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Summary. – The coronavirus disease 2019 (COVID-19) starting on 12 December 2019 in wuhan, China, 
caused 7,885,123 cases including 431,835 deaths by 14 Jun 2020 all over the world. Here we report the 
genomic characterization and phylogenetic evolution of coronavirus SARS-CoV-2 causing COVID-19. The 
SARS-CoV-2 and other coronavirus genomes were obtained from GISAID and GenBank. The genomes were 
annotated and potential genetic recombination was investigated. Phylogenetic analysis was conducted 
and used to determine the evolutionary history of the virus and to elucidate the origin of the virus. The 
analysis had revealed that SARS-CoV-2 possessed a similar genomic organization to bat-SARS-like-CoV 
collected in China. The genome sequences of SARS-CoV-2 were very similar, showing 99.6–100% sequence 
identity. Notably, SARS-CoV-2 was closely related (with 88% identity) to bat-SARS-like coronavirus, but 
was more distant from SARS-CoV (about 79%) and MERS-CoV (about 50%). Phylogenetic tree of the com-
plete viral genome showed that the virus clustered with bat SARS-like coronavirus. The results of the 
similarity between SARS-CoV-2 and related viruses did not identify any potential genomic recombination 
events. Therefore, it seems that the SARS-CoV-2 might be originally hosted by bats, and might have been 
transmitted to humans via intermediate hosts of currently unknown wild animal(s). Finally, based on the 
wide spread of SARS-CoV in their natural reservoirs, future studies should focus more on surveillance 
of coronaviruses, and measures against the domestication and consumption of wild animals should be 
implemented.
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Introduction

The coronavirus disease 2019 (COVID-19) emerged on 12 
December 2019 in wuhan, causing a large global outbreak 
and becoming a major global health concern (China CDC, 
2020; wu et al., 2020). The COVID-19 is caused by the severe 

acute respiratory syndrome coronavirus 2 (SARS-CoV-2, 
previously provisionally named 2019 novel coronavirus 
(2019-nCoV) or human coronavirus-19 (hCoV-19)) as des-
ignated by the International Committee on Taxonomy of 
Viruses (Lai et al., 2020; Uddinet al., 2020). As of June14, 
2020, the virus has caused 7,885,123 infections and 431,835 
deaths all over the world. Coronaviruses (CoVs) possess a 
single-strand, positive-sense RNA genome ranging from 
26 to 32 kilobases in length and mainly cause respiratory 
and gastrointestinal tract infections (Su et al., 2016). CoVs 
are genetically classified into four genera: Alphacorona-
virus, Betacoronavirus, Gammacoronavirus, and Delta-
coronavirus (Li et al., 2016). The Alphacoronavirus and 
Betacoronavirus usually infect mammals, whereas the 
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Gammacoronavirus and Deltacoronavirus primarily infect 
birds (Tang et al., 2015). Six kinds of human CoVs have 
been identified previously, however coronaviruses did 
not attract worldwide attention because most people in-
fected  with the virus are associated with mild clinical 
symptoms. Since 2003, severe acute respiratory syndrome 
coronavirus (SARS-CoV) was associated with a respira-
tory illness that emerged in China and resulted in more 
than 8,000 cases of infections and 700 deaths worldwide 
(Chinese, S. M. E. C, 2004; Zhong et al., 2003). In 2012, Mid-
dle East respiratory syndrome coronavirus (MERS-CoV) 
was responsible for nearly 2,500 cases of infections and 
800 deaths. It is considered that SARS-CoV and MERS-
CoV are highly pathogenic and were transmitted from 
bats to palm civets or dromedary camels, and finally to 
humans (Cui et al., 2019; Guan et al., 2003; Drosten et al., 
2014). At present, SARS-CoV-2 is associated with millions 
of infections and hundreds of thousands of deaths in hu-
mans. The infection of the virus has not been effectively 
controlled worldwide. The molecular epidemiology and 
phylogenetic evolution of the SARS-CoV-2 needs to be 

analyzed more closely. This knowledge is important for 
the prediction of disease progression, drug and vaccine 
development. Here, we provide genomic characterization, 
recombination analyses and phylogenetic evolution of 
the SARS-CoV-2.

Materials and Methods

Virus genome analysis and annotation. Reference virus ge-
nomes including complete genomic sequences of bat severe 
acute respiratory syndrome-like coronavirus (bat-SARS-like-
CoV), bat severe acute respiratory syndrome coronavirus 
(bat-SARS-CoV), SARS-CoV, MERS-CoV, and SARS-CoV-2, were 
obtained from GISAID and GenBank. The open reading frames 
(ORF) of the SARS-CoV-2 virus genome sequences were pre-
dicted using Geneious (version 11.1.5) (Marchler-Bauer et al., 
2017). The ORF of the genome sequences were further predicted 
by GeneMarkS and ORF finder (https://www.ncbi.nlm.nih.gov/
orf finder/) with manual check (wu et al., 2020). Pairwise se-
quence identities were calculated using  MegAlign of DNASTAR 

Fig. 1

Genome characterization of SARS-CoV-2
Genomic organization of SARS-CoV-2, bat-SARS-like-CoV, bat-SARS-CoV, human-SARS-CoV, human-MERS-CoV was predicted using Ge-
neious, GeneMarkS and ORF finder with manual check. Only open reading frames of more than 100 nucleotides are shown. 

https://www.ncbi.nlm.nih.gov/orf
https://www.ncbi.nlm.nih.gov/orf
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program package (MegAlign 5.00, DNASTAR Inc., USA) (Saxena 
et al., 2018; Mo et al., 2018).

Phylogenetic analysis of SARS-CoV-2. The complete genome 
sequences were aligned and analyzed using the ClustalX2. 
Representatives of different coronaviruses were included in 
the alignment. Phylogenetic analyses based on nucleotide se-
quences were generated by the neighbor-joining method using 
the MEGA X software with the neighbor-joining method (Kumar 
et al., 2018; Stecher et al., 2020). Estimates of the phylogenic 
relationships were measured with 1000 bootstrap replicates.

The recombination analysis of SARS-CoV-2 with other coro-
naviruses. The aligned full sequences were initially scanned 
for recombination events using SimPlot v.3.5.1. The potential 
genetic recombination events between SARS-CoVs, bat-SARS-
like-CoVs, and bat-SARS-CoVs were investigated using SimPlot 
v.3.5.1 (Lole et al., 1999; Shuai et al., 2017).

Results

Sequence comparison and genomic composition of 
SARS-CoV-2

Based on the determined genomes of the SARS-CoV-2, 
a genome annotation of this virus was performed with 
a comparison to related coronaviruses, including bat- 
SARS-like-CoV, bat-SARS-CoV, human-SARS-CoV, and 
human-MERS-CoV, whose genomes were obtained from 
GISAID and NCBI.

Comparison of the predicted coding regions of SARS-
CoV-2 showed that they possessed a similar genomic 
organization to bat-SARS-like-CoV ZC45, and bat-SARS-
like-CoV ZXC21. At least 12 coding regions were predicted, 
including 1ab, S, 3, E, M, 7, 8, 9, 10b, N, 13, and 14. The 
lengths of most of the proteins encoded by SARS-CoV-2, 
bat-SARS-like-CoV ZC45, and bat-SARS-like-CoV ZXC21 
were similar, with only a slight differences. Compared 
with the bat-SARS-like-CoV, bat-SARS-CoV, SARS-CoV, 
and MERS-CoV, an obvious difference was in a longer 
spike protein encoded by SARS-CoV-2. At the amino acid 
level, the SARS-CoV-2 is similar to that of bat-SARS-like-
CoV, which contains 12 coding regions, including 1ab, S, 
3, E, M, 7, 8, 9, 10b, N, 13, and 14. The SARS-CoV-2 is differs 
from SARS-like-CoV and MERS-CoV. For example, the 4a, 
4b and 5 protein is absent in SARS-CoV-2 and SARS-CoV, 
but present in MERS-CoV. The 6 protein is absent in SARS-
CoV-2 and present in SARS-CoV. The 7 protein is present in 
SARS-CoV-2 and SARS-CoV, and absent in MERS-CoV. The 
9a and 9b protein is absent in SARS-CoV-2 and present in 
SARS-CoV. The 13 and 14 protein is present in SARS-CoV-2, 
absent in SARS-CoV and MERS-CoV (Fig. 1).

The pairwise sequence identities results showed that 
the SARS-CoV-2 virus in China, Germany, Italy and USA 

shared 99.5%–100% genomic sequence identity among 
themselves. The overall nucleotide sequence identity of 
the genomes of SARS-CoV-2 with bat-SARS-like-CoV ZC45 
was 87.8%–88.2%, which was higher than the sequence 
identity of the genomes of SARS-CoV-2 with SARS-CoV 
SZ3 (79.5–79.9%) (Fig. 2).

Fig. 2

Sequence comparison of SARS-CoV-2 and other coronaviruses 
SARS-CoV-2 have been aligned against SARS-CoVs, bat-SARS-like 
CoVs, SARS-like-CoV using the MegAlign. GenBank accession 
numbers are: AY390556 for SARS-CoV GZ02; AY278489 for SARS-CoV 
GZD01; MG772934 for bat-SARS-like-CoV ZXC21; MG772933 for bat-
SARS-like-CoV ZC45; DQ022305 for bat-SARS-CoV HKU3-1; GISAID 
accession number is EPI_ ISL_402119 for SARS-CoV-2.

Fig. 3

Phylogenetic analysis for SARS-CoV-2
Phylogenetic analysis was constructed using the neighbor-joining 
method in MEGA X version with 1,000 bootstrap replicates. All 
the sequences used for phylogenetic analysis were obtained from 
GenBank and GISAID.
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Phylogenetic analysis of full-length genomes of 
SARS-CoV-2 

As shown in the phylogenetic tree based on whole 
genome sequences, the phylogenetic tree falls into two 
clades (Fig.3). The MERS-CoV constitutes one clade, while 
the bat-SARS-like-CoV, bat-SARS-CoV, SARS-CoV, and 
SARS-CoV-2 constitute the other clade. The SARS-CoV-2 is 
parallel to the bat-SARS-like-CoV, while the SARS-CoV and 
bat-SARS-CoV are descended from the bat-SARS-like-CoV, 
indicating that SARS-CoV-2 is closer to the bat-SARS-like-
CoV than the SARS-CoVs in terms of the whole genome 
sequence. All the SARS-CoV-2 from different countries and 
regions are in the same clade. The phylogenetic analyses 
for the whole genome clearly shows that the SARS-CoV-2 
is most closely related to bat- SARS-like viruses.

The recombination analysis of SARS-CoV-2

To further explore the evolution of SARS-CoV-2, com-
plete genomic sequences of the representative bat-SARS-
like-CoV (ZXC21, ZC45), representative bat-SARS-CoV 
(HKU3-1), and representative SARS-CoV (GZ02, GD01), 
were obtained from GenBank. The potential genomic 
recombinant events among the bat-SARS-like-CoV, bat-
SARS-CoV, SARS-CoV and SARS-CoV-2 were examined by 
Simplot analysis (Fig. 4). The results did not identify any 
potential genomic recombination events.

Therefore, it seems that the SARS-CoV-2 might be origi-
nally hosted by bats, and might have been transmitted 
to humans via intermediate hosts of currently unknown 
wild animal(s).

Discussion

Phylogenetic analysis showed that the new SARS-CoV-2 
clustered with the bat-SARS-like-CoV isolated in 2015 
and 2017 in China. This clade is separated from the bat-
SARS-CoV and SARS-CoV, suggesting that the SARS-CoV-2 
is homologous and genetically more similar to the bat-
SARS-like-CoV than to the bat-SARS-CoV and SARS-CoV.

These data support the hypothesis that a bat indeed 
is a reservoir for SARS-CoV-2 in particular. However, 
the sequence identity between SARS-CoV-2 and its close 
relatives, bat-SARS-like-CoV ZC45 and bat-SARS-like CoV 
ZXC21 was less than 90%, conforming the long branches 
between them. Hence, there are other animals acting as an 
intermediate host between bats and humans. Bat-SARS-
like-CoV ZC45 and bat-SARS-like-CoV ZXC21 are not direct 
ancestors of SARS-CoV-2.

Therefore, it seems that the SARS-CoV-2 might be origi-
nally hosted by bats, and might have been transmitted 
to humans via intermediate hosts of currently unknown 
wild animal(s). Finally, based on the wide spread of SARS-
CoV in their natural reservoirs, future studies should 
focus more on surveillance of coronavirus, and measures 
against the domestication and consumption of wild ani-
mals should be implemented.
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