats (from
forested to urban areas), as previously reported [30]. In addition to variations in landscape,
environmental conditions including altitude can influence mosquito species’ composition
and abundance [31]. Accordingly, we reported that 90% of Culex spp. were collected in
the lowland villages and at the intersection of lowland and highland. Our study provides
important information about mosquito species’ distribution in different ecological settings,
which will be important when conducting spatial risk analyses for arbovirus circulation.

We were able to identify three different flaviviruses, including two insect-specific
flaviviruses: the Phlebotomus-associated flavivirus (PAFV) and the Yunnan Culex flavivirus
(YNCxFV). Interestingly, both viruses were detected in Culex and Aedes spp. These viruses
were previously identified in other regions in Cx. gellidus, Cx. tritaeniorhynchus, Cx. vishnui
and Cx. quinquefasciatus [32,33]. There is a growing interest in insect flaviviruses, as two of
these have been shown to increase transmission of pathogenic flaviviruses [34], although
the mechanism remains elusive. The wide distribution of insect-specific flaviviruses and
their potential role in pathogenic virus transmission warrants further studies [35,36].

Importantly, we identified two isolates as belonging to the TMUV group. The isolate
P73_TH_2019 was isolated from a pool of Cx. Vishnui, and the isolate P49_TH_2019 was
isolated from Culex spp. in the same village located in the transition zone between the
highlands and lowlands. Although the species of the pool of Culex spp. could not be
identified at the species level, it is likely Cx. Vishnui, since this species was overwhelmingly
present among the other identified mosquitoes at the same site. Previous studies looked
at the ability of mosquito vectors to transmit TMUV, and observed that mosquitoes of
the genus Culex were very competent [10]. Accordingly, in Malaysia, China, Thailand,
and Taiwan, TMUV was detected in Cx. tritaeniorhynchus, Cx. vishnui, Cx. quinquefasciatus,
Cx. annulus and Cx. pipiens [1]. Although the transmission capacity of Culex mosquitoes
seems variable, and a source of discussion [17,37], Cx. tritaeniorhynchus was proposed as
the principal vector [38]. In Thailand, TMUV infection in Cx. tritaeniorhynchus collected in
paddy fields was reported in the vicinity of Kamphaeng Phet province both in 1982 and
2002 [8,10]. Culex vishnui and Cx. tritaeniorhynchus belong to the same subgroup, and are
also considered major vectors of JEV.

After its first identification in 1955 in Malaysia, TMUV has only been reported in four
different countries in Asia. In Thailand, TMUV has been detected mostly in association
with large duck farms in the center of the country [9,39]. In both China and Thailand and
in a wetland habitat for waterbirds in a suburban area of Taipei city in Taiwan, the strains
isolated were related to cluster 2. In contrast, strains belonging to the cluster TMUV and
cluster 1 were found in rural or forest areas in Malaysia and Taiwan [6]. In our study, we

56



Viruses 2023, 15, 1447

identified TMUV strains that belong to cluster 3 in a rural area in northern Thailand. The
collection site was in a village of 360 inhabitants, surrounded by rice fields and forested
areas downstream to a dam. Prior to the large outbreaks of the 2010s, associated with TMUV
cluster 2, in China and Thailand, TMUV cluster 3 had already been identified in Thailand,
in rural provinces in the west of the country [2,16]. Although Ninvilai et al. previously
reported a cluster 3 TMUV being present on a large duck farm in central Thailand [9], it
would seem that viruses affiliated with clusters TMUV, 1 and 3 are found preferentially in
rural and forested areas. These locations, including wetlands or rice fields, are particularly
favorable to the development of mosquitoes of the genus Culex, which are described as
major vectors of TMUV, and are also areas with domestic and wild birdlife. Thus, these
areas could be favorable for the maintenance and spread of TMUV. Further investigation
should be carried out to elucidate the possible relationships between the type of viral strain
and the kind of ecological area.

It is interesting to note that, similar to the strain P73_TH_2019 in our study, the strains
isolated from mosquitoes in 1982 and 2002 in Thailand also belong to cluster 3. Although
TMUV has been detected in large parts of the Thai territory, cluster 3 strains were mostly
found in rural areas in the north-west and north parts of the country. Our phylogenetic
analysis showed that the two new TMUV strains form a monophyletic group closely related
to TMUV cluster 3. While they do display the specificities of recent TMUV strains, such as
the presence of the S156P substitution in «loop 150» region of the envelope protein [40],
Thai cluster 3 strains are phylogenetically closer to the TMUV cluster than to clusters 1 and
2. Previous studies have shown the important effect of amino acid substitution sequences
in the viral envelope on the virulence and pathogenicity of TMUV [40–42]. Recently, Nivilai
et al. showed the presence of unique residues in the envelope protein for strains belonging
to cluster 3 [9]. The cluster 3 strains identified in our study possess unique amino acid
substitutions that are partially different from those described by Ninvilai et al. We found
the same residues in position 149, 150, 391 and 394, as previously described by Ninvilai
et al., but we also found other amino acid substitutions in positions 69, 91, 135, 365 and
371. As with most flaviviruses, we found an Asn residue at position 154 for the two
TMUV isolates identified in our study. The position of this Asn residue forms an N-x-(S/T)
glycosylation motif that plays an important role in pathogenicity of flaviviruses [43,44]. In
the cluster 3 strains, except for the strain MH748542_2014_Ch, we also found the presence
of an Asn residue in position 150, resulting from an S150N substitution. However, this
substitution does not lead to the formation of an N-x-(S/T) motif, thus suggesting the
absence of glycosylation in this region. Moreover, a unique V358I substitution appears in
both strains P49_TH_2019 and P73_TH_2019, whereas the substitution was not present in
the cluster 3 strains MK276427_TH_2016 and MH748542_2014_Ch, or in strains isolated
from other clusters. Differences in the envelope sequence may stem from selection in
either the host or mosquito. Finally, the whole envelope sequence of the strains isolated in
1992 and 2002 is not available, and therefore we are unable to evaluate if the amino acid
signature of the cluster 3 strains isolated in Thailand is recent or not.

We would like to propose that the cluster 3 strains circulate at a regional scale between
Thailand and the south of China. The local maintenance of these strains could be explained
by the presence of the virus in more isolated areas of Thailand, such as the province of Nan,
which carry out less trading than the central regions of the country; these central regions
are more densely populated and carry out more economic exchanges with other Asian
countries. However, the low number of strains from cluster 3 does not provide sufficient
hindsight on the evolution of TMUV in Thailand, and further studies should be conducted
to evaluate the impact of the different TMUV clusters on its dissemination, the evolution of
pathogenicity and TMUV emergence risk in humans.

In conclusion, we report the detection of TMUV in Culex mosquito populations in
northern Thailand. Our phylogenetic analysis classified these isolates into TMUV cluster 3,
and highlighted the genetic specificities of this cluster, providing insights into the diversity
and evolution of TMUV. TMUV surveillance is particularly important in a context of global
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changes and the intensification of trade between China, Laos, and Thailand. The opening of
new economic corridors and new trade routes in the Indo-Pacific region will have a major
impact on the emergence of pathogens that were previously restricted to small geographical
areas. It is therefore essential to maintain active surveillance for arbovirus emergence and
spillover in areas in which there is strong interaction between wildlife, domestic animals,
and human communities.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/v15071447/s1, Table S1: The first ten hits alignment of sample
P49_TH_2019 and P73_TH_2019 were obtained using the NCBI BLAST® website.
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Abstract: During the last decade, endemic swine H1 influenza A viruses (IAV) from six different
genetic clades of the hemagglutinin gene caused zoonotic infections in humans. The majority of
zoonotic events with swine IAV were restricted to a single case with no subsequent transmission.
However, repeated introduction of human-seasonal H1N1, continual reassortment between endemic
swine IAV, and subsequent drift in the swine host resulted in highly diverse swine IAV with human-
origin genes that may become a risk to the human population. To prepare for the potential of a
future swine-origin IAV pandemic in humans, public health laboratories selected candidate vaccine
viruses (CVV) for use as vaccine seed strains. To assess the pandemic risk of contemporary US swine
H1N1 or H1N2 strains, we quantified the genetic diversity of swine H1 HA genes, and identified
representative strains from each circulating clade. We then characterized the representative swine IAV
against human seasonal vaccine and CVV strains using ferret antisera in hemagglutination inhibition
assays (HI). HI assays revealed that 1A.3.3.2 (pdm09) and 1B.2.1 (delta-2) demonstrated strong cross
reactivity to human seasonal vaccines or CVVs. However, swine IAV from three clades that represent
more than 50% of the detected swine IAVs in the USA showed significant reduction in cross-reactivity
compared to the closest CVV virus: 1A.1.1.3 (alpha-deletion), 1A.3.3.3-clade 3 (gamma), and 1B.2.2.1
(delta-1a). Representative viruses from these three clades were further characterized in a pig-to-
ferret transmission model and shown to exhibit variable transmission efficiency. Our data prioritize
specific genotypes of swine H1N1 and H1N2 to further investigate in the risk they pose to the
human population.

Keywords: influenza A virus; pandemic preparedness; zoonosis; risk assessment; variant; antigenic
drift

1. Introduction

Influenza A viruses (IAV) infect a broad range of wild and domestic animal species
and humans, and result in disease states ranging from asymptomatic to severe pneumonia
and death. Wild waterfowl act as the natural reservoir for IAV, but various subtypes and
lineages are endemic in populations such as domestic poultry, swine, and human. IAVs
cause significant economic impact on swine productions systems [1–3]. In the United
States (US), three primary subtypes of IAV, H1N1, H1N2, and H3N2, circulate endemically
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in swine populations with multiple hemagglutinin (HA) genetic clades present within
each subtype [4]. Within the H1 subtype, which accounted for approximately 68% of all
IAVs isolated from US pigs in 2020, 8 HA phylogenetic clades and 9 neuraminidase (NA)
clades were detected [4,5]. This considerable diversity is driven by a number of factors,
including intra-species genetic evolution, reassortment, and the repeated introduction of
human-origin IAV strains to pig populations [6–8]. Additionally, a large diverse swine
IAV population may have significant impact on human health, where swine-origin IAV
may zoonotically transmit sporadically, termed “variant” in humans, or cause pandemics
infecting millions of people, as seen during the 2009 H1N1 pandemic (H1N1pdm09) [9].

Swine H1 IAV in the US are classified by hemagglutinin (HA), and are either the 1A
lineage that evolved from the 1918 H1N1 pandemic, or the 1B lineage that resulted from
introduction and subsequent persistence of pre-2009 human seasonal H1N1 [10]. The 1B
lineage has 3 genetic clades that are currently circulating in the US: 1B.2.1, 1B.2.2.1, and
1B.2.2.2 [10]. The 1A lineage viruses include 5 genetic clades that are currently circulating:
1A.1.1.3, 1A.2, 1A.2-3-like, 1A.3.3.2, and 1A.3.3.3 [10,11]. Within the 1A lineage is the
H1N1pdm09, with the HA assigned the global nomenclature of clade 1A.3.3.2. This clade
of viruses emerged in swine, zoonotically infected humans and has since become endemic,
replacing the existing seasonal H1N1 in humans [12,13]. Thus, the swine-origin pandemic
1A.3.3.2 clade gained sustained transmission, evolution, and adaptation in the human
population [13]. Over the years since 2009, the 1A.3.3.2 human viruses were repeatedly
reintroduced into swine herds [12], and have increased diversification of other swine
HA clades by constantly adding human-origin internal genes to endemic swine H1 via
reassortment [14]. Thus, reverse-zoonoses alters and enhances viral diversity in swine, and
potentially impacts the likelihood of zoonotic infection through the pairing of human-origin
genes to antigenically unique swine surface proteins.

Since 2009, efforts increased to prepare for the next potential IAV pandemic of swine
origin. Applying the lessons learned from generating the H1N1pdm09 human vaccine, a
selection of variant IAV from human zoonotic isolates have been used to create candidate
vaccine viruses (CVV) [15,16]. If a swine-origin variant IAV emerged in the human popula-
tion, a CVV could be used as seed stock to rapidly initiate vaccine production, provided
there was antigenic cross-reactivity between the CVV and the variant IAV. Upon initial
selection and generation, CVVs typically exhibit high cross reactivity to genetically similar
viruses in swine [16]. However, evolution of IAV in the swine host can result in antigenic
change that will reduce the efficacy of CVVs. Further, of the eight swine H1 clades currently
circulating in the US, only five have an available CVV, and there is limited understanding
of how well those CVVs react with the diverse array of contemporary swine viruses.

In a previous study, we demonstrated that swine H1 lineage strains from 2012–2019
were significantly different from human seasonal vaccine strains and this antigenic dissimi-
larity increased over time as the viruses evolved in swine [11,17]. Pandemic preparedness
CVV strains also demonstrated a loss in within-clade cross-reactivity with tested swine
strains. Human sera revealed a range of responses to swine H1 IAV, including two lineages
of viruses with little to no immunity, 1A.1.1.3 and 1B.2.1 [11]. In this study, to further assess
these swine H1 viruses, we identified contemporary, representative swine IAVs collected
from 2019–2020. Selected viruses were tested against ferret antisera as a proxy for predicting
the efficacy of available seasonal vaccines and CVV against current circulating swine IAVs.
Of the tested strains, three swine H1 IAVs demonstrated reduced cross-reactivity to relevant
CVVs and were derived from genetic clades that are frequently detected in surveillance.
These strains were used in a pig-to-ferret transmission model to assess zoonotic transmis-
sion potential. This work uses in silico, in vitro, and in vivo approaches and identified gaps
in current pandemic preparedness vaccine strategies by identifying three swine-origin H1
IAVs of zoonotic concern with a natural host species-based risk assessment.
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2. Material and Methods

2.1. Genetic Analysis and Strain Selection

Human IAV vaccine composition and pandemic preparedness CVV assessments occur
biannually at the WHO Vaccine Composition Meeting. In these meetings, animal influenza
activity data are presented with 6-month windows along with human seasonal influenza
activity data. Consequently, we downloaded all available swine HA H1 sequences that
were collected and/or deposited in GISAID between 1 January 2020 and 30 June 2020 [18].
These sequences were aligned alongside CVV strains and human seasonal vaccine strains
with MAFFT v7.453 [19], and each HA gene was classified to genetic clade within the
octoFLU pipeline [20]; if whole genome data were available for a strain, each gene was
similarly classified to evolutionary lineage to determine genome constellation. Following
classification, sequences were translated to amino acid, and a consensus HA1 for each
identified clade was generated using flutile (https://github.com/flu-crew/flutile accessed
on 28 October 2022). A pairwise distance matrix was generated in Geneious Prime, and
a wildtype field strain that was the best match to the HA1 clade consensus and that was
available in the USDA IAV in swine virus repository was selected for additional characteri-
zation by hemagglutinin inhibition (HI) assay. Amino acid differences between CVVs or
human seasonal vaccine strains and characterized swine IAV and clade consensus HA1s
were generated using flutile (https://github.com/flu-crew/flutile accessed on 28 Octo-
ber 2022). These data were visualized through the inference of a maximum-likelihood
phylogeny for the HA nucleotide alignment using IQ-TREE v2 implementing automatic
model selection [21]. After selecting strains to represent contemporary swine H1 clades,
selection criteria were expanded to include representative neuraminidase (NA) and in-
ternal gene constellations, the predominant evolutionary lineages were identified using
octoFLUshow [5], and representative strains were tested against human seasonal vaccine
and CVV ferret anti-sera.

2.2. Viruses and Ferret Antisera

Selected H1N1 and H1N2 isolates were obtained from the National Veterinary Ser-
vices Laboratories (NVSL) through the U.S. Department of Agriculture (USDA) IAV swine
surveillance system in conjunction with the USDA-National Animal Health Laboratory
Network (NAHLN). Viruses used in this study were: 1A.1.1.3 A/swine/North Car-
olina/A02245416/2020 (sw/NC/20) and A/swine/Texas/A02245420/2020 (sw/TX/20);
1A.3.3.2 A/swine/Utah/A02432386/2019 (sw/UT/19); 1A.3.3.3 A/swine/Minnesota/
A02245409/2020 (sw/MN/20); 1B.2.2.1 A/swine/Iowa/A02478968/2020 (sw/IA/20);
1B.2.2.2 A/swine/Colorado/A02245414/2020 (sw/CO/20); and 1B.2.1 A/swine/Illinois/
A02139356/2018 (sw/IL/18). Vaccine viruses were provided by the Centers for Disease
Control and Prevention (CDC), Atlanta, Georgia, USA and included 1A.1.1.3. IDCDC-
RG59 A/Ohio/24/2017-CVV (OH/24/17), 1A.3.3.3 A/Ohio/9/2015 (OH/15), 1A.3.3.2
A/Idaho/7/2018 (ID/18), 1B.2.2.1 A/Iowa/32/2016 (IA/16), 1B.2.1 A/Ohio/35/2017
(OH/35/17), and 1B.2.1 A/Michigan/383/2018 (MI/18). Viruses were grown in Madin-
Darby canine kidney (MDCK) cells in Opti-MEM (Life Technologies, Waltham, MA) with
10% fetal calf serum and antibiotics/antimycotics supplemented with 1g/mL tosyl pheny-
lalanyl chloromethyl ketone (TPCK)-trypsin (Worthington Biochemical Corp., Lakewood,
NJ, USA) at BSL2 containment.

Ferret antisera produced against CVV strains were kindly provided by CDC, At-
lanta, Georgia, U.S. Antisera raised in ferrets against the following viruses were used:
1A.1.1.3 IDCDC-RG59 A/Ohio/24/2017-CVV, 1A.3.3.3 IDCDC-RG48 A/Ohio/9/2015-
CVV, 1A.3.3.2 A/Idaho/7/2018, 1B.2.2.1 A/Iowa/32/2016, 1B.2.1 A/Ohio/35/2017, and
1B.2.1 A/Michigan/383/2018.

2.3. Hemagglutination Inhibition

Ferret antisera were heat inactivated at 56 ◦C for 30 min then treated with a 20% Kaolin
suspension (Sigma-Aldrich, St. Louis, MO, USA) followed by adsorption with 0.75% guinea
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pig red blood cells (gpRBC) to remove nonspecific hemagglutination inhibitors as previ-
ously described [17]. Treated ferret antisera were used in HI assay with gpRBCs. Briefly,
4 HAU of virus in 25 μL was mixed with 25 μL of two-fold serially diluted serum. After a
30-min incubation at room temperature, 50 μL of 0.75% gpRBCs were added and allowed
to settle for 1 h. Wells were observed for hemagglutination activity and the reciprocal of the
highest serum dilution factor that prevented hemagglutination was recorded as the HI titer.

2.4. Swine-to-Ferret Transmission Study Design

Twenty 3-week-old piglets of mixed sex were obtained from an IAV- and porcine
reproductive and respiratory syndrome virus-free herd. Prophylactic antibiotics (Excede;
Zoetis, Florham Park, NJ, USA) were administered upon arrival to prevent potential respi-
ratory bacterial infections. Sixteen 4–6-month-old male and female ferrets were obtained
from an influenza-free high health source. Animals were housed under BSL2 containment
in compliance with the USDA-ARS NADC institutional animal care and use committee.
Serum was collected from each pig and ferret and screened by a commercial enzyme-linked
immunosorbent assay (ELISA) (MultiS ELISA; Idexx, Westbrook, ME, USA) prior to experi-
mental manipulations to confirm all animals were free of prior immunity and maternally
acquired IAV specific antibodies. Pigs were divided randomly into groups of 5 and placed
into separate containment rooms. Three groups received 2mL of sw/TX/20, sw/MN/20, or
sw/IL/18 IAV inoculum at 1 × 106 TCID50 via intranasal administration, while the fourth
group served as an non-inoculated control At two days post inoculation (dpi) four ferrets
were placed in the room in separate, open-fronted isolators placed approximately 4 feet
from pig decking [22]. All animals received a subcutaneous radio frequency microchip
(pigs: Deston Fearing, Dallas, TX, USA; Ferrets: Biomedic Data Systems Inc., Seaford, DE,
USA) for identification and body temperature monitoring purposes. Body temperature
and weight (ferrets only) were recorded from −3 to 14 dpi, with the readings recorded
prior to exposure used for establishing a baseline. Ferrets were provided routine care and
handled before pigs, with a change in outer gloves and decontamination of equipment
with 70% ethanol between individual ferrets.

Three pigs from each experimental group were euthanized at 5dpi and necropsied
to evaluate lung lesions and collect bronchoalveolar lavage fluid (BALF) [23]. All pigs
were nasal swabbed at 0, 1, 3, and 5 dpi as previously described. The remaining pigs were
swabbed on 7 and 9 dpi and euthanized at 14dpi. Blood samples were collected prior to
exposure and at necropsy for all pigs.

Contact ferrets were sampled by nasal wash collection at 0, 1, 3, 5, 7, 9, 11 and 12-days
post contact (dpc) [22]. BALF samples from ferrets were collected at necropsy (12 dpc) [22].
Blood samples were collected prior to exposure and at 12 dpc to test for seroconversion
by HI assays and [17,24] by a commercial NP-ELISA (MultiS ELISA; Idexx, Westbrook,
ME, USA).

2.5. Virus Replication and Shedding

Swine nasal swabs, ferret nasal washes and BALF samples were titrated on MDCK cells
to evaluate virus replication in the nose and lungs, as previously described [23]. Inoculated
monolayers were evaluated for cytopathic effect (CPE) between 48 and 72 h post-infection,
and positive wells were identified by testing supernatant via hemagglutination assay with
turkey RBC. A TCID50/mL titer was calculated for each sample using the method described
by Reed and Muench [25]. Animal samples were processed in BSL2 containment.

2.6. Pathology Examination

Swine lungs were evaluated for lesions at 5 dpi following standard protocols to assess
pathogenesis in swine and potential for transmission to ferrets [23]. Tissue samples from
the trachea and right middle or affected lung lobe were fixed in 10% buffered formalin for
histopathologic examination. Tissues were processed by routine histopathologic procedures
and slides stained with hematoxylin and eosin (H&E). The percentage of the lung affected
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with pneumonic consolidation typical of influenza virus in ferrets was visually estimated at
12 dpc to assess resolution of disease following transmission, following methods of scoring
previously described [22].

2.7. Microbiological Assays

Swine BALF samples were cultured for aerobic bacteria on blood agar and Casmin
(NAD-enriched) plates to indicate the presence of concurrent bacterial pneumonia. To
exclude other causes of pneumonia in pigs, qPCR assays were conducted for porcine
circovirus 2 (PCV2) [26], and for Mycoplasma hyopneumoniae and North American and
European PRRSV (VetMax; Life Technologies, Carlsbad, CA, USA) according to the manu-
facturer’s recommendations. Data not shown as no confounding infections were identified.

2.8. Data Analysis

Results were analyzed with Prism 8 (GraphPad, San Diego, CA, USA) with analysis
of variance (ANOVA), with p < 0.05 considered significant. Variables with significant
effects by treatment group were subjected to pairwise mean comparisons using the Tukey–
Kramer test.

3. Results

3.1. Genetic and Phylogenetic Characterization of US Swine H1 Hemagglutinin

Between 1 January 2020 and 30 June 2020, 342 swine IAV isolates with an H1 HA were
identified. These viruses represented 8 genetic clades across two evolutionary lineages:
1A.1.1.3 (n = 36, 10.6%), 1A.2 (n = 3, 0.9%), 1A.2-3-like (n = 3, 0.9%), 1A.3.3.2 (n = 53,
15.5%), 1A.3.3.3 (n = 145, 42.4%), 1B.2.1 (n = 80, 23.4%), 1B.2.2.1 (n = 15, 4.4%), 1B.2.2.2
(n = 7, 2%) (Figure 1). For each detected H1 clade, HA1 amino acid sequences were aligned,
a consensus sequence generated, and a wildtype virus with highest HA1 similarity to
consensus was selected to represent the clade (Table 1). The percent amino acid identity
of selected strains ranged from 96.63–99.39% when compared to matching within-clade
consensus and ranged from 90.83–98.16% when compared to within-clade CVVs (Table 1).
The number of amino acid differences between the representative swine HA gene and the
within-clade CVV or human seasonal vaccine ranged from 6 to 29 amino acid differences
(Supplemental Tables S1–S6).

3.2. Dominant U.S. Swine H1 Strains Drifted from Human Seasonal H1 or CVV

In addition to current human seasonal vaccines, CVV strains were selected and gener-
ated by WHO collaborating centers to mitigate a future potential outbreak of swine IAV in
humans. Ferret antisera generated against human vaccine and CVV strains and other vari-
ant IAV viruses were tested by HI to determine the relative cross-reactivity to contemporary
swine viruses. Within the 1A lineage of HA genes, there were 2 CVVs and the human
seasonal H1pdm09 vaccine strain that correspond to the 1A1.1, 1A.3.3.3 and 1A.3.3.2 clades,
respectively (Table 2). The consensus 1A1.1 contemporary representative virus, sw/NC/20,
had an HI titer of 80 against CVV OH/24/17 antiserum compared to the homologous
OH/24/17 titer of 1280, representing a 16-fold reduction in cross-reactivity. Similarly, the
1A.3.3.3 contemporary representative sw/MN/20 virus displayed a 32-fold reduction in HI
activity compared to the homologous 1A.3.3.3 CVV OH/15 titer. Conversely, the 1A.3.3.2
selected virus, sw/UT/19, displayed no loss in HI titer as compared to the homologous
titer for ID/18 (A/Brisbane/02/2018 (H1N1)-like) human strain.

The 1B lineage of HA genes also had three antisera generated against variant viruses
used to generate CVVs: 1B.2.2.1 IA/16 and 1B.2.1 OH/35/17 and MI/18. The 1B.2.2.1 virus,
sw/IA/20, displayed an 8-fold reduction in cross-reactivity compared to the 1B.2.2.1 CVV
IA/16 virus (Table 3). There is no clade-specific CVV for the 1B.2.2.2 clade of swine viruses
and the representative virus, sw/CO/20 had limited reactivity to all potential vaccine sera.
Finally, the 1B.2.1 virus, sw/IL/18, was antigenically very similar (2-fold or less reduction)
to both 1B.2.1 CVV antisera.
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3.3. Swine-to-Ferret Transmission

The antigenic data indicated the three clades of swine IAV with lowest reactivity to
vaccine antisera: 1A.1.1.3, 1A.3.3.3, and 1B.2.2.1. These 3 clades accounted for 54.2% of
H1 subtype IAV swine isolates during 2020 [5]. Therefore, viruses from 1A.1.1.3, 1A.3.3.3,
and 1B.2.2.1 clades were selected to test zoonotic potential using a pig-to-ferret interspecies
transmission model. While antigenicity is primarily driven by genetic factors within the
HA1 domain of the HA gene, zoonoses is affected by viral factors attributed throughout
the genome. To address this, we expanded our selection criteria to include NA and internal
gene constellations as defined with the octoFLU tool (20) (n = 225 H1N1 and H1N2 whole
genome sequences collected in 2020: Supplemental Figure S1). During 2020, the 1B.2.2.1 HA
gene was primarily paired with a N2-2002B gene with a TTTTPT internal gene constellation;
the 1A.3.3.3 HA gene was primarily paired with a N1-Classical gene with a TTTPPT
internal gene constellation. The 1A.3.3.3 (sw/MN/20) and 1B.2.2.1 (sw/IA/20) viruses
selected for the antigenic characterization matched the predominant circulating NA and
dominant internal gene constellations and thus remained unchanged. For the 1A.1.1.3 HA
clade, the primary NA pairing in 2020 was a N2-2002A gene with detections of TTTTPT,
TTTPPT, TTPTPT, and TTPPPT. The sw/NC/20 virus used for HI assays did not match the
predominant N2-NA gene, and had a TTTPPT internal gene constellation, and consequently,
the strain selected for subsequent in vivo studies was sw/TX/20 that had a N2-2002A gene
with a TTTTPT internal gene constellation.

Figure 1. Phylogenetic relationships of North American swine H1 IAV. A representative random
sample of (A) 1A classical swine lineage and (B) 1B human-like lineage swine HA genes from January
2020 through June 2020. Reference human HA genes, CVV, and variant cases are indicated by branch
color or shapes. Swine IAV strains tested in hemagglutination inhibition assays are marked by a black
triangle and those used in transmission studies by a pink plus (+). The numbers in parentheses in the
color key indicate number of each genetic clade detected during the sampling period.
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Table 2. Antigenic cross-reactivity of 1A viruses and within-clade CVVs. Ferret antisera raised against
CVV and vaccine viruses were tested for the ability to inhibit hemagglutination of contemporary
swine viruses. Vaccine strains and homologous titers are bolded; grey highlighted cells indicate the
within-clade titer of contemporary swine strain.
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Table 3. Antigenic cross-reactivity of 1B viruses and within-clade CVVs. Ferret antisera raised against
CVV were tested for the ability to inhibit hemagglutination of contemporary swine viruses. Vaccine
strains and homologous titers are bolded; grey highlighted cells indicate the within-clade titer of
contemporary swine strains.

Strain Lineage
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/3

8
3

/2
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1
8

A/Iowa/32/2016 1B.2.2.1 640 20 10
A/swine/Iowa/A02478968/2020 1B.2.2.1 80 10 40

A/swine/Colorado/A02245414/2020 1B.2.2.2 40 10 10
A/Ohio/35/2017 1B.2.1 80 640 40

A/Michigan/383/2018 1B.2.1 40 160 1280
A/swine/Illinois/A02139356/2018 1B.2.1 20 320 1280

All three selected viruses had similar shedding patterns in pigs in terms of peak and
duration (Figure 2). Evaluation of samples collected at the 5dpi necropsy revealed similar
levels of macroscopic pathology between the 1A.1.1.3 (alpha) and the 1B.2.2.1 (delta-1a)
virus groups at 2.4 and 2.3 percent of affected lung surface respectively. These two groups
had a mean BALF titer of 5.6 log10 TCID50/mL and 5.8 log10 TCID50/mL respectively.
The 1A.3.3.3 (gamma) virus had higher average percentage of lung lesions (8.1%) and
higher BALF titers (7.3 log10 TCID50/mL) than the other groups. All 6 remaining pigs
seroconverted against the respective virus at 14dpi with an average HI titer of 905, 640, and
80 in 1A.1.1.3, 1A.3.3.3, and 1B.2.2.1, respectively. These data demonstrated the propensity
for the pigs to seed the room with aerosolized virus to expose the ferrets.
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Figure 2. Shedding and replication of clade representative viruses in pigs. Individual pig nasal swabs
((A–C), each line represents an individual pig) and group mean bronchoalveolar lavage fluid (BALF,
n = 3) (D) viral load shown as log10 TCID50/mL on MDCK cells. Number in the black box indicates
the average (n = 3) percentage of lung surface with visible pneumonic lesions at the 5dpi necropsy.

The three viruses displayed different levels of transmissibility to contact ferrets
(Figure 3). All four 1A.1.1.3 contact ferrets shed virus with an average of 2.3 positive
samples over the course of the study and an average peak titer of 5.9 log10 TCID50/mL in
nasal washes. All four ferrets seroconverted with a geometric mean HI titer of 679 at 12 dpc.
The four 1A.3.3.3 contact ferrets all seroconverted as well, but with a lower geometric mean
titer (231) and only two of the four ferrets had recoverable viral loads in the nasal washes
with an average of 2.5 positive samples and an average peak titer of 5.7 log10 TCID50/mL in
nasal washes. In contrast, only one of four 1B.2.2.1 contact ferrets seroconverted (HI = 160)
and had 2 nasal wash positive samples with a peak titer of 4.9 log10 TCID50/mL. No ferret
had detectable virus in the BALF samples collected at 12 dpc.

Minimal signs of disease were observed in the ferrets. Daily temperature measure-
ments revealed minimal elevation in temperatures and no differences among or between
treatment groups (all temperatures were within ±1.1 ◦C of baseline temps). Body weight
monitoring revealed if a ferret shed virus, regardless of group, it gained significantly less
weight (3.5 ± 2.9%) compared to ferrets that did not shed virus (10.9 ± 6.5%) (Table 4),
but there were no significant differences in change in body weight between virus groups.
Necropsy on 12dpc revealed minimal gross pathology, with only two ferrets, one 1A.1.1.3
(4.6%) and one 1B.2.2.1 (3.5%), demonstrating visible lung lesions. No lesions were observed
in any 1A.3.3.3 exposed ferrets at 12 dpc.

Table 4. Cumulative clinical, viral, and serological measures of ferret infection.

1
Ferret

Number

Change in
Bodyweight (%)
from 0–12 DPC

DPC with
Nasal

Shedding

Peak
Nasal Titer *

12 DPC
HI Titer

1A.1.1.3

1 4.61 5, 7 5.45 160
2 1.19 3, 5, 7 5.94 1280
3 4.89 3, 5, 7 5.94 1280
4 7.71 5 6.2 1280

1A.3.3.3

5 21.36 none none 80
6 16.83 none none 160
7 2.40 5, 7 5.87 320
8 −1.13 3, 5, 7 5.53 1280

1B.2.2.1

9 6.74 none none <10
10 9.84 none none <10
11 5.02 5, 7 4.95 160
12 12.01 none none <10

No virus
13 7.25 none none <10
14 2.35 none none <10

* Log10 TCID50/mL.
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Figure 3. Transmission and replication of swine viruses to ferrets. Individual ferrets exposed to pigs
infected with a 1A.1.1.3 ((A–D), red squares), 1A.3.3.3 ((E–H), blue up-triangles) or 1B.2.2.1((I–L),
green down-triangles) had body weights recorded daily and converted to a percentage of the 3-day
average body weight prior to exposure with 100% being baseline (left axis, black circles). Nasal
washes were measured for viral shedding in MDCK cells and recorded as log10 TCID50/mL (right
axis, color shape).

4. Discussion

Animal origin IAV from avian or swine are a documented source of human IAV
zoonotic infections, epidemics, and pandemics. The four most recent IAV pandemics
were all driven by either direct zoonosis or by reassortment and zoonosis [9,27]. Regional
epidemics and individual infections were also caused by avian and swine viruses (https:
//www.cdc.gov/flu/weekly/fluviewinteractive.htm accessed on 9 September 2020). In
addition to the 2009 pandemic, swine-origin IAV are also responsible for human infections,
termed variants, ranging from single cases up to outbreaks of several hundred individual
infections without onward transmission. Much progress has been made in preparing for
future zoonotic IAV pandemics, with the most proactive efforts centered on the generation
of CVV from animal isolates and human isolates of animal origin, including variant viruses
of swine origin. These stockpiled CVVs would be used as seed viruses for rapid vaccine
generation should an antigenically similar animal origin virus initiate a human pandemic.

Swine IAV in the US are very diverse. In 2020 there were 14 antigenically distinct HA
clades isolated from US swine herds, 8 of which were of the H1 subtype [4,5]. Contem-
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porary clade consensus HA1 sequences can have as little as 70% amino acid similarity to
divergent HA1 between swine H1 clades and within-clade HA1 sequences can be as much
as 15% different. This high level of within- and between-clade genetic diversity makes
achieving and maintaining high levels of vaccine coverage difficult and necessitates the
continued evaluation of CVV antisera reactivity against contemporary swine IAV isolates.

Of the 8 circulating swine H1 clades, five have an existing within-clade human seasonal
or CVV vaccine virus, including the 1A.3.3.2 component of human seasonal flu vaccines [15].
Greater than 95% of 2020 US swine IAV isolates fall within those 5 human vaccine-covered
clades [4,5]. Contemporary, clade-representative viruses of two of these clades showed
high levels of cross-reactivity to existing vaccines, 1A.3.3.2 and 1B.2.1. Cross-species events
involving human-to-swine infection of 1A.3.3.2 viruses in pigs are common in the US [6,12].
This continuous influx of human viruses makes it unsurprising that a representative swine
1A.3.3.2 virus had high levels of cross reactivity with a human 1A.3.3.2 vaccine. The 1B.2.1
A/Michigan/383/2018 is the most recently generated CVV. As such, it follows that the
1B.2.1 clade had not antigenically drifted and high levels of cross-reactivity were expected
and observed. Three swine IAV clades have no within-clade vaccine or CVV available:
1A.2, 1A.2-3-like, and 1B.2.2.2. Additionally, these three clades had limited cross-reactivity
to CVVs from other genetic clades. However, these three clades only represented 4.5%
of 2020 US swine IAV isolates. This relative scarcity may minimize the opportunities for
zoonotic transmission and reduced the priority for assessing their pandemic risk posed to
humans at this time. However, relative detection frequency of swine HA clades changes
over time and these clades may need to be reassessed in the future given frequent interstate
movement of pigs and viruses [28–31]. Contemporary clade representative isolates from
1A.1.1.3 (16-fold reduction), 1A.3.3.3 (32-fold reduction) and 1B.2.2.1 (8-fold reduction)
exhibited high levels of antigenic drift from relevant CVVs and these three H1 swine clades
represented 54.2% of 2020 US swine IAV isolates [5]. These clades have high frequency of
detection in US swine herds and have reduced vaccine reactivity to human CVV, indicating
a higher potential pandemic risk and requiring further examination of transmission risk
factors. The 1A.1.1.3 and 1B.2.2.1 swine H1 clades also showed low detection by human
population sera in a previous study [11].

To address zoonotic potential, these viruses were used in a swine-to-ferret interspecies
transmission study utilizing an aerosol respiratory contact model. While all three viruses
exhibited some level of interspecies transmission, they did so with varying efficiency. The
1A.1.1.3 virus had 100% transmission from pigs to ferrets, indicated by all ferrets shedding
virus and seroconverting. All four of the 1A.3.3.3 exposed ferrets also seroconverted,
albeit with a lower average HI titer compared to the 1A.1.1.3, but only two of the four
ferrets shed virus. Finally, one 1B.2.2.1 ferret seroconverted and shed virus while the
other three remained naïve, indicating a reduced propensity for interspecies transmission.
The infected ferrets displayed signs of disease measured as a cessation of weight gain
compared to noninfected ferrets, but no other overt signs and postmortem evaluation of
the lungs revealed minimal pathological damage at 12 dpc. Since this study was focused on
transmission rather than pathogenesis in ferrets, further work to determine lung pathology
during the active infection phase would be necessary. Nasal titers over the time course
and BALF titers on 5 dpi in pigs were similar for all three viruses, indicating that infection
and replication kinetics in pigs did not affect transmission to ferrets. The virus and host
factors contributing to the lower nasal shedding of the 1A.3.3.3 and the lower transmission
of the 1B.2.2.1 swine strains in the contact ferrets are currently unknown, but potentially
associated with the diverse gene segment combinations and evolutionary origins of the
three viruses.

Results of this study indicate that swine IAV from the US may escape vaccine immunity
from CVV or seasonal vaccines as they continue to circulate and evolve in the swine
population. Three H1 clades demonstrated antigenic drift away from available CVV
antisera. Additionally, contemporary clade representatives showed the ability to transmit
from pigs to ferrets, a gold standard for human influenza transmissibility. These data

71



Viruses 2022, 14, 2398

highlight the increased risk to human populations posed by H1 clades of swine IAV,
particularly the 1A.1.1.3. Since the conclusion of these experiments in July 2020, there were
an additional 15 H1 variant cases in North America with the HA clade determined; an
additional 3 variants had insufficient data to identify the HA clade. Of these variant IAVs,
2 came from the 1A.1.1.3 clade, 4 were derived from the 1A.3.3.3 clade, 5 were from the
1A.3.3.2 clade, and 4 were from the 1B.2.1 clade, overlapping with the strains tested here.
These data highlight the utility of swine-to-ferret transmission studies as a pandemic risk
assessment tool and identifies the gaps in CVV coverage of US H1 swine IAV. These results
stress the need to continually assess the within-clade cross-reactivity of existing CVVs to
identify and develop more contemporarily relevant pandemic preparedness strains.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/v14112398/s1, Table S1: Amino acid differences between 1A.1.1.3
clade consensus, the within-clade CVV A/Ohio/24/2017, and the clade representative viruses
A/swine/North Caroline/A02245416/2020 and A/swine/Texas/A02245420/2020; Table S2: Amino
acid differences between 1A.3.3.2 clade consensus, the within-clade human seasonal vaccine A/Idaho/
07/2018, and the clade representative A/swine/Utah/A02432386/2019; Table S3: Amino acid dif-
ferences between 1A.3.3.3 clade consensus, the within-clade CVV A/Ohio/09/2015, and the clade
representative virus A/swine/Minnesota/A02245409/2020; Table S4: Amino acid differences be-
tween 1B.2.1 clade consensus, the within-clade CVVs A/Ohio/35/2017 and A/Michigan/383/2018,
and the clade representative virus A/swine/Illinois/A02139356/2018; Table S5: Amino acid dif-
ferences between 1B.2.2.1 clade consensus, the within-clade CVV A/Iowa/32/2016 and the clade
representative virus A/swine/Iowa/A02478968/2020; Table S6: Amino acid differences between
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Figure S1: Detection proportions of H1N1 and H1N2 influenza A virus in swine collected in 2020 in
the USDA influenza A virus in swine surveillance system.
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Abstract: Climate variability and anomalies are known drivers of the emergence and outbreaks
of infectious diseases. In this study, we investigated the potential association between climate
factors and anomalies, including El Niño Southern Oscillation (ENSO) and land surface temperature
anomalies, as well as the emergence and spillover events of bat-borne viral diseases in humans and
livestock in the Asia–Pacific region and the Arabian Peninsula. Our findings from time series analyses,
logistic regression models, and structural equation modelling revealed that the spillover patterns
of the Nipah virus in Bangladesh and the Hendra virus in Australia were differently impacted by
climate variability and with different time lags. We also used event coincidence analysis to show that
the emergence events of most bat-borne viral diseases in the Asia–Pacific region and the Arabian
Peninsula were statistically associated with ENSO climate anomalies. Spillover patterns of the Nipah
virus in Bangladesh and the Hendra virus in Australia were also significantly associated with these
events, although the pattern and co-influence of other climate factors differed. Our results suggest
that climate factors and anomalies may create opportunities for virus spillover from bats to livestock
and humans. Ongoing climate change and the future intensification of El Niño events will therefore
potentially increase the emergence and spillover of bat-borne viral diseases in the Asia–Pacific region
and the Arabian Peninsula.

Keywords: bat-borne virus; spillover; SARS-CoV-2; Nipah virus; Hendra virus; climate change; El Niño
Southern Oscillation; event coincidence analysis; temporal analysis; structural equation modelling

1. Introduction

Most zoonotic and vector-borne diseases are climate-sensitive, particularly to tem-
perature or precipitations [1], and several are also sensitive to climate variability and
anomalies [2–4]. The El Niño Southern Oscillation (ENSO), with its alternating warming
(El Niño), cooling (La Niña), and neutral phases, is one of the most important climate phe-
nomena due to its ability to modify the global atmospheric circulation and the temperature
and precipitation patterns across the globe [5]. The ENSO has significant cascade effects on
ecosystems [6–8] and agriculture productivity [9]. ENSO-related climate variability is also
a known driver of the emergence and outbreaks of infectious diseases [3,10]. Outbreaks of
numerous infectious diseases, such as cholera [11], Rift Valley fever [12], visceral leishmani-
asis [13], dengue [14,15], Zika virus [16], and malaria [17], among others, have been linked
to the ENSO. The emergences of some viral diseases of bat origin, such as the Hendra
virus (HeV) in Australia and the Nipah virus (NiV) in Malaysia, have also been associated
with El Niño events [18,19]. Several mechanisms by which the ENSO affects and facilitates
the transmission of zoonotic diseases have been suggested, including modifications of
seasonal cycles, population dynamics, and distribution ranges of vectors and hosts of
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zoonotic pathogens, as well as alterations of the replication and transmission patterns of
these pathogens [1,3,4].

In this study, we reviewed the emergence events and recurring spillover events of
bat-borne viral diseases in humans and livestock in the Asia–Pacific region and the Arabian
Peninsula, i.e., two regions highly affected by El Niño/La Niña events [20]. Furthermore,
we investigated the potential association between climate anomalies, El Niño/La Niña
events, and these emergence and spillover events. First, we tested the potential association
between the spillover events of HeV in Australia and NiV in Bangladesh, i.e., two bat-borne
viruses characterized by a high number of recurring spillover events in these two regions,
and climate factors (temperature, rainfall) and anomalies (ENSO and land surface tem-
perature anomalies) using time-series analyses, logistic regression models, and structural
equation modelling. Second, we assessed potential simultaneities between the emergence
events of bat-borne viruses in human and livestock populations and El Niño/La Niña
events using event coincidence analysis (ECA) [21]. We then discussed the potential ecolog-
ical mechanisms that may explain the emergence and spillover events of bat-borne viruses
in relation to climate factors and events of El Niño/La Niña.

2. Materials and Methods

2.1. Data

Bat-borne viral pathogens were defined as viruses with bats (Chiroptera) as their natu-
ral animal hosts, i.e., the long-term ecological niche of a viral population [22], or viruses
whose closest viral relatives have bats as their natural hosts. The zoonotic sources of
these viruses in human populations was either bats or another host species involved as an
intermediate host in their emergence. Emergence events were defined as the first detection
of a bat-borne viral pathogen in human or in livestock populations or the first detection of
a bat-borne viral pathogen in a region significantly distant from any other regions where it
was previously observed (e.g., Nipah virus emergence events in Malaysia, India, and the
Philippines). Recurring spillover events correspond to subsequent pathogen detections af-
ter its first emergence in the same region. Data on the emergence of bat-borne viral diseases
in human and livestock populations in the study area during the period 1990–2020 were
gathered from original sources (Table 1) and from several databases (Emerging Infectious
Diseases Repository (EIDR), https://eidr.ecohealthalliance.org/ (accessed on 17 May 2022);
World Animal Health Information System (OIE-WAHIS), https://wahis.oie.int/#/home
(accessed on 17 May 2022); PROMED). Data on recurring spillover events of the Nipah virus
in Bangladesh and India (Table 2) were obtained from three studies [23–25], while data on
recurring spillover events of the Hendra virus in Australia were obtained from the Queens-
land Government database (https://www.business.qld.gov.au/industries/service-industries-
professionals/service-industries/veterinary-surgeons/guidelines-hendra/incident-summary
(accessed on 17 May 2022)) (Table 3).

Table 1. Emergence of bat-borne viruses in the Asia–Pacific region and the Arabian Peninsula in
relation to El Niño Southern Oscillation (ENSO)-driven climate anomalies (data on ENSO were
retrieved from NOAA).

Emergence Viral Family Natural Reservoir Intermediate host Date, Location ENSO Phase References

Hendra virus Paramyxoviridae Pteropodid bats Horse Aug 1994, Australia Warm
Phase/El Niño

Giles et al.,
2018 [18]

Australian
bat lyssavirus Rhabdoviridae Pteropodid bats None Oct 1996, Australia Neutral Phase Field et al.,

1999 [26]

Menangle virus Paramyxoviridae Pteropodid bats Pig Jun 1997, Australia Warm
Phase/El Niño

Chant et al.,
1998 [27]

Nipah virus Paramyxoviridae Pteropodid bats Pig Sep 1998, Malaysia Cool
Phase/La Niña

Ang et al.,
2018 [25]

Nipah virus Paramyxoviridae Pteropodid bats None Jan 2001, India Cool
Phase/La Niña

Ang et al.,
2018 [25]
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Table 1. Cont.

Emergence Viral Family Natural Reservoir Intermediate host Date, Location ENSO Phase References

SARS-CoV-1 Coronaviridae Rhinolophid bats Small carnivores Nov 2002, China Warm
Phase/El Niño

Ge et al.,
2013 [28]

Melaka virus Reoviridae Pteropodid bats None Mar 2006, Malaysia Cool
Phase/La Niña

Chua et al.,
2008 [29]

Kampar virus Reoviridae Pteropodid bats None Aug 2006, Malaysia Neutral Phase Chua et al.,
2008 [29]

MERS-CoV Coronaviridae Vespertilionid bats Camel Apr 2012,
Middle East

Cool
Phase/La Niña

Zaki et al.,
2012 [30]

Nipah virus Paramyxoviridae Pteropodid bats Horse Mar 2014,
The Philippines Neutral phase Ching et al.,

2015 [31]

SADS-CoV Coronaviridae Rhinolophid bats Pig (no
human cases) Oct 2016, China Cool

Phase/La Nina
Gong et al.,

2017 [32]

SARS-CoV-2 Coronaviridae Rhinolophid bats ? December 2019,
China

Warm
Phase/El Niño

Zhu et al.,
2020 [33]

Table 2. Recurring spillover events of the Nipah virus after its first emergence in South Asia (India
and Bangladesh) in relation to El Niño Southern Oscillation (ENSO)-driven climate anomalies (data on
ENSO were retrieved from NOAA). Data on outbreaks were retrieved from Rahman and Chakraborty
(2012) [23], Ang et al. (2018) [25], and Rahman et al. (2021) [24].

Country Date (Month/Year) ENSO Phase

Bangladesh April 2001 Neutral Phase
Bangladesh January 2003 Warm Phase/El Niño
Bangladesh January 2004 Neutral Phase
Bangladesh April 2004 Neutral Phase
Bangladesh January 2005 Warm Phase/El Niño
Bangladesh January 2007 Warm Phase/El Niño
Bangladesh March 2007 Neutral Phase
Bangladesh April 2007 Neutral Phase

India April 2007 Neutral Phase
Bangladesh February 2008 Cool Phase/La Niña
Bangladesh April 2008 Cool Phase/La Niña
Bangladesh January 2009 Cool Phase/La Niña
Bangladesh February 2010 Warm Phase/El Niño
Bangladesh January 2011 Cool Phase/La Niña
Bangladesh January 2012 Cool Phase/La Niña
Bangladesh January 2013 Neutral Phase
Bangladesh January 2014 Warm Phase/El Niño
Bangladesh January 2015 Warm Phase/El Niño
Bangladesh February 2015 Neutral Phase
Bangladesh March 2015 Warm Phase/El Niño
Bangladesh February 2017 Neutral Phase
Bangladesh February 2018 Cool Phase/La Niña
Bangladesh April 2018 Cool Phase/La Niña

India May 2018 Neutral Phase
India June 2019 Neutral Phase
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Table 3. Recurring spillover events of the Hendra virus after its first emergence in Australia in
relation to El Niño Southern Oscillation (ENSO)-driven climate anomalies (data on ENSO were
retrieved from NOAA). Data on outbreaks were retrieved from the Queensland Government
database (https://www.business.qld.gov.au/industries/service-industries-professionals/service-
industries/veterinary-surgeons/guidelines-hendra/incident-summary, accessed on 17 May 2022).

Country Date (Month/Year) ENSO Phase

Australia September 1994 Warm Phase/El Niño
Australia January 1999 Cool Phase/La Niña
Australia October 2004 Warm Phase/El Niño
Australia December 2004 Warm Phase/El Niño
Australia June 2006 Neutral Phase
Australia October 2006 Warm Phase/El Niño
Australia June 2007 Neutral Phase
Australia July 2007 Cool Phase/La Niña
Australia June 2008 Cool Phase/La Niña
Australia July 2008, Neutral Phase
Australia July 2009 Neutral Phase
Australia September 2009 Warm Phase/El Niño
Australia May 2010 Neutral Phase
Australia June 2011 (4 events) Cool Phase/La Niña
Australia July 2011 (8 events) Neutral phase
Australia August 2011 (5 events) Cool Phase/La Niña
Australia October 2011 Cool Phase/La Niña
Australia January 2012 Cool Phase/La Niña
Australia May 2012 (2 events) Neutral Phase
Australia June 2012 Neutral Phase
Australia July 2012 (2 events) Neutral Phase
Australia September 2012 Neutral Phase
Australia October 2012 Neutral Phase
Australia January 2013 Neutral Phase
Australia February 2013 Neutral Phase
Australia June 2013 (2 events) Neutral Phase
Australia July 2013 (4 events) Neutral Phase
Australia March 2014 Neutral Phase
Australia June 2014 (2 events) Neutral Phase
Australia July 2014 Neutral Phase
Australia June 2015 Warm Phase/El Niño
Australia July 2015 Warm Phase/El Niño
Australia September 2015 Warm Phase/El Niño
Australia December 2016 Cool Phase/La Niña
Australia May 2017 Neutral Phase
Australia July 2017 Neutral Phase
Australia August 2017 (2 events) Neutral Phase
Australia September 2018 Neutral Phase
Australia June 2019 Warm Phase/El Niño
Australia June 2020 Neutral Phase

Data on ENSO values were retrieved from the National Oceanic and Atmospheric
Administration (NOAA, https://www.noaa.gov, accessed on 17 May 2022). The ‘NINO
3.4’ index is the most commonly used index used to define El Niño and La Niña events and
to study climate–rainfall or climate–disease connections [3]. The NINO 3.4 index is based
on a 5-month running mean of the sea surface temperature (SST) in the region bounded by
5◦ N to 5◦ S, from 170◦ W to 120◦ W. El Niño (warm phase) and La Niña (cool phase) are
defined when anomalies in the NINO 3.4 index exceeds +0.4 ◦C or −0.4 ◦C, respectively
(NOAA, https://www.noaa.gov, accessed on 17 May 2022). The R package rsoi [34] was
used to import the NINO 3.4 index values for the period 1990–2020 and the corresponding
defined El Niño (warm phase) and La Niña (cool phase) phases from the NOAA website.
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Data on the average monthly temperature and rainfall data in Australia and Bangladesh were
also gathered from the World Bank database (https://climateknowledgeportal.worldbank.org,
accessed on 17 May 2022) and data on the global land surface temperature anomalies
were obtained from the NOAA (https://www.ncei.noaa.gov/access/monitoring/global-
temperature-anomalies, accessed on 17 May 2022) to investigate the impact of other climate
factors (rainfall, temperature) and climate variability (global land surface temperature
anomalies), in addition to the ENSO anomalies, on the occurrence of recurring spillover
events of HeV and NiV viruses.

2.2. Statistical Analyses

First, we investigated the potential association between the spillover events of HeV in
Australia and NiV in Bangladesh and several climate factors. For this, we used: (1) time-
series analyses to investigate the temporal association between HeV/NiV spillover events,
and temperature, rainfall, ENSO, and land surface temperature anomalies and to estimate
their time lag values; (2) logistic regression models to determine the significant factors
(temperature, rainfall, ENSO, land surface temperature anomalies) explaining the spillover
events using the time lag values computed from the results of the time-series analyses;
and (3) structural equation modelling to test a causal chain of correlation that may explain
the spillover events using the results of the logistic regression analyses. Second, we assessed
potential simultaneities between the emergence events of all bat-borne viruses in human
and livestock populations and El Niño/La Niña events using event coincidence analysis to
test the hypothesis that HeV/NiV spillover events were statistically preceded by an event
of El Niño/La Niña.

2.2.1. Time-Series Analysis

Time-series analyses were used to study the temporal patterns of ENSO anomalies
(using the NINO 3.4 index), as well as the average monthly temperature and rainfall in
Australia and Bangladesh using the ncf function implemented in R [35]. The time series
included 330 months in total from January 1993, i.e., one year before the first spillover event
recorded in our dataset, to June 2020. The residual autocorrelation function (ACF) was
examined to determine the general form of the model to be fitted. A wavelet analysis was
used to decompose a time series to reveal periodic signals at each time point in the series.
The wavelet analysis coefficients show the correlation magnitudes of ENSO anomalies
(NINO 3.4 index), temperature, or rainfall for each year and period length of the time series
(i.e., 1993 to 2020), displayed using a power spectrum over the full time series using the
biwavelet and WaveletComp packages [36,37] implemented in R [38]. The ccf function
was then used to compute the cross-correlation or cross-covariance between univariate
series, i.e., ENSO (NINO 3.4 index); the average monthly temperature; the average monthly
rainfall; land surface temperature anomalies; and either HeV or NiV recurring spillover
events in Australia and in Bangladesh, respectively.

2.2.2. Logistic Regression with Time Lag Analysis

Logistic regression modelling with a logit function and lag was used to test the
significant effects of monthly rainfall; monthly temperature; anomalies in land surface
temperature; and ENSO anomalies (NINO 3.4 index) on the recurring spillover events
of HeV and NiV in Australia and Bangladesh, respectively. The most significant lag
values computed by time-series cross-correlation analysis, as described above, and the glm
function implemented in R with the family binomial [38] were used.

The initial general linear model with logit function was of the form:
Recurrent spillover of HeV/NiV ~ lag(NINO 3.4 index, lag value)
+ lag(average temperature Australia/Bangladesh, lag value)
+ lag(average rainfall Australia/Bangladesh, lag value)
+ lag(global land surface temperature anomalies, lag value)
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Initial models included variables with significant lag values obtained from cross-
correlation time-series analysis. Final models were selected using backward selection and
AIC criterion using the stepAIC function of the MASS package [39] implemented in R.

2.2.3. Structural Equation Modelling

Structural equation modelling (SEM) was used to investigate the temporal rela-
tionships between recurring outbreaks of HeV and NiV, respectively, in Australia and
Bangladesh, in relation to monthly rainfall, monthly temperature, anomalies in land sur-
face temperature, and the NINO 3.4 index values. SEM combines measurement models
(e.g., reliability) with structural models (e.g., regression), thus testing a chain of causality
(path analysis) between outbreaks of HeV and NiV in Australia and Bangladesh and these
climatic factors. SEM was performed using the ‘piecewiseSEM’ package [40]. The following
structural equation model was tested for the period from January 1993 to June 2020 of
the dataset:

F (outbreaks of HeV or NiV) = f1 (lag NINO 3.4 index) + f2 (lag temperature Australia
or Bangladesh) + f2 (lag rainfall Australia or Bangladesh) + f2 (lag global land surface
temperature anomalies) + b1

G (lag temperature Australia or Bangladesh) = g1 (lag NINO 3.4 index) + b2
H (lag rainfall Australia or Bangladesh) = h1 (lag NINO 3.4 index) + b3
I (lag anomalies of the land surface temperature) = i (lag NINO 3.4 index) + b4
with lag values computed by time-series cross-correlation analysis.

2.2.4. Event Coincidence Analysis

Finally, event coincidence analysis (ECA) was used to test if events of a given type
are causally influenced by the timing of events of second type [41] and to investigate the
statistical interdependence between emergence and spillover events of bat-borne viruses
and El Niño/La Niña events. ECA was implemented in the CoinCalc R package [42] to test
whether the observed coincidence rates are significantly different from two independent
random events [41]. ECA defines the precursor coincidence rate (pcr) and the trigger coinci-
dence rate (tcr). The pcr describes the fraction of first-type events, i.e., emergence/spillover
events, preceded by at least one second-type event, i.e., El Niño/La Niña events. The tcr
describes the fraction of second-type events, i.e., El Niño/La Niña events, followed by
at least one first-type event, i.e., emergence/spillover events (see [41]). CoinCalc com-
puted the probability of the precursor and trigger coincidence rates occurring by chance,
with the null hypothesis that the observed precursor and trigger coincidence rates can be
explained by two independent series of randomly distributed events [42]. The p-value
of the corresponding analytical significance test corresponds to the probability that the
two types of events are randomly distributed and independent of each other (following
two independent Poisson processes) and sufficiently rare.

We tested the hypothesis that the pcr describing the emergence of bat-borne viruses or
recurrent spillover events of NiV and HeV were statistically preceded by an El Niño/La
Niña event, while the tcr did not depart from a random association. For the analysis of the
recurrent spillover events of NiV in Bangladesh and HeV in Australia, the time lag values
estimated in months using cross-correlation among the time series of outbreak events and
NINO 3.4 index values were used. The time lag values were also moved around their
estimates to explore the stability and constancy of the association given by ECA.

3. Results

A total of ten bat-borne viruses, belonging to the Coronaviridae (n = 4), Paramyx-
oviridae (n = 3), Reoviridae (n = 2), and Rhabdoviridae (n = 1) families, emerged in the
Asia–Pacific region and the Arabian Peninsula in the period 1990–2020 (Table 1; Figure 1).
Nine of these viruses emerged in humans, while the swine acute diarrhea syndrome coro-
navirus (SADS-CoV) emerged in swine populations but was never detected in humans.
Natural bat hosts of the Coronaviridae viruses were vespertilionid and rhinolophid bats,

80



Viruses 2022, 14, 1100

while their intermediate hosts included several mammal species. Pteropodid bats were
the hosts of the emerging Paramyxoviridae, Reoviridae, and Rhabdoviridae, and livestock
(horses and pigs) were involved as intermediate hosts in the emergence of HeV and NiV.
Most of these viruses emerged in a single geographic area; only NiV emerged in several
distant locations over a 16-year period. It first emerged in Malaysia in 1998, before then
emerging in Bangladesh and India in 2001 and in the Philippines in 2014 (Table 1; Figure 1).
After their first emergence, NiV and HeV then regularly spilled over in Bangladesh and
Australia, respectively (Tables 2 and 3).

Figure 1. (A) Map showing the locations of emergence of bat-borne viruses in the Asia–Pacific region
and the Arabian Peninsula (see Table 1) and the bat reservoir of each virus. Virus names are colored
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according to the ENSO phase at the time of their emergence: neutral phase (black), cool-phase La
Niña (blue), or warm-phase El Niño (red). (B) Variations of the NINO 3.4 index characterizing
the El Niño Southern Oscillation (ENSO) retrieved from the National Oceanic and Atmospheric
Administration (NOAA, https://www.noaa.gov, accessed on 17 May 2022) from 1990 to 2020. Red
and blue threshold lines indicate warming El Niño or cooling La Niña climate anomalies, respectively.
Arrows indicate the emergence time of new bat-borne viruses in the Asia–Pacific region and the
Arabian Peninsula (see Table 1). Virus names are colored according to the ENSO phase at the time of
their emergence: neutral phase (black), cool-phase La Niña (blue), or warm-phase El Niño (red).

Five emergence events, including NiV in Malaysia and India, Melaka virus, Middle
East respiratory syndrome coronavirus (MERS-CoV), and SADS-CoV, occurred during
a cool phase (La Niña event), while four of them, i.e., HeV, Menangle virus, and severe
acute respiratory syndrome coronavirus 1 and 2 (SARS-CoV-1 and -2), occurred during
a warm phase (El Niño event) (Figure 1; Table 1). The remaining three emergence events
of bat-borne viruses, Kampar virus, Australian bat lyssavirus, and NiV in the Philippines
occurred during a neutral phase. However, the spillover of the Australian bat lyssavirus to
a human might not be considered as a natural emergence since the infection was acquired
from a pet fruit bat living in captivity [26]. It should also be noted that the emergence
of NiV in the Philippines in March 2014 followed the major volcanic activity of Mayon
volcano that started in May 2013 [43].

3.1. Time-Series Analyses for HeV and NiV

There were strong and significant seasonal patterns of 12 months for temperature
and rainfall, both in Bangladesh and Australia, as shown by the ACF and wavelet analysis
(Figure 2A–D). Significant patterns over 24 and 36 months were observed for NINO 3.4 index
(Figure 2E). Moreover, an increasing trend in the global land surface temperature anomalies
was observed from 1990 to 2020 (Figure S1).

Cross-correlation analysis among pairs of temporal series of spillover events of NiV
and HeV revealed several significant correlations with climate variables (Figure 3; Table 4).
Significant correlations were observed for recurring spillover events of NiV with monthly
rainfall (lag of 1 month), monthly temperature (lag of 1 month), and land surface temper-
ature anomalies (lag of 10 months) (Figure 3A,B,D; Table 4). No significant correlation
was observed for recurring spillover events of NiV with NINO 3.4 index values, although
the best correlation was observed for no lag (Figure 3C; Table 4). Significant correlations
were observed for recurring spillover events of HeV with NINO 3.4 index values (lag
of 7 months), monthly rainfall (lag of 1 month), monthly temperature (no lag), and land
surface temperature anomalies (lag of 3 months) (Figure 3E–H; Table 4). Cross-correlation
analysis among pairs of temporal series of monthly rainfall, monthly temperature, and
land surface temperature anomalies revealed few significant correlations with NINO 3.4
index values (Table 4). There was a significant correlation between land surface tempera-
ture anomalies and NINO 3.4 index values (lag of 3 months) and a significant correlation
between monthly rainfall in Australia and NINO 3.4 index values (no lag) (Table 4). Non-
significant correlations were observed for the monthly temperature in Australia (lag of
7 months), as well as for the monthly temperature and monthly rainfall in Bangladesh
(with lags of 10 and 11 months, respectively) (Table 4).

3.2. Logistic Regression Analyses

The above results were used to build two initial logistic regression models based
on the lag values obtained by the time-series cross-correlation analysis (see Figure 3 and
Table 4). The selected model of the recurring spillover events of HeV in Australia show
the significant effects of temperature (with no lag), the global land surface temperature
anomalies (with a lag of 3 months), and NINO 3.4 index values (with a lag of 7 months).
Rainfall was retained as a variable in the best explanatory model for HeV but had no
significant effect(Table 5). The selected model of the recurrent spillover events of NiV in
Bangladesh show the only significant effect of rainfall (with a lag of one month), but no
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effects of global land surface temperature anomalies, the NINO 3.4 index, and the mean
temperature (Table 5).

Figure 2. Time series and residual autocorrelation function (ACF) with significant auto-correlation
values in dashed lines (left column) and wavelet power spectrum (right column) from January 1993 to
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June 2020 (330 months) of (A) monthly temperature in Bangladesh, (B) monthly rainfall in Bangladesh,
(C) monthly temperature in Australia, (D) monthly rainfall in Australia, and (E) NINO 3.4 index
values decomposed in smooth trend and seasonal effect. Wavelet power values increased from blue
to red, and black contour lines indicate a 5% significance level.

Figure 3. Temporal correlation from January 1993 to June 2020 (330 months) with significant auto-
correlation values in dashed lines between spillover events of the Nipah virus in Bangladesh and
the Hendra virus in Australia, as well as the monthly temperature (A,E), the monthly rainfall (B,F),
the NINO 3.4 index (C,G), and anomalies of the land surface temperature (D,H).
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Table 4. Results of temporal cross-association between spillover events of the Hendra virus
(HeV), the Nipah virus (NiV), NINO 3.4 index, the average monthly temperature in Australia and
Bangladesh, the average monthly rainfall in Australia and Bangladesh, and land surface temperature
anomalies (monthly lag values were obtained from time-series cross-correlation analysis). Significant
correlations are highlighted in bold.

First Time-Series Second Time-Series Lag
Correlation

(p Value)

Spillover events of HeV (Australia) NINO 3.4 index 7 months 0.13 (0.018)
Rainfall (Australia) 1 month 0.18 (0.002)

Temperature (Australia) 0 month 0.24 (< 0.001)
Land surface temperature anomalies 3 months 0.14 (0.012)

Spillover events of NiV (Bangladesh) NINO 3.4 index
Rainfall (Bangladesh)

0 month
1 month

0.05 (0.35
0.22 (0.008)

Temperature (Bangladesh) 1 month 0.32 (0.008)
Land surface temperature anomalies 10 months 0.10 (0.047)

NINO 3.4 index Rainfall (Australia) 0 month 0.16 (0.007)
Temperature (Australia) 7 months 0.08 (0.35)

Rainfall (Bangladesh) 10 months 0.03 (0.58)
Temperature (Bangladesh) 11 months 0.06 (0.27)

Land surface temperature anomalies 3 months 0.40 (<0.0001)

Table 5. Results of the logistic regression modelling with lags to explore the temporal association be-
tween spillover events of the Hendra virus (HeV) and the Nipah virus (NiV) from January 1993 to June
2020. The initial models included the following variables: the NINO 3.4 index, the average monthly
temperature in Australia/Bangladesh, the average monthly rainfall in Australia/Bangladesh, and the
land surface temperature anomalies with lag values obtained from time-series cross-correlation
analysis (Table 4). The best explanatory models were selected using a backward procedure with AIC
criterion. Significant p-values are highlighted in bold.

Response Variable Predictor Variable
Estimate
(Std Err)

Odds Ratio
(2.5–97.5 %)

p R2
(Global)

HeV spillover
events (Australia) NINO 3.4 index (lag = 7 months) −0.72 (0.23) 0.49 (0.30–0.75) 0.002

Rainfall (lag = 1 month) −0.01 (0.01) 0.99 (0.96–1.00 0.16
Temperature (lag = 0 month) −0.11 (0.04) 0.90 (0.82–0.98) 0.013

Land surface temperature anomalies
(lag = 3 months) 3.43 (1.03) 30.96 (4.32–254.30) 0.001 0.21

NiV spillover
events (Bangladesh) Rainfall (lag = 1 month) −0.03 (0.01) 0.97 (0.95–0.99) 0.008 0.30

3.3. Structural Equation Modelling

SEM confirmed the above results for HeV. Significant correlations were observed
between the series of recurring HeV spillovers and the mean monthly temperatures in
Australia (with no lag, p = 0.003), the anomalies in the land surface temperature (with a
lag of 3 months, p < 0.001), and NINO 3.4 index values (with a lag of 7 months, p < 0.001)
(Figure 4A; Table 6). The mean monthly rainfall (with a lag of 1 month) and anomalies of
the land surface temperature (with a lag of 3 months) were also significantly correlated
with NINO 3.4 index values (p = 0.003 and p < 0.001, respectively) (Figure 4A; Table 6),
with respective lags taking into account their estimated values given in Table 4.
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Figure 4. Results of structural equation modelling of (A) spillover events of the Hendra virus
in Australia and (B) spillover events of the Nipah virus in Bangladesh on temporal trends from
January 1993 to June 2020 (330 months) based on results obtained from temporal series analyses
(Figure 2) and logistic regression analyses with lags (Table 4). Significant partial correlations are
presented in continuous lines and non-significant partial correlations are presented in dashed lines
with values of standardized estimates.
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Table 6. Results of the structural equation modelling (SEM) to explore the temporal associations
between spillover events of the Hendra virus (HeV) or the Nipah virus (NiV), the monthly tempera-
ture, the monthly rainfall, the NINO 3.4 index, and land surface temperature (LST) anomalies from
January 1991 to June 2020. Lag values were obtained from the time-series analyses and the logistic
regression analyses (Table 4). Significant p-values are highlighted in bold.

Model Response Variable Predictor Variable
Estimate

(Std Err), df
Standardized

Estimate
p R2

(Individual)

HeV Spillover events
of HeV

‘NINO 3.4′
(lag = 7 months) −0.077 (0.022), 313 −0.204 <0.001

Rainfall
(lag = 1 month) −0.001 (0.001), 313 −0.067 0.28

Temperature
(lag = 0 month) −0.078 (0.022), 313 −0.190 0.003

LST anom
(lag = 3 months) 0.3123 (0.095), 313 0.201 <0.001 0.11

Rainfall
(lag = 1 month)

‘NINO 3.4′
(lag = 1 month) −5.223 (1.7670), 316 −0.1638 0.003 0.027

Temperature ‘NINO 3.4′
(lag = 7 months) 0.271 (0.313), 316 0.049 0.389 0.002

LST anomalies
(lag = 3 months)

‘NINO 3.4′
(lag = 6 months) 0.101 (0.012), 316 0.434 <0.001 0.19

NiV Spillover events
of NiV

‘NINO 3.4′
(lag = 0 month) −0.014 (0.015), 312 −0.887 0.38

Rainfall
(lag = 1 month) −0.0001 (0.0001), 312 −0.718 0.47

Temperature
(lag = 1 month) −0.020 (0.005), 312 −3.689 0.003

LST anom
(lag = 10 month) 0.098 (0.067), 312 1.443 0.15 0.12

Rainfall
(lag = 1 month)

NINO 3.4′
(lag = 11 months) 6.730 (11.178), 315 0.602 0.55 0.001

Temperature
(lag = 1 month)

NINO 3.4′
(lag = 12 months) 0.254 (0.231), 315 1.100 0.272 0.004

LST anomalies
(lag = 10 months)

‘NINO 3.4′
(lag = 13 months) 0.092 (0.012), 315 7.774 <0.001 0.16

We included the same variables in SEM for NiV and HeV using the lag with the
best correlation, although some were non-significant (Table 4). SEM shows that the series
of recurring NiV spillovers was only correlated with the mean monthly temperature in
Bangladesh (with a lag of one month, p < 0.001) (Table 6; Figure 4B), while the monthly
rainfall had no significant effect, contrary to what was suggested by the GLM (Table 5).
The land surface temperature anomalies were evidently significantly correlated with NINO
3.4 index values (p < 0.001), with lag taking into account values given in Table 4.

3.4. Event Coincidence Analysis

Using the locations and dates of the emergence, as well as the series of spillover events
of bat-borne viruses (Tables 1–3) and the corresponding ENSO phases (warm, neutral,
cool) (Figure 1B; Table 1), we tested the hypothesis that the outbreaks of bat-borne viral
diseases were directly preceded (no lag) by an ENSO-driven El Niño/La Niña climate
event. The results of the ECA show a random association between an emergence event
of bat-borne viral disease (Table 1) following an El Niño/La Niña event (n = 12) given
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by the non-significant value of the precursor coincidence rate (0.67, p= 0.066) and the
non-significant value of the trigger coincidence rate (0.05, p = 0.28) (Figure 5A). However,
a non-random association was observed with a significant value of precursor coincidence
rate (0.80, p= 0.014) when the Australian bat lyssavirus (1996) and the Nipah virus in the
Philippines (2014) were removed, as other factors may have impacted these emergence
events, as explained above.

Figure 5. Event coincidence analyses of the association between (A) an emergence event of bat-borne
virus in the Asia–Pacific region and the Arabian Peninsula, (B) a spillover event of the Nipah virus
in Bangladesh, and (C) a spillover event of the Hendra virus in Australia with an ENSO event (El
Niño or La Niña phases) with values of precursor coincidence rate (pcr) and its associated probability
and lag value between paired events (lags values used for Nipah virus and Hendra virus analyses
correspond to the results of cross-temporal series correlations, shown in Figure 3 and Table 4).

Even if there were no significant associations between NINO 3.4 index values and
the NiV outbreak events using time-series analyses or SEM (see above), we explored a
possible association using event coincidence analysis. We observed a random statistical
relationship between an outbreak event of NiV in Bangladesh (Table 2) and events of El
Niño/La Niña (n = 22) with no lag (best correlation observed in our cross-correlation
analysis, as shown in Table 4). However, a non-random statistical and highly significant
relationship between an outbreak event of NiV in Bangladesh and events of El Niño/La
Niña using a lag of 3 months was observed, with a significant precursor coincidence rate
(0.73, p= 0.003) and the non-significant value of a trigger coincidence rate (0.10, p = 0.09),
suggesting a global lag effect of an ENSO event, whatever its phase (El Niño or La Niña)
(Figure 5B). There was a non-random statistical relationship observed between an outbreak
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event of HeV in Australia (n = 40) following an event of El Niño/La Niña (a significant
precursor coincidence rate = 0.63, p= 0.006; a trigger coincidence rate = 0.14, p = 0.15)
(Figure 5C)), with a lag of 7 months estimated by cross-correlation time-series analysis
(Figure 3G; Table 4).

4. Discussion

Numerous studies have investigated the origins and drivers of emergence of bat-
borne viruses [44–48], with several pinpointing the importance of climate factors and
their variability [49,50]. Abnormal rainfall, temperature, and vegetation development
associated with ENSO climatic anomalies are known to create appropriate ecological
conditions for pathogen emergence, transmission, and propagation [3]. Here, our main
objective was to further investigate the potential statistical correlation between emergence
and spillover events of several bat-borne viruses and climate factors, such as rainfall,
temperature, global surface temperature anomalies, and ENSO events, using a single
analytical framework. We used diverse methodologies, such as time-series analyses, logistic
regression, SEM, and ECA, to better depict the complex relationships between these climate
factors, variability, and anomalies, as well as the emergence and spillover events of bat-
borne viruses in the Asia-Pacific region and the Arabian Peninsula.

While it has already been suggested that the emergences of HeV in Australia in 1994
and NiV in Malaysia in 1998 were associated with El Niño events [18,19,51], the long-
term surveillance data of NiV in Bangladesh and HeV in Australia provided a better
assessment of the influence of climate variability on the recurring spillovers of these bat-
borne viruses. Our findings revealed that the spillover patterns of these two closely related
paramyxoviruses, both belonging to the genus henipavirus and with closely related flying
fox hosts (Pteropus spp.), are differently impacted by climate variability and with different
time lags, according to our time-series cross-correlation analysis.

NiV outbreaks occurred almost annually in Bangladesh since 2001, following a sea-
sonal pattern with most outbreaks occurring during the winter months [52]. Even if some
livestock and domestic animals were found infected by NiV in Bangladesh [53], contact with
sick livestock or domestic animals is not considered an important risk factor of spillover
infections in Bangladesh [54]. The seasonal timing and spatial distribution of outbreaks
coincide with patterns of raw date palm sap production and consumption [52], suggesting
that human behavior and the consumption of date palm sap contaminated by Pteropus bats
play an important role in these spillovers [54]. However, the fact that the number of NiV
spillover events varies greatly from year to year suggests that additional factors influencing
bat ecology and movement must be at play [55–57]. This was confirmed by a serological
survey of Pteropus medius bats in Bangladesh which indicated that NiV viral shedding by
bats can happen at any time of year and that viral dynamics are cyclical, but not annual or
seasonal [58].

So far, a single climatic factor, winter temperature, was shown to be linked to NiV
spillover, with colder winter temperatures being associated with more spillovers [56].
Our study confirms the influence of temperature, but our logistic regression models also
suggest a correlation between NiV spillover and monthly rainfall, with a short time lag
of one month, with lower rainfall being associated with more spillover events. Our cross-
correlation analysis, logistic regression models, and SEM did not detect any significant
direct correlation between the NINO 3.4 index and NiV spillover events. However, our ECA
findings suggest that NiV spillovers in Bangladesh were significantly associated with ENSO
events, either El Niño or La Niña phases, with a time lag of three months. This suggests that
climate anomalies related to both warm and cool ENSO events may be linked to increased
risk of NiV spillover from bats in Bangladesh, which may be explained by the fact that El
Niño and La Niña events are characterized by similar rainfall and temperature anomalies
in large regions of Bangladesh [59]. ENSO events are associated with the incidence of
other diseases in Bangladesh, such as dengue and cholera [60,61]. Climate change will
lead to warmer winter temperatures in Bangladesh over the next few decades [62], which
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may reduce the number of NiV spillover events in the country, as the negative correlation
between temperature and NiV outbreaks was clearly demonstrated in this study and
others [56]. However, droughts are expected to significantly increase in some regions
of Bangladesh under global warming [62,63]. This could negatively impact bat food
resources, induce increased bat movement, and potentially lead to more NiV spillover
events, as shown by the negative correlation between rainfall and NiV spillover events
observed in this study.

Our study revealed a stronger correlation between climate variability and the spillover
pattern of HeV in eastern Australia than NiV in Bangladesh. HeV prevalence in flying foxes
in Australia has shown multi-year inter-epidemic periods, suggesting that viral dynamics
are not annual, but the ecological drivers and the climate influence behind this pattern
remain unclear [64–66]. Numerous factors including food shortage, low concentration
of nectar-based resources, extreme temperatures, dry conditions, phenology of eucalypt
forests, physiological stress, flying fox foraging behavior, and use of wintering roosts in ur-
ban and agricultural areas were all suggested to be associated with increased HeV shedding
in Australian flying foxes [18,66,67]. Our logistic regression models and SEM show that
seasonal climate factors (monthly temperature), but also multi-annual climate variability
(ENSO 3.4 index) and long-trend climate anomalies (land surface temperature anomalies),
significantly influence the complex pattern of HeV spillover events in Australia. Our ECA
also confirmed the hypothesis that HeV outbreaks were preceded by an ENSO-driven El
Niño/La Niña climate event with a time lag of seven months. Interestingly, our results
show no time lag between the mean monthly temperature recorded in Australia and the
spillovers of HeV, suggesting a direct influence of climate seasonality. McMichael et al. [68]
hypothesized that this correlation between lower winter temperature and increased HeV
shedding in flying foxes could be mediated by the physiological cost of thermoregulation.
The temporal lags observed between the ENSO 3.4 index (7 months) or the anomalies of
the land surface temperature (3 months) suggest an indirect effect of the climate variabil-
ity through ecological cascades that may affect food availability, bat migration patterns,
and physiological stresses. A previous study [18] showed that the significant impact of
ENSO on the flowering phenology of eucalypt, and consequently on bat foraging activities,
was characterized by a time lag (3–8 months) similar to the one we observed between
ENSO and HeV spillover events in this study (7 months). Lower eucalypt flowering and
bat foraging activities induced by an El Niño event may lead to increased HeV prevalence
a few months later [18].

Stress induced by climate variability can have a profound effect on disease dynamics in
wild animal populations, mostly in relation to immune changes [69] or behavioral changes,
such as climate-driven temporary migrations [18]. Bats undergo seasonal physiological
changes, including immunological functions, which affect viral shedding [69]. Flying fox
immunocompetence is challenged during food shortages driven by climatic anomalies, and
HeV (sero) prevalence in Australian pteropid bats increased when their body condition
decreased [67,70]. Immunological stress caused by physiological and behavioral changes
during the breeding season has been suggested as a contributing factor in HeV shedding in
some studies [67], but has been found to have no effect in others [70].

Beyond NiV and HeV, our findings suggest that the emergence of most viral diseases
of bat origin was likely driven by ENSO climatic anomalies, as 9 out of 12 bat-borne viruses
emerged in the Asia–Pacific region and the Arabian Peninsula after an ENSO event over
the last three decades (Table 1; Figure 1). Removing the emergence of the Australian bat
lyssavirus and NiV in the Philippines, given that other factors may have impacted these
emergence events, gave a high prior probability for the emergence of bat virus after an
event of El Niño/La Niña in our ECA (Figure 5). The recent emergence of SARS-CoV-2,
responsible of the coronavirus disease COVID-19 in China in late 2019, also followed an
important El Niño event, which had particularly affected China [71].

The emergence of Nipah in the Philippines in March 2014 was not linked to a warm or
cool ENSO phase, but did occur following major volcanic activity at Mt Mayon that started
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one year prior to the emergence [43]. A study conducted after the more recent eruption of
Mt. Mayon in 2018 showed large vegetation and environmental impacts of this eruption,
which have affected the whole archipelago up to the northern part of Borneo [72]. Studies
have also stressed the likely impacts of volcanic activities on disease outbreaks [73].

Retrospectively, our findings question the absence of emergence reports during major
El Niño-La Niña events before 1994. This may be related to an important limitation of our
study and the fact that several past spillover events of bat-borne viruses likely remained
undetected. The successful detection of spillover events requires an efficient surveillance
system adapted to wildlife, or bats in this case, and many countries are still lacking such a
wildlife and human health surveillance system [74]. It is also important to note that climate
is not the only factor influencing the emergence of bat-borne viruses. Several additional key
drivers that promote cross-species transmission and emergence of zoonotic pathogens have
been identified in Asia and include rapidly urbanizing populations, widespread wildlife
trade and wildlife consumption, intensive livestock production, deforestation, habitat
fragmentation, land-use change, and biodiversity loss [75,76]. Therefore, the absence of
bat-borne virus emergence report before 1994 may also be explained by increased contact
between bat and human/livestock populations over the last three decades due to land-
use change, deforestation, intensification of farming practice, and the expansion of the
distribution range of certain bat species linked to climate changes [49,75,76].

Climate modelling strongly suggests an intensification of extreme El Niño events
in the future [77,78], which will potentially increase the occurrence and outbreaks of
infectious diseases and the emergence of bat-borne viral diseases. Climate change will
also continue to shift the global distribution of bats and drive changes in bat richness
which will increase the risk of bat-borne coronaviruse emergence in the near future [49].
This study and its findings also stress the necessity of improving our knowledge of bat
ecology. Close monitoring of bat populations will improve our understanding of viral
spillover mechanisms, as demonstrated for HeV in eastern Australia and NiV in Bangladesh,
and will contribute to better prediction and prevention strategies.
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Abstract: Southeast Asia is considered a global hotspot of emerging zoonotic diseases. There, wildlife
is commonly traded under poor sanitary conditions in open markets; these markets have been
considered ‘the perfect storm’ for zoonotic disease transmission. We assessed the potential of wildlife
trade in spreading viral diseases by quantifying the number of wild animals of four mammalian
orders (Rodentia, Chiroptera, Carnivora and Primates) on sale in 14 Indonesian wildlife markets
and identifying zoonotic viruses potentially hosted by these animals. We constructed a network
analysis to visualize the animals that are traded alongside each other that may carry similar viruses.
We recorded 6725 wild animals of at least 15 species on sale. Cities and markets with larger human
population and number of stalls, respectively, offered more individuals for sale. Eight out of 15 animal
taxa recorded are hosts of 17 zoonotic virus species, nine of which can infect more than one species
as a host. The network analysis showed that long-tailed macaque has the greatest potential for
spreading viral diseases, since it is simultaneously the most traded species, sold in 13/14 markets,
and a potential host for nine viruses. It is traded alongside pig-tailed macaques in three markets,
with which it shares six viruses in common (Cowpox, Dengue, Hepatitis E, Herpes B, Simian foamy,
and Simian retrovirus type D). Short-nosed fruit bats and large flying foxes are potential hosts of
Nipah virus and are also sold in large quantities in 10/14 markets. This study highlights the need
for better surveillance and sanitary conditions to avoid the negative health impacts of unregulated
wildlife markets.

Keywords: zoonosis; Nipah; One Health; pandemic; COVID-19; wildlife trade; wet market; mammals

1. Introduction

Infectious diseases are responsible for more than 7 million deaths annually, causing
negative impacts on global health and substantial economic losses [1,2]. Seventy-five
percent of all emerging infectious diseases are zoonotic, i.e., diseases that have originated
from an animal and crossed the species barrier to infect humans, of which many have their
origins in wildlife [3,4]. Most of those emerging zoonotic diseases are caused by viruses.
All recent pandemic diseases allegedly originated from wildlife, such as HIV, SARS, and
COVID-19, are caused by viruses with a long history of adaptation to their natural hosts,
suggesting that investigations about activities that bring wild animals and humans in close
contact are urgently needed [5].

Global trade and commerce, including wildlife trade, are recognized as key factors
to the increase in emerging viral infectious diseases [6–8]. Specifically for wildlife, trade
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usually involves close contact between humans and animals (or their products) during the
harvest, processing and exchange, raising the risk of a zoonotic pathogen crossing species
lines [9,10]. The potential for viral infections in wildlife markets is enhanced because
animals are slaughtered on the spot to be either legally or illegally traded as medicines,
meat and pets [11]. These wild animals are often originated from areas many hundreds
of miles far from the market [12,13], are offered for sale alongside domestic animals and
kept in cramped conditions with little regard for hygiene or welfare. In addition, during
transportation or sale, species that would not naturally have contact with each other are
often kept close together in the facilities [14,15]. Those contacts break existent geographical,
ecological or behavioural separations of humans and domestic animals with wildlife,
increasing the likelihood of cross-species pathogen transmission [16].

In recent decades, increased global human population and recently established do-
mestic and international travel networks have escalated the commercialization of wildlife,
creating a situation in which the extent and velocity of zoonotic pathogen movement are
historically unmatched [17,18]. Much of the wild species are traded illegally, but even for
most of the legally sold there is no mandatory testing for pathogens [19]; this means that
once a pathogen has crossed the species boundary, the risk of the infection spreading to
susceptible populations is elevated [20].

For instance, the outbreak of SARS-CoV, linked to civets in China’s wildlife markets,
spread to 37 countries, affected 8,096 people (774 died) [21], and is estimated to have
led to the loss of $40 billion to the global economy [22]. Moreover, in China, natural
infections by SARS-CoV were detected in wild-caught masked palm civets (Paguma larvata)
for sale in wildlife markets but were not present in farmed civets [23]. Examples of
zoonotic diseases related to wildlife markets from the past few decades also include the
Ebola virus in primates, monkeypox in African rodents and possibly HIV in chimpanzees
(Pan troglodytes) [24,25].

China and South and Southeast Asia are considered global hotspots of emerging
zoonotic diseases [26]. In those regions, wildlife is commonly traded in open markets; these
markets have been considered ‘the perfect storm’ for zoonotic disease transmission. Events
of pathogen transfer to humans could be avoided or greatly reduced if transmission was
better understood and practices adjusted to mitigate risk, but the composition of species
sold in markets and the potential cross-transmission of pathogens among them and to
humans is still poorly investigated. In this study, we surveyed 14 wildlife markets in
10 cities of Indonesia to estimate volumes and composition of live wild species on sale and
assess the potential of wildlife trade in disseminating zoonotic diseases and facilitating a
spill over of viruses to humans and across wild species.

2. Materials and Methods

We collected data on wildlife trade in markets located on the islands of Java and Bali,
Indonesia. There are at least 53 animal markets on those islands, viz. nine large (50 to over
200 stalls or shops), 22 medium (20–49 stalls or shops) and 22 small (less than 20 stall or
shops) [27]. For this study, we surveyed 14 markets of 10 cities ranging from 15 to 100 stalls
that were visited for a total of 179 times, an average of 14.1 ± SE 3.5 times each over the
period of February 2016–February 2020 (Table 1). Here, we focused on four mammalian
Orders (primates, bats, rodents and carnivores) due to their phylogenetic relatedness with
humans, high prevalence in the markets, and for being among the main mammalian orders
hosting viruses, meaning that the susceptibility of a pathogen cross-transmission among
them and with humans is more likely [28]. Each market was visited by one or two of
the authors. By slowly walking through the market all live animals on sale (excluding
domesticated ones) were identified and counted. Species identification was normally done
in situ, mostly at the species level or, less frequently, at the genus level. This information
was logged into a mobile phone in the market or recorded in a notebook after leaving the
market. We also counted the number of stalls selling wild mammals as a measure of the size
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of the market. Trade was open and there was no need to resort to undercover techniques;
no animals were purchased.

Table 1. Details on location (city) with population size, names of the markets sampled, the sample
size in number of visits to the market, number of stalls, and richness of mammalian taxa sold in each
of the 14 wildlife markets surveyed in Indonesia (Java and Bali). Cities are listed from west to east.

City Population Size (Million)
Market

(Number of Stalls)
Visits

(N)
Richness of

Taxa (N)

Jakarta 10.562 Pramuka (100) 16 10

Jatinegara (55) 28 15

Barito (20) 28 14

Bogor 1.127 Tj Empang (15) 5 6

Bandung 2.510 Sukahaji (40) 40 13

Garut 0.065 Kerkhof (17) 35 11

Cirebon 0.322 Plered (40) 8 10

Semarang 1.654 Karimata (35) 10 9

Yogyakarta 0.436 Pasty (60) 7 10

Surakarta 0.522 Depok (70) 7 4

Surabaya 2.874 Bratang (75) 2 7

Kupang (25) 2 8

Denpasar 0.963 Satria (25) 6 8

TOTAL (647) 179 15

Information on viruses potentially infecting the different species on sale was obtained
from Johnson et al. [16], who catalogued the presence (or lack thereof) of 139 zoonotic
viruses in 5,335 wild terrestrial animal species. In cases when the animals were identified
at the genus level, we considered those species with known distribution in Java and Bali
and summed up the number of viruses species for the genus.

We summed the number of taxa on sale as a measure of species richness, and for
each taxon we calculated the mean number and standard deviation of animals detected
across all markets where they were present. We used Generalized Linear Models (GLM)
with Gamma family of distribution to assess the relationship between the population size
(in ln scale) of the city surveyed and both mean number of animals and richness of taxa
on sale in the markets, using individual markets in each city as replicates. Similarly, we
used GLMs to assess the relationship between the number of stalls selling wildlife in
each market (in ln scale) and both the mean number of individuals and richness of taxa
on sale. GLMs were performed using the “gamlss” package. We obtained the human
population size in 2020 of each surveyed city from Statistics Indonesia [29]. To build
the interaction network representing the interactions between markets and animals and
the main associated diseases, a weighted matrix was constructed with the number of
individuals that was recorded in each market. In order to visualize the animals that are
traded in the markets and the potential diseases that animals carry and share, we built a
diagram using the Sankey Network function of the “networkD3” package [30], where the
animal taxa sold, market and virus species are the nodes, and the links are the number of
animals offered for sale. All statistical analyses were performed in R statistical software
v4.1.0 (R Foundation for Statistical Computing, Vienna, Austria) [31].
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3. Results

3.1. Animals Sold in Markets

We recorded 6,725 wild animals of at least 15 species within the order Rodentia, Chi-
roptera, Carnivora and Primates for sale in the 14 wildlife markets (Figure 1; Table 2). Five
taxa accounted for almost 90% of traded animals, namely long-tailed macaque (Macaca fas-
cicularis) (24%), Asian palm civet (Paradoxurus hermaphroditus) (22%), and plantain squirrel
(Callosciurus notatus) (20%), followed by the large flying fox (Pteropus vampytus) (13%) and
Indonesian short-nosed fruit bat [Cynopterus titthaecheilus; possibly in western Java also
greater short-nosed fruit bat (Cynopterus sphinx) (10%)]. Informal conversations with sellers
indicate that most of the animals must have been collected within Indonesia, mostly on
Java, Bali and Sumatra, but also Borneo and possibly Sulawesi. None, or very few may
have come from abroad.

Figure 1. Trade in wild mammals in Java, Indonesia. (A) Indonesian short-nosed fruit bat (Cynopterus
titthaecheilus); (B) plantain squirrel (Callosciurus notatus), (C) long-tailed macaque (Macaca fascicularis)
and Asian palm civet (Paradoxurus hermaphroditus); (D) long-tailed macaque and giant fruit bat
(Pteropus vampyrus); (E) long-tailed macaque; (F) Javan mongoose (Urva javanica).
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Table 2. Average number of individuals sold in the 14 wildlife markets surveyed in Indonesia, and
number of zoonotic viruses that are able to infect these taxa as hosts.

Taxon
Number of Individuals

(Mean When Present ± SD)
Number of Markets with

Presence (% of Total)
Number of Zoonotic Viruses

(% of Total)

Plantain squirrel Callosciurus notatus 1313 (14.4 ± 11.0) 14 (100) 0 (0)

Prevost’s squirrel
Callosciurus prevostii 115 (4.5 ± 1.6) 6 (43) 0 (0)

Masked palm civet Paguma larvata 46 (1.5 ± 0.6) 7 (50) 1 (6)

Javan leopard cat
Prionailurus bengalensis 111 (1.8 ± 0.5) 6 (43) 1 (6)

Small Indian civet Viverricula indica 63 (1.7 ± 1.4) 11 (79) 0 (0)

Javan mongoose Herpestes javanicus 57 (1.2 ± 0.4) 9 (64) 2 (12)

Asian palm civet
Paradoxurus hermaphroditus 1501 (7.5 ± 7.9) 14 (100) 0 (0)

Asiatic small-clawed otter
Aonyx cinereus 45 (1.5 ± 0.8) 7 (50) 0 (0)

Table 2. Cont.

Taxon
Number of Individuals

(Mean When Present ± SD)
Number of Markets with

Presence (% of Total)
Number of Zoonotic Viruses

(% of Total)

Javan ferret badger
Melogale orientalis 40 (1.8 ± 0.7) 9 (64) 0 (0)

Indonesian short-nosed fruit bat
Cynopterus titthaecheilus 656 (19.9 ± 17.9) 10 (71) 5 (29)

Large flying fox Pteropus vampyrus 907 (9.5 ± 9.0) 13 (93) 1 (6)

Long-tailed macaque
Macaca fascicularis 1620 (10.3 ± 15.6) 13 (93) 9 (53)

Southern pig-tailed macaque
Macaca nemestrina 70 (2.8 ± 1.9) 3 (21) 6 (35)

Slow loris Nycticebus spp. 141 (2.9 ± 2.8) 5 (36) 0 (0)

Langur Trachypithecus spp. 40 (2.2 ± 1.3) 5 (36) 1 (6)

Total 6725 14 (100) 17 (100)

The mean number of individuals offered for sale showed a positive trend related with
the human population in the respective city (Estimate = 14.91 ± 4.10, t-value = 3.64, p-value
= 0.004) and the number of market stalls selling wildlife (Estimate = 39.54 ± 14.02, t-value
= 2.82, p-value = 0.02) (Figure 2). Conversely, no clear trend was found between human
population (Estimate = 0.53 ± 0.44, t-value = 1.21, p-value = 0.25) or number of stalls in the
market (Estimate = 0.05 ± 1.45, t-value = 0.035, p-value = 0.97) with taxa richness on sale.
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Figure 2. Relationship between human population size (in ln scale) of the surveyed city and mean
number of primates, rodents, bats and carnivores on sale in wildlife markets in Indonesia. Each point
is a sampled market, and the colour gradient refers to the estimated number of stalls selling wildlife
in each market.

3.2. Virus Species and Network of Markets and Hosts

At least eight (53%) out of 15 animal taxa recorded for sale are hosts of virus species
listed in the database consulted for known zoonotic diseases (Table 2). We recorded
17 different zoonotic viruses that can affect these taxa. Of those, nine viruses can infect
more than one recorded species as a host, including Influenza A, Nipah, Cowpox, Herpes
B; these viruses are all easily transmitted to humans with no need of vectors.

The taxa with the highest number of zoonotic viruses recorded are both macaques;
the long-tailed macaque, a potential host of 9 viruses (53% of the total number recorded),
including Cowpox, Dengue, Hepatitis E, Herpes B, Monkeypox, Reston, Ebola, Simian
Foamy, Simian retrovirus type D and Vesicular stomatitis viruses; and southern pig-tailed
macaque, with 6 (35%) virus species, including Cowpox, Dengue, Herpes B, Simian Foamy,
Simian retrovirus type D and St. Louis encephalitis viruses. Short-nosed fruit bats also
stand out by being potentially infected by 5 (29%) of the viruses recorded, but different
species from those infecting macaques, which include Influenza A, Issyk-Kul, Japanese
encephalitis, Kyasanur forest disease, and Nipah viruses. Of the remaining mammal taxa
sold, masked palm civet is a host of SARS-CoV (and SARS-CoV related) virus, Javan leopard
cat is a host of Influenza A virus, Javan mongoose is a host of Hepatitis E virus and Rabies,
large flying fox is a host of Nipah virus, and Trachypithecus langurs are a host of Dengue
virus. No virus was reported for the two recorded squirrels (Prevost’s squirrel and plantain
squirrel) and two civets (masked palm civet and small Indian civet) on trade, neither for
Asiatic small-clawed otter (Aonyx cinereus), Javan ferret badger (Melogale orientalis) and
slow lorises.

The Sankey network diagram shows that long-tailed macaque is the species with the
greatest potential for spreading diseases (Figure 3), since it is both a host for a large number
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of viruses and the most traded species, being sold in large quantities in 13 (93%) out of
14 surveyed markets.

Figure 3. Sankey network diagram illustrating the 14 surveyed wildlife markets (purple), the mammal
taxa (pink = bats, orange = primates, navy blue = carnivores, yellow = rodents), and the viruses (blue)
these animals have the potential to host and share by co-occurring in the same markets.

In addition, long-tailed macaques are traded simultaneously with pig-tailed macaques
in three markets, with the potential to spread six diseases in common (Cowpox, Dengue,
Hepatitis E, Herpes B, Simian foamy, and Simian retrovirus type D). Indonesian short-nosed
fruit bats and the large flying fox are also sold in large quantities and traded together in
10 markets, increasing the potential for the spread of Nipah virus. Furthermore, short-nosed
fruit bats and the Javan leopard cat are traded in four markets in common and are potential
hosts of Influenza A.

4. Discussion

4.1. Links between Wildlife Trade and Transmission of Viruses

Using the widespread and open trade in live wild mammals in markets on the
two main islands of Indonesia as our case study, we show that live wildlife markets
may provide optimal conditions for the spill over and spread of viral diseases. More popu-
lated cities and larger markets had larger quantities of animals being sold, and those same
markets had on sale several mammal species that potentially share viruses in common. In
addition, some of the most recorded species, such as long-tailed macaque and short-nosed
fruit bats, are hosts of several virus species and are traded in large quantities across almost
all markets, posing a risk of disease outbreaks to millions of people inhabiting those highly
populated islands. These findings are of great concern in terms of public health, because
there is a higher likelihood for an infected animal to end up in the market of a city where
(i) there is a wider range of species, increasing the chance of a spill over, and (ii) that is more
populated by humans, increasing the chance of fast pathogen spread and consequently for
outbreaks and epidemics to occur.

The number of zoonotic viruses potentially hosted by the traded species (17) in this
study is very similar to the number (16) identified in wildlife traded as wild meat in
Malaysia [32]; of these, nine are common between studies. This means that the risk of these
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viruses in infecting humans by contact in wildlife markets is not exclusive of Indonesia,
but potentially widespread across Southeast Asia. For most zoonotic viruses reported here,
the type of contact that sellers, buyers and even visitors have with the animals is enough
to enable transmission. SARS-CoV, Influenza, Hepatitis E, Issyk-Kul, Nipah viruses can
be transmitted through infected respiratory secretions and/or exposition to contaminated
faeces and urine [33,34], which is very likely to occur in a crowded market, often with
low levels of hygiene [35]. Others, such as Rabies, Cowpox, Herpes B Cercopithecine her-
pesvirus 1, Simian Foamy and Simian retrovirus type D can be transmitted transcutaneous
through animal bites and scratches, which are also possible to happen when handling
the animals or by humans having their mucous membranes or damaged skin exposed to
animal body fluids [36]. Only 4/17 (23.5%) of the viruses identified cause vector-borne
diseases, requiring the presence of a vector to be transmitted from infected animals to
humans. These include Dengue, Japanese encephalitis and St. Louis encephalitis, which
have mosquitoes as a vector, and Kyasanur forest disease virus that needs ticks as vectors
to be transmitted [37,38]. Although it is not impossible for vectors to be present at the
markets or, later, at the place where the bought animal is kept (especially ticks carried by
the animals), it is reasonable to assume that the need of a vector decreases substantially the
chance of those diseases to occur due to wildlife trade.

It is of great concern that the recorded virus species are potentially circulating in
wildlife markets in Southeast Asia, since among them are some viruses responsible for
causing serious and deadly diseases to humans. Nipah virus, in particular, is a bat-borne
virus that has caused severe disease outbreaks in Asia, with mortality rates reaching
over 90% in some cases, consisting of one of the deadliest viruses affecting humans [39].
This virus causes acute respiratory infection and fatal encephalitis, and yet there is no
treatment for infected individuals or vaccine available [40]. The virus can spill over to
domestic animals, such as pigs, horses, cats and dogs. In the surveyed markets in Indonesia,
domestic animals, mostly dogs and cats, were seen being sold as pets in large quantities;
free roaming cats and dogs, in addition to rats, are frequently encountered in the markets.
These animals may be infected especially by contact with traded bats’ urine. Outbreaks
of Nipah have happened in Malaysia, Bangladesh and India due to contact of humans
with infected domestic animals and contaminated food [40,41]. Therefore, Indonesia and
other countries presenting fruit bats of the Pteropodidae family may be at a very high
risk, especially with the facilitation of spill over through trade of these species. Herpes B
Cercopithecine herpesvirus 1 is also a pathogen worth of concern, since apparently healthy
macaques can host it without any overt signs of disease [36], increasing the chance of
infected animals to end up in the market and to be sold. Stress or immunosuppression,
both common health issues due to poor enclosure conditions, was observed to increase the
chance of macaques in shedding the virus [42]. Conversely, Herpes B in humans usually
results in fatal encephalomyelitis or severe neurologic impairment, with a death rate of
>70% when there is limited availability of antiviral therapy [36,42].

4.2. Sanitary and Health Implications

A number of species we encountered in the markets are included on Indonesia’s list
of protected species and no wild-caught individuals are allowed to enter the trade. These
include the Javan leopard cat, slow lorises and Trachypithecus langurs. In Indonesia trade
in species that are not legally protected is regulated through a harvest quota system [43].
For mammals these are mostly set at zero (i.e., no wild harvest is allowed) or only small
numbers are allowed to be harvested and traded for specific purposes. The numbers we
observed in the markets greatly exceeded these harvest quotas, as for instance for the year
2020 a total of one small Indian civet was allowed to be traded for pets for all of Indonesia,
in addition to five Prevost squirrels, five large flying foxes, six masked palm civets, 29 palm
civets and 135 plantain squirrels. Single visits to the animal markets on Java and Bali often
recorded these species in numbers far exceeding this. Hence, most of the trade in wild
mammals in the markets in Java and Bali is illegal and in violation of Indonesia’s domestic
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legislation and regulations. The maintenance of an illegal trade not only increases the
number of species and individuals on sale, creating more situations of contact for potential
sharing and spreading of pathogens, but also hamper proper control and establishment of
sanitary and hygienic measures to avoid viral transmissions and infections.

While the illegal trade certainly aggravates the potential of wildlife markets in spread-
ing diseases, the legal trade, if not properly monitored, also poses a similar threat to humans.
Reducing this threat is not a simple task, once ownership, consumption and trade of wild
species are usually part of the local culture, play important roles in local economy and occur
more frequently in developing, but megadiverse, countries where surveillance is often
insufficient [44,45]. It is, therefore, essential to consider this issue in the light of One Health
approach and reinforce the appreciation that human, animal and ecosystem health are
interdependent [46]. The implementation of measures to prevent new viral emergences and
protect human health requires a holistic approach that embraces all three components. Wild
population declines due to overexploitation and reduction in wildlife habitat quality were
strongly related to a higher risk of disease transmission of animal viruses to humans [16].
Accordingly, any proposals should to integrate these multiple dimensions and take into
account environmental, social and economic issues.

Sanitary measures should focus on the most affected species and largest markets
and cities. For instance, the most commercialized species in our study, the long-tailed
macaque, a potential host of nine virus species, has been recently classified by IUCN as
Endangered [47], especially due to high utilization by humans as a meat source for local
populations. During the COVID-19 pandemic, the demand for the species increased [47,48],
consequently raising the risk of disease transmission. In addition, the species is being
threatened due to its widespread use for biomedical and toxicological research [48]. Hence,
most efforts should be done for controlling its trade and prevent viral diseases to spread
from its use. However, for a more comprehensive analysis of risks, more information
should be available on the pathogen loads in traded animals, transmission risks at different
contact points, and potentials for animals to be taken to different parts of the country. One
suggestion is an implementation of zoonotic vigilance, where species in markets can be
periodically monitored for early detection of occurrence of main pathogens, allowing the
prevention of outbreaks in both humans and animals [49,50]. A functional early alert system
may attenuate the health, social and economic impacts of epidemics and pandemics [51].

In 2021, the World Health Organisation (WHO), the World Organisation for Animal
Health (OIE) and the United Nations Environment Programme (UNEP) have issued guid-
ance to help reduce public health risks associated with the sale of live wild mammals [52],
prompted by the COVID-19 pandemic and the allegedly role of a wildlife market in Wuhan,
China, in its origin. Although this attribution has been questioned, between 2017 and 2019
around 47 thousand individuals from 38 species were kept under poor welfare and hygiene
conditions and sold in Wuhan’s markets prior to the COVID-19 pandemic [53]. This fact
shows the potential of these markets in breaking the barriers of contact between humans
and wild animals, even in large urban areas of the world. The guidance from WHO is
focused on the sale of live species in food markets, but some may apply to the sale of live
species for broader purposes, such as pet ownership. Among the measures are the obvious
improvement of standards of hygiene and sanitation in these markets, which may include
avoidance of keeping animals in overpopulated cages and regular cleaning and disinfection
of animal enclosures, pest control and waste management with special attention to animal
urine, faeces and other secretions. Traceability of farmed wild animals, where this is an
option, can also contribute to curb the trade of animals illegally sourced from the wild
that are more likely to be shedding a pathogen [52]. The document also recommends the
development and implementation of campaigns for market traders, stallholders, consumers
and the wide general public that can bring information about the risks of transmission
of zoonotic pathogens at the human–animal interface, safety practices in handling and
keeping live wild animals and what to consider when selling or buying an animal in order
to reduce the likelihood of spreading zoonotic diseases.
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In addition to wildlife hunting and trade, the modification of environments by defor-
estation, intensification of agricultural production and urbanization increases the possibility
of interspecies transmission due to higher probability of contact between humans and ani-
mals [54,55]. In fact, forestation has been advocated as one potential ecological measure
to prevent virus outbreaks [56]. Climate change may also expand the habitat range of
some of the recorded taxa, such as bats, resulting in modifications in interactions among
species and facilitating cross-species spillover [57]. Our study demonstrated the potential
of applying interaction networks to better visualize the wildlife trade in Indonesia, as well
as the potential diseases that may emerge through interactions between organisms. In the
face of manyfold environmental changes happening in the world, new studies could use
this approach to advance the understanding of the use and trade of animals in other regions
of Asia, as well as other tropical areas in Africa and Latin America that are considered
infectious disease hotspots [3,58].

In this study we highlight the need for better surveillance and sanitary conditions to
avoid the negative health impacts of unregulated wildlife markets. More than half of the
species traded in wildlife markets in Indonesia are in fact hosts of zoonotic virus species.
This study could be used in the development of public health strategies in Southeast
Asia, such as implementing sanitary measures and standards in wildlife markets. This
information is also useful to develop awareness campaigns to educate people about the
numerous health risks from trading or buying wildlife highlighted, encouraging them to
buy wildlife that are legally sourced and surveilled for pathogens, or the consumption of
alternative foods whenever possible. Such initiatives could have additional benefits for the
conservation of threatened species by helping reduce the illegal domestic and international
trade of species in and from Southeast Asia [59].
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Abstract: Since the first recorded outbreak of the highly pathogenic avian influenza (HPAI) virus
(H5N1) in South Korea in 2003, numerous sporadic outbreaks have occurred in South Korean duck
and chicken farms, all of which have been attributed to avian influenza transmission from migratory
wild birds. A thorough investigation of the prevalence and seroprevalence of avian influenza viruses
(AIVs) in wild birds is critical for assessing the exposure risk and for directing strong and effective
regulatory measures to counteract the spread of AIVs among wild birds, poultry, and humans. In
this study, we performed a systematic review and meta-analysis, following the PRISMA guidelines,
to generate a quantitative estimate of the prevalence and seroprevalence of AIVs in wild birds in
South Korea. An extensive search of eligible studies was performed through electronic databases
and 853 records were identified, of which, 49 fulfilled the inclusion criteria. The pooled prevalence
and seroprevalence were estimated to be 1.57% (95% CI: 0.98, 2.51) and 15.91% (95% CI: 5.89, 36.38),
respectively. The highest prevalence and seroprevalence rates were detected in the Anseriformes
species, highlighting the critical role of this bird species in the dissemination of AIVs in South Korea.
Furthermore, the results of the subgroup analysis also revealed that the AIV seroprevalence in wild
birds varies depending on the detection rate, sample size, and sampling season. The findings of
this study demonstrate the necessity of strengthening the surveillance for AIV in wild birds and
implementing strong measures to curb the spread of AIV from wild birds to the poultry population.

Keywords: avian influenza virus; wild birds; prevalence; seroprevalence; systematic review; meta-analysis;
South Korea

1. Introduction

Avian influenza (AI), also known as the “bird flu,” a disease caused by influenza type
A viruses, affects a wide variety of domestic and wild birds. Based on their pathogenicity
in birds, influenza A viruses are classified as either highly pathogenic or low pathogenic
avian influenza viruses, known as HPAI and LPAI viruses, respectively [1,2]. Wild birds,
particularly migratory aquatic birds of the order Anseriformes (ducks, geese, and swans)
and Charadriiformes (shorebirds and gulls) are natural reservoirs of LPAI viruses [3–5]. As
LPAI viruses primarily replicate in duck intestinal tracts, their transmission among wild
birds occurs primarily through the fecal-oral route [1]. LPAI viruses are excreted in feces
and have been demonstrated to survive in water for an extended period of time [6]. Thus,
waterborne transmission could play a significant role in the spread of LPAI viruses among
migratory waterbirds.

Generally, AI viruses do not cause disease in wild birds, although subtypes of HPAI
viruses can invade and replicate in different organs and may cause severe infections [4,7].
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HPAI viruses evolve by mutation when the virus, carried in its mild form by a wild bird, is
introduced into poultry [5,8]. These viruses are capable of infecting a wide range of animal
species, such as swine, birds, companion animals, marine animals, and humans [7,9]. The
transmission of avian influenza viruses (AIVs) from infected wild birds to domestic birds is
perceived to occur through the sharing of water sources or the contamination of feed [10,11].
In humans, zoonotic subtypes of AIVs are transmitted mainly through direct contact with
infected domestic poultry [11,12]. To date, eight AIVs have been reported to infect humans,
of which, the H5N1 and H7N9 subtypes are associated with high morbidity and mortality
in a large number of humans [11,13,14]. In South Korea, the HPAI subtype, H5N1, was first
detected in duck meat imported from mainland China in 2000, which resulted in the loss of
4588 tons of meat [15]. From 2003 to 2004, an HPAI outbreak affected 392 chicken and duck
farms in South Korea, causing a total discard of 5,285,000 birds, which was equivalent to
$458 million [15,16].

In wild birds, the first cases of the H5N1 HPAI virus infection were primarily observed
in Hong Kong in late 2002 [17,18]. Since then, multiple AI outbreaks associated with the
H5N1 subtype have been reported in Asia, Africa, and Europe, all of which have been
ascribed to wild migratory birds [19,20]. These documented cases imply that wild aquatic
birds may play a major role in carrying AIVs over long distances via migration. Waterfowl
are the most observed migratory birds, and winter birds are predominantly associated
with the occurrence of AI in South Korea [2,16]. Although many countries have been
able to halt the spread of H5N1 in animal and human populations by conducting regular
surveillance and enforcing strict animal health regulations, the virus remains endemic to
poultry populations, primarily in low-income countries with inadequate animal health
and surveillance facilities. Owing to the rapid evolution of HPAI viruses, their devastating
impact on the global poultry industry, and the threat they pose to public health, it is critical
to understand the prevalence of AIVs in wild birds for risk assessment and preparedness
against future outbreaks.

The prevalence and seroprevalence of AIVs in the wild bird populations of South
Korea have been reported in various individual studies; however, no attempt has been
made to consolidate these studies to derive a robust prevalence estimate of AIVs using a
meta-analytical approach. The crucial benefit of meta-analysis is that it combines evidence
to achieve a more robust point estimate with a higher statistical power as compared
with that obtained from a single study from where the data originated [21,22]. Currently,
systematic reviews and meta-analyses are perceived as the best available knowledge sources
to make decisions regarding treatment choices [23], and meta-analyses are broadly used
to calculate precise estimates of disease frequency, such as disease incidence rates and
prevalence proportions [21,24]. In various studies, meta-analysis and regression analysis
techniques have been used to generate overall prevalence estimates of infectious agents in
animal populations and provide empirical evidence on associated risk factors [11,25,26].
In this study, we performed a systematic review and meta-analysis to estimate the overall
prevalence and seroprevalence of AI in wild birds, using data from available studies
conducted in South Korea. We hypothesized that the detection rate of AI in wild birds
would depend on the sampling period, detection method, sample size, and sample type.
Thus, subgroup analysis was adapted to investigate the sources of heterogeneity between
the reported prevalence from individual studies using the above-mentioned variables.

2. Materials and Methods

2.1. Study Design and Systematic Review Protocol

A systematic review and meta-analysis were performed in accordance with the Pre-
ferred Reporting Items for Systematic Review and Meta-Analysis Protocols (PRISMA-P)
guidelines [27] to determine the prevalence and seroprevalence of AI in wild birds in South
Korea (Table S1). The review question was structured in accordance with the “population,
exposure, comparator, and outcome” (PECO) format. In this systematic review, the “popu-
lation of interest” refers to the wild birds, and “exposure” refers to the AIVs. As this study
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is a systematic review and meta-analysis of prevalence, the category of “comparator” was
not relevant to this study. The “outcomes of interest” included the detected prevalence and
seroprevalence of AIVs in wild birds in South Korea.

2.2. Literature Search Strategy

An extensive literature search was conducted with no language restriction using
MEDLINE (via PubMed), Scopus, Web of Science, and South Korean databases, such as RISS
and KISS, to identify studies published between 1980 and 2021. The last literature search
was conducted on 23 December 2021. The following keywords: (wild bird* OR migratory
bird* OR waterfowl OR Galliformes OR Charadriiformes OR Anseriformes) AND (avian
influenza* OR AI OR bird flu OR avian flu OR influenza A virus OR AIV) AND (Korea OR
South Korea) AND (prevalence OR inciden* OR proportion OR cases OR surveillance OR
seroprevalence) were used to find eligible studies on the prevalence and seroprevalence of
AIVs in wild birds in South Korea. An asterisk was used to extend a search term to related
words with the same meaning (e.g., inciden* for incidence and incident).

2.3. Eligibility and Exclusion Criteria

In this systematic review and meta-analysis, the inclusion criteria were as follows:
cross-sectional studies, primary studies conducted in South Korea, studies that assessed the
prevalence and/or seroprevalence of AI in wild birds, studies that reported the sample size
and the number of positive samples or the prevalence/seroprevalence rate, and studies
with virus-isolation data. Studies were excluded if they were not conducted in South
Korea, if samples were collected from animals other than wild birds, and if they did not
report the total number of samples alongside the number of positive samples detected or
the exact calculated prevalence rate. The titles and abstracts were screened for suitability
using predetermined criteria. The full texts of potentially relevant articles were obtained
and evaluated.

2.4. Data Extraction

Data on the prevalence and seroprevalence of AI in wild birds in South Korea were
extracted by two independent reviewers, and any disagreements were resolved through
discussion and consensus. From all eligible studies, information regarding the first author,
year of publication, publication status (i.e., published or non-published), sample type (i.e.,
feces, cloacal swabs, carcass, or blood), detection method, sampling season, sampling
location, bird species, detected AI subtype, sample size, and the number of positive sam-
ples was extracted. Data were extracted and organized into a pre-developed Microsoft
Excel spreadsheet.

2.5. Risk of Bias Assessment

The eligible studies were assessed for internal and external validity by two indepen-
dent reviewers using the Joanna Briggs Institute (JBI) critical appraisal tools for prevalence
studies [28,29]. Each study was classified as having a low, high, or unclear risk of bias. The
checklist contained nine questions, but only eight were evaluated because one question
(regarding the response rate) was irrelevant to this study.

2.6. Data Synthesis

Data analysis was conducted using R version 4.1.2 (R Studio version 1.4) software [30,31].
The meta-analysis was performed and the forest plots were generated using the “meta”
and “metafor” packages [32–34]. The total number of samples collected and the number of
positive samples detected in each study were used to calculate overall prevalence estimates.
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To fulfill the assumption of a normal distribution, the logit transformation method was
applied to the data [24,26,35] using the following formula:

logit p = ln
(

p
1−p

)

with variance : var(logit p) = 1
np + 1

n(1−p)

where “n” is the total sample size and “p” is the prevalence of the pathogen under study. A
generalized linear mixed model, together with a logit transformation, demonstrates better
performance; different studies recommend the use of this approach, which was adapted in
this study to pool the data [35,36]. A random effects model was used to generate the pooled
prevalence and seroprevalence of AIV in wild birds in South Korea. To combine the study
estimates, the between-study variance (τ2) was estimated using the maximum likelihood
method. The overall effect size of the logit model and its corresponding 95% confidence
interval (CI) were calculated and back-transformed to prevalence rates for ease of inter-
pretation. The between-study heterogeneity was assessed using the Q test and I2 statistic,
which accounts for the amount of the observed variance that reflects the variance in true
effects rather than sampling error [37]. The heterogeneity between studies was considered
substantially high if the Q test yielded a statistically significant p-value (p < 0.05) and I2

was greater than 50%.
To investigate the reason for heterogeneity, a subgroup analysis was undertaken using

four pre-specified variables, including sampling season (i.e., fall/winter and spring/summer),
sample size (i.e., more than 1000 or less than 1000), sample type (i.e., feces, cloacal swabs,
carcass, and blood), detection method (i.e., ELISA, reverse transcription-polymerase chain
reaction (RT-PCR), rRT-PCR, hemagglutination (HA) test, virus isolation, hemagglutinin
inhibition (HI) test, and agar gel precipitation test (AGPT)) that could potentially affect
the reported prevalence in the literature. Publication bias was assessed through visual
inspection of the symmetry of the contour-enhanced funnel plots, and a quantitative
estimate of publication bias was performed using Egger’s regression test [38,39]. After
confirming publication bias, the Duval and Tweedie trim-and-fill method was used to
estimate an unbiased effect by imputing missing studies in the funnel plot [40].

3. Results

3.1. Search Results

Initially, 853 records were obtained by conducting an electronic database search. After
duplicates were removed, 434 studies remained, and their titles and abstracts were reviewed
for eligibility. After the title and abstract screening, 337 of the 434 records were removed.
The remaining 97 studies were subjected to full-text screening, of which 48 were deemed
irrelevant to this study, and the remaining 49 were finally included in the quantitative
synthesis (meta-analysis). The study selection process is illustrated in Figure 1.

3.2. Study Characteristics

Among the 49 studies eligible for the meta-analysis, 39 assessed the prevalence and
10 assessed the seroprevalence of AIVs in wild birds in South Korea. Of the prevalence
studies, 24 studies were published in peer-reviewed journals and 15 were non-published
records (e.g., government reports, research institute reports, and student dissertations).
Regarding the sampling season, 16 studies collected samples in fall and winter, whereas
the other 23 studies did not report the sampling season. The sample types included feces
(30 trials), carcasses (10 trials), cloacal swabs (10 trials), and combinations of samples
(2 trials); two trials did not specify the type of samples used. Samples were collected
from the Anseriformes (10 trials), Charadriiformes (5 trials), other species (9 trials), and
non-reported bird species (36 trials). Regarding seroprevalence studies, three studies were
published in South Korean or international academic journals, and the other seven were non-
published records. Regarding the sampling season, three studies collected samples in the
fall and winter, whereas the other seven studies did not report the sampling season. Blood
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samples were collected from the Anseriformes species (8 trials), Charadriiformes (5 trials),
other species (8 trials), and non-reported species (3 trials). The characteristics of studies
included in this systematic review and meta-analysis are summarized in Tables S2 and S3.

Figure 1. PRISMA flow diagram: Selection of studies on the prevalence and seroprevalence of avian
influenza virus in wild bird populations in South Korea for use in a systematic review and meta-analysis.

3.3. Risk of Bias Assessment

The results of the quality assessment of relevant studies that reported the prevalence
and seroprevalence of AIVs in wild birds are shown in Figure 2. Studies that reported
both prevalence and seroprevalence had a risk of bias, assessed by sorting each result.
Prevalence studies that used samples from the entire nation [8,17,41–56] or major migra-
tory bird habitats [2,57–63] determined that the sampling frame was properly chosen, as
samples were taken from within the pertinent regions to calculate the prevalence therein.
The sampling frame made for the studies whose primary goal was to identify the char-
acteristics of isolated AIVs [64–67] was judged to be at a high risk of bias because the
isolation rate reported in the studies was constrained to a particular region. It was challeng-
ing to assume that the sample frame of the studies reporting the prevalence of carcasses
referred for diagnosis was representative of the general wild bird population [68,69]. How-
ever, these prevalence studies used census, a suitable sampling method that examined
all samples within a predetermined sampling frame. Seven primary studies that eval-
uated the prevalence of AIVs were judged to have a low bias in the sampling method,
owing to proper capture methods from randomized wild birds [2,41–43,48,50,57]. All
studies, except for two [59,66] that did not describe the isolation method in detail, recorded
the condition of the samples by examining them with the proper techniques, such as
RT-PCR [2,8,17,41–44,48–52,54–56,58,60–62,65,67–74], rRT-PCR [53,63,64,75,76], or HA
tests [41,42,46,47,57,77]. All investigations, except for 12 studies [8,46,55,57–59,65–68,75,77],
had read the experimental results with distinguishing criteria. Prevalence studies with
small [56–59,64–69,71,73,74] and large sample sizes [2,8,17,41–55,60–63,70,72,75,76] were
differentiated according to adequate sample size (1000 samples).
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All studies unambiguously stated the number of examined samples and the number
of positive or virus-detected samples. Studies that assessed prevalence in subgroups
subdivided into sampling month [46,60,64,68,70,72], sampling year [2,8,48,49,51,54,55,72],
province [17,41–43,51,58–60,68,75], and bird species [42,43,46,48–52,57–59,68,75] allowed
for comparisons between the study sample and the population of interest. A low coverage
bias was determined in prevalence studies [2,41–43,48,50,52,60,72,75] that used a similar
sample number for each distinct subgroup. Otherwise, coverage bias was assessed as
high [8,17,46,49,51,54,55,57–59,64,68,70].

Seroprevalence studies, in which samples were collected from the entire
country [41–43,46,48,50,51] and major migratory bird habitats [2,49,78], were judged to set
a suitable sample frame. Seroprevalence studies [2,41–43] that sampled random subjects
using proper capture methods were judged to have low sampling bias. All experiments
detected antibodies in serum using appropriate methods, including the HI assay [46,48,49]
and ELISA [2,41–43,50,51,78]. All investigations, except for one [46], read the experimental
results with distinguishing criteria. Seroprevalence studies with small [2,41–43,78] and
large sample numbers [46,48–51] were differentiated according to adequate sample size
(1000 samples). All the studies unambiguously stated the number of examined and posi-
tive samples. Studies that assessed prevalence into subgroups subdivided into sampling
month [2], sampling year [2,48,51,78], province [43,49], and bird species [41,42,46,48–51,78]
allowed for comparisons between the study sample and the population of interest. Low
coverage bias was observed in prevalence studies [2,48,50] that used a similar sample size for
each distinct subgroup. Otherwise, coverage bias was assessed to be high [41–43,46,49,51,78].

 

Figure 2. Risk-of-bias assessment of eligible studies on prevalence (a) and seroprevalence (b) of avian
influenza viruses in wild birds of South Korea using the Joanna Briggs Institute (JBI) critical appraisal
tools for prevalence studies.
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3.4. Meta-Analysis Results
3.4.1. Prevalence Estimates

Thirty-nine studies investigated the prevalence of AIVs in wild birds in South Korea
(Figure 3). Overall, the pooled prevalence was estimated to be 1.57% (95% CI: 0.98, 2.51)
with high between-study heterogeneity (I2 = 100%). Subgroup analyses were performed
to investigate the source of heterogeneity using different variables that could potentially
affect the prevalence rates among individual studies. Regarding bird species, the highest
prevalence was detected in the Anseriformes species (4.34% (95% CI: 1.44, 12.30)), followed
by a group of non-reported species (1.20% (95% CI: 0.74, 1.94)). The lowest prevalence
was detected among Charadriiformes and other species (rather than Anseriformes and
Charadriiformes), with a prevalence of 0.19% (95% CI: 0.03, 1.33) and 0.22% (95% CI: 0.04,
1.20), respectively. However, the heterogeneity was still high within the Anseriformes
(I2 = 98%) and non-reported (I2 = 100) subgroups, whereas no heterogeneity was observed
within the Charadriiformes and other species subgroups (I2 = 0 for each). Based on the
sample type, the highest prevalence of 4.59% (95% CI: 0.76, 23.07) was detected in carcasses,
followed by 1.58% (95% CI: 1.06, 2.36) and 1% (95% CI: 0.36, 2.75) in feces and cloacal swabs,
respectively. The lowest prevalence, 0.63% (95% CI: 0.56, 0.71) and 0.97% (95% CI: 0.73,
1.28), was reported in mixed samples and non-reported sample types, respectively. The
variables of sample size, sampling season, detection method, and publication status, had
no significant influence on the prevalence rates (p > 0.05). All the variables assessed are
presented in Table 1.

Table 1. Results of subgroup analysis (prevalence rates) based on six potential effect modifiers.

Variables Prevalence Estimates (95%) I2 (%) τ2 Psubgroup

1. Bird species <0.01 a

Anseriformes 4.34 [1.44; 12.30] 98 3.2233

Charadriiformes 0.19 [0.03; 1.33] 0 0

Other species 0.22 [0.04; 1.20] 0 1.9568

Not reported 1.20 [0.74; 1.94] 100 2.1236

Overall prevalence 1.14 [0.72; 1.82] 99 2.8912

2. Sample type <0.01 a

Feces 1.58 [1.06; 2.36] 99 1.2236

Carcass 4.59 [0.76; 23.07] 95 7.1496

Cloacal swabs 1.00 [0.36; 2.75] 100 2.6837

Mixed samples 0.63 [0.56; 0.71] 0 0

Not reported 0.97 [0.73; 1.28] 96 0.039

Overall prevalence 1.7 [1.10; 2.64] 100 2.6417

3. Detection method =0.25 b

RT-PCR 1.98 [1.11; 3.53] 100 2.3799

HA-test 1.06 [0.59; 1.90] 95 0.5665

rRT-PCR 0.75 [0.32;1.75] 85 0.8644

Virus isolation 1.25 [0.14; 10.25] 88 2.0493

Overall prevalence 1.54 [0.99; 2.38] 100 2.0266

4. Sample size =0.05 b

Less than 1000 3.28 [1.20; 8.68] 97 3.3332

More than 1000 1.10 [0.74; 1.65] 100 1.1152

Overall prevalence 1.57 [0.99; 2.47] 100 2.1073
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Table 1. Cont.

Variables Prevalence Estimates (95%) I2 (%) τ2 Psubgroup

5. Sampling season =0.48 b

Fall to winter 1.94 [0.80; 4.61] 98 3.1168

Not reported 1.35 [0.82; 2.20] 100 1.4628

Overall prevalence 1.57 [0.99; 2.47] 100 2.1073

6. Publication status =0.82 b

Published 1.63 [0.80; 3.27] 100 3.07

Non-published 1.47 [0.95; 2.28] 100 0.7476

Overall prevalence 1.57 [0.99; 2.47] 100 2.1073
a The difference in prevalence estimates between subgroups was statistically significant. b There was no significant
difference in prevalence estimates between subgroups.

 

Figure 3. Forest plot of 39 studies assessing the prevalence of avian influenza virus in the wild bird
populations of South Korea [2,8,17,41–76].

3.4.2. Seroprevalence Estimates

Ten studies assessed the seroprevalence of AIVs in wild birds in South Korea. The
pooled seroprevalence estimate was 15.91% with a 95% CI of 5.89–36.38 (Figure 4). Between-
study heterogeneity was significantly high (I2 = 100%). To identify the reasons for hetero-
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geneity, we conducted subgroup analysis using bird species, detection method, sample size,
publication status, and sampling season as potential effect modifiers. All variables had a
significant influence on seroprevalence rates, except for publication status (Table 2). Re-
garding bird species, the highest seroprevalence was detected in the Anseriformes species
(30.45% (95% CI:18.97, 45.03)), followed by the Charadriiformes and non-reported species
with seroprevalence estimates of 2.95% (95% CI: 0.24, 27.43)) and 2.85% (95% CI: 1.17, 6.76),
respectively. The lowest seroprevalence was detected among other bird species (rather
than Anseriformes and Charadriiformes), with an estimate of 2.83% (95% CI: 0.40, 17.26).
Heterogeneity was still high within all subgroups (I2 > 90%), except for the Charadriiformes
species (I2 = 49%). Based on the detection method, the highest seroprevalence, 31.47%
(95% CI: 20.47, 45.02), was detected by ELISA, whereas the lowest seroprevalence of 2.46%
(95% CI: 1.12, 5.31) was indicated by the HI test. The sample size also demonstrated a
significant association with the seroprevalence rate, with the highest seroprevalence (30.93%
(18.48, 46.93)) observed in studies with less than 1000 samples compared with 5.03% (1.25,
18.20) observed in those with more than 1000 samples (p < 0.01). Subgroup analyses also
revealed that the highest seroprevalence was detected among studies that collected samples
from fall to winter (36.48% (24.05, 51.01)) than in studies that did not report the sampling
season (10.48% (3.46, 27.66)) (p < 0.02). Regarding the publication status, no significant
difference in seroprevalence was observed between the published (9.07% (1.91, 33.78)) and
non-published studies (19.85% (7.52, 43.01)) (p < 0.37). The results of the subgroup analysis
are presented in Table 2.

Table 2. Results of subgroup analysis (seroprevalence rates) based on five potential effect modifiers.

Variables Seroprevalence Estimates (95%) I2 (%) τ2 Psubgroup

1. Bird species <0.01 a

Anseriformes 30.45 [18.97; 45.03] 100 0.7793

Charadriiformes 2.95 [0.24; 27.43] 49 5.2003

Other species 2.83 [0.40; 17.26] 94 7.0157

Not reported 2.85 [1.17; 6.76] 99 0.6122

Overall prevalence 7.71 [3.33; 16.86] 99 4.3612

2. Detection method <0.01 a

ELISA 31.47 [20.47; 45.02] 97 0.5904

HI test 2.46 [1.12; 5.31] 99 0.475

Overall prevalence 15.90 [6.76; 33.01] 100 2.3668

3. Sample size <0.01 a

Less than 1000 30.93 [18.48; 46.93] 98 0.7001

More than 1000 5.03 [1.25; 18.20] 100 2.1246

Overall prevalence 15.90 [6.76; 33.01] 100 2.3668

4. Sampling season =0.02 a

Fall to winter 36.48 [24.05; 51.01] 98 0.2553

Not reported 10.48 [3.46; 27.66] 100 2.53

Overall prevalence 15.90 [6.76; 33.01] 100 2.3668

5. Publication status =0.37 b

Published 9.07 [1.91; 33.78] 99 2.0361

Non-published 19.85 [7.52; 43.01] 100 2.2482

Overall prevalence 15.9 [ 6.76; 33.01] 100 2.2482
a The difference in seroprevalence estimates between subgroups was statistically significant. b There was no
significant difference in seroprevalence estimates between subgroups.
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Figure 4. Forest plot of 10 studies assessing the seroprevalence of avian influenza virus in the wild
bird populations of South Korea [2,41–43,46,48–51,78].

3.5. Publication Bias

Publication bias occurs when the likelihood of a study being published is influenced by
its findings. In contrast to smaller studies with low effects, larger studies with relatively high
effects are more likely to be published because they are statistically significant. This results
in publication bias. To assess the presence of publication bias, contour-enhanced funnel
plots were generated with the effect sizes on the x-axis and their standard errors on the
y-axis (Figure 5). On visual inspection, the studies were symmetrically distributed on both
sides of the mean effect and demonstrated significant results (p < 0.05). This symmetrical
pattern suggests that a publication bias is unlikely. To avoid subjective inferences from
funnel plot visualizations, Egger’s regression test was applied to quantify the presence
of funnel plot asymmetry. Egger’s regression test yielded p-values of 0.094 and 0.506 for
prevalence and seroprevalence outcomes, respectively, indicating no funnel plot asymmetry;
hence, publication bias was not confirmed.

Figure 5. Contour-enhanced funnel plots for publication-bias assessment of the prevalence (a) and
seroprevalence (b) of avian influenza virus in wild birds in South Korea.

4. Discussion

AIVs in wild birds pose a pandemic threat to humans and the poultry industry world-
wide. Previous studies have confirmed the relationship between the wild bird migratory
route and AIV prevalence in South Korea by evaluating the geographical distributions
of HPAI outbreaks and cases of mortality in wild birds [2,79]. Therefore, it is of critical
importance to understand the current status of AI prevalence and seroprevalence in wild
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birds for use as an early warning system. In this study, we performed a systematic review
and meta-analysis to consolidate the data from individual primary studies that evaluated
the prevalence and seroprevalence of AIVs in wild birds in South Korea. The overall
prevalence was estimated to be 1.568% (0.976; 2.510), indicating that approximately 2% of
the wild bird population in South Korea are carriers of AIVs.

According to the census of winter migratory birds conducted in South Korea, approxi-
mately 1.63 million winter birds visited South Korea in 2020 [80]. Of these, 850,000 birds
belonged to the order Anseriformes and accounted for 52% of the total. Based on the results
of this meta-analysis, it can be estimated that approximately 32,600 migratory birds in South
Korea carry AIVs. Chen et al. (2019) discovered that the prevalence and seroprevalence
of AI were 2.5% and 26.5%, respectively, in wild birds in China [81]. The relatively low
prevalence of AIVs in wild birds in South Korea is consistent with the knowledge that South
Korea is not a breeding site, but rather a wintering area for adult wild birds, particularly
waterfowl, such as ducks and geese [17]. On the other hand, the seroprevalence estimate
was 15.911% (5.891; 36.383), suggesting that approximately 16% of the wild bird population
in South Korea has been exposed to AIVs. As the antibody-positive cases included indi-
viduals that had recovered from AIV, the seroprevalence would tend to be relatively high
compared with the prevalence. Another possible explanation for the high seroprevalence
of AIVs in wild birds is that during the migration route, the migratory birds aggregate at
nesting and feeding sites, which results in high rates of contact between birds, facilitating
AIV transmission and a high prevalence of antibodies in the bird population [82,83]. It is,
therefore, likely that wild birds arriving in South Korea will have had repeated exposure
to AIVs, which leads to the persistence of anti-AIV antibodies over long periods in their
bodies. The antibodies detected in wild birds could only be the result of seroconversion
induced by a natural viral infection, as they are not immunized against AIV. Thus, they
could play a critical role in spreading the virus to the surrounding environment, livestock,
and humans.

Of the six variables used in the subgroup analysis, two (bird species and sample type)
showed a significant influence on the prevalence rate of AIVs in wild birds. In contrast,
four variables (bird species, detection method, sample size, and sampling season) showed
a significant relationship with seroprevalence rates. Small studies (less than 1000 samples)
demonstrated higher prevalence and seroprevalence rates than large studies (more than
1000 samples). This could be related to the fact that studies with small sample sizes are
associated with higher effect sizes than bigger studies. Another possible reason is that the
larger studies included in the analysis are mostly the non-published government reports
that collected samples from different provinces of the country as part of a normal AIV
surveillance routine, thus reducing the chance of getting positive samples compared with
small studies that mainly collected samples from specific locations during or after an HPAI
outbreak, thus increasing the probability of getting more positive samples. Regarding the
species of wild birds, the highest AIV prevalence and seroprevalence rates were detected
in the Anseriformes species compared to others. These results are in line with previous
reports that waterfowl are the predominant migratory birds and are primarily associated
with AI occurrence in South Korea [2,16]. Similar findings were also reported in China,
where the highest AIV prevalence (6.8%) and seroprevalence (41.8%) were observed in
the Anseriformes species compared with that in non-Anseriformes species [81]. Based on
the sample type, the highest prevalence rate was revealed in carcasses compared to other
sample types (p < 0.01). One possible reason for these results is that carcass samples were
collected during or shortly after the 2014 HPAI outbreak (H5N8) in South Korean duck and
chicken farms and wild birds found in the Donglim reservoir, Jeonbuk province [2,51,68,69];
most of these carcasses were confirmed to have died from the HPAI virus (H5N8) clade
2.3.4.6 [69,84].

Considering the detection method, the highest seroprevalence was detected by ELISA
rather than the HI test (p < 0.01). This difference in performance could be due to the
low sensitivity of the HI test for detecting AIV antibodies, particularly the H5N1 and
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H3N2 serotypes [85,86]. Furthermore, the highest seroprevalence rate detected during the
fall-to-winter season is consistent with the National Institute of Environmental Research
report “Surveillance and monitoring of wildlife diseases in Korea, 2012,” which states that
the prevalence of AIVs increases from October to December (stage 1), when waterfowl
migrate from the north, and in April (stage 4), when passing migratory birds are moving to
the north [2]. Surprisingly, the results of the subgroup analysis confirmed no significant
influence of the sampling season on the prevalence estimates. However, this should be
interpreted with caution, as many studies included in the assessment of the prevalence
did not clearly report the sampling season, and many studies fell into a subgroup of “not
reported.” Consequently, this could have limited the power of the statistical tests to detect
the significance while it was present. In addition to the above-mentioned moderators,
prevalence rates in birds are likely to vary depending upon the surveillance period, the
sampling region, and whether surveillance was performed in response to an outbreak
or conducted as routine surveillance [11]. As most of the studies included in this meta-
analysis did not provide clear information about these variables, we could not evaluate
their contribution to the observed prevalence and seroprevalence rates. Although the
prevalence and seroprevalence estimates between subgroups were significantly different,
the within-subgroup heterogeneity was substantially high, indicating that none of the
variables could entirely explain the reasons for between-study heterogeneity.

This study had a few limitations. First, there was substantial variation in the prevalence
rates among individual studies. Although we used a couple of moderators to investigate the
source of heterogeneity, only a few studies clearly reported on these variables, and a large
number fell into the “not reported” subgroup. Furthermore, insufficient information was
available to adequately categorize studies based on the reason for surveillance (in response
to an outbreak or as routine surveillance), surveillance period, and sampling region, which
are also relevant covariates that could possibly demonstrate significant relationships with
the observed pooled prevalence estimates. Despite these limitations, the findings of this
meta-analysis provide a more robust estimate of AIV prevalence and seroprevalence in
wild birds in South Korea than that obtained from a single study.

5. Conclusions

In conclusion, this study provides solid evidence for the current prevalence of AIVs
among the South Korean wild bird population. These findings demonstrated that a large
number of wild birds in South Korea, particularly those of the order Anseriformes, are
carriers of AIVs, and others have already been exposed to AI because of the high detection
rate of anti-AIV antibodies. This poses a threat to the poultry industry and, potentially,
to humans in South Korea, due to the critical role of wild birds in the spread of AIV.
Furthermore, migratory wild birds have different flyways, which affect the distribution of
AIVs in different countries. A multi-country surveillance system would provide detailed
information on the prevalence and distribution of AIVs in this region. The evidence from
this study highlights the need to strengthen existing preventive measures and increase
surveillance activities to impede the risk of AIV transmission from wild birds to domestic
poultry and human beings.
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Abstract: Spatial expansions of vampire bat-transmitted rabies (VBR) are increasing the risk of lethal
infections in livestock and humans in Latin America. Identifying the drivers of these expansions
could improve current approaches to surveillance and prevention. We aimed to identify if VBR
spatial expansions are occurring in Colombia and test factors associated with these expansions. We
analyzed 2336 VBR outbreaks in livestock reported to the National Animal Health Agency (Instituto
Colombiano Agropecuario—ICA) affecting 297 municipalities from 2000–2019. The area affected
by VBR changed through time and was correlated to the reported number of outbreaks each year.
Consistent with spatial expansions, some municipalities reported VBR outbreaks for the first time
each year and nearly half of the estimated infected area in 2010–2019 did not report outbreaks in
the previous decade. However, the number of newly infected municipalities decreased between
2000–2019, suggesting decelerating spatial expansions. Municipalities infected later had lower cattle
populations and were located further from the local reporting offices of the ICA. Reducing the
VBR burden in Colombia requires improving vaccination coverage in both endemic and newly
infected areas while improving surveillance capacity in increasingly remote areas with lower cattle
populations where rabies is emerging.

Keywords: Latin America; Desmodus rotundus; livestock; passive surveillance; spatial epidemiology;
zoonosis

1. Introduction

Vampire bat-transmitted rabies (VBR) is a lethal zoonosis that represents a public
health problem and an economic burden for the livestock sector in Latin America [1,2].
Cattle are particularly affected by VBR and the costs of vaccination and rabies mortality
amount to substantial economic losses to small-scale farmers [3]. Since VBR is transmitted
by spillover from bats to livestock, outbreaks of VBR usually occur in farming areas
with low vaccination coverage of cattle where the virus circulates among vampire bat
populations [4–7]. Improving our understanding of the spatio-temporal dynamics of VBR
in bats could support more effective measures to reduce the burden of VBR in livestock; for
example, optimizing the spatial or temporal distribution of vaccines to livestock [1,8–10].

Spatial expansions of VBR were reported at the range limits of common vampire
bats and within their core distribution, generating novel public health and agricultural
risks [1,2,11]. For example, in Mexico, VBR has lagged behind the gradual northward
expansion of bats towards the United States of America and wave-like expansions into
historically rabies-free vampire bat populations were reported in multiple regions of Peru,
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Argentina, and at a small local scale in Brazil [2,5,12–14]. However, the drivers of the
occurrence, velocity, or direction of spatial expansions remain unknown but could be af-
fected by environmentally driven changes in the dynamics of rabies within bat populations,
influencing bat distribution and mobility across the landscape [1,2,4,5,15–17]. For example,
differences in cattle density across the landscape could influence the number and size
of bat colonies and thus influence viral spread across colonies [15]. An increase in VBR
outbreaks was suspected to result from an increase in juvenile dispersal during the wet
season in Argentina [18], while bat dispersal is suspected to increase VBR outbreaks during
the dry seasons in Colombia [4]. A major challenge is that countries that differ in these
environmental conditions also have surveillance systems with differing sensitivity, limiting
the value of international comparisons to understand the drivers of the observed variation
in VBR spread.

Colombia has reported hundreds of cases of VBR in livestock annually to the Epidemi-
ological Surveillance and Information System of the Instituto Colombiano Agropecuario
(ICA) since 1982 [4,19]. The country is composed of five biogeographic regions (Andean,
Caribbean, Pacific, Orinoquía, and Amazon), which differ in temperature, precipitation,
topography, and livestock density [20–22]. For example, the Andean region includes moun-
tains up to 5800mts [21], which may form natural barriers to bat dispersal and therefore
VBR propagation. Variable precipitation regimes across regions (e.g., unimodal, bimodal,
mixed, and aseasonal) [22], could also influence temporal patterns of bat dispersal and thus
VBR spatio-temporal dynamics such as seasonality [4,18]. Since the common vampire bat
Desmodus rotundus is the main reservoir of rabies in all these biogeographic regions [23],
Colombia represents an ideal system to study how different environmental factors could
influence VBR spatio-temporal dynamics.

Previous studies of VBR in Colombia found that most outbreaks occurred in areas
of high cattle density in the northern region of the Caribbean and the eastern region of
Orinoquía [4,6,20,24]. The number of outbreaks in livestock doubled from 2010 to 2019
with three outbreak peaks in 1985, 2010, and 2014 [4,19]. The reasons for these changes in
the annual number of outbreaks remain unknown; both spatial expansions and changes in
the incidence within endemic areas were hypothesized [2,14,25]. VBR outbreaks were also
speculated to be seasonal, with a higher number of outbreaks during the drier months [4].
However, previous studies have not formally tested whether viral expansions are occurring
and could explain the observed inter-annual or seasonal changes in VBR incidence. This
study aimed to identify whether spatial expansions of VBR are occurring in Colombia and
their relationship to the reported burden of rabies, and to test whether biotic or abiotic
conditions are associated with viral expansions.

2. Materials and Methods

2.1. National Surveillance VBR Data

Data on VBR outbreaks were provided by the Epidemiological Surveillance Technical
Direction from the ICA, which performs passive surveillance of VBR in livestock. Suspected
cases on the basis of neurological signs and mortality are reported by farmers, organiza-
tions, veterinary professionals, and other actors related to primary production to specific
personnel involved in rabies surveillance at each of the 172 local reporting offices across
the country (Figure 1A). Yearly campaigns are carried out to sustain an ‘Early Warning
System’ of rabies surveillance in each region by training local stakeholders involved in
livestock production to maintain constant surveillance of vampire bat bites and clinical
signs compatible with rabies, and to engage in timely reporting of suspected rabies cases
to local authorities [19]. In this study, a VBR outbreak was operationally defined when at
least one animal from a cluster of animals presenting clinical signs compatible with rabies
was confirmed to have died from rabies using the direct fluorescent antibody test [26].
The farm of origin was considered the epidemiological unit for each outbreak. At least
1 veterinarian in charge of rabies surveillance was present in each local reporting office for
field assistance during the study period, supervised by thirteen regional epidemiologists,
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and two national coordinators of rabies surveillance and disease control. No major changes
in the number of personnel or reporting offices were observed during our study period.
After suspected outbreaks reports were entered into the Official Control Disease National
Information System (SINECO), laboratory confirmation and information validation were
monitored at the national level [19]. A total of 2336 laboratory-confirmed VBR outbreaks
across Colombia occurring between 2000 and 2019 were analyzed. Information on the
department, municipality, village, and livestock species was obtained for all outbreaks.
GPS coordinates were available for outbreaks occurring from 2010 to 2019. Outbreaks
occurring from 2000 to 2009 (856 outbreaks, 37%) had no GPS coordinates recorded and
were assigned to the centroid of the nearest village where the farm was located using
QGIS 3.3.4 [27].

Figure 1. Spatial and temporal distribution of VBR outbreaks in Colombia from 2000 to 2019:
(A) Locations of VBR outbreaks across the five biogeographic regions of Colombia. Point colors
illustrate the five-year periods of outbreak occurrence. Triangles represent the local reporting offices
of the ICA’s national rabies surveillance system; (B) Bars represent the total number of VBR outbreaks
per year. Points correspond to the estimated annual infected area, expressed in number of cells. The
number of cells was estimated as the sum of cell grids with a density level higher than the 95th
percentile value (i.e., density = 0.01) from a Kernel estimation choosing a bandwidth = 0.01 and
a grid = 200 × 200 cells. Lines (black) represent the model prediction tendency estimated using the
method ‘loess’ in the geom_smooth function of the ggplot2 in R. Each plot represents estimates at the
country or biogeographic region level.

2.2. Colombian Biogeographical Regions and Municipality Data

The five biogeographical regions in Colombia are separated by Andean mountains and
include the (I) Caribbean region (dry forest and tropical desert), (II) Pacific region (tropical
rainforest), (III) Andean Region (low and high elevation tropical forest), (IV) Amazon
region (tropical rainforest), and (V) Orinoquía region (dry tropical grass plains) [21,28].
Each municipality was assigned to a biogeographical region using polygons delimiting each
region obtained from the administrative and biogeographic open access shapefiles at the
Environmental Information System from Colombia—SIAC (www.siac.gov.co/, accessed
on 29 June 2020). Altitude, mean annual precipitation and mean annual temperature
raster files of Colombia with a resolution of 0.8 km2 were obtained from Bioclim (https:
//www.worldclim.org/data/bioclim.html, accessed on 29 June 2020) and imported to
QGIS 3.3.4. The Point Sampling Tool plugin was used to assign regional and environmental
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variables values to each outbreak. Addresses of local reporting offices of ICA were obtained
from the ICA website (https://www.ica.gov.co/, accessed on 29 June 2020). Annual
livestock (horses, pigs, sheep, goats, and buffalos) populations for each municipality were
only available from ICA from 2006 to 2019. To avoid excluding outbreaks from 2000 to
2005 in the analysis, the livestock population estimated in 2006 was assigned to those years
(2000 to 2005) for each municipality. However, the livestock population remained relatively
constant from 2006 to 2017 and only increased after 2017 (Figure S1), so we expect that this
extrapolation would not considerably affect the robustness of our results.

2.3. Identifying Changes in the Area Affected by VBR

Changes in the infected area, i.e., differences in the geographic extent of locations
reporting VBR outbreaks over time, were evaluated using two approaches. First, we
calculated the annual number of municipalities that reported VBR for the first time, referred
to as ‘new municipalities’ [2]. The area of each municipality was estimated using the
areaPolygon function from the Geosphere package in R. Second, we used GPS locations
of each VBR outbreak to approximate the annual and monthly infected area. Specifically,
we estimated VBR-infected areas at the national and regional levels using kernel density
estimation using the bkde2D function from the KernSmooth package in R [29]. We chose
a bandwidth = 0.01 (10 km2 radius) and a grid = 200 × 200 cells that generated 10 km2 cells,
an area compatible with the distance of bat movements previously reported [30]. The VBR
infected area was estimated as the sum of cell grids with a density level higher than the
95th percentile value (i.e., density = 0.01) and was expressed as a number of infected cells.
To verify that the conclusions of our analyses regarding newly infected areas remained
similar when the estimated area affected around a location was larger, we also estimated
the infected area using a less restricted bandwidth = 0.1 that generates a 100 km2 radius
and a density level higher than the 88th percentile value (i.e., density = 0.005). We tested the
correlation between the annual number of outbreaks and the estimated infected area using
a Spearman’s correlation test with the cor.test function in R. Annual changes in the infected
area were estimated by comparing the infected area in a specific year to the infected area
of the previous year. Large-scale changes in the infected area over time were assessed by
comparing the infected area in the second decade of the study (2010–2019) to the infected
area in the first decade (2000–2009). ‘New infected areas’ were considered as cells infected
in the second period that were not infected in the first period, whereas cells infected in both
periods were considered ‘endemic areas’.

2.4. Seasonality Analysis

Generalized Additive Models (GAMs) were developed using the gam function in R to
test the non-linear annual and monthly variation in the number of outbreaks, the kernel den-
sity estimates of the infected area at the national and regional levels, and the annual number
of new municipalities reporting outbreaks. GAMs included month (ks = 12 and bs = “cc”)
and year (k = 20 and bs = “ps”) as smoothed variables, where k (knots) = temporal dimen-
sion used for the spline function and bs = the spline basis, using a cyclic cubic regression
(cc) for month and a p-spline (ps) for year.

2.5. Identifying Drivers of Potential Spatial Expansions

For each new municipality infected, we recorded the ‘time to first outbreak’, referring
here to the number of years between the start of our dataset (2000) and the year of the
first outbreak reported in that municipality. We then tested whether environmental and
anthropogenic drivers could explain the time to the first outbreak using a multivariate
regression model. The model was composed of local environmental factors including the
estimated cattle population at the year of the first outbreak (or the total livestock population
in a separate model) within each municipality, the first outbreak’s altitude, and mean
annual precipitation. Since the temperature was highly correlated to altitude (Spearman’s
correlation test: Rho = −0.89, p-value ≤ 0.01), the regression model only included altitude
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and precipitation as environmental variables. Since VBR outbreaks are often underreported
in Latin America and under-reporting can be correlated with distance to the reporting
office [3], we also included distances from the first outbreak in each municipality to the
closest reporting office, calculated using the geodist function in R. Given the count nature
of the response variable (i.e., years ranging from 0 to 19) and since data were overdispersed
(dispersion value = 4.06, p-value ≤ 0.01, DHARMa nonparametric dispersion test in R), we
built a quasi-Poisson Generalized Linear Mixed Model using a Penalized Quasi-Likelihood
with the function glmmPQL in R, including the biogeographical region as a random effect.

To identify whether spatial expansions occurred in a ‘wave-like’ spread where the
time of arrival to a municipality increases with its distance to the first case, we intended
to include in the model the distance between the first outbreak in each municipality and
the first outbreak reported in each biogeographic region [2]. However, the presence of
multiple, geographically distant outbreaks in the first month of our dataset suggested
that no reliable origin for a ‘wave-like’ spread could be identified, particularly in regions
where outbreaks likely occurred prior to 2000 (e.g., the Caribbean). Thus, this variable was
ultimately excluded from the analysis.

3. Results

3.1. Spatio-Temporal Distribution of VBR

From a total of 2336 VBR outbreaks, most were reported in cattle (2037 outbreaks, 87%),
followed by horses (285 outbreaks, 12%), pigs (5 outbreaks, 0.2%), sheep (4 outbreaks, 0.2%),
goats (2 outbreaks, 0.1%), and buffalos (2 outbreaks, 0.1%). VBR outbreaks were reported
in all five biogeographic regions of the country (Figure 1A and Figure S2A) including 27%
(297 out of 1123) of all municipalities (Figure S2B). Half of the VBR outbreaks were reported
in the Caribbean region (1243 outbreaks, 53%, 132 out of the 297 municipalities reporting
outbreaks). The Orinoquía (437 outbreaks, 19%, 34 municipalities) and Andean (421, 18%,
113 municipalities) regions reported a similar number of outbreaks. Outbreaks were only
occasionally reported in the Amazon (126, 5%, 31 municipalities) and Pacific (109, 5%,
nine municipalities) regions.

The number of VBR outbreaks varied significantly across years and months at the
national level (GAM: year effect estimate: edf = 10.25, F = 21.45, p-value ≤ 0.01; month
effect estimate: edf = 2.66, F = 0.73, p-value = 0.03, Table S1), with a peak in 2014
(Figure 1B) and the month of August (Figure S3). However, outbreaks peaked at dif-
ferent years in each biogeographic region and no seasonality was detected when separate
models were built for each region (Table S2). There was no correlation between the annual
number of VBR outbreaks and the annual total number of livestock (Spearman’s correlation:
rho = 0.02, p-value = 0.25) between 2006 and 2019. The Pacific was the only region not
reporting outbreaks after 2015. The national annual number of outbreaks was strongly
correlated with the VBR infected area estimated by Kernel densities (Spearman’s cor-
relation using 10 km2 radius: rho = 0.93, p-value ≤ 0.01, Spearman’s correlation using
100 km2 radius: rho = 0.90, p-value ≤ 0.01, Figure 1B), suggesting that the annual burden
of VBR may be more tightly linked to the spatial extent of the virus than to local variation
in incidence.

3.2. Changes in the VBR-Infected Area

From a total of 297 municipalities reporting VBR outbreaks between 2000 and 2019, the
annual number of infected municipalities ranged from 30 to 72 (mean ± SD = 47 ± 12). The
highest number of municipalities reporting outbreaks coincided with a peak in the number
of outbreaks in 2014 (72 municipalities and 247 outbreaks), when all regions reported
outbreaks (Figure 2A). An average of 15 municipalities [SD = 7, range: 6–31] reported VBR
outbreaks for the first time each year. Strikingly, these ‘new municipalities’ accounted for
24% (554 outbreaks) of all outbreaks and an average of 27% [SD = 18, range: 10−69] of
outbreaks per year. Additionally, an average of 38% [SD = 15, range: 10–58] of the area
infected per year was reported among ‘new municipalities’, implying that a considerable
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portion of the rabies burden occurs in areas that would have been considered rabies-free
the prior year. Although new municipalities were reported throughout the study, we noted
a marked decrease in the rate that new municipalities were reporting VBR over time (GAM:
edf = 1.00, F = 9.49, p-value ≤ 0.01, Table S3; Figure 2B). Within biogeographic regions, the
number of new municipalities significantly decreased in the Caribbean (Caribbean GAM:
edf = 1.71, F = 5.24, p-value = 0.01, Table S4, Figure S4) but not significantly in other regions
when considered alone.

Figure 2. Annual number of municipalities and infected areas in Colombia from 2000 to 2019:
(A) Bars represent the annual number of municipalities reporting VBR outbreaks; (B) Bars represent
the annual number of ‘new municipalities’ reporting VBR outbreaks for the first time. Each bar
division illustrates a biogeographic region; (C) Comparison between the infected area (IA) in the
second (2010–2019) and the first (2000–2009) decade of the study. ‘New infected areas’ were considered
as cells reporting VBR outbreaks in the second decade that did not report outbreaks in the first decade
(cells in purple), whereas cells reporting outbreaks in both decades were considered as ‘endemic
areas’ (cells in yellow). The infected area was estimated using a bandwidth = 0.01 that generated
a 10 km2 radius.

As measured by kernel densities, the VBR-infected area varied significantly across
years and months (GAM: year effect estimate: edf = 8.75, F = 18.23, p-value ≤ 0.01; month
effect estimate: edf = 1.95, F = 0.63, p-value = 0.02, Table S5), with different peaks in each
region (e.g., Caribbean, Orinoquía, Andean and Pacific) (Figures 1B and S5). However,
the Caribbean was the only region with a significant monthly variation (Caribbean GAM:
edf = 1.82, F = 0.54, p-value = 0.03, Table S6), with a peak in the infected area during June
(Figure S5). An average of 57% (SD = 16, ranging between 30–88 using a 10 km2 radius) or
31% (SD = 12, ranging between 14–59 using a 100 km2 radius) of the annual area infected
across the country originated from new cells reporting VBR outbreaks. Comparing the
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infected area between 2000–2009 and 2010–2019, 49% (1025 out of 2083 infected cells using
a 10 km2 radius) or 29% (1374 out of 4716 infected cells using a 100 km2 radius) of the total
area infected only reported outbreaks during the second decade (Figures 2C, S6 and S7).
Cells infected for the first time in the second decade were also identified in municipalities
previously infected during the first decade (Figure S7).

3.3. Potential Drivers of Spatial Expansions

The time to the first outbreak in each municipality was negatively correlated with
the municipality’s number of cattle (glmmPQL, Estimate = −2.0 × 10−6, p-value = 0.04,
Figure 3A) and was positively correlated with the distance from the outbreak to the report-
ing office (glmmPQL: Estimate = 2.34 × 10−3, p-value = 0.01, Table 1, Figures 3B and S8).
In contrast, the time to the first outbreak was not significantly correlated with altitude,
annual precipitation, or the total livestock population (tested in a different model instead
of ‘number of cattle’, glmmPQL: Estimate = −1.2 × 10−6, p-value = 0.12).

Figure 3. Influence of significant biotic and abiotic conditions on the time of arrival of the first VBR
outbreak at each municipality: (A) Correlation between the time of the first outbreak (e.g., number
of years since 2000) in a municipality and its cattle population. Total livestock population was
tested in a different model instead of ‘number of cattle’ without statistical significance (glmmPQL:
Estimate = −1.2 × 10−6, p-value = 0.12). Each point shape represents a biogeographical region;
(B) Correlation between the time of the first outbreak in a municipality and the geographical distance
of that outbreak to the closest reporting office. Lines (blue) represent the tendency estimated for
the model and the shadow represents the confidence interval (CI = 95%, grey) estimated using the
method ‘lm’ in the geom_smooth function ggplot2 in R.

Table 1. Drivers correlated with the time to the first VBR outbreak appearance in each outbreak
location: Results from a quasi-Poisson Generalized Linear Mixed Model using a Penalized Quasi-
Likelihood with the glmmPQL function in R, including region as a random effect. Time to the first
outbreak was not significantly correlated to the total livestock population tested in a different model
instead of ‘number of cattle’ (glmmPQL: Estimate = −1.2 × 10−6, p-value = 0.12). Asterisks identified
values considered as statistically significant at p-value < 0.05.

Variable Value Std. Error DF t-Value p-Value

(Intercept) 1.88 0.15 239 12.39 0.00
Altitude 1.59 × 10−5 8.02 × 10−5 239 0.20 0.84

Precipitation 5.16 × 10−5 5.66 × 10−5 239 0.91 0.36
Cattle population −2.00 × 10−6 9.50 × 10−7 239 −2.12 0.04 *

Distance to the reporting office 2.34 × 10−3 9.43 × 10−4 239 2.48 0.01 *

4. Discussion

Although VBR is considered an endemic disease affecting livestock in Colombia,
a poor understanding of its spatio-temporal dynamics limits the effectiveness of measures
to anticipate and prevent VBR outbreaks. Our analyses of VBR outbreaks in livestock
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passively reported to ICA between 2000 and 2019 revealed that temporal changes in VBR-
infected areas were consistent with VBR spatial expansions, with more than 30% of the
annual infected area originating from newly infected cells and municipalities, and 49% of
the infected area in 2010−2019 not reported as infected in the previous decade. Spatial
expansions of VBR in Colombia appeared to be decelerating and the virus arrived later in
areas with lower cattle populations and located far from local reporting offices. Given our
finding that a considerable portion of the national burden of VBR mortality in livestock
was attributable to spatial expansions of the virus, our results highlight the need to fortify
rabies surveillance and spillover prevention at viral range limits.

Over the 20 years of surveillance data that we analyzed, changes in the VBR-infected
area were observed at the country and regional levels (Figure 1B). However, no monotonic
trend was observed, with peaks in the infected area during different years across different
regions. Changes in the area reporting VBR in livestock could be explained by annual
changes in the spread of VBR among bat populations, in part due to spatial expansions
as previously observed in Brazil, Mexico, and Peru [2,5,14,31]. For example, changes in
bat dispersal or behavior due to environmental changes or culling could affect viral trans-
mission between bat colonies [4,32,33]. New lineages of VBR-colonizing bat populations
could also generate changes in the spread of VBR and thus in the area reporting outbreaks
in livestock [7,25]. Vampire bat distribution could also be expanding in some areas as
a consequence of climate change, an increasing number of human-made structures that
could be used as roosts (e.g., mines, tunnels, and abandoned houses), and expansion of
livestock populations [16,34]. However, previous studies have shown that VBR spatial
expansions such as traveling waves occur in areas with already established vampire bat
populations rather than by the expansion of vampire bat populations to new areas [2]. Al-
ternatively to changes in rabies circulation among bats or expansion in the bat distribution,
annual variation in the area covered by livestock vaccination could also result in changes in
the VBR mortality reported [3], with a higher infected area reported during years of lower
vaccination coverage. Thus, future research including estimates of vaccination coverage
at the municipality level could contribute to a better understanding of what drives the
observed changes in the area reporting VBR outbreaks.

Regardless of the mechanism underlying temporal variation in the affected area of
Colombia, our analysis suggests that the burden of VBR is tightly linked to the spatial
extent of the virus at any point in time. Specifically, we found a close correspondence
between estimates of the infected area and the number of outbreaks reported, suggesting
that the burden of rabies in livestock is predominately driven by the presence or absence of
the virus rather than local variation in incidence within endemically infected vampire bat
populations. Biologically, this pattern might arise through the combination of the extremely
low incidence of rabies in vampire bat populations (such that variation in levels of viral
circulation is trivial) and a high rate of spillover when the virus is circulating locally due
to the high contact rates between bats and livestock [35]. If verified, this finding would
have important implications for rabies management since interventions that aim to reduce
rabies incidence in vampire bat populations, such as bat population control, might be less
effective than direct measures at the bat–livestock interface such as livestock vaccination.
We also found that a substantial fraction of all outbreaks occurred in previously rabies-free
areas, which is surprising given the relative size of these areas compared to where the
virus has been historically endemic. This relatively high burden in historically rabies-
free areas is likely to be exacerbated by low or absent livestock vaccination in areas that
have not historically been affected, highlighting the potential gains from fortifying rabies
surveillance and vaccination efforts at viral range limits [3].

Our analyses suggest that spatial expansions of VBR in Colombia are occurring but
have decelerated through time. The slowing rate of expansion could reflect the exhaustion
of available rabies-free municipalities suited for both vampire bats and cattle. For example,
the Caribbean region had already reported VBR outbreaks in half of its municipalities
by the end of our study period, although a few new municipalities are still reported
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annually [1,4,9]. Our inability to infer the geographic origins or routes of viral expansions,
as was possible elsewhere in South America [2,13], also supports the conclusion that at
the start of our study, VBR had already established within some or all biogeographical
regions, with the observed expansions perhaps emanating in non-linear routes or from
multiple origins within a region. Despite this complexity, our study was, for the first
time, able to identify correlates of the timeline of VBR arrival to locations. We found that
spatial expansions arrived later in municipalities with low cattle populations, which we
hypothesize may reflect the epidemiological isolation of these areas arising from smaller
or more sparsely connected vampire bat populations [15]. It is alternatively possible that
areas with low livestock density instead have fewer real or reported spillovers due to the
smaller number of susceptible animals; however, a study in Peru found that reporting was
negatively (not positively) related to herd size and was strongly driven by the historical
presence of VBR, both arguing against effects of surveillance bias alone [3,36]. We also found
evidence for delayed arrival (or reporting) of VBR in municipalities far from reporting
offices. This result is likely to reflect both the true geographic isolation of these areas
concerning VBR spread and lower reporting rates due to logistical constraints, such that
VBR may take more time to be detected [2]. Unfortunately, data on reporting efforts at the
municipality level were not available for our study, requiring future research to discriminate
between these two alternative scenarios. Regardless, increased recognition of VBR in the
most isolated areas adds logistical challenges to the national rabies program relying on
livestock vaccination campaigns to reduce the VBR burden [3,36].

Instead of resulting from spatial expansions, temporal changes in the VBR-infected
area could result from VBR endemic circulation across the country combined with het-
erogeneous surveillance efforts that increased over time, generating new VBR reports in
areas previously considered as VBR-free when surveillance became sufficient to detect an
outbreak. Although data on surveillance efforts during our study period are not available
for Colombia to test this hypothesis, no changes in surveillance strategy or capacity were
reported at such a large scale that would be compatible with an increase in almost half of
the area reporting VBR in the second decade of our study period [19,37]. Further, earlier
studies argued that data collected through similar passive surveillance systems provide
an accurate reflection of viral arrival to new areas suggesting, as described above, that we
would have been unlikely to find a negative relationship between the time until VBR arrival
and livestock density if observations of outbreaks were based on reporting alone [2,13].
Finally, given that outbreaks in newly infected areas are likely to be larger due to low
vaccination coverage, we speculate that such a sudden increase in mortality would be
readily reported [38].

Despite the occurrence of spatial expansions of VBR outbreaks in Colombia, around
half of annual outbreaks still occur in ‘endemic areas’. Thus, VBR burden reduction will
require improving vaccination coverage in both endemic areas and newly infected munici-
palities/areas. Our findings suggest that vaccination programs in municipalities previously
reporting outbreaks were insufficient to eliminate livestock deaths in the following years.
Mandatory vaccination in high-risk zones was established by the ICA’s animal health
program in 2003 but has been firmly implemented since 2015 [39,40].However, vaccination
coverage remains limited for restricted laboratory production and other reasons that remain
unclear. Thus, identifying factors that limit vaccination would help reduce the VBR burden
in endemic areas. For example, farmers’ low knowledge of veterinary public authorities
and farms located at a higher elevation, rather than a low socio-economic status, were
associated with low rabies vaccination intake in Peru [3]. In contrast, reducing the burden
of rabies in newly infected areas, which comprised on average at least 27% of outbreaks
per year, requires improved epidemiological capacity to forecast the routes and velocity
of viral invasions and how these are affected by environmental conditions. As such, our
study is a starting point toward the eventual aim of preventive vaccination in areas with
emerging risks.
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5. Conclusions

Overall, our study suggests that part of the changes in the area reporting VBR in the
livestock of Colombia could result from spatial expansions of VBR. Our findings suggest
that reducing the VBR burden will require improving vaccination coverage in both endemic
areas and newly infected areas. This study supports previous work identifying spatial
expansions in Brazil, Mexico, and Peru, and suggests that VBR is slowing in speed across
Colombia. Delayed and still ongoing viral detections in municipalities with lower cattle
populations and those farthest from the local reporting offices indicate surveillance gaps in
remote areas that are likely to decrease outbreak predictability, which may intensify losses
in newly infected areas.
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Abstract: Human-to-swine transmission of influenza A (H3N2) virus occurs repeatedly and plays a
critical role in swine influenza A virus (IAV) evolution and diversity. Human seasonal H3 IAVs were
introduced from human-to-swine in the 1990s in the United States and classified as 1990.1 and 1990.4
lineages; the 1990.4 lineage diversified into 1990.4.A–F clades. Additional introductions occurred in
the 2010s, establishing the 2010.1 and 2010.2 lineages. Human zoonotic cases with swine IAV, known
as variant viruses, have occurred from the 1990.4 and 2010.1 lineages, highlighting a public health
concern. If a variant virus is antigenically drifted from current human seasonal vaccine (HuVac)
strains, it may be chosen as a candidate virus vaccine (CVV) for pandemic preparedness purposes. We
assessed the zoonotic risk of US swine H3N2 strains by performing phylogenetic analyses of recent
swine H3 strains to identify the major contemporary circulating genetic clades. Representatives were
tested in hemagglutination inhibition assays with ferret post-infection antisera raised against existing
CVVs or HuVac viruses. The 1990.1, 1990.4.A, and 1990.4.B.2 clade viruses displayed significant
loss in cross-reactivity to CVV and HuVac antisera, and interspecies transmission potential was
subsequently investigated in a pig-to-ferret transmission study. Strains from the three lineages were
transmitted from pigs to ferrets via respiratory droplets, but there were differential shedding profiles.
These data suggest that existing CVVs may offer limited protection against swine H3N2 infection, and
that contemporary 1990.4.A viruses represent a specific concern given their widespread circulation
among swine in the United States and association with multiple zoonotic cases.

Keywords: influenza A virus; H3N2; swine; pandemic preparedness; zoonosis; variant; antigenic drift

1. Introduction

The H3N2 subtype of influenza A virus (IAV) has caused influenza morbidity and
mortality in humans globally, with more severe annual epidemics than H1N1 or influenza
B virus since the 1968 pandemic [1]. From 1968 to the present, human seasonal H3N2
strains have been introduced into pig populations, establishing endemic lineages that
cause an important respiratory disease in pigs, impacting the swine industry, and pos-
ing a zoonotic health concern for humans. Pigs may serve as an intermediate host of
IAV due to the expression of both α2,6 and α2,3 linked sialic acids on receptors, which
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also serve as IAV receptors in humans and birds, respectively [2]. Pigs may be infected
by avian or human-derived IAV, although host barriers appear to limit the frequency of
these interspecies events, particularly from birds to pigs [2]. When there is interspecies
transmission, there may be rapid evolution within the swine host due to reassortment
events and the error-prone replication of the virus. The evolution of human and avian
IAV within the swine host has led to the emergence of novel strains with pandemic
potential [3,4]. A notable example of the two-way transmission of IAV between hu-
mans and swine populations worldwide was the emergence of the 2009 pandemic H1N1
(H1N1pdm09) of swine-origin and subsequent transmission from humans to swine, re-
sulting in reassortment with endemic swine IAV, including North American swine H3N2
viruses [5,6].

In the 1990s, the introduction of a human seasonal H3N2 virus into swine and the
subsequent reassortment into viruses containing a triple reassortant internal gene cassette
(TRIG) [4,7] dramatically increased endemic swine IAV diversity in North America [6,8,9].
This virus lineage had gene segments derived from classical swine lineage H1N1, human
seasonal H3N2 viruses, and North American avian IAV [6,8,9]. The H3 genes from human
seasonal introductions maintained in swine are phylogenetically distinct and referred to as
the 1990.1 and 1990.4 clades using global nomenclature based on decade of introduction [10].
The 1990.4 lineage diversified into six phylogenetic clades (1990.4.A–F) [11,12]. More recent
human-to-swine H3N2 transmission events in the 2010 decade led to the 2010.1 and 2010.2
lineages in U.S. swine from incursions occurring in 2010–11 and in 2016–17, respectively [13–15].

Human infections with IAV of swine origin, termed variant viruses to differentiate
them from human seasonal IAV, are sporadically detected in the U.S. To date, a total of
434 H3N2 variant cases have been detected, with most cases involving direct or indirect
contact with infected swine at interfaces such as agricultural fairs and livestock shows [13].
Most of these cases occurred in 2011–2012 (n = 306) and were caused by the 1990.4.A swine
lineage, but there have been variant cases detected from other 1990.4 genetic clades along
with the 1990.1 and 2010.1 lineages [10]. Although human-to-human transmission of variant
IAV strains is rare, the zoonotic potential and/or pandemic risk of swine-origin IAV should
not be underestimated, as exemplified by the H1N1pdm09 pandemic [3]. Variant IAV cases
in the U.S. are monitored and reported by the Centers for Disease Control and Prevention
(CDC), which then reports novel influenza viruses to the World Health Organization
(WHO). Animal influenza activity, including variant detections, is reviewed twice per year
during the WHO consultation meetings on the composition of IAV vaccines. If these variant
viruses are genetically and antigenically distinct from current human seasonal vaccines
and existing pre-pandemic candidate vaccine viruses (CVVs), a representative strain from
the clade may be considered for the development of a new CVV [16]. Over the past decade,
several avian and swine IAV strains from human zoonotic infections have been selected
as CVVs and are available within the WHO Global Influenza Surveillance and Response
System (GISRS). This initiative helps the international community prepare for the public
health risks of animal influenza viruses with a potential global impact [17].

We previously identified swine H3N2 strains against which humans are likely to
lack population immunity or are not protected by a current human seasonal vaccine, or
CVV [18]. Adult human sera revealed limited immunity against the 1990.1, 1990.4.A,
and 1990.4.B swine lineages, especially in individuals born after 1970 [18]. To further
understand the zoonotic potential of swine IAV, we analyzed contemporary swine H3 HA
genes collected in 2020 in the U.S. and selected representatives from each detected clade.
Then, we used serological methods to test ferret antisera raised against human vaccines or
related variant CVV strains to identify swine strains with limited cross-reactivity. Lastly,
three representative H3N2 strains that showed a substantial reduction in cross-reactivity
to a relevant CVV or a human seasonal vaccine were tested for zoonotic potential in a
pig-to-ferret interspecies transmission model.
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2. Material and Methods

2.1. Genetic Analysis and Strain Selection

At the biannual WHO information meeting on the composition of influenza virus
vaccines, animal influenza activity data for 6-month periods are presented and compared
against human IAV vaccine components and pre-pandemic CVVs. All swine H3 HA
sequences collected between 1 January 2020, and 30 June 2020 were downloaded from
GISAID [19]. Sequences were compiled with human seasonal vaccine and CVV strains and
aligned using MAFFT v7.453 [20]. We inferred a maximum-likelihood phylogeny for the HA
nucleotide alignment using IQ-TREE v2 implementing automatic model selection [21,22]
with subsequent tree visualization and annotation in Smot v.1.0.0 [23]. The HA genes and
associated available whole genome data were classified to a genetic clade or evolutionary
lineage using the octoFLU pipeline [24], and a consensus HA1 for each identified clade was
generated from the translated amino acid sequence data using flutile (https://github.com/
flu-crew/flutile, accessed on 5 December 2022). We identified lineages circulating in the U.S.
and selected a representative strain for each genetic clade by generating a pairwise distance
matrix and choosing the best match between the HA1 clade consensus sequence and a virus
isolate available in the USDA IAV swine virus repository. We excluded the 1970.1, 2000.3,
and Other-Human-1990 lineages as they were not detected in the U.S. We did not identify
field isolates for additional assessment from the 2010.2 lineage because it was less frequently
detected and retained cross-reactivity with human seasonal vaccine anti-sera [14] or the
2010.1 lineage because it includes a within-clade CVV that was previously characterized
in our swine-to-ferret model [25], and human sera contained cross-reactive antibodies to
this clade [18]. Selected viruses were tested by hemagglutinin inhibition (HI) assay (using
guinea pig red blood cells) against ferret antisera raised against human seasonal vaccine
viruses and CVVs. For swine-to-ferret transmission studies, we expanded the selection
criteria to ensure the identified strain included a representative neuraminidase (NA) and
internal gene constellation through identifying the predominant evolutionary lineages and
genetic clades paired to the HA genes using octoFLUshow [24]. We identified the amino
acid differences between the characterized strains, clade consensus HA1 sequences, and
within-clade CVVs, or human seasonal vaccine strains, using flutile (https://github.com/
flu-crew/flutile, accessed on 5 December 2022).

2.2. Viruses and Ferret Antisera

Swine H3N2 isolates were selected from clades 1990.1 (A/swine/Missouri/A02257614/2018),
1990.4.A (A/swine/North Carolina/A02245294/2019) and 1990.4.B.2 (A/swine/Illinois/
A02479007/2020) and provided by the National Veterinary Services Laboratories (NVSL) through
the U.S. Department of Agriculture (USDA) IAV swine surveillance system in conjunction with the
USDA-National Animal Health Laboratory Network (NAHLN). The virus isolates A/Minnesota/
11/2010 × 203 CVV, IDCDC-RG55C (A/Ohio/28/2016-like) CVV, A/Indiana/27/2018 variant,
and A/Iowa/60/2018, a human H3N2 seasonal vaccine strain (the A (H3N2) component of non-
egg-based vaccines used in the 2020 Southern Hemisphere vaccine), along with ferret antisera
produced against these strains, were provided from the CDC, Atlanta, Georgia, U.S.A. The viruses
was propagated on Madin-Darby canine kidney (MDCK) cells grown in Opti-MEM (Life Technolo-
gies, Waltham, MA, USA). Virus growth media contained antibiotics/antimycotics and 1μg/mL of
tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-trypsin (Worthington Biochemical Corp.,
Lakewood, NJ, USA).

2.3. Hemagglutination Inhibition

Prior to hemagglutination inhibition (HI) assays, ferret antisera were heat inactivated
at 56 ◦C for 30 min then treated with a 20% Kaolin suspension (Sigma-Aldrich, St. Louis,
MO, USA), followed by an adsorption with 0.75% guinea pig red blood cells to remove
nonspecific hemagglutination inhibitors, as previously described [26]. In order to address
coverage of contemporary U.S. swine H3N2 viruses by the nearest CVV or HuVac, HI assays
were performed using ferret antisera in the presence of 20 nM of oseltamivir carboxylate [10].
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Pig antisera were treated with receptor-destroying enzyme (RDE) (Denka Seiken Co., LTD.,
Tokyo, Japan), heat inactivated at 56 ◦C for 30 min, and adsorbed with 50% turkey red
blood cells for nonspecific hemagglutination inhibitors.

2.4. Swine-to-Ferret Transmission Study Design

A total of 20 three-week-old pigs obtained from a herd free of IAV and porcine repro-
ductive and respiratory syndrome virus were housed in a biosafety level 2 containment
facility in compliance with an approved USDA-ARS NADC animal care and use protocol.
Upon arrival, pigs were treated prophylactically with ceftiofur (Zoetis, Florham Park, NJ,
USA), according to the label directions, to reduce potential respiratory bacterial pathogens.
Sixteen 4–6-month-old male and female ferrets were obtained from an influenza-free, high
health source for use as transmission contacts. Upon arrival, all pigs and ferrets were
screened for antibody against influenza A nucleoprotein (NP) by a commercial enzyme-
linked immunosorbent assay (ELISA) (MultiS ELISA; Idexx, Westbrook, ME, USA) to ensure
the absence of preexisting immunity from prior exposure or passively acquired maternal
antibody. Pigs were randomly assigned into four groups of five (three experimental groups,
one naïve control group) and placed into separate containment rooms.

Pigs in experimental groups were challenged with 2 mL intranasally of 1 × 106 50%
tissue culture infectious dose (TCID50)/mL [27] of each strain diluted in phosphate-buffered
saline (PBS). At 2 days post infection (dpi), four ferrets per group were housed individually
in open-front isolators were placed approximately 4 feet from the pig deck, as previously
described [25]. All animals received a subcutaneous radio frequency microchip (pigs:
Deston Fearing, Dallas, TX; Ferrets: Biomedic Data Systems Inc., Seaford, DE, USA) for
identification and body temperature monitoring purposes. The body temperatures of
contact ferrets were monitored from −2 to 12 dpc. A febrile response was considered when
a ferret displayed a temperature greater than 2 standard deviations above the mean of
ferret temperatures before exposure (>39.5 ◦C). Ferrets were provided routine care and
handled before pigs, with a change in outer gloves and surface decontamination of gowns
and equipment with 70% ethanol between individual ferrets.

Nasal swab samples (FLOQSwabs; Copan Diagnostics, Murrieta, CA, USA) were
collected from pigs at 0, 1, 3, and 5 dpi, and then three pigs from each group were humanely
euthanized and necropsied at 5 dpi to evaluate lung lesions, as previously described [28].
The remaining two pigs in each group were swabbed at 7 and 9 dpi, then humanely eutha-
nized and necropsied at 14 dpi. Broncho-alveolar fluid (BALF) and serum samples were
collected at each of the necropsy timepoints described above. To assess virus replication in
contact ferrets, nasal wash samples were collected at 0, 1, 3, 5, 7, 9, 11, and 12 days post-
contact (dpc), following methods previously described [25]. BALF and plasma samples
from ferrets were collected at necropsy on 12 dpc [25]. To confirm the pig-to-ferret transmis-
sion by the seroconversion of contact ferrets, the sera from contact ferrets collected at 12 dpc
were analyzed by HI assay and a commercial blocking enzyme-linked immunosorbent
assay (ELISA) against influenza A nucleoprotein (NP) (MultiS ELISA; Idexx, Westbrook,
ME, USA) with a positive optical density (O.D.) cut-off of <0.6.

2.5. Virus Replication and Shedding

Nasal swab, nasal wash, and BALF samples were titrated on MDCK cells to evaluate
virus replication in the nose and lungs, as previously described for pigs [28] and ferrets [25].
MDCK-inoculated monolayers were evaluated for cytopathic effect (CPE) between 48
and 72 h post-infection, fixed with 4% phosphate-buffered formalin, and stained using
immunocytochemistry (ICC) with an anti-influenza A NP monoclonal antibody [29]. A
TCID50 titer per mL was calculated for each positive sample. Nasal wash samples that
were positive in the virus isolation but negative in the virus titration were confirmed by
qPCR VetMAX™-Gold SIV Detection Kit (ThermoFisher Scientific, MA, USA) and run with
a qPCR standard curve included with the kit, ranging from 10–1,000,000 copies per μL.
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2.6. Pathologic Examination

At 5 dpi, the percentage of the lung affected by purple-red consolidation typical of
influenza virus in swine was visually estimated [28]. The percentage of the lung affected
with purple-red consolidation typical of influenza virus in ferrets was visually estimated
at 12 dpc to assess disease resolution if infected. Tissue samples from the trachea and
right middle or affected lung lobe were fixed in 10% buffered formalin for histopathologic
examination. Tissues were processed by routine histopathologic procedures, and slides
were stained with hematoxylin and eosin (H&E) or immunohistochemistry [30].

2.7. Microbiological Assays

BALF samples were cultured for aerobic bacteria on blood agar and Casmin (NAD-
enriched) plates to indicate the presence of concurrent bacterial pneumonia. PCR assays
for porcine circovirus 2 (PCV2) were conducted for swine BALF samples [31]. To exclude
other causes of pneumonia in pigs, commercial assays for Mycoplasma hyopneumoniae and
PRRSV were conducted according to the manufacturer’s recommendations (VetMax, Life
Technologies, Carlsbad, CA, USA).

2.8. Data Analysis

Results were analyzed with Prism 8 (GraphPad, San Diego, CA, USA) with analysis
of variance (ANOVA), with p < 0.05 considered significant. Variables with significant
effects by treatment group were subjected to pairwise mean comparisons using the Tukey-
Kramer test. Clinical data associated with this study are available for download from the
USDA Ag Data Commons at https://doi.org/10.15482/USDA.ADC/1528327, accessed on
5 December 2022 and the phylogenetic analyses are available from https://github.com/
flu-crew/datasets, accessed on 5 December 2022.

3. Results

3.1. Genetic Characterization of Dominant U.S. Swine H3N2 Strains

There were 180 H3 HA genes collected in swine between 1 January 2020, and 30 June 2020.
These HA genes represented six evolutionary lineages, eight genetic clades, and a single
human-to-swine spillover: 1970.1 (n = 6, 3.3%), 1990.1 (n = 4, 2.2%), 1990.4.A (n = 93, 51.7.%),
1990.4.B.2 (n = 3, 1.7%), 1990.4.I (n = 1, 0.6%), 2000.3 (n = 3, 1.7%), 2010.1 (n = 63, 35%), 2010.2
(n = 6, 3.3%), and Other-Human-1990 (n = 1, 0.6%). Figure 1 shows the evolutionary rela-
tionships of the selected contemporary representative H3N2 and the most similar CVV or
a human seasonal H3N2 vaccine and if a variant case occurred. We excluded the globally
detected 1970.1, 2000.3, and Other-Human-1990 lineages from further analyses as they were
not detected in U.S. swine. The genome constellations of internal genes have different lineage
designations, “T” for the TRIG lineage, “P” for the H1N1pdm09 lineage, and “V” for the lin-
eage derived from a swine live attenuated influenza virus vaccine (LAIV). The selected H3N2
viruses have different genome constellations: The A/swine/Missouri/A02257614/2018 strain
has the HA gene from the 1990.1 swine LAIV origin lineage, the NA gene from the 1998-N2
swine LAIV origin, and the internal gene constellation is TVVVPT in the order of PB2, PB1, PA,
NP, M, and NS gene segments. The HA segment of this virus has 52 amino acid residues differ-
ent from HuVac A/Iowa/60/2018. The A/swine/North Carolina/A02245294/2019 strain has
the HA from 1990.4.A lineage, NA from the 2002-N2 lineage, and an internal gene constellation
of TTTPPT. The HA segment of this virus has nine residues different from the within-clade
CVV A/Minnesota/11/2010. The A/swine/Illinois/A02479007/2020 strain has the HA from
the 1990.4.B.2 lineage, NA from the 2002-N2 lineage, and internal genes of TTPTPT. The HA
segment of this virus has 27 residues different from the CVV A/Minnesota/11/2010. The
amino acid differences between the representative HA gene and the within-clade CVV, or
human seasonal vaccine, are displayed in Tables S1–S4.
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Figure 1. Evolutionary relationships of contemporary H3 swine influenza A viruses. A representative
random sample of H3 swine hemagglutinin (HA) genes collected between January 2020 and June
2020. Reference human HA genes, candidate vaccine viruses (CVV), and variant cases are indicated
by branch color or shape. Swine IAV strains tested in hemagglutination inhibition assays are marked
by a black triangle, and those used in transmission studies by a pink plus sign (+). The numbers in
parentheses indicate the number of each genetic clade detected during the sampling period.

3.2. Loss in Cross-Reactivity between Dominant Swine H3N2 Strains and CVV or HuVac

The HA1 domain of selected representative swine H3N2 strains was compared to
the HuVac and CVV vaccine strains. A range in percentages of amino acid identity was
observed (Table 1). To determine if CVV or HuVac antisera had cross-reactivity against
contemporary swine H3N2 strains, we tested the representative U.S. dominant swine H3N2
strains against reference ferret antisera generated against CVVs from the same genetic clade,
or the most genetically similar CVV if there was no within-clade CVV. Ferret antiserum
tested with the clade 1990.1 representative strain, A/swine/Missouri/A02257614/2018,
demonstrated a 32-fold decrease in HI titer from the most similar clade 1990.4.A CVV,
A/Minnesota/11/2010, and a >32-fold decrease from the HuVac A/Iowa/60/2018. Ferret
antiserum tested with this strain had a 32-fold decrease from H3N2v A/Indiana/27/2018, a
representative of contemporary swine strains. Antiserum was tested with the representative
strain of clade 1990.4.A A/swine/North Carolina/A02245294/2019 demonstrated a 16-fold-
decrease in HI titer compared to the within-clade CVV A/Minnesota/11/2010 and a greater
than 32-fold decrease from the HuVac A/Iowa/60/2018. Antiserum tested with this strain
also had a 32-fold decrease from the H3N2v virus, A/Indiana/27/2018. The 1990.4.B.2
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clade represented by A/swine/Illinois/A02479007/2020 lacks a CVV, and ferret antiserum
from the most similar CVV, A/Minnesota/11/2010, demonstrated a 32-fold-decrease and
16-fold decrease with the HuVac A/Iowa/60/2018 antiserum, respectively. The H3N2v
A/Indiana/27/2018 antiserum had a 64-fold decrease with this strain. None of the selected
representative swine strains cross-reacted with the IDCDC-RG55C A/Ohio/28/2016-like
CVV. These data demonstrated that contemporary representative H3N2 viruses from the
1990.1, 1990.4.A, and 1990.4.B.2 clades frequently detected in U.S. pig populations had
limited cross-reactivity against HuVac and CVV sera (Table 2).

Table 1. Pairwise amino acid sequence similarity of the HA1 domain from swine H3 clade consensus
sequences from the U.S. to candidate vaccine viruses or human seasonal vaccine viruses and clade
representative viruses used in this study. Within-clade comparisons are highlighted in grey.
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1990.1 consensus 99.70 85.71 87.23 85.71 87.23 86.02 84.19 84.19 83.89 83.89
A/swine/Missouri/A02257614/2018 99.70 86.02 87.54 86.02 87.54 86.32 84.19 84.19 83.89 84.19

1990.4.A consensus 85.71 86.02 97.26 100 90.88 89.67 83.59 82.98 82.37 81.46
A/Minnesota/11/2010 CVV 87.23 87.54 97.26 97.26 93.01 91.79 83.89 83.89 82.98 83.28

A/swine/North
Carolina/A02245294/2019 85.71 86.02 100 97.26 90.88 89.67 83.59 82.98 82.37 81.46

1990.4.B.2 consensus 87.23 87.54 90.88 93.01 90.88 95.14 84.5 85.11 82.98 83.89
A/swine/Illinois/A02479007/2020 86.02 86.32 89.67 91.79 89.67 95.14 82.98 83.28 82.37 82.67

2010.1 consensus 84.19 84.19 83.59 83.89 83.59 84.5 82.98 99.39 98.18 89.36
A/Ohio/28/2016 84.19 84.19 82.98 83.89 82.98 85.11 83.28 99.39 97.57 89.67

A/Indiana/27/2018 * 83.89 83.89 82.37 82.98 82.37 82.98 82.37 98.18 97.57 88.15
A/Iowa/60/2018 HuVac 83.89 84.19 81.46 83.28 81.46 83.89 82.67 89.36 89.67 88.15

* A/Indiana/27/2018 H3N2v is a variant strain representing contemporary 2010.1 swine strains.
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Table 2. Hemagglutination inhibition assays with ferret antisera raised against CVV and vaccine
viruses tested for the ability to inhibit hemagglutination of contemporary swine viruses.

Strain Lineage Antigenic Motif

A
/M

in
n

e
so

ta
/1

1
/2

0
1

0
×

2
0

3

ID
C

D
C

-R
G

5
5

C
A

/O
h

io
/2

8
/2

0
1

6
-l

ik
e

A
/I

n
d

ia
n

a
/2

7
/2

0
1

8
*

A
/I

o
w

a
/6

0
/

2
0

1
8

A/swine/Missouri/A02257614/2018 1990.1 KHKEYS 40 <10 20 <10
A/Minnesota/11/2010 × 203 1990.4.A NYNNYK 1280 <10 10 <10

A/swine/North
Carolina/A02245294/2019 1990.4.A NYHNYK 80 <10 20 <10

A/swine/Illinois/A02479007/2020 1990.4.B.2 SYHNYK 40 <10 10 20
IDCDC-RG55C

A/Ohio/28/2016-like
2010.1 KTHNFK <10 1280 80 20

A/Indiana/27/2018 * 2010.1 NTRDFT <10 10 640 10
A/Iowa/60/2018 HuVac STHNYK <10 <10 10 320

* A/Indiana/27/2018 H3N2v is representative of contemporary 2010.1 swine strains. Vaccine strains and homolo-
gous titers are bolded; gray highlighted cells indicate the within-clade titer of a contemporary swine strain.

3.3. Swine-to-Ferret Transmission of Antigenically Drifted Swine H3N2 Lineages

Pigs infected with the 1990.1 clade virus demonstrated a profile of modest shedding
with group mean titers of 1.78 × 102 TCID50/mL at 1 dpi and reached a peak group
mean titer of 3.16 × 103 TCID50/mL at 5 dpi (Figure 2A). In contrast, pigs infected with
the 1990.4.A clade virus demonstrated high virus shedding with group mean titers of
1.78 × 105 TCID50/mL at 1 dpi and 2.23 × 104 TCID50/mL at 5 dpi (Figure 2B). Similarly,
pigs infected with the 1990.4.B.2 clade virus shed high virus titers at 1 dpi with group
mean titers of 1.78 × 105 TCID50/mL, 1.78 × 103 TCID50/mL at 3 dpi, and shed virus until
5 dpi with a group mean titer of 1.78 × 104 TCID50/mL. Only one of the remaining pigs
was infected with the 1990.4.B.2 virus was positive in nasal swabs at 7 dpi (Figure 2C).
The other remaining pigs from all groups had no detectable virus in nasal swabs after
5 dpi. Pigs in all groups had virus detected in the lungs at 5 dpi, with group mean titers
of 1.78 × 104 TCID50/mL for the clade 1990.1 virus, 5.62 × 105 TCID50/mL for the clade
1990.4.A virus and 3.16 × 105 TCID50/mL for the clade 1990.4.B.2 virus (Figure 2D), but
macroscopic and microscopic lesions in the lungs were minimal in all groups (Table S5).
The two remaining pigs from each group seroconverted at 14 dpi with HI titers ranging
from 160–320, confirming infection (Table S6).
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Figure 2. Infected pig nasal virus titers and BALF titers. Nasal shedding of H3N2 clades: 1990.1
(A), 1990.4.A (B), 1990.4.B.2 (C) was measured on 1, 3, 5, 7 and 9 dpi, and BALF (D) were collected
at 5 dpi. Nasal swab samples and BALF were measured by TCID50 in MDCK cells and recorded as
log10 TCID50/mL.

Two out of four contact ferrets from the 1990.1 group started shedding virus at low
levels, with an average of 101 TCID50/mL in nasal washes at 1 dpc and at 3 dpc and an
average titer of 5.62 × 102 TCID50/mL (Table 3, Figure 3). Two out of four contact ferrets
had peak virus shedding at 5 dpc with an average titer of 3.16 × 103 TCID50/mL and
continued to shed virus until 7 dpc with 5.62 × 102 TCID50/mL. Detection of virus by cell
culture in the nasal washes of F#55 at 3 dpc and F#56 at 1 dpc was confirmed by qPCR, with
Ct values of 36, approximately 100 copies/μL. This may represent surface contamination
of their noses rather than a productive infection since the virus was not detected on other
days and these two ferrets remained seronegative. Only two out of four contact ferrets of
the 1990.1 clade seroconverted by 1 dpc. F#55 and F#56 had HI titers below 40 and were
also negative by NP-ELISA (Table 3, Figure 3A).

Table 3. Cumulative clinical, viral, and serological measures of ferrets exposed to H3N2-infected pigs.

Viral Clade Ferret #
Change in Bodyweight

(%) from 0–12 dpc
dpc with Nasal

Detection
Peak Titer log10

TCID50/mL
12 dpc

HI Titer
NP-ELISA S/N

1990.1 53 7.9 3,5,7 3.5 320 0.171
55 12.1 3 0.5 10 1.003
56 9.4 1 0.5 20 1.116
64 3.5 1,3,5,7 4.4 640 0.188

1990.4.A 57 4.9 3,5,7 5.5 160 0.335
58 5.5 3,5,7,9 5.8 160 0.314
59 10.5 3,5,7,9,11 5.2 160 0.410
60 1.5 3,5,7 4.8 160 0.272

1990.4.B.2 61 10.3 3,5,7,9 4.8 640 0.213
62 2.0 3,5,7 6.5 640 0.265
63 3.9 3,5,7,9 5.5 1280 0.511
54 11.8 1,3,5,7,9 6.5 320 0.555

No virus 13 5.2 none 0 <10 1.082
14 3.5 none 0 <10 0.829
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Figure 3. Swine H3N2 transmitted to ferrets. Percent body weight change and nasal wash virus
titers were recorded for individual ferrets exposed to 1990.1 (A), 1990.4.A (B), and 1990.4.B.2
(C) swine H3N2 strains. Ferret body weight was taken daily and recorded as a percentage of
the −3 day average body weight prior to exposure (left axis, black circles). Nasal washes were
measured for viral shedding by TCID50 in MDCK cells and recorded as log10 TCID50/mL (right
axis, color square). The black boxed numbers indicate the HI titers of sera collected at 12 days post
contact (dpc).

All four contact ferrets of the 1990.4.A group started shedding virus at 3 dpc with
an average titer of 1.78 × 102 TCID50/mL. Two out of four ferrets peaked at 7 dpc (F#58
and F#59), one peaked at 3 dpc (F#57), and another peaked at 5 dpc (F#60). The virus
titer group average was 5.62 × 103 TCID50/mL at 5 dpc and 1.78 × 105 TCID50/mL
at 7 dpc. Two out of four contact ferrets continued shedding virus with an average
titer of 3.16 × 103 TCID50/mL at 9 dpc, and only one ferret shed virus until 11 dpc
at 101 TCID50/mL. All four contact ferrets from the 1990.4.A group seroconverted by
12 dpc (Table 3, Figure 3B).
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One out of four contact ferrets of 1990.4.B.2 group started shedding virus at 1 dpc
with a titer of 101 TCID50/mL. All four contact ferrets shed virus at 3 dpc with an average
titer of 5.62 × 103 TCID50/mL, increased virus titers at 5 dpc with an average titer of
1.78 × 104 TCID50/mL and maintained virus shedding at 7 dpc with an average titer of
3.16 × 104 TCID50/mL. Then, after the virus peak, three out of four contact ferrets had
lower virus shedding, with an average titer of 1.78 × 102 TCID50/mL until 9 dpc. At 12 dpc,
no virus was detected in nasal washes or BALF samples from ferrets. All four contact
ferrets from the 1990.4.B.2 group seroconverted by 12 dpc (Table 3, Figure 3C).

There were minimal clinical signs in ferrets, with the exception of one ferret (F#54)
from the 1990.4.B.2 group, in which coughing was observed and it had visible lung lesions
at 12 dpc. None of the contact ferrets from the 1990.1 group demonstrated a febrile response
at any time. In the 1990.4.A group, only F#59 displayed a febrile response of 39.6 ◦C at 9
and 12 dpc. In the 1990.4.B.2 clade group, F#54 displayed a febrile response at 4 dpc of
39.7 ◦C. Body weight change was not significantly different between groups; however,
ferrets positive for virus in nasal washes showed a trend toward static weight during the
virus shedding period (Figure 3).

4. Discussion

Swine IAVs are considered a threat to public health due to swine populations world-
wide harboring a vast array of antigenically diverse IAVs that occasionally spill over into
humans. Consequently, swine-origin variant virus cases in humans have raised public
health concerns, and there is a critical need to assess the zoonotic potential of these viruses
before swine-to-human epidemics or pandemics occur [32]. Zoonotic interspecies IAV
transmission requires important factors, such as virus adaptation, exposure of a suscep-
tible human, virus load, and close contact with infected swine that increases the risk of
infection [33–36]. The US CDC have reported variant cases since 2005, with most cases
identified in individuals (mainly children) at swine exhibitions who had close contact
with swine at agricultural fairs. Within this period, H3N2v virus infections have been
the most frequently detected in the U.S. [32]. Although person-to-person transmission of
variant viruses is rare, variants have the potential to evolve and may acquire the ability
to transmit from human-to-human, as occurred with the H1N1pdm09 [37]. In response
to the recognition of the public health risk of swine IAV, human pandemic preparedness
efforts have expanded to include the characterization of swine-origin variant strains and,
when appropriate, the development of CVV. However, the genetic and antigenic diversity
of swine H3 clades [18,38] requires regular characterization to identify swine IAV that
represent a pandemic threat. Here, we identified U.S. swine H3N2 lineages with zoonotic
potential based on the loss of cross-reactivity of post-infection ferret antisera raised to rele-
vant CVV or human seasonal vaccines with an integrated assessment using an interspecies
swine-to-ferret transmission model.

The 1990.1, 1990.4.A, and 1990.4.B.2 clades characterized in this study currently cir-
culate in U.S. pig populations. The 1990.4.A clade had a significant increase in detection
frequency from 7% in 2017 to 32% in 2019 [38]. Since 2019, the 1990.4.A clade has been
one of the most frequent IAV lineages detected in the U.S. swine population, comprising
~52% of detections between 2020 and 2022 [39]. Although there is a within-clade CVV
(A/Minnesota/11/2010 × 203), a contemporary representative strain of the 1990.4.A clade
displayed a 16-fold reduction in HI cross-reactivity, suggesting a loss in protection and po-
tential zoonotic risk. The other two swine H3N2 strains (1990.1 and 1990.4.B.2) represented
2.9% and 3% of detections in the U.S. in 2020, respectively. Although these two clades were
infrequently detected, there have been sustained detections over the past decade, and there
are no available CVVs within these clades. Additionally, our serologic assessment indicated
very limited cross-reactivity to an available CVV and/or human seasonal vaccines. Given
limited cross-reactivity observed in our study, the 1990.1 and 1990.4.B.2 are not covered
by existing pandemic preparedness CVVs or human seasonal vaccines. Additionally, in a
previous study, 1990.1, 1990.4.A, and 1990.4.B strains demonstrated limited cross-reactivity
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to post-infection and post-vaccination adult human cohort sera, with results suggesting
that older subjects have reduced immunity to these swine IAV clades [18]. Consequently,
we selected contemporary strains from these clades to assess zoonotic potential in an
interspecies transmission model.

To determine the potential for interspecies transmission of the selected H3N2 swine
viruses, we used a swine-to-ferret transmission model [25,40]. Ferrets are widely used as an
animal model for pathogenesis and transmission studies of influenza viruses and vaccine
efficacy studies and are a useful animal model for humans because of their anatomic and
physiological similarities [41]. Both 1990.4.A and 1990.4.B.2 clades replicated efficiently in
the respiratory tract of pigs and transmitted high virus titers in nasal washes to contact
ferrets, as confirmed by seroconversion of contact ferrets at 12 dpc. A previous ferret-to-
ferret transmission study with an H3N2v virus demonstrated that high virus shedding
titers in ferret nasal washes correlated with high growth in human airway epithelial cells,
suggesting that these viruses can infect cells of the human airway [42]. Although the body
weight and temperature were not significantly different in ferrets infected with all the
viruses we tested, the 1990.4.A and 1990.4.B.2 contact groups displayed a trend of weight
loss or no weight gain when virus shedding was detected. In contrast, the 1990.1 strain
demonstrated a lower profile of virus shedding and transmission, as demonstrated by
the absence of seroconversion in two of the four contact ferrets and low virus titers in
nasal shedding. Although two ferrets did not seroconvert by 12 dpc, transient virus in
their nasal cavities was detected at 1 dpc and 3 dpc, confirmed by qPCR. Because this
study was focused on transmission, we did not characterize lung lesions or viruses in
the lungs in ferrets until necropsy by 12 dpc, reflecting illness recovery by that timepoint.
Only one of the ferrets infected with 1990.4.B.2 presented clinical respiratory signs, such as
coughing and dyspnea, and displayed lung lesions at the necropsy on 12 dpc. A previous
swine-to-ferret study of a 2010.1 lineage of H3N2 demonstrated efficient interspecies
transmission [25]. Viruses from this 2010.1 swine lineage have resulted in 73 variant cases
with genetic sequence data available between 2010 and 2022 [25,32]. Our data suggest
that H3 viruses introduced to US swine in the 1990s (1990.4.A and 1990.4.B.2) and those
introduced in the 2010s (2010.1) have retained the ability to transmit and replicate in
humans and have zoonotic potential.

Although HA plays a key role in the restriction of interspecies transmission, efficient
virus infection and transmission require balanced actions of HA receptor-binding and
NA sialidase activity [43]. The HA protein of IAV is the primary target of protective
immune responses and is a major component of vaccines. Thus, HA cross-neutralizing
antibodies are important for a protective immune response. Substitutions in seven amino
acid positions near the receptor binding site of the HA (145, 155, 156, 158, 159, and 189; H3
numbering) are key for antigenic drift in human [44,45] and swine IAV [12], and determine
the antigenic phenotype of the virus. Our data support the proposition that genetic changes
(Tables 1 and S1–S4) in the HA1 for the 1990.1, 1990.4.A, and 1990.4.B.2 swine clades resulted
in significant antigenic drift from the human-seasonal vaccines and the tested CVVs.

Reassortant swine IAV with different gene constellations have demonstrated different
profiles of transmission efficiency in pigs [46,47]. The 1990.1 isolate selected for this study
contained PB1, PA, and NP genes derived from a commercial live attenuated influenza
vaccine (LAIV) for swine (Boehringer Ingelheim, St. Joseph, MO, USA) [48,49]. Reassort-
ment between the LAIV vaccine and endemic swine IAV field strains circulating in the U.S.
was detected in 2018 [50] and vaccine use was discontinued. The 1990.1 virus displayed
a lower virus shedding profile and a lower number of contact ferret seroconversions by
12 dpc compared to the 1990.4.A and 1990.4.B.2 groups. Despite differences in genome
constellation, all three clades from the 1990s (1990.1, 1990.4.A, and 1990.4.B.2) contained the
M segment from the H1N1pdm09 lineage, which has previously been associated with high
transmission efficiency in a guinea pig model [51]. Notably, variant 1990.4.A H3N2 viruses
detected in 2011–2012 contained the M from the pandemic and the rest of the internal genes
from the TRIG lineage [52]. PB2 and PA segments are important components of the viral
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polymerase complex and essential for viral replication. The viruses from genetic clades
represented in this study, 1990.1, 1990.4.A, and 1990.4.B.2, contained residues encoded in
the PB2 gene previously described to enhance replication in humans: 271A, 590S, 591R, and
661A, as well as the residue 669V encoded in the PA gene [53–56]. These genetic markers
support the proposition that these swine viruses represent an increased zoonotic risk.

Taken together, our study indicated that the swine H3 1990.1, 1990.4.A, and 1990.4.B.2
clades are a zoonotic risk as they displayed reduced cross-reactivity with ferret antisera
raised to human seasonal vaccines and/or CVVs and transmitted from pig-to-ferrets. Our
findings suggest that existing CVVs should be updated to reflect contemporary swine IAV
diversity; specifically, we suggest that the 1990.4.A clade that is widespread in U.S. swine
populations and that has previously caused a significant number of H3 variant human
cases requires revision. In addition, our study suggests that minor swine IAV clades that
are regularly detected in US swine populations have zoonotic potential and should be
considered in risk assessments of swine H3N2 IAV for pandemic preparedness strategies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v15020331/s1, Table S1: Amino acid differences between hu-
man seasonal vaccine A/Iowa/60/2018 and the 1990.1 clade represented by A/swine/Missouri/
A02257614/2018 strain. Annotations include mutations within putative epitopes and receptor bind-
ing sites; Table S2: Amino acid differences between A/Minnesota/11/2010 CVV and the 1990.4.A is
the clade represented by A/swine/North Carolina/A02245294/2019 and the 1990.4.B.2 is the clade
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mutations within putative epitopes and receptor binding sites; Table S4: Amino acid differences
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within the putative epitope and receptor binding site; Table S5: Percentage of macroscopic lung
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Abstract: There is mounting evidence of SARS-CoV-2 spillover from humans into many domestic,
companion, and wild animal species. Research indicates that humans have infected white-tailed deer,
and that deer-to-deer transmission has occurred, indicating that deer could be a wildlife reservoir
and a source of novel SARS-CoV-2 variants. We examined the hypothesis that the Omicron variant is
actively and asymptomatically infecting the free-ranging deer of New York City. Between December
2021 and February 2022, 155 deer on Staten Island, New York, were anesthetized and examined for
gross abnormalities and illnesses. Paired nasopharyngeal swabs and blood samples were collected
and analyzed for the presence of SARS-CoV-2 RNA and antibodies. Of 135 serum samples, 19 (14.1%)
indicated SARS-CoV-2 exposure, and 11 reacted most strongly to the wild-type B.1 lineage. Of
the 71 swabs, 8 were positive for SARS-CoV-2 RNA (4 Omicron and 4 Delta). Two of the animals
had active infections and robust neutralizing antibodies, revealing evidence of reinfection or early
seroconversion in deer. Variants of concern continue to circulate among and may reinfect US deer
populations, and establish enzootic transmission cycles in the wild: this warrants a coordinated One
Health response, to proactively surveil, identify, and curtail variants of concern before they can spill
back into humans.

Viruses 2022, 14, 2770. https://doi.org/10.3390/v14122770 https://www.mdpi.com/journal/viruses152



Viruses 2022, 14, 2770

Keywords: SARS-CoV-2; omicron; white-tailed deer; reinfection; reservoir competence; variant of
concern; Odocoileus virginianus; spillover; zoonotic; disease ecology; enzootic transmission

1. Introduction

Recent investigations have established that severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) infects a wide range of non-human animal hosts, includ-
ing farmed mink, companion animals (e.g., cats, dogs, ferrets), and zoo animals (e.g., tigers,
lions, cougars, snow leopards, gorillas, otters, and hippopotami) [1–5]. White-tailed deer
(Odocoileus virginianus) are highly susceptible to SARS-CoV-2, as evidenced by experimental
infection studies [6,7] and documentation of widespread natural infections in Iowa [8],
Ohio [9], Pennsylvania [10], and several other States in the US, including New York [11].
Most recently, SARS-CoV-2 infections in deer from Canada have been confirmed, with
evidence for long-term evolution within deer, and spillback to humans, further heightening
concerns about the potential of deer to serve as a reservoir of SARS-CoV-2 [12].

Recent SARS-CoV-2 variants, such as Delta and Omicron, are more highly trans-
missible between humans than those previously described [13,14]; indeed, the effective
reproduction number of Omicron in humans is estimated to be nearly threefold greater
than the Delta variant [15]. While there are reports of Delta variant spillover into multiple
animal hosts—including cats, dogs, pumas, and lions in a zoo in South Africa [16], as well
as white-tailed deer across many US states, and Syrian hamsters in pet shops in Hong
Kong [17]—spillover of the Omicron variant to non-human animal species has not yet
been documented. There is a lack of clarity on the origins of Omicron, with competing
hypotheses including emergence from a chronically infected human host, silent spread
in a cryptic human population, or emergence from a yet-unknown non-human animal
population [18].

While the widespread SARS-CoV-2 spillover infection of white-tailed deer across
North America [8–12,19] has raised the possibility that deer could serve as a SARS-CoV-2
reservoir, there are several unanswered questions: firstly, whether or not Omicron has
spilled over to free-living deer; secondly, while experimental studies show that deer infected
with SARS-CoV-2 develop neutralizing antibodies [6,7], an open question remains as to
whether deer, like humans, can be reinfected with SARS-CoV-2, even in the presence of
neutralizing antibodies; thirdly, while white-tailed deer that were experimentally infected
with the SARS-CoV-2 wild-type or the Alpha variant remained largely asymptomatic [6,7],
it remains unclear whether free-ranging deer infected with the more recent SARS-CoV-2
variants (e.g, Delta or Omicron) exhibit discernible clinical signs. To address these three
questions, we collected and tested nasal swabs and serum samples, and we provided a
clinical examination of free-ranging white-tailed deer in Staten Island, New York, between
December 2021 and February 2022.

Here, we report SARS-CoV-2 Delta and Omicron variant spillover infection in the
white-tailed deer population inhabiting Staten Island, which is a borough of New York
City. To our knowledge, this is the first report of Omicron infection in a wildlife species.
The results show that a majority of the SARS-CoV-2 seropositive deer in Staten Island
exhibited strong serum reactivity to the wild-type SARS-CoV-2 B.1 lineage or the Alpha
variant. Furthermore, robust levels of neutralizing antibodies were found in two deer that
were positive for Delta variant RNA in their nasal passages, suggesting that deer, like
humans [20], may be reinfected with SARS-CoV-2 or exhibit early seroconversion from
ongoing Delta infections. Taken together, our studies suggest that white-tailed deer are
emerging as a wildlife reservoir of SARS-CoV-2, and this highlights an urgent need to
better assess the spillback risks and the evolutionary trajectories of SARS-CoV-2 variants in
non-human animal reservoirs.
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2. Materials and Methods

2.1. Samples

White-tailed deer were opportunistically darted and anesthetized by a veterinarian
during an ongoing deer sterilization program implemented by the City of New York Parks
& Recreation (NYC Parks). Once darted, the animals were tracked and processed at a
nearby sampling site. The anesthetized animals were given ear tags, and were sampled
and released. The GPS location of the sampling site for each individual was recorded, and
the animal’s sex and age were determined. All captured deer were examined by a qualified
veterinarian for gross abnormalities or illnesses; the examination included a standard
temperature, pulse, and respiration reading and pulse oximeter readings using the lingual
technique. Patient monitoring continued during the surgical process, and discontinued
when the patient was again ambulatory. Blood samples were collected from the jugular
vein, into serum separator tubes, and the serum was frozen at −20 ◦C until testing. Nasal
swabs were collected by inserting Copan floQ swabs (Copan Diagnostics Inc.) into the
nostril and touching the sides of the nasal wall. The swab was rotated for 30 s in each
nostril, and was placed directly in Universal Transport Media (Copan Diagnostics Inc).
The samples were submitted to the Penn State Animal Diagnostic Laboratory (ADL) for
diagnostic testing, and were subsequently used in this study.

2.2. Surrogate Virus Neutralization Test (sVNT)

The serum samples were screened, using a surrogate virus neutralization test (sVNT)
assay that had previously been validated for detecting SARS-CoV-2 antibodies in deer [21].
The sVNT assay uses cPass™ technology (Genscript), and detects total neutralizing an-
tibodies measured as percent inhibition [22]. Animals with inhibition above 30% are
considered positive.

2.3. Generation of SARS-CoV-2 S Pseudotyped Viruses

Pseudoviruses were produced, using a third-generation human immunodeficiency
virus packaging system, as previously described [23]. Three plasmids—the transfer plasmid
encoding luciferase and ZsGreen (BEI Resources Cat no: NR-52516), the helper plasmid
encoding Gag/pol (BEI Resources Cat no: NR-52517), and the spike encoding plasmid
of variants described in the study—were co-transfected in HEK 293T cells propagated
in DMEM with 10% FBS, and maintained at 37 ◦C. Pseudovirus-containing supernatants
were collected after 48 h, filtered through 0.45 μM low-protein binding filters, and were
aliquoted and stored at −80 ◦C until further use.

2.4. Neutralization Assay of Deer Sera against Pseudotyped Virus Expressing the Spike Protein of
SARS-CoV-2 Wild-Type or Variants

The deer serum samples that tested positive in the sVNT assay were examined for
neutralizing activity with a SARS-CoV-2 pseudovirus neutralization assay (pVNT), us-
ing pseudotyped viruses that carried the S protein—which represented the wild-type
SARS-CoV-2 B.1 lineage, Alpha, Beta, Gamma, Delta, or Omicron variants—to test the
relative neutralizing titers against the SARS-CoV-2 variants. Pseudovirus neutralization
assays were performed, using HEK 293T cells expressing ACE2, and TMPRSS2 cells (293T
ACE2/TMPRSS2; BEI Resources Cat no: NR-55293), as described previously. Briefly, the
pseudoviruses were incubated with threefold serial dilutions of sera for an hour at 37 ◦C.
The pseudovirus/sera mixtures were subsequently inoculated into 96-well plates seeded
with 3.0 × 104 293T ACE2/TMPRSS2 cells/well, a day before the assay. The residual pseu-
dovirus infectivity was determined 48 h later, by quantifying the luciferase activity. The
percentage neutralization was calculated, upon normalization to a virus-only control. Each
serum was run in duplicate, in two independent experiments against each pseudovirus,
to determine the 50% neutralization titer (NT50). The curves were fitted using a nonlinear
regression curve, for which GraphPad Prism Software version 6 (San Diego, CA, USA) was
employed; connected scatterplots were made using R software (R version 4.1.3).
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2.5. Antigen Cartography

The antigen cartography was created using the NT50 measurements of the serum
samples against the SARS-CoV-2 B.1 lineage, Alpha, Beta, Gamma, Delta, and Omicron
variants in the pseudovirus neutralization assays. The distance between the SARS-CoV-
2 (B.1 lineage and variants) and serum samples was calculated, and antigenic maps
were generated, as described previously, using antigen cartography software accessed on
30 May 2022 (https://acmacs-web.antigenic-cartography.org/) [24,25]. The SARS-CoV-2
B.1 lineage, Alpha, Beta, Gamma, Delta, and Omicron variants, and the serum samples
were positioned on a two-dimensional (2D) antigen map, based on the distances calculated
by the antigen cartography algorithm, as described by Smith et al. [24]. The confidence
area of the positions of the SARS-CoV-2 B.1 lineage, Alpha, Beta, Gamma, Delta, and
Omicron variants, and the serum samples, were indicated as blobs, as estimated with stress
parameter 0.1 [25]. The distance in antigenic units between the SARS-CoV-2 and serum
samples was plotted, using GraphPad software version 9.0.0 (San Diego, CA, USA). A
statistical analysis was performed, using a two-tailed unpaired Student’s t test with Welch’s
correction. A p value of <0.05 indicated that the mean distance between the SARS-CoV-2
(B.1 lineage and variants) and the serum samples was significant.

2.6. RNA Extraction and RT-PCR for SARS-CoV-2 Detection

The swab samples were processed, and real-time RT-PCR was undertaken, following
the standardized protocols for SARSR-CoV-2 detection in animal samples at Penn State’s
ADL. RNA was extracted from 400 μL of swab samples, using a KingFisher Flex machine
(ThermoFisher Scientific, Waltham, MA, USA) and a MagMAX Viral/Pathogen extraction
kit (ThermoFisher Scientific, Waltham, MA, USA), following the manufacturer’s instruc-
tions. The presence of SARS-CoV-2 viral RNA was further tested, using the OPTI Medical
SARS-CoV-2 RT-PCR kit, which is a highly sensitive assay that targets the N gene [26,27].
The RT-PCR assays were carried out on an ABI 7500 Fast instrument (ThermoFisher Sci-
entific, Waltham, MA, USA). The internal control RNase P was utilized, to confirm that
the samples were not contaminated with human tissue or fluids during harvesting or
processing. The samples were also tested using a TaqPath kit (ThermoFisher Scientific,
Waltham, MA, USA), which targets the SARS-CoV-2 ORF1ab, N gene, and S gene [27,28]
as the first screen for Omicron, which typically presents as an S gene drop out in these
assays [28].

2.7. SARS-CoV-2 Genome Sequencing

The total RNA extracted from the swab samples was used for the whole genome
sequencing of the SARS-CoV-2, as previously described [8,29–32], and the sequencing
libraries were prepared according to version 4.1 of the ARTIC nCoV-2019 protocol (https:
//artic.network/ncov-2019, accessed on 15 February 2022). We used a semi-automated
workflow, which employed BioMek i7 liquid-handling workstations (Beckman Coulter Life
Sciences) and MANTIS automated liquid handlers (FORMULATRIX). Using a NovaSeq
6000 instrument (Illumina), we generated short sequence reads, to ensure a very high depth
of coverage. The sequencing libraries were prepared in duplicate, and were sequenced
with an SP 300 cycle reagent kit.

2.8. SARS-CoV-2 Genome Sequence Analysis and Identification of Variants

The viral genomes were assembled, using the BV-BRC SARS-CoV-2 assembly ser-
vice [32,33], which uses a pipeline that is similar to the One Codex SARS-CoV-2 variant-
calling pipeline [34]. Briefly, the pipeline uses seqtk version 1.3-r116 for sequence trim-
ming [35], minimap version 2.1 [36] for aligning the reads against the reference genome
Wuhan-Hu-1 NC_045512.2 [36,37], samtools version 1.11 [35] for sequence and file ma-
nipulation [38], and iVar version 1.2.2 [39] for primer trimming and variant calling [40].
To increase stringency, the minimum read depth for the assemblies (based on samtools
mpileup) was set at three, to determine consensus. Genetic lineages, variants being mon-
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itored, and variants were identified and designated by Pangolin version 3.1.11, with the
pangoLEARN module 2021-08-024, using the previously described genome sequence
analysis pipelines [29,32,41]. Single Nucleotide Polymorphisms (SNPs) were identified,
using the vSNP (https://github.com/USDA-VS/vSNP, accessed on 6 March 2022) SNP
analysis program.

2.9. Data Analysis and Visualization

QGIS mapping software version 3.16.10 was used, to visually portray the geographic
location of the white-tailed deer that were sampled [38].

3. Results

3.1. Molecular and Genetic Identification of SARS-CoV-2 Delta and Omicron Variants in Nasal
and Tonsillar Swabs from White-Tailed Deer on Staten Island, New York

Our results show that 8 out of 71 (11.3%, 95% CI: 0.0–0.20) white-tailed deer tested
positive for SARS-CoV-2 RNA (Figure 1a). To determine the identity and genetic relatedness
of the circulating strains, we applied whole-genome sequencing, using a recently described
pipeline [8]. Our analysis confirmed that four of the SARS-CoV-2 PCR positive samples
were the Delta variant, and that the other four positive samples were the Omicron variant.
Notably, the Omicron variant was the dominant circulating lineage (90%) amongst humans
in New York City during the period of the deer sampling, in late 2021 and early 2022 [42].
To our knowledge, this is the first report of the Omicron variant of SARS-CoV-2 infecting
white-tailed deer or any other free-living wildlife.

Figure 1. Distribution and whole-genome single nucleotide polymorphism (SNP)-based phylogenies
of SARS-CoV-2 recovered from white-tailed deer on Staten Island, New York: (a) the spatial distribu-
tion of the collection sites of nasal and tonsillar swabs from white-tailed deer that were tested for the
presence of SARS-CoV-2 viral RNA; red circles show sites where swabs were positive for SARS-CoV-2
viral RNA, and blue-filled circles show swabs that were negative; (b) whole-genome sequences of
eight newly characterized white-tailed-deer-origin SARS-CoV-2 genomes were analyzed in the con-
text of 135 publicly available white-tailed-deer-origin SARS-CoV-2 isolates, and 63 arbitrarily selected
SARS-CoV-2 Omicron genomes circulating amongst humans in New York City during this same time
period, as well as representative isolates from the environment or from Syrian hamsters (SI, Table S2);
the genome sequences were screened for quality, for SNP positions called against the SARS-CoV-2
reference genome (NC_045512), and for SNP alignments used to generate a maximum-likelihood
phylogenetic tree, using RAxML.
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We performed whole-genome-sequence-based phylogenetic analyses of these newly
identified Omicron and Delta sequences, with the vSNP pipeline [43] (Figure 1b). The
analysis showed that the Omicron sequences recovered from the deer were clustered closely
with recently reported Omicron sequences from humans in New York City, as well as with
those reported from environmental sources elsewhere, but were quite distinct from the
previously described isolates recovered from deer in Iowa, Ohio [8,9], 14 other US states,
and Canada, from which sequences had been deposited in GISAID [11] (Figure 1b and
Table S2). The Delta sequences were clustered closely with other deer Delta sequences that
had been recently reported in multiple regions in North America (Figure 1b).

3.2. Delta and Omicron Infections Occur among Staten Island Deer despite Serological Evidence of
Prior SARS-CoV-2 Exposure

It was not clear whether deer previously exposed to SARS-CoV-2 might be reinfected,
and whether there was continued SARS-CoV-2 spillover infection of deer in urban settings
after the emergence of the Omicron variant. To examine whether white-tailed deer on
Staten Island had previously been exposed to SARS-CoV-2, we collected serum samples
from 135 individual deer, between 12 December 2021 and 2 February 2022, and examined
them for the presence of anti-SARS-CoV-2 neutralizing antibodies, using a surrogate virus
neutralization assay (sVNT) [21] (Figure 2a). Due to the sampling design targeting males,
most of the serum samples were from males (n = 119; 88.1%), with an age distribution
skewed toward younger age classes. Eighty-six fawns constituted 63.7% of the sample, and
33 yearling deer made up 24.4%, while 16 of the 135 individuals (11.9%) were considered
adults. Our sVNT results showed that 19 of the 135 (14.1% 95% CI: 0.0–0.20) serum samples
were positive for SARS-CoV-2 exposure. Viral inhibition in the positive samples ranged
from 33.2% to 97.0%, with a median value of 70.9% (Figure 2b and Table S1). The proportion
of positive animals was comparable to the findings of Chandler et al., who identified 9 out
of 29 (31%; 95% CI 17%–49%) white-tailed deer, from two other New York counties, that
were seropositive to SARS-CoV-2 in 2021 [21].

Figure 2. SARS-CoV-2 serological reactivity status of white-tailed deer on Staten Island, New York,
between 12 December 2021 and 30 January 2022: (a) spatial distribution of sites of collection of
serum samples from white-tailed deer for assessment of serological reactivity to, and neutralization
of, SARS-CoV-2; red circles indicate positive detection, and blue-filled circles indicate seronegative
status; (b) SARS-CoV-2 pseudovirus neutralization assay (pVNT) with pseudotyped viruses equipped
with the spike proteins of the wild-type SARS-CoV-2 B.1 lineage, or that of the Alpha, Beta, Gamma,
Delta or Omicron variants. Of the sVNT positive samples, 11 out of 19 showed stronger reactivity
to the spike of the wild-type SARS-CoV-2 B.1 lineage than to any of the variants. Each serum was
run in duplicate in two independent experiments against each pseudovirus, to determine the 50%
neutralization titer (NT50). Connecting lines indicate serum from the same individual.
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To determine which SARS-CoV-2 variant the deer were likely exposed to previously,
we utilized a SARS-CoV-2 pseudovirus neutralization assay (pVNT) with six pseudotyped
viruses equipped with the spike proteins of the wild-type SARS-CoV-2 B.1 lineage or that
of the Alpha, Beta, Gamma, Delta or Omicron variants. In the pVNT assay, 11 out of the
19 (58%) sVNT positive samples showed stronger reactivity to the spike of the wild-type
SARS-CoV-2 B.1 lineage than to any of the variants (Figure 2b), and one of the serum
samples had comparable reactivity to all the variants except Omicron. Serum samples
from seven of the deer (37%) reacted most strongly to the spike of Delta, while one deer
reacted most strongly to the Alpha variant (Table S1). Notably, none of the positive samples
showed strong reactivity to the Omicron variant, compared with the wild-type B.1 lineage
or other variants.

To investigate the antigenic relationship between the SARS-CoV-2 strains, we con-
structed antigen cartography, using the NT50 of serum samples determined by pVNT on
the SARS-CoV-2 B.1 lineage, and on the Alpha, Beta, Gamma, Delta, and Omicron variants.
The 2D antigenic map revealed clustering of 16 out of 19 sVNT positive samples to the
B.1 lineage (antigenic units 0.26 to 0.89) and the Alpha variant (antigenic units 0.45 to
1.15), whereas 14 out of the 19 samples clustered with the Delta variant (antigenic unit < 1)
(Figure 3 and Table S3). Most of the serum samples which showed strong reactivity to
the B.1 lineage in pVNT also had significant reactivity to the Alpha and Delta variants,
and vice versa. This indicated the cross-neutralizing potential of the serum samples be-
tween the B.1 lineage, Alpha, and Delta variants, as they were close to the B.1 lineage,
Alpha, and Delta variants in the antigenic map. The mean antigenic distances between the
SARS-CoV-2 Gamma, Beta, and Omicron variants and the serum samples were 1.79 ± 0.74,
2.02 ± 0.74, and 3.2 ± 0.7, respectively, and they were significantly higher (p < 0.001) than
the antigenic distance to the B.1 lineage (Figure 3b). Both the antigen map and the antigenic
units indicated that the SARS-CoV-2 Omicron variant was distantly related to other strains
(Figure 3 and Table S3), as reported earlier [44]. As we used the sVNT with B.1 lineage
RBD for the initial screening of the deer sera, we may have missed positive samples for
Omicron antibodies.

 
(a) (b) 

Figure 3. Construction of antigen cartography based on the NT50 of serum samples collected from
deer. (a) Two-dimensional antigenic map of the SARS-CoV-2 B.1 lineage, the Alpha, Beta, Gamma,
Delta, and Omicron variants, and the serum samples collected from the deer. The SARS-CoV-2 strains
and serum samples are shown as blobs, as estimated using stress parameter 0.1. The SARS-CoV-2 B.1
lineage, and the Alpha, Beta, Gamma, Delta, and Omicron variants are indicated in green, blue,
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purple, pink, red, and black, respectively, and each gray blob corresponds to serum from one deer.
Both the axes of the map are antigenic distant, and each grid square represents 1 antigenic unit, which
is a three-fold serum dilution (two antigenic units correspond to nine-fold serum dilution, and so
on) in the pseudovirus neutralization assay. The distance between points is a measure of antigenic
similarity, with closer positions indicating higher antigenic similarity. (b) The distances of antigenic
units between SARS-CoV-2 and the serum samples. The mean distance between the serum samples
and the B.1 lineage, Alpha, and Delta variants was low, compared to the Beta, Gamma, and Omicron
variants. p value < 0.05 are significant, **** p < 0.0001.

3.3. Nasal Shedding of SARS-CoV-2 RNA in White-Tailed Deer with High Levels of Neutralizing
Antibodies without Clinical Signs

Experimental SARS-CoV-2 infection in deer rapidly elicits a neutralizing antibody
immune response [6,7], but it is not yet clear whether these antibodies prevent reinfection.
While direct evidence for reinfection of experimentally or naturally SARS-CoV-2-infected
white-tailed deer is lacking, our field-based studies show that two RT-PCR positive deer
had relatively robust levels of neutralizing antibodies (79% and 94% inhibition, Table S1).
The pVNT assay of the serum sample from deer 2089, that was found to be infected with
the Delta variant, showed relatively greater reactivity to the S protein of the wild-type B1
(50% more neutralizing titer (NT50 1020) than Delta (NT50 858) (Table S1 and Figure 2b)).
Deer 2103 showed relatively higher reactivity to the Delta S protein (NT50 1829) than to the
B.1 S protein (NT50 726). It is possible that either one or both individuals seroconverted
during previous infection by an earlier SARS-CoV-2 lineage, and were reinfected with the
Delta variant, a scenario that has also been observed in humans [20,45]. Alternatively, it is
possible that these young individuals with high Ct values may have rapidly seroconverted
in response to SARS-CoV-2 Delta infection, even while continuing to shed viral RNA in
nasal secretions, as is observed in some SARS-CoV-2-positive humans [46] and in experi-
mental infection of deer [6,7]. However, the small sample size and the modest differences
in the pVNT titers do not conclusively support either reinfection or rapid seroconversion.
Therefore, these competing hypotheses need to be rigorously tested, through experimental
challenge studies and intensive field investigations that should include longitudinal sam-
pling of individual animals and deer herds. It is noteworthy, however, that most of the deer
in this study that were shedding viral RNA showed no detectable neutralizing antibodies.
All four Omicron RNA-positive deer, and two of the four Delta RNA-positive individuals,
tested negative for serum antibodies. The ability of SARS-CoV-2 variants to overcome
neutralizing antibody responses to an earlier lineage/variant in deer is important, as it
may imply that deer with antibodies to one variant could be susceptible to and transmit
other variants. Such a scenario has the potential for a substantial impact on the overall
transmission dynamics of SARS-CoV-2 in free-ranging deer, as well as their establishment
as long-term reservoir hosts.

Previous studies have suggested that white-tailed deer remain largely asymptomatic
following experimental SARS-CoV-2 infection [6,7]. Clinical examination of the deer in
this study showed no gross abnormalities, including the eight deer who tested positive for
Delta or Omicron RNA: as the exact day of infection cannot be known, it is also possible
that these deer were past the disease stage of infection. However, if SARS-CoV-2 continues
to cause low-pathogenicity infections in wild deer, then it could persist, unnoticed, within
the deer population, which would facilitate the occurrence of viral evolution underneath
our current surveillance radar.

4. Discussion

Multiple human-to-animal spillovers, and documentation of subsequent transmission
among mink and deer, highlight the “generalist” and rapidly evolving nature of SARS-CoV-2
as a pathogen of mammalian hosts, as recently described [47]. Emerging evidence suggests
adaption of SARS-CoV-2 in animal hosts: for example, six specific mutations in mink
(NSP9_G37E, Spike_F486L, Spike_N501T, Spike_Y453F, ORF3a_T229I, and ORF3a_L219V),
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and one in deer (NSP3a_L1035F), have been identified [47]. Continued replication of
SARS-CoV-2 in multiple animal hosts, and variation in selection pressure, could hasten
viral evolution, and increase the likelihood of a novel strain emergence [48]. Notably,
a recent manuscript reported a significant divergence between two deer-derived SARS-
CoV-2 Alpha variant genomes that were also divergent compared to the human Alpha
variant genomes from the same region, suggesting rapid viral evolution during deer-to-
deer transmission [10,48]. Additionally, highly divergent SARS-CoV-2 sequences with
76 mutations, suggestive of host adaptation under neutral selection, have been identified
in white-tailed deer in Canada [12]. Based on the identification of this highly divergent
SARS-CoV-2, the authors also reported the first suspected white-tailed deer-to-human
transmission [12]. Taken together, there is growing evidence that SARS-CoV-2 is likely to
become established within deer populations, and that deer are likely to contribute to the
emergence of novel variants of SARS-CoV-2. Considering the large population size and the
potential for human–deer contact in certain environments, spillback of new strains of SARS-
CoV-2 to humans and/or spread to other susceptible hosts is of genuine concern: hence,
longitudinal studies to monitor SARS-CoV-2 adaptation and evolution within free-living
deer and other susceptible non-human animal populations are urgently needed.

Several wild and synanthropic species—including raccoons, deer mice, and skunks—are
susceptible to SARS-CoV-2 infection, and share ecological space with deer [49–51]; however,
widespread SARS-CoV-2 spillovers into wild animals other than white-tailed deer (and
perhaps mink) are currently unknown. Understanding the role of wildlife as potential
reservoirs of new variants is essential, in order to assess the risk of future outbreaks in
humans—particularly when the reservoir is peridomestic and abundant in urban areas,
as is the case with white-tailed deer. While SARS-CoV-2 infections in white-tailed deer
have been reported in 22 states and provinces in North America [11,12,19], a recent study
reported that serological screening of roe, red, and fallow deer in Germany and Austria
found no evidence of SARS-CoV-2 exposure in those animals, suggesting that differences in
host susceptibility and ecological factors likely contribute to the potential for establishment
of cervids as reservoir hosts [52]; however, the extent of SARS-CoV-2 infections in captive
or free-living cervids (and indeed most other animal hosts) across the world remains poorly
understood, and warrants investigation.

Examination of the virus receptor angiotensin-converting enzyme-2 receptor indicates
that many mammalian families, including cervids and mustelids [3,47,53,54], are suscepti-
ble to SARS-CoV-2 infection, and that these models should be the focus of future sampling
efforts. Viral infection of a wildlife host species does not necessitate that the host species
sustain the virus within its population as a reservoir, as this depends on the ecological con-
text, i.e., the complete ecosystem within which the species lives and interacts ecologically
and epidemiologically [55]; therefore, a significant first challenge is to determine whether
the temperate woodland community of North America (including white-tailed deer and
other species) can sustain SARS-CoV-2 in the absence of continued spillover from humans.
It is also possible that a sustained wildlife reservoir for SARS-CoV-2 could be replicated in,
or generalizable to, other ecological communities around the world. Our studies highlight
the urgent need for stratified surveillance of at-risk wild animal species, coupled with
seasonal dynamical modeling, to predict the risk of SARS-CoV-2 spillback to humans.

5. Conclusions

Natural infections of wild white-tailed deer by the Delta and Omicron variants of
SARS-CoV-2, in a herd previously exposed to SARS-CoV-2, emphasizes the role of white-
tailed deer as a potential reservoir species. Establishing an animal reservoir might facilitate
the continued circulation of SARS-CoV-2, independent of circulation in humans; in addition,
deer might transmit the infection to other susceptible wild animals—such as rodents, foxes,
and raccoons—resulting in the establishment of SARS-CoV-2 enzootic transmission cycles:
such a scenario might result in virus adaptation, and the emergence of novel variants that
might escape the protection of current SARS-CoV-2 vaccines. Therefore, these results are

160



Viruses 2022, 14, 2770

highly significant, and warrant the continued monitoring of white-tailed deer and other
at-risk animal hosts for SARS-CoV-2 infections.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v14122770/s1, Table S1: Metadata associated with the deer
samples collected from Staten Island, NY; Table S2: Metadata associated with the phylogenetic tree
presented in Figure 1B.
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