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ABSTRACT 

 
Airborne transmission of COVID-19 plays an important role for the pandemic. However, nucleic 

acid based evidence of direct association of COVID-19 with environmental contamination is 
lacking. Here, we investigated a COVID-19 outbreak with two fast food employees infected, in 
which a traveler despite of a 14-day quarantine turned positive after check in with a hotel, using 
environmental SARS-CoV-2 sampling, epidemiological tracing, viral RNA sequence as well as 
surveillance method. Out of 25 positive environmental air and surface swab samples (N = 237) 
collected, SARS-CoV-2 was found to have remained airborne (5640–7840 RNA copies m–3) for 
more than 4 days in a female washroom. After aging for 5 days in the air, no viable virus was 
detected. The traveler did not have any contacts with the two employees; however, genome 
sequencing showed that SARS-CoV-2 variants from three patients and two environmental surface 
samples belonged to 20B viral clade, sharing a nucleic acid identity of more than 99.9%. We 
concluded that the outbreak was triggered by SARS-CoV-2 contaminated environments, where 
the employees inhaled the virus from the air or touching facility surfaces where the traveler did 
not have any physical contacts with. 
 
Keywords: COVID-19, Airborne transmission, Environmental transmission, Genetic evidences 
 

1 INTRODUCTION 
 

The COVID-19 pandemic has continued for more than one year, and it seems not to end soon. 
Global efforts have been made in place for controlling the outbreak and environmental transmission 
is extensively studied (Morawska et al., 2021). Previously, SARS-CoV-2 was detected in air, floor 
samples and surface swabs (Ong et al., 2020; Guo et al., 2020; Santarpia et al., 2020; Liu et al., 
2020). Another study showed that COVID-19 patients in their earlier disease stages could emit 
millions of SARS-CoV-2 per hour (Ma et al., 2020). In addition, infectious SARS-CoV-2 was detected 
from hospital air (Lednicky et al., 2020). Epidemiological investigations show that in semi-enclosed 
spaces such as tour ships, social gathering venues, and buses aerosol transmission of COVID-19 
is highly plausible (Azimi et al., 2021; Miller et al., 2020; Shen et al., 2020). Increasing volumes of 
evidences suggest that aerosol played an important role in the COVID-19 transmission (Prather 
et al., 2020a, b). Multinational health organizations, including the World Health Organization has 
officially recognized the airborne transmission route for COVID-19 (WHO, 2021; CDC US, 2021; CDC 
CN, 2020). Environmental transmission evidences for COVID-19 are accumulating very fast. However, 
nucleic acid based evidence of direct link of COVID-19 to environmental contamination is lacking. 
Here, we report an environmental transmission with both nucleic acid sequence and epidemiological 
evidences for an outbreak of COVID-19 in a chain hotel employee building in Beijing. 
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2 MATERIALS AND METHODS 
 
2.1 Descriptions of COVID-19 Patients and Epidemiological Tracing 

In this work, only three COVID-19 patients were involved. Epidemiological tracing was performed 
for all three confirmed COVID-19 patients involved and their close contacts. Epidemiological 
tracing involved the questionnaire of time-resolved itinerary and activities for people who were 
potentially involved during the outbreak. In addition, the epidemiological tracing also used the 
cell-phone location data and surveillance to further confirm the itinerary. A traveler from Hong 
Kong, the index COVID-19 patient, was discharged on the morning of Dec. 12, 2020 after a 14-day 
quarantine in Changping District of Beijing, and later checked in a chain hotel located in Chaoyang 
District of Beijing (Fig. S1). On the evening of Dec. 13, 2020, the traveler developed a fever according 
to him and went to a hospital in Beijing for examination next morning. The traveler was confirmed 
to be infected by SARS-CoV-2 on Dec. 14, 2020, and was quarantined immediately. The hotel was 
locked down on Dec. 14, 2020. Among the chain hotel (Company A) staffs, two cleaners had 
cleaned the traveler’s rooms. One (Cleaner A) residing in Room #5 (Fig. 1(A)) was responsible for 
cleaning the bed, while the other (Cleaner B) residing in Room #8 was responsible for cleaning 
the toilet. The cleaners would dump the hotel room garbage through the employee building stairs. 
All employees (n = 37) (at the time of the outbreak there were about 20 people) from four different 
companies (A–D) (Fig. 1(A)) residing in the same employee residence building share the same 
public toilet, washroom and bath rooms reserved for female and male, respectively (Fig. 1(A)). 
Some of these employees have other places to live in Beijing and do not spend the nights in the 
employee building. All rooms in the employee building do not have toilets inside. During the 
outbreak, there were two employees at one time residing in Room #10 from Company B (a fast 
food provider) next to the hotel were confirmed to be infected with SARS-CoV-2 on Dec. 17 and 
18, respectively, and later transported to a local hospital for treatment on their diagnosis day. In 
addition, surveillance video was also obtained through the assistance of the police authority in 
Chaoyang District of Beijing. All involved human subjects were screened for COVID-19, and 
relevant long process was waived for ethics approval due to urgency of the investigation and also 
the non-invasive exhale breath collection by Chaoyang CDC Ethics Committee. 

 

Fig. 1. Map of the employee building (A) with SARS-CoV-2 positive locations and samples and (B) an illustration of the COVID-19 
transmission route from the traveler to the two COVID-19 confirmed fast food employees. The temperature, humidity, size 
dimensions for rooms, washrooms, and toilets are shown in Table S1. 
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2.2 Air Sample Collection 
Air samples were taken from employee building from different sampling locations: the corridor, 

the employee rooms, washroom, toilets, etc. as shown in Table S2. The employee building only 
has two windows at each end of the corridor. The air samples were collected into 3 mL virus 
culture liquid (MT0301) (Yocon Biology Inc., Beijing, China) using one cyclone impinger developed 
by Peking University and commercialized by a company in Beijing (Fig. S2) as reported in another 
work (Li et al., 2021). The sampler was used in the SARS-CoV-2 aerosol monitoring in Wuhan in 
Feb–March 2020, and it was shown capable of detecting 9–219 viral RNA m–3 when combined 
with digital PCR method (Zhou et al., 2021). Use of mineral oil could help preserve the integrity of 
viral particles with less evaporation, but it involves subsequent viral particle extraction step for 
PCR test. Additionally, mineral oil does not inactivate the virus. The viral culture chosen would 
inactive SARs-CoV-2 during the sampling process, and it is also suitable for PCR analysis immediately. 
In addition, the sampler was also assisted by a robot, and operated at a 400 L min–1 flow rate in 
the corridor space (Video S1). After each 40 minutes’ sampling, 1.5–2 mL collection liquid remained 
due to the liquid evaporation. The collected air samples were transported to the Chaoyang CDC 
BSL-2 laboratory for SARS-CoV-2 analysis on the same day. A total of 20 air samples were obtained 
(Table S2). 
 
2.3 Surface Swab Sample Collection 

The surfaces (10 or 25 cm2) of objects and floors in the employee building or personal items 
from two confirmed COVID-19 patients were scrubbed using a wet cotton swab. The standard 
wet-cotton-swab protocol is used by Chinese CDCs and was used in our SARs-CoV-2 monitoring in 
Wuhan during Feb–March 2020 (Zhou et al., 2021). Upon the collection, surface swab samples were 
immediately deposited into a 3 mL virus collection liquid to inactivate and extract viral particles 
(Yocon Biology, Inc.), and further delivered to the Chaoyang CDC laboratory for SARS-CoV-2 
analysis on the same day. A total of 193 surface swabs were obtained (Table S2). 

 
2.4 SARS-CoV-2 Analysis Using Reverse Transcription Polymerase Chain 
Reaction (RT-PCR) 

For all collected samples, several steps were carried out for SARS-CoV-2 analysis. First, a 200 µL 
sample liquid was used to extract SARS-CoV-2 RNA using a MagMAX™ Multi-Sample 96-Well RNA 
Isolation Kit (Thermo Fisher Scientific, Waltham, MA) according to the manufacturer’s instructions. 
The final solution volume from the above extraction procedure was 20–30 µL. Then, detection of 
SARS-CoV-2 targeting both ORF1ab and N genes using a detection kit (Daan Gen Co., Ltd. of Sun 
Yat-sen University) were performed by RT-PCR (Roche 96 fluorescence qPCR instrument, Roche 
Molecular Systems, Inc., Pleasanton, CA) under the following cycle conditions: 50°C for 15 min, 
and 95°C for 15 min, followed by 45 cycles of 94°C for 15 s, and 55°C for 45 s. The reaction 
mixture included 17 µL of nucleic acid amplification mix, SARS-CoV-2 reaction mix, RNA free H2O, 
3 µL Taq EnzymeMix, and 5 µL of sample. DI water was used as a negative control. In accordance 
with the detection kit’s instructions, samples with Ct values of less than 40 for both ORF1ab and 
N genes or at least for one gene confirmed can be treated as positive for SARS-CoV-2. According 
to the kit, the detection limit is 500 copies mL–1. SARS-CoV-2 levels are estimated assuming an 
amplification efficiency of 75% based on the cycle threshold value for each sample. For all samplings, 
one-time-use consumables were used, while DI water served as negative controls. All SARS-CoV-2 
analyses for the samples were performed in a BSL-2 Laboratory by Chaoyang CDC.  

 
2.5 Next Generation Sequencing 

Viral RNA was extracted from three patients’ nasopharyngeal /oropharyngeal samples and two 
surface swab samples using automated nucleic acid purification (KingFisher™ Flex Purification 
System, Thermo, USA). First strand cDNA synthesis was performed using 8 µL input RNA and random 
hexamers with the SuperScript IV First Strand Synthesis System (Invitrogen, Waltham, MA, USA). 
Then, tiled-PCR amplicons were generated by 25–32 PCR cycles using the ARTIC nCoV-2019 
sequencing protocol v3 (https://www.protocols.io/view/ncov-2019-sequencing-protocol-v3). The 
primers for Pool 1 and 2 were synthesized by Sangon (China). Next Generation Sequence libraries 
were prepared by Nextera XT Library Prep Kit (Illumina, San Diego, CA, USA) and sequenced on 
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MiniSeq using 2 × 150 paired-end sequencing kits (Illumina, San Diego, CA, USA). Negative control 
samples were processed and sequenced in parallel for each sequencing run as a quality control. 
The sequences of the SARS-CoV-2 isolated from the traveler and two secondary COVID-19 cases 
were deposited to GISAID database with their IDs (EPI_ISL_1117378, EPI_ISL_1117376, and 
EPI_ISL_1117377, respectively). The two environmental samples’ (surface swabs from quilt of 
Room#10- B1701005, and female toilet floor- B1701010 (Table S1-12-17-2) accession numbers 
are EPI_ISL_1168770 and EPI_ISL_1168771, respectively. 
 
2.6 SARS-CoV-2 Genome Analysis 

Quality control and adaptor trimming was done by CLC Genomics Workbench (v10.0, Qiagen, 
Germany). The clean reads were mapped to the reference SARS-CoV-2 genome (GenBank: 
MN908947.3) using Bowtie2 (Ong et al., 2020) and SAMtools (Guo et al., 2020). Variant calling 
was performed using Genome Analysis Toolkit (GATK, version 4.0.10). Phylogenetic analysis was 
conducted using MAFFT v7 (Santarpia et al., 2020). A maximum likelihood tree was inferred by 
NJ model with bootstrap of 1000, including the patients’ SARS-CoV-2 genomes, the reference 
genome sequence and 207 representative genomes selected from NCBI virus database by regions 
and clades of interest. The final figure was made using iTOl (https://itol.embl.de/). 

 
2.7 SARS-CoV-2 Culturing 

In order to study the viability of SARS-CoV-2, additional three air samples were collected from 
the female washroom on Dec 22 as described above, and further virus culturing was conducted. 
The virus cultivability was conducted by the Chinese Center for Disease Control and Prevention. 
Air samples collected were mixed with 3–5 ×104 Vero cells (WHO (ECACC)) and then distributed 
in 96-well culture plates. The plates were cultured in a 5% CO2 incubator at 37°C for 4 days in a 
BSL-3 Laboratory, and cells were then checked for the presence of a cytopathogenic efficiency 
(CPE) under a microscope. If no CPE was observed, the sample was described not to have a viable 
SARS-CoV-2. 

 

3 RESULTS AND DISCUSSION 
 
Epidemiological tracing revealed that these two fast food employees and also those two 

cleaners used the same toilet, washroom and also bathroom during the outbreak time period. In 
the washroom, there is a washing machine that was used by the cleaners to wash the hotel 
uniforms. Surveillance video also reveals that one of the cleaners entered the employee building 
about 1 minute after two confirmed COVID-19 staying in Room #10 did around 9:00 PM on Dec. 
13, 2020 (Fig. S2) through the employee building stairs. The hotel employee staying in Room #9, 
free from SARS-CoV-2 infection, had a brief conversation (a close contact) with the traveler who 
wore a mask at the time. The cleaners did not know the two confirmed fast food employees from 
Company B. During the screening campaign, the two hotel cleaners were both tested negative 
for COVID-19. Disinfections were carried out for both employee building and the hotel on Dec. 
17, 2020 and finished on at 2:30 AM of Dec. 18, 2020. 

In response to the outbreak, we collected a total of 237 environmental samples including air, 
floor and surface swab from hotel, the employee building and also Company B as listed in Table 1 
on Dec. 17, 20, and 21 (Table S2 Supporting Information). No positive environmental samples 
were detected from the company B (the fast food provider). As listed in Table 1, the floor samples 
had the highest positive rate, 45.8%, followed by air samples (15.0%), and surface swabs (5.7%). 
The traveler (confirmed COVID-19) had stayed in two different rooms. And for one room (Room-A), 

 
Table 1. Analysis of SARS-CoV-2 in air, floor and surface swab samples from the hotel, hotel employee building, and the fast food 
provider (Company B). Detailed sample information is listed in Supporting Information (Table S2).  

Analysis of SARS-CoV-2 Air samples (N = 20) Floor samples (N = 24) Surface swabs (N = 193) 
SARS-CoV-2 positive rate 3/20 (15.0%) 11/24 (45.8%) 11/193 (5.7%) 
Estimated SARS-CoV-2 RNA level 5640–7840 

SARS-CoV-2 RNA m–3 
8–3340 (AVG: 680) 
SARS-CoV-2 RNA cm–2 

14–9800 (AVG: 1120) 
SARS-CoV-2 RNA cm–2 
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there were positive surface swab samples, including pillowcase, quilt and the toilet floor drain; for 
another one (Room-B), the toilet pit was found to be positive. After the outbreak, SARS-CoV-2 
RNA was also detected from ventilation duct swab of the quarantine hotel in Changping District 
in Beijing where the traveler was quarantined. The two hotel cleaners cleaned both of these two 
rooms (on Dec. 13 for Room-A, on Dec. 14 for Room-B), and on Dec. 14 after the cleaning they 
washed and spin-dried the hotel uniforms in the female washroom shown in Fig. 1(A). For Room 
#10, SARS-CoV-2 was detected on door handler, quilt surface, floor, window curtain, cell phone 
surface (having the highest viral load per unit of surface area), as well as corridor floor outside 
the room (Fig. 1(A); Table S2). However, no positive samples were detected from Room #8 and 
Room #5 where the two cleaners stayed, respectively. For these two rooms, they have windows 
facing outside. For the public spaces, both toilet floors were detected positive as depicted in 
Fig. 1(A), and one bathroom floor was also found positive. For the female public space, there 
were more positive samples as listed in Table S2 and Fig. 1(A). For the female wash room, faucet 
surface swab was also detected positive (164 copies cm–2) in addition to the floor. Particularly 
important, two air samples collected on Dec. 20 and 21 respectively from the female washroom 
without ventilation even after the disinfection (Fig. S3) were still detected positive for SARS-CoV-2 
with an estimated concentration level of 5640–7840 SARS-CoV-2 RNA copies m–3 (Table 1). The 
two air samplings taken on Dec. 20, 21, respectively, more than 4 days since the quarantine of 
the two confirmed fast food employees in Room #10, were found to contain SARS-CoV-2 RNA. 
The air samples consisted 20 m3 of air each from the female washroom. However, no positive air 
samples were detected in Room #10, #5, #8. In addition, the air sample collected using a robot-
assisted sampler (File S1) from the employee building corridor was also detected negative. For these 
samples, no viability tests were performed. Further using Vero cell tests, no viable SARS-CoV-2 
was detected for three air samples additionally collected from the female washroom on Dec 22. 
Nonetheless, one of the samples was still detected positive for the virus but with a decreased level 
(16 RNA copies m–3). A surface swab from the employee building stairs (Fig. 1(A)) was detected 
positive on Dec 17. The employee building had an average temperatures of 14.2–18.9°C and 9.7–
32.4% relative humidity. There is a connecting walking corridor between the Hotel and the 
employee building. Overall, the floor samples had SARS-CoV-2 RNA level of 8–3340 (AVG: 680) 
copies m–3, and the surface swabs had a corresponding level of 14-9800 (AVG: 1120) SARS-CoV-2 
RNA copies m–3 (Table 1).  

However, how the two employees (COVID-19 patients) from Room #10 contracted the virus 
remained a mystery since epidemiological and surveillance data revealed that the traveler did 
not have any direct contacts with the fast food employees. All other people in the employee 
building were tested negative with SARS-CoV-2. During the outbreak, not all the 37 people stayed 
in the employee building. Viral next generation sequence analysis (full genome sequences from 
three COVID-19 cases and two environmental samples in this work) provided by Beijing CDC 
revealed that all SARS-CoV-2 virons collected from three patients belonged to the same lineage 
20B, and shared a nucleic acid identity of 99.92% to 99.93% with a reference strain (MN908947.3) 
(Fig. 2). Nonetheless, a total of 17 amino acid substitutions were found among five full viral 
genomes, including ORF1a:C506Y, ORF1a:L890F, ORF1a:D1036E, ORF1a:N2201Y, ORF1a:T2202S, 
ORF1b:P314L, ORF1b:S1023G, ORF1b:P1452L, ORF3a:T223I, ORF6:F2S, ORF8:A65G, S:T95I, 
S:D614G, S:A688S, N:N8T, N:R203K and N:G204R (Table S3). The two environmental samples had 
higher genome similarity with one fast food employee than the other one. Accordingly, it can be 
reasoned that these two fast food employees contracted the virus from the contaminated 
environments such as surfaces and air in the employee building. The hotel cleaners washed their 
hands and hotel uniforms using the laundry inside the female washroom after cleaning the rooms 
occupied by the traveler. It is possible that SARS-CoV-2 was attached onto their working clothes 
which have been spin-dried after the washing. The process might have generated a large amount 
of aerosols containing the SARS-COV-2. However, surface swabs from the washer and drier were 
all detected negative for SARS-CoV-2. On the other hand, the two fast food employees could have 
contracted COVID-19 by touching the surfaces of handrail of the employee building stairs and the 
faucet, or through inhaling airborne viruses in the female washroom. The virus in the air seemed 
to have remained airborne for more than at least 4 days since the transport of the secondary 
COVID-19 cases to a local hospital for treatments on Dec. 17 and 18, 2020, respectively. Nonetheless, 
airborne viruses in the washroom could be possibly produced by the two confirmed fast food  
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Fig. 2. Phylogenetic tree of SARS-CoV-2 in three reported COVID-19 cases and two environmental 
samples in this work. The tree was constructed by the N-J method using the HKY model with 
bootstrap values determined by 1000 replicates (Supporting Information). The viruses detected 
in three COVID-19 cases were indicated by asterisks in the figure and their genome sequences were 
deposited to GISAID database. The genomes from two environmental samples were indicated by 
triangles. 

 
employees (secondary cases) through breathing, coughing, or talking before their transport. 
Breath-borne particles once exhaled evaporate very fast, and they should be very small in size. 
Since the washroom without windows was not ventilated, and was in complete lockdown, thus 
having no resuspension, the collected viral particles should be primarily from the air, not from 
the floor. Nonetheless, we cannot eliminate some resuspension when placing the sampler in the 
washroom for sampling. Initially, the fast food employees may have been infected by inhaling 
the airborne SARS-CoV-2 produced by the cleaners during their activities in the room. From 
epidemiological and surveillance data, one of the fast food employees at least spent 10 minutes 
per day in the washroom during the outbreak period (Dec. 13–15, 2020), and shared similar work-
break-time frame with one of the cleaners in the employee building. By estimate, the employee 
could have inhaled at least 1600 SARS-CoV-2 particles assuming an average breathing rate of 
12 L min–1 (10–20 breaths per min) (Ahmadi et al., 2020; Russo et al., 2017) before developing an 
infection based on the concentration data measured on Dec. 20, and 21 as listed in Table 1. 
However, this does not exclude higher levels of viruses at the earlier times. Likewise, it was also 
possible that the secondary cases could contract the virus from the faucet that was detected 
positive for the virus in the female washroom. The faucet might have been contaminated by the 
two hotel cleaners after cleaning the hotel rooms used by the traveler in this outbreak. And the 
viral level was estimated to be 164 RNA copies m–2 for the faucet on Dec. 17, and decreased to 
48 copies cm–2 on the evening. Likewise, it could be higher during the earlier time, i.e., before 
the employee possibly contracted from it. Another possibility is that the two employees inhaled 
the re-suspended SARS-CoV-2 left by the cleaners via clothing or hairs from the floor of the 
female washroom (up to 3280 SARS-CoV-2 RNA cm–2). It was shown that SARS-CoV-2 can remain 
viable in the air for at least 3 h and up to 72 h on surfaces (van Doremalen et al., 2020). Other 
people in the employee building were either absent from the environment or not exposed to a 

Tree scale 0.0001

SARS-CoV-2 Clades

Five 
genomes in
this work

19A
19B
20A
20B
20C
20D
20F
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sufficient amount of infectious viruses due to a brief exposure during the outbreak. On the other 
hand, other hotel employees might not use the washroom and toilet facilities in the employee 
building as the hygiene conditions are not favorable compared to those freely available in the 
hotel. The data gathered from this work imply that an airborne SARS-CoV-2 infection might require 
that viruses are not aged in the air for so long. In other studies, those airborne viruses tested 
viable or non-viable using in vitro assay may not represent the same infectivity for cells in the 
human body. Here, viability tests showed that no viable SARS-CoV-2 was detected after aging for 
5 days in the air. The results from this work indicate that some commonly touched surfaces of public 
utilities could be a hot spot for transmitting the COVID-19. On the other hand, in semi-enclosed 
space airborne transmission of the COVID-19 should be also given a particular attention.  

There is a growing body of evidences for airborne transmission of COVID-19 (Ma et al., 2020; 
Lednicky et al., 2020; Azimi et al., 2021; Miller et al., 2020; Shen et al., 2020; Prather et al., 2020a, 
b; Hu et al., 2020). All the superspreading events (Azimi et al., 2021; Miller et al., 2020; Shen et 
al., 2020) as reported indicated that aerosol transmission of COVID-19 played a role. Lednicky et 
al. (2021) recovered infectious SARs-CoV-2 particles up to 3.4 × 104 RNA copies m–3 from air 
collected using a sampler at a flow rate of 9 L min–1 for 135 min from a passenger car. In another 
work, Habibi et al. (2021) reported a SARS-CoV-2 concentration level of 12–43 copies m–3 using 
a sampler operated at 30 L min–1 for 2 h in the patient waiting area for COVID-test. Here, we 
found SARS-CoV-2 have remained airborne with a level of more than 7000 RNA copies m–3 for at 
least 4 days in a closed space without ventilation. Using particle settling equation, those particles 
carrying SARS-CoV-2 were at least smaller than 0.4 µm at a velocity of 6.37 µm s–1 given the 
height (2.2 m) of the washroom. The air samples were collected twice from the washroom, and 
all of them were found positive (5640–7840 SARS-CoV-2 RNA m–3). If there was ventilation for 
this room, the airborne viral particles could be diluted away to substantially reduce the viral 
aerosol level. Thus, our finding suggests that proper ventilation is very important in public spaces, 
especially for those high-risk areas, to help mitigate the viral exposure. The investigation from 
this work also reveals a flaw in current quarantine practice. The traveler was tested negative 
using RT-PCR test with throat swabs before the quarantine discharge on Dec. 12, 2020. However, 
after the outbreak the air ventilation duct in his quarantine hotel room before the discharge was 
detected positive. The false negative PCR test using throat swab subsequently led to the COVID-19 
outbreak in the hotel as described. Accordingly, additional tests using different samples or different 
methods should be explored to guard the public safety when discharging those overseas travelers 
or those already in quarantine. Among other strategies, exhaled breath from COVID-19 patients 
was found to contain SARS-CoV-2 even they were ready for hospital discharge (Zhou et al., 2020). 
Exhaled breath is a lot easier to collect and induces less discomfort, and it could serve as a supplement 
sample to re-assure the test from throat swab RT-PCR. On another front, breath-borne volatile 
organic compounds (VOCs) were also used to screen COVID-19 through machine learning analysis 
(Chen et al., 2020; Grassin-Delyle et al., 2020; Shan et al., 2020). Additionally, environmental samples 
collected from the rooms where the to-be-discharged subjects stayed can be also tested for 
SARS-CoV-2 to further assure the validity of human sample tests. These different types of samples 
could provide additional checks for the RT-PCR tests adopted for COVID-19 screening. In addition 
to using different sample types, different virus detection technologies could be also employed to 
enhance the screening, especially those with low detection limits such as digital PCR (Liu et al., 
2020; Zhou et al., 2021) and electrochemical method (Chaibun et al., 2021). For countries with 
zero local COVID-19 case, two possible SARS-CoV-2 sources are imported products and COVID-19 
patients. For the latter, it is relatively easy to manage and control, however quarantine discharge 
should be carefully carried out. After the outbreak, the Chinese government applies additional 
7 days’ self-home health monitoring with restricted social activities. With respect to imported 
products including seafood, disinfection for the product surfaces as well as the package itself 
plays a vital role in preventing the potential SARS-CoV-2 infection and transmission.  
 

4 CONCLUSIONS 
 

Based on environmental, epidemiological tracing, surveillance video and sequence data, we 
concluded that the infected employees contracted the viable virus from contaminated environments. 
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However, we do not know whether they were infected by inhaling the virus from the air or 
touching the faucet in the washroom or the building stair handrail. For low or without ventilation 
space, airborne SARS-CoV-2 could remain airborne for a prolonged time, thus presenting an 
exposure risk. Our work is believed to be among the earliest studies to report direct evidence for 
environmental transmission of COVID-19. In the future, time-resolved viability of airborne SARS-
CoV-2 and their influencing factors should be investigated. Our results imply that future efforts 
are greatly needed to closely monitor environmental air and surface safety; and correspondingly 
carry out disinfections in public spaces that operate with low ventilation and poor hygiene. 
Genetic sequence data can help trace the transmission route. 
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