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ABSTRACT

Coronavirus disease (COVID-19) is a highly infectious respiratory illness that has rapidly spread around the
world. The primary mode of transmission is through respiratory droplets expelled when an infected individual
coughs or sneezes. This paper explores the potential indirect transmission routes of COVID-19, including water,
food, air, and paper. Regarding food, we examine the possible spread through meat, frozen products, food
packaging, and marketplaces, with case studies from different regions. The air section discusses the components
contributing to airborne transmission, particularly the role of fine particulate matter (PM 2.5). Furthermore, the
detection of SARS-CoV-2 in wastewater samples from countries such as the United States, India, Australia, the
Netherlands, and France suggests that sewage could be a route of transmission. The handling and circulation of
paper by infected individuals may also act as a medium for virus spread. These findings suggest that SARS-CoV-
2 can be indirectly transmitted through contaminated food handled by infected workers or in food markets.
Implementation of general hygiene practices—such as wearing masks, using hand sanitizers, disinfecting surfaces,
and maintaining physical distance—combined with the use of disinfectants such as ethanol (67-71%), sodium
hypochlorite (0.1%), and hydrogen peroxide (0.5%), as well as vaccination, can help reduce the transmission of
the virus.
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Introduction

In December 2019, the World Health Organization (WHO) provisionally named a pneumonia-like illness
emerging from Wuhan, China, as coronavirus disease (COVID-19), caused by the SARS-CoV-2 virus [1]. Since
then, the pandemic has swept across the globe in multiple waves—three major ones globally, with some countries
also experiencing a fourth wave—Ileading to widespread loss of life and economic disruption. As of December
19, 2022, there have been 649,038,437 confirmed COVID-19 cases and 6,645,812 related deaths reported across
more than 200 countries (https://covid19.who.int/).

Coronaviruses are enveloped, positive-sense, single-stranded RNA viruses belonging to the Coronaviridae
family. These viruses are pleomorphic in shape and range from 80 to 220 nanometers in diameter. SARS-CoV-2
is the most recent coronavirus to cause a global outbreak. This pandemic has heightened awareness around the
various transmission pathways of the virus responsible for severe acute respiratory syndrome (SARS-CoV-2) [2].
COVID-19 is primarily a respiratory illness that spreads via close contact with infected individuals, including
through touch, bodily fluids, and droplets expelled during coughing or sneezing. However, transmission via food,
water, insects, and contaminated surfaces (fomites) is also considered possible. Unlike some viruses, SARS-CoV-
2 can survive for a period outside the host, although the exact duration varies. The virus’s stability depends on
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surface material and environmental conditions such as temperature, humidity, light exposure, and weather patterns
[3, 4]. Research by Chin et al. [3] and Van Doremalen et al. [5] indicates that SARS-CoV-2 can remain viable for
up to seven days on plastic and four days on stainless steel at room temperature. However, it has a much shorter
lifespan on paper, currency, and mail packaging.

This paper explores the potential indirect transmission routes of COVID-19, including water, food, air, and paper.

Results and Discussion

Transmission of Coronavirus Through Food

SARS-CoV-2 has demonstrated the ability to survive gastrointestinal fluids and enzymes, allowing it to infect the
intestines. This supports the theory that transmission through food and water is plausible [6]. Contamination can
occur at various points in the food supply chain, including production, distribution, handling, and final preparation.
Epidemiological data have linked several early cases to the Huanan South Seafood Market in Wuhan, China,
suggesting that COVID-19 may be the first respiratory outbreak with a potential foodborne origin [7]. In July
2020, China reported evidence of virus transmission from frozen foods and their packaging, with two re-emergent
cases linked to contaminated food items. Table 1 lists documented cases of such transmissions.

Table 1. Incidence of COVID-19 transmission through food
No. of individuals/

Country positive cases Duration Food type Reference
China 38 July 2020 — August 2020 Seafood [8]
Auckland, New Zealand 4 August 2020 Frozen food [9]
Beijing, China 1 June 2020 Frozen salmon [10]
China 9 July-August 2020 Imported frozen raw foods [2]
Tianjin, China 3 November 2020 Imported foods [9]
America 117 crew members June 2020 Seafood [11]
Singapore - January 2020 Sharing of food [12]
Llangefni, UK 204 June 2020 Chicken factory [13]
China 6 February-March 2020 Family dinner [14]

Individuals in the latent phase or those with asymptomatic COVID-19 infections may contaminate cold chain food
during stages such as preparation, packaging, handling, and shipping, especially in high-risk areas. This can
facilitate the survival of SARS-CoV-2 on frozen foods and their packaging surfaces, as illustrated in Figure 1.
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Figure 1. Transmission of coronavirus through foods and food packaglng

Chin et al. reported that low temperatures enhance the stability of SARS-CoV-2, indicating that frozen and
refrigerated foods may act as potential vectors for virus transmission [3]. Meats such as seafood, beef, and chicken
contain heparin and heparan compounds that facilitate the virus’s attachment to host tissues, which raises the
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possibility that consumption of animal products could contribute to the spread of the virus [15, 16]. A notable
example occurred at the Xinfadi wholesale market in Beijing, where SARS-CoV-2 was detected on a chopping
board used for preparing imported salmon on June 12, 2020 [17]. These findings suggest that cold chain foods
may enable cross-border transmission of SARS-CoV-2, as the virus has repeatedly been detected on imported
frozen food and packaging materials [2, 10].

Transmission via Meat

Hu et al. documented several COVID-19 outbreaks linked to the fresh meat and seafood sectors in different
countries, raising concerns about potential foodborne transmission. Among the first 53 individuals to test positive
in one outbreak, 48 were workers at a seafood market in Beijing, three had visited the market, and two were
indirectly connected to it [9]. Similar outbreaks were observed in the fish processing industry in Portugal [18] and
in slaughterhouses across Germany and Australia. Additionally, some studies suggest that pigs and rabbits may
be susceptible to SARS-CoV-2 infection, implying a possible risk of transmission via meat products. One
proposed route of infection is the consumption of meat from infected palm civets [19]. Pangolins, which are used
for both their meat and medicinal purposes in traditional Chinese practices, have also been suggested as a potential
viral source [20].

Transmission via Frozen Foods

The detection of SARS-CoV-2 in frozen seafood, meat, and packaging materials has raised global concerns [2].
The cold and consistent conditions maintained during the transportation and storage of frozen foods provide an
environment that prolongs the virus’s viability. Contamination has been found in products such as frozen shrimp,
pork, salmon, and shellfish, presenting a broader risk during the pandemic [18]. Studies have shown that viral
particles can remain infectious on chilled or frozen foods. Notably, Han et al. [2] reported SARS-CoV-2
contamination in frozen chicken wings imported from Brazil, suggesting that frozen foods may play a significant
role in facilitating long-distance transmission of the virus.

Transmission via Food Packaging

SARS-CoV-2 RNA has been detected on the packaging of Ecuadorian shrimp and inside shipping containers [2,
21]. Since July 2020, surface contamination of cold chain food packaging from South America has been observed
in various Chinese cities such as Dalian and Qingdao [22]. For instance, SARS-CoV-2 was identified on the outer
packaging of frozen cod and South American white shrimp from Ecuador. These findings indicate that the virus
could potentially be introduced via imported frozen goods. Investigations into the Qingdao outbreak suggested
contamination occurred during production or international cold chain transport [22, 23].

The virus has been shown to remain infectious on packaging surfaces even after long-distance shipping. In the
second half of 2020, the importation of frozen goods became a notable route for potential virus spread [23-25].
Given that cold chain products are often stored at below 18 °C, SARS-CoV-2 may persist for extended periods
on outer surfaces, enabling global transmission. Although comprehensive research is still limited and such
incidents are relatively rare, these occurrences have led to increased public vigilance regarding the role of cold
chain foods in virus spread [26].

Surfaces that come into contact with food, such as cutting boards, utensils, and equipment made of stainless steel,
plastic, wood, rubber, ceramics, or glass, can also harbor pathogens. These contact points, found throughout food
preparation, processing, and packaging stages, may facilitate the transfer of viruses and bacteria to both food items
and workers handling them [15].

Transmission Through Food Markets

Grocery stores and supermarkets represent significant potential hotspots for COVID-19 transmission due to
several contributing factors. These include enclosed spaces, challenges in maintaining social distancing, and
frequent touching of products and surfaces by multiple individuals [2]. In the first half of 2020, the United Food
and Commercial Workers union reported that 12,405 supermarket employees had contracted COVID-19.

Transmission Through Air
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Environmental elements can influence the transmission and persistence of viruses, alongside human movement
and social interactions. For instance, air pollution may exacerbate virus spread and should be considered when
planning disease control strategies. Airborne viruses like SARS-CoV-2 can travel long distances [27].

Most COVID-19 patients experienced severe respiratory symptoms such as fever, cough, and breathing
difficulties, sometimes resulting in death. While surface transmission is possible, the behavior of aerosolized
viruses also warrants attention. In one study, SARS-CoV-2 remained detectable in aerosols for up to three hours,
though its infectious dose declined from 10°.° to 102”7 TCIDso per liter of air. This pattern was similar to that of
SARS-CoV-1, and both viruses demonstrated comparable half-lives when suspended in aerosols [5].

Weather conditions—including temperature, humidity, wind speed, and rainfall—play a role in COVID-19
spread. Several studies found an inverse relationship between case counts and wind speed, humidity, and
temperature [28—30]. A significant association between air pollution (measured by the air quality index) and virus
spread was observed in Chinese cities, using Poisson regression analysis [31]. Cases may continue to rise under
varying humidity levels [32], suggesting that environmental changes alone are not enough to curb transmission
without strong public health interventions.

Under laboratory conditions, SARS-CoV-2 (HCoV-19) and SARS-CoV demonstrated similar stability, with the
virus remaining viable in aerosols for hours and on surfaces for days [5]. Chronic exposure to air pollutants like
nitrogen dioxide (NO2) can worsen lung conditions, potentially increasing COVID-19 mortality rates [33]. Both
indoor and outdoor exposure to fine particulate matter (PM2.5) has been associated with higher COVID-19 death
rates, reinforcing the need for further research into the impact of air quality on viral transmission [34]. In addition,
SARS-CoV-2 has been reported to spread through HVAC systems in both indoor and outdoor settings, indicating
that controlling this transmission pathway could strengthen efforts to contain the virus [35].

Transmission Through Wastewater

SARS-CoV-2 can also spread via respiratory droplets and aerosols [36], and the surrounding environment plays
arole in determining how easily the virus is transmitted. Bodily fluids like saliva, sputum, and feces can contain
active SARS-CoV-2 particles and viral RNA, which can enter wastewater systems upon disposal, as illustrated in
Figure 2.

Shedding of SARS CoV-2

Hospital Waste-water House-hold Waste-water R & D organization (researching
from infected individual (due to quarantine) to combat SARS CoV2)

| Waste water treatment plant |

Treated Effluent
Surface Water

Figure 2. Schematic representation of the transmission of coronavirus through wastewater

Transmission Through Wastewater

Although enveloped viruses are typically present in low concentrations in municipal sewage, have limited
transmission potential through human waste, and are easily inactivated in aquatic environments, some can survive
for extended periods. Certain enveloped viruses shed from infected individuals can persist in water systems for
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days to even months [36, 37]. For instance, SARS-CoV has been shown to survive for over 17 days at 4 °C, and
for 3 to 17 days in feces and urine at 20 °C. It can also persist for up to 3 days at 20 °C in untreated hospital and
municipal wastewater, as well as in potable water lacking chlorine [1]. These findings led to growing concerns
about the presence of SARS-CoV-2 in wastewater.

Indeed, SARS-CoV-2 RNA has been detected in influent samples from wastewater treatment facilities worldwide,
with its levels often correlating with the number of infected individuals in the surrounding population [38, 39].
This makes wastewater-based epidemiology a promising tool for predicting local infection trends [40, 41].
Notably, the virus’s RNA may be detected in sewage systems before the first clinical cases are officially reported,
highlighting the sensitivity of this method [42].

In light of these findings, the World Health Organization (WHO) has emphasized the critical need for safe
handling of human waste. Recommendations include preventing hand contamination with fecal matter, reducing
aerosolization of feces, and properly managing fecal sludge, especially in pandemic settings. In low-income
regions with inadequate sanitation infrastructure, fecal shedding of SARS-CoV-2 poses a greater risk of
environmental spread. Although studies in developing countries are limited, SARS-CoV-2 RNA has recently been
found in wastewater from municipal treatment plants in India [43, 44]. Furthermore, a linear relationship was
observed between the viral RNA load in sewage and the number of confirmed COVID-19 cases in India [45].
Poor wastewater management practices in such regions amplify public health risks. Individuals can be exposed to
the virus due to improper sewage disposal, particularly where sanitation systems are lacking [46]. SARS-CoV-2
has been detected in the feces and urine of both symptomatic and asymptomatic individuals, suggesting that open
defecation may contribute to the spread of the virus [47-49]. Even asymptomatic carriers may shed the virus
through feces for several days [50].

In both developing and developed countries, untreated wastewater has been shown to contain traces of coronavirus
[38, 42], raising the possibility of waterborne transmission. This concern is heightened in areas without proper
sanitation or wastewater treatment systems [1, 46]. Because SARS-CoV-2 RNA can persist in sewage even after
patients have tested negative, the virus is increasingly viewed as a possible waterborne pathogen [51]. Thus,
monitoring sewage and wastewater for SARS-CoV-2 provides a cost-effective surveillance strategy for tracking
COVID-19 spread.

Transmission Through Paper

Manual processes, such as paper-based lab request forms, are still widely used in healthcare settings. As a result,
doctors, nurses, chemists, and lab professionals are frequently exposed to paper documents, increasing their risk
of contracting COVID-19. Research shows that the SARS-CoV strain P9 can survive on non-living surfaces,
including paper, for 4-5 days at room temperature [52]. Another study by Lai ef al. [53] found that SARS-CoV
strain GVU6109 remained viable on paper for up to 24 hours. In general, SARS-CoV is known to persist on
inanimate objects for up to 9 days, and on paper for 1-5 days. Since SARS-CoV-2 shares similar characteristics,
it is expected to behave comparably.

A study by Hasan ef al. [54] investigated the risk of transmission via laboratory paper and found that 83% (432
out of 520) of lab forms were submitted within 24 hours of issuance, while the remaining 17% (88 forms) were
delayed. Receptionists, technicians, and pathologists spent an average of 2.7, 5.5, and 54.6 minutes per day,
respectively, handling these forms. Notably, 80% of the documents were handled by lab staff within a day, with
21% originating from high-risk departments such as emergency rooms, ICUs, and quarantine wards. The
remaining 79% came from moderate-risk areas like inpatient wards, outpatient clinics, and operating rooms. This
highlights a significant risk of viral transmission through paperwork, especially in high-exposure zones.

To minimize this risk, healthcare facilities should implement electronic systems for managing lab requests [55].
Moreover, hospitals must follow the World Health Organization’s guidelines for lab safety and best clinical
practices to protect staff from exposure through contaminated documents.

Risk Factors

Compared to previous outbreaks like Ebola, MERS, and HIN1, COVID-19 has demonstrated a notably higher
transmissibility. Its basic reproduction number (Ro) ranges from 1.4 to 6.5, with an average of 3.6, making it
highly contagious [56]. Furthermore, the virus can survive for extended periods on frozen surfaces, enabling its
transmission via exported or transported frozen foods. This poses a significant risk to both food handlers and
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consumers [9]. Since only a small viral load is needed to initiate infection, the virus can persist on packaged food
products, potentially facilitating its spread through international trade.

Frozen foods and meat processing plants, due to their cold environments and high human activity, may serve as
“hotspots” for COVID-19 transmission [2]. While transmission through food is less common than through air,
water, or paper, it remains a public health concern, especially considering the large-scale global distribution of
frozen goods. Despite widespread vaccination efforts, preventive measures are still crucial due to the ongoing
evolution of the virus.

Alleviation of COVID-19

Strategies for mitigating the impact of COVID-19 are outlined in Figure 3 (not shown here). These measures
include enhanced hygiene, digitalization of healthcare processes, strict food safety protocols, and adherence to
WHO guidelines. Effective implementation of these strategies can significantly reduce transmission risk across
different routes.

Mltlgatlon Strategies

Heat and
Chemicals

Vaccines
and Drugs

@) Sodium hypochlorite
@ T
@ T

Figure 3. Mitigation strategies to combat COVID-19

General Safety Guidelines

Basic hygiene practices remain one of the most effective ways to reduce the spread of COVID-19. These include
washing hands for at least 20 seconds, sneezing or coughing into the elbow, avoiding unnecessary contact with
surfaces, opting for contactless payments, and adhering to household waste management protocols. It is also
crucial to prevent waste handlers from coming into contact with infectious materials and to provide them with
proper protective equipment [57].

Mobility restrictions are another critical strategy to curb the virus’s spread. These measures aim to reduce
transmission from both symptomatic and asymptomatic individuals by limiting human movement [58]. Examples
include zoning of affected areas, suspending or limiting public transport, imposing temporary or permanent air
travel bans, restricting private vehicle use, and minimizing outdoor activities. In parallel, physical distancing must
be maintained—generally between 1.5 and 2 meters—even as virtual forms of social connection are encouraged,
particularly to protect vulnerable groups like the elderly.

Inactivation by Heat and Chemicals

Heat and chemical disinfection are proven methods to deactivate coronaviruses. A study by Kampf et al. reported
that five different coronaviruses, including SARS-CoV-1 and MERS-CoV, could be inactivated by heat
treatments—such as 60 °C for 30 minutes, 65 °C for 15 minutes, or 80 °C for 1 minute—achieving at least a four-
log reduction in viral load [59]. Chin et al. further showed that SARS-CoV-2 could be inactivated with a seven-
log reduction after exposure to 70 °C for just 5 minutes [3].
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The French Agency for Food, Environmental and Occupational Health & Safety (ANSES) determined that heating
food to 63 °C for 4 minutes is sufficient to eliminate the virus [60]. However, since freezing is used for
preservation rather than disinfection, SARS-CoV-2 may remain viable under frozen conditions.

Regarding chemical disinfectants, exposure to agents such as 0.1% sodium hypochlorite, 0.5% hydrogen peroxide,
and 62—71% ethanol for just one minute at room temperature significantly reduces the virus’s presence on surfaces
[61]. These results are consistent with findings on SARS-CoV-2 [3]. Several international organizations have
published approved lists of disinfectants: Health Canada, the European Chemicals Agency (ECA), and the U.S.
Environmental Protection Agency (USEPA) maintain updated databases of effective COVID-19 disinfectants.
Among the most effective are halogen-based agents, quaternary ammonium compounds, and oxidants, which have
demonstrated strong efficacy against SARS-CoV-2 [62].

Vaccines and Therapeutics
A range of vaccine platforms has been developed to combat SARS-CoV-2. Notably, Moderna and the NIAID
developed the mRNA-based vaccine mRNA-1273 [63]. Pfizer and BioNTech also introduced promising
candidates using self-amplifying and nucleoside-modified mRNA technologies [64]. Other vaccines in preclinical
phases include IntelliStem (IPT-001), Bharat Biotech/FLUGEN (CoroFlu), Seqirus (MF59), IRBP
(RespiResponse IR101C), Dynavax (CpG 1018), Takeda (TAK-888), and Tonix (TAK-888) [65]. Vaccination is
currently the most effective public health intervention to achieve herd immunity and control the pandemic.
Among the therapeutic options, Remdesivir—a nucleotide analogue—has shown encouraging antiviral activity in
both in vitro and animal studies, particularly against SARS and MERS, supporting its continued use for treating
SARS-CoV-2 infections [66]. Another notable drug, Dexamethasone, is an affordable corticosteroid that reduces
inflammation by limiting neutrophil activity and cytokine production. It has been especially effective for critically
ill COVID-19 patients who require supplemental oxygen or mechanical ventilation.
As of January 12, 2022, the World Health Organization (WHO) has granted Emergency Use Listing (EUL) to
several COVID-19 vaccines, including:

e  Pfizer/BioNTech (Comirnaty)

e SII/COVISHIELD and AstraZeneca (AZD1222)

e Janssen/Johnson & Johnson (Ad26.COV?2.S)

e Moderna (mRNA-1273)

e Sinopharm and Sinovac (CoronaVac)

e  Bharat Biotech (COVAXIN)

e Covovax and Nuvaxovid (NVX-CoV2373)
Vaccination remains a cornerstone of the global strategy to prevent and control COVID-19.

Conclusion

Our comprehensive review highlights the significant risk of SARS-CoV-2 transmission throughout the fresh and
frozen animal products supply chain, from breeding to processing and final sales. The virus can potentially be
transmitted indirectly through food, primarily via workers involved in food packaging or handling in markets. It
is essential to clean and disinfect food contact surfaces thoroughly, as touching infected surfaces and then touching
the face (mouth, nose, or eyes) remains a common transmission pathway for SARS-CoV-2.

Environmental factors, in addition to human interactions, can influence virus transmission and survival, though
limited information is available on this novel pathogen. While there are still gaps in our understanding of SARS-
CoV-2 transmission via potable water, sewer systems, and ambient air, current research suggests a potential for
environmental spread through these routes. Therefore, further research into various environmental transmission
pathways is needed.

To mitigate the spread of SARS-CoV-2, it is essential to follow general safety guidelines, such as wearing masks,
using sanitizers, disinfecting contact surfaces, and practicing social distancing. Additionally, heat treatments and
chemical disinfectants, such as ethanol (67-71%), sodium hypochlorite (0.1%), and hydrogen peroxide (0.5%),
can effectively reduce the presence of the virus on environmental surfaces. Vaccination and the use of
recommended drugs are also crucial components in combating the disease. We are optimistic that, with
widespread vaccination and adherence to these safety precautions, the fourth wave of COVID-19 can be
effectively controlled.
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