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ABSTRACT 

 

EXAMINATION OF COVID-19 OUTBREAK DYNAMICS, AND 

IDENTIFICATION OF BETTER VACCINE AND VIRAL DRUG 

TARGETS THROUGH GENOMIC ANALYSES OF SARS-CoV-2 

 

 
Since the emergence of the SARS-CoV-2 virus, which causes the COVID-19 

disease, it continues despite the application of many vaccines and drug treatments. It has 

continuously mutated, therefore the effect of vaccines and drug treatments has begun to 

decrease and a permanent solution has not been found. 

The main hypothesis of  thesis is that the conserved regions in the SARS-CoV-2 

genome can be potential targets for new vaccines and drugs to eradicate the Covid-19 

pandemic. In this study, a total of 807 sequences of the first emerging clades (L, O, S) of 

the SARS-CoV-2 human virus and its variants in the category of Variants of Concern 

(Alpha, Beta, Gamma, and Delta) were taken from different dates, and population genetic 

statistical tests were conducted. Human specific SARS-CoV-2 sequence analyses showed 

that the evolution of all viral proteins are primarily driven by negative selection. 

Interspecies tests using the RaTG13 Bat coronavirus, which has the most similar genome 

to the SARS-CoV-2 virus genome, showed that there was no fixed amino acid change 

divergence between the bat and human virus sequences for Membrane, Nsp8, Nsp10, and 

Nsp16, indicating high conservation. 

Then, a list of the amino acid changes among the SARS-CoV-2 human clades and 

variants was prepared for Membrane, Nsp8, Nsp10, and Nsp16. Since the regions outside 

of these changes are the most conserved, the functions of the Membrane, Nsp8, Nsp10, 

and Nsp16 and and interactions with other viral proteins should be investigated as 

potential targets for new vaccines and drug treatments. 
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ÖZET 

 

SARS-CoV-2’NİN GENOMİK ANALİZLERİ YOLUYLA COVID-19 

SALGIN DİNAMİKLERİNİN İNCELENMESİ VE DAHA İYİ 

AŞI VE VİRAL İLAÇ HEDEFLERİNİN BELİRLENMESİ 

 

 
COVİD-19 hastalığına neden olan SARS-CoV-2 virüsü ortaya çıkmasından bu 

yana üzerinden birçok aşı ve ilaç tedavisi uygulanmasına rağmen devam etmektedir. 

Süreç içerisinde sürekli olarak mutasyona uğramış bu nedenle bulunan aşı ve ilaç 

tedavilerinin etkisi azalmaya başlamıştır ve hala bu virüse karşı kalıcı bir çözüm 

bulunamamıştır.  

Ana hipotezimiz, SARS-CoV-2 genomundaki korunmuş bölgelerin COVİD-19 

pandemisini ortadan kaldırmak amacıyla geliştirilen aşı ve ilaç stratejileri için potansiyel 

hedefler olduğudur. Bu çalışmada, SARS-CoV-2 insan virüsünün ilk ortaya çıkan kladları 

(L, O, S) ve endişe verici varyant kategorisinde yer alan (Alfa, Beta, Gama ve Delta) 

varyantlarının farklı tarihlerden toplam 807 adet sekansı alınmış ve popülasyon genetik 

istatistiksel testleri uygulanmıştır. Uygulanan tür içi testler sonucunda genom 

proteinlerinde negatif seçilimin hakim olduğu görülmüştür. SARS-CoV-2 virüs 

genomuna en benzer genoma sahip olan RaTG13 yarasa koronavirüsü kullanılarak 

yapılan türler arası istatistiksel analizler sonucunda ise; Membrane, Nsp8, Nsp10 ve 

Nsp16 proteinlerinde amino asit değişimine yol açan değişimler bakımından 

sabitlenmiş ayrışma olmadığı görülmüştür. 

Ardından Membrane, Nsp8, Nsp10 ve Nsp16 proteinlerinin SARS-CoV-2 insan 

virüsünün kladları ve varyantları arasında amino asit değişimine yol açan değişimlerinin 

listesi çıkarılmış ve bu değişimlerin dışında kalan bölgelerin en korunmuş bölgeler 

olmasından dolayı Membrane, Nsp8, Nsp10 ve Nsp16 proteinlerin fonksiyonları ve diğer 

proteinlerle etkileşimleri de araştırılarak potansiyel hedefler olabileceği ve bu bilgilere 

göre yeni aşı ve ilaç tedavileri ortaya konulabileceği belirtilmiştir. 
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CHAPTER 1 

 

INTRODUCTION 

 

Coronavirus (CoV) is a family of viruses with single-stranded, positively poled, 

enveloped RNA ranging in size from 80 to 120 nm, and are capable of becoming human 

pathogens. The name coronavirus began to be pronounced with the word "corona" which 

means crown in Latin, by the analogy of the rod-like extensions on its surface. CoV has 

taken place on Nidovirales order, Cornidovirineae suborder, Coronaviridae family, 

Orthocoronavirinae subfamily. Orthocoronavirinae is divided into four genus, 

Alphacoronavirus, Betacoronavirus, Gammacoronavirus and Deltacoronavirus 1.  

HCoV-229E and HCoV-NL63 are in the Alphacoronavirus genus, HCoV-OC43, HCoV-

HKU1, SARS-CoV, MERS-CoV, and SARS-CoV-2 are in the genus Betacoronavirus.  

 

 

 

Figure 1. The Classification of SARS-CoV-2. (Created with Biorender) 
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Coronaviruses are found in animals and are transmitted to humans through intermediate 

hosts, recombination, or mutations. Human coronaviruses, which have increased public 

awareness in the last 20 years, were first described in the mid-1960s. Alpha and 

betacoronaviruses' all identified species are of animal origin, mainly from domestic 

animals, bats, or mice. HKU1, OC43, HCOV-229E, and HCOV-NL63, which are 

responsible for 35 percent of upper respiratory tract infections generally seen in winter in 

humans, some species cause severe acute syndromes such as SARS and MERS. SARS-

CoV, which was first seen in Guandong province of China and spread to 29 countries, 

caused more than 8,000 people to have severe pneumonia and death 2. SARS-CoV, which 

had caused widespread alarm, disappeared by the end of the year. It was determined that 

it was transferred from bats to the intermediate host, the civet, and subsequently from 

these animals to people after undergoing specific alterations. Then, In April 2012, MERS-

CoV was first detected in Jordan in April 2012. In September 2012, patients were reported 

from Saudi Arabia. It has been determined that the intermediate host of MERS-CoV, 

which causes severe pneumonia cases as SARS-CoV, has spread to 27 countries and 

infected more than 2000 people, is dromedary camels 3. 

 

1.1. Emergence 

 

On December 31, 2019, cases of pneumonia occurred in Huanan Seafood 

Wholesale Market in Wuhan, located in the Hubei region of China, and then on February 

11, a new coronavirus that caused the disease was identified and named SARS-CoV-2. 

When COVID-19 was declared a pandemic disease, there were 118,000 cases of COVID-

19 in 114 countries as of March 11, 2020. The World Health Organization data show that 

the number of cases caused by Covid-19 worldwide has reached 250 million 715 thousand 

502, and the number of deaths is 5 million 062 thousand 106. On March 3, 2020, the 

World Health Organization reported the estimated death rate due to the new Coronavirus 

infection as 3.4 percent 4. With the emergence and transmission of SARS-CoV-2, various 

R0 values were obtained at various periods and in different geographical locations. For 

pandemics, it is vital to know the reproduction number which shows the formation of the 

foreseen number of cases directly generated by a case in a population where all people 

are susceptible to infection 5. As time goes by, the virus mutates, and different variants 

emerge. Along with this, the R0 values began to differ. For the first known virus as an 
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ancestral strain, which originated in Wuhan, the R0 value was revealed as 2.4–3.4 6. On 

the other hand, the Alpha variant and Delta variant were reported to have mutations that 

increase the rate of spread and have the R0 values; of 4-5 and 5-8, respectively 7 8. 

Studies showed that the transmission of SARS-CoV-2 between people occurs via 

droplets. As a result of coughing, sneezing, and talking of infected people, it has been 

determined that the virus spreads to the environment, and this virus is transmitted. It is 

stated that particles suspended in the air can remain in the background for at least three 

hours. SARS-CoV-2 has also been detected in urine, feces, and blood samples. The virus 

takes roughly 5.2 days to incubate, and individuals begin to show symptoms around 11.5-

15.5 days 9. Apart from this, asymptomatic cases occur with no indications. Based on the 

most reports, fever is the most common symptom, followed by cough, dyspnea, muscular 

pains, weakness, expectoration, sore throat, headache, cold, lack of appetite, diarrhea, 

nausea-vomiting, and runny nose 10 11. 

SARS-CoV-2 intermediate host searches are still ongoing. The coronaviruses 

detected in pangolin studies have been confirmed to be highly similar to SARS-CoV-2. 

Regarding the similarity between Pangolin-CoV and SARS-CoV-2, the genetically 

closest species to SARS-CoV-2 is RaTG13, according to the data so far, with a sequence 

similarity of 96.2% 12. 

 

 

 

Figure 2. Phylogenetic tree based on maximum likelihood estimation with nucleotide    

                sequences of genomes of coronaviruses using MEGAX 
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1.2. SARS-CoV-2 Genome 

 

SARS-CoV-2 genome, with approximately 30k nucleotides, is the second-largest 

known RNA virus consisting of a single strand, and positive polarity genome. SARS-

CoV-2 consists of a cap at the 5’ end and a non-coding sequence followed by a reader 

sequence of approximately 70 bases, 11 open reading frames encoding 27 proteins, and a 

containing the non-coding sequence at the 3’ end. Their genes are ORF1a, ORF1b, S, 

ORF3a, ORF3b, E, M, ORF6, ORF7a, ORF7b, ORF8, N, ORF10, respectively. Structural 

proteins are Spike, Membrane, Envelope, and Nucleocapside, and nonstructural proteins 

are involved in ORF1ab, and other proteins in the genome are accessory proteins. 

 

 

 

         Figure 3. The genomic organization of SARS-CoV-2. (Created with BioRender) 

 

 

1.2.1. Membrane  

 

The membrane has three transmembrane segments which is critical in viral 

production and also known as the most abundant structural protein of coronaviruses. 

Membrane builds virions, enhances membrane arch, binds to nucleocapsid, and stabilizes 

it. As a result, it supports the formation and maintenance of the nucleocapsid-RNA 

complex. Membrane, an essential protein, sensitizes the host cell to viruses and activates 

the Toll-like receptor-dependent process and the Interferon-Beta pathway which are 

important for host immune regulation 13. 
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1.2.2. Nucleocapsid 

 

The Nucleocapsid (N) plays a critical role in viral production and has two domains 

that can bind the viral genome in various ways. This protein interacts with the Nsp3 and 

contributes to virion production. Also, it is involved in the replication and transcription 

of viral RNA. The Nucleocapsid also performs as an interferon antagonist, preventing the 

immune system from destroying the virus 14.  

 

1.2.3. Envelope 

 

The Envelope (E) has a role in the viral organization, budding, formation, and 

pathogenicity. Membrane and Envelope interact to form virus-like particles 15. While it 

is abundantly expressed within the infected cell during the replication cycle, only a small 

part is added to the virion envelope. 16.  

 

1.2.4. Spike 

 

The Spike (S) consists of two functional subunits; The S1 subunit binds to the 

host cell detector, while the S2 subunit is responsible for viral and cell membrane fusion. 

While N-Terminal Domain and Receptor Binding Domain are found in the S1 subunit, 

the Trans-Membrane region, Fusion Peptides, hexadecimal repeat regions HR1 and HR2 

are present in the S2 subunit. The S1 part of the S protein, separated into two polyproteins 

by the protease enzyme, forms the receptor binding site, whereas the S2 part forms the 

stem portion of the S protein and is responsible for viral membrane fusion. Via the N-

terminus of the S-proteins, viruses bind to specific surface receptors on the host cell 

plasma membrane. ACE-2 is the binding receptor for SARS-CoV-2 17. 

 

1.2.5. ORF1ab 

 

ORF1ab is cleaved into 16 nonstructural proteins by viral proteases to form 

nonstructural proteins such as the enzymes RNA-dependent RNA polymerase (RdRp) 

and Helicase, which are involved in transcription and replication and form the replication 

transcription complex. The papain-like cysteine protease that breaks down polyproteins 
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is contained in Nsp3, while 3Clpro is present in nsp5 18. ORF1ab Nsps has essential for 

innate host response, vesicle membrane formation, mRNA capping, and replication 

transcription process, and their functions are summarized in Table 1 [19]. 

 

 

Table 1. List of Nsps of SARS-CoV-2 and their functions 

Protein Function 

Nsp1 Cellular mRNA degradation and preventing host mRNA translation through ribosome binding 

Nsp2 Modulation of host cell survival signaling pathway 

Nsp3 As a protease to cleave the translated polyprotein into its different proteins. 

Nsp4 Binds to viral replication-transcriptional complex and altered ER membranes. 

Nsp5 Involves viral polyprotein processing in replication. 

Nsp6 Involves in the initial induction of autophagosomes from the host endoplasmic reticulum. 

Nsp7/Nsp8 
It forms a hexadecameric supercomplex with each other, which adopts a hollow cylinder-like structure 

containing replication. 

Nsp9 It participates in viral replication by acting as an ssDNA binding protein. 

Nsp10 Plays a vital role in viral mRNA methylation as a cofactor of nsp14 

Nsp11 Unknown 

Nsp12 RNA-dependent RNA polymerase 

Nsp13 It is a helical core domain that binds ATP and unwinds the double-strand RNA for nsp12 polymerase 

Nsp14 Exoribonuclease activity and N7-guanine methyltransferase activity act in the 3’ to 5’ direction. 

Nsp15 Mn+2 dependent endoribonuclease activity 

Nsp16 
The mRNA cap exhibits methyltransferase activity, which mediates 2’-0-ribose methylation and the 

5th-cap structure of viral mRNAs. 

 

 

1.2.6. ORF3a/3b 

 

ORF3a leads the way to viral release through the use of lysosomal trafficking [20]. 

ORF3b modulates cytokine production and also triggers apoptosis in host cells 21. 

 

1.2.7. ORF6 

 

By attaching Karyopherin Alpha 2 and Karyopherin Beta 1 to the membrane, 

ORF6 prevents cell nuclear import complex synthesis 22. In addition, ORF6 is essential 

for inhibiting the expression of interferon-stimulated genes with various antiviral 

movements 23.  
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1.2.8. ORF7a/7b 

 

ORF7a acts as an opponent of host tetherin and takes its place, interfering with its 

antiviral activity. Considered taking part in bonding and regulation of leukocyte bind to 

Integrin Alpha L (ITGAL) of the host 24.  

ORF7b is vital for Golgi complex placement, and has a transmembrane helix 

domain since substituting it with the transmembrane domain from the human 

endoprotease furin leads to abnormal positioning 25. 

 

1.2.9. ORF8 

 

ORF8 contributes to the modulation of the host immunological response. It binds 

to the Interleukin 17 receptor A for initiating the Interleukin 17 pathway and increasing 

pro-inflammatory factor production, and it makes an essential contribution to the cytokine 

storm that occurs in COVID-19 infection 26. 

 

1.2.10. ORF10 

 

The function of ORF10 is still unclear. However, some studies determined that it 

reduces the innate immune response via binding to the mitophagy receptor Nip3-like 

protein X that triggers mitophagy-mediated mitochondrial antiviral signaling protein 

breakdown. 27. 

 

1.3. SARS-CoV-2 Life Cycle 

 

The virus enters the host cell with the assistance of the ACE2 receptor. When the 

receptor-binding domain of the spike protein’s S1 subunit binds to ACE2, the Spike is 

broken down into two subunits by protease: S1 and S2 subunits. On the cell’s surface, 

TMPRSS2 also triggers the S2 subunit. Then, a fusion occurs between the cell membrane 

and the viral membrane. When a virus penetrates a cell, it completes its replicating cycle 

in the cytoplasm. Because it possesses positive polarity, the virus initiates direct 

translation after releasing its genomic RNA into the cytoplasm. Positive-stranded viral 

RNA is turned into polypeptide using host cell machinery. From the polypeptides, 16 Nsp 
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proteins are produced and then. Then, with the formation of the replication-transcription 

complex (RTC), genomic RNA and subgenomic RNAs are synthesized. Subgenomic 

mRNAs have common 5’-leader and 3’-terminal sequences. Other ORFs in one-third of 

the genome near the 3′-terminal encode the four major structural proteins first: Spike (S), 

Membrane (M), Envelope €, and Nucleocapsid (N) proteins. All structural and accessory 

proteins are synthesized from the subgenomic RNAs of coronaviruses. 

The synthesized viral proteins and replication products are then transported to the 

endoplasmic reticulum and the Golgi via the secretory pathway with help of Membrane 

and ORF3a. Also, The Nucleocapsid links free viral genomes and proteins together to 

form virus particles 28. 

 

1.4. Immunology of SARS-CoV-2 Infection 

 

Toll-like receptors are activated and produce chemokines when the virus is picked 

up within the cell and are began to spread. Polymorphonuclear leukocytes, monocytes, 

natural killer cells, and dendritic cells are attracted to the location by these chemokines. 

Monokines induced by interferon-γ (MIG), interferon-γ-inducible protein-10 (IP10), and 

monocyte chemoattractant protein-1 (MCP-1) are chemokines generated by these cells. 

These chemokines cause lymphocytes to gather together to be identified by antigens 

addressed by dendritic cells 29 30.  

The cytokine group contains interferons generated by lymphocytes and epithelial 

cells, and a cytokine storm can develop when their release is extreme or unregulated. 

There is a link between severe COVID-19 cases and proinflammatory dysregulated 

cytokine release, according to several types of research 31. In severe COVID-19 

occasions, a cytokine storm can occur quickly, leading to respiratory distress and, in some 

cases, death due to multiple organ failures 32. 

 

1.5. Interaction of SARS-CoV-2 Proteins with Human Proteins 

 

The process of viral entry into the cell is accompanied by the beginning of the 

interaction.
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Although Spike is thought to be the main and important element in this process, 

there are significant interactions with other proteins that have been revealed in Table 2 33. 

 

 

Table 2. SARS-CoV-2 proteins and their interactions with host proteins 

Host Protein Virus Protein Life Cycle Phase Notes 

ACE2 Spike Virus Entry Main entry receptor 

Neuropilin Spike Virus Entry Secondary entry receptor 

Integrins Spike Virus Entry Secondary entry receptor 

TMPRSS2 Spike Virus Entry Cleavage of spike for fusion capacity 

Furin Spike Virus Entry Cleavage of spike for fusion capacity 

Heparan sulfate Spike Virus Entry Host cell adhesion 

VPS39 ORF3a Virus Budding Facilitates virion egress in lysosomes 

TOMM70 Nucleocapsid 
Inhibition of host RLR pathway 

by virus 

Prevents the activation of IFN upon 

viral infection 

 

 

1.6. SARS-CoV-2 Variants 

 

Previously, Nextstrain, GISAID, and Pango devised methods for defining and 

tracking SARS-CoV-2 genetic lineages. The World Health Organization created a more 

straightforward categorization system based on the Greek alphabet to reduce 

misunderstanding. The first emerged viruses were named in the S clade for Gisaid’s 

naming scheme, followed by the L, O, V, G, GH, and GR clades 34. On June 15, 2021, 

the WHO classified the SARS-CoV-2 variants into three basic types; Variant of Concern, 

Variant of Interest, and Variant of Monitoring 35. 

 

1.6.1. Variants of Concern (VOCs) 

 

Variants that cause severe disease with increased contagiousness and virulence. 

As a result of this, condition leads to significant adverse changes in treatment and 

prevention methods. At the moment, the Omicron variant is the currently circulating 

variant of concern according the WHO. Previously circulating variant of concerns are 

listed in Table 3 35. 

 

 

https://viralzone.expasy.org/by_species/875
https://viralzone.expasy.org/by_species/875
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Table 3. List of Currently Designated Variants Of Concern (VOCs) 

WHO 

Label 

Pango 

Lineage 

GISAID 

Clade 

Next strain 

Clade 

Earliest Documented 

Samples 

Date of 

Designation 

Alpha B.1.1.7 GRY 0I (V1) UK, Sep-2020 8-Dec-20 

Beta B.1.351 GH/501Y.V2 0H (V2) South Africa, May-2020 8-Dec-20 

Gamma P.1 GR/501Y.V3 0J (V3) Brazil, Nov-2020 11-Jan-2021 

Delta B.1.617.2 G/478K.V1 1A, 21I, 21J India, Oct-2020 4-Apr-2021 

 

 

1.6.2. Mutations of Concern 

 

A rise in a mutation cluster was identified in the UK. B.1.1.7, named the Alpha 

variant by the WHO, emerged in September 2020. The effect of the D614G mutation in 

the G clade on the virus’s course has been seen, and with this mutation, the virus’s binding 

to the ACE2 receptor is enhanced, and therefore the viral load has risen 36. This version 

features a total of 23 mutations, including the D614G mutation, and contains critical 

alterations. The H69/V70 deletion mutation was found as a consequence of convalescent 

plasma treatment in a person with COVID-19, a lymphoma sufferer, and allowed him to 

avoid certain antibodies and change the Spike’s form. The Y453F mutation, which was 

reported to be transmitted from minks to humans in Denmark in November 2020, and the 

N501Y mutation, which was detected in laboratory tests in mice, were both shown to 

enhance binding to the ACE2 receptor 37 38. The ORF8 becomes deactivated as a result 

of the Q27stop alteration, demonstrating that mutations may aggregate in diverse areas 

39. The mutations N501Y, K417N, and E484K were prevalent in B.1.351, called the 

‘Beta’ variant, which is thought to have appeared in South Africa after the UK variant. 

Among these, the E484K mutation was revealed to be the most frequent and the one with 

the highest success in evading antibodies 40. The P1 variant, also known as the Gamma 

variant, has the most amount of alterations in Spike and important ORF1ab, ORF8, and 

Nucleocapsid mutations. These alterations lead to spreading from one person to another, 

catching the virus again, and escaping antibody immune response 41. Lineage B.1.617 

which emerged in India in October 2020 and is also known as the Delta variant, became 

a worldwide sensation. Three mutations in the RBD region of the Spike of this variation 

which differ from the other variants have gained attention. The mutations L452R and 

P681R speed up viral uptake into the host cell and boost ACE2 binding, which has a 

significant impact on virus transmission between people 42. 
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1.6.3. Variants of Interest (VOIs) 

 

Variants detected in different countries differ from the original virus and are 

suspected of altering the course of the disease. Previously circulating variant of concerns 

are listed in Table 4 35. 

 

 

Table 4. List of Previously Designated Variants of Interest (VOIs) 

WHO Label 
Pango 

Lineage 
GISAID Clade 

Next strain 

Clade 

Earliest Documented 

Samples 

Date of 

Designation 

Lambda C.37 GR/452Q.V1 21G Peru, Dec-2020 14-Jun-2021 

Mu B.1.621 GH 21H Colombia, Jan-2021 30-Aug-2021 

Epsilon 
B.1.427 

B.1.429 
GH/452R.V1 21C 

United States of 

America, Mar-2020 

VOI: 5-Mar-2021 

Previous VOI: 

 6-Jul-2021 

Zeta P.2 GR/484K.V2 20B/S.484K Brazil, Apr-2020 

VOI: 17-Mar-2021 

Previous VOI: 

 6-Jul-2021 

Eta B.1.525 G/484K.V3 21D 
Multiple countries, 

Dec-2020 

VOI: 17-Mar-2021 

PreviousVOI:  

20-Sep-2021 

Theta P.3 GR/1092K.V1 21E Philippines, Jan-2021 

VOI: 24-Mar-2021 

Previous VOI:  

6-Jul-2021 

Iota B.1.526 GH/253G.V1 21F 
United States of 

America, Nov-2020 

VOI: 24-Mar-2021 

Previous VOI:  

20-Sep-2021 

Kappa B.1.617.1 G/452R.V3 21B India, Oct-2020 

VOI: 4-Aprl-2021 

Previous VOI:  

20-Sep-2021 

 

 

1.6.4. Formerly monitored variants (VOMs) 

 

Variants formerly under monitoring are thought to be dangerous in the past owing 

to changes in the viral genetics of SARS-CoV-2. As a result of the observations, it was 

indicated that there is no proof of their impacts on the overall epidemiological situation 

and the global public health significance.  

They were not associated with any concerning properties and they lost their 

importance due to observations. According to current WHO data, Formerly monitored 

variants are listed in Table 5 35. 
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Table 5. List of Formerly Designated Variants of Monitoring (VOMs) 

Pango Lineage GISAID Clade 
Next strain 

Clade 
Earliest Documented Samples 

Date of 

Designation 

B.1.1.318 GR - Multiple countries, Jan-2021 2-Jun-2021 

C.1.2 GR - South Africa, May 2021 1-Sep-2021 

B.1.640 GH/490R - Multiple countries, Sep-2021 2-Nov-2021 

AV.1  GR - United Kingdom, Mar-2021  26-May-2021 

 

 

1.7. Diagnostic Methods 

 

Nucleic acid amplification, serological testing, computed tomography, and 

CRISPR-based methods are all utilized to diagnose COVID-19 43. The nucleic acid 

amplification method, RT-PCR is widely used and standardized by WHO, it is taken as a 

basis 44. This procedure involves extracting virus samples from affected people’s 

respiratory tracts using formulated dyes. Simultaneously, the presence of nucleic acids is 

tested 45. The benefits of this procedure are quantitative results and high analytical 

sensitivity. The drawbacks are limited accuracy, the possibility of false-negative results, 

and the need for specialized equipment 46. The lungs of patients are scanned using 

computed tomography, and a definite diagnosis is obtained as a consequence of imaging. 

It is considered that this method is to minimize error rates in the findings of RT-PCR and 

allow for early diagnosis 47. Another important diagnostic method is serological tests. It 

is used to detect asymptomatic people and the immune status of individuals 48. For SARS-

CoV-2, it is utilized to find Spike and Nucleocapsid or detect the host’s immune response 

to these proteins. Nucleocapsid plays a role in virus replication, and it can be observed at 

high levels in the first 14 days 49. The Spike provides attachment to the host cell which is 

essential for antibody studies. Now, FDA-approved recombinant Nucleocapsid and Spike 

tests are also available. These tests have the advantage of detecting immunity levels and 

tracking patients who have antibodies. The disadvantages are that it produces inaccurate 

results based on the sample type and limited sensitivity 50. Finally, the CRISPR/Cas 

technique, which is revolutionary and alternative, has been modified to diagnose SARS-

CoV-2. Samples collected from the patient’s respiratory tract with viral RNA and 

amplifying targeted gene, suitable effector Cas protein with complementary RNA to the 

target gene area are getting together and then reading test strips for results. The FDA has 
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certified two CRISPR-based therapies for emergency use in COVID-19 51 52. Its benefits 

include quickness, low cost, portability, and high sensitivity 53. 

 

1.8. Vaccines 

 

Vaccine development research has been increased as a result of the pandemic’s 

onset. With the advancement of technology, the vaccine development time which used to 

take several years has been significantly reduced. Previously, the vaccine with the shortest 

approval rate was the mumps vaccine, which took roughly 5 years. The World Health 

Organization has sped the licensing procedure for vaccine development to avert the 

devastation caused by the pandemic. Initially, vaccine development studies are divided 

into stages, the first of which is to conduct extensive laboratory and computer studies to 

identify antigens. Animal studies are performed in the second step to assess the vaccine’s 

safety and effectiveness. Human practices begin in the third stage, which is separated into 

four phases. The first step is the safety phase, which is normally administered to less than 

100 healthy persons and then followed upon. The number of persons in the second 

phase grows to hundreds, and it is applied to people with various statistical 

characteristics. The appropriate dosage, safety, and immunological state are all evaluated. 

Tens of thousands of individuals get vaccinated in the third stage. People are separated 

into placebo and vaccination groups, although they are not fully informed of which group 

they are in. The illness status of vaccinated people is compared to that of a placebo. The 

vaccine is presented for approval with the reduction in illness rates among those who have 

been vaccinated, as well as the determination of the vaccine’s efficacy. Vaccines given 

way for approval to institutions such as the FDA and EMA are licensed as a consequence 

of the institutions’ assessments. This procedure, which ordinarily takes more than a year 

owing to the COVID-19 outbreak, was completed in less than a year under the scope of 

emergency use approval. Licenses are secured for authorized vaccinations, and they are 

subsequently made accessible to communities. In the fourth and final stage, information 

such as the vaccine’s efficiency and adverse effects are still being gathered. Vaccines 

licensed for emergency use have been deployed in several nations since the end of 2020 

54. Reportedly, 31.2 percent of the global population has received at least one dose of 

COVID-19 vaccination. Fully vaccinated people make up 23.5 percent of the world’s 

population. 4.7 billion doses of vaccination have been delivered globally. Currently, 
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36.67 million vaccination doses are provided every day. In low-income nations, just 1.2 

percent of individuals have gotten at least one dose of the vaccination 55. As of 2 

December 2021, a total of 7.864.123.038 vaccine doses have been administered. 168 

vaccine candidates, 536 vaccine trials, 62 countries with vaccine trials, 40 vaccines at 

Phase 1, 58 vaccines at Phase 2, 62 vaccines at Phase 3, 28 vaccines approved by at least 

one country, and 9 vaccines approved by WHO 56. 

 

1.8.1. Complete Virion Vaccines 

 

This category contains two types of vaccines; live attenuated vaccines and 

inactivated vaccines. Live attenuated vaccines are generated with viral strains that have 

been devitalized by mutations in animal and human cells and have lost their virulence. 

Live attenuated vaccines can trigger both humoral and cellular immune responses in 

actual viral infections and can be applied to the nasal cavity. The vaccination provides 

mucosal immunity at the point of viral entry into the upper respiratory tract. However, it 

is known that the potential of re-virulence by changing the vaccine virus in coronaviruses 

makes this form of vaccination challenging for COVID-19. Some live attenuated COVID-

19 vaccines are now under preclinical testing. Nonetheless, none have progressed to 

human trials 57. 

Inactivated Vaccines are created as a consequence of destroying viral strains via 

a physical or chemical approach. Usually, it is made with an adjuvant to boost the immune 

response. Inactivated vaccinations are applied intramuscularly. A biosafety level 3 facility 

is required for manufacture. A disadvantage is that multiple dosages are necessary, and 

the treatment is not remarkably effective and does not take an active role in the generation 

of immunological responses. Bharat Biotech Covaxin, Sinopharm (Beijing) Covilo, and 

Sinovac CoronaVac are inactivated vaccines that are used for COVID-19 treatment and 

approved by WHO. 

Coronavac manufactured by Sinovac, a Chinese corporation, completed Phase 3 

trials in Brazil, Chile, Indonesia, and Turkey. All countries’ research showed that vaccine 

efficacy is above 60 percent 58 59. The impact of two doses of the Coronavac vaccine 

against variants is as follows: from 38.7 to 53.8 percent against the Beta and Gamma 

variants, 59 percent against the Delta variant 60 61.  
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Covaxin, also known as BBV152, is manufactured by Bharat Biotech which is an 

Indian company. Symptomatic and non-symptomatic patients included in phase 3 data 

indicated effectiveness ranging from 57 to 100 percent, and it has from 33 to 83 percent 

efficacy against the Delta variant 62.  

Covilo is produced by Sinopharm, and phase trials were made in Egypt, Bahrain, 

Argentina, and the United Arab Emirates. Based on the trial results of the vaccine, it is 

from 78 to 86 percent effective 63 64. 

 

1.8.2. Nucleic Acid DNA and mRNA Vaccines  

 

The Nucleic acid-based DNA and mRNA vaccines are antigen-encoding plasmid 

DNA, RNA as mRNA, or viral replicons used in nucleic acid-based technologies. 

Because of their cellular absorption and expression, antigens encoded by nucleic acid 

trigger both humoral and cellular immune reactions. 

DNA-based vaccines are made up of antigen-encoding DNA plasmid molecules 

and are preferable to mRNA vaccines due to their stable formulation and strong transfer 

efficiency. Although they are similar to the mRNA vaccines, they are affordable and, can 

be produced rapidly, can induce mutations in the host cell since they must enter the 

nucleus to be effective 65.  

An individual is injected with RNA containing the virus’s genetic code. This 

genetic information is used by the injected person’s cells to produce the Spike and activate 

the immune system. Since mRNA is easily destroyed, it is enclosed in a lipid nanoparticle 

and delivered into the cell. After entering the cell, host lipases dissolve the lipid 

nanoparticle structures and let mRNA free. The targeted immunity is created by decoding 

the codes in the mRNA spike generated inside the cell, which activates both humoral 

(antibody) and cellular (T-cell) immunity. mRNA cell stays only in the cytoplasm and 

does not access the nucleus, and it is destroyed in the cytoplasm within 72 hours. mRNA 

is quickly damaged and must be preserved at low temperatures. Their main benefit is that 

they can be manufactured fast. 

Moderna “mRNA-1273, and Biontech-Pfizer “BNT162b2” vaccines are the 

mRNA COVID-19 vaccines approved by WHO. Moderna was produced by a US-based 

company and after finished the genetic sequencing for the vaccine, which was labeled as 

“mRNA-1273,” on January 23. This vaccine has low stability, a 10-fold lower 
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transfection rate than viral vectors, and a short half-life. The first phase of the trial began 

on March 16. Phase 2 studies began in October, and Phase 3 investigations began at the 

end of July. In phase 3 clinical testing, the effectiveness and safety of this vaccine, which 

got emergency use approval on December 8, 2020, was reported to be 94.1 percent. The 

impact of two doses of the Moderna vaccine against variants is as follows: 82-100 percent 

against the Alpha variant, from 91.9 to 98.7 against the Beta and the Gamma variants, 

and from 75.9 to 90.8 percent against the Delta variant, based on different researches  66 

67. 

While Biontech, located in Germany, had begun vaccination tests against Covid-

19, they opted to continue clinical trials by cooperating with Pfizer. It was shown that the 

effectiveness of the “BNT162b2” coded vaccinations chosen for phase 3 research was 95 

percent. After getting emergency use authorization in the United Kingdom on December 

2, 2020, the vaccine got an FDA license on December 11, 2020, making it the first 

COVID-19 vaccine. The impact of two doses of the Biontech vaccine against variants is 

as follows: from 74 to 96 percent against the Alpha variant, from 69 to 92 percent against 

the Beta and Gamma variants, and from 43.9 to 61.4 percent against the Delta variant, 

based on different researches 66 68 69 70. 

 

1.8.3. Viral Vector Vaccines  

 

There are two kinds of viral vector vaccines; the Ebola vaccine can replicate, 

whereas the second cannot reproduce because vital genes, such as adenoviruses, have 

been deactivated. Adenoviruses are commonly utilized as vectors and have been 

genetically modified to be capable of producing coronavirus proteins in the body. These 

viruses do not cause an infection because they are subsided. It is risk-free for the 

individual; the genetic material carried ensures that the immune system is activated and 

antibodies are formed 71. The development of immunity against the vector by the host 

may reduce vaccine effectiveness. Janssen (Johnson &Johnson) Ad26.COV2.S, Oxford/ 

Astrazeneca, and Covishield are the non-replicating viral vector vaccines that the WHO 

approved for COVID-19 treatment. Janssen (Johnson &Johnson) Ad26.COV2.S vaccine 

got conditional permission for usage in the EU In March 2021. This vaccine carries vector 

rAd26, and after a single dosage in phase 2 research, 90 percent of antibodies were 

reported in the first weeks, and in the later phase, antibodies were in close to 100 percent 

https://covid19.trackvaccines.org/vaccines/1/
https://covid19.trackvaccines.org/vaccines/1/
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of cases. Antibody levels rose 2.7-fold after the second dosage. The vaccine’s efficacy 

was 66 percent in a phase 3 trial 72.  The impact of two doses of the Oxford/ Astrazeneca 

vaccine against variants is as follows: 68.4–79.4 percent against the Alpha variant, 69–

92 percent against the Beta and Gamma variants, 61.3–71.8 percent against the Delta 

variant, based on different researches 73. 

 

1.8.4. Recombinant Vaccines 

 

Recombinant vaccines are divided into protein subunit and virus-like particle 

vaccines. Protein subunit vaccines deliver all the SARS-CoV-2 proteins to the person and 

boost the immune system. Subunit vaccinations prevent adverse effects including re-

virulence in attenuated vaccines and antigenic peptide denaturing in inactivated vaccines 

but subunit vaccinations have lower immunogenicity 74. Virus-like particle vaccine was 

developed based on the idea that blank viral shells lacking genetic material mimic the 

structure of the virus that causes the disease and induce antibody production in the live 

object in which it is inserted 75. 

Novavax Nuvaxovid and Serum Institute of India COVOVAX are protein subunit 

vaccines approved by WHO and share the same formula. A study that used the Novavax 

vaccine found that 95 percent efficacy was reported in non-variant strains, 85.6 percent 

in the Alpha variant strains, 60 percent in the Beta strains, and 89.3 percent in all groups 

76. 

 

1.8.5. BCG Vaccine 

 

Another mentioned approach for the COVID-19 disease is the BCG vaccine, often 

known as the tuberculosis vaccine, which was produced around the beginning of the 

twentieth century. It had been shown to reduce child mortality with the treatment 

of tuberculosis and give protection against various agents. The vaccination is known to 

boost cytokine levels. Although it has been claimed to boost natural immunity quickly 

and efficiently, significant proof has yet to be obtained 77. 
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1.9. Drugs and Other Treatments 

 

It is vital to understand the virus genome, the processes involved in the virus’s 

entry into the cell, and its life cycle to create an antiviral treatment. Having control of the 

first phases of the viral cycle is as important as the virus’s entry into the host cell with the 

assistance of ACE-2, TMPRSS2, 3Clpro, the RNA-dependent RNA polymerase, fusion, 

and endocytosis78. Proteins which are vital for the viral life cycle, have similarities to 

some viruses such as HIV and Hepatitis C. Antivirals used for treating these diseases can 

be significant for COVID-19; therefore, similarities of duplication 79 80. 

The medications that will be utilized to address the patient’s circumstances should 

also be considered. It is also possible to achieve host-based antiviral 

development. Essential elements of this are the interaction of ACE2 with viruses and the 

modulation of cytokine storms 81.  

The first antiviral drug that is approved by the Food and Drug Administration for 

the treatment of COVID-19 is Remdesivir. It was developed for the treatment of the Ebola 

and Marburg viruses. It transforms to the adenosine triphosphate analog, which has the 

task of infecting the viral RNA polymerase. By blocking viral replication, viral load is 

lowered and pulmonary function is improved 82. Paxlovid, is recently approved by Food 

and Drug Administration, is an oral antiviral. Results of Paxloid usage in trials indicate 

that it helps decrease mortality caused by COVID-19 83. 

Convalescent Plasma Therapy is another aspect of the COVID-19 treatment. This 

approach has been performed since the 1930s and used to treat SARS-CoV and MERS-

CoV. It is based on the isolation of the serum-containing antibodies collected from the 

people who recovered 84.  

Monoclonal Antibody is another approach for the COVID-19 preventing process. 

With this approach, the Spike of the virus can be neutralized by the antibodies specific 

for only one epitope. RBD region activity can be controlled and block the entrance of the 

host cell. In addition, a TMPRSS2 serine protease, PIKfyve, TPC2, and cathepsin L, 

which are essential for endocytosis, are also of great importance 85 86. It is found that the 

use combined with camostat mesylate and substance E-64d is highly effective for 

blocking the virus’s entry into the host cell. 

Merck and Ridgeback’s oral antiviral drug Molnupiravir is a nucleoside analog of 

β-D-N4 hydroxycytide (NHC). The drug increased the frequency of viral RNA mutations 
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and the incidence of viral RNA mutations thus SARS-CoV-2 replication in a human was 

disrupted. In the Phase III study, Molnupiravir decreased by 50 percent the risk of 

hospitalization or death compared to placebo for mild or moderate COVID-19 patients 87. 

Molnupiravir has been approved for emergency use by the FDA. 

 

1.10. Aims & Hypothesis of Thesis 

 

The main hypothesis of this thesis is that molecular evolutionary and population 

genetic analyses of the SARS-CoV-2 genome can identify the most conserved genome 

regions indicated by the strongest negative selection, and these highly conserved genome 

regions can be targets for small molecules (or drugs) or used for new vaccine approaches. 

To test this hypothesis, firstly, comprehensive molecular population genetic 

analyses of virus genomes were performed with all viral genes for populations of viral 

variants of concern (Alpha, Beta, Gamma, Delta) associated with faster spread, and the 

very first clades seen at the beginning of the pandemic (L, S, O). Intraspecific 

comparisons focused only on human-specific SARS-CoV-2 variants, and for interspecific 

comparisons, bat RaTG13 is used as an outgroup. 

Secondly, based on these evaluations, certain genes are chosen as the most 

conserved genes, and their structural information, functions, and interaction with other 

virus genes were used to select potential new drug and vaccine targets.
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CHAPTER 2 

 

MATERIALS AND METHODS 

 

2.1. Preparation of Dataset 

 

All genome sequences in this study were collected from the GISAID site 8889. 

Genome sequences that are at least 29 kb or larger in sequence size, high coverage (less 

than 1% N content, 0.05 percent unique mutations, no unconfirmed indel mutations), 

human host isolates, and with recorded collection dates are selected for analyses. Only 

the genome sequences that belong to L, S, O clades and Alpha, Beta, Gamma, and Delta 

variants were analyzed. Then, the Bat Coronavirus RaTG13 sequence was added to the 

collected human sequences. The prepared data was aligned with the MAFFT (v7.450) 

alignment software with the recommended parameters 90.  

Initially, over one thousand genome sequences were downloaded and aligned. 

However, the sequences that contained letters other than A, T, C, G, and N’s were 

excluded from the analyses, and analyses were conducted with the remaining 808 

sequences. After the alignment and selection of viral genome sequences, gene and nsp 

positions were found from the GISAID reference genome and were cut and trimmed 91.  

 

 

Table 6. Genome positions of SARS-CoV-2 genes 

Gene Annotation (nt position) 

ORF1a 1-13206 

ORF1b 13206-21293 

S 21301-25159 

ORF3a 25168-25995 

ORF3b 25540-25995 

E 26020-26247 

M 26299-26967 

ORF6 26978-27163 

ORF7a 27170-27535 

ORF7b 27532- 27663 

ORF8 27670-28037 

N 28056-29315 

ORF10 29340-29456 
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Table 7. Nsp positions within the ORF1ab gene 

ORF1ab NSPS Annotation (nt position) 

Nsp1 1-540 

Nsp2 541-2454 

Nsp3 2455-8289 

Nsp4 8290-9789 

Nsp5 9790-10707 

Nsp6 10708-11580 

Nsp7 11581-11829 

Nsp8 11830-12423 

Nsp9 12424-12762 

Nsp10 12763-13179 

Nsp12 13180-15974 

Nsp13 15975 – 17777 

Nsp14 17778-19358 

Nsp15 19359-20396 

Nsp16 20397 -21290 

 

 

2.2. Population Genetic Analyses 

 

Aligned data was exported to the DnaSP, to conduct population genetic statistics 

and molecular evolution tests 92. Population genetic parameters include nucleotide and 

haplotype diversity, Watterson theta estimator, and neutrality tests which are Tajima’s D, 

Fu-Li’s D, Fu-Li’s F, Fu-Li’s D*, Fu-Li’s F*, and Fay and Wu’s Hn and McDonald-

Kreitman (MK) test were used for intraspecific and interspecific assessment and for 

deciding the pattern of selection or diversity in populations. Nucleotide diversity, 

represented by π, is used to evaluate the level of polymorphism and is the average amount 

of nucleotide differences given two DNA sequences 93. The letter Hd stands for haplotype 

diversity, which assesses the distinctiveness of a certain haplotype in a population 94. The 

Watterson estimator (θ) is a formula for calculating the nucleotide proportion of 

polymorphic sites 95. In addition to these parameters, some essential tests were used for 

understanding the selection and demographic dynamics of populations. Tajima’s D is a 

method for figuring out how selection works and it is estimated utilizing theta and pi. If 

Tajima’s D value is zero, it means there’s no indication for selection. A positive Tajima 

D value shows that heterozygosity has a selective advantage and a declining population. 

In contrast, a negative one shows that a specific allele has a survival benefit over the other 

allele and that the population is rapidly expanding 96. Also, Fu-Li’s population genetic 

tests were conducted. Fu-Li’s test is similar to Tajima’s D statistic in that a negative result 

shows an excess of singletons, while a positive result demonstrates a lack of singletons. 

The data of Fu-Li’s D* and Fu-Li’s F* tests are used for within species (only within 
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human viruses) sequence comparisons, whereas it is necessary to have intraspecific and 

outgroup data for D and F tests 97. Another aspect that is commonly utilized in population 

genetics is Fay and Wu’s Hn. This test gives information about selection occurring owing 

to population increase or decrease or a recent selective sweep 98. Moreover, the 

McDonald-Kreitman method analyzes the levels of polymorphism and divergence within 

and between populations at two types of sites. For MK Test, negative selection means the 

neutrality index is lower than one and occurs when the rate of nonsynonymous to 

synonymous variation across species is less than the rate of nonsynonymous to 

synonymous variation within species; nevertheless, positive selection means the 

neutrality index is higher than one and occurs when the inverse proportion of the 

explained variations is observed, also determine the P-value based on the Chi-square 

value 99 100 101. After the analysis, a Sliding Window analysis was performed using the 

Polymorphism and Divergence option over DnaSP to graph the nonsynonymous 

nucleotide diversity of some selected regions92. 

 

2.3. Protein Structure Prediction And Related Analyses 

 

The 3-dimensional structure of selected regions was revealed using the I-TASSER 

which is a bioinformatics tool that uses amino acid sequences to predict the three-

dimensional structure of protein molecules with a C-score representing the convergence 

parameters of the structure assembly simulations. It ranges between -5 and 2 and the best 

C-scored model represents the highest value of confidence. By structurally comparing the 

target protein’s structural patterns with known proteins in protein function databases, it 

has been expanded for structure-based protein function predictions, offering further 

explanations regarding the ligand-binding site, gene ontology, and enzyme commission 

102–104. Also, UCSF Chimera is used for the demonstration of molecular structures with 

associated data in an interactive environment 105.
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CHAPTER 3 

 

RESULTS AND DISCUSSION 

 

In total, 808 sequences were analyzed; 185 sequences belong to the L clade, 

another 185 sequences belong to the S clade, 175 sequences belong to the O clade, 82 

sequences belong to the Alpha variant, 55 sequences belong to the Beta variant, 72 

sequences belong to the Gamma variant, and 53 sequences belong to the Delta variant. 

Every calender month starting from December 2019 to August 2021 is represented by at 

least one sequence. For interspecific tests, RaTG13 is used as an outgroup. 

 

 

Table 8. List of date SARS-CoV-2 sequences chosen from GISAD with clades/variants 

Clade/Variant Date of Sample Sequences 

L December 2019 – August 2021 

S December 2019 – August 2021 

O January 2020 – August 2021 

Alpha September 2020 – August 2021 

Beta October 2020 – August 2021 

Gamma October 2020 – August 2021 

Delta September 2020 – August 2021 

 

 

3.1. Population Genetics and Selection Tests on SARS-CoV-2 Genome 

 

Looking at population genetic summary statistics for the SARS-CoV-2 genome 

among its population of clades and variants, the highest number of segregating sites were 

seen on the O clade among the clades, and the highest number of segregating sites were 

seen on the Alpha variant among the variants. For all clades and variants, the number of 

singleton changes was higher than parsimony informative sites. The O clade had the 

highest number of singletons compared to other clades and the Alpha variant had the 

highest number of singletons compared to other variants. Overall, more replacement 

polymorphisms compared to synonymous polymorphisms were observed for the genome-

wide data. Whereas the O clade had the highest number of replacement polymorphisms, 

the S clade and the Delta variant showed the highest number of replacement site diversity. 
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Also, the nucleotide diversity with Jukes-Cantor correction applied estimates showed that 

among all variants and clades the overall nucleotide diversity is primarily driven by 

synonymous sites. For nucleotide diversity on synonymous sites, the O clade had the 

highest value among the clades, and the Delta variant had the highest value among the 

variants.  

 

 

Table 9. Population genetic summary statistics for nucleotide diversity of SARS-CoV-2     

              genome among SARS-CoV-2 population of clade/variants1 

Clade/Variant 

Parameters 
L 

(N=185) 

S 

(N=185) 

O 

(N=175) 

Alpha 

(N=82) 

Beta 

(N=55) 

Gamma 

(N=72) 

Delta 

(N=53) 

Syn. sites 6660.49 6642.05 6639.63 6650.57 6659.23 6663.94 6653.24 

Nonsyn. sites 22697.51 22625.95 22640.37 22692.43 22704.77 22706.06 22683.76 

S 367 807 1111 365 329 315 228 

Eta 370 814 1126 366 329 318 231 

Sing. 301 549 812 317 257 242 155 

Par. 64 258 299 48 72 73 73 

Syn. Pol. 125 267 377 141 107 100 81 

Rep. Pol. 239 533 736 223 219 217 144 

π (Pi) All Sites 1.9 10.3 10.2 4 6.1 4.3 7.8 

Theta-W All Sites 21.5 47.5 10.2 25 24.5 22.1 17.3 

π (JC) All Sites 1.9 10.3 10.2 4 6.1 4.3 7.8 

π (JC) Syn. Sites 2.9 13.2 14 6 9.4 6 11.1 

π (JC) Nonsyn. Sites 1.6 9.5 9.1 3.4 5 3.8 6.9 

H 114 164 168 80 53 66 48 

Hd 0.89 1.00 1.00 1.00 1.00 1.00 1.00 

 

 

With population genetic summary statistics, neutrality tests also were performed 

for assessment of the selection on viral genomes. For Tajima’s D, genome data 

considering all clades and variants was negative and significant. Moreover, Fu-Li's D* 

and Fu-Li's F* test values were also significant and negative, in agreement with the 

Tajima’s D tests. When the clades and variants were compared, the L clade had the most 

negative value for Tajima’s D, Fu-Li's D*, and Fu-Li's F* tests. The test values are 

negative when there is an excess of rare variants compared to intermediate frequency 

variants as a consequence of background selection or population growth. 
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Table 10. Neutrality tests summary statistics for the SARS-CoV-2 genome among viral   

                clades and variants2 

Clade/Variant 

Parameters 
L 

(N=185) 

S 

(N=185) 

O 

(N=175) 

Alpha 

(N=82) 

Beta 

(N=55) 

Gamma 

(N=72) 

Delta 

(N=53) 

TD -2.93 *** -2.54*** -2.76*** -2.90*** -2.70*** -2.81*** -2.00* 

TD - Cod. -2.93 *** - 2.55 *** -2.78*** -2.90*** -2.70*** -2.81*** -1.98* 

TD – Syn. -2.86 *** -2.61*** -2.78*** -2.92*** -2.58*** -2.72*** -2.09* 

TD – Nonsyn. - 2.91*** - 2.51*** -2.75*** -2.84*** -2.72*** -2.80*** -1.88* 

TD - Silent -2.89*** -2.61*** -2.78*** -2.92*** -2.58*** -2.72*** -2.09* 

Fu-Li’s D* -11.50** -9.33** -9.99** -8.26** -5.72** -6.53** -4.42** 

Fu-Li's F* -8.71** -7.09** -7.65** -7.19** -5.45** -6.00** -4.19** 

 

 

When Fu-Li’s F and Fu-Li’s D tests were conducted using Bat coronavirus 

RaTG13 as an outgroup, there was still an excess of rare variants. The results of neutrality 

tests and Fu-Li’s F and Fu-Li’s D were consistent. Although Fay and Wu's Hn estimates 

for all clades and variants were negative, the test results were not significant. 

 

 

Table 11. Fu-Li’s Tests with an Outgroup (RaTG13) for human SARS-CoV-2 genomes   

                among viral clades and variants3 

  Clade/Variant 

Parameters 
L 

(N=185) 

S 

(N=185) 

O 

(N=175) 

Alpha 

(N=82) 

Beta 

(N=55) 

Gamma 

(N=72) 

Delta 

(N=53) 

Fu and Li's D -11.84** -9.30 ** -9.88** -8.07** -5.74** -6.76** -4.29** 

Fu and Li's F -8.66** -6.86** -7.36** -6.92** -5.42** -6.08** -4.09** 

Fay and Wu's Hn -30.34 -109.75 -176.74 -75.05 -62.15 -77.11 -40.33 

Fay and Wu's Hn 

Normalized 
-1.13 -1.37 -1.57 -1.81 -1.54 -2.09 -1.39 

 

 

McDonald-Kreitman tests showed that the rate of nonsynonymous divergence to 

synonymous divergence is less than the rate of nonsynonymous polymorphism to 

synonymous polymorphism in all clades and variants indicating negative selection acting 

on all genomes. Moreover, both the neutrality index and the adaptive protein evaluation 

parameter alpha also showed negative selection acting on the genomes of all clades and 

variants.  
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Table 12. The McDonald-Kreitman Tests of SARS-CoV-2 genomes among human   

                 clades and variants with an outgroup (RaTG13)3 

Clade/Variant 

Parameters 
L 

(N=185) 

S 

(N=185) 

O 

(N=175) 

Alpha 

(N=82) 

Beta 

(N=55) 

Gamma 

(N=72) 

Delta 

(N=53) 

NI 3.32 3.42 3.33 2.64 3.42 3.71 3.00 

Alpha Value -2.32 -2.46 -2.33 -1.64 -2.42 -2.71 -2.00 

Fisher's exact test. P-value 

(two tailed) 
0*** 0*** 0*** 0*** 0*** 0*** 0*** 

G test G value 93.85 165.92 183.48 62.54 90.34 99.58 54.61 

G test P value 0*** 0*** 0*** 0*** 0*** 0*** 0*** 

Syn. Fixed differences 

between species 
700 662 640 685 685 696 694 

Syn. Polymorphic sites 124 265 374 141 107 100 81 

NonSyn. Polymorphic sites 238 532 734 223 219 215 144 

NonSyn. Fixed differences 

between species 
405 384 377 411 410 403 411 

 

 

3.2. Population Genetics And Selection Tests On Individual  

SARS-CoV-2 Genes 

 

After evaluation of genome-wise data using population statistical tests, all genes 

on SARS-CoV-2 human sequences were also analyzed individually to understand the 

nature of selection acting on these genes. All population genetic tests that were conducted 

for genome-wise analyses for every SARS-CoV-2 gene; ORF1a, ORF1b, Spike, ORF3a, 

ORF3b, E, M, ORF6, ORF7a, ORF7b, ORF8, N, ORF10.  

In the detail of the individual population genetic analyses of all genes, the 

population summary statistics, and neutrality tests results showed some differences 

between clades and variants. The ORF1a gene of the O clade had the highest number of 

segregating sites. On the other hand, the Envelope gene in the L clade and the Alpha 

variant, and the ORF7b and ORF10 in the Beta variant had no segregating sites. In 

addition, the ORF7b in the Delta variant had the highest number of nucleotide diversity 

compared to other genes based on clades and variants. The Envelope gene in the Alpha 

variant, the ORF7b in the Beta variant and the L clade, and the ORF10 in the Beta variant 

and the Delta variant had no nucleotide diversity. Also, the ORF1a in the O clade had the 

highest number of synonymous and replacement polymorphisms. 

In neutrality tests, Tajima’s D, Fu-Li’s D*’s, and Fu-Li’s F*, all clades and 

variants for all viral genes had a negative value. The ORF1a in the Alpha variant had the 
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most negative value. Moreover, the ORF1b in the L clade had the most negative Fu-Li’s 

D* and Fu-Li’s F* values. 

When Fu-Li’s F and Fu-Li’s D tests were conducted using Bat coronavirus 

RaTG13 as an outgroup, there was still an excess of rare variants for all genes based on 

clades and variants. The values of neutrality tests, and Fu-Li’s F and Fu-Li’s D were 

consistent. The L clade on the ORF1a had the highest value for Fu-Li’s F and Fu-Li’s D 

tests. Also, it was observed that Fay and Wu's Hn values were not significant.  

Population summary statistics, neutrality, Fu-Li’s F and Fu-Li’s D, and the Mc-

Donald Kreitman test results for ORF1a, ORF1b, Spike, ORF3a, ORF3b, Envelope, 

ORF6, ORF7a, ORF7b, ORF8, Nucleocapsid and ORF10 genes for all clades and variants 

are shown in Supplement Tables 10-18. 

There are some differences among the genes based on McDonald-Kreitman tests 

that utilized the RaTG13 sequence as an outgroup, however, almost all genes from all 

clades and variants showed negative selection acting on them. But for the Membrane 

gene, there were no fixed nonsynonymous changes between the RaTG13 genome 

sequence and SARS-CoV-2 human sequences considering all clades and variants. 

Spike protein is the most highlighted protein because of its function in cell 

entrance. As a result, various approaches have been explored using the Spike as the focus 

point. Although various therapies such as RBD-targeted inhibitors, S2 targeted 

antibodies, and recombinant RBD vaccines are used, the COVID-19 spread still could not 

be prevented. Therefore, instead of focusing on the highly variable spike protein focusing 

on the conserved viral proteins where no amino acid changes are observed can be the 

main point of the treatments for prevention against the virus. 

 

3.3. Population Genetics And Selection Tests On Individual 

       Nonstructural Proteins (Nsps) 

 

ORF1ab, the largest gene in the virus genome and has an essential role in the viral 

life cycle, is composed of Nsp1-Nsp16. Population genetic tests were conducted for each 

Nsp.  

Looking at the population genetic summary statistics, Nsp3 of the O clade had the 

highest number of segregating sites, synonymous and replacement polymorphisms 

compared to the other Nsps. On the other hand, Nsp8 of the Beta variant had no 
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segregating sites. As a result of that, replacement polymorphisms and nucleotide diversity 

values were zero for Nsp8 of the Beta variant.  

Looking at the nucleotide diversity of the Nsps, the Nsp6 of the Delta variant had 

the highest number of nucleotide diversity. Nucleotide diversity on synonymous sites 

results showed that Nsp9 the S clade had the highest value.  

On the other hand, the Nsp7 in the Alpha and Gamma variants had the lowest 

value. Nucleotide diversity on nonsynonymous sites results showed that Nsp6 in the S 

clade had the highest value, in contrast, the Nsp4 in the Gamma variant value was not 

estimated.  

Neutrality test results also show differences between the Nsps but overall, there is 

negative selection on all Nsps for all clades and variants. Nsp3 in the Alpha variant had 

the most negative significant value for Tajima’s D tests and Nsp3 in the O clade had the 

most negative significant value for Fu-Li’s F* and Fu-Li’s D* tests. 

 When Fu-Li’s F and Fu-Li’s D tests were conducted using Bat coronavirus 

RaTG13 as an outgroup, there was still an excess of rare variants for all genes from all 

clades and variants. The values of neutrality tests and Fu-Li’s F and Fu-Li’s D were 

consistent. The Nsp3 in the O clade and the Alpha variant had the highest value for Fu-

Li’s F and Fu-Li’s D tests. All Fay and Wu's Hn test results were also negative, and in 

agreement with Tajima’s D, Fu-Li’s F, and Fu-Li’s D. But the results were not 

significant. 

 Population genetic tests summary statistics, neutrality test and Fu-Li’s F and Fu-

Li’s D test, and McDonald Kreitman test results for Nsp1, Nsp2, Nsp3, Nsp4, Nsp5, Nsp6, 

Nsp7, Nsp9, Nsp12, Nsp13, Nsp14, Nsp15 based on clades and variants are shown in the 

Supplement Tables 1-9.  

Using RaTG13 as an outgroup, considerable contrasts between McDonald-

Kreitman test results of different Nsps were observed. Almost all nsps showed negative 

selection acting on all clades and variants.  

However, for Nsp8, Nsp10, and Nsp16 there were no fixed nonsynonymous 

changes between the RaTG13 and SARS-CoV-2 human sequences considering all clades 

and variants. 
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3.4. The Most Conserved SARS-CoV-2 Genome Regions Based On 

       Mc-Donald Kreitman Test 

 

3.4.1. Population Genetics And Selection Tests On the Membrane                                              

 

Evaluation of all data by the Mc-Donald Kreitman test indicated that the 

Membrane gene is highly conserved. Except for the Delta variant, there were no fixed 

nonsynonymous changes between the RaTG13 and human virus sequences. On the Delta 

variant, there was one fixed difference for the Membrane gene but the neutrality index 

value was not significant. However, the Mc-Donald Kreitman test results were significant 

for the L, S, O, Alpha and Beta. Also, the Direction of Selection test results showed that 

the Membrane gene was primarily driven by negative selection considering all clades and 

variants, confirming the high conservation on the Membrane with the Mc-Donald 

Kreitman tests. 

 

 

Table 13. The McDonald-Kreitman Tests of SARS-CoV-2 Membrane gene among  

                 human clades and variants with an outgroup (RaTG13)3 

Clade/Variant 

Parameters 
L 

(N=185) 

S 

(N=185) 

O 

(N=175) 

Alpha 

(N=82) 

Beta 

(N=55) 

Gamma 

(N=72) 

Delta 

(N=53) 

DoS -0.56 -0.33 -0.43 -0.46 -0.22 -0.25 -0.29 

NI - - - - - - 13.5 

Alpha Value - - - - - - -12.5 

Fisher's exact test. P-value 

(two tailed) 
0*** 0** 0*** 0*** 0.06 0.13 0.19 

Syn. Fixed differences between 

species 
27 25 24 25 27 27 27 

Syn. Polymorphic sites 4 10 13 7 7 3 2 

NonSyn. Polymorphic sites 5 5 10 6 2 1 1 

NonSyn. Fixed differences between 

species 
0 0 0 0 0 0 1 

 

 

Looking at the population genetic summary statistics for SARS-CoV-2 Membrane 

among its population of the clades and variants, the highest number of segregating sites 

were in the O clade, and the Alpha variant had the highest number of segregating sites 

among the variants. For all clades and variants, the number of singleton changes was 

higher than parsimony informative sites. O clade had the highest number of singletons 
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among the clades and the Alpha variant had the highest number of singletons among the 

variants. In addition, the O clade had more replacement polymorphisms compared to 

other clades and variants. The nucleotide diversity values for Membrane showed that the 

S clade had the highest value among the clades and the Beta variant had the highest value 

among the variants. Also, the nucleotide diversity with Jukes-Cantor correction applied 

estimates showed that all variants and clades were primarily driven by synonymous sites 

except for the Gamma and Delta variants. 

 

 

Table 14. Population genetic summary statistics for nucleotide diversity of             

                SARS-CoV-2 Membrane gene among SARS-CoV-2 clades/variants1 

Clade/Variant 

Parameters 
L 

(N=185) 

S 

(N=185) 

O 

(N=175) 

Alpha 

(N=82) 

Beta 

(N=55) 

Gamma 

(N=72) 

Delta 

(N=53) 

Syn. sites 163.66 163.62 163.72 163.66 163.67 163.66 163.67 

Nonsyn. sites 505.34 505.38 505.28 505.34 505.33 505.34 502.33 

S 9 14  21 13 9 4 3 

Eta 9 15 23 13 9 4 3 

Sing. 9 9 15 12 6 4 3 

Par. 0 5 6 1 3 0 0 

Syn. Pol. 4 10 13 7 7 3 2 

Rep. Pol. 5 5 10 6 2 1 1 

π (Pi) All Sites 1.4 9.9 8.8 5.1 9.6 1.7 1.8 

Theta-W All Sites 23.2 36.1 54.7 39 29.4 12.3 10 

π (JC) All Sites 1.4 9.9 8.8 5.1 9.6 1.7 1.8 

π (JC) Syn. Sites 2.6 33.1 18 10.5 32.7 5.1 4.9 

π (JC) Nonsyn. Sites 1.1 2.5 5.9 3.4 2.1 6 8 

H 10 14 23 12 10 4 4 

Hd 0.09 0.49 0.47 0.25 0.50 0.08 0.12 

 

 

 In addition to population genetic summary statistics, neutrality tests were 

performed for assessment of the selection on the Membrane. For Tajima’s D test, 

Membrane data was negative and significant in all clades and variants other than the Delta 

variant. The Alpha variant had the most negative value for Tajima’s D tests. In addition, 

Fu- Li's D* and Fu- Li's F* test values were also significant and negative. But for Fu- Li's 

D* and Fu- Li's F* tests, the L clade had the most negative value. The test values are 

negative when there is an excess of rare variants compared to intermediate frequency 

variants as a consequence of background selection or population expansion. 
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Table 15. Neutrality tests summary statistics for SARS-CoV-2 Membrane among viral  

                clades/variants2 

Clade/Variant 

Parameters 
L 

(N=185

) 

S 

(N=185) 

O 

(N=175) 

Alpha 

(N=82) 

Beta 

(N=55) 

Gamma 

(N=72) 

Delta 

(N=53) 

TD -2.15** -1.91* -2.36** -2.41** -1.86* -1.82* -1.7 

TD - Cod. -2.15** -1.91* -2.36** -2.41** -1.86* -1.82* -1.7 

TD – Syn. -1.68 -1.62 -2.19 ** -2.13* -1.69 -1.65 -1.46 

TD – Nonsyn. -1.82* -1.66 -1.97* -1.99* -1.31 -1.06 -1.1 

TD - Silent -1.68 -1.62 -2.19** -2.13* -1.69 -1.65 -1.46 

Fu-Li’s D* -6.10** -4.47** -5.90** -5.35** -2.69* -3.67** -3.02* 

Fu-Li's F* -5.59** -4.20** -5.40** -5.13** -2.85* -3.61** -3.05* 

 

 

When Fu-Li’s F and Fu-Li’s D tests were conducted using Bat coronavirus 

RaTG13 as an outgroup, there was still an excess of rare variants. The values of neutrality 

tests and Fu-Li’s F and Fu-Li’s D tests were consistent. L clade had the most negative 

value for the test results. Also, Fay and Wu's Hn values of the S, O, and Alpha were 

negative, and the L, Beta, Gamma, and Delta values were almost zero. But, the test results 

were not significant. 

 

 

Table 16. Fu-Li's Tests with an Outgroup (RaTG13) for human SARS-CoV-2    

                Membrane gene among viral clades and variants3 

Clade/Variant 

Parameters 
L 

(N=185) 

S 

(N=185) 

O 

(N=175) 

Alpha 

(N=82) 

Beta 

(N=55) 

Gamma 

(N=72) 

Delta 

(N=53) 

Fu and Li's D -6.20** -3.97** -5.18** -4.16** -2.05 # -3.76** -3.11** 

Fu and Li's F -5.67** -3.82** -4.87** -4.21** -2.27 # -3.70** -3.14** 

Fay and Wu's Hn 0.1 -3.25 -5.26 -3.64 0.5 0.11 0.12 

Fay and Wu's Hn 

Normalized 
0.07 -1.66 -1.87 -1.98 0.39 0.13 0.16 

 

 

3.4.2. Sliding Window, Nature of Amino acid Changes, and Structure 

Analyses of Membrane 

 

To compare nucleotide diversity of nonsynonymous changes for all clades and 

variants, sliding window analyses were performed. Results showed that the highest 
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nonsynonymous nucleotide diversity was on the 245th nucleotide which is in the codon 

that codes for the I82 residue.  

All sequences in the L, Alpha, Beta, and Gamma had Thymine nucleotide in the 

245th position, but the sequences in the Delta variant had a Cytosine nucleotide leading 

to a change from Isoleucine to Threonine.  

 

 

 

Figure 4. Sliding Window analysis of nonsynonymous nucleotide diversity for 

                Membrane 

 

 

In the O clade, some sequences had a mutation that changed the nucleotide from 

T to C in the 245th position.  

Moreover, in the S clade, some sequences had both C and G mutation in the 245th 

position, and residues turned from Isoleucine to Threonine, and from Isoleucine to Serine, 

respectively. Also, another research showed that I82 is the most mutated residue on the 

Membrane 106.  

Other than the I82 residue, regions that had nonsynonymous nucleotide diversity 

for the Membrane are listed in Table 17. 
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Table 17. Polymorphic Membrane residues and associated sliding window  

                 nonsynonymous nucleotide diversity estimates in the examined SARS-CoV-2    

                 clades/variants 

Window Pi (NoSyn) (10-4) Clade/Variant Aminoacid Change Domain 

49-49 25 Alpha 17 L-> F Helix 

67-67 25 O 23 V-> L Helix 

85-85 74 O, S 29 L->F Helix 

142-142 74 O, S 48 I-> L, I->V Helix 

187-187 25 Delta 63 A-> S Helix 

208-208 50 Alpha 70 V->L Strand 

232-232 25 L 78 G-> S Helix 

233-233 25 O 78 G-> A Helix 

245-245 1760 Delta, O, S 82 I-> T, I->S Helix 

257-257 25 O 86 C-> S Helix 

259-259 25 Alpha 87 L-> F Helix 

265-265 25 Gamma 89 G-> S Helix 

292-292 25 O 98 A-> S Helix 

327-327 25 O 109 M-> I Coil 

407-407 25 Alpha 136 S->N Coil 

463-463 50 Alpha 155 H->L Strand 

464-464 25 Beta 155 H->Y Strand 

482-482 25 L 161 I->T Coil 

508-508 25 Alpha 170 V-> L Strand 

619-619 25 L 207 N-> H Coil 

623-623 50 Beta, S 208 T-I Coil 

625-625 25 L 209 D-> H Coil 

631-631 25 L 211 S-> T Coil 

 

 

For Membrane, a 3d structure model was predicted using I-Tasser. The best C-

scored model was chosen to display on UCSF Chimera and the distribution of amino acid 

changes was mapped on the predicted structure with Render by Attribute interface. 

The percentage distribution of amino acid changes on the Membrane helix, strand, 

and coil regions were 53 percent, 30 percent, and 17 percent, respectively. In the figure, 

the blue-colored residue I82 showed the highest nonsynonymous nucleotide diversity. 

Other residues were not color-coded, because of the low nonsynonymous nucleotide 

diversity. 
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Figure 5. Display of the Membrane secondary structure using I-Tasser with UCSF  

                Chimera. Color coding ranges from highest (blue) to lowest (maroon)  

                nonsynonymous nucleotide diversity. 

 

 

3.4.3. Interpretation Of Observed Amino Acid Changes In Terms Of 

Membrane Function 

 

The Membrane is the most abundant protein in the coronaviruses, and also one of 

the conserved genes. The membrane has 223 amino acids and is divided into three primary 

domains: a short N-terminal ectodomain, three TransMembrane Helices; the first (amino 

acids 21–37) second (amino acids 46–68), and third (amino acids 78-100), and a long C-

terminal endo-domain located on the cytoplasmic face of virions 106. 

The Membrane is the core of the viral envelope and provides shape and size to the 

virion. Because of the envelope assembly requirement, M-M homodimer interaction is 

crucial. It also has a role in the processing and modification of various viral genes. In 

addition, the Membrane helps to form and gather virions by having a key role in 

interaction with structural genes Envelope, Spike, and Nucleocapsid. Membrane and 

Nucleocapsid linkages support the virion RNA genome. Membrane and Envelope 

linkages provide to form and release virus-like particles. Linkages between Membrane 
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and Spike continue to hold Spike in the Endoplasmic Reticulum–Golgi Intermediate 

Compartment. Also, the interaction adapts Spike in nascent virions 107. 

An experiment on SARS-CoV Membrane (which shares 90.5% sequence identity 

with SARS-CoV-2 Membrane) determined that residues W19, W57, P58, W91, Y94, 

F95, and C158 have an essential role in homodimer interactions, proposing that 

homologous residues W20, W58, P59, W92, Y95, and F96 of SARS-CoV-2 may be 

essential for Membrane dimer interaction and stabilization 108. In addition, another 

experiment indicated that key residues F96, F103, S108, S111, and F112 are preserved 

and able to form important interactions in the dimer 106.  

Another experiment on SARS-CoV-2 Membrane, taken as a receptor, binds to all 

structural proteins taken as ligands showed that the L51, T55, F96, and F103 residues of 

Membrane have interaction with F26, R69, F26, and I33 residues of Envelope 

respectively. Also, M1, N5, Y71, W75, and R174 residues of Membrane have interaction 

with M1, F4, Q173, D198, F377, and H625 residues of Spike. Moreover, Y199, D209 

and H210 residues of Membrane have interacted with G335, F314, and F286 residues of 

Nucleocapsid 107.  

A different experiment on SARS-CoV Membrane determined that residues 

between 88 and 96 and between 60 and 69 play a role in the Multiple cytotoxic T-

lymphocyte epitopes 109. For SARS-CoV-2, no study confirmed that the mentioned 

residues are the Multiple cytotoxic T-lymphocyte epitopes but it may be essential for 

future information. 

In this study, the D209 residue that has a role in interaction with Membrane-

Nucleocapsid, and the G89 residue that has a role as an epitope of Multiple cytotoxic T-

lymphocyte for SARS-CoV were among the polymorphic residues.  

Other than the D209 and G89, the conserved residues that are important for 

homodimer interaction, interaction with other structural proteins, and immune response 

can be good targets for designing new vaccines or drugs. 

 

3.4.4. Population Genetics And Selection Tests On Nsp8, Nsp10, and 

Nsp16 

 

Evaluation of all data by the McDonald-Kreitman Tests indicated that the Nsp8, 

Nsp10, and Nsp16 are highly conserved. There were no fixed nonsynonymous changes 
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between the RaTG13 and human Sars-CoV-2 viruses for all clades and variants. In detail, 

Nsp16 of all clades and variants had significant values for the McDonald-Kreitman tests. 

On the other hand, MK test results were not significant for Nsp8 in the Delta variant, and 

the Nsp10 in the S and L clades.  

Also, the Direction of Selection test results showed that the Nsp8, Nsp10, and 

Nsp16 were primarily driven by negative selection considering all clades and variants, 

confirming the high conservation on the Nsp8, Nsp10, and Nsp16 with the Mc-Donald 

Kreitman tests.  

 

 

Table 18. The McDonald-Kreitman Tests of SARS-CoV-2 Nsp8 among human clades  

                 and variants with an outgroup (RaTG13)3 

Clade/Variant 

Parameters 
L 

(N=185) 

S 

(N=185) 

O 

(N=175) 

Alpha 

(N=82) 

Beta 

(N=55) 

Gamma 

(N=72) 

Delta 

(N=53) 

DoS -0.6 -0.58 -0.6 -0.63 - -0.67 -1 

NI - - - - - - - 

Alpha Value - - - - - - - 

Fisher's exact test. P-value (two 

tailed) 
0** 0** 0.01* 0** 0** 0.03* 0.08 

Syn. Fixed differences between 

species 
10 10 10 11 11 11 11 

Syn. Polymorphic sites 2 5 4 3 0 1 0 

NonSyn. Polymorphic sites 3 7 6 5 0 2 1 

NonSyn. Fixed differences 

between species 
0 0 0 0 0 0 0 

 

 

Table 19. The McDonald-Kreitman Tests of SARS-CoV-2 Nsp10 among human clades  

                 and variants with an outgroup (RaTG13)3 

Clade/Variant 

Parameters 
L 

(N=185) 

S 

(N=185) 

O 

(N=175) 

Alpha 

(N=82) 

Beta 

(N=55) 

Gamma 

(N=72) 

Delta 

(N=53) 

DoS -0.5 -0.33 -0.55 -0.75 -1 -0.6 -0.5 

NI  -   -   -    -   -   -   -  

Alpha Value  -  -  -  -  -  -  - 

Fisher's exact test. P-value (two 

tailed) 
0.22 0.19 0.04* 0.02*  0.03* 0.05 0.04* 

Syn. Fixed differences between 

species 
7 7 7 7 7 6 7 

Syn. Polymorphic sites 1 4 5 1 0 2 1 

NonSyn. Polymorphic sites 1 2 6 3 2 3 1 

NonSyn. Fixed differences 

between species 
0 0 0 0 0 0 0 
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Table 20. The McDonald-Kreitman Tests of SARS-CoV-2 Nsp16 among human clades  

                 and variants with an outgroup (RaTG13)3 

Clade/Variant 

Parameters 
L 

(N=185) 

S 

(N=185) 

O 

(N=175) 

Alpha 

(N=82) 

Beta 

(N=55) 

Gamma 

(N=72) 

Delta 

(N=53) 

DoS -0.62 -0.21 -0.41 -0.64 -0.57 -0.8 -0.5 

NI - - - - - - - 

Alpha Value - - - - - - - 

Fisher's exact test. P-value 

(two-tailed) 
0*** 0.01* 0*** 0*** 0*** 0*** 0** 

Syn. Fixed differences 

between species 
38 37 36 38 39 39 39 

Syn. Polymorphic sites 5 11 16 4 3 1 2 

NonSyn. Polymorphic sites 8 3 11 7 4 4 2 

NonSyn. Fixed differences 

between species 
0 0 0 0 0 0 0 

 

 

Looking at the population genetic summary statistics for SARS-CoV-2 Nsp8, 

Nsp10, and Nsp16 among their clades and variants indicated different results. Nsp8 of 

the S clade had the highest segregating sites number among the clades, and the Nsp8 of 

the Alpha variant had the highest segregating sites number among variants. Moreover, 

the number of singleton changes was higher than the parsimony-informative sites except 

for the Beta and Delta variants. The Beta variant value was zero and the Delta variant had 

more parsimony informative sites. In addition, all clades and variants had more 

replacement polymorphisms other than the Beta variant. The nucleotide diversity for the 

Nsp8, the L clade had the highest value among the clades and the Alpha variant had the 

highest value among the variants. Also, the nucleotide diversity with Jukes-Cantor 

correction applied estimates for Nsp8 showed that all clades and variants were primarily 

driven by synonymous sites except for Beta and Delta variants.  

The result of the Beta variant was zero and the Delta variant was primarily driven 

by nonsynonymous sites. For Nsp10, the O clade had the highest segregating number 

among the clades, and the Gamma variant had the highest segregating number among the 

variants. Moreover, the number of singleton informative sites was higher than parsimony 

informative sites except for the Delta variant which was equal value for both sites. In 

addition, the S clade had more synonymous polymorphism, although the O clade, Alpha 

variant, Beta variant, and Gamma variant were primarily driven by replacement 

polymorphism. L clade and Delta variant were equal values for both polymorphisms. The 

nucleotide diversity of the Nsp10 showed that the L clade had the highest value among 

the clades and the Gamma variant had the highest value among the variants. Furthermore, 
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the nucleotide diversity with Jukes-Cantor correction applied estimates for Nsp10 showed 

that all clades and variants were primarily driven by synonymous sites except for the 

Alpha and Beta variants. The Alpha and Beta variants were primarily driven by 

synonymous sites. 

Lastly, the Nsp16 data showed that the highest segregating number was in the O 

clade among the clades, and the Alpha variant had the highest segregating number among 

the variants. Moreover, the number of singleton informative sites was higher than 

parsimony informative sites for all clades and variants. In addition, L and S clades had 

more synonymous polymorphism compared to other clades and variants. The nucleotide 

diversity of the Nsp16 indicated that the S clade had the highest value among the clades, 

and the Beta variant had the highest value among the variants. Also, the nucleotide 

diversity with Jukes-Cantor correction applied estimates for Nsp16 showed that the L 

clade and Beta variant were primarily driven by synonymous sites. On the other hand, S, 

O, Alpha, Gamma, and Delta were primarily driven by nonsynonymous sites. 

 

 

Table 21. Population genetic summary statistics for nucleotide diversity of                      

                SARS-CoV-2 Nsp8 among SARS-CoV-2 clades and variants1 

Clade/Variant 

Parameters 
L 

(N=185) 

S 

(N=185) 

O 

(N=175) 

Alpha 

(N=82) 

Beta 

(N=55) 

Gamma 

(N=72) 

Delta 

(N=53) 

Nonsyn. sites 462.51 462.53 462.52 462.47 462.5 462.5 462.51 

S 5 12 10 8 0 3 1 

Eta 5 12 10 8 0 3 1 

Sing. 5 6 9 6 0 3 0 

Par. 0 6 1 2 0 0 1 

Syn. Pol. 2 5 4 3 0 1 0 

Rep. Pol. 3 7 6 5 0 2 1 

π (Pi) All Sites 9 7.9 2.1 4.9 0 1.4 1.3 

Theta-W All Sites 14.5 34.8 29.3 27.1 0 10.4 3.8 

π (JC) All Sites 9 7.9 2.1 4.9 0 1.4 1.3 

π (JC) Syn. Sites 1.6 17.4 3.5 5.6 0 2.1 0 

π (JC) Nonsyn. Sites 0.7 5.2 1.7 4.7 0 1.2 1.7 

H 6 11 11 9 1 4 2 

Hd 0.05 0.28 0.11 0.25 0 0.08 0.08 
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Table 22. Population genetic summary statistics for nucleotide diversity of  

                SARS-CoV-2 Nsp10 among SARS-CoV-2 clades and variants1 

Clade/Variant 

Parameters 
L 

(N=185) 

S 

(N=185) 

O 

(N=175) 

Alpha 

(N=82) 

Beta 

(N=55) 

Gamma 

(N=72) 

Delta 

(N=53) 

Syn. sites 97.83 97.83 97.83 97.8 97.82 97.82 97.84 

Nonsyn. sites 319.17 319.17 319.17 319.2 319.18 319.18 319.16 

S 2 6 11 4 2 5 2 

Eta 2 6 11 4 2 5 2 

Sing. 2 6 10 3 2 4 1 

Par. 0 0 1 1 0 1 1 

Syn. Pol. 1 4 5 1 0 2 1 

Rep. Pol. 1 2 6 3 2 3 1 

π (Pi) All Sites 5 1.5 3.3 3.5 1.7 4.6 2.8 

Theta-W All Sites 8.3 24.8 46 19.3 10.5 24.7 10.7 

π (JC) All Sites 5 1.5 3.3 3.5 1.7 4.6 2.8 

π (JC) Syn. Sites 1.1 4.4 5.9 2.5 0 5.7 8.1 

π (JC) Nonsyn. Sites 0.3 0.7 2.5 3.8 2.3 4.3 1.3 

H 3 7 11 5 3 6 3 

Hd 0.02 0.06 0.12 0.14 0.07 0.19 0.12 

 

 

Table 23. Population genetic summary statistics for nucleotide diversity of               

                SARS-CoV-2 Nsp16 among SARS-CoV-2 clades and variants1 

Clade/Variant 

Parameters 
L 

(N=185) 

S 

(N=185) 

O 

(N=175) 

Alpha 

(N=82) 

Beta 

(N=55) 

Gamma 

(N=72) 

Delta 

(N=53) 

Syn. sites 189 189.03 189.05 189 188.94 188.97 189 

Nonsyn. sites 702 701.97 701.95 702 702.06 702.03 702 

S 13 17 27 11 7 5 4 

Eta 13 17 27 11 7 5 4 

Sing. 13 11 21 8 5 4 4 

Par. 0 6 6 3 2 1 0 

Syn. Pol. 8 11 11 4 2 1 0 

Rep. Pol. 5 3 16 7 5 4 4 

π (Pi) All Sites 1.6 5.1 5 3.8 4 1.9 1.8 

Theta-W All Sites 25 32.8 52.6 24.7 17.1 11.5 10 

π (JC) All Sites 1.6 5.1 5 3.8 4 1.9 1.8 

π (JC) Syn. Sites 4.5 2.2 4.2 1.3 7.5 1.5 0 

π (JC) Nonsyn. Sites 0.8 5.9 5.2 4.5 3.1 2 2.3 

H 12 16 26 10 8 6 5 

Hd 0.11 0.26 0.35 0.25 0.30 0.16 0.16 
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 In addition to population genetic summary statistics, neutrality tests were 

performed for the assessment of the selection of viral genomes. Tajima’s D values for 

Nsp8 were significant and negative other than the Beta, Gamma and Delta variants. The 

Gamma and Delta variant values were not significant and for the Beta variant, the result 

was not estimated because there was no mutation in the variant for Nsp8.  

In addition, Fu-Li's D* and Fu-Li's F* test results and the Tajima’s D results were 

consistent. The O clade had the most negative value compared to the other clades and 

variants. The test values are negative and significant when there is an excess of rare 

variants compared to intermediate frequency variants as a consequence of background 

selection or population expansion.  

 

 

Table 24. Neutrality tests summary statistics for SARS-CoV-2 Nsp8 among viral clades  

                and variants2 

Clade/Variant 

Parameters 
L 

(N=185) 

S 

(N=185) 

O 

(N=175) 

Alpha 

(N=82) 

Beta 

(N=55) 

Gamma 

(N=72) 

Delta 

(N=53) 

TD -1.82 * -1.90* -2.20** -2.05* NA -1.65  # -0.87 ## 

TD - Cod. -1.82 * -1.90* -2.20** -2.05* NA -1.65  # -0.87 ## 

TD – Syn. -1.29 ## -1.43 ## -1.69# -1.64 # NA -1.06 ## NA 

TD - Nonsyn. -1.52## -1.72# -1.91 * -1.73 # NA -1.42 ## -0.87 ## 

TD - Silent -1.29 ## -1.43 ## -1.69 # -1.64  # NA -1.06 ## NA 

Fu-Li’s D* -4.71** -2.71* -5.54** -3.42** 0 -3.24* 0.54 ## 

Fu-Li's F* -4.43** -2.89* -5.18** -3.50** 0 -3.21** 0.16 ## 

 

 

Fu-Li's F and Fu-Li's D test values using Bat coronavirus RaTG13 as an outgroup 

and the values of neutrality tests for the Nsp8 were consistent. The values were significant 

and negative other than the Beta, Gamma and Delta variants. The Gamma and Delta 

variant values were not significant, and the result of the Beta variant was zero because 

there was no mutation in the variant.  

Also, Fay and Wu's Hn values were negative only for L, S, and O clades. But, the 

results were not significant.  

 

 

 



41 

 

Table 25. Fu-Li's Tests with an Outgroup (RaTG13) for human SARS-CoV-2 Nsp8  

                among viral clades and variants3 

  Clade/Variant 

Parameters 
L 

(N=185) 

S 

(N=185) 

O 

(N=175) 

Alpha 

(N=82) 

Beta 

(N=55) 

Gamma 

(N=72) 

Delta 

(N=53) 

Fu and Li's D -3.61** -2.77 * -4.49 ** -3.55** 0 -3.30** -0.54 ## 

Fu and Li's F -3.57** -2.94** -4.36** -3.61** 0 -3.27** -0.16 ## 

Fay and Wu's Hn -1.94 -1.39 -1.88 0.28 0 0.08 0.08 

Fay and Wu's Hn Normalized -2.2 -0.84 -1.4 0.21 0 0.12 0.2 

 

 

Secondly, Tajima’s D values for Nsp10 were significant and negative for the S 

clade, O clade, and Gamma variant. For other clades and variants, values were not 

estimated since there was no mutation in the variants. Moreover, Fu-Li's D* and Fu-Li's 

F* test values, and the Tajima’s D results were consistent. O clade had the most negative 

significant value compared to other clades and variants. Tajima's D, Fu-Li's D*, and Fu-

Li's F* tests all reveal that the population has a high number of rare haplotypes as a 

consequence of background selection or population expansion if they are statistically 

significant and negative. Fu-Li's F and Fu-Li's D test values using Bat coronavirus 

RaTG13 as an outgroup and the values of neutrality tests for the Nsp10 were consistent. 

Again, the O clade had the most negative significant value compared to other clades and 

variants for the tests. The Fay and Wu's Hn values were almost zero except for the Gamma 

variant. But, the test results were not significant.  

 

 

Table 26. Neutrality tests summary statistics for SARS-CoV-2 Nsp10 among viral  

                clades and variants2 

Clade/Variant 

Parameters 
L 

(N=185) 

S 

(N=185) 

O 

(N=175) 

Alpha 

(N=82) 

Beta 

(N=55) 

Gamma 

(N=72) 

Delta 

(N=53) 

TD -1.29## -1.92* -2.25** -1.68# 1.45 ## -1.84* -1.31## 

TD - Cod. -1.29## -1.92* -2.25** -1.68 # 1.45 ## -1.84* -1.31## 

TD – Syn. -0.96## -1.69# -1.83 * -1.05 # NA -1.42## -0.87## 

TD – Nonsyn. -0.96## -1.29## -1.91* -1.49## 1.45## -1.49## -1.10## 

TD - Silent -0.96## -1.69# -1.83* -1.05 ## NA -1.42## -0.87## 

Fu-Li’s D* -3.06* -5.10** -5.83** -2.58* -2.58* -3.01* -0.89## 

Fu-Li's F* -2.95* -4.77** -5.41 ** -2.69* -2.61* -3.09** -1.18## 
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Table 27. Fu-Li's Tests with an Outgroup (RaTG13) for human SARS-CoV-2 Nsp10 

                among viral clades and variants3 

  Clade/Variant 

Parameters 
L 

(N=185) 

S 

(N=185) 

O 

(N=175) 

Alpha 

(N=82) 

Beta 

(N=55) 

Gamma 

(N=72) 

Delta 

(N=53) 

Fu and Li's D -3.08** -5.17** -5.65** -2.63* -2.63* -2.05 # -0.92 ## 

Fu and Li's F -2.96** -4.82** -5.26** -2.74* -2.66* -2.34* -1.21 ## 

Fay and Wu's Hn 0.02 0.06 0.12 0.14 0.07 -1.78 0.11 

Fay and Wu's Hn 

Normalized 
0.04 0.06 0.09 0.17 0.13 -1.82 0.2 

 

 

Lastly, the Tajima’s D values of Nsp16 were significant and negative for all clades 

and variants. O clade had the most negative significant value compared to other clades 

and variants for Tajima’s D results. Furthermore, Fu-Li's D* and Fu-Li's F* test values, 

and the Tajima’s D results were consistent. Fu-Li's D* and Fu-Li's F* test values were 

negative and significant. Tajima's D, Fu-Li's D*, and Fu-Li's F* tests all reveal that the 

population has a high number of rare haplotypes as a consequence of background 

selection or population expansion if they are statistically significant and negative. When 

Fu-Li's F and Fu-Li's D tests were conducted using Bat coronavirus RaTG13 as an 

outgroup for the Nsp16 gene, there was still an excess of rare variants. The values of 

neutrality tests and Fu-Li’s F and Fu-Li’s D were consistent. In addition, the L clade had 

the most negative significant value for  Fu-Li's D*, Fu-Li F*, Fu-Li's D, and Fu-Li's F 

tests. The Fay and Wu's Hn values of the L, S, O, and Alpha were negative, and the Beta, 

Gamma, and Delta values were almost zero. But, the test results were not significant. 

 

 

Table 28. Neutrality tests summary statistics for SARS-CoV-2 Nsp16 among viral  

                clades and variants2 

Clade/Variant 

Parameters 
L 

(N=185) 

S 

(N=185) 

O 

(N=175) 

Alpha 

(N=82) 

Beta 

(N=55) 

Gamma 

(N=72) 

Delta 

(N=53) 

TD -2.34** -2.21** -2.56 *** -2.27** -1.99* -1.90* -1.86* 

TD - Cod. -2.34** -2.21** -2.56 *** -2.27** -1.99* -1.90* -1.86* 

TD – Syn. -2.09* -0.77 ## -1.78* -1.05 ## -1.18 ## -1.06 ## NA 

TD – Nonsyn. -1.82* -2.20** -2.49*** -2.22** -1.90* -1.75 # -1.86* 

TD - Silent -2.09* -0.77 ## -1.78* -1.05## -1.18## -1.06 ## NA 

Fu-Li’s D* -7.09** -4.50** -6.65** -3.68** -2.73* -3.01* -3.40** 

Fu-Li's F* -6.37** -4.34** -6.0** -3.79** -2.93* -3.11** -3.42** 
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Table 29. Fu-Li's Tests with an Outgroup (RaTG13) for human SARS-CoV-2 Nsp16  

                among viral clades and variants3 

  Clade/Variant 

Parameters 
L 

(N=185) 

S 

(N=185) 

O 

(N=175) 

Alpha 

(N=82) 

Beta 

(N=55) 

Gamma 

(N=72) 

Delta 

(N=53) 

Fu and Li's D -6.58** -3.97** -6.09** -3.86** -2.44 # -3.10** -3.11** 

Fu and Li's F -5.98** -3.98** -5.60** -3.93** -2.67* -3.20** -3.14** 

Fay and Wu's Hn -1.85 -3.6 -5.58 -1.59 0.31 0.16 0.12 

Fay and Wu's Hn 

Normalized 
-1.05 -1.83 -1.84 -0.93 0.27 0.17 0.16 

 

 

3.4.5. Sliding Window, Nature of Amino acid Changes, and Structure 

Analyses of Nsp8 

 

To compare nucleotide diversity of nonsynonymous changes for all clades and 

variants, sliding window analyses were performed. Results showed that the highest 

nonsynonymous nucleotide diversities were on the 100th and 553rd nucleotides. 

 

 

 

Figure 6. Sliding Window analysis of nonsynonymous nucleotide diversity for Nsp8 
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The 100th nucleotide was in the codon that codes for the V34 residue, and the 

553rd nucleotide was in the codon that codes for the I185 residue. The 100th nucleotide 

and the 553rd nucleotide of some sequences mutated in the S clade. The residues changed 

from Valine to Phenylalanine for the 100th nucleotide and changed from Isoleucine to 

Valine for the 553rd nucleotide. Other than the V34 and I185 residues, regions that had 

nonsynonymous nucleotide diversity in Nsp8 are listed in Table 30. 

 

 

Table 30. Polymorphic Nsp8 residues and associated sliding window nonsynonymous  

                nucleotide diversity estimates in the examined SARS-CoV-2 clades/variants 

Window Pi (NoSyn) (10-4) Clade/Variant Aminoacid Change Domain 

25-25 25 S  9  L-> F Coil 

71-71 99 Alpha 24 Q-> R Helix 

80-80 25 Alpha 29  A-> V Coil 

97-97 50 O, S 33  V-> F Helix 

100-100 197 S  34  V-> F Helix 

158-158 25 O 53 A-> V Helix 

227-227 25 Alpha 76  S-> F Helix 

231-231 37 O 77 E->D Helix 

266-266 25 Alpha 89 T-> I Helix 

368-368 99 S, O 123  T-> I Helix 

422-422 25 S 141  T-> M Strand 

434-434 74 O, Delta 145 T-> I Coil 

443-443 74 Alpha, L 148  T-> I Strand 

466-466 50 S 156  I-> V Strand 

506-506 25 O 169  L-> H Strand 

530-530 25 L 177 S-> L Coil 

535-535 25 Gamma 179  N-> H Coil 

553-553 197 S 185  I-> V Strand 

578-578 25 L 193  S-> F Coil 

594-594 37 Gamma 198  Q-> H Coil 

 

 

For Nsp8, a 3d structure model was predicted using I-Tasser. The best C-scored 

model was chosen to display on UCSF Chimera and the distribution of amino acid change 

was mapped on the predicted structure with Render by Attribute interface. 

The percentage distribution of amino acid changes on the Nsp8 helix, strand, and 

coil regions were 40 percent, 25 percent, and 35 percent, respectively. In the figure, blue-

colored residues V34 and I185 showed the highest nonsynonymous nucleotide diversity. 

Other residues with lower nonsynonymous nucleotide diversity had a color range between 

pink to maroon, respectively. 
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Figure 7. Display of the Nsp8 secondary structure using I-Tasser with UCSF Chimera.  

               Color coding ranges from highest (blue) to lowest (maroon) nonsynonymous  

               nucleotide diversity 

 

 

3.4.6. Interpretation Of Observed Amino Acid Changes In Terms Of  

Nsp8 Function 

 

Nsp8 consists of 198 amino acids and contains a helical N-terminal domain and a 

C-terminal domain. Nsp8 and Nsp7 work together to increase the efficiency of Nsp12, 

also known as RNA-dependent RNA polymerase (RdRp) 110. These three components 

carry out the replication of the virus essential to ensure viral life sustainability. An 

experiment determined that R80, V83, T84, A86, M87, M90, L91, F92, M94, L95, N108, 

D112, G113, C114, V115, P116, L117, N118, P121, A125, K127, L128, M129, V130, 

V131, P133, P183, I185, R190 residues of Nsp8 have interaction with Nsp12, and M87, 

G88, T89, L91, F92, M94, L95, R96, N100, L103, I106, I107, P116, L117, I119, I120, 

L122 residues of Nsp8 have interaction with Nsp7 111.  

In this study, the I185 residue which has a role in interaction with Nsp8-Nsp12, 

and the T89 residue which has a role in interaction with Nsp8-Nsp7 were among the 

polymorphic residues.  
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Other than the I185 and T89, the conserved residues that are important in 

interacting with Nsp7 and Nsp12 can be targetted with small molecules to inhibit the 

activity of RdRp. 

 

3.4.7. Sliding Window, Nature of Amino acid Changes, and Structure 

Analyses of Nsp10 

 

To compare nucleotide diversity of Nsp10 nonsynonymous changes for clades 

and variants, sliding window analyses were performed. Results showed that the highest 

nonsynonymous nucleotide diversity was on the 305th nucleotide.  

 

 

 

Figure 8. Sliding Window analysis of nonsynonymous nucleotide diversity for Nsp10 

 

 

The 305th nucleotide was in the codon that codes for the T102 residue. In the O 

clade and the Gamma variant, some sequences changed the residue from Threonine to 

Isoleucine. Other than the T102 residue, regions that had nonsynonymous nucleotide 

diversity for Nsp10 are listed in Table 31. 
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Table 31. Polymorphic Nsp10 residues and associated sliding window nonsynonymous  

                nucleotide diversity estimates in the examined SARS-CoV-2 clades/variants 

Window Pi (NoSyn) (10-4) Clade/Variant Aminoacid Change Domain 

11-11 25 Gamma 4  A-> V Coil 

35-35 99 Alpha, O, S 12 T->I   T->A Coil 

38-38 25 L 13  V-> E Helix 

64-64 25 Alpha  22  D-> N Coil 

85-85 25 Gamma 29  D-> N  Helix 

152-152 25 Beta 51  T->I Coil 

164-164 50 Delta, O 55  I->T  Strand 

179-179 25 O 60  E->G Coil 

305-305 120 Gamma, O 102  T->I   Coil 

323-323 25 O 108  V->A Coil 

332-332 74 Beta, O, S 111  T->I Strand 

361-361 25 Alpha 121  G->S Coil 

 

 

For Nsp10, a 3d structure model was predicted using I-Tasser. The best C-scored 

model was chosen to display on UCSF Chimera and the distribution of amino acid change 

was mapped on the predicted structure with Render by Attribute interface. 

The percentage distribution of amino acid changes on the Nsp10 helix, strand, and 

coil regions were 16.7 percent, 16.7 percent, and 66.6 percent, respectively. In the figure, 

the blue-colored residue T102 showed the highest nonsynonymous nucleotide diversity. 

Other residues with lower nonsynonymous nucleotide diversity had a color range between 

white to pink and maroon, respectively. 

 

 

 

Figure 9.  Display of the Nsp10 secondary structure using I-Tasser with UCSF Chimera. 

Color coding ranges from highest (blue) to lowest (maroon) nonsynonymous 

nucleotide diversity 



48 

 

3.4.8. Interpretation Of Observed Amino Acid Changes In Terms Of 

Nsp10 Function 

 

Nsp10 consists of 140 amino acids, an N-terminal domain and a C-terminal 

domain includes. On the secondary structure, the protein has 5 α-helices and an 

antiparallel β-strands. Also, Nsp10 has two zinc fingers. Helices α3 and α4 coordinate the 

first zinc finger (aminoacids C74, C77, H83, and C90) and the second zinc finger (amino 

acids C117, C120, C128, and C130) is located at the C terminus112. 

Nsp10 interacts with both the Nsp14 and Nsp16. The linkage between the ExoN 

region of nsp14 and Nsp10 is essential because the lack of the interaction leads to damage 

to the proofreading mechanism of the Nsp14 and increases the mutation rates. Also, zinc 

finger structures are associated with the stability and enzymatic activity of ExoN 112.  

A study on Sars-CoV showed that A1, N3, E6, F16, F19, V21, N40, K43, T58, 

S72, H80, C90, K93 and Y96  residues of Nsp10 have interaction with K9, D10, T5, F60, 

M62, Y64, T25, C39, D41, A23, D16, N19, Y51 and H19 residues of Nsp14, respectively 

113. The residues also can be essential for interaction with SARS-CoV-2 Nsp10 and 

Nsp14. 

In this study, none of the residues had a role in interaction with Nsp10-Nsp14 

were the polymorphic residues. The conserved residues that are important in interacting 

with Nsp10 and Nsp14 can be targetted with small molecules to inhibit the activity of 

ExoN. 

 

3.4.9. Sliding Window, Nature of Amino acid Changes, and Structure 

Analyses of Nsp16 

 

To compare nucleotide diversity of Nsp16 nonsynonymous changes for clades 

and variants, sliding window analyses were performed. Results showed that the highest 

nonsynonymous nucleotide diversities are on 479th and 646th nucleotides. 
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Figure 10. Sliding Window analysis of nonsynonymous nucleotide diversity for Nsp16 

 

 

The 479th nucleotide was in the codon that codes for the K160 residue. and the 

646th nucleotide was in the codon that codes for the R148 residue. Changes on the 479th 

nucleotide of some sequences turned the residue from Lysine to Arginine in the L, O, S, 

and Alpha, and also changes on the 646th nucleotide of some sequences on L, O, S, and 

Alpha turned aminoacid from Asparagine and Cysteine. Other than K160 and R148, 

regions of the Nsp16 that had nonsynonymous nucleotide diversity are listed in Table 32. 

 

 

Table 32. Polymorphic Nsp16 residues and associated sliding window nonsynonymous  

                nucleotide diversity estimates in the examined SARS-CoV-2 clades/variants 

Window Pi (NoSyn) (10-4) Clade/Variant Aminoacid Change Domain 

5-5 25 Delta 2 S->N Coil 

34-34 25 L 12 P-> S Helix 

58-58 25 Beta 20 M-> I Coil 

60-60 25 L 20 M-> V Coil 

76-76 99 S 26 D-> Y Coil 

98-98 25 Alpha 33 S-> I Coil 

101-101 25 O 34 A-> V Coil 

104-104 74 Alpha 35 T-> I Coil 

211-211 25 O 71 G-> C Coil 

229-229 25 L 77 G->R Coil 

347-347 25 Gamma 116 A-> V Coil 

350-350 50 Gamma, L 117 T-> I Coil 

376-376 25 O 126 L-> F Strand 

419-419 25 O 140 T->I Coil 

452-452 50 Beta 151 T->I Helix 

                                                                                                            (cont. on next page) 
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Table 32 (cont.) 

479-479 148 Alpha, L, O, S 160 K-> R Helix 

533-533 74 Beta 178 A-> V Coil 

546-546 37 Delta 182 K-> N Helix 

547-547 25 S 183 L-> I Helix 

634-634 25 L 212 L-> I Coil 

644-644 25 Alpha 215 P-> L Coil 

646-646 148 Alpha, L, O, S 216 R-> N, R-> C Coil 

647-647 50 L 220  D-> N Coil 

658-658 25 O 226  A-> S Strand 

676-676 25 O 238  Q-> H Coil 

742-742 25 Alpha 248  S -> G    Coil 

744-744 37 Gamma 248  S-> R Coil 

850-850 25 O 284   E-> K Coil 

860-860 50 Gamma 287  R-> I Coil 

868-868 25 Beta 290   I-> V Coil 

874-874 25 O 292   S-> G Coil 

 

 

For Nsp16, a 3d structure model was predicted using I-Tasser. The best C-scored 

model was chosen to display on UCSF Chimera and the distribution of amino acid 

changes was mapped on the predicted structure with Render by Attribute interface. 

The percentage distribution of amino acid changes on the Nsp16 helix, strand, and 

coil regions were 16 percent, 6 percent, and 78 percent, respectively. In the figure, blue-

colored residues K148 and R216 showed the highest nonsynonymous nucleotide 

diversity. Other residues with lower nonsynonymous nucleotide diversity had a color 

range between white to pink and maroon, respectively. 

 

 

 

Figure 11. Display of the Nsp16 secondary structure using I-Tasser with UCSF 

                 Chimera. Color coding ranges from highest (blue) to lowest (maroon) 

                 nonsynonymous nucleotide diversity 
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3.4.10. Interpretation Of Observed Amino Acid Changes In Terms Of 

  Nsp16 Function 

 

Nsp16, also known as 2′- O-methyltransferase, consists of 298 amino acids with 

an N-terminal domain and C-terminal domain included, and on the secondary structure, 

the protein has 12 β-strands and 12 α-helices 114
. Nsp16 plays a role in mRNA capping 

which is essential for giving stability and reducing an innate immune response in 

coronaviruses 115. The last stage of the mRNA cap synthesis process occurred in Nsp16. 

Nsp16 methylates the ribose2′-O of the first nucleotide in Cap-0 mRNA (m7G0pppA1-

RNA) to produce Cap-1 mRNA (m7G0pppA1m-RNA) using S-adenosyl methionine 

(SAM) with the presence of Nsp10 116. Nsp10 functions as a co-factor for Nsp16, 

stabilizing the SAM-binding pocket and boosting the enzymatic activity considerably. 

N43, Y47, G71, G81, D99, N101, C115, and D130 residues of Nsp16 engage with the 

SAM-binding pocket and all these residues are conserved in SARS-CoV and MERS-CoV 

and  SARS-CoV-2 114 117. 

In this study, only the G71 residue was polymorphic. The rest of the residues were 

conserved. Considering the nonchanging residues on the SARS-CoV-2 clades and 

variants, the conserved SAM-interaction residues can be the key to developing pan-

antiviral inhibitors by targeting the SAM-binding pocket. 

N40, V42, K43, M44, L45, C46, T47, P59, G70, A71, C77, R78, K93, G94, and 

Y96 residues of Nsp10 have interaction with K38, G39, I40, M41, V44, K76, V78, P80, 

A83, R86, Q87, V104, S105, D106, L244, and M247 residues of Nsp16, respectively 118.  

In this study, none of the residues has a role in interaction with Nsp10-Nsp16 were 

polymorphic. The conserved residues that are important in interacting with Nsp10 and 

Nsp16 can be targetted with small molecules. Also, to inhibit the activity of 2′-O-

methyltransferase can be used Sinefungin which is a pan inhibitor of Mtase and interacts 

with SAM-engaging residues of Nsp16 119. Finally, the construction of Nsp16 mutant 

viruses using a live attenuated virus vaccine can be considered based on conserved 

residues 120. 
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CHAPTER 4 

 

CONCLUSION 

 

The main hypothesis of this thesis was that molecular evolutionary and population 

genetic analyses of the SARS-CoV-2 genome can identify the most conserved genome 

regions indicated by the strongest negative selection, and these highly conserved genome 

regions can be targets for small molecules (or drugs) or used for new vaccine approaches. 

Therefore, the molecular evolutionary dynamics of SARS-CoV-2 human virus clades and 

variants that cause COVID-19 disease were examined by using population genetic 

statistical tests, and the DNA sequence differences between human and bat viral 

sequences and within human viruses were revealed. 

To test the hypothesis, firstly, comprehensive molecular population genetic 

analyses of virus genomes were performed with all viral genes for populations of viral 

variants of concern (Alpha, Beta, Gamma, Delta) associated with faster spread, and the 

very first clades seen at the beginning of the pandemic (L, S, O). Intraspecific 

comparisons focused only on human-specific SARS-CoV-2 variants. Considering the 

whole genome sequences, within human viral sequence (intraspecies) analyses showed 

that S clade had the highest overall nucleotide diversity and amino acid changing 

nucleotide diversity. When individual viral genes were analyzed, the ORF7b protein 

found in the Delta variant showed the highest nucleotide and amino acid changing 

nucleotide diversity. For population genetic tests between Nsps of the ORF1ab protein, 

the Nsp6 protein of the Delta variant had the highest nucleotide diversity, and the Nsp6 

protein of the S clade had the highest amino acid changing nucleotide diversity. 

In neutrality tests such as Tajima’s D, Fu-Li’s D*’s, and Fu-Li’s F*, all clades and 

variants for whole-genome proteins had a negative value. Considering the whole genome 

sequences, the L clade had the most negative Tajima’s D, Fu-Li D*’s, and Fu-Li’s F* 

values. When individual viral genes were analyzed, the Alpha variant on the ORF1a 

protein had the most negative value. Moreover, the L clade on the ORF1b protein had the 

most negative Fu-Li D*’s and Fu-Li’s F* values. For population genetic tests between 

Nsps of the ORF1ab protein, the Nsp3 protein of the Alpha variant had the most negative 

Tajima’s D, and the Nsp3 protein of the O clade had the most negative Fu-Li’s D*’s and 
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Fu-Li’s F* values. The results showed that negative selection is highly effective on all 

genomes of viral clades and variants. 

For interspecific comparisons, bat RaTG13 is used as an outgroup and several 

interspecific population genetic tests are conducted. Analyses showed that there was no 

fixed amino acid change divergence between the human SARS-CoV-2 and RaTG13 

Membrane, Nsp8, Nsp10, and Nsp16, suggesting high evolutionary constraints on these 

proteins. Although sequence comparisons with respect to RaTG13 suggested 

evolutionary conservation, considering human SARS-CoV-2 Membrane, Nsp8, Nsp10, 

and Nsp16 sequence analyses, several amino acid changing variants were observed in all 

examined clades and variants. 

The second part of testing the main hypothesis of the thesis involved evaluation 

of amino acid sequence, protein structure, function, and interaction with other virus genes 

of these identified most conserved genes. Nearly none of the observed amino acid 

changing variants in these proteins coincide with functionally important residues in 

human viral sequences. Regions of these four proteins, other than aminoacid-changing 

mutations, have been identified as the most conserved regions, suggesting that these 

regions could be potential targets for vaccine and drug strategies. 

It will be essential to carry out this study by including other variants of concern 

such as the Omicron that have emerged over time. Our study contributes to the viral 

molecular evolutionary research in terms of population genetic statistical tests and draws 

attention to the need for more examination of the most conserved regions. This work 

could be a helpful resource for creating small molecule libraries to be used in future 

studies. 
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1 Syn: Synonymous sites, Nonsyn: Nonsynonymous sites, S: Number of segregating sites, Eta: 

Number of mutations, Sing: Singleton variable sites, Par. : Parsimony informative sites, Syn. Pol. : Number 

of synonymous polymorphisms, Rep. Pol. : Number of replacement (nonsynonymous) polymorphisms, JC: 

Jukes-Cantor correction applied estimates, H: Number of haplotypes, Hd: Haplotype diversity. θ and π 

values represent percent sequence diversity and for exact estimates, table values should be multiplied by 

10-4. N: Sample Size. 

2  TD: Tajima’s D test, Cod.: Coding sites, Syn: Synonymous sites, Nonsyn: Nonsynonymous sites, 

Silent: Silent sites. * represent P < 0.05, ** represent P < 0.01, *** represent P < 0.001,  # represent  0.10 

> P > 0.05. 

 
3 ** represent   0.001 < P < 0.01 , *** represent P < 0.001 
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