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Abstract 

   
The S gene encodes the spike protein, which plays an important role in the life cycle of SARS-CoV-2. Many 

mutations in the S gene demonstrate the increase in the transmission rate, helping viral can escape the immune 

system and monoclonal antibodies. This study aims to track the genetic diversity of the S gene of SARS-CoV-2 

isolated in Vietnam during the four waves of the pandemic. A total of 5478 S gene sequences were extracted and 

classified into 1093 haplotypes, giving the mean number of pairwise differences at 27.491490 ± 12.039763 and 

the haplotype diversity index at 0.9089 ± 0.0031. In addition, we recorded the nucleotide diversity index at 

0.007176 ± 0.003475 with 802 polymorphic sites. We found that indel mutations appear mainly in the NTD 

coding region, and amino acid substitutions appear most in the RBD coding region. In the RBD region, we also 

recorded mutations that increase the transmission rate for SARS-CoV-2 with a large proportion in Vietnam: 

G22578A (G339D), C22686T (S375F), G22813T (K417N), T22917G (L452R), C22995A (T478K) and A23063T 

(N501Y). In addition, the furin cleavage site also recorded three important mutations in enhancing 

transmissibility namely A23403G (D614G) and C23604A/G (P681H/R). The mean nucleotide difference 

between haplotypes in the cluster of Delta variants was 1.989772 ± 1.123948 nucleotides. The Omicron cluster 

has a tremendous nucleotide difference of 17.951297 ± 7.970441 nucleotides. The analysis results showed the 

whole picture of variations in the spike gene of SARS-CoV-2 in Vietnam, supporting the management of new 

variants imported into Vietnam.   
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Introduction 

More than two years, from the first case infection of a 

novel coronavirus in Wuhan, China, to the worldwide 

COVID-19 pandemic. The emergence of SARS-CoV-2 

led to hundreds of millions of infections and mortality 

worldwide. Similarly, SARS-CoV and MERS-CoV, 

SARS-CoV-2 belong to the Betacoronavirus genus and 

is the seventh member of the Coronaviridae family 

infected with humans. However, the parameters of 

risk factors for viral transmission and hospitalization 

of SARS-CoV-2 are higher than SAR-CoV and MERS-

CoV (Zhou et al., 2021). SARS-CoV-2 contains 

ssRNA+ without replication repair systems, leading to 

a high mutation rate. During the transmission, SARS-

CoV-2 evolved to increase adaptation with the host by 

introducing and storing positive mutations. Thus, 

numerous dangerous variants of SARS-CoV-2 bear 

the fitness more transmission and escape the immune 

system. Understanding the riskiness, WHO had to 

track the changes in the genome and, dependent on 

that, classify novel variants of SARS-CoV-2 into three 

groups: VOI, VUM, and VOCs. Among those, the most 

notable is the VOC because more evidence indicates 

this variant’s fitness, and more transmission and 

implication escape the monoclonal antibody and 

vaccine (WHO). The first VOCs is Alpha, a 

demonstrated variant with a transmission rate higher 

than the other viral isolated at that time by previous 

research (Walker et al., 2021) (Lyngse et al., 2021). 

After that, the emergence of the Delta variant raised 

horrible waves of pandemics worldwide. The United 

States of America and India were mentioned as the 

two countries with the worst impact by the Delta 

variant (Yang and Shaman, 2022) (Bolze et al., 2022). 

The success of worldwide vaccination strategies may 

promote the recession in Delta. Currently, a new 

variant was put in VOC – Omicron, first identified in 

South Africa in December 2021. The Omicron variant 

holds the capability to escape the immune system and 

vaccine, thereby causing reinfections. Recently, 

Omicron has gradually taken over Delta and become 

the dominant variant worldwide (Chaguza et al., 

2022). In the early stage, despite COVID-19 

destroying the pandemic preventions of countries, 

Vietnam was one of the few countries controlling the 

SARS-CoV-2 spread in the community. Undergoing 

three waves of COVID-19, Vietnam only recorded 

about 1500 cases of confirmed SARS-CoV-2 infection 

and 35 fatalities (Minh et al., 2021) despite the 

emergence of dangerous variants – A.23.1 and Alpha 

(B.1.1.7) (Chau et al., 2021). However, the appearance 

of the Delta variant raised the country's fourth wave 

of the pandemic and was the primary cause of 

breaking through the government’s COVID-19 

prevention strategies. The number of death by the 

Delta variant accounted for 99% of total deaths 

(Hoang et al., 2022), and the statistics of case-fatality 

ratio (CFR) was 2.50% in Vietnam is higher than the 

average in the world (Minh, Khoi Quan et al., 2021). 

The successful vaccine strategies supported reducing 

the community's gradual transmission and fatality 

rates. Therefore, the Vietnamese Government eased 

the measures of controlling the pandemic situation 

and established a “new normal” societal condition. In 

this condition, easy travel is the best opportunity for 

novel variants of SARS-CoV-2 entry into the country. 

The first case was a confirmed infection of Omicron 

variants in Vietnam on December 19, 2021. The 

emergence of Omicron variants invigorated for the 

fourth wave is still going on, and this variant will 

replace Delta to become dominant in Vietnam. 

Quitely, the Omicron variant was the main infection 

source in Hanoi capital in March 2022. At the same 

time, Vietnam noted 454,179 cases in a day. This is 

more numerous infection cases than in the period 

October to November 2021 (According Ministry of 

Health). It is shown that intimidation to the health of 

Omicron is very considered. The beneficial fitness of 

Omicron could be from the amino acid substitutions 

in the spike protein.  

 

The high level of mutation rate is the primary 

motivation for the changes in the S gene that encoded 

the spike protein plays an important role in the life 

cycle because it directly interacts with hACE2 in the 

human cell (Ovsyannikova et al., 2020). Previous 

studies to monitor the nucleotide changes in the 

genome of SARS-CoV-2 indicated that the S gene had 

a higher nucleotide substitution rate than other gene 

regions (Berrio et al., 2020). Especially, the gene S 
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might be a positive selection gene while the opposite 

of the other genes (Berrio, Gartner et al., 2020). 

Indeed, the most dangerous variant – Delta bore 

double mutants (L452R, T478K) in receptor binding 

domain and P681R in furin cleavage site were 

demonstrated as the main mutations increasing the 

transmission rate of viral  (Kumar et al., 2021) (Fan et 

al., 2021). Currently, the omicron variant contains 

more than 30 amino acid substitutions in this protein 

(Wei et al., 2021) (Kumar et al., 2022) that supply 

omiron's ability to break through the immune system 

and make the reinfection events. Moreover, spike 

protein is a gold target for developing vaccines. Thus, 

tracking the nucleotide change in the S gene is very 

important  (Durmaz et al., 2020). Continuously 

researching the novel mutation and analyzing the 

genetic diversity of the gene S plays an essential role 

in providing information on nucleotide change in this 

gene. Hence, this study aims to examine the 

variations in the Spike gene of SARS-CoV-2 isolated 

in Vietnam. The analysis would support the 

management of new variant imported into Vietnam.   

 

Methods 

Data collection 

We collected the sequences of SARS-CoV-2 isolated in 

Vietnam from the GISAID database. The other 

information of the sequences consists of accession 

number, place of sample collection, gender, collection 

date, and classification of GISAID, PANGO 

Lineages... Until 17, July 2022, recording 5484 

sequences of SARS-CoV-2 of Vietnam in GISAID. 

However, data had three sequences that were not the 

whole genome (accession number in GISAID: 

EPI_ISL_483625, EPI_ISL_2629583, 

EPI_ISL_1827728). Therefore, these sequences were 

removed from the analysis data. 

 

Multiple sequences alignment (MSA) analysis 

We used the S gene sequence of Wuhan-Hu-1, 

accession number NC_045512.2 was extracted in 

GenBank as reference sequences. And then, the 

SARS-CoV-2 full-length MSA tool available in MAFFT 

version 7 web server (Katoh and Standley, 2013) was 

used in order to split the S gene from the whole 

genome. All of the S gene sequences are available to 

perform MSA by alignment algorithm, which is also 

in the MAFFT web server. The FFT-NS-1 strategy 

alignment, which is an excellent property of MAFFT 

was used to quickly provide results. Ultimately, the 

visualization of the S gene sequences was alignment 

through MEGA software (Tamura et al., 2021) in 

order to identify the substitutions in DNA and protein 

sequences. 

 

Examination of haplotype, phylogenetic tree, 

haplotype network, and genetic diversity 

In order to identify of haplotype, we used the 

Haplotype tool available in DnaSP ver 6.12.03 (Rozas 

et al., 2017) to record the haplotype of the S gene in 

Vietnam. These haplotypes will be built in a 

phylogenetic tree based on the Phylogeny algorithm 

available in MAFFT server with the most common 

method is Neighbor-Joining (NJ) – All of gap-free 

sites in the Jukes-Cantor substitution model and use 

the reference sequences (NC_045512.2) as the root of 

the tree. In order to determine the trust level of the 

branch of the phylogenetic tree, we use the bootstrap 

value with 1000 repetitions. In the final step, we used 

the Figtree ver v1.4.4 software 

(http://tree.bio.ed.ac.uk/software/figtree/) in order 

to visualize and design the tree. 

 

The detail of the genetic relationship between all 

haplotypes appeared in Vietnam based on the 

combination of two methods phylogenetic tree and 

haplotype network. The phylogenetic tree might 

determine different clusters appearing in the tree, 

while the haplotype network could exhibit detail of 

the nucleotide changes of each cluster in that tree. In 

this study, the haplotype networks were built by 

POPART software (Leigh and Bryant, 2015) based on 

the minimum spanning network method. Ultimately, 

Arlequin software ver 3.5.2.2 (Excoffier and Lischer, 

2010) was used in order to determine genetic 

diversity indexes. 

 

Results 

Until 17th July 2022, we extracted 5481 of the S gene 

sequences from the whole genome isolated in 
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Vietnam. In addition, we recorded three samples 

(GISAID accession number: EPI_ISL_11776067, 

EPI_ISL_11776066, EPI_ISL_11776065) that appear 

the single insertion nucleotide in the S gene. As a 

result, a single insertion nucleotide makes a 

frameshift in the open reading frame of the S gene.  

Fig. 1. Frequency of major variants in Vietnam. 

Therefore, the sequences have a single insertion that 

will be rejected in the data analysis. Then, an 

examination of the S gene data indicated 1093 

haplotypes with numerous polymorphic sites, a high 

level of genetic diversity, and nucleotide diversity. 

Detailed haplotype analysis shows that almost the 

variants that appeared in Vietnam belonged to Delta 

and Omicron variants that account for a relative 

proportion, respectively, 50.91% and 45.89%.  

 

The rest of the other haplotypes only account for a 

low percentage (Fig. 1). Calculating the haplotype 

diversity by Arlequin software presented the Hd index 

at 0.9089 ± 0.0031 and the mean number of pairwise 

differences at 27.491490 ± 12.039763. Furthermore, 

the analysis changes of nucleotides in the S gene 

confirmed the nucleotide diversity index at 0.007176 

± 0.003475 and recorded 802 polymorphic sites, 

consisting of 503 sites and 281 sites for nucleotide 

transitions and transversions, respectively. 

 

Fig. 3. The frequency of the kind of nucleotide substitutions in the S gene. 

The frequency of C > T nucleotide substitution is 

highest at 22.47%, followed by the G > T substitution 

at 13.33% (Fig. 2). The frequency of deletion 

mutations at 13.22% only once lower G > T 

substitution. The presentation of the S gene's 

mutation position indicated that almost the indels site 

had just appeared in the region encodes for NTD, and 

the missense mutations were concentrated in the 

RBD region (Fig. 3). 
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Fig. 3. The frequency of the kind of nucleotide substitutions in the S gene. 

Then, we used the phylogenetic tree to determine the 

relationship of the haplotype appearing in Vietnam 

based on the S gene sequence. The phylogenetic tree 

of the S gene sequence in Vietnam might demonstrate 

the genetic relationship of the VOCs variants 

circulating in this country (Fig. 4). In the tree's 

topology, we recorded an apparent clustering of the 

haplotypes of the Alpha, Delta, and Omicron variants 

on the phylogenetic NJ tree. The evolutionary 

relationships of Alpha and Delta variants forked from 

the D614G clade, with 95 and 65 bootstrap values, 

respectively. Phylogenetic analysis shows that the 

haplotype group of the Delta variant assembles a 

separate branch on the tree and is closely related to 

each other. Furthermore, we found that Omicron is 

closely related to Delta based on the S gene sequence, 

with the bootstrap values of the two closest clades 

between Delta and Omicron being 69 and 95, 

respectively. In addition, analysis of Omicron clusters 

in trees revealed intricate genetic relationships.In 

order to evaluate in detail nucleotide changes in 

populations, we combined phylogenetic tree and 

haplotype network methods to determine the 

relationship between each haplotype in each cluster 

on the tree (Fig. 5). As a result, we observe mutation 

in the S gene of the clusters that appear from the first 

outbreak to the third in Vietnam are limited.  

At branches D614 and Alpha, haplotypes differ byonly 

one nucleotide. The rest are mainly haplotypes that 

can be imported into Vietnam when they differ by 3 

or 5 nucleotides. Especially the Alpha variant, which 

is mainly recorded by events entering Vietnam.  

 

The rest, in the Delta and Omicron clusters, there are 

diverse and complex changes in the S gene. In the 

Delta cluster, record the close relationship between 

the haplotypes when the haplotype differs only on 

average 1.989772 ± 1.123948 nucleotides and can be 

detected from an origin haplotype (Fig. 5). 

Meanwhile, the Omicron cluster has a huge mean 

nucleotide difference, respectively 17.951297 ± 

7,970441, indicating that the haplotypes of the 

Omicron cluster have different nucleotide similarities.  

 

Discussion 

Vietnam has undergone three COVID-19 outbreaks, 

and the fourth outbreak is and continues to be 

complicated. Our study provides exhaustive 

information on the genetic diversity of SARS-CoV-2’s 

S gene variants. We noted a high genetic diversity of 

the S gene in Vietnam. In 5478 S gene sequences, we 

identified 1093 haplotypes with 802 polymorphisms. 

The average nucleotide difference is approximately 27 

nucleotides, indicating that this gene has undergone 
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the accumulation of many different mutations. In 

evaluating the location distribution of mutations, we 

found that mainly important mutations, with a high 

frequency of occurrence, especially proved to be 

essential for SARS-CoV-2 is commonly found in the 

region that codes for the S1 subunit (Figure 2), which 

consists of two major regions, the NTD and the RBD.

 

Fig. 4. The phylogenetic NJ tree base on the S gene sequences in Vietnam. 

Red: D614 cluster; Blue: D614G cluster; Lightblue: Alpha cluster; Yellow: Delta cluster; Pink: Omicron cluster. 

In particular, NTD plays a significant role in the 

immune response, responding to neutralizing 

antibodies. Therefore, mutations appearing in the 

coding region for NTDs are intended to help the virus 

evade the immune system and reduce the ability of 

the host to neutralize (Mishra et al., 2022). In this 

study, nucleotide deletions often appeared in the NTD 

coding region of the S gene. As reported by McCarthy 

et al., deletion mutations in the NTD region are 

considered to evade neutralizing antibodies and 

reduce vaccine efficacy (McCarthy et al.). Recently, 

the Omicron variant appeared to insert nine 

nucleotides (GAGCCAGAA) at position 22204 to help 

insert three amino acids, EPE, to form a loop specific 

to the spike protein of Omicron (Campbell et al., 

2021). These three amino acid insertions may be 

responsible for the reduction of the antibody-

neutralizing ability by Omicron (Venkatakrishnan, 

2021). The RBD region plays a crucial role in SARS-

CoV-2 infection by interacting with the hACE2 

receptor on the cell membrane. Based on studies on 

SARS-CoV and SARS-CoV-2, it is shown that this 

RBD region has a high mutation rate, and mutations 

appearing in this region can have a great potential to 

influence the interaction between the spike protein 

and the hACE2 receptor. Currently, mutations such as 

L452R, T478K, E484K/Q, and N501Y appearing in 

the RBD region of the spike protein have been shown 

to enhance the infectivity of SARS-CoV-2 and have 

the potential to reduce association binds to 

monoclonal antibodies. (Di Giacomo et al., 2021) 

(Cherian et al., 2021) (Liu et al., 2022). Through the 

data of four outbreaks in Vietnam, we recorded 

almost amino acid substitutions with a high frequency 

appearing in the RBD consisting of G22578A 

(G339D), C22686T (S375F), G22813T (K417N), 

T22917G (L452R), C22995A (T478K) and A23063T 

(N501Y). These are all mutations that previous 
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studies have shown to enhance the infectivity of 

SARS-CoV-2. In addition, at the furin cleavage site, 

we also recorded many mutations appearing with 

high frequency, namely A23403G (D614G), C23525T 

(H655Y), T23599G (N679K), and C23604A/G 

(P681H/R). Among them, mutations D614G and 

P681H/R have been shown to play an important role 

in transmitting SARS-CoV-2 through enhanced spike 

protein cleavage (Liu et al., 2022) [10] (Zhang et al., 

2020) or escape the immune system (Lubinski et al., 

2022). However, it does not eliminate the entire 

function of the S2 subunit, which plays an essential 

role in the viral fusion, host cell entry, and enhanced 

structural stability of the protein. Because of that, a 

new variant with beneficial mutations may appear in 

this region. Therefore, it is essential to track the 

variables across the S gene. Furthermore, the study of 

Yang et al. suggests that the mutation rate of this 

gene may be higher as the vaccination rate increases 

(Yang et al., 2022).  

 

Fig. 5. The haplotype network of the S gene in Vietnam. 

In addition, we also noted that genetic diversity in the 

S gene varied across disease outbreaks. In the early 

stages of COVID-19 in Vietnam, from January 2020 

to April 2021, nucleotide changes in the S gene are 

minimal. In contrast, the United States and the 

United Kingdom recorded the rapid evolution of the S 

gene in October 2020 and an intense outbreak of the 

Alpha variant. Until the appearance of the Delta 

variant, similar to the world, Vietnam recorded the 

dominance of the Delta variant, which forced a 

terrible epidemic situation. In Vietnam, the Delta 

variant is closely related and differs only on average 

1.989772 ± 1.123948 nucleotides, indicating that this 

variant has changed relatively in Vietnam through 

transmission in the community. The scenario for the 

Omicron variant appearing in Vietnam could be very 

complicated because the nucleotide difference of this 

variant in Vietnam is enormous, with an average of 17 

nucleotides. Therefore, it can be said that Omicron in 

Vietnam has been imported from many countries 

worldwide. Especially recently, Vietnam has also 

recently introduced highly infectious sub-Omicron 

variants such as BA.4 and BA.5; this could warn of a 

new danger to the country. 

 

We especially recorded the split of different VOC 

variants based on the S gene sequence. The 

phylogenetic NJ tree defined the relationship between 
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three groups of variants appearing mainly in Vietnam, 

namely Alpha, Delta, and Omicron. Our results are 

similar to the study of O'Toole et al. suggested that 

the S gene sequence region could be used to identify 

different groups of VOC variants (O'Toole et al., 

2022). Our analysis again showed the importance of 

the S gene region in terms of the biology and genetic 

relationships between different variants. Therefore, 

we highlight the critical work evaluating nucleotide 

variations and the rate of evolution in the S gene 

region of SARS-CoV-2. 
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