
Abstract. We are currently in a rapidly expanding
pandemic of the SARS-CoV-2 virus, which originated in the
city of Wuhan in central China. The COVID-19 disease is
now spread worldwide and has tremendous socio-economic
consequences. The origin of the virus can be reconstructed
through epidemiological studies and, even more so, from
genome comparisons. How the evolution of the virus and the
transition to humans might have happened is the subject of
much speculation. It is considered certain that the virus is of
animal origin and very likely passed from bats to humans in
a zoonotic event. An intermediate host was postulated, but
many SARS-like bat viruses have the ability to infect human
cells directly, which has been shown experimentally by
scientists in the Wuhan Institute of Virology using collected
specimens containing virus material from horseshoe bats.
The propagation of SARS-like bat viruses in cell culture
allowed experiments aimed at increasing the infectivity of the
virus and adaptation to human cells. This article summarizes
the unique properties of SARS-CoV-2 and focusses on a
specific sequence encoding the spike protein. Possible
scenarios of virus evolution are discussed, with particular
emphasis on the hypothesis that the virus could have
emerged unintentionally through routine culture or gain-of-
function experiments in a laboratory, where it was optimally
adapted to human cells and caused cryptic infections among
workers who finally spread the virus causing the pandemic. 

The SARS-CoV-2 pandemic is not the first one caused by a
coronavirus, but it is undoubtly the most severe. Already in
November 2002, an epidemic emanated from the city of
Shenzen in southern China. Because of the serious symptoms
affecting the respiratory tract it was referred to as SARS-CoV
(CoV for corona virus). Patient zero was very likely a cook
specialized in wild animals. Fortunately, the infection came
to an end in May 2004, as declared officially by the World
Health Organization (WHO). With 8,096 patients infected and
774 registered deaths (corresponding to a mortality rate of
9.7%), the infection went off lightly. The trigger was a virus
from the large family of betacorona viruses. The natural hosts
of these corona viruses are bats (1). It is assumed that bats
did not infect humans directly, but that there was an
intermediate host for SARS-CoV, the Asian musang
(Paradoxurus hermaphroditus) from the subfamily of the
palm roller. This is a nocturnal, tree-dwelling cat that is eaten
and is also kept in farms for the purpose of coffee bean
fermentation through digestive enzymes of the animal (1).

Another wave of infections began in 2012, probably
originating in Saudi Arabia and again caused by a virus
belonging to the beta coronavirus family, albeit from a
different subgroup. The disease was severe, characterized by
fever, coughing, shortness of breath (respiratory syndrome),
and was associated with pneumonia, kidney failure and
finally multiple organ failure. The virus that caused it was
named MERS-CoV (MERS for Middle East respiratory
syndrome). Seriously ill patients infected with MERS-CoV
were registered until 2018, with the infection not only
occurring in the Arabian Peninsula, but also in South Korea
and China (in hospitals, probably through travelers). The
focus of the occurrence, however, was the Arabian Peninsula,
where local outbreaks occurred repeatedly. By January 2018,
the WHO registered 2,143 diagnosed patients, 750 of them
died. By February 2020, 2,519 cases had been registered, of
which 866 were fatal. This corresponds to a mortality rate of
around 35%. Regarding MERS, it is also assumed that there
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was an animal reservoir, and since coronaviruses are
widespread in bats, bats are also considered to be the primary
natural host here. However, it is unlikely that in Arab
countries, where bats are not caught for the purpose of
consumption, the infection passed directly from them to
humans. Rather, an intermediate host was identified, namely
dromedaries (Arabian camels) and Asian camels, both carry
MERS viruses. Thus, up to 74% of the examined dromedaries
were serum-positive. Young dromedaries in particular develop
acute illness from MERS-CoV, while the infection is mild in
Asian camels. The fact that dromedaries act as intermediate
hosts explains the clustered occurrence of the infection in the
Arab world. It also explains the interest in vaccinating the
animals (1, 2).

The COVID-19 Pandemic

In view of the recurrence of epidemics caused by zoonoses,
in 2018 the WHO warned of the likelyhood of a new wave
of infections and postulated a disease X. This would soon
turn out to be COVID-19. The epidemic started in the
Chinese city of Wuhan (about 8 million inhabitants) in the
province of Hubei in December 2019 and rapidly became a
worldwide pandemic with unpredictable socio-economic
consequences and personal sufferings. The first case of
illness in Wuhan was reported on December 1, 2019 and the
first official case, a patient with pneumonia from Wuhan,
was reported to the WHO by Chinese authorities on
December 31, 2019 (3,4). More cases followed. A fish and
wildlife market in Wuhan, the "Huanan seafood and wildlife
market" (hereinafter referred to as Huanan wildlife market),
was indicated as the starting point, because around two thirds
of the first reported cases worked there or lived near the
market (3). Of note, patient zero had no contact to the market
(4) and thus it is considered unlikely that the market was the
primary infection point. The first 99 patients examined had
an average age of 56 years. Two thirds of them were men
and half of them suffered from chronic diseases (3). The start
of the epidemic is officially given in the first description of
the virus as December 12, 2019 in Wuhan (5). The Huanan
Fish and Wildlife Market was closed and decontaminated on
January 1st, 2020. 

As early as January 8, 2020, the Center for Health Control
and Prevention in Wuhan announced that a new coronavirus
had been isolated from a patient with pneumonia and just 2
days later, on January 10, 2020, the first genome sequence
of the novel virus was published. This was confirmed on
January 11, 2020 by five additional genome analyses
(published online) by the Wuhan Institute of Virology (6).
This chronological sequence shows how quickly the cause
of the initially mysterious lung disease was found by
scientists and doctors in Wuhan and how well they were
prepared. The results were soon published in prestigious

journals, with the participation of scientists from Shanghai
and Beijing, only about six weeks after the first patient had
been registered with symptoms that were initially
unassignable (5, 7).

The WHO named the disease "coronavirus disease 2019"
(COVID-19). As with SARS-1 and MERS, the cause of the
COVID-19 pandemic is a coronavirus (8), which was
initially called 2019-nCoV and then renamed to SARS-CoV-
2 (severe acute respiratory syndrome coronavirus 2) (9). The
virus is therefore closely related to SARS-CoV, which
triggered the 2002-2004 epidemic mentioned earlier in this
paper. As of February 24, 2020, 79,331 cases and 2,618
deaths were registered, still predominantly in China. But then
the infection quickly spread globally. On May 25, 2020,
there were more than 5 million confirmed cases worldwide,
most of them (1.6 million) in the USA, and over 345,000
deaths, and 10 month later, on March 8, 2021, more than 117
million cases and 2,6 million deaths were registered globally. 

In contrast to other infectious diseases, COVID-19 affects
young people far less than the elderly. Infected with symptoms
under 19 years of age represent only 2.4% of all cases. It is
certain that old people, especially those with previous illnesses
and obesity, have a higher risk of mortality. Asymptomatic
carriers can spread the infection, and carriers can be contagious
2 to 5 days before the first symptoms present (among others
cough, fever, impaired taste and smell). This explains, in
addition to the asymptomatic cases, the rapid spread of the
virus via droplet infection and inhaled aerosols. 

The highly critical cases of SARS-CoV-2 infections with
a fatal outcome (30-50% of critical cases) are primarily
patients with pre-existing conditions such as cardiovascular
diseases, high blood pressure, diabetes, chronic respiratory
diseases, and cancer. However, fatal courses of illness have
also been reported in young patients without previous
illnesses. Although the proportion of very severe cases of
COVID-19 is lower than in the SARS-CoV epidemic of
2002/2003 and most cases show a symptom-free or mild
course, the person-to-person transmission rate, i.e. the
infectiousness of the virus, is extremely high. This causes the
high speed of spread of the virus and thus the high total
number of infected and sick people and consequently the
high total number of deaths.

Where does the virus come from, which has since become
world-wide known simply as the corona virus? To find an
answer to this question, one has to know a little about the
virus. Therefore, the virus itself and the infection process,
especially at the cellular level, will be discussed first.

The Virus SARS-CoV-2 

The SARS virus measures 125 nanometers in diameter and
consists of an envelope of lipids and proteins and a single-
stranded nucleic acid molecule (29,903 nucleotides) with a
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few genes encoding structural proteins and enzymes that
serve for its reproduction and distribution (10). As with other
corona viruses, influenza viruses (flu pathogens) and
rhinoviruses (cold pathogens), the genetic material does not
consist of deoxyribonucleic acid (DNA), but of ribonucleic
acid (RNA), i.e. the form of nucleic acid that is also
produced in our cells when the DNA is copied by RNA
polymerases and is used for the synthesis of enzymes and
other cellular proteins. Compared to other RNA viruses such
as HIV, hepatitis C and influenza, the genome of the
coronaviruses is relatively large. RNA viruses are not very
robust structures despite their lipid virus envelope since
RNA can be broken down by specific enzymes, the
ribonucleases. These enzymes are omnipresent, including in
the sweat of the hands. Outside of our body, in the dry and
in the sun, which is particularly harmful to nucleic acids
(RNA has an absorption maximum in ultraviolet light at 260
nm, whereby the absorbed energy oxidizes and cross-links
the purine and pyrimidine bases), RNA viruses have a short
life. Due to these properties, RNA viruses have only one
chance to survive by nestling in places where they are
protected and by appearing in very large numbers. The main
route of transmission is therefore from person to person. This
takes place primarily through droplets and aerosols that are
released when speaking, coughing, sneezing, singing, etc.
and then inhaled (11, 12).

SARS-CoV-2 is genetically relatively stable. Thus, the
influenza virus mutates up to 3 times more often than
coronaviruses. The reason for this is a "proofreading"
mechanism that coronaviruses have. The RNA polymerase
checks the RNA produced during virus replication for errors
and corrects them. As a result, fewer mutations accumulate
in coronaviruses. On the other hand, coronaviruses tend to
take up new genetic information through recombination
processes. This high recombinogenic ability has implications
if we consider the origin of SARS-CoV-2 and, in general, for
virus evolution (13).

How Does the Infection Occur on the Cellular Level?

In order to enter a cell, viruses first need an anchor, a
docking mechanism with which they attach to the host cell.
This attachment mechanism explains why viruses are host-
specific and organ-specific (tropism) and limit themselves to
a certain animal species or to humans. In the case of the
SARS-CoV-2 virus, the anchor the virus uses for docking is
the ACE2 protein that is present on the surface of lung cells,
but also on cells of many other organs such as the kidney,
intestinal epithelium, the heart and the vascular endothelium
(1). Screening studies revealed that mucus-forming goblet
cells and the ciliated epithelium in the nose contain the
ACE2 protein, thus, it seems reasonable to conclude that the
primary infection and virus replication takes place in the

nose. It is also possible that nerve cells are infected, which
would explain the impairment of smell and taste. It is also
reasonable to assume that inhalation of small amounts of
virus results in symptom-free courses, while inhalation of
larger amounts of virus allows it to penetrate into the lower
areas of the lungs, the alveoli, and infect them, with the
known severe courses. Therefore, the amount of virus
particles, together with the immune status, is important
determining an asymptomatic, mild or severe form of
infection.

Once inhaled deeply or via the nose as an intermediate
station, the virus attaches to the ACE2 protein on the surface
of cells with a spike glycoprotein (S-protein) located on its
virus envelope and is then internalized (14). How this
process works in detail has not yet been fully clarified. It is
certain, however, that the binding of the S-protein to the
ACE2 protein (also known as the ACE2 receptor) is not
sufficient for the infection, but that other cellular proteins are
required. One of them is a protein-cleaving enzyme, a
protease, that cleaves the S-protein bound to the ACE2
receptor, a process known as "priming". The protease
involved has been identified; it is a serine protease called
transmembrane protease serine subtype 2 (TMPRSS2) (15).
However, inhibiting this protease does not completely
prevent the virus from entering, which is why another
protease was suspected, which is additionally required or can
alternatively take over priming. This turned out to be the
protease furin, which cleaves the S-protein of SARS-CoV-2,
but not that of SARS-CoV, which caused the wave of
infections in 2002/2003 (16). In fact, the S-protein of SARS-
CoV-2 has a furin cleavage site that is missing in SARS-CoV
(15, 16). This is a section in the protein with the amino acid
sequence proline-arginine-arginine-alanine, which is referred
to as the PRRA motif or as polybasic cleavage site (PCS)
(also referred to as furin cleavage site). The gain of this
sequence with the neighboring furin cleavage site is likely
responsible for the high infectivity of SARS-CoV-2, because
the binding strength to the ACE2 receptor is similar to
SARS-CoV, which is less infectious. The protease furin is
membrane-bound, but a secreted form has also been reported
(17). These could affect the cleavage of the spike protein on
the virus envelope on cells that do not express the furin
protease, and thus intensify the infection process. 

Recently, another cofactor has been identified that
enhances the entry of SARS-CoV-2 into ACE2 expressing
cells: neuropilin-1 (NRP1) (18, 19). Human embryonic
kidney cells (the HEK-293T cell line) do not express
detectable ACE2 and NRP1 and display a low level of
infection, but upon transfection of ACE2, NRP1 and the
protease TMPRSS2, the cells became highly responsive to
SARS-CoV-2 infection and produced a high virus titer. This
and other cell culture experiments led to the conclusion that
NRP1 together with furin and TMPRSS2 are important entry
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cofactors on the surface of host cells that determine the
infection rate by SARS-CoV-2. Interestingly, both TMPRSS2
and NRP1 are abundantly expressed in pulmonary and
olfactory cells with highest levels in endothelial cells, which
are primarily infected, while ACE2 is expressed only at very
low levels, indicating the importance of the cofactors. It is
important to note that the MERS virus (MERS-CoV) does
not bind to ACE2; it requires a different receptor, namely the
dipeptidyl peptidase 4 (DPP4) protein, which is located on
the surface of lung cells (20) (Figure 1). 

If the ACE2 receptor and the TMPRSS2 and furin
proteases are necessary for efficient infection at the cellular
level, the question arises in which tissues and cell types these
proteins can be found. As already mentioned, ACE2 is
mainly expressed in the respiratory tract, but also in the
kidneys, the intestine, and the vascular endothelium.
Recently published studies have shown that TMPRSS2 and
furin are also expressed in cells of the lungs and bronchi
(21). It is interesting that there are no gender-specific
differences in expression, which is consistent with the fact
that no significant differences were found in the infection
rates between men and women (22). However, a trend
towards an increase in the expression of ACE2 with age has
been observed; the expression levels were lower in patients
under 50 years of age than in those over 70 years of age.
There was no difference in ACE2 expression between
smokers and nonsmokers. The levels of expression of ACE2
are generally not high compared to other proteins; among the
expressing cells of the respiratory tract it was highest in the
pneumocytes protruding into the lumen of the alveoli (21).
The expression of ACE2 in the bronchi and in the mucous
membrane of the nose may explain early symptoms of the
disease, the expression in part of the small intestine, the
ileum, the large intestine, the kidney may explain multiple
symptoms if these organs are affected. The observation that
pericytes of the blood vessels also express the ACE2 protein
(21) and thus offer a docking point for SARS-CoV-2 is also
very interesting. Pericytes, together with endothelial cells,
line the blood vessels and are found in organs with high
blood flow, such as the heart. Damage to both the pericytes
and the endothelial cells would inevitably lead to necrosis

and thus to vascular damage, with the result of thrombosis
and embolism. And this is exactly what can often be
observed in severe courses of the infection. 

Like ACE2, the protease TMPRSS2 is also found in cells
of the nasal mucosa, which supports the assumption that the
nose, as the portal of entry, is the primary site of infection
(23). ACE2 and TMPRSS2 are also found in the corneal
cells of the eye, which supports the notion that the infection
can also occur through the eye. The expression of these
proteins in children is unclear; however, it is likely that they
are also expressed in child tissues, as the infection rates in
children are comparable to those in adults, even if the
infection is clinically asymptomatic (24).

It should be noted that the replication cycle and the
maturation of the virus and its release from the cell are
complex processes. Once packaged, the virus is transported
to the cell surface and released by exocytosis. However, it
has also been observed that after the virus has replicated, it
causes the host cell to fuse with the neighboring cells,
forming syncytia, and transfers directly into them without
being released. Here, too, the spike protein plays a key role
(25). The process very likely promotes the spread of the
virus in the body and infectivity, as antibodies have no
access to the infectious particles and in this way the immune
defense would be evaded.

Where Does SARS-CoV-2 Come From?

This is a very important question that needs to be answered
in order to prevent future pandemics. It is considered certain
that COVID-19 is a zoonosis, i.e. a pathogen that is actually
restricted to certain animal species and spread to humans.
This is easy to imagine if we remember the mechanism
described above by which the virus penetrates human cells.
It is reasonable to suppose that the virus also uses the ACE2
receptor (and possibly also NRP1) in bats in order to enter
the cell. In the natural host, however, the receptor protein has
a slightly different shape than the human protein and better
fits S-protein binding so that the infection remains limited to
the animal. However, if mutations in the virus RNA result in
a change in the structure of the S-protein, this can lead to the
virus also attacking cells of other species. Such mutations
are very likely to occur over and over again; they are neutral
and become part of the virus evolution if the virus has
contact to another species such as man.

From the nucleotide sequence of the RNA in the virus
genome, one can infer the evolution of SARS-CoV-2 fairly
precisely. Thus, it can be safely said that viruses similar to
SARS-CoV-2 occur naturally in horseshoe bats (26). More
than 60 virus strains have been found in bats, and some
species harbor up to 12 different strains (13). The animals
are apparently protected against the corona viruses they
harbor. Horseshoe bats are found in caves far from Wuhan.
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The open question is how did the virus found its way from
bats into humans? Where did the decisive zoonotic event
take place? 

A hypothesis that is still under consideration rests on the
fact that about two thirds of the first people known to be sick
seemed to have contact with the Huanan wildlife market
mentioned above, where live wild animals were also offered
and slaughtered. According to press reports, however, no live
bats were offered in this market. Since a coronavirus variant
with great similarity to SARS-CoV-2 was also found in a
pangolin, Chinese researchers proposed that this armadillo
could be an intermediate host (27). But how is the virus
supposed to get from the bats that catch their food - insects
and spiders - in flight at night into the pangolin, whose
natural home is Malaysia, and from there into the human
lungs? The explanation looks like a hapless assignment of
blame. Let's take a closer look at the matter.

The Search for the Predecessor of 
SARS-CoV and SARS-CoV-2 

The SARS-CoV pandemic of 2002/2003 and the MERS-CoV
pandemic that started in 2012 have shown that corona viruses
pose a significant health threat to humans. From the
investigation of the corona viruses causing SARS and MERS
scientists have learned that they need cell surface proteins as
receptor (ACE2, NRL1 or DPP4) and proteases that mediate
the processing of the S-protein. Thus, receptor binding is the
crucial bottleneck for transmission across species boundaries
(cross-species transmissability). The early studies also revealed
that the S-protein of SARS-CoV is directly involved in binding
to the ACE2 receptor (28), and a specific domain in the S-
protein is required for this (29). However, up to this point (until
2013) no SARS-like coronaviruses had been found in bats that
were able to dock directly onto the human ACE2 receptor. 

This changed in 2011/2012 when scientists from the
Wuhan Institute of Virology, led by Prof. Zhengli Shi, went
on collecting trips. Zhengli Shi heads the Center for
Emerging Infectious Diseases at the Wuhan Institute of
Virology and is a virologist who is fully committed to bat
coronaviruses. In a horseshoe bat colony (of the species
Rhinolophus sinicus) in a cave in Kunming (in the province
of Yunnan, about 1,500 km from Wuhan), she and her group
collected 117 throat swabs and fecal samples. Dr. Shi's
virologists found what they were looking for in these samples
when they amplified and sequenced the virus RNA using RT-
nested PCR: 27 of the 117 samples were virus-positive, i.e.
they contained virus material, and most viruses were from the
SARS-like type (named SL-CoV). The samples also
contained two new virus sequences (one designated as
HCO14 containing approximately 29,000 nucleotides) that
entered the literature as strains of coronaviruses that had more
than 95% sequence identity at the genome level with SARS-

CoV that caused the 2002/2003 pandemic. This collecting trip
brought Zhengli Shi a well-noted publication (30). It is
important to note that the bats' throat and feces samples also
contained viruses that could be replicated directly in Vero E6
cells (a monkey cell line expressing the ACE2 receptor) and
human cells. Thus, a virus clone (RS3367) isolated from the
samples used the ACE2 receptor of humans, monkeys, and
horseshoe bat cells for cell entry (28). The virus isolated
directly from bats consequently has a relatively broad host
specificity, which led the researchers to the conclusion (in
2013) that Chinese horseshoe bats represent a natural
reservoir of SARS-CoV and that an intermediate host is not
necessary to cause an infection in humans: "intermediate
hosts may not be necessary for direct human infection by
some bat SL-CoVs" (30). In other words, the viruses
collected from bats and propagated in cell culture in the
Wuhan Institute of Virology had the ability to infect human
cells directly. Of course, it has not been investigated whether
they can also infect humans themselves, which would not be
impossible during intensive contact with bats if students and
researchers were not appropriately protected. The viruses
potentially pathogenic for humans, brought from the
collection trip to Zhengli Shi's laboratory, were propagated in
cell lines that express ACE2 naturally or following genetic
engineering (upon transfection with the human ACE2 cDNA).
When the virus multiplies, the infected cells die and release
the virus particles into the cell culture medium. The viruses
can now be isolated, further examined and propagated. These
are quite normal experimental work steps that have to be
carried out under the biosafety level 2 in accordance with the
guidelines for biosafety for coronaviruses, and with SARS-
CoV under biosafety level 3.

From now on, intensive research into the newly
discovered viruses was carried out in Wuhan and other
institutions around the world. Together with US scientists
(who were even in charge of this), Zhenli Shi's group
reported two years later, in 2015, about a genetically
engineered chimeric virus that contains the spike protein
from one of the bat viruses described above into a non-
pathogenic mouse-adapted SARS coronavirus sequence. This
chimeric virus proved to be highly pathogenic: it reproduced
in human lung cells in cell culture as well as in the mouse
lung with the corresponding pathogenesis in animals (31). If
the recombinant virus was reisolated after infection, it was
still capable of reproduction in the cell culture and in the
animal. Available drugs, such as a vaccine against the
chimeric virus available in the laboratory, failed in the
experiment and the infected mice could not be cured. From
these experiments with recombinant viruses that gained a
pathogenic function, the authors again drew the conclusion
that zoonosis is possible and that the SARS-CoV epidemic
of 2002/2003 could be repeated due to viruses circulating in
bat populations (31).  
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Similar investigations followed at the Wuhan Institute for
Virology, with further virus strains being isolated from swab
and fecal samples from Rhinolophus sinicus and other bat
species. Although the newly isolated strains had slightly
different nucleotide sequences, they all have the gene for the
S-protein, which is required to infect human cells (and those
of the bat). This has even been shown in a widely used
human tumor cell line, the HeLa cells, which expressed
human ACE2 after transfection (26). From the comparison
of the isolated virus sequence, it could be concluded that in
the bat population coronaviruses undergo genetic changes
that also affect the spike gene. None of the viruses, however,
had properties of human SARS-CoV-2. The fact that, years
after the collection campaign in 2011/2012, new viruses
could be isolated from the stored fecal samples can be
interpreted as an indication that other previously
undiscovered sub-strains are stored in the samples at the
Wuhan Institute for Virology, possibly also those that have
an even stronger sequence similarity to SARS-CoV-2 than
those already analyzed. 

The institute in Wuhan also examined corona viruses,
which originate from bats and cause disease in pigs. For
example, in 2016 in the province of Guangdong in China,
only about 100 km from the place where the SARS epidemic
broke out in 2002/2003, massive pig deaths occurred on a pig
farm (a total of 24,000 animals died), with the virus causing
an intestinal disease (the severe acute diarrhea syndrome,
SADS). The genome of this virus is 98.5% identical to the
nucleotide sequence of a virus that the researchers identified
in 2016 from samples in a bat cave (of the species
Rhinolophus sinicus) near the pig farm (32). This sorrowful
example of the wave of infections in pigs shows that SARS-
CoV and SARS-CoV-2 are not the only zoonotic events that
have occurred in connection with bat populations in China.
The author is not aware of data indicating that the researchers
working with Zhenli Shi or other scientists also tried the
potentially human-pathogenic coronaviruses isolated from
bats to propagate in pigs, as speculated in the media. 

How Does Human SARS-CoV-2 Differ from SARS-
CoVs Found in Bats and What Makes it Unique? 

The first work in which the nucleotide sequence of SARS-
CoV-2 was described and compared with other viruses, was
published by Zhengli Shi and coworkers very soon after the
outbreak of the wave of infections in Wuhan. It was
submitted to Nature on January 20, accepted 9 days later on
January 29 and published online on February 3, 2020; it
appeared in one of the journal's issues on March 12, 2020
(5). This is a short period of time for an extensive paper with
29 authors from 4 Chinese institutions, starting with the
identification of the first patient by the end of December
2019 to virus isolation, sequencing, data aquisition, writing,

approval by all authors, submission, reviewing and revision.
In this paper, it is reported that samples from seven patients
(six of whom were employed at the animal market) from a
hospital in Wuhan were sent to the laboratory. In these
samples, coronaviruses were detected that show a high
degree of homology to SARS-CoV (80% identity at the
nucleotide level and 94% at the amino acid level for some
genes). A comparison with other coronaviruses from the
institute's collection then showed that the viruses isolated
from the patients (now named 2019-nCoV and later renamed
SARS-CoV-2) most closely matched a virus strain in the
sequence that was previously derived from a bat, the Java
horseshoe bat (Rhinolophus affinis) that is endemic in the
Yunnan Province. This strain, called BatCoVRaTG13, was
found to be 96.2% identical (based on the entire genome)
with SARS-CoV-2. The authors concluded that RaTG13
from their coronavirus collection is the closest relative of
SARS-CoV-2 and that these viruses differ from other SARS-
CoVs in their phylogeny (5).

In the earlier work on coronaviruses from horseshoe bats,
which could be propagated directly in human cells in vitro,
the authors concluded that an intermediate host does not
necessarily have to be involved (26, 30). Nevertheless,
supported by a publication (27), the Chinese media spread
the hypothesis that an intermediate host is the possible
carrier and that the Huanan wildlife market in Wuhan is the
place where this happened. A pangolin was postulated as the
intermediate host, since a SARS-COV-2-like virus was found
in the lungs of a dead animal in the year of the outbreak of
the pandemic (33). However, this virus shows a far less
degree of identity (91%) in the nucleotide sequence to
SARS-CoV-2 than RaTG13 (96%) (34). Therefore, it is
reasonable to conclude that the Malaysian pangolin is not the
intermediate host and the bat virus RaTG13 or a closely
related strain is very likely the immediate predecessor of
SARS-CoV-2. 

In addition to base-exchange mutations, the genome of
SARS-CoV-2 is characterized by a few insertions, including
the already mentioned and functionally very important ACE2
receptor binding site, which will be discussed now in more
detail. The spike (S) protein of SARS-CoV-2 is about 20-40
nm long and forms a trimeric structure, which serves as a
docking point to the ACE2 receptor. As outlined above, the
spike protein has also affinity to neuroleptin-1 and is the
substrate of at least two membrane-bound proteases, which
cleave it to facilitate cellular entry. This complex process
appears to be very important in determining the species
specificity and organ tropism (35). It should be mentioned that
even treatment with trypsin allows infection of human cells
with MERS-like viruses, indicating that the proteolytic
cleavage of the spike protein together with the receptor
binding is decisive for the host specificity (36). Interestingly,
the SARS-CoV-2 spike protein does not bind to the ACE2
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receptor more strongly than the spike protein from SL-CoVs,
but the furin cleavage of the spike protein results in more
efficient entry into human cells, which could explain the high
virus infectivity of SARS-CoV-2 (37). The pre-activation of
the spike protein by proteases is evidently of utmost
importance in the infection process. The spike protein also
causes membrane fusion "from without" (38), i.e. without
entering the cell, which seems to be an additional function
gained by SARS-CoV-2 contributing to the high infectiveness.

The ACE2 binding domain of the spike protein is encoded
by a sequence region that is considered a hotspot for point
mutations (34). A comparison of the nucleotide or amino

acid sequences of the ACE2 receptor binding domain of
various SARS coronaviruses revealed that human SARS-
CoV-2 differs significantly from other SARS-CoVs in a
small sequence, which covers the already mentioned
polybasic cleavage site (PCS, also designated as furin
cleavage site;  Arg, Arg, Ala, Arg; clevage occurs at the
S1/S2 position; Figure 2). This cleavage site was gained by
an insertion into the progenitor SARS-CoV-2 genome of a
short gene sequence CCTCGGCGGGCA, which encodes
four amino acids (Pro-Arg -Arg-Ala, highlighted in green in
Figure 2) (39). It results in the aforementioned PCS, which
is essential for the entry of the virus into human cells as it
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Figure 2. Sequence comparison of the spike protein of SARS-CoV-2 with other coronaviruses whose genome is very similar to that of SARS-CoV-2
(96.2% identity to the Bat-CoV RaTG13 strain isolated from the horseshoe bat; 79.5% identity to SARS-CoV and 91.0% identity to the virus isolated
from the pangolin (27). (A) Genome of SARS-CoV-1. (B) S-protein. After binding to the ACE2 receptor, the spike protein is split into the S1 and S2
subunits. The S1 subunit mediates the binding to ACE2, the S2 subunit the efficient entry into the cell by membrane fusion. It is believed that after
binding of the S protein to the ACE2 receptor, two (or even three) cleavage events are necessary for efficient entry into the cell. One is catalyzed
by the protease TMPRSS2, the second by furin. (C) The furin cleavage site at the end of the Arg-Arg-Ala-Arg tetrapeptide is marked with an arrow
(S1/S2). It is supposed that this cleavage occurs first, followed by cleavage of the S2' site (not shown) through TMPRSS2 (46). The nucleotide
sequence that codes for the polybasic cleavage site (see text) rests on an insert that is unique for SARS-CoV-2. A similar insertion can be found in
MERS-CoV. The amino acid sequence in the scheme is given using the 3-letter abbreviations in order to make it more understandable for non-
biochemists. Modified according to (39) and (16). (D) Sequence comparison of SARS-CoV-2 and MERS-CoV. Sequences are from NCBI database.
The possible codon sequences for threonine and proline are given on the bottom of the figure.



allows the priming after S-protein receptor binding. In bats,
in which the docking also takes place via the ACE2 receptor,
this cleavage is obviously not necessary. Thus, it is evident
that human SARS-CoV-2 received this sequence from an
unknown source, through recombination with cellular or
viral RNA or through multiple spontaneous nucleotide
insertions and substitutions, because it cannot be found in
any of the previously known SARS coronaviruses, not even
in the pangolin (Figure 2). It stands to reason that the
acquisition of the insertion making up the PCS/furin
cleavage site is closely related to the primary zoonotic event.
Thus, the question of how the insertion of the sequence
CCTCGGCGGGCA came about is the focus of interest.

It is important to note that all SARS-like coronaviruses
known so far do not harbor this insert, while MERS-CoV,
which docks to the DPP4 receptor, has an insert in this
position of the protein consisting of four amino acids (Pro-
Arg-Ser-Val) (Figure 2C). Furin cleavage sites are also found
in other viruses in attachment proteins, including HIV, where
the protease plays a role in entering the cell. However, a close
similarity was found with the sequence of MERS-CoV. In
Figure 2D, the nucleotide sequence around the PCS is
compared between SARS-CoV-2 and MERS-CoV.
Interstingly, on position 678 threonine is encoded by the same
triplet ACT in SARS-CoV-2 and MERS-CoV, and on position
681 prolin is encoded again by the same triplet CCT and on
position 682 arginine by CGG and CGC. Thus, there is not
only a strong identity on the amino acid level, but also on the
nucleotide level between SARS-CoV-2 and MERS-CoV.
Given the code redundancy, the probability for an identical
sequence encoding threonine (pos 678; which can be encoded
by ACA, ACG, ACC and ACT) is 0.25×0.25=0.0625, and that
of proline (pos 681; encoded by CCT, CCC, CCA and CCG)
is again 0.0625. The overall probability harboring the same
nucleotide sequence in these two positions is 0.0039. In
position 682 with arginine coded by the sequence CGG
(SARS-CoV-2) and CGC (MERS-CoV) we are again faced
with a coincidence (nucleotides CG) of low probability
[arginine is en coded by the codons CG (G,C,A,T), AGG,
AGA]. In conclusion, there is a remarkable identity on amino
acid and nucleotide level in and around the PCS between
SARS-CoV-2 and MERS-CoV. This supports the hypothesis
that the PCS/furin cleavage site was gained by a
recombination event(s) involving these virus sequences. This
notion is important in considering possible zoonotic events,
placing laboratory events in the realm of the highly possible.

In this context, it is important to note that a sequence
comparison of SARS-CoV-2 with other viruses revealed a 117-
nucleotide sequence in the virus genome that is 94.6% identical
to a human intron sequence of the netrin G1 gene. Several
other viruses also contain human sequences, but they are much
shorter (e.g., SARS-CoV contains a 41-nucleotide sequence).
MERS-CoV does not contain a human sequence (40). The

presence of a human sequence in SARS-CoV-2 supports the
hypothesis that the progenitor was propagated in human cells
where it gained the sequence by a recombination event.

What Scenarios are Conceivable for Zoonosis? 

Zoonosis can develop in different scenarios in the natural
environment. First of all, one could speculate that the virus
with the complete sequence of SARS-CoV-2 (including the
furin cleavage site) is also present in bats, but has not yet
been discovered. It is also conceivable that RaTG13 or
another predecessor of SARS-VoV-2 with a similar or higher
level of identity than RaTG13 directly infected human
individuals, but this pathogen had a very weak virulence and
therefore the infection initially went unnoticed. 

In view of the discussion of a virus evolution before
zoonosis took place, the possibility has been favoured that
selection of a bat virus similar to RaTG13 has occurred in
another animal that is equipped with an ACE2 receptor
protein (and neuropilin-1) similar to that of humans. The
selection in an intermediate host resulted in the creation of
a spike protein with a receptor binding domain and protease
preactivation sites, which binds more efficiently than
RaTG13 to the human ACE2 protein and enters the cell upon
processing as described above. It was proposed that this
happened in the Malaysian pangolin, in which coronaviruses
were found with similiarity to RaTG13 (31). However, this
assumption rests on a single-case report and there was no
systematic search for SL-CoVs in this species. Furthermore,
the coronavirus found in the pangolin did not harbor the
PCS/furin cleavage site that is typical for SARS-CoV-2
(Figure 2). Also, there is no explanation as to how the virus
in an intermediate host can gain the PCS. Although
insertions and deletions occur frequently in corona viruses
(33), there must have been a selection pressure in order to
favor the existence of this cleavage site. It follows that the
most likely intermediate host is a species whose ACE2 and
neuropilin-1 receptors are similar to those of humans,
including the processing mechanism. In addition, one must
assume that it is a species with a high population density in
order to make recombination events and natural selection
efficient through frequent transmission of the virus and that
it has frequent contact with humans. Pangolins have a low
rate of reproduction, which would probably have been zero
at the Huanan wildlife market in Wuhan, if they were offered
there. As a selection medium for adaptation to humans,
pangolins (or similar exotic animals) are therefore not likely
to be a particularly good choice for the virus. 

In view of this, primary infection from animals on the
wildlife market is unlikely to have happend. One could also
speculate that house cats from families of asymptomatic
infected people were the intermediate host. This would be
even more likely since cats are equipped with an ACE2
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protein that is very similar to humans (41), and house cats
(as well as big cats in zoos) can become infected with
SARS-CoV-2. Thus, the virus can pass from humans to cats
and among cats themselves (42). If it is proven that house
cats can also infect humans, it is reasonable to assume that
the spatial proximity between house cats and humans could
have favored a virus evolution. All these sencarios, however,
do not provide an answer on how a bat virus found the way
into an intermediate host, be it the pangolin, cat or others.

Another possibility to be considered is that there was no
intermediate animal host, but natural selection took place in
humans directly. The predecessor of SARS-CoV-2 would
therefore have jumped directly from the bat into humans (e.g.
by inhaling dust or droplets/aerosols exhaled by bats, from
which SL-CoVs were isolated, or when hunting and preparing
the animals for consumption) and initially there would have
been an undetected human-to-human transmission. The
virulence was initially very low, but increased over time when
the furin cleavage site and other supportive mutations were
gained. In this scenario, selection took place in humans until
the insertion of the furin cleavage site was perfect. Thus, the
virus gained the property to be efficiently propagated in
humans and clusters of infection were formed due to high
infectivity, which allowed the virus to survive evolutionarily.
This scenario assumes that there was a period of undetected
infection and transmission even before the furin cleavage site
was incorporated into the viral genome. It has been learned
from MERS-CoV that human diseases can be caused by the
corona virus jumping from the dromedary to humans,
resulting in permanent transmission and reproduction in
humans without previous adaptation (43). However, this
scenario could occur everywhere where people are in close
contact to bats or another primary host. It does not explain
the origin in Wuhan. Also, the scenario does not answer the
question of the origin of the PCS/furin cleavage site, whose
gain was obviously a "clonal" event. 

A hypothesis intensively discussed in scientific and public
media is that SARS-CoV-2 is "man-made", i.e. it represents
a laboratory construct or was purposefully manipulated.
Thus, it is assumed that the virus originated from the Wuhan
Institute of Virology or the Municipal Institute for Disease
Control, which is located in the immediate vicinity of the
Huanan wildlife market. The speculation "man-made" has
three aspects that will be discussed: a) the intentional
construction through genetic manipulation, b) the intentional
selection in the laboratory for high infectivity in vitro and in
the test animal, and c) the accidental evolution and human
adaptation of the virus in the laboratory. 

As outlined above, SARS coronaviruses were genetically
engineered in several laboratories, including in Wuhan, and
chimeric viruses were produced that contained nucleotide
sequences from different virus strains (31, 44, 45). But the
human SARS-CoV-2 shows no evidence of this type of

genetic manipulation; it does not bear signs of gross genetic
changes (96.2% identity to RaTG13) and, therefore, does not
appear to be a simple fusion product of different viruses. The
changes that make it different from the putative bat progenitor
are more subtle. They are technically feasible, but this is above
the scope of this review. It is more difficult to assess whether
options (b) or (c) apply. These scenarios also postulate human
involvement and are based on the fact that at the place of
origin of the pandemic, in Wuhan, intensive work was and is
being carried out on SARS-CoV, involving human cell
infection, large-scale virus propagation and experimenting
with them in vitro and in experimental animals. 

As already mentioned, the virus propagation usually takes
place in cultured human cells, whereby, among others, primary
epithelial cells of the lung (such as Calu-3), primary cells of
the kidney and established lines transfected with ACE2 (Huh7,
HCT18, HeLa) were used. The Vero-E6 line, which comes
from the green monkey, is also popular. It is conceivable that
under these conditions of in vitro propagation, the virus from
bats had sufficient time to adapt to the human ACE2 (and
neuropilin1) receptor and to optimize its reproduction in human
cells. It cannot be excluded that the SARS-CoV-2 specific furin
cleavage site was acquired spontaneously during virus
replication in the cell culture, because some human proteins
also bear a furin cleavage site and, therefore, the corresponding
coding mRNA could be a natural reservoir for the insert. 

It is also conceivable that when cells in culture were
coinfected with the predecessor of SARS-CoV-2 and another
virus strain that contains the PCS/furin cleavage site, the
sequence was transferred to the predecessor virus as a result
of a recombination event. Interestingly, MERS-CoV contains
a furin-specific cleavage site, which is very similar to the one
found in SARS-CoV-2. As outlined above, there are 6
identical amino acids between position 678 and 687 in SARS-
CoV-2 and MERS-CoV. Moreover, the nucleotide sequence
encoding the identical amino acids is very similar, which is
even more than surprising in view of codon degeneracy
(Figure 2D). Gain of function through the PCS could have
happened unintentionally, e.g. after introducing different
viruses into a cell to see whether they complement each other
functionally ("in trans"), or purposefully in the context of
gain-of-function experiments. In both cases, propagation of
the progenitor of SARS-CoV-2 (e.g. RaTG13) together with
MERS-CoV is likely to lead to the selection of a virus that
gains functions of both viruses, thus increasing its infection
rate in vitro. The cells used were equipped with the ACE2
receptor. If these cells also harbored the neuropilin-1 membran
protein, selection for a virus showing an even higher virus titer
upon propagation in vitro is conceivable. It should be noted
that cell lines harboring ACE2 together with NRP1 and other
desired properties can be generated by routine techniques
(transient or stable transfection, lentivirus transduction) and
have actually been used for experimental purposes (18, 19).
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According to the scenario above, it is possible that
primary zoonosis occurred unintentionally while working
with cell cultures and cell culture supernatants that contain
coronaviruses (e.g. through inhalation of aerosols or through
smear infections, e.g. through improper disposal of
biowaste). The selection required for the high infectivity
could have occurred during routine cell culture and virus
propagation, during selection for high infectivity and could
have continued after the cryptic infection of the human cell-
adapted virus to humans (e.g. laboratory workers). As
already mentioned, work with coronaviruses in the
laboratory can be carried out under low safety (level 2)
conditions, with SARS coronaviruses under intermediary
safety (level 3) conditions and genetic engineering of viruses
under highest safety (level 4) conditions. The author is not
aware of the conditions under which the collections in the
bat caves and the processing and propagation of the original
samples from 2011/2012 took place. The Wuhan Institute of
Virology has a P4 laboratory, the highest level of safety and
the only laboratory of its kind in China. However, it was not
operational until 2015. Safety level 4 is also not mandatory
for working with SARS viruses. Therefore, contamination
during work or during disposal of the biowaste cannot be
ruled out, especially since the primary infections with viruses
without a perfect PCS are likely to have occurred latently
and without any signs of disease. The scenario described
here ultimately assumes that cryptic infections occurred
unnoticed during the experimental work. These laboratory
events do not necessarily require the assumption of a
"laboratory accident", as we do not see it as an accident
when a doctor in a hospital becomes infected with the virus.
Nevertheless, an accident cannot be excluded, e.g. by
improper work on a clean bench, during supernatant
centrifugation, virus enrichment or during decontamination
of laboratory waste by autoclaving. According to this
scenario, it is not necessary to assume an intentional
manipulation of the predecessor virus. Although genetic
manipulations required for purposeful changing the
nucleotide sequence of the virus are technically possible, the
virus evolution could happen during long-term cultivation in
human cells without their means. 

Comparative Assessment

The SARS-CoV-2 coronavirus exhibits some unusual
properties that need to be considered in substantiating the
laboratory hypothesis (Figure 3): 
a) The high level of infectivity, the low proportion of
infected individuals that became ill, and the low level of
lethality (ratio of deceased to ill patients). Thus, the lethality
for other corona virus infections is high (9.6% for
SARS/2002; 34.4% for MERS/2012; 40.4% for Ebola;
80.0% for Marburg) compared to COVID-19 (2.1%). High

infectivity and symptom-free carriers are expected to favor
the spread of infection if a laboratory event happened. The
low disease and lethality rate enables the virus to propagate
in a cryptic, undetected way in humans. 
b) Bat RaTG13 and other SL-CoVs are able to infect human
cells directly. The insertion of 12 nucleotides in the spike protein
sequence turned the bat progenitor virus (RaTG13 or a similar
strain) to a more aggressively growing virus characterized by
high ACE2 binding and optimised RBD processing by cellular
membrane-bound proteases. Thus, the gain of the PCS/furin
cleavage site enhanced the infection rate in human cells.
c) The spike insert sequence of SARS-CoV-2 is present in
MERS, with 50% identity on amino acid level and some
identity on nucleotide level, which is highly unlikely to be
gained accidentally given the degeneration of the code
(Figure 2D). It is conceivable that coinfection of human cells
expressing ACE2 and DPP4 with RaTG13 (or another bat
progenitor) with MERS-CoV led to the selection of a hybrid
virus that gained through recombination the insert and the
furin cleavage site. This is a reasonable process since
coronaviruses are highly recombinogenic. As a result, virus
propagation would be enhanced in vitro. Thus, without
selection pressure, cotransduction experiments with human
cells in vitro would lead to a virus strain with improved
properties regarding cell entrance and propagation. 
d) The presence of a human sequence in the virus genome
(40) strongly indicates that SARS-CoV-2 was propagated in
human cells before it caused the pandemic. 
e) SARS-CoV-2 infection is strongly enhanced by supportive
factors such as neuropilin-1 and the proteases MPRSS2 and
furin. It is highly unlikely that this complex scenario that
facilitates the virus entrance was gained in a single step and
in an intermediate animal host. It is more likely that these
properties were obtained during virus propagation in human
cells, which were engineered (ACE2, DPP4) or in transient
transfection experiments in order to improve the conditions
for virus entrance. Overall, SARS-CoV-2 appears to be
ideally adapted to human cells, which supports the laboratory
hypothesis (Figure 3). 

It should be emphasized again that the laboratory hypothesis
does not posit that SARS-CoV-2 was genetically engineered on
purpose, in simple words "a laboratory construct". The
hypothesis rather states that SARS-CoV-2 is an unintended
byproduct of gain-of-function and cotransfection/cotransduction
experiments using human (genetically engineered) cell lines in
vitro. Selection occurred during virus propagation for a bat virus
that is best equipped with tools using supportive factors of
human cells and therefore best adapted to humans. There are
many conceivable scenarios how transmission could occur in the
laboratory, e.g. through aerosols during the work or during
handling of waste. Such laboratory events could have occurred
repeatedly long before December 2019. They remained
undetected because of the cryptic propagation of the virus

in vivo 35: 1313-1326 (2021)

1322



especially in young people. Nevertheless, a laboratory accident
cannot be excluded.  In contrast to this, the intermediate host
hypothesis rests on many more assumptions. Thus, it is unclear
how the virus from nocturnal bats found the way into the
intermediate host and how the selection for optimal human
propagation could take place there. The intermediate host
hypothesis is therefore regarded as less likely (Figure 3).

Summary and Conclusion

The current COVID-19 pandemic caused by the SARS-CoV-
2 coronavirus has already caused immeasurable suffering and
economic damage, and its long-term socio-economic impact
cannot yet be assessed. Never before has an event caused
more death and long-term suffering, and the associated crisis
management brought trade, traffic, travel, social activities and

even family contacts to a standstill. Therefore, the question
of how this pandemic came about and when the primary
zoonotic event took place is important to answer in order to
be able to prevent further zoonotic events of this kind. 

Although it was initially believed that the virus could not
be transmitted from person to person, the opposite soon
turned out. The intensity of the wave of infection is favored
by the high infectivity of the virus, by symptom-free carriers
and, in symptomatic cases, by a symptom-free period lasting
several days. It is considered as certain that SARS-CoV-2 is
of bat origin and that there must have been gain of function
events through insertions and point mutations by which
adaptation of the predecessor virus occurred to human cells
equipped with the ACE2 receptor, with neuropilin-1 and the
proteases furin and TMPRSS2, all of which are ideally suited
for an optimal virus entry into human cells. 
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Figure 3. Scenario according to which SARS-CoV-2 could have been evolved. The upper steps in the lab scenario of virus collection and
experimentation are well documented in the literature.



SARS-CoV-2 has the greatest similarity in the nucleic acid
and amino acid sequence to a virus (RaTG13) that has been
isolated from swabs of bats, endemic in central China, at the
Institute of Virology in Wuhan and propagated there in cell
culture. Although critical sequences in the spike protein, in
particular the insertion of a twelve-nucleotide section in the
polybasic cleavage site, could have been acquired naturally,
for example through recombination events with a SARS-like
corona virus harboring the same sequence, it is highly
unliklely that the selection occurred in bats or in an
intermediate animal host. However, a scenario seems likely,
according to which the selection for a highly infectious agent
took place in human cells, notably in cell culture, as a
byproduct of virus propagation and experimental work.
Sequence comparison revealed that the insert creating the
PCS/furine cleavage site is partially identical to an insert in
the spike gene of MERS-CoV. Based on this, the hypothesis
was proposed that during coinfection of human cells
equipped with ACE2 and DPP4, RaTG13 (or a similar
progenitor) gained the sequence from MERS-CoV (or a
similar virus harboring the sequence) by recombination,
through which it became better propagating in vitro, which
is beneficial for the experimentation (selection for high virus
titer). At the same time the infectivity of the virus was
enhanced allowing unintentional, cryptic infections of
employees, which was the starting point for the pandemic.

Furthermore, the possibility that the progenitor virus was
propagated in human ACE2 transgenic animals, which would
accelerate human adaptation, should also be considered. At
this point it should be remembered that releases of pathogenic
viruses from the laboratory have already happened, which
was a matter of serious concern in China years ago. Back in
2003, in Kunming (province Yunnan), a hantavirus outbreak
occurred, and it was attributed to laboratory rats in which two
hantavirus strains multiplied and generated a new type of
virus through recombination. Students who had worked with
the animals became infected with this. The authors of the
report (published in 2010) concluded prophetically that "This
study sends a timely warning that laboratory exposure
remains an important source of hantavirus infection in China
and that new strains continue to emerge via reassortment and
recombination of the RNA genome segments" (47). There is
no reason to believe that the same cannot happen with other
virus strains. The coincidence of the outbreak of the disease
COVID-19 in Wuhan and intensive ongoing work with
SARS-like viruses at a research institute located there,
housing the largest corona virus bank in Asia, has also
sparked the public discussion whether gain-of-function
experiments contributed to the pandemic. Even though
evidence is lacking that the virus was intentionally
genetically engineered, the possibility that the virus could
have emerged unintentionally through laboratory experiments
should lead to a rethinking of the need for gain-of-function

experiments aimed at enhancing the pathogenicity of a
disease-causing agent.   
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