Restriction Site Analysis of
SARS-CoV-2 Demonstrates
the signature of a
synthetic virus

The likelihood SARS-CoV-2 is a
natural sarbecovirus is less than
one in a billion based on this
analysis
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• Two hypotheses of the origin of SARS-CoV-2 exist:

Introduction

• A spillover from an animal host somewhere outside a laboratory
• A laboratory-related accident
• Finding features within the genome to address these hypotheses would
advance the investigation without requiring the cooperation of thirdparties
• Previous analyses of the unprecedented, first ever furin cleavage site in a
sarbecovirus and the exceptional pre-adaption of the receptor binding
domain to human ACE2 have been challenged because they provide an
evolutionary advantage to the virus and, no matter how seemingly
unnatural, as supporting a natural process
• Here I perform an analysis of the number, location, genome pattern, and
sequences of two restriction sites, BasI and BsmBI, that helps distinguish
natural viruses from synthetic viruses
• These two Type IIC restriction enzymes are the workhorses of synthetic
coronavirus research and part of Baric’s “No See ‘Em” technology

• An advantage of this analytical approach is that, in synthetic biology,
the manipulation of these small, six nt sequences is the foundation of
reverse genetics but their small size and random location within a
genome, unrelated to genes, makes it extremely unlikely that they
could provide an evolutionary advantage
• Finding multiple patterns within SARS-CoV-2's genome to be both a)
consistent with man-made chimeric virus genomes and b) demonstrably
extremely inconsistent with all observed natural sarbecovirus genomes,
this could greatly advance the investigation of COVID-19's origins."

How Do Restriction Enzymes Work?
The Beacon and Glue of Synthetic Biology
BsaI Restriction Enzyme
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SARS1 Assembly
Process: I

SARS1 Assembly
Process: II

“Spike substitution strategy.”
“The original fragments E and F were shortened to leave
spike gene as an independent fragment. The new
fragments were designated as Es and Fs.

BsaI or BsmBI sites were introduced into the
junctions of Es/Spike and Spike/Fs.

Then any spike could be substituted into the genome
of SARSr-CoV WIV1 through this strategy.”
-Ben Hu, Peter Daszak, Zhengli-Li Shi

Note (right) that the Es restriction site is on the sense strand
and the Fs restriction site is on the anti-sense strand. That
rotational symmetry is the basis for the elimination of the
designed restriction sites after ligation in the final clone.

The ‘No See ‘Em’ technique

The ‘No See ‘Em’
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Signature of ‘No See ‘Em’ Synthetic Assembly in Precursor:
Addition of Symmetrical Restriction Sites on 5’ (Positive Sense) and 3’ (Negative Sense) Strands
Removal of Native Restriction Sites Where Needed

In the movie, The Hunt for Red October, the submarine was so quiet it was undetectable…
Until it was realized that it made less noise than the natural background.
Looking for a “hole in the ocean,” the absence of a sonar signal, made it detectable.

Hypothesis: Can “holes in the genome” with respect
to restriction sites provide a signature of synthetic
assembly of a virus?
• How many of these two restriction sites are
expected to be found in natural sarbecoviruses?
• Any given hexamer sequence will occur every
4096 nts or 7.3/30k genome
• Given the G:C bias of these sequences and a
40% G:C content of SARS-CoV-2, it should
occur every 6944 or 4.3/30k genome
• Therefore, a combined total of between 8.6
and 14.6 BsmBI and BsaI restriction sites per
genome is predicted

Example of Synthetic Biology Workflow

• Destruction of native BsmBI restriction sites
by the introduction of point mutations is
often the first step in the laboratory synthetic
biology workflow and reverse genetics of
coronaviruses

• Here, three native BsmBI restriction sites
(above) are removed by making two 3rd
position in the codon, synonymous
substitutions, yielding a synthetic virus
with no remaining BsmBI restriction sites
(below)
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SARS-CoV-1, SARS-CoV-2, and related viruses are different
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42 Sarbecoviruses from above paper in green

16 Sarbecoviruses from above paper in red

Summary of Natural Sarbecoviruses
• Two data sets were used to establish the properties of natural sarbecoviruses
• 58 sequenced genomes from before 2020 which are documented to be sourced from
nature
• A number of published synthetic sarbecoviruses
• Natural sarbecoviruses have, on average, 11.8 restriction sites (RS) per genome (combining
BsaI and BsmBI)
• No natural virus has fewer than seven total RSs
• When dividing the genome in half, at nt 15,000, natural sarbecoviruses have a distribution of
RS between the two halves in which there is never a segment without at least one of each RS
• In examining BsaI and BsmBI RSs from the 5’ to 3’ of the genome, no pattern or order of RSs
is seen
• They alternate in an apparent random order

Total Number of Restriction Sites in 58 Sarbecoviruses
• Mean = 11.4 + 2.1 per genome (combined BsmBI
& BsaI)
• No natural sarbecoviruses has been found with
fewer than seven per genome
• Based on observed number and distribution the
probabilities shown below can be calculated

Number of sites (X) Probability ≤ X
≤4
0.00016
≤5
0.0009
≤6
0.004

Summary of Synthetic Viruses & SARS-CoV-2
• Synthetic viruses can routinely have fewer than seven total restriction, a number never before seen
in a natural virus
• Synthetic viruses often have one or more genome segments that are missing a restriction site, a
distribution never seen in natural viruses
• In examining BsaI and BsmBI RSs from the 5’ to 3’ of the genome, a pattern of segregation of
restriction sites can be observed. This has never been seen in a natural virus
• SARS-CoV-2 has five total restriction sites, with a likelihood of 0.0009 for a natural virus
• SARS-CoV-2 has no BsaI sites in the first 17,320 nt with a likelihood of 0.0013 for a natural virus
• SARS-CoV-2 has a “segregated” RS pattern: BsmBI-BsmBI-BsmBI-BsaI-BsaI, never seen in a natural
virus and with a likelihood of 0.05
• SARS-CoV-2 has seven RSs that differ from natural sarbecoviruses, a likelihood of 0.000014 to have
occurred naturally by random mutations within the 42 nts of the RSs in a total genome of 30,000
• The likelihood these four features occurred together in a natural sarbecoviruses is one in greater
than 1.2 billion

Genome Segmental Distribution of Restriction Sites in 58 Sarbecoviruses
Start to 15,000

Restriction
Enzyme
BsmBI
BsaI

Genome Section
Start to 15,000 15,001 to End
2.4 + 0.9
2.0 + 0.7
3.9 + 1.0
3.0 + 1.5

15,001 to End

• The 58 viruses have 232 total restriction site
segments (two segments and two enzymes per
virus)
• All of the 232 segments have at least two
restriction sites, at least one of each enzyme
• Thus, the 95% confidence upper bound for the
probability of zero restriction sites at a given
region of the genome is given by the
approximation (Rule of Threes ) as 3/232 = <0.013

Genome Distribution Pattern of Restriction Sites in 58 Sarbecoviruses
Hypothesis:
• A natural sarbecovirus will have a “random” distribution of BsmBI and BsaI restriction sites when viewing the 5’ to
3’ genome sequence
• A synthetic virus may display a “segregated” distribution of BsmBI and BsaI restriction sites when viewing the 5’ to
3’ genome sequence. This facilitates one step, unidirectional assembly of cloned segments

Random Distribution: (RS1)a-(RS2)b-(RS1)c-(RS2)d, where a-d equal 1-5 and RS1 and RS2 can be either BsmBI or BsaI
Segregated Distribution: (RS1)a-(RS2)b where a and b equal 1-5 and RS1 and RS2 can be either BsmBI or BsaI

SARS-CoV-2 restriction sites number and pattern
have never been observed in a natural sarbecovirus

• SARS-CoV-2 has a total of five BsaI and BsmBI restriction sites

• A natural sarbecovirus has never been observed with less than seven
• The likelihood SARS-CoV-2 is not a natural virus, based on RS number, is >99.9%

• SARS-CoV-2 has no BsaI restriction sites in the first 60% of the genome and no BsmBI
restriction sites in the remaining 40% of the genome

• This “segregated” distribution has never been seen in a natural virus, making the likelihood
SARS-CoV-2 is not a natural virus, based on this pattern, at 95%

SARS-CoV-2 and RaTG13 Share
Two Restriction Sites and Have Seven Unique Sites
No BsmBI restriction sites over 58% of the entire
genome has never been seen in nature and has a
Shared
likelihood of being a natural virus of less than one in 500 Restriction Sites

No BsaI restriction sites over 60% of the entire genome
has never been seen in nature and has a likelihood of
being a natural virus of less than one in 500

What is the probability that the seven-restriction site
changes between SARS-CoV-2 & RaTG13 occurred randomly?
• SARS-CoV-2 has a genome of 29,903 nts
• SARS-CoV-2 and RaTG13 are 96.2% identical at the genome level
• Assumptions
•
•
•
•

The viruses differ by seven restriction sites of six nt each
Random probability of six nts being identical is (0.962) to the 6th power or 0.793
Probability of at least one nt difference in one restriction site is 1.0 – 0.793 = 0.207
Probability of all 7 restriction sites with at least 1 mutation is (0.202) to the 7th power =

0.000014 or one in >72,990
This pattern of 7 RS changes could not have been random

SARS-CoV-2 and BANAL-52 Share
Two Restriction Sites and Have Five Unique Sites
No BsaI or BsmBI restriction sites over 61% of the entire
genome has never been seen in nature and has a likelihood
of being a natural virus of less than one in 50,000

Shared Restriction Sites

What is the probability that the five restriction site
changes between SARS-CoV-2 & BANAL-52 occurred randomly?
• SARS-CoV-2 has a genome of 29,903 nts
• SARS-CoV-2 and BANAL-52 are 96.9% identical at the genome level
• Assumptions
•
•
•
•

The viruses differ by five restriction sites of six nt each
Random probability of six nts being identical is (0.969) to the 6th power or 0.828
Probability of at least one nt difference in one restriction site is 1.0 – 0.828 = 0.172
Probability of all 5 restriction sites with at least 1 mutation is (0.172) to the 5th power =

0.000151 or one in >6,600
This pattern of 5 RS changes could not have been random

SARS-CoV-2 BsmBI Restriction Site 2187
RaTG13
CoV-2

RaTG13

CoV-2
Synonymous mutation in homologous peptide region

SARS-CoV-2 BsmBI
Restriction Site 2187

The out-of-frame GAGACG
restriction site is found in only
three of 58 sarbecoviruses,
including SARS-CoV-2 and
excluding RaTG13.

SARS-CoV-2 BsmBI Restriction Site 9745
RaTG13
CoV-2

RaTG13

CoV-2
Synonymous mutation in homologous peptide region

SARS-CoV-2 BsmBI
Restriction Site 9745

The out-of-frame GAGACG
restriction site is found in
only three of 58
sarbecoviruses, including
SARS-CoV-2. It is absent in
RaTG13.

RaTG13 BsaI Restriction Site 10,435
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CoV-2
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CoV-2

Synonymous mutation in homologous peptide region

RaTG13 BsaI
Restriction Site 10,435

The out-of-frame GAGACC is
found in RaTG13 and 52 out of
57 of the other sarbecoviruses.
Only five of 58 viruses do NOT
have this restriction site,
including SARS-CoV-2.

RaTG13 BsaI Restriction Site 11,651
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CoV-2

Synonymous mutation in homologous peptide region

RaTG13 BsaI
Restriction Site 11,651
The in-frame GGTCTC site is
found in only three of 57
sarbecoviruses, including
RaTG13 but not SARS-CoV-2.
55 of 58 sarbecoviruses,
including SARS-CoV-2, have
this restriction site
extinguished.

RaTG13 BsmBI Restriction Site 22,925
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CoV-2

Synonymous mutation in homologous peptide region

RaTG13 BsmBI
Restriction Site 22,925

The in-frame CGTCTC
restriction site in RaTG13 is
unique among
sarbecoviruses, including
SARS-CoV-2.
The leucine amino acid in
the restriction site is not
found in 56 out of 58
sarbecoviruses.
The consensus dipeptide is
RS, not RL.

SARS-CoV-2 BsaI Restriction Site 24,096
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Synonymous mutation in homologous peptide region

SARS-CoV-2 BsaI
Restriction Site 24,096

The out-of-frame GAGACC
restriction site is found in
18 out of 57 but not
RaTG13.

RaTG13 BsmBI Restriction Site 24,500
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RaTG13 BsmBI
Restriction Site 24,500

• The in-frame restriction site
CGTCTC is found only in
RaTG13 and in no other
sarbecoviruses
• The SARS-C0V-2 sequence
CGT-CTT is found in BANAL52, -103, and -236 but in no
other sarbecoviruses

• A blast of Amplicon #1 against RaTG13
showing the BsaI restriction site in the
amplicon that is changed in RaTG13
• The amplicon has a 2% overall difference
from RaTG13 but within the restriction site
one of six or 17% are changed

• The site of the BsaI restriction
site that was present in
Amplicon #1 and removed in
amplicon #2 is shown (purple
box)
• No sarbecovirus has a
restriction site at this position,
suggesting this was a
laboratory-designed
restriction site
• The finding of a restriction site
in an amplicon that is not
found in nature and its
removal in an overlapping
amplicon is consistent with
reverse genetics workflow
• A blast of Amplicon #1
identifies only RaTG13 and
SARS-CoV-2, both with the
GTTCTC non-restriction site
sequence

Caveats
• Not seeing this pattern does not mean it is natural
• All you have to do is add back restriction sites after ‘No See ‘Em’
technology and…poff

