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Abstract

The severe acute respiratory syndrome coronavirus 2 (SARS‐CoV‐2) pandemic resulted in significant societal costs.
Hence, an in‐depth understanding of SARS‐CoV‐2 virus mutation and its evolution will help determine the direction of the
COVID‐19 pandemic. In this study, we identified 296,728 de novo mutations in more than 2,800,000 high‐quality
SARS‐CoV‐2 genomes. All possible factors affecting the mutation frequency of SARS‐CoV‐2 in human hosts were ana-
lyzed, including zinc finger antiviral proteins, sequence context, amino acid change, and translation efficiency. As a result,
we proposed that when adenine (A) and tyrosine (T) bases are in the context of AM (M stands for adenine or cytosine) or TA
motif, A or T base has lower mutation frequency. Furthermore, we hypothesized that translation efficiency can affect the
mutation frequency of the third position of the codon by the selection, which explains why SARS‐CoV‐2 prefers AT3
codons usage. In addition, we found a host‐specific asymmetric dinucleotide mutation frequency in the SARS‐CoV‐2
genome, which provides a new basis for determining the origin of the SARS‐CoV‐2. Finally, we summarize all possible
factors affecting mutation frequency and provide insights into the mutation characteristics and evolutionary trends of
SARS‐CoV‐2.
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Impact statement
In this study, we analyzed the possible factors affecting mutations in more than 2,800,000 high‐quality severe acute respiratory
syndrome coronavirus 2 (SARS‐CoV‐2) genomes. To our knowledge we are the first to propose that when the A or T base
conforms to AM or TA motif, the A or T base has a lower mutation frequency; and subsequently, translation efficiency can affect
the mutation frequency from C/G to A/T on the third position of the codon by the selection. We found significant host‐specific
asymmetric mutations at dinucleotide sites. In addition, we also identified the characteristics of SARS‐CoV‐2 mutations and
hypothesized the evolutionary trends of the virus in the human host. These findings are valuable for predicting the development
of the COVID‐19 pandemic and bring to light new hypotheses regarding the origin of SARS‐CoV‐2.

INTRODUCTION
Severe acute respiratory syndrome coronavirus 2 (SARS‐
CoV‐2), the causative agent of the ongoing SARS‐CoV‐2
pandemic, is a virus that belongs to the Sarbecovirus genus
of the Coronaviridae family1. The SARS‐CoV‐2 outbreak
rapidly spread worldwide2, causing an estimated
526,558,033 confirmed cases and 6,287,117 deaths, as re-
ported by World Health Organization by May 23, 20223.

During the past 2 years, since the start of the COVID‐19
pandemic, a high number of new variants emerged from the
more than 6 million genomes reported by January 18, 2022.
The number of SARS‐COV‐2 viral genome sequences ob-
tained exceeds the total number of other virus genomes and
provides an extensive record of SARS‐CoV‐2 evolution during
the pandemic. Accordingly, the analysis of SARS‐CoV‐2
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genome sequences is of great significance to understand
viral mutation and evolutionary trends.

Genomic mutations occurring in a viral sequence can be
classified as beneficial, neutral, or deleterious mutations.
Beneficial mutations are those increasing the fitness of the
virus that usually help spread and replication relative to other
strains. On the contrary, deleterious mutations hamper effi-
cient replication and transmission, and will thus likely tend to
disappear from the viral gene pool4,5. During SARS‐CoV‐2
evolution, several significant mutations were identified6–9.
These mutations are important for the evolution of SARS‐
CoV‐2 and the formation of new variants, including the
D614G and N501Y mutations10–12. Hence, analyzing the
occurrence, accumulation, and proportion of each mutation
is of great value to determine the impact of these mutations
on viral evolution4,13,14.

In genetics, de novo mutations (DNMs) refer to genetic
variants that develop for the first time within a viral
family15,16. In humans, germline DNMs not only drive the
evolution of our species but also represent an important
cause of genetic disease17. To understand the evolutionary
trends of viruses, it is extremely important to detect and
analyze DNMs. Previous studies used within‐host variation
detection to identify DNMs in SARS‐CoV‐218,19. While this
method can accurately detect DNMs, it provides limited in-
formation about their characteristics and does not contribute
to a deep comprehensive understanding of SARS‐CoV‐2
evolutionary trends.

An organism's mutation spectrum reflects the rate of dif-
ferent mutation types in different genome sites. The mutation
spectrum of SARS‐CoV‐2 has been previously investigated
across several studies, which showed a predominance of C
to U substitutions, with additional high rates of G to U20–23.
However, the reasons behind these observations remain
unknown. Current hypotheses suggest that high G to U
substitution rates are associated with reactive oxygen spe-
cies (ROS) that causes guanine oxidation to 8‐oxo‐7,8‐
dihydroguanine (8‐oxoguanine). In turn, the 8‐oxoguanine
can pair with adenine, ultimately causing a G to U trans-
version24. Previous studies have shown that two host RNA‐
editing families can affect the SARS‐CoV‐2 mutational
spectrum, specifically the cytosine deaminase enzymes
(APOBECs), which cause C to U transitions25,26, and ad-
enosine deaminase acting on RNA (ADAR) enzymes that lead
to adenosine‐to‐inosine mutations (A>G/U>C mutations)27. In
these processes, zinc finger antiviral proteins (ZAPs) bind
CpG dinucleotides in single‐stranded RNA and then recruit
the RNA processing exosome for targeted degradation. In
this way, ZAP is able to deplete CpG dinucleotides in viral
genomes that infect mammalian species, such as SARS‐
CoV‐228,29. The mutation spectrum is often used to study the
origin of SARS‐CoV‐2, but there are different perspectives on
whether this spectrum is host‐ or virus‐specific. Some
speculated that the mutation spectrum of the viral genome is
reflective of its evolution in different hosts, and can therefore
be used to infer cross‐species transmission30. Alternatively,
substitution patterns may be more virus‐specific than host‐

specific, questioning the impact of cellular antiviral mecha-
nisms on the substitution spectra of coronaviruses28,31.

To address these questions, we identified 296,728 high‐
quality DNMs in this study and analyzed all possible factors
affecting their distribution and characteristics. In addition to
viral intrinsic mutational biases, the ZAP enzymes, sequence
context, amino acid changes, and translation efficiency can
affect the mutation frequency of SARS‐CoV‐2. Here, we show
the effect of the AM and TA motifs and translation efficiency on
DNMs for the first time. In addition, we found a host‐specific
asymmetric dinucleotides mutation rate in the SARS‐CoV‐2
genome. Our results show that, in the ancestral host, the di-
nucleotides mutation asymmetry was affected by the ZAP and
APOBEC enzymes. In contrast, in the human host, the dinu-
cleotides mutation asymmetry was affected by ZAP, AM, and
TA motifs. Accordingly, our study provides new light on the
origin of SARS‐CoV‐2.

RESULTS
A descriptive analysis of the spatio‐temporal
distribution of all DNMs
In this study, we identified a total of 296,728 high‐quality
DNMs in more than 2,800,000 high‐quality SARS‐CoV‐2 ge-
nomes. To understand the mutation characteristics of SARS‐
CoV‐2, we analyzed the distribution of SARS‐CoV‐2's DNMs
in the genome, including their spatio‐temporal distribution.

We calculated the mutation frequency (average number of
DNMs detected per base pair) of different genomic regions.
The results showed that the genes encoding accessory pro-
teins (orf3, orf6, orf7a, orf7b, and orf8) have a higher mutation
frequency than those encoding structural proteins (e.g., spike
protein, envelope protein, membrane protein, and nucleo-
capsid protein) and the orf1ab gene (encoding nonstructural
proteins 1–16) (p < 0.01, t‐test) (Figure 1A). We further analyzed
the frequency of Fourfold Degenerate Synonymous Site (4DTv)
mutations across the whole genome. Our results showed that
the mutation frequency at 4DTv sites is similar in different
genes (Figure 1B). The accessory proteins have a more similar
mutation frequency at all sites compared to 4DTv sites
(Figure S1), and structural proteins and ORF1ab have lower
mutation frequencies at all sites compared to 4DTv sites.
These results imply purifying selection on structural proteins
and ORF1ab. A lower mutation frequency was detected on the
Spike protein, which accommodated a large number of mu-
tations found in major SARS‐CoV‐2 variants, including Alpha
and Omicron32,33. These results suggest that mutation accu-
mulation does not correlate with their respective frequency of
occurrence in short‐term evolution.

We next evaluated the spatial distribution of DNMs and
identified 103,281 DNMs in SARS‐CoV‐2 viral genomes iso-
lated from the United States, which accounted for 34.81% of
the total DNMs found in our study. In addition, we uncovered a
total of 33,397 DNMs in genomes isolated from the United
Kingdom, accounting for 11.26%. A total of 800,000
genomes from the United States and 820,000 genomes from
the United Kingdom were used to identify DNMs. Next, we
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analyzed the average number of DNMs per genome across
different countries and found that an average of 0.05 and 0.12
DNMs per genome were detected in the United Kingdom and
the United States, respectively, which was highly similar to the
average number (0.11) of DNMs detected in the world. This
indicates that although the total number of DNMs detected in
the United Kingdom and the United States is very high, the
average number of DNMs detected per genome is normal.
Thus, we speculate that the larger total number of DNMs de-
tected in the United States and the United Kingdom may re-
flect the large genome sequencing efforts of these two
countries. In addition, the larger number of DNMs detected in
the United States and the United Kingdom may result from
high traveling activities to these countries from various other
countries and regions of the world, which could bring in a
variety of DNMs. The temporal distribution of DNMs showed
that the largest number was detected in January 2021 and

August 2021, which was consistent with the spread of the
alpha and delta variants, respectively (Figure 1C). This in-
dicates that higher transmission frequencies within the human
population lead to a higher number of DNMs, which increase
the chances of the emergence of new variants.

Sequence context affects the mutation
frequency of SARS‐CoV‐2
We calculated the frequencies of 12 base substitution types
in 296,728 DNMs, and normalized the count by the number
of genome‐wide A, T, C, and G. This allowed us to obtain the
whole‐genome mutation spectrum of SARS‐CoV‐2, which
showed a high frequency of C>T and G>T (Figure 2A), as
previously reported20,23,28.

To determine the impact of sequence context on the
mutation of SARS‐CoV‐2, we counted the mutation

(A)

(B)

(C)

Figure 1. Distribution of de novo mutations (DNMs). (A) The distribution of DNMs in the whole genome. The X‐axis represents the positions of
the genome while the Y‐axis shows the number of detected DNMs (window size 100 bp). The average number of detected DNMs in different
genes is shown on the right side. (B) The distribution of DNMs on the 4DTv. The X‐axis represents the genome position while the Y‐axis shows
the average number of DNMs detected at 4DTv sites (widow size 100 bp). On the right side is shown the average number of DNMs detected at
each 4DTv site on different genes. (C) The temporal distribution of DNMs, with the genome location on the X‐axis and the time of detection on
the Y‐axis. Each point represents a DNM. Different colors represent different countries, red points represent the United States and green points
represent the United Kingdom. The graph on the right‐hand side shows the distribution curve of new cases of COVID‐19 world wide. E, gene
encoding envelope protein; M, gene encoding membrane protein; N, gene encoding nucleocapsid protein; NSP, non‐structure protein.
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Figure 2. Mutation spectra and context sequences. (A) The whole‐genome mutation spectrum of SARS‐CoV‐2, that is, the proportion of 12
base substitution types. The X‐axis represents the proportion of 12 base substitution types, while the Y‐axis shows the 12 base substitution
types. (B) The upper part is the frequency of G mutations (DG, D = A, T, G) and C mutations (CH, H = A, T, C) in CG and non‐CG motifs. Y‐axis
represents the mutation frequencies. The lower part is the proportion of base substitution types of G mutations (DG, D = A, T, G) and C
mutations (CH, H = A, T, C) in CG and non‐CG motifs. (C) The mutation frequencies of A and T bases on AT motif, TA motif, and the whole
genome. The X‐axis represents the locus of A or T bases. nAn and nTn mean all the A or T bases of the whole genome, uppercase letters
represent the bases used to calculate the mutation frequency and lowercase letters represent the context sequence. Y‐axis represents the
mutation frequency. The A and T bases have higher average mutation frequencies when they conform to AT motif, and the lowest average
mutation frequencies when they conform to the TA motif. (D) The mutation frequencies of A and T bases across 16 sequence motifs.
The nucleotide bases marked with red arrows are used to calculate mutation frequency, and lowercase letters represent the context sequence.
The average mutation frequency of A or T bases at the whole genome level is shown in a dotted line. SARS‐CoV‐2, severe acute respiratory
syndrome coronavirus 2.
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frequency of 12 different dinucleotides (CG, GC, AT, TA, TC,
CT, AG, GA, CA, AC, TG, and GT). If meaningless, then each
of the six dinucleotide pairs should have the same mutation
frequency (CG=GC, CT=TC, CA=AC, GA=AG, GT=TG,
AT=TA). However, our results showed CG dinucleotides have
a significantly higher mutation rate than GC dinucleotides
(p < 0.01, t‐test) (Figure S2 and Table 1), which is consistent
with previous reports34–36. Since ZAP is able to specifically
bind CpG dinucleotides in single‐stranded RNA for targeted
degradation, a reduction in the number of CG dinucleotides
likely reflects an evasion mechanism resulting from virus
evolution. Contrastingly, base substitutions between CG and
non‐CG motifs showed no differences, suggesting that ZAP
only affected the mutation frequency, not the base sub-
stitution types (Figure 2B). This result is consistent with se-
lection against CpG, mechanistically mediated by ZAP.

Surprisingly, we also found asymmetric mutation fre-
quency in other dinucleotide pairs, especially AT and TA
(p < 0.01, t‐test) (Figure S2 and Table 1). AT dinucleotides
have a higher mutation frequency than TA dinucleotides,
which has not been previously reported. To explore the
driving mechanism of this asymmetry, we compared the
mutation frequencies of A and T bases on AT motif, TA
motif, and the whole genome, respectively (Figure 2C). We
found that both A and T bases had the highest mutation
frequency on AT motif and the lowest mutation frequency
on the TA motif. The above results imply that the higher
mutation frequencies of A and T bases on AT motif results
in the higher mutation frequency of AT dinucleotides. By

the same token, lower mutation frequencies of A and T
bases on the TA motif lead to lower mutation frequency of
TA dinucleotides. Since the mutation frequencies of A and
T bases on AT and TA motifs are different, the mutation
frequency of AT and TA dinucleotides are asymmetric.
Moreover, this also shows that sequence context can affect
the base mutation frequency.

We next investigated if there is another motif affecting
the base mutation frequency, in addition to AT and TA
motifs. So, we compared the mutation frequencies of A
base on eight dinucleotide motif types (Aa, At, Ac, Ag, aA,
tA, cA, and gA, uppercase bold letters represent the bases
used to calculate the mutation frequency and lowercase
letters represent the context sequence) and T base on eight
dinucleotide motif types (aT, tT, cT, gT, Ta, Tt, Tc, and Tg).
Compared with the average mutation frequency of A and T
bases on the whole genome (nAn and nTn, n = A, T, C, and
G), we found that when the downstream context sequence
of the A base is a or c base (Am motif, m = a or c), this A
base has a low mutation frequency. Similarly, when the
upstream context sequence of the T base is t or g bases (kT
motif, k = t or g), this T base has a low mutation frequency
(Figure 2D). Moreover, it should be noted that the motif
sequences Am and kT are reversely complementary to
each other, which indicates that the two motif sequences
act on the positive‐ and negative‐sense strands of the RNA
virus through a similar mechanism.

The above results show that when the sequence conforms
to the tA and Am motif (reverse complement Ta and kT), the

Table 1. Mutation frequencies in 12 dinucleotide types in the different hosts.

a Sequence characteristics of the first severe acute respiratory syndrome coronavirus 2 (SARS‐CoV‐2) genome isolated from the human host represent the mutation
characteristics of the ancestral host. The enzymes that affect the dinucleotide asymmetry of SARS‐COV‐2 are indicated in red in brackets. The motifs with base
mutation frequency lower than the genome average mutation frequency are shown in bold.
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A (or T) base also has a lower mutation frequency. This raised
the question of why the mutation of AT/TA dinucleotides is
more asymmetrical than AC/CA and GT/TG. We speculate
that when the sequence conforms to Am motif (reverse
complement kT motif), only the mutation frequency of one
nucleotide base is reduced: A base in the upstream of Aa and
Ac dinucleotide motif, or T in the downstream of gT and tT
dinucleotide motif. However, when the sequence conforms
to the TA motif (Ta or tA), the mutation frequency of both A
and T bases is reduced, resulting in more asymmetry of AT/
TA compared with other dinucleotide pairs.

To determine the effect of codon position on dinucleotide
mutation asymmetries, we calculated the dinucleotide mu-
tation frequencies of three codon phases: 1st + 2nd, 2nd +
3rd, and 3rd + 1st (Table S2). The results showed that AT/TA
dinucleotides were more asymmetric in the 1st + 2nd and
3rd + 1st codon phase; CG/GC dinucleotides showed more
asymmetry in the 2nd + 3rd and 3rd + 1st codon phase.
These results show that the dinucleotide asymmetry is dif-
ferent in different codon phases.

Amino acid changes affect the mutation
frequency of SARS‐CoV‐2
The coding region of the SARS‐CoV‐2 genome comprises
more than 97.51% of the total genome. Of the 296,728
identified DNMs, 15,196 were found in the noncoding region
(20.59 DNMs/bp on average) and 281,532 in the coding re-
gion (11.00 DNMs/bp). Hence, our findings demonstrate that
the coding region has a lower mutation rate than the non-
coding region. However, mutations in the coding region
might cause amino acid changes, whereby we sought to
determine the relationship between amino acid changes and
mutation frequency. Accordingly, we calculated the mutation
frequency, mutation spectrum, and distribution of mutations
at the first, second, and third codon positions, as well as at
4DTv. We found that the mutation frequency at the third
codon position and 4DTv sites was higher than that of the
first and second codon positions (Figure 3A). This is likely
due to purifying selection, as mutations at the first and
second codon positions could result in amino acid changes
that might affect viral replication and transmission.

(C)

(A)

(B)

Figure 3. The mutation characteristics at the first, second, and third codon positions, as well as at 4DTv. (A) The mutation frequency of the
first, second, and third codon, and 4DTv. (B) The mutation spectrum. The Y‐axis represents the proportion of 12 base substitution types, while
the X‐axis shows the 12 base substitution types. (C) The distribution of C>T at the first, second, and third codon, and 4DTv. The upper part is
the distribution of mutation frequency, X‐axis shows the mutation position (e.g., the number 200 represents the 200th C nucleotide base at the
1st of the reference genome), and the Y‐axis represents the mutation frequency. The lower part is histoplot of distribution of DNM mutation
frequency. DNM, de novo mutation.
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From the mutation spectrum, we found a higher C>T
mutation rate at the second codon position (Figure 3B). NTN
codons (where N = any nucleotide) usually code for hydro-
phobic amino acids, while NCN amino acid residues are
smaller in size and moderate in hydropathy. We uncovered a
total of 179,227 nonsynonymous DNMs, of which 101,120
and 69,458 resulted in hydrophobic and hydrophilic amino
acids, respectively. These results may suggest that SARS‐
CoV‐2 is evolving toward the accumulation of more hydro-
phobic amino acids.

If nucleotide bases at a specific codon position have
similar mutation frequencies, then the mutation number
of each nucleotide base is random, and therefore the
mutation frequency (mutation number at a single site)
should follow a Poisson distribution37. In this study, we
analyzed the distribution of C>T at the first, second, and
third codon, and 4DTv, respectively, and used a
Kolmogorov–Smirnov test (K–S test) to determine whether
it follows a Poisson distribution. The results showed that
compared with 4DTv, the mutation frequency at the first,

second, and third codon positions does not follow a
Poisson distribution, indicating that the mutation frequency
is likely constrained by amino acid changes (Figure 3C).
The above results indicate that the amino acid change can
affect the mutation frequency of SARS‐CoV‐2, which may
be caused by positive selection.

Translation efficiency affects the mutation
frequency of SARS‐CoV‐2
We next evaluated whether there were other unknown fac-
tors affecting the mutation frequency. Assuming no other
factors influence the mutation rate, 4DTv site nucleotide
bases with non‐CG, non‐AM, and non‐TA motifs should
follow a Poisson distribution. We found that the 12 nu-
cleotide base substitution types conformed to a Poisson
distribution. However, C>T and G>T mutations showed a
lower p value when compared to the p value of the K–S test
above, suggesting that other factors affect C or G to T
mutations at 4DTv (Figures 4 and S3).

Figure 4. The mutation frequency distribution of non‐CG and non‐AM, and non‐TA sites at 4DTv. The upper part is the distribution of DNM
mutation frequency, X‐axis shows the mutation position (e.g., the number 200 represents the 200th non‐CG, non‐AM, and non‐TA cytosine
nucleotide base at 4DTv of the reference genome), and Y‐axis represents the mutation frequency. The lower part is histoplot of distribution of
DNM mutation frequency. DNM, de novo mutation.
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Therefore, we then calculated the frequency of SARS‐
CoV‐2 codon usage and found that >73% of codes include
A/T ending codons (AT3 codons), while the T ending co-
dons accounted for more than 44% of the total number of
codons. This value is significantly higher than the average
number of AT (62%) and T (32%) nucleotides in the ge-
nome, respectively (Figure S4). This observation demon-
strates that SARS‐CoV‐2 preferentially uses AT3 codons, in
particular T ending codons. Previous studies suggested
that the increased expression of transfer RNA carrying AT3
codons in SARS‐CoV‐2 patients could reduce the stability
of the host mRNAs and affect the synthesis of host pro-
teins14,38. This implies that, while SARS‐CoV‐2 limits the
host protein synthesis, its own translation efficiency of CG3
codons is also limited. When the third codon position is
mutated from C/G to A/T, the translation efficiency of the
virus increases, and the virus replicates more efficiently in
the host. Within‐host virus replication is an exponential
growth process, whereby a slight improvement in trans-
lation efficiency can greatly impact viral load. Therefore,
translation efficiency may affect the mutation frequency
of third codon position, which usually mutates into A/T,
especially the T base (Figure 5).

The mutation frequency of 5′‐untranslated region
(5′‐UTR) and 3′‐UTR are not affected by translation
efficiency and amino acid changes. We next compared
the mutation spectrum of 4DTv, 5′‐UTR, and 3′‐UTR
of non‐CG, non‐AM, and non‐TA. Our results showed that
the proportion of C and G mutations into T was highest
at 4DTv sites (Table S1). This further demonstrated
that translation efficiency impacts the mutation frequency
of bases at the third codon position. The above
results suggest that translation efficiency may affect the
mutation frequency of C/G to A/T at the third codon posi-
tion by the selection, consequently increasing AT3 codon
usage.

Dinucleotide asymmetric mutations of SARS‐
CoV‐2 are host specific
If the mutation rate on the ancestral host is not affected by the
sequence context, then it is expected that dinucleotide fre-
quencies in the first SARS‐CoV‐2 genome isolated from the
human host were randomly distributed; that is, the frequency
of CG dinucleotides should be equal to that of GC dinucleo-
tides, which is equal to the percentage of C content in the
genome multiplied by the percentage of G content (CG
%=GC%=C%*G%). The remaining five dinucleotide pairs
should also conform to this expectation. To determine
whether the SARS‐CoV‐2 mutation rate in the ancestral host
was affected by sequence context, we calculated the ratio of
six dinucleotide pairs in the SARS‐CoV‐2 reference genome
(which represents the ancestral host). The results showed that
the proportion of CG/GC was significantly asymmetrical (CG/
GC= 0.38), suggesting that a ZAP enzyme existed in the an-
cestral host of SARS‐CoV‐2. Contrastingly, the proportion of
AT/TA was 0.97, which suggests no mutation asymmetry ex-
ists in AT and TA dinucleotides in the ancestral SARS‐CoV‐2
host (Table 1). This result also indicates that the AT/TA mu-
tation asymmetries of SARS‐COV‐2 are different between the
ancestral and human hosts. To understand whether this
asymmetry only exists in human hosts, we identified and an-
alyzed DNMs from 1060 SARS‐CoV‐2 genome sequences
from Neovison vison available in public databases and cal-
culated the frequency of mutations in AT and TA dinucleo-
tides. The results showed that the AT/TA ratio was also
asymmetric in N. vison, whereby we can conclude that AT/TA
mutation asymmetries do not exist only in the human host. In
addition, we found that CT/TC and GT/TG ratios were 1.47
and 0.77 in the SARS‐CoV‐2 reference genome, respectively,
pointing to asymmetries in CT/TC and GT/TG in the ancestral
SARS‐CoV‐2 host. The CT/TC mutation asymmetry may be
affected by the APOBEC enzyme (TC motif), while that of GT/
TG may be affected by other unknown factors (Table 1). The

Figure 5. The life cycle of SARS‐CoV‐2 in host cells. When CG3 codons mutate into AT3, the virus gains higher translation efficiency and
replication producing more viruses. (A) AT3 codons have high translation efficiency. (B) CG3 codons have low translation efficiency. SARS‐CoV‐
2, severe acute respiratory syndrome coronavirus 2.
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aforementioned results show that dinucleotide mutation
asymmetries have different profiles in different hosts and may
help unveil the origin of SARS‐CoV‐2.

DISCUSSION
In this study, we analyzed the factors that might affect the
SARS‐CoV‐2 mutation rate1: The intrinsic mutational biases,
which may be caused by RNA polymerase or other processes
related to viral replication. This factor produces similar effects
on all nucleotide bases across the genome, making it chal-
lenging to determine specific effects using bioinformatics. For
example, the ROS enzyme causes guanine oxidation to 8‐oxo‐
7,8‐dihydroguanine (8‐oxoguanine), which can pair with ad-
enine, ultimately causing a higher rate of G to U trans-
versions24,39,40. This factor impacts all G>U in the genome in a
motif or position‐independent fashion. Hence, it is difficult to
analyze using computational approaches. Therefore, we eval-
uated factors impacting beyond position and motif specificity
as intrinsic mutational biases2. Consistent with previous liter-
ature28,29, we observed that the ZAP enzyme affects CG di-
nucleotides by specifically binding CpG dinucleotides in single‐
stranded RNA and recruiting the RNA processing exosome for
targeted degradation3. Furthermore, we proposed, for the first
time that when A and T bases are in the context of AM (M
stands for adenine or cytosine) or TA motif, A or T base has
lower mutation frequency4. Additionally, the mutation fre-
quency of the base at the first or second codon is lower than
that of the third codon, which is likely due to purifying se-
lection. As the mutations at the first and second codons could
result in amino acid changes, virus replication and transmission
might be affected.5 Finally, the AT3 codons have higher
translation efficiency than CG3 codons, further favoring C/G
nucleotide mutation to A/T at the third codon position.

In genetics, DNMs refer to genetic variants that develop for
the first time within a viral family, and, in this study, the de-
tected DNMs are not strictly in this sense, and were likely the
result of selection41,42. However, these DNMs affected by se-
lection are closer to the true SARS‐COV‐2 mutations that re-
flect the virus evolutionary process, and therefore these DNMs
are more relevant for understanding SARS‐CoV‐2 evolution in
the host. Among all the five factors here analyzed, intrinsic
mutational biases act on the factors causing mutational bias
themselves, while ZAP enzyme, codon position, and trans-
lation efficiency impact mutations after they arise through se-
lection. The phenomenon of A or T having lower mutation
frequencies in the context of AM and TA motifs cannot be
strictly linked to a single factor, so we cannot determine
whether it is driven by mutation or selection. However, these
lower mutation frequencies are found in both positive and
negative chains of SARS‐COV‐2, implying that it is connected
to the viral replication process. Therefore, this factor tends to
act on the virus mutation itself. Future studies will try to de-
termine the possible factors causing this phenomenon.

In this study, we first reported the phenomenon of AT/TA
dinucleotide mutation asymmetries but did not determine
what caused the phenomenon. We initially assumed that
ADARs act on RNA to convert adenosine into inosine in

double‐stranded RNA regions. Since inosine is recognized as
guanosine, the result of editing by ADARs is a A>G transition
mutation. Previous studies have shown the impact of ADAR‐
induced editing of minor viral RNA populations on the repli-
cation and transmission of SARS‐CoV‐227. However, by
comparing the mutation frequencies of A or T bases across
16 motif sequences, we found that A or T base in 6 specific
sequences motif (tA, Ac, Aa, Ta, tT, and gT) exhibited a lower
mutation frequency than that in other 10 sequences motif
(aA, cA, gA, At, Ag, aT, cT, Tt, Tc, and Tg) (Figure 2D). Ac-
cording to Occam's razor principle, it is more likely for AM
and TA motifs to reduce the mutation frequency of A or T
through one or more factors. Therefore, this speculation
means that the mutation asymmetries of AT/TA are caused
by reducing the mutation frequency of TA dinucleotides,
which is contrary to the speculation of ADARs enzyme.

Previous research shows that TA (UpA in RNA) dinucleo-
tides have a higher mutation frequency in the genomes of
most RNA virus groups43–45, while in the SARS‐COV‐2, TA
dinucleotides have a lower mutation frequency, which is
unusual. Therefore, in‐depth analysis of AT/TA dinucleotides
mutation asymmetries in subsequent studies is of great value
for understanding the evolution of SARS‐COV‐2.

Analysis of the mutation frequency of 4DTv site nucleotide
bases with non‐CG, non‐AM, and non‐TA motifs revealed
distributions of C>T and G>T mutation frequencies with
heavier right tails, which seem to be a superimposition of two
distributions. This phenomenon implies site‐specific se-
lection; however, we could not identify a specific sequence
motif, gene, or position that could drive these differences.
Therefore, we hypothesize that an unknown factor drives this
phenomenon.

The mutation spectrum is often used to study the origin of
SARS‐CoV‐2, but there are different views on whether it is
host‐ or virus‐specific. The intrinsic mutational biases are re-
lated to the virus's own genome and should thus be virus‐
specific. In turn, the other four factors (ZAP, AM, and TA mo-
tifs, amino acid changes, and translation efficiency) are af-
fected by the host and should thus be host‐specific. We found
no differences between the mutation spectrum of humans and
N. vison (p = 1, t‐test) (Figure S5), suggesting that on the short‐
term evolutionary scale, the mutation spectrum of the virus is
dominated by virus‐specific intrinsic mutational biases.
Therefore, the use of the mutation spectrum is unreliable in
short‐term evolutionary scales that allow studying the origin of
the virus. In the long‐term, large‐scale evolutionary time, the
influence of host selection pressures on mutation patterns will
increase, and the mutation spectrum will then exhibit host‐
specific signatures. Compared with the mutant spectrum, the
dinucleotide mutation asymmetries found in this study seem to
be host‐specific, which may help trace the origin of SARS‐
CoV‐2.

In this study, DNM detection depends on the accuracy of
the evolutionary tree. If the construction of the evolutionary tree
is inaccurate, different genomes with the same DNMs will be
separated into multiple evolutionary branches, and therefore
defined as two or more DNMs. To avoid this, we analyzed the
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SARS‐CoV‐2 sequencing data separately by country, time, and
evolutionary branch. This allows for revealing the probability of
recurrent DNMs, which can be used to distinguish single
DNMs. Some studies have characterized recurrent mutation in
SARS‐COV‐246. If recurrent mutations occur, the assignment
of mutations present in >50% of a clade to the ancestor could
lead to the missing of some DNMs. However, the probability of
detecting a recurrent mutation in a small clade is very low.
Among the 296,728 detected clades of DNMs, 99.43% clades
were small (genomes no. <1000). For a ∼29 kb SARS‐COV‐2
genome, according to the mutation rate of 3 × 10−3, the
probability of detecting the same position and the same mu-
tation type in 1000 genomes within 2 years of evolution is also
very low. Of course, we cannot ignore the impact of con-
vergent evolution and selection on a few loci, which increases
the probability of recurrence mutation at a few loci. However, in
general, we believe that recurrent mutation has less impact on
the accuracy of our current method. In future studies, we will
try to reconstruct the subset of the evolutionary tree and merge
the analysis information of mutation in the population to in-
crease the accuracy of DNM detection.

Through DNM analysis, we characterized the mutation
and evolutionary trend of SARS‐COV‐2. However, most of
the detected DNMs in this study are near tips, and mutation
accumulation is the key factor determining the direction of
virus evolution. Future research should analyze the relation-
ship between mutation characteristics and mutation accu-
mulation of SARS‐COV‐2 to improve the understanding of the
evolutionary trend of SARS‐COV‐2. In addition, compared
with other early variants, Omicron has lighter clinical symp-
toms and different tropism; therefore, it will be important to
compare the mutation profile of this variant with that of other
variants.

MATERIALS AND METHODS
Data collection
SARS‐CoV‐2 sequences were retrieved from the Global Ini-
tiative on Sharing Avian Influenza Data initiative database (as
of January 18, 2022, https://www.gisaid.org)47. Complete
genomes with an N‐content lower than 0.01% and high
coverage were selected for subsequent analysis. A multiple
alignment using fast Fourier transform‐generated alignment
of high‐coverage complete genome sequences was down-
loaded from the website.

Mutation analysis
The complete SARS‐CoV‐2 genome isolate Wuhan‐Hu‐1
(NC_045512.2) was used as the reference genome; muta-
tions in all other samples were compared to this reference
isolate. Detected mutations were confirmed using Integrative
Genomics Viewer48 and annotated with the SnpEff program49.

Construction of phylogenetic tree
The amount of computation needed to construct an evolu-
tionary tree for the 2.8 million genomes is substantial.
Hence, to improve computational efficiency, SARS‐CoV‐2

genomes were classified by pangolin lineages using the
pangoLEARN algorithm50. The 2.8 million genomes were
divided into 1514 subsets according to their pangolin lin-
eage. The RAxML51 software was used to determine the
topological relationship between each subset according to
their common mutations, and to construct the evolutionary
tree as “root‐tree.” The maximum likelihood phylogenetic
tree was constructed based on the general time rever-
sible + invariant + gamma sites (GTR + I + G) model of nu-
cleotide substitution with 1000 bootstrap replicates. After
this, 1514 evolutionary trees were constructed as “branch‐
trees” for the 1514 subsets trees using the FastTree52

software with Jukes‐Cantor model. Finally, “root‐tree”
and “branch‐trees” were merged to generate the “final‐
tree” by in‐house script. The flowchart of evolutionary tree
construction is provided in Figure S6.

DNM detection
The information on the distribution of each mutation in the
different clades of the “final‐tree” was determined using an in‐
house developed script. For each mutation, we step‐by‐step
scan the “final‐tree” from root to tips to determine the pro-
portion of mutation in each clade. When >50% of the genomes
in a clade contained a particular mutation, we assumed the
ancestor node of the clade containing the DNMs. To avoid the
identification of inherited mutations as DNMs due to inaccurate
terminal branching, we merged the DNMs that satisfy all the
following conditions1: The same mutation type, such as
C10029T (the 10,029th base position in the genome is mutated
from C to T)2, the DNMs appear in the same clade and the
clade size is <2000 genomes3; DNMs were isolated from the
same country4; and time span of the DNMs is <6 months. We
used these criteria given the very low probability of detecting
multiple DNMs in the same country in 2000 genomes within 6
months. If the mutation rate of COVID‐19 is calculated as
3 × 10−3 nucleotide substitution per site per year, the proba-
bility of detecting the same DNM in 2000 genomes within 6
months should be: p= 0.009 (3 × 10−3 × 3 × 10−3 × 2000 × 0.5).
To avoid the impact of sequencing errors on DNM detection,
we filtered out DNMs based on a single genome. The flowchart
of DNMs detection is provided in Figure S7.
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