In Response: Yan et al Preprint
Examinations of the Origin of SARS-CoV-2 		

September 21, 2020

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent of novel
coronavirus disease 2019 (COVID-19), has caused more than 961,000 known deaths1 since it was
reported to the World Health Organization on December 31, 2019. Determining the origin of the
pandemic coronavirus is of great importance, not only to understand the mechanics of how the virus
replicates and spreads but also to anticipate and prevent additional viruses from becoming future
health security crises. If an origin can be found for SARS-CoV-2, steps can then be taken to prevent
a similar pathway for other viruses to lead to a pandemic. For that reason, it is the responsibility of
the scientific community to review and analyze data relating to the origin of SARS-CoV-2.
Several analyses of the potential origin of SARS-CoV-2 have been published in scientific journals
that provide peer review prior to publication.2,3,4,5,6,7,8,9 Peer review is central to the scientific process
because scrutiny by experts allows for meaningful conclusions to be drawn about available data and
reduces inappropriate extrapolation or misinterpretation. It is an imperfect process, often criticized
for slowness, but peer review is a necessary part of building reliability in the scientific record.
Complex scientific details are best understood and critiqued by others who are also experts in a
technical field. When the audience for an article is broadened, even to a technical audience in an
adjacent scientific field, data may appear smoother and less conflicting than it is in reality, leading to
a blurring or skewing of its real meaning.
In this document, we have undertaken a scientific review of a recent report, released as a preprint put
forward by the Rule of Law Society, authored by Li-Meng Yan, Shu Kang, Jie Guan, and Shanchang
Hu. The report, Unusual Features of the SARS-CoV-2 Genome Suggesting Sophisticated Laboratory
Modification Rather Than Natural Evolution and Delineation of Its Probable Synthetic Route,10 presents
a theory about the origin of SARS-CoV-2 but offers contradictory and inaccurate information that
does not support their argument. As the report has not been submitted to a scientific peer-reviewed
publication, which would provide the expert scrutiny expected by the scientific community and the
larger public, we aim to provide an objective analysis of details included in the report, as would be
customary in a peer-review process.

Specific Comments on the Report
Page 2
1. On natural existence of a closely related virus. Line 17: RaTG13 is a previously discovered bat
coronavirus which has about a 96% sequence identity to SARS-CoV-2,4 indicating that it is a
close relative and that bats are likely involved in the evolution of SARS-CoV-2. Yan et al question
the existence of RaTG13, which is found in GenBank.11 The authors cite multiple papers in
their reference section that have weaknesses or flaws to make their case. In their paper, reference
This review has been written by Kelsey Lane Warmbrod, MS, MPH; Rachel M. West, PhD; Nancy D.
Connell, PhD; and Gigi Kwik Gronvall, PhD; all from the Johns Hopkins Center for Health Security.
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7’s author is not a scientist or researcher according to his ORCID profile; references 10 and 13
cannot be found online and the links provided are not active; reference 11 is an opinion piece
on an anti-GMO interest group website; references 5, 6, 8, 9, and 12 appear to be authored by
scientists lacking expertise in coronaviruses and/or viral evolution. Only 2 of these publications
(14 and 15) were published in scientific journals with peer review, and none of the authors of
these 2 articles specialize in coronaviruses or viral genetics.
2. On the capacity to predict function from genotype. Line 28: Yan et al overstate the capabilities
of deducing functional changes from genetic manipulation of coronaviruses, referring to an
“abundant literature indicat[ing] that gain-of-function research has long advanced to the stage
where viral genomes can be precisely engineered and manipulated to enable the creation of novel
coronaviruses possessing unique properties.”10 Technologies like CRISPR have enabled precise,
directed gene editing, and are major advances for the biological sciences. However, the report
overstates current capabilities in designing phenotypes and genetic functions of viruses, which
are not already elucidated, including coronaviruses, and vastly overstates the capabilities of
genetic manipulation of coronaviruses in 2019, before these viruses were the focus of worldwide
interrogation by the scientific community. There were 6 coronaviruses known to infect humans
prior to 2020, but their prevalence and pathology in different age groups is incompletely
understood, which would hamper any potential design of novel coronavirus functions. Prior to
2020, coronaviruses were not as intensely researched as other viruses that cause human disease,
such as HIV, and influenza.
3. Lack of current evidence countering natural origin theory. Line 27: Yan et al refer to an
extensive scientific literature providing “genomic, structural, and literature evidence”10 to counter
the prevailing theory in the scientific community that the origin of SARS-CoV-2 is a natural
zoonosis, emerging from animals, but they do not cite any references to support their claim—a
crucial basic practice for any researcher.
Page 3
1. On implausibility of the proposed viral genetic backbone. Lines 19-20: Scientific evidence
suggests that many coronaviruses12 similar to SARS-CoV-2 have a recent common ancestor or
that convergent evolution13 has occurred. Many coronaviruses infect bats and other animals,
most of which have not been analyzed, so the evolutionary record has gaps until more samples
are collected. Convergent evolution14 refers to the evolution of similar traits in independent
organisms. Yan et al do not attempt to refute the prevailing scientific evidence on viral evolution,
but assert that ZC45, a coronavirus with over 3,000 punctuated, broadly distributed nucleotide
differences from SARS-CoV-2 (a significantly large number of differences), could have been used
as a “backbone” or template to produce SARS-CoV-2 synthetically. ZC45 is a beta coronavirus15
isolated from a bat between 2015 and 2017 in Zhoushan city, Zhejiang province, China. ZC45
and ZXC21 were both discovered and characterized in to better understand animal reservoirs of
SARS-like coronaviruses. No explanation is given for how the over 3,000 nucleotide differences
SARS-CoV-2 and ZC45 could be produced; this process would be highly challenging for
deliberate engineering.
2. Role of Chinese military lab. Lines 4-6: The United States has a number of high-containment
laboratories in which viruses can be studied safely with engineering controls, including negative
air pressure. Some of these labs are located at military laboratories, such as the US Army Medical
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Research Institute of Infectious Diseases in Frederick, Maryland. China, France, Germany, India,
Russia, the United Kingdom, and many other countries similarly have laboratories operated
by military researchers that are declared to the Biological Weapons Convention in confidencebuilding measures. Scientific investigation in military laboratories is not uncommon; coronavirus
research performed in a Chinese military research institute is not in itself suspicious, as asserted
by Yan et al.
3. Furin cleavage sites in coronaviruses. Lines 10-16: The authors assert that a furin cleavage site in
its Spike protein is absent in coronaviruses found in nature, which is not the case.* This is fairly
common in other coronaviruses16; MERS has a furin cleavage site17 within Spike.
4. Dissimilarities between SARS-CoV-2 and ZC45. Figure 1.1: The report features a figure
comparing sequences of various coronavirus strains. The figure’s data appear accurate and
demonstrate a high degree of dissimilarity between ZC45 and SARS-CoV-2, particularly in
ORF1a, but the conclusion made by the authors in the text is that the strains are similar. Neither
the figure nor the text clarify which genome serves as the reference.
Page 4
1. Similarity of ORF8 between SARS-CoV-2 and ZC45. Lines 9-14. The authors’ assertion that
the similarity between the ORF8 gene in SARS-CoV-2 and ZC45 is unnatural (relative to
sequence conservation among coronaviruses) is not supported by evidence presented. While
the sequence of ORF8 varies among coronaviruses, its function is not well characterized.18 In
line 10, the authors report that ORF8 may be involved in SARS-CoV-2’s ability to evade the
host immune response (and thus affect pathogenicity). They then suggest that ORF8 is usually
dissimilar among different coronavirus strains, based on a paper by Muth et al19 that studied
deletions in ORF8 during the 2003 SARS-CoV-1 epidemic. Muth et al found that a deletion
of 29 nucleotides in ORF8 of SARS-CoV-1 attenuated the virus by decreasing the virus’s ability
to replicate. A recent paper20 identified the role of ORF8 in pathogenesis of SARS-CoV-2 as
potentially playing a role in viral maturation and assembly. Importantly, this study on ORF8
was published after the emergence of SARS-CoV-2, whose mode of action is still not fully
understood; this timeline does not align with Yan and colleagues’ proposed timeline of events.
Furthermore, the authors fail to consider the level of similarity in ORF8 between viral variants of
the same strain, which could provide better context for the sequence identity between different
strains. It is, therefore, inappropriate to suggest that the similarity of SARS-CoV-2 and ZC45 is
unusual.
2. Also, lines 11-13: ZC45 and ZXC21 seem to have an 94% identity with ORF8, which is greater
than with other circulating coronaviruses (59%), but this is still quite low. ORF8 has been
identified20 as a protein of interest in aiding in virus assembly/packaging. Yan et al argue that
SARS-CoV-2 is suspiciously similar to SARS-CoV-1, yet these 2 viruses contain less than 20%
similarity in their ORF8 sequences.

*

The original version of this report included an editing error in this paragraph. It was updated on 10/14/20.
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Page 5
1. Mischaracterization of sequence homology data. Lines 9-10, referring to Figure 2: The authors
present a variety of homology data that are superfluous, internally inconsistent, or misinterpreted
in the text. For example, the authors state that the E protein, which plays a minimal role in
pathogenesis, is highly variable; however, the Figure 2 shows a fairly stable amino acid sequence.
In lines 4-5, the authors state that SARS-CoV-2’s E gene is highly permissible to mutations
because in a 2-month period there have been 4 nonsynonymous mutations. They use this to
suggest it is suspicious that early SARS-CoV-2 samples had identical identity to the purported
“backbone” viruses, when SARS-CoV-2 is able to tolerate nonsynonymous mutations to the
E gene and, therefore, it would be unlikely for SARS-CoV-2 to have evolved naturally to have
100% sequence identity. However, this analysis does not consider the selection bias in the
samples’ sequences and gaps in the existing phylogenetic trees. It is acknowledged in the field that
there are gaps in the phylogenetic trees of the coronavirus family, making it difficult to determine
accurately the likelihood of similarity between 2 viral variants. Additionally, Figure 2 shows
only 1 sequence from an early time point in the pandemic and 4 samples from April. If other
samples from February were to be included, then there might not be 100% amino acid sequence
identity between SARS-CoV-2 samples and ZC45 and ZXC21. Finally, 2 strains of coronaviruses
showing identical sequences in a particular gene could be an example of convergent evolution.21
2. Binding with ACE2. Lines 31-34: In a discussion about whether RaTG13 can bind various
ACE2 homologs from different types of horseshoe bats, the authors neglect to point out that the
ACE2 homolog of the specific species of horseshoe bat from which RaTG13 was isolated was not
included in the cited binding studies. This makes conclusions about whether RaTG13 can bind
ACE2 homologues incomplete.
3. Binding of Rhinolophus affinis ACE 2. Lines 34-36: Research22 has shown that the receptorbinding domain of SARS-CoV-2 binds human, pangolin, and Rhinolophus macrotis bat ACE2
receptors optimally, and that the receptor-binding domain of Rhinolophus affinis, a type of
horseshoe bat, did not bind the ACE2 of orthologous (different) horseshoe bat species’ ACE2. R
affinis ACE2 has not been well characterized, so it could not be tested. This is interesting work in
progress but does not provide substantive conclusions about the provenance of SARS-CoV-2.
Page 6
1. Missing methods section. The report is missing a methods section, which is typically included
in review articles23 and allows for critical review of the process by which the articles reviewed
were chosen. Information should be included about how the alignments were created, sequence
quality, and adjustments for sampling bias—all factors that affect the results and conclusions.
Page 8
1. On variability of Spike sequences. Lines 1-13: There are various judgments about the similarity
of SARS-CoV-2 sequences to other related viruses (ZC45 and ZXC21), but no inclusion
of contrasting evidence. For example, S2 is not highly variable among coronaviruses,24 but
S1 is only a 69% match, making the claims that ZC45 was used as a template not credible.
Convergent evolution, seen in several other viruses,25,26 including SARS-CoV-1,27 often as a
virulence factor, should be considered by the authors.
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2. On substitution mutations within the Spike protein. Lines 16-18: Substitution mutations that
are hydrophobic and classified as minor in the report, are structurally significant and not minor;
many mutations are lysines to phenylalanines, which alter structure, or phenylalanine to tyrosine
which alter the charge of the side group.
3. Quasiviruses and evolution of RNA viruses. Lines 23-26: The authors make teleological
assumptions in this passage. “As elaborated below, the way that SARS-CoV-2 RBM [receptorbinding motif ] resembles SARS-CoV RBM and the overall sequence conservation pattern
between SARS-CoV-2 and ZC45/ZXC21 are highly unusual. Collectively, this suggests that
portions of the SARS-CoV-2 genome have not been derived from natural quasi-species viral
particle evolution.”10 Currently, not enough is understood about SARS quasispecies28 to argue
definitively that a certain population arose from another or to eliminate the possibility of
said evolution. Many of the Yan and colleagues’ arguments could be explained by a mixture
of convergent evolution, quasispecies, sampling bias, methodology issues, and/or a common
ancestor.
4. Viral recombination. Lines 30, 31, and 43: The description of viral recombination does not
accurately describe how this process occurs in viruses.29,30 Viral recombination is a complex
event,31 which is not a “swapping” of entire genes, as the authors suggest, but a common,
important part of viral evolution.29 Reassortment can occur, but only in segmented, positivesense RNA viruses. It is likely that ancestors of SARS-CoV-2 underwent viral recombination,
though this is not necessarily a complete exchange of entire gene segments.
Page 9
1. The potential for zoonotic emergence of coronaviruses. Line 9: There is not enough information
available in the scientific literature to know whether strains related to SARS-CoV-2 may infect
humans or if infections are possible but limited. Therefore, statements made by the authors about
the infectivity of ZC45 are unsupported.
2. On intermediate hosts in viral evolution. Lines 21-23: Viruses can have complicated
evolutionary origins, sometimes with intermediate hosts,32 as seen with influenza33; influenza
viruses34 are also known to crossover into humans. The human ACE2 (hACE2) receptor may be
optimal for SARS-CoV-2, but recent work has found that SARS-CoV-2 can actually use multiple
ACE2 receptors,4 but not mice ACE2. More sampling needs to be done, but assertions about
whether the hACE2 is the best receptor to bind SARS-CoV-2 cannot be supported at this time.
3. Zoonotic emergence of coronaviruses in history. Lines 36-38: Coronaviruses have caused
human disease before, including SARS and MERS, and many have pointed to warning signs that
coronaviruses could become a serious problem, which were not heeded prior to SARS-CoV-2.
These facts are contradicted by the authors who also describe SARS-CoV-2 as “intelligent,”
which is teleological and counterfactual.
Page 10
1. Lack of evidence regarding gain of function research in coronaviruses. Line 2: Some gain of
function research using coronaviruses has been published, but the author’s statement of an
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“abundant” literature in this area overstates the amount known. The papers referenced do not
support the author’s claim that such research led to human competent viruses. One paper, Ren
et al,35 inserted the Spike protein gene of all SARS-CoV-like viruses (not SARS) into a viral
backbone and did not use the entire SARS virus or infect live animals.
2. Lack of restriction sites in the proposed viral backbone ZC45. Figure 5: The authors describe a
possible pathway for designing viruses that is out of step with current scientific methods for gene
editing, casting doubt on both their analysis and their conclusions. While use of restriction sites
as presented are theoretically possible in SARS-CoV-2, based on the authors’ own analysis, ZC45
does not have the necessary restriction sites (of EcoRI and BstEII). Therefore, ZC45 would
have to be genetically modified beyond the sequence presented for a restriction digestion to be
possible. This negates the authors’ argument that ZC45 is the obvious backbone of SARS-CoV-2.
Restriction digests are not favored for manipulation of RNA viruses due to several obstacles:
genome sizes, viral proofreading enzymes that can limit the success of restriction enzymes, and
the ability to recover viruses after reverse genetic manipulation.
Page 11
1. On restriction sites present within the Spike protein. Lines 6-9: Restriction enzyme sites
are found in all genomes and naturally occur frequently.36,37 For instance, in a commonly
used adenovirus vector, the BstEII restriction enzyme site occurs 10 times. The frequency of
restriction site distribution is due to the fact that they comprise stretches of 6 or 8 consecutive
nucleotides, which have high—and measurable—probabilities of occurring by chance within a
given genome. With contemporary gene-editing methodologies, restriction sites are rarely used.
These arguments aside, Yan and colleagues falsely assert the existence of restriction enzyme sites
in the SARS-CoV-2 sequence, but not in the Spike gene sequence of other beta coronaviruses, is
evidence of genetic manipulation, or that the presence of restriction sites is rare. A New England
BioLabs site search for restriction enzyme sites in the 5’ end of the SARS-CoV-2 sequence
revealed at least 7 other restriction sites in the RBM, in addition to the EcoRI site Yan et al cited
as evidence of manipulation.
Page 13
1. The possibility of convergent evolution in beta coronaviruses. Lines 10-12: Yan et al state that
there is only 1 evolutionary pathway that could explain the appearance of SARS-CoV-2—a
homologous recombination event. However, convergent evolution is another pathway for the
development of the furin cleavage site, which would result in SARS-CoV-2 having the cleavage
site similar to nonbeta coronaviruses. Convergent evolution is a well-established phenomenon in
biology.
2. The evolution of a furin cleavage site. Lines 14-16: The authors argue that the existence of
polybasic furin cleavage sites in other coronaviruses implies that convergent evolution could not
have played a role in evolution of the furin cleavage site in SARS-CoV-2. The furin cleavage site
refers to a specific position at the S1/S2 junction in SARS-CoV-2. This is a sequence of amino
acids where the host (human) enzyme, furin,38 can cleave. This furin cleavage is essential for the
proper maturation39 of the Spike glycoprotein and subsequent cell-to-cell membrane fusion in

© Johns Hopkins Center for Health Security, centerforhealthsecurity.org				

09/21/2020

In Response: Yan et al. Pre-Print Examinations of the Origin of SARS-CoV-2

		

7

the host. They present the divergent furin cleavage site sequence in SARS-CoV-2 as evidence
that homologous recombination between an ancestor beta coronavirus and a furin cleavage sitecontaining coronavirus is impossible. The argument that homologous recombination is not a
likely factor in fact supports a hypothesis of convergent evolution.
3. Homologous recombination. Lines 18-19: The report states that the low sequence identity
between beta coronavirus and other coronaviruses that contained a furin cleavage site would be
too low to allow homologous recombination to occur. If recombination had occurred, it would
not have had to have occurred in the immediate area of the sequence coding the furin cleavage
site; it could occur in other, more homologous regions.
Page 14
1. On methods of a literature review. Typically, the scientific description of the steps to create
a transmissible virus (as per the chart on page 15) would require biosecurity review before
publication in a reputable scientific journal, as this is a dual-use concern,40 which has the
potential to lower barriers toward biological weapons development. However, it should be noted
that the steps described by Yan et al are not individually novel and, in our judgment, do not
present a biological weapons risk, particularly as the methods chosen have been supplanted by
more accurate genetic engineering tools.
Page 16
1. On troubleshooting molecular cloning. Line 16: The authors’ statement that there is “almost
no risk of [molecular cloning] failing”10 contradicts experience with the technique, as it can be a
finicky method41 requiring keen problem-solving skills.42
2. Virology protocol inaccuracies. Lines 25-29: The report inaccurately describes some common
laboratory techniques. For example, the report states that sequence information for short
segments of coronavirus RNA-dependent RNA polymerase (RdRp) is possible due to the
availability of a polymerase chain reaction (PCR) protocol used to identify coronaviruses.
However, PCR is not a sequencing method, it only amplifies existent sequences. PCR is a
common tool, used to determine if a specific DNA sequence is in a sample and, if so, how many
copies of that sequence are in the sample. Using PCR to detect the presence of coronaviruses in
a sample is a standard practice in research and clinical laboratories using standard coronavirusspecific primers, as the RdRp is highly conserved between coronaviruses. Approximately 28
current SARS-CoV-2 diagnostics43 with Emergency Use Authorization use this method and this
specific gene target.
Page 17
1. Serial passaging and virulence. Lines 19-20: Serial passaging refers to a process wherein a stock
viral population is used to infect an animal, then virus from that animal is collected and used
to infect another animal for a designated number of “passages.” Serial passage of a virus causes
the population to adapt to the animal or cell type in which it is being passaged. Passaging would
lead to adaptation to another animal (if passaged in vivo) or, if in vitro, to the specific cell type
used. Most human cells used in laboratory culture have significant differences compared to the
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commensurate cells in humans. Serial passage, then, would not necessarily make a virus more
pathogenic to live humans. Additionally, passage does not necessarily increase fitness of a viral
population. The report mischaracterizes the complexity of these processes and projects outcomes
from passaging that are not supported by laboratory techniques.
Page 18
1. Unrealistic timelines. Lines 25-29: The timeline offered for how an entirely novel protein can be
engineered in a little studied virus, circa 2019, is not scientifically realistic.
Page 19
1. Methods of genetic modification in viruses. Lines 11-12: The authors incorrectly state that
reverse genetics systems are commonly used to assemble coronaviruses. Reverse genetics44 can
be used in other virus synthesis, such as influenza. The paper the authors cite, from Thao and
colleagues,41 did use reverse genetics in a yeast-based system to synthesize full length SARSCoV-2. However, previous research45 had identified that coronaviruses can be particularly
difficult to engineer using reverse genetics systems, as the large size of Nidovirus genomes,
replicase activity, and requirement for large transcript synthesis create obstacles. Certain
methods require insertion of mutations elsewhere in the genome to manage the T7 transcription
termination signals or require helper viruses to coinfect cells to aid in cloning. Recent work
in dengue viruses46 and MERS47 has shown the promise of Gibson assembly in synthesizing
positive-strand viruses.
2. Reverse genetics tools (and limitations). Lines 22-24: Reverse genetics and synthetic biology
provide technological tools to synthesize SARS-CoV-2, as demonstrated by the methods section
of the Thao paper.41 The yeast used for this synthesis of SARS-CoV-2 used a specific platform
that depended on a mouse hepatitis virus. The description in Yan et al of pooling the DNA
fragments together and “transforming” them into yeast will not work,48,49 as it would require
a method known as transformation-associated recombination,50 calling into question the Yan
analysis.
3. On viral passaging and adaptation. Lines 34-35: Adaptation for receptors likely improves
infectability of a virus, but it does not necessarily make the virus more transmissible, pathogenic,
or virulent. Even if the virus adapts for the receptor, it does not mean that the virus will be able
to cause viremia or transmit to other hosts. The report falsely asserts that serial passage would
“validate the virus’ fitness and ensure its receptor-oriented adaptation toward its intended host”10
and also argue a contradictory theory on page 3 that the virus was not serially passaged. While
viral passaging can optimize viral fitness, this is never a guarantee and has to be scientifically
demonstrated.
4. SARS-CoV-2 animal models. Line 39: Finding an animal model for SARS-CoV-2 has been
difficult51 and, before 2020, there was not a good animal model for SARS-CoV, so the idea of
“serial passage in laboratory animals”10 would have been challenging.
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Page 20
1. Serial passaging and virulence. Lines 2-4: The authors incorrectly assert that serial passage of a
virus only leads to increased virulence. The report asserts that 10 to 15 rounds of passage would
improve the viral Spike protein’s binding affinity and the infectivity and lethality of the virus.
However, serial passaging does not always lead to genome stabilization, as some viral populations
may die off.52 Of the strains that do stabilize, infection efficiency is only enhanced for the model
species used for passaging, not for all species. Some of these (millions of ) virions may be more
lethal or infectious, just as many may be less so. Passaging cannot guarantee an outcome of viral
evolution. The life cycle of a virus and infection efficiency depend on more than just receptor
binding, and adaptation to 1 organ or 1 type of receptor may come at the expense of reduced
ability to spread to other organs, cause viremia, shed from 1 host, or cause pathogenicity.53
Thus, improved receptor binding does not necessarily mean enhanced transmissibility or
pathogenicity.54
2. On laboratory adaptation leading to increased virulence. Lines 16-21: Viral adaptation can
include attenuation. That is one reason why viruses and bacteria are sometimes serially passaged
for attenuation to be used in vaccines.55,56 It cannot be stated as Yan and colleagues do that there
is a “lack of apparent attenuation”10 so far in this pandemic, because the global incidence of
COVID-19 (especially asymptomatic cases) is unknown, or that viral adaptation, in vitro or in
vivo, led to increase transmissibility or virulence.
3. Viral mutation rates. Line 24: The authors state that if serial passage is confined to 1 species,
less random mutations occur, but this is incorrect. Mutation rates are a function of the RdRp,
as well as the ExoN proofreading enzyme,57 and so repeated passage will not inherently make
a virus more or less likely to mutate. However, passage does affect which mutations58 become
fixed in the viral population. Coronaviruses form a quasispecies, where each variant within the
population can be different from the others and have different fitnesses. Together, the population
of variants infect a host, disseminate from the initial infection site, and cause pathogenesis.
During a passage, the viral variants best suited for infection and pathogenesis within the
model organism are selected for, but the rate of mutations occurring does not change. Because
mutations can still occur, there is a possibility the virus can adapt, unless the mutations cause so
many deleterious mutations that the population collapses.
Page 21 (Conclusion)
1. While the impact of SARS-CoV-2 on global public health is undeniable, the pathogenic
effects of SARS-CoV-2 infection at an individual or cellular level are not unprecedented. Many
viruses are capable of causing high morbidity and mortality,59,60 infecting several organs, and/
or presymptomatic or asymptomatic transmission.61 Additionally, other viral infections (eg,
chikungunya) also induce long-term sequelae.62 Humans have contended with many scourges
and it is a certainty that COVID-19 will not be the last.
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