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A B S T R A C T   

Infections caused by SARS-CoV-2 have brought great harm to human health. After transmission for over two 
years, SARS-CoV-2 has diverged greatly and formed dozens of different lineages. Understanding the trend of its 
genome evolution could help foresee difficulties in controlling transmission of the virus. In this study, we con
ducted an extensive monthly survey and in-depth analysis on variations of nucleotide, amino acid and codon 
numbers in 311,260 virus samples collected till January 2022. The results demonstrate that the evolution of 
SARS-CoV-2 is toward increasing U-content and reducing genome-size. C, G and A to U mutations have all 
contributed to this U-content increase. Mutations of C, G and A at codon position 1, 2 or 3 have no significant 
difference in most SARS-CoV-2 lineages. Current viruses are more cryptic and more efficient in replication, and 
are thus less virulent yet more infectious. Delta and Omicron variants have high mutability over other lineages, 
bringing new threat to human health. This trend of genome evolution may provide a clue for tracing the origin of 
SARS-CoV-2, because ancestral viruses should have lower U-content and probably bigger genome-size.   

1. Introduction 

The pandemic of COVID-19 (coronavirus disease 2019) has brought 
over 370 million infection cases and over 5.6 million deaths worldwide 
by 30 January 2022 [1]. Its causative virus, SARS-CoV-2, has a single- 
strand genomic RNA of approximately 30,000 nucleotides [2]. Since 
outbreak of this disease, great efforts have been made to establish fast 
diagnostic methods [3,4], to develop effective therapeutic drugs and 
vaccines [5–8], to implement strict inspections on transportations of 
goods, and to enforce certain restrictions on activities of people [9,10]. 
All these efforts have helped reduce virus transmission effectively and 
treat infected people properly [11,12]. However, with fast emergence of 
new variants [13,14], the world is still facing big challenges in con
trolling this pandemic. 

Fast emergence of new variants is largely due to high mutability of 
SARS-CoV-2 genome, which is prone to mutation though it encodes a 
proofreading enzyme to prevent replication error [15,16]. A great 
number of mutations have been recorded in SARS-CoV-2 genome 
[17–19], some of which affect structure and function of viral proteins 
[20–22]. Rapid and extensive transmission worldwide has provided 

more chances for SARS-CoV-2 genome to accumulate mutations. After 
frequent mutations for around two years, SARS-CoV-2 has diverged 
greatly and formed many different lineages [23,24]. While monitoring 
mutations in specific viral proteins facilitates the development of 
effective vaccines and antiviral drugs [25,26], understanding the evo
lution trend of SARS-CoV-2 genome could help foresee difficulties in 
controlling spread of the virus [27,28]. 

In GISAID (global initiative on sharing all influenza data) database 
(www.gisaid.gov), SARS-CoV-2 viruses are currently classified into nine 
clades and five variants of concern (VOCs). The nine clades are named 
based on presence of specific amino acid at particular site. For examples, 
clades S and L are named because amino acid 84 of their NSP8 (non- 
structural protein 8) is serine (S) and leucine (L), respectively. Clades V 
and G are derived from clade L, in which amino acid 251 of NSP3 protein 
is V (valine) and amino acid 614 of S (spike) protein is G (glycine), 
respectively. Clades GH, GK, GR and GV are all derived from clade G. 
Their names are based on presence of histidine (H), lysine (K), arginine 
(R) and valine (V) at specific sites, respectively. Clade GRY is derived 
from clade GR, because tyrosine (Y) is at amino acid position 501 in its S 
protein. The five VOCs are all derived from G-series clades due to 
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additional nucleotide mutations and deletions/insertions. They are 
named Alpha, Beta, Gamma, Delta, and Omicron, respectively [29]. 

The GISAID database has collected over 4.8 million full-genome se
quences of SARS-CoV-2 by 31 January 2022. With these sequence re
sources, tracing mutations in SARS-CoV-2 can be conducted separately 
for different lineages along certain timelines. Therefore, in this study, we 
conducted an extensive monthly survey on variations of nucleotide, 
amino acid and codon numbers in twelve SARS-CoV-2 lineages. Further 
in-depth analyses reveal that, in all surveyed SARS-CoV-2 lineages, U 
content has been steadily increased, and genome stability has been 
slightly reduced. These two changes are considered to make the virus 
less virulent yet more infectious [30,31]. 

2. Materials and methods 

2.1. Sampling and processing of genome sequences 

Genome sequences were downloaded from GISAID (www.epicov. 
org) database for twelve SARS-CoV-2 lineages including seven clades 
(S, L, V, G, GH, GR and GV) and five variants (Alpha, Beta, Gamma, Delta 
and Omicron). Filters were set to retrieve sequences with human as host, 
and having high coverage and complete collection date. Sequences were 
downloaded separately for different lineages and different months. The 
downloaded sequences (in Fasta format) were analysed using Alignment 
Explorer of MEGA X [32] to exclude those having any ambiguous base 
(e.g. N, R and Y for any base, purine and pyrimidine, respectively). Then, 
each of them was trimmed to retain 29,769 nucleotides for the seven 
clades. For Alpha, Beta, Gamma, Delta and Omicron variants, 29,750, 
29,751, 29,764, 29,756 and 29,742 nucleotides were retained respec
tively, because they have various deletions/insertions in the region for 
survey (Fig. 1). 

2.2. Counting of nucleotide, amino acid and codon numbers 

The trimmed sequences were loaded into a computer program to 
count the numbers of nucleotides in whole survey region and the 
numbers of amino acids and codons in ORFs (open reading frames). C++

scripts of computer programs are available upon request. 

2.3. Measurement of free energy 

Free energy of viral genomic sequence was measured using RNAs
tructure 5.7, which uses a dynamic programming algorithm to predict 

RNA secondary structures based on the principle of minimizing free 
energy [33]. The minimum free energy of an analysed viral sequence 
was used to estimate genome stability of viruses. For each viral 
sequence, the first 200 nucleotides (i.e. 5′-untranslated region) were 
loaded into the program directly. The rest of the nucleotides were 
segmented into 29 pieces of 1000 nucleotides plus the last one of 
542–569 nucleotides, and then loaded into the program in order. 

2.4. Statistical analysis 

SPSS software (version 17.0) was used to conduct independent- 
sample t-test for comparing the overall variation in nucleotide, amino 
acid and codon numbers, and for comparing variation of a specific 
nucleotide at different codon positions. The variation is considered 
significant when p < 0.05. 

3. Results 

3.1. Variations in nucleotide numbers 

Based on the survey of all 311,260 virus samples, nucleotide 
numbers of the twelve SARS-CoV-2 lineages were obtained (Fig. 2). In all 
lineages, C numbers are significantly reduced (except Omicron variant), 
while U numbers are significantly increased. Among them, S clade has 
the highest variation in both C and U numbers (− 13.3 and +14.2), 
followed by GH clade (− 9.5 and +11.2). The C-down and U-up muta
tions are observed in all lineages, even though the viruses transmitted 
for only a few months (e.g. L, V and Omicron). G-down and G-up mu
tations are observed in nine and two lineages respectively, whereas A- 
down and A-up mutations are observed in eight and three lineages 
respectively. These data show that mutations of C, G and A into U have 
occurred in most SARS-CoV-2 lineages. 

It is to be noted that, reductions of U number from April to June 2021 
in G-series clades are due to exclusion of virus samples with genomic 
deletions. All current SARS-CoV-2 variants are derived from G-series 
clades [29], most of which involve nucleotide deletions (Fig. 1). From 
April to June 2021, more and more G-series viruses contained shortened 
genomes. Correspondently, less and less G-series viral genomes are 
eligible for survey (Fig. 2, values in red round frame), because our 
survey compares difference of nucleotide numbers within specific 
lengths (Fig. 1). Therefore, G-series viruses have evolved in two di
rections. One direction is followed by the majority of viruses which 
underwent fast evolution in elevating U-content and reducing genome- 

Fig. 1. Genomic region of SARS-CoV-2 for survey. SARS-CoV-2 genomic sequence of 29,903 nucleotides was used as reference [2]. Viral genomic region corre
sponding to No. 66 to No. 29834 (totalling 29,769 nucleotides) of the reference sequence was taken for survey. Capital letters pointed to the thin red line indicate 
deleted nucleotides with deletion site below them. Insertion of “CAAC” and deletion of “A” occur in the intergenic region following ORF8. Abbreviations: UTR 
(untranslated region), ORF (open reading frame), S (spike), E (envelope), M (matrix) and N (nucelocapsid). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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Fig. 2. Variations of nucleotide numbers in SARS-CoV-2 lineages. Nucleotide numbers of each month are presented as mean ± standard deviation with sample 
numbers on top of the graph. Data from sample number below 30 are excluded for analysis, except those for S clade (in red square frame). Values in red round frame 
indicate obvious decline in sample numbers compared to previous months. Value above or below each line indicates overall variation between the last and the first 
month. * indicates significant difference (p < 0.05). GK and GRY clades are not surveyed separately, because sequences of these two clades overlap greatly with those 
of Delta and Alpha variants. Please refer to Table S1 for original data (values in blue colour). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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size, thus becoming ancestors of the new variants. Viruses under this 
evolutional direction are not considered as of G-series, because they do 
not have the required genome length (i.e. 29,769 nucleotides). The other 
direction is followed by the minority of viruses, which evolved relatively 
slowly. These viruses were slower in elevating U-content and reducing 
genome-size. Viruses under this evolutional direction are considered as 
of G-series. Therefore, their U-content in May/June 2021 is generally 
lower than that in April 2021. Correspondently, their C-content shows a 
general trend of increase after April 2021, while G- and A-contents are 
not changed dramatically (Fig. 2). 

3.2. Variations in amino acid and codon numbers 

Significant variations in nucleotide numbers have resulted in 
changes of amino acid numbers at various degrees. Numbers of proline, 
threonine and alanine are significantly reduced in 7–9 lineages, while 
those of isoleucine, leucine, phenylalanine, valine and tyrosine are 
significantly increased in 6–9 lineages (Fig. S1). Correspondently, codon 
numbers for proline (CCA and CCU), threonine (ACA) and alanine (GCU) 
are significantly reduced in 6–8 lineages, while those for isoleucine 
(AUU), phenylalanine (UUU), valine (GUU), tyrosine (UAU) and 
cysteine (UGU) are significantly increased in 6–8 lineages (Fig. S2). In 
general, codons with a reduced number are C-rich, and those with an 
increased number are U-rich, being consistent with C-down and U-up 
mutational trend shown in Fig. 2. 

Among the 20 amino acids, threonine was reduced to the greatest 
extent in GR clade (− 3.4), followed by proline in S clade (− 2.9). 
Isoleucine was increased to the greatest extent in S clade (+2.5) fol
lowed by tyrosine (+2.4) in S clade (Fig. S1). Furthermore, 16 amino 
acids have been significantly changed in S clade. It is understandable 
because it has undergone transmission for over eighteen months. In 
lineages that have undergone transmission for over twelve months (i.e. 
G, GH and GR clades), 10–14 amino acids are changed significantly. 
Compared to these clades, Alpha, Beta, Gamma and Delta variants have 
relatively higher mutation rate. After transmission for seven to twelve 
months, 13–15 amino acids are significantly changed already (Fig. S1). 

3.3. Mutation patterns of nucleotides 

In order to analyse the mutation patterns of nucleotides, we made a 
statistic on the number of variations among C, G, A and U at different 
codon positions (Table S3, data within green frame). Based on these 
data, overall variations of nucleotides at various codon positions were 
obtained (Table 1). They can be used to infer mutation patterns involved 
in genome evolution. For example, in S clade, at codon position 1, only U 
number is increased by 4.7. It is thus considered that 3.5, 0.3 and 0.9 
nucleotides of C, G and A have been mutated into U, respectively. Then, 
at codon position 2, only C number is reduced by 5.0. It is thus 
considered that 1.3, 0.1 and 3.6 nucleotides of C have been mutated into 
G, A and U, respectively. As for codon position 3, 4.7 and 1.2 nucleotides 
of C and G are reduced, and 1.1 and 4.8 nucleotides of A and U are 
increased. Thus, it is considered that 5.9 (4.7 + 1.2) nucleotides of C/G 
have been mutated into U/A (4.8 + 1.1). 

Based on calculations using data listed in Table 1, mutation patterns 
of nucleotides in all SARS-CoV-2 lineages were obtained (Fig. 3). It is 
found that, (i) C to U mutation occurs frequently in all lineages except L 
and V clades. (ii) C/G to U/A mutation mainly occurs in S, L, GH and 
Alpha lineages. (iii) C/A to U/G mutation occurs predominantly in V 
clade and Gamma variant. It also occurs frequently in L, G, GR, Beta and 
Delta lineages. (iv) G to U mutation occurs frequently in G, GV and Delta 
lineages. (v) G to A and C to A mutations occur specifically in L and GR 
lineages, respectively. Mutation patterns of all linages (merged data of 
twelve lineages) show that C is the major target for mutation, and U is 
the major product of mutation (Fig. 3). 

3.4. Mutations at different codon positions 

In order to understand whether nucleotide mutations occur more 
frequently at codon position 1, 2 or 3, we made a statistics on monthly 
variations of C, G, A and U at different codon positions (Table S3, data 
within purple frame). Average monthly variation rate of nucleotides at 
different codon positions (Fig. S3) shows that only GR, Gamma and 
Delta lineages have significant difference in C and G mutations between 
different codon positions. Mutations of all other nucleotides have no 
significant difference between codon positions. This means that most 
mutations of C, G and A take place indiscriminately regardless of which 
positions they are at. This is true even when the mutation leads to for
mation of a premature stop codon. As we have identified, codon 254 of 
ORF3a has been mutated from GGA to UGA in Beta variant. Codons 27 
and 68 of ORF8 have been mutated from CAA and AAA to UAA in Alpha 
variant. 

3.5. Genome stability of mutated viruses 

Nucleotide composition in an RNA strand has a close relationship 
with stability of its secondary structure. An RNA strand with high U + A 
content will form a secondary structure less stable than that with high C 
+ G content, because C-G and U-A base pairs have three and two 
hydrogen bonds, respectively. Thus, a viral genome with increased U- 
content will have lower stability. Such genome can be unfolded more 
easily for replication. In fact, within the region for survey (totalling 
29,769 nucleotides), the highest U number has reached 9591 in indi
vidual viruses, being 31 higher over the reference sample. As for the five 

Table 1 
Overall variations of nucleotide numbers at different codon positions.  

Lineage Codon position C G A U 

S  1  − 3.5  − 0.3  − 0.9  +4.7  
2  − 5.0  +1.3  +0.1  +3.6  
3  − 4.7  − 1.2  +1.1  +4.8 

L  1  0.0  − 0.4  +0.4  0.0  
2  − 0.6  − 0.4  +0.3  +0.7  
3  − 0.4  +0.1  − 0.3  +0.6 

V  1  − 0.6  +0.2  − 0.4  +0.7  
2  − 0.3  0.0  − 0.3  +0.5  
3  − 0.3  +0.5  − 0.1  − 0.1 

G  1  − 1.2  − 0.6  − 0.1  +1.9  
2  − 1.3  +0.4  − 0.1  +1.0  
3  − 0.1  − 0.3  − 0.1  +0.5 

GH  1  − 1.7  − 0.9  − 0.2  +2.8  
2  − 4.6  +0.4  +0.1  +4.1  
3  − 2.2  − 1.0  +0.4  +2.8 

GR  1  − 1.1  +0.5  − 1.3  +1.9  
2  − 4.3  +0.1  +1.3  +3.0  
3  − 2.2  − 0.5  − 0.3  +2.9 

GV  1  − 0.8  − 1.0  − 0.1  +1.8  
2  − 1.1  0.0  0.0  +1.2  
3  − 1.1  − 0.9  0.0  +2.0 

Alpha  1  − 0.5  − 0.7  0.0  +1.2  
2  − 1.0  0.0  − 0.1  +1.2  
3  − 1.8  − 0.7  − 0.1  +2.5 

Beta  1  − 0.8  − 0.3  − 0.2  +1.3  
2  − 0.7  +0.1  0.0  +0.6  
3  − 1.0  − 0.5  − 0.4  +1.9 

Gamma  1  − 0.3  +0.2  − 0.5  +0.6  
2  − 2.3  0.0  +0.3  +2.0  
3  − 1.3  0.0  − 0.2  +1.5 

Delta  1  − 0.2  − 2.2  − 0.7  +3.2  
2  − 2.4  +0.4  − 0.6  +2.6  
3  − 2.0  +0.5  − 0.2  +2.7 

Omicron  1  0.0  0.0  0.0  0.0  
2  0.0  0.0  0.0  0.0  
3  − 0.2  − 0.1  0.0  +0.3 

This table lists increased (+) or reduced (− ) number of nucleotides at different 
codon positions over the survey period. Please refer to Table S3 (values within 
green frame) for detailed data. 
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variants, if the deleted U numbers (Fig. 1) are compensated, their U 
numbers could be 29–37 higher than the reference sample (Fig. 4A). 

Stability of 5′-UTR (1–200 nt) is considerably reduced in Beta and 
Delta variants, and in individual samples with the highest U level in S 
and V clades (Fig. 4B). It is found that, a C to U mutation occurs at site 
142 in S clade, a G-to-U mutation occurs at site 109 in V and Beta lin
eages, and a G to U mutation occurs at site 145 in Delta variant. This 
single nucleotide mutation has led to a 3–5% reduction of 5′-UTR sta
bility. Stability of TSS-to-end region is reduced slightly in all samples 
(Fig. 4C). This slight reduction is understandable, because increased U 
number only accounts for a very low percentage in the whole genome. 
Yet, the trends of U-content increase and genome-stability reduction are 
obvious in all lineages. 

4. Discussion 

4.1. Diversity of nucleotide mutation 

Mutation patterns described in Fig. 2 do not include U, G and A to C. 
This does not mean their absence in genome evolution of SARS-CoV-2. In 
fact, monthly variations of codon numbers show that any nucleotide 
may be mutated to any other nucleotide during transmission of the virus 
(Table S3, data within purple frame). These observations are consistent 
with presence of all twelve possible mutation patterns in evolution of 
SARS-CoV-2 genome [27,28] and formation of premature stop codons in 
coding regions of ORF6 and ORF8 [34,35]. Deletion and insertion are 
other patterns of nucleotide mutations occurring in SARS-CoV-2 genome 
[19,36]. A dozen of deletions and an insertion have contributed to the 
emergence of Alpha, Beta, Gamma, Delta and Omicron variants, which 
are 19, 18, 5, 13 and 27 nucleotides shorter than the seven surveyed 
clades, respectively (Fig. 1). Meanwhile, insertion of 1–8 nucleotides 
occurred in virus samples of GH, GR and GV clades (data not shown). All 

Fig. 3. Mutation patterns involved in genome evolution of SARS-CoV-2. Size of each pie chart is in scale with total number of nucleotide mutations, which is 
indicated with number below lineage name. Detailed data for each lineage are listed in Table S3 (values in blue colour, within green frame). Pie chart of all lineages is 
based on merged data of twelve lineages. 
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these data demonstrate that nucleotide mutations occurring in SARS- 
CoV-2 genome are greatly diversified. 

4.2. Trend of virus evolution 

If nucleotide mutations are greatly diversified in SARS-CoV-2, why 
do current viruses have higher U-content and smaller genome-size? This 
could be the consequence of natural selection, because a virus with 
increased U-content and smaller genome-size can be more successful in 
replication. On one hand, increased U-content in 5′-UTR reduces sta
bility (Fig. 4B) of its IRES (internal ribosome entry site) structure 
[31,37]. This makes the virus more cryptic in replication, because less 
host machinery is recruited to translate viral RNA. On the other hand, 
higher U-content and smaller genome-size reduce stability of viral RNA 
(Fig. 4C). This makes the virus more efficient in replication, because less 
host energy is consumed to disrupt secondary structures of viral RNA. 
Thus, the virus could become less virulent but more infectious, because 
more viruses can be replicated from using unit resources. 

Mutating C, G and A into U is probably a new trend of SARS-CoV-2 
genome evolution. Previously, we reported that C to U and G to A mu
tations allow SARS-CoV-2 to possess a genome with low C + G content. 
Thus, a potential C-G base-pair formed in genomic RNA could be 

replaced by a potential A-U base pair [31]. Our current survey reveals 
that C, G and A to U mutations all occurred in most SARS-CoV-2 lineages 
(Fig. 2). These data suggest that SARS-CoV-2 has attempted not only to 
replace a potential C-G base pair with A-U base pair but also to avoid 
formation of A-U and/or G-U base pairs, because such mutations could 
reduce viral genome stability to a greater extent (Fig. 5). 

4.3. Mutability of Delta and Omicron variants 

Delta variant has a high and unique mutability over other lineages, 
which has probably enabled it to cause many vaccine-breakthrough 
infections [38,39]. Its high mutability is reflected in elevating its U 

Fig. 4. Genome stability of SARS-CoV-2. For genome stability comparison, two 
virus samples were taken for calculating free energy of their genomic segments. 
One of the samples has average U content, while the other has the highest U 
content. (A) U content in various samples. Yellow block on top of data bar 
indicates U number lost from deletions (as shown in Fig. 1) in the five variants. 
(B) and (C) Stability of 5′-UTR (untranslated region) and TSS (translation start 
site)-to-end region in various samples. Please refer to Table S4 for detailed 
sample information and free energy values. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 5. Stability reduction of a stem-loop structure. Shown here is an example 
of stability reduction of stem-loop structures formed by hypothetical nucleotide 
sequences. Firstly, stem-loop 1 (SL1) is formed between the green- and cyan- 
shaded segments. This structure has a free energy of − 10.8 kcal/mol. Then, 
after C at position 7 (7C) is mutated into U, SL2 is formed because U is able to 
form a canonical base pair with G [33]. Alternatively, SL3 can be formed 
because the green-shaded segment may pair with another segment (mauve- 
shaded). Both SL2 and SL3 are less stable than SL1, because they have a free 
energy of − 8.8 kcal/mol. Finally, after 20G in SL2 and 20A in SL3 are mutated 
into U, stability of the formed stem-loop (SL4) is further reduced, only having a 
free energy of − 4.1 kcal/mol. Red frame highlights the formed or disrupted 
base pair. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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number by 9.7 and changing numbers of 14 amino acids significantly 
within ten months (Figs. 2 and S1). Its unique mutability is reflected in 
having high number of G and C mutated at codon position 1 and 2 
respectively (Fig. S3). Such high and unique mutability could provide a 
large number of mutated viruses for natural selection against vaccines. 
This could probably explain why Delta variant caused more and more 
vaccine-breakthrough infections in many COVID-19 devastated coun
tries [40,41]. 

Omicron variant emerged in mid-November 2021 by having high 
number of amino acid substitutions relative to the earliest SARS-CoV-2 
virus [42,43]. This high mutability has resulted in rapid transmission 
of the virus and occurrence of a few vaccine breakthroughs [44,45]. Our 
survey indicates that Omicron has the smallest genome size among all 
SARS-CoV-2 lineages. Its genome is 27 nucleotides shorter than the 
reference one (Fig. 1) and has a considerably lower stability than other 
SARS-CoV-2 lineages (Fig. 4C). However, because of recent emergence, 
no sufficient sequence data are available for characterising its nucleotide 
and amino acid mutations. Thus, whether it has similar mutability like 
Delta variant awaits future investigation. 

In conclusion, human SARS-CoV-2 has evolved to increase U content 
and reduce genome size. C, G and A to U mutations have all contributed 
to this U-content increase. Mutations of C, G and A at codon position 1, 2 
or 3 have no significant difference in most lineages. Both deletion and 
insertion are involved in formation of SARS-CoV-2 variants. These re
sults may provide a clue for tracing the origin of SARS-CoV-2, because 
ancestral viruses should have lower U-content and probably bigger 
genome-size. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ijbiomac.2022.02.034. 
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