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Abstract: Since the outbreak in late December 2019, the coronavirus disease 2019 (COVID-19) pan-
demic has spread across the globe, causing great damage to human life and property. A lot of
researchers around the world have devoted themselves to the study of its origin, pathogenic mech-
anism, and transmission route, and this article gives a summary. First, both humans and animals
can act as the host of coronavirus. In indoor environments, the virus may exist in aerosols, droplets,
saliva, etc., from the nose and mouth connected to the respiratory system, as well as feces, urine, etc.,
from the digestive and urinary systems. In addition, other substances, such as breast milk, eye feces,
and blood, released from the host can carry viruses. The virus transmitted indoors is affected by
indoor machinery, natural forces, and human activities, and spreads in different distances. Second,
the virus spreads outdoors through three kinds of media: solid, liquid, and gas, and is affected by
their survival time, the temperature, and humidity in the environment.

Keywords: SARS-CoV-2; transmission; indoor; existence form; survival time; environmental factors

1. Introduction

COVID-19, the third-highest contagious respiratory disease, after severe acute respiratory
syndrome coronavirus (SARS-CoV) and Middle East respiratory syndrome coronavirus (MERS-
CoV), is the disease caused by a new coronavirus known as severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). The World Health Organization (WHO) first learned of this
new virus on 31 December 2019, following a report of a cluster of cases of “viral pneumonia”
in Wuhan, People’s Republic of China (https://www.who.int/emergencies/diseases/novel-
coronavirus-2019/question-and-answers-hub/q-a-detail/coronavirus-disease-covid-19, ac-
cessed on 25 November 2021). Compared with SARS-CoV and MERS-CoV, which belong
to the same genera, SARS-CoV-2 has a faster transmission speed and stronger mutation
ability [1]. The real lethality of COVID-19 may range from 0.2% to 16.2% in different
continents and geographic areas, while the mortality rates of SARS-CoV and MERS-CoV
are 10% and 35.6%, respectively [1,2].

Human-to-human transmission was first reported on 22 January 2020 [3]. WHO de-
clared that the virus can spread from an infected person’s mouth or nose in large droplets
and small aerosols when they cough, sneeze, speak, sing, or breathe heavily (https://www.
who.int/emergencies/diseases/novel-coronavirus-2019/question-and-answers-hub, ac-
cessed on 25 November 2021), and other people become infected under the conditions of
direct or close contact (less than 1 m apart) with an infected person, particularly in indoor,
crowded, and inadequately ventilated spaces [2]. Numerous researchers around the world
have devoted themselves to the study of its origin, pathogenic mechanism, transmission
route, etc., which has greatly promoted the treatment of COVID-19. Most of the evidence
leans toward that the virus can be transmitted by direct human contact and indirect air-
borne transmission, such as aerosols and droplets, but there are different opinions, that
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SARS-CoV-2 cannot be transmitted through air transmission [4]. On the basis of reading
relevant literatures and materials, in this paper, we summarize the possible transmission
methods of SARS-CoV-2 in the indoor and outdoor environments and their influencing
factors. We also sum up the form and time of virus presence in different environments.

2. The Transmission Routes of the Virus
2.1. Transmission Routes of the Virus in the Indoor Environment

With the rapid development of global urbanization, a variety of commercial buildings,
residential buildings, and public buildings are developing rapidly, in which most people
spend more than 90% of their daily lives [2]. Human-built places are huge virus containers
which include a variety of fomites carrying the virus. The virus on them or shedding from
them is exchanged or transferred by the airflow caused by nature, men, machines, and
equipment. The increasing occupant density facilitates the accrual of human-associated
virus through the close interactions between human beings and things around them [2]
in the indoor environment. As a result, the indoor environment can be the medium for
infection and is worthy of attention and research.

2.1.1. Virus Shedding from Hosts

Both human beings and animals can be the hosts of the virus [1,5–8]. The virus is
likely to leave the hosts and enter the environment during the exchange of solid, liquid,
and gas between the interaction of hosts and the external environment [2]. The samples
from hosts are likely to carry the virus. The properties of SARS-CoV and MERS-CoV are
similar to [9] SARS-CoV-2, and they all belong to the genera of Betacoronavirus [1], thus
they are all included in this discourse.

With the accumulation of clinical data, it is amazing to find that SARS-CoV-2 can
extend to many human organs, including the brain, eyes, nose, lungs, heart and blood
vessels, liver, kidneys, and intestines, and causes deep damage to the whole body [10].
Figure 1 presents the existence and secretion of virus in a human body.

Considering the convenience and reliability of the samples, most of the articles have
been published regarding testing samples from the respiratory system (nasal swabs, oropha-
ryngeal swab, saliva) [9,11], the circulation of the blood system (blood) [12], and digestive
and urinary system (feces, urine) [13–15] for diagnosis of infection [16–21]. Early in the
outbreak (February 2020), the researchers tested the urine samples of nine patients who
were diagnosed in the Third Affiliated Hospital of Sun Yat-sen University. The average
age of the nine patients was 38.9 ± 11.8 years, and there were five females and four males.
One of the nine confirmed patients tested positive. This was the first time that SARS-CoV-2
RNA was identified in the urine of an infected patient [15]. In addition, positive tests were
found on blood, anal, and throat swabs from the nine patients [15]. On 20 January 2020, the
U.S. Centers for Disease Control confirmed that a 35-year-old patient’s nasopharyngeal and
oropharyngeal swabs tested positive for SARS-CoV-2 by real-time reverse-transcriptase
polymerase-chain-reaction assay [19]. There were 18 patients who were first confirmed
with COVID-19 in Singapore between 23 January and 3 February 2020 [21]. The median
age of the 18 hospitalized patients is 47 years (nine women, nine men). In the first 2 weeks,
specimens (blood, stool, and urine samples; nasopharyngeal swabs) were collected at
multiple time points and tested by RT-PCR for the presence of SARS-CoV-2. Viruses were
found in stool (4/8) and in the whole blood (1/12), but not in urine [21]. The presence of
SARS-CoV and MERS-CoV RNA in lower respiratory tract specimens, nasopharyngeal
aspirates, feces/stool, upper respiratory tract specimens, serum/blood, and urine have
been detected by many researchers [17,22,23]. These show that SARS-CoV-2 has similar
spatial distribution in the patient’s body to SARS-CoV and MERS-CoV, and it is speculated
that they have similar attack sites on the hosts. Therefore, researchers can learn from the
previous research, defense, and treatment measures of SARS-CoV and MERS-CoV. All
these references support that the respiratory system, the urinary system, digestive system,
and blood circulation system can be invaded by SARS-CoV-2.
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Figure 1. Schematic diagram showing the existence and secretion of virus in a human body. Coro-
navirus can enter our body through nose and mouth when we are eating, breathing, and so on. It 
can exist in the organs such as trachea, bronchus, lung, liver, stomach, kidney, and so on. The me-
tabolites and excreta test positive for coronavirus, including tear, stool, urine, blood, breast milk, 
sputum, and droplets or aerosol from nose and mouth. 
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Figure 1. Schematic diagram showing the existence and secretion of virus in a human body. Coron-
avirus can enter our body through nose and mouth when we are eating, breathing, and so on. It can
exist in the organs such as trachea, bronchus, lung, liver, stomach, kidney, and so on. The metabolites
and excreta test positive for coronavirus, including tear, stool, urine, blood, breast milk, sputum, and
droplets or aerosol from nose and mouth.

The positive results in these samples show the potential modes of virus invasion,
albeit, other ways of infection should not be ignored. The expert, Guangfa Wang, deemed it
was through his conjunctivitis of eyes that he was infected while working in Wuhan [24,25].
Attention should be paid to the fact that very few positive results (1 out of 45 diagnosed
patients; 35 males, 10 females; the mean age was 31.26 ± 21.81 years) were detected from
conjunctival swab specimens of COVID-19 patients in South India in April 2020 [26]. It is
speculated that infection through eye exudates is a possible way but not the main mode
of transmission, yet it still needs attention in daily protection. Regarding SARS-CoV,
tear samples were collected from eight patients (four males, four females; mean age was
48.6 years) who were confirmed of having SARS by serology in Singapore, Tan Tock Seng
Hospital, on 7–18 April 2003. Three (37.5%) were positive results [27]. As a high-risk group,
whether an infected pregnant mother-to-be can infect the fetus is in focus. Research in this
area is often difficult to launch on a large scale due to the particularity of the samples. There
were few reports on this in March 2020 [28–35]. There was the case where a female neonate
(2.6 kg) was born by cesarean section to a 25-year-old mother with confirmed COVID-19 [28].
The SARS-CoV-2 nucleic acid tests of the mother’s specimens (amniotic fluid, vaginal
secretions, cord blood, placenta, serum, anal swab, and breast milk) and the female preterm
infant’s samples (throat and anal swab, serum, bronchoalveolar lavage fluid, and urine)
were all negative [28], so the authors confirmed that “the vertical transmission of COVID
is unlikely, but still, more evidence is needed” [28]. Another case, regarding 13 pregnant
women, showed that 13 specimens from the mothers’ vaginal secretion, five throat swabs
from the neonates, and four anal swabs from infants tested negative for SARS-CoV-2
through real-time reverse transcription–polymerase chain reaction assays [30]. Liu et al.
thought that there was no vertical transmission of SARS-CoV-2 based on their study that
SARS-CoV-2 RT-PCR in all neonates’ samples (throat swab, urine, feces) and the mothers’
(10 mothers confirmed COVID-19) specimens (breast milk, amniotic) were all negative [34].
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However, in April 2020, Alzamora et al. found that the neonatal nasopharyngeal swab
(the infant was born to a 41-year old mother) was positive for SARS-CoV-2 through RT-
PCR [29]. This was the earliest reported positive result in the infant [29]. In [28,30,33–35],
the SARS-CoV-2 nucleic acid tests of the infants were negative though RT-PCR, while
testing positive in [29]. The immunoglobulin IgM and IgG of the neonates for SARS-CoV-2
were negative in [29], and the SARS-CoV-2 lgG and lgM level were all high in the infants
and mothers in [35]. Different methods used for diagnosing COVID-19, which include
RT-PCR, serologic criteria, and clinical diagnosis, have different sensitivity and specificity.
The rapid detection speed of the RT-PCR method is suitable for the sudden increase in the
number of infections. To make an accurate diagnosis, a combination of different methods
is required. Still, it is necessary to take appropriate precautions at birth. Neonatal isolation
is a good way to avoid delayed cord clamping or skin-to-skin contact [29]. In addition,
no breastfeeding is required, especially for virus-positive breast milk [30]. High evidence
verified that the armpit sweat odor of COVID-19-infected people is different, and dogs can
distinguish and detect it [36]. This result showed something different in the sweat from
infected patients, which is worth further study. There is no evidence that the coronavirus
can be transmitted sexually, and there are negative results in male semen [37,38] and female
vaginal discharge [30].

These aforementioned ways may produce the solids, liquids, droplets, and aerosols
with the infective virus, while there are specific circumstances that give rise to aerosols
carrying the virus within the relevant medical treatment process in the hospital, called
aerosol-generating procedures, such as endoscopy, colonoscopy, and the processes of
collecting and treating blood with virus. When examined with an endoscope, the patient’s
contaminated fluid often splashes. During colonoscopy, the patient’s saliva can contaminate
the pillow or bed, and the mixtures of stool and water often drip onto the bed [39], which
may be potential ways to spread virus.

In addition to human beings, animals are another important host of virus. SARS-CoV-2,
SARS-CoV, and MERS-CoV probably originate from a bat species [1,7]. SARS-CoV RNA in
6 of 28 fecal specimens from bats were found [40] in North America in August 2006. Besides
humans, susceptible pets, livestock, and poultry with hyperkinetic characteristics are also
of concern because of their susceptibility to SARS-CoV-2. Researchers [41] investigated
the susceptibility to SARS-CoV-2 of cats and dogs for their close contact with people, and
ferrets were used in this research as an animal model. Results showed that ferrets and
cats were susceptible to SARS-CoV-2, dogs had low susceptibility, and livestock, including
chicken, pigs, and ducks had no susceptibility to the virus. Attention should be paid to the
interactions with wild and domestic animals during the outbreak.

2.1.2. The Spread of Droplets Carrying Virus in the Indoor Environment

The settlement and suspension of droplets from infected people can potentially in-
duce short-distance infection. The number and size of droplets vary significantly. It was
estimated that there is a total of 40,000 droplets from a sneeze [42] and approximately
3000 droplet nuclei from a cough [16]. Droplets travel over a wide range of distances, from
0 m to 6 m and even further. The factors affecting the dispersion, deposition, and the sur-
vival of microorganisms within the droplets can be the internal factors (size, constitution)
and external factors (expiratory flow, room airflow, and Brownian motion), in which the
size is regarded as the most important [16]. Aerosols or droplets exhaled from various
parts of the human respiratory system, and different exhaling behaviors, such as breath,
speaking, coughing, and sneezing, have a wide range of diameter (see Figure 2). Large
droplets generated by breath can travel a short distance of 1.5–2 m [43], and are deposited
on the ground quickly. They can be carried over 6 m by exhaled air at a velocity of 50 m/s
(sneezing), over 2 m at a velocity of 10 m/s (coughing), and less than 1 m away at a velocity
of 1 m/s (breathing) [43].
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Figure 2. The diameter, density, and propagation distance of droplets generated by different parts
of the respiratory system, which are nasopharyngeal (breath, speaking, coughing, sneezing), tra-
cheobronchial, and pulmonary. The upper part of the picture reveals that different sources give
rise to characteristic ranges of droplets’ sizes. The darker the color, the more droplets are pro-
duced. The lower part of the picture shows that the droplets can be transmitted to various ranges of
distance [16,43–45].

Droplets from infected people can likely contaminate the surroundings, such as sofas,
chairs, beds, carpets, stairs, glass, tables, kitchen utensils, bathroom utensils, etc., in living
environments, centrifuge, electronic balance, beaker, conical flask, thermometer, acid/base
burette, etc., in labs, stethoscope, CT machine, chest X-ray machine, seat, etc., in hospitals,
and public printer, public water dispenser, public toilet, and other public office equipment
in office blocks. There are also some special spaces, such as flights, cruise ships, prisons,
churches, or buses. They are such relatively closed and confined spaces for a certain period
of time, causing the virus to spread more widely and quickly [46]. From 24 January to
4 February 2020, investigators [20] took environmental surface samples in the infection
isolation rooms of hospitals in Singapore, including the bed, the bed’s accessory, chair,
toilet, sink, bathroom, doors, light switches, floor, windows, and so on, obtaining 61%
positive results in all samples. While seeking treatment in several healthcare facilities, a
patient with the virus caused 186 MERS-CoV infections within 10 days in South Korea
in July 2015 [47]. Nosocomial outbreaks are the transmission scenarios amplified, which
can be called super-spreading events [47], so it is necessary for healthcare workers and
nonclinical hospital staff to take measures to protect themselves. The outbreak of COVID-19
has put forward higher requirements and challenges in laboratory safety, especially the
laboratory testing related viruses. On 12 February 2020, the sampling of a nucleic acid
testing laboratory environment was conducted in the Taihe Hospital in Shiyan City, Hubei
Province, China [48]. There were 21.3% (13/61) of sample transportations and reception-
related facilities, testing related instruments, personal protective equipment, and other
facilities in the nucleic acid testing laboratory that tested positive with SARS-CoV-2, and
the main contamination method in a lab environment may be hand contact [48], which is a
short-distance transmission. Olsen et al. [49] investigated the possibility of the SARS-CoV
spreading on flights during the early outbreak of SARS in 2003, and concluded that the
virus was likely to spread on flights through aerosol and small droplets. As for these
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possible transmission routes, we can take some measures to prevent the spread of the virus
at an early stage, such as reducing activities, setting up quarantine areas, wearing personal
protective equipment, disinfection, etc. After the outbreak of COVID-19, governments
took the current limitations of using facemasks, good ventilation, and disinfection and
sterilization measures to public places. The probability of virus transmission in these public
places after taking these measures plays an important role in epidemic prevention and
control. Conte et al. collected aerosol samples in different indoor community environments
in Veneto, Emilia-Romagna, and Puglia, Italy. All of them tested negative for SARS-CoV-
2 [50], suggesting that these measures are important for reducing the airborne transmission
of SARS-CoV-2.

Small droplets evaporate rapidly, whereas large droplets, depositing soon after release,
take a longer time to evaporate [16,43]. Both evaporation and airflow clearly contribute to
transporting droplets. The deposition and suspension of droplets in the living environment
is shown in Figure 3. Among them, the sanitary facilities’ ventilation systems should be
given greater attention. They are major factors of virus propagation for connecting to the
sewage system contaminated by the excretion from the infected humans, and they can
cause indoor dynamics that cause drainage of contaminated fluids to form aerosols or
small droplets [51]. In March 2003, Yu et al. analyzed the spread of the SARS-CoV in Amoy
Gardens in Hong Kong. They found extremely high concentrations of SARS-CoV inside
the drainage pipes, and the feces and urine from the patients, which likely generated lots
of virus-laden aerosols with the help of the hydraulic action [52]. Their studies support the
probability of an airborne transmission of SARS-CoV. A large community outbreak of SARS-
CoV in Amoy Gardens, Hong Kong, indicated the possibility of airborne transmission
of the virus, and investigations showed that the sewage-disposal system, the ventilation
system, and human-to-human contact, as well as communal facilities, led to the spread
of infection in the units of buildings and the whole housing estate [16,53]. Regarding the
turbulence induced by human bodies, researchers [16] detailed the effect of human walking
and body plumes on the indoor airflow. The movement of the limbs and trunk of the
human body, and the movement of the door to open/close it etc., create vortices that cause
the indoor airflow to transmit droplets with virus. The body thermal plume can create a
thin layer of turbulence around the body which entrains and transports pollutants from
the lower part of the human body, such as on the floor, on the stairs, and so on [54]. We use
the living environment as an example to illustrate (Figure 3) how the virus might spread
indoors, and the factors that influence it.

Whether droplets carrying virus can become long-distance transmitters is dependent
on how long the droplets can reside in the air (as described above), whether these droplets
can be acquired by the susceptible hosts, and how long the virus in droplets remains
infectious [55]. A lot of environmental factors may affect the virus survival, which were
summarized by Tang [56], especially for the temperature and relative humidity. Here, we
summarize the furniture and equipment where the virus may exist and summarize the
survival time of the virus on them, as follows (Table 1).
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Figure 3. People’s different behaviors in different parts of the family may be ways of spreading
the virus. (a) Cooking and eating in the kitchen; (b) Chatting in the living room; (c) Sleeping in the
bedroom; (d) Washing, bathing, and using the toilet in the bathroom. Ventilation system and heating
system of the home, and the movements of doors, windows, and people drive the flow of indoor air,
and the virus also spreads. The body thermal plume creates a thin layer of turbulence around the
body, and entrains and transports pollutants around the human body.

Table 1. The virus survival time (d) on different textures in indoor environment.

Indoor
Environment Furniture/Equipment Texture Virus Survival

Time (d) Influence Factor Reference

House

sofa leather, fabric, wood 1–2 (woodiness
and fabric)

temperature and
humidity [57]

chair leather, wood, steal,
fabric, wood-plastic

3–4 (stainless steel)
1–2 (woodiness)

temperature and
humidity [57,58]

table artificial marble, solid
wood, glass,

1–2 (woodiness)
2 (glass)

temperature and
humidity [57]

bed/mattress sponge, latex 3 (sponge)
6 (latex)

temperature and
humidity [59]

carpet
wool, propylene,
nylon, hemp, and

mixed fabric
1 (cotton) temperature and

humidity [60]
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Table 1. Cont.

Indoor
Environment Furniture/Equipment Texture Virus Survival

Time (d) Influence Factor Reference

cup glass, porcelain,
stainless steel, plastic

3–4 (plastic and
stainless steel)
5 (porcelain)

temperature and
humidity [57,58,61]

toothbrush willow, bristle,
artificial wool brush 4–6 temperature and

humidity [61,62]

Lab

centrifugal machine stainless steel 3–4 (stainless steel) temperature and
humidity [58]

electronic balance stainless steel 3–4 (stainless steel) temperature and
humidity [58]

beaker glass 2 (glass) temperature and
humidity [57]

conical flask glass 2 (glass) temperature and
humidity [57]

thermometer glass surface 2 (glass) temperature and
humidity [57]

acid/base burette glass surface 2 (glass) temperature and
humidity [57]

Hospital

stethoscope metal - - -

chest X-ray machine compound material - - -

public seat plastic 3–4 (plastic) temperature and
humidity [57]

Office Block

public printer plastic 3–4 (plastic) temperature and
humidity [57]

public water
dispenser plastic 3–4 (plastic) temperature and

humidity [57]

public toilet marble

d: Day.

2.1.3. The Present Form and Survival Time of Virus on Solid Surfaces

The survival time and transmission of the virus in the environment are affected by
many factors, of which the characteristics of the virus itself and the characteristics of the
external environment are important factors [63]. We summarize reports on SARS-CoV-2
and other coronaviruses because there is little data on the survival of SARS-CoV-2 on
environmental surfaces. There are more detailed introductions about the existence form
and survival time of virus in different environment (water and air) in Section 2.

Persistence of Virus on Nonporous Surfaces

The survival time of SARS-CoV-2 on different nonporous surfaces is different. At room
temperature and relative humidity of 65% plastic products, SARS-CoV-2 also maintains the
ability to infect, with a maximum survival time of 7 days [57]. The survival time varies on
different metal surfaces. The alloys of copper and copper have bactericidal activity, so the
survival time of coronaviruses on the surface of metals with high copper content is short.
For example, coronaviruses survive for 8 h on copper nickel and brass surfaces but only
3 days on stainless-steel surfaces [58,64,65].

Persistence of Virus on Porous Surfaces

The survival time of SARS-CoV-2 on different porous surfaces is different, and the rule
is that the survival time on surfaces with high porosity is higher than that on surfaces with
low porosity. The survival time in the inner and outer layers of a surgical mask was 4 days
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and 7 days, respectively, and the survival time on a cloth and banknote was 2 days and
1 day, respectively. However, it can only survive for 30 min on paper with low porosity [57].

2.2. Transmission Routes of Virus in the Outdoor Environment

Virus shedding from humans and animals can enter the outdoor environment directly
or indirectly, especially via the three wastes (Figure 4). The survival time and infectivity of
a virus after leaving the hosts play a crucial role in the transmission of the virus [66–68].
During the alive and infectious time, the virus can spread across the outdoor environment
to infect the next host.
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If the viruses are shed in the feces in the areas of vast infected populations, such as
hospitals and residential areas, as well as isolation areas, numerous sewages carrying the
viruses could be deposited into municipal sewage systems which become a potential source
of infection. Since the outbreak of new coronavirus, many research groups have found
traces of the virus in sewage in America, the Netherlands, and Sweden [69], and the authors
pointed out that wastewater testing could also be used as an early warning sign if the virus
returns. In the collection pipelines before reaching the wastewater treatment plants, partial
sewage infected by virus may seep into the groundwater due to the rupture of the pipeline,
leading to the infection of the groundwater. Sewage sludge, the product of the wastewater
treatment plants, is mostly applied to agricultural land in America [70] and it contains a
much greater number of pathogens than other environments and wastewater samples [70].
Aerosols from activated sludge process also have high probability of spreading SARS-CoV-
2; beyond that, rain water, snow melt water, flood water, and the septic tanks, which do
not disinfect the effluent, absolutely can contaminate the water bodies, through shallow
groundwater depth, areas having no access to water treatment facilities, flood-prone areas,
and the drinking water source within a radius of 30 m from the septic tank without
appropriate precautions [53], causing the further spreading of SARS-CoV-2. Wildlife
becomes infected by contact with the contaminated natural aquatic environment, which
have been illustrated in two mechanisms [71], indicating the high risk of infection with
wildlife in this way. Many species of wildlife drink or take baths from open bodies of
water which are contaminated heavily, especially artificial water such as catchments in
wastewater treatment plants, reservoirs, canals, water from mining, and similar, so they are
at great risk of virus infection. Natural water bodies (such as pools, lakes, ponds, streams,



Atmosphere 2021, 12, 1640 10 of 18

and rivers) and artificial water bodies (such as farm and urban dams, canals, cattle troughs,
swimming pools, settling ponds at wastewater treatment facilities, and mines with natural
seepage) are the drinking water sources of bats [72], which have a wide range of overlap
with humans. It is possible that both wild and domestic animals can be the hosts of the
virus and spread the virus. Therefore, the virus will cycle and cause infection in the natural
aquatic environment through the collection, treatment, and discharge of sewage.

In addition to wastewater, solid waste and gas waste are also important ways to
spread the virus. Investigations show that the mismanagement of municipal solid waste
could increase the second virus outbreak [73]. It is obvious that there are vast and messy
dispersions of abandoned masks and gloves in the indoors and outdoors since the SARS-
CoV-2 outbreak. The generation, collection, transportation, and disposal of garbage with
viruses can transmit the virus if they are mishandled. Researchers [73] investigated the
relationship between the mutual implications of waste management and COVID-19 in
Italy after taking measures enacted by the government, finding useful solutions to tackle
COVID-19 in the municipal solid waste management sector. As for the airborne infection,
on the one hand, the virus-bearing gas discharged outside through the ventilation system
may reach the surface runoff with rainfall and snowfall, or it may settle, from which it will
be infective, flowing downstream through water and solids. On the other hand, the direct
airborne transmission is considered by many researchers as one of the most important
ways to spread the virus in a mass distribution [16,51,52,74]. Besides, the style of modern
life can affect the way of infection. The rise of the sharing economy, such as shared bikes,
shared cars, and shared umbrellas, is emerging in some big cities. The use of these shared
facilities increases direct and indirect contact between people and the spread of the virus at
the same time [2].

Closed indoor space is the main place where the virus leaves the hosts and enters the
indoor environment. Indoor environments, especially settings where there is poor or no
ventilation, are riskier than outdoor environments. WHO state that the virus transmission
can occur more easily in the “three Cs”: (1) Crowded places with many people nearby; (2)
Close-contact settings, especially where people have conversations very close to each other;
(3) Confined and enclosed spaces with poor ventilation [75]. A safe distance of 1 m is often
taken in indoor and outdoor environments, which merely applies to specific organisms and
epidemiological studies [76]. Some strict quarantine measures are implemented in many
areas. Once the virus spreads, its influence scope will be very large, especially through the
air and water that human beings depend on for survival.

2.3. The Impact of Environmental Factors on the Stability and Transmission of Virus

Most of the respiratory viruses that cause aspiration diseases can be airborne as the
host breathes and talks [77,78]. As a carrier of virus transmission, small droplets are affected
by environmental factors. Accumulating studies point to the idea that environmental
factors can influence the likelihood of an outbreak of viruses to some extent, including
temperature [79,80], humidity [81–84], wind speed [85], and air pollution [86–89].

In general, data analysis and simulated control have been used to study the correlation
between environmental factors and diseases. Tian Yaohua and his colleagues used case
information from 8834,533 cases in 184 cities in China from 1 January 2014, to 31 December
2017, and corresponding pollution data for fine particulate matter in the environment,
applying quasi-Poisson regression in a generalized additive model (GAM) and random
effects meta-analyses to estimate the average association between regional and national
PM2.5 levels and daily hospital admissions for cardiovascular disease [90].

Instead of analyzing the data, Eriko Kudo and his team used the model of Mx1 mice.
Controlled for humidity, Mx1 homologous mice reared in low relative humidity were more
susceptible to severe disease after challenge by influenza virus [82].

Since the outbreak of COVID-19, entering the keyword “COVID-19” in Web of Science
(http://webofscience.com, accessed on 25 November 2021) returns about 42,000 articles
(as of 17 August 2020). Many of the researchers have focused on the correlation between

http://webofscience.com
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environmental factors and COVID-19; most studies draw statistical conclusions based on
epidemiological data, but different studies may draw conflicting correlations. The study
by Takagi and his team, for example, found a negative correlation between temperature
and the incidence of COVID-19 [91], while Tosepu and his colleagues found a positive
correlation [92]. In our previous study [93], we used epidemiological and meteorological
data from eight regions of South America to show a negative correlation between absolute
humidity and epidemic spread through regression analysis.

2.4. The Emergence and Spread of SARS-CoV-2 Variants of Concern

All viruses mutate for the deletions, insertions, or substitutions of nucleotides [94].
Environmental selection and viral fitness pick adaptable dominant mutant viruses, making
them more common. Understanding these mutant strains, figuring out the evolutionary
process of the mutants, which mutations are important, and how to minimize their impact
are what we need to expand gradually. SARS-CoV-2 is enveloped single-stranded RNA,
that is highly diverse and can alter its genome sequence during replication in host cells [95].
SARS-CoV-2 variants first started emerging in early March 2020, and variants become
predominant since June 2020 [96]. For now, several specific viral lineages reflecting SARS-
CoV-2 variants of concern (VOCs) have emerged and are of public health concern, which are
B.1.1.7 (first identified in the UK in December 2020, Alpha variant), B.1.351 (first detected
in the Republic of South Africa in December 2020, Beta variant), P.1 (first identified in
travelers from Brazil in December 2020, Gamma variant) [97], and B.1.617.2 (surged in India
in early 2021, Delta variant) [98]. More transmission and lower vaccine efficacy than the
previous nonvariant viruses have been studied [98–102]. During 16–23 December 2020, in
Zambia, among the 23 specimens collected, 22 (96%) were the B.1.351 variant [99]. Between
November 2020 and January 2021, Faria et al. analyzed the samples from Manaus, Brazil.
They identified the VOCs P.1 and estimate that P.1 may be 1.4–2.2 times more transmissible
and 25–61% more likely to evade protective immunity elicited by previous infection with
non-P.1 lineages [103]. The vaccines effectiveness (evade immunity induced by vaccination
or not), reinfection rates, hospitalization, toxicity, mortality, and the risk of death caused
by the VOCs is in focus while they have not been figured out. Therefore, these VOCs are
still suitable for the abovementioned possible means of virus transmission. Before the
emergence of an exact treatment method, the use of nonvaccine methods, such as physical
isolation, is still an indispensable protective measure. There is a remarkable example
where, with the increase in social distancing caused by the third England lockdown, the
transmission declined [102].

3. The Existence Form and Survival Time of Virus in Different Environments
3.1. The Existence Form and Survival Time of Virus in Water

Water can provide a vector for pathogen transmission and create conditions for
outbreaks or sporadic infections, especially after fecal contamination. A large proportion
of human diseases are detected in the water and are thought to be responsible for a
considerable proportion of waterborne diseases [104–109].

There are certain differences in the stability and survival time of coronaviruses in
different water environments. Field studies have monitored coronaviruses in surface
waters, sewage, slurry, and biosolids. Overall, at the lab scale, HCoVs or surrogates
can survive for several days at 4 ◦C; however, their persistence is lower compared with
nonenveloped viruses and is strongly influenced by temperature and organic or microbial
pollution [110].

At room temperature, SARS-CoV-1 suspended in untreated water remained detectable
for 3 days and was not detected after 5 days [111]. It takes 2–3 days to reduce the amount
of coronavirus in the wastewater without high-temperature disinfection by 99.9%. Under
the same conditions, the survival time of coronavirus in water at 4 ◦C was 14 days [112].
In another study, we found that chlorination and decolorization of tap water at room
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temperature lasted only two days and completely decayed in three days [112]. However,
the survival time of coronavirus in water treated at 4 ◦C was 14 days [112].

In the latest study, SARS-CoV-2 virus RNA was detected even in the treated wastew-
ater. However, the presence of viral RNA does not indicate that these virus particles are
complete and infectious. The transmission of COVID-19 through fecal oral route has not
been confirmed, and the occurrence of SARS-CoV-2 in water environment has not been
confirmed [113].

3.2. Airborne Form and Survival Time of Virus

In life, coronaviruses may enter the air by sneezing or coughing and exist as
aerosols [114–118]. Aerosols carrying new-crowned viruses are airborne suspensions
that are constrained by physical and biological laws, where particle size is an important de-
terminant of aerosol behavior [119]. The traditional view is that most respiratory infections
are transmitted by droplets (greater than 5 µm) produced by coughing and sneezing [120].
However, particles 5 microns or smaller in size can remain in the air for a long time under
most indoor conditions [121]. Most particles with influenza virus RNA (87%) were found
to be less than 1 micron after aerosol particle size measurements of exhaled virus parti-
cles [122], and it can survive in the air for a long time and spread with distance. Aerosols
with small particle sizes are, therefore, the main form of airborne transmission of newly
crowned viruses [123–126]. The temperature and humidity under the same particle size
are important determinants. The higher the temperature, the smaller the half-life, and the
half-life under different humidity is also different. SARS-CoV-2 decays more rapidly when
temperature or humidity increases [127], and influenza virus in stationary droplets remains
infectious at all relative humidities (RHs) [128].

4. Summary and Perspectives

COVID-19 is a great threat to humans all over the world, and coercive means have
been implemented to control it, but some of the work is inefficient due to the lack of
a complete understanding of SARS-CoV-2. Our work gives a summary of the possible
transmission means and the survival time of the virus, as well as their influence factors.
We think that person-to-person transmission and airborne transmission are possible.

Now, we are in the post-epidemic era. Whether this situation remains for a long time
is not known. There is still much research for human beings to carry out. We recommend
carrying out the following research in the next 2–5 years: I. The exact source of SARS-CoV-2:
We are just speculating on the source of the virus without conclusive evidence for now.
II. Judgment and prediction of the mutation direction of the virus. III. A proven vaccine.
IV. Establish a long-term mechanism for early warning and prevention of public health
emergencies. This epidemic has lasted for 2 years. At the beginning, people everywhere
were in panic, and were mentally and physically under tremendous pressure. As everyone
worked together to fight COVID-19, the epidemic has gradually eased. Although there is
no thorough interference from SARS-CoV-2, people have adapted to life, study, and work
under COVID-19. What we should do is learn from this experience and come together
without borders.
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