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From the first emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) till now, multiple
mutations that caused synonymous and nonsynonymous substitutions have accumulated. Among them, synon-
ymous substitutions were regarded as “silent” mutations that received less attention than nonsynonymous
substitutions that cause amino acid variations. However, the importance of synonymous substitutions can not be
neglected. This research focuses on synonymous substitutions on SARS-CoV-2 and proves that synonymous
substitutions were under purifying selection in its evolution. The evidence of purifying selection is provided by
comparing the mutation number per site in coding and non-coding regions. We then study the two forces of
purifying selection: synonymous codon usage and RNA secondary structure. Results show that the codon usage
optimization leads to an adapted codon usage towards humans. Furthermore, our results show that the main-
tenance of RNA secondary structure causes the purifying of synonymous substitutions in the structural region.
These results explain the selection pressure on synonymous substitutions during the evolution of SARS-CoV-2.

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a
member of the Coronaviridae family that was initially discovered in
December 2019 in the city of Wuhan, China. To date (May 10, 2022), it
has caused 515,192,979 confirmed cases of SARS-CoV-2 infection and
6254,140 deaths (https://covid19.who.int/). SARS-CoV-2 is a single-
stranded RNA virus, with the genomic length of its genome is approxi-
mately 29,000 nucleotides.

Since its first appearance, it has accumulated multiple mutations on
SARS-CoV-2's genome, causing synonymous and nonsynonymous sub-
stitutions in coding areas. Nonsynonymous substitutions, or mutations
at the protein level drew the most attention because amino acid muta-
tions could produce functional or structural alterations in the viral
protein (Berrio et al., 2020; Bhattacharya et al., 2022; Cheng et al.,
2021; Johnson et al., 2022; Liu et al., 2022; Miller et al., 2022; Resende
et al., 2021; Shah and Woo, 2022). Mutations that cause synonymous
substitutions received less attention than nonsynonymous substitutions,
as they do not affect the amino acid and are therefore considered “silent”
mutations. However, such mutations may have a considerable impact on
gene functions through mechanisms such as mRNA splicing, folding, and
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translation efficiency and accuracy (Shabalina et al., 2013).

Translation efficiency is an important driving force on synonymous
codon usage. Synonymous codons with abundant corresponding tRNA
could increase the translation efficiency, shaping biased codon usage in
a genome, especially in highly expressed genes (Bulmer, 1991; Com-
eron, 2004; Duret, 2000; Kanaya et al., 2001). For viruses that utilize
their host’s translation machinery, often showed a biased codon usage
toward their host (Ata et al., 2021; Cristina et al., 2016; Sharp and Li,
1987), showing adaptive evolution in synonymous codon usage for
improved translation efficiency. There have been various studies on the
evolution of synonymous codon usage of SARS-CoV-2. Hussain et al.
found a decrease in codon adaptation index (CAI) over time (Hussain
et al., 2021), while Ramazzotti et al. found an increase in the resem-
blance of viral codon usage to humans (Ramazzotti et al., 2022).

RNA structure has important functions in many processes related to
RNA transcription and protein translation (Faure et al., 2016; Martin
and Ephrussi, 2009; Mustoe et al., 2018; Sharp, 2009). In the case of the
RNA virus, RNA structure may influence its replication efficiency in
hosts (de Borba et al., 2015; Diviney et al., 2008), and play a role in
translation regulation (Huang et al., 2012), particularly during trans-
lation initiation (Nicholson and White, 2011; Treder et al., 2008). Such
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forces of maintaining functional RNA structures will exert selection
pressure on synonymous substitutions that lie on it.

This study focuses on synonymous substitutions in the process of
SARS-CoV-2's evolution. We firstly found some evidence of purifying
synonymous substitutions in the evolution of SARS-CoV-2. And then
explained the mechanism of purifying selection from two aspects: syn-
onymous codon usage and RNA secondary structure. Based on this
study, we uncovered a corner of SARS-CoV-2's evolution: the mecha-
nism of natural selection on “silent” mutations.

2. Materials and methods
2.1. Genome data collection

A total of 14,299 complete genomes of SARS-CoV-2 were retrieved
from the GISAID database (https://www.gisaid.org/), starting from the
first appearance of the virus till April 15, 2022. The dataset contains
sufficient strains (about 500) for each month to reduce the possible
sampling bias. Genomes containing ambiguous bases (base symbol “N”
for example) could lead to inaccurate results, and thus were removed; a
total of 6483 genomes were reserved after filtering. The reference
genome (NC_045512.2) was downloaded from the National Center for
Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih.gov/).
After genome retrieval, the multiple sequence alignment (MSA) was
built by MAFFT (Katoh and Standley, 2013).

2.2. Calculation of dN/dS

YnO0O and codeml from PAML (Yang, 2007) were used to calculate
the ratio between nonsynonymous substitution number per non-
synonymous site to synonymous substitution number per synonymous
site (dN/dS, or w). Several different methods were used to estimate o,
with slightly different results. Nevertheless, this does not affect the
conclusions in the following analyses. Thus, the following analysis only
takes the result from the Nei-Gojobori method (yn00) as an example.
Results from other methods can be found in Table S1. The overall ®
estimated by the Nei-Gojobori method (yn00) was calculated as the
mean of pairwise o (from each strain to the reference). Samples with no
synonymous substitutions can not be used to calculate the value of o,
thus were not included in this analysis. Samples with no synonymous
substitutions can not be used to calculate the value of w, thus were
excluded.

2.3. Mutation number per site

Mutation number per site in the non-coding region was used as the
indicator of neutral selection. The selection pressure on coding se-
quences can be weighed by comparing the mutation number per site in
coding and non-coding regions. The mutation number per site was
calculated as the observed mutation number of a region divided by its
length. Perl script was developed to perform this analysis.

2.4. Codon usage adaptation

Two approaches were used to calculate codon usage adaptation:
codon adaptation index (CAI) and relative codon usage (RCU)
adaptation.

CAI was used to quantify codon adaptation from the relative syn-
onymous codon usage aspect. The CAI range from O to 1, and a higher
value of CAI represents a higher codon adaptation to the host (human)
(Sharp and Li, 1987). The CAI was calculated by the local version of
CAlcal (Puigbo et al., 2008).

RCU was calculated by comparing the human codon usage of a
variant to the human codon usage of the reference (Ramazzotti et al.,
2022). For a variant, its RCU was calculated as follows:

Virus Research 323 (2023) 198966

"cu; /cur
RCU — Zl / 1
n

Where n is the total number of codons for a sequence, CU; is the

human codon usage of i th codon in the sequence, and CU? is the human
codon usage of the corresponding codon in the reference sequence. The
value of RCU higher than 1 means substitution has displayed more
adapted codon usage toward humans. Specifically, relative codon usage
adaptation for synonymous substitutions (RCUs) and relative codon
usage adaptation for nonsynonymous substitutions (RCUn) were used,
where only codons that have undergone synonymous substitutions or
nonsynonymous substitutions were considered. The calculation was
performed by Perl script.

The codon usage table for humans was calculated by a dataset con-
taining highly expressed genes, which were identified according to their
protein abundance. Protein abundance data were downloaded from
PAXdb (Wang et al.,, 2015). Full coding sequence data of humans
(GRCh38) were downloaded from Ensembl (https://www.ensembl.
org/index.html).

The collection date of a strain was at least accurate to the month in
this analysis. When calculating the number of days after the first dis-
covery, the first day was set to be December 1, 2019, and the number of
days for each month was set to be approximately 30. If the specific
collection date was missing, we regarded it as the 15th of that month.

2.5. Expected RCU of randomly mutated genome

A collection of random sequences was constructed further to prove
the selection pressure on the codon usage pattern. The sequences were
randomly mutated from the reference genome (NC_045512), with the
mutation number of 100 in the coding region, and the ratio of transitions
to transversions was estimated by yn00 (Yang, 2007). The procedure for
calculating RCU for randomly mutated sequences is the same as
described in the previous section. Assume that the selection force has
been driven by codon usage optimization, the higher RCU value from the
target dataset than that from the randomly mutated dataset can be
observed.

2.6. Effective number of codons and GC content at the third codon
position

Effective number of codons (ENC) and GC content at the third codon
position (GC3s) were calculated by codonW (http://codonw.sourceforge
.net). ENC is calculated as:

9 1 5 3
ENC =2 — — — —
+ F2+ F3+ F4+ 7.

Fx (k =2, 3, 4 and 6) is the mean of F; values for the k-fold degen-

erate amino acids, which is calculated as:

ni 2
F o= "Ef:l (I) -1
= =)
n—1
Where n is the observed number of the codons for an amino acid and
n; is the total number of the i th codon for that amino acid (Wright,
1990).
The relationship between expected ENC and GC3s can be approxi-

mated by:

: 29
ENCeP*d = 2 1 GC3s +
s (GC352 + (1- GC3s2)>

Where GC3s is the proportion of G + C in the third codon position
(Met-and Trp-excluded) (Wright, 1990).
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2.7. RNA structure detection

We used raw data (SRA format) from GSE158052 (Morandi et al.,
2021) in Gene Expression Omnibus (GEO) database (https://www.ncbi.
nlm.nih.gov/gds/) to detect RNA structure. Reads were mapped by
bowtie2 (Langmead and Salzberg, 2012), then sorted the mapping re-
sults and summarized mismatch numbers by samtools v1.9 (Danecek
et al., 2021). The mismatch ratio of the dimethyl sulfate (DMS) signal
was calculated as mismatch numbers divided by the sequencing depth.
Next, we calculated the Gini coefficient with the window that contains
50 A and C (adenine and cytosine), and used the Gini coefficient as the
strength of RNA structure. Details of the algorithm and the visualization
of RNA structure data can be found in RSVdb (Yu et al., 2021).

2.8. Codon substitution density

Synonymous and nonsynonymous codon substitution densities were
both calculated in the study. The codon substitution density comprises
two parts: how many frequently substituted codons are in the region,
and how to define frequently substituted codons.

A process was carried out on defining a frequently substituted codon:
there could be some newly occurred substitutions, or the substitution
has been wiped out very quickly. In most cases, such substitution only
has a few observed counts in the MSA position. These substitutions could
not provide the evidence of neutral selection. Thus, codons containing
too few substitutions (less than 0.4%) were regarded as no substitution
occurred.

The codon substitution density is the number of frequently
substituted codons divided by the length of the area. Codon substitution
density was calculated by sliding window, parameters according to
those when calculating the Gini coefficient.

3. Results
3.1. Natural selection on synonymous substitutions

3.1.1. Estimation of selection pressure (dN/dS)

The ratio of nonsynonymous substitution number per non-
synonymous site to synonymous substitution number per synonymous
site (AN/dS, or ®) was commonly used to calculate the selection pressure
on a protein-coding sequence. On the genome level, the average o of all
strains compared to reference is 0.8446 (Nei-Gojobori method by yn00,
results from other methods can be find in Table S1), indicating an overall
purifying selection of SARS-CoV-2. The value of o also indicated that
approximately 15.54% of nonsynonymous substitutions were purified
by natural selection if synonymous substitutions were completely under
neutral selection.

3.1.2. Evidence of purifying the synonymous substitution

Selection pressure involved in the translation processes is more likely
to influence the coding sequences. To verify the selection pressure on
synonymous mutations, an indicator of neutral selection is required,
such as, spontaneous mutation rate. However, estimating the mutation
rate accurately on a dataset with a high number of samples might be
complex (De Maio et al., 2021; Desai et al., 2021; Sanjuan et al., 2010).
Thus, the mutation number per site in non-coding was used as the in-
dicator of neutral selection. The selection pressure on synonymous
mutation will cause fewer observed mutation numbers in coding re-
gions. Comparing the observed mutation number between the coding
sequence and non-coding regions enables us to weigh the selection
pressure on coding regions.

The first evidence of purifying synonymous substitutions came from
comparing the observed mutation number per site between coding se-
quences and non-coding regions (details of coding sequences showed in
Table 1). The observed mutation number per site in the coding sequence
(Iength of 29,264 nt) is 6.203, and in non-coding regions (length of 643
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Table. 1

Information of coding sequences of SARS-CoV-2.
Product Start Stop Length
ORFla/ORF1lab polyprotein 266 21,555 7096
Surface glycoprotein 21,563 25,384 1273
ORF3a protein 25,393 26,220 275
Envelope protein 26,245 26,472 75
Membrane glycoprotein 26,523 27,191 222
ORF6 protein 27,202 27,387 61
ORF7a protein 27,394 27,759 121
ORF7b 27,756 27,887 43
ORF8 protein 27,894 28,259 121
Nucleocapsid phosphoprotein 28,274 29,533 419
ORF10 protein 29,558 29,674 38

nt) is 18.95. The mutation number per site in non-coding regions is much
higher (p < 0.001, U test), indicating that coding regions are under
overall purifying selection.

We raise the null hypothesis that synonymous substitutions were
under neutral selection. Under this condition, the ® is 0.8446, which
means approximately 15.54% of nonsynonymous substitutions were
purified by natural selection. The ratio of nonsynonymous to synony-
mous site is roughly 3.384 in SARS-CoV-2's genome, indicating that
77.19% of substitutions caused by random mutations are non-
synonymous. Thus, the expected mutation number per site in coding
regions without the pressure of purifying nonsynonymous substitutions
is 7.049, still lower than the observed mutation number per site in non-
coding regions (p < 0.001, U test). Based on this finding, we have evi-
dence to refute the null hypothesis, indicating that synonymous substi-
tution was subjected to purifying selection rather than neutral selection
during the evolution of SARS-CoV-2.

Non-coding regions, especially 5 and 3’ UTR, may have some
evolutionary bias caused by other mechanisms. Thus, we provide the
second evidence that comes from ORF8. In some strains of SARS-CoV-2,
ORF8 is truncated to 26 aa due to premature termination that CAA
change into TAA at the 27th codon, leading to a silent segment with 285
nt lengths. As this segment is no longer translated, it is free from the
selection pressure associated with the translation process and protein
function, making it an ideal material for comparing the selection pres-
sure. Within the strains that contain the premature termination varia-
tion, the observed mutation number per site is 1.018 in the coding
sequence, and 8.231 in the silent segment. Followed the processes
above, we were able to determine that mutation in coding regions was
under purifying selection (p < 0.001, U test), and synonymous substi-
tution was also under purifying selection (p < 0.001, U test). Evidence
from the silent segment of ORF8 further proved the purifying selection
on synonymous substitutions.

Evidence from non-coding regions, and the silent segment from
ORF8 both proved that synonymous substitution was not likely under
neutral selection, but under purifying selection with the evolution of
SARS-CoV-2. The force of purifying selection is essential to gaining a
better understanding of SARS-CoV-2's evolution.

3.2. Synonymous substitution was driven by codon usage optimization

3.2.1. Compositional effect and selective effect on codon usage
Nucleotide composition is the primary factor of codon usage for most
RNA viruses, and coronavirus makes no exception (Berkhout and van
Hemert, 2015; van Hemert et al., 2016). ENC-GC3s plot was carried out
to investigate how much dose G + C composition affects SARS-CoV-2's
codon usage. If a gene is only subject to G + C compositional constraint,
it will lie on or just below the theoretical ENC curve (Wright, 1990).
Otherwise, the gene should be under selection pressure. The result is
shown in Fig. 1. Plots of all strains sit not far from the theoretical ENC
curve. This result indicates that G + C composition is the dominant
factor of SARS-CoV-2's codon usage, but nature selection also affects
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Fig. 1. ENC (Effective number of codons)-GC3s (GC content at the third codon
position) plot. The black curve represents the theoretical ENC value with no
nature selection. If a gene is only subject to G + C compositional constraint, it
will lie on or just below the theoretical ENC curve.

SARS-CoV-2's codon usage. Natural selection may play more important
roles in some genes than the genome level (S gene, for example) (Posani
et al., 2022; Tyagi et al., 2022). The average codon adaptation index
(CAI) of all strains at the genome level is 0.7200. This result also in-
dicates the influence of natural selection on shaping the codon usage of
SARS-CoV-2.

3.2.2. Increasing trend of synonymous codon usage over time

As mentioned in the introduction, the use of synonymous codons
might affect translation efficiency. Viruses with higher translation effi-
ciency are more likely to survive from natural selection, leading to the
preservation of codons frequently used by humans, and the purifying of
codons that humans rarely use. This selection pressure should increase
the value of RCU (relative codon usage) within synonymous substituted
codons. The trend of RCU changes over time is shown in Fig. 2A and B. In
the early months, only a few synonymous substitutions occurred, which
caused a high variance of RCU value. The variance decreased over time
with the increasing number of synonymous substitutions. Another
apparent trend is the increasing RCU value for most stages.

3.2.3. Synonymous codon usage pattern in different lineages

While the above results alone are not solid enough to prove the se-
lection pressure from codon usage optimization, the analysis has two
primary limits. The first limitation is that random mutation could cause
increasing or decreasing RCU; we need to calculate the RCU for
randomly mutated sequences to verify that this trend of increasing RCU
was not the result of random mutation. The second limitation is that
several dominant lineages occupied the different pandemic stages; the
overall tendency could be highly affected by the codon usage bias of
these lineages, so each lineage along is necessary to be tested by
comparing to randomly mutated sequences.

To eliminate these limitations, RCU for some lineages and randomly
mutated sequences were calculated (Fig. 2B and C). The RCU value for
most stages was significantly higher than random (Fig. 2B), which
proved that the increasing trend was not caused by random mutation.
Most lineages have higher RCU than random, and a weak correlation
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between RCU and the collection date in different lineages was observed
(Fig. 2C and D). These results showed the selection pressure from syn-
onymous codon usage optimization on most lineages, especially for
lineages in the later stage of the pandemic.

3.3. Synonymous substitution was driven by RNA secondary structure
maintaining

RNA secondary structure is another force that could exert selection
pressure on synonymous substitutions. Any mutations could potentially
break the RNA secondary structure, but synonymous substitutions are
more likely affected by the force of maintaining RNA structure. Because
a mutation that caused nonsynonymous substitution could be linked
with important protein functions, making it harder to be wiped out.

As a single mutation can hardly reflect its impact on RNA secondary
structure in a region, the codon substitution density was calculated to
better demonstrate the structural effect of mutations. Fig. 3 depicts the
relationship between synonymous codon substitution density and RNA
structure strengths. The strength of RNA structure showed a weak
negative correlation to synonymous codon substitution density
(Fig. 3A). However, most mutations sited on areas with low RNA
structure strength, they were not likely under purifying selection from
RNA structure. So that the overall correlation could conceal the selection
pressure on minority mutations in areas with strong RNA structure,
making it a defective indicator of the selection pressure from RNA
structure. Thus, we split these areas into two groups according to the
threshold of the synonymous codon substitution density of 0.025. Syn-
onymous mutation densities above 0.025 were regarded as regions with
frequent synonymous substitutions, and vice versa. The result showed
that RNA structure strength is significantly lower in regions with
frequent synonymous substitutions (p < 0.001, T-test) (Fig. 3B).

3.4. Nonsynonymous substitution affects codon usage and RNA structure

Nonsynonymous substitutions could also be under the selection
pressure from codon usage optimization and maintaining RNA struc-
tures. However, the trail of these forces could be covered by major se-
lection pressure such as antigenic shift and receptor binding
enhancement.

Our results showed that nonsynonymous substitutions could greatly
affect codon usage patterns. Nonsynonymous substitutions resulted in a
decrease in RCU in the early months (Fig. 4A and B), indicating that
nonsynonymous substitutions cause deoptimization of codon usage in
the early stages. After that, the value of RCU gradually increased,
possibly because of a weak pressure on nonsynonymous substitutions
from codon usage.

RNA structure also could bring selection pressures on non-
synonymous substitutions. It showed an inconspicuous trend of purify-
ing nonsynonymous substitution in regions with stable RNA secondary
structure (Gini coefficient higher than 0.6) (Fig. 5). The selection pres-
sure is significantly lower on nonsynonymous substitutions than that on
synonymous substitutions (Fig. 5). This result confirmed the suggestions
above: nonsynonymous substitutions have the selection pressure from
maintaining the RNA secondary structure, but there are other forces to
keep some nonsynonymous substitutions with important functions that
could weaken the effect of this pressure.

4. Discussions
4.1. Natural selection in non-coding regions

Mutations that caused synonymous substitutions were commonly
used as the marker of neutral selection, while a mass of evidence has
proved that the selection of synonymous substitution was not neutral
(Ngandu et al., 2008; Rahman et al., 2021; Shabalina et al., 2013; Wynn
and Christensen, 2015). This study provided evidence from non-coding
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of RCU value for some lineages, the orange box shows the distribution of RCU for randomly mutated sequences. D: Distribution of collection date for lineages.

regions and the silent segment from ORF8, showing that synonymous
substitutions in SARS-CoV-2 were under purifying selection. However,
non-coding regions could also be under some selection pressure rather
than completely under neutral selection.

RNA secondary structure, for example, could exert selection pressure
on non-coding regions since it serves crucial functions in these regions
(Melidis et al., 2021; Miao et al., 2021; Zhao et al., 2020). As a result, the
higher purifying selection pressure in coding regions relative to
non-coding regions may not be due to a force on RNA secondary struc-
ture maintenance. Thus, more precisely speaking, our evidence from
non-coding regions, and the silent segment from ORF8 can only show a
more intense purifying selection in coding regions than in non-coding
regions.

4.2. Nonsynonymous substitution has effects on codon usage and RNA
structure

We put forward 2 possible forces of purifying the synonymous sub-
stitution: synonymous substitution codon usage and RNA secondary
structure. However, nonsynonymous substitutions could also include
constraints by these forces. Nonsynonymous substitutions that cause

amino acid variations always lead to the functional change of a viral
protein, hence directly facing the selection forces driven by protein
function (such as antigenic shift and receptor binding enhancement).
Such functional changing will result in a high selection advantage that
will outweigh the effects of other selection forces and erase the effect of
these forces. Conversely, synonymous substitutions that are not con-
strained by protein function may allow us to quantify these minor forces
on SARS-CoV-2's evolution.

These differences can be reflected by the location of synonymous and
nonsynonymous substitutions (Fig. 6). Synonymous substitutions are
evenly distributed throughout the genome, indicating that synonymous
substitutions were subjected to minimal selection or that these selection
pressures are insensitive to the genome location. However, non-
synonymous substitutions tend to be gathered in some areas, indicating
the strong force of natural selection on nonsynonymous substitutions.
The different localization of synonymous and nonsynonymous sub-
stitutions proved one aspect of the outcome of different natural
selections.

The effect of nonsynonymous substitution can also be revealed by the
different results between Hussain et al. (Hussain et al., 2021) and
Ramazzotti et al. (Ramazzotti et al., 2022). Hussain et al. used the entire
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coding sequence and found a decreased CAI over time. The decreased
CAI may result from nonsynonymous substitutions, as our results
showed that nonsynonymous substitutions had caused deoptimization
in the early months. However, Ramazzotti et al. only considered muta-
tions that cause synonymous substitutions and found an increased
similarity of viral codons toward humans. This discussion highlighted
the importance of the effect of nonsynonymous substitutions on lesser
selection forces.

4.3. Multiple effects of natural selection

Most processes involved in evolution can bring multiple effects on
natural selection. Codon usage adaptation, for example, is composed of
two parts: retaining preferred codons and purifying undesired codons,
which includes both positive and purifying selection. Both parts increase
the RCU value, but purifying selection will lead to fewer synonymous
substitution numbers. Ramazzotti et al. (Ramazzotti et al., 2022)
showed that favorable codons have more chances to reach fixation,
proving the positive selection from codon usage optimization.

RNA secondary structure also has a dual effect on natural selection.
Despite the fact that RNA structure is linked to a variety of important
roles, it has been discovered that it generally reduces translation effi-
ciency (Kozak, 1986; Kramer and Gregory, 2018; Pelletier and Sonen-
berg, 1985). Breaking an RNA secondary structure sometimes led to
increasing fitness, which could lead to positive selection. It is hard to
distinguish different forces driven by RNA secondary structure. How-
ever, our findings revealed that the synonymous substitutions in RNA
secondary structures tend to be wiped out, indicating that SARS-CoV-2
trends to maintaining its RNA secondary structure in evolution. So,
the main force from RNA secondary structure is more likely to be pur-
ifying selection in SARS-CoV-2's evolution.

4.4. Distinct lineages caused inconsecutive evolutionary traces

The pandemic of SARS-CoV-2 can be decomposed into the pandemic
of some main lineages (B.1.1.7 and B.1.617.2, for example) with distinct
codon usage patterns. An apparent consistency can be observed between
the trend of RCU for different times (Figs. 2B and 4B) and the trend of
RCU for different lineages (Figs. 2C and 4C). Although the overall trend
of increasing RCU in Fig. 2 was observed, the alternating lineages
created the fluctuation in the value of RCU, causing a relaxed correlation
between RCU and collection date. Increasing codon usage adaptation
may be more evident in longer evolutionary histories that demand

continuous attention.

This observation led to an essential issue on SARS-CoV-2's evolution.
Different lineages have distinct evolutionary paths; some lineages
diverged in the early months of the pandemic and have independently
evolved for a long time. The direction of selection for these lineages may
not be the same, and with the hitchhiking effect and genetic drift,
together, they made the distinct genomic characters for different line-
ages. With the alternating pandemic of different lineages, the incon-
secutive evolutionary traces of SARS-CoV-2 were observed. Researchers
should pay attention to this because the inconsecutive evolutionary
traces could lead to some false conclusions. Such diverged evolutionary
route also warns us of the complicated disease we could be facing.

5. Conclusion

This study focused on "silent" mutations rather than nonsynonymous
substitutions, which revealed an interesting evolutionary aspect of
SARS-CoV-2. We first found the evidence of purifying selection on
synonymous substitutions, then studied the two forces that could cause
the purifying selection. Codon usage analysis showed that synonymous
substitutions in SARS-CoV-2 had shaped a biased codon usage patterns
towards the human’s genome over time. Maintaining RNA secondary
structure also caused selection pressure on synonymous substitutions,
making them more likely to be observed in areas with weak RNA
structures.

Even though SARS-CoV-2 has received a lot of attention, the
epidemic remains uncontrollable and continues to affect our daily lives.
To get over this, thorough data and more in-depth research on SARS-
CoV-2 are still urgently needed.

Supporting information

Fig. S1: Synonymous codon substitution density and RNA structure
in “replicate 2" of data GSE158052.

Fig. $2: RNA structure of synonymous and nonsynonymous substi-
tution in “replicate 2" of data GSE158052.

Table. S1: Result with different o estimation methods.
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