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Abstract

The causative agent of COVID-19 SARS-CoV-2 has led to over 4 million deaths world-

wide. Understanding the origin of this coronavirus is important for the prevention of

future outbreaks. The dominant point of view that the virus transferred to humans

either directly from bats or through an intermediate mammalian host has been chal-

lenged by Segreto and Deigin, who claim that the genome of SARS-CoV-2 has certain

features suggestive of its artificial creation. Following their response to our commen-

tary, here we continue the discussion of the proposed arguments for this hypothesis.

We show that neither the existence of a furin cleavage site in SARS-CoV-2, nor the

presence of specific sequences within the nucleotide insertion encoding that site are

evidence for intelligent design. We also explain why existing genetic data, viral diver-

sity and past human history suggest that a natural origin of the virus is the most likely

scenario. Genetic evidence suggesting otherwise is yet to be presented.
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INTRODUCTION

More than a year after the start of the COVID-19 pandemic, the ori-

gin of SARS-CoV-2 remains a widely discussed topic. Some proponents

of the lab origin hypothesis including Segreto and Deigin have claimed

that the genome of the coronavirus (CoV) has certain features “which

could be consistent with a lab origin”, including (i) the similarity of the

SARS-CoV-2 backbone and receptor binding domain (RBD) with the

backboneof batCoVRaTG13andRBDof pangolinCoVMP789 respec-

tively, and (ii) the presence of a 12 nucleotide insertion that resulted

in a formation of S1/S2 furin cleavage site (FCS).[1,2] Even though the

authors themselves admit that these observations are also consistent

with the scenario of natural emergence, that is, “the genetic structure

of SARS-CoV-2 is consistent with both natural or laboratory origin”,

they use it as an argument for the hypothesis of SARS-CoV-2 artificial

creation.

Abbreviations: CoV, coronavirus; RBD, receptor binding domain; FCS, furin cleavage site;

WIV,Wuhan Institute of Virology; nt, nucleotide

This line of argumentation appears to be scientifically invalid since

any genetic structure of the virus would be consistent with some sce-

nario of laboratory engineering. Even if one finds a natural reservoir

with a close relative of the original Wuhan SARS-CoV-2 strain demon-

strating 99.8% genome similarity, one could still claim that the remain-

ing ∼60 mutations in the genome were introduced in theWuhan Insti-

tute of Virology (WIV). Therefore, given that the discovery of a com-

plete clone of one of the earliest SARS-CoV-2 representatives is highly

improbable, the general hypothesis that the virus has been modified

in the lab doesn’t appear to be falsifiable and therefore doesn’t meet

the necessary criteria for scientific hypotheses sensu Popper, unless a

very specific scenario is presented.[3] In contrast, the natural evolution

scenario can be falsified by both genetic sequence analysis and formal

investigations.

In addition, the hypothesis of natural origin has a higher prior prob-

ability given past human history as well as present viral abundance

and diversity. Indeed, among more than 80 viral emerging infectious

diseases since 1940 none have been caused by a genetically modi-
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fied virus,[4], and only one, the 1977 Russian flu pandemic, is spec-

ulated to have originated in the laboratory through a live-vaccine

trial,[5] although no complete evidence for this scenario has been

established.[6] To date there are over 200 known circulating viruses

that infect humans, none of which are a result of genetic engineering

and only one—the Marburg virus—has leaked from a lab prior to being

described.[7] Remarkably, even in the latter case the infectious agent

has originated in nature without laboratory manipulations. Finally, it

is estimated that currently wildlife harbors hundreds of thousands of

viruses with zoonotic potential, orders of magnitude more than any

laboratory.[8]

In this regard, to be considered plausible, the hypothesis of lab ori-

gin of SARS-CoV-2 should be accompaniedwith a specific scenario and

strong arguments that would significantly favor it over the more prob-

able and parsimonious hypothesis of natural origin. Aswe demonstrate

below, no such arguments have been provided by Segreto and Deigin

in their initial manuscript and response to our commentary.[9] Mean-

while, the evidence in favor of SARS-CoV-2 natural origin has been

growing and is reviewed elsewhere.[10]

POINTS OF DISAGREEMENT WITH THE SEGRETO /
DEIGIN HYPOTHESIS

1. In our criticism of Segreto’s and Deigin’s lab leak hypothesis we

provided a bioinformatic analysis, showing that SARS-CoV-2 could

not have been made from coronaviruses RaTG13 and MP789. The

authors responded that: “we never claim that RaTG13 itself is a

‘proposed ancestor’ or the backbone used for a possible construc-

tion of SARS-CoV-2″ and emphasized that their hypothesis was

about a “RaTG13-like backbone and an RBD from a MP789-like

pangolin CoV”.[2]

Although the authors didn’t claim that RaTG13 itself was an ances-

tor of SARS-CoV-2 in their article in Bioessays, they explicitly and

repeatedly stated that in other resources, including their online blogs:

“AndCoV2 is an obvious chimera (though not nesessarily a lab-made

one), which is based on the ancestral bat strain RaTG13, in which the

receptor binding motif (RBM) in its spike protein is replaced by the

RBM from a pangolin strain, and in addition, a small but very special

stretch of four amino acids is inserted, which creates a furin cleav-

age site that, as virologists have previously established, significantly

expands the “repertoire” of the virus in terms of whose cells it can

penetrate”.[11]

Remarkably, the blog post hasn’t been corrected after our commen-

tary as we are writing this response.

In contrast with this detailed hypothesis, Segreto’s andDeigin’s arti-

cle in BioEssays contains no definition of RaTG-13-like or MP789-like

viruses, allowing for multiple interpretations.[1] After all, SARS-CoV-

2 itself has an over 96% nucleotide identity to RaTG13 and therefore

couldbe considered “RaTG13-like”. In this case thehypothesis becomes

trivial: SARS-CoV-2was created from SARS-CoV-2.

For this reason, in our response we divided this hypothesis into two

more specific scenarios:

1. SARS-CoV-2 was made from viruses that are nearly identical to

RaTG13 andMP789.

2. SARS-CoV-2 was made from two other distinct and still unpub-

lished viruses.

We then provided arguments against both scenarios.

The first scenario is not consistent with the bioinformatic analy-

sis provided in our original commentary, which still holds true for all

RaTG13-like and MP789-like viruses discovered since 2013 with at

least ∼98% nucleotide identity. Moreover, since the start of the pan-

demic, new naturally occurring coronaviruses such as RacCS203,[12]

RpYN06,[13] PrC31,[14] and RmYN02[15] have been discovered that

are more similar to SARS-CoV-2 in their polyprotein 1ab genomic

sequences than RaTG13. Remarkably, several coronaviruses recently

found in horseshoe bats in Laos share RBDs, which are more sim-

ilar to that of SARS-CoV-2 based on both nucleotide (93.6% sim-

ilarity) and amino acid (97.4% similarity) sequences compared to

RBDs of RaTG13 (85.5% and 89.2%, respectively) and MP789 (86.6%

and 96.9%, respectively).[16] Finally, one of these bat coronaviruses,

BANAL-52, demonstrates even higher overall genome similarity with

SARS-CoV-2 (96.8%) than RaTG13 (96.2%). This provides the most

conclusive evidence that known viruses from WIV cannot be viewed

as SARS-CoV-2′s templates. It is understandable why this first sub-

hypothesis is especially appealing to laboriginproponents: the fact that

RaTG13 has been identified by researchers from the WIV provides an

additional link between the lab and the pandemic. But this scenario

appears to be implausible.

The second scenario assumes that scientists at the WIV com-

bined two undescribed coronaviruses, which are relatively distinct to

RaTG13 and MP789 (> 2% nucleotide difference) but share higher

similarity with the backbone and RBD encoding fragment of SARS-

CoV-2, respectively. Although this assumption could be true, it is less

probable than the hypothesis of natural recombination between the

unknown coronaviruses, given the much higher prevalence of coro-

naviruses and recombination events in bat populations compared to

laboratories.[8,17] Moreover, since naturally occurring coronaviruses

with higher similarity to SARS-CoV-2within bothbackbone andRBDat

the same time have been recently discovered in Laos, the hypothesis of

artificial “recombination” between twounknownvirusesbecomeseven

less plausible. In the end, this scenario of SARS-CoV-2 creation appears

to be less parsimonious than the hypothesis of a laboratory leak of a

naturally evolved virus or a natural spillover.

Thus, both scenarios of SARS-CoV-2 construction fromtheRaTG13-

like and MP789-like CoVs are not supported by available genomic

data for relative coronaviruses and are further weakened by new

discoveries.[16] Moreover, Boni et al. have argued that under the

most parsimonious scenario of S protein evolution the RBD of SARS-

CoV-2, it is the RBD of RaTG13 that has emerged as a result of

recombination.[18]
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2 On the other hand, the genetic similarity of SARS-CoV-2with other

coronaviruses appears to be completely consistentwith the hypoth-

esis of its natural origin. Specifically, we observed similar substitu-

tion patterns distinguishing nucleotide sequences of SARS-CoV-2

and SARS-CoV from their closest described bat relatives RaTG13

and Rs4231.[19] While this analysis does not exclude all of the

numerous proposed scenarios of SARS-CoV-2 intelligent design, it

suggests against the use of artificially acceleratedmutagenesis dur-

ing SARS-CoV-2 evolution prior to the pandemic. For example, the

guanosine analog ribavirin mutagen specifically increases the rate

of C>U andG>A transitions.[20]

The RBD of SARS-CoV-2 was also shown to bind ACE2 receptors

of bats, which makes the scenario of its emergence in these animals

plausible. Commenting the hypothesis of bat origin of SARS-CoV-2,

Segreto and Deigin state that the RBD of the coronavirus is “peculiar

because it is characterized by a very high binding affinity to the human

ACE2 receptor, but it binds poorly to the bat ACE2 receptor”.[2] How-

ever, the reference used by the authors to support this claim is not an

experimental study but a computational analysis of SARS-CoV-2 bind-

ing to various vertebrate ACE2 receptors.[21] Moreover, several cru-

cial experimental studies conducted afterwards appear to challenge

this claim. Yan et al. used an infectious assay to show that the ACE2 of

25 out of tested 46 bat species supports SARS-CoV-2 entry and that

for several bat species the infection rate was comparable to human

ACE2.[22] Schlottau et al. also showed transient infection and virus

transmission after SARS-CoV-2 exposure in a species of fruit bats.[23]

In addition, the adaptation of bat coronavirus RBD to the human

ACE2receptordoesn’t seemtobeanunlikely event. For example, itwas

shown that a single T403R mutation in RaTG13 spike protein allows

this bat coronavirus to utilize the humanACE2 receptor for infection of

human cells and intestinal organoids.[24] Thus, naturally occurring sar-

becoviruses can easily change their preference over ACE2 receptors of

different hosts. This is further confirmed by the discovery of naturally

occurring bat coronaviruses in Laos,which shareRBDshighly similar to

that of SARS-CoV-2. Remarkably, their spikes have been shown to bind

thehumanACE2receptor and infect humancells in apseudovirus entry

assaywith the efficiency comparable to SARS-CoV-2Wuhan strain.[16]

Therefore, the higher affinity of SARS-CoV-2 to the human cells com-

pared to somebat species appears to be consistentwith the hypothesis

of bat origin of the coronavirus with the subsequent tuning of its RBD

to the new host.

3 In our initial analysis of Segreto’s and Deigin’s hypothesis we have

pointed out that their finding of a FauI site in the 12-nt FCS insertion

encoding sequence is indistinguishable from a random coincidence

because there are many possible commercially available restriction

sites and there is a high probability (∼99.5%) of finding at least

one position cut by some enzyme in a nucleotide fragment of this

length.[9]

In their response Segreto and Deigin provided several alternative

analyses of this probability based on a number of assumptions that are

different from ours such as limiting the search to restriction enzymes

that recognize 5 bp or larger sequences. In the end, the authors con-

cluded that we have “underestimated the probability of a 12-nt inser-

tion not containing a 5+ restriction enzyme cut site by 2 orders of

magnitude: rather than the 0.5% implied by their [our] calculation, the

actual probability is around 50%”.[2]

Wecoulddiscusswhich statisticalmodels andassumptionsaremore

reasonable in the given circumstances. However, this is not necessary,

since the smallest probability achieved by Segreto and Deigin in their

own calculation (p= 0.468) is still far higher, by an order of magnitude,

than the relaxed threshold (p = 0.05) used to reject the null hypothe-

sis in statistical analysis. In this case, the null hypothesis is that the FauI

restriction site has emerged in the 12-nt insertion by coincidence, and

Segreto’s and Deigin’s statistical analysis provides no significant devia-

tion from this scenario.

Thus, the authors themselves have confirmed our thesis that the

finding of some restriction site in a 12-nt fragment is consistent with

random coincidence. Therefore, it shouldn’t be used as an argument

for the scenario of artificial construction of SARS-CoV-2, in the same

way as two “heads” or “tails” in a row do not suggest that a coin is

biased.

Segreto and Deigin also speculate that “the FauI site is notable for

its unique property which enables it to be used to screen precisely

whether the two arginines (R) in the newly created RRAR polybasic

cleavage site are still present, as FauI’s recognition sequence is created

by the CGGCGG codons coding for RR”.

This argument seems to be incorrect, since the FauI recognition

sequence in the SARS-CoV-2 FCS (CGG-CGG-GCA-CGU) consists of

five nucleotides starting from the 3rd letter of the first CGG codon (G-

CGG-G). As a result, numerous point mutations in the first CGG codon

leading to the substitution of arginine to other amino acids would

leave FauI recognition site unchanged, making it useless for the screen-

ing of the RRAR polybasic FCS (e.g., GGG-CGG-GCA-GGU encoding

for GRAG sequence would still be recognized by the FauI restriction

enzyme).

4 Following the discussion of the FauI site in the 12-nt FCS inser-

tion sequence, Segreto and Deigin note that “CGG codons are the

rarest codons to code for arginine in SARS-CoV-2 and its related

CoVs, unlike in humans where they are the most frequent”. How-

ever, this observation doesn’t appear to support the hypothesis of

the FCS design in the lab either, since the authors have not provided

any examples of the use of CGGCGG codons within artificial furin

cleavage sites.

Moreover, known examples of FCS designed in the labs were pref-

erentially introduced by substitutions rather than insertions and were

based on the canonical R-X-[R/K]-R furin motif considered to be

consensus.[25–27] This does not match the RRAR site found in SARS-

CoV-2. The SARS-CoV-2 FCS is also different from those present in

other well studied coronaviruses, such as HKU1[28] and MERS,[29] the

use of which would be reasonable from an experimental perspective,

unlike the use of the previously undescribed RRAR.
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At the same time, various FCS have emerged independently multi-

ple times in the natural history of coronaviruses, indicating that such

events are not rare. Natural generation of novel multibasic cleavage

sites via insertions have also been reported for other viruses, such as

H5 andH7 influenza viruses.[30–32]

Although the CGG codon is rarely used by the sarbecoviruses,

the naturally occurring Rabbit coronavirus HKU14 (NCBI Reference

Sequence: NC_017083.1) also has a CGGCGG sequence encoding two

arginines, demonstrating that such coding sequences can emerge in

beta coronaviruses in nature. Moreover, if the 12-nt sequence was

acquired as an insertion via template switch, the source CGGCGG

nucleotideswere not required to code for arginines, because theywere

not necessarily in frame. This scenario seems plausible, since it has

been shown that insertions are not infrequent in SARS-CoV-2 and that

“although this insert has a high GC-content compared to the genomic

average of SARS-CoV-2, it falls within the GC-content range of the

long inserts’’ and is located within 20 nucleotides of a template switch

hotspot at position 22 582.[33]

Furthermore, Holmes et al. reported that “both CGG codons are

more than 99.8% conserved among the > 1,800,000 near complete

SARS-CoV-2 genomes sequenced to date,”[10] suggesting that these

codons are preserved by stabilizing selection and, therefore, may be

associated with high fitness. In this regard, the FCS insertion structure

appears to be well consistent with the hypothesis of natural origin and

subsequent evolution-driven codon optimization.

In the end of their response to our commentary, Segreto and Deigin

state that “the out-of-frame insertion of the furin cleavage site is not

proven to be natural”.[2] It is important to reiterate that there is noway

to prove something is natural based on genetic sequence alone, since

one can reproduce any naturally occurringmutation in a lab setting. As

we have pointed out in our initial response, it is not unusual for inser-

tions with the length of a multiple of three nucleotides to emerge in

viral protein-coding sequences even if they occur in themiddle of exist-

ing codons, because they do not cause a frameshift in the original viral

protein coding sequence.[9,34] Such cases have been observed even for

some strains of SARS-CoV-2. Since the start of the pandemics, more

than 20 long insertions in the coronavirus genome have been identi-

fied, some of which are even bigger than the 12-nt FCS insertion and

have also resulted in a codon split.[33]

CONCLUSIONS

The genetic features of SARS-CoV-2 described by Segreto and Deigin,

includingnucleotide sequence similarity to several other coronaviruses

and the presence of a 12-nt FCS insertion, do not favor artificial cre-

ation over natural evolution. The majority of arguments presented by

the authors appear to be severely flawed. Some observations, such as

the use of a non-canonical furin cleavage site, poorly fit the lab ori-

gin scenario, thus providing additional support for SARS-CoV-2 natural

emergence. Past human history and present viral diversity in wildlife

also suggest a higher prior probability of the virus’s natural origin com-

pared to intelligent design. Taken together, this allows us to conclude

that natural emergence remains the most plausible scenario of SARS-

CoV-2 origin and evidence to the contrary is yet to be presented.
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