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ARTICLE INFO ABSTRACT

Keywords: The pandemic caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) affected
SARS-CoV-2 global health worldwide due to its high contagiousness. During the viral spread, many mutations
Evolution occurred within the virus genome. China has adopted nonpharmaceutical intervention (NPI) to
Genomic characterization . . . -
China contain COVID-19 outbreaks. In order to understand the evolution and genomic variation of

SARS-CoV-2 in China under this policy, a total of 524 sequences downloaded from Global
Initiative on Sharing All Influenza Data (GISAID) between 2019 and 2022 were included in this
study. The time-scaled evolutionary analysis showed that these sequences clustered in three
groups (Group A-C). Group B and C accounted for the majority of the sequences whose divergence
times were around 2020 and distributed in multiple regions. Group A was mainly composed of G
variants, which were mainly isolated from several regions. Moreover, we found that 191 sites had
mutations with no less than 3 times, including 30 amino acids that were deleted. Finally, we
found that spike and nucleocapsid genes underwent positive selection evolution, indicating that
the mutations within spike and nucleocapsid genes increased the SARS-CoV-2 contagiousness.
Hence, this study preliminarily elucidates the evolutionary characteristics and genomic mutations
of SARS-CoV-2 under the implementation of the NPI policy in China, providing scientific basis for
further understanding the control effect of the NPI policy on the epidemic.

Nonpharmaceutical intervention

1. Introduction

A new type of infectious respiratory syndrome was first discovered in Wuhan on December 2019, and it was later confirmed that
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was the etiological agent [1]. The virus can be transmitted from person
to person through aerosols or small respiratory droplets [2]. Since its first detection, the virus spread worldwide. According to the
World Health Organization, the most common symptoms showed by patients affected by coronavirus disease of 2019 (COVID-19) are
mostly fever, cough, tiredness, and loss of taste or smell. Less commonly symptoms are sore throat, headache, general aches and chest
pain. Difficulty in breathing or shortness of breath as well as loss of speech or mobility, and/or confusion can be found in the most
severe cases (https://www.who.int/health-topics/coronavirus#tab=tab_3). Through the 2020, the evolution rate of SARS-COV-2 was
relatively slow, with a high effectiveness of the vaccine [3]. However, by the end of 2020, the SARS-CoV-2 variant Alpha which carried
23 nucleotide mutations with 17 amino acids changes was identified for the first time in the UK [4]. Later, the variants Beta, Gamma,
Delta, and Omicron emersed, accompanied by a higher mutations rate. To this regard, the evolution of the virus in immunocom-
promised patients was considered as an important factor in terms of occurrence of many mutations in the virus genome [5].
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SARS-CoV-2 is a single stranded RNA virus, and it belongs to the same genus beta coronavirus as SARS-CoV, sharing both a size of
the genome of 30 kb, including many open reading frames (ORFs) [1]. The size of the first ORF (ORF1ab) accounts for about 2/3 of the
whole genome length, and it encodes 16 non-structural proteins (nsps) involved in many processes after translation splicing [6]. For
example, Nsp1 is responsible for the expression of the viral genome by inhibiting translation of the host cells proteins [7]. Nsp2 binds to
the nucleic acids to regulate important intracellular signal pathways [8]. The complex composed of Nsp12-Nsp7-Nsp8 mediates the
viral genome synthesis [9]. The remaining nsps genes encode accessory and structural proteins. On the other side, structural proteins
are encoded by spike (S), membrane (M), nucleocapsid (N) and envelope (E)genes [6]. The S protein wraps on the surface of the virus
and mediates the binding to the angiotensin-converting enzyme 2 (ACE2) receptor on the host cell surface [10]. The M protein plays a
role in the formation of the viral envelope, promoting the genome assembly as well [11]. The N protein binds to the RNA genome and it
is involved not only in the viral assembly, but also it antagonizes the host immunity [11]. The E protein is involved in the viral as-
sembly and maturation through interaction with host cell membrane proteins [12]. Accessory proteins are encoded by ORF3a, ORF3b,
ORF6, ORF7a, ORF7b, ORF8b, ORF9b, ORF9c and ORF10, and they play an important role in helping the virus in evasion of the
immune system and enhancement of virulence by interacting with host cells [13].

According to Global Initiative on Sharing All Influenza Data (GISAID) nomenclature system, most of the sequenced SARS-CoV-2
genomes were classified into major clades including S, O, L, V, G, GH, GR, GV, and GRY. These clades were bases on shared
marker mutations. These mutations include: NS8-L84S for clade S; coexisting NSP6-L37F and NS3-G251V for clade V; S-D614G for
clade G. Clades GK, GH, GR, GV not only have S-D614G, but have S-T478K, NS3-Q57H, N-G204R and S-A222V respectively. S-H69del,
S-V70del, S-Y144del, S-N501Y, S-D614G, N-G204R characterize the clade GRY. Sequences that don’t belong to any of these major
clades were grouped into clade O. The S and L clades were around at the beginning of the outbreak. L split into V and G. GR, GH, GV,
and GK are the descendants of G. GR evolved into GRY and later GRA.

After the first detection in China in 2019, nonpharmaceutical intervention (NPI) to contain COVID-19 outbreaks were put in place
[14]. However, the impact of this NPI on the spread and evolution of the virus in China was not yet known. So far, according to the
GISAID (https://gisaid.org/), viruses from China were classified in 10 clades. However, still little information is available on
SARS-CoV-2 mutations, evolution and selectively pressure in China. Therefore, in this study, we used sequences downloaded from
GISAID to (i) collect the information of clinical cases; (ii) perform Bayesian Evolutionary Analysis Sampling Trees (BEAST) to
investigate the evolution time of the virus; (iii) analyze the virus genome mutation characteristics; (iv) analyze the selection pressure of
virus genes. We aimed to unravel the evolutionary characteristics and variations in SARS-CoV-2 during these years when China
implemented NPI.

2. Materials and methods
2.1. Collection of SARS-CoV-2 whole-genome sequences

We retrieved 524 nucleotide sequences GISAID (www.gisaid.org) using the following parameters: virus name: hCov-19; host:
human; collection date: from 2019 to 12-01 to 2022-10-13; location: China; complete genome; high coverage. The metadata include
collection date, location, gender, patient age, lineage and clade.

2.2. Genomic analysis

All the sequences were mapped to the reference SARS-CoV-2 genome (acc. No. NC_045512.2) using the online software Corona-
virus Typing Tool (Version 1.25) [15]. The amino acids changes were obtained in this tool as well by using a novel dynamic aligner to
allow tracking new viral mutations [16]. The amino acid mutation frequency including deletions were calculated artificially. The
mutation frequency was determined by dividing the number of mutations of each site in all samples by the total number of samples.
Graphs and plots were generated using Kaleida Graph 4.5 (Synergy Software, Reading, PA, USA). Multi-categorical alluvial diagrams
were generated using RawGraphs 2.0 [17].

2.3. Reconstruction of time-scaled phylogenies

Sequence alignments were performed using Multiple Alignment using Fast Fourier Transform (MAFFT) [18]. A total of 365 se-
quences were obtained after removing low-quality sequences and UTR regions and further analyzed. To generate the files required by
the Bayesian analysis, the sequences were used as input into the Bayesian Evolutionary Analysis Utility (BEAUti) v1.10.0 tool [19] and
the tip dates with the corresponding collection data were downloaded from GISAID as mentioned above. GTR (generalized time
reversible) +F + G4 was the fit model used accordingly with PhyloSuite v1.2.2 [20], followed by relaxed clock log normal and
coalescent exponential growth trees previously selected. Finally, a chain length of one hundred million every ten thousand iterations
was selected for further analyses. Data formatted in XML files were generated and used as input into BEAST 1.10.0. Runs were repeated
twice, and the results were combined using the LogCombiner 1.10.0.

Data were examined by Tracer (v1.7.2) [21] with a 10% burn in. Effective sampling size (ESS) of all parameters was greater than
200. The final MCC tree was generated by TreeAnnotator (v1.10.0) after a 10% burn in. The tree was viewed by FigTree (v1.4.4) and
each lineage and location were highlighted in distinct colors.
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Fig. 1. Characteristics of the research objectives.

(A) The age, sex, virus strain, and sampling time of the patients enrolled are represented in a multi-categorical alluvial diagram. (B) Plot of the
trends of variants from 2019 to 2022. (C) Pie chart of the proportion of each virus clades. The percentage has been marked on the pie chart. (D) Pie
chart of the proportion of each virus clades in South China. The percentage has been marked on the pie chart. (E) Pie chart of the proportion of each
\iirus clades in North China. The percentage has been marked on the pie chart.

2.4. Nucleotide substitution rates calculation

Ka and Ks of distinct genes from 365 sequences belonged to each lineage were calculated by MEGA-11 (model, Nei-Gojobori). Ka/
Ks values were calculated using Excel 2019.

3. Results
3.1. Research aims and characteristics

Metadata from a total of 524 COVID-19 positive samples selected for this study were collected. In these cases, 29% of them were
younger than 30 years old (yo), 13% were older than 60 yo, and 53% were between 30 and 60 yo. The patient status mainly includes
released, live and hospitalized. More than half of the patients were hospitalized. The patients came from 26 different regions, with the
most coming from Beijing, followed by Shandong and Sichuan (Fig. 1A). In the first two months of 2020, infected patients were
distributed in many provinces and regions. After that, patients in each month were mainly distributed in a few provinces and regions
(Fig. 1A).

In January-February 2020, clades L and S were predominant, followed by clade GRA two years later in China (Fig. 1A). More
specifically, in 2019, all COVID-19 cases belonged to clade L, and clades S, O, GR, GH, V, and G appeared in the following year, 2020.
By 2021, COVID-19 evolved to GK, GRA, and GRY clades, with GK accounting for the most detections. In 2022, the virus kept evolving,
and all patients were infected with clade GRA in China (Fig. 1A and B). Among the clades mentioned, clade L (26.9%) was the most
predominant, followed by GRA (20.6%), S (18.1%), O (10.8%), GK (9.9%), G (4.8%), GR (4.2%), GH (3.1%), V (0.9%), and GRY
(0.7%) (Fig. 1C). In terms of geographical distribution, clades G, GH and GRA were mainly distributed in northern China, while clades
L, O, S and V were mostly distributed in southern China (Fig. 1D and E).

3.2. Phylogenetic tree identifying an evolutionary pattern

To estimate the evolutionary time of each clade, we performed a Bayesian phylogenetic tree. A total of 365 out of 524 sequences
were selected after alignment, quality check and UTR regions removal. BEAST analysis further investigated the evolutionary rela-
tionship within sequences considering the sampling time and location. The time-scaled maximum clade credibility (MCC) tree of 365
sequences was shown in Fig. 2. The tree represented ten GISAID clades (L, S, O, V, G, GK, GR, GH, GRY, and GRA). Group B and C were
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Fig. 2. Time-scaled phylogenetic analysis to identify the evolutionary relationship of each clade. The colors of the branches represent
different regions. The colors after branches represent different clades. The tree was divided into three groups, namely group A, B, and C.



Heliyon 9 (2023) 18980

P. Zhang et al.

T

7090 8370 9710

4963
SARS-CoV-2 genome location

3545

1418

nsp14_l42V

nsp12_P323L
.0

o i

. H o

4963

nsp4_T492

ORF1ab

o
N
PO -
QN

nsp3

3545
SARS-CoV-2 genome location

1418

N_G204R

¢ N_R203
&

)
o
i

40-
30

S_P681

S

®S_D614G

S_T478

210 315

105
SARS-CoV-2 genome location

637 955 1274

318
SARS-CoV-2 genome location

<_ > m

X¥Iro A

OO0 40mO

ENEENEN K

| | | 1 1

[Te) o w0 o 0 o

N 39 - -
(9%)Aousnbauiy

19PELZN N
PPSLZO N
ePPLZO N
PPZLZO N
18pL L2V N
[PPEES N
18pzey N
PPLET N
[ePyyz1 oxMds
|8peyey” oxds
[epzyz1 oxds
[eP8sLY exMds
19p.GL4~ oxds
18Py LA~ Mds
19povL4 oxds
19P0LA oNdS
19P69H ~oxIdS
1op9zd &xids
19pgzd exds
|19p#g1 eMds
19P#9Z3 GLASN
18pg9Z4 G1dSN
[PP8SLO LdSN
19p£94 B/SN
[eP80L 4 9dSN
[ePL0LD 9dSN
19P901S 9dSN
19PE€9LS ¥dSN
[ePSL4 LASN
18p9G1 A LdSN

(caption on next page)



P. Zhang et al. Heliyon 9 (2023) 18980

Fig. 3. The characteristics of SARS-CoV-2 genome mutation.

Dot plot of the amino acid mutation frequency in the whole genome (A), ORFlab (B)

S protein (C), N protein (D). Y-coordinates indicate mutation frequencies. X-coordinates indicate the SARS-CoV-2 genome location. (E) Histogram of
Ehe frequency of deletions at different sites of each viral clade.

composed of clades L, S, O and V, which were the major clades in the early stage of the outbreak. Group A was mainly composed of
clades GK, GRA, G, GH, GRY and GR, which were evolved on the basic of clade L (Fig. 2). From 2019 to the beginning of 2020, the virus
evolved from the original clade L to O, G and V. In 2021, new clades arose, including GR, GH, GRY, GK, and GRA, which were shown in
Group A. Since clade L was first detected in Wuhan, it spread to the whole country quickly, including Anhui, Shandong, Sichuan, and
Beijing. At the same time, clade S was transmitted in many cities like Zhejiang and Shandong. Clade O was also detected in the early
stages of the outbreak (Fig. 2). Clade G was the ancestor of GR, GH, GK. The Beijing isolates belonging to the GR clade clustered with
isolates from Fujian and Anhui. However, the Beijing isolates belonging to the GH clade clustered with isolates from Zhejiang. It is also
important to note that the Beijing isolates within the GK clade clustered with Jiangsu, Fujian and Zhejiang isolates belonging to this
clade (Fig. 2). These were great hints for traceability. Finally, the Beijing isolates evolved into clades GRY and GRA.

3.3. Different SARS-CoV-2 mutation profiles

Among the sequences analyzed, a total of 603 amino acid variations were identified, including 30 deletions (Fig. 3A, E). About half
of mutations (393) were found only in ORF1lab gene, while Nsp12_P323L showed the highest frequency, reaching 41.4%. In addition,
the mutations Nsp4_T492I, Nsp8_1.84S, Nsp3_T223I, Nsp5_P132H, Nsp14_ 142V, Nsp8_S24P, Nsp4_L264F, Nsp3_G489S, Nsp4_T327I,
Nspl13_R392C, and Nsp4_L438F were all found at a rate of 20% (Fig. 3B). The S gene reported a total of 120 gene mutations, of which
S_D614G showed the highest frequency, reaching 43.3%. Secondly, the mutation frequencies of S_P681, S_T478K and S_T19 were more
than 30% (Fig. 3C). A total of 44 mutations were found in the N gene, with the mutation N_R203 found at 35.5% (Fig. 3D). Besides
N_R203K, N_R203 M was also identified. The more details were shown in Table 1. In addition, 2 amino acids mutated into the stop
codon (Table 1), and the effect of this mutation on the virus needs further study. Additionally, Nsp3, S gene, and N gene were hotspots
for mutations (Table 1).

It was demonstrated that gene deletions can facilitate the immune evasion of SARS-COV-2 and adaptation to the host [22]. The S
gene and N gene were hotspots for deletion (Fig. 3E). S_P25del and S_P26del had the highest frequency (20.2%), followed by NSP6_
S106del, NSP6_ G107del, NSP6_F108del, N_ E31del, and N_ R32del (up to 10.5%) (Fig. 3E). Gene deletions were found to be more
frequent in clade GRA followed by GK, GH. These results showed that variants carried their unique deletions.

In addition to the maker mutations contained in each clade, there were many other high-frequency mutations. For example, the
mutation frequencies of NSP6-F108del, NSP6-G107del, and NSP6-S106del in GRY were also higher (11.8%). Table 1 showed that the
same position on the genome can mutate into two different amino acids, including stop codon.

3.4. Evolutionary characteristics of SARS-COV-2 genes

In order to investigate the evolutionary selection pressure of SARS-COV-2, Ka (synonymous substitution rate) (Fig. 4A), Ks
(nonsynonymous substitution rate) (Fig. 4B), and the Ka/Ks ratio (Fig. 4C) for each gene sequence from December 2019 to October
2022 were calculated and they were reported in Fig. 4. The Ka/Ks ratios of S genes were all higher than 1 in clades GH, GRY, GRA, and
GK, indicating that S gene underwent a positive selection. Similarly, the N genes of clades GRY, GK, and GRA were higher than 1,
suggesting that N genes evolved toward positive selection as well. For ORFlab and M genes, the Ka/Ks values were less than 1,
suggesting that a purifying selection occurred in recent years. These results may suggest that SARS-COV-2 can infect and escape the
immune host defense more with a positive selection of S and N genes in the continuous evolution process.

4. Discussion

In this study, SARS-CoV-2 sequences downloaded from GISAID database from 2019 to April 12, 2022 in China, were included in the
study. These sequences were divided into 10 clades, named S, L, O, V, G, GK, GH, GR, GRY, and GRA. The China epidemic was
characterized by an early clades L, O, V and S that was subsequently replaced by clade G variants (Figs. 1B and 2). According to the
Bayesian evolutionary analysis, GR originated from G and then evolved into GRY, GRA (Fig. 2), which was consistent with previous
report [23]. There were no reported cases in some months of these years (Fig. 1). Containment and suppression strategies have been
implemented in China to control the prevalence of COVID-19 (14). Case finding and management, with identification and quarantine
of close contacts limit the wide spread of the virus. This may be the reason for the relatively concentrated distribution of cases in a
certain period of time. The absence of cases in some months in these three years may be due to this policy leading to the clearing of the
virus. In these years, L, S and GRA were the major clades which accounted for a large proportion (Fig. 1). Between the end of 2019 and
the beginning of 2020, clades S and L accounted for the majority, while the major clade was replaced by GRA in 2022 (Figs. 1 and 2).
The proportions of clades G, GR and GH were relatively low, which is different from the global trend (Fig. 1) [24]. This may be due to
the implementation of the NPI policy controlling the spread of GR and GH, resulting in fewer sequences. However, with the clade GRA
continuous strengthening of the virus transmission ability, this strategy may be difficult to implement all the time, and the wide spread
of the virus was inevitable.
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Table 1

Mutation frequency of sites with no less than three mutations.
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Frequency of mutation sites (mutate no less than 3 times)

genome region amino acid position reference allele frequency clades which the mutation occurred
nspl 73 R C 0.00381679 S

nsp2 85 T 1 0.030534 GH, O
nsp2 81 K N 0.024809 GK

nsp2 129 P L 0.017176 GK

nsp2 447 \Y F 0.015267 GK

nsp2 198 \Y I 0.009542 O,L
nsp2 475 C Y 0.0076336 GR

nsp2 174 A S 0.0057252 GRA
nsp2 326 C Y 0.0057252 GR

nsp2 370 R H 0.0057252 S

nsp2 429 T I 0.0057252 GR

nsp3 223 T 1 0.20611 GR, GRA
nsp3 489 G S 0.20229 GRA
nsp3 725 T I 0.10115 GRA
nsp3 26 S L 0.09923664 GK

nsp3 488 A S 0.05916 GK

nsp3 1228 P L 0.05916 GK

nsp3 1469 P S 0.05916 GK

nsp3 251 G A 0.055344 V,0
nsp3 822 P L 0.040076 GK

nsp3 1768 \Y G 0.03244275 GH, L, G, GR, O
nsp3 57 Q H 0.03053435 GH

nsp3 72 L F 0.013359 GR

nsp3 1278 M R 0.01145 GR, G, L
nsp3 185 Q H 0.0076336 S

nsp3 171 S L 0.0076336 GH

nsp3 1711 A \% 0.0076336 GK

nsp3 890 A D 0.0076336 GRY
nsp3 1274 H Y 0.0076336 GK

nsp3 789 I \% 0.0076336 L

nsp3 837 K N 0.0076336 GH

nsp3 389 P H 0.0076336 L

nsp3 1275 T I 0.0076336 S

nsp3 1412 I T 0.00763359 GRY
nsp3 183 T I 0.00763359 GRY
nsp3 218 D E 0.0057252 GR

nsp3 1881 I \Y 0.0057252 GR

nsp3 1198 T K 0.0057252 (0]

nsp3 55 \Y F 0.00572519 GK

nsp3 333 A \Y 0.00572519 L

nsp3 768 M I 0.00572519 GK

nsp3 1103 P Q,S 0.0057 GK

nsp4 492 T I 0.2652 GK, GRA
nsp4 264 L F 0.20229008 GRA
nsp4 327 T 1 0.20229 GRA
nsp4 438 L F 0.20038 GRA
nsp4 167 v L 0.05916 GK

nsp4 446 A \Y 0.03816794 GK

nsp5 132 P H 0.20611 GRA
nspS 184 P S 0.009542 O, L
nsp5 90 K R 0.00763359 GH

nsp6 108 F delete 0.11832061 GH, GRY, GRA
nsp6 106 S delete 0.11832061 GH, GRY, GRA
nsp6 107 G delete 0.11832 GH, GRY, GRA
nsp6 77 T A 0.05916031 GK

nsp6 149 v A 0.042 GK

nsp6 37 L F 0.03816794 0, S, V, GH, GK
nsp6 181 T I 0.024809 GK

nsp6 153 Y C 0.009542 0, S
nsp7 82 \% A 0.099237 GK

nsp7 120 T I 0.09923664 GK

nsp7 40 T 1 0.05916 GK

nsp7 45 P L 0.024809 GK

nsp7 116 L F 0.01526718 GK

nsp8 84 L S 0.22137405 0,G, S
nsp8 145 T I 0.10305344 GRA
nsp8 62 v L 0.013359 S, 0

(continued on next page)
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Table 1 (continued)
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Frequency of mutation sites (mutate no less than 3 times)

genome region amino acid position reference allele frequency clades which the mutation occurred
nsp8 76 I \Y 0.01145038 GRA

nsp8 27 Q stop 0.00954198 GR, GRA, GRY
nsp8 52 R 1 0.00763359 GR, GRY
nsp8 73 Y C 0.00763359 GR, GRY
nsp9 95 N S 0.0076336 S

nspl0 51 T A 0.0076336 L

nspl2 323 P L 0.41412 GR, GRA, GK, GH, G, GRY, O
nspl2 671 G S 0.097328 GK

nspl2 736 D G 0.0076336 L

nspl2 829 L F 0.0057252 GH

nspl2 629 M I 0.0057252 L

nspl2 97 A A 0.00572519 (0]

nspl3 392 R C 0.20038168 GRA

nspl3 77 P L 0.10114504 GK

nspl3 598 A \Y 0.0076336 O,L

nspl3 581 L F 0.0076336 L

nspl3 481 T M 0.0076336 S

nspl3 529 P L 0.0057252 GR

nspl3 100 S G 0.00572519 GR

nspl4 42 I \% 0.20611 GRA

nspl4 394 A \Y 0.05916 GK

nspl4 31 T 1 0.0076336 S

nspl4 420 Y stop 0.0076336 GH, L

nspl4 482 A \% 0.0057252 GR

nspl4 177 L F 0.00572519 G

nspl5 234 H Y 0.01526718 GK

nspl5 33 T I 0.01145038 S

nspl5 276 K R 0.0076336 GR, S

nspl5 127 \Y F 0.00763359 GH, GR
nsplé 78 \Y G 0.01335878 GH, L, GR, G
nsplé 120 T I 0.00572519 GRA

S 614 D G 0.43321 G, GR, GH, GRA, GRY, GK
S 681 P H,R 0.31298 GRY, GR, GRA
S 478 T K 0.30344 GK, GRA

S 19 T LR 0.30153 GK, GRA

S 142 G D 0.29389 GK, GRA

S 417 K N 0.23282 GH, GRA

S 501 N Y 0.21756 GH, GR, GRY, GRA
S 27 A S 0.20802 GH, GRA

S 339 G D 0.20611 GRA

S 655 H Y 0.20611 GRA

S 679 N K 0.20611 GRA

S 764 N K 0.20611 GRA

S 796 D Y 0.20611 GRA

S 477 S N 0.2042 GRA

S 484 E A K 0.2042 GH, GR, GRA
S 954 Q H 0.2042 GRA

S 969 N K 0.2042 GRA

S 24 L delete 0.20229 GRA

S 25 P delete 0.20229 GRA

S 26 P delete 0.20229 GRA

S 213 \Y G 0.20229 GRA

S 371 S F 0.20229 GRA

S 373 S P 0.20229 GRA

S 375 S F 0.20229 GRA

S 376 T A 0.20229 GRA

S 440 N K 0.20229 GRA

S 493 Q R 0.20229 GRA

S 498 Q R 0.20229 GRA

S 505 Y H 0.20229 GRA

S 405 D N 0.20038 GRA

S 408 R S 0.19847 GRA

S 1221 1 T 0.10305 GRA

S 452 L R 0.10115 GK, GRA

S 156 E G 0.09542 GK

S 157 F delete 0.09542 GK

S 158 R delete 0.09542 GK

S 950 D N 0.087786 GK

(continued on next page)
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Table 1 (continued)

Frequency of mutation sites (mutate no less than 3 times)

genome region amino acid position reference allele frequency clades which the mutation occurred
S 95 T I 0.03626 GR, GRA, GK
S 222 A A 0.022901 GK

S 146 H Y 0.020992 GK

S 5 L F 0.015267 GRA,GH, S, 0
S 49 H Y 0.015267 L

S 215 D G, H 0.01145 GH, L, S

S 570 A D,V 0.01145 GR, S, GRY
S 243 A delete 0.009542 GH, L

S 244 L delete 0.009542 GH, L

S 484 E A 0.20419847 GRA

S 547 T LK 0.009542 GRA, GK

S 69 H Y, delete 0.0076336 S, GRY

S 80 D A 0.0076336 GH

S 144 Y delete 0.0076336 S, GRY

S 242 L delete 0.0076336 GH

S 701 A \ 0.0076336 GH

S 982 S A 0.0076336 GR, GRY

S 1084 D Y 0.0076336 L

S 1118 D H 0.0076336 GR, GRY

S 1130 I L 0.0076336 GR

S 1162 P S 0.0076336 S, GRY

S 50 S L 0.0057252 LS

S 70 \Y delete 0.0057252 GRY

S 153 M T 0.0057252 L

S 688 A S 0.0057252 GR

S 938 L F 0.0057252 GK

S 943 S P 0.0057252 G,GR

S 1040 \Y F 0.0057252 L

S 1114 I A 0.0057252 GK

E 9 T I 0.20611 GRA

E 71 P L 0.0076336 GH

M 19 Q E 0.2042 GRA

M 63 A T 0.2042 GRA

M 82 I T 0.099237 GK

M 3 D G 0.0057252 GRA,G

M 64 C F 0.0057252 GK

N 203 R K, M 0.35496 GR, GK, O, G, GRY, GRA
N 204 G R 0.25191 GR, O, GRY, GRA
N 13 P S,L 0.21374 0, GK, GRA
N 31 E delete 0.10496 GRA

N 32 R delete 0.10496 GRA

N 33 S delete 0.10496 GRA

N 413 S R 0.10496 GRA

N 63 D G 0.099237 GK

N 377 D Y 0.099237 GK

N 215 G C, delete 0.05916 GK

N 194 S L 0.015267 GH, L

N 385 R K 0.015267 GK

N 205 T 1 0.01145 GH, S

N 235 S F 0.01145 GR, GH, L, GRY
N 202 S N 0.009542 S, 0

N 11 N T 0.0076336 L

N 211 A V, delete 0.0076336 GR, GK

N 3 D L 0.0057252 GRY

N 8 N T 0.0057252 GR

N 213 N Y, delete 0.0057252 GK, S

Between 2020 and 2021, we observed a subsequent switch in dominance from clade L to clade G-variants (G, GK, GH, GR) (Figs. 1B
and 2). The mutation S_D614G was found to enhance viral replication and infectiousness [25]. Indeed, G614 can enhance virus
replication in the upper respiratory tract without entering the lower respiratory tract, including the lungs, and with no severe disease in
patients infected with G614 [26,27]. S_D614G is the marker mutant of clades G, GR, GK, GH, GRA, and GRY. In addition to S_D614G,
clade GH has the other marker mutation Nsp3_Q57H which was found in this study (Table 1). Q57 is responsible for the formation of
hydrophilic constrictions in the transmembrane helix 1 (TM-1). Patients who were positive for the Nsp3_Q57H mutation had better
outcomes according to previous study [28]. Nsp_P323L was associated with the highest death risk [28]. Nsp_P323L was found in clades
G, GH, GK, GR, GRA, GRY, and O (Table 1). Further studies will be required to explore what kind of impact on the severity of COVID-19
if the combination of nsp_P323L and Nsp3_Q57H in one genome. The clade GRA have shown notable changes regarding S protein
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Fig. 4. Ka value (A), Ks value (B), and the value of Ka/Ks (C) of each gene in different viral clade.

mutants which are known to contain important neutralizing antibody epitopes [29]. In our study, the spike protein has more than 36
mutations including S375F, K417 N, T547K (Table 1). These mutations make the clade GRA less sensitive to vaccine-induced antibody
neutralization [30,31]. In addition, N_ R203 K/G204G, which mostly occurred in clade GRA (Table 1), was associated with a more
rapid virus replication in primary human upper airway tissues [32]. The increases in the infectivity and virulence of R203 K/G204R
variants could contribute to the increased transmission and mortality of GRA [33,34]. Previous studies have shown that deletions can
influence the replication and transmission of SARS-CoV-2 [35,36]. In this study, 30 amino acid deletions were found, with clade GRA
reporting the highest number and frequency. These deletions showed a clear regional preference, which mainly occurred in the Nsp6,
S, N proteins (Table 1). This result is consistent with previous study [22]. In details, spike_P25 and P26 showed the highest frequency of
deletions (20.2%), followed by Nsp6_S106, Nsp6_G107, Nsp6_F108, N_E31, N_R32, S 124, S F157, and S_R158 (Fig. 3). Deletions in the
S protein contribute to the viral adaption, including the viral transmissibility and immune escape [37]. However, the function of other
deletions was still unknown. Furthermore, the cooperation of these deletions with some SNPs may play a certain role in the
SARS-CoV-2 adaption and evolution. Therefore, further studies needed to understand their role in viral evolution and transmission.
The first discovery of nucleotide mutated into stop codon in SARS-CoV-2 genome was in Italian patient samples [38]. This mutation
was in ORF6 protein and did not affect the replication of the virus or the neutralization ability of the patient’s antibody [38]. This study
found that there were 2 amino acids mutated into the stop codons in Nsp8 and Nsp14 (Table 1). Most stop codons are highly deleterious
[39]. Further studies needed to understand their exact role in viral evolution and transmission.

In addition, the evolutionary pattern and characteristics of the proteins were also investigated. Mutations refer to the virus to
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undergo certain changes which can lead to develop some new isolates after replications. Non-synonymous substitutions play a very
significant role as this type of mutation makes change in amino acid. In this study, we found that S protein was under an evolutionary
trend of strong positive selection, together with N protein (Fig. 4) which was consistent with precious study [40]. This suggested that
SARS-CoV-2 may enhance its infectivity and transmission through the positive selection evolution of S and N proteins.

Not all clades in this study had a sufficient number of genome sequences. In order to obtain more precise insight regarding mutation
frequency and genetic variation characteristics, we need further studies with more genome sequences of each clade. This larger amount
of samples will allow us to evaluate the virus’s evolution better.

In conclusion, this study identified the mutation sites and evolutionary characteristics of SARS-CoV-2 genomes downloaded from
GISAID in China when implementing NPI. In the early stages of the epidemic, the virus spread to many regions and was very dispersed
(Figs. 1 and 2, Group B, C). After 2021, the distribution of the virus was relatively concentrated and the sequence number was
relatively small (Figs. 1 and 2, Group A), indicating the control effect of NPI on the epidemic. Our analysis provided a perspective to
believe the idea that outbreaks can be contained successfully through NPI.
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