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ARTICLE INFO ABSTRACT

Article history: Objective: The SARS-CoV-2 pathogen has established endemicity in humans. This necessitates the
Received 4 June 2020 development of rapid genetic surveillance methodologies to serve as an adjunct to existing
Received in revised form 15 August 2020 comprehensive, albeit though slower, genome sequencing-driven approaches.

Accepted 18 August 2020 Methods: A total of 21,789 complete genomes were downloaded from GISAID on May 28, 2020, for
analyses. We have defined the major clades and subclades of circulating SARS-CoV-2 genomes. A rapid

';;5]'1 stocrdz/: 5 sequencing-based genotyping protocol was developed and tested on SARS-CoV-2-positive RNA samples
oovme by next-generation sequencing.

Genetic surveillance . ) . .

Barcoding Results: We describe eleven major mutation events that defined five major clades (Gg14, Sg4, V251, [378, and

Genome variation D3g2) of globally-circulating viral populations. The clades can be specifically identified using an 11-
nucleotide genetic barcode. An analysis of amino acid variation in SARS-CoV-2 proteins provided
evidence of substitution events in the viral proteins involved in both host entry and genome replication.
Conclusion: Globally-circulating SARS-CoV-2 genomes could be classified into five major clades based on
mutational profiles defined by an 11-nucleotide barcode. We have successfully developed a multiplexed
sequencing-based, rapid genotyping protocol for high-throughput classification of major clade types of
SARS-CoV-2 in clinical samples. This barcoding strategy will be required to monitor genetic diversity
decrease as treatment and vaccine approaches become widely available.
© 2020 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).

Introduction

The SARS-CoV-2 infection has now reached 188 countries

* Corresponding author at: King Abdullah University of Science and Technology across all continents, excepF Aqtarctlca. A pandemic was declared
(KAUST), Pathogen Genomics Laboratory, Biological and Environmental Science and by the World Health Organization (WHO) on March 11, 2020, and
Engineering (BESE), Thuwal-Jeddah, 23955-6900, Saudi Arabia. as of August 11, 2020, more than 20 million cases have been
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Coronaviridae family, genus Betacoronavirus, which are enveloped,
positive-sense, single-stranded RNA viruses of zoonotic origin.
Among human RNA viruses, coronaviruses have the largest known
genome (~30 kb), which encodes the structural proteins (spike,
envelope, membrane, and nucleocapsid), nonstructural proteins
(nsp1-16), and accessory proteins (ORF3a, ORF6, ORF7a and b,
ORF8, ORF10). Structural proteins are required for host cell entry,
viral assembly and exit (Barcena et al. 2009; Hoffmann et al. 2020).
Nonstructural proteins are involved in genome replication-
transcription and formation of vesicles (Hagemeijer et al. 2014),
whereas accessory proteins interfere with host innate defense
mechanisms (Wu et al. 2020a; Wu et al. 2020b; Liu et al. 2014).
During genome replication within the host, the virus acquires
genome mutations, which can be passed on to virus progeny in
subsequently infected individuals.

More than 52,600 complete and high coverage genomes are
available on GISAID as of August 11. Systematically tracking of
mutations in SARS-CoV-2 genomes is, therefore, important as it allows
monitoring of the molecular epidemiology of circulating viral
sequences nationally and internationally. Here, we have investigated
the nucleotide variation landscape of a large set of globally derived
SARS-CoV-2 genomes and defined major mutation events. This
analysis allowed us to produce a first-generation genetic classifier or
'barcode’ defining the major clades of the virus circulating up to May
28, 2020. Notably, this barcode allowed reliable tracking of the spatial
distribution and prevalence of these viral clades over time. While most
of the nonsynonymous mutation events appear neutral with respect to
protein function and stability, we also found evidence of mutations in
the spike protein that may modulate interactions between SARS-CoV-
2 and the human host.

Materials and methods
Phylogenomic analysis

1427 coronavirus genomes were downloaded from Virus
Pathogen Database and Analysis Resource (ViPR)(Pickett et al.
2012) on February 14, 2020, including 329 SARS, 35 SARS-CoV-2, 61
HCoV-NL63, 521 MERS, 52 HCoV-HKU1, 170 HCoV—-0C43, 97 bovine
coronaviruses, and 61 mouse hepatitis viruses. Sequence alignment
was performed using MAFFT (version 7.407) (Katoh and Standley
2013) software and then trimmed by trimAL (version 1.4.1) (Capella-
Gutiérrez et al. 2009). Phylogenetic analyses of the complete
genomes were done with FastTree (version 2.1.10) (Price et al.
2009) software with default parameters, and iTOL (version 5)
(Letunic and Bork 2007 ) was used for phylogenetic tree visualization.

21,789 complete SARS-CoV2 genomes were downloaded from
GISAID (Shu and McCauley 2017) (May 28, 2020). Sequence

Table 1
Primer sets for targeted multiplex PCR.

alignment was performed with MAFFT (version 7.407) (Katoh and
Standley 2013) and trimmed by trimAL (version 1.4.1) (Capella-
Gutiérrez et al. 2009). Phylogenetic analyses of the complete
genomes were performed with RAXML (version 8.2.12) (Stamatakis
2014) with 10,000 bootstrap replicates, employing the GTRCAT
model. A random set of genomes from each defined subclade was
used to generate a simplified phylogenetic tree using the same
method. iTOL (version 5) (Letunic and Bork 2007) was used for the
phylogenetic tree visualization. Single nucleotide polymorphisms
(SNPs) from each of the genomes were called by Parsnp (version 1.2)
from the Harvest suite (Treangen et al. 2014) using MN908947.3 as
the reference genome, and the SNPs were further annotated by
SnpEff(version4.3 m)(Cingolanietal. 2012). To compare the lineages
recently defined by Rambaut and colleagues (Rambaut et al. 2020),
Pangolin software (version 1.1.2) was applied to assign the
assemblies belonging to each clade in our study.

Sequencing-based multiplexed genotyping

Sequencing-based multiplexed genotyping primers (Table 1)
were designed and tested on SARS-CoV-2-positive RNA samples
collected from nasopharyngeal swabs of critical patients in
Sulaiman Alhabib Hospital in Riyadh, Saudi Arabia. The swab
was placed in 1 mL of TRIzol (Ambion, USA) and transported to
King Abdullah University of Science and Technology (KAUST) for
further downstream applications. RNA was extracted using the
Direct-zol RNA Miniprep kit (Zymo Research, USA) following the
manufacturer’s instructions. RT-PCR was done using the one-step
SuperScript Il with Platinum Taq DNA Polymerase (Thermo Fisher,
USA) on the 7900 H T Fast Real-Time PCR instrument (Applied
Biosystems, USA). We chose 24 SARS-CoV-2 positive samples and
generated cDNA using the VILO™ Superscript™ III kit (Thermo-
Fisher, USA), and amplicons encompassing clade-specific SNPs
were produced with the Q5 Hot Start High-Fidelity Master Mix
(NEB, USA). The thermocycling conditions employed in this study
were as follows: one cycle of 98 °C for 30 s followed by 35 cycles of
98 °Cfor 10 s, 64 °C for 30 s and 72 °C for 30 s, followed by the final
extension at 72 °C for two minutes. The PCR products were
electrophoresed on a 2% (w/v) agarose gel. The Illumina library
preparation was performed using the ARTIC V3 PCR tiling protocol
(https://artic.network/ncov-2019) with 20% PhiX control and a
loading concentration of 8 pmol. The prepared libraries were
sequenced on a MiSeq platform using a 600 cycle V3 kit with
paired-end sequencing. To facilities the virus clade typing from the
data generated by MiSeq, a Python script was developed using the
mapped. bam file as the input. The barcode and clade information
can be obtained using the script from the. vcf files generated by
bcftools outputs (https://github.com/raeece/sarscov2barcode).

Clade  Position in the Primer sequence

Amplicon size Melting temperature Ty, (°C)

genome (bp)
Ge1a 241 GF-1: 5'- TGTCGTTGACAGGACACGAG-3’ GR-1: 5'- TCCTCCACGGAGTCTCCAAA-3’ 228 60.94 59.33
Ge1a 3037 GF-2: 5’- ATGAGTTCGCCTGTGTTGTG-3’ GR-2: 5’- TGTCTGATTGTCCTCACTGCC-3’ 392 58.77 60.00
Ge1a 14,408 GF-3: 5’ - TGGGATCAGACATACCACCCA - 3’ GR-3: 5’ - GTGCAGCTACTGAAAAGCACG - 334 60.27 60.40
3
Ge1a 23,403 GF-4: 5" -CTGATGCTGTCCGTGATCCA - 3’ GR-4: 5’ - ACTAGCGCATATACCTGCACC - 3' 302 59.82 60.00
Ssa 8782 SF-1: 5’- GCGTCATATTAATGCGCAGGT-3’ SR-1: 5'- GCAGCCAAAACACAAGCTGA-3' 663 59.47 59.90
Sga 28,144 SF-2: 5’ - CGTGGATGAGGCTGGTTCTA - 3’ SR-2: 5’ - CCCACTGCGTTCTCCATTCT - 3' 300 59.18 60.04
Vas1 26,144 VF-1: 5’- TCAGGTGATGGCACAACAAGT-3’ VR-1: 5'- GTACGCACACAATCGAAGCG-3" 468 60.13 60.25
I37g 1397 IF-1: 5" - GAAACTTCATGGCAGACGGG-3’ IR-1: 5' - GCTAGCACGTGGAACCCAAT-3* 303 59.20 60.68
I7g 28,688 IF-2: 5’ - ACCGCTCTCACTCAACATGG - 3’ IR-2: 5’ - GCAGTACGTTTTTGCCGAGG - 3' 632 60.04 60.11
D392 1440 DF-1: 5’ - AGGTGCCACTACTTGTGGTT - 3' DR-1: 5’ - AGTTTCAAGAGTGCGGGAGA - 3’ 607 59.16 58.95
D392 2891 450 60.27 60.34

DF-2: 5’ - CGGTGCACCAACAAAGGTTAC - 3’ DR-2: 5’ - GCAGAAGTGGCACCAAATTCC -
3
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We calculated the maximum throughput of samples for
genotyping on the MiSeq run based on the following assumptions:
(i) targeted sequencing depth of at least 100X, pair-end reads
across ten positions per sample except the position 28,688 for
which the targeted depth was 30X, (ii) MiSeq V3 kit generates 44—
50 million reads and 70% of the total reads are higher than Q30 as
specified by Illumina (https://www.illumina.com/systems/se-
quencing-platforms/miseq/specifications.html).

Protein structure analysis

Experimentally determined protein structures were obtained
from the Protein Data Bank (PDB). SwissModel (Arnold et al. 2006), I-
Tasser (Yang et al. 2014), RaptorX (Kdllberg et al. 2014), and an in-
house modeling pipeline was used to produce protein structure
homology models. Phobius (Kall et al. 2007) was used for the
prediction of transmembrane regions. RaptorX was also used for
predicting secondary structure, protein disorder, and solvent expo-
sure of amino acids. Pymol (version 1.8.6.2) was used for visualization.

A Tree scale: 0.001 ————
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[ Clade s
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Results

Five clades of SARS-CoV-2 are characterized by 11 major mutational
events across the globe

The SARS-CoV-2 genome is genetically most closely related to
horseshoe bat SARS-related coronaviruses (Lu et al. 2020; Zhu et al.
2020) (SARSr-CoV), 96% to RaTG13, 93% to RmYNO2 (Zhou et al.
2020), and 88% to bat-SL-CoVZ(C45 and bat-SL-CoVZXC21 and also
to SARSr-CoVs from pangolins (Tang et al. 2020) (Fig. S1). We
studied the chronological occurrences of SARS-CoV-2 genomes
during the early stages of the pandemic and global spread of the
SARS-CoV-2 across human populations, which allowed us to define
several clades of the virus that share unique SNPs. We observed
8427 SNPs in the current dataset (May 28, 2020), and we defined
five major clades that contain 15 subclades (Figurel, Fig. S2)
compared to the prototype (MN908947.3). The clades were named
by their respective amino acid mutations: Sg4 (Orf8, L84S), V35
(Orf3a, G251V), I35 (Orflab, V378I), D3o, (Orflab, G392D), and Gg14

Tree scale: 0.00001
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Figure 1. Clades of SARS-CoV-2. (A) A global SNP-based radial phylogeny of SARS-CoV-2 genomes defining five major clades (Gei4, Ss4, V251, I37s, and Dsg;) and several
subclades based on nucleotide substitution events. (B) A simplified phylogenetic tree to illustrate the evolutionary relationship of the clades/subclades based on a random
sampling of complete genomes from each subclade. (C) The clade and subclade-defining SNPs for each clade and subclade. *These SNPs are developed independently in more
than one clade hence are not clade-defining SNPs (refer to Fig. S2). (D) A comparative guide to clades defined by our study and the lineages recently defined by Rambaut et al.
(Rambaut et al. 2020) and GISAID (Shu and McCauley 2017).


https://www.illumina.com/systems/sequencing-platforms/miseq/specifications.html
https://www.illumina.com/systems/sequencing-platforms/miseq/specifications.html

Q. Guan et al./International Journal of Infectious Diseases 100 (2020) 216-223

.n\lfricz (N=857) Asia (N=5,147) North America (N=13,792)
L Not Assign

Europe (N=39,259)
ed 0,

v, Not Assigned
o 1% 3% 3% o 4%

s > Not Assigned p >
oot Vi g g
- o = .
1%
G ¥ b
Not Assigned 44% R i
N 36%

3 Gu
% v, 904

1%

Not assigned
[ JEN

o Dss

219

Global

Oceania (N=2,600) 100%
Not Assi

D
1%

South Amerjca (N=1,069)
igned o Rot Auleac
% %

6%

%
Y :
8% ¢

Gu
63%

Feb

Mar  Apr  May

Figure 2. Global distribution of various major and minor clades of SARS-CoV2 genomes and their relative prevalence over six months from December 24, 2019, to June 30,
2020, from the outbreak and early stages of the pandemic. The size of each pie chart is proportional to the numbers within each respective clade. The cumulative trend of the
clades is shown on the right, and the span of time indicates the first and last observed cases in each particular clade.

(S, D614G). A collapsed simplified phylogenetic tree to illustrate
the subclades' correspondence is shown in Figure 1B along with
the clade-defining mutations (Figure 1C). Recent work has defined
(Rambaut et al. 2020) two viral lineages - A and B (analogous to
clades L and S described in (Tang et al. 2020)). The major clades
proposed here correspond to lineage A (Clade Sg4), lineage B.2, B.7,
and B.10 (Clade V,s;), lineage B.1 (Clade Gg14), lineage B.4 (Clade
I378), B.3 (Clade Dsg,) (Figure 1D). Due to intrinsic virus mutation
rates, further refinements in nomenclature will likely need to be
defined in the future; however, a robust, high throughput
barcoding scheme will be required to breach the surveillance
gap and lag time between molecular diagnostics and full-genome
sequencing to provide actionable genetic surveillance data.

To obtain a global picture of the clades' regional distribution
during the six months, December 24, 2019 to June 30, 2020, we
plotted the relative proportions of the major clades and their
cumulative trends (Figure 2). We observed major differences in the
apparent spread for individual clades: Clade Gg4 represents 71.14%
of all the sequenced viral sequences, followed by Sg4 (10.85%), V25,
(7.66%), D39, (1.03%), and 375 (1.70%). The remaining 7.6% were not
assigned to a major clade. Clade Gg4 is widely distributed globally;
whereas Clade Sg4 represents 17% of North American sampled
genomes, and 16% of those from Oceania. Asia has the greatest
number of unassigned genomes (36%). The global and regional
cumulative trends were plotted over time, revealing the increasing
dominance of few clades in each geographic region in the sampled
genomes (Figure 2). This is likely attributable to founder effects
during the early phases of the seeding of the local epidemics from
imported cases and subsequent dissemination in the regions.

Newly sequenced SARS-CoV-2 genomes could be assigned to clades
using a rapid NGS-based genotyping protocol

We have validated a set of oligonucleotide primers (Fig.S3) that
can be utilized for rapid NGS sequencing-based genotyping of the
major clades of SARS-CoV-2 using an Illumina MiSeq 600 V3 kit
(Figure 3A). We have tested this protocol on 24 RNA samples from

COVID-19 patients and generated the barcode information from
the publicly accessible Python script (https://github.com/raeece/
sarscov2barcode). The sequencing results show a high coverage of
reads in the amplified regions across all 24 samples except for the
position 28,688, which accompanies a G1397A mutation (Figure
3B). We observed the C241 T, C3037 T, C14408 T, and G23403A
substitutions in all 24 tested samples, indicating that they all
belong to Clade Gg4.

Based on our calculation, roughly 78 K reads are needed for a
given sample to obtain >800X genome coverage in ten clade-
defining sites (Table S1), except position 28,688 (30X coverage).
Based on the commercially-available multiplexing solutions
available for Illumina library preparations, up to 384 samples
can be processed with a MiSeq V3 600 Cycles kit in a single run to
obtain reliable genotype information on the major clades. A higher
number of samples could be genotyped with higher levels of
multiplexing with custom-made index sequences for significant
cost reduction in the future.

The robustness of our 11-site genomic barcoding method was
verified by assigning ~93.68% of the 79,486 SARS-CoV-2 genomes
that became available in GISAID until August 3, 2020, to one of the
five major clades. This barcode represents a snapshot of the early
phases of the genetic diversity of the virus during the first six
months of its global spread and is expected to change over time;
however, a barcoding strategy to monitor the progress of virus
elimination after vaccines become widely available will be
strategically useful to monitor decreases in viral genetic diversity
over time. Our barcode could also serve as a reference for setting
the baseline for global genomic diversity analysis at the beginning
of the pandemic.

Mutations are not equally distributed across the SARS-CoV-2 genome

Based on our analysis, we observed that the genes Orf3a, Orf6,
Orf7, Orf8, N, and Orf10 accumulated markedly more mutations
than expected solely by random drift (Fig. S4) (e.g., Real/Expected
ratio: N: 1.43; ORF3a: 1.52; E: 1.17). This mutation rate may indicate
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Figure 3. Workflow from clinical sample collection, next-generation sequencing, and SARS-CoV-2 clade assignment. (A) Schematic representation of the genotyping method
described in this study. Positive samples were subjected to RNA extraction and multiplex RT-PCR. The amplicons were purified and prepared for the Illumina library. The
sequencing was performed using the MiSeq 600 cycles V3 kit, and results were analyzed using our clade-defining script. (B) Boxplot of the coverage showing the log fold depth
of the eleven clade-defining positions across the 24 SARS-CoV-2 genomes in multiplex sequencing-based genotyping. The primer sequences and PCR products of each pair of
the primer are shown in Table 1 and Fig.S3.

adaptation to the human host following recent spillover from an, as
yet, unknown animal reservoir. Conversely, several nonstructural
proteins showed a lower-than-expected mutation rate (e.g., Real/
Expected ratio: nsp5: 0.81; nsp10: 0.74). These proteins are
predicted to be involved in evading host immune defenses, in
enhancing viral expression, and in cleavage of the replicase
polyprotein, based on prior studies of related beta coronaviruses
(Baez-Santos et al. 2015; Posthuma et al. 2017). Hence, this lower
mutation rate may indicate purifying selection to maintain these
functions essential for efficient immune evasion and subsequent
viral dissemination. Indeed, structural proteins in coronaviruses
undergo a greater degree of antigenic variation, which increases
the fitness of the virus, utilizing adaptation to the host and by
facilitating immune escape (Walls et al. 2020).

Structural protein modeling confirmed that most of the
nonsynonymous mutations in the nonstructural proteins were
neutral (Figs. S5-S11). Conversely, several nonsynonymous muta-
tions in the spike protein might have functional consequences;
notably, the Ggi4 clade-defining mutation D614 G is located in
subdomain one (SD1; Figure 4, Fig. S5). In the trimeric S, D614
engages stabilizing interactions within SD1 (R646 or the backbone
of F592, depending on the chain) and with the S1 of the adjacent
chain (T859 and K854). Replacement of D614 with a glycine would
entail losing these stabilizing electrostatic interactions and
increase the dynamics in this region. Recent studies have shown
D614 G disrupts a critical interprotomer contact and that this
dramatically shifts the S protein trimer conformation toward an

ACE2-binding and fusion-competent state (Pascal et al. 2020).
Hospitalized patients with G614 had higher viral titers in upper
respiratory tract specimens, but no discernible differences in
disease outcome (Korber et al., 2020). Notably, V483A, V367 F, and
G476S are localized in the receptor-binding domain (RBD) of the
spike protein, which mediates binding to the host receptor
angiotensin-converting enzyme two (ACE2) (Figure 4) (Hoffmann
et al. 2020). All of the viral genomes harboring V483A and G476S
mutations belong to Clade Sgy4. Interestingly, the V367 F mutation
has appeared independently in Clade V,s; and Clade Sgy,
suggesting that this mutation is under positive selection and
contributes to viral fitness.

We found the V483A substitution has an equivalent amino acid
substitution located in a similar position within the RBD in the
MERS-CoV spike protein, which reduces its binding to its cognate
receptor DPP4/CD26 (Kleine-Weber et al. 2018). However, V483 is
more than 10 A away from ACE2 and could affect receptor binding
by SARS-CoV-2 only indirectly by altering the structural dynamics
of the RBD loop it is a part of. The V367 F mutation is located at an
even greater distance from ACE2 (Figure 4, Fig. S5). The exchange of
the small hydrophobic residue valine with bulky hydrophobic
phenylalanine might influence the efficiency of glycosylation of the
nearby N343 or the positioning of the sugars. The substitution
G476S would lead to possible clashes with predicted interacting
ACE2 residues and with the RBD residue N487. However, minor
reorientation of the side chains might allow an additional
hydrogen bond to be formed between S476 and ACE2 Q24 and
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Figure 4. Mapping of SARS-CoV-2 clade-defining mutations onto the proteins. Nonsynonymous mutations for proteins where the 3D structure was experimentally
determined (spike, nsp12/7/8) or can be inferred with reasonable confidence. Mutations are color-coded for the corresponding clades in Fig.3(D: magenta; G: light green; I:
blue; V: orange). For a detailed analysis, see Fig.S5-11. (A) The structure of the SARS-CoV-2 spike trimer in its open conformation (chains are cyan, magenta, and grey) bound to
the human receptor ACE2 (black) modeled based on PDB accessions 6m17 and 6vyb. Identified nonsynonymous mutations are shown as spheres in the model. For reasons of
visibility, only mutations of two of the three spike chains are labeled. memb. indicates the plasma membrane. (B) Fragment comprising residues 180-534 of nsp2, modeled by
AlphaFold35. Both clade-defining mutations are located in solvent-exposed regions and would not lead to steric clashes. (C) The substitution A876 T (corresponding to residue
A58 in the nsp3 cleavage product numbering) is situated in the N-terminal ubiquitin-like domain of nsp3. The structure of this domain can be inferred based on the 79%
identical structure of residues 1-112 from SARS-CoV (PDB id 2idy). The substitution A876 T can be accommodated with only minor structural adjustments and is not expected
to substantially influence protein stability or function. (D) The structure shows the nsp12 in complex with nsp7 (magenta) and nsp8 (cyan and teal), based on PDB 7btf. P4720
(P323 in nsp12 numbering) is located in the ‘interface domain’ (black). In this position, the P323 L substitution is not predicted to disrupt the folding or protein interactions
and hence is not expected to have strong effects. (E) A theoretical model for the Orf3a monomer has been proposed by AlphaFold36. The structure-function relationship of this
protein remains to be clarified. The mutation G251 V is located C-terminal to the ®-sandwich domain and the tail (marked by an asterisk).

E23, thus enhancing the affinity to ACE2 (Fig.S5). An equivalent
amino acid substitution located in an analogous position within
the RBD in the SARS-CoV spike protein was associated with
neutralization escape from monoclonal antibodies, together with
other mutations observed previously (Rockx et al. 2010).

Given that V483A and V367F are solvent-exposed and markedly
alter the surface characteristics of the RBD, they might also
facilitate antibody escape. Indeed, V483A mutation was shown to
give a selective advantage to the virus by escaping several
neutralizing antibodies (Li et al., 2020). Escape mutations in the
RBD of the SARS-CoV S protein (T332I, F460C, and L443R) were
identified previously (Rockx et al. 2010). These mutations
negatively impact viral fitness by reducing the affinity to the host
receptor (Tang et al. 2014). The nonsynonymous mutations in the N
protein, which have key roles in viral assembly, might also have
functional implications. The hotspot mutations S202N, R203K, and
G204R all cluster in a linker region where they might potentially
enhance RNA binding and alter the response to serine phosphory-
lation events (Fig.S6). The clade I37s—defining mutation (T28,688C)
in the nucleocapsid protein, which has key roles in viral assembly,
is synonymous. However, we observed nonsynonymous mutations
in the nucleocapsid protein that are predicted to have functional
implications. The hotspot mutations S202N, R203K, and G204R all
cluster in a linker region where they might potentially enhance
RNA binding and alter the response to serine phosphorylation
events (Fig. S6).

Discussion

This study has defined five major clades (Gg4, Sg4, V251, I378, and
Dsg,) of fully-sequenced SARS-CoV-2 genomes available until May
28, 2020, in the GISAID database. The clustering of these genomes
revealed the spread of clades to diverse geographical regions
(Figures 1, 2). This pattern contrasts with those observed for other
epidemic coronaviruses, such as MERS-CoV, which display distinct
geographical clustering (Kim et al. 2016). For example, clade Gg1a4,
which was first detected on January 28, is now dominant in the
sampled genomes globally, and its percentage is increasing
globally from Europe to North America, Oceania, and then to Asia
(Korber et al. 2020). This pattern demonstrates efficient viral
transmission through frequent intercontinental travel during the
period when international travel restrictions were only present
sporadically and which has enabled the virus to spread to multiple
distant locations within a short period of time. This observation
reinforces the importance of curtailing international travel and
imposing restrictions early in pandemics and imposing social
distancing to contain the global spread of viruses.

We have observed a distinct distribution of the major clades in
different parts of the world (Figure 2). Most of the viral genomes
that have not been assigned to a major clade are found in Asia and
have earlier detection dates in January and February around the
start of the epidemic in China. We observed a decrease in the
genetic diversity of the virus over time following dissemination
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from China, especially in Europe and North America that each
notably now has clade Gg14 as the predominant clade type, which is
likely due to the increased fitness advantage that this mutation
brings to the virus as was reported recently (Korber et al. 2020). An
important caveat of the present study is that the current sampling
of available public genomes likely does not represent the extant
genetic diversity of virus populations in circulation. This is due to
biases of genome data deposits from the sequencing laboratories
based mainly in the Northern hemisphere, and new datasets may
define new clades or subclades in the near future from other
regions, including Africa, the Indian subcontinent, and Latin
America from where there are comparably few genomes available
at present. In this case, additional identifiers within an evolving
barcode scheme can be added to track and monitor future
emerging clades with higher resolution.

On the other hand, the genetic stability of SARS-CoV-2 (Jia et al.
2020) may result in the continuing circulation of a limited number
of clades until such time as mitigation measures, including the
isolation of vulnerable populations and the availability of
efficacious antivirals and vaccines might reduce the genetic
diversity in circulation. This molecular genotyping approach has
been demonstrated for other viruses (e.g., measles, poliovirus,
rotavirus, and human papillomaviruses) with herd-immunity
vaccination programs working to eliminate pathogens from
endemic circulation in humans (Brown et al., 2019; Grassly,
2013; Mankertz et al., 2011; Soares-Weiser et al., 2012). The
availability of a barcoding scheme that rapidly generates SNPs
allowing clade assignment will be critical in this elimination phase
when widespread availability of vaccines permits eradication of
SARS-CoV-2 from endemicity in humans.

In this study, we have designed and tested the first iteration of a
multiplexed sequencing-based SARS-CoV-2 genotyping protocol
for major clade assignment (Figure 3). This will facilitate genetic
surveillance to be performed at a high-throughput level from
SARS-CoV-2 detection to clade assignment. Future versions of the
multiplexed primer sets can be optimized to cover the relatively
low coverage regions (position 26,144 and 28,688). We concluded
that the relatively low coverage at these two positions was a result
of the position of mutation relative to the amplicon sites and not
related to the PCR conditions used (Fig.S12). Our approach is also
compatible with genotyping by other platforms, such as the
MinION nanopore sequencer from Oxford Nanopore Technologies
(ONT). Different sets of primers can also be designed to meet the
requirements of different sequencing platforms. For example, the
amplicon sizes could be optimized for the Illumina iSeq100 for
rapid genotyping of a large number of samples without
compromising the robustness of the genotyping calls at a fraction
of current costs using a MiSeq. Moving forward, further studies
may also include subclade-defining sites to have a higher
resolution of each sequenced sample to assist in tracking and
surveillance of the virus. The U.S. Food and Drug Administration
(USFDA) has authorized the Illumina COVIDSeq test, which is
intended for the detection of SARS-CoV-2 virus RNA for research
use (https://www.illumina.com/products/by-type/ivd-products/
covidseq.html). According to the COVIDseq instructions, up to
384 results per lane can be processed on the NovaSeq 6000 System
for whole-genome sequencing. Our methodology is complemen-
tary to the COVIDSeq test and aimed at revealing the major clades
of the virus in a given sample.

Our work provides a baseline genomic epidemiology of SARS-
CoV-2 prior to the introduction of therapeutic and prophylactic
approaches. The mutational landscape of global populations of
over 21,789 SARS-CoV-2 genomes provides an evidence-based
framework for tracking the clades that comprise the pandemic on
different continents. However, due to the biases in the represen-
tation of countries depositing SARS-CoV-2 genomes, with over-
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representation of North American and European genomes, the
available genome data represents only a minute proportion of the
total COVID-19 positive cases from each of these regions.
Therefore, this may require that the genetic barcode described
here may need to be updated to be globally representative, once
sufficient numbers of genomes covering less represented parts of
the world are eventually sequenced and deposited in publicly-
available databases. As viral genetic diversity is anticipated to
decrease with the advent of widespread vaccination, the barcoding
approach will allow more rapid discrimination of autochthonous
and imported cases to monitor interruption of viral transmission.

Conclusion

This study provides a baseline reference of genomic diversity at
the early stages of the COVID-19 pandemic and will prove useful for
monitoring changes in circulating clades of SARS-CoV-2 in
different geographic regions over time. An 11-nucleotide genetic
barcode of SARS-CoV-2 is presented, which identifies the five
major clades of circulating viral genomes. The robustness of our 11-
site genomic barcoding approach was validated by correctly
assigning ~94% of the 79,486 SARS-CoV-2 genomes available in
GISAID until August 3, 2020, to one of the five major clades. We
have designed the first version of a high-throughput and robust
genotyping protocol that can be readily applied for SARS-CoV-2
detection and clade assignment. This barcoding strategy will be
important to target genomic sequencing efforts and monitor
decreases in viral genetic diversity as intervention approaches
become widely available.
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