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Abstract

The novel coronavirus disease (COVID-19) outbreak that emerged at the end of 2019

has now swept the world for more than 2 years, causing immeasurable damage to the

lives and economies of the world. It has drawn so much attention to discovering how

the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) originated and

entered the human body. The current argument revolves around two contradictory

theories: a scenario of laboratory spillover events and human contact with zoonotic

diseases. Here, we reviewed the transmission, pathogenesis, possible hosts, as well as

the genome and protein structure of SARS-CoV-2, which play key roles in the COVID-

19 pandemic. We believe the coronavirus was originally transmitted to human by

animals rather thanbya laboratory leak.However, there still needsmore investigations

to determine the source of the pandemic. Understanding how COVID-19 emerged is

vital to developing global strategies for mitigating future outbreaks.
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1 INTRODUCTION

The most widespread coronavirus to date was discovered in Wuhan,

China in November 2019, and the disease it causes is named coron-

avirus disease (COVID-19). The disease is a class of epidemics with

human-to-human transmission causedby severe acute respiratory syn-

drome coronavirus 2 (SARS-CoV-2) (Kumar et al., 2021; Li et al., 2021;

Rosenthal et al., 2022). The high infectivity and pathogenicity of the

virus was discovered at the beginning of the epidemic, and it has been

trending worldwide. The World Health Organization (WHO) subse-

quently declared the disease a global pandemic. Because the public

awareness on the virus preventionwas initially bewildered, SARS-CoV-

2hadagreatopportunity to spreadandmutatearound theglobe (Davis

et al., 2021;Huet al., 2020;Kumar et al., 2021).Globally, therewas con-
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siderable uncertainty regardingwhenSARS-CoV-2was introducedand

began spreading locally (Davis et al., 2021).

In this global pandemic of SARS-CoV-2, five mainly mutated strains

have emerged, namely alpha, beta, gamma, delta and omicron (Dhar

et al., 2021; Gu et al., 2022; Hart et al., 2022; Ozer et al., 2022; Viana

et al., 2022; Vohringer et al., 2021). In July 2020, the first discov-

ered spike protein (S protein) mutation D614G swept the world. Two

months later, the variant alpha strain was discovered in the United

Kingdom (Davies et al., 2021; Hart et al., 2022). While beta variant

was discovered in December 2020 in South Africa (Viana et al., 2022),

gamma variant in January 2021 in Brazil, delta variant in the United

Kingdom inMarch 2021 (Dhar et al., 2021; Vohringer et al., 2021), and

omicron variant in November 2021 in the Botswana were discovered

(Guet al., 2022). By10 July 2022, 551million cases hadbeen confirmed

in more than 194 countries, with more than 6 million fatalities and the

daily infections continue to rise rapidly (Figure 1).
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F IGURE 1 Timeline of the emergence of SARS-CoV-2mutants. D614G is the first determined variant that is prevalent in the world. In the past
2 years of the pandemic, approximately 551million cases have been confirmed to date, with over 6million deaths worldwide.

Some pathogenic mechanisms of COVID-19 have been demon-

strated. SARS-CoV-2 combines with angiotensin-converting enzyme-2

(ACE2), a cellular receptor, to facilitate its access into the target cell.

ACE2 receptors are extensively expressed in oral epithelial cells. The

mean expression levels of ACE2 in the tongue are higher compared to

other oral tissues, and are also more abundant in the minor salivary

glands than in the lungs (Ferrer et al., 2021; Wang et al., 2022). These

evidences strongly suggest that the oral cavity, especially the saliva,

may pose a significant risk of transmission of SARS-CoV-2 (Wang et al.,

2022). In the process of human resistance to the virus, itwas found that

patients’ body reaction in the process of virus invasion has the follow-

ing phases: asymptomatic stage, incursion and infection of the upper

respiratory tract, involvement of the lower airways, development of

acute respiratory distress syndrome (ARDS), and virus transmission

and clinical manifestations (Parasher, 2021). In the air transmission

path, respiratory aerosols carrying SARS-CoV-2 attach to the nasal

epithelial cells of the upper respiratory tract (Parasher, 2021). It is

possible to generate an immune response through this stage, but its

strength is limited. Although the individuals have a low viral load, they

arehighly contagious. Thenext step is the immigrationof virus from the

nasal epithelium to the upper respiratory tract via respiration. The dis-

ease presents with symptoms of weariness, dry cough, fever, and body

aches due to the upper respiratory tract involvement. A more intense

immune response is evident at this stage than at the previous stages

(Wang et al., 2020). About one in five infected patients will progress to

the ARDS stage with severe symptoms (Kikkenborg Berg et al., 2022).

The virus infects type 2 alveolar epithelial cells via ACE2, and begins

to replicate to produce more viral nucleocapsids. Sustained damage

from massive inflammatory cells and viral replication leads to loss of

type 1 and 2 pneumocyteswith diffuse alveolar damage, culminating in

acute respiratory distress syndrome (Bain &MacDonald, 2022; Borges

et al., 2022). SARS-CoV-2 can cause somecommon symptoms including

fever, fatigue, cough, anosmia, hypogeusia, headaches andmyalgia, just

like the symptoms of classic coronaviruses infection (D’Onofrio et al.,

2022; Parasher, 2021). Following the above primary stage of the dis-

ease, the lower respiratory tract will be attacked, which can progress

to severe respiratory disease, resulting in respiratory failure, multi-

organ failure, and even loss of life (Barizien et al., 2021;D’Onofrio et al.,

2022).

Since the advent of SARS-CoV-2, two competing ideas have

emerged: one claimed that the pathogen escaped from a laboratory,

while the other believed that the virus arose from a zoonotic outbreak.

Here, we reviewed the evidence of current scientific research thatmay

be helpful in clarifying the origin of SARS-CoV-2.

2 CARDING THE CLUES OF SARS-COV-2
ORIGIN

2.1 The development history of coronavirus

Coronavirus (CoV) has long been regarded as a virus with a high

hazard of spreading. SARS-CoV-2, the ninth human-infecting coron-

avirus on record, and the seventh coronavirus identified in the past 20

years, has become an unprecedented epidemic (Lednicky et al., 2021;

Vlasova et al., 2022). Most human virus strains are zoonotic in origin,

including all previous human coronavirus strains (Holmes et al., 2021).

Animal CoVs, such as bovine coronavirus (BCoV), porcine transmissi-

ble gastroenteritis virus (TGEV), infectious bronchitis virus (IBV), and

feline infectious peritonitis virus (FIPV), have been known since the

late 1930s (Saif, 2004). Recent studies have linked the evolution of

human CoVs (HCoVs) to a high level of urbanization and poultry breed-

ing, which facilitates the exchange of species and simplify crossing of

species barriers, as well as genomic reorganization of these viruses

(Jones et al., 2013). Bats are a large-capacity ‘reservoir’ of CoVs, virus

sampling by the China Ecological Health Alliance alone found around

400 new coronaviruses strains (Olival, Weekley, & Daszak, 2015; Xie

et al., 2018). In addition, bats’ unique immune system enables them to

deal with several viruses more effectively than human beings (Kirti-

pal, Bharadwaj, & Kang, 2020). Furthermore, the presence of a variety

of zoonotic alphaCoV and betaCoV has been detected in Western

Europe’s bat populations (Wacharapluesadee et al., 2015). Although
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F IGURE 2 Schematic diagram of the transmission process of
three HCoVs. Humans acquired SARS-CoV andMERS-CoV from bats
through civet cats and dromedary camels, respectively. It is unclear
how SARS-CoV-2 spread to humans.

definitive spread of coronaviruses from bats to humans has not been

fully identified, direct contact with intermediate hosts to humans is

widely considered the most likely mode of spread (Hart et al., 2022;

Kirtipal et al., 2020; Z. Zhu,Meng, &Meng, 2020).

The first cases of SARS-CoV appeared in Foshan, Guangdong

province, China in November 2002 (Ge, Hu, & Shi, 2015). It eventually

becameaSARSepidemic, affecting28 countries around theworld,with

8096 cases and 774 deaths (Ge et al., 2015). After a series of investiga-

tions, itwas found that the SARS-CoVvirus first existed inmasked civet

cats and raccoon dogs. Antibodies to the virus in a badger were later

found at a China’s Shenzhen live animal market, and were suspected

to be the source of the human infection (Drexler, Corman, & Drosten,

2014; Guan et al., 2003; Song et al., 2019). Additionally, Chinese rhi-

nolophid bats were also found to harbour genetically differentiated

CoVs related to SARS-CoV (Rhinolophus spp.), suggesting that these ani-

mals are hosts for this novel HCoV (Figure 2) (Lau et al., 2005; Li et al.,

2005).

Likewise, in Jeddah, Saudi Arabia, human infection with MERS-CoV

was first recorded in June 2012 (Ge et al., 2015). In November 2019, a

total of 2494MERS-CoV caseswere detected in 27 countries, with 858

fatalities (WHO, 2020). Beginning, bats were thought to beMERS-CoV

hosts. However, researchers found a significant prevalence of MERS-

CoV-neutralizing antibodies in camels from Oman and the Canary

Islands (Kirtipal et al., 2020; Reusken et al., 2013). Serological studies

suggest that dromedary camels were carrying MERS-CoV-like viruses

in East Africa, North Africa and the Middle East as early as 1983. In

addition, in Saudi Arabia, dromedary camels have been found to have

multiple viral genetic lineages (Sabir et al., 2016), involving crossing

various barriers and causing outbreaks in humans. Collectively, these

evidences strongly suggest that dromedary camels are an important

reservoir for MERS-CoV; viruses originating from bats have been pre-

dicted to enter dromedary camels more than 30 years ago, based on

laboratory evidence (Figure 2) (Müller et al., 2014).

Recent SARS-CoV-2 development gives prominence to the poten-

tial for deadly viruses hidden inwild zoonotic reservoirs and the threat

of zoonotic spillovers (Malik et al., 2020). With the help of sequencing

technology, bats were again assessed as a natural host for SARS-CoV-

2, because it shares 96% of its genome with two SARS-like CoVs from

bats, bat-SLCoVZX45 and bat-SL-CoVZX2 (Xu et al., 2020; Zhou et al.,

2020). Comparatively, SARS-CoV-2 has a lower similarity genome to

SARS-CoV (∼79%) or MERS-CoV (∼50%). Until later, pangolins were

considered a possible intermediate host for SARS-CoV-2 because it

shared 99% genetic similarity with the CoV in pangolins (Yi, Lagni-

ton, Ye, Li, & Xu, 2020). However, the 1% difference between the

two genome sequences is considered significantly different. Therefore,

the conclusive specific evidence is still under investigation (Yi et al.,

2020).

Looking back, we see clear similarities between SARS-CoV-2 and

SARS-CoV. Both occurrences of the SARS-CoVs have been linked to

markets selling live wild animals and related species, especially civet

cats and pangolin animal traders who worked in 2003 but were not

diagnosed with SARS, while had high levels of SARS-CoV immunoglob-

ulin G (IgG) found in their serum (13% overall, over 50% of traders spe-

cializing in civet cats). Further serological surveys found that Yunnan

residents living near the bat caves were 3% positive for SARS-related

coronavirus (SARSr-CoV), indicating that spillover events may have

occurred in zoonotic CoVs. This often occurs when bats are important

hubs. As to the epidemic of coronaviruses, Yunnan may be consid-

ered the most possible location of a spillover event because of the

high potentiality of human contact to bat. However, the places of the

first reported cases, either SARS-CoV (Foshan, Guangdong Province)

or SARS-CoV-2 (Wuhan, Hubei Province), are far fromYunnan in terms

of geographic disparity. This highlights the difficulty of determining the

exact route by which the virus emerged. In addition, enough attention

needs to be paid to sampling in areas other than Yunnan (Holmes et al.,

2021).

According to epidemiological studies, the HuananMarket inWuhan

was the early and main epicentre of SARS-CoV-2 infection. Two of

the three earliest recorded cases of COVID-19 were directly related

to the sale of wildlife at the market, and 28% of all cases reported

in December 2019 were directly related to the market (WHO, 2021).

During December 2019, about 55% of the cases had contact with

other markets in Wuhan, and these cases were more concentrated in

the fifteen days of early December (WHO, 2021). Early cases were

predominantly located near theHuananMarket, according to an exam-

ination of the locations, which provided the basis for the identification

of the outbreak site. These regions were also the first to experience

excess deaths from pneumonia in January 2020, a measure less sen-

sitive to reporting bias (Holmes et al., 2021). There may be cases in

the early stages of the epidemic that do not appear to have a direct

link to the market, possibly due to higher occult transmission rates

and undiscovered secondary transmissions, and a similar situation was

shown in early SARS-CoV cases (Xu et al., 2004). However, whether

the first infection case in the Huanan Market is the real first case of
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SARS-CoV-2 infection in theworlddependsonextensive investigations

in other regions and countries.

2.2 Discussion on laboratory-derived
SARS-COV-2

In general, the storage and handling of biological products in biolog-

ical laboratories follow strict management measures, and personnel

involved in the experiments have also undergone professional training,

so it is difficult to cause laboratory infection. If the relevant experi-

ments carried out in the laboratory do not meet the corresponding

laboratory safety level, the researchers engaged in irregular opera-

tions, and thewaste disposal is improper, the risk of laboratory leakage

will be increased. Although rare, laboratory accidents do occur, with

bat coronaviruses being used in different laboratories around the

world. There has indeed been precedent for events leading to sporadic

infections and short chains of transmission in past laboratory studies

(Senior, 2003). With the exception of Marburg virus, all known lab-

oratory escape viruses are easily identifiable viruses that can infect

humans. Those escape events were associated with persistently high

titre cultures (Geddes, 2006; Lim et al., 2004; Senior, 2003). There

is only one documented instance of epidemic or pandemic resulting

from a wide-ranging vaccine test: the A/H1N1 influenza pandemic in

1977 (Rozo & Gronvall, 2015). Early in the COVID-19 pandemic, the

Wuhan Institute of Virology (WIV) became the target of widespread

criticism of the laboratory origin hypothesis. However, there is no

indication that the Wuhan Institute of Virology had studied viruses

similar to SARS-CoV-2 or artificiallymodified coronaviruses before the

COVID-19 pandemic (Holmes et al., 2021).

Prior to December 2019, no virus highly consistent to SARS-CoV-

2 had been recorded by any laboratory, and no genome was available

to provide the SARS-CoV-2 genome. A known laboratory outbreak

has been confirmed to be associated with the index case’s workplace,

household contacts, and the laboratory of origin (Geddes, 2006; Lim

et al., 2004; Ristanović, Kokoškov, Crozier, Kuhn, &Gligić, 2020; Senior,

2003). The Wuhan-based Institute of Biology, all three laboratories

working onCoV diagnostics, isolation of CoV and vaccine development

are managed well and have high biosafety standards (BSL3 or 4) and

the researchers have health surveillance program. Study shows that

SARS-CoV-2 was not tested positive in workers despite extensive epi-

demiological tracing of early cases (WHO, 2021). At the time of testing

in March 2020, the laboratory was reported to have followed proper

biosafety protocols during coronavirus research.

Investigations into theWIV indicate thatWIV is not engaged in any

research related to SARS-CoV-2. Although WIV possesses a large col-

lection of SARSr-CoVs samples form bats (Latinne et al., 2020) and

has cultured three of them (WIV1, WIV16 and Rs4874), but these

three viral lineages are more related to SARS-CoV (Ge et al., 2013;

Ristanović et al., 2020; Yang et al., 2015). Additionally, the RaTG13

virus from WIV was never further experimentally manipulated and

exists only as a nucleotide sequence (Cohen, 2020). There is no open

report or study showing that WIV used other ideas, involving the

development of new reverse genetics systems for SARSr-CoV trans-

missionbasedonbats sequencedata. Researches that obtain predicted

function will use the genomic backbone of SARSr-CoV, or at least

viruses formerly identified by sequencing (Holmes et al., 2021). How-

ever, Research on recombinant coronaviruses inWIVpreviously used a

genetic framework unrelated to SARS-CoV-2 (B. Hu et al., 2017), which

produced no evidence of laboratory-derived markers. In any case of

lab accident, the escaped virus must have left clues in the scientific

establishment before a pandemic, but support for this idea has not yet

been found, and no sequences have been identified that could serve as

precursors.

Assuming that the escape event occurred in a laboratory, the acci-

dental infection of SARSr-CoV could occur during the continuous

transmission among animals commonly used in laboratories. Neverthe-

less, some early isolates of SARS-CoV-2 failed to infect wild-type mice

(Wan, Shang, Graham, Baric, & Li, 2020). Human ACE2 (hACE2) trans-

genic mice can be used for studying infections and testing vaccines in

vivo. However, themice usually develop atypical diseasewhen exposed

to SARS-CoV-2 (Bao et al., 2020; Hassan et al., 2020; Israelow et al.,

2020; Rathnasinghe et al., 2020; Sun et al., 2020). As a result of serial

passage inVeroE6cells of threeviruses isolated from faeces, theSARS-

CoV-2-specific furin cleavage site consistently disappeared (Davidson

et al., 2020; Klimstra et al., 2020; Liu, Zheng, et al., 2020; Ogando et al.,

2020; Sasaki et al., 2021;Wonget al., 2021;Zhuet al., 2021). Therefore,

these techniques are highly unlikely to isolate SARS-CoV-2 progeni-

tors with intact furin cleavage sites. These studies suggest that it is less

likely that the virus has increased affinity for humans through serial

passage in susceptible animals (Holmeset al., 2021).However, it cannot

be ignored that there are some non-common animals in the laboratory,

such as hamsters, dogs, monkeys, etc. Their ACE2 receptors have been

shown to be able to bind to the S protein of SARS-CoV-2 (primary) with

moderate to high strength and are susceptible to infection (Piplani,

Singh, Winkler, & Petrovsky, 2021). This adds loophole to laboratory

animal models for studying SARS-CoV-2 passaging. Of note, the sus-

ceptibility of non-human species to SARS-CoV-2 varies widely. Piplani,

Singh,Winkler, and Petrovsky (2021) tested the affinity of ACE2 to the

spike protein in more than 10 animals and humans. Human ACE2 has

the strongest affinity for S protein, followed by pangolin, and mouse

is the weakest, which is consistent with its experimental observation

(Piplani et al., 2021). This finding is surprising because typical zoonotic

viruses exhibit high affinity for the original host and low affinity for the

newhost. As the virus gradually adapts to the newhost, the affinitywill

gradually increase. This indicates the possible existence of an interme-

diate host whose ACE2 structure is very similar to that of humans, but

this intermediate host is still verymysterious.

Among the variants of SARS-CoV-2, D614G was the first strong

mutant to emerge. G614 greatly enhanced the transmissibility of the

virus, rapid replacing of the D614 mutant was the dominant strain

within months. Using lung, liver and intestinal cell lines, Daniloski

et al. (2021) separately demonstrated the robust infectious capacity of

G614 compared to D614. Although D614G produced strong infectiv-

ity, it was a mutation event in the non-RBD region of S protein. Only

two months later, the B.1.1.7 (also known as Alpha) variant carrying

a mutation marked by N501Y rose rapidly. The strong infectivity of

501Y lineage depends on the deletion of the two amino acidsΔ69/Δ70.
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The 501Y lineageΔ69/Δ70 deletion is about 60% different from 501N

without deletion (Leung, Shum, Leung, Lam, & Wu, 2021). The advan-

tage of B.1.1.7 was short-lived.Within a fewmonths of the appearance

of Alpha, two other important mutations occurred in the RBD region

of SARS-CoV-2, resulting in the beta strains (N501Y, E484K, K417N).

The increase of E484K and K417N enables Beta to acquire the ability

to avoid binding to neutralizing antibodies, that is, the ability to escape

from immunity, thus quickly becoming a new dominant strain. In the

newest Omicron lineage, SARS-CoV-2 tends to infect the upper respi-

ratory tract rather than the lung, and with a high vaccination rate, thus

its pathogenicity appears to be milder (Fan et al., 2022). Such changes

are conducive to the coexistenceof viruses andhumans,which couldbe

considered the result of highly adaptive evolution of viruses to human

hosts.

In the evolution of the virus formore than2years, it is not difficult to

see that SARS-CoV-2 has been undergoing adaptive changes with the

human host, and the cycle of this change is often within a few months.

Its increasing infectivity and immune evasion capabilities underscore

the virus’ excellent adaptability. If we backward reasoning this law, we

should also have found some lineages with similar evolutionary char-

acteristics to SARS-CoV-2-Wuhan, but this assumption has not been

proven so far. The failure to find an evolutionarily similar ancestor of

SARS-CoV-2 is undoubtedly a major shock to the theory of the origin

of zoonosis.

2.3 Likelihood of origin in other regions of the
world

When it comes to the origin of this epidemic, Wuhan, China, must be

the first place that comes tomind (Lytras, Xia, Hughes, Jiang, & Robert-

son, 2021; Singh & Yi, 2021). China was the first country to announce

the outbreak, so the world’s attention naturally turned to the country.

Nonetheless, the place of first sharingmust be the true birthplace? This

is unlikely to be the case.

A retrospective survey found that sewage samples collected in

Barcelona, Spain, on 12 March 2019, were positive for SARS-CoV-2

RNA, but other samples collected between January 2018 and Decem-

ber 2019 were negative. This indicates that at least as early as

March 2019, SARS-CoV-2 may appear in other areas of the world

(Chavarria-Miró et al., 2021).

In France, Carrat et al. (2021) identified 353participantswho tested

positive for anti-SARS-CoV-2 IgG in the samples of 9144 adults with

routine serum collection in a French general population (Carrat et al.,

2021). Subsequently, the samples were further analysed using ELISA-S

and SN positive tests to screen 13 participants who were both ELISA-

S and SN positive. Through an epidemiological survey of participants

(Carrat et al., 2021), it was found that some of them had suffered from

unknown respiratory diseases in October 2019, and the others had no

history of close contact and travel. Through comprehensive analysis, it

can be deduced that the latent transmission of SARS-CoV-2 in Europe

was much earlier than the time of reporting (Carrat et al., 2021;WHO,

2021), and those infected with no travel history may have acquired

the infection through local transmission. Sewage testing by RT-PCR

for SARS-CoV-2 conducted in Brazil on 27 November 2019 was posi-

tive, much earlier than the first case reported in the Americas. In the

United States, a serological survey of 7389 archived donated blood

samples collected from 9 states over the period 13 December 2019 to

17 January 2020 detected 106 positive specimens (Basavaraju et al.,

2021). The report also made many explanations for the possibility of

‘false positives’: on the one hand, ‘true positives’ can only be collected

from individuals with positive molecular diagnostic tests or from pairs

of acute convalescent sera with rising titres (Basavaraju et al., 2021);

on the other hand, samples from individuals are not representative for

all states. Furthermore, only a few positive cases have a history of out-

bound travel within 28 days (Basavaraju et al., 2021). This shows that

SARS-CoV-2may have existed locally before, and it is difficult to deter-

mine whether it was introduced from abroad. After all, it cannot be

determined that Asia is the earliest origin of the virus according to the

existing evidence; it is possible that some early modes of transmission,

such as blood product transmission, are unknown.

It is also worth mentioning that, in the light of the US Centers for

Disease Control and Prevention (CDC), there was an outbreak of ‘e-

cigarette pneumonia’ in the United States from mid-2019 to the end

of the year. As of April 2019, there were sporadic reports, followed

by a sharp uptick in infections from June to September, with a peak

in September and then a decline thereafter (CDC, 2021b). The CDC

stopped collecting and updating ‘vaping pneumonia’ data on 25 Febru-

ary 2020. So far, there have been 2807 hospitalizations and 68 deaths,

with a mortality rate of about 2.4% (CDC, 2021b). Sales of electronic

cigarettes in theUnitedStates increased from2014 to2020, increasing

by 122.2% during this period (i.e., from 7.7million to 17.1million every

4 weeks) (CDC, 2021a). Such a huge consumption of e-cigarettes sud-

denly broke out in ‘e-cigarette pneumonia’ in June 2019, and magically

disappeared in February 2020, which is confusing.

In Italy, Apolone et al. (2021) collected blood samples from 959 par-

ticipants in a prospective lung cancer screening trial from September

2019 to February 2020. To determine the probability of early infec-

tion in Italy, using proprietary SARS-CoV-2-neutralizing antibodies

from plasma sample banks, they looked into various epidemiologi-

cal characteristics of exposure to SARS-CoV-2 in 959 asymptomatic

individuals, including temporal, spatial, and distribution across differ-

ent populations. With SARS-CoV-2 receptor binding protein specific

ELISA, 111 (11.6%) samples were identified as positive. Of these, 4

samples collected in October, 1 sample collected in November, and 1

sample in February were also positive in qualitative microneutraliza-

tion tests (Apolone et al., 2021). Overall, the 111 positive samples all

showed SARS-CoV-2 RBD-specific antibodies (IgM, IgG or both), and

further analysis can assess the time of arrival and early prevalence of

the virus. Analysis of anti-SARS-CoV-2 antibody reactions in COVID-

19 patients revealed that almost 100% of patients seroconverted to

antiviral immunoglobulin G (IgG) or immunoglobulinM (IgM)within 13

days of symptom onset.

SARS-CoV-2 virus infections most commonly result in the devel-

opment of antibodies against the virus, except in immunocompro-

mised patients. IgM is the first antibody detected in the body after
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infection, which can be produced within three days of infection and

provide the first line of humoral immune defence. High-affinity anti-

body IgG starts later than IgM, but it is the main force in long-term

immunity (Racine & Winslow, 2009). Data from Hou et al. (2020)

showed that IgM was produced within 1 week of symptom onset in

COVID-19 patients, peaked within 2−3 weeks, and then decreased.

IgG appeared later than IgM, but remained high for 2 months. Hence,

detectable IgM and IgG antibodies can be used to assess serological

routines during thediseaseprogression, since thepresenceof IgManti-

bodies indicates recent pathogen invasion, whereas the presence of

IgG antibodies indicates an earlier exposure to the virus (Hou et al.,

2020).

Among the 162 samples collected in Italy in September 2019, three

samples were positive for IgG antibodies and 20 were positive for IgM

antibodies, and most of the positive samples were collected in early

September. The small number of samples suggests that there may be a

large number of positives undetected, and with the available evidence,

the arrival of SARS-CoV-2 in Italy can be retrospected back to July

or even earlier. However, given the speed of transmission, the num-

ber of hospitalizations and ICU treatment of patients, the initial arrival

of the virus in Italy may manifest milder symptoms in patients, which

may be related to different ethnic groups (Apolone et al., 2021). Then

wave afterwave of virus peaks appeared, speculating that the virus has

achieved adaptive evolution in different regions. It was only between

November and December 2019 that many general practitioners (GPs)

began to report patients with atypical bilateral bronchitis and severe

respiratory symptoms, mostly the elderly and infirm (Apolone et al.,

2021). As the new coronavirus was unknown at the time, this phe-

nomenon was attributed to invasive seasonal influenza. Furthermore,

phylogenetic analysis of SARS-CoV-2 genomes from three Lombard

patients who were involved in the first COVID-19 outbreak revealed

that these strains share the common origin that can be traced back to

weeks before the first reported case of COVID-19 pneumonia in China

(Apolone et al., 2021).

Subsequently, the Italian Ministry of Health conducted a large-

scale SARS-CoV-2 seroprevalence study in a representative sample of

64,660 people from 25 May to 15 July in 2020. The result suggests

an overall prevalence of 2.5%, with a peak of 7.5% in Lombardy, and

24% in the province of Bergamo in particular (Apolone et al., 2021).

The Lombardy region has the highest rate of positive detections. After

SARS-CoV-2 being confirmed, Lombardy was also the region worst hit

by the pandemic in Italy. This seems to contradict the Wuhan Hua-

nan SeafoodMarket-related hypothesis of zoonotic origin. Apparently,

there is no such raw poultry market in Lombardy to create direct

bird-human contact.

La Rosa et al. (2021) analysed 40 composite influent wastewater

samples taken from 5 wastewater treatment plants between Octo-

ber 2019 and February 2020, and identified 15 positive samples using

techniques such as RT-PCR, which can be traced back to Milan and

Turin on 18 December 2019. A child who was suspected of having

measles had SARS-CoV-2 antibodies detected by PCR in early Decem-

ber in the same area (Amendola et al., 2021). Environmental studies

have also shown that the virus may exist earlier in Italy.

3 EVIDENCE FROM THE GENOME AND
PROTEIN STRUCTURE EVOLUTION OF SARS-CoV-2

3.1 Genome comparison of SARS-CoV-2 with
other coronaviruses

The process of evolution is continuous, and genes are the imprints

of this process. Whenever a new virus appears, scientists can always

try to trace its source through genetic clues. The tracking methods of

CoVs ancestors are based on a series of nucleotides sequence anal-

ysis in the coronavirus genome data set. For example, dinucleotide

composition analysis, relative synonymous codon usage analysis (also

knownasRSCU), andmaximum likelihood analysis (Kumar et al., 2021).

Kumar et al. (2021) study suggests that direct transmission of SARS-

CoV-2 from bats to humans without an intermediate host is unlikely.

A SARS-CoV-2-like coronavirus found in a dead Malayan pangolin

shares 91.02% homology with SARS-CoV-2 in an analysis of coron-

avirus sequences in species worldwide over the past 2 years (Zhang,

Wu, & Zhang, 2020); the nucleotide sequences of SARS-CoV-2-related

coronaviruses from two Rhinolophus shameli bats (RshSTT200 and Rsh-

STT182), which were collected in Cambodia in 2010, shared 92.6%

identity with the SARS-CoV-2 genome (Delaune et al., 2021); a bat-

derived coronavirus (the RmYN02 strain) shared 93.3% similarity with

SARS-CoV-2 (Zhou et al., 2020). Based on these studies, it is obvious

that only little difference of the coronaviruses genomes was found

between regional species, but the similarity to the SRAS-2 genome

is relatively small. This phenomenon may indicate that viruses cir-

culate frequently among different species in different regions, and

the evolution of viruses is inseparable from this circulation. Further

research indicated that a Horseshoe bat virus strain found in China’s

Yunnan Province has a genome similarity of 96.2% with SARS-CoV-2

(Zhou et al., 2020). Coincidentally, the later discovered that BANAL-

52 strain is 96.8% similar to SARS-CoV-2 (Tyshkovskiy & Panchin,

2021). These two strains are the most similar to SARS-CoV-2 reported

to date, but the evidence to extrapolate from them is still very

limited.

3.2 Plot the origin of SARS-CoV-2 based on
proteins

SARS-CoV-2 is a kind of Sarbecovirus belonging to the Betacoronavirus

genus of the coronavirus family (Wu et al., 2020). Comparedwith other

typical human coronaviruses, SARS-CoV-2 has a single stranded RNA

genome which encodes 4 structural proteins including spike (S), mem-

brane (M), envelope (E) and nucleocapsid (N) (Kim et al., 2020); 16

non-structural proteins (nsp1-16); and 9 other cofactors (3a, 3b, 6, 7a,

7b, 8b, 9a, 9b and orf10) (Figure 3) (Al-Qaaneh et al., 2021). Two open

reading frames (ORFs) 1a and 1b at the 5’ terminal of SARS-CoV-2

genome encode the polyproteins pp1a and pp1ab. Pp1a and pp1ab are

hydrolysed into 16 non-structural proteins (nsp1-16) by two proteases

(nsp3 and nsp5) encoded by the viral genome itself (Al-Qaaneh et al.,

2021). Nsp3 was named Papain-like protease (PLpro) and nsp5 was
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F IGURE 3 Schematic diagram of the typical structure of
coronavirus (80–120 nm), showing different structural proteins of the
virus, i.e., S, M, E and genomic RNA encapsulated within the granule by
the N protein.

referred to as 3-chymotrypsin-like main protease (3CL pro or Mpro),

respectively (Klemmetal., 2020; Shinet al., 2020). These twoproteases

are shared by coronaviruses (Tan, Fung, Shen, Huang, & Liu, 2018). The

16 non-structural proteins are involved in the replication, transcrip-

tion, translation, and modification of viral genomes (Al-Qaaneh et al.,

2021). As indispensable proteins that regulate the coronavirus life

cycle, the sequences of nsp3, nsp5 and nsp12 as well as N protein are

highly conserved and therefore are also used for potential targets of

multiple antiviral drugs (Anand et al., 2021). Nsp12 (RNA-dependent-

RNA-polymerase, RdRp) acts as a catalytic subunit of the replication

transcription complex (RTC) (Bertolin et al., 2021; Chen et al., 2020; de

et al., 2021). RdRp gene is a common gene necessary for the replication

of all RNA viruses and is considered as a stable geneticmarker that can

be used for evolutionary analysis of RNA virusesworldwide because of

its high conservation and universality (Holmes & Duchêne, 2019;Wolf

et al., 2018, 2019).

3.2.1 S protein

S protein, a type I transmembrane protein, can polymerize on the enve-

lope surface of the virus to form a homotrimer (Papa et al., 2021).

Two S proteins from the bat coronavirus, BANAL-20-52 and RaTG13,

show95%and 93.1%nucleotide sequence similaritieswith SARS-CoV-

2, separately (Zhou et al., 2020). RaTG13 S protein has 98% identities

at the protein sequence level (Wrapp et al., 2020), of which the RBD

region has 89.3% amino acid sequence homology with SARS-CoV-2

(Boni et al., 2020;Wuet al., 2020; Zhouet al., 2020). Thepangolin-CoV-

2019 S protein sequence shares 97.5% homology with SARS-CoV-2,

higher than that of BANAL-20-52 (Figure 4) (Zhou et al., 2020; Z. Zhu

et al., 2020).

3.2.2 Furin cleavage site

There are two subunits in the S protein: S1 and S2. S1 mediates virus

binding to host cell surface receptors, whereas S2 mediates cell fusion

(Papa et al., 2021). The two subunits can be cleaved by proteases in

host cells at the furin cleavage site (FCS), but furin protease is not

required for the cleavage, as other proteases in cells may be able to

achieve this (Papa et al., 2021). This cleavage site was first found in

Beta-CoVs of lineage Bwith 12 nucleotide insertions at the S1/S2 junc-

tion encoding four residues (681PRRA684), forming a multi-base furin

site (NSPRRAR↓SV) (Chan & Zhan, 2022), which is the main feature of

SARS-CoV-2 (Segreto & Deigin, 2021). Nevertheless, this also makes

it possible for someone to speculate that it is artificially inserted (Liu

et al., 2021). Hence, Liu et al. (2021) argued that SARS-CoV-2 was an

artificial virus because of the furin cleavage site in the early stages of

the epidemic. However, FCS designed in the laboratory is known to

be produced preferentially through substitution rather than insertion,

and it is based on the typical R-X-[R/K]-R furin motif (Klenk & Garten,

1994; Yamada & Liu, 2009). In 2006, Nunberg’s group first inserted a

synthetic furin recognition site (RRSRR) into the S protein at the puta-

tive R667 S1/S2 cleavage site to investigate whether the proteolytic

cleavage could benefit the fusion activity of SARS-CoV (Follis, York, &

Nunberg, 2006). Clearly, the PRRA insertion in SARS-CoV-2 does not

coincide with the canonical furin motif. Besides, the RRAR amino acid

sequence at S1/S2 cleavage sites in feline coronaviruses (FCoV) can-

not be cleaved by furin protease (Deng, Xing, &He, 2022;Holmes et al.,

2021). There is no reason for scientists to create such a cleavage site

with no successful precedent. Yet, this is not enough to discredit the

artificial origin of this insertion site.

The emergence of furin cleavage sites is common in the process

of natural evolution. A total of 86 different furin cleavage sites have

been identified in 249 coronavirus species worldwide, distributed in

24 animal species in 28 countries since 1954 (Liu et al., 2021). Four

of the seven coronaviruses known to infect humans carry furin cleav-

age sites. These include HCoV-OC43, HCoV-HKU1, MERS-CoV and

SARS-CoV-2 (Liu et al., 2021). It was discovered in the United States in

1967 that Furin cleavage site (KNRRSRR↓AI) appears in HCoV-OC43

(beta-CoV) (Lau et al., 2011; McIntosh, Becker, & Chanock, 1967; Su

et al., 2016), and furin cleavage site (SSRRKRR↓SI) of HCoV-HKU1was

first discovered in China in 2004 (Woo et al., 2005). MERS-CoV with

a furin cleavage site (LTPRSVR↓SV) first identified in Saudi Arabia in

2012, originated in bats, can infect humans and camels (Coutard et al.,

2020; Memish et al., 2013; Wong, Li, Lau, & Woo, 2019). In addition, a

furin site (TKRRSRR↓AI) was also detected in human intestinal coro-

naviruses (HECV-4408, beta-CoV) first in Germany in 1988 (Zhang,

Herbst, Kousoulas, & Storz, 1994). Furthermore, other viruses, such as

the H5 and H7 influenza viruses, have also been reported possessing a

new multi-base cleavage site that naturally arises by insertion (Decha

et al., 2008;Garushyants, Rogozin,&Koonin, 2021;Taubenberger et al.,

2005; Tyshkovskiy & Panchin, 2021).

Kumar et al. (2021) reported six arginine-coding codons with the

highest frequency (AGA, AGG, CGA, CGC, CGG and CGT) in common
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F IGURE 4 Schematic diagrams of the spike proteins from three coronaviruses: pangolin coronavirus (PDB ID:7BBH, left), bat RaTG13
coronavirus (PDB ID:6ZGF, middle) and human SARS-CoV-2 Spike D614G variant (PDB ID:7EAZ, right). The N-terminus is shown in blue, the
middle sequence is pink and the C-terminus is coloured by cyan, wheat, and light-orange. The diagramswere based on Cryo-EMdata and visualized
using PymoL software.

chiroptera-hosted CoVs (Kumar et al., 2021). CGG is the least fre-

quently used among the six codons, while CGT and AGA are the most

usual arginine-coding codons. Most preferred codons encoding for

arginine have host-specific preferences, such as human-adapted CoVs

(either CGT or AGA and CGT), SARS-CoV (AGA and CGT), MERS-CoV

(CGT), Pangolin-CoVs (either AGA or AGA and CGT), BtCoV- RaTG13

(AGA), and SARS-CoV- 2-Wuhan-Hu-1 (AGA) (Kumar et al., 2021).

Among them, AGA and CGT are the most frequently occurring codons

among the above-mentioned six codons. Even with host differences,

CGG is still themost hardly seen one in codons of all CoVs species.

Focusing on each CoV’s furin-cleavage site, avian, bovine, human

(229E, HKU1, NL3 and OC43), pangolins and bat frequently carry

either CGT or CGT and AGA. Rarely, in the murine coronavirus

(MHV-A59) furin cleavage site, arginine is encoded by three different

synonymous codons: CGC, AGG and CGA. More interestingly, SARS-

CoV-2 possesses one highest frequency codon (CGT) and two least

frequent andconsecutive codonsCGG in the furin cleavage site (Kumar

et al., 2021).

Studies have shown that the furin cleavage site has played an impor-

tant role in the past decades of coronavirus infection in humans. The

precedent of multiple independent occurrences and insertions of such

multi-base sites suggests that it is not uncommon for such events to

occur (Tyshkovskiy & Panchin, 2021). In addition, the frequent inter-

change of furin cleavage site motifs among alpha, beta and gamma

coronavirus genera indicates the relatively high recombination fre-

quency of this site (Liu et al., 2021). It can therefore be assumed that

coronavirus nucleotide fragments can exchange naturally to produce

this particular furin cleavage site, but further research is needed to

verify this possibility.

3.2.3 RBD and ACE2

SARS-CoV-2 relies on the receptor bindingdomain (RBD)of theS1 sub-

unit and heparan sulphate on host cell surfaces to enter cells (Clausen

et al., 2020). Some sarbecoviruses are unable to use hACE2 owing

to the short RBD (Letko & Munster, 2020). The RBD of SARS-CoV-

2 consists of two subdomains, the core, and external subdomains (Li,

Li, Farzan, & Harrison, 2005; Lu et al., 2013). The core subdomain is

responsible for the forming of S trimer (Yuan et al., 2017), while the

external one contains two exposed loops that bound to ACE2 on the

surfaceof thehost cells (Letko&Munster, 2020). Investigating the rela-

tionship of other known coronaviruses in the RBD sequence may help

to trace the virus origin trends (Liu, Xiao, et al., 2020). At the nucleotide

(93.6%) and amino acid (97.4%) levels in the RBD sequences, the coro-

navirus found in horseshoe bats from Laos is the most similar one to

SARS-CoV-2, followed by RaTG13 (85.5% and 89.2%, respectively) and

MP789 (86.6% and 96.9%, respectively) (Temmam et al., 2021). The

RBD region of viruses found in Laos differs from SARS-CoV-2 with

only by one or two residues and binds hACE2 as efficiently as the ear-

lier isolated SARS-CoV-2 strains in Wuhan, then relies on hACE2 to

enter human cells. Besides, viruses found in Laos can be inhibited by

antibodies that neutralize SARS-CoV-2 (Temmamet al., 2021). RaTG13

infection in humans, however, has never been documented. RaTG13

cannot interact effectively with human ACE2 receptors (Wrobel et al.,

2020), suggesting that the bat virus does not appear to have the capac-

ity to infect humans directly. However, due to a single amino acid

change in RaTG13 (T403R), the S protein can now use humanACE2 for

viral invasion (Zech et al., 2021).

The RBD sequence of SARS-CoV-2 has a higher affinity for ACE2 on

host cells compared to SARS-CoV (Segreto & Deigin, 2021). Xu et al.

(2020) demonstrated that, relatively to SARS-CoV, loss of hydrogen

bond interactions by changing R426 toN426 in the S protein increased

the binding free energy of the SARS-CoV-2 S protein by 28 kcal/mol,

which indicates that the S protein of SARS-CoV-2 has a stronger bind-

ing affinity with human ACE2. It has been shown that six amino acids

in the RBD are essential for binding to ACE2 and for determining the

host range of SARS-COV-like viruses. These six amino acids are L455,

F486, Q493, S494, N501 and Y505 in SARS-CoV-2 (Wan et al., 2020).

While SARS-CoV only has one identical residue of these six amino acid
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residues (Andersen, Rambaut, Lipkin, Holmes, & Garry, 2020). Surpris-

ingly, the Pangolin-CoV mentioned above possesses the same six key

RBD residues as SARS-CoV-2 in the RBD, showing closer homology

with SARS-CoV-2 (Figure 4) (Tao Zhang, Qunfu Wu, & Zhigang Zhang,

2020). This SARS-CoV-2 S protein was probably selected for its affin-

ity for human ACE2 by natural selection (Andersen et al., 2020). It is

reported that SARS-CoV-2 is mutating rapidly, various variants have

been reported worldwide (Das & Roy, 2021). Notably, the most cru-

cialmutations haveoccurred in the Sprotein. TheD614Gmutationwas

the first adaptive mutation detected among wild SARS-COV-2 isolates

since early 2020 (Bhattacharya, Chatterjee, Sharma, Agoramoorthy, &

Chakraborty, 2021; Gobeil et al., 2021; Korber et al., 2020; Volz et al.,

2021). These single mutations, such as N501Y, S477N, N439K and

Y453F, significantly increased the affinity of RBD to hACE2 to enhance

the pathogenicity and transmissibility (Amanat et al., 2021; Barton

et al., 2021; Han et al., 2021). Therefore, it can be deduced that the

emergence of SARS-CoV-2 is simply the result of natural adaptation.

The interaction of RBD-ACE2 is a critical factor that determines the

host range of coronaviruses (Liu, Xiao, et al., 2020). SARS-CoV-2 may

also recognize ACE2 in a variety of animal species (except mice and

rats). Pigs, ferrets, cats and non-human primates contain a larger num-

ber of residues that favour the interaction of SARS-CoV-2 with ACE2

and therefore serve as animal models or intermediate hosts for the

SARS-CoV-2 (Wan et al., 2020). Similarly, Liu, Xiao, et al. (2020) suggest

that turtles (Chrysemys picta bellii, Chelonia mydas and Pelodiscus sinen-

sis) may be potential intermediate hosts for SARS-CoV-2 transmission

to humans other than pangolins and snakes based on the interaction

between the key amino acids in RBD with ACE2. However, it has been

found in ex vivo tests that, unlike the early isolated WHU01, variants

beta and gamma are able to bind and usemouse ACE2, suggesting that

these variants may have obtained the ability to infect mice through

evolution (Yao et al., 2021). A study reported that the beta variant

was able to infect common BALB/c laboratory mice and caused pul-

monary changes in contrast to WT SARS-CoV-2 (Kant et al., 2021).

Indeed, a single amino acid change within the RBD (Q498H, Q498Y,

N501Y) could be sufficient to allow SARS-CoV-2 to leverage mouse

ACE2 (Dinnon et al., 2020; Gu et al., 2020; Kuiper et al., 2022; Wang

et al., 2020). There is still noevidence thatmice and rats have the capac-

ity to act as immediate hosts of the initially isolated WT SRAS-CoV-2.

Theability of SARS-CoV-2 to cross thebarrier ofmurine speciesmaybe

obtained through simple mutations. It is also possible for SARS-CoV-2

to acquire the ability to infect humans and spread between humans by

some simplemutation.

Moreover, bats are also important reservoir species for a great

range of coronaviruses (Cui, Li, & Shi, 2019). In an experimental study,

ACE2 from 25 species of bats were reported to support SARS-CoV-2

entry, and the infection rates of several bats were comparable to those

of humans ACE2 (Yan et al., 2021).

3.2.4 Nsp5/M pro

SARS-CoV-2 Mpro is a 33.8 kDa protein with 306 amino acids con-

taining a highly conserved substrate-binding domain (Hsu et al., 2005;

Muramatsu et al., 2016). TheMpro of SARS-CoV-2 forms a homodimer

identical to the biological state of SARS-CoV and shares 96% amino

acid sequence with SARS-CoV, about 12−13 amino acids are different

in the 306 residues (Macchiagodena, Pagliai, & Procacci, 2020). Mpro

from SARS-CoV-2 shows a slightly increased proteolytic activity than

that of SARS-CoV (Zhang et al., 2020; Zou et al., 2020). Compared to

SARS-CoV, the substitution T285A is the only difference in the dimer

interface (Prates et al., 2021). In addition, the sequence in the active

site pocket of Mpro is nearly indistinguishable to SARS-CoV except

for Ser46 and Val86 (Macchiagodena et al., 2020). This substitution is

thought to play a role in enhancing the efficiency of nsp5 by improving

hydrophobic packing within monomers (Prates et al., 2021).

3.2.5 Nsp12/RdRp

There are three subunits in the SARS-COV-2 RdRp complex: a nsp12

core component, a heterodimeric nsp7-nsp8 homodimer, and an addi-

tional nsp8 subunit (nsp8-2). The complex is in charge of the replication

and transcription of genomic RNA (Biswas & Mudi, 2020; Gao et al.,

2020). Zhou et al. (2020) has found the high degree of homology

of BatCoV RaTG13 to SARS-CoV-2 in the RdRp region (Zhou et al.,

2020).Molecular phylogenetic analysis of the RdRp sequence of SARS-

CoV-2 generally shows that RaTG13, Pangolin-CoV and SARS-CoV-2

is part of the same group (Zhang et al., 2020; Zhang et al., 2020).

Moreover, Kasibhatla et al. (2020) pointed out that, in addition to Bat-

SARS-isolate (RaTG13), the SARS-CoV-2 cluster has also branched off

from Pangolin-CoVs and evolved as an autonomous isomorphic clus-

ter. All the three clusters share the same ancestor. However, SARS-CoV

detaches form another unique cluster. SARS-Bat-CoVs and Bat-CoVs

were separated into four clusters based ondifferent host species. Inde-

pendent or mixed evolution within different hosts may have given

Bat-CoVs the potential in zoonotic spillover effects (Kasibhatla et al.,

2020).

4 CURRENT LIMITATIONS IN UNDERSTANDING
THE ORIGIN Of SARS-CoV-2

Pertaining to the origin of SARS-CoV-2, this review has made a cer-

tain summary based on existing research and findings. Currently, there

are hypotheses about zoonotic spillovers, as well as debates over the

laboratory leak hypothesis. Since there are differing opinions on this

matter, it has not reached a point of resolution yet. Judging from the

investigation on the origin of the virus in the past 2 years, it seems that

some limitations have emerged, which may be one of the reasons for

the delay in determining the origin.

4.1 Suspensive place of origin

Initially, reports of the virus appeared in Wuhan, and the world’s eyes

were riveted on the city. It seems reasonable in conventional thinking

to find the cause of the problemwhere it was appearing, but in the case
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of virus spread, it has huge uncertainties. Equal attention should be

given to all advanced biological laboratoriesworldwide. It is imperative

that all areas with suspected epidemics and all laboratories involved in

CoVs research prior to the outbreak of SARS-CoV-2 should undergo an

intensive investigation of epidemiology, strain collections and research

records.

Several recent studies on the Huanan Seafood Market (HSM) have

emerged. George et al. (2022) showed SARS-CoV-2 test results of

1380 samples (including 923 environmental samples and 457 ani-

mal samples) collected from the environment and market animals

at the HSM in early 2020. As a result of RT-qPCR for the test of

SARS-CoV-2, 73 environmental samples were positive for the virus,

and three live viruses were also isolated. The virus from the market

shares 99.980% to 99.993% nucleotide identity with the human iso-

late HCoV/Wuhan/IVDC-HB-01. Nevertheless, all the 457 samples of

animals were negative for SARS-CoV-2 nucleic acids, suggesting that

animals carrying SARS-CoV-2 are rare on the market. Further analysis

of environmental samples showed the possibility that sewage contam-

ination in the market acts as a mediator in clustered cases, or where

infected people contaminate sewage (Gao et al., 2022). Additional

results showed an association of cases with different products, includ-

ing aquatic products, cold chain products, seafood, poultry, livestock,

wildlife products and vegetables. The results suggest that SARS-CoV-

2 may have circulated for a short period in the market in December

2019, especially in the western part of the market, resulting in the

widespread distribution of the virus in the market, possibly due to

crowded buyers and polluted environment. At this stage, since the

market attracts many visitors daily, it may have acted as an amplifier,

resulting in many initially identified clusters of infections early in the

outbreak.

The above studies are also in line with the WHO’s investigation

report in Wuhan, which included four possible routes of transmission

of the virus in its March report, but did not provide definitive evi-

dence as to which route is the most possible. Zoonotic introductions

or spillovers of SARS-CoV-2 from wild animals are direct routes to

transmission. Additionally, there are three indirect routes of infection:

consumptionof contaminated foodor infected animal products, includ-

ing frozen food imported from other countries that sold at theWuhan

market; handling infected farm animals; from laboratories that study

viruses in animals. However, in this preliminary study, no definitive

conclusion can bemade about the origin of SARS-CoV-2.

Most of the available data showed that the earliest reports about

the outbreak were concentrated in November and December 2019

(Wilensky, 2021). Determining an epidemic outbreak requires a cer-

tain infection base and precisemedical analysis. In addition, the official

reports are always well thought out and coordinated, so there will

be a little bit of a delay in timing. Therefore, it can be inferred that

the epidemic has spread quietly in Wuhan before November. As men-

tioned earlier, the incubation period of SARS-CoV-2 is five days to 2

weeks, so we can roughly speculate that the virus spread in Wuhan in

mid-October.

4.2 Inadequate global information sharing

Although COVID-19 has been widely developed so far, the traceabil-

ity progress is not optimistic. In addition to the complexity of the

coronavirus itself, the other reason is the lack of harmonious inter-

national cooperation, which led to delayed traceability work (Holmes

et al., 2021; Wilensky, 2021; Zhu et al., 2020). Human beings share

the same destiny, as well as the same weal and woe. The borders of

countries do not separate epidemics from others. Every pandemic will

cause immeasurable harm to human beings. The only way to stop the

next epidemic is working together to trace its origin. A global expert

group should be established as soon as possible to carry out joint trace-

ability studies in all the countries and regions suspected to be the

source of the epidemic. Time is running out for tracing the origin. If the

only window period is missed, the task of tracing the origin gradually

becomes an insurmountable challenge. Even though science and poli-

tics are often influenced by each other. The traceability of the epidemic

is expected to advance only through concerted efforts of the interna-

tional community, and the truth will emerge with the cooperation of all

countries.

5 CONCLUSION

Despite the fact that animal host of SARS-CoV2 has not yet been

identified, zoonotic origin is supported by a substantial body of

research. Even though laboratory accidents cannot entirely be ruled

out, it can be deduced from the current research that the emer-

gence of SARS-CoV-2 likely stemmed from natural adaptation. It is

imperative to conduct comprehensive investigations on the source

of COVID-19 by tight international collaborations. Otherwise, the

world remains vulnerable to future pandemic of serious infectious

diseases.
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