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The pandemic due to the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the etiological
agent of coronavirus disease 2019 (COVID-19), has caused immense global disruption. With the rapid
accumulation of SARS-CoV-2 genome sequences, however, thousands of genomic variants of SARS-
CoV-2 are now publicly available. To improve the tracing of the viral genomes’ evolution during the
development of the pandemic, we analyzed single nucleotide variants (SNVs) in 121,618 high-quality
SARS-CoV-2 genomes. We divided these viral genomes into two major lineages (L and S) based on vari-
ants at sites 8782 and 28144, and further divided the L lineage into two major sublineages (L1 and L2)
using SNVs at sites 3037, 14408, and 23403. Subsequently, we categorized them into 130 sublineages
(37inS, 351in L1, and 58 in L2) based on marker SNVs at 201 additional genomic sites. This lineage/sub-
lineage designation system has a hierarchical structure and reflects the relatedness among the subclades
of the major lineages. We also provide a companion website (www.covid19evolution.net) that allows
users to visualize sublineage information and upload their own SARS-CoV-2 genomes for sublineage clas-
sification. Finally, we discussed the possible roles of compensatory mutations and natural selection dur-
ing SARS-CoV-2's evolution. These efforts will improve our understanding of the temporal and spatial

dynamics of SARS-CoV-2's genome evolution.
© 2021 Science China Press. Published by Elsevier B.V. and Science China Press. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction has a similarity of ~96% to the bat coronavirus RaTG13 [4], and of

~85%-90% to coronaviruses isolated from Malayan pangolins

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
the etiological agent of Coronavirus Disease 2019 (COVID-19), has
rapidly developed into a global pandemic. SARS-CoV-2 is a
positive-sense, single-stranded RNA virus [1-4] whose genome
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[5-8]. With the rapid accumulation of SARS-CoV-2 genomes
deposited in the Global Initiative on Sharing All Influenza Data
(GISAID, https://www.epicov.org) [9,10], thousands of single
nucleotide variants (SNVs) have been identified across different
isolated SARS-CoV-2 strains [11-20].

Previously, Tang et al. [12] analyzed 103 SARS-CoV-2 genomes
and demonstrated that SARS-CoV-2 could be divided into two
major lineages (denoted as Tang’s “L” and “S” hereafter) based on
two SNVs at sites 8782 and 28144 that had nearly complete

2095-9273/© 2021 Science China Press. Published by Elsevier B.V. and Science China Press.
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linkage (reference genome: NC_045512 [1]). Tang’s L strains exhib-
ited a “CU” haplotype (defined as “L” lineage because U28144 is in
the codon of leucine), and S strains exhibited a “UC” haplotype (de-
fined as “S” lineage because C28144 is in the codon of serine) at
these two sites. Tang et al. [12] introduced the principle of out-
group rooting using coronaviruses isolated from bats and pan-
golins, which distinguished ancestral S from derived L viral
genomes. Forster et al. [ 16] published another analysis almost con-
temporaneously that confirmed the bat outgroup rooting and
introduced a nomenclature based on the ancestral type “A” and
the derived types “B” and “C”. These two sites have also been used
to delineate SARS-CoV-2 lineages in other studies [13,15,17,21,22].
For instance, the designation of A and B lineages by Rambaut et al.
[21] was based on these SNVs at sites 8782 and 28144 (Rambaut’s
A corresponded to Tang’s S and Forster’s A, and Rambaut’s B corre-
sponded to Tang's L and Forster’s B and C). Based on SNVs at these
two sites and other sites, GISAID (http://gisaid.org) divided SARS-
CoV-2 genomes into four major groups (S, L, V, and G), and Next-
strain (https://nextstrain.org) [22] categorized them into five
major clades (19A, 19B, 20A, 20B, and 20C). It is worth noting that
the outgroup rooting was not considered in the lineage/clade des-
ignation by Rambaut et al. [21], GISAID, or Nextstrain [22]. The
detailed relationships among these nomenclature systems were
presented in Table S1 (online).

During the development of the COVID-19 pandemic, numerous
subtypes have arisen which may deserve further labels. Although
the phylogenetic method is powerful for revealing the genetic
relatedness of SARS-CoV-2 strains, phylogeny alone is not suffi-
cient for tracing viral genealogies when both the ancestral and
descendent samples are analyzed [23,24]. Moreover, the similari-
ties within a large number of viral sequences have posed a signif-
icant challenge to inferring a reliable phylogeny of SARS-CoV-2
genomes [25]. To better trace the evolution of the viral genomes
and facilitate comparison of patient samples taken at different
stages of the pandemic, we analyzed SNVs in 121,618 high-
quality SARS-CoV-2 genomes and expanded the previous L and S
lineage designation in this study. Inspired by the nomenclature
systems of the human Y chromosomes [26,27] and mitochondrial
genomes [28], we refined our lineage designation system into
130 sublineages based on marker SNVs at 206 genomic sites, most
of which exhibited strong linkage. Our hierarchical lineage/sublin-
eage classification system, which is rooted with the outgroup and
coupled with the haplotype network analysis, allows us to trace
the circulation of SARS-CoV-2. A user-friendly website
(www.covid19evolution.net) that enables easy, detailed visualiza-
tion of the global distribution of SARS-CoV-2 lineages and sublin-
eages was constructed. Finally, we discussed the possible roles of
compensatory mutations and natural selection during SARS-CoV-
2 evolution.

2. Materials and methods
2.1. Genome sequence processing

We downloaded 217,305 SARS-CoV-2 genomes from the GISAID
database (http://gisaid.org, as of December 2, 2020; the detailed
information for the authors and originating and submitting labora-
tories of the sequences were acknowledged in Table S2 online). We
preserved the genome that was longer than 29,000 nucleotides
(after removing Ns) and aligned these 202,679 genome sequences
to the reference sequence (Wuhan-Hu-1, GenBank: NC_045512,
GISAID: EPI_ISL_402125) using MAFFT v7.453 (--auto) [29]. We
used snp-sites (-v) [30] to identify SNVs and BCFtools v1.8 (merge
--force-samples -0 v) [31] to merge the vcf files. To minimize the
impact of sequencing errors, nucleotides at the 5’ end (sites 1-
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220) and 3’ end (sites 29675-29903) relative to the reference gen-
ome were masked from further analysis. To control the potential
influence of sampling bias, we used USEARCH (v11, 64-bit) [32]
to group the genome sequences and obtained 158,151 unique clus-
ters under the threshold of 99.99% sequence identity. We selected
one representative genome with the least ambiguous nucleotides
(gaps and degenerate nucleotides) in each cluster. To further
reduce the possible impact of sequencing errors, we identified
the SNV sites that had MAF > 0.1% in the genomic regions spanning
coding regions (CDSs, 265—-29674) and required each genome to
have <5 ambiguous nucleotides and <50 SNVs in these regions.

2.2. Constructing the phylogenetic tree

MAFFT was used to align the 121,618 genomes after trimming
part of the 5 end (sites 1-220) and the entire 3’ end (sites
29675-29903; relative to the reference genome). To reduce com-
putational time, we further grouped the 121,618 high-quality gen-
omes with a sequence identity cutoff of 99.9% using USEARCH, and
obtained 10,061 non-redundant genomes for tree reconstruction.
The genome sequence of bat coronavirus RaTG13 (GenBank acces-
sion number: MN996532), and GD Pangolin-CoV (the SARS-CoV-2-
related viruses in Malayan pangolin samples obtained by anti-
smuggling operations by the Guangdong (GD) customs [7]; merged
from GISAID: EPI_ISL_ 410544 and Genome Warehouse:
GWHABKWO00000000 as previously described [12]) was sequen-
tially added as outgroups by MAFFT (--auto --add). IQ-TREE
v 2.1.2 (-m GTR + G-B 1000) [33] was used to construct the maxi-
mum likelihood phylogenetic tree. Interactive Tree Of Life (iTOL)
v 5 (https://itol.embl.de) was used to visualize the tree. The L
and S lineages were defined based on the SNVs at sites 8782 and
28144, as previously described [12]. The L lineage was further
divided into L1 and L2 major sublineages by three tightly linked
genomic variants (C3037U, C14408U, and A23403G) considering
the topology of the phylogenetic tree.

2.3. Linkage disequilibrium (LD) analysis

Haploview [34] was employed to analyze and visualize the LD
patterns. Occasionally, an LD pair in a certain sublineage was not
detected in the global population analysis because the variants
had very low frequencies and were neglected by Haploview, or
the LD detection was interfered by recurrent mutations. Therefore,
to recover the LD pairs significantly linked in a sublineage but
failed to be detected in the global analysis, besides the global viral
population, we also analyzed the LD patterns between SNVs in the
S, L1, and L2 clades, respectively. In case one site has multiple vari-
ants, only the reference allele and the most abundant alternative
allele were considered in the LD analysis. The vcftools v 0.1.15
(--plink) [35] and plink v 1.90b3.46 (--recode HV --snps-only
just-acgt) [36] were used to transform vcf file to linkage format
in the LD analysis.

2.4. Polarizing mutations in SARS-CoV-2

We first inferred the ancestral states of the 206 marker SNV
sites in SARS-CoV-2 using the maximum parsimony method based
on the multiple sequence alignment results of SARS-CoV-2 and
coronaviruses in bats and pangolins, which was recently evaluated
with molecular evolution simulations [37]. In addition, the 44-way
whole-genome sequence alignments of SARS-CoV-2 and bat coro-
naviruses in UCSC Genome Browser (http://genome.ucsc.edu/-
covid19.html) were also considered in the ancestral inference.
Occasionally, the ancestral state of an SNV site could not be unam-
biguously inferred based on the nucleotides in the outgroups. In
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such cases, ancestral inference in other sites that exhibited strong
LD with the site of interest was considered.

Overall, among the 206 marker SNV sites, except for sites 8782
and 28144 (the “UC” haplotype was ancestral as for sites 8782 and
28144), the nucleotides of the reference genome (NC_045512)
were inferred to be ancestral at the other 204 sites (see Fig. S1
online for details). Of note, there were two variants on site
29095 (reference: C, alternative: U). Although the U29095 variant
was observed in the orthologous sites of many SARS-CoV-2 related
coronaviruses, its frequency was very low in both S (1.3%) and L
(0.7%) lineages. Hence, we inferred the reference allele C29095 to
be the ancestral one, and recurrent mutations (C—U) occurred in
the S and L lineage independently.

2.5. Haplotype network analysis

For each of the 130 sublineages, the major haplotype sequence
was inferred for the 206 marker SNV sites. The nucleotides in the
206 orthologous sites of RaTG13 were used to root the haplotype
network. DnaSP v 6.12.03 [38] was used to generate the haplotype
data format, and PopART v 1.7 [39] was used to draw haplotype
networks. The haplotype network was inferred with the TCS Net-
works [40] and Median Joining Network [41] methods. Note that
an edge linking RaTG13 and the S7 node (distinct from S2 by the
U29095 variant) was manually removed in the haplotype network
because it was likely caused by a recurrent mutation on site 29095
in S7, which resembled the same state as RaTG13 on the ortholo-
gous site.

2.6. Temporal and spatial distributions of SARS-CoV-2 lineages

We extracted the detailed information of the high-quality SARS-
CoV-2 genomes (the dates and locations the viruses were isolated)
from GISAID for the temporal and spatial distribution analysis.
Samples without detailed date information were not considered.
We summarized the numbers and proportions of genomes at a
two-week interval. This analysis was carried out for the worldwide
samples and samples for each individual continent. We present
further detailed information on our website (www.covid19evolu-
tion.net).

3. Results
3.1. The spectrum of SARS-CoV-2 variants

We downloaded 217,305 SARS-CoV-2 genomes from the GISAID
database (http://gisaid.org, as of December 2, 2020; the detailed
information for the authors and originating and submitting labora-
tories of the sequences were acknowledged in Table S2 online). An
intense sampling of viruses in a specific location or during a short
period of time would cause an excess of highly similar viral gen-
omes in the GISAID database, and potentially leads to biased esti-
mations of the global frequencies of variants. Thus, we grouped
the viruses with at least 99.99% sequence identity to reduce the
potential influence of sampling bias. In total, we obtained
121,618 high-quality SARS-CoV-2 genomes after redundancy filter-
ing and quality control.

Among the 121,618 genomes, we identified 29,091 SNVs at
20,487 genomic sites after trimming the 5 (1-220) and 3’
(29675-29903) ends. The number of SNVs identified in the
untrimmed region of a single genome (relative to the reference
genome NC_045512) was 12 + 5 (mean + standard deviation; rang-
ing from O to 198). Of these identified SNV sites, 13,001 (63.5%)
were bi-allelic and 7486 (36.5%) were multi-allelic. The majority
of these SNVs had very low minor allele frequencies (MAF), includ-
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ing 9839 singletons (33.8%). Only 28 variants had a MAF of >5%,
including 14 nonsynonymous (nonsyn) sites (1059, 1163, 11083,
14408, 21614, 22227, 22992, 23403, 25563, 28854, 28881,
28883, 28932, and 29645), 13 synonymous (syn) sites (445,
3037, 6286, 7540, 16647, 18555, 18877, 20268, 21255, 23401,
26801, 27944, and 28882), and one noncoding site (241). Fig. S2
(online) presented the frequency spectra of the minor alleles in
the CDSs across these genomes.

3.2. The phylogeny of SARS-CoV-2 strains

Previous studies used bat coronavirus RaTG13 or pangolin coro-
navirus to root SARS-CoV-2 evolution [12-16,19]. At that time, the
accuracy of such ancestral inferences remained uncertain [42-45].
Recently, molecular evolution simulations have demonstrated that
using these animal coronaviruses as outgroups can yield an accu-
racy of >95.98% for inferring the ancestral state for a variant of
SARS-CoV-2 [37]. Here, we first reconstructed the phylogenetic
tree of the SARS-CoV-2 genomes using the maximum-likelihood
method, with RaTG13 and a pangolin coronavirus as outgroups.
Since phylogeny reconstruction with all the genomes is computa-
tionally challenging, we clustered the 121,618 high-quality gen-
omes with a sequence identity cutoff of 99.9%. This yielded
10,061 non-redundant genomes that were used for tree recon-
struction. Out of the 10,061 genomes, 9698 (96.4%) belonged to
the L lineage (C8782 and U28144), 339 (3.4%) belonged to the S lin-
eage (U8782 and C28144), while 24 (0.2%) could not be categorized
as either L or S lineage. These results demonstrated the robustness
of delineating the L and S lineages despite the extensive accumula-
tions of the sequenced viral genomes during the development of
the COVID-19 pandemic.

As expected, the phylogenetic tree showed a clear delineation
between the L and S lineages (Fig. 1). Consistent with previous
observations [12-16,19], S was more closely related to RaTG13
and GD Pangolin-CoV than L. The L lineage could be further divided
into two major sublineages (L1 and L2) using three tightly-linked
SNVs (C3037U, C14408U, and A23403G). Specifically, out of the
9698 L-lineage genomes in Fig. 1, 524 (5.4%) belonged to the L1
sublineage (C3037, C14408, and A23403), and 9127 (94.1%)
belonged to the L2 sublineage (U3037, U14408, and G23403).
The remaining 47 (0.5%) could be assigned to neither the L1 nor
L2 sublineage.

3.3. Extensive linkage of genetic variants among SARS-CoV-2 genomes

For a pair of bi-allelic SNVs, there are four possible haplotypes,
namely AB, Ab, aB, and ab, where A and B are the ancestral alleles,
and a and b are the derived alleles at the two sites, respectively.
There are several possible evolutionary paths that lead to the four
observed haplotypes, such as recombination following mutations
(Fig. S3a online), multiple independent mutations (Fig. S3b online),
stepwise mutations followed by reverse mutations (Fig. S3c, d
online), or reverse mutations following simultaneous mutations
(Fig. S3e online). In principle, recombination is invoked to explain
the four haplotypes only when the recombination rate is substan-
tially higher than the mutation rate, which might be violated for
the SARS-CoV-2 viruses. The extent of non-random association of
two variants in a given population can be measured with the r?
metric, which is routinely used in population genetics. Briefly, let
p denote the frequency of an allele, then the LD coefficient
D = PagPay — PavPas and 12 = D*/(DAP,P5;)- The log of the likeli-
hood odds ratio (LOD) value can be used to measure the confidence
in the non-random association of alleles.

Consistent with the clear delineation between S and L in the
phylogenetic tree (Fig. 1), results of the LD analysis revealed nearly
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Fig. 1. The phylogenetic tree of 10,061 SARS-CoV-2 genomes. The phylogenetic tree was rooted with the bat coronavirus RaTG13 and GD Pangolin-CoV (the SARS-CoV-2-
related viruses in Malayan pangolin samples obtained by anti-smuggling operations by the Guangdong (GD) customs). Note that S was clearly delineated from L, and L further
separated into L1 and L2 major sublineages. Genomes from each lineage are colored (S: red; L1: green; L2: blue). The genomes that could not be assigned to S or L are in
purple, and the L-lineage genomes that could not be assigned to L1 or L2 are in yellow. Long branches are pruned for better visualization.

complete linkage between the SNVs at sites 8782 and 28144
(Table 1). Likewise, the distinction of L1 and L2 in the phylogenetic
tree (Fig. 1) is also congruent with the strong LD among sites 3037,
14408, and 23403 (Table 1). These observations inspired us to
identify the SNV pairs that were in significant LD systematically.
Specifically, we required a significant LD pair to meet three crite-
ria: 1) r2 > 0.9, 2) LOD > 150 (equivalent to P < 1071°%), and 3)
the minor allele frequencies of both sites were no less than 0.5%
in at least one major clade (S, L1, or L2). Besides 8782/28144 and
the 3037/14408/23403 linkage group (Table 1), we identified
another 128 SNVs in CDSs that formed 198 significant LD pairs
(53 pairs in S, 20 pairs in L1, and 125 pairs in L2; Fig. S4 online).
Thus, in total, we obtained 202 significant LD pairs (133 sites),
including 63 nonsyn/nonsyn, 106 syn/nonsyn, and 33 syn/syn pairs
(see Tables S3 and S4 online for details).

We polarized the SARS-CoV-2 mutations and summarized the
frequencies of the four possible haplotypes for each LD pair.
Intriguingly, for 179 out of the 202 significant LD pairs (101 out
of 105 pairs if only sites whose ancestral states could be inferred
with high confidence were considered), the haplotypes that had
both ancestral alleles (AB) or both derived alleles (ab) had higher
frequencies than the other two haplotypes across the 121,618 gen-
omes (i.e., pyz and p,, were greater than p,, and p;, see Fig. 2 for all
179 pairs and Fig. S5 online for 101 pairs in which the ancestral
states at both sites could be confidently inferred; see Table 2 for
some examples; see Tables S3 and S4 online for details). Overall,
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Table 1
Pairwise LD analysis for the marker SNVs at sites 8782/28144 (S/L delineation) and
sites 3037/14408/23403 (L1/L2 delineation).

r? (LOD)
Pair of sites
n=10,061 n=121,618 n = 202,679
8782, 28144 0.939 (1207) 0.953 (14,874) 0.952 (24,003)
3037, 14408 0.965 (2492) 0.957 (32,084) 0.953 (51,414)
3037, 23403 0.966 (2464) 0.963 (32,168) 0.958 (51,531)
14408, 23403 0.941 (2396) 0.947 (31,574) 0.948 (50,951)

LD was analyzed for the four pairs of sites in three datasets: (1) 10,061 genomes
used for the construction of phylogenetic tree; (2) 121,618 genomes obtained after
redundancy filtering and quality control; (3) 202,679 genomes obtained after initial
quality control. The LOD value is presented in parentheses.

these results suggest the existence of a potential functional associ-
ation between the derived variants in an LD pair.

Strikingly, 88.4% (178/202) of the significant LD pairs were fur-
ther grouped into haplotypes consisting of multiple SNVs. For
example, among the 53 LD pairs that had derived haplotypes
within S, 48 pairs formed six linkage groups (>3 SNVs). Among
the linkage groups that had derived alleles in the L lineage, the
SNVs at sites 3037, 14408, and 23403 had an average pairwise r?
value of 0.956 + 0.007 and a LOD value of 31,942 + 263. These three
nearly completely linked SNVs were used to classify the L lineage
into L1 (7720 genomes) and L2 (108,833 genomes) lineages, with
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Fig. 2. The frequencies of haplotypes for LD pairs. The normalized frequencies of the four haplotypes (namely AB, Ab, aB, and ab; A and B are the ancestral alleles, and a and b
are the derived alleles) for the 202 significant LD pairs. Each dot means the frequency of a certain haplotype for a pair, and the four haplotypes for an LD pair are connected

with lines.
Table 2
The observed numbers of haplotypes for seven pairs of sites.
Pair of sites AB Ab aB ab Nag Nap Na TNab Sum
8782/28144 UC UU CC CU 4138 84 80 117,236 121,538 Global
3037/23403 CA CG UA UG 11,947 210 155 109,224 121,536 Global
(7750) (159) (142) (109,115) (117,166) (L)
14408/23403CA CG UA UG 11,947 260 161 109,051 121,419 Global
(7750) (201) 147 (108,949) (117,047) (L)
3037/14408 CC CU UC UU 12,027 136 180 109,081 121,424 Global
(7784) (126) (163) (108,975) (117,048) (L)
4402/5062 UG UU CG CU 121461 0 3 50 121,514 Global
(4089) (0) (0) (49) (4138) (S)
1440/2891 GG GA AG AA 120,930 11 9 606 121,556 Global
(7069) (1) (1)  (603)  (7674) (L1)
1513/22377 CC CU UC UU 120,069 3 6 746 120,824 Global
(107,384) (3) (6)  (746) (108,139) (L2)

Global: all the 121,618 genomes were considered. For the pairs other than 8782/
28144, the sizes of the haplotypes (the numbers of genomes) in a major clade are
also given in parentheses. The inferred ancestral nucleotides are in black, and the
derived variants are in red.

L1 carrying the A23403 (S: A1841, D614) and L2 carrying the
G23403 (S: G1841, G614) allele. Of the 20 LD pairs with derived
haplotypes primarily within L1, 11 pairs formed three linkage
groups. Similarly, of the 125 LD pairs that had derived haplotypes
primarily within L2, 116 pairs formed nine linkage groups
(Table S5 and Fig. S6 online).

Altogether, a salient feature of the SARS-CoV-2 viral population
is the existence of strong haplotype blocks that are characterized
by tightly or even completely linked SNVs, which facilitates lineage
designation. We then utilized SNVs at these 133 sites in strong LD,
together with SNVs at 73 other sites that reached a MAF > 1% in at
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least one clade (S, L1, or L2) as markers for lineage and sublineage
designation. Besides sites 8782/28144 (used for L/S delineation)
and sites 3037/14408/23403 (used for L1/L2 delineation), SNVs at
195 sites were used as markers only within one of the three major
clades (S, L1, or L2), and SNVs at six sites (11230, 14805, 15324,
15406, 28854, and 28311) were used within two major clades
(see Table S5 online for details).

3.4. Defining lineages of SARS-CoV-2 genomes

To better trace the genealogies of the SARS-CoV-2 genomes, we
designated the sublineages within the S, L1, or L2 clade based on
marker SNVs at 201 genomic sites as described in the previous
section. In total, we designated 130 sublineages, including 35
sublineages in L1 (based on 44 sites), 58 sublineages in L2 (based
on 105 sites), and 37 sublineages in S (based on 58 sites) (Fig. S6
online). The nomenclature of a sublineage was in the format of
Lx or Sx, where x was an integer starting from 1. A sublineage could
be divided into 2nd-tier subclades, each of which ended with a
lower-case letter (e.g., L2b), which could be further divided into
3rd-tier haplotypes that ended with an integer (e.g., L2b5). Occa-
sionally, a 3rd-tier sublineage was divided into 4th-tier subclades
(ending with a lower-case letter, e.g., L2b5d), 5th-tier haplotypes
(ending with an integer, e.g., L2b5d2), and even 6th-tier sublin-
eages (ending with a lower-case letter, e.g., L2b5d2b). Thus, our
nomenclature system, which was based on nested or high-
frequency marker SNVs, was hierarchical.

The S lineage was divided into ten sublineages that were ter-
med S1-S10. Further classification of L1 yielded L1a-L1j sublin-
eages, whiles that of L2 resulted in L2a-L2g sublineages. To
obtain a fine-scale sublineage designation based on these selected
marker SNVs, we defined a derived haplotype within a certain
clade as a lower-tier subclade if that haplotype carried a marker



X. Tang et al.

SNV in at least ten viral genomes within S or L1, or in at least 100
genomes within L2. In Fig. 3, we presented the characteristic vari-
ants for a lineage/sublineage in a hierarchical order. Briefly, for a
specific clade (either a lineage or sublineage) to be further divided
into subclades, we looked out for specific characteristic variants
that uniquely defined each subclade. Except for sites 8782 and
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28144, the nucleotides in the reference genome at all the other
204 marker SNV sites were inferred to be the ancestral states.
Therefore, for any given clade, the subclade that carried the ances-
tral alleles was inferred to be the ancestral form to all the other
subclades within that clade. For instance, when the sublineage
L2c was further categorized into smaller sublineages based on
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Fig. 3. The hierarchical structure of the sublineage designation system based on marker SNVs. (a) The hierarchical structure of S, L1, and L2 lineages/sublineages. (b-d)
Hierarchical structures within S, L1, and L2, respectively. In (a-d), a colored triangle represented a subclade lineage, and the width of the triangle was in scale to the number of
the genomes in a clade. For a sublineage, the number of genomes, as well as its percentage in the major clades ((a) for all the genomes; (b-d) for S, L1, and L2, respectively),
were given in parentheses. All the SNVs were in coding regions, and the derived alleles (nonsyn, red; syn, blue) labeled in each branch were shared by all the descendant
subclades. Except sites 8782 and 28144, the nucleotides in the reference genome at all the other 204 marker SNV sites were inferred to be the ancestral states. All the variants
were given in the ancestral/position/derived format. The detailed information for the SNVs that specifically define each lineage or sublineage is given in Table S6 (online).
Note that these schemes illustrate how the lineages and sublineages are defined based on the derived variants in a hierarchical manner, and they are not presented in the

strict formats of phylogenetic trees.
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Fig. 3 (continued)

SNVs at seven sites (10870, 25505, 25906, 25996, 28651, 28869,
and 28975), the smaller sublineage L2c1 had the same nucleotides
as the reference genome at all seven sites (G10870, A25505,
G25906, G25996, 28651, €28869, and G28975). Whiles L2c2
was characterized with two derived variants (U10870 and
U28975), and the sublineage L2c¢3 carried five derived variants
(G25505, €25906, U25996, U28651, and U28869). As shown in
Fig. 3, it can be inferred that within L2c, L2c1 was ancestral, whiles
L2c2 and L2c3 independently evolved from it. We fully described
all the sublineage designation in Supplementary Information (on-
line). The detailed information for the characteristic SNVs used to
designate a lineage or sublineage is given in Table S6 (online),
and the consensus sequence of each sublineage across the marker
SNV sites is presented in Fig. S6 (online). The correspondence of
our nomenclature system to other studies is shown in Table S1
(online).
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Our analysis revealed that, out of the 121,618 genomes used for
lineage and sublineage designation, 4138 (3.4%) belonged to S,
117,236 (96.4%) belonged to L, and 244 (0.2%) belonged to Other
(0). Within L and S lineages, 5360 genomes (157 in S, and 5203
in L; 4.4% out of the total analyzed genomes) were labeled with *
(asterisk) symbols to represent uncertain belongingness of a sub-
clade in a given clade. For instance, S* belonged to the S lineage
but did not fall into S1-S10; S1b* belonged to S1b but did not fall
into any subclades in S1b (i.e., S1b1, S1b2, or S1b3). Generally, the *
strains were few in number in the viral population, presumably
due to mutations at the marker SNV sites, or due to sequencing
errors. It is also plausible that some * strains may represent the
transitional stages between two sublineages during viral evolution,
but they were under-represented in the GISAID dataset either due
to sampling bias or reduced fitness of the SARS-CoV-2 (see Supple-
mentary materials online for a detailed description). A small frac-
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tion of the analyzed genomes (7 in S and 475 in L lineage) had
ambiguity in sublineage assignment due to the presence of marker
SNVs for more than one sublineage. The presence of multiple sub-
lineage SNVs in the genome of a single strain could be due to
recombination, recurrent mutations, or sequencing errors.

3.5. Haplotype network analysis of SARS-CoV-2 genomes

The sublineages varied considerably in size within the L or S lin-
eage. This observed variation in the size of sublineages could be
attributed to at least three factors: 1) whether the sublineage has
an early or late origin, 2) whether the sublineage is under natural
selection, and 3) sampling bias. Within L, the largest sublineage
was L2d1 (19,319 genomes, 15.9% of all genomes), followed by
L2g3a (11,093, 9.1%), and the smallest sublineage was L1g2b (11,
< 0.1%). The S lineage was dominated by the S1b2a sublineage
(1214 genomes, ~1.0% of all genomes). Each of the other S sublin-
eages accounted for < 0.3% of all SARS-CoV-2 genomes we
analyzed.

The haplotype network analysis is powerful for tracing viral
genealogies when both the ancestral and descendent samples are
analyzed [23,24]. To trace the evolutionary trends of the SARS-
CoV-2 genomes, we reconstructed the haplotype networks of the
sublineages using all 206 marker SNV sites (Fig. 4). We used the
nucleotides in the 206 orthologous sites of RaTG13 in the haplo-
type network analysis. The same haplotype network topology
was obtained when the TCS Networks [40] and Median Joining
Network [41] methods were used. As expected, the network anal-
ysis showed a distinct separation between the L and S lineages, as
well as the delineation between L1 and L2 sublineages. Within S,
the sublineages S3-S10 were likely derived from S2 (Fig. 4). Within
L, the separation between L1 and L2 lineages was also clearly
shown in the network analysis results, with L1 and L2 designated
as the ancestral and derived forms, respectively. L1a and L2a were
inferred to be the ancestral forms in L1 and L2, respectively. The
haplotype network analysis, therefore, provided important insights
into the genealogies of the SARS-CoV-2 genomes.

3.6. The continuing evolution of SARS-CoV-2 genomes

Our preliminary analysis showed that 119,168 (98.0%) out of
the 121,618 non-redundant genomes had detailed date informa-
tion for virus isolation. When the lineages were traced over time,
we found that the L lineage kept increasing as the pandemic pro-
gressed (Fig. 5a). We observed a substantial increase in the fraction
of the L2 genomes, all of which carried the U3037, U14408, and
G23403 (S: G614) variants at the global level. Interestingly,
although the frequency of L2d (characterized with A28881,
A28882, and C28883) kept increasing until the end of July 2020,
the L2b (characterized with C445, U6286, C21255, U22227,
G26801, U28932, and U29645) genomes became dominant from
the beginning of August 2020. The frequency of L2c (characterized
with U15324) became higher from November 2020, although the
overall frequency of L2c was still relatively low (Fig. 5a, see
Fig. S7c online for other marker SNVs for these lineages).

The lineages were strongly biased in spatial distributions due to
high rates of strain isolation and sequencing in some locations as
compared to others. In Europe (n = 71,120), the majority (70,434,
99.0%) of the genomes belonged to the L lineage, with L2d
(26,206, 36.8%) and L2b (19,416, 27.3%) being the two largest sub-
lineages (Fig. 5b). Since the majority (59.7%, 71,120/119,168) of the
viral genomes in GISAID were sequenced in Europe, the frequen-
cies of viral sublineages in Europe were very similar to those at
the global level (Fig. 5b). However, the spatial distributions of lin-
eages/sublineages exhibited dramatically different patterns in
other continents. For instance, in Asia (n = 8066), 91.8% (7404) of
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the viral genomes belonged to the L, and 7.1% (576) belong to
the S lineage; the L lineage was initially dominated by L2d (2381,
29.5%), but the frequency of L2g substantially increased recently
(Fig. 5¢). In North America (n = 27,603), the majority of the gen-
omes belonged to the L lineage (25,279, 91.6%), of which L2g
(15,149, 54.9%) was the dominant sublineage (Fig. 5d). In Oceania
(n = 8973), L2d and L2g were the two dominant sublineages after
June 2020, and their frequencies alternated (Fig. 5e). In South
America and Africa, where the numbers of genomes in GISAID were
relatively small (n = 1307 and 2099, respectively), L2d seemed to
be the dominant sublineage (Fig. 5f, g). Similar patterns were
observed when we considered all the genomes deposited in GISIAD
(198,752 of the 202,679 genomes had detailed dates of virus isola-
tion, as of December 2, 2020; see Fig. S8 online for details). In
Figs. S9 and S10 (online), we presented the detailed numbers of
genomes in each lineage/sublineage at both global and at continen-
tal levels. A more detailed distribution of the viral lineages and
sublineages is shown on our user-friendly website
(www.covid19evolution.net).

The frequency of a viral variant can fluctuate temporally or spa-
tially due to sampling bias (i.e., the founder effect) [46,47]. Never-
theless, the frequencies of some viral variants may have changed
due to the transmission or pathogenicity of the virus. For example,
the A82V amino acid change in the glycoprotein of the Ebola virus
spread rapidly during the 2013-2016 Ebola outbreak, and the fre-
quency of this variant eventually reached over 90% among all
sequenced Ebola genomes [48]. Consequently, studies showed that
the A82V change increased viral infectivity in human and primate
cells [49,50]. Several recent studies have shown that some variants
of SARS-CoV-2 might be associated with viral transmissibility [51]
or pathogenicity [52]. All the sublineages in L2 carried the G23403
(S: G614) variant, which is known to be associated with increased
infectivity of SARS-CoV-2 [20,51,53-56] and mortality of COVID-19
[57-59]. Remarkably, as revealed by our analysis, the L2 sublineage
had exhibited a notable increase in frequency over time (Figs. 5
and S11a online; see Figs. S8 and S11b online for all the sequences).
This is consistent with a recent study that reported that the G614
variant was driven by adaptive evolution [60]. The pattern has
been observed in multiple regions (Figs. 5 and S11a online), indi-
cating that adaptive evolution might be an important force driving
the prevalence of the L2 sublineage. These results suggested the
SARS-CoV-2 genomes have been continuingly evolving during the
COVID-19 pandemic. One caveat is that the frequency of a sublin-
eage might be caused by sampling bias or founder effects. How to
separate the effect of natural selection from these confounding fac-
tors requires further studies.

3.7. Possible epistatic effects between tightly linked variants

A salient observation in this study is that dozens of SNVs exhibit
nearly complete linkage among the examined SARS-CoV-2 gen-
omes. This is surprising since there is very limited evidence yet
demonstrating that SARS-CoV-2 has undergone recombination
events. In principle, for a pair of bi-allelic SNVs that has four pos-
sible haplotypes (AB, Ab, aB, and ab; A and B are ancestral, and a
and b are derived at the two sites, as described above), one would
not expect to observe p, to be greater than both p,, and p,; under
neutral evolution. However, among the 202 significant LD pairs,
179 of them exhibited a pattern opposite to neutral expectation
at the global scale (Fig. 2a). One hypothesis to account for such
observed patterns is that there is extensive epistasis between the
SNVs in such LD pairs. Specifically, under the multiple independent
mutations model (Fig. S2b online), both A—a and B—b mutations
are deleterious, and hence both Ab and aB have reduced fitness
than AB. Nevertheless, the subsequent compensatory mutation
(e.g., A—ain the Ab molecule, or B—b in the aB molecule) produces


https://www.covid19evolution.net/

X. Tang et al.

Lobsdze ()L205d2b (@) L205b2

Science Bulletin 66 (2021) 2297-2311

L1h2b3
| Nonsynonymous | Synonymous
'-02 L1h2b2
&
N - o S6b3b
Lob5d3 . 2 9, \yL2b5b1 S e o $502
< 2 | o L1d
' 2 L2b4 L2b3b N S6b2¢c SEb2b
Q@ @ a5 P Q = | s5d1
L2b5d4 (). Lih2b1g o\ 379 ® sse
<\ o S6b3a &
L2b3a \ ¢ V S6b2 o S5b
L2d2 L2b5d1 @) L1 a
LZZ I {seb1 S5a
2 Loosa 2 54
L2c3 < _ o
- L1b2 /s6a 53
L2c1 L2b1 = .
< RaTG13
jo)]
L2d3c ‘ L1h2a () L1b1
7
L2d4
d4b L1h1 S1b2b
L2dsb @ L1a s1b2a S1b2e
L2d5¢c2 . S2\\ s1a
¢ L2d5c i L S1b S1b2d1
j
L2d6 L2e L1i2a 0) djé S1b2d2
L2d7 L2f1 @ LL1j2a . SN @ S1b3a S1b2f
L2d10a . <z o
L2g1 ¢ R 2 S1b2g
R L1i2b & S,
L2d8 L2d9b _d be ) LD S1b2h
L2d10b L2f3a | L2g2a L1i2e 7 O % §,S1002 S1b2e
O L2g4a % o] S1b3b
%\ ¥z
k ¢
¢ S1b2e2
o L2f2a L2f3b L2928, Quzgant L1j2g2 Qi j2g3a
L2f2b
L293b . L1j2d2 !
L2g3c | 204b3 o L1j2g3b
S ‘ L2g4b2 9 L1j2f2
L2g3d” L2g3e1 O ]
L2g3e2a O L2g3e2b  L1j2d3  HL1j2e

Fig. 4. The haplotype network of the 130 sublineages. The 206 marker SNVs were considered in the haplotype network analysis, and the major haplotype of each sublineage
was used as the representative of that sublineage. The size of each sublineage was scaled to the number of genomes in that sublineage. The number of variants (out of 206
sites) between two neighboring sublineages is labeled (red, nonsyn; black, syn). Note that, (1) although SARS-CoV-2 and RaTG13 differed by at least 1000 nucleotides at the
genome level, only 206 orthologous sites were considered in the haplotype network analysis; (2) the haplotype network reflected the relative relatedness between the
haplogroups but did not necessarily mean one haplotype directly evolved from the neighboring ancestral haplotype because some of the intermediate genomes might be
missing in the genomes so far sequenced; and (3) an edge linking RaTG13 and the S7 node (distinct from S2 by the U29095 variant) was manually removed in the haplotype
network because it was likely caused by a recurrent mutation on site 29095 in S7, which resembled the same state as RaTG13 on the orthologous site.

the ab haplotype with normal or even higher fitness. Similarly,
epistasis can also cause ab to have a similar or even higher fitness
than both Ab and aB in other scenarios such as recombination
(Fig. S2a online) or recurrent mutations (Fig. S2c, d online).

The possible epistasis between tightly linked variants was more
pronounced when we grouped the linked pairs into haplotypes
that carried multiple linked variants. For instance, for the
3037/14408/23403 linkage group which defined L1 and L2, 7720
genomes carried the ancestral allele (C3037, C14408, and
A23403), 108,833 genomes carried the triple-mutant allele
(U3037,U14408, and G23403), while only 22~141 genomes carried
the possible transitional haplotypes (Fig. 6a). In other words, the
A23403G mutation, which gives rise to the D614G variant in the
S protein that has been intensively studied [51,53-55,57-59],
was also tightly linked with the variants at sites 3037 (orflab:
C2772U, syn) and 14,408 (orflab: C14144U, P4715L). Similarly,
for the 28881/28882/28883 linkage group within the L2 lineage,
65,529 genomes carried the ancestral allele (G28881, G28882,
and G28883), 42,985 genomes carried the triple-mutant allele
(A28881, A28882, and C28883), while only 1-107 genomes carried
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the possible transitional haplotypes (Fig. 6b). Similar patterns were
observed for other linkage groups in L1 (Fig. 6¢c-e) or the S lineage
(Fig. S11 online).

More than three decades ago, Motoo Kimura proposed that
compensatory neutral mutants (i.e., two mutations that are dele-
terious individually but jointly restore normal fitness) may be an
important driving force of molecular evolution [61]. Here, our
observations suggested there might be extensive epistasis and
compensatory advantageous mutations between the tightly
linked variants. However, at this moment, we cannot rule out
the possibilities that other factors (such as sampling bias and
founder effects) shaped the observed patterns. Moreover, simul-
taneous mutations followed by reverse mutations (Fig. S2e
online) might explain the non-random associations between
the variants. For instance, the A28881/A28882/C28883 variants
likely resulted from one replication event and were then main-
tained by natural selection during evolution. Deciphering the
effects of individual and combinatorial variants will be of great
value for a deeper understanding of the genome evolution of
the SARS-CoV-2 virus.
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information. The number of genomes was summarized at a two-week interval, and the frequency of each sublineage (S1-S10, L1a-L1j, L2a-L2g, and other sublineages) in

each interval was calculated.

4. Discussion and conclusion

With the rapid increase in publicly available SARS-CoV-2
genome sequences, there are thousands of genetic variants of
SARS-CoV-2 available for analysis. In this study, we designated
SARS-CoV-2 lineages with 206 marker SNV sites, the majority of
which were in strong LD. Our nomenclature system of lineage
and sublineage designation has a hierarchical structure and is
reflective of the relative relatedness among the subclades of the
major clades. The accompanying website that we produced allows
users to visualize detailed lineage information and categorize anal-
yses based on SARS-CoV-2 genomes of interest.

Phylogenetic inferences are usually made under the assumption
of hierarchical bifurcating trees (i.e., one lineage splits into two
descendant lineages). However, the evolution of viruses often vio-
lates the bifurcating assumption and evolves in the form of multi-
furcation, especially in the existence of the super-spreaders. In
addition, the phylogenetic analysis can be complicated when both
the ancestral and descendent samples are analyzed [23,24]. Thus,
phylogeny alone might not be appropriate for tracing viral
genealogies. For instance, although the phylogenetic analysis
revealed the clear delineation between L and S lineages and the
distinction between L1 and L2 clades (Fig. 1), we obtained very
complicated results when we analyzed the phylogenetic relation-
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ships of the viruses within each of the three major clades (S, L1, or
L2). As shown in Fig. S13a (online), on the phylogenetic tree of the
S genomes, S1 was overall delineated from the S2-S10 genomes.
However, within S1, the S1b2a sublineages were scattered on mul-
tiple branches. Similarly, the S2 genomes were scattered on the
phylogenetic tree as well. On the other hand, the network analysis
revealed that within S1, other subclades radiated from S1b2a; and
that S3-S10 sublineages radiated from S2 (Fig. S13b online). Simi-
larly, the L1a genomes, which were inferred to be the ancestral
form within the L1 clade, were scattered on the phylogenetic tree
of the L1 genomes (Fig. S13c online; see Fig. S13d online for the
haplotype network of L1 clade); and the L2a genomes, which were
inferred to be the ancestral form within the L2 clade, were also
scattered on the phylogenetic tree of the L2 genomes (Fig. S12e
online; see Fig. S12f online for the haplotype network of L2 clade).
A possible explanation to reconcile these discrepant results is that
during the continuing evolution of the viral genomes, the SARS-
CoV-2 viruses experienced multifurcating forms of evolution in
each major clade. This inference was well congruent with the pre-
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viously reported super-spreader effect of this virus [62]. Since most
of the marker SNVs used to designate the sublineages were in
strong LD, we hypothesize that extensive compensatory nucleotide
changes occurred during the continuing evolution processes. Alto-
gether, our results supported the notion that combining the phylo-
genetic and haplotype network analyses better traces the
genealogies of the SARS-CoV-2 genomes during evolution.
Recurrent variants (homoplasies) are common in SARS-CoV-2
strains, although most of such variants tend to have very low fre-
quencies (usually < 1%) in SARS-CoV-2 populations [11,63]. In this
study, several marker SNVs (at sites 11230, 14805, 15324, 15406,
28311, and 28854), which might be due to recurrent variants, were
used to designate sublineages. One might question whether homo-
plasies may complicate our lineage designation. As shown in Fig. 3
and Fig. S6 (online), the nomenclature system in this study is hier-
archical, and the majority of lineages were defined based on nested
SNVs that usually exhibit strong (or complete) linkage. For exam-
ple, recurrent variants are very common at site 28854 [11]. Within
L2, the subclade L2d6 was characterized by the C28854U variant.
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However, the pre-requisite was that only strains that carry two
groups of linked variants (U3037, U14408, and G23403 that
defined L2, and A28881, A28882, and C28883 that further defined
L2d) simultaneously would be further examined for whether they
carry the C28854U variant for L2d6 designation. Although recur-
rent variants at site 28854 might be common in lineages other
than L2d6, they would have a very limited effect on the designation
of L2d6. Therefore, our lineage nomenclature system is hierarchical
and robust to individual recurrent variants.

The sublineages exhibited substantial differences spatially and
temporally. Our analysis showed that adaptive evolution is likely
to drive certain sublineages, such as L2, to increase the frequency
in multiple areas over the development of the pandemic. Besides,
our LD analysis also suggests the existence of possible compen-
satory substitutions between tightly linked variants during SARS-
CoV-2 evolution. The molecular mechanisms underlying these epi-
static interactions in viral transmission or pathogenicity are largely
unknown. The impact of individual variants and the combined
effects for the tightly linked variants on the transmission and
pathogenicity of SARS-CoV-2 need further studies.

Our lineage nomenclature system covered most of the major
variants in the SARS-CoV-2 genomes currently identified. Never-
theless, given the worryingly increasing number of COVID-19
patients across the globe, it will not be surprising that novel vari-
ants appear and get more prevalent in the SARS-CoV-2 popula-
tions. Thus, we will readily incorporate such variants and modify
the nomenclature of certain sublineages if necessary. For instance,
while this work was under review, VUI-202012/01 (also known as
VO0C-202012/01 or lineage B.1.1.7) [64-66], a new strain of SARS-
CoV-2 that might have higher transmissibility [67,68], rapidly
increased its frequency, especially in the United Kingdom
(Fig. S14 online). The VUI-202012/01 variant, which first appeared
on September 20, 2020, had a frequency of ~0.2% (410/202,679) as
of December 2, 2020, and its frequency increased to 4.84%
(17,043/351,918) as of January 14, 2021 (based on GISAID’s data).
The VUI-202012/01 variant carried all the eight tightly linked
variants used to define the L2d sublineage in our system
(Table S7 online). It carried 22 other variants/deletions, and none
of them overlapped with the marker SNVs we used for lineage/
sublineage designation (Table S7 online). We labeled this variant
as L2d11 in our system. The analysis will be regularly updated
based on the new sequences released in GISAID and other relevant
databases. The progress can be followed by searching on the web-
site (www.covid19evolution.net). Taken together, we believe this
study will improve our understanding of the evolutionary
dynamics of SARS-CoV-2 genomes at different temporal and spatial
scales.
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