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A B S T R A C T

To understand the origin of variants and their evolutionary history in the early stage of the COVID-19 pandemic,
time-scaled phylogenetic and gene variation analyses were performed. The mutation patterns and evolution
characteristics were examined using the Bayesian Evolutionary Analysis Sampling Trees (BEAST) with 349 whole-
genome sequences available by March 2020. The results revealed five phylogenetic clusters (Groups A–E), with
408 nucleotide variants. The mutations including the deletion of three nucleotides underwent various and
complicated changes in the whole genome over time, while some frequency or transient mutations were also
observed. Phylogenetic analysis demonstrated that SARS-CoV-2 originated from China and was transmitted to
other Asian countries, followed by North America and Europe. This study could help to comprehensively un-
derstand the evolutionary characteristics of SARS-CoV-2 with a special emphasis on its global variation patterns.
1. Introduction

The coronavirus disease 2019 (COVID-19) pandemic, caused by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has rapidly
spread worldwide after being first detected in December 2019 in Wuhan,
Hubei, China, and has become a major public health concern globally (Lu
et al., 2020; Bogoch et al., 2020). Previous studies have confirmed that
this virus can spread from person to person, after identifying clusters of
cases among families, including transmission from patients to healthcare
workers (Chan et al., 2020). COVID-19 mainly causes respiratory ill-
nesses, including cough, sputum production, dyspnoea, and haemoptysis,
along with other symptoms such as fatigue, headache, diarrhoea, muscle
pain, and lymphopenia (Rothan and Byrareddy, 2020). As of August 17,
2020, there have been 21,549,706 cases of SARS-CoV-2 confirmed
worldwide, including 767,158 deaths (WHO, 2020).
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SARS-CoV-2 has been showing dynamic transmission patterns during
its spread by creating random mutations over time. The mutations
retained after the virus's error correctionmachinerymay help understand
the origin and evolution of SARS-CoV-2 (Kupferschmidt and Cohen,
2020). With the rapidly increasing number of infections, the Global
Initiative on Sharing All Influenza Data (GISAID) provided a platform for
sharing SARS-CoV-2 sequences and their metadata (Shu and McCauley,
2017). Six major types, including S (C8782T, T28144C), L (C241, C3037,
A23403, C8782, G11083, G25563, G26144, T28144, G28882), V
(G11083T, G26144T), G (C241T, C3037T, A23403G), GH (C241T,
C3037T, A23403G, G25563T), and GR (C241T, C3037T, A23403G,
G28882A) have been designated by the GISAID for this virus. Currently,
the latest update from GISAID on July 7, 2020, reported that the mani-
festation of these six types of SARS-CoV-2 has been recorded in five
continents (GISAID, 2020a, b).
m (Y.S. Choi).
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Bioinformatics analysis studies on COVID-19 have been carried out to
gain better insight into its evolution and transmission, including cross-
species transmission (Li et al., 2020a,b; Benvenuto et al., 2020; Liu
et al., 2020). However, the studies were unable to clarify the evolu-
tionary history of sequences using neighbour-joining trees and simple
comparison of gene variants (Forster et al., 2020; Phan, 2020;
S�anchez-Pacheco et al., 2020). Therefore, we analysed the evolutionary
characteristics and variations in SARS-CoV-2 during the early days of the
COVID-19 pandemic using the Bayesian Evolutionary Analysis by Sam-
pling Trees (BEAST) method. These analyses should extend our under-
standing of the origins and evolutionary dynamics as well as subsequent
transmission of the SARS-CoV-2 outbreak.

2. Materials and methods

2.1. Collation of SARS-CoV-2 whole-genome data sets

In early March 2020, 99 and 668 sequences were obtained from NCBI
GenBank, a representative database of sequences, and GISAID, which
stores information on multiple SARS-CoV-2 sequences, respectively
(Supplementary Table S1; GISAID, 2020a, b). Among these 767 se-
quences, 418 sequences, containing non-standard nucleotides, derived
from animals, consisting of partial (non-complete) sequences, or showing
the same metadata were excluded. Therefore, we obtained a total of 349
unique target sequences for our further study.
2.2. Reconstruction of time-scaled phylogenies

BEAST (ver. 2.5.0) was used for phylogenetic analysis (Bouckaert
et al., 2019). The Transition Model 2, Empirical base frequency type
(TIM2þF þ I) was chosen for the best fitting nucleotide substitution
model by ModelFinder (ver. 2.0) based on its minimum Bayesian Infor-
mation Criterion value. The best model was selected among six clock-tree
model combinations with an appropriate effective sample size (ESS
>100) by Path sampling and Stepping Stone of model-selection package
of BEAST. For the model selection, we used log Bayes factors (BF) of 0 as
a cutoff for binary classification of model (Baele et al., 2012). Then,
Relaxed Clock Log Normal, Coalescent Exponential Tree, and a chain
length of 2 � 108 with every 2 � 104 iterations with the highest value of
log-scale marginal likelihood estimate were used for further analysis
(Supplementary Table S2). To avoid that the single MCMC run may be
stuck in a local optimum, two independent replicate runs using BEAST
were performed, and then the runs were combined with the Log-
Combiner program. All resulted statistic values were similar (Supple-
mentary Table S3).

The trees were summarized in a target tree by using the TreeAnno-
tator included in the BEAST package by choosing the tree with the
maximum sum of posterior probabilities (maximum clade credibility)
after a 10% burn-in. A sufficiency of 10% burn-in was inspected by ESS
values using Tracer, and ESS for all statistic except TreeHeight (ESS ¼
128) showed >200 (Supplementary Table S4). Finally, the tree was
visualized with FigTree (ver. 1.4). The mean time to the most recent
common ancestor (tMRCA) and the 95% highest posterior density in-
terval (95% HPDs) were calculated.

Groups were determined based on the topology of phylogenetic trees
generated by BEAST. We named the branches at the time-scaled phylo-
genetic tree's root as Group A - E, and defined the descended branches as
a numerical value (for example, Group A1). Subsequently, the groups
were compared to the types classified by GISAID and PANGOLIN, which
had previously shown the SARS-CoV-2 classification system (GISAID,
2020a, b; Rambaut et al., 2020). The GISAID classified the types
depending on specific genetic mutations, while the PANGOLIN's
nomenclature was made based on the generated maximum likelihood
tree.
2

2.3. Gene variation analysis

For sequence analysis, multiple sequence alignment was performed
using Multiple Alignment with Fast Fourier Transform (MAFFT; ver. 7),
and variations were extracted using a self-developed Python programme
in accordance with the reference genome (Wuhan-Hu-01; NC_045512,
isolated on December 30, 2019). The scripts developed in Python are
available through GitHub, at https://github.com/ivareve125/Variation
(file name; VariatGenome_sars-cov-2.py).

3. Results

3.1. SARS-CoV-2 whole-genome data collection

The data set included 349 genomes from five continents, viz., Asia:
China (n¼ 95), Republic of Korea (n¼ 13), Japan (n¼ 11), Singapore (n
¼ 11), Hong Kong (n ¼ 8), Taiwan (n ¼ 6), India (n ¼ 3), Thailand (n ¼
2), Nepal (n ¼ 1), Cambodia (n ¼ 1), and Vietnam (n ¼ 1), Europe: the
Netherlands (n ¼ 46), Italy (n ¼ 4), Portugal (n ¼ 2), France (n ¼ 23),
Switzerland (n¼ 10), Germany (n¼ 6), Finland (n¼ 7), England (n¼ 6),
Luxembourg (n ¼ 1), Sweden (n ¼ 1), Belgium (n ¼ 1), and Ireland (n ¼
1), North America: United States of America (n¼ 67) and Canada (n¼ 2),
South America: Chile (n¼ 2) and Brazil (n¼ 1); and Oceania: Australia (n
¼ 17), with sampling dates between December 24, 2019 and March 11,
2020.

3.2. Genetic characteristics of SARS-CoV-2 variations

Among the genome sequences analysed herein, 408 nucleotide vari-
ations and 238 amino acid variations were observed. Regarding the in-
dividual genes, 262 variations were observed in ORF1ab, followed by 57
in S, 23 in ORF3a, 5 in E, 9 in M, 3 in ORF7a, 1 in ORF7b, 7 in ORF8, 35 in
N, and 5 in ORF10 (Figure 1a). The S gene contains a binding region for
host receptors, i.e. a receptor-binding domain (RBD), associated with
infectivity (Shang et al., 2020; Lan et al., 2020), and 8 nucleotide vari-
ations and 7 amino acid variations were observed in this region
(Figure 1b), with the A23403G (D614G; GISAID-G type, PANGOLIN-B.1
type) variant being observed in nucleotide sequences of 71 isolates. The
N genewas primarily a target diagnosis region (Li et al., 2020a, b), and 3
nucleotide variations (G28881A; R203K, G28882A; R203K, G28883C;
G204R) were observed in one Chilean isolate and 30 European isolates
(Figure 1c). No variation was observed in the ORF6 gene, and the
C29543T variation was observed in the non-coding region between
genes N and ORF10.

3.3. Characteristics of variations by continent

Isolates from Asia (152 strains) harboured 192 nucleotide variations
and 125 amino acid variations. Regarding the individual genes, 119
variations in ORF1ab, 25 in S, 15 in ORF3a, 2 in E, 7 in M, 3 in ORF7a, 6
in ORF8, 15 in N, and 2 in ORF10 were observed, whereas no variations
were observed in ORF6 and ORF7b genes. Isolates from Europe (108
strains) harboured 119 nucleotide variations and 71 amino acid varia-
tions. Regarding the individual genes, 69 variations in ORF1ab, 19 in S, 7
in ORF3a, 1 in E, 2 in M, 1 in ORF7b, 1 in ORF8, 15 in N, and 2 in ORF10
were observed, whereas no variations were observed in ORF6 and ORF7a
genes. Isolates from the United States (72 isolates) harboured 89
nucleotide mutations and 52 amino acid mutations. Regarding the indi-
vidual genes, 57 variations in ORF1ab, 10 in S, 3 in ORF3a, 2 in E, 1 in M,
3 in ORF8, 11 in N, and 1 in ORF10 were observed, whereas no variations
were observed in ORF6, ORF7a, and ORF7b. No unique nucleotide or
amino acid variations were found in the isolates from Brazil, Chile, and
Canada. Isolates from Oceania (17 isolates) harboured 25 nucleotide
variations and 15 amino acid variations. Regarding the individual genes,

https://github.com/ivareve125/Variation


Figure 1. Distribution of variations in the entire genome, S gene, and N gene. a) Distribution of genome-wide variations: 408 nucleotide variations and 238 amino
acid variations were observed herein. A relatively large number of variations were observed in ORF1ab, S, and N genes. b) Distribution of S gene variations: eight
nucleotide variations and seven amino acid variations were observed in the receptor-binding domain (RBD), which is associated with infectivity. A23403G (D614G),
the GISAID-G variant, was observed in 71 strains. c) Distribution of N gene variations: three consecutive nucleotide variations (G28881A; R203K, G28882A; R203K,
and G28883C; G204R) were observed in 31 strains.
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11 variations in ORF1ab, 5 in S, 2 in ORF3a, 1 in ORF8, 5 in N, and 1 in
ORF10 were observed, whereas no variations were observed in five genes
(E, M, ORF6, ORF7a, and ORF7b).

3.4. Global evolutionary pattern via a phylogenetic tree and gene variation
analysis

On analysing evolutionary patterns using a phylogenetic tree
(Figure 2, Supplementary Figure S1) and a variation table (Supplemen-
tary Table S5), Group A was the ancestor group of all 349 isolates, and it
likely evolved from two Chinese isolates (A1), isolated on December 24
(EPI_ISL_402123) and 26 (EPI_ISL_406798). Since it was observed in
China, Group A seems to have evolved separately in Canada and the
United States (A1→A2) and then in Japan (A1→A3). In this study, we
found the Group A samples by early February.

Group B was classified into several groups, which were evolved from
the original Chinese isolate (B1) to Europe and Asia (B2 and B3) and
3

Europe, Asia, and Oceania (B4 and B5). Group B2 contains an isolate as
the reference genome as well as 10 isolates having the same sequence as
that of the reference genome (shown as ⊜⊜ in Supplementary Figure S1).
In group B4, 7 isolates from Europe and America containing both vari-
ants, b-① and b-③, were clustered to the GISAID-V type, which was later
found by July 2020. In group B5, after the b-① variant, the b-⑦ and b-⑧
variants were detected in Australia, Europe, and the Americas, and
subsequently, the b-⑨ and b-⑩ variants were detected in Australia.

Group C evolved from China (A) and branched into groups that
evolved generally into Asia, America, and Europe (C1) and those that
evolved exclusively within Europe (C2 and C3). Group C1 contains 24
isolates having the same sequence as that of the reference genome
(expressed as ⊜⊜ in Supplementary Figure S1). In addition, in the c-⑤
variant, deletions of three contiguous bases (A1605-,T1606-,G1607-;
ORF1ab gene) were found in isolates from the Netherlands in early
March (indicated by dotted box and Del. in Figure 1). Groups C2 and C3,
clustered to the GISAID-G (c-①, c-②, and c-③ variants)/PANGOLIN B.1,



Figure 2. Phylogenetic tree (prepared
using Bayesian Evolutionary Analysis
Sampling Trees) and variations in the
SARS-CoV-2 genome during the early
stages of the COVID-19 pandemic. The
groups are classified on the basis of the
branch points of the phylogenetic tree
(A–E), and variant groups are indicated
by circled numbers. Each variation due
to nucleotide substitutions is indicated
with different colours. We applied the
PANGOLIN classification and GISAID
classification criteria herein. The GISAID
classified the types depending on the
existence of specific genetic mutations,
while the PANGOLIN nomenclature in
PANGOLIN was made based on the
maximum likelihood tree-generated.
The results of variation analysis are
only expressed when the average num-
ber of variations per nucleotide exceeds
3.6. The colour of branches indicates
each continent. A root sequence
(occurred at December 24, 2019) is
indicated by blue diamond.
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started from a strain isolated in Germany (EPI_ISL_406862) at the end of
January and later evolved to the GISAID-GR (c-⑦, c-⑧, and c-
⑨)/PANGOLIN B.1.1 and GISAID-GH (c-⑫) types.

Group D and E were similar to GISAID-S/PANGOLINA, containing de-
① andde-②, comparedwithGroupA,B, andC, and seemed tohave evolved
from the Chinese strain isolated on January 5, 2020 (EPI_ISL_406801).

Group D, a Group E ancestor, evolved from China to the United
States, Germany, and Japan and subsequently evolved independently by
branching to E1 and E2.

Group E branched from China to other Asian countries, including the
isolate from Korea (E1), and subsequently independently branched to
Oceania and America (E2). In particular, starting with one isolate
(EPI_ISL_404895) obtained from the United States on January 19, 2020,
isolates from United States generated a subgroup with common variants,
e-⑧ and e-⑨.
4

The evolution rate of the 349 isolates, determined using BEAST, was
1.062 � 10�3 substitutions/site/year (95% HPD interval, 8.207 �
10�4

–1.334 � 10�3), and tMRCA was October 19, 2019 (95% HPD,
August 15, 2019–December 6, 2019).
3.5. Characteristics of variations by time

Concerning time, the evolution and variation patterns can be classi-
fied into three phases depending on when the major variations occurred.
In the first phase from the end of December 2019 to early January 2020,
internal transmission was observed in China, and L and S type variations
were observed. In the second phase from the end of January to early
February 2020, the V type mutation was observed in Europe and the
Americas. In the third phase from the end of February to early March
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2020, beginning with Germany, the G, GR, and GH type variations were
observed in Europe and the Americas.

4. Discussion

In this study, we analysed the mutation patterns and evolution
characteristics using time-scaled phylogenies with 349 SARS-CoV-2
whole-genome sequences obtained from GISAID and GenBank until
March 11, 2020. The phylogenetic tree constructed in the present study
showed five main clusters (Groups A–E) and 14 sub-clusters. The A, B,
and C groups generated by our analysis were involved in GISAID-L, V,
and G, and PANGOLIN-B types, while D and E groups were associated
with GISAID-S and PANGOLIN-A types. Group C2 and C3 were related to
GISAID-G, in which GR and GH types were located in Group 2 and 3,
respectively. This proves that our method was able to reliably classify the
isolates based on the genetic mutations.

The estimated evolutionary rate in the current study (1.062 � 10�3) is
similar when compared to other previously reported rates of SARS-CoV-2
(1.16 � 10�3) as well as other coronaviruses, MERS-CoV (1.12 � 10�3)
and SARS-CoV (0.80–2.38� 10�3) (Taiaroa et al., 2020; Cotten et al., 2014;
Zhao et al., 2020). This value could be varied if the analysis is performed
with longer time windows, since the estimated evolutionary rate showed
time-dependent pattern in aprevious study (Ghafari et al., 2020).Moreover,
it seems that all SARS-CoV-2 mutation types in the most recent report of
GISAID-hCoV-19 Analysis (reference, July 7, 2020, updated version) were
already present in the early stage of the COVID-19 pandemic (until the
beginning of March 2020), indicating that those mutations used as marker
variants inGISAIDnomenclaturehadalreadyoriginated from thebeginning
of theCOVID-19 pandemic. In particular, commonmutationswere detected
in GISAID-G and GISAID-GR types. In GISAID-G type, c-② mutation was
found beyond the known common mutations, c-① and c-③ mutations.
Furthermore, c-⑦ and c-⑧ mutations were simultaneously observed with
well-known c-⑨mutation in GISAID-GR.

Interestingly, 34 whole-genome sequences identical to the reference
sequence were found in two different groups, viz., Group B2 (10 isolates;
located within close distance from the reference sequence) and Group C1
(24 isolates; later evolved to GISAID-G). Group B2 and C1 evolved to
GISAID-V and GISAID-GH and GR, respectively, indicating that geneti-
cally identical SARS-CoV-2 could evolve to viral strains having different
genetic characteristics and located in different groups in the future.

Moreover, specific deletions or mutations were detected in certain
countries as shown in Figures 1 and 2. The deletion of three continuous
nucleotides (A1605, T1606, and G1607) was found only in the
Netherlands (15 isolates) (Phan, 2020). To determine whether the mu-
tations and deletions affect the characteristics of SARS-CoV-2 in terms of
morbidity and mortality, further studies with recent isolates and clinical
information are necessary. Furthermore, the sequencing data in early
pandemic of COVID-19 were deposited from countries that were able to
prepare samples to be sequenced and had available sequencing machines
during the COVID-19 pandemic's onset. Therefore, the geographic dis-
tribution of sequence samples in this study was not proportionally
identical to the COVIDS-19's known number of cases. In addition, after
our sample collection date, a number of sequence samples were added in
the database, which also could affect the results of genetic variations in
the early stage of COVID-19. To reach more precise insight regarding
COVID-19's global spread, transmission and genetic variation charac-
teristics, we need further studies with a geographically proportional
number of sequenced samples and recently collected samples from the
database. This larger amount of samples will allow us to evaluate the
virus's incidence better. For the future study, we also need to consider
filtering and masking alignments of SARS-CoV-2 sequence to avoid the
oddities in genome sequences caused by contamination, recurrent
sequencing errors, or hyper mutability for the reliable analysis (De Maio
et al., 2020).

In summary, this study emphasizes the importance of time-scaled
phylogenetic analysis to provide insights into the time of origin,
5

genetic diversity, and transmission dynamics of COVID-19. Such phylo-
genetic research could directly influence public health in terms of
adoption of preventive measures to reduce virus transmission in real-
time. This study provides basic information for tracking future varia-
tions and transmission rates, and insights on COVID-19's genome varia-
tion and will improve the disease's diagnosis development, vaccines, and
effective therapeutic pharmaceutics for its treatment.

5. Conclusion

This study analysed global variations and evolutionary patterns
through the analysis of SARS-CoV-2 whole genomes at the onset of the
COVID-19 pandemic. Notwithstanding the limitation regarding non-
uniformity of the distribution of the sampling region of the analysed
full-length nucleotide sequence, this study potentially provides evidence
regarding the variations and evolutionary patterns of SARS-CoV-2 during
the early days of the COVID-19 pandemic.
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