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A narrative review of alternative transmission routes of COVID 19: what we 
know so far
Alyexandra Arienzoa, Valentina Gallob, Federica Tomassettib, Nicoletta Pitarob, Michele Pitaroa 

and Giovanni Antoninia,b

aNational Institute of Biostructures and Biosystems (INBB), Rome, Italy; bDepartment of Science, Roma Tre University, Rome, Italy

ABSTRACT
The Coronavirus disease 19 (COVID-19) pandemics, caused by severe acute respiratory syn-
drome coronaviruses, SARS-CoV-2, represent an unprecedented public health challenge. 
Beside person-to-person contagion via airborne droplets and aerosol, which is the main SARS- 
CoV-2’s route of transmission, alternative modes, including transmission via fomites, food and 
food packaging, have been investigated for their potential impact on SARS-CoV-2 diffusion. In 
this context, several studies have demonstrated the persistence of SARS-CoV-2 RNA and, in 
some cases, of infectious particles on exposed fomites, food and water samples, confirming 
their possible role as sources of contamination and transmission. Indeed, fomite-to-human 
transmission has been demonstrated in a few cases where person-to-person transmission had 
been excluded. In addition, recent studies supported the possibility of acquiring COVID-19 
through the fecal-oro route; the occurrence of COVID-19 gastrointestinal infections, in the 
absence of respiratory symptoms, also opens the intriguing possibility that these cases could 
be directly related to the ingestion of contaminated food and water. Overall, most of the 
studies considered these alternative routes of transmission of low epidemiological relevance; 
however, it should be considered that they could play an important role, or even be prevalent, 
in settings characterized by different environmental and socio-economic conditions. In this 
review, we discuss the most recent findings regarding SARS-CoV-2 alternative transmission 
routes, with the aim to disclose what is known about their impact on COVID-19 spread and to 
stimulate research in this field, which could potentially have a great impact, especially in low- 
resource contexts.

KEYWORDS 
SARS-CoV-2; COVID-19; 
alternative routes of 
transmission; fomites;  
cold-chain; food

Introduction

Severe acute respiratory syndrome coronaviruses 
2 (SARS-CoV-2)

Coronaviruses (CoVs) are single-stranded, positive- 
sense, enveloped RNA viruses, belonging to the family 
Coronaviridae, subfamily Orthocoronavirinae, and are 
classified into four genera: the alpha- beta-, gamma-, 
and deltacoronaviruses [1–3]. CoVs display on their 
surface the spike (S) envelope glycoprotein, which 
contains the receptor binding domain for the interac-
tion with host cell receptors [4,5].

Members of this large family of viruses can infect 
both animals and humans causing respiratory, enteric, 
hepatic, and neurological diseases. Animal species sus-
ceptible to CoVs infection include camels, cattle, cats, 
and bats [6–10]. Up to date, nine Coronaviruses are 
known to infect humans, of which seven have been 
isolated in the last 20 years. The majority of human 
CoVs (HCoV-229E, HCoV-OC43, HCoV-NL63e HCoV- 
HKU1) cause common colds and self-limiting upper 
respiratory tract infections in immunocompetent indi-
viduals. Other coronavirus strains, such as the severe 

acute respiratory syndrome coronaviruses (SARS-CoV-1 
and 2) and the Middle East Respiratory Syndrome 
Coronavirus (MERS-CoV), are instead highly virulent, 
manifesting with respiratory and extra-respiratory 
symptoms of variable clinical severity [11] (Table 1), 
and have been implicated in epidemics in recent 
years, with mortality rates up to 11% (SARS-CoV-1) 
and 32.7% (MERS-CoV) [12,13,15,16]. Most infected 
people develop mild to moderate illness and recover 
without hospitalization, the main symptoms being 
fever, cough, tiredness, shortness of breath and gastro-
intestinal irritation. In some cases, particularly in 
elderly and immunocompromised individuals, the 
infection with these coronavirus strains, including 
SARS-CoV-2 lead to potentially life-threatening out-
comes, such as interstitial pneumonia.

SARS-CoV-2 shares a 79% sequence identity with 
SARS-CoV and 50% with MERS-CoV. SARS-CoV-2 was 
isolated for the first time in late December 2019 in 
Wuhan, China, as the etiological agent of a cluster of 
pneumonia cases, later identified as Coronavirus dis-
ease 19, COVID-19. Since then, the virus has been 
rapidly spreading worldwide with confirmed cases in 
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223 countries and territories around the world report-
ing over 550 million infected people and more than 
6 million deaths [14,17].

SARS-CoV-2 transmission

Like other coronaviruses, transmission of SARS-CoV-2 
occurs predominately from person to person when 
respiratory droplets or aerosol, emitted by infected 
individuals [18–21], come into contact with nasal, con-
junctival, or oral mucosa [22,23]. Aerosols and droplets 
are currently distinguished based on their size: accord-
ing to the World Health Organization (WHO) and 
Center for Disease Control and Prevention (CDC), par-
ticles with a diameter more than 5 μm are considered 
as droplets while those with diameters less than 5 μm 
are considered as aerosols [24,25]. Droplet transmis-
sion occurs when bacteria or viruses travel on relatively 
large respiratory droplets that people sneeze, cough, 
or exhale. These droplets may be loaded with infec-
tious particles and can infect another person if the 
bacteria/viruses contact their eyes, nose or mouth. 
They may also fall on surfaces and then be transferred 
onto someone’s hand, who then rubs their eyes, nose 
or mouth. Due to their larger size, large respiratory 
droplets are less persistent, falling quickly out of the 
air and, when inhaled, usually reach only the upper 
respiratory tract. Respiratory enveloped viruses such as 
SARS-CoV-2, are usually not viable in small droplet- 
nuclei; for this reason, short-range droplets are consid-
ered the dominant vehicles for transmission and close 
contact (for 15 min face to face, within 2 m) is consid-
ered the highest risk [26].

On the other hand, airborne transmission occurs 
when bacteria or viruses travel in droplet nuclei that 
become aerosolized. Aerosol can persist in the air for 
a longer-lasting period compared to droplets and can 
reach deeper into the lower respiratory tract [27,28]. 
Although airborne transmission may not be consid-
ered prevalent due to the dilution and inactivation of 
the viruses during longer periods of travel in the air 
[29], it has been demonstrated that SARS-CoV-2 can 
persist in artificially generated aerosols for a period 
long enough to support its high oral transmissibility 
[30–32]. van Doremalen et al. studied the stability of 
SARS-CoV-2 in aerosol under controlled laboratory 
conditions and demonstrated that during a period of 
3 hours SARS-CoV-2 retained infectivity with an 84% 

reduction of the viral titer [33]. Moreover, Guo et al. 
[34] found that a mean of 23% of air samples collected 
in ICU and general COVID-19 wards tested positive for 
SARS-CoV-2. Recently, Lednicky et al. [35] reported that 
viable SARS-CoV-2 were isolated from air samples 
gathered 2–4.8 m away from patients, with concentra-
tions ranging from 6 to 74 TCID50 units/l of air. In 
addition to respiratory droplets, airborne transmission 
is another important SARS-CoV-2 transmission route, 
particularly in indoor settings with poor ventilation or 
air re-circulation [36–38]. The possibility of alternative 
indirect routes of transmission, including transmission 
through water, food and surfaces, have also been con-
sidered but the impact of these on the spread of 
COVID-19 is still under debate. Although international 
public health authorities and regulatory bodies agree 
on considering these alternative routes of transmission 
of low relevance, results from several studies demon-
strated possible SARS-CoV-2 transmission through 
contact with contaminated objects and surfaces, 
including food or food packaging, and via the contact- 
oral route through ingestion of contaminated food and 
water [39–41].

Methods

We are undertaking a narrative review summarizing 
the scientific evidence and discussing the most recent 
findings regarding SARS-CoV-2 transmission via 
fomites, food and food contact materials, with the 
aim to provide a comprehensive view of this topic, 
and better understand the dynamics of COVID-19 
spread.

SARS-CoV-2 transmission via fomites

From the beginning of pandemics, fomites have been 
suggested as possible sources of SARS-CoV-2 transmis-
sion [42]. Fomites could be contaminated directly via 
respiratory droplets or aerosol, and indirectly by cross- 
contamination. The number of viable viruses initially 
contaminating a surface depends on the contamina-
tion route and the viral load of the infected person [43]. 
The putative transmission via fomites could occur by 
contact with contaminated surfaces and subsequently 
the transfer of viable viruses to nasal, buccal or ocular 
mucous membranes; thus, the adoption of appropriate 
disinfection and cleaning strategies has been 

Table 1. Epidemiological data of principal human Coronaviruses.
Virus Genus Diffusion Mortality Ref

HCoV-229E α-Coronavirus Endemic Rare [8]
HCoV-NL63 α-Coronavirus Endemic Rare [8]
HCoV-OC43 β- Coronavirus Endemic Rare [8]
HCoV-HKU1 β- Coronavirus Endemic Rare [8]
SARS-CoV β- Coronavirus Epidemic 11% [12]
MERS-CoV β- Coronavirus Epidemic 32.7% [13]
SARS-CoV-2 β- Coronavirus Pandemic 1% [14]
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proposed in order to reduce the contamination of 
surfaces and, consequently, the risk of infection [44]. 
To evaluate the risk of virus transmission through 
fomites, several studies, especially those related to 
the factors influencing the persistence of infectious 
virus particles on surfaces, have been made. Most of 
these studies focused on the detection and persistence 
of SARS-CoV-2 infectious particles and/or viral RNA on 
inert surfaces. In this context, it is important to stress 
that the detection of only viral RNA has different impli-
cations compared to the detection of infectious parti-
cles, since it is not always indicative of the presence of 
viral particles; thus, studies focused only on the detec-
tion of viral RNA could be subject to important 
limitations.

Various studies found that SARS-CoV-2 RNA can 
persist from hours to a few days on different surfaces, 
such as stainless steel, plastic and cardboard (Table 2). 
Furthermore, studies concerning the persistence of 
viable SARS-CoV-2 viral particles on fomites have 
been performed, showing that infectious particles can 
also be detected on fomites [33,50–53]. van Doremalen 
et al. were the first to examine the surface stability of 
SARS-CoV-2 infectious particles on plastic, stainless 
steel, copper and cardboard, demonstrating that, 
under laboratory conditions, infectious viral particles 
can persist on contaminated surfaces (Figure 1) [33].

In vitro studies demonstrated that SARS-CoV-2 
infectious particles can also persist on organic surfaces, 
such as skin, for approximately 9 h [54], and retain 

Table 2. Maximum persistence of SARS-CoV-2 RNA on different surfaces.
Surface Temperature Max persistence References

Stainless steel 22–27°C 7 days [45,46]
Plastic 25°C 8 days [47]
Glass 22–27°C 4 days [47]
Wood 22–27°C 2 days [45,46]
Money 22°C 4 days [48,49]
Human skin 25°C 19 hours [47]

Figure 1. Surface stability over time of viable SARS-CoV-2. Figure shows how the viral titer decreasing trend varies in different 
materials such as plastic, stainless steel, cardboard and copper. The maximum persistence is observed for plastic and stainless steel 
(72 hours) while the viral titer decreases faster in copper (4 hours) [33].
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infectivity longer in the presence of a moderate pro-
tein concentration (11.4 g/L), suggesting that 
a protein-rich medium like airway secretions could 
protect the virus and may enhance its persistence 
and transmission on fomites [55]. Other studies inves-
tigated the effects of temperature and humidity on 
virus integrity and persistence on fomites. Biryukov 
et al. observed that, on non-porous surfaces contami-
nated with a simulated clinically relevant matrix (i.e. 
saliva), higher temperatures and humidity caused 
a more rapid decay of SARS-CoV-2 [56]. Chin et al. 
demonstrated that the survival time of SARS-CoV-2 in 
cell culture medium was 14, 7 and 1 day respectively at 
4°C, 22°C and 37°C [45]. The same study demonstrated 
that SARS-CoV-2 retained its infectivity on plastic sur-
faces at room temperature and 65% relative humidity 
for 4 days, while it completely decayed after 7 days. 
More recently, several other studies confirmed the 
positive effect of low temperatures on virus stability, 
especially in extremely dry or humid environments, as 
reported by Morris et al. [57]. Indeed, typical climate- 
controlled conditions such as those found in indoor 
environments are also favorable for virus stability. In 
a study by Liu et al. the persistence of SARS-CoV-2 RNA 
was evaluated in both an apartment and a department 
store that were blocked and unoccupied for more than 
28 days. Authors found that SARS-CoV-2 RNA can be 
detected up to 57 days after the last exposure in room- 
temperature environments. Moreover, they found, in 
a cold storage container that carried contaminated 
items, that SARS-CoV-2 RNA was able to persist for at 
least 60 days on the surface of cold-chain food 
packages (under 18°C) [46].

Other studies demonstrated that SARS-CoV-2 
genetic material can be detected on surfaces of hospi-
tal wards [58–60] as well as in indoor environments 
and objects that come into contact with respiratory 
droplets emitted by infectious patients long after 
exposure. SARS-CoV-2 viral RNA has been further 
detected on surfaces in playgrounds, retail stores and 
healthcare settings [61–67] proving that viruses 
emitted by infected individuals persist in the environ-
ment for long periods of time.

Although most of these studies demonstrated the 
high frequency of detection of SARS-CoV-2’s genetic 
material on fomites [68], infectious particles were also 
detected on fomites but in fewer studies. In these 
studies, SARS-CoV-2 infectious particles were isolated 
from: frozen food packaging [69], the nightstands of 
infected cases [70], isolation rooms of patients under-
going mechanical ventilation [71], and on the window-
sill of a patient’s quarantine unit [72].

Given that SARS-CoV-2 infectious particles can be 
found on fomites, the transfer from surfaces to hands 
and from hands to mucosa has been addressed to 
support the plausibility of this alternative route of 
transmission. The still too few studies investigating 

the risk of transmission of SARS-CoV-2 from surfaces, 
based on previous studies performed on other mem-
bers of the Coronaviridae family, highlighted that the 
dynamics of pathogen transfer are very intricate and 
several variables must be taken into account: the trans-
fer efficiency is dependent on the combination of dif-
ferent parameters such as viral load, viral species, 
fomite material, skin surface characteristics and envir-
onmental conditions such as temperature and humid-
ity [73–75].

The first parameter that has been considered is the 
amount of virus that can be transferred to the fomites 
from an infected individual. In a study performed on 92 
patients with confirmed COVID-19, Yu et al. demon-
strated that the viral load of sputum specimens in the 
lower respiratory tract correlated to the severity of 
COVID-19 and with the risk of its progression to 
a more severe form [76]. Pan et al. have reported 
a median of 7.5 × 105 (max 107) gene copies per mL 
in the sputum of infected patients [77]. These results 
are consistent with those obtained by Wang et al., 
which, using a mathematical model, also demon-
strated that the total amount of virions expelled was 
higher when sneezing compared to coughing and 
speaking [78]. More recently, Johnson et al., analyzing 
the droplets and bioaerosols emitted by nasal swab 
positive patients, captured during the combined 
expiratory activities of breathing, speaking and cough-
ing, demonstrated that SARS-CoV-2 RNA was present 
at concentrations up to 4.8 × 105 gene copies/mL and 
showed a positive correlation between the number of 
copies detected in naso-pharyngeal swabs and in sam-
ples of air emitted by participants, highlighting, how-
ever, an average threefold reduction in the latter [79]. 
Indeed, authors agree that the viral RNA levels recov-
ered on environmental surfaces are lower than those 
detected in the nasopharynx, indicating that only 
a part of the viruses reaches fomites. Beside the 
amount of infectious virus on the fomite, the possibility 
of virus transmission from surfaces and its efficiency 
depends on the type of contact with the contaminated 
surface: different pressures, times of contact and rub-
bing actions influence the transfer efficiency of virus 
particles. For example, it is well established that rub-
bing increases microbial transfer. Behzadinasab et al. 
measured the percentage of SARS-CoV-2 that was 
transferred from a solid to an artificial finger consider-
ing brief and low-pressure contacts with no rubbing. 
They found that, on non-porous surfaces, transfer effi-
ciency to skin is greater (13–16%) when the drop is still 
wet and that a small amount of virus particles (3–9%) 
can still be transferred even 30 min later when the 
droplet is dry. Insead, transfer efficiency resulted very 
low on porous surfaces [80].

Another parameter that has been considered is the 
stability of SARS-CoV-2 particles on human skin. 
A study performed by Thomas et al. [81] on influenza 
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A showed that the virus was readily inactivated on 
human hands, suggesting a protective anti-viral role 
of skin. To date, however, no studies report a similar 
activity for SARS-CoV-2. Harbourt et al. studied the 
persistence of infectious SARS-CoV-2 on dead porcine 
(pig) skin, finding that the virus was able to retain 
infectivity for 4 days at 22 ± 2 °C, and 8 h at 37 ± 2 °C 
(relative humidity of 40–50%) [49]. In another work, 
Hirose et al. used dead human skin as a model, show-
ing that infectious viral particles were able to persist up 
to 9 h at 25 °C (relative humidity of 45–55%); in parti-
cular, the SARS-CoV-2 titer was over 1 Log10 TCID50, in 
all skin samples tested after 4 h from contamination, 
suggesting that there is a significant opportunity for 
transmission from skin in the tested conditions [47].

More recently, Butot et al. measured transfer rates 
for SARSCoV-2 from food items and packaging materi-
als (cardboard and plastic) to nitrile gloves and from 
gloves to face [74]. The cumulative transfer rates were 
approximately 4.0% for food items and were higher 
under wet conditions compared to dry conditions. 
Concerning packaging materials, the plastic packaging 
under wet conditions provided the highest cumulative 
transfer rate (3.0%) while no transfer from plastic or 
cardboard was observed with a dry inoculum. Authors 
conclude that in the tested conditions the obtained 
results suggest a minor role of foods or food packaging 
materials in virus transmission, which however cannot 
be ruled out, also considering that the infectious dose 
for humans has not yet been precisely established, 
though it has been assessed as being only five infec-
tious particles in Syrian hamster models [82].

Concerning epidemiological investigations, the first 
studies advocating possible indirect transmission of 
SARS-CoV-2 through fomites were performed at the 
beginning of 2020. Cai et al investigated a cluster of 
COVID-19 cases associated with a shopping mall in 
Wenzhou in January 2020, and, being able to exclude 
person-to-person interaction, suggested that the rapid 
spread observed in the study could reasonably be 
ascribed either to transmission via fomites (e.g. eleva-
tor buttons or restroom taps) or virus aerosolization in 
a confined public space (e.g. restrooms or elevators) 
[83]. Also, Xie et al., monitoring a cluster of patients 
from January to February 2020 in Guangzhou, China, 
found an epidemiological association between two 
cases for which ‘person-to-person’ transmission had 
been excluded, identifying fomites (elevator buttons) 
as the most likely contamination source [84]. More 
recently, on 15 January 2022, in Beijing, a local con-
firmed case without any contact or travel history, was 
attributed to international mail delivered from North 
America [85]. In addition to these studies, mathemati-
cal models have been used by Kraay et al. to estimate 
the impact of fomite transmission in highly at-risk 
environments such as child daycares, schools, nursing 
homes and offices. From their findings, authors 

concluded that fomite transmission could sustain 
SARS-CoV-2 transmission in many settings [86]. In par-
ticular, diverse studies demonstrated that households 
are subjected to the highest risk of COVID-19 transmis-
sion [87–90]. Indeed, in home settings the opportunity 
and frequency of contact with contaminated surfaces 
is higher than in other indoor environments, and the 
risk of COVID-19 transmission via fomites could be 
reasonably higher in households than in public indoor 
settings [91,92]. This was very recently supported by 
a longitudinal cohort study in which authors assessed 
whether the presence of SARS-CoV-2 on frequently- 
touched surfaces and residents’ hands was 
a predictor of SARS-CoV-2, providing the first experi-
mental evidence correlating the presence of SARS-CoV 
-2 on candidate vectors with risk of infection in due to 
household contact [93].

Despite this evidence, there is still debate over 
whether infectious viruses may persist in a natural 
environment in sufficient concentrations to cause 
infection. Indeed, some studies assessed as low or 
insignificant the risk of transmission via fomites. 
A scoping review by Mohamadi et al. that analyzed 
results from 25 primary studies, highlights 
a noticeable variability in the findings of articles asses-
sing the risk of transmission via fomites, showing how-
ever that, in the majority of cases, the risk of SARS-CoV 
-2 infection via contaminated surfaces was assessed as 
low [94]. In a study performed in Barreiras city, Brazil, 
Rocha et al. investigated the presence of SARS-CoV-2 
genetic material in objects of high frequent contact 
and were not able to find traces of the virus on the 
analyzed surfaces, suggesting that fomites and the 
environment did not result as important transmission 
routes for COVID‑19 in this mid-sized city [95]. This 
result is consistent with what was observed by 
Harvey et al., who conducted longitudinal swab sam-
pling of high-contact, non-porous surfaces in 
a Massachusetts town during a COVID-19 outbreak 
and found that the risk of acquiring COVID-19 by 
touching contaminated surfaces is less than 0,05% 
[96]. However, this low risk should also be considered 
in view of its implications on public health, which 
could be, instead, rather significant. In this context, it 
is important to consider the significance a low percen-
tage of risk of transmission via fomites could assume 
when referred to large populations, such as large coun-
tries, and depending on the socio-economic context.

SARS-CoV-2 transmission via contaminated food 
packaging

Although the aforesaid studies highlight as low the risk 
of fomites transmission of SARS-CoV-2 for most of the 
common environmental conditions, the role of food 
packaging of cold chain products in SAR-CoV-2 trans-
mission is of particular interest. Indeed, several in vitro 
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studies demonstrated that SARS-CoV-2 persists longer 
at low temperatures. Cold-chain products are kept at 
low temperatures, around −18°C, throughout the 
entire process, from processing, storage, transporta-
tion, distribution and retailing, and for this reason 
contaminated cold-storage foods and packaging may 
be more at risk for SARS-CoV-2 transmission, also 
between countries and regions, and may cause 
human infection, in particular to high-risk people 
(such as dockworkers or stevedores).

From 2020 on, detection of SARS-CoV-2 on the 
packaging materials of frozen fish and meat, imported 
from countries with significant COVID-19 epidemics 
such as Ecuador, Brazil, Indonesia, India, Germany and 
Norway, has been reported [97]. By the end of the year, 
SARS-CoV-2 RNA was detected in food or food packa-
ging samples collected in China, with an overall posi-
tive rate of 0.048% [96]. The detection of SARS-CoV-2 
on the packaging surface of cold-chain products that 
arrived from very distant countries and took at least 20  
days to be delivered, indicates that SARS-CoV-2 RNA 
persists for almost 1 month in this environment [98].

The possibility that cold-chain products’ packaging 
could indeed act as vectors for the spread of COVID-19 
was postulated for the first time by Liu et al. [99] during 
the outbreak that occurred in Qingdao City, in 
September 2020. On this occasion, two stevedores 
working at Qingdao Port were found to be SARS-CoV 
-2 positive having no COVID-19 case contact history 
and no foreign personnel contact history; both, how-
ever, carried out loading and unloading of the same 
batch of frozen cod. Surface swab samples of the 
frozen cod outer packages were collected and resulted 
positive for SARS-CoV-2 nucleic acid. Subsequently, the 
whole viral genome sequence of surface swab samples 
and nasopharyngeal swab samples of the stevedores 
were analyzed and resulted highly homologous. 
Interestingly, further phylogenetic analysis revealed 
that the SARS-CoV-2 isolated from the patient’s naso-
pharyngeal swab and the imported frozen cod outer 
packages’ surfaces belonged to a European Branch 
that was not circulating locally at the time [100]. 
Together with the epidemiological data, authors con-
cluded that the COVID-19 outbreak of Qingdao was 
probably caused by SARS-CoV-2 contamination of 

outer cod packaging during production or cold-chain 
transportation [101].

The outbreak that occurred in Qingdao port on 
September 2020 has been the most studied since it 
was the first time the possibility of ‘fomite-to-human’ 
transmission of COVID-19 was demonstrated, meaning 
that SARS-CoV-2 was transmitted from cold chain food 
packaging materials to humans, and from human to 
human during cold chain transportation [102].

Following this event, on October 2020, China Center 
for Disease Control and Prevention issued an official 
release, confirming that novel coronavirus could per-
sist for a long period, also not under laboratory condi-
tions, on the outer packaging of items under special 
conditions of cold chain transport, suggesting that 
these items could act as carriers of SARS-CoV-2 [103].

Indeed, during 2020 China reported several infec-
tion clusters in different cities, such as Qingdao, Dalian, 
Tianjin, Beijing and Shanghai, which supposedly did 
not originate from interpersonal transmission. Several 
studies investigated these outbreaks and concluded 
that all of them could reasonably have originated 
from workers at port cold storage, seafood processing 
facilities, and market sites related to imported cold- 
chain food. Since on all these occasions person-to- 
person transmission was excluded, contact with con-
taminated cold-chain food packaging was considered 
as the most probable route of infection [104–108].

Several authors have reviewed the occurrence of 
transmission via contaminated food packages [109]: 
to date, a total of nine cases imputable to cold chain 
food contamination (Table 3).

Consistent with these findings, in January 2022, 
China’s State Council updated two technical guidelines 
for cold-chain operators to prevent and control COVID- 
19. The document, officially titled ‘Technical Guidelines 
for the Prevention and Control of Novel Coronavirus in 
Cold-Chain Food Production and Operation and the 
Cold-Chain Food Production and Operation Process 
Covid Control and Disinfection,’ set guidelines for sea-
food suppliers, logistics operators, and seafood ven-
dors, suggesting particular attention by the Chinese 
government to this issue [112].

Outside China, similar events have been reported in 
New Zealand and among workers at frozen food 

Table 3. Coronavirus disease 2019 outbreaks related with cold chain food packaging.
Date City Place Zero patient SARS-CoV-2 source Ref

June 11 Beijing Wholesale market Employee Food packaging (frozen fish) [108]
July 22 Dalian, Lioling Seafood processing enterprise Dockworker Food packaging (frozen fish) [109]
September 24 Qingdao Port, Dock Stevedores, Dockworker Food packaging (frozen fish) [101]
October 11 Qingdao Dagang company Stevedores, Dockworker Food packaging (frozen fish) [107]
October 25 Xinjiang Kashgar airport Stevedore Container frozen products [107]
November 8 Tianjin Hailian Frozen Food Co Stevedores, Dockworker Food packaging (frozen meat) [110]
November 9 Shanghai Pudong Airport Stevedore Container frozen products [107]
November (end) Jiaozhou 

(Qingdao)
Fishery company Stevedore Food packaging aquatic products [106]

December 15 Dalian Port Stevedore Frozen food packaging [111]
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processing facilities in other countries, including 
Japan, Australia, Germany, England and Wales, and 
the United States, and have been recently discussed 
by Chen et al. [92].

SARS-CoV-2 transmission via contaminated food 
and water

As with fomite transmission, the possibility for trans-
mission of SARS-CoV-2 via contaminated food and 
water has also been investigated in several studies.

The novel coronavirus RNA was detected for the first 
time on actual food samples in June 2020, on frozen 
seafood [113] and from there on, in several cases SARS- 
CoV-2 genetic material was detected on the surface of 
frozen food products [114,115], with frozen fish and 
meat products being the most likely to retain viral RNA 
[116,117].

Several authors have attempted to investigate the 
persistence of infectious SARS-CoV-2 particles on dif-
ferent categories of foods, including deli foods, meat, 
seafood and fresh produce. Jia et al demonstrated that 
infectious SARS-CoV-2 remained detectable on pork 
chops, pork mince and deli turkey for at least 3 weeks 
at 4°C [118], and similar results have been reported in 
other studies. Feng et al detected infectious SARS-CoV 
-2 on salmon, beef and pork after 9 days following 
storage at 4°C, and after 20 days following storage at 
−20°C [119]. Infectious SARS-CoV-2 was detected up to 
9 days from artificially inoculated salmon incubated at 
4°C also by Dai et al [120], while Norouzbeigi et al 
assessed infectious SARS-CoV-2 particles up to 8  
weeks following inoculation in ice cream stored at 
−20°C and −80°C [121]. Overall, in high-protein unpro-
cessed and minimally processed foods and foods high 
in both protein and fats, SARS-CoV-2 retains infectivity 
for at least 14 days at refrigeration temperature, 
although infectivity has been demonstrated to decline 
depending on the storage temperature [121]. High 
temperatures, instead, rapidly inactivate the virus: 
exposure to 56°C for 30 min can significantly reduce 
the vial titer [122]. Concerning pH, SARS-CoV-2 is most 
stable at slightly acidic pH (6–6,5), starts destabilizing 
at pH 5 and is completely inactivated at pH < 2,7 [123].

Considering the environmental resistance charac-
teristics of SARS-CoV-2, thermally treated food pro-
ducts and acidic foods can be generally considered at 
low risk [124]. Greater attention has instead been 
givento products that can be consumed raw, such as 
plant-based products. Literature on this topic is scarce 
for SARS-CoV-2, but studies have been done on other 
coronavirus family members. Mullis et al. [125] demon-
strated that a bovine coronavirus can persist on lettuce 
under household refrigeration conditions for 14 days. 
Similar results were obtained by Blondin-Brosseau et al 
[126], who examined the persistence of the human 
coronavirus HCoV-229E on fresh produce. Authors 

studied different types of fruit and vegetables and 
demonstrated that the virus can retain its infectivity 
for 24 h on tomatoes and apples and 96 h on cucum-
bers and lettuce, while it was not able to persist on 
strawberries. These results are consistent with the 
environmental resistance characteristics of the virus: 
tomatoes and apples display a more acidic pH (4,2 
e 3,9 respectively) compared to cucumbers and lettuce 
(5,7 and 5,8) while strawberries are highly acidic (pH 3) 
and determine viral inactivation [127]. Based on these 
results it is possible to hypothesize that SARS-CoV-2 
could show similar resistance characteristics.

The impact of cross contamination by infected food 
handlers has been studied by Haddow et al., who 
evaluated the stability of SARS-CoV-2 on apples, toma-
toes and peppers, following a low-dose aerosol expo-
sure. The authors concluded that, under the tested 
experimental conditions, the risk of transmission was 
extremely low; however, their conclusions did not 
completely exclude the possibility [128].

Other studies focused on the presence and persis-
tence of SARS-CoV-2 in water, since it could represent 
a source of food contamination, especially of fresh 
products such as vegetables. Several studies have 
reported the detection of SARS-CoV-2 RNA in waste-
water in The Netherlands [129], France [130], U.S.A 
[131], Australia [132] and Italy [133]. SARS-CoV-2 was 
also detected in surface water [134] but no cases are 
known of detection or isolation from potable water. In 
addition, human coronaviruses are readily inactivated 
by oxidizing agents and chlorine and, compared to 
other intestinal non-enveloped viruses, they decline 
faster in water [135–137].

These data indicate that the risk of SARS-CoV-2 
transmission through the ingestion of contaminated 
food or water is epidemiologically of low significance; 
however, considering the scarcity of epidemiologic 
studies on this topic, these results could be underesti-
mated, and further investigation is required to assess 
the impact of this route of transmission.

SARS-CoV-2 fecal-oro transmission

Many of the mammal‐associated coronaviruses such as 
canine coronavirus [138], equine coronavirus [139] and 
other human coronaviruses are well known to cause 
gastroenteritis in their host species and have been 
demonstrated to be transmitted via the fecal-oro 
route [140,141].

Due to the high expression levels on enterocytes of 
the angiotensin-converting enzyme 2 (ACE2), which is 
the primary receptor that mediates SARS-CoV-2 entry, 
enterocytes can be susceptible to SARS-CoV-2 infec-
tion and it has been suggested that the ingestion of 
infectious virus particles could result in an enteric 
infection [142,143]. Other coronaviruses, that similarly 
use the ACE2 receptor for entry, such as the alpha 
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coronavirus NL63 that causes the common cold, also 
have been reported to induce gastrointestinal symp-
toms [144]. Moreover, several studies confirm the co- 
expression in human enterocytes of two mucosa- 
specific membrane-associated serine proteases, 
TMPRSS2 and TMPRSS4, that are known to facilitate 
the membrane fusion and allow the release of the viral 
genome into the host cell cytosol, increasing the cells’ 
susceptibility to the virus [145]. Zang et al. [146] also 
reported that these enzymes are highly expressed in 
human small intestinal enterocytes and demonstrated 
productive infection of SARS-CoV-2 in ACE2+ TMPRSS2 
+ mature enterocytes.

In vitro studies further investigated the possibility 
of the intestines being one of the viral target organs. 
Lamers et al. [147] demonstrated that SARS-CoV-2 
productively infected human small intestinal orga-
noids established from primary human gut epithelial 
stem cells, while Lee et al. confirmed the co- 
expression of SARS-CoV-2 entry genes in a subset of 
epithelial cells in the GI tract [148]. Moreover, Chan 
et al. demonstrated that SARS-CoV produced 
a persistent infection in colonic cells [149]. Current 
research is providing growing evidence for intestinal 
infection caused by SARS-CoV-2. The enteric reservoir 
of endemic human coronaviruses is supported by 
symptoms of enteritis or abdominal complaint in 
some patients, also in the absence of respiratory 
symptoms [150,151].

SARS-CoV-2 gastrointestinal symptoms, including 
diarrhea, abdominal pain and vomiting, have been 
reported in approximately 60% of patients and are 
considered a common symptom of COVID-19 
[152,153]. Endoscopic and histological examination of 
patients with COVID-19 showed intestinal infection 
with SARS-CoV-2, which caused inflammatory infiltra-
tion, and SARS-CoV-2 infection was also correlated to 
alterations in gut microbiota composition, consistent 
with elevated expression of inflammatory cytokines 
such as IL-2, IL-4, IL-6, IL-10 and IL-18 [149,154]. 
Therefore, the fecal-oro route transmission of SARS- 
CoV-2 cannot be excluded.

In addition, several researchers attempted to iso-
late infectious particles in feces. To date, there are 
numerous cases of detection of viral RNA in stool 
samples [155–159]. In a recent meta-analysis of 60 
studies comprising 4,243 patients, 48.1% of stool 
samples was positive for virus RNA, 70% of which 
remained positive also after respiratory clear-
ance [160].

Indeed, infectious SARS-CoV-2 particles have been 
detected in the feces of four different patients 
[156,161,162] as in Dergham et al. [163] where gastro-
intestinal infection occurred without respiratory symp-
toms. Active replication in the gastrointestinal tract has 
been suggested by Wölfel et al. and the evidence for 
gastrointestinal infection is supported by the fact that 

RNA-positive stool samples have been found in 
patients that tested negative to the oro- or nasophar-
yngeal swab [164].

Epidemiological studies suggested fecal-oro trans-
mission in cases such as the Diamond Princess cruise 
ship, where at least 20% of passengers were confirmed 
to be infected with SARSCoV-2, plausibly as the result 
of a superspreading event not implying person-to- 
person transmission [165].

Altogether, these findings enable us speculate on 
the possibility that, in these cases, SARS-CoV-2 
might have been transmitted by oral acquisition. 
Results from some studies suggested that SASR- 
CoV-2 is susceptible to fecal-oro transmission [166] 
and other studies demonstrated the fecal-oro trans-
mission route in Syrian hamster models, which 
detected subclinical respiratory infection after oral 
acquisition of SARS-CoV-2, although with less effi-
ciency, and showed how orally infected hamsters 
had a level of detectable viral shedding from oral 
swabs and feces like that of intranasally infected 
hamsters [148]. However, full evidence for fecal-oro 
transmission is still lacking and further studies are 
needed to assess this route as a novel transmission 
mode of COVID-19.

The fecal-oro transmission and its significance in 
developing countries

Statistical studies performed by Rothschild elicited the 
hypothesis that fecal-oro transmission is prevalent, 
compared to respiratory transmission, in developing 
countries. The hypothesis is also correlated with low 
mortality rates from COVID-19 in developing countries, 
since gastrointestinal infection usually causes minor or 
no symptoms [167]. Indeed, diverse factors account for 
the major vulnerability to the potential fecal-oro trans-
mission of developing countries and low-income com-
munities, including low levels of sanitation, sharing of 
water sources, transmission from fecal sources to foods 
mediated by insects and other vectors, over-crowding, 
poor hygiene and food handling practices [168,169]. 
The poor socio-economic resources do not allow an 
effective implementation and management of socio- 
sanitary prevention and containment strategies. One 
of the most impacting of these limitations is that sev-
eral developing countries, including Pakistan, Brazil, 
Ecuador, Nigeria and other States of Africa, Asia and 
South America have nonfunctional or no wastewater 
treatment facilities, and untreated sewage is directly 
discharged into surface water and soil [170,171]. In 
addition, developing countries suffer from poor poli-
cies and regulations.

Altogether these factors offer a plausible scenario of 
the strong impact which fecal-oro transmission of 
COVID-19 could have in low resource settings.
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Conclusions

Coronavirus disease 2019 (COVID-19) is a rapidly grow-
ing infectious disease that has become one of the 
leading causes of death. Given the unprecedented 
public health challenge due to the high virus conta-
giousness, several authors have investigated its trans-
mission pathways and dynamics, with the aim to 
develop and implement control measures to control 
and restrict spread. Infection via respiratory droplets 
has indeed been established as the main SARS-CoV-2 
transmission route; however, the use of personal pro-
tective equipment and social distancing has not 
resulted in a drastic reduction of COVID-19 spread, 
and several studies are currently discussing the role 
of alternative transmission pathways, especially via 
fomites, including food packaging, food and water. 
Indeed, diverse types of environmental contamination 
that can lead to SARS-CoV-2 transmission have been 
reported. SARS-CoV-2 can persist for long periods in 
climate-controlled environments on different surfaces. 
Genetic material has been retrieved frequently on 
exposed fomites and, in some cases, infectious viral 
particles have also been detected. Various factors can 
impact on the persistence of infectious viral particles 
on fomites, including environmental humidity and 
temperature. In particular, low temperature plays 
a key role in increasing the persistence of SARS-CoV-2 
and, for this reason, cold chain products have been 
suggested as possible vehicles for COVID-19. Indeed, in 
several cases SARS-CoV-2 was transmitted from cold 
chain food packaging materials to human and from 
human to human during cold chain transportation, 
confirming the possibility of ‘fomite-to-human’ trans-
mission. In addition, frozen food intended to be con-
sumed without heating treatment could also be 
considered at risk. The finding of SARS-CoV-2 genetic 
material on food and wastewater has opened 
a discussion about the possibility to acquire COVID- 
19 through the ingestion of contaminated food and 
water. Considering its environmental resistance char-
acteristics, SARS-CoV-2 cannot persist in thermally 
treated food products and acidic foods but could 
represent a risk for vegetables and plant-based pro-
ducts, also considering the impact of irrigational water. 
This topic is of utmost interest given that current 
research is providing growing evidence for the intest-
inal infection of SARS-CoV-2. To date, there have been 
numerous cases of detection of viral genetic material 
in feces of infected patients, and gastrointestinal infec-
tions have been reported also in the absence of 
respiratory symptoms. The fecal-oro transmission 
route has been considered plausible and could be of 
great impact in countries where sanitation levels are 
low. It is in fact important to stress that the results 
discussed in this review must be interpreted taking 
into consideration the framework in which they took 

place, including the already existing strategies for 
infection and prevention control. Indeed, the findings 
reported in this review bring one to the conclusion 
that alternative transmission pathways can be consid-
ered of low epidemiological relevance. However, it is 
important to consider what significance the low per-
centage of risk of transmission via these alternative 
routes and its impact on public health could assume 
if related to large populations and/or to other environ-
mental factors. Indeed, the impact of alternative trans-
mission routes could vary greatly according to 
environmental factors and socio-economic status. 
These pathways could be important or even prevalent 
in those settings where the opportunity to implement 
adequate hygiene measures is difficult. In this context, 
investigating all SARS-CoV-2 possible transmission 
pathways can be important for the effective manage-
ment of current and future possible pandemics. 
Furthermore, the recent findings that suggest that 
alternative routes of transmission, especially fecal-oro, 
might be prevalent in specific settings, could provide 
a relevant basis for deeper investigations of the gastro-
intestinal form of the disease, which could lead to an 
increased knowledge of COVID-19 pathophysiology.

In conclusion, in the light of the above considera-
tions, the alternative routes of transmission of COVID-9 
should be considered as potentially greatly impacting 
public health and should not be underestimated. The 
research in this field is scarce and needs to be 
increased. In this context, even if the fecal-oro route 
currently remains a hypothesis, assessing its relevance 
can be of crucial importance for public health espe-
cially in low-resource contexts. Indeed, a major com-
prehension of the possible novel mechanisms of 
COVID-19 transmission can be exploited not only to 
extend our knowledge of COVID-19 physiopathology 
and spread dynamics, but importantly to allow the 
implementation of more effective prevention and con-
trol strategies and to reinforce policies and regulations, 
especially in developing countries.
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