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Abstract

Genomic epidemiology is important to study the COVID-19 pandemic, and more than two million severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) genomic sequences were deposited into public databases. However, the exponential increase of sequences
invokes unprecedented bioinformatic challenges. Here, we present the Coronavirus GenBrowser (CGB) based on a highly efficient
analysis framework and a node-picking rendering strategy. In total, 1,002,739 high-quality genomic sequences with the transmission-
related metadata were analyzed and visualized. The size of the core data file is only 12.20 MB, highly efficient for clean data sharing.
Quick visualization modules and rich interactive operations are provided to explore the annotated SARS-CoV-2 evolutionary tree. CGB
binary nomenclature is proposed to name each internal lineage. The pre-analyzed data can be filtered out according to the user-
defined criteria to explore the transmission of SARS-CoV-2. Different evolutionary analyses can also be easily performed, such as the
detection of accelerated evolution and ongoing positive selection. Moreover, the 75 genomic spots conserved in SARS-CoV-2 but non-
conserved in other coronaviruses were identified, which may indicate the functional elements specifically important for SARS-CoV-2.
The CGB was written in Java and JavaScript. It not only enables users who have no programming skills to analyze millions of genomic
sequences, but also offers a panoramic vision of the transmission and evolution of SARS-CoV-2.
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Introduction
Real-time tracking of the transmission and evolution
of the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) is essential for public health during the
COVID-19 pandemic [1, 2]. Since January 2020 more than
two million genomic sequences have been deposited into
public databases, such as National Center for Biotech-
nology Information (NCBI) GenBank [3], Global Initiative
on Sharing All Influenza Data (GISAID) [4, 5]. The expo-
nential increase of genomic sequences provides a great
opportunity to monitor the transmission and evolution
of SARS-CoV-2 but invokes unprecedented bioinformatic
challenges.

Several web browsers have been developed to analyze
the genomic data and track the COVID-19 pandemic.
The UCSC SARS-CoV-2 Genome Browser was derived
from the well-established UCSC Genome Browser for
visualization of nucleotide and protein sequences,
sequence conservations and many other properties
of wild-type and variants of SARS-CoV-2 [6]. The
WashU Virus Genome Browser provides Nextstrain-
based phylogenetic-tree view and genomic-coordinate,
track-based view of genomic features of viruses [7].
The pathogen genomics platform Nextstrain allows
analysis of genomic sequences of approximately 4000
strains of SARS-CoV-2 and investigation of its evolution
[8], which cannot timely analyze millions of increasing
genomic sequences. Therefore, new approaches are
essential and indispensable to enable users easier
to explore the large amount of SARS-CoV-2 genomic
sequences.

In this study, we developed the Coronavirus Gen-
Browser (CGB) (Figure 1). All the high-quality genomic
sequences and the associated transmission-related
metadata were timely integrated and analyzed to
provide the latest panoramic view of the pandemic. To
investigate a local transmission, the data can be easily
filtered according to countries, regions, keywords and
the collection date of viral strains. Thus, even if users do
not have any programming skills, the CGB enables them
to efficiently explore millions of SARS-CoV-2 genomic
sequences and monitor the global/local transmission
and evolution of SARS-CoV-2. All the pre-analyzed
genomic mutations and the associated metadata can
be easily downloaded, reanalyzed and reshared. Since a
cleaned genome alignment with almost no ambiguous
nucleotide sites can be easily reconstructed from the CGB
core data file, the CGB may provide a great convenience
for the society to study viral evolution further.

Material and methods
Data quality control and distributed genome
alignments
SARS-CoV-2 genomic variations were obtained from the
2019nCoVR database [9] established by China National
Center for Bioinformation (CNCB) [10], as an integrated

resource based on Global Initiative on Sharing All
Influenza Data (GISAID) [4, 5], NCBI GenBank [3], China
National GeneBank DataBase (CNGBdb) [11], the Genome
Warehouse (GWH) [12] and the National Microbiology
Data Center (NMDC, https://nmdc.cn/). Detailed infor-
mation on this database is available at https://ngdc.cncb.
ac.cn/ncov/release_genome. All SARS-CoV-2 strains were
isolated from humans, and quality control was applied
to obtain high-quality SARS-CoV-2 genomic sequences
(Figures S1 and S2, see Supplemental Materials and
Methods Section 1). Because of the explosion in SARS-
CoV-2 genomic data, the distributed alignment system
was developed to enable daily update (Figure 1), which
reduces the total alignment time complexity to O(n),
where O(.) is a linear function, and n is the number of
viral strains (see Supplemental Materials and Methods
Section 2).

Reconstruction and timely update of the
annotated phylogenetic tree
Before October 2020 all high-quality sequences in dis-
tributed alignments were analyzed as a whole and used
to reconstruct the evolutionary tree (see Supplemental
Materials and Methods Section 4). After October 2020,
the efficiency of this process became too low to perform
timely updates. Therefore, new trees were reconstructed
by appending new sequences to existed tree (see Sup-
plemental Materials and Methods Section 8). Ambiguous
and missing nucleotides were imputed by incorporation
of the neighboring lineages (Figure S3, see Supplemen-
tal Materials and Methods Section 5) and mutations in
strains of each branch are recapitulated according to the
principle of parsimony [13, 14] (see Supplemental Materi-
als and Methods Section 6). A highly effective maximum-
likelihood method (TreeTime) is used to determine the
dates of internal nodes [15], as it allows fast inference
by ‘the post- and pre-order traversals’ with tabulated key
values for back tracing. This algorithm was implemented
in the CGB with very minor revisions (Figures S4 and S5;
see Supplemental Materials and Methods Section 7). The
genome-wide mutation rate was also timely calculated
(see Supplemental Materials and Methods Section 13).

Displaying SARS-CoV-2 genomic mutations in
tree-based format
Similar to NextStrain [8] and the WashU Virus Genome
Browse [7], the CGB uses a tree-based file format to
store SARS-CoV-2 genomic mutations. The head of the
core data file contains the data version, the updated
date, the genomic region analyzed and the mutation
rate estimated for each gene. The core file also con-
tains information on collection date, gender and age of
patient, location for each strain, mutations and inferred
date for each internal node. To allow fast access to the
data, redundant information has been minimized. The
detailed description of data format is available in the
online readme (https://ngdc.cncb.ac.cn/ncov/apis/).

https://nmdc.cn/
https://ngdc.cncb.ac.cn/ncov/release_genome
https://ngdc.cncb.ac.cn/ncov/release_genome
https://ngdc.cncb.ac.cn/ncov/apis/
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Figure 1. Coronavirus GenBrowser. (A) Timely updates of SARS-CoV-2 genomic data and visualization framework of CGB. The core file includes the
pre-analyzed genomic mutations of SARS-CoV-2 and the associated metadata. All timely updated data can be freely accessed at https://ngdc.cncb.ac.
cn/ncov/apis/. (B) Illustration of three hypothetical user groups of the CGB.

Visualization of the huge evolutionary tree by
node-picking rendering strategy
When visualizing the huge evolutionary tree, the most
of lineages are invisible because lineages overlap each
other. Thus, a node-picking rendering strategy was imple-
mented to efficiently visualize huge evolutionary tree,
in which only surface lines will be painted. If the tree
is zoomed in, only the visible sub-area of the tree will

be painted. Using this strategy, millions of lineages can
be visualized effectively (Figure S6, see Supplemental
Materials and Methods Section 9).

CGB binary nomenclature and data searching
A number of different naming systems have been pro-
posed [16, 17], but these systems only name a few inter-
nal nodes or branches. As there are a large number of

https://ngdc.cncb.ac.cn/ncov/apis/
https://ngdc.cncb.ac.cn/ncov/apis/
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internal nodes on the huge evolutionary tree, the CGB
binary nomenclature was developed following the most
recent common ancestor (MRCA) concept (Figure S12) to
obtain CGB ID for each node (see Supplemental Materials
and Methods Section 12). CGB ID can be used to search
a specific lineage. Moreover, isolate names, accession
numbers and mutations are also searchable (see Supple-
mental Materials and Methods Section 11).

Mutation analysis
A root-to-tip linear regression method [18] was used
to estimate the mutation rate of SARS-CoV-2. For each
strain with a different collection date in a tip-dated time
tree, the number of mutations, including that of recur-
rent mutations, was counted subsequent to the appear-
ance of MRCA (see Supplemental Materials and Methods
Section 13). To avoid the effect of recombination, recom-
bination flag is labeled for each mutation by analyzing
hybrid genomic structure (Figure S13, see Supplemental
Materials and Methods Section 14).

Lineage tracing
For lineage tracing, genomic sequences of SARS-CoV-
2 strains collected from patients or environments are
used as the queries. These query sequences should be
aligned with the reference genomic sequence of SARS-
CoV-2 (GenBank accession number: NC_045512) [19] A
very fast algorithm was implemented to count the dif-
ference between a query sequence and the genomic
sequence of a node. For one query, nodes with the least
difference are considered as its candidate targets.

Detection of branch-specific accelerated
evolution of SARS-CoV-2
To detect branch-specific accelerated evolution, each
internal branch of the SARS-CoV-2 tree was examined.
For each internal branch, the observed number of
mutations of the ith gene (γobs,i) was compared with the
expected number of mutations of the same gene (γexp,i).
The significance level of acceleration was determined
by Poisson probability [20, 21]. It is a one-tailed test. The
condition t > 10 (days) was used for detection of branch-
specific accelerated evolution of SARS-CoV-2.

Detection of ongoing selection of SARS-CoV-2
To detect ongoing positive selection, allele frequency tra-
jectory with an S-shaped curve was examined (Table S3,
Figures S14 and S15). To reduce the impact of hitchhiking
by neutral mutation, only non-synonymous mutations
were analyzed, although non-coding mutations [22] can
also be beneficial (see Supplemental Materials and Meth-
ods Section 16).

Local analysis for new SARS-CoV-2 genomic data
The de novo tree building and tree appending program
was implemented in the eGPS software (http://www.
egps-software.net/egpscloud/eGPS_Desktop.html) [23].
Users can download a compressed CGB data file

(https://ngdc.cncb.ac.cn/ncov/apis/) and analyzed together
with their own SARS-CoV-2 genomic data. This function
ensures that a timely analysis can be easily performed.
Technical details were provided in the Supplemental
Materials and Methods. The detailed description how to
use it is provided in the user manual of the eGPS software.

Data source
For genomic sequence alignments, high-quality SARS-
CoV-2 genomic variations were obtained from the
2019nCoVR database [9, 24], which is an integrated
resource based on GenBank, GISAID [4, 5], CNGBdb [11],
the GWH [12] and the NMDC (https://nmdc.cn/). The
data version ‘data.2021-06-07’ was used for the analysis
(n = 1, 002, 739) in this paper and it can be downloaded
freely from https://ngdc.cncb.ac.cn/ncov/apis/archives/.
The current data contain more than two million SARS-
CoV-2 genomic sequences when this manuscript was
revised.

Results
The construction of a million-level evolutionary
tree
After quality control, 1,002,739 high-quality genomic
sequences were obtained for subsequent analyses. The
number of identified high- and low-quality genomes in
each month is summarized (Figure S2). To allow timely
analysis of a large number of sequences, we first solved
the problem that all viral genomic sequences have to be
realigned when nucleotide sequences of new genomes
become available. This is extremely time-consuming.
With the distributed alignment system (Figure 1A),
we dramatically reduced the total time required for
the alignment. We also built the evolutionary tree on
the existed tree with new genomic data in order to
reduce the complexity of tree construction. With these
modifications, a tremendous evolutionary tree can be
reconstructed for each update, millions of SARS-CoV-2
genomic sequences can be timely analyzed, and data
can be easily shared, reanalyzed and reconstructed
(Figure 1A).

For the huge evolutionary tree, mutations on each
branch were identified according to the principle of
parsimony [13, 14] and the dates of internal nodes
were inferred with minor revisions of a highly effective
maximum-likelihood method (TreeTime) [15]. The pre-
analyzed genomic mutations of SARS-CoV-2 and the
associated metadata are shared to the general public
in a tree-based CGB format. The size of distributed
alignments is 30.28 GB for the 1,002,739 SARS-CoV-2
genomic sequences. The tree-based data format allows
the compression ratio to reach 2541:1, meaning that
the size of compressed core file containing the tip-
dated evolutionary tree, the pre-analyzed genomic
mutations and associated metadata is as small as
12.20 MB with zip compression (Figure 1A). Whenever
necessary, by using the core file and the SARS-CoV-2

http://www.egps-software.net/egpscloud/eGPS_Desktop.html
http://www.egps-software.net/egpscloud/eGPS_Desktop.html
https://ngdc.cncb.ac.cn/ncov/apis/
https://nmdc.cn/
https://ngdc.cncb.ac.cn/ncov/apis/archives/
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Figure 2. An illustration of CGB interactive functionalities. (A) A sketch of the tree visualization panel to present the major CGB functions. Strains,
mutations and CGB IDs can be searched. The searched nodes are highlighted and can be visualized individually. A number of frequently used menus
are presented at the top right corner. (B) An example for how to view the transmission and evolution of the Delta VOC in Japan. First, users can filter for
strains collected from Japan. Search the CGB ID of the Delta VOC (CGB531065.580055) and then right click the highlighted node and choose the menu
item of View clade in new tab in the pop-up menu.

reference genomic sequence, cleaned genomic sequence
alignment with almost no ambiguous nucleotide sites
can be reconstructed for all considered viral isolates
(extra programming skills are needed) (Figure 1B).
Thus, this volume-saving core file format ensures low-
latency access to the data and enables fast sharing and
reanalysis of a large number of SARS-CoV-2 genomic
variants. The latest core file (named as mainDataFile)
can be downloaded from https://ngdc.cncb.ac.cn/ncov/
apis/data-latest/.

Highly efficient tree visualization and operation
To efficiently visualize the results, a node-picking
rendering strategy was implemented for painting the
evolutionary tree, indicating that only parts of the tree
are painted (Figure S6, see Supplemental Materials and
Methods Section 9). In another word, only elements
shown on the screen and visible to the user are

painted. This design makes the visualization process
highly efficient, and the evolutionary tree of more than
one million strains can be visualized. It takes about
one second for the visualization process in different
operation systems (Table S1).

The CGB is also a highly efficient platform to search
or filter variants based on transmission-related meta-
data (Figure 2). Useful interactive functionalities were
developed to navigate users through the huge tip-dated
evolutionary tree. First, users can easily search internal
branches or variants with certain mutations, or isolate
names of virus. There are 400,298 internal branches
in the evolutionary tree (n = 1, 002, 739), and each
branch has been named by CGB binary nomenclature
(i.e. CGB ID) (Figure S12) and is searchable. Thus, different
variants of concerns (VOCs) can be easily identified
and visualized on the huge evolutionary tree (Table 1).
Second, users can easily filter out the data according

https://ngdc.cncb.ac.cn/ncov/apis/data-latest/
https://ngdc.cncb.ac.cn/ncov/apis/data-latest/
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Table 1. CGB ID for VOC

WHO label Pango lineage Documented samples CGB ID Defining SNPsa

Alpha B.1.1.7 UK, September 2020 CGB84017.91425 ORF1ab: T1001I, A1708D, I2230T, SGF3675-
S: HV69-, Y144-, N501Y, A570D, P681H,
T716I, S982A, D1118H ORF8: Q27∗, R52I,
Y73C N: D3L, S235F

Beta B.1.351 South Africa, May 2020 CGB391494.393307 E: P71L N: T205I ORF1a: K1655N S: D80A,
D215G, K417N, A701V, N501Y, E484K

Gamma P.1 Brazil, November 2020 CGB222196.451180 ORF1ab: S1188L, K1795Q, SGF3675- S: L18F,
T20N, P26S, D138Y, R190S, K417T, E484K,
N501Y, H655Y, T1027I ORF3a: G174C ORF:
E92K N: P80R

Delta B.1.617.2 India, October 2020 CGB531065.580055 S: T19R, L452R, T478K, P681R, D950N
ORF3a: S26L M: I82T ORF7a: V82A, T120I N:
D63G, R203M, D377Y

aThe information of defining SNPs was obtained from the Pango lineages [31].

to the collection date, the country/region and the
gender and age groups. Third, the visualization of a
sub-clade in another tab is allowed. Forth, different
annotations are provided to mark the clades of interest.
All those features have brought great convenience for
users.

Coordinated annotation tracks
Six user-friendly tracks are visualized with rapid response
time. Coordinated annotation tracks are provided to
show genome structure and key domains, allele frequen-
cies, sequence similarity between various coronavirus,
multi-genome alignment and primer sets for detection of
SARS-CoV-2 (Figures S8–S11, see Supplemental Materials
and Methods Section 10). The track-related data files
are available via https://ngdc.cncb.ac.cn/ncov/apis/data-
latest/.

Transmission case studies through CGB
Based on the large data volume and user-friendly CGB,
many analyses can be quickly conducted. Take the
spread of VOCs in India as an example. Among the
1, 002, 739 strains, there were 3349 ones sampled in
India. Nearly all major SARS-CoV-2 lineages can be found
in India in different stages of the pandemic (Figure 3).
By searching the CGB IDs of the VOCs (Table 1), the
clades of VOCs were identified. In total, there were 464
Delta (B.1.617.2) strains (464/3349 = 13.85%), 185 Alpha
(B.1.1.7) strains (185/3349 = 5.52%) and 11 Beta strains
(11/3349 = 0.32%) in the Indian sample. The ratios change
when only considering recent viral strains collected after
1 April 2021. There were 589 Indian samples after date
filtering. Among them, there were 364 Delta strains
(364/589 = 61.80%), 55 Alpha strains (55/589 = 9.34%)
and one Beta strains (1/589 = 0.17%). Thus, the Delta
variant increased more rapidly than others, and the
most of recent infections in India are caused by the
Delta VOC.

Another three examples were provided to show that
the CGB is an efficient platform to investigate local and
global transmission of COVID-19 (Figure 4). To trace the

origin of a local COVID-19 outbreak, the lineage tracing
was implemented in the CGB. The closest nodes were
revealed for the three outbreaks in China during this year,
which indicates different origin of the three outbreaks.
Their neighboring strains can be viewed individually and
further investigated. The analysis is extremely fast and
can be performed on a desktop computer. Therefore, the
CGB is a highly efficient platform to investigate the origin
of a local COVID-19 outbreak.

Mutation analysis
The CGB also estimates the mutation rate of whole
genome and each gene (Table S2). Applying 1, 002, 739
genomic sequences, the estimated genome-wide muta-
tion rate is 1.0794 × 10−3 per nucleotide per year. The
mutation rate is variable for different genes (Table S2).
The latest estimates of mutation rate are provided in
the core data file (named as mainDataFile) that can
be downloaded from https://ngdc.cncb.ac.cn/ncov/apis/
data-latest/.

We also found that the mutation rate could be dif-
ferent among sites. Using the CGB core data file, we
conducted a 10-base sliding window analysis with a slid-
ing step of one base and identified fine-scaled muta-
tion cold spots along the viral genome (see Supplemen-
tal Materials and Methods Section 15), indicating the
genomic regions with mutation rate significantly lower
than the average mutation rate of the entire genome.
In total, 657,074 (recurrent) mutations were identified
and 868 mutation cold spots were found with a false
discovery rate (FDR) corrected P-value < 0.01 (Figure 5,
Supplemental excel file). The coldest spot is located in
ORF1ab, which encodes nsp13 helicase (nucleotides 16,
294–16,307) (FDR corrected P-value = 4.79 × 10−46). Inter-
estingly, it has been found that sequence conservation is
restricted to ORF1ab:nsp10–13 among 14 coronaviruses
[25, 26]. It indicates that nsp13 helicase might be essen-
tial for coronaviruses and SARS-CoV-2. Moreover, among
the 868 mutation cold spots, there are 75 conserved
spots in SARS-CoV-2, but not conserved among other

https://ngdc.cncb.ac.cn/ncov/apis/data-latest/
https://ngdc.cncb.ac.cn/ncov/apis/data-latest/
https://ngdc.cncb.ac.cn/ncov/apis/data-latest/
https://ngdc.cncb.ac.cn/ncov/apis/data-latest/
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Figure 3. Transmission-related study using the CGB. Proportion change of VOCs in India. The tree on the left shows all Indian samples of 1,002,739 SARS-
CoV-2 strains and the tree on the right shows Indian samples after 1 April 2021. Different VOCs are annotated in different colors, the Alpha (B.1.1.7) VOC
in red, the Delta (B.1.617.2) VOC in green and Beta (B.1.351) VOC in blue. The Gamma VOC is not found in India.

Figure 4. Tracing the origin of three local outbreak of COVID-19 in China. One sequence sampled during each outbreak is used as the query sequence
which is not included in the CGB dataset version used in analysis. Their closest targets were marked with colored dot and the evolutionary paths were
highlighted. The GISAID IDs for the queries are EPI_ISL_1595852 (Ruili), EPI_ISL_2834004 (Yunnan) and EPI_ISL_2405168 (Shenzhen).
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Figure 5. Manhattan plot of mutation cold spots in the genome of SARS-CoV-2. Results of genome-wide scan for mutation cold spots are shown in
Manhattan plot of significance against SARS-CoV-2 reference genomic locations. In total, 1,002,739 high-quality genomic sequences were analyzed.
Each dot represents one window. P-values are FDR-corrected. The dotted red line denotes FDR-corrected P-value <0.01. Dots above the line represent
mutation cold spots. Genomic structure and sequence similarity between SARS-CoV-2 reference genome (NC_045512.2) [19] and the genomes of five
other coronaviruses are shown above the Manhattan plot.

coronaviruses. These SARS-CoV-2-specific conserved ele-
ments may play key roles for SARS-CoV-2-specific func-
tions.

The detection of accelerated evolution
The CGB provides a module to detect branch-specific
accelerated evolution of SARS-CoV-2. We found that
within 186,746 internal branches with t > 10 (days)
on the evolutionary tree (n = 1, 002, 739), 70 branches
were detected to have a genome-wide accelerated
evolution (FDR corrected P < 0.05), 332 branches were
detected to have an accelerated evolution of ORF1ab
(FDR corrected P < 0.05), and two branches was found
to have an accelerated evolution of the spike gene
(FDR corrected P < 0.05) (Supplemental excel file). These
evolution-accelerated variants can be used for future
studies.

The detection of ongoing positive selection
The mutation frequency trajectory for each mutation can
be easily visualized by using the CGB. It has a module
to detect ongoing positive selection based on S-shaped
frequency trajectory of a selected allele (Figures S14 and
S15, see Supplemental Materials and Methods Section
16). It has been shown that the SARS-CoV-2 variant with
G614 spike protein has a fitness advantage [27]. Our anal-
ysis using the CGB confirmed this finding even when the

G614 frequency was very low (< 10%) (Figure S16), indi-
cating that the CGB can detect putative advantageous
variants before they become widely spread. The CGB also
predicted an increase in the frequency of S:p.P681R of
the Delta VOC (Figure S16), suggesting that variants with
the mutation may be advantageous. S:p.P681R is located
on the spike S1/S2 cleavage site, and another mutation
(S:p.P681H) on the same position has been found to be
advantageous [28] and may interact with other muta-
tions [22] in the Alpha VOC. Based on 1,002,739 samples,
the CGB detected 13 putative advantageous mutations
in the spike protein (Table S4). However, as an increase
in mutation frequency could be due to sampling bias
and epidemiological factors [27], putative advantageous
variants should be closely monitored.

Conclusion
In this study, we developed an effective surveillance tool
for the transmission and evolution of SARS-CoV-2. It
can process million-level genomic sequences and the
associated transmission-related metadata (Figure 1A).
A highly efficient visualization module is established,
and rich interactive operations are allowed to explore
the annotated evolutionary tree (Figure 2). We investi-
gated three local COVID-19 outbreaks by the searching
and lineage tracing functionalities (Figure 4). We also
implemented a new method to detect ongoing positive
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selection for each viral non-synonymous mutation. The
branches with accelerated or reduced evolutionary rate
are identified to provide a real-time tracking on the
change of evolutionary rate, which could reveal epidemic
factors affecting the viral transmission.

The CGB also provides an efficient way for clean data
sharing (Figure 1B). It could be difficult for researchers
to download all the raw genomic sequences, perform
data quality control and analyze the large amount of
data by their own. By examining literatures related to
this topic [29, 30], most of those studies have similar
methods to prepare alignments, build phylogenetic tree,
infer mutations and date each internal node. The data
preparation procedure is tedious but may require some
skills and is often time consuming when the sample size
is extremely large. Nevertheless, by downloading the pre-
analyzed CGB data files, users can have all those clean
data in a few minutes.

During the analysis, we noticed that a very small per-
centage of sequences have abnormal collection dates,
which could severely skew the evolutionary tree. After
examining all possible reasons, it is likely due to that the
year of collection date was incorrectly filled in the most
cases. We then deleted these sequences although their
sequence quality is high. Thus, we would suggest that
researchers could pay attention on the year of collection
date when submitting their sequences.

When millions of SARS-CoV-2 high-quality genomic
sequences are available, interactive visualization of
SARS-CoV-2 evolutionary tree is essential for effectively
exploring the viral evolution and transmission. However,
the Nextstrain-based phylogenetic-tree view only sup-
ports about 4000 strains of SARS-CoV-2 [7, 8]. Therefore,
the CGB not only enables users to timely analyze millions
of viral genomic sequences, but also implements a
number of down-stream evolutionary analysis (Figures 1
and 2). Moreover, a volume-saving data format is used to
store the information of tree, mutations and metadata.
With the core file CGB provided and the SARS-CoV-2
reference genomic sequence, cleaned genomic sequence
alignment can be reconstructed for further analysis
without downloading all the sequences, performing
quality controls and doing sequence alignment again.
Therefore, it is believed that the CGB will accelerate many
researches in this field.

The public science education is extremely important
for the anti-epidemic to show that SARS-CoV-2 has been
evolving. Therefore, a web-based CGB was also devel-
oped. It is a simplified version of CGB that provides a con-
venient way to access the data via a web browser, such as
Google Chrome, Firefox and Safari (Figure S7). For educa-
tional purpose, nine language versions (Chinese, English,
German, Japanese, French, Italian, Portuguese, Russian
and Spanish) are available. The web-based CGB package
can be downloaded and reinstalled on any websites. Two
pre-installed websites are provided (https://www.biosino.
org/cgb/ and https://ngdc.cncb.ac.cn/cgb/). Moreover, to
accelerate the access, a sub-tree was used that keeps the

topological structure of the original evolutionary tree and
the CGB IDs of major branches unchanged (see Supple-
mental Materials and Methods Section 17).

Users are recommended to download the desktop
version to access the full functions of CGB. The desktop
version is provided as a plug-in module for the eGPS soft-
ware (http://www.egps-software.net/egpscloud/eGPS_
Desktop.html). To promote a timely analysis of newly
sequenced genomic data of SARS-CoV-2, users can
perform a local analysis to analyze these new data,
together with the public data globally sampled. Overall,
the CGB is frequently updated which provides a timely
panoramic vision of the global and local transmission
and evolution of SARS-CoV-2.

Key Points

• A highly efficient analysis framework was developed and
integrated in the CGB to timely analyze millions of SARS-
CoV-2 genomic sequences.

• Visualization modules were developed to enable users to
interactively explore the tremendous annotated SARS-
CoV-2 evolutionary tree.

• Genomic spots conserved in SARS-CoV-2 but non-
conserved in other coronaviruses may indicate the func-
tional elements specifically important for SARS-CoV-2.

• A timely updated panoramic vision of the transmission
and evolution of SARS-CoV-2 was provided.

Supplementary data
Supplementary data are available online at https://
academic.oup.com/bib.

Data availability
All timely updated data are freely available at https://
ngdc.cncb.ac.cn/ncov/apis/. The desktop standalone
version (Figure S7A) provides the full function of CGB
and has a plug-in module for the eGPS software (http://
www.egps-software.net/egpscloud/eGPS_Desktop.html)
[23]. We provide friendly documentation on how to run
the software/.

Members of the language translation team
German: Ning He, Jing Lv, Ting Peng.
Italian: Ting Zhou, Nan Yang, Siyi Hou.
Portuguese: Huang Li, Jingxuan Yan, Chenglin Zhu,
Wenjing Liu.
Russian: Yuhong Guan, Huanxiao Song.
Spanish: Qin Zhou, Han Gao, Jinglan He, Tiantian Li,
Ruiwen Fei, Shumei Zhang.
French: Yuyuan Guo.
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http://www.egps-software.net/egpscloud/eGPS_Desktop.html
https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbab583#supplementary-data
https://ngdc.cncb.ac.cn/ncov/apis/
https://ngdc.cncb.ac.cn/ncov/apis/
http://www.egps-software.net/egpscloud/eGPS_Desktop.html
http://www.egps-software.net/egpscloud/eGPS_Desktop.html
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