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Abstract

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), a highly infectious
and contagious coronavirus that results in the Coronavirus Disease 2019 (COVID-19)
overcame the world in 2019. Originating from Wuhan, China, it has spread all around the globe
at an unimaginable pace and have overcome millions of people. One of the reasons why it was
able to do so was because by the time we had found a solution, it had mutated and changed.
Various mutations were uncovered in structural and non-structural proteins. These mutations
change the virus’s ability to infect, spread and accumulate. This project aims to identify the

prevalence and significance of these mutations of the virus’s proteins.

A total of 113 sample sequences of SARS-CoV-2 of Nepali strains were obtained from
publicly accessible GISAID database (GISAID, 2020). The samples were mapped using
Burrows-Wheeler Aligner; variant calling was carried out using freebayes and a custom manual
script was used for variant annotation against the reference genome, SARS-CoV-2 genome
from Wuhan (Accession ID MN908947). Visual representation was done using Excel and also
displayed using a phylogenetic tree. A total of 847 mutations in various positions in the isolates
was identified. Where, there was a total of 467 missense and 375 synonymous mutations. While
synonymous mutations do not have much effect on the virus since it results in the similar amino
acid, missense mutations tend to change the structure and hence its ability to bind, enter into
host, replicate and spread. This paper helps give an overall understanding on the current
mutations in Nepali isolates which may help in further studies of Nepali SARS-CoV-2 genomes

and during vaccine development worldwide.
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Chapter 1: Introduction

The world as we know it had changed, life had changed, every individual had to go
through this experience, regardless of location, gender and even age, all because of a thing we
cannot even see or touch. Moreover, just when we think it is over, it remerges stronger and
smarter, a virus. More specifically the coronavirus. Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2) is a highly transmissible and pathogenic coronavirus (Hu, 2022)
and is a part of the large family of coronaviruses. Possible modes of transmission for SARS-
CoV-2, include contact, droplet, airborne, fomite, fecal-oral, bloodborne, mother-to-child, and
animal-to-human transmission (Transmission of SARS-CoV-2: Implications for Infection
Prevention Precautions, 2020) which was similar to patients with SARS and MERS; these
patients showed symptoms of viral pneumonia, including fever, cough and chest discomfort,
and in severe cases dyspnea and bilateral lung infiltration (Hu,2022) and hence, has had a
catastrophic effect on the world’s demographics resulting in more than 6 million deaths
worldwide as of March 2022, emerging as the most consequential global health crisis since the

era of the influenza pandemic of 1918 (Cascella et al., 2022).

A mutation (also referred to as viral mutation or genetic mutation) of the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) virus is a change in the genetic sequence
of the SARS-CoV-2 virus when compared with a reference sequence such as Wuhan-Hul (the
first genetic sequence identified) or USA-WA1/2020 (the first identified in the United States)
(Center for Devices and Radiological Health, 2022b). SARS-CoV-2 has been mutating since it
was first sequenced in early January 2020 (Wang, 2021). According to a new research
conducted by Wang (2021), the SARS-CoV-2 has a genetic proofreading mechanism achieved

by non-structure protein (NSP) 14 in synergy with NSP10 and NSP12 which means it has a
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higher fidelity in its transcription and replication process than that of other single-stranded
RNA viruses. Of all the mutations in different regions of the SARS-CoV-2 genome, the spike
region is of major focus, as it facilitates the virus entry to the host via interaction with
Angiotensin Converting Enzyme 2 (ACE2) receptors (Maurya, 2022). This genetic variation
may impact the virus's properties such as transmission (for example, it may spread more easily)
or the severity of symptoms on infected individuals (for example, it may cause more severe

disease) (Center for Devices and Radiological Health, 2022).

The genetic variation poses quite a challenge but medicine is as evolving as diseases.
These mutations, once detected, sequenced and identified can be used to further enhance our
understanding of how this virus works and how we can find a way to survive and hopefully

destroy it, for the betterment of human kind.

Aims and objectives:

The aim of this study is to find and analyse protein mutations in genomic sequences of 113

samples of SARS-CoV-2 in Nepali isolates and to understand the patterns of these mutations.
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Chapter 2: Literature review

Structure:

Coronaviruses are a part of the Coronaviridae family. They have been classified into
four genera that include a-, -, y-, and 6-coronaviruses (Wu et al., 2020). They are enveloped
viruses having a positive, single-stranded RNA genome packed inside a capsid. The SARS-
CoV-2 has four structural proteins: the E and M protein (responsible for forming the viral
envelop), N protein (binds to the virus’s RNA genome) and S protein (binds to host’s
receptors). The capsid consists of the N protein (which binds to the virus’s RNA genome)
enclosed by a membrane containing three other proteins: the spike glycoprotein (S), membrane
(M) protein and envelope (E) protein where the E and M proteins are involved in the virus
budding process and the S protein is the main part in binding to the host receptor, moderating
membrane fusion and eventually entry into the host’s cells. The RNA genome of SARS-CoV-
2 contains 29,811 nucleotides encoding 29 proteins (Katsnelson, 2020), in addition to the 4
structural protein, the 3’-end also encodes nine accessory proteins (Orf3a, Orf3b, Orf6, Orf7a,
Orf7b, Orf8, Orf9b, Orf9c, Orf10) (Mariano et al., 2022). SARS-CoV-2 proteins comprise two
large polyproteins: ORFla and ORFlab that proteolytically cleaves by a virus-encoded
protease into individual replicase complex non-structural proteins to form 16 non-structural

proteins (nsp1-16) (Redondo et al., 2021).
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Figure 1: SARS-CoV-2

Viral pathway into host cell:

Entry into host cells is a crucial part of viral infectivity and pathogenesis. The surface-
anchored spike proteins of the virus mediate entry. The SARS-CoV spike (S) protein is
composed of two subunits; the S1 subunit containing a receptor-binding domain that engages
with the host cell receptor angiotensin-converting enzyme 2 and the S2 subunit mediates fusion
between the viral and host cell membranes (Du et al., 2009). SARS-CoV S1 subunit contains
a receptor-binding domain (RBD) that specifically recognizes angiotensin-converting enzyme
2 (ACE2) as its receptor and the RBD constantly switches between a standing-up position for
receptor binding and a lying-down position for immune evasion (Shang et al., 2020). In order
for membrane fusion to take place, the S1 subunit dissociates and S2 subunits undergo
structural changes after being proteolytically cleaved by proteases (such as TMPRSS2 and

lysosomal proteases cathepsins) at the S1/S2 boundary. Therefore, to enter host cells,
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coronaviruses first bind to a cell surface receptor for viral attachment, subsequently enter

endosomes, and eventually fuse viral and lysosomal membranes (Shang et al., 2020).

The virion is assisted in entering by TMPRSS2 after the spike protein on the virion
attaches to ACE2. The virion releases some of its RNA, some of which is translated into
proteins by the machinery of the cell. A replication complex is created by some of these
proteins to produce more RNA. The Golgi assembly of these proteins and RNA results in the

release of a new virion.

SARS-CoV-2

TMPRSS

ACE2

>

f GO/g,
T ERGIC

\
\3

Figure 2: Replication cycle of SARS-CoV-2
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Genomic Organization:

A single-stranded positive-sense RNA makes up the SARS-CoV-2 genome. The
SARS-CoV-2 genome consists of 13—15 (12 functional) open reading frames (ORFs) that total
about 30,000 nucleotides and 9680 amino acid polyproteins. The genome has 11 protein-coding
genes and 12 expressed proteins, making up 38% of its total GC content. The ORFs are
arranged as replicase and protease (1a—1b) and major S, E, M, and N proteins, which follows
a typical 5'-3" order (Naqyi et al., 2020). The biggest gene, ORF1lab, has two open reading
frames that overlap and encode the polyproteins PP1ab and PP1a. 16 non-structural proteins,
NSP1-16, are produced after the polyproteins are subdivided and makes up roughly 67% of
the genome. The remaining ORFs code for accessory and structural proteins. The
hemagglutinin-esterase gene is not present in the SARS-CoV-2 genome. It does, however, have

two flanking untranslated sections (UTRs) at the 358 and 5’ ends of the 265 nucleotides.
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Figure 3: SARS-CoV-2 has four structural proteins

Characteristics and Significance of SARS-CoV-2 proteins

S protein

A transmembrane (TM) domain anchored in the viral membrane, an extracellular N-

terminus, and a brief intracellular C-terminal portion make up the 180-200 kDa S protein. The

S protein has two distinct subunits, S1 and S2, and while it typically exists in a metastable,

prefusion conformation, once the virus interacts with the host cell, the S protein undergoes

substantial structural rearrangement, which enables the virus to fuse with the membrane of the

host cell. RBD in the S1 subunit interacts to ACE2 in the aminopeptidase N region of the cell

receptor.
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Mutations of key residues play an important role in enhancing the interaction with
ACE2. F486 in SARS-CoV-2, instead of [472 in SARS RBD, forms strong aromatic—aromatic
interactions with ACE2 Y83, and E484 in SARS-CoV-2-CTD, instead of P470 in SARS RBD,
forms ionic interactions with K31, which leads to higher affinity for receptor binding than RBD
of SARS-CoV (Huang et al., 2020). Hence, mutations in the spike protein can increase change

viral infectivity, receptor binding capacity and immunogenicity.
N protein

The N (nucleocapsid) protein is only complexed in the nucleocapsid's structural
organization. It possesses an RNA-binding domain, also known as a linker region, a C-terminal
domain, and three other highly conserved domains. N protein contributes in RNA packaging,
helps to assist virion assembly and improves virus transcription efficiency in addition to its role

in the organization of viral genome.

Mutations in N proteins cause an increased transmission and virulence of SARS-CoV-
2 variants. In addition to mutations in the spike protein, mutations in the nucleocapsid protein

are important for viral spreading during the pandemic (Wu et al., 2021).
E protein

The envelope (E) protein is considered the smallest of the main structural proteins of
CoVs. It is a short protein that consists of 76—109 amino acids that occur with a short
hydrophilic N-terminal (7—12 amino acids), and a bigger hydrophobic transmembrane domain
(25 amino acids), ending in a long hydrophilic carboxyl C-terminal that cover most of the

protein (Aldaais et al., 2021).

This protein's significance stems from its crucial function in SARS. It facilitates the

virus's release and entry into the host cell. The protein also modifies a few cellular functions,
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supporting its function in regulating the pathogenicity of the virus. As a result, it ought to be

regarded as a crucial virulence component of the new SARS-CoV-2.

M protein

A crucial part of the virus's function is played by the membrane protein (M), particularly
during the budding and assembly phases. It mainly consists of a big carboxyl-terminal region
at the interior of the virion, three hydrophobic transmembrane domains, and a short amino acid

terminal on the virion exterior (Aldaais et al., 2021).

Understanding the system of the new coronavirus is essential because the M protein is
a dominant structural protein that can combine with other structural proteins including the spike
(S) and envelope (E) proteins. Any M protein mutation is anticipated to have a significant
influence on interactions with the infected cell since the M protein supports the S protein, which

is essential in cell attachment and entrance to the host cell.

SARS-CoV-2 and Nepal:

Infections with the SARS-CoV-2 virus struck Nepal twice, once in 2020 and again in
2021. 127 sequences that were deposited in the GISAID database by various Nepali health
authorities were analysed. Nepal had detected at least two variations of concern in 2021, alpha
and delta, and one variant of interest, kappa. The delta version, like other countries had
overcome the kappa and alpha variants and, by July 2021, had established itself as the dominant
variant. The delta variation is thought to have been the main cause of the second wave in Nepal.
Additionally, phylogenetic tree research showed that the coronavirus can spread locally and

globally.
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Chapter 3: Materials & Methods

Sample Collection:

A total of 113 complete sequences of SARS-CoV-2 from Nepal were collected from a
total of 181 whole genome sequences using the EpiCoV™ platform from GISAID until
August, 2021. Partial sequences, sequences with low coverage and genomes with long stretches
of “NNN” were omitted to increase accuracy. The isolates analysed here were obtained from

all regions of Nepal.

A full list of the sequences arranged in a table format according to their Accession ID,

clade and mutations in all the non-structural and structural proteins are in the link below:

https://docs.google.com/spreadsheets/d/1 PfUfsHJr[23JnrfK'Y8IRSw4 fOX3OIt8A0O

stHD-FQY/edit?usp=sharing

Mutation Analysis:

Burrows-Wheeler Aligner (BWA) (https://bio.tools/bwa) was used for aligning and

mapping our sequences against the reference genome, SARS-CoV-2 genome of Wuhan-Hu-1
(Accession ID MN908947), using default parameters. Freebayes (a haplotype-based variant
detector) was used for variant calling, i.e. identifying variants from our sequences when
compared to our reference sequence and a custom manual script was used for the annotation of

our variants.
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Phylogenetic Analysis:

In order to verify the relationship among the sequences and identified mutations, a
Neighbour-Joining (NJ) phylogenetic tree was constructed using the NJ (Conserved sites)
method and Jukes Cantor model (Erickson, 2010) in MAFFT software

(https://mafft.cbrc.jp/alignment/software/) and topology was evaluated using a bootstrapping

resampling of 100.

Statistical Analysis:

Statistical analysis was carried out using Excel. Box plots were created using our

selected sequences and reference protein structure with default parameters.
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Chapter 4: Results and Discussion

Clade distribution:

All of the samples selected for this paper, i.e. 113 sequences of SARS-CoV-2 contained
the clade GK and no others. Clades assist scientists in gaining knowledge about where certain
strains of the virus are accumulated. We already know that the virus is mutating and evolving
into separate clades with distinct geographical and time distributions (Jaroszewski et al. 2020),
where the mutation rate of SARS-CoV-2 has been estimated to be about (1.19-1.31) x
1073/site/year (Paudel et al. 2021). The prevalence of the G clade increased while other clades
decreased over time but according to the samples, we have collected from the months between
2020 and 2021, all the strains contain the GK clade. Furthermore, all viruses in the fifth wave
were in clade GK (delta variant) (Yavarian, 2022) which emerged by the late 2020. The delta

variant had already arrived in Nepal by the second-third wave.

Table 1: Clade distribution in Nepali isolates

Clade Incidence Percentage

GK 113 100%

GK

100%

Figure 4: Clade distribution in the selected Nepali isolates
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Classification of mutations in each gene:

A large portion of mutations observed in SARS-CoV-2 genomes were missense
mutations (55.1%), followed by synonymous mutations (44.3%) the rest consist of start/stop
gain and loss, as well as mutations in untranslated regions which were identified in this paper
(Figure 5). The first gene (ORF1ab) expresses a polyprotein which consists of 16 non-structural
proteins (NSPs). The highest number of mutations was seen to be in the polyprotein ORF1ab,
consisting of a total of 321 mutations (37.7%) of which 163 were missense and the rest were
synonymous. Sub-category ORF7A, 7B and 8 consist Stop-Gain mutations where ORF8 had 2
Stop-Gain mutations and the only one out of all the proteins, to contain a single inframe-del
mutation. ORF1ab polyprotein gives rise to NSPs 1 to 16 and these carry out many functions.
There was a total of 317 mutations (37.2%) all of the NSPs combined where, 162 were missense
and 155 were synonymous with no Stop-Gain and inframe-del mutations. Furthermore, the S
protein follows second in the highest number of mutations after ORF1ab, having a total of 82
mutations (9.64%), out of which 57 are missense mutations and 25 are synonymous mutations.
The spike protein is a glycoprotein, which mediates the attachment of the virus to the host cell
(Yoshimoto, 2020). The human angiotensin-converting enzyme 2 (ACE2) protein on the
surface of the host’s cell is recognized by the spike protein and so it also mediates entry into
host. According to a review article by Thakur et al. (2022), mutations in the S protein will
definitely affect its virulence and pathogenicity but most of the mutations lessen the virulence.

The mutations have been summarised in figure 5.

The 3’UTR and 5’UTR regions, after alignment and arrangement of the data, was seen
to have no mutations or may have mutations but the type was not identifiable, hence so much

of it is not discussed here.
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Protein Missense Synonymous Stop-Gain Inframe- Total

Mutation Mutation Mutation Del

Mutation

Spike 57 25 82
Orflab 163 158 321
Orf3A 35 7 42
Gene E 2 0 2
Gene N 26 15 41
Gene M 1 7 8
Orf6 1 1 2
Orf7A 8 1 1 10
Orf8 4 4 2 1 11
Orf10 6 0 6
Orf7B 2 2 1 5
Nspl 6 1 7
Nsp2 20 16 36
Nsp3 51 40 91
Nsp4 14 17 31
Nsp5 1 9 10
Nspb6 9 10 19
Nsp7 1 1 2
Nsp8 2 3 5
Nsp9 2 4 6
Nspl0 0 3 3
Nspll 1 0 1
Nspl2 15 12 27
Nsp13 14 12 26

21| Page




Nspl4 11 13 24

Nspl5 10 9 19
Nspl6 5 5 10
Total 467 375 4 1 847

Table 2: Distribution of mutation in genes of SARS- CoV-2 isolates from Nepal

The number of each type of mutation was counted after all the samples were aligned
and then organized based on the specific protein. A bar chart (Fig. 6) has been generated for
easy visualization of the number of mutations each protein has and the total amount of missense

and synonymous mutations as they were of significance.

B Missense B Synonymous [ Stop-Gain M Inframe-Del

Figure 5: Pie chart showing the total number of each mutation in all samples
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Following a well-known tendency seen in many protein families from many animals,
the fraction of missense mutations in structurally defined protein residues of SARSCoV-2
increases with their increasing solvent exposure. While the rate of synonymous mutations
exhibits substantially lesser fluctuation, the rate of missense mutations greatly changes along
the SARS-CoV-2 genome. It suggests that selection mechanisms at the protein level have a
considerable impact on mutations. Figure 7 shows the ranges in which these mutations have

occurred among the strains.

The clustering on the phylogenetic tree usually follows the time of isolation or
prevalence of specific clades. Since all our strains are within the GK clades, for example, the
clade we found in the earliest strain of our samples isolated in June, 2020 is the same as the
latest isolate we have in August, 2021. Hence, we can determine that the clusters formed in our

tree in figure 8 is based on the time of their isolation in Nepal.
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Phylogenetic Tree for selected samples:

18_hCoV-19/NepaliS-33/2021_EPI_ISL_2479973_2021-05-08
73_hCoV-19/NepaliS-96/2021_EPI_ISL_3184500_2021-07-05
31_hCoV-19/MNepali3-52/2021_EPI_ISL_2674081_2021-05-31
43_hCoV-19/NepaliS-78/2021_EPI_ISL_2674107_2021-05-28
104_hCoV-19/NepalNPHLS-141/2021_EPI_ISL_4207295_2021-08-13
54_hCoV-19/NepaliS-107/2021_EPI_ISL_3184528_2021-06-17
67_hCoV-19/Nepal/S-88/2021_EPI_ISL_3184573_2021-07-10
46_hCoV-19/NepaliS-76/2021_EPI_ISL_2674105_2021-05-28
55_hCoV-19/MepaliS-110/2021_EPI_ISL_3184531_2021-06-26
45_nCoV-19/MepaliS-74/2021_EPI_ISL_2674103_2021-06-01
72_hCoV-19/NepaliS-95/2021_EPI_ISL_3184585_2021-07-05
91_hCoV-19/MNepal/NPHLS-163/2021_EPI_ISL_4207283_2021-08-01
1_hCoV-19/Mepal/DH_007/2021_EPI_ISL_2171242_2021-05
102_hCoV-13/NepalNPHLS-148/2021_EPI_ISL_4207294_2021-08-12
32_hCoV-19/MepaliS-53/2021_EPI_ISL_2674082_2021-05-28
36_hCoV-19/NepaliS-57/2021_EPI_ISL_2674086_2021-06-02
76_hCoV-19/MNepaliNPHLS-175/2021_EPI_ISL_4207268_2021-07-29
47_hCoV-19/MepaliS-77/2021_EPI_ISL_2674106_2021-05-30
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Figure 8: Phylogenetic tree of selected SARS-CoV-2 sequences from Nepal

(Bootstrap value = 100)

As there are a total of 113 sequences, a tree format is used to visualize due to the large

number of nodes and branches.

From the tree in figure 9, we can identify five major clusters that have shown significant

number of times of mutations. For example, different strains comprising of different ancestral

branches and showing significant number of mutations was found in May 2021 in four out of

five different clusters on the dates 9™, 28™, 28™ and 31, showing that within a short period of

time, the virus had mutation many times and therefore, this indicates that although all isolates
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belong to the same clade, mutations in genomes played a pivotal role in their genomic

heterogeneity.
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Figure 9: Phylogenetic tree showing five major clusters based on multiple of mutations of
each strain.
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Chapter 5: Conclusion & Future directions

Although it may possibly be of practical significance, the investigation of the SARS-
CoV-2 virus's mutation pattern is intriguing from an evolutionary perspective. For example, it
enables the prediction of which of the SARS-CoV-2 proteins' epitopes surfaces are more likely
to experience widespread alterations in the future. Similar predictions can be helpful for regions
that are the focus of PCR-based diagnostic testing for Covid-19, as there is evidence that the

accumulation of numerous mutations already reduces the accuracy of some of these tests.

The SARS-CoV-2 virus developed a number of mutations, most of which affected the
spike protein, which is essential for developing vaccine candidates. Numerous vaccines are
undergoing clinical trials and are yielding promising results, but their effectiveness must still
be verified in various SARS-CoV-2 mutants. We talked about the effectiveness of the vaccine
against every SARS-CoV-2 mutation. Also considered is the question of these vaccinations'
safety. Understanding coronavirus mutation is crucial for creating novel vaccines that offer
long-lasting protection and can neutralize a wide range of mutant forms. When planning
vaccine efficacy trials, a correct study methodology must also be taken into account, which
further enhanced the study results. Equally crucial are taking preventative measures to

safeguard against the virus, such as developing a vaccine.
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