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Abstract: Evolution of SARS-CoV-2 has followed similar trends as other RNA viruses, e.g., HIV-1 and
influenza A. Rapid initial diversification was followed by strong competition and rapid succession of
dominant variants. Host-initiated RNA editing has been the primary mechanism for introducing
mutations. A significant number of mutations were detrimental and were quickly purged. Fixed
mutations are mostly diversifying mutations selected for host adaptation and immune evasion, with the
latter accounting for more of the changes. However, immune evasion often comes at the cost of
functionality, so that optimal functionality is still far from being accomplished. Instead, selection for
antibody-escaping variants and accumulation of near-neutral mutations have led to suboptimal codon
usage and reduced replicative capacity as demonstrated in non-respiratory cell lines. Beneficial
adaptation of the virus includes reduced infectivity in lung tissues and increased tropism for the upper
airway, resulting in shorter incubation periods, milder diseases, and more efficient transmission
between people.
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1. Introduction

SARS-CoV-2 is one of the most intensely observed organisms in terms of evolutionary development, and
COVID-19 is probably the fastest evolving disease we have documented in terms of clinical and
pathological features. Reviewing SARS-CoV-2 evolution not only provides insight into future trends of
the pandemic and guides COVID-19 mitigation strategies, but also sheds light on general features of the
evolution of zoonotic RNA viruses. Based on what is currently available in the literature, we hereby
make the following observations concerning the direction of SARS-CoV-2 evolution. First, initial
explosive diversification after entering the new host species eventually gave way to one dominant
lineage which has undergone an overall degeneration of genomic structure and loss of functionality.
Second, adaptive mutations resulted in variants of lower virulence and higher transmissibility. The
mechanisms underlying these trends will be discussed.

2. Degenerative evolution has been observed in other RNA viruses

After a zoonotic virus enters mankind, it must adapt itself to replicate in an unfamiliar host cell
environment and to evade unforeseen defense mechanisms on the cellular and organismal levels.
Viruses are endowed with error-prone nucleic acid polymerases which generate quick genetic variations
among offspings. More than most other organisms, viruses produce large population surpluses to afford
strong selection against low odds of survival. Even with quick mutations and large numbers of progenies,
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successful jump of species is rare. Some viruses, such as avian influenza viruses, may infect humans but
fail to transmit from human to human.

After a zoonotic virus successfully infects a human being and is fortunate enough to gain the ability to
transmit between humans, it may still be contained and shortly disappear from mankind. A prime
example is severe acute respiratory syndrome coronavirus (SARS-CoV). The virus appeared in humans in
late 2002 and went extinct in about a year [1,2]. Other viruses may coexist with mankind for the long
term and become endemic. There is evidence that zoonotic viruses that maintain high levels of
transmission among humans tend to attenuate. For example, the current human coronavirus 0C43
(HCov-0C43) diverged from the bovine coronavirus around 1890 [3] and probably entered mankind as
the cause of the ‘Russian flu’ pandemic of 1889-1895 [4,5]. The virus has attenuated ever since and is
only a cause of common cold by now. This attenuation is likely the result of mutation accumulation. The
pressure of host adaptation and immune evasion may have led to compromised replicative capacity.

Beside error-prone nucleic acid replication, mutations may be forced on the virus by the cellular nuclear
acid editing mechanisms. Apolipoprotein B mRNA editing enzyme, catalytic polypeptide (APOBEC)
deaminates viral cytidine to uridine. As a matter of fact, APOBEC3 is a key factor in determining the
permissiveness of a cell to both DNA and RNA viruses [6,7]. Another family of nucleic acid editing
enzymes is the adenosine deaminase acting on RNA (ADAR) which, by deaminating adenosine to inosine
in double-stranded RNA, affects subsequent RNA processing, translation, and stability [8]. The p150
subunit of ADAR1, as well as APOBEC3, are upregulated by type | interferons [9,10], underlining the role
of nucleic acid editing in innate antiviral immunity. Although mutations introduced via nucleic acid
editing can contribute to viral adaptation, directional base substitutions are more likely disruptive to
genetic information. For example, biased U>C transitions of the measles virus, presumably introduced
by ADAR, suppressed translation of viral genes in infected brain tissues [11]. Interestingly, ADAR edition
of viral RNA also modulates interferon production leading to a more peaceful coexistence between the
virus and the host cell [12]. In addition, viral RNA rich in CpG dinucleotides are recognized by zinc-finger
antiviral proteins [13,14]. This mechanism provides a selective advantage for CpG-depleted variants.

Whether accidentally introduced during genome replication or forced on by host editing enzymes,
mutations accumulate in viruses faster than in cellular organisms, leading to degradation of viral
genomes. During the first few months of infection by the human immunodeficiency virus (HIV), as the
viral genomic sequences diversify in each patient, the overall fitness of the virus as measured by in vitro
viral DNA production decreases with time [15]. During the early years of the HIV pandemic, the virus
adapted its codon usage to that of human cells, but by the end of the 20" century, codon usage of HIV-1
showed a trend of diverging away from human codon usage patterns, indicating degeneration of genetic
information [16]. Antiretroviral drugs alter codon usage patterns [17] and result in reduced fitness of
HIV-1 [18,19]. Likewise, the 1918 H1N1 influenza virus demonstrated a linear degeneration of codon
scores before it finally went extinct [20].

3. Adaptive mutations of SARS-CoV-2 favor upper respiratory infection

Adaptive mutations of SARS-CoV-2 are characterized by 1) convergence or homoplasy, i.e., repeated,
independent emergence of the same mutations in multiple strains [21]; 2) cooccurrence of two or more
mutations in fixed strains suggesting epistasis and complementarity [22]; 3) concentration of mutations
in hotspots, especially in the receptor-binding domain (RBD) of the spike protein which increases affinity
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to the human angiotensin-converting enzyme 2 (ACE2) receptor [23]; 4) competition between variants
resulting in rapid selective sweeps with new variants replacing old ones in a matter of months [24,25].

3.1. From the lungs to the nose

Starting with the D614G sweep early in the pandemic, all subsequent variants that gained dominant
status harbor multiple mutations in the RBD resulting in increased affinity for ACE2. In addition,
adaption of SARS-CoV-2 includes immune escape [26] and antagonizing the activity of interferons [27].

A key functional change in the spike protein of SARS-CoV-2 as it evolved is decreased tropism toward
lung tissues and increased tropism toward airway epithelium. As early as 2020, it was found that the
D614G mutant outcompeted the wild-type virus in primary human airway epithelial cells and in nasal
epithelium, but not in the lungs, of infected hamsters [28,29]. The Beta, Delta, and Omicron variants all
replicated to higher titers in ex vivo human bronchial tissues than the wild-type virus, with Omicron
having the highest titers, but the opposite trend was seen when the variants were tested in lung tissues
with Omicron replicating to significantly lower titers than the wild-type virus and the Delta variant [30].

The mechanism of tropism change is still unclear. Increased binding affinity toward the human ACE2 is
an obvious factor to speed up replication in airway cells. A survey of single cell RNA-seq data revealed
that airway cells express more ACE2 than lung cells, with nasal secretory cells showing the highest
expression [31]. A study using immunohistochemistry observed similar distribution of ACE2 [32]. Local
codon optimization in viral genes may also contribute to increased replication efficiency, especially at
key genomic sites such as the hexanucleotides encoding the arginine dimer of the furin-cleavage site of
the spike protein [33]. Higher affinity for the airway means less viruses reaching the lungs. Reduced
replicative capacity in the alveolar epithelium may be a result of a documented change in its mode of
entry. SARS-CoV-2 uses the transmembrane serine protease 2 (TMPRSS2) to cleave the S2’ site of its
spike protein to yield an S2 subunit that can induce fusion between the viral envelope and the cell
membrane [34]. It has been demonstrated that the Omicron variant has lost its sensitivity to TMPRSS2
and consequently lost its ability to induce membrane fusion [35]. The variant is now more dependent on
endocytosis as its mode of entry. This is demonstrated by increased sensitivity to inhibitors of
endosomal proteases such as chloroquine [36].

This change in tissue tropism is reflected in the clinical features of COVID-19. Infection with the Omicron
variant is characterized by upper respiratory symptoms such as rhinorrhea, sore throat, sneezing, and
hoarse voice, while the absence of anosmia may reflect reduced tropism toward extra-respiratory
tissues [37]. Moreover, the Omicron variant has been found to be less likely to cause severe pneumonia
than the Delta variant even after adjustment for vaccination status in a multivariable analysis [38]. In
patients infected with the Omicron variant, pneumonia was more strongly associated with old age, male
gender, and diabetes than in patients infected with previous variants [39]. The Alpha and Beta variants,
but not the Delta variant, were also less likely to cause pneumonia even after adjustment for age, sex,
comorbidities, and vaccination status than the wild-type virus [40]. Morbidity and mortality of COVID-
19 is associated more with immune dysregulation than with viral replication, but excessive activation of
immune cells typically follows viral infection of the lungs and subsequent accumulation of macrophages
and neutrophils in the lungs [41,42].

3.2.Increasing transmissibility
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Because there are less ACE2 receptors in the lungs, even SARS-CoV-2 strains that are not variants of
concern replicate to lower titers in the lungs than in the bronchi, as seen in hamsters and in organoid
cultures [28,43]. Increased tropism toward the upper respiratory tract means fast viral replication and
more viral shedding, which, in turn, means shortened incubation periods and higher transmissibility. The
incubation period of the wild-type virus among travelers from Wuhan, China, ranged from 2.1 to 11.1
days, with a mean of 6.4 days [44]. One meta-analysis of the incubation period caused by the later
variants found the mean incubation period of the Alpha, Beta, Delta, and Omicron variants to be 5.00
days, 4.50 days, 4.41 days, and 3.42 days, respectively [45]. In comparison, the median incubation
period of the human coronaviruses that cause common cold is 3.2 days [46].

Sungnak et al compared the transmissibility of several respiratory viruses whose receptors are
distributed differently within the respiratory system and found that tropism toward the upper
respiratory tract is associated with higher transmissibility [29]. Loss of replicative function in the lungs
results in milder diseases, allowing the patients to be more ambulatory and to spread the virus more
efficiently. Indeed, later variants of SARS-CoV-2 tend to show increased transmissibility. Using two
mathematical models to calculate the effective reproduction number (Rt), Hasan et al demonstrated an
increase in transmissibility of SARS-CoV-2 in Scandinavia as the Delta variant replaced earlier variants in
2021 [47]. The basic reproduction number (R0) of the wild-type virus ranged from 0.47 to 6.47, with an
average of 2.69 [48]. Using a competition model, Hansen et al calculated the relative transmissibility of
the Alpha, Delta, and Omicron variants compared with the wild-type virus and found that the Rt of the
three variants were 1.51, 3.28, and 10.33 times of the wild-type virus [49].

Enhanced transmissibility is obviously the most important factor in terms of selective advantage against
other variants. Theoretically, there is an optimum configuration of the spike protein which interacts with
the human ACE2 and proteases with maximum efficiency, and there is an ideal mode of entry which
results in maximum tropism toward the nasal epithelium and minimum tropism toward the alveolar
epithelium. By in vitro evolution and testing, Zahradnik et al produced an ideal model, IBD-62, with an
ACE2-binding affinity that is 1000-fold higher than that of the wild-type virus [50]. IBD-62 contains a
combination of S477N, Q498R, and N501Y mutations, which were all found later in the Omicron variant
[51]. As a matter of fact, most mutations that could increase the binding affinity between the RBD and
ACE2 had already occurred even before Omicron [52]. The RO of the Omicron variant is already on par
with the most transmissible respiratory virus known to date, i.e, the measles virus [53]. Can the
transmissibility be further improved?

4. Degenerative evolution of SARS-CoV-2

The virus still has room to improve, but nature may not be able to accomplish it. While some gain-of-
function mutations are realized, they tend to be out-numbered by functionally destructive mutations.

The most dominant mechanism that drives mutations in the genome of SARS-CoV-2 is RNA editing. The
most common mutation seen in the latter variants is C>U transition, presumably induced by the APOBEC
enzymes [20,54]. When APOBEC deaminates cytosine in the antigenome (the replication intermediate,
or the negative strand), it results in G>A transition in the viral genome. ADAR induces A>G transition
when it deaminates adenine in the genome and induces U>C transition when it works on the
antigenome. Giorgio et al studied editing of SARS-CoV-2 RNA in the transcriptome of bronchoalveolar
lavage samples of infected patients and found high levels of A>G and U>C transitions indicative of ADAR
action. The counts of A>G and U>C transitions are roughly equal, consistent with the fact that ADAR acts
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on dsRNA [55]. They also found significant C>U transitions which are more abundant than G>A
transitions, indicating APOBEC editing and its preference for the positive strand. In comparison,
substitution patterns characteristic of replication errors introduced by the viral RNA-dependent RNA
polymerase (C>A, U>C, G>U, A>C, and U>G) are much rarer in the transcriptome. Kim et al co-expressed
APOBEC enzymes and SARS-CoV-2 RNA segments in HEK293T cells and proved that APOBEC3A,
APOBEC1, and APOBEC3G can all edit SARS-CoV-2 RNA [56]. One signature mutation caused by
APOBEC3A in the 5’UTR appeared early in 2020 and has been fixed in dominant variants including the
Delta and Omicron variants. One signature mutation pattern of APOBEC1 contributed to the H655Y
mutation on the spike protein which is associated with the loss of TMPRSS2 usage. APOBEC3A also
significantly increased viral yield in Caco-2 cells infected with SARS-CoV-2. These findings by Kim et al
indicate that the virus can take advantage of the host cell RNA editing enzymes for adaptive evolution.
But as expected, most mutations turn out to be destructive and subject to purifying selection [57-59],
whether they are imposed on the virus by the host or due to errors during viral replication.

4.1. Darwinian mechanisms that drive degeneration of genetic information
4.1.1. Natural selection for immune evasion sacrifices functionality of genes

SARS-CoV-2 has accumulated far more nonsynonymous mutations than synonymous mutations,
indicating positive selection [60-62]. Amino acid substitutions presumably led to rapid diversification
early in the pandemic as the virus adapted to the new host species, and immune evasion has been a
driving force since 2020 [63]. Most mutations concentrate on the spike protein, which is the main target
of antibodies.

The Omicron variant (BA.1) has 15 mutations in the RBD, far more than the one to four found in any
other major variants. Six of the 15 mutations are known to increase affinity toward ACE2, while nine are
known to decrease affinity [51]. The overall affinity of the spike protein of the Omicron variant as
measured experimentally is on par with that of the wild-type virus [51,64]. The effects of destructive
mutations are balanced by constructive mutations, but the destructive mutations allow for evasion of
pre-existing neutralizing antibodies in the population [51]. The idea that most mutations in the RBD
decreases affinity to ACE2 is corroborated by a study by Li et al early in the pandemic. Using vesicular
stomatitis virus pseudotyped with the spike protein of SARS-CoV-2, the group measured the infectivity
of 51 variants with mutations in the RBD. They found 13 mutations showing decreased infectivity while
only three showed increased infectivity. Some mutations that decreased infectivity enabled the spike
protein to evade antibodies [65]. The majority of the RBD mutations did not yield in a measurable
phenotypic difference in binding affinity.
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Theoretically, there is a limited number of epitopes that could be altered without seriously crippling viral
replication. Therefore, the rate at which the virus accumulates immunity-escaping mutations must slow
down with time. Neher compared the synonymous and nonsynonymous mutation rates of the viral
clades that arose from 2019 to 2022. Synonymous mutation rates remained constant at about five to
eight base changes per genome per year for all clades, but nonsynonymous mutation rates dropped
from the highest of 16.41 per genome per year (clade 19B++) to the lowest of 2.81 per genome per year
(clade 22A) [58]. Figure 1 is plotted using Neher’s data, demonstrating a negative correlation between
intra-clade mutation rates and time. At some point, additional mutations will be so detrimental that it is
hard for them to gain dominance over preexisting variants and be fixed.
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Figure 1. Decline of intra-clade mutation rate from early clades to late clades

Therefore, even if the ideal genome ever appears by mutation and recombination, it will soon
degenerate again because the virus needs to continue mutating to evade a practically infinite inventory
of antibodies and antiviral T lymphocytes in the human population.

4.1.2. Accumulation of non-selectable mutations

Even though nonsynonymous mutations concentrate in the spike protein, they also accumulate in other
genes throughout the viral genome. Unlike the surface protein and the RNA polymerase, accessory
proteins demonstrate little restraint on amino acid substitutions [58,66]. Accumulation of mutations in
proteins that are loosely selected may contribute to genetic degradation in the long term.
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Synonymous mutations affect codon usage adaptation and translation efficiency [67,68]. While
synonymous mutations that promote adaptation to human codon usage show a tendency to increase,
most synonymous mutations, mainly those induced by APOBEC enzymes, are oblivious to natural
selection [67]. Since C to U transitions are by far the most abundant base substitutions in the mutational
spectrum of SARS-CoV-2 [69-71], uracil accumulates steadily in the viral genome while the number of
cytosine declines with time [72]. Since intramolecular base-pairing forms secondary structures which
can stabilize the genome, and AU bonding is less tight than GC bonding, C>U transitions also destabilizes
the viral genome, which may facilitate nucleotide deletions, leading to shorter genomes in all major
variants (Table 1) [72]. SARS-CoV-2 still has higher cytosine count and lower uracil count than any of the
four human coronaviruses [73], will it continue to evolve toward the nucleotide compositions of the
current human coronaviruses, and phenotypically become more like them?

Table 1. Nucleotide deletions in major variants of concern compared to early clade consensus

Alpha Beta Gamma Delta Omicron
Genome length 29,750 29,751 29,764 29,756 29,742
Deletions 19 18 5 13 27

4.2. Phenotypic loss due to genetic degradation
4.2.1. Codon degeneration and reduced translation efficiency

Both nonsynonymous and synonymous mutations may deoptimize codon usage. Early in the pandemic,
during 2020, Posani et al found a general trend of codon deoptimization among most genes of SARS-
CoV-2. The ENC (effective number of codons) plot indicated natural selection being a driving force of
codon deoptimization, especially for genes of the spike protein and the RNA-dependent RNA
polymerase [74]. Mogro et al discovered a downward trend of codon adaptation index (CAl) of SARS-
CoV-2 in multiple human tissues, and surprisingly, the Omicron variant (BA.1) had a higher CAl than
other variants of concern, although lower than the earliest isolates [75]. Wu et al experimentally
demonstrated higher protein expression when codon usage was restored to optimum, and the group
also found a sudden increase in CAl when Omicron came to the scene [76]. The high CAl of Omicron may
shed light on the mysterious origin of the variant [77]. If the variant was generated in a chronically
infected, immunodeficient person, the nucleic acid editing enzymes may still cause codon degeneration
even without the need for immune escape, although it may be slower. On the other hand, we know that
bat coronaviruses have higher CpG content, higher percentage of C, and lower percentage of U [78].
The high CAl of Omicron favors the “reverse zoonosis” hypothesis. Others proposed that the variant was
a recombinant between an ancestral lineage and a hypermutated virus [66], but how the ancestral
lineage was spared from codon degeneration is still a question.

Nonetheless, among humans, the future of the Omicron variant is most likely codon deoptimization and
further attenuation.

4.2.2. Reduced replication capacity in non-respiratory cell lines

Through adaptation, newer SARS-CoV-2 variants have lost replication efficiency in lung cells and gained
efficiency to replicate in airway cells. Comparison of the overall genomic functionality of early and late
variants should, therefore, be conducted in cells that none of them has been exposed to, e.g., the
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monkey kidney cell line, Vero. Using Vero E6 cells, Mautner et al showed that the B.1.1 strain (not a
variant of concern) replicated the fastest while Omicron was the slowest [79]. The difference between
the Delta variant and the Omicron variant was greater when they were compared in Vero E6 cells
expressing TMPRSS2, because Omicron lost its ability to use TMPRSS2 for cell entry [35]. Omicron also
showed severely weakened ability to cause cytopathic effect, including cell fusion, in Vero cells.

Caco-2 is a human colon epithelial carcinoma cell line. When the infectivity of SARS-CoV-2 variants were
compared in Caco-2, Omicron replication was drastically slower than any other variant and produced
very low titers of progeny virus in the end [79]. This may be a clue to explain the narrower tissue
specificity of Omicron in comparison with earlier variants. The pathology of Omicron infection is more
localized to the respiratory system, resulting in less symptoms of the digestive and nervous systems
[37,80,81]. Interestingly, in the airway epithelial carcinoma cell line Calu-3, the disadvantage of Omicron
was less dramatic, presumably due to its adaptation to airway cells [79].

5. Conclusion

Like other zoonotic RNA viruses, SARS-CoV-2 is evolving toward attenuation and genetic degradation.
The most important cause of mutation is APOBEC editing, and the most important force for mutation
accumulation is immune evasion. Immune evasion and accumulation of near-neutral mutations both
compromise the functionality of viral genes, leading to codon deoptimization and reduced replication
capacity. The direction of SARS-CoV-2 evolution is toward production of a virus that limits its pathology
to the upper respiratory tract, i.e., a fifth human coronavirus that causes common cold.

Conflicts of interest: The author declares no conflict of interest.


https://doi.org/10.20944/preprints202211.0430.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 November 2022 d0i:10.20944/preprints202211.0430.v1

References

1. A Chronicle on the SARS Epidemic, Chinese Law & Government. 2003, 36:4, 12-15.

SARS basics fact sheet. Available online: https://www.cdc.gov/sars/about/fs-sars.html#outbreak
(Accessed: November 3, 2022).

3. Vijgen, L.; Keyaerts, E.; Moés, E.; Thoelen, |.; Wollants, E.; Lemey, P.; Vandamme, A. M.; Van Ranst, M.
Complete genomic sequence of human coronavirus OC43: molecular clock analysis suggests a relatively
recent zoonotic coronavirus transmission event. J. Virol. 2005, 79, 1595-1604.

4. Erkoreka, A.; Hernando-Pérez, J.; Ayllon, J. Coronavirus as the Possible Causative Agent of the 1889-1894
Pandemic. Infect. Dis. Rep. 2022, Jun 13;14(3):453-469.

5. Berche, P. The enigma of the 1889 Russian flu pandemic: A coronavirus? Presse. Med. 2022 , 51, 104111.

6. Stavrou, S.; Ross, S.R. APOBEC3 Proteins in Viral Immunity. J Immunol. 2015, 195, 4565-70.

7. Milewska, A.; Kindler, E.; Vkovski, P.; Zeglen, S.; Ochman, M.; Thiel, V.; Rajfur, Z.; Pyrc, K. APOBEC3-
mediated restriction of RNA virus replication. Sci. Rep. 2018, 8, 5960.

8. Licht, K.; Hartl, M.; Amman, F.; Anrather, D.; Janisiw, M. P.; Jantsch, M. F. Inosine induces context-
dependent recoding and translational stalling. Nucleic. Acids. Res. 2019, 47, 3-14.

9. Vlachogiannis, N. I.; Tual-Chalot, S.; Zormpas, E.; Bonini, F.; Ntouros, P. A.; Pappa, M.; Bournia, V. K.;
Tektonidou, M. G.; Souliotis, V. L.; Mavragani, C. P.; Stamatelopoulos, K.; Gatsiou, A.; Sfikakis, P. P.;
Stellos, K. Adenosine-to-inosine RNA editing contributes to type | interferon responses in systemic
sclerosis. J. Autoimmun. 2021, 125, 102755.

10. Peng, G.; Lei, K. J.; Jin, W.; Greenwell-Wild, T.; Wahl, S. M. Induction of APOBEC3 family proteins, a
defensive maneuver underlying interferon-induced anti-HIV-1 activity. J. Exp. Med. 2006, 203, 41-6.
Erratum in: J. Exp. Med. 2006, 203, 2963.

11. Cattaneo, R.; Schmid, A.; Eschle, D.; Baczko, K.; ter Meulen, V.; Billeter, M. A. Biased hypermutation and
other genetic changes in defective measles viruses in human brain infections. Cell. 1988, 55, 255-265.

12. Lliddicoat, B. J.; Piskol, R.; Chalk, A. M.; Ramaswami, G.; Higuchi, M.; Hartner, J. C,; Li, J. B.; Seeburg, P. H.;
& Walkley, C. R. RNA editing by ADAR1 prevents MDAS sensing of endogenous dsRNA as nonself. Science.
2015, 349, 1115-1120.

13. Meagher, J. L.; Takata, M.; Gongalves-Carneiro, D.; Keane, S. C.; Rebendenne, A.; Ong, H.; Orr, V. K.;
MacDonald, M. R.; Stuckey, J. A.; Bieniasz, P. D.; Smith, J. L. Structure of the zinc-finger antiviral protein in
complex with RNA reveals a mechanism for selective targeting of CG-rich viral sequences. Proc. Natl.
Acad. Sci. U.S.A. 2019, 116, 24303-24309.

14. Luo, X.; Wang, X.; Gao, Y.; Zhu, J.; Liu, S.; Gao, G.; Gao, P. Molecular Mechanism of RNA Recognition by
Zinc-Finger Antiviral Protein. Cell. Rep. 2020, 30, 46-52.

15. Arnott, A.; Jardine, D.; Wilson, K.; Gorry, P. R.; Merlin, K.; Grey, P.; Law, M. G.; Dax, E. M.; Kelleher, A. D.;
Smith, D. E.; McPhee, D. A.; Pulse Study Team. High viral fitness during acute HIV-1 infection. PLoS One.
2010, 5, e12631.

16. Pandit, A; Sinha, S. Differential trends in the codon usage patterns in HIV-1 genes. PLoS One. 2011, 6,
€28889.

17. Palanisamy, N.; Osman, N.; Ohnona, F.; Xu, H. T.; Brenner, B.; Mespléede, T.; Wainberg, M. A. Does
antiretroviral treatment change HIV-1 codon usage patterns in its genes: a preliminary bioinformatics
study. AIDS. Res. Ther. 2017, 14, 2.

18. Hu, Z; Kuritzkes, D.R. Altered viral fitness and drug susceptibility in HIV-1 carrying mutations that confer
resistance to nonnucleoside reverse transcriptase and integrase strand transfer inhibitors. J. Virol. 2014,
88, 9268-9276.

19. Mesplede, T.; Quashie, P. K.; Osman, N.; Han, Y.; Singhroy, D. N.; Lie, Y.; Petropoulos, C. J.; Huang, W.;
Wainberg, M. A. Viral fitness cost prevents HIV-1 from evading dolutegravir drug pressure. Retrovirology.
2013, 10, 22.



https://www.cdc.gov/sars/about/fs-sars.html#outbreak
https://doi.org/10.20944/preprints202211.0430.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 November 2022 d0i:10.20944/preprints202211.0430.v1

20. Carter, R.W.; Sanford, J.C. A new look at an old virus: patterns of mutation accumulation in the human
H1N1 influenza virus since 1918. Theor Biol Med Model. 2012, 9, 42.

21. Ji, C.Y.,; Han, N.; Cheng, Y. X.; Shang, J.; Weng, S.; Yang, R.; Zhou, H. Y.; Wu, A. Detecting Potentially
Adaptive Mutations from the Parallel and Fixed Patterns in SARS-CoV-2 Evolution. Viruses. 2022, 14, 1087.

22. Rochman, N.D.; Wolf, Y.1.; Faure, G., Mutz, P.; Zhang, F.; Koonin, E.V. Ongoing Global and Regional
Adaptive Evolution of SARS-CoV-2. Proc. Natl. Acad. Sci. U.S.A. 2021, 118, e2104241118.

23. Obermeyer, F.; Jankowiak, M.; Barkas, N.; Schaffner, S. F.; Pyle, J. D.; Yurkovetskiy, L.; Bosso, M.; Park, D.
J.; Babadi, M.; Maclnnis, B. L.; Luban, J.; Sabeti, P. C.; Lemieux, J. E. Analysis of 6.4 million SARS-CoV-2
genomes identifies mutations associated with fitness. Science. 2022, 376, 1327-1332.

24. Boyle, L.; Hletko, S.; Huang, J.; Lee, J.; Pallod, G.; Tung, H. R.; Durrett, R. Selective sweeps in SARS-CoV-2
variant competition. Proc. Natl. Acad. Sci. U.S.A. 2022, 119, e2213879119.

25. Wang, X.; Hu, M.; Jin, Y.; Wang, B.; Zhao, Y.; Liang, L.; Yue, J.; Ren, H. Global mutational sweep of SARS-
CoV-2: from chaos to order. Front. Microbiol. 2022, 13, 820919.

26. Tang, H.; Gao, L.; Wu, Z; Meng, F.; Zhao, X.; Shao, Y.; Hou, G.; Du, X.; & Qin, F. X. Multiple SARS-CoV-2
Variants Exhibit Variable Target Cell Infectivity and Ability to Evade Antibody Neutralization. Front.
Immunol. 2022, 13, 836232.

27. Guo, K.; Barrett, B. S.; Morrison, J. H.; Mickens, K. L.; Vladar, E. K.; Hasenkrug, K. J.; Poeschla, E. M.;
Santiago, M. L. Interferon Resistance of Emerging SARS-CoV-2. Proc. Natl. Acad. Sci. U.S.A. 2022,119,
€2203760119.

28. Plante, J. A,; Liu, Y.; Liu, J.; Xia, H.; Johnson, B. A.; Lokugamage, K. G.; Zhang, X.; Muruato, A. E.; Zou, J,;
Fontes-Garfias, C. R.; et al. Spike mutation D614G alters SARS-CoV-2 fitness. Nature. 2021, 592,116-121.

29. Baric, R.S. Emergence of a Highly Fit SARS-CoV-2 Variant. N Engl J Med. 2020, 383,2684-2686.

30. Hui, K. P.Y.; Ho, J. C. W.; Cheung, M. C.; Ng, K. C.; Ching, R. H. H.; Lai, K. L.; Kam, T. T.; Gu, H.; Sit, K. Y;
Hsin, M. K. Y.; et al. SARS-CoV-2 Omicron variant replication in human bronchus and lung ex vivo. Nature.
2022, 603, 715-720.

31. Sungnak, W.; Huang, N.; Bécavin, C.; Berg, M.; Queen, R.; Litvinukova, M.; Talavera-Lopez, C.; Maatz, H.;
Reichart, D.; Sampaziotis, F.; et al. SARS-CoV-2 entry factors are highly expressed in nasal epithelial cells
together with innate immune genes. Nat. Med. 2020, 26, 681-687.

32. Soni, S.; Jiang, Y.; Tesfaigzi, Y.; Hornick, J.L.; Cataltepe, S. Comparative analysis of ACE2 protein expression
in rodent, non-human primate, and human respiratory tract at baseline and after injury: A conundrum for
COVID-19 pathogenesis. PLoS One. 2021, 16, e0247510.

33. Romeu, A.R. SARS-CoV-2 codon usage bias at furin site clear up the origin. Landscape of Omicron sub-
variants BA.4 and BA.5 (a July, 2022 sample). Res. Sq [Preprint]. 2022.

34. Bestle, D.; Heindl, M. R.; Limburg, H.; Van Lam van, T.; Pilgram, O.; Moulton, H.; Stein, D. A.; Hardes, K.;
Eickmann, M.; Dolnik, O.; Rohde, C.; Klenk, H. D.; Garten, W.; Steinmetzer, T.; Bottcher-Friebertshauser, E.
TMPRSS2 and furin are both essential for proteolytic activation of SARS-CoV-2 in human airway cells. Life
Sci. Alliance. 2020, 3, e202000786.

35. Zhao, H.; Lu, L.; Peng, Z.; Chen, L. L.; Meng, X.; Zhang, C.; Ip, J. D.; Chan, W. M.; Chu, A. W.; Chan, K. H.; Jin,
D.Y.; Chen, H.; Yuen, K. Y.; To, K. K. SARS-CoV-2 Omicron variant shows less efficient replication and
fusion activity when compared with Delta variant in TMPRSS2-expressed cells. Emerg. Microbes Infect.
2022, 11, 277-283.

36. Neerukonda, S. N.; Wang, R.; Vassell, R.; Baha, H.; Lusvarghi, S.; Liu, S.; Wang, T.; Weiss, C. D.; Wang, W.
Characterization of Entry Pathways, Species-Specific Angiotensin-Converting Enzyme 2 Residues
Determining Entry, and Antibody Neutralization Evasion of Omicron BA.1, BA.1.1, BA.2, and BA.3 Variants.
J. Virol. 2022, 96, e0114022.

37. Whitaker, M.; Elliott, J.; Bodinier, B.; Barclay, W.; Ward, H.; Cooke, G.; Donnelly, C. A.; Chadeau-Hyam, M.;
Elliott, P. Variant-specific symptoms of COVID-19 in a study of 1,542,510 adults in England. Nat. commun.
2022, 13, 6856.


https://doi.org/10.20944/preprints202211.0430.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 November 2022 d0i:10.20944/preprints202211.0430.v1

38. Lee, J. E.; Hwang, M.; Kim, Y. H.; Chung, M. J.; Sim, B. H.; Jeong, W. G.; Jeong, Y. J. SARS-CoV-2 Variants
Infection in Relationship to Imaging-based Pneumonia and Clinical Outcomes. Radiology. 2022, 221795.
Advance online publication.

39. Ito, N.; Kitahara, Y.; Miwata, K.; Okimoto, M.; Takafuta, T. Comparison of COVID-19 pneumonia during the
SARS-CoV-2 Omicron wave and the previous non-Omicron wave in a single facility. Respir. Investig. 2022,
60, 772-778.

40. Ong, S. W. X,; Chiew, C. J.; Ang, L. W.; Mak, T. M.; Cui, L.; Toh, M. P. H. S.; Lim, Y. D.; Lee, P. H.; Lee, T. H.;
Chia, P. Y.; Maurer-Stroh, S.; Lin, R. T. P.; Leo, Y. S.; Lee, V. J.; Lye, D. C.; Young, B. E. Clinical and Virological
Features of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) Variants of Concern: A
Retrospective Cohort Study Comparing B.1.1.7 (Alpha), B.1.351 (Beta), and B.1.617.2 (Delta). Clin. Infect.
Dis. 2022, 75, e1128-e1136.

41. Wang, J.; Jiang, M.; Chen, X.; Montaner, L.J. Cytokine storm and leukocyte changes in mild versus severe
SARS-CoV-2 infection: Review of 3939 COVID-19 patients in China and emerging pathogenesis and therapy
concepts. J. Leukoc. Biol. 2020, 108, 17-41.

42. Montazersaheb, S.; Hosseiniyan Khatibi, S. M.; Hejazi, M. S.; Tarhriz, V.; Farjami, A.; Ghasemian Sorbeni,
F.; Farahzadi, R.; Ghasemnejad, T. COVID-19 infection: an overview on cytokine storm and related
interventions. Virol. J. 2022, 19, 92.

43. Ekanger, C. T.; Zhou, F.; Bohan, D.; Lotsberg, M. L.; Ramnefjell, M.; Hoareau, L.; Rgsland, G. V.; Lu, N.;
Aanerud, M.; Gartner, F.; et al. Human Organotypic Airway and Lung Organoid Cells of Bronchiolar and
Alveolar Differentiation Are Permissive to Infection by Influenza and SARS-CoV-2 Respiratory Virus. Front.
Cell. Infect. Microbiol. 2022, 12, 841447.

44. Backer, J.A.; Klinkenberg, D.; Wallinga, J. Incubation period of 2019 novel coronavirus (2019-nCoV)
infections among travellers from Wuhan, China, 20-28 January 2020. Euro. Surveill. 2020, 25, 2000062.

45. Wuy, Y.; Kang, L.; Guo, Z.; Liu, J.; Liu, M.; Liang, W. Incubation Period of COVID-19 Caused by Unique SARS-
CoV-2 Strains: A Systematic Review and Meta-analysis. JAMA Netw Open. 2022, 5, e2228008.

46. Lessler, J,; Reich, N.G.; Brookmeyer, R.; Perl, T.M.; Nelson, K.E., Cummings, D.A. Incubation periods of
acute respiratory viral infections: a systematic review. Lancet Infect. Dis. 2009, 9, 291-300.

47. Hasan, A.; Susanto, H.;, Tjahjono, V.; Kusdiantara, R.;, Putri, E.; Nuraini, N.; Hadisoemarto, P. A new
estimation method for COVID-19 time-varying reproduction number using active cases. Sci. Rep. 2022, 12,
6675.

48. Rahman, B.; Sadraddin, E.; Porreca, A. The basic reproduction number of SARS-CoV-2 in Wuhan is about to
die out, how about the rest of the World? Rev. Med. Virol. 2020, 30, e2111.

49. Hansen, P. Relative contagiousness of emerging virus variants: An analysis of the Alpha, Delta, and
Omicron SARS-CoV-2 variants. Econom. J. 2022, 25, 739-761.

50. Zahradnik, J.; Marciano, S.; Shemesh, M.; Zoler, E.; Harari, D.; Chiaravalli, J.; Meyer, B.; Rudich, Y.; Li, C.;
Marton, 1,; et al. SARS-CoV-2 variant prediction and antiviral drug design are enabled by RBD in vitro
evolution. Nat. Microbiol. 2021, 6, 1188-1198.

51. Dejnirattisai, W.; Huo, J.; Zhou, D.; Zahradnik, J.; Supasa, P.; Liu, C.; Duyvesteyn, H.M.E.; Ginn, H.M.;
Mentzer, A.J. Tuekprakhon, A.; et al. Omicron-B.1.1.529 leads to widespread escape from neutralizing
antibody responses. Cell. 2022, 185, 467-484.e15.

52. Yang, L,; Li, J.; Guo, S.; Hou, C.; Liao, C.; Shi, L.; Ma, X,; Jiang, S.; Zheng, B.; Fang, Y.; Ye, L.; He, X. SARS-CoV-
2 Variants, RBD Mutations, Binding Affinity, and Antibody Escape. Int. J. Mol. Sci. 2021, 22, 12114.

53. Guerra, F.M.; Bolotin, S.; Lim, G.; Heffernan, J.; Deeks, S.L.; Li, Y.; Crowcroft, N.S. The basic reproduction
number (RO) of measles: a systematic review. Lancet Infect. Dis. 2017, 17, e420-e428.

54. Jung, C.; Kmiec, D.; Koepke, L.; Zech, F.; Jacob, T.; Sparrer, K.M.J.; Kirchhoff, F. Omicron: What Makes the
Latest SARS-CoV-2 Variant of Concern So Concerning? J Virol. 2022, 96, e0207721.

55. Di Giorgio, S.; Martignano, F.; Torcia, M.G.; Mattiuz, G.; Conticello, S.G. Evidence for host-dependent RNA
editing in the transcriptome of SARS-CoV-2. Sci. Adv. 2020, 6, eabb5813.


https://doi.org/10.20944/preprints202211.0430.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 November 2022 d0i:10.20944/preprints202211.0430.v1

56. Kim, K.; Calabrese, P.; Wang, S.; Qin, C.; Rao, Y.; Feng, P.; Chen, X.S. The Roles of APOBEC-mediated RNA
Editing in SARS-CoV-2 Mutations, Replication and Fitness. Res. Sq [Preprint]. 2022.

57. Starr, T.N.; Greaney, A.J.; Hilton, S.K.; Ellis, D.; Crawford, K.H.D.; Dingens, A.S.; Navarro, M.J.; Bowen, J.E.;
Tortorici, M.A.; Walls, A.C.; et al. Deep Mutational Scanning of SARS-CoV-2 Receptor Binding Domain
Reveals Constraints on Folding and ACE2 Binding. Cell. 2020, 182,1295-1310.e20.

58. Neher, R.A. Contributions of adaptation and purifying selection to SARS-CoV-2 evolution. bioRxiv
[Preprint]. 2022.

59. Morales, A.C.; Rice, A.M.; Ho, A.T.; Mordstein, C.; Mihlhausen, S.; Watson, S.; Cano, L.; Young, B.; Kudla,
G.; Hurst, L.D. Causes and Consequences of Purifying Selection on SARS-CoV-2. Genome Biol. Evol. 2021,
13, evab196.

60. Sohpal, V.K. Comparative study: nonsynonymous and synonymous substitution of SARS-CoV-2, SARS-CoV,
and MERS-CoV genome. Genomics Inform. 2021, 19, e15.

61. Velazquez-Salinas, L.; Zarate, S.; Eberl, S.; Gladue, D.P.; Novella, |.; Borca, M.V. Positive Selection of
ORF1l1ab, ORF3a, and ORF8 Genes Drives the Early Evolutionary Trends of SARS-CoV-2 During the 2020
COVID-19 Pandemic. Front. Microbiol. 2020, 11, 550674.

62. Viana, R.; Moyo, S.; Amoako, D.G.; Tegally, H.; Scheepers, C.; Althaus, C.L.; Anyaneji, U.J.; Bester, P.A;
Boni, M.F.; Chand, M.; et al. Rapid epidemic expansion of the SARS-CoV-2 Omicron variant in southern
Africa. Nature. 2022, 603, 679-686.

63. Gupta, A.M.; Chakrabarti, J.; Mandal, S. Non-synonymous mutations of SARS-CoV-2 leads epitope loss and
segregates its variants. Microbes Infect. 2020, 22, 598-607.

64. Wu, L.; Zhou, L.; Mo, M.; Liu, T.; Wu, C.; Gong, C.; Lu, K.; Gong, L.; Zhu, W.; Xu, Z. SARS-CoV-2 Omicron
RBD shows weaker binding affinity than the currently dominant Delta variant to human ACE2. Signal
Transduct. Target. Ther. 2022, 7, 8.

65. Li, Q., Wu, J.; Nie, J.; Zhang, L.; Hao, H.; Liu, S.; Zhao, C.; Zhang, Q; Liu, H., Nie L,; et al. The Impact of
Mutations in SARS-CoV-2 Spike on Viral Infectivity and Antigenicity. Cell. 2020, 182, 1284-1294.e9.

66. Wiegand, T.; Nemudryi, A.; Nemudraia, A.; McVey, A.; Little, A.; Taylor, D.N.; Walk, S.T.; Wiedenheft, B.
The Rise and Fall of SARS-CoV-2 Variants and Ongoing Diversification of Omicron. Viruses. 2022, 14, 2009.

67. Ramazzotti, D.; Angaroni, F.; Maspero, D.; Mauri, M.; D'Aliberti, D.; Fontana, D.; Antoniotti, M.; Elli, E.M.;
Graudenzi, A.; Piazza, R. Large-scale analysis of SARS-CoV-2 synonymous mutations reveals the adaptation
to the human codon usage during the virus evolution. Virus Evol. 2022, 8, veac026.

68. Zhu, L.; Wang, Q.; Zhang, W.; Hu, H.; Xu, K. Evidence for selection on SARS-CoV-2 RNA translation revealed
by the evolutionary dynamics of mutations in UTRs and CDSs. RNA Biol. 2022, 19, 866-876.

69. Yi, K.; Kim, S.Y.; Bleazard, T.; Kim, T.; Youk, J.; Ju, Y.S. Mutational spectrum of SARS-CoV-2 during the
global pandemic. Exp. Mol. Med. 2021, 53, 1229-1237.

70. Forni, D.; Cagliani, R.; Pontremoli, C.; Clerici, M.; Sironi, M. The substitution spectra of coronavirus
genomes. Brief Bioinform. 2022, 23, bbab382.

71. Simmonds, P. Rampant C->U Hypermutation in the Genomes of SARS-CoV-2 and Other Coronaviruses:
Causes and Consequences for Their Short- and Long-Term Evolutionary Trajectories. mSphere. 2020, 5,
e00408-20.

72. Wang, Y.; Chen, X.Y.; Yang, L.; Yao, Q.; Chen, K.P. Human SARS-CoV-2 has evolved to increase U content
and reduce genome size. Int J Biol Macromol. 2022, 204, 356-363.

73. Das, J.K.; Roy, S. Comparative analysis of human coronaviruses focusing on nucleotide variability and
synonymous codon usage patterns. Genomics. 2021, 113, 2177-2188.

74. Posani, E.; Dilucca, M.; Forcelloni, S.; Pavlopoulou, A.; Georgakilas, A.G.; Giansanti, A. Temporal evolution
and adaptation of SARS-CoV-2 codon usage. Front. Biosci. (Landmark Ed). 2022, 27, 13.

75. Mogro, E.G.; Bottero, D.; Lozano, M.J. Analysis of SARS-CoV-2 synonymous codon usage evolution
throughout the COVID-19 pandemic. Virology. 2022, 568, 56-71.

76. Wu, X.; Shan, K.; Zan, F.; Tang, X.; Qian, Z.; Lu, J. Optimization and deoptimization of codons in SARS-CoV-2
and the implications for vaccine development. bioRxiv [Preprint]. 2022


https://doi.org/10.20944/preprints202211.0430.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 November 2022 d0i:10.20944/preprints202211.0430.v1

77. Mallapaty, S. Where did Omicron come from? Three key theories. Nature. 2022, 602, 26-28.

78. Woo, P.C.; Wong, B.H.; Huang, Y.; Lau, S.K.; Yuen, K.Y. Cytosine deamination and selection of CpG
suppressed clones are the two major independent biological forces that shape codon usage bias in
coronaviruses. Virology. 2007, 369, 431-442.

79. Mautner, L.; Hoyos, M.; Dangel, A.; Berger, C.; Ehrhardt, A.; Baiker, A. Replication kinetics and infectivity
of SARS-CoV-2 variants of concern in common cell culture models. Virol J. 2022, 19, 76.

80. Shi, Y.; Mei, Z.; Wang, H. Characteristics and implications of Omicron variant associated digestive system
infections - Correspondence. Int. J. Surg. 2022, 104, 106750.

81. Vihta, K.D.; Pouwels, K.B.; Peto, T.E.; Pritchard, E.; House, T.; Studley, R.; Rourke, E.; Cook, D.; Diamond, I.;
Crook, D.; et al. COVID-19 Infection Survey team. Omicron-associated changes in SARS-CoV-2 symptoms in
the United Kingdom. Clin. Infect. Dis. 2022, ciac613. Epub ahead of print.


https://doi.org/10.20944/preprints202211.0430.v1

