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Abstract

The aim of the study was to trace and understand the origin of Severe acute

respiratory syndrome coronavirus 2 (SARS‐CoV‐2) through various available

literatures and accessible databases. Although the world enters the third year of

the coronavirus disease 2019 pandemic, health and socioeconomic impacts continue

to mount, the origin and mechanisms of spill‐over of the SARS‐CoV‐2 into

humans remain elusive. Therefore, a systematic review of the literature was

performed that showcased the integrated information obtained through manual

searches, digital databases (PubMed, CINAHL, and MEDLINE) searches, and

searches from legitimate publications (1966–2022), followed by meta‐analysis.

Our systematic analysis data proposed three postulated hypotheses concerning the

origin of the SARS‐CoV‐2, which include zoonotic origin (Z), laboratory origin (L), and

obscure origin (O). Despite the fact that the zoonotic origin for SARS‐CoV‐2 has not

been conclusively identified to date, our data suggest a zoonotic origin, in contrast to

some alternative concepts, including the probability of a laboratory incident or leak.

Our data exhibit that zoonotic origin (Z) has higher evidence‐based support as

compared to laboratory origin (L). Importantly, based on all the studies included, we

generated the forest plot with 95% confidence intervals (CIs) of the risk ratio

estimates. Our meta‐analysis further supports the zoonotic origin of SARS/SARS‐

CoV‐2 in the included studies.
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1 | INTRODUCTION

Severe acute respiratory syndrome coronavirus‐2 (SARS‐CoV‐2) has

been responsible for the global coronavirus disease 2019 (COVID‐19)

pandemic with at least 426 million cases and 5.89 million deaths

reported to date.1 Despite the ongoing emergence of different

variants of SARS‐CoV‐2 with increased efficiency for human‐to‐

human transmission, massive administration of various vaccines has

succeeded in decreasing the global death rate. SARS‐CoV‐2 has

spread worldwide since it was first discovered in Wuhan, China

where its source of transmission to humans seems to be traced to a

seafood wholesale market.2

Previous epidemics caused by other coronaviruses (CoVs), such

as the Severe acute respiratory syndrome coronavirus (SARS‐CoV) in
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2002 and the Middle East respiratory syndrome coronavirus (MERS‐

CoV) in 2012, originated from bats and involved intermediate hosts.3

To date, seven human coronaviruses do exist including human

Coronavirus‐229E (HCoV‐229E), human Coronavirus‐OC43 (HCoV‐

OC43), human Coronavirus‐NL63 (HCoV‐NL63), and human Corona-

virus‐HKU1 (HCoV‐HKU1), SARS‐CoV, MERS‐CoV, and SARS‐CoV‐

2. The former four coronaviruses are the most predominant types of

human coronaviruses that cause the common cold.4

Based on the currently available data, it remains unclear whether

the inception of SARS‐CoV‐2 is the result of zoonosis caused by a

wild viral strain or an accidental escape of experimental strains. It is

critical to address this issue to develop preventive and biosafety

measures. Indeed, the recent zoonosis can justify the need to obtain

samples from natural ecosystems, farms, and breeding facilities to

prevent spillover. On the contrary, a laboratory escape would

necessitate a thorough re‐evaluation of the risk/benefit balance of

various laboratory methods and the stringent implementation of

biosafety standards. Several theories regarding the origin of SARS‐

CoV‐2 are considered. The critical need to advance biosafety

standards at all laboratory levels is paramount as experimental

virology research on dangerous pathogens develops to reduce the

threat of pandemics to the environment and human civilization.

Therefore, in the present study, we have performed a systematic

review, followed by meta‐analysis to decipher the origin of SARS‐

CoV‐2.

2 | METHODS

2.1 | Literature search

A systematic review was performed by the sources listed in

Supporting Information: Table S1. The sources used for the analysis

were PUBMED searches (1966–2022), MEDLINE searches

(2000–2022), and CINAHL searches (2000–2022). The major key-

words used for indexing the databases were SARS, SARS‐CoV‐2,

COVID‐19, coronaviruses, origin, virus, FCS (furin cleavage sites),

spike proteins, bats, novel, and so forth (Supporting Information:

Table S1). This was followed by elaborative discussions with the

experts. Datasets available from NCBI were used for the authentic

validation of data.

2.2 | Clustering and similarity matrix analysis

Year‐wise clustergrams/heatmaps were generated to visualize the

origin of SARS‐COV‐2 from different sources (Supporting Informa-

tion: Table S1) specifically zoonotic origin (Z), laboratory origin (L),

and obscure origin (O). The rows and columns were hierarchically

clustered, using a cosine distance and an average linkage method

where the included studies were clustered in rows.5 Moreover, we

generated the similarity matrix of these origin sources (Supporting

Information: Table S1).

2.3 | Forest plot analysis

A Forest plot was generated between Z and L origin using Cochrane's

Review Manager (RevMan, version 5.4; Nordic Cochrane Center,

Copenhagen, Denmark). The risk ratio (RR) at 95% confidence

interval (CI), was calculated to estimate the ratio of the risk in the

Z group to the risk in the L group.

3 | RESULTS AND DISCUSSION

3.1 | Historical evidence of coronavirus

The HCoV‐229E was first discovered in the United Kingdom in 19666

followed by the discovery of HCoV‐OC43 in 1967 from a patient

with respiratory distress in the United Kingdom.7,8 The HCoV‐NL63

was isolated during the 2002‐to‐2003 winter season in the

Netherlands,9 and HKU1 was first reported in an individual from a

large Chinese metropolis (Shenzhen, Guangdong) who developed

pneumonia in the winter of 2004.10,11 The SARS‐CoV was first

detected in November 2002 in Foshan, China.12 It has infected

several people with 8447 cases and caused 813 deaths (9.6% case

fatalities); it was contained in July 2003.13 MERS‐CoV was first

detected in Saudi Arabia in June 2012; however, neutralizing

antibodies have been detected in archival serum samples from

dromedary camels in Somalia and Sudan in 1983.14 MERS‐CoV has

been reported in 27 more countries in the Middle East, North Africa,

Asia, Europe, and the United States15 resulting in more than 2585

cases and 890 deaths (case‐fatality ratio of 34.4%) from the virus.

Saudi Arabia, the United Arab Emirates, and the Republic of Korea

were the countries with the most outbreaks.16 In comparison to

females, a higher percentage of males (about 63%) were severely

affected (approx. 37%). MERS‐CoV cases were recorded from nearly

every region of the Middle East countries, while Riyadh (30%) and

Jeddah (29%) alone accounted for nearly two‐thirds of the cases.17

Later, in December 2019, SARS‐CoV‐2 has emerged inWuhan, Hubei

province, where cases of severe pneumonia were reported.18,19 On

March 11, 2020, SARS‐CoV‐2 was declared as the first ever

coronavirus pandemic.

HCoV‐229E, HCoV‐NL63, SARS‐CoV, MERS‐CoV, and SARS‐

CoV‐2 originated from ancestral bat CoVs,20‐25 whereas the rodent

CoVs are the ancestral viruses of both HCoV‐OC43 and HCoV‐

HKU1.22 Camels are the current known intermediate animal host of

both HCoV‐229E and MERS‐CoV.26,27 Although HCoV‐OC43

showed antigenic similarity to bovine CoV suggests a relatively

recent zoonotic transmission event that dates their most recent

common ancestor to around 1890.8 HCoV‐NL63 is assumed to be

evolved by a recombination event of NL63‐like viruses and 229E‐like

viruses circulating in bats28 and a spillover from bats to humans is

assumed to happen 563 to 822 years ago.23 Meanwhile, both civet

cats and raccoon dogs are possible intermediate hosts to the SARS‐

CoV.29,30 Although there is no current confirmed intermediate host

for the SARS‐CoV‐2, pangolins were considered as the incriminated
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hosts31 while HCoV‐HKU1 has an unknown animal origin.11 SARS‐

CoV‐2 exhibits several hallmarks of previous zoonotic outbreaks. It

bears a striking resemblance to the SARS‐CoV, which infected many

individuals in the Foshan (2002) and Guangzhou (2003) regions of

China.32‐35 The SARS‐CoV outbreaks in these two regions have

resulted in a significant increase in the number of people infected

with the virus. SARS‐CoV‐2 outbreaks have been associated with

exposure to wet animal markets in Wuhan (2019), which may

facilitate the transmission of this virus.32

3.2 | Significance of the Spike (S) protein of SARS‐
CoV‐2

The S protein is a crucial glycoprotein involved in receptor binding

and cell entry. The S protein is cleaved from two locations, S1/S2

and the S2′ site, following receptor engagement to promote virus

entry into the cell.32 According to preliminary structural studies,

SARS‐CoV‐2 has a higher affinity for the angiotensin‐converting

enzyme‐ 2 (ACE‐2) receptor than the original SARS‐CoV.36‐39 Both

COVID‐19 patient sera and monoclonal antibodies (mAbs) against

the receptor‐binding domain (RBD) had lower results in neutrali-

zation studies, including mutations.40 These findings indicate the

vital function of the furin‐like cleavage site (FCS) in the SARS‐CoV‐

2 infection, as well as the potential pitfalls of interpreting the

results of studies on this virus. The FCS deletion significantly

affects virus neutralization by the sera collected from COVID‐19

patients by administering specific mAb against the SARS‐CoV‐2

RBD. Although each mAb targets a different location in the RBD,

the wild type and mutant type exhibit equal reductions in

mAb serum neutralization levels, indicating possible therapeutic

approaches against SARS‐CoV‐2.41

The S1/S2 furin sensitive proteolytic cleavage site appears to

contribute to its infectivity in humans and may be related to its

epidemic tendency.42 This insertion is likely new because it is not

found in any viruses related to SARS‐CoV‐2. Like SARS‐CoV‐2,

HCoVOC43, HCoVHKU1 and MERSCoV possess furin cleavage

site.20 This finding is significant because this genetic characteristic is

likely to be involved in bridging the species barrier and increasing the

efficiency of human‐to‐human transmission, both of which are

necessary for an epidemic to occur. Several laboratories are

conducting and publishing gain‐of‐function (GoF) experiments to

explore the association between coronavirus RBD and trans-

membrane receptors such as ACE2.43 SARS‐CoV‐2 was postulated

as the outcome of experiments to “humanize” an animal virus of the

RaTG13 type,44 but the scientific community has not presented

persuasive proof to confirm this hypothesis.

3.3 | Origin of SARS‐CoV‐2

The current understanding of SARS‐CoV‐2 origin is inconclusive.

However, it is useful to consider whether conclusions can already be

formed based on the available evidence and which of the recent

findings or analysis would provide additional information to trace the

origin of SARS‐CoV‐2. The first issue in tracing its origin is

identification of primary animal hosts before the virus' transmission

to humans. CoVs from chiropterans are often transmitted between

bat species and are occasionally transmitted to other mammals,

according to the results of a previous phylogenetic analysis.45 Point

mutations and recombination events, common in coronaviruses, are

involved in virus co‐evolution with their hosts and adaptation to new

hosts.46 Because mosaicism biases the whole genome‐based phylo-

genetic inference, the resulting tree would reflect a blend of the

diverse developmental pathways pursued by the different open

reading frames (ORFs), which poses specific challenges. Hence, it is

crucial to recognize the recombinant fragments and make different

phylogenetic inferences for each of them. SARS‐CoV‐2 is thought to

result from several recombination events among chiropteran CoVs,

which are probably the principal reservoir of the virus. Because of its

critical function in the interaction with the host ACE2 receptor and

virus entry, the effect of recombination is very significant for the

adaptability of the S protein.47 Our systematic analysis proposes the

following postulated hypothesis concerning the origin of the SARS‐

CoV‐2. Bioinformatic studies may further help us to determine the

origin of SARS‐CoV‐2.

3.3.1 | Theories of SARS‐CoV‐2 origin

Zoonotic origin (Z)

Bats‐to‐man transmission. Bats were thought to be the original host

when the first genomic material for SARS‐CoV‐2 was available.41 Bat‐

CoV‐RaTG13, a bat coronavirus isolated from Rhinolophus affinis, shares a

96% whole‐genome sequence identity with SARS‐CoV‐2. SARS‐CoV‐2

closely related viruses have been found in bats in Southeast Asia,

including China, Thailand, Cambodia, Laos (e.g., BANAL‐52), and

Japan.48,49 However, there is a significant evolutionary gap between

SARS‐CoV‐2 and the closest related animal viruses. For example, the bat

virus RaTG13 obtained by the Wuhan Institute of Virology (WIV) has a

genetic distance of >4% (approximately 1150 mutations) from the SARS‐

CoV‐2 Wuhan‐Hu‐1 reference sequence, implying the generations of

developmental differences31 (Figure 1). Moreover, two studies that

analyzed the molecular spectrum of mutations also supported bats‐to‐

man direct transmission and disputed the possibility of serial passage in

mouse or human cell lines or chimeric coronaviruses.50,51 Year wise

SARS‐CoV‐2, SARS‐like coronaviruses, and SARS‐CoV‐2 isolates have

been mentioned in Table 1.

The widespread genome recombination makes it challenging to

determine the viruses that are most similar to SARS‐CoV‐2. Even

though the RaTG1318 from the Rhinolophus affinis bat in Yunnan has

the highest average genetic similarity to SARS‐CoV‐2, the historical

background of recombination assumes that three other bat viruses,

RmYN02, RpYN06, and PrC31, have relatively close viral RNA

genome with that of SARS‐CoV‐2 (particularly ORF1ab).52,53
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Cross‐species transmission is commonly overlooked during its early

phases. It is yet to be identified whether several other human

coronaviruses like HCoV‐HKU1 and HCoV‐NL63 have animal origins

or not. Despite the genetic similarity of bat coronaviruses to SARS‐

CoV is more than 95%, their ability to use hACE‐2 as a receptor might

have taken decades to naturally evolve.54

The possibility of direct transmission of bat‐borne coronaviruses

to humans seems to be a potential mode of spread. In 2012, many

mineworkers were sent to clean bat feces from an abandoned

mineshaft in Mojiang. This defunct copper mine in Mojiang, more

than a thousand miles from Wuhan, is infested with horseshoe bats

(Rhinolophus sinicus), which are the documented hosts of SARS‐like

coronaviruses. Six of these miners contracted a mysterious illness and

showed symptoms of severe pneumonia and acute respiratory

distress syndrome. Three of them died with symptoms suspected

to be consistent with those of SARS‐like disease. All patients

exhibited respiratory failure showing interstitial lung disease and

alveolar lesions. Details about the deaths and symptoms of these

miners were uncovered by a skeptic of the wet‐market hypothesis in

the form of a Chinese master's thesis.55 This episode is also referred

to as the “first episode of the bat coronavirus outbreak” after the

2002 SARS outbreak. Therefore, it might be postulated that as the

miners were previously working in an environment swarmed with bat

feces, and all of the six patients had similar case histories, these

circumstances must have some correlations with the development of

SARS‐like diseases with pneumonia‐like symptoms or severe

breathing‐associated symptoms arising from bat feces. A similar

scenario could have happened just before SARS‐CoV‐2.

Transmission to humans through an intermediate host. The origin of

SARS‐CoV‐2 was investigated to identify other animal viruses with

a high degree of resemblance. As a result, new coronavirus genomes

that may be involved in the potential zoonotic ecological niche

(those circulating in chiropterans and in animals that come into

contact with humans) are being sequenced. Pigs, goats, sheep, cows,

and cats are examples of mammalian species whose ACE2 receptors

are more similar to the main properties of the human receptor than

those of the chiropterans.56 Construction of pangolin farms and

intense breeding of minks and raccoon dogs have become

increasingly popular in China, bringing more health concerns in

addition to concerns associated with practicality of such domesti-

cation.57 Furthermore, these new alien farms coexist with intense

domestic animal husbandry (such as poultry and pigs), which may

facilitate the development of virus reservoirs (such as influenza) in

regions that are densely populated.58 The dependability of the

results is determined by the quality of genome sequences, genomic

restorations, information quality, and integrity of annotations in

sequence databases.59

Viruses intimately correlated with SARS‐CoV‐2 have been found

in bats and pangolins in Southeast Asia, including China, Thailand,

Cambodia, and Japan, which have been causing viral infections in

pangolins for more than 10 years.49 Although viral communication

was discovered between coronaviruses affecting Malayan pangolins

(Manis javanica) and those affecting other hosts, it was previously

thought that pangolin coronavirus had no direct association with

SARS‐CoV‐2. Pangolin‐CoV‐2019, a pangolin isolate, only shared a

91.02% whole‐genome identity with SARS‐CoV‐2, but higher

sequence homology in the spike glycoprotein (S protein, 97.5%)

coding sequence than Bat‐CoV‐RaTG13.60 As a result, the pangolin is

thought to be a possible intermediate host for SARS‐CoV‐2. The RBD

of the S protein in SARS‐CoV‐2 is thought to have evolved via the

recombination between a virus similar or related to Bat‐CoVRaTG13

and a virus similar or related to Pangolin‐CoV‐2019.61 The SARS‐

CoV‐2 RBD's binding free energy with human‐ACE2 is significantly

F IGURE 1 Phylogenetic of SARS‐like coronaviruses and SARS‐CoV‐2. Phylogenetic relationship showing that the SARS‐CoV‐2 is closely
related to the SARS‐like coronaviruses isolated from the bats. However, SARS‐CoV‐2 has been reported in pangolins. Whereas earlier reported
SARS‐CoV has been isolated from humans, bats, and civets. SARS‐CoV‐2, Severe acute respiratory syndrome coronavirus 2.
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TABLE 1 Year wise SARS‐CoV‐2, SARS‐like coronaviruses and SARS‐CoV‐2 isolates

Virus type Year Sequence ID Accession number Host Country

SARS‐CoV 2003 TWS AP006560 Human Taiwan

SARS‐CoV 2003 TWH AP006557 Human Taiwan

SARS‐CoV 2003 BJ01 AY278488 Human China

SARS‐CoV 2003 BJ04 AY279354 Human China

SARS‐CoV 2004 Sin846 AY559094 Human Singapore

SARS‐CoV 2004 Sin842 AY559081 Human Singapore

SARS‐CoV 2005 Sino1_11 AY485277 Human China

SARS‐CoV 2005 GZ0401 AY568539 Human China

SARS‐CoV 2005 GZ0402 AY613947 Human China

SARS‐CoV 2005 Civet020 AY572038 Civet China

SARS‐CoV 2005 PC4_227 AY613950 Civet China

SARS‐CoV 2005 Civet007 AY572034 Civet China

SARS‐CoV 2009 A001 FJ959407 Civet China

SARS‐like CoV 2010 HKU3_7 GQ153542 Bat China

SARS‐like CoV 2013 RS3367 KC881006 Bat China

SARS‐like CoV 2013 WIV1 KF367457 Bat China

SARS‐like CoV 2013 RsSHC014 KC881005 Bat China

SARS‐like CoV 2013 bat/Yunnan/RaTG13/2013 EPI_ISL_402131 Bat China

SARS‐like CoV 2014 LYRa11 KF569996 Bat China

SARS‐like CoV 2015 YNLF_34C KP886809 Bat China

SARS‐like CoV 2015 bat_SL_CoVZXC21 MG772934 Bat China

SARS‐like CoV 2017 RS4231 KY417146 Bat China

SARS‐like CoV 2017 RS4084 KY417144 Bat China

SARS‐like CoV 2017 Rs9401 KY417152 Bat China

SARS‐like CoV 2017 Rs7327 KY417151 Bat China

SARS‐like CoV 2017 Rf4092 KY417145 Bat China

SARS‐like CoV 2017 Rs4237 KY417147 Bat China

SARS‐like CoV 2017 Rs4247 KY417148 Bat China

SARS‐like CoV 2017 As6526 KY417142 Bat China

SARS‐like CoV 2017 Rs4081 KY417143 Bat China

SARS‐like CoV 2017 Rs672 KY417143 Bat China

SARS‐like CoV 2017 pangolin/Guangxi/P2V/2017 EPI_ISL_410542 Pangolin China

SARS‐like CoV 2017 pangolin/Guangxi/P5E/2017 EPI_ISL_410541 Pangolin China

SARS‐like CoV 2017 pangolin/Guangxi/P5L/2017 EPI_ISL_410540 Pangolin China

SARS‐like CoV 2017 pangolin/Guangxi/P1E/2017 EPI_ISL_410539 Pangolin China

SARS‐like CoV 2017 pangolin/Guangxi/P3B/2017 EPI_ISL_410543 Pangolin China

SARS‐like CoV 2017 pangolin/Guangxi/P4L/2017 EPI_ISL_410538 Pangolin China

SARS‐like CoV 2017 bat_SL_CoVZC45 MG772933 Bat China

SARS‐like CoV 2019 Bat/Yunnan/RmYN01/2019 EPI_ISL_412976 Bat China

(Continues)
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lower than that of SARS, which explains the infectious capacity of

SARS‐CoV‐2.62 Although the potential importance of the RBD

discovered in pangolin CoV‐2 has already been established, the

region of high resemblance between pangolin virus and SARS‐CoV‐2

is short, and the possibility of pangolin‐to‐human transmission could

be very low. Moreover, even the pangolin viruses most closely

related to SARS‐CoV‐2 (such as MP789), including its bat coronavirus

relatives (notably RaTG13 and RmYN02), have a low identity rate with

SARS‐CoV‐2, implying that closer relatives and possibly more recent

intermediate hosts are still unknown.63 Hence, an in‐depth statistical

analysis of the genomic recombination across coronaviruses from

various hosts, particularly between pangolin and bat coronaviruses,

should be conducted to trace the origin of SARS‐CoV‐2 and uncover

evolutionary patterns.

Millions of live wild animals, comprising high‐risk species such as

civets and raccoon dogs, were sold at Wuhan marketplaces in 2019,

including the Huanan marketplace.64 SARS‐CoV‐2 was discovered in

samples taken from the Huanan market, primarily in the western

section, which sells wildlife and domestic animal products, as well as

from the sewage areas.65 Even though animal carcasses tested

negative for SARS‐CoV‐2 retrospectively, they were not the typical

live animal species usually sold in this type of market and did not

include raccoon dogs and other animals that are susceptible to SARS‐

CoV‐2.64 The earliest split in the SARS‐CoV‐2 phylogeny identified

two lineages, A and B,45 which apparently spread simultaneously.

Lineage B was observed in individuals exposed to other marketplaces

as well as those with later cases in Wuhan and other parts of China,

whereas lineage A was observed in individuals exposed to other

marketplaces as well as those with later cases in Wuhan and other

parts of China.65 The lineage A refers to Wuhan/WH04/2020

(EPI_ISL_406801), sampled on January 5, 2020, that shared two

nucleotides (positions 8782 in ORF1ab and 28144 in ORF8) with the

closest known bat viruses (RaTG13 and RmYN02). Lineage B, referred

to those strains that had different nucleotides present at those sites

as observed in Wuhan‐Hu‐1 (GenBank accession no. MN908947)

sampled on December 26, 2019.45

These findings are consistent with the emergence of SARS‐CoV‐

2, which is associated with one or more infected animals, as well as

with spillovers from numerous infected or extremely susceptible

animals transported into or between Wuhan marketplaces, primarily

through consensual networks and sold for human consump-

tion.18 Similar to SARS‐CoV, which was reported to have high levels

of transmission, seroprevalence, and genetic variability in animals in

the Dongmen market in Shenzhen and the Xinyuan market in

Guangzhou, the virus might have proliferated across several

regions.65

Chinese authorities have conducted a sero‐prevalence survey of

SARS‐CoV‐2 among animals during the initial period of the pandemic;

however, they did not find any seropositive animals.52 Apart from

these studies, only a few research investigations have been

conducted on mammals in the Wuhan or Yunnan region, which

suggests the presence of an intermediate host for SARS‐CoV‐2.63 In

the last 2 years after the pandemic began, no intermediate host has

been reported or identified. By contrast, the intermediate host of

SARS and MERS was identified within 6 months. Thus, it remains

challenging to confirm the intermediate host 2 years after the

outbreak of COVID‐19. Moreover, investigating the marketplace that

is now considered the “first victim of COVID‐19 pandemic” may not

be sufficient to determine the source of the current outbreak. All

possible traces, such as raw animal products used for trading or

animal corpses, have been destroyed as preventive measures to

eliminate further spillover chances.66 Thus, in all possibilities,

humanity might never know the intermediate host that could

transmit the virus to humans, leading to the outbreak.

More recently, SARS‐CoV‐2 B.1.1.52‐infected 19/131 white‐

tailed deer as evidenced by the presence of neutralizing antibodies

and the presence of viral RNA in one animal. This finding could be

very helpful in finding potential intermediate hosts. Screening the

SARS‐CoV‐2‐specific antibodies to SARS‐CoV‐2 in closely related

animal species in wet markets in China is highly recommended. Such

an investigation could help in assessing the possible intermediate

animal hosts for SARS‐CoV‐2 that might spillback to humans.67

TABLE 1 (Continued)

Virus type Year Sequence ID Accession number Host Country

SARS‐CoV‐2 2019 Wuhan/WIV05/2019 MN996529 Human China

SARS‐CoV‐2 2019 Wuhan‐Hu‐1/2020 WH‐Human_1 Human China

SARS‐like CoV 2019 bat/Yunnan/RmYN02/2019 EPI_ISL_412977 Bat China

SARS‐like CoV 2019 pangolin/Guangdong/P2S/2019 EPI_ISL_410544 Pangolin China

SARS‐CoV‐2 2020 Japan/KY‐V‐029/2020 LC522972 Human Japan

SARS‐CoV‐2 2020 Sweden/01/2020 MT093571 Human Sweden

SARS‐CoV‐2 2020 USA/IL1/2020 MN988713 Human USA

SARS‐CoV‐2 2020 Nepal/61/2020 MT072688 Human Nepal

SARS‐CoV‐2 2020 USA/CA1/2020 MN994467 Human USA
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Laboratory origin (L)

Seepage from a laboratory incident. The emergence and human

transmission of SARS‐CoV is an example of a laboratory incident

that resulted in single illnesses and temporary transmission chains.

Apart from the Marburg virus,68 all pathogens that have escaped the

laboratory setting are easily identifiable viruses capable of human

infection and have been linked to long‐term research in slightly

elevated settings. An example of the globally acknowledged human

epidemic or pandemic resulting from scientific activities is the 1977

A/H1N1 influenza pandemic, which was most likely caused by a

large‐scale vaccination challenge trial.69

In 2021, all the available literature suggested that the emergence

of SARS‐CoV‐2 was not due to an accidental escape of a laboratory

strain and most likely had a zoonotic origin.4 The assumptions were

based on the following observations:

i. None of the epidemics were caused by a novel virus escaping

from a laboratory; moreover, there is no proof that the WIV

conducted any previous research on SARS‐CoV‐2 or that any

ancestor virus existed before the COVID‐19 pandemic. Since

viruses are neutralized during RNA extraction, viral genome

sequencing performed without cell culture does not pose a risk

of virus transmission, and this procedure was performed at the

WIV.70 After sequencing the viral samples, no incidences of

laboratory escape were reported. Reported experimental break-

outs have been linked to the benchmark cases' job and familial

contacts, as well as points of origin.71

ii. After a thorough investigation and tracking of early instances of

the COVID‐19 epidemic, none of the episodes have been linked

to the staff working at the WIV laboratory; when tested for

SARS‐CoV‐2 in March 2020.72 Reports of illnesses caused by

SARS‐CoV‐2 should be validated to confirm if they are caused

by the virus during the period of heightened influenza

transmission as well as other respiratory virus transmissions.72

iii. According to the reports of previous studies, the WIV has

successfully isolated three SARS coronaviruses from bats (WIV1,

WIV16, and Rs4874) and has a vast library of bat‐derived

materials.73,74 Notably, SARS‐CoV is more closely linked to all

three viruses than SARS‐CoV‐2. However, the RaTG13 virus

from the WIV has never been isolated or cultivated and only

exists in the form of a nucleotide sequence derived from short

sequencing reads.72

iv. Although no existing evidence shows that the FCS site is

artificially inserted in the laboratory, insertion of the FCS and

RBD was assumed to be induced by site‐directed mutagenesis.75

However, such speculation was aborted by the fact that a

deletion of FCS did occur by serial passage of SARS‐CoV‐2

viruses in Vero E6 cells.76–78 As a result, these approaches are

unlikely to produce SARS‐CoV‐2 progenitors with func-

tional FCS.

v. According to undocumented reports, other techniques, such as

the discovery of potential reverse genetics systems, were not

applied at the WIV to generate infectious SARS‐CoVs based on

bat sequencing data. Hence, gain‐of‐function studies should

ideally use a known SARS‐CoV genetic backbone or, at the very

least, a virus that has been identified through sequencing.

Previous scientific work at the WIV using recombinant corona-

viruses employed a genomic framework (WIV1) unrelated to

SARS‐CoV‐2, and did not have the genetic markers that would

be expected from laboratory experiments.79

vi. There is no reasonable rationale for establishing novel genetic

engineering approaches using an undocumented virus, consid-

ering that there is no evidence or mention of a similar virus‐like

SARS‐CoV‐2 from WIV or any nearly related candidates other

than RaTG13. Hence, it is not reasonable to say that SARS‐CoV‐

2 was present in the laboratory before the pandemic in any

laboratory escape scenario; however, there is no factual data to

prove it, and no sequence retrieved that can be referred to as

progenitor.

vii. One example of a laboratory escape scenario is the accidental

infection during the serial passage of SARS‐CoV‐like viruses in

ordinary laboratory animals such as mice. By contrast, early

SARS‐CoV‐2 isolates could not infect wild‐type mice.80

Although animal models are useful for studying the course of

infection in vivo and testing various vaccines, they typically lead

to the development of moderate or atypical disease in hACE2

transgenic mice.81 These findings contradict the fact that a

certain virus is chosen for use in animal models due to its

increased pathogenicity and transmissibility to infect susceptible

rodents’ multiple times. SARS‐CoV‐2 has now been generated82

and serially passed into mice,83 although adaptation in mice

requires specific mutations in the spike protein, such as

N501Y.84 N501Y has appeared convergently in several human

SARS‐CoV‐2 variants of concern, most likely as a result of the

selection for a higher ACE2‐binding affinity.85 If SARS‐CoV‐2

was produced from attempts to adapt a SARS‐CoV to be used in

animal models, it would have acquired mutations such as N501Y

to allow efficient replication in that model, but there is no

evidence to support that such mutations existed at the

commencement of the outbreak. Given its poor pathogenicity

in commonly employed laboratory animals and the lack of

genomic markers compatible with rodent adaptation, SARS‐

CoV‐2 is unlikely to have been acquired by laboratory employ-

ees during viral pathogenesis or GoF studies.

Obscure origin (O)

Frozen food theory. On February 9, 2020, the World Health

Organization (WHO) and Chinese investigations hypothesized that

SAR‐CoV‐2 might have been transmitted to individuals handling

frozen foods.86 However, this hypothesis has received several

criticisms. SARS‐CoV‐2 was initially detected on a cutting board

used to handle imported salmon in Beijing's Xinfadi agricultural

produce wholesale market on June 12, 2020. Over the next 2 weeks,

256 individuals were infected with SARS‐CoV‐2, of whom 98.8% had
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a history of exposure to the Xinfadi market.65 The genome

sequencing of a SARS‐CoV‐2 virus detected in a sample obtained

from the Xinfadi market revealed a European coronavirus strain,

providing a strong indication that the re‐emergent COVID‐19 cases

in Beijing may be due to imported sources rather than a local

transmission.65 At least, nine food contamination incidents have been

recorded around the country since the beginning of July 2020, with

SARS‐CoV‐2 being found on imported items, predominantly in

packing materials.87 Nonetheless, none of these have provided for

any verifiable facts or presented a focused position on the subject to

date. TheWHO, the Centers for Disease Control and Prevention, and

the Food and Drug Administration in the United States, as well as

other regional regulatory bodies, have advised that there is no

current evidence showing that the SARS‐CoV‐2 that caused COVID‐

19 can spread through foods and that no specific foods should be

withdrawn.

Later, in 2022, Multiple Working Hypothesis (MWH) suggested

that big natural disasters like earthquakes, hurricanes, typhoons, and

so forth cause higher deaths in a short period on comparing to deaths

caused by naturally occurring (origin) zoonotic viruses like SARS‐

CoV‐2.88 A natural origin zoonotic virus has a remote possibility (i.e.,

rare events and low risk) of causing deaths as compared to the origin

of viruses through laboratory has a higher probability of inflicting

more deaths.88

3.4 | Concerns that raised suspicions about the
current SARS‐CoV‐2

The zoonotic jump of coronaviruses to humans occurs frequently

especially when one encounters a situation against the normal

concept of nature. The Asian meat markets are known for their exotic

trades of poached animals for human consumption. These animals are

not normally present in close contact with humans. Accordingly, their

presence together in close contact with each other and to humans

constitutes a great potential of virus spill‐over from such animals to

humans. So, the wet market theory is a logical consequence for the

possible emergence of the SARS‐CoV‐2. Meanwhile, many facts

raised the suspicion of the world for other scenarios that might be

responsible for the current pandemic.

3.4.1 | Work on chimeric coronaviruses

Different chimerics of SARS coronaviruses were created in the

Baric laboratory in the USA as reviewed in,89 including bat‐SCoV

genome with the SARS‐CoV receptor‐binding domain,90 BtCoV

HKU5 with the SARS‐CoV spike (S) glycoprotein,91 and murine

adapted SARS‐CoV with SHC014 spike bat coronavirus.92

Efficient replication in both mice and human airway cultures

was noted in the latter chimeric virus without the need of any

adaptation. These findings highlight the possible risks from the

construction of chimeric from betacoronavirus.92 The basic

premise of these studies was to anticipate and prepare for the

next pandemic (before the COVID‐19 hit).

3.4.2 | Concern about the exact time of viral
emergence

The wet market cases have been consistently claimed to be the

earliest cases of the outbreak, lending credence to the “wet‐market

hypothesis.” Some speculations that hypothesized that SARS‐CoV‐2

could be present before December 2019, which were augmented by

post hoc data following analysis, showed that it is likely that the

SARS‐CoV‐2 probably introduced before December 2019.43 Re-

searchers discovered and recovered a deleted set of incomplete

SARS‐CoV‐2 sequences from the early Wuhan pandemic. Several

inferences can be drawn from the analysis. First, the Huanan Seafood

Market sequences, which were the topic of a joint WHO‐China study,

may not represent all SARS‐CoV‐2 cases in Wuhan around the initial

phases of the outbreak. According to the lost files and accessible

sequences from Wuhan‐infected patients hospitalized in Guangdong,

early Wuhan sequences were more likely to carry the T29095C

mutation and were less likely to carry T8782C/C28144T than the

sequences indicated in the joint WHO‐China report.65 Second, there

are two credible options for SARS‐CoV‐2 progenitors based on the

available evidence. ProCoV‐2 was described,93 while the other was a

sequence with three mutations (C8782T, T28144C, and C29095T)

compared with that of the Wuhan‐Hu‐1 sequence. Importantly, both

possible progenitors are three mutations closer to the coronavirus

cousins of SARS‐bat CoV‐2 than that of the sequences of viruses

isolated from the Huanan Seafood Market. The progenitors of all

known SARS‐CoV‐2 sequences could still be downstream of the

sequence that infected patient zero, based on the transmission

dynamics of the earliest infections.43 This report was also augmented

by the evidence of circulation of SARS‐CoV‐2 in November 2019 in

France,94 which confirms that the virus emergence was before

November 2019.

3.5 | Possibilities of Omicron evolution

The majority of SARS‐CoV‐2 mutations are repetitive or harmful;

however, a handful of them improve viral function. D614G, the first

known mutation linked to increased transmissibility, was discovered

in early 2020. Since then, the virus has mutated, resulting in new

mutations and a plethora of varieties. They could modify infectivity,

transmissibility, or immune escape depending on the genes impacted

and the location of the mutations. Because of the protein's function

in the initial virus–cell contact and because it is the most changeable

region in the virus genome, mutations that induce differences in the

SARS‐CoV‐2 spike protein have been among the most investigated

to date.

The severity of the sickness caused by virus variants is

determined by their origin, genetic profile (some common mutations
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in the lineage), and the severity of the disease they cause, which

determines the level of worry.95 New varieties can outcompete

others in the population if they improve their fitness. The Alpha form

spread faster than previous generations because it was more

transmissible. Beta and Gamma versions have accumulated mutations

that allow them to partially evade immune systems and reduce

vaccination effectiveness. Later, the Delta variant, discovered in

March 2021, proliferated and superseded the other variants,

becoming the most worrying of all the emerging lineages.96

The Omicron type has now spread all over the world and is the

most common. The SARS‐CoV‐2 Omicron variant was first identified

in South Africa on November 24, 2021, and was quickly designated

as a variant of concern (VOC) by the World Health Organization

(WHO) due to an increase in cases linked to this variant in South

Africa (i.e., Omicron outbreak). Furthermore, the open reading frame

encoding Omicron's spike protein (ORF S) has an unusually high

number of mutations. The beginnings of Omicron's proximal origins

have swiftly become a contentious matter of contention in the

scientific and public health realms.97 Many of the mutations found in

Omicron were found in previously sequenced SARS‐CoV‐2 variants

only infrequently,96,98 leading to three popular interpretations about

its evolutionary past. The first theory is that Omicron disseminated

and circulated in a population with limited viral surveillance and

sequencing. Second, Omicron could have evolved in a COVID‐19

patient who was chronically infected, such as an immuno-

compromised person, who provided a good host environment for

long‐term intra‐host viral adaptation. The third scenario is that

Omicron collected mutations in a nonhuman host before transferring

to humans.99 Omicron could have emerged by virus spillover to an

animal host/reservoir such as jumping from humans to mice, gained

mutations favorable to infect mice, and then reinfection to a human

host would have occurred, reflecting an inter‐species evolution

F IGURE 2 Theories of SARS‐CoV‐2 origin. SARS‐CoV‐2 shares sequence similarity with intermediate hosts including Bat‐CoV‐RaTG13, a
bat coronavirus isolated from Rhinolophus affinis shares 96% whole‐genome sequence identity with SARS‐CoV‐2. SARS‐CoV‐2 has been shown
to originate as a spillover from the infected intermediate hosts. Pangolin‐CoV‐2019, a pangolin isolates shared a higher sequence homology of
97.5% with spike glycoprotein. Similarly, SARS‐CoV‐2 might have spillover from infected live wild/domestic animals, including their products.
Due to previous leakages of microorganisms from the laboratory, several theories support and contradict the origin of SARS‐CoV‐2 from
laboratory leakage. Recent emergence of newer SARS‐CoV‐2 variants, Omicron is imposing serious concern about its origin which might be the
result of inter‐species evolution of SARS‐CoV‐2.
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(human‐mice‐human) as proposed on the basis of the presence of

mouse‐adapted mutation sites observed that might have facilitated

adaptation of virus to mouse,98‐102 Therefore, “One Health”

approaches have been suggested to be enhanced under the current

scenario of Omicron variant outbreaks103,104 (Figure 2).

4 | CONCLUSIONS AND FUTURE
PERSPECTIVES

Based on our keyword searches in PubMed, CINAHL, and MEDLINE

library databases, most of the authors favors the zoonotic spillover

as the most probable origin of SARS‐CoV‐2 whereas origin based on

laboratory spillover is unlikely as no concrete evidence is being

shown to cite (Supporting Information: Table S1). (Supporting

Information: Table S1 suggests that zoonotic origin (Z) have higher

evidence‐based support as compared to laboratory origin (L). This

has been represented by the heatmap supporting the zoonotic

origin of SARS/SARS‐CoV‐2 (Figure 3A). Moreover, the row

similarity matrix analysis further supports the zoonotic origin of

SARS/SARS‐CoV‐2 (Figure 3B). Importantly, based on all the studies

included, we generated the forest plot with 95% CIs of the risk ratio

estimates. Our analysis showed that the black diamond supports

the zoonotic origin of SARS/SARS‐CoV‐2 in the included studies

(1966–2022; Figure 4).

However, here in a thorough investigative and systematic

approach, we have discussed all the possibilities related to the origin

of SARS‐CoV‐2. Debunking misinformation and enhancing awareness

about the necessity of research to determine the origin of pathogens

are of utmost importance. The fact that the COVID‐19 pandemic

occurred in the same region where theWIV is located, a state‐of‐the‐

art virology laboratory that performs research on bat coronaviruses,

fueled speculation that SARS‐CoV‐2 was developed in a laboratory.

Notwithstanding the rhetoric, there seems to be no compelling proof

that SARS‐CoV‐2 was ever reported to virologists before it emerged

in December 2019, and all indicators imply that, like SARS and MERS,

this virus most likely evolved in a bat host unless an unknown human

spillover event occurred.

Nevertheless, this accomplished hardly anything to halt the

proliferation of often paradoxical and, at times, completely absurd

conspiracy theories that propagated more rapidly than the disease

outbreak itself. For example, it has been claimed that SARS‐CoV‐2

F IGURE 3 Heatmap and similarity matrix of SARS‐CoV‐2 origin. (A) Year‐wise studies (Supporting Information: Table S1) supporting the
zoonotic origin (Z) of SARS‐CoV‐2 versus laboratory origin (L) versus obscure origin (O). The rows and columns have been hierarchically
clustered using cosine‐distance and average linkage, where studies are clustered in rows. Red/blue cells in the matrix represent positive/
negative values in the matrix. (B) Heatmap is showing the row similarity matrix among Z, L, and O. The cells in the matrix represent the similarity
between rows, where red/blue represents a positive/negative similarity (measured as 1 − cosine‐distance).
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was either the consequence of a laboratory error or was purposefully

manufactured or it was produced for GoF investigations, which were

previously undertaken with bat SARS‐like coronaviruses to investi-

gate the cross‐species transmission risk. However, performing such

research under global prying eyes seems unlikely. Furthermore,

disease emergence due to a natural cause has a long history: most

new viruses that have caused epidemics or pandemics in humans

have originated organically from wildlife reservoirs. As a result, the

overwhelming opinion is that this virus entered into a susceptible

human host through contact with an infected animal, alternatively

through contact with infectious animal tissues.
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