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We examined a collection of 386 animal, 451 human, and 109 archived bioaerosol samples with a new pan-
species coronavirus molecular assay. Thirty-eight (4.02%) of 946 specimens yielded evidence of human or an-
imal coronaviruses. Our findings demonstrate the utility of employing the pan-CoV RT-PCR assay in detecting
varied coronavirus among human, animal, and environmental specimens. This RT-PCR assay might be employed
as a screening diagnostic for early detection of coronaviruses incursions or prepandemic coronavirus emergence

in animal or human populations.

1. Introduction

As we endure the mortality, morbidity, and societal disruptions of
the COVID-19 pandemic, public health and research administrators are
beginning to think about how we might detect and possibly mitigate
future pandemics. Experts are in disagreement regarding the best
approach, with some proposing complex and comprehensive efforts
focused upon the detection and characterization of an estimated 1.67
million of the world’s viruses [1,2], and intense immunological study
and vaccine construct development targeting large numbers of potential
human viral threats [3,4], and others proposing aggressive epidemic and
human clinical viral surveillance [5,6]. The comprehensive viral and
immunological approaches are expensive in both cost and effort, [5,6]
and given recent US history of how pandemic preparedness funding
waxes and wanes, it may be difficult to sustain for the long term. In this
paper, we examine how one might reduce such costs and effort by

employing a One Health approach in searching for new pandemic
threats in geographical areas thought to be at risk of novel virus emer-
gence. We demonstrate this by searching for coronaviruses using a low-
cost viral diagnostic [7] in a large panel of archived samples collected
from people, animals, and animal environments.

2. Materials and methods

We sought to detect possible cryptic coronaviruses (o-, p-, y-, and 8-
coronaviruses) from a collection of archived animal, human, and envi-
ronmental samples using a previously reported conventional RT-PCR
assay [7]. The archived samples were collected by our multinational
teams in China [8], Malaysia [9,10], and Vietnam [11] during the years
2015 to 2019.
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2.1. Biorepository

A total of 386 animal samples were screened with the pan-
coronavirus (pan-CoV) assay in this work, including 58 pig oral secre-
tion and fecal specimens (collected from pig farms in Sibu, Malaysia)
[9], 200 pig oral secretion specimens (collected from pig farms in
Shandong, China) [8], as well as 128 pig nasal swab, respiratory tract
swab, and lung swab specimens (collected from pig farms in Jiangsu,
China). A total of 451 human samples were also tested with the pan-CoV
assay, including 45 animal workers’ nasal wash specimens (collected
from pig farms in Sibu, Malaysia) [9], 350 pneumonia patients’ naso-
pharyngeal (NP) samples (collected from hospitals in Hanoi, Vietnam)
[11] and 56 patients’ nasopharyngeal (NP) samples (collected from
hospitals in Sibu and Kapit, Malaysia) [10]. Additionally, 109 bioaerosol
samples collected using National Institute for Occupational Safety and
Health (NIOSH) 2-stage bioaerosol cyclone samplers in a live poultry
market in Kunshan (China) were tested with the pan-CoV assay [12].
Detailed information about all specimens is provided in supplemental
document.

2.2. Conventional RT-PCR

The conventional RT-PCR assays were run at corresponding collab-
orator site (China, Singapore, and Malaysia) with slight variations in
methods (details in Supplementary Data). This RT-PCR assays that all
teams used targeted the conserved RNA-dependent RNA polymerase
(RdRp) genome region common to all members of the Orthocoronavir-
inae. This assay has previously been shown to be effective in detecting
different strains of coronaviruses [7]. All sites yielded the expected
amplicon sizes for the first and second amplification step, which were
670-673 bp and 559-602 bp respectively. To avoid possible contami-
nation, negative controls [7] were used in each step. Positive controls,
subsequently identified at the correct molecular size, were also included
in each step.

2.3. Sequencing and sequence alignment

Sanger sequencing of the amplicons from the RT-PCR assays was
performed by Genewiz Inc. (Genewiz, Suzhou, China), Bio Basic Asia
Pacific Pte. Ltd. (Singapore), or Institute of Health and Community
Medicine at the Universiti Malaysia Sarawak (Malaysia). The obtained
sequences were assembled and edited using Geneious R11 Software
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(Biomatters Ltd., Auckland, New Zealand), and then compared to the
NCBI sequence database using online BLAST (https://blast.ncbi.nlm.nih
.gov/Blast.cgi). GenBank sequence information is recorded in Table S1
(details in Supplementary Data).

3. Results

Among the 946 archived field samples evaluated with the conven-
tional pan-CoV RT-PCR assay, thirty-eight (4.02%) were positive for
coronaviruses (See Table 1 and Table S1).

Among the animal samples, sixteen (8.00%) out of the 200 swine oral
secretion samples (China) were positive for coronaviruses. Among these
sixteen specimens, eight (50.00%) were identified as porcine hemag-
glutinating encephalomyelitis virus (PHEV), five (31.25%) were iden-
tified as porcine epidemic diarrhea virus (PEDV), and three (18.75%)
were identified as porcine respiratory coronavirus (PRCV). Thirteen
(10.16%) out of 128 pig nasal swab, respiratory tract swab, and lung
swab specimens (China) were positive with the expected amplification
size. But after sequencing, only one specimen tested positive for porcine
epidemic diarrhea virus (PEDV). One (1.72%) out of 58 pig oral secre-
tion and fecal samples (Malaysia) demonstrated sequence data consis-
tent with human coronavirus 229E.

Among 451 human samples (Malaysia and Vietnam), we identified
four (0.89%) positives for coronavirus. Sequencing of these positive
samples identified one human coronavirus HKU1 (Vietnam) and three
human coronavirus 229E (Malaysia).

Of the 109 bioaerosol samples from live poultry markets, twenty-four
(22.02%) were positive with amplicons of the expected amplification
size. Sequencing of these positive samples identified seven duck coro-
naviruses and nine infectious bronchitis viruses (IBVs). The remaining
eight positive samples could not be sequence-typed might be due to their
low viral concentration.

4. Discussion

As a supplement to the original report of the pan-species assay [7],
we detected seven unique coronaviruses in thirty-eight (4.02%) of the
946 archived field samples studied. These viruses included porcine
hemagglutinating encephalomyelitis viruses (PHEV), porcine epidemic
diarrhea viruses (PEDV), porcine respiratory coronaviruses (PRCV),
human coronavirus (229E), human coronavirus (HKU1), duck corona-
virus, and infectious bronchitis viruses (IBV). These findings supplement

Types of samples tested with the pan-CoV assay and their aggregated laboratory results.

Sample Type Collection Collection No. No. (%) Positive Summary of Sequence Results
Year(s) Location Tested by Sequencing
Animal Specimens
Pig oral secretion specimens (rope ~ 2015-2016 China 200 16 (8%) Eight porcine hemagglutinating encephalomyelitis viruses (PHEV); five
swab sampling) porcine epidemic diarrhea viruses (PEDV); and three porcine respiratory
coronaviruses (PRCV)
Pig lung swab, respiratory track 2018-2019 China 128 1 (0.78%) One porcine epidemic diarrhea virus (PEDV)
swab, and nasal swab specimens
Pig oral secretion specimens (rope 2017 Malaysia 30 1 (3.33%) One human coronavirus (229E)
sampling)
Pig fecal specimens 2017 Malaysia 28 0 (0%) -
Human Specimens
Animal workers’ nasal wash 2017 Malaysia 45 1 (2.22%) One human coronavirus (229E)
specimens
Pneumonia patients’ 2017 Malaysia 56 2 (3.57%)
nasopharyngeal specimens Two human coronaviruses (229E)
Pneumonia patients’ 2017-2019 Vietnam 350 1 (0.29%) One human coronavirus HKU1

nasopharyngeal specimens

Environmental Specimens
Bioaerosol samples from a live 2018 China 109
bird market

16 (14.68%)

Seven duck coronavirus; nine infectious bronchitis viruses (IBV)

Archived samples (N = 946) from One Health research network laboratories in China, Malaysia, and Singapore were selected for this study.
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previous animal and human coronavirus detections recorded in the
original study [7]. Incidentally, a novel recombinant canine-feline
alphacoronavirus from a recent report has been isolated from human
specimens and gnomically characterized [13].

All the coronaviruses detected in this project were previously
recognized as animal or human pathogens. As we detected them in as-
sociation with their natural host, their detection does not raise major
alarms. However, having an assay capable of detecting new incursions
with specific coronavirus or cross-species coronavirus infections is of
marked value to veterinarian or public health professionals. Such an
assay covers multiple threats and does not require a knowledge that a
virus is enzootic or endemic.

We argue that such tools are necessary, the current COVID-19
pandemic making these tools more apparent than ever, as both domes-
tic and wild animals and humans may easily experience cross-species
infections from coronaviruses. Pepin et al. mentioned that the surveil-
lance of divergent CoVs in the swine population was essential, consid-
ering the rapid evolution of coronaviruses and the high levels of contact
between domestic pigs and humans in ordinary life [14]. Especially,
they found in previous reports that human CoVs can replicate in porcine
cells (e.g., SARS-CoV-2), which may increase the potential zoonotic
transmission of CoVs in pigs and humans. Another recent study provided
molecular evidence to support the argument that pigs were susceptible
to SARS-CoV-2 infection [15]. The authors suggested that further in-
vestigations into the role of domestic animals in the spread of SARS-CoV-
2 are needed.

If we only consider the porcine coronaviruses we detected in this
study, it seems they too have spillover potential. Edwards et al. found
that swine acute diarrhea syndrome coronaviruses (SADS-CoVs) could
replicate efficiently in human liver and rectal carcinoma cell lines,
which may increase the spillover risk of SADS-CoV from pigs into
humans [16]. Another group of researchers reported that porcine delta-
coronavirus (PDCoV) was capable of infecting human cells under labo-
ratory conditions [17].

This pan-coronavirus assay also has added value as a broad screening
tool. Compared to targeted primers (e.g., for the PHEV test only), the
pan-CoV RT-PCR assay does not require a veterinarian or public health
official to know which specific coronavirus type molecular assay to
order. Through its use, veterinary personnel may discover pathogens in
various field samples that they did not know were enzootic. Besides, this
assay can be easily conducted in molecular laboratories, which may also
help laboratory professionals save costs and effort during the initial
stage of an outbreak investigating.

It is also interesting to note that we detected a human coronavirus
(229E) from one pig oral secretion specimen. This animal specimen was
previously collected from pigs at a human-pig interface in Sarawak
(Malaysia), where two animal workers were infected with human
coronavirus (one of their specimens was also successfully sequenced as
HCoV 229E positive in this study) may explain this result [9]. But
because no similar finding was reported in previous studies, future
studies are needed to validate this finding and explore the possibility of
reverse Zoonosis in coronavirus transmission. Additionally, the discov-
ery of animal coronaviruses (duck coronavirus and IBV) in bioaerosol
samples suggests that the RT-PCR assay we used can also be used to
screen environmental samples. As coronaviruses were detected in
various animal, human, and environmental samples, the pan-species
coronavirus assay seems to have potential for One Health-oriented
surveillance where multiple sample types are collected.

Detecting and mitigating future pandemic threats is a complex issue
and various US government agencies and philanthropic organizations
have championed different approaches. Since 2009, the US Agency for
International Development (AID) has sponsored a PREDICT program
which has expended more than $170 M in efforts to predict and preempt
the next pandemic through viral surveillance and infrastructure devel-
opment. PREDICT teams have collected 140,000 biological samples
from various animals in numerous geographical areas and identified
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~1200 novel viruses and trained thousands of professionals in 60 labs in
30 countries. In 2018, a more ambitious Viral Genome Project [1] was
initiated with a 10-year goal to study an estimated 70% of the world’s
1.67 million viruses to learn which are likely to crossover to man. While
the effort is said to have won some funding from Chinese and Thai
governments, its total support of $3.4 billion has yet to be reached.
Similarly, administrators at National Institute of Allergy and Infectious
Diseases have begun to talk about a 20-year plan for the institute’s
pandemic prevention effort [4]. The not well-described prospective
human cohort surveillance and intense immunological study of 120 viral
targets would likely be very expensive. Other scientists have criticized
the intense viral surveillance strategies and would also likely criticize
the immunological approach as too expensive in cost and effort. They
point out that spillover events are rare, and mention that viruses are
continually changing, requiring repeated analytical efforts. They un-
derscore that predicting spillover events (and attempting to mitigate
them immunologically) is very challenging involving many factors and
thus much effort could be misdirected, never found to be practical, and
funding misspent. Instead, other scientists argue for increased epide-
miological and clinical surveillance for novel pathogens in high-risk
settings [5,6,18].

It will be interesting to observe how policy makers decide to invest
future government funding in pandemic prevention. However, it is
becoming increasingly clear that a One Health Approach will be a key
element for future work. The One Health Approach advocates for col-
laborations between human, animal, and environmental health. It often
involves professionals from these diverse disciplines working together
on a specific complex problem like emerging infectious diseases at the
human-animal nexus. The One Health Approach is now embraced by
almost all branches of the US government.

In this work, we examined archived specimens from a series of our
One Health research projects in China, Malaysia, and Vietnam. We
coached three different laboratory teams in adapting the conventional
RT-PCR assay [7] that was developed at Duke University. They suc-
cessfully ran the nested assay and found it relatively easy to use. This
rather non-complex and inexpensive assay [7], other conventional pan-
species RT-PCR and PCR assays [19], and next-generation sequencing
laboratory assessments [20] could be powerful screening tools in
assisting laboratory professionals in developing countries to better to
identify novel respiratory viruses. Moreover, we also found such con-
ventional pan-species assays to be a valuable supplement to focused
real-time clinical assays in the detection of novel agents [19] among
pneumonia patients. For instance, in Vlasova et al., we recently reported
the detection of a novel canine-like recombinant alphacoronavirus from
human pneumonia patients in Malaysia using the pan-species CoV RT-
PCR assay [13,]. This finding underscores the value of the pan-species
CoV assay in novel virus discovery. Hence, we strongly recommend
public health and veterinary health officials include pan-species or next-
generation sequencing assessments for novel virus detections in plan-
ning pre-pandemic virus surveillance among high-risk populations such
as animal workers [22,23]. Early detection of known and unknown
coronaviruses is the key to preventing transmission among animals and
humans.

5. Limitations

The results reported herein should be considered in light of the
following limitations. First, this study represents a convenience sample
that was not representative of particular animal host species, specimen
types or geographical areas. Second, this study was limited in that we
could not link detected coronaviruses to clinical manifestations in
humans or animals from which the specimens were taken. Third, while
the veracity of the pan-species assay was presented in detail in the
original report by Xiu et al. [7], we sought no estimations of sensitivity,
specificity, and accuracy for the assay work reported here. We are just
adding supplemental data to the Xiu et al., report demonstrating the
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epidemiological value of the assay. Still, we took considerable care to
verify our findings. We employed positive and negative controls in each
pan-CoV assay step. Most of the CoV-positive specimens’ amplicons
were sequenced twice (no disagreements detected). The human spec-
imen with evidence for HCoV HKU1 found in this study was previously
tested and found to be HCoV HKU1-positive in a previous study using a
different RT-PCR assay [11]. Our findings support the notion that the
pan-species CoV assay could be an inexpensive and useful screening tool
for coronaviruses surveillance among animal, human, and environ-
mental samples, especially in developing countries. This assay could
supplement other molecular testing methods in the detection of novel
agents.
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