Anomalous biases of reverse mutations in SARS-CoV-2 variants
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Abstract

Anomalous reverse mutation patterns in the Delta variants and the Omicron variants are investigated. A
previous study on the Omicron BA.1, BA.1.1, and BA.2 has found almost all the variations of sequences
containing only one reverse mutation and no other point mutations, suggesting lab origin of the Omicron
variant. The histograms of mutations in the spike proteins of major variants are compared, where BA.1 is
outstanding in its high reverse mutation rate and low variety of mutations. Among the reverse mutations of
BA.1, H681P reversion while preserving K679 is least likely to emerge naturally either through homologous
recombination, point mutation, or both of them put together when the sequence alignment and mutation
spectrum are taken into account. The sequences including both K679 and P681 are registered by multiple
submitters, which consolidates their existence. G614D reverse mutations, a reversion of the earliest and the
most dominant point mutation in SARS-CoV-2, in the Delta variant are concentrated around the Great Lakes
and G614D in the BA.2 lineage are concentrated on each side of the Hudson River. To elucidate the origin of
these sequences that are improbable to emerge through community spread, inspections of laboratories are
needed, where the geographical distribution of anomalous sequence detections can help to narrow down the

potential sources.
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Introduction

Strong bias toward nonsynonymous (N) mutation over synonymous (S) is observed consistently in the spikes
of SARS-CoV-2 variants of concern (VOCs). Among them, the Omicron variant, which includes 30 or more
N mutations in the spike protein alone while including only one S mutation [1], is markedly different from
the other VOC strains with around 10 spike mutations. Phylogenetic analysis shows that the Omicron variant

did not emerge from the other precedent VOCs [2].

The independence of mutations among the VOCs has been discussed from various perspectives. Hassan et al.
surveyed mutations in various VOCs across the continents to find that many mutations were specific to each
location [3], which could have caused the emergence of independent mutations. Some discuss that the
possible origins of the Omicron variant 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 [4,5]. However, the highly vaccinated
populations in advanced countries are well-monitored by the health administration, which means that
evolution accompanying many mutations without being noticed is practically impossible. As for incubation
in an immunocompromised patient, the count of mutations observed so far is around 10 or fewer [6-8], which

is not comparable to that observed in the Omicron variant.

The dN/dS (Ka/Ks) ratio, which compares N mutations to S mutations, is the most well-known metric to
measure the selective pressure [9,10]. Wei et al. argue that AN/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 [11].

Mutation of virus can have a dN/dS value much higher than unity only when the virus spreads among multiple



species [12]. 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 [13]. In SARS-CoV and SARS-CoV-2, dN/dS is usually

smaller than unity [14].

Wei et al. insist that the Omicron variant has evolved in mice [11], which is followed by Zhang et al. [15]. It

is known, however, that the original strain of SARS-CoV-2 does not infect mice [16]. Kakeya et al. indicate

that a lab origin of the Omicron variant is likely [17], possibly caused by a spill-over from transgenic mice

[18]. Arakawa suggests that other variants can also have lab origins considering the consistently high dN/dS

ratio [19].

Tanaka et al. have found that the data of the Omicron variants BA.1, BA.1.1, and BA.2 registered in GenBank

comprise sequences with only one reverse mutation and no other point mutations in the spike protein, where

single reverse mutation can be found in almost all of the spike mutations [20], indicating the trace of reversion

experiments to see the effect of each mutation. Kakeya et al. have found reversions in D614G of the spike

proteins in the Delta variant and the Omicron variant BA.2 in the late stage of the community spread [21].

It is known that D614 is unstable in humans while G614 is competent in human-to-human transmission [22],

which makes extinction of D614 inevitable. Indeed, D614G is known to be the first major mutation observed

in the original Wuhan strain [22,23] and the only mutation shared by all the VOCs, which means that the

emergence of D614 does not meet up with the expectation of natural mutation process.

Since the lab origin of SARS-CoV-2 and its VOCs can have great impact on life science in general, there



have been huge pushbacks against lab leak theories. As for the original Wuhan strain, the US Congress
recently revealed the information provided by a whistleblower from the CIA (Central Information Agency)
that the agency offered officials who had assessed the COVID-19 origin as a Wuhan lab leak “significant
monetary incentive” to change their positions to “unable to determine” the origins [24]. The whistleblower
also says that Anthony Fauci, a former head of NIAID (National Institute of Allergy and Infectious Diseases)
was escorted to the CIA Headquarters to “influence” its COVID-19 origins investigation without a record of

entry [25].

Similar strong pushbacks have been made against the lab origin theory of the SARS-CoV-2 variants. Putting
political pressures aside, there have been several counterarguments against it from a scientific point of view.
Some insist the odd reverse mutation patterns can be generated through series of point mutations under strong
immune pressures. Others insist that the sequence data registered in GenBank is not reliable enough, some of
which may include data errors. Others insist that D614, which is considered unstable and unlikely to emerge

naturally, can be stabilized with another mutation to survive natural selection.

In the present study, the authors introduce detailed analyses on the major variants of SARS-CoV-2 to answer
the above counterarguments. The histograms of mutations in the spike proteins of major variants were
generated to see whether the immune pressure could explain the spike mutation pattern. The affiliation and
distribution of data submitters were checked to see whether data entry error could explain the reverse mutation
pattern. Mutations co-occurring with G614D reverse mutation were checked to see whether emergence of
D614 could be explained with a cofactor. Timing and location of D614 sampling were also analyzed to

identify the origin of this mutation.



Methods

In the first analysis, the surface glycoprotein (spike protein) data of 13 lineages (B.1.1.7, B,1,351, P.1,

B.1.617.2, C.37, B.1.621, BA.1, BA.2, BA.2.12.1, BA.4, BA.5, BQ.1, XBB.1.5) 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. All the point mutations

including reverse mutations were counted and the ratio of reverse mutations to all the point mutations were

calculated for each lineage. Among these lineages, the histogram of spike mutations for B.1.1.7, P.1,

B.1.617.2, BA.1, BA.2, and XBB.1.5 were generated for comparison. The histograms of reverse mutations

in the Omicron variants BA.1, BA.2, and XBB.1.5 were also generated.

In the second analysis, the detailed information including the submitter names, dates, and locations of

collection of the revertant containing only one reverse mutation and no other mutations in spike protein listed

by Tanaka et al. [20] were obtained to see the reliability of data. The registered sequences including reversion

of P681H while preserving K679, which is least likely to emerge naturally, were also checked to confirm the

existence of this peculiar mutation.

In the third analysis, mutations co-occurring with G614D reverse mutation were checked for B.1.617.2 and

BA.2 lineages, where many G614D reversion was found in the previous study [21].

In the fourth analysis, reversions of D614G were counted in 18 lineages (AY.44, AY.103, B.1.1.519, B.1.427,

B.1.429, B.1.526, B.1.617.2, B.1.637, BA.1.15, BA.2, BA.5.2.1, BA.5.5 BE.1, BE.3 CH.1.1, D.2, XBB.1,



XBB.1.6). The data were collected from NCBI GenBank from the end of September to the beginning of
October in 2023. These lineages were selected not to overlap with the previous study [21] except for B.1.617.2
and BA.2, which had been found to include high ratio of G614D revertant. Unlike the previous study [21],
which counted only the first emergence of unique sequences that had no insertion or deletion, the whole data
were searched to count all the reversions of D614G by picking up “YQDVN” from the amino acid sequences,

where the timing and the location of collection were analyzed to identify the epicenter of this mutation.

Results

The ratios of reverse mutations to all the point mutations in the 13 lineages, including Alpha variant (B.1.1.7),
Beta variant (B.1.351), Gamma variant (P.1), Delta variant (B.1.617.2), Lambda variant (C.37), Mu variant
(B.1.621), and seven Omicron lineages, are shown in Figure 1. As this figure shows, BA.1 is outstanding in its
high reverse mutation ratio, which is attained with the probability of 5.9 X 10~ under a normal distribution
based on the data of 13 lineages. The high ratio of BA.1 is outstanding when the comparison is limited within
the Omicron lineages, which is attained with the probability of 2.8 X 10 under a normal distribution based

on the data of seven Omicron lineages.

The histograms of spike mutations for B.1.1.7, P.1, B.1.617.2, BA.1, BA.2, and XBB.1.5 based on the whole
data obtained from GenBank are shown in Figure 2. The histogram of BA.1 is apparently smoother than those
of the other lineages. The locations of amino acids that have more than 0.1% mutation rate in for B.1.1.7, P.1,
B.1.617.2, BA.1, BA.2, and XBB.1.5is 89, 79, 86, 41, 72, and 80 respectively. The low count of 41 in BA.1
has a statistically significant deviation based on the normal distribution given by the data of these six lineages

(p = 0.027).



The histograms of reverse mutations in the Omicron variants BA.1, BA.2, and XBB.1.5 are shown in Figure

3. BA.1 is unique in its high ratio of reverse mutations in all locations, while BA.2 and XBB.1.5 includes

mutations other than reversions. At the 408th amino acid in BA.2 and XBB.1.5, mutation to Arginine is

frequent, while mutation to Lysin is frequent at the 146th amino acid of XBB.1.5.

The detailed information on the revertant containing only one reverse mutation and no other mutations in

spike protein found by Tanaka et al. [20] are listed in Supplemental Table 1. The variety of submitters is

relatively large in BA.2, while the Center for Disease Control and Prevention (Howard, D., et al.) is the main

submitter for all of the three lineages BA.1, BA1.1, and BA.2. What is significant is diverse locations of

sampling soon after the first detection of each lineage, which is observed for revertant at K417N, N440K,

and N856K in BA.1, revertant at 215ins in BA.1.1, and revertant at D408S in BA.2.
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Figure 1. Rate of reversions among point mutations in 13 lineages.
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Figure 2. Histograms of spike mutations in six lineages: (A) B.1.1.7; (B) P.1; (C) B.1.617.2; (D) BA.1;

(E) BA.2; (F) XBB.1.5.
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Figure 3. The histograms of reverse mutations in the Omicron variants (A) BA.1, (B) BA.2, and (C)

XBB.1.5

Some of the single reversions are impossible to be generated by homologous recombination, for the
neighboring mutation is too close to be attained with template switching. One possible way to attain single

reversion is to insert point mutation or to combine homologous recombination and point mutation, as shown

in Figure 4.
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Figure 4. Possible scenarios of reverse mutation in one of the two amino acids close to each other.

BA.1 sequences including reversion at P681 while preserving K679 found in GenBank are listed in Figure 5.
Among the neighboring mutations, this pattern is least likely to emerge naturally, for it requires point mutation
at H679 from U to G after homologous recombination or point mutation at P681 from A to C, both of which
is rare in the mutation spectrum of SARS-CoV-2 [26]. These mutants appeared soon after the emergence of
BA.1 lineage. Three submitters registered these mutants independently, which backs up the existence of this

unnatural mutation pattern.

Count of mutations co-occurring with G614D reverse mutation in B.1.617.2 and BA.2 lineages are listed in
Figure 6. Here the amino acids where co-occurrence of mutation is more than 10% and 20% are shown for
B.1.617.2 and BA.2 respectively. In B.1.617.2, almost all major mutations are reversions (the 95th amino
acid is the exception) and overall co-occurrence of mutation is infrequent. In BA.2, co-occurrence of mutation

is more frequent, while major mutations are again reversions (the 408th amino acid is the exception).
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Figure 5. BA.1 sequences including reversion at P681 while preserving K679.
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Figure 6. Frequent mutations co-occurring with G614D: (A) B.1.617.2; (B) BA.2.

The counts of the whole sequences and the reversions of D614G among them in 18 lineages (AY.44, AY.103,
B.1.1.519, B.1.427, B.1.429, B.1.526, B.1.617.2, B.1.637, BA.1.15, BA.2, BA.5.2.1, BA.5.5 BE.1, BE.3
CH.1.1, D.2, XBB.1, XBB.1.6) are listed in Table 1. The rate of G614D reversion in B.1.617.2 stands out,
followed by BA.2, which supports the claim by Kakeya et al. [21]. The counts of G614D reverse mutation
and the whole data of B.1.617.2 and BA.2 lineages in each month are shown in Figure 7. The timing of

G614D surge is preceded by the surge of the whole data both in B.1.617.2 and BA.2. The delay is significantly

long in B.1.617.2.



Table 1. Counts of the whole sequences and the reversions of D614G in 18 lineages.

Lineage | AY.103 [ AY44 |B.1.1.519| B.1.427 | B.1.429 | B.1.526 |B.1.617.2| B.1.637 | BA.1.15
#G614D 163 134 5 4 7 10 403 8 57
# All 2424441 208550 12534 13062 29260 | 33588 45699 11185 84850
G614D % 0.067 0.064 0.040 0.031 0.024 0.030 0.882 0.072 0.067
Lineage BA.2 |BAb5.2.1| BA.5.5 BE.1 BE.3 CH.1.1 D.2 |XBB.1.16| XBB.1
#G614D 189 5 6 1 0 0 0 0 2
#All 115711 82004 | 34641 6004 5185 1311 11423 3388 3186
G614D % 0.163 0.006 0.017 0.017 0.000 0.000 0.000 0.000 0.063
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Figure 7. Counts of G614D reversion and the whole data of B.1.617.2 and BA.2 lineages in each month.

The locations in the United States where the whole sequences and the reversions of D614G in B.1.617.2 and
BA.2 are expressed in heatmaps in Figure 8. The ratio of G614D reversion is the highest in the States of
Michigan and Illinois as for B.1.617.2 and in the States of New York and New Jersy as for BA.2 with

statistical significance (Supplemental Table 2).
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Figure 8. Heatmaps showing the locations of sampling: (A) the whole sequences of B.1.617.2; (B)

reversions of D614G in B.1.617.2; (C) the whole sequences of BA.2; (D) reversions of D614G in BA.2.

Discussion

The significantly low rate of mutations other than reversions in BA.1, as shown in Figures 1-3, indicates that
these mutations are not the products of immune pressure, for immune pressure leads to a large variety of
mutations to escape from the immune response, which is observed in the mutations of other lineages,
especially XBB.1.5. Some of the reversions in BA.l1 can hardly emerge through natural mutation or
recombination considering the sequence alignment and mutations spectrum, as shown in Figures 4 and 5.
Since the sequences including these unnatural mutations are registered by multiple submitters independently,

the existence of these mutants is quite certain.

Based on the above analyses, it is quite strange that the single reversion mutants are found at almost all the

mutation points of the Omicron variant. One possible scenario is that someone in a lab artificially made a



variety of mutants with a single reversion to see the effect of each mutation, which escaped from the lab as a

result of an unknown incident without being noticed to the public.

As Figure 6 shows, most of the mutations co-occurring with G614D in Delta and Omicron BA.2 are

reversions, which shows that these mutants lack any possible factors to stabilize D614. Since D614 is not

stable in vivo, not only in humans but also in hamsters [27], emergence of this reverse mutation without any

stabilizing cofactors is extremely abnormal.

Table 1 shows that Delta and Omicron BA.2 have notably more numbers of mutants including G614D. As

Figure 7 shows, these mutants emerged after the surge of each lineage. Emergence of this unstable reverse

mutation in the non-early phase of the prevalence is markedly strange. One possible scenario is that the

original strain of the lineage 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 8 shows that the epicenter of D614G mutants was Illinois and Michigan as for B.1.617.2 and New

York and New Jersy as for BA.2. The State of Illinois has one BSL3+ lab in Chicago. The City of St. Lewis,

which is neighboring Illinois State, has a BSL3+ lab and a factory manufacturing mRNA vaccine. The State

of Michigan also has a mRNA vaccine factory. New York State has two BSL3+ labs, one of which is located

close to the State of New Jersy.



Since the start of the COVID-19 pandemic, quite a large number of laboratories have kept SARS-CoV-2 for
experimental purposes. 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 [28]. 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.

Many lab-leak accidents have happened historically and the number of them has been increasing due to the
recent spread of genetic engineering [29,30]. Unfortunately, those accidents have been covered up repeatedly
in the field of microbiology [31]. A typical example is the Sverdlovsk anthrax leak in 1979 [32], which took
15 years to be accepted officially as a lab-leak event, while 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 [33].

Many researchers have suspected that the original strain of SARS-CoV-2 might have might have leaked from
a laboratory [34-41]. On June 20 of 2023, the Wall Steet Journal reported the names of three researchers in
the Wuhan Institute of Virology who fell sick with typical symptoms of COVID-19 in November 2019 [42].
According to the article, US intelligence had confirmed that these researchers were modifying coronaviruses

so that they could bind to human cells.

It is true that all the anomalies shown in this paper are just statistical biases, not the definitive proofs of lab

leaks. To pursue what has really happened in laboratories during the COVID-19 pandemic, it is essential that



an independent organization with no conflict of interest carries out thorough investigations without

limitations of access.

Conclusion

Omicron BA.1 is outstanding in its high reverse mutation rate and low variety of mutations, which cannot be
explained to emerge through natural evolution processes including immune escape. The sequences of BA.1
including both K679 and P681, which can hardly emerge naturally, are registered by multiple submitters,
which consolidates their existence. G614D reverse mutations, which is also unlikely to emerge through
human community spread, have the epicenters in the states of Michigan and Illinois as for the Delta variant
and in the states of New York and New Jersy as for the Omicron BA.2. To elucidate the origin of these
sequences, inspections of laboratories are needed, where the chronological and geographical distribution of

anomalous sequence detections shown in this paper can help to narrow down the potential sources.
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OM043984.1]_547|Howard D.et BA120 | USA | NI |2021/12/17 ] ewardD: T T e e T e s
OM121683.1] _547|Howard D.etal BA1 | UsA | MD |2021/12/21 a1 | sh | ne Jaoziiss = L s
ON21624.1] _ 547|Howard D.et al BAL | UsA | vA |2021/12/20 614[Howard 0. ol BALL | USA | PA [2022/1/11 TP el o) BAZ3 | USA | A
OM175506,1] _547|Howard D.et BA1 | UsA | N |2021/12/21 61 Howard .ot BALL | Ush | PR [2022/1/18 072184081 | IS0 e DR N || U 2022/514
OMB60429.1] 61| Howard,D.etal. BALL5 | USA | NC |2022/1/a 685 Howard.0. etal BALL | UsA | W [2021/12/17 AL D2 LLY A2 EUSA 202215
0560221 618|Howard.etal T [ =it 55 Howard 0. el BALL | Ush OMB61619.1] __614|Hloward,D. etal BA2 | USA | TX [2022/2/16
OM358058. 1 614]Howard,D. et al BAL15 | USA | CT |2022/12 655 Howard Diots| 8 || T 0N091288. 1 614[Howard,D. et al. BA2 | USA | PA [2022/3/13
OB05T7.1]__614[HowardD.etel [ BA120 | UsA | wi [a020/1/19 o T e e ONST370.1[ 614[Howard.D.ctel. BA2_| US| CT [ava2/3/22
O135027.1] 614[FowardD.etal [ BA120 | Ush | C1 [auai/izjer T e ON233850.1]_ 614[HowardD. etal. BA2 | USA | NI [o022/a/2
07428561 656[Howard D.etal BA1 | Usa | Tx |2022/2/s IOl N D ON236456.1] __614|Howard,D.etal BAZ | UsA | CT |2022/3/31
OM521685.1] 65| Howard.D.ot al BAL | UsA | D |2022/1/21 S schmedoss.atal | BALL | USh ON296711.1] 65| Howard.D.tal BAZ2S | UsA | CT
OMB96538.1] _ 679|Schmedes S.etal | BALLs | USA | FL |2022/1/6 673[Hovard.0. ol BAL1 | Ush ONS35443.1] 655 |Hloward,D. etal BA29 | USA | NY
ON694155.1] __ 679|Schmedes,S.etal | BAL15 | USA | FL |2022/1/5 81 Howard.D. ot al BALL | Ush ON624524,1] 655 |HowardD. et ol BAZ | USA | NY |2022/5/9
OM686755. 1 679|Howard,D. et al. BA1 UsA | FL [2022/1/27 W5 | oW DYEUG) EAa || ON377450. 1 655|Howard,D. et al. BA.2 UsA | N [2022/4/14
0W4260.1]__679ShethM.ctal BALIS | USA | A [2022/1/13 TltowardD.otal ECRIGLA ON397268.1] 66| Howard D.etal BA221 | USA | DC |2022/4/19
01832056.1] 61| Howard,D.et al BAL20 | USA | CA [2021/12/29 - ::;:::g;::: e ON239032.1] 678|Bodnan,Letal BA2 | UsA 20227472
ONI56397.1] _764|Howard D.etal BAL | UsA | MN |2021/12/22 T e T ON373649.1] 67| Howard Dot BA25 | Ush | WA |2022/4/16
0194471 | BT [Eowa . D st 201 I SARE (1O 2021472775 796 [Howard .ot el BA11 | Ush OMBIG3T.1| __ 679|HowardD. etal BA2 | UsA
OM134645.1]  764|Howard D.et BAL15 | USA | Mo |2021/12/21 756 Howard Dot Y =R 011631 679 Howard,D.ctel ERRIR
OMIT3298.1] __764|Howard.D.etal BAI | USA | Tx |2021/12/22 796 [Parrat.Total BAL1Z] Ush 09480791 678|Howard. Dot al BA2 | USA | M1 20222727
01230821 764[Howard D.etal BAL15 | USA | DE |2021/12/23 796[Howard.D.etel BALL | Ush Comrdl ellires heamou | BA || Ueh B
B R B R T e ON49263.1] 704 HowardD. et BA2 | UsA | No [z0z2/a/11
O] R e e SRR 556 HowardD. BALL | Ush ONTMBT.1|_ 764|Howard.D.etal BA2 | USA | DC [2022/4/14
o e e e i | st 0 19 T ot
Onzaner 1 SopHonrd0.ctol SALIBL USA | VD = K;S H:w:'ﬂ‘D - oL | Ush amxm’x 796) %:Vu VL Aetal BA.2.10 [Bangladesh| 2022/1/13
ON121015.1 856|HowardD. et al. BAL15| USA [ CO 2/13 95| Howard.D. BA11 | Usa [ X . — — -
TS R [ Ee e SRR o s o OW11616.1] __795|Howard,D. etal BA2 | USA | MA [2022/2/22
O527504.1]__954|Howard,D.et al BAL1s | USA | FL [2022/1/18 55| Howard0. BAL1 | Ush | CLge__ el BA2 | Behrain 2022/3/9
ON225320.1] _ 954[HowardD.et BA1 | USA | OR [2021/12/21 965[Howard.D. BALL | USA | NY [2021/12/15 OADTS 77011 S5 L cwar o, Bstnl 5200 I N I [202205 /)
ON931491.1[ 969 Howard,. et al BALI6 | USA | VA [2022/2/11 965|Howard D. BALL| UsA | wv 9887691 796|AlwastiH.eta 7| Batan 2022570
00315751 96| Howard,D.etal BA1 | Ush | NC |z022/2/1a 565 Howard0. A1l | Ush ONAGBT58.1]  954|Howard D.etal BAZ | USA | NC |2022/4/28
ON931567.1] 969 Howard.D. et al BAL20 | USA | NC [2022/2/14 B L1 MUSA ON608924. 1| 954|Howard D, et al BA29 | USA | NC [2022/5/13
00344091 981[Howard D.etal BA1 | UsA | MD |2021/12/10 Quez2ats. I BAR LG |BUSA ON604965.1| __954[Sadri,N. et al. BA2 | USA | OH [2022/5/16
0036283.1] 981 Howard D.etal BAL18 | USA | N |eo21/12/14 - g:”: e e ONS35763.1]___954|Howard,D.et al BA2 | USA | CA [2022/5/2
01996129.1] __981[Howard D.etal BA120 | USA | TN [z021/12/7 e ERsverg iy 0N378227.1] 65| Hloward.D.etal BA29 | USA | CO |2022/4/12
0M035680. 1] 981|Howard D.etal BA1 | UsA | IL |2021/12/14 (561181 981|Howard.d.etol BALL | USA ON378238.1] 69| Hloward,D. etal BA29 | USA | GA [2022/4/12
00969961 981|Howard . et a BA1 | USA | NC [2021/12/18 ON5114.1] 981 HowardD.etal BALL | Ush ONT28470.1]  969|Howard D.etal BAZ | USA | VA |2022/5/21




Supplemental Table 2. The counts of sequences in each state. The probability for each state is based on the
cumulative value of binomial distribution using the probability given by the total data. One, two, and three stars

mean probabilities less than 1072, 104, and 107 respectively.

B.1.617.2 BA.2
State All G614D| Ratio |Probability State All G614D Ratio  |Probability;
AL 175 0[0.00E+00] 1.00E+00 AL 175 0[0.00E+00[1.00E+00
AK 88 2| 2.276-02| 2.34E-01 AK 328 0[0.00E+00]1.00E+00
AZ 733 4] 5.46E-03[ 9.47E-01 AZ | 1345 0[0.00E+00]1.00E+00
AR 936 1] 1.07€-03]1.00E+00 AR 406 1] 2.46€-03| 4.99E-01
cA | 5009 17| 3.39E-03[1.00E+00 CA | 8368 4] 4.78E-04| 1.00E+00
co 715| 10| 1.40E-02] 2.18E-01 co | 1393 0[0.00E+00]1.00E+00
cT 228 11| 4.826-02| 3.42E-05** cT | 1701 9] 5.296-03] 2.96E-03|*
DE 85 1] 1.18€-02] 5.90E-01 DE 198 2| 1.016-02] 4.52E-02
DC 347 5| 1.44E-02| 2.97E-01 DC 801 4] 4.99€-03| 4.92E-02
FL | 5063| 16| 3.16E-03|1.00E+00 FL | 7127 5| 7.02E-04] 9.93E-01
GA | 1041 4] 3.84E-03 9.95E-01 GA | 1398 1] 7.15€-04] 9.07E-01
HI 48 1] 2.08€-02| 3.96E-01 HI 464 0[0.00E+00| 1.00E+00
D 184 3| 1.636-02[ 3.02E-01 ID 67 0[0.00E+00]1.00E+00
IL 606] 24| 3.96E-02] 5.00E-08|*** IL | 2795 3] 1.07€-03] 8.53E-01
IN 374 6| 1.60E-02| 1.99E-01 IN 636 1] 1.576-03] 6.61E-01
A 183 1] 5.46€-03] 8.53E-01 A 497 0[0.00E+00]1.00E+00
KS 161 4] 2.486-02| 8.92E-02 KS 184 0[0.00E+00]1.00E+00
KY 260 4] 1.54E-02 2.88E-01 KY 337 0[0.00E+00| 1.00E+00
LA 133 4] 3.01E-02| 5.14E-02 LA 379 0[0.00E+00]1.00E+00
ME 38 2| 5.26E-02| 5.98E-02 ME 398 0[0.00E+00]1.00E+00
MD 784] 12| 1.53E-02] 1.24E-01 MD | 1933 8| 4.14€-03[ 1.92E-02
MA | 1291] 10| 7.75E-03| 8.64E-01 MA | 8625 4] 4.64E-04| 1.00E+00
Ml 535| 25| 4.67E-02| 1.02E-09*** Ml | 2506 0[0.00E+00]1.00E+00
MN | 2040] 20| 9.80E-03| 6.40E-01 MN | 1889 0[0.00E+00[1.00E+00
MS 181 0[0.00E+00(1.00E+00 MS 170 0[0.00E+00]1.00E+00
MO 293 3] 1.026-02[ 5.91E-01 MO 628 1] 1.59€-03] 6.56E-01
MT 51 2| 3.926-02[ 9.93E-02 MT 39 0[0.00E+00[1.00E+00
NE 82 4] 4.88E-02| 1.09E-02 NE 482 0[0.00E+00]1.00E+00
NV 434 6| 1.38£-02] 3.02E-01 NV 702 1] 1.426-03] 6.97E-01
NH 106 2| 1.89E-02| 3.03E-01 NH 427 0[0.00E+00]1.00E+00
NJ 901| 15| 1.66E-02| 5.50E-02 NJ | 6021] 28| 4.65E-03] 3.326-06]**
NM 335 7| 2.09E-02[ 6.39E-02 NM 537 0[0.00E+00| 1.00E+00
NY | 1141 10| 8.76E-03] 7.51E-01 NY | 4112] 22| 5.356-03] 4.26E-06]**
NC | 1419] 18| 1.27E-02] 2.34E-01 NC | 2784] 12| 4.31E-03] 3.52E-03]*
ND 18 0[0.00E+00]1.00E+00 ND 38 0[0.00E+00[1.00E+00
OH 491] 16| 3.26E-02| 8.10E-05|** OH | 1385 1] 7.226-04] 9.05E-01
oK 237 1] 4.226-03] 9.17€-01 oK 130 0[0.00E+00]1.00E+00
OR 188 0] 0.00E+00| 1.00E+00 OR 871 2| 2.30E-03| 4.35E-01
PA 563 8| 1.426-02[ 2.38E-01 PA | 3166 6| 1.90E-03] 4.50E-01
RI 198 0[0.00E+00] 1.00E+00 R | 1253 3] 2.39E-03] 3.58E-01
sc 402 2| 4.986-03[ 9.23E-01 sc 627 2| 3.196-03] 2.88E-01
sD 75 1] 1.336-02] 5.45E-01 SD 82 0[0.00E+00]1.00E+00
™ 721 8| 1.116-02[ 4.79E-01 ™ 325 2| 6.15€-03| 1.06E-01
TX | 2035] 28| 1.38E-02| 8.98E-02 TX | 3542 2| 5.65E-04] 9.83E-01
uT 317 5| 1.58E-02| 2.38E-01 uT 156 0[0.00E+00]1.00E+00
VT 64 1] 1.56€-02| 4.89E-01 VT 987 0[0.00E+00] 1.00E+00
VA 880 6| 6.82E-03] 8.96E-01 VA | 3085 12| 3.89E-03] 7.69E-03]*
WA 708 1] 1.41€-03] 9.99E-01 wA | 6111 4] 6.55E-04] 9.92E-01
Y 341 5| 1.476-02| 2.85E-01 wv 652 0[0.00E+00]1.00E+00
wi 501] 11| 2.20E-02] 1.78E-02 wi | 1333 2| 1.50E-03] 6.61E-01
WY 34 1] 2.94€-02| 3.00E-01 wY 2 0[0.00E+00]1.00E+00
Total | 33773 348] 1.036-02 | Total | 83595 142] 1.70€-03 |




