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ARTICLE INFO ABSTRACT

Keywords: Background: During the past two decades, three novel coronaviruses (CoVs) have emerged to cause international
Coronavirus human epidemics with severe morbidity. CoVs have also emerged to cause severe epidemics in animals. A better
Emerging understanding of the natural hosts and genetic diversity of CoVs are needed to help mitigate these threats.
Infectious diseases Objective: To design and evaluate a molecular diagnostic tool for detection and identification of all currently
SARS-CoV-2 . . .. .

COVID-19 recognized and potentially future emergent CoVs from the Orthocoronavirinae subfamily.

Study design and Results: We designed a semi-nested, reverse transcription RT-PCR assay based upon 38 pub-
lished genome sequences of human and animal CoVs. We evaluated this assay with 14 human and animal CoVs
and 11 other non-CoV respiratory viruses. Through sequencing the assay's target amplicon, the assay correctly
identified each of the CoVs; no cross-reactivity with 11 common respiratory viruses was observed. The limits of
detection ranged from 4 to 4 X 107 copies/reaction, depending on the CoV species tested. To assess the assay's
clinical performance, we tested a large panel of previously studied specimens: 192 human respiratory specimens
from pneumonia patients, 5 clinical specimens from COVID-19 patients, 81 poultry oral secretion specimens, 109
pig slurry specimens, and 31 aerosol samples from a live bird market. The amplicons of all RT-PCR-positive
samples were confirmed by Sanger sequencing. Our assay performed well with all tested specimens across all
sample types.

Conclusions: This assay can be used for detection and identification of all previously recognized CoVs, including
SARS-CoV-2, and potentially any emergent CoVs in the Orthocoronavirinae subfamily.

1. Background

The family Coronaviridae consists of the largest single-stranded RNA
viruses that infect humans, other mammals, and birds [1,2]. The Cor-
onaviridae is comprised of two subfamilies, Letovirinae, and Orthocor-
onavirinae. The Letovirinae subfamily includes only one previously re-
cognized virus (partial genome) which was detected in an ornate chorus
frog (Microhyla fissipes). The subfamily Orthocoronavirinae is comprised
of many diverse viruses which are divided into four genera based on the
criteria of the International Committee on Taxonomy of Viruses [3]
including  Alphacoronavirus  (a-CoV), Betacoronavirus  (f3-CoV),

Gammacoronavirus (y-CoV) and Deltacoronavirus (8-CoV).

This century has recorded an increase in emerging zoonotic CoVs.
Severe acute respiratory syndrome coronavirus (SARS-CoV) emerged in
2002, Middle East respiratory syndrome coronavirus (MERS-CoV) in
2012, swine acute diarrhea syndrome coronavirus (SADS-CoV) in 2016,
and most recently, severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) in 2019 [4]. Notably, SARS-CoV, MERS-CoV and SARS-
CoV-2 infect humans, while SADS-CoV causes disease only in pigs [5,6].

While the other zoonotic CoV outbreaks have been largely con-
trolled, attempts at containing SARS-CoV-2 have not been successful.
Most experts would agree that this has been due, in part, to the sparse
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availability of diagnostic assays. Hence, currently, there is a massive,
worldwide effort to provide diagnostic tests for SARS-CoV-2 infections.
According to the Foundation for Innovative New Diagnostics website
[71, as of April 9, 2020 there were more than 470 molecular and im-
munological assays in the development pipeline. However, few diag-
nostics are available or being developed to detect other animal CoVs
that may jump species to man. Hence, in this study we sought to design
and evaluate develop a new molecular diagnostic tool to detect most
CoVs, including those that have been previously identified and those
that may be discovered in the future.

2. Objectives

In this work we sought to develop and test a semi-nested, RT-PCR
assay that targets the conserved RNA-dependent RNA polymerase
(RdRp) genome region common to all members of the
Orthocoronavirinae, including SARS-CoV-2.

3. Study design

In designing the assay, we selected genome sequences of 38 re-
presentative viruses from a-, -, y-, and 8- CoV genera that were
available in the National Center for Biotechnology Information (NCBI)
GenBank database.

3.1. Phylogenetic analysis of CoVs

Since the RdRP is the most conserved region among the
Orthocoronavirinae, this region was chosen for designing RT-PCR pri-
mers to all members of this subfamily. As a first step, RARp sequences
were extracted from NCBI and multiple alignments were prepared using
the Clustal W program with default parameters implemented in MEGA
7 (http://www.megasoftware.net). Phylogenetic trees of the RdRp
genes were then constructed using the neighbor-joining method with
1000 bootstrap replicates also using MEGA 7 (Fig. 1). The GenBank
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accession numbers of these viruses are recorded in Table S1.

3.2. Degenerate primers design

The 38 CoV RdRp gene sequences from GenBank were next aligned
using Geneious software (Biomatters Ltd, Auckland, New Zealand).
Highly conserved regions were visually identified and three degenerate
primers were then designed using Geneious software to be broadly re-
active across all Orthocoronavirinae. All primers were synthesized by
Integrated DNA Technologies (IDT, Coralville, IA, USA). For first round
RT-PCR, the external primers (pan-CoV_outF and pan-CoV_R) were used
to amplify a 670-673 bp product; for the second round semi-nested
PCR, an internal primer (pan-CoV_inF) was used with pan-CoV_R for
amplification of an internal 599-602 bp product. The primer sequences
used for each amplification are shown in Table S2.

3.3. Reference viral strains and clinical specimens used in evaluating the
assay

A panel of 25 viral isolates and positive clinical specimens harboring
a total of 23 unique respiratory viruses were selected (Table 1). The 25
samples were acquired from the American Type Culture Collection
(ATCC) and from previously studied clinical or field collection speci-
mens at our One Health Laboratories at Duke University (Durham, NC,
USA) and Duke-NUS Medical School (Singapore). Fourteen human and
animal CoV reference strains or molecularly-positive samples that were
archived at Duke University, served as positive controls.

Additionally, a total of 382 human clinical or animal field speci-
mens were screened with the pan-CoV assay, including 192 human
swabs (collected from hospitalized pneumonia patients at Sibu and
Kapit Hospitals of Sarawak, Malaysia) [8], 81 poultry swabs (collected
from a live poultry market in Hanoi, Vietnam) [9], and 109 pig slurry
samples (collected from pig farms in North Carolina, USA) [10]. These
samples were supplemented with bioaerosol samples (n = 31) collected
using the National Institute for Occupational Safety and Health’s

Fig. 1. The phylogenetic tree of 38 coronaviruses with nucleotide
sequences of RNA-dependent RNA polymerase, constructed by the
neighbor-joining method using MEGA 7. The four coronavirus
genera are grouped in shades of yellow (Alphacoronavirus), light-
blue (Betacoronavirus), pink (Gammacoronavirus), and cyan
(Deltacoronavirus). Seven human coronaviruses are marked in red.
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Table 1
The pan-CoV assay was evaluated against a panel of known coronaviruses and other unrelated human respiratory virus pathogens.
Virus Name CoV genus Type Source
Human coronavirus 229E a CoV Lab strain NR-470; ATCC
Human coronavirus NL63 a CoV Lab strain NR470; BEI Resources
Human coronavirus OC43 B Cov Lab strain Betacoronavirus 1; ATCC
Human coronavirus HKU B Cov Fragment HKU1_PC; IDT
SARS-CoV-2 B Cov RNA USA-WA1 isolate; BEI
MERS-CoV B Cov Plasmid pUCIDT-MERS-CoV; IDT
SARS-CoV B Cov Plasmid pUCIDT-SARS-CoV; IDT
SARS-CoV-2 B Cov Fragment SARS-CoV-2_PC; IDT
Canine coronavirus a CoV Lab strain UCD1; NR-868; BEI Resources
Porcine respiratory coronavirus a CoV Lab strain NR-43,286; BEI Resources
Transmissible gastroenteritis virus a CoV Lab strain TGEV; BEI Resources
Bovine coronavirus B Cov Lab strain 020-BDV; NVSL
Infectious bronchitis virus y CoV Lab strain Massachusetts; BEI Resources
Porcine deltacoronavirus 8 CoV Lab strain 026-PDV; NVSL
Human adenovirus NA Isolate Clinical sample derived
Human adenovirus NA Isolate Clinical sample derived
Human enterovirus 71 NA Lab strain BrCr; ATCC
Human parainfluenza virus NA Lab strain HPIV1/FRA/29,221,106/2009; BEI Resources
Human rhinovirus NA Lab strain 1059; ATCC
Influenza virus A HIN1 NA Lab strain A/California/07/2009 (HIN1) pdm09; IRR
Influenza virus A H3N2 NA Lab strain A/Switzerland/9,715,293/2013 (H3N2); IRR
Influenza virus B NA Lab strain B/Phuket/3073/2013 (yamagata lineage); IRR
Influenza virus C NA Lab strain C/Taylor/1233/1947; BEI Resources
Respiratory syncytial virus A NA Lab strain A 1997/12—35; BEI Resources
Respiratory syncytial virus B NA Lab strain B1 BPR-348 —00; BEI Resources

NA = not associated with CoV; CDC = Centers for Disease Control and Prevention; IDT = Integrated DNA Technologies, Inc.; NVSL = National Veterinary Services
Laboratories; BEI = Biodefense and Emerging Infections Research Resources Repository; ATCC = American Type Culture Collection; IRR = Influenza Reagents

Resource.

(NIOSH, Morgantown, West Virginia, USA) model BC 251 two-stage
bioaerosol sampler from a large poultry market in Vietnam [9]. Finally,
we compared the pan-CoV assay’s performance to the US Center for
Disease Control and Prevention’s 2019-nCoV RT-PCR assay [11] against
a set of clinical specimens from COVID-19 patients.

3.4. Amplification conditions for pan-CoV assay

The protocol consisted of a semi-nested RT-PCR strategy with two
amplification steps. A first RT-PCR amplification round was conducted
using SuperScript™ III One-Step RT-PCR System with Platinum™ Taq
DNA Polymerase (Thermo Fisher Scientific, Waltham, MA, USA). Each
25uL first step reaction mixture contained 4ul. RNA samples, 12.5uL 2X
Reaction Mix (containing 0.4mM of each dNTP, 3.2mM MgS0,),
0.4uM of each primer (pan-CoV_outF and pan-CoV_R), a 0.4uL volume
SuperScript™ III RT/Platinum™ Taq Mix, and nuclease-free water to
obtain a final volume of 25uL. The thermal profile included incubation
at 55 °C for 30 min for reserve transcription, followed by incubation at
94°C for 2min to inactivate the reverse transcriptase enzyme.
Following the reverse transcription, amplification was performed in the
CFX PCR System (Bio-Rad, USA) according to the following program:
30 cycles of 94 °C for 155, 53.4 °C for 30s and 68 °C for 1 min; a final
extension at 68 °C for 5 min; and holding at 4 °C. The conventional PCR
for second step was carried out in 25uL volume containing 1uL of first
RT-PCR product, 2.5ul. 10X PCR Buffer (no magnesium chloride),
0.75uL. 50 mM magnesium chloride, 0.5ul. ANTP mix (dATP, dCTP,
dGTP and dTTP), 1uL of each primer (pan-CoV_inF and pan-CoV_R),
0.25ul. Platinum™ Taq DNA Polymerase, and enough nuclease-free
water for a final volume of 25yl for each reaction. Finally, 599-602 bp
RdRp amplicons were obtained by thermocycling using the following
parameters: 94 °C for 5 min; 35 cycles of 94 °C for 155, 54.5°C for 30s
and 72 °C for 1 min; and a final extension of 72 °C for 10 min. To avoid
possible contamination, positive and negative controls were contained
in each run of the assay. The PCR products were kept at 4 °C until
analysis by gel electrophoresis. Amplification products were electro-
phoresed and visualized on a 2 % agarose gel together with a 100 bp

DNA ladder at 120 V for 30 min. Sanger sequencing for positive samples
was performed by Eton Bioscience Inc (Eton Bioscience, Raleigh, NC,
USA).

3.5. Additional study methods

Additional study methods such as RNA extraction methods, and
construction of the recombinant plasmids used in testing are described
in the supplemental materials.

4. Results
4.1. The pan-CoV assay

Through alignment of 38 RdRp gene sequences from human and
animal CoVs, the region containing the most conserved sequences was
identified (Fig. 2). Two degenerate primer pairs were constructed
(Table S2) with binding sites within this region and a semi-nested PCR
protocol was developed. Amplicons obtained by the RT-PCR assay were
checked by agarose gel electrophoresis. No primer dimers were de-
tected and no false positive results were observed in the CoV negative
control samples. Amplicons of expected size were obtained by the op-
timized semi-nested RT-PCR protocol with all CoV-positive samples
tested.

4.2. Validation of assay specificity, sensitivity and reproducibility

To validate the specificity of the pan-CoV assay, a wide range of
different CoVs were prepared for templates. The assay specificity was
further determined by attempting to amplify nucleic acid from non-
specific pathogens like common respiratory viruses. Our assay yielded
an amplicon of the expected size (599-602 bp) from the well-char-
acterized control and reference CoV strains (Fig. 3). The results showed
that the pan-CoV assay could accurately identify different CoVs without
cross-reactivity with other non-target pathogens, demonstrating a high
specificity for the primers used in this study (Fig. 3). Furthermore,
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Fig. 2. Multiple alignment of the of 38 available RARp gene segments of coronaviruses, with nucleotide sequences and positions for the primers of the pan-CoV assay.

Sanger sequencing confirmed the amplification of expected sequences
from the tested samples (Table S3). Some other CoVs (except for the
tested CoVs) were not available for testing, but in silico alignment of the
targeted region in the RdRp gene of these species demonstrated a suf-
ficient primer match to predict successful amplification.

To determine the limits of detection (LOD) of this assay, 10-fold
dilution series of templates (plasmids and RNA) were tested, each
performed in triplicate. The LOD was defined as the lowest con-
centration that was detected in all triplicate reactions. Under general
semi-nested RT-PCR conditions, our results revealed that the assay was
able to detect bands in gels at dilutions ranging from 4 to 4 x 102 co-
pies/reaction for corresponding plasmids (SARS-CoV with 4 and MERS-
CoV with 4 x 102 copies/reaction). In addition, RNA extracted from
SARS-CoV-2 (USA-WAL1 isolate) infected cells with known concentra-
tion (with a pre-determined titer of 4.8 x 10” genome copies/mL, data
not shown) was used to determine the LOD of this assay. These data
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revealed that the pan-CoV assay could detect SARS-CoV-2 RNA at
4 x 10! copies per reaction (Fig. 4).

Intra- and inter-assay variability were determined at high, medium
and low copy number (10, 10* and 10?) using the plasmids prepared
above, which were serially diluted 10-fold to a final concentration be-
tween 1 and 10® copies/uL. For intra-assay variability, all samples were
run in triplicate. For inter-assay variability, the assays were repeated
three times individually on different days. The plasmids, with different
dilutions, were successfully detected under different conditions and
showed similar results among the assays. It is worth mentioning that
this assay was also successfully implemented in the hands of a research
team in Singapore (Fig. S1 in the supplemental materials).

4.3. Evaluation of RT-PCR assay performance with clinical samples

To assess the performance of our semi-nested RT-PCR assay with
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Fig. 3. Specificity analysis of pan-CoV assay using a panel of respiratory viral species. (A) Results of first amplification round (reverse transcription PCR). (B) Results
of the conventional PCR for second step. Swabs 1 and 2 were collected from healthy people.
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Fig. 4. Sensitivity tests of pan-CoV assay using serial dilutions of RNA and plasmid containing RdRp sequences of coronaviruses. (A) Sensitivity of pan-CoV assay
using SARS-CoV plasmid. (B) Sensitivity of pan-CoV assay using mers-CoV plasmid. (C) Sensitivity of pan-CoV assay using SARS-CoV-2 RNA. The left and right sides
of the DNA ladder are the results of first and second step of pan-CoV assay, respectively.

human clinical specimens, a total of 192 swab samples from patients
with pneumonia were tested. Of these, nine (4.7 %) tested positive with
the expected amplicon size (Table S4). Upon sequencing, four speci-
mens had evidence of HCoV —0C43, four had evidence of canine-CoV,
and one (1) had evidence of HCoV-NL63.

The assay was then evaluated with 190 animal samples. Among 81
poultry swab samples, we identified 25 (30.9 %) positive for CoV. All
81 poultry swab samples had previously tested positive for influenza A
by real-time RT-PCR [9]. Sequencing of the CoV positive samples
identified one avian CoV, two duck CoVs and 22 infectious bronchitis
viruses (IBVs) (Table S4). Among 109 tested pig samples, one (0.92 %)
tested positive for CoV. This sample was confirmed as positive for
transmissible gastroenteritis virus (TGEV) by Sanger sequencing.

To determine whether the assay could be used to identify naturally
occurring CoVs from the environment, we blindly screened 31 bioaer-
osol samples collected from a poultry market in Hanoi, Vietnam.
Among the 31 bioaerosol samples tested, three (9.7 %) were positive for
duck CoV, two (6.5 %) were positive for infectious bronchitis virus and
one (3.2 %) was positive for avian CoV (Table S4). Negative control
samples were negative in all tests, ruling out amplicon contamination as

a source of the positive results.

Finally, the pan-CoV assay had 100 % agreement with the US CDC’s
rRT-PCR assay for SARS-CoV-2 on two nasopharyngeal swabs, two
saliva specimens, and one rectal swab from COVID-19 patients (Table
S5).

5. Discussion

Detection of CoVs has most often been made by electron micro-
scopy, cell culture, serological assays, or molecular methods.
Microscopy requires expensive equipment and technical expertise.
Although cell culture has been considered the gold standard for CoV
detection with high specificity [12], its time requirements and low
sensitivity limit its clinical application. Serologic assessments are
fraught with low sensitivity and occasional cross-reactivity [13]. While
fast and sensitive [14], molecular assays target previously recognized
CoVs and may miss the detection of a novel CoV [15].

Our pan-CoV assay overcomes these problems. It employs a semi-
nested RT-PCR approach using two pairs of degenerate primers that
universally amplify CoVs within four genera. We recognize that semi-
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nested RT-PCR methods are more complex and offer additional risk of
assay contamination. However, we argue that effective management of
the laboratory environment can reduce such risk.

As the COVID-19 pandemic is currently surging, pathogen discovery
of novel CoVs now seems even more important than before. All HCoVs
come from two main genera (a-CoV and 3-CoV) and are thought to
have come from animals, specifically bats [16-19]. It seems clear that
large-scale surveillance is needed to fully understand the role played by
y-CoVs and 8-CoVs in the emergence of human CoVs. Hence, this assay
might be especially useful in detecting CoVs that are potentially pa-
thogenic to humans from all four genera. Interestingly, we found
viruses that are genetically similar to canine-CoV in four human
pneumonia samples. We are in the process of further investigating these
findings with attempts at culture and next generation sequencing
(NGS).

With the advent of NGS technology [20], numerous CoV strains of
four genera have been identified via the increased surveillance of wild
animal species. NGS has helped elucidate the evolutionary history of
CoVs using a large amount of data generated by unbiased sequencing.
However, some disadvantages limit the number of samples that can be
sequenced. Although it becomes less expensive each consecutive year,
the cost is still very high and the procedure includes time-consuming
complicated library preparations and data processing. Hence, we posit
that combined screening strategies are the most cost-effective way to
identify new CoVs. We recommend employing novel coronavirus sur-
veillance among people whose occupations or recreation cause them to
have prolonged or frequent exposure to animals. We recommend
screening them periodically, when healthy, for novel CoV nasal carriage
and whenever they develop an acute respiratory illness. This surveil-
lance might first include employing our pan-CoV assay and other pan-
viral assays. When a novel virus is detected, the surveillance team
might look for that same virus among the workers’ animals. Having
confirmed a novel virus in both an animal worker and his or her ani-
mals, further investigations might be employed through cell culture,
full genome sequencing, and if indicated, seroepidemiology of both the
worker and the animals.

Novel CoVs also have caused tremendous morbidity among live-
stock. Currently, six CoVs have caused significant morbidity in pigs [5].
These include four a-CoVs [porcine epidemic diarrhea virus (PEDV),
porcine respiratory coronavirus (PRCV), transmissible gastroenteritis
virus (TGEV), and the recently emerged swine acute diarrhea syndrome
coronavirus (SADS-CoV)], one [3-CoV [porcine hemagglutinating en-
cephalomyelitis virus (PHEV)], and a 8-CoV [porcine deltacoronavirus
(PDCoV)]. Among them, SADS-CoV may have originated from bat CoVs
and PDCoV from a sparrow CoV [5], indicating that pigs are the likely
complex reservoir for containing these emerging different CoVs. Given
its ability to detect CoVs from four CoV genera, our pan-CoV assay can
be used to detect novel CoVs in animal herds.

It should be noted that 8-CoVs in particular have an affinity to jump
species. A recent study demonstrated that poultry are susceptible to
infection with PDCoV [21] and that PDCoV also infects human cell lines
[22]. So, we should be particularly concerned when a novel CoV is
detected at the human-animal interface.

6. Conclusions

We have designed and evaluated a pan-CoV assay that can detect all
known human CoVs from four genera. This assay may be used as a
diagnostic tool to identify all previously recognized human CoVs, in-
cluding SARS-CoV-2 and related viruses, as well as any future emergent
CoVs from the Orthocoronavirinae subfamily.
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