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A B S T R A C T   

The widespread severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) continuously impacts our eco-
nomic and public health. The potential of emerging variants to increase transmissibility and evade vaccine- 
induced immunity lets us put more effort to research on viral mutations and explore the pathogenic haplo-
types. In this study, we characterized the haplotype and sub-haplotype diversity of SARS-CoV-2 global variants in 
January–March and the areas with low and high COVID19 vaccination rates in May 2021 by analyzing viral 
proteome of complete genome sequences published. Phylogenetic tree analysis of the proteomes of SARS-CoV-2 
variants with Neighbor-Joining and Maximum Parsimony methods indicated that haplotype 2 variant with nsp12 
P323L and Spike D614G was dominant (98.81%), including new sub-haplotypes 2A_1 to 2A_3, 2B_1 to 2B_3, and 
2C_1 to 2C_2 emerged post-one-year COVID-19 outbreak. In addition, the profiling of sub-haplotypes indicated 
that sub-haplotype 2A_1 with the mutations at N501Y, A570D, D614G, P681H, T716I, S982A, and D118H in 
Spike was over 58% in May 2021 in the high partly vaccinated rate group (US, Canada, and Germany). Mean-
while, the new haplotype 2C_3 bearing the mutations at EFR156-158del, T19R, A222V, L452R, T478K, and 
D614G in Spike occupied over 54.8% in May 2021 in the low partly vaccinated rate group (India, Malaysia, 
Taiwan, and Vietnam). Sub-haplotypes 2A_1 and 2C_3 had a meaningful alternation of ACE2-specific recognition 
site, neutralization epitopes, and furin cleavage site in SARS-CoV-2 Spike protein. The results discovered the 
haplotype diversity and new sub-haplotypes of SARS-CoV-2 variants post one-year pandemic in January–March 
2021, showing the profiles of sub-haplotypes in the groups with low and high partly vaccinated rates in May 
2021. The study reports the emergence of new SARS-CoV-2 sub-haplotypes during ongoing pandemic and 
vaccination in early 2021, which might help inform the response to vaccination strategies.   

1. Introduction 

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), 
firstly reported in China in December 2019 and defined as the corona-
virus disease in 2019 (COVID-19) by WHO on March 11, 2020 (Zhou 
et al., 2020). This novel virus was declared a highly transmissible and 
pathogenic virus that caused over 3 million deaths and over 183 million 
cases worldwide as of July 6, 2021. The ongoing outbreak of COVID-19 
has had devastating medical, economic, and social consequences. There 
is an urgent need to understand the novel virus evolution and devoted 
essential measures to keep the pandemic from being under control. 

It is noted that there has been a lack of effective therapies to treat 
COVID-19. It is clear that the SARS-CoV-2 shares 81.9% nucleotide 
similarity to subgenus Sarbecovirus in the Betacoronavirus genus, pre-
viously found in China (Wu et al., 2020). Similar to other coronaviruses, 
the novel SARS-CoV-2 virus is an enveloped, positive-sense-single- 
stranded RNA virus with a genome of approximately 30 kb encoding 
open reading frames ORF1a/b, spike (S), envelope (E), membrane (M), 
nucleocapsid (N), and several accessory proteins (Cao et al., 2021; Sola 
et al., 2015). The papain-like (within nonstructural protein 3, nsp3) and 
3C-like (nsp5) proteases auto-cleave ORF1a and ORF1b polyproteins 
divided into 16 nsps which are essential for viral replication and 
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transcription. For instance, the nsp12 (RNA-dependent RNA polymer-
ase, RdRp), nsp14 (exoribosome, ExoN), and nsp16 (ribose 2’-O-meth-
yltransferase, 2-O-MTase), showing the enzymatic activity in RNA 
synthesis and processing, have been considered as the targets for the 
development of antiviral agents (Müller et al., 2018; Ahmad et al., 2020; 
Hillen et al., 2020). The homotrimer S protein is a class I viral fusion 
protein. It is the structural protein at the surface of the virion which 
binds to the host cell angiotensin-converting enzyme 2 (ACE2) receptor 
and is known as the primary target for vaccine development (Korber 
et al., 2020; Walls et al., 2020). E protein is a small protein composed of 
75 amino acid residues and plays a significant role in viral morpho-
genesis and viral assembly in cooperation with the viral membrane. It 
has been shown to participate in activating the host inflammasome 
(Naqvi et al., 2020). The viral membrane (M) protein is the most 
abundant viral protein with higher conservation among SARS-CoV-2. 
The N protein is the only structural protein inside the virion that in-
duces severe immune response during infection. Hence it has potentially 
an essential target for vaccine development (Yang and Rao, 2021). 

Following the rapid expansion of this novel coronavirus, natural 
selection mutations may occur and cause changes in its infectivity, 
pathogenicity. The mutation of the virus also results in the emergence of 
highly infectious and lethal lineages that lead to failures of existing 
antibodies and vaccines (Parlikar et al., 2020; Phan, 2020). In early 
2020, ORF1a/b became one of the mutation hot spots with a mutation 
rate of up to 29.47%, particularly in nsp2, nsp3, and nsp12 (Pachetti 
et al., 2020; Ren et al., 2020). The variations within the S protein–cell 
receptor interface is more vulnerable to viral infectivity, in which the 
variant with S D614G emerged is the most prevalent clade at multiple 
geographic areas (Korber et al., 2020; Ogawa et al., 2020). SARS-CoV-2 
variants have been defined as the variants of interest (VOI), variants of 
concern (VOC), and variants of high consequence. Emerging SARS-CoV- 
2 variants in early 2021, including B.1.1.7/B.1.1.7 + E484K lineage 
(United Kingdom), B.1.351 lineage (South Africa), P.1 lineage (Brazil), 

and B.1.427/B.1.429 lineage (California) has rapidly become dominant 
in domestic and arousing global concerns (Wibmer et al., 2021). The 
B.1.1.7 lineage harbors three amino acid deletions and seven missense 
mutations in spike protein, including D614G and N501Y in the ACE2 
receptor-binding domain (Volz et al., 2021). This variant showed a 
significant increase in the adequate reproduction number but has a low 
impact on neutralization by monoclonal antibody therapy and conva-
lescent and post-vaccination sera (Collier et al., 2021; Shen et al., 2021; 
Wang et al., 2021). The P.1 and the B.1.351 variants have been shown a 
moderate impact on neutralization by BNT162b2- and mRNA-1273 
fully-vaccinated sera. Like B.1.1.7 lineage, the P.1 and the B.1.351 
have undergone an unusually large number of mutations (Collier et al., 
2021; Wang et al., 2021; Garcia-Beltran et al., 2021). 

At the moment of the ongoing COVID-19 outbreak and increasing 
partly and fully vaccinated rates, exploring haplotypes of current global 
SARS-CoV-2 variants is of great importance, particularly monitoring the 
prevalence of SARS-CoV-2 variants in the countries with low and high 
vaccinated rates. Moreover, the surveillance of the novel variants can be 
overcome by further evaluating the potential reduction in neutralization 
by monoclonal antibody treatments or convalescent and post- 
vaccination sera. The present study characterized the haplotype di-
versity and sub-haplotype distribution of SARS-CoV-2 variants post one- 
year spread in January–March 2021 and after increasing the COVID-19 
vaccination rate in May 2021 by analyzing the proteome of the variants 
sequenced in the open data. The study provided the difference of amino 
acid substitutions between proteomes of main haplotypes and sub- 
haplotypes in May 2021, understanding the impact on the efficacy of 
vaccines, therapeutics, and even diagnosis. 

Fig. 1. The workflow for the haplotype and sub-haplotype profiles of SARS-CoV-2 variants isolated post-one-year outbreak in January–March and the 
countries with low and high partly vaccinated rates in May 2021. Four hundred twenty complete proteomic sequences of global SARS-CoV-2 variants isolated 
from January to March 2021 were collected and combined with the reference of the complete proteomic sequence of Wuhan strain (NC 045512.2), and 117 complete 
proteomic sequences of the variants isolated in late 2019 and early 2020 reported (Infect Genet Evol. 2021 Jul;91: 104800), further followed the steps of alignment, 
protein-coding setting, phylogenetic analysis and classified the haplotypes and sub-haplotypes of global SARS-CoV-2 variants isolated from January to March 2021. 
In addition, the complete proteomic sequences of the variants isolated in low- and high-vaccinated rate countries in May 2021 were collected and followed the steps 
mentioned above to construct a phylogeny tree and classify the haplotypes and sub-haplotypes of the variants in low and high partly vaccinated rate groups in 
May 2021. 
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2. Materials and methods 

2.1. Data collection, phylogenetic tree construction, and (sub)haplotype 
classification of SARS-CoV-2 variants post one-year spread 

In order to generate the dataset of SARS-CoV-2 variants post one- 
year spread, the complete genome sequences of the variants were 
downloaded from the Virus Pathogen Resource database (www.viprbrc. 
org) follow the criteria: complete full-length genome (at least 29,000 bp) 
of SARS-CoV-2 in humans during the period from January to March 
2021. By the data collection time of March 14, the number of sequences 
was loaded up to 10,477 complete and non-duplicate genomes se-
quences from the USA. In order to collect the sequences, we selected and 
downloaded the 1st and the 26th sequence on each page displaying 50 
sequences per page by upload date. Hence, two sequences per page from 
210 pages of USA data (total 420 sequences) were retrieved to generate 

the equilibrium data. Together with 420 sequences from the USA, 212 
sequences from other global countries were recruited. Initially, 632 se-
quences were in the raw dataset, and then removed the duplicate se-
quences and the sequences with a high variant with gaps or high 
numbers of mismatched over 20 nucleotides with ‘N’ or other ambig-
uous IUPAC code (Korber et al., 2020). Finally, 420 complete genomes 
of the global SARS-CoV-2 variant were now ready for the next step. The 
cleaned dataset (420 sequences) was analyzed using the MEGA X soft-
ware, and the mutation data was exported into a .csv file. Later, these 
files were observed mutation contained in variant clades and sub-clades 
defined from the phylogenetic tree and bootstrap data. The data was 
later aligned against the Wuhan-Hu-1 strain NC_045512.2 as a reference 
by using the alignment program online MAFFT (Multiple Alignment 
using Fast Fourier Transform) (Katoh and Standley, 2013). To keep the 
coding regions, the upstream of nsp1, the non-coding regions, and the 
downstream of ORF10 were deleted using the MEGA X software (Kumar 

Fig. 2. The haplotype and sub-haplotype profiling of global SARS-CoV-2 variants post 1-year pandemic. NJ phylogenetic tree analysis of complete proteomic 
sequences from 420 SARS-CoV-2 global variants, sequenced in January–March 2021 and 117 haplotype-defined variants, collected post-6-month spread. The 
evolutionary distances were computed to scale, with the percentage of replicate trees in which the associated taxa clustered together in the bootstrap test. The data of 
bootstrap of specific haplotype and sub-haplotype were marked next to each branch (A). The circle version of the phylogenetic tree analyzed was shown (B). 
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et al., 2018). The final clean and coding regions only dataset were used 
to construct the phylogenetic tree of the proteomes of SARS-CoV-2 
variants with both two methods, including NJ (Neighbor-Joining) 
(Felsenstein, 1985; Saitou and Nei, 1987) and MCL (Maximum com-
posite Likelihood)(Kumar et al., 2018). Since the 100 replicates of 
phylogenetic tree analysis produced stable bootstrap values (Pattengale 
et al., 2010), the bootstrap consensus tree of 100 replicates was inferred 
using the NJ for analyzing 117 and 420 complete proteomes of variants 
that emerged in 2020 and 2021, respectively. Finally, the phylogenetic 
tree was validated by comparing with our prior report in that the 
bootstrap consensus tree of 1000 replicates of NJ and MCL method for 
analyzing the variants collected post-six-month spread (Bui et al., 2021). 
The Poisson correction method was computed to see the evolutionary 
distance. The SPR algorithm was proposed to compare the MP and MCL 
distance. The other files (bootstrap consensus tree, phylogenetic criteria 
construct, and sequence data excel files) were also generated for analysis 
(Fig. 1). 

2.2. Haplotype and sub-haplotype distribution of SARS-CoV-2 variants in 
low- and high-vaccination rate countries during the periods of January to 
March and May 2021 

Since some countries have favored vaccinating as many people as 
possible, while others have tried to prioritize vaccinating specific 
vulnerable groups of the population, the vaccine rollout strategy varies 
from country to country. Therefore, it is crucial to evaluate the preva-
lence of SARS-CoV-2 variants in different vaccination rate countries. To 
track the SARS-CoV-2 variant extend and prevalent in low- and high- 

vaccination rate countries, we based on the report from OWID (Our 
World in Data) (Ritchie et al., 2021) to categorize the countries with the 
partly vaccinated rates (at least one-dose of COVID-19 vaccination) of 
lower than 20% and higher than 50%, respectively, on May 28, 2021. 
India, Malaysia, Taiwan, and Vietnam were enrolled in the Group with a 
lower partly vaccinated rate of 20% in May 2021. The US, Canada, and 
Germany had a higher than 50% partly vaccinated rate on May 28, 2021, 
placed in one group. Finally, 250 sequences of SARS-CoV-2 variants in 
the low-vaccinated rate group and 790 sequences of variants from the 
high partly vaccinated rate group in May 2021 were selected and run to 
construct the phylogenetic tree after cleaning and alignment by MAFF 
and followed to define the haplotypes and sub-haplotypes (Fig. 1), 
described as above. 

2.3. Mapping amino acid substitutions in the spike trimer of main sub- 
haplotypes 

Since three-dimensional structures of the mutated spike proteins of 
the main sub-haplotypes are not yet solved, the location of the amino 
acid substitutions within the spike trimer was generated using the 
published cryo-electron microscopy (cryo-EM) structure of the spike 
protein (RCSB Protein Data Bank ID 7DK3) as the template (Xu et al., 
2021), and displayed by the PyMOL software (Molecular Graphics Sys-
tem, Version 2.0 Schrödinger, LLC). In addition, the ACE2-specific 
recognition site (T470-T478 loop and Y505) (Xu et al., 2021) and four 
regions of predicted B- and T-cell epitopes (VRQIAPGQT, YQAGSTPCN, 
FQPTNGVGF, ILPDPSKPS) (Bhattacharya et al., 2020) were also marked 
in the spike protein to elucidating the relationship among the ACE2- 

Fig. 2. (continued). 
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specific recognition site, the B-cell epitopes, and the amino acid sub-
stitutions within the spike protein trimer of sub-haplotypes. 

3. Results 

3.1. Haplotype trend of SARS-CoV-2 variants post 1-year spread 

After a 1-year spread of ongoing COVID-19 pandemic, the haplotype 
profile of 420 SARS-CoV-2 variants from global areas in January–March 
2021 was characterized by phylogenetic analysis based on amino acid 
substitution rate using Maximum Composite Likelihood distance by 
Neighbor-Joining tree from MEGA CC (Fig. 2, Table 1). The haplotype 
and sub-haplotype distribution of the variants from global areas post 1- 
year spread from January 2021 to March 2021 was an observable 
change compared to the previous data post-6-month spread from 
December 2019 to June 2020 (Bui et al., 2021). Haplotype 1 with the 
mutation at ORF8 L84S was prevalent post-6-month spread (25.34%) 
but rarely identified post-1-year pandemic (1.19%). Meanwhile, 
haplotype 2 with the mutations at nsp12 P323L and spike G614D was 
almost total post-1-year spread (98.81%) (Fig. 2, Table 1). Among 
haplotype 2, haplotype 2A with the mutations at nsp12 P323L, Spike 
D614G, and N R203K, G204R, markedly increased from 9.1% post-6- 
month spread to 15.23% post-1-year spread, in which sub-haplotypes 
2A _1 (13.33%) and 2A_2 (1.90%) belonged to Pangolin lineages 
B.1.1.7 (WHO label Alpha) and B1.1.519 variants, respectively. 

Haplotype 2B containing the mutations at nsp12 P323L, spike D614G, 
ORF3a Q57H, nsp2 I85I, slightly increased from 36.21% post 6-month 
spread to 38.81% post 1-year spread, including 0.95% for sub- 
haplotype 2B_1 (Pangolin lineage B1.351, WHO label Beta), 4.05% for 
2B_2 (Pangolin lineage B.1.429, WHO label Epsilon), 33.81% for 2B_3 
(Pangolin lineage B.1.596), respectively. In addition, new sub-haplotype 
2C (3.33%) appeared post-1-year spread. The results demonstrated the 
difference in haplotype and sub-haplotype profiling of global SARS-CoV- 
2 variants circulated after the first six months and post one year of the 
COVID-19 pandemic. 

3.2. Sub-haplotype distribution of SARS-CoV-2 variants in the areas with 
low and high COVID-19 vaccination rates 

Since Our World in Data (OWID, https://ourworldindata.org/) re-
ported on May 6, 2021, the US, Canada, and Germany reached up 50% 
partly vaccinated rate (at least one-dose of COVID-19 vaccination), 
which were categorized as the high vaccination rate group. Meanwhile, 
the partly vaccinated rate of India, Malaysia, Taiwan, and Vietnam were 
lower than 20%, defined as the low partly vaccinated rate group. The 
sub-haplotype profiles of SARS-CoV-2 variants sequenced in May 
2021were further examined in these two groups (Fig. 3, Table 2). In the 
haplotype profiling of the variants collected in May 2021, the haplotype 
2A occupied 10% in the low partly vaccinated rate group but up to 
63.54% in the high partly vaccinated rate group. Notably, the sub- 

Table 1 
Haplotype and sub-haplotype profiles of global SARS-CoV-2 variants post 1-year spread from January to March 2021.  

Haplotype 
Sub- 
haplotype 

Amino acid substitutions Pangolin 
lineage 

WHO 
label 

Percentage of variants 
from Dec 2019 to Jun 
2020a 

Percentage of variants 
from Jan 2021 to Mar 
2021 

1 ORF8 L84S A  25.34% (1072/4230) 1.19% (5/420) 
2  nsp12 P323L, Spike D614G B  63.54% 

(2688/4230) 
98.81% 
(415/420) 

2A  N R203K, N G204R   9.1% 
(385/4230) 

15.23% 
(64/420)  

2A_1 nsp3 T183I, nsp3 A890D, nsp3 I1412T, spike V143del, spike N501Y, spike 
A570D, spike P681H, spike T716I, spike S982A, spike D1118H, ORF8 
R52I, ORF8 Y73C, N S235F 

B.1.1.7 Alpha  13.33% 
(56/420)  

2A_2 nsp3 P141S, nsp4 T492I, nsp6 I49V, nsp9 T35I, spike T478K, spike P681H, 
spike T732A 

B.1.1.519   1.90% 
(8/420)  

2A_3b nsp3 S370L, nsp3 K977Q, nsp13 E341D, spike L18F, Spike T20N, spike 
P26S, spike D138Y, spike K417T, spike E484K, spike N501Y, spike H655Y, 
spike T1027I, spike V1176F, ORF3a S253P, ORF8 E92K, N P80R 

P.1 Gamma   

2B  ORF3a Q57H   36.21% 
(1532/4230) 

38.81% 
(163/420)  

2B_1 nsp2 T85I, nsp3 K837N, spike D80A, spike D215G B.1.351 Beta  0.95% (4/420)  
2B_2 nsp2 T85I, spike W152C, N T205I B.1.429 Epsilon  4.05% (17/420)  
2B_3 nsp2 T85I, nsp5 L89F, nsp14 N129D, nsp16 R216C, ORF8 S24L, N P67S, N 

P199L 
B.1.596   33.81% (142/420)  

2B_4 
b 

nsp2 T85I, nsp4 L438P, spike L5F, spike T95I, spike D253G, ORF3a P42L, 
ORF8 T11I 

B.1.526 Iota    

2B_5 
b 

nsp3 S126L, nsp3 T350I, nsp3 P822L, nsp6 L75F, nsp13 S259L, spike 
N439K, spike P681R spike G1251V, N T205I 

B.1.1.466.2 
AU.2 
B.1.459    

2C  spike P681R    3.33% 
(14/420) 

2C_1 nsp3 T428I, nsp5 G15S, snp8 T148I, spike Q677H, M V70L, N R203K, N 
G204del, N G121V 

C.36   0.95% (4/420) 

2C_2 nsp3 T428I, nsp5 G15S, ORF3a S171L, N R203K, N G204del, N G212V C.36   2.38% (10/420) 
2C_3 
b 

nsp3 P822L, nsp4 A446V, nsp6 V149A, nsp6 T181I, nsp12 G671S, nsp13 
P77L, spike T19R, spike EFR156-158del, spike A222V, spike L452R, spike 
T478K, ORF3a S26L, M I82T, ORF8 DF118,119del, N D63G, N R203M, N 
D377Y 

B.1.617.2 Delta   

2C_4 
b 

nsp3 T749I, nsp6 T77A, nsp12 P323L, nsp13 M429I, nsp15 K259R, nsp15 
S261A, spike L452R, spike E484, spike D614G, spike P681R, ORF3a 
S26L, ORF7a V82A, N R203M, N D377Y     

2D 
b  

spike H69del, E L21F B.1.525 Eta    

a The data were adapted from our prior report (Bui et al., 2021). 
b The haplotypes and sub-haplotypes were identified in Table 2, which SARS-CoV-2 variants were isolated from low and high partly vaccinated rate groups in May 

2021. 
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haplotype 2A_1 variant was dominant in both groups, but the sub- 
haplotype 2A_3 (P1, Gamma) variant showed a small proportion 
(5.19%) in the high partly vaccinated rate group. While, haplotype 2C 
variant had the highest proportion (66.8%) in the low partly vaccinated 
rate group, but the lowest proportion (11.4%) in the high partly vacci-
nated rate group. Notably, the haplotype 2C_3 belonged to Pangolin 
lineage B.1.617.2 (WHO label Delta) made up approximately 54.8% and 
11.14% in low and high partly vaccinated rate groups, respectively 
(Fig. 3A and B, Table 2). The comparison among the sub-haplotype 
profiles, sub-haplotype 2A_1, increased from around 15.23% in the 
global variants in January–March to over 58% in the high partly 
vaccinated rate group in May 2021 (Figs. 2 and 3, Tables 1 and 2). 
Moreover, haplotype 2B was reduced from just over 38.81% in the 
global variants collected in January–March to around 14.05% in the 
high partly vaccinated rate group in May 2021. However, new sub- 
haplotypes 2B_4 (B.1.526, Iota) and 2D (B.1.525, Eta) emerged in the 
high v partly vaccinated rate group; the novel sub-haplotype 2B_5 
(B.1.1.466.2) appeared in the low partly vaccinated rate group in May 
2021. The results indicated that amino acid substitutions in SARS-CoV-2 
variants caused the noticeable change of haplotypes and the emergence 
of new sub-haplotypes in the areas with different vaccination rates. 

3.3. Unique features in new sub-haplotype variants in May 2021 

The haplotype 2A variant contained four mutations at nsp12 P323L, 

Spike D614G, and N R203K, G204R merged post-6-month outbreak 
(Fig. 4, Table 1). Among the sub-haplotypes of haplotype 2A variants, 
sub-haplotype 2A_1 was the most prevalent sub-haplotype in the partly 
vaccinated rate group, containing three mutations in nsp3 (T183I, 
A890D, I1412T), seven new mutations in Spike protein (V143del, 
N501Y, A570, P681H, T716I, D614G, S982A, D1118H), two mutations 
in ORF8 (R52I, Y73C), and one new mutation in N (S235F) (Figs. 4 and 
5C, Table 1). Haplotype 2B containing the mutations at nsp12 P323L, 
Spike D614G, ORF3a Q57H, and nsp2 I85I emerged post 6-month 
spread, evolved into five sub-haplotypes, such as additional mutations 
at nsp3 K837N, spike protein D80A and D215G in sub-haplotype 2B_1, 
spike L5F, T95I, D253G in sub-haplotype 2B_4, and spike N439K, P681R 
in sub-haplotype 2B_5 (Figs. 4 and 5D, Table 1). Significantly, haplotype 
2C variant (66.8%) was leading in the partly vaccinated rate group, 
which sub-haplotype 2C_3 contained two unique mutations in spike 
protein (EFR156-158del, L452R, P681R), one mutation in ORF3a 
(S26L), and one mutation in N (R203M) (Figs. 4 and 5E, Table 1). 
Significantly, new sub-haplotypes 2A_1 and 2C_3 had meaningful amino 
acid substitutions like T478K, N501Y, and P681H in SARS-COV-2 spike 
protein, locating ACE2-specific recognition site and the neutralization 
epitopes, and near the protease cleavage site (Fig. 5). The results 
revealed that new sub-haplotypes had an alteration in the properties of 
the spike protein, including receptor binding, neutralization by immu-
nized sera, and even virus entry. 

Fig. 3. Sub-haplotype distribution of SARS-CoV-2 variants collected from low and high partly vaccinated rate groups using NJ phylogenetic analysis. The 
evolutionary relationships among SARS-CoV-2 variants were inferred using the NJ method. The haplotype and sub-haplotype profiles of complete proteomic se-
quences of the variants in the low- (A) and high- (B) partly vaccinated rate groups in May 2021 were performed by following the steps of alignment protein-coding 
setting, phylogenetic analysis, and clade classification. The main haplotypes and sub-haplotypes in both groups were marked in different colors. 
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4. Discussion 

Compared with the profiles of haplotypes post-6-month outbreak of 
COVID-19, SARS-CoV-2 variants accumulated many new amino acid 

substitutions post one-year pandemic and emerged many distinct sub- 
haplotypes in low and high partly vaccinated rate countries (Figs. 2 
and 3, Tables 1 and 2). For instance, the haplotype 2A variants defined 
post-6-month outbreak in our prior report (Bui et al., 2021) progressed 
into three sub-haplotypes, in which sub-haplotype 2A_1 (B.1.1.7, Alpha) 
variants emerged in January 2021 had 17 new mutations, became 
highly prevalent in the high partly vaccinated rate countries (US, Can-
ada, and Germany) in May 2021 (Table 2). Especially, sub-haplotype 
2C_3 (B.1.617.2, Delta) variants with 22 to 24 amino acid changes un-
expectedly became the mainly circulating variant in the low 
vaccination-rate group (particularly in India) in May 2021 (Figs. 2 and 
3, Tables 1 and 2). Many shreds of evidence were found that only the 
variants bearing key mutations with critical biological functions 
demonstrated high transmissibility (Zhou and Wang, 2021), suggesting 
that these critical mutations had a crucial role in viral biology and 
replication. In terms of biological function effect, the most concern 
mutations belong to spike protein, which increased transmission and 
reduced the current vaccine and antibody resistance efficiency. During 
the early pandemic stage, the first concern mutation in spike protein was 
D614G that appeared and is emerging as an increasingly common 
variant in the world. After a year-round spread, there are a lot of new 
mutations accumulated in spike protein. Our complete genome sequence 
dataset of SARS-CoV-2 variants in 2021, sub-haplotype 2A_1 variant had 
two deleted-amino acids (H69del, V143del) and six amino acid changes 
in spike protein (N501Y, A570D, P681H, T716I, S982A, D1118H), as 
demonstrated in many studies that the deleted at position 69–70, 
N501Y, P681H mutation had increased viral transmissibility (Wang 
et al., 2021). The mutation N501Y happens in one of six essential resi-
dues of RBD for the binding capacity of SARS-CoV-2 (L455, F486, Q493, 
S494, N501, and Y505) (Andersen et al., 2020). Under the accumulating 

Fig. 3. (continued). 

Table 2 
Haplotypes and sub-haplotype distribution of SARS-CoV-2 variants in low and 
high partly vaccinated rate countries in May 2021.  

Haplotype/Sub- 
haplotype 

Low partly vaccinated rate 
groupa 

High partly vaccinated rate 
groupb 

1 0 0 
2 100% (250/250) 100% (790/790) 

2A 10% (25/250) 63.54% (502/790) 
2A_1 10.0% (25/250) 58.35% (461/790) 
2A_3 0 5.19% (41/790) 

2B 22.80% (57/250) 14.05% (111/790) 
2B_1 2.80% (7/250) 3.80% (30/790) 
2B_2 0 0.76% (6/790) 
2B_3 0 1.39% (11/790) 
2B_4 0 6.83% (54/790) 
2B_5 20.00% (50/250) 0 
2B_others 0 1.27% (10/790) 

2C 66.80% (167/250) 11.14% (88/790) 
2C_3 54.80% (137/250) 11.14% (88/790) 
2C_4 1.6% (4/250) 0 
2C_others 10.40% (26/250) 0 

2D 0 3.29% (26/790) 
2 others 0.40% (1/250) 7.97% (63/790)  

a SARS-CoV-2 variants from India, Malaysia, Taiwan, and Vietnam on May 
2021, in which the partly vaccinated rate was < 20%. 

b SARS-CoV-2 variants from the US, Canada, and Germany on May 2021, in 
which the partly vaccinated rate was > 50%. 
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of many mutations affected to the transmission, sub-haplotype 2A_1 
variant was found increasing over the survey period from Januar-
y–March to May 2021. Notably, sub-haplotypes 2A_3 and 2B_1 had the 
mutations at K417T, and E484K in the spike was a small proportion in 
the high partly vaccinated rate group in May 2021, which was found to 
decrease neutralization of human immune serum (Greaney et al., 2021; 
Liu et al., 2021) and cause severe disease even in patients that have been 
previously infected (Cele et al., 2021; Wibmer et al., 2021). Although 
sub-haplotypes 2A_3 and 2B_1 were less easily neutralized than original 
SARS-CoV-2, there was no good evidence that these variants could evade 
the vaccination. The new sub-haplotypes appeared in the amino acid 
substitutions in B- and T-cell epitopes of Spike protein predicted 
(Bhattacharya et al., 2020), which might alter the immune recognition 
potential SARS-CoV2 epitopes by HLA alleles among different pop-
ulations (Bose et al., 2021). Therefore, the new sub-haplotypes could 
trigger the differential T-cell-based immunological responses to SARS- 
CoV-2 infection in different ethnic populations and reduce the efficacy 
of SARS-CoV-2 epitope-based vaccines in the future. 

Sub-haplotype 2C_3 was still high emerging in the group of countries 
lower than 20% partly vaccinated rate and occupied a part in the group 
of countries higher than 50% partly vaccinated rate (Table 2). Sub- 
haplotype 2C_3, which belonged to the B.1.617.2 in India (Dhar et al., 
2021), became the most commonly reported variant in this country from 
mid-April 2021. Sub-haplotype 2C_3 had three deleted-amino acids (EFR 
156,157,158 deleted) six amino acid changes (T19R, L452R, T478K, 
D614G, P681R, D950N) in spike protein (Figs. 4 and 5). The amino acid 
change P681R near the protease cleavage site might relate with the spike 
protein stability (Chakraborty et al., 2021; Wrobel et al., 2020a,b), and 
the mutations L452RT and 478 K could alter B-cell epitopes of the spike 
protein to weaken the binding ability of serum or convalescent patients’ 
antibodies and even the transmission (Bhattacharya et al., 2020; Grea-
ney et al., 2021; Li et al., 2020). Notably, sub-haplotype 2C_3 also 

showed a novel mutation G671S in nsp12 (RNA-dependent RNA poly-
merase, RdRp) that was the target for the antiviral drug in treatment 
such as remdesivir in many countries (Kupferschmidt and Cohen, 2020). 
Moreover, sub-haplotype 2C_3 contained three mutations on N protein 
(N D63G, N R203M, N D377Y). N protein, an essential role in genome 
packaging, has been demonstrated to have a role in intracellular protein 
transport, interference in host translation (Cubuk et al., 2021; Zeng 
et al., 2020). The mutations RG203,204KR in N protein were detected in 
haplotype 2A in the early stage of pandemic and continuously fast- 
spreading in 2021, resulting in the increase of the infectivity in human 
lung cell line and the enhancement in damaging lung blood vessels in 
hamster model (Wu et al., 2021). In this case, it is interesting to 
demonstrate the role of the mutations in the N protein of sub-haplotype 
2C_3 variant in the correlation with serious symptoms. 

Among haplotype 2B variants, sub-haplotype 2B_1 that belonged to 
lineage B.1.351 and labeled as Beta by WHO still keep a small proportion 
during the survey time in 2021. The sub-haplotypes 2B_2 (Pangolin 
lineage B.1.429, Epsilon label by WHO) and 2B_3 (Pangolin lineage 
B.1.596) were 0.76% and 1.39%, respectively, in the high partly 
vaccinated rate group in May 2021. There are two new haplotypes found 
in the May dataset. The haplotype 2B_4 occupied 6.83% in the high 
partly vaccinated rate group, belonged to lineage B.1.526 (Iota), and the 
haplotype 2B_5 occupied 20% in Malaysia in May 2021. Sub-haplotype 
2B_4 haplotype contained one mutation in nsp4 L89F, three other mu-
tations in spike protein (L5F, T95I, D253G), one mutation in ORF3a 
(P42L), one mutation in ORF8 (T11I). Of note, the dataset on May 2021, 
we found a haplotype 2B_5 contained three mutations in nsp3 (S126L, 
T350I, P822L), one mutation in nsp6 (L75F), one mutation in nsp13 
(S259L), three mutations in spike protein (N439K, P681R, G1251V), and 
one mutation in N (T205I). The E protein, the smallest protein with only 
75 amino acids, has been demonstrated the in vitro and in vivo ability to 
cause acute respiratory distress syndromes (ARDS)- like damage (Xia 

Fig. 4. Amino acid substitution in the proteome of main haplotypes and sub-haplotypes. Non-structure proteins were marked as blue bars and separated by 
white lines (nsp1 to nsp16). The structural proteins S (green bar), E (light blue bar), M (yellow bar), and N (violet bar), as well as the accessory proteins (ORF3a, 
ORF7, ORF8, ORF10), were marked as different colors. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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Fig. 5. Amino acid substitutions within spike trimer of 
main sub-haplotypes from the SARS-CoV-2 variants in 
May 2021. Cartoons displayed the tightly closed spike 
protein trimer with packed fusion peptide (RCSB Protein 
Data Bank ID 7DK3) view by the PyMOL software. The 
pink spheres are indicated the mutation belongs to the 
epitope region. The red spheres are indicated mutation in 
other regions. The ACE2-specific recognition site (A) and 
four B-cell epitope regions (B) were also marked as pink 
ribbon. Amino acid substitutions within the spike protein 
trimer of sub-haplotypes 2A_1 (C), 2B_1 (D), and 2C_3 (E) 
were displayed by the Spacefill command; the changes in 
the proposed neutralization epitopes of the spike protein 
were marked in purple colour. (For interpretation of the 
references to colour in this figure legend, the reader is 
referred to the web version of this article.)    
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et al., 2021), such as the effect of the mutations on the channel activity 
and the capability of E protein-induced cell death (Xia et al., 2021). Over 
the rise of vaccine rate worldwide, the haplotype 2B was reduced in May 
2021. 

The study provided the usefulness of integrating surveillance 
methods to monitor haplotype and sub-haplotype profiling of SARS- 
CoV-2 variant during the ongoing COVID-19 pandemic and vaccina-
tion. The geographic tracking of new SARS-CoV-2 variants like sub- 
haplotype 2C_3 is helpful to control and defeat the novel variant in 

further COVID-19 outbreaks. Our data might be useful in informing and 
consolidating the investigation of SARS-CoV-2 evolution and the 
response to vaccination strategies, such as the increase of global vacci-
nation coverage, and the booster vaccine dose when human and SARS- 
CoV-2 coexist. 
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