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Abstract
On 22 January 2020, the China National Center for Bioinformation (CNCB) / National
Genomics Data Center (NGDC) created the 2019 Novel Coronavirus Resource (2019nCoVR,

https.//bigd.big.ac.cn/ncov/), an open-accessed SARS-CoV-2 information resource.

2019nCoVR features comprehensive integration of sequence and clinical information for all
publicly available SARS-CoV-2 isolates, which are manually curated with value-added
annotations and quality evaluated by our in-house automated pipeline. Of particular note,
2019nCoVR performs systematic analyses to obtain a dynamic landscape of SARS-CoV-2
genomic variations at a global scale. It provides al identified variants and detailed statistics
for each virusisolate, and congregates the quality score, functional annotation, and population
frequency for each variant. It also generates visualization of the spatiotemporal change for
each variant and yields historical viral haplotype network maps for the course of the outbreak
from al complete and high-quality genomes. Moreover, 2019nCoVR provides a full
collection of literatures on COVID-19, including published papers from PubMed as well as
preprints from services such as bioRxiv and medRxiv through Europe PMC. Furthermore, by
linking with relevant databases in CNCB/NGDC, 2019nCoVR offers data submission
services for raw sequence reads and assembled genomes, and data sharing with National
Center for Biotechnology Information. Collectively, all SARS-CoV-2 genome sequences,
variants, haplotypes and literatures are updated daily to provide timely information, making

2019nCoVR avaluable resource for the global research community.

KEYWORDS: 2019nCoVR; SARS-CoV-2; Genome assembly; Genomic variation;

Haplotype

I ntroduction

The severe respiratory disease COVID-19 [1], since its outbreak in late December 2019, has
rapidly spread as a pandemic. As of 14 July 2020, 12,964,809 confirmed cases have been
reported in 216 countriedterritoriesareas (WHO Situation Report Number 176;

https://www.who.int/emergencies/diseases/novel -coronavirus-2019/situation-reports/). As the

causative agent of COVID-19, SARS-CoV-2 samples have been extensively isolated and
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sequenced by different countries and laboratories [2], resulting in a considerable number of
viral genome sequences worldwide. Therefore, public sharing and free access to a
comprehensive collection of SARS-CoV-2 genome sequences is of great significance for
worldwide researchers to accelerate scientific research and knowledge discovery and also

help develop medical countermeasures and sensible decision-making [3].

To date, unfortunately, SARS-CoV-2 genome sequences generated worldwide were scattered
around different database resources, primarily including the Global Initiative on Sharing All
Influenza Data (GISIAD) [4] repository and NCBI GenBank [5]. Many sequences exist in
multiple repositories but their updates are not synchronized. This makes it extremely
challenging for worldwide users to effectively retrieve a non-redundant and most updated set
of sequence data, and to collaboratively and rapidly deal with this global pandemic. Towards
this end, we constructed the 2019 novel coronavirus resource (2019nCoVR,

https.//bigd.big.ac.cn/ncov/) in the China National Center for Bioinformation (CNCB) /

National Genomics Data Center (NGDC), with the purpose to provide public, free, rapid
access to a complete collection of non-redundant globa SARS-CoV-2 genomes by
comprehensive integration and value-added annotation and analysis [6]. Since its inception on
22 January 2020, 2019nCoVR is updated on daily basis, leading to unprecedentedly dramatic
data expansion from 86 genomes in its first release to 64,789 genomes in its current version
(as of 14 July 2020). Moreover, it has been greatly upgraded by equipping with enhanced data
curation and analysis pipelines and online functionalities, including data quality evaluation,
variant calling, variant spatiotemporal dynamic tracking, viral haplotype construction, and
interactive visualization with more friendly web interfaces. Here we report these significant

updates of 2019nCoVR.

Results

Statigtics of SARS-CoV-2 genome assemblies

Since the outbresk of COVID-19, the number of SARS-CoV-2 genome sequences released
globally has been increasing at an unprecedented rate. To facilitate public free access to all

genome assemblies and help worldwide researchers better understand the variation and
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transmission of SARS-CoV-2, we perform daily updates for 2019nCoVR by integrating all
available genomes throughout the world and conducting value-added curation and analysis
(Figure 1). Asof 14™ July 2020, 2019nCoVR hosted a total of 64,789 non-redundant genome
sequences and provided a global distribution of SARS-CoV-2 genome sequences in 97
countries/regions across 6 continents (Figure 1A). Duplicated sequences from different
databases are merged with all IDs cross-referenced. Sequences are contributed primarily by
United Kingdom (28,823, 44.5%), United States (13,556, 20.9%), Australia (2,351, 3.6%),
Spain (1,852, 2.9%), Netherlands (1,605, 2.5%), India (1,581, 2.4%), and China (1,431, 2.2%).
According to our statistics, SARS-CoV-2 genome sequences started to grow rapidly from

mid-March (https.//bigd.big.ac.cn/ncov/release_genome), concordant with the outset of global

pandemic of COVID-19. A full list of our sequence dataset including strain name, accession

number and source is provided in Table S1.

To provide high-quality genome sequences that are critically essential for downstream
analyses (ranging from variant calling to haplotype construction), we perform sequence
integrity and quality assessment for all newly collected sequences. Among al released
human-derived genome sequences (64,700), 60,970 (94.2%) are complete, and 31,689 (49%)
are high-quality (with high coverage) (Figure 1B). Most of the low-quality sequences (29,281,
99.7%) contain different numbers of unknown bases (Ns). Among these sequences, 60% have
16-500 Ns (median 258), and 40% have more than 500 Ns (Figure 1C). Further investigation
of the genomic locations reveals that some genomic regions have high coverage of Ns (Figure
1D). Sequence integrity and quality assessment results are available for all genome sequences,

and can be used asfilters for sequence browse and search.

L andscape of genomic variants

Bases on 31,685 globally human-derived high-quality complete genome sequences (in what
follows, only high-quality complete genome sequences are used for downstream analysis if
not indicated otherwise), we investigate the landscape of SARS-CoV-2 genomic variants by
comparison with the reference genome (MN908947.3 in NCBI) (Figure 2). By 14™ July 2020,

a total of 13,428 variants were identified, including 12,828 (95.5%) single nucleotide
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polymorphisms (SNPs), 437 deletions, 116 insertions, and 47 indels (a combination of an
insertion and a deletion, affecting 2 or more nucleotides) (Figure 2A). More than half of these
SNPs (6,770, 50.4%) are nonsynonymous, causing amino acid changes. To gain the functional
effects of those missense variants from the perspective of spatial location (e.g. key functional
domain or binding region), mutated amino acids are projected onto protein 3D structures,
which can be viewed by 360 degree rotation (Figure 2B). We further explore the distributions
of these variants across different genes. Noticeably, the three genes ORFlab, S, and N
accumulate more variants (Figure 2C) and SNP densities (i.e., the number of mutations per
nucleotides in the gene region) are higher in several gene regions including ORF7a, ORF3a,

ORF6 and N.

For each variant, we investigate its population mutation frequency (PMF, the ratio of the
number of mutated genomes to the total number of complete high-quality genomes) (Figure
2D). Clearly, there are 62 variants with PMF > 1%, 18 variants with PMF > 5%, and 4
variants with PMF > 75.8% (that is, position 241 in 5’UTR, positions 3,037 and14,408 in
ORFlab, and 23,403 in S), potentially representing main prevalent virus genotypes across the
global. All identified variants and their functional annotations are publicly accessible at

https.//bigd.big.ac.cn/ncov/variation/annotation, and an online pipeline for variant

identification and functional annotation is provided and freely avalable at

https://bigd.big.ac.cn/ncov/analysis.

Spatiotemporal dynamics of genomic variants

To track the dynamics of SARS-CoV-2 genomic variants, particularly de novo mutations, we
explore the spatiotemporal change of population frequency for each variant according to
sampling time and location (Figure 3). Among the 18 sites with PMF > 5%, some are mutated
simultaneously and in a linkage manner (Figure 3A), such as mutations at positions 8,782 and
28,144 reported in [ 7]. Specifically, these two sites appeared in the early stage of the outbreak
since 30 December 2019, and their mutation frequencies reach ~33% around 22 January 2020,
and then gradually decline to 9.6% currently. Contrastingly, several variants appear only since

the middle stage around 3 March 2020; such as the mutation at position 23,403 (provoking an
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amino acid change D614G of the S protein), is accompanied by three other mutations, namely,
a C-to-U mutation at position 241 in the 5 UTR, a silent C-to-U mutation in the gene nsp3 at
position 3,037, and a missense C-to-U mutation in the gene RARp at position 14,408 (P4715L).
To facilitate users to investigate any variant of interest, we provide an interactive heatmap in

2019nCoVR (https://bigd.big.ac.cn/ncov/variation/heatmap) to dynamically display and

cluster the mutation patterns over all sampling dates, with customized options available that
allow usersto select specific variant frequency, annotated gene/region, variant effect type, and

transcription regulation sequence (TRS).

Moreover, we investigate dynamic patterns of SARS-CoV-2 genomic variants across different
sampling locations over time. Taking the variant at position 23,403 (D614G) as an example,
its PMF has dramatically increased from O at the end of February to 76.2% right now, and the
mutation pattern G614 has been gradually dominant along with the development of pandemic
(Figure 3B), presumably indicating that the mutated genotypes may have higher
transmissibility[8]. In terms of the absolute number of mutation patterns across different
countries/regions, G614 emerges dominantly in Europe and North America (Figure 3C).

(https://bigd.big.ac.cn/ncov/variation/annotation/variant/23403). When invedtigating the

mutation pattern for each country (Figure 4), we find that sequences from some Asian
countries (such as South Korea, Malaysia, and Nepal) have no or very few G614 mutation,
whereas those from Europe and America (e.g. Argentina, Czech Republic and Serbia) do have
the G614 pattern that is dominated among contemporary samples. In some countries, both the
D614 and G614 patterns are co-circulating early in the epidemic, but the mutated pattern soon
begins to be dominant such as in Australia, Belgium, Canada, Chile, France, Israel, United
States and United Kingdom [8]. The accumulation of this mutation varies in different parts of
the world, possibly due to the prevention and control measures adopted by some
countries/regions. Taken together, 2019nCoV R features spatiotemporal dynamics tracking of
SARS-CoV-2 genomic variants and thus bears great potential to help decipher viral

transmission and adaptation to the host [8].

Haplotype networ k construction and characterization
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To better characterize the diversity of virus sequences, we build SARS-CoV-2 haplotypes
based on all identified variants beyond UTRs regions. As a result, 17,624 haplotypes were
identified from 31,685 complete high-quality genome sequences as of 14" July 2020. Based
on this, we construct a haplotype network for SARS-CoV-2 (Figure 5), a graphical
representation of genomic variations by inferring relationships between individual genotypes,
according to the principle of the shortest set of connections that link all nodes (genotypes)
where the length of each connection represents the genetic distance [9]. To provide a whole
picture of the pandemic transmission in a spatiotemporal manner, we visualize the
SARS-CoV-2 haplotype network by sample collection date and across different
countries/regions. It not only alows users to easily obtain a landscape of SARS-CoV-2
haplotypes and their relationships, but also helps users to navigate a set of haplotypes for a
specific country/region linking with additional associated information such as the number of

genomes, sampling time and location (Figure 5A).

According to the haplotype network, we classify all genome sequences into nine major
clusters (labelled as C01-C09; see Methods for detail) (Figure 5B, 5C; Table 1). As the
ongoing pandemic spread of SARS-CoV-2, new branches that evolve and spread faster are
gradually emerging, such as clusters C04, C06, C08 and C09 (Table 1). The dominant clusters
are C06 (8,681, 27.4%), C08 (7,889, 24.9%) and CO9 (6,940, 21.9%) (Figure 5D), which are
characterized by those signature mutations of C241T, C3037T, C14408T, and A23403G, and
are defined as the G clade (as the mutation at position 23,403 provoking an amino acid
change D614G of S protein). These sequences have spread to 82 countries worldwide, and
become the main epidemic virus type in most countries in Europe, North America, South
America, Africa and West Asia, etc. For example, there are about 6,827 (71.5%), 8,305
(83.4%) and 970 (18.5%) sequences originated from the G clade in United States, United
Kingdom, and China, respectively (Figure 5E). The wide spread and prevalence of this clade

in different countries suggests the adaptability of the virustype to human [8].

Discussion

Whole genome sequencing is vital to deal with SARS-CoV-2, since it is not only useful for
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deciphering its genome sequences and investigating its evolution and transmission, but also
highly effective at determining whether individuals are part of the same transmission chain
[10]. It has proved that sequencing all cases of infection reported in a single region show that
there are other routes of transmission than solely between symptomatic patients [11].
According to 2019nCoV R, however, the density of sampling, compared with the number of
confirmed cases, is very low in some countries/regions (Figure S1), and even genome
sequences are unavailable in some affected countries/regions. The SARS-CoV-2 sampling
bias and depth may lead to inaccurate transmission patterns and phylogenetic relationships
[12]. As our current understanding is ill very limited, we call for more efforts and
collaborations in sequencing more SARS-CoV-2 genomes from both patients and
asymptomatic infections. Besides, as those released SARS-CoV-2 genome sequences are
generated by multiple different laboratories on different sequencing platforms, the quality of
genome sequences is another important factor, which may affect variant calling and
population frequency estimation. As mentioned, sequencing coverage of SARS-CoV-2 is
diverse, which may lead to biased genotype frequency for some mutation sites. Our future

efforts are to construct a recognized benchmark for quality assessment and data filtration.

Compared to the early overly smplified L-S classification [8] and those comprehensive
lineages defined by Rambaut et al. [10][13], our classification scheme with nine clusters
provides a moderate system that can be correlated with the others (Table 1). The nine clusters
could aso be grouped into three clades defined in [8, 10], S (C02 and C04), G (C06, C08 and
C09), and L (the rest clusters). Although haplotype network cannot give a precise
evolutionary position as phylogenetic trees do, it can be used to quickly obtain the clustering
of viruses according to signature mutations in each haplotype. New clusters will be

introduced as the virus continue to evolve.

A data-driven response to SARS-CoV-2 requires a public, free, and open-access data resource
that contains complete high-quality genome sequence data and is equipped with automated
pipelines to rapidly analyze genome sequences in real-time. Thus, 2019nCoVR (as well as

other resources in NGDC/CNCB) provides a wide range of data services, involving raw


https://doi.org/10.1101/2020.08.30.273235
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.30.273235; this version posted August 30, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

sequencing data archive, genome sequence and meta information management with quality
control and curation, variation analysis and data presentation and visualization. Additionally,
2019nCoVR provides spatiotemporal dynamic tracking for al identified variants in order to
facilitate worldwide users to monitor any variant that may be associated with rapid
transmission and high virulence. To better understand the life cycle and pathogenicity of
SARS-CoV-2, future directions are to collect more and more genome sequences worldwide,
include other types of omics data (such as transcriptome and epitranscriptome, if available)
[14] and aso provide more friendly interfaces and online tools in support of worldwide

research activities.

M ethods

Data collection and integration

All genome sequences as well as their related metadata were integrated from SARS-CoV-2
resources worldwide, including NCBI [5], GISAID [15], CNCB/NGDC [16], NMDC [17]
and CNGB [18]. To provide a non-redundant dataset, duplicated records across different
databases were identified and merged.

Quality control and curation

To determine the integrity of genome sequences, one sequence is defined as ' Complete’ if it
has 229000 bases and covers all protein-coding/CDS regions of SARS-CoV-2 (bases

266:29674 of NCBI entry MN908947.3); otherwise, it is defined as “Partial” . Furthermore, to
examine the quality of genome sequences, unknown bases (Ns) and degenerate bases (Ds,
more than one possible base at a particular position and sometimes referred as “ mixed bases’)

were counted for each sequence. By our default definition, one sequence is “high-quality” if
Ns=15 and DsS50, and “low-quality” otherwise. Besides, any sequence is clearly labelled
when the number of variants215 or the total number of deletion22 or the distribution of
seguence variation is more aggregated (the ratio of the number of variants divided by the total

number of bases in a windowz20.25).


https://doi.org/10.1101/2020.08.30.273235
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.30.273235; this version posted August 30, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Variant identification and haplotype network construction

Only complete and high-quality genome sequences were used for downstream analyses,
including sequence comparison, variant identification, functional annotation, and haplotype
network congtruction. Genome sequence alignment was performed with Muscle (3.8.31) [19]
by comparing against the earliest released SARS-CoV-2 genome (MN908947.3). Sequence
variation was identified directly using an in-house Perl program. The effect of variants was

determined using VEP (ENSEMBL Variant Effect Predictor) [20].

SARS-CoV-2 haplotypes were constructed based on short pseudo sequences that consist of al
variants (filtering out variations located in UTR regions) only. Then, all these pseudo
sequences were clustered into groups, and each group (a haplotype) represents a unigque
sequence pattern. The haplotype network is inferred from al identified haplotypes, where the
reference sequence haplotype is set as the starting node, and its relationship with other
haplotypes is determined according to the inheritance of mutations. As a result, nine major
haplotype network clusters (denoted as C01-C09) are obtained according to the phylogenetic

tree-and-branch dructure and those shared landmark mutations (Table 1). Specificaly,
mutations with PM F25% (except for ATG deletion at position1605, PMF=3% ) were selected,

and those co-occurred mutations were determined by LD linkage analysis. A cluster is
referred to sequences with those co-occurred landmark mutations.

Database constr uction and visualization

2019nCoVR was built based on B/S (Browser/Server) architecture. In the browser-side, it was
developed by JSP (Java Server Pages), HTML, CSS, AJAX (Asynchronous JavaScript and
XML), JQuery (a cross-platform and feature-rich JavaScript library; http://jquery.com) as
well as Semantic-Ul (an open source web development framework; https://semantic-ui.com).
In the server-side, it was implemented by using Spring Boot (a rapid application development
framework based on Spring; https.//spring.io). For data storage, MySQL (https://mysqgl.com)
was used. For interactive visualization, HighCharts (a modern SV G-based, multi-platform
charting library; https://highcharts.com), D3.js (a JavaScript library for manipulating

documents based on data; https.//d3js.org) and 3Dmol.js (a JavaScript library for visualizing
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protein structure associated with mutated amino acids) [21] were employed in 2019nCoVR.

The haplotype network was implemented by d3js, Leaflet (http://leafletjs.com), and Echarts

(http://echarts.baidu.conv).

Data availability
SARS-CoV-2 genomes, variants (in vcf format) and their annotations are publicly available at

https://bigd.big.ac.cn/ncov/.
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Figurelegends

Figure 1 Statigtics and distribution of all open released SARS-CoV-2 genomes. (a)
Distribution of released genome sequences by country, territory or region; (b) Number and
percentage of complete and high-quality genomes, (c) Sequence numbers of different Ns
ranges for low-quality genomes; (d) Distribution of Ns across the whole genome.

Figure 2 Landscape of genomic variants. (a) Numbers of different mutation types
(including SNPs, deletion, insertion and indels); (b) Pie chart of variant annotation for each
gene; (c) Structure display for nonsynonymous mutations; (d) Mutation frequencies for al
variants.

Figure 3 Spatiotemporal dynamics of genomic variants. (a) Heatmap shows the population
mutation frequency (PMF) of variants over time, an example of dynamic PMF and
cumulative sequence growth curve (b) and the cumulative growth curve of the number of
mutated viruses in each country (c) for position (n23403, pD614G).

Figure 4 The population mutated frequency (PMF) of G614 for each country over time.
Figure 5 Haplotype network and cluster identification and distribution. (a) The snapshot
of haplotype network dashboard, which can dynamically show the development of haplotype
over time and country. Each node in the network represents a haplotype and the node size is

proportional to the number of viral genome sequences, where the edge between any two
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nodes represents the genetic distance between two haplotypes (i.e. the number of mutation
sites); (b-c) Schematic diagram of haplotype clusters (CO1-C09) and their corresponding
common mutation sites for each cluster; (d) Distribution of C01-CQ09 clusters across different
continents; (e) Distribution of different clusters throughout the world, and in three

representative countries (US, UK and China).

Supplementary information
Figure S1 The distribution of genome sequence count divided by the number of confirmed
cases for each country.

Table. S1 Coronavirus sequence datasets used for the studly.
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Table 1 The signature mutationsfor haplotype clusters
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