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Abstract

Mutations in 22 major SARS-CoV-2 variants before June 2023 are investigated. It is found that mutation spectra
of spike (surface glycoprotein) in Alpha and Delta variants are deviant from the normal human SARS-CoV-2
mutation spectrum with statistical significance. Sudden surges of G614D mutation, a reversion of the earliest and
the most dominant point mutation in SARS-CoV-2, are observed in the non-early periods of Delta and Omicron
BA.2 prevalence, which does not agree with the expectation of natural evolution. Outstanding number of unique
pure reversion mutants consisting only of reverse mutations are observed in the beginning of Omicron BA.1
prevalence, many of which can emerge only through a large amount of recombination. Community spread can

hardly cause these probabilistically and chronologically anomalous mutation patterns.
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Introduction

Many variants of concern (VOCs) have emerged one after another since the first outbreak of SARS-CoV-2 in the
end of 2019. One of the most conspicuous features of VOCs in the early stage of the pandemic is independence,
where the surface glycoprotein (spike protein) of each VOC has few mutations in common. Another feature worth
mentioning is the strong bias towards nonsynonymous (N) mutations over synonymous (S) mutations in the spike
protein. Especially, the early strains of the Omicron variant had about 30 or more N mutations in the spike protein

alone [1] while it had only one S mutation.

The independence of mutations among the VOCs have been discussed from various perspectives. The Alpha
variant (B.1.1.7), which was the earliest VOCs of all, had many mutations that had not been observed before in
the minor variants of the original Wuhan strain, which was speculated to have been caused by incubation in an
immune-compromised patient [2]. Hassan et al. surveyed mutations in various VOCs across the continents to find

that many mutations were specific to each location [3], which could cause emergence of independent mutations.

Phylogenetic analysis shows that the Omicron variant did not emerge from the other precedent VOCs [4]. Some
discuss that the possible origins are either unknown human population under strong selective pressure to escape
from vaccine-induced immune response, incubation in an immunocompromised patient, or evolution in a non-
human host before spilling over back to human [5,6]. However, the highly vaccinated populations, who usually
reside in medically advanced countries, are basically well-monitored, which means that evolution accompanying
many mutations without being noticed is practically impossible. As for the incubation in an immunocompromised
patient, the count of mutations observed so far is around 10 or fewer [7-9], which is not comparable to that observed

in the Omicron variant.

The most wide-spread metric to evaluate selective pressure is dN/dS (Ka/Ks), which compares N mutations to S
mutations [10,11]. Wei et al. argue that dN/dS as high as 6.64, which is observed in the spike protein of the Omicron
variant, is extremely unlikely to emerge in an immunocompromised patient [12]. Mutation of virus can have a
dN/dS value much higher than unity only when the virus spreads among multiple species [13]. Indeed, even the
HIV-1 regulatory gene tat, which is known for its high selective pressure, has around 1.5 dN/dS ratio in the human
population [14]. In SARS-CoV and SARS-CoV-2, dN/dS is usually smaller than 1 [15].

Wei et al. insist that the Omicron variant has evolved in mice [12], which is followed by Zhang et al. [16]. It is
known, however, that the original strain of SARS-CoV-2 does not infect mice [17]. Therefore, it is unlikely that
an early strain of SARS-CoV-2 infected from human to mice and back from mice to human under a natural
environment. It should also be noted that a strain adapted to an animal with a long incubation period could not
infect human better than the variants evolved in human-to-human transmission from the early stage of its
emergence. Kakeya et al. indicate that a lab origin of the Omicron variant is likely [18], possibly caused by a spill-
over from humanized mice [19]. Arakawa suggests that other variants can also have lab origins considering the

consistently high dN/dS ratio [20].



Many lab-leak accidents have happened historically and the number of them has been increasing due to the recent
spread of genetic engineering [21,22]. In the end of 2021, a researcher in Taiwan was bitten by a mouse in a
biosafety level 3 laboratory and was infected with the Delta variant of SARS-CoV-2, spreading the disease around
without noticing [23]. In this case, the incident was confirmed as a lab leak because the virus infection in Taiwan
had been subdued due to a strict quarantine policy, which made it easier to identify the researcher as the source of

infection. If a lab leak takes place in a city populated with many infected patients, it quite likely remains unnoticed.

After the emergence of No See’m technology [24], apparent traits of artificial genetic modification cannot be found
even if a newly detected virus is a product in a laboratory. However, statistical analyses can show that an emergent
virus is highly likely a product in a laboratory when the mutation pattern is significantly deviant from the

expectation of natural occurrences.

As for the original strain of SARS-CoV-2, deviation from natural occurrence has been discussed based on the
phylogenetic trees comparing SARS-CoV and SARS-CoV-2 [15], affinity of the receptor binding domain to the
ACE2 receptors of humans compared with those of other animals [25], insertion of unique furin cleavage site at
the S1/S2 junction not known in any other sarbecoviruses except for SARS-CoV-2 [26], analyses of pentapeptides
presumed to be the principal targets of T-cell non-self recognition [27], and the allocations of Bsal/BsmBI
restriction sites [28]. Though a couple of studies supporting the zoonotic origin of SARS-CoV-2 were published
from the viewpoints of early mutations and locations at the onset of the outbreak [29,30], allegation of sampling

bias was made against both studies in the following publications [31,32].

For fair evaluation on the origin of SARS-CoV-2 and its variants, large scale analyses are needed from various
perspectives. In the present study, the authors apply statistical methods from multiple viewpoints to the mutations

in the major variants of SARS-CoV-2 to evaluate the possibility of lab leaks during the COVID-19 pandemic.

Methods

We applied the following four analyses to the variants of SARS-CoV-2. For the analyses, the surface glycoprotein
data of 22 VOCs were downloaded from NCBI (National Center for Biotechnology Information) GenBank in June
2023. To save computational cost, protein sequences including deletion and insertion were removed from the
analyses. The reads were not complete in some of the sequences registered in the database. The missing part was
filled with the consensus sequence in the following analyses. The names of the 22 VOCs and the numbers of

sequences used for the following analyses are listed in Table 1.

Table 1. The VOCs analyzed in this paper and the count of protein sequences in the data set of each VOC.

B.1.1.7 B.1.351 P.1 B.1.617.2 C37 B.1.621 BA.1 BA.1.1.18 | BA.2 BA.23 BA.2.9
181878 | 3094 17172 | 34586 1047 3715 50522 | 43423 | 107198 | 30559 15197
BA2.12.1 | BA4 BA4.1 BA4.6 BA.S BA.5.1 BA.52 BA.5.6 BQ.1 BQI.1 XBB.1.5
150965 5740 21191 22217 4036 30958 | 39589 19669 13686 | 28292 | 58409




In the first analysis, spectra of 12 kinds of point mutations (four nucleotides to the other three nucleotides) in the
spike consensus sequence of Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), Lambda (C.37),
and Mu (B.1.621) variants from the original Wuhan spike sequence were obtained. The obtained mutation spectra

were compared with that of SARS-CoV-2 mutations in humans [33].

In the second analysis, the ratio of reverse mutation G614D and the ratio of mutations to basic amino acids in the
spike protein were calculated in the 22 VOCs. Increase of basic amino acids enhances the affinity of spike to cell
membrane, which is charged negatively. It is known that D614 is stable in bats for long and in cell cultures for a
certain period of time, while G614 is competent in human-to-human transmission [34], which makes extinction of
D614 inevitable. Indeed, D614G is known to be the first major mutation observed in the original Wuhan strain

[34,35]. Therefore, a surge of G614D reversion means something unnatural is taking place.

In the third analysis, unique mutants comprising only reverse point mutations to the original Wuhan strain and no
other point mutations, which we call “pure reversion” in this paper, were counted in each VOC. The distributions
in the number of reverse point mutations were compared among the VOCs and mutation patterns of pure reversion

were analyzed.

In the fourth analysis, time sequences of emergence of G614D and unique pure reversion were compared with
those of total registered sequences in each VOC. Sampled locations of G614D and unique pure reversion in the

peak of emergence were extracted and mapped.

Results

Mutation spectra of the spike consensus sequences of Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta
(B.1.617.2), Lambda (C.37), and Mu (B.1.621) variants, counting mutations from the original Wuhan spike
sequence to the spike of each VOC, are compared with that of SARS-CoV-2 mutations in humans [33] in Fig. 1.
The results of G-tests show the mutation spectra of Alpha and Delta variants are different from that of human
SARS-CoV-2 with statistical significance (p = 0.048 and p = 0.0089 respectively), while those of Beta, Gamma,
Lambda, and Mu variants are not significantly different from that of human SARS-CoV-2 (p = 0.655, p = 0.739,
p=0.767, and p = 0.101 respectively).

The counts of G614D reverse mutations divided by the counts of all mutations (ratio A) and those divided by the
total numbers of sequences (ratio B) are summarized for the 22 VOCs in Fig. 2. With regards to ratio A, BA.2 has
the highest value. This value or higher is attained with the probability of 1.4 X 10~ under the normal distribution
based on the data of 22 VOCs. With regards to ratio B, B.1.167.2 has the highest value. The probability of reaching
this value or higher is 7.6 X 10~ under a normal distribution. Thus, frequency of G614D mutations in B.1.167.2
and BA.2 has a statistically significant difference from the other VOCs.

The counts of mutations to basic amino acids divided by the counts of all mutations in the 22 VOCs are shown in
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Fig. 3, where B.1.167.2 has the lowest value. This value or lower is attained with the probability of 4.9 X 10-3 under
a normal distribution, meaning that a statistically significant difference exists between B.1.617.2 and the other
VOCs.

3000

IS

2500

w

\S]
= N
[54) o
o o
o o

Count of Mutations

[uey

1000

@U@JMGUWLJ mmeca i

C>A G>c €6 psc 0 - B m 0=
>
UG AsU s C>U G>A A>G U>C G>U C>A G>C C>G A>C U>G A>U U>A
W Alpha Beta Gamma M Delta Lambda Mu Human SARS-CoV-2 (Data from Shan et al, 2021)

Count of Mutaions

Figure 1. Mutation spectra of Alpha, Beta, Gamma, Delta, Lambda, and Mu variants (left) compared with the
mutation spectrum of human SARS-CoV-2 (right) [33].
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Figure 2. Counts of G614D reverse mutations divided by the counts of all mutations (left) and divided by the total
numbers of sequences (right) in 22 SARS-CoV-2 VOCs.
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Figure 3. Counts of mutations to basic amino acids divided by the counts of all mutations in 22 SARS-CoV-2
VOCs.



Next, the spike protein sequences that have unique combinations of pure reversion, comprising only reverse point
mutations to the original Wuhan strain and no other point mutations, were extracted for each VOC (Fig. 4). Here,
the number of reverse point mutations included in each unique pure reversion strain is also surveyed and the counts

of unique pure reversion mutants are plotted separately by the number of mutations.

The count of unique pure reversions divided by the total number of sequences has the highest value in BA.1, where
the probability given by the normal distribution based on the data of 22 VOC:s hitting this value or higher is 4.3 X
10-3. When compared only among the series of Omicron variants (from BA.1 to XBB.1.5), all of which have
similar or more mutations in the spike protein than BA.1 does, the high value of BA.1 is still significant, the
probability hitting this value or higher being 6.4 X 10-. BA.1 has more unique pure reversion mutants that have

many reverse point mutations, which increases the total number of unique pure reversions.

The positions of mutations in the pure reversion mutants of BA.1 that comprise two, three, four, and five point
mutations are shown in Fig. 5. As this figure shows, the positions of mutations are scattered all across the spike
sequence, where the positions of mutations are often apart from one another, meaning the pattern cannot be

generated with a small number of recombination events.
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Figure 5. The positions of mutations in the pure reversion mutants of BA.1 that comprise two, three, four, and five
point mutations (shown with red rectangles). The yellow row shows the numbers of amino acids in spike, where
the existence of single reversion of the amino acid is expressed with bold red numbers.
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In Fig.2, G614D reversion is observed in B.1.617.2 and BA.2 more often than other strains with statistical
siginificance. Monthly counts of G614D reversions in the first emergence and all sequences in B.1.617.2 and BA.2
are compared in Fig. 6. As for BA.2, monthly counts of unique pure reversions are also compared. The figure
shows that the peaks of G614D sampling come after the peaks of whole sampling both in B.1.617.2 and BA.2.
The peak of pure reversions in BA.2 comes at the same timing as that of G614D, though the rise of the former

precedes that of the latter.

The positions of mutations in the pure reversion mutants of BA.2 comprising two mutations are shown in Fig. 7.
As this figure shows, more G614D reversions are observed compared with BA.1, while reversions at the 440th

amino acid also stands out.
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Figure 6. Monthly counts of G614D reversions and all sequences in B.1.617.2 (left) and BA.2 (right). As for BA.2,

monthly counts of unique pure reversions are also plotted.
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Monthly counts of unique pure reversions in the first emergence and all sequences in BA.1, BA.1.1.18, BA.2.12.1,
BA.5.2,BQ.1.1, and P.1 are compared in Fig. 8. The peak of pure reversion in BA.1 is peculiar, for it precedes the
peak of the whole sampling, where the peaks of pure reversion in the other Omicron variants shift rightwards
(later) as time passes from the emergence of BA.1. In BQ.1.1, the surge of pure reversion almost matches the surge

of whole sampling, which also holds true in P.1.
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Figure 8. Monthly counts of unique pure reversions and all sequences in BA.1, BA.1.1.18, BA.2.12.1, BA.5.2,

BQ.1.1, and P.1 As for BA.1.1.18, monthly counts are divided into the first half and the second half of the month.
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Locations of G614D detection at the peak of its emergence in B.1.617.2 (November 2021) and in BA.2 (May
2022) are shown in Fig. 9. The counts of sampling are shown in the map of the United States, for most of the
G614D sequences were sampled in the United States (all 39 in B.1.617.2 and 48 out of 55 in BA.2, where 23 BA.2
data lack registration of state name). The heatmap shows that B.1.617.2 has its epicenters around Michigan, while

BA.2 has its epicenters around New Jersey.

Locations where unique pure reversion strains were detected at the peak of its emergence in BA.1 (December
2021) are shown in Fig. 10. Here again, most of pure reversion sequences of BA.1 were sampled in the United
States (235 out of 239, where 28 data lack registration of state name) and the heatmap shows the epicenter is

around New York and New Jersey.
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Figure 9. Heatmaps of G614D detection at the peaks of its emergence for B.1.617.2 (November 2021) and BA.2

(May 2022).
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Figure 10. Heatmap expressing detection of BA.1 unique pure reversion at the peak of its emergence (December
2021).

Discussion

From the mutation spectra (Fig. 1), Alpha and Delta variants are deviant from the normal human mutation, which
means that they are not likely the products of incubation in humans. While a previous study speculates that Alpha
variant may have originated from an immunocompromised patient [2], it bears the spike mutation N501Y, which

enables SARS-CoV-2 to infect mice and is widely used for experimental purposes in laboratories to test the
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effectiveness of medicines and vaccines against SARS-CoV-2 [36]. Though N501Y is also known to enhance
ability to bind to human ACE2 receptors [37], which can be selected positively in humans, a possibility that a
mutant grown to infect mice for experimental purposes escaped from a laboratory is worth investigating

considering the mutation spectrum obtained in this study.

The mutation spectrum of Delta variant is farther away from the normal human mutation (p = 8.9 X 10-%). Delta
variant is notable with four mutations to Arginine, the strongest basic amino acid, out of eight point mutations in
its spike protein. One of the four mutations is P681R in the furin cleavage site, which is regarded as the key
mutation that enhances infectivity and virulence of Delta variant [38]. Considering these features as well as the

anomaly of the mutation spectrum, possibility of lab origin is considerably high for the Delta variant.

Delta is also irregular in its significantly low rate of mutations to basic amino acids from the consensus Delta
sequence, as shown in Fig. 3. One possible reason is that Delta variant is under selective pressure not to bear more
basic amino acids due to the four prior mutations to Arginine. Subsequent dominant VOCs are significant in their
large numbers of point mutations to basic amino acids, Omicron BA.1 with 14 out of 30 and BA.2 with 12 out of
28. Mutations to basic amino acids are considered to be under positive selective pressure, for a positively charged
spike increases affinity to cell membrane, which is charged negatively. Inability to include more basic amino acids

in the spike protein may be one of the reasons why Delta was not successful in generating dominant progenies.

Figure 2 shows that Delta and Omicron BA.2 have notably more numbers of mutants including G614D. As Fig. 6
shows, these mutants emerged after the surge of each VOC. Since D614 is not stable in vivo, not only in humans
but also in hamsters [39], emergence of this reverse mutation in the non-early phase of the prevalence is extremely
strange. One possible scenario is that the original VOC was first sampled from an early patient, which was kept in
cell cultures for research, where D614G reverse mutation was obtained possibly through recombination with lab-
kept bat sarbecovirus or wild-type SARS-CoV-2, and escaped from the laboratory by accident to spread into human

populations.

Figure 4 shows the significantly large number of unique pure reversions in Omicron BA.1, which can be a strong
counterevidence against the immunocompromised patient origin together with the anomaly of mutation spectrum

of Omicron BA.1 given by the previous studies [12,19].

Emergence of Omicron through strong selective pressure in an unknown human population is also extremely
unlikely considering that the variation of unique pure reversion decreases as time goes by, as shown in Fig. 8. It is
true that the series of Omicron variants have emerged to escape from the immune system responding the
precedented strains [40], we do not observe in those variants the variations that BA.1 had in the beginning of its
prevalence. It is also noteworthy that Omicron variant BA.1 has 30 point mutations in the spike protein, while
XBB.1.15 has 38. Gamma had 12 point mutations in spike, which was the largest number before Omicron. Sudden

increase in number of point mutations as many as 18 is not comparable to the gradual increase of eight mutations
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during the 1.5 years of Omicron dominance.

Variations of unique pure reversions requiring many times of repeated recombination, as shown in Fig. 5, indicate
existence of certain non-natural process to enhance its generation, such as serial passages in a laboratory or
manipulations of genomic sequences, as shown in Fig. 11. Though recombination often happens in nature, the rises
of pure reversions coincide with those of sampled numbers in Gamma variant, which is independent from the
precedented VOCs, and in the late versions of Omicron variant (Fig. 8), suggesting the sudden rise of pure

reversions preceding the prevalence of the variant cannot be explained by natural recombination.

original strain lab leak

3
— o

variants transgenic mice
or cell culture
humans (+ genome manipulation)

humans

Figure 11. Possible scenarios of mutation and infection.

From the discussion above, it is plausible that lab leaks like the case in Taiwan in late 2021 have happened multiple
times, likely at the onset of Delta and Omicron BA.1, amid the prevalence of Delta and Omicron BA.2, and
possibly at the onset of Alpha variant, while they have remained unnoticed since the virus was widespread among

human populations and could not be distinguished from the community transmission.

The limitation of this study is that the analyses are all based on the data registered in GenBank, where possibilities
of data errors, including common bias intrinsic to RT-PCR or DNA sequencing, are not taken into account. Some
may claim that the anomalies found in this paper are all caused by data errors. Most of the anomalies observed
above, however, cannot be caused by random errors in data registered by various submitters, while a common bias
that runs across submitters cannot cause variation of unique reversions, which is why possibilities of lab leak

should be taken seriously.

Many researchers have suspected that the original strain of SARS-CoV-2 may have leaked from the Wuhan
Institute of Virology (WIV) [41-48]. Even the authors of the paper that wrote “Our analyses clearly show that
SARS-CoV-2 is not a laboratory construct or a purposefully manipulated virus” [49] raised the possibility of lab

origin repeatedly in their private communications both before and after submission of the paper [50,51].

As for the variants, it is reported that most of the mutations in the spike protein of Omicron are known to affect
infectivity through previous variants or past experiments, and the introduction of these mutations to the virus can

be used to develop pan-variant vaccine [52]. Indeed, quite a large number of laboratories have kept SARS-CoV-2
12



for experimental purposes, often accompanying directed mutations, since the beginning of the COVID-19
pandemic. It should be noted that some of the experiments manipulating the genome of SARS-CoV-2 and its
variants are extremely risky. One study reports that a chimeric virus with the Omicron spike spliced into the
backbone of the original Wuhan strain regains lethality lost by the Omicron variant [53]. Should this synthetic
virus be leaked from a laboratory, it could claim millions of lives with its lethality and immune-escape ability

combined.

Historically, lab leaks have been covered up repeatedly in the field of microbiology [54]. A typical example is the
Sverdlovsk anthrax leak in 1979 [55], which took 15 years to be accepted officially as a lab-leak event. Also, it
took about 30 years to reach a consensus among virologists that the 1977 Russian influenza HIN1 originated from
a frozen virus in a laboratory [56]. Recently, the swine flu outbreak in 2009 [57] and the Ebola outbreak in West
Africa in 2014 [58] are also suspected to have research related origins, which has not been investigated enough

because of the opacity of the related laboratories.

To prevent the next pandemic, the origin of the virus needs to be unraveled [59], which is attainable only through
transparent, objective, and data-driven investigations [60]. To pursue what has really happened in laboratories
during the pandemic, thorough investigation should be carried out by an independent organization without any
conflict of interest. An agency like the IAEA (International Atomic Energy Agency) for atomic engineering, being
free from reputation risk even when they find something wrong, should be established for the oversight of virology
research dealing and tinkering with deadly viruses. Unfortunately, some universities have declined to share data
on the research activities related to SARS-CoV-2 in their virology laboratories upon FOIA (Freedom of

Information Act) requests.

It is true that all the anomalies shown in this paper are just statistical biases, not the definitive proofs of lab leaks.
Therefore, laboratories of concerns should be granted the benefit of the doubt. In the case of forensic investigation,
however, prosecutors are allowed to raid the suspect when an investigation warrant is issued by the judiciary. A
compulsory investigation is admitted when circumstantial evidence strongly supports the prosecutor’s claim. In
the same manner, compulsory investigations into laboratories of concerns should be executed by an independent
oversight agency when the likelihood of natural emergence is below a certain threshold. Probabilistic and
chronological evaluation as shown in this paper can work as a prerequisite assessment tool to warrant such

investigations.
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