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Abstract

The origin of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the
subject of many hypotheses. One of them, proposed by Segreto and Deigin, assumes
artificial chimeric construction of SARS-CoV-2 from a backbone of RaTG13-like CoV
and receptor binding domain (RBD) of a pangolin MP789-like CoV, followed by serial
cell or animal passage. Here we show that this hypothesis relies on incorrect or weak
assumptions, and does not agree with the results of comparative genomics analysis.
The genetic divergence between SARS-CoV-2 and both its proposed ancestors is too
high to have accumulated in a lab, given the timeframe of several years. Furthermore,
comparative analysis of S-protein gene sequences suggests that the RBD of SARS-CoV-
2 probably represents an ancestral non-recombinant variant. These and other argu-
ments significantly weaken the hypothesis of a laboratory origin for SARS-CoV-2, while
the hypothesis of a natural origin is consistent with all available genetic and experimen-
tal data.
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this hypothesis cannot be evaluated by analyzing the genetic and

phenotypic properties of the virus. Such a leak can only be established

The recent article by Segreto and Deigin advocates the hypothesis of
artificial chimeric origin of SARS-CoV-2.[1] According to the authors’
thesis, the virus “could have been synthesized by combining a backbone
similar to RaTG13 with the RBD of CoV similar to the one recently iso-
lated from pangolins,” followed by serial cell or animal passage. Here
we show that the few supportive arguments presented in that work
rely on improbable or incorrect assumptions, while important weak-
nesses of the hypothesis are completely ignored.

We wish to make explicit that our comment is not about whether
SARS-CoV-2, regardless of its origin, leaked from a laboratory:

Abbreviations: RBD, receptor binding domain; CoV, coronavirus; WIV, Wuhan Institute of
Virology

by investigating the lab in question. Our comment is about the possible
biological origins of SARS-CoV-2 in the light of evidence provided by

comparative genomics approaches.

POINTS OF DISAGREEMENT WITH THE
SEGRETO/DEIGIN HYPOTHESIS

1. The first major problem with Segreto’s and Deigin’s hypothesis is the
significant divergence between the genome sequence of SARS-CoV-2
and its proposed ancestor RaTG13. The RaTG13 genome shares only
96.2% similarity with SARS-CoV-2.[2] The estimated divergence time-
point between these two viruses is between 1948 and 1982, indicating
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FIGURE 1

Relative frequencies of different single nucleotide substitutions, which distinguish SARS-CoV-2 (red) and SARS-CoV (blue) from

their bat relatives (RaTG13 and Rs4231, respectively).l”] Differences across substitution frequencies are not significant, as assessed with

Pearson'’s chi-squared test (p = 0.12)

that the ancestors of SARS-CoV-2 have been circulating unnoticed for
decades.[3] If the RaTG13 genome had been used as the backbone for
the creation of SARS-CoV-2, the Wuhan Institute of Virology (WIV)
group would have needed to passage it in cells or animals for years to
accumulate 3.8% sequence divergence.

For example, the mutation rate of SARS-CoV during passages in cell
cultures was found to be 9 x 1077 substitutions per nucleotide per
replication cycle (approximately 12 h).l4] Serial passage of SARS-CoV
in animals resulted in comparable numbers. Following cultivation in
mouse lungs for more than 30 days, the coronavirus accumulated
only six nucleotide mutations (the divergence of 0.02%) after 15
passages.[5] Based on these mutation rate estimates, the accumulation
of 3.8% genetic difference via cell or animal passage would require
more than 15 years. It is fair to assume that SARS-CoV-2 has similar
mutation rates. Therefore, given that the RaTG13 virus was discovered
in 2013, the accumulation of 3.8% differences in this coronavirus by
2019 seems improbable.

It could be argued that certain laboratory techniques, such as the
use of the mutagenic compound ribavirin or inactivation of coronavirus
exoribonuclease activity, could be used to increase mutation rates dur-
ing the passage of SARS-CoV-2.141 However, to our knowledge, such
techniques have not been used previously to enhance coronavirus
adaptation. In addition, they seem to produce certain mutational
biases,[*¢] which are not presented in SARS-CoV-2 when compared to
other naturally evolved human-adapted coronaviruses.[”! Instead, we
observe similar relative frequencies of single nucleotide substitutions
distinguishing SARS-CoV-2 and SARS-CoV from their bat relatives

RaTG13 and Rs4231, respectively (Figure 1; Pearson's chi-squared
p-value = 0.12, based on data from!”!), which is consistent with the
hypothesis of natural origin of SARS-CoV-2.

2. The RBD of pangolin coronavirus MP789 could not have been
used for the creation of SARS-CoV-2 either. In their paper, Segreto
and Deigin state that “the MP789 pangolin strain isolated from Guang-
dong (GD) pangolins has an almost identical RBD to that of SARS-
CoV-2". This claim appears to be true only at the amino acid sequence
level. The genetic sequence similarity between MP789 and SARS-CoV-
2 RBD is only 86.6% (Figure 2), close to that between SARS-CoV-2
and RaTG13 RBDs (85.2%), and much lower than the overall genomic
similarity between SARS-CoV-2 and RaTG13 (96.2%). Cultivation of
the murine hepatitis virus (MHV) coronavirus in cell cultures for 5
years (600 passages) resulted in the accumulation of only 63 point
mutations across the whole S-protein gene, 8] while RBD sequences of
MP789 and SARS-CoV-2 are separated by 78 nucleotide substitutions.
Thus, accumulation of these differences in the lab would also require
years of cultivation, a highly unlikely scenario, given that the pangolin
CoV was discovered in 2019, the same year in which the COVID-
19 outbreak occurred.[?10] Moreover, almost all mutations that dif-
fer between RBDs of these viruses are synonymous, and thus cannot
be explained by site-directed mutagenesis. Therefore, neither RaTG13,
nor MP789 seem to be appropriate candidates for the artificial con-
struction of SARS-CoV-2, even if a subsequent passage in cells or ani-
mals is considered.

3. One of the arguments proposed by Segreto and Deigin in favor
of the artificial origin of SARS-CoV-2 is the low probability of natural



TYSHKOVSKIY ano PANCHIN

)
BioEssays-| **

cov pid 1 [ . . . . : . . . 80
1 SARS-CoV-2 100.0% 100.0% T.TT ClRIGLIGCCCIR A1 IGG GAAG R iR RIAACGCCcACC o T(eTTTT.T C
2 MP789 100.0% 86.6% T.TT CLUJALIGCCCi 111 1GG|IGAAG) 11 i ICAA TGCAACCAC CAYCLIGLLIIAY
3 RaTG13 100.0% 85.2% T-TT CLEJALIGTCCLi 111 1GGIGAAG) 1 1 i RIAACGCCACCAC CALICAGLERIA]I C
cov pid 81 . 1 . . . . : . 160
1 SARS-CoV-2 100.0% 100.0% JCAGCRAC G 1G] 1 1GCliGA 1A A A ARG CGCATICATR R c CACTR R AARG) 161 /AT IGGAG: Gy CLIC
2 MP789 100.0% 86.6% |JCAGT AAC|JG1IG| 1 IGC)IGAT R JAC ClTUACAAC)ICCACTYC TLRICLICAACA] i ICAAA |G LI CAC
3 RaTG13 100.0% 85.2% LI TAGCAAC] G116 1 IGC)IGA R IAC CLIAATIAATH | CCACTYICALE RIC TACCLAMIAAALIG) 1 A1 IGGAG) Gl CLiC
cov pid 161 . . . 2 . . . 240
1 SARS-CoV-2 100.0% 100.0% CLIA C{JARAG f TAAAS JGAG i L A C [JAAG 11GC G AR iCAGACAAA] i
2 MP789 100.0% 86.6% CARCCAAAC|AAA;GAIC TTT.(d 1IGC TIT-T. 1T LICAGACAAA| T
3 RaTG13 100.0% 85.2% CLIACTJAAAT IAAA; 1GA) IC LiLAC AAT] T LILLIGHGAL) LICAGACAAA|T
cov pid 241 : . . . . 3 . . 320
1 SARS-CoV-2 100.0% 100.0% ccc CARAC 1G] IGA 1 A pAAS 1 A JAVAAT  JA c CRGA 1GA 7 11 5 IACAGG C [ 1GC G AT TAGC B i
2 MP789 100.0% 86.6% CLICCAGGACAAACAGGAAGAAIRIGCY LIAA A CCTGA|JGA {1 ICACAGG T ARVAGC] B
3 RaTG13 100.0% 85.2% CGCCAGGACAAAC LILIGCLGAC | JACAA 1A CCAGAGAI | FIACTGGT, LIALAGC 1)
cov pid 321 . . : . . . . 4 400
1 SARS-CoV-2 100.0% 100.0% 3 iCi AR CRATiC CLIAAGG, 1| GG |GG JAA: AT AR R A CC (aT(d V.V (dd
2 MP789 100.0% 86.6% LICLAACAACC CLIAAGG) 11 |GG1 /GG JAA) 1 /AL IAA ClIACC CAACC|JCARACC
3 RaTG13 100.0% 85.2% JICLARGC GCABAAGAGGGCGG] IAA 1| TLAACATCYTUACCGTCLC AGCLIAATICLiTAAACCC
cov pid 4e1 . . . . : . . . 480
1 SARS-CoV-2 100.0% 100.0% T T.TT1e " .(e CCGG 1161 JAR; 1GGL G i TTTT. . TTCTT-(o
2 MP789 100.0% 86.6% 1IGAAC JRuICTAC CAAGCTGG) CCLGCAA GGG 1 TITT . .(&TTT
3 RaTG13 100.0% 85.2% T LA CLicRAC caagGcA CLIUGLIAA) GGY CAAACTGGYCLABATRIGCACHIAC
cov pid 481 . 5 . . . . : . 560
1 SARS-CoV-2 100.0% 100.0% CCiRACAATCAIAIGG inicCAACC 1GG11G1 1 1GG) 1 JACCIA C C i 1A C AGAG) jAG JAGLIACLARIC chi
2 MP789 100.0% 86.6% CCLICIACAA;(C LA} GG R ) CCACCC 11GG)1G) 1 IGG| R JACCAACCT LIAG) IAG AT (GLIC u
3 RaTG13 100.0% 85.2% CCACUTTATAGRYALIGGA ) TTACCC 1166116111 1GGI| CACCAACCTLATAGGGLIAGIIAGLIACIERIC
cov pid 561 . . ] 582
1 SARS-CoV-2 100.0% 100.0% CLACALIGCACC (e
2 MP789 100.0% 86.6% AAAGCACCTGCTAC
3 RaTG13 100.0% 85.2% CLAATIGCACC C

FIGURE 2 Multiple alignment of S-protein gene RBD sequences of SARS-CoV-2, Pangolin CoV MP789 and RaTG13

recombination between RaTG13- and MP789- related strains in
pangolins, “considering the low population density of pangolins and
the scarce presence of CoVs in their natural populations”. However,
many related strains of the pangolin coronavirus have been discovered
in bats.!?] Thus, such recombination events did not need to occur
in pangolins for SARS-CoV-2 to emerge. Instead, they could happen
in bats, followed by a transmission of the resulted virus to a new
host.

Segreto and Deigin state that “the most surprising observation was
that RaTG13, unlike SARS-CoV-2, is unable to bind ACE2 in R. macro-
tis bats, a close relative of RaTG13’s purported host, R. affinis (whose
ACE2 receptor has not yet been tested)”. However, in a recent work
it was shown that the ACE2 receptor of R. dffinis bats can effectively
bind and mediate the entry of both RaTG13 and SARS-CoV-2 viruses
in a pseudovirus assay.'!! Therefore, the recombination may have
occurred in cells of horseshoe bats. Notably, a high frequency of recom-
bination events has been shown between SARS-like bat coronaviruses
presumably involved in the emergence of SARS-CoV in 2002.112]

Finally, the authors failed to mention that a recent analysis of S-
protein gene sequences has demonstrated that it is more likely that
the RBD of RaTG13, not SARS-CoV-2, is the result of recombination,
and that RBDs of SARS-CoV-2 and pangolin MP789 represent the orig-

inal ancestral variant.I3] This claim is supported by the fact that genetic

divergence between MP789 and SARS-CoV-2 is similar throughout
most of the S-protein gene, while in the case of recombination at the
RBD site one would expect higher similarity in this fragment. This find-
ing also supports bat origin of SARS-CoV-2, further weakening the
hypothesis of its artificial chimeric construction.

4. Another argument proposed by Segreto and Deigin is based on
the presence of Faul restriction site in the SARS-CoV-2 12-nucleotide
insertion of the furin cleavage site that is important for the virus’s abil-
ity to infect human cells. The authors claim that this restriction site
may point to the artificial origin of SARS-CoV-2, because it “could allow
using restriction fragment length polymorphism (RFLP) techniques for
cloning or screening for mutations, as the new furin site is prone to
deletions in vitro”. However, the presence of a site recognized by some
restriction enzyme within a furin cleavage site does not provide evi-
dence for artificial origin, because such sites occur naturally, and the
prevalence of different restriction sites through the genome of SARS-
CoV-2 and other coronaviruses is rather high, as we will demonstrate
below.

Using NEBcutter,! 23] we’ve found that the 500-nucleotide sequence
around the Faul site discussed in the Segreto/Deigin paper includes
287 sites of restriction covering 180 different positions (Figure 3).
Therefore, each third nucleotide around this region, on average, may

be cut by some restriction enzyme, an observation that makes the
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FIGURE 3 500-nucleotide sequence map around the furin cleavage site with some of the restriction sites corresponding to commercially
available restriction enzymes. Sites cleaved with blunt, 5’-extended and 3’-extended ends are shown in red, blue, and green, respectively

probability of finding at least one restriction site within the

SARS-CoV-2 escaping from the lab, because in the latter case the pres-

12-nucleotide insertion of the furin cleavage site roughly ence of only one currently unknown virus in the WIV lab is required,
1- (%)12 ~ 99.5%. Therefore, its presence cannot be consid- while the hypothesis of artificial creation requires the existence of

ered an argument in favor of the artificial origin hypothesis, especially
considering that Faul restriction sites, to our knowledge, have not
been mentioned in any works related to cloning or mutation screening
of coronaviruses. There are no grounds on which to argue that this
restriction site within a furin cleavage site is more suspicious than
any other. The reasoning used by the authors is that of the Texas
Sharpshooter Fallacy—the emergence of a fortuitous event that is,
post hoc, used as evidence of causality or intent.

5. When discussing the origin of the furin cleavage site, Segreto and
Deigin claim that: “The insertion of the furin cleavage site in SARS-CoV-
2isnotinframe with the rest of the sequence, when compared with the
MP789 and the RaTG13 sequences. Therefore, it is possible to exclude
that such an insertion could have originated by polymerase slippage or
by releasing and repriming, because insertion mutations generated by
these mechanisms have been postulated to maintain the reading frame
of the viral sequence”.

Firstly, the length of the 12-nucleotide insertion discussed by the
authors is a multiple of three and, therefore, maintains the reading
frame of the S-protein gene. Secondly, the mechanisms of polymerase
slippage or releasing and repriming can produce insertions that are
“not in frame with the rest of the sequence” and split a certain codon in
two parts. Such examples are well known in influenza viruses.[14! Iron-
ically, one of the papers demonstrating these cases is referenced in an
article of David A. Steinhauer,!15] which Segreto and Deigin cite as an
argument against the possibility of such an event. In addition, the inser-
tion mutations can originate through other mechanisms, besides those
described by the authors. Therefore, there is no evidence that the 12-
nucleotide fragment of the SARS-CoV-2 furin cleavage site was intro-
duced artificially and did not, instead, emerge in nature.

6. The remaining unfalsifiable scenario of SARS-CoV-2’s artificial
origin assumes that the WIV used two unknown, unpublished viruses
for the chimeric construction of SARS-CoV-2. However, this hypoth-

esis is less parsimonious than the scenario of a naturally evolved

two unknown viruses in the same lab at once (one distinct relative
of RaTG13 with SARS-CoV-2 backbone and one distinct relative of
MP789 with SARS-CoV-2 RBD). Taking into account the much higher
prevalence of coronaviruses and recombination events in bat popu-
lations compared to laboratories, 1216l and the existence of a more
parsimonious hypothesis of SARS-CoV-2 origin that doesn’t require
the recombination at all,!3! the hypothesis of artificial “recombination”
between two unpublished viruses seems unlikely and violates the
principle of Occam’s razor.

7. At the end of their paper, the authors suggest that “genetic manip-
ulation of SARS-CoV-2 may have been carried out in any laboratory
in the world with access to the backbone sequence and the necessary
equipment and it would not leave any trace. Modern technologies
based on synthetic genetics platforms allow the reconstruction of
viruses based on their genomic sequence, without the need of a natural
isolate”. However, the same argument may be applied to any emerging
virus. Why focus only on SARS-CoV-2, when “the genetic structure of
H1N1/09 does not rule out a laboratory origin” would be another great
title?

CONCLUSIONS

In summary, the hypothesis of artificial creation of SARS-CoV-2 pro-
posed by Segreto and Deigin is not supported by evidence. Additionally,
it does not agree with a number of findings based on genetic analysis
of SARS-CoV-2 and its relatives. The scenario of chimeric virus com-
bined from RaTG13 and MP789 strains seems incompatible with the
high genetic divergence between these coronaviruses and SARS-CoV-
2. The scenario of SARS-CoV-2 synthesis from two still unpublished
viruses is not amenable to a test of falsification, as a formal hypoth-
esis should be; furthermore, it does not seem to be likely, given the

much higher prevalence of unknown coronaviruses and recombination
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events in the wild. Moreover, Segreto’s and Deigin’s hypothesis is sig-
nificantly weakened by a recent analysis of S-protein gene divergence
suggesting that the most likely explanation for SARS-CoV-2 origin
doesn’t require recombination at all, neither in nature, nor in the lab.[3!
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