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ABSTRACT

The progression of COVID-19 worldwide can be tracked by identifying mutations within the genomic sequence of SARS-
CoV-2 that occur as a function of time. Such efforts currently rely on sequencing the genome of SARS-CoV-2 in patient
specimens (direct sequencing) or of virus isolated from patient specimens in cell cultures. A pilot SARS-CoV-2 air sampling
study conducted at a clinic within a university student health care center detected the virus vRNA, with an estimated
concentration of 0.87 virus genomes L' air. To determine whether the virus detected was viable (‘live’), attempts were made
to isolate the virus in cell cultures. Virus-induced cytopathic effects (CPE) were observed within two days post-inoculation
of Vero E6 cells with collection media from air samples; however, rtRT-PCR tests for SARS-CoV-2 vRNA from cell culture
were negative. Instead, three other fast-growing human respiratory viruses were isolated and subsequently identified,
illustrating the challenge in isolating SARS-CoV-2 when multiple viruses are present in a test sample. The complete SAR-
CoV-2 genomic sequence was nevertheless determined by Sanger sequencing and most closely resembles SARS-CoV-2
genomes previously described in Georgia, USA. Results of this study illustrate the feasibility of tracking progression of the
COVID-19 pandemic using environmental aerosol samples instead of human specimens. Collection of a positive sample
from a distance more than 2 m away from the nearest patient traffic implies the virus was in an aerosol.
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INTRODUCTION

The worldwide spread of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), the virus that causes coronavirus
disease 2019 (COVID-19), has intensified attention to
precautions and implementation of infection control processes
to reduce its spread in hospitals, clinics and the public.
Among the various measures taken to stem the spread of the
virus, tracking the progression of the COVID-19 pandemic
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by analyzing the genomic sequence of SARS-CoV-2 as it
spreads internationally (Forster et al., 2020) is a critical one.
Currently, such efforts rely on sequencing the genome of
SARS-CoV-2 in patient specimens (direct sequencing) or of
virus isolated from patient specimens in cell cultures. Direct
sequencing of the complete virus genome in patient specimens
by common next-generation sequencing (NGS) technology
is not always possible for many reasons, e.g., the amount of
virus present in any given specimen may be too low to perform
whole-genome analyses. Moreover, reliance on human
specimens paints an incomplete picture since pre-symptomatic
and asymptomatic individuals can also shed infectious
SARS-CoV-2 virus (Anderson et al., 2020; Rothe et al.,
2020), but many of them do not report to clinics, and thus
specimens are not available for analyses. In the absence of
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testing of all citizens, environmental sampling, which is a
non-invasive procedure, may bridge the gap by collecting
SARS-CoV-2 shed into air by pre- or asymptomatic people.

Conventionally, infectious respiratory viruses are said to
be transmitted mainly through contact with respiratory
droplets (> 5 pm). However, evidence is mounting that the
virus can be transmitted as fine particles (< 5 um) (Chia et
al., 2020; Liu et al., 2020; Santarpia et al., 2020) present in
aerosols formed when a SARS-CoV-2 infected person
coughs, sneezes, breathes, or talks (Hsiao et al., 2020). If so,
environmental aerosol sampling may help us better understand
the transmission process as it allows collection of airborne
particles containing SARS-CoV-2 as mentioned above.
Nevertheless, the collection of airborne virus for inhalation
risk and genomic sequence analyses using air samplers is
challenging for several reasons (Pan ef al., 2019): (A) Certain
air samplers such as impingers are inefficient in collecting
the smallest size fractions, yet these are where airborne virus
particles are often found (Hogan et al., 2005), (B) Filter-
based sampling typically desiccates the collected material as
air passes through (or by) the filters (Pan et al., 2019) and
that drying can result in inactivation of many types of virus,
rendering risk analyses impossible (inactivated viruses are
non-infectious and cannot cause disease), and (C) Airborne-
virus concentrations can be low, either naturally or at the site
of collection, making collection and thus detection thereof
difficult. The latter was the case for SARS-CoV-2 in one study,
wherein its concentration in air inside a patient’s room was low,
e.g., mean concentration of 2.86 genome equivalents L™ of air
(Santarpia et al., 2020). To collect enough airborne virus for
detection by current molecular techniques, longer sampling
times may be needed. However, collection media that
desiccate during usage may not be suitable, e.g., gelatin filter
or impingers wherein water evaporates during sampling
(Nevalainen ef al., 1993), as the virus can become inactivated
through desiccation.

Whereas there have been reports regarding the detection
of SARS-CoV-2 in air samples (Chia et al., 2020; Liu et al.,
2020; Santarpia et al., 2020), it is still unclear whether
aerosol transmission is important for the spread of SARS-
CoV-2 (Hadei et al., 2020). Here we present the results of a
pilot SARS-CoV-2 air sampling study conducted at the
Student Health Care Center (SHCC) at the University of
Florida (Gainesville, FL, USA), wherein we too detect the
virus in an air sample. Further, we present phylogenetic
inference of the complete SARS-CoV-2 genomic sequence
that was obtained in the study.

METHODOLOGY
Details of the sampling site, air sampling, detection of

SARS-CoV-2 genomic RNA, quantification of SARS CoV-2
genomes, Sanger sequencing, and phylogenetic inference

are provided as Supplementary Material.
RESULTS

rtRT-PCR analysis detected VRNA in an air sample
(Table 1). The amount of virus present in 390 L of sampled
air was low (approximately 340 virus genome equivalents).
Accordingly, the estimated SARS-CoV-2 concentration was
0.87 virus genomes L' air.

Virus-induced cytopathic effects (CPE) were observed
within two days post-inoculation of Vero E6 cells with
collection media from air samples 1 and 2 (Figs. 1(B)-1(D)),
leading to nearly complete destruction of the cell monolayer
three days later. rtRT-PCR tests for SARS-CoV-2 vRNA
from cell culture were negative, indicating that other
virus(es) that outgrew SARS-CoV-2 had been isolated, or
that the SARS-CoV-2 that had been detected was non-
infectious. Indeed, three respiratory viruses were identified
using the Biofire RVP: Influenza A HINI, Influenza A
H3N2, and Human coronavirus OC43 (Fig. 2).

The low amount of SARS-CoV-2 in the air sample
precluded NGS using an Illumina MiSeq platform. But the
complete ribonucleotide sequence of the genome of the
SARS-CoV-2 strain in the collection medium was
determined by Sanger sequencing and was deposited at
Genbank (accession no. MT324684.1). To our knowledge,
this is the first complete genomic sequence of SARS-CoV-
2 determined from an aerosol sample. Maximum likelihood
(ML) phylogenetic inference of 6203 complete genome
sequences of SARS-CoV-2 as of 11 April 2020 was possible
due to presence of phylogenetic signal, as previously
reported (Mavian et al., 2020). ML tree revealed that SARS-
CoV-2_air _sampler USA UF-3 2020-03-25 (air sample)
is located at the base of two well-supported clades, together
with two other strains from Georgia (EPI_ISL 420786,
EPI_ISL 420788) (Fig. 3). One clade contains a majority of
Australian strains, one strain from New Zealand, and two
from the USA (EPI ISL 418045 from Idaho, and
EPI ISL 418970 from New York). The second clade
includes four strains clustering together with high support:
two from the US (EPI_ISL 418897 from Washington State,
and EPI ISL 421426 from New York), one from Australia
(EPI_ISL 419904), and one from Taiwan (EPI_ISL 422415).
As the Florida and Georgia strains have nearly zero branch
distance between each other, it is not possible to infer which
seeded the other.

The result of this pilot environmental sampling provided
evidence of a SARS-CoV-2 aerosol at the SHCC, as the
sample was collected 3 m away from the nearest patient
traffic, i.e., greater than 2 m defined by WHO for aerosol
transmission (WHO, 2020). Our findings helped the SHCC
administration execute actions that better protect healthcare
workers. Following detection of SARS-CoV-2 in air by our

Table 1. Results of RT-PCR test of Air Samples on March 20, 2020.

Sample  Volume (uL) of collection media RT-PCR test Ctvalue  Virus genome equivalents L' of air
1 1,489 + 39.13 0.87
2 1,497 — N/A N/A
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Fig. 1. (A) Mock-infected Vero E6 cells. (B) Vero E6 cells inoculated with material
E6 cells inoculated with material from air sample 2. Images A—C photographed at an original magnification of 200x.
(D) Close-up view (400x) of Vero E6 cells inoculated with material collected from air sample 1.

collected from air sample 1. (C) Vero

FilmArray®

Respiratory Panel

BlOéFlRE

Run Summary
Sample ID:  032720AirIME1 Run Date: 16 Apr 2020 9:21 AM
Detected: Coronavirus OC43 Confrols: Passed
Influenza A H1-2009
Influenza A H3
Equivocal: None
Result Details
Result P Call Assay
Mot Detected Adencvinus Negative Adene
Negative Adeno2
Not Detected Coronavirus 220 Negative CoV-228E
Mot Detected Coronavirus HKU1 Negative CoV-HKU1
Mot Detected Coronavirus NLB3 Negative CoV-NLE3
o Detected Caoronavirus 0C43 Positive CeV-0C43
Mot Detected Human Metapneumovinus Negative hMPY
Mot Detected Human Rhinovirus/Enterovirus Negative Entero1
Negative Entera2
Negative HRV1
Negative HRV2
MNegative HRV3
MNegative HRV4
o Detected influgnza A H1-2000 Positive Flua-H1-2000
Detected Influenza A H3 Positive FluA-H1-pan
Positive FluA-H3
Negative Flus-pani
Positive Flud-pan2
Mot Detected Influenza B Negative FluB
Mot Detected Parainfluenza Virus 1 Negative PIV1
Mot Detected Parainfluenza Virus 2 Negative PV2
Not Detected Parainfluenza Virus 3 Negative PV3
Mot Detected Parainfluenza Virus 4 Negative Fiv4
Mot Detected Respiratory Syncytial Virus Negative R3V
Not Detected Bordetella pertussis Negative Bper
Mot Detected Chlamydophila pneumoniae Negative Cpne
Mot Detected Mycoplasma pneumonias Negative Mpne
Result Control Call Assay
Fass PCR2 Control Positive PCR2
Pass RMA Process Control Positive yeastRMNA

Fig. 2. Biofire RVP test results for viruses isolated after inoculation of Vero E6 cells with sample 1. Human coronavirus
0C43, and Influenza A HIN1 and H3N2 viruses were identified.
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hCoV-19_USA_NY-NYUMC24_2020_EPI_ISL_418970_2020-03-16
hCoV-19_Australia_VIC209_2020_EPI_ISL_419904_2020-03-20
hCoV-19_Taiwan_NTU13_2020_EPI_ISL_422415_2020-03-17

hCoV-19_USA_NY-PV08490_2020_EPI_ISL_421426_2020-03-17
hCoV-19_USA_WA-UW330_2020_EPI_ISL_418897_2020-03-24

SARS-CoV-2_air_sampler_USA_UF-3_2020-03-25
hCoV-19_USA_GA_1445_2020_EPI_ISL_420788_2020-03-04
hCoV-19_USA_GA_1320_2020_EPI_ISL_420786_2020-03-03

hCoV-19_USA_WA-UW301_2020_EPI_ISL_418869_2020-03-16
_+—* hCoV-19_USA_WI-28_2020_EPI_ISL_421286_2020-03-25

hCoV-19_USA_WI-33_2020_EPI_ISL_421291_2020-03-23

hCoV-19_USA_IL2_2020_EPI_ISL_410045_2020-01-28
hCoV-19_Shanghai_SH0017_2020_EPI_ISL_416328_2020-02-01
hCoV-19_Shanghai_SH0128_2020_EPI_ISL_416409_2020-02-02
hCoV-19_Sichuan_IVDC-SC-001_2020_EPI_ISL_408484_2020-01-15
hCoV-19_Shanghai_SH0032_2020_EPI_ISL_416341_2020-02-01
hCoV-19_Vietnam_CM99_2020_EPI_ISL_416429_2020-02-11
hCoV-19_USA_CA1_2020_EPI_ISL_406034_2020-01-23
hCoV-19_Shanghai_SH0029_2020_EPI_ISL_416338_2020-02-01
hCoV-19_Vietnam_38142_2020_EPI_ISL_416427_2020-01-24
hCoV-19_Shanghai_SH0079_2020_EPI_ISL_416381_2020-02-01
hCoV-19_Vietnam_VR03-38142_2020_EPI_ISL_408668_2020-01-24
—+—— hCoV-19_New_Zealand_20VR0276_2020_EPI_ISL_416539_2020-03-15
hCoV-19_Shanghai_SH0049_2020_EPI_ISL_416357_2020-02-01

3.0E-4

hCoV-19_USA_WI-GMF-00049_2020_EPI_ISL_418185_2020-03-18

hCoV-19_Beijing_IVDC-BJ-005_2020_EPI_ISL_408485_2020-01-18

Fig. 3. Maximum likelihood subtree of SARS-CoV-2. Phylogeny of subtree SARS-CoV-2_air_sampler USA UF-3 2020-
03-25 clusters. Diamonds at nodes indicate ultrafast bootstrap (BB) support > 90%.

March 20 air-sampling study, remediation was accomplished
by performing a 2-day decontamination process using a
stabilized chlorine dioxide solution (VitalOxide™) delivered
through a handheld electrostatic mist sprayer (Clorox Total
360 System®). Air samplings were repeated on March 27,
and all rtRT-PCR tests for SARS-CoV-2 vRNA were negative,
suggesting that the remediation actions were effective for
any SARS-CoV-2 remaining in the air. An additional
chlorine dioxide treatment was applied that evening, March
27, and an ultraviolet light unit was added to the air handling
system before the clinic space was reopened on March 30.
All staff with access to any area of the respiratory clinic even
if not directly involved with patient care, were instructed to
wear N95 masks. Previously, staff not engaged in patient
work wore surgical masks.

DISCUSSION

While the sampling in this study was conducted at a
healthcare facility, the same method can be adopted for other

types of locations, such as airports, train stations, shopping
centers, city centers or churches, i.e., areas where people
congregate. This is important, because as pointed out earlier,
pre-symptomatic and asymptomatic individuals also shed
virus, but they are up to now rarely tested. Furthermore,
environmental sampling may result in earlier detection of an
(re-)emerging virus than the current practice relying on
human specimens availed only after very sick patients start
to report to clinics. Note that the concentration of airborne
virus in these locations is currently unknown. Thus, it may
require a longer sampling time than the 1 hr used in this study.

It should also be pointed out that air samples collected at
health clinics that treat patients with respiratory infections
typically contain viruses from more than one person (Pan et
al., 2017). The amount and variety of viruses collected
depends on the duration of sampling, the type of viruses in
circulation, and the number of patients in the sampling area,
among other factors. Such an aggregated approach may also
require modification of currently used phylogenetic analysis
based on individual genome sequences if more than one
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different strain of the same virus is collected and analyzed.
Thus, it may allow a holistic risk analysis that considers a
suite of viruses, with advanced analyses to determine the
variety and quantity of each virus type.
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