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A B S T R A C T   

Since the beginning of the COVID-19 pandemic in 2020 caused by SARS-CoV-2, the question of the origin of this 
virus has been a highly debated issue. Debates have been, and are still, very disputed and often violent between 
the two main hypotheses: a natural origin through the “spillover” model or a laboratory-leak origin. Tenants of 
these two options are building arguments often based on the discrepancies of the other theory. The main problem 
is that it is the initial question of the origin itself which is biased. Charles Darwin demonstrated in 1859 that all 
species are appearing through a process of evolution, adaptation and selection. There is no determined origin to 
any animal or plant species, simply an evolutionary and selective process in which chance and environment play 
a key role. The very same is true for viruses. There is no determined origin to viruses, simply also an evolutionary 
and selective process in which chance and environment play a key role. However, in the case of viruses the 
process is slightly more complex because the “environment” is another living organism. Pandemic viruses already 
circulate in humans prior to the emergence of a disease. They are simply not capable of triggering an epidemic 
yet. They must evolve in-host, i.e. in-humans, for that. The evolutionary process which gave rise to SARS-CoV-2 
is still ongoing with regular emergence of novel variants more adapted than the previous ones. The real relevant 
question is how these viruses can emerge as pandemic viruses and what the society can do to prevent the future 
emergence of pandemic viruses.   

1. Introduction 

In January 2020 the whole world heard for the first time of a novel 
disease, COVID-19, caused by a novel betacoronavirus related to SARS- 
CoV, SARS-CoV-2 (Zhu et al., 2019; Guan et al., 2020; Huang et al., 
2020; WHO, 2020). Since the very beginning, the origin of SARS-CoV-2 
has been a strongly debated issue. The controversy is still undergoing. 
This debate can sometimes be very violent mostly because it has left the 
sole field of science to enter also that of journalism and politics. 
Furthermore, internet and social networks are worsening the situation 
with a permanent flow of opinions, fake-news and violent attacks. There 
are now a lot of hidden agendas and manipulations attached to this 
issue. Although perhaps difficult to achieve because of its current status 
of public debate with all sorts of rational and irrational arguments, the 
debate on the origin of SARS-CoV-2 and other pandemic viruses should 
come back to the scientific framework and stay within. There are several 
reasons for that and beyond the obvious need for scientific rationality, 

there is a major societal issue. The society must be protected against 
future emerging pandemics. Pushing toward wrong issues only for 
opinions, political, corporatist or ideological reasons will result in 
leaving the society unprotected in face of the next pandemic (Frutos 
et al., 2021a). It is the duty of scientists to work for the good of the 
society and to ensure that rational analyses based on scientific evidences 
are brought forward to lead to rational and efficient decisions and 
protection measures. It is a major public health and security issue where 
scientific evidence rather than unsubstantiated opinions should be 
considered. 

The COVID-19 pandemic officially started on December 8, 2019 at 
the Huanan Seafood Wholesale Market (HSWM) in Wuhan (Huang et al., 
2020; WHO, 2020). However, this corresponds only to the official date 
and place and does not even correspond to the actual index case. Earlier 
cases have been reported which were not linked HSWM and phyloge
netic studies showed that the virus was certainly already circulating in 
autumn 2019 (Frutos et al., 2020a; Li et al., 2020a, 2020b, 2020c; Lai, 
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2020). Unravelling the dynamic of disease emergence is essential not 
only to understand how COVID-19 emerged as a disease but also to 
organize ourselves as a society to prevent the future emergence of other 
infectious diseases (Frutos et al., 2021a). 

Several hypotheses have been brought forward to explain the 
emergence of SARS-CoV-2, sometimes with violence and aggressiveness 
when politics, geostrategic conflicts and personal interests are taking 
over the scientific analysis. It is therefore essential to review the process 
of emergence of SARS-CoV-2, and other pandemic viruses, as well as the 
human societal context in which this emergence of viral pandemics is 
taking place. 

1.1. To be or not to be … a pandemic virus 

SARS-CoV-2 is a pandemic virus but what means being a pandemic 
virus? Being a pandemic virus simply means being able to spread over 
the whole human population, worldwide. This is not strictly a pheno
typic trait. It is the consequence of a life cycle and of a specific evolu
tionary process. It is also the consequence of the host populational 
context into which these take place. Talking about human diseases, this 
context corresponds by definition to the organization of the human so
ciety and to human behavior. There is hardly anything more societal 
than a pandemic. Not all viruses can be pandemic. Only few can be and, 
indeed, pandemics are rare due to both biological and societal reasons. 
Emerging pandemic viruses are, by definition, multi-host viruses. This is 
the result of an evolutionary process. These viruses have evolved to 
recognize ubiquitous proteins as receptors. They do not recognize spe
cific receptors, i.e. present in only one species. If so, they would be 
specifically attached to only one host species, or a limited number of 
related species, and if this host species disappears, the virus will disap
pear as well. Furthermore, the diffusion of the virus would be limited to 
that species. Recognizing instead a generic, ubiquitous receptor or at 
least a receptor present in various species, allows the virus to survive 
even if one or more of its host species disappear. Furthermore, receptors 
are proteins essential for the deep cell physiology of the host who cannot 
evolve to suppress them. These are very favorable evolutionary traits for 
the virus. The receptor recognized by SARS-CoV-2 is ACE2 or Angio
tensin I Converting Enzyme 2 (Cao et al., 2020; Hamming et al., 2004). 
This protein is a cell surface protein primarily involved in the modula
tion of the Angiotensin-Converting Enzyme (ACE) (Oudit et al., 2003; 
Burrell et al., 2004). ACE cleaves angiotensin I into a vasoconstricting 
form named angiotensin II, whereasACE2 is converting angiotensin II 
into a vasodilatating form named angiotensin-(1–7) (Donoghue et al., 
2000; Keidar et al., 2007; Wang et al., 2016; Devaux et al., 2020). ACE2 
is also involved in the cleavage of other proteins such as bradykinin, 
apelin, neurotensin, dynorphin A or ghrelin (Ferrão et al., 2014). ACE2 
is vital to the host and cannot be lost. It is a perfect receptor for a 
multi-host virus. Receptors are not proteins meant to allow viruses to 
dock and invade cells. They are proteins vital for the physiology of the 
host that viruses have evolved to recognize. This receptor binding pro
cess also demonstrates that the so-called “species barrier” concept often 
referred to for explaining that SARS-CoV-2 is not a naturally occurring 
virus does simply not make sense. At this stage it is important to come 
back to the concept of species. A species is an artificial, human-made 
concept developed for the purpose of classification based on reproduc
tive isolation, i.e. two different species cannot reproduce or give a sterile 
offspring, and on recognizable morphological traits, and for molecular 
classification on the genetic similarity of few genes. As a matter of fact, a 
species is defined based on a very small number of genes encoding 
highly “specific” traits (Fig. 1). These “specific” traits are by definition 
only found in one given species. However, any species comprises several 
thousand or tens of thousand genes which are not encoding any “spe
cific” trait. These “core” genes are common to several species and 
genera, and, in some cases to larger taxa like vertebrates (Fig. 1). This is 
typically the case for ACE2 which is shared by all vertebrates (Devaux 
et al., 2021a). It is not a “specific” receptor. The “species barrier” is 

simply an illusion based on the misconception that a species is an iso
lated island with only specific genes, and proteins, which force a virus to 
adapt to species B in order to be able “jump” from species A to species B. 
For a virus there are only two kinds of hosts; susceptible hosts and 
resistant hosts, regardless of the species status given by humans in a 
classification system. Either the virus can recognize a receptor, and the 
host is then susceptible, or it cannot recognize a receptor making this 
host resistant. The receptor recognition can be either at low or high 
affinity but this is not a major limitation since the virus will evolve later 
on to optimize its adaptation to the host. Only a limited affinity is 
needed for the primary infection. The host susceptibility is also modu
lated by a second factor which is the capacity for a virus to avoid host 
defenses. A virus can thus infect a host if it can both recognize a receptor 
and avoid the host defenses. If the receptor is a ubiquitous protein 
encoded by a “core” gene, such as ACE2 recognized by SARS-CoV-2, the 
concept of species becomes irrelevant for the virus and that of “species 
barrier” inexistent. 

Being a pandemic virus is more than just being capable of binding to 
a ubiquitous receptor. Other traits characterize viruses with a potential 
for pandemics. They must display a low virulence, i.e. low pathoge
nicity, with a significant period of incubation. Indeed, for a virus to be 
able to circulate widely and trigger a pandemic, it is a mandatory 
requirement not to kill the host or to display a limited fatality rate. This 
is exactly what is seen with SARS-CoV-2. COVID-19 is a mild to mod
erate disease with a fatality rate currently estimated at 2.13% (Johns 
Hopkins University, 2021) but which will most likely be lower since 
asymptomatic cases are not considered in the calculation. The high 
number of deaths is a consequence of the size of the human population 
(Coelho et al., 2020; Iacus et al., 2020; Sigler et al., 2021) and to the 
transmissibility of the virus, which is itself a consequence of both the 
human population density and the virus capacity to easily infect a new 
host. The mortality is in most cases not directly linked to a pathogenic 
effect of the virus but instead to the weakness of deceased patients who 
are most frequently aged and/or affected by major comorbidities. Doing 
so, the virus can easily and efficiently spread. A comparison with a virus 
displaying no pandemic potential, like the Zaire strain of Ebola virus, 
can help understanding the specific traits of pandemic viruses. The Zaire 
strain of Ebola virus displays a very high fatality rate around 70% 
(Kucharski and Edmunds, 2014). This virus kills very fast and generates 
very strong and disabling symptoms. The Zaire strain of Ebola virus 
cannot spread into a pandemic. It kills too much and too fast and is 
immediately detected. Ebola outbreaks are limited to a given area with 
sporadic cases occurring over a given period of time. The only exception 
is the 2014–2015 outbreak in West Africa, but this is due to bad man
agement and active transportation of the virus by humans. The Zaire 

Fig. 1. Schematic representation of the position of specific and generic re
ceptors in the genome of species. 
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strain of Ebola virus is an accidental multi-host virus not adapted to 
humans to whom it quickly causes enormous and lethal damages, 
impeding its propagation in a pandemic, or even an epidemic, way. 
Adaptation is a consequence of the host-virus coevolution and is char
acterized by a low virulence. The Zaire strain of the Ebola virus is 
compatible with humans in whom it can replicate and can generate le
thal damage, but is not adapted owing to the lack of coevolution. 
However, if given the opportunity, the Zaire strain of the Ebola virus 
can, like other viruses, adapt to humans and its virulence starts 
declining. This happened during the 2014–2015 West-African outbreak 
(Urbanowicz et al., 2016). This leads to another major concept, the 
distinction between the primary case and the index case. The primary 
case is the first person to be infected by a given virus. It corresponds to 
the primo-infection in the human population. The index case is the first 
person to have been diagnosed with the novel disease. These are two 
very different concepts. For a pandemic virus like SARS-CoV-2, there 
may be a long time, and large geographic distance, between the occur
rence of the primary case and that of the index case during which the 
virus spread unnoticed in the human population. The index case can 
sometimes be identified but the primary case is never found. In the case 
of COVID-19, there is an official index case who was declared as such by 
an administrative decision for a provisional dating of the beginning of a 
viral outbreak but which is not the real one. The primary case is not 
known and will never be identified. In the case of Ebola, it is impossible 
to ignore both the primary case and the index case who are often the 
same person. 

Another trait displayed by pandemic viruses is their ability to evolve 
in-host through a quasispecies process (Fig. 2). The quasispecies model 
of evolution is a specific trait of RNA virus (Andino and Domingo, 2015; 
Song et al., 2005; Karamitros et al., 2020; Chaudhry et al., 2020). The 
vast majority of zoonotic viruses are RNA viruses (Woolhouse et al., 
2013). This is not a coincidence. The quasispecies mode of evolution 
corresponds to the generation of a multitude of variants covering all 
possibilities of mutations in the viral genome. This is referred to as the 
sequence space. Almost all of these variants are not viable and are 
eliminated. However, some of them carry mutations which allow 
avoiding the immune defenses of the host and can replicate. Their 
sequence will be the starting point of a new generation of variants 

exploring the sequence space. Progressively, the virus will better adapt 
to humans and under the host pressure, a favorable sequence, the matrix 
sequence, will be selected. This evolution will sometimes lead to mu
tations making the virus very highly transmissible. This represents of 
course a clear selective advantage and viruses bearing these mutations 
will quickly be selected. This is for instance what most likely happened 
with the D614G mutation in the Receptor Binding Domain (RBD) of 
SARS-CoV-2 or the furin cleavage sites between the two subunits of the 
spike protein (Andersen, 2020; Coutard et al., 2020). These mutations 
conferred a considerable evolutionary advantage to the variants bearing 
them which quickly became dominants. This process of in-host evolu
tion and adaptation through a quasispecies process is still going on. The 
host can adapt and its immune system can control the virus and the latter 
adapts automatically by quasipecies evolution yielding a new variant 
capable of evading the immune defenses. This is exactly what we see 
today in the case of COVID-19 with the regular emergence and spread of 
new variants replacing the previous ones like the current Delta variant. 
New variants will continue to appear, a process also observed with other 
viruses (Carrillo-Valenzo et al., 2010; Zhang et al., 2005; Suzuki et al., 
2019; Duong et al., 2013a, 2013b; Anggraeni et al., 2021). Coming back 
to SARS-CoV-2, it is simply a disease-triggering, highly 
human-transmissible variant having evolved from a previous form of the 
same virus already circulating in humans but unable to trigger a disease 
which we could then call SARS-CoV-2-AD, AD standing for “Ante 
Disease”. 

1.2. Confusing the primary case and the index case 

An emerging infectious disease is of course a disease and as a 
consequence is considered as a medical issue. However, the problem is 
that it is considered exclusively a medical issue. Regarding a pandemic 
such as COVID-19 only as a disease is the origin of many confusions and 
misconceptions. In particular, confusion is often made between the 
disease and the infection. A disease is a medical concept defined by the 
presence of a specific set of symptoms that physicians can recognize and 
to which a name is given. The art of the physician is to identify the set of 
symptoms, name the disease and then prescribe the relevant treatment. 
COVID-19 is the disease which has been identified in Wuhan. 

Fig. 2. Schematic representation of the quasispecies evolution process.  
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Conversely, an infection is a biological concept corresponding to the 
multiplication of pathogen within a host but which does not presuppose 
the occurrence of symptoms, thus of a disease. Asymptomatic cases are 
major actors in the dynamic of expansion of pathogen, and of course in 
the dynamic of a pandemic, but are not visible to physicians who focus 
only on symptoms. Epidemiologists also focus only on symptoms and 
their role is to identify the first patient having declared the disease, the 
index case, to unravel the pattern of diffusion of the disease within the 
human population and propose actions to block or, at least, to slow 
down the expansion of the disease. This is exactly what has been done 
worldwide since the identification of COVID-19 in January 2020. 
However, this is only the very end of the process leading the emergence 
of the disease. This process started long before with the infection of the 
first human being, the primo-infection. As already mentioned, a disease 
is a physiological disorder characterized by a specific pattern of symp
toms. However, an emerging infectious disease is by definition a disease 
with no associated specific pattern of symptoms and name. This is the 
origin of the problem. Physicians only recognize that there is an un
known disease outbreak when confronted to a flow of patients with the 
same atypical pattern of symptoms. This is the main drawback of this 
approach. The detection of the disease outbreak is delayed and occurs 
only after the virus has already spread in the population. All nations 
worldwide as well as WHO are basing their strategy of emerging disease 
control on the same medical approach. All actions are taken only after 
the disease has been recognized and the outbreak alert has been given. 
This is exactly what happened with COVID-19. No actions were taken 
outside China when WHO released the information about a new 
emerging disease in Wuhan in late December 2020. National actions 
were considered only after WHO has declared COVID-19 a pandemic in 
March 2020. It was too late for prevention and the only option left was to 
try to control the disease. The current worldwide situation with COVID- 
19 clearly demonstrates that we should not focus on the origin of the 
disease (the index case) but instead on the origin of the primo-infection 
(the primary case). 

1.3. Hunting down the virus in the wild 

COVID-19 being considered a “zoonotic disease”, i.e. a disease 
coming from animals, the search for the origin of SARS-CoV-2 was 
immediately oriented towards wildlife. This search for the wild ances
tors of SARS-CoV-2 is driven today by the “spillover” theory. This the
ory, as formulated by Power and Mitchell (2004), states that there must 
be an “animal intermediate species” also often referred to as “reservoir” 
bearing the same virus as the one causing the epidemic. This spillover 
theory is the reference driving strategies for preventing and controlling 
emerging infectious diseases at the early stage. It is at the origin of the 
search for intermediate species and screening projects such as the Global 
Virome or PREDICT (Carroll et al., 2018; Jonas and Seifman, 2019) 
which objectives are to identify potential zoonotic viruses circulating in 
the wild. In the COVID-19 context, this intermediate species is supposed 
to make the link between bats, the putative original virus reservoir 
(Burki, 2020; Boni et al., 2020) and humans, the final recipient host. 
However, none of the predictions from the spillover model have been 
confirmed. The pangolin was for a while identified as the intermediate 
species between the reservoir, i.e. bats, and the recipients, i.e. humans. 
However, the pangolin virus sequences considered came from meta
genomic analyses performed on smuggled Malayan pangolins confis
cated by Chinese customs before the COVID-19 crisis (Zhang et al., 2020; 
Liu et al., 2020; Liu et al., 2019). Furthermore, a screening conducted in 
Malaysia on pangolins seized by customs led to no detection of coro
navirus (Lee et al., 2020). The status of the pangolin as formal inter
mediary was only built through successive deformation of the initial 
reports even though articles showed that this hypothesis was not valid 
(Zhang et al., 2020; Frutos et al., 2020b; Li et al., 2020d; Liu et al., 2020; 
Lee et al., 2020; Wenzel, 2020; Tang et al., 2020). No intermediate or 
reservoir species have ever been found, despite numerous 

investigations. No related epizootic was described in pangolins or other 
animals in China or elsewhere. Furthermore, no SARS-CoV-2 has been 
reported until now in wild animals. Viruses, like other living organisms, 
are organized in metapopulations, i.e. a population of populations 
(Levins, 1969). Viruses causing pandemics in humans only represent the 
human evolution through quasispecies of a group of viruses which in 
other hosts would evolve differently. SARS-CoV-2 is merely one human 
form of the SARS metapopulation of viruses among others having 
emerged. SARS-CoV, the causative agent of SARS which emerged in 
2002 (Stockman et al., 2006), is another one coming from a previous 
emergence from the same virus metapopulation. There is nothing sur
prising at seeing multiple emergence events from the same meta
population of virus. This is exactly what happened with the dengue 
viruses (Moncayo et al., 2004; Vasilakis et al., 2011). Four different 
dengue viruses are known today: DENV1, DENV2, DENV3 and DENV4. 
These four viruses, being at the same time highly similar but signifi
cantly different, are coming from four independent events of emergence 
of four different populations from the same dengue virus meta
population (Moncayo et al., 2004; Vasilakis et al., 2011). To date there is 
no experimental data to support a spillover of SARS-CoV-2 from any 
animal species. Only related viruses have been found in the wild but 
never the same virus as in the human population. The exception is an
imals in rearing or captivity which are contaminated by humans and can 
contaminate humans back. This is exactly what happened with minks in 
the case of COVID-19 (Munnink et al., 2020; Frutos and Devaux, 2020; 
Devaux et al., 2021b) and civets in the case of SARS (Frutos et al., 2021b; 
Tu et al., 2004; Han, 2020). 

The closest sequences to SARS-CoV-2 found in the wild were ob
tained from bats. The first one to have been identified is RaTG13, which 
was obtained from a Rhinolophus affinis bat from an abandoned copper- 
mine in Tong Guan (Mojiang, Yunnan, China) (Ge et al., 2016; Zhou 
et al., 2020a). RaTG13 display 96% of sequence identity with 
SARS-CoV-2. Another batCoV sequence, RmYN02, was identified also in 
Yunnan in the horseshoe bat Rhinolophus malayanus (Zhou et al., 2020b). 
RmYN02 shared 93.3% similarity with SARS-CoV-2, a percentage rising 
to 97.2% in ORF 1 ab. However, the Receptor Binding Domain (RBD) 
displayed only 61.3% similarity with that of SARS-CoV-2 (Zhou et al., 
2020b). Two other related sequences, RshSTT182 and RshSTT200, have 
been described in Rhinolophus shameli bats caught in 2010 in Cambodia 
(Hul et al., 2021) which displayed 92.6% of overall similarity with 
SARS-CoV-2. Another Sarbecovirus sequence has been described in a 
Rhinolophus acuminatus bat from Thailand (Wacharapluesadee et al., 
2021). This sequence, named RacCS203, displayed 95.86% similarity 
with SARS-CoV-2 (Wacharapluesadee et al., 2021). However, all these 
sequences obtained from bats share the same characteristics. First of all, 
none of them are SARS-CoV-2 sequences. They are merely related se
quences. Furthermore, they have all been obtained by metagenomics. 
None of them corresponds to an actual virus having been isolated and 
grown in cell culture. They have all been assembled in silico from a 
multitude of small random reads using SARS-CoV-2 as a template. Biases 
and assembly mistakes may have occurred. There is therefore no cer
tainty as whether these sequences correspond to an actual virus or to a 
viable virus. It is not known either whether each sequence corresponds 
to only one virus or to an in silico chimera made with fragments coming 
from several viruses. These are serious limitations mentioned as a 
warning by the GISAID database whenever a metagenomic sequence is 
deposited. Therefore, all analyses conducted with these sequences 
should be considered with caution. 

1.4. The laboratory leak narrative 

The impossibility to find any reservoir, intermediate species or SARS- 
CoV-2 virus in the wild prompted the development of what isknown as 
the laboratory leak narrative (Domingo, 2021a, 2021b; Rahalkar and 
Bahulikar, 2020; Segreto and Deigin, 2021; Sirotkin and Sirotkin, 2020; 
Kaina, 2021; Relman, 2020). The initial rationale behind this narrative 
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is that since both SARS-CoV-2, reservoirs and intermediaries are not 
found in the wild, the virus must come from a laboratory from which it 
has accidently escaped or has been voluntarily released. This narrative 
also builds on the fact that Wuhan, where COVID-19 was first described, 
is also home to the Wuhan Institute of Virology (WIV) which runs a P4 
safety laboratory where previous works have been conducted on SARS 
and other coronaviruses (Menachery et al., 2015; Cohen, 2020). 
Furthermore, a team from WIV has collected samples from bats in the 
Mojiang mine in Yunnan from which they obtained the RaTG13 
sequence (Ge et al., 2016; Zhou et al., 2020a). However, this laboratory 
leak narrative is composite and comprises several self-excluding the
ories: i) SARS-CoV-2 is originating from the Mojiang mine where WIV 
members were contaminated, ii) SARS-CoV-2 has accidently escaped 
from the WIV laboratory, and iii) SARS-CoV-2 has been engineered at 
WIV and accidently escaped or was voluntarily released. These hy
potheses are often brought together. However, they are excluding each 
other. If SARS-CoV-2 is a naturally occurring virus from the Mojiang 
mine, it cannot come from genetic engineering and vice versa. If 
SARS-CoV-2 was spread by WIV staff members infected in the Mojiang 
mine, it cannot come from a laboratory accident and vice versa. A 
detailed analysis brings a better understanding of these narratives. 

Infection of WIV staff members by SARS-CoV-2 in the Mojiang 
mine. The origin of this narrative is an accident which occurred in 2012. 
Six miners sent to clean up an abandoned copper-mine in Mojiang, 
Yunnan, were all hospitalized for pneumonia. Three of them died 
whereas the other three recovered. This narrative is based on the anal
ysis by Rahalkar and Bahulikar (2020) who diagnosed a COVID-19-like 
infection in the case of the six miners and made a direct link between the 
Mojiang mine incident and COVID-19. However, the authors are not 
physicians but specialists in agriculture and bioenergy. Nevertheless, 
this analysis has been used to claim that the Mojiang mine might be the 
origin of COVID-19 through the involvement of WIV who investigated 
this mine following the incident (Rahalkar and Bahulikar, 2020). The 
clinical files of the six miners were analyzed by specialists, a clinician 
and a radiologist, working in a hospital specializing in infectious dis
eases and having handled thousands of patients with COVID-19 (Frutos 
et al., 2021c). Their diagnosis is that the miners did not have COVID-19 
or SARS. Neither the clinical features nor the radiologic images corre
sponded to these diseases. The symptoms reported by Rahalkar and 
Bahulikar (2020) are generic symptoms associated with any kind of 
pneumonia regardless of the etiology and are not representative of 
COVID-19. Interestingly, several clinical and radiologic symptoms 
incompatible with COVID-19 or any coronavirus infection have been 
omitted by Rahalkar and Bahulikar (Frutos et al., 2021c). Four out of six 
miners, including the three who died, have been tested for both 
COVID-19 and SARS and the result was negative for both diseases (Zhou 
et al., 2021). The Mojiang miners did not die of COVID-19 which was not 
present in the Mojiang mine. Furthermore, SARS-CoV-2 was never found 
in the Mojiang mine by the teams who investigated it in 2012 and 2013 
(Ge et al., 2016; Wu et al., 2014). It is thus not possible for WIV staff 
members to have been infected by SARS-CoV-2 in this mine. Further
more, all WIV staff members were tested for COVID-19 and were 
negative (Cohen, 2020). This event occurred in 2012 and one can also 
wonder how a highly transmissible virus which killed 4.3 million people 
and infected more than 200 million persons in 18 months (Johnson 
et al., 2021) could have stayed silent for seven years. This narrative on 
the origin of SARS-CoV-2 can be dismissed. Not only there is no evidence 
to support it but there is evidence against it. 

The laboratory leak of the virus from the WIV laboratory. This 
second narrative is saying that SARS-CoV-2 is a naturally occurring virus 
which accidently escaped during the handling of a sample from the 
Mojiang mine. Laboratory accidents occurred in the past (Heymann 
et al., 2004; Watts, 2004; Webster, 2004; WHO, 2004) and will without 
any doubt occur in the future. However, in the case of SARS-CoV-2, there 
are several evidences against that hypothesis in addition to the conclu
sion of the official WHO mission who concluded that it was “extremely 

unlikely” (Dyer, 2021). SARS-CoV-2 was not present in the Mojiang 
mine making it not possible to be present in any sample. SARS-CoV-2 
was never found in samples from the Mojiang mine (Ge et al., 2016; 
Zhou et al., 2020a; Wu et al., 2014). Only other virus sequences were 
found. RaTG13 which is the closest sequence to that of SARS-CoV-2 and 
which was detected in samples from the Mojiang mine is not a virus. It 
was never isolated and grown in cell culture. It is only a sequence ob
tained by metagenomics. It has no physical existence. Furthermore, 
having been obtained by metagenomics, there is no certainty on whether 
it is viable, if it corresponds to a real virus and even if it corresponds to a 
single virus. As mentioned above, it could be an in silico chimeric con
struction. Nevertheless, it is simply not possible for a virus which does 
not physically exist, for a virtual sequence in computer, to escape from a 
laboratory and trigger an epidemic. 

Genetic engineering of SARS-CoV-2 at WIV. The last narrative 
about the laboratory origin of SARS-CoV-2 is the engineering of the virus 
through gain-of-function experiments followed by an accidental release 
of the virus (Segreto and Deigin, 2021; Segreto et al., 2021; Sirotkin and 
Sirotkin, 2020; Kaina, 2021; Relman, 2020). The main argument in 
support of this narrative is the presence of a furin cleavage site between 
the two subunits of the RBD and the presence of the less-frequent CGG 
codon at this level (Segreto and Deigin, 2021; Segreto et al., 2021; 
Sirotkin and Sirotkin, 2020). Furin cleavage sites are naturally very 
frequent in many viruses including coronaviruses (Andersen, 2020; 
Huang et al., 2006; Yamada and Liu, 2009; Hao, 2020; Dimitrov, 2004; 
Coutard et al., 2020; Frutos et al., 2021d). The CGG arginine codon is 
indeed less frequent than other arginine codon in coronaviruses. How
ever, being less frequent does not mean it is never present. This CGG 
codon is naturally present in SARS-CoV-2 and is even present at a higher 
rate in MERS-CoV (Chen et al., 2017; Hou, 2020). Its presence is by no 
means a proof of genetic engineering. The lower presence of CpG 
(intrachain Cytosine-Guanosine dinucleotide linked by a phosphate 
bond) in human pathogens has been shown to be a selective process. 
CpGs trigger direct B-Cell activation and therefore these dinucleotides 
provide a selective disadvantage (Krieg et al., 1995). However, they 
nevertheless exist in human pathogens. When considering the huge se
lective advantage in transmissibility brought by the furin-cleavage site 
over the disadvantage brought by the B-cell activation, the net result in 
largely in favor of the furin-cleavage site leading to the fixation of these 
mutations in the human populations even if it involves the rare CGG 
codons. This is a simple and straightforward selective and evolutionary 
process. Furthermore, RmYN02 also carries an indel at the same place as 
the furin site (PRRA) of SARS-CoV-2 with the insertion of a PAA 
sequence and the deletion of the immediate upstream QTQT sequence 
(Zhou et al., 2020b). The naturally occurring PAAR sequence displayed 
by RmYN02 is not active as a furin-cleavage site but is only one mutation 
away from the active RNNR furin cleavage site. One additional mutation 
turning the proline (P) into an arginine (R) will generate a RAAR active 
furin-cleavage site. This suggests that viruses other than SARS-CoV-2 are 
under similar selective pressure. The SARS-CoV-2 furin activation sites 
was also shown to be highly adaptable (Whittaker, 2021). Scientists at 
the Wuhan Institute of Virology have indeed carried out gain of function 
experiments, but only on SARS-CoV in published and openly displayed 
international collaborations and not on SARS-CoV-2 (Cohen, 2020; 
Menachery et al., 2015; Frutos et al., 2021c). There is currently no ev
idence to support the claim for genetic engineering of SARS-CoV-2. 
These are only unsubstantiated accusations and a narrative based on a 
virtual scenario. 

1.5. Humanization and socialization 

Before moving to the explanation on how SARS-CoV-2 emerged, it is 
important to address the issue of the in-host virus evolution and adap
tation. All viruses are evolving and adapting and RNA viruses are 
particularly efficient in evolution and adaptation due to their quasis
pecies process of evolution (Andino and Domingo, 2015). Multi-host 

R. Frutos et al.                                                                                                                                                                                                                                   



Environmental Research xxx (xxxx) xxx

6

viruses evolve in their hosts to continuously adapt. In humans, this leads 
to the process of humanization. The virus is permanently adapting to its 
human host by overcoming the host defenses while keeping the lethality 
low. This leads to the generation of novel lineages replacing the previous 
ones. This process is for instance very well known on the dengue virus 
which is characterized by the continuous replacement of lineages 
(Carrillo-Valenzo et al., 2010; Zhang et al., 2005; Suzuki et al., 2019; 
Duong et al., 2013a, 2013b). This was also shown on the chikungunya 
virus (Anggraeni et al., 2021) or on influenza viruses (Fitch et al., 1991; 
Hay et al., 2001; Huang et al., 2012). The same process occurs with 
SARS-CoV-2 for which these novel, more adapted lineages are called 
variants. It is an ongoing process which will not end just as for dengue, 
chikungunya or influenza. As mentioned above, SARS-CoV-2 must 
simply be seen as a highly-transmissible variant of a previous virus, 
SARS-CoV-2-AD, already circulating in humans which was not capable 
of triggering a disease because its transmissibility was not high enough. 
The gain through evolution of mutations like the furin cleavage site or 
the D614G substitution were essential for this increase in trans
missibility (Xia et al., 2020; Johnson et al., 2021; Zhou et al., 2021; 
Zhang et al., 2021; Plante et al., 2021). Viruses are also using their hosts 
for dissemination. In particular, they use the ecology and behavior of 
their hosts to be disseminated through intraspecies or interspecies 
contacts. The same occurs with SARS-CoV-2 in humans. However, one 
must consider the specific nature of human ecology and behavior. 
Humans have created their own ecosystem, the human society, which is 
driven by societal rules. The human society also impacts wild areas 
through different ways such as deforestation, land conversion or 

recreational activities. The drivers for virus dissemination within or 
outside the human population are societal. It is essential to understand 
that because of this specific nature of the human ecology, SARS-CoV-2 
became socialized at the same time it became humanized and its 
expansion is governed by societal rules. This is true also for other 
pandemic viruses like influenza, dengue, chikungunya, Zika or HIV. 
Their expansion is always driven by human societal traits and territorial 
factors. 

On the origin of SARS-CoV-2 by means of natural selection or the 
preservation of the favoured variants in the struggle for life. 

The process of emergence of a pandemic can be divided into three 
phases: a circulation phase, a societal phase and a medical phase (Fig. 3). 
The circulation phase corresponds to an environmental stage whereas 
the societal and the medical phases together make an anthropogenic 
stage. The circulation phase is characterized by a permanent multidi
rectional circulation of multi-host viruses upon contact. Humans are 
part of this broad circulation process, acquiring viruses from other 
species and transmitting viruses to other species. The most likely places 
for humans to acquire multi-host viruses are rural anthropized envi
ronments (Afelt et al., 2017, 2018), especially pioneer, i.e. settlement, 
fronts. These rural environments are close to wildlife. They are char
acterized by a mosaic of landscapes where wild animals can find 
favorable living conditions. Human settlements can provide food and 
shelter to many animals and provide opportunities for contacts and virus 
transmission which would not occur in the wild (Afelt et al., 2017, 
2018). The diversity and population density of viruses was shown to be 
greatly higher close to human settlements than in the wild (Afelt et al., 

Fig. 3. Schematic representation of the process of circulation and emergence of pandemic viruses in the human population.  
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2017; Plowright et al., 2015). Anthropized rural environments are thus 
the most likely areas for the primo-infection to occur. These are the 
places where primary cases should be sought for instead of urban areas. 
Once the primo-infection occurred, the virus is entering the societal 
phase. Both evolution and transmission are now taking place within the 
human population. The virus will evolve within the human population 
following the quasispecies process. However, this phase is a stochastic 
one during which many things may happen due to evolutionary and 
environmental factors. The virus can be eliminated, stay in a 
low-transmissibility form or mutate into a high-transmissibility form 
(Fig. 4). The latter is what happened with SARS-CoV-2. It is not possible 
to determine how long this process can last but on the case of 
SARS-CoV-2, it left traces of positive selection, i.e. host-driven selection, 
in the genome (MacLean et al., 2021). The evolution into a highly 
transmissible form corresponds to a first accident, a genetic one. A 
second accident, a societal one, must then occur to ensure the amplifi
cation of the virus population up to the level of the epidemic threshold. 
An epidemic never starts with only one infected individual. It is a 
probabilistic process, i.e. the probability to transmit the virus by contact, 
and there must be a minimal number of infected individuals to initiate 
an epidemic. This is referred to as the epidemic threshold, or in the case 
of an emerging disease as the outbreak threshold (Hartfield and Alizon, 
2013). This requires a high human density in a limited area for a limited 
time. This corresponds to what is called an amplification loop, a process 
allowing the virus population to be quickly amplified to the level of the 
epidemic threshold. This also corresponds to what is described as 
“clusters” of cases. Simply, a “cluster” is the static representation while 
an “amplification loop” is the dynamic representation of the same pro
cess. This corresponds to the definition of societal events and explains 
why pandemic diseases emerge in cities. The probability for a 
high-population density societal event to occur is indeed significantly 
higher in urban areas than in rural areas. There is thus a geographic 
discrimination between the primary case and the index case. Societal 
events leading to the amplification of the viral population are diverse 
and may depend on the society. Societies themselves are diverse and 
even though there is today a broad harmonization due to globalization, 
internet and social networks, social events in each society depend for a 
large part on traditions, history and culture. However, some common 
features can easily be identified such as sportive events, fairs, concerts, 
religious meetings, political meetings, etc. Once the epidemic threshold 
is reached, the virus enters a deterministic phase characterized by an 

exponential growth of the viral population, or in other words of the 
number of persons contaminated. This is due to the combination of a 
highly transmissible virus with an initial number of contaminated per
sons high enough to statistically generate a high number of contacts with 
naive persons. At this stage, the process enters the last phase, the 
medical phase. The disease is not identified when the viral population 
reaches the epidemic threshold. There is a delay due to the fact that an 
emerging disease is by definition unknown and that the specific pattern 
of symptoms is not characterized. Physicians detect the occurrence of an 
unknown disease when facing a flow of patients displaying the same 
unknown pattern of symptoms. The index case can be identified at that 
stage. The causative agent is also identified allowing thus the develop
ment of detection tests and screening in the population. However, dur
ing the time needed to go over all these steps, the virus has already 
widely spread in the population triggering an epidemic, and can, owing 
to the high international mobility which characterizes our society, 
translate into a pandemic (Steverding, 2020; Sheller and Urry, 2006). 
This whole process corresponds to what has been described as the 
“circulation model” (Frutos et al., 2020b, 2021d, 2021e). The circula
tion model was recently confirmed on Ebola (Keita et al., 2021). The 
virus responsible for the 2020–2021 Ebola outbreak has been circulating 
within the human population for several year and no spillover from the 
wild occurred (Keita et al., 2021). 

On November 24, 1859 Charles Darwin published a major work 
titled “On the origin of species by means of natural selection or the 
preservation of the favoured races in the struggle for life”. In this 
founding work, Darwin demonstrated that there is no determined 
“origin” to cats, blue whales, elephant, humans, kangaroos or pine trees. 
There is a permanent ongoing process of evolution, adaptation and se
lection in which chance and environment play a major role and which 
leads to the development of adapted species. Similarly, there is no 
determined “origin” to SARS-CoV-2 and other viruses but a permanent 
process of evolution, adaptation and selection shaped by chance and 
environment which gives rise to novel lineages, i.e. variants. However, 
there is something specific to viruses which is that their environment is 
another living organism and this “environment” has its own specific 
ecology and behavior which influence the expansion and transmission of 
the viruses. In human viruses, this specific ecology is the human society. 
There is also something specific to humans beside human behavior, it is 
the exponential growth of the human population. This growth generates 
many contacts facilitating both primo-infection and dissemination after 

Fig. 4. Different ways of evolution of RNA viruses within the human population.  
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emergence of the disease. 

1.6. Perception, deception and perversion 

Charles Darwin gave us the answer 162 years ago, but it is still 
extremely difficult for people to accept that the emergence of a disease is 
only the result of evolution, stochastic events, human society and human 
behavior. People need to find answers to the question on the “origin” of 
any infectious disease and specifically “when”, “who”, “where from” and 
“why”. It is a common human behavior to search for a culprit to blame, 
whether it is human or animal. It is very difficult for people to accept a 
natural situation on which they have little control. This human need to 
find a source, and possibly a reason, to a pandemic triggers the devel
opment of scenarios, narratives and intellectual constructions to answer 
these questions which in fact have no answer because they have no re
ality. The only question that exists and to which we can bring an answer 
is “how”. What is the process leading to the emergence of an infectious 
disease? This process is simply evolution, adaptation and selection as for 
any other living organism on Earth. These are the words of wisdom 
Darwin brought to us in 1859. Why are they not understood today? The 
answer is multiple. A first factor is ignorance. Many people, even in the 
medical and scientific communities, are not familiar with the concepts of 
evolution. Therefore, they imagine a straightforward, linear process of 
transmission with an origin, “THE origin”, eventually an intermediate 
and a final recipient. This linear model is very simple and attractive 
owing to the fact that our society responds to infectious diseases through 
a medical approach which is a straightforward, linear approach. In 
medicine and epidemiology, there is an origin of contamination and a 
recipient who becomes sick. However, if this is true within the human 
population for an already declared disease, it is not true for the emer
gence of a disease which is the result of evolution and occurrence of 
stochastic events. Another key factor to consider is the human behavior 
and the will to take benefit from any situation. In face of a threat, 
corporatist attitudes will often prevail and groups will lobby toward the 
implementation of their own field of activity as a source of income and 
power even though it does not bring any solution. A last factor to 
consider in this need to blame something or someone is the manipula
tion for political or commercial reasons. We are living today in a time of 
intense geopolitical conflicts between superpowers during which ma
nipulations, false accusations and hidden agendas are common. There
fore, it is essential to take all narratives with caution, in particular when 
they are initiated by governments. They might be forgeries driven by 
national or commercial interests with the aim to destabilize an oppo
nent. Other people, also forward unsubstantiated accusations simply 
because they need to accuse someone, they need to find a culprit, or 
because they hate other people, nations, countries, etc. All these issues 
are strongly worsened by internet, social networks and permanent news 
channels where everyone can broadcast and advertise his/her opinion 
even without any expertise and knowledge. Internet has erased the 
concept of specialist and everyone is claiming a right to be heard not on 
the basis of knowledge, expertise and scientific evidence but on the right 
to express their opinion regardless of reality. Therefore, it is essential to 
analyze things in a rational way, to base conclusions only on scientific 
evidence and to step away from opinions and opinion-driven narratives 
(Vosoughi et al., 2018). 

1.7. A plea for rationality 

Other pandemics will occur in the future. It is only a matter of time. 
Since the probability of occurrence is directly linked to the number of 
contacts and opportunities of amplification, the permanent growth of 
the human population makes this probability higher every year. The 
main question is therefore: how to prevent another pandemic? The first 
step is to understand the multi-host nature of pandemic viruses, the 
whole process of virus circulation and evolution and the dynamic of 
emergence of diseases. The current situation with COVID-19 is also 

giving information on what cannot be done. Medicine cannot prevent 
the emergence of a pandemic. Being symptom-based by essence, medi
cine comes too late. Screening for viruses in the wild and surveillance 
cannot bring relevant information and cannot prevent an epidemic 
either. This necessitates to know the target. One can detect and monitor 
only what is already known and it is thus impossible to detect something 
that is not known yet. Multi-host pandemic viruses are evolving within 
humans and the genotype of virus responsible for the pandemic does not 
exist in the wild. Screenings will only yield related viruses, members of 
the same metapopulation, but not the pandemic one. Screenings cannot 
provide any clue on which virus out of the multitude circulating may one 
day infect humans and, further, which one out of the multitude infecting 
humans may turn into a pandemic virus. The solution to prevent pan
demics is not to target the disease or putative causative agents but 
instead to target the process of disease emergence itself. This process of 
disease emergence being socially-driven, the only reliable approach 
which can be implemented ahead of disease emergence is the societal 
approach. Society-driven amplification loops are mandatory to reach the 
epidemic threshold and we must prevent these amplification loops from 
taking place. Interactions, processes and events involved in these 
amplification loops are man-made and thus can be modeled and 
analyzed. All we need to do is to organize these interactions and pro
cesses to introduce dilution factors and prevent the virus to reach the 
epidemic threshold. An additional positive point of this approach is that 
we do not need to know the virus. Whatever the virus, it will have to go 
through these amplification loops. What is needed is a global effort of 
modeling human activities. Efficient tools like multi-agent modeling 
exist and are already in use for this same purpose of optimizing activities 
and management of the society through adapted regulation. However, 
the human society is diverse and amplification loops might be triggered 
by different processes depending on the specific society. A global and 
coordinated effort is needed to model the different type of human ac
tivities in order to isolate the components leading to amplification loops 
and to determine how to block the chain of events leading to the 
amplification of the viral population without negatively impacting the 
society. The problem is global but the solution is local. There is no single 
universal solution. The solution is society-driven and each society must 
implement its own regulations aiming at eliminating amplification loops 
and designed according to the modeling of its own traits. Unlike what 
has been done in an empirical way since the beginning of the COVID-19 
crisis with dramatic impacts, i.e. lockdowns, mental impact, destruction 
of the economy, job losses, blockades, this optimization of the organi
zation can be realized with no economic, human, and societal impact if 
properly modeled and translated into national and international regu
lations. This is the endeavor mankind must engage in. Our society has 
been able to organize itself to control other major threats like nuclear 
power or climate change. Why should the society not be able to do the 
same for pandemics? 
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Recherche pour le Développement and Aix-Marseille University. Other 
funding sources involved are the institutions of affiliation of each 
author: CIRAD (Centre de Coopération Internationale en Recherche 
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