
Ueda, Naoki (2021) A Computational study of clades and drug adaptation 
to remdesivir in SARS-CoV-2.  Master of Science by Research (MScRes) 
thesis, University of Kent,. 

Kent Academic Repository

Downloaded from
https://kar.kent.ac.uk/92404/ The University of Kent's Academic Repository KAR 

The version of record is available from
https://doi.org/10.22024/UniKent/01.02.92404

This document version
UNSPECIFIED

DOI for this version

Licence for this version
CC BY-NC-ND (Attribution-NonCommercial-NoDerivatives)

Additional information

Versions of research works

Versions of Record
If this version is the version of record, it is the same as the published version available on the publisher's web site. 
Cite as the published version. 

Author Accepted Manuscripts
If this document is identified as the Author Accepted Manuscript it is the version after peer review but before type 
setting, copy editing or publisher branding. Cite as Surname, Initial. (Year) 'Title of article'. To be published in Title 
of Journal , Volume and issue numbers [peer-reviewed accepted version]. Available at: DOI or URL (Accessed: date). 

Enquiries
If you have questions about this document contact ResearchSupport@kent.ac.uk. Please include the URL of the record 
in KAR. If you believe that your, or a third party's rights have been compromised through this document please see 
our Take Down policy (available from https://www.kent.ac.uk/guides/kar-the-kent-academic-repository#policies). 

https://kar.kent.ac.uk/92404/
https://doi.org/10.22024/UniKent/01.02.92404
mailto:ResearchSupport@kent.ac.uk
https://www.kent.ac.uk/guides/kar-the-kent-academic-repository#policies
https://www.kent.ac.uk/guides/kar-the-kent-academic-repository#policies


School of Biosciences 

 

 

A Computational study of clades and drug 

adaptation to remdesivir in SARS-CoV-2 

 

 

Naoki Ueda 

2021 

 



Declaration 

No part of this thesis has been submitted in support of an application for any degree or 

qualification of the University of Kent, or any other University or institute of learning. 

  



Table of contents 

Table of Contents 

Acknowledgements .......................................................................................... 1 

Abstract .................................................................................................................. 2 

List of Abbreviations ...................................................................................... 3 

List of Figures ..................................................................................................... 4 

List of Tables ....................................................................................................... 6 

Chapter 1: Introduction ............................................................................... 9 

1.1 SARS-CoV-2 ..................................................................................................... 9 

1.1.1 SARS-CoV-2 outbreak ........................................................................... 9 

1.1.1.1 Clinical features of COVID-19 .................................................... 10 

1.1.1.2 Diagnostics of COVID-19 ........................................................... 10 

1.1.1.3 Vaccines for SARS-CoV-2 ........................................................... 11 

1.1.1.4 Antiviral drugs ............................................................................. 11 

1.1.2 Genes and proteins of SARS-CoV-2 .................................................... 12 

1.1.2.1 Structure of SARS-CoV-2 ............................................................ 12 

1.1.2.2 Structural proteins ........................................................................ 13 

1.1.2.3 Non-structural proteins (NSP) ..................................................... 15 

1.1.2.4 Accessory proteins ....................................................................... 16 

1.1.3 The cycle of SARS-CoV-2 infection ................................................... 16 

1.1.4 The nomenclature systems for SARS-CoV-2 ...................................... 17 

1.1.4.1 GISAID clade .............................................................................. 19 

1.1.4.2 Nextstrain clade ........................................................................... 20 

1.1.5 Mutations and variants of SARS-CoV-2 .............................................. 24 

1.2 Differentially conserved positions (DCPs) ...................................................... 25 

1.3 Jensen-Shannon divergence (JSD) .................................................................. 26 

1.4 BLOSUM score ............................................................................................... 27 

1.5 Remdesivir ....................................................................................................... 27 

1.5.1 Use of remdesivir in treatment for COVID-19 .................................... 28 

1.6 The organisation of this thesis ......................................................................... 29 

Chapter 2: Differentially conserved positions between clades 



Table of contents 

in SARS-CoV-2 ................................................................................................ 30 

2.1 Introduction ..................................................................................................... 30 

2.2 Methods ........................................................................................................... 30 

2.2.1 Data ...................................................................................................... 30 

2.2.2 Creating FASTA format file ................................................................. 32 

2.2.3 Multiple sequencing alignment and identification of differentially 

conserved positions .............................................................................. 32 

2.2.4 Comparison of amino acid frequency in each position ........................ 32 

2.3 Results ............................................................................................................. 33 

2.3.1 Data ...................................................................................................... 33 

2.3.2 Identifying differentially conserved positions (DCPs) in GISAID clade 

  ............................................................................................................. 33 

2.3.3 Identifying differentially conserved positions (DCPs) in Nextstrain 

clade ..................................................................................................... 34 

2.3.4 Differences of frequencies of amino acid in each position in GISAID 

clade ..................................................................................................... 37 

2.3.5 Differences of frequencies of amino acid in each position in Nextstrain 

clade ..................................................................................................... 38 

2.4 Discussion ........................................................................................................ 39 

Chapter 3: Drug adaptation to remdesivir in SARS-CoV-2 43 

3.1 Introduction ..................................................................................................... 43 

3.2 Methods ........................................................................................................... 43 

3.2.1 Virus culture and remdesivir adaptation – performed by collaborators at 

Goethe University Frankfurt ................................................................ 43 

3.2.2 Genome analysis .................................................................................. 44 

3.2.3 Structural analysis ................................................................................ 45 

3.3 Results ............................................................................................................. 45 

3.3.1 Comparison between original virus and virus cultured without 

remdesivir ............................................................................................ 46 

3.3.2 Comparison between original virus and virus cultured without 

remdesivir in high passage ................................................................... 48 

3.3.3 Analysis of virus adapted to low concentration of remdesivir ............ 51 

3.3.4 Analysis of virus adapted to the high concentration of remdesivir ..... 53 

3.3.5 Comparison of analysis between low concentration and high 

concentration of remdesivir ................................................................. 56 

3.3.6 Summary of nonsynonymous mutations when bases fully changed ... 59 



Table of contents 

3.3.7 Structural analysis ................................................................................ 63 

3.3.7.1 Structural analysis of NSP12 ....................................................... 63 

3.3.7.2 Structural analysis of NSP8 ......................................................... 67 

3.4 Discussion ........................................................................................................ 70 

Chapter 4: Discussion .................................................................................. 73 

4.1 Differentially conserved positions between clades in SARS-CoV-2 .............. 73 

4.2 Drug adaptation to remdesivir in SARS-CoV-2 .............................................. 74 

4.3 Limitation of this study ................................................................................... 75 

4.4 Future work ..................................................................................................... 75 

References ........................................................................................................... 77 

Appendix 1: Chapter 2 supplementary material ....................... 98 

Differences of frequencies of amino acid in GISAID clade ............................... 102 

N protein ................................................................................................... 102 

NS9c ......................................................................................................... 103 

NSP2 ......................................................................................................... 104 

NSP12 ....................................................................................................... 105 

Differences of frequencies of amino acid in Nextstrain clade ............................ 106 

E protein ................................................................................................... 106 

N protein ................................................................................................... 107 

NS3 ........................................................................................................... 108 

NS8  ......................................................................................................... 109 

NS9b ......................................................................................................... 110 

NS9c ......................................................................................................... 111 

NSP3 ......................................................................................................... 112 

NSP5 ......................................................................................................... 113 

NSP6 ......................................................................................................... 114 

NSP13 ....................................................................................................... 115 

Spike protein............................................................................................. 116 

Appendix 2: Chapter 3 supplementary material ..................... 122 

 

  



Acknowledgements 

1 

 

Acknowledgements 

I would like to thank all the help and support from my two supervisors Professor Mark 

Wass and Professor Martin Michaelis. I would like to thank Professor Mark Wass for 

introducing me to the area of bioinformatics and supported me with all the help I 

needed. I would like to thank Professor Martin Michaelis for guiding and supporting 

me in every aspect of scientific research. I would also like to thank the members of the 

research group for their help and support during the research process. 

 

I would like to acknowledge the collaborators at Goethe University Frankfurt for their 

constructive research. Without their research and effort, this research could not have 

been successful. 

 

I would also like to thank all of my friends for their support and for spending a great 

time with me in this very intense academic year. 

 

At last, I would like to express my deepest appreciation to my family for their 

understanding and support for this master’s course. This accomplishment would not 

have been possible without them. 

 



Abstract 

2 

 

Abstract 

The first patient of Coronavirus disease 2019 (COVID-19) was detected in December 

2019. This infectious disease is caused by a virus named severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2) and infecting people globally. Many 

researchers have been investigating to elucidate the characteristics of this virus from 

many aspects since the beginning of the outbreak. However, there is still limited 

information about this virus. In this thesis, we focused on the differences between 

clades and drug adaptations in SARS-CoV-2.  

The second chapter focused on the differences between clades in SARS-CoV-2 by 

applying the method of differentially conserved positions (DCPs). DCPs can identify 

the differences between two groups of proteins by only amino acid sequences. We have 

used nomenclatures introduced by two organizations, GISAID and Nextstrain, to 

classify into clades. We identified DCPs between clades in SARS-CoV-2, which may 

reflect the differences of the phenotypes between clades. 

The third chapter focused on drug adaptation to remdesivir in SARS-CoV-2 in vitro. 

The collaborator in Frankfurt cultured two strains of the virus until it adapted to 

remdesivir, and genomic sequencing was performed by Public Health England. By 

comparing the genomic data between the resistant virus and the control virus, we 

identified a number of mutations that may be considered as the adaptation factor to 

remdesivir. We also assessed the effect that may occur on the structure of the proteins 

by mutations. 

The findings in this thesis provided information of DCPs between clades and 

information about the mutation that may cause an effect to the adaptation to remdesivir 

for future study of polymerase targeting drugs for SARS-CoV-2.  
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Chapter 1: 

Introduction 

 

This thesis comprises two main research, first identifying differentially conserved 

positions between clades of severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) and second the analysis of SARS-CoV-2 adapted to remdesivir. 

 

1.1 SARS-CoV-2 

In this thesis, we focused on severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2). SARS-CoV-2 was first detected in December 2019, which is the cause of 

Coronavirus Disease 2019 (COVID-19) (Gorbalenya et al., 2020; F. Wu et al., 2020). 

Coronaviruses belong to the family Coronaviridae and belong to the order Nidovirales. 

They are divided into four genera called 

Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and Deltacoronavirus. 

Only Alphacoronaviruses and Betacoronaviruses infect mammalian species, 

Gammacoronaviruses only infect avian species, and Deltacoronaviruses infect both 

mammalian and avian species (F. Li, 2016; Woo et al., 2012). SARS-CoV-2 belongs 

to the Betacoronavirus genus and exhibits 79% genome sequence identity with SARS-

CoV (severe acute respiratory syndrome coronavirus) and 50% with MERS (middle 

east respiratory syndrome) (R. Lu et al., 2020). However, SARS-CoV-2 showed 96% 

genome sequence identity to bat coronavirus RaTG13 suggesting that bat coronavirus 

RaTG13 is the closest relative to SARS-CoV-2 (Zhou et al., 2020). 

 

1.1.1 SARS-CoV-2 outbreak 

In December 2019, a novel coronavirus named severe acute respiratory syndrome 
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coronavirus 2 (SARS-CoV-2) was detected and caused an outbreak of unknown viral 

pneumonia (F. Wu et al., 2020; J. T. Wu et al., 2020). Three patients were admitted to 

a hospital in Wuhan on 27th December 2019 with severe pneumonia (Zhu et al., 2020). 

By 2nd January 2020, 41 patients had been admitted to a hospital, and 27 patients had 

been directly exposed to the Huanan seafood market, which was initially suggested as 

the source of the outbreak (C. Huang et al., 2020; Q. Li et al., 2020). The virus has 

spread all over the world and caused a pandemic. As of 15thJuly 2021, the total 

confirmed cases are 187,827,660 and 4,055,497 deaths globally (www.who.int). 

 

1.1.1.1 Clinical features of COVID-19 

The most common symptoms for COVID-19 are fever, fatigue, dry cough (Guan et al., 

2020; Hu et al., 2020; C. Huang et al., 2020; Z. Wu & McGoogan, 2020). Olfactory 

and gustatory disorders are also reported as a symptom of COVID-19 (Giacomelli et 

al., 2020; Luers et al., 2020). Notably, most young people tend to have mild disease or 

are asymptomatic, whereas older people have a higher possibility of having a severe 

disease (Guan et al., 2020; X. Lu et al., 2020; D. Wang et al., 2020). In addition, the 

incubation period for COVID-19 is typically 5-6 days on average but can be up to 14 

days (www.who.int). 

 

1.1.1.2 Diagnostics of COVID-19 

Introducing methods to diagnose COVID-19 was urgent in the initial phase of the 

outbreak. Six technologies are used to diagnose COVID-19; Reverse transcription-

quantitative polymerase chain reaction (RT-qPCR), Next-generation sequencing 

(NGS), isothermal nucleic acid amplification assays, CRISPR-mediated detection, 

antigen tests, and serological tests (Z. Huang et al., 2020; Mercer & Salit, 2021; 

Vandenberg et al., 2021). The first case in Wuhan, China, was detected by NGS, 

http://www.who.int/
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whereas RT-qPCR is mainly used to detect most SARS-CoV-2 infections (Vandenberg 

et al., 2021). Although antigen tests have lower specificity and sensitivity, these tests 

are commonly used for mass testing (Mak et al., 2020; Mercer & Salit, 2021; 

Vandenberg et al., 2021). RT-qPCR is used to detect gene fragments of SARS-CoV-2, 

whereas antigen tests detect proteins of the virus. 

 

1.1.1.3 Vaccines for SARS-CoV-2 

Developing vaccines is an effective strategy to end the COVID-19 pandemic. Many 

pharmaceutical companies such as Pfizer/BioNTech and Moderna have developed 

vaccines for COVID-19. As of 20th July 2021, 3.69 billion doses have been 

administered globally (Mathieu et al., 2021). On 2nd of December 2020, the vaccine 

developed by Pfizer/BioNTech was approved in the UK, which was the first vaccine 

approved globally for COVID-19 that has been in large clinical trials (www.gov.uk; 

Ledford, Cyranoski, & Van Noorden, 2020). Some pharmaceutical companies such as 

Pfizer/BioNTech and Moderna have used mRNA as a vaccine, which was the first time 

in history that this has been done (Baden et al., 2020; Pardi et al., 2018; Polack et al., 

2020). On the other hand, other companies use different technologies such as DNA, 

protein, and inactivated viruses (Rawat et al., 2021). Since the receptor-binding 

domain (RBD) of the spike protein binds to Angiotensin-converting enzyme 2 (ACE2), 

the spike protein is the target for most vaccines (Dai & Gao, 2020). 

 

1.1.1.4 Antiviral drugs 

As of 20th July 2021, there are three recommendations for therapeutics published by 

WHO, which are IL-6 receptor blockers, remdesivir, and corticosteroids (Rochwerg et 

al., 2021). However, WHO does not recommend using remdesivir in addition to usual 

care. Additionally, other antiviral drugs such as favipiravir and camostat are thought 

http://www.gov.uk/
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to be potential drugs for treatment (Asselah et al., 2021). The potential targets of 

SARS-CoV-2 for antiviral drugs are the main 3C-like protease (3CLP), RNA-

dependant RNA polymerase (RdRp), helicase, and the papain-like protease (PLP) 

(Mohamed et al., 2021).  

 

1.1.2 Genes and proteins of SARS-CoV-2 

SARS-CoV-2 is a positive single-stranded RNA virus with a genome length of 

~ 29.9 kb (Senior et al., 2020). The genes of SARS-CoV-2 are ORF1a, ORF1b, spike, 

ORF3a, ORF3b, envelope, membrane, ORF6, ORF7a, ORF7b, ORF8, nucleocapsid, 

ORF9b, ORF9c, and ORF10 (Davidson et al., 2020; F. Wu et al., 2020; Zhou et al., 

2020). ORF1a is translated into a polyprotein (pp) 1a, which is comprised of 

NSP1~NSP10, and ORF1a and ORF1b together produces pp1ab containing 

NSP1~NSP16 (Rohaim et al., 2021). (-1) ribosomal frameshift enables the production 

of pp1ab by overreading the stop codon of ORF1a (Brierley et al., 1989). Cleavage of 

pp1a and pp1ab is facilitated by NSP3 and NSP5 (V’kovski et al., 2020). Additionally, 

other genes encode spike protein, NS3a, NS3b, envelope protein, membrane protein, 

NS6, NS7a, NS7b, NS8, nucleocapsid protein, NS9b, and NS9c. However, there is no 

evidence that ORF10 is expressed or plays any role. 

 

1.1.2.1 Structure of SARS-CoV-2 

SARS-CoV-2 comprises four structural proteins: envelope protein, membrane protein, 

nucleocapsid protein, and spike protein (Figure 1.1). The virus has enveloped virions 

of 50-200 nm diameters with the spike protein protruding from the surface, giving the 

virus a crown-look appearance (Chen et al., 2020). 
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Figure 1.1. Structure of SAR-CoV-2. The figure is reproduced from W. Zhou & Wang, 2021. 

 

1.1.2.2 Structural proteins 

As mentioned above, SARS-CoV-2 is constructed of four proteins called structural 

proteins. 

 

The envelope protein is the smallest structural protein consisting of just 75 amino acids, 

and its genetic sequence is 98.8% conserved in SARS-CoV-2 strains (Rahman et al., 

2021). The envelope protein has three domains, which are the hydrophilic amino 

terminus, the hydrophobic transmembrane domain, and the hydrophilic carboxyl-

terminus domain (Schoeman & Fielding, 2019). The functions of the envelope protein 

are assembly, budding, envelope formation, and pathogenesis (Rahman et al., 2021). 

 

The membrane protein is the essential protein for assembling, and it interacts with 

every other structural protein (Schoeman & Fielding, 2019). Interaction with the spike 

protein is necessary for retention of the spike protein in the ER-Golgi intermediate 

compartment (ERGIC)/Golgi complex and to incorporate into new virions. By binding 

with the nucleocapsid protein, it stabilises the nucleocapsid protein and promotes viral 

assembly. Interaction with the envelope protein is necessary for producing and 

releasing the virus (Schoeman & Fielding, 2019).  

Nucleocapsid protein (N) 

Envelope protein (E) 

Spike protein 

Membrane protein (M) 
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The nucleocapsid protein binds to the SAR-CoV-2 RNA genome. This protein is 

essential for viral replication/transcription, assembly, and forming helical 

ribonucleoproteins during the packaging of the viral RNA genome (Kang et al., 2020; 

Savastano et al., 2020). The Nucleocapsid protein has five domains which are: the 

intrinsically disordered N-terminal domain (NTD), the RNA-binding domain (RBD), 

the intrinsically disordered central linker (LINK), a dimerisation domain, and a 

disordered C-terminal domain (CTD) (Cubuk et al., 2021).  

 

The Spike protein is the most researched protein, as it has a pivotal role in entering the 

host cell. The amino acid length is 1273 and consists of a signal peptide, the S1 subunit, 

and the S2 subunit. The S1 subunit consists of an N-terminal domain (NTD) and a 

receptor-binding domain (RBD), whereas the S2 subunit consists of the fusion peptide 

(FP), heptapeptide repeat sequence 1 (HR1), HR2, TM domain, and a cytoplasmic 

domain. S1 binds via the RBD to ACE2, while S2 plays a role in fusing with the host 

cell membrane (Y. Huang et al., 2020). After the RBD in S1 binds to ACE2, the host 

proteases cleave the spike protein into the two subunits, S1 and S2. Host cell proteases, 

such as Transmembrane protease serine 2 (TMPRSS2) and trypsin, are essential to 

catalysing the cleavage of the spike protein (Y. Huang et al., 2020). Recent studies 

show that the specific furin cleavage site is located only on the cleavage site of SARS-

CoV-2 but not in SARS-CoV (Coutard et al., 2020; Xia et al., 2020). In addition, many 

mutations have been observed in the spike protein, such as D614G, N501Y, and E484K 

(Investigation of Novel SARS-CoV-2 Variant Variant of Concern 202012/01 Technical 

Briefing 5, n.d.; Isabel et al., 2020; Santos & Passos, n.d.). Since the spike protein has 

been the target for most vaccines, mutations in this protein need to be tracked carefully 
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(Dai & Gao, 2020). 

 

1.1.2.3 Non-structural proteins (NSP) 

Proteins encoded on ORF1a and ORF1b are called Non-structural proteins (NSP). 

These proteins mainly have a role in replicating the virus. ORF1a and ORF1b comprise 

approximately two-third of the RNA genome of the SARS-CoV-2. Translation of 

ORF1a and ORF1b in the genomic RNA generates polyproteins pp1a and pp1ab, which 

contains NSP1-NSP11 and NSP1-NSP16, respectively (Rohaim et al., 2021; V’kovski 

et al., 2020). The study of ribosome profiling shows that frameshift efficiency between 

ORF1a and ORF1b is 45% to 70%, which means pp1a is expressed 1.4-2.2 times more 

than pp1ab (Irigoyen et al., 2016; V’kovski et al., 2020).  

 

NSP1 has a role in blocking innate immune responses of the host by blocking the 

expression of type I and III interferons and of other host proteins. The function of 

NSP2 is not known yet. However, it has been reported that eliminating the cleavage 

site between NSP1 and NSP2 produce infectious virus in mouse hepatitis virus (MHV) 

(Denison et al., 2004). NSP3 is the largest multi-domain protein in SARS-CoV-2. This 

protein plays various roles, such as cleaving the viral polyproteins, blocking the host 

innate immune response and acting as a scaffold protein to bind to other NSPs or host 

proteins (Imbert et al., 2008). NSP4 is a protein to form a complex with NSP3 and 

NSP6 that rearrange endoplasmic reticulum into double-membrane vesicles (Angelini 

et al., 2013; Mariano et al., 2020). NSP5 is regarded as the main protease (Mpro), 

responsible for cleavage within polyprotein 1a/1ab at 11 sequence-specific sites 

(Hilgenfeld, 2014). NSP6 is predicted to have seven transmembrane regions. However, 

only six of them function as membrane-spanning helices (Krogh et al., 2001). NSP7 
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and NSP8 work as a cofactor of NSP12, which is the main protein of RdRp (Gao et al., 

2020)(Hillen et al., 2020). NSP9 is the second replicase cleavage protein after NSP5 

(Egloff et al., 2004). NSP10 interacts with NSP14 and NSP16 and stimulates the 

activity of N-terminal exonuclease (ExoN) and 2′-O-methyltransferase (2′-O-MTase) 

(Bouvet et al., 2012; Rohaim et al., 2021). As mentioned before, NSP12 is the main 

protein of RdRp and consists of two domains, the nidovirus RdRp-associated 

nucleotidyltransferase (NiRAN) and the canonical RdRp domain C-terminal 

(Lehmann et al., 2015). NSP13 functions as an RNA 5′- triphosphatase activity 

(V’kovski et al., 2020). NSP14 has two main functions as an N7- methyltransferase 

(N7 MTase) and an N-terminal exonuclease (ExoN). The N7 MTase function has a 

role in adding 5’ cap structures to RNA, and ExoN has a role in proofreading the viral 

genome (Rohaim et al., 2021). In addition, NSP15 and NSP16 work as an 

endoribonuclease and ribose 2′-O-methyltransferase, respectively (V’kovski et al., 

2020). 

 

1.1.2.4 Accessory proteins 

Proteins other than pp1a, pp1ab, and structural proteins are called accessory proteins. 

At least five of the accessory proteins, which are ORF3a, ORF6, ORF7a, ORF7b and 

ORF8, have been reported for SARS-CoV-2 (Davidson et al., 2020; Kim et al., 2020). 

In addition, ORF3b, ORF9b, ORF9c, and ORF10 have been reported in some studies 

(Davidson et al., 2020; F. Wu et al., 2020; Zhou et al., 2020). However, not all of these 

have not been experimentally identified, and the exact number of accessory proteins 

are still debated (Davidson et al., 2020; Kim et al., 2020; V’kovski et al., 2020). 

 

1.1.3 The cycle of SARS-CoV-2 infection 

The initial step of SARS-CoV-2 infection is to enter the human cells. Angiotensin-
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converting enzyme 2 (ACE2) is identified as the host cell’s receptor for SARS-CoV-2  

entry (Hoffmann et al., 2020; Zhou et al., 2020). By fusing the spike protein to the host 

cell membrane, the virus releases the RNA genome into the cell cytoplasm. After 

entering the host cell, the two large open reading frames of the genomic RNA, ORF1a 

and ORF1b, are translated into polyproteins, pp1a and pp1ab. These proteins are 

processed into the individual NSPs, which form the viral replication and transcription 

complex. The proteins replicate their genomic RNA to produce copies of full-length 

RNA, which leads to reproducing the new virus. RNA synthesis is performed by the 

RNA dependant RNA polymerase (RdRp), which comprises NSP12 as a primary 

protein and NSP7 and NSP8 as cofactors. Moreover, NSP14 assists RNA synthesis by 

providing the proofreading function. 

 

The assembly and budding of structural proteins have not yet been assessed in SARS-

CoV-2. In general, the structural proteins of coronavirus are suggested to be assembled 

at the endoplasmic reticulum to the Golgi compartment and shed from the infected cell 

by exocytosis (V’kovski et al., 2020). However, a recent study shows that 

betacoronaviruses are instead released from infected cells via the lysosomal trafficking 

pathway (Ghosh et al., 2020). The study shows that viral interference with lysosomal 

acidification, enzyme activity, and antigen presentation has occurred during this 

process. 

 

1.1.4 The nomenclature systems for SARS-CoV-2 

There are several nomenclatures to classify variants and clades within SARS-CoV-2 

(Table 1.1). Global Initiative on Sharing Avian Influenza Data (GISAID), Nextstrain, 

World Health Organisation (WHO), and Phylogenetic Assignment of Named Global 
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Outbreak Lineages (PANGOLIN) software team has introduced the nomenclatures. As 

of 11th August 2021, GISAID and Nextstrain classify the virus into ten clades and 

twenty clades, respectively (www.gisaid.org; www.nextstrain.org). PANGOLIN 

software team has introduced a nomenclature of having a more detailed classification 

such as B.1.1.7 and B.1351. The original strain is classed as the A strain in this 

nomenclature (Rambaut et al., 2020). As of 22nd July 2021, WHO has also labelled the 

virus as Variants of Concern and Variants of Interest using Greek alphabet letters 

(www.who.int). 

 

Table 1.1. Corresponding nomenclature of SARS-CoV-2. (www.nextstrain.org; www.gisaid.org, 

www.who.int; https://covariants.org/) 

Nextstrain GISAID PANGOLIN WHO 

19A L, V B  

19B S A  

20A G B.1  

20B GR B.1.1  

20C GH B.1  

20D GR C  

20E GV B.1.177  

20F GR D.2  

20G GH B.1.2  

20H GH B.1.351 Beta 

20I GRY B.1.1.7 Alpha 

20J GR P.1 Gamma 

21A GK B.1.617.2 Delta 

21B G B.1.617.1 Kappa 

21C GH B.1.427, B.1.429 Epsilon 

21D G B.1.525 Eta 

21E GR P.3 Theta 

21F GH B.1.526 Iota 

21G GR C.37 Lamda 

21H GH B.1.621 Mu 
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1.1.4.1 GISAID clade 

As of 11th August 2021, the ten divisions for GISAID clades are L, S, V, G, GH, GR, 

GV, GRY, GK and sequences not included in these clades are O. Clade L is considered 

as an early clade marker in WIV04-reference sequence. These letters stand for the 

significant marker mutations. For example, clade S has a substitution of L84S in NS8, 

which leads the clade naming S. The nomenclature for GISAID clade is defined by 

using Phylogenetic Clustering by Linear Integer Programming (PhyCLIP) and merged 

small lineages to larger clades shared with marker mutations (Han et al., 2019; Maurer-

Stroh et al., 2020). Marker mutations are described in Table 1.2, and the simplified 

phylogenetic tree is described in Figure 1.2.  

 

 

Figure 1.2. Simplified phylogenetic tree by using GISAID clade nomenclature. This figure 

describes which clade is derived from which clade. This figure does not describe the genetic 

similarity and timelines. 

 

Table 1.2. Marker mutations of GISAID clade. 

Clade Marker mutation Protein Amino acid 

L WIV04-reference (ID: EPI_ISL_402124). 

S C8782T NSP4(ORF1a) - 

S T28144C NS8(ORF8) L84S 
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V G11083T NSP6(ORF1a) L37F 

V G26144T NS3(ORF3a) G251V 

G C241T - - 

G C3037T NSP3(ORF1a) - 

G A23403G Spike D614G 

GH C241T - - 

GH C3037T NSP3(ORF1a) - 

GH A23403G Spike D614G 

GH G25563T NS3(ORF3a) Q57H 

GR C241T - - 

GR C3037T NSP3(ORF1a) - 

GR A23403G Spike D614G 

GR G28882A N G204R 

GV C241T - - 

GV C3037T NSP3(ORF1a) - 

GV A23403G Spike D614G 

GV C22227T Spike A222V 

GRY C241T - - 

GRY C3037T NSP3(ORF1a) - 

GRY 21765-21770del Spike H69-V70del 

GRY 21991-21993del Spike Y144del 

GRY A23063T Spike N501Y 

GRY A23403G Spike D614G 

GRY G28882A N G204R 

GK C241T - - 

GK C3037T NSP3(ORF1a) - 

GK A23403G Spike D614G 

GK C22995A Spike T478K 

 

1.1.4.2 Nextstrain clade 

As of 11th August 2021, clades defined by Nextstrain are 19A, 19B, 20A, 20B, 20C, 

20D, 20E, 20F, 20G, 20H, 20I, 20J, 21A, 21B, 21C, 21D, 21E, 21F, 21G, and 21H 

(www.nextstrain.org). The strategy of the nomenclature is based on the year defined. 

For example, 19A and 20A are the clade first defined in 2019 and 2020, respectively. 
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Nextstrain defines a clade as a major clade by three criteria. First, when a clade reaches 

20% or more globally for more than two months. Second, when a clade reaches 30% 

or more in a region for more than two months. Third, when a variant of concern is 

recognised (Bedford et al., 2021). Marker mutations introduced by Nextstrain are 

described in Table 1.3. However, other sources show other definitions for 20H, 20I, 

and 20J, previously introduced as 20H/501.V2, 20I/501Y.V1, and 20J/501Y.V3, 

respectively (Chand et al., 2020; Faria et al., 2021; Tegally et al., 2020; www.cdc.gov). 

19A is considered as the root clade in the Nextstrain nomenclature. The simplified 

phylogenetic tree of Nextstrain clade nomenclature is shown in Figure 1.3. 

 

 

Figure 1.3. Simplified phylogenetic tree by using Nextstrain clade nomenclature. This figure 

describes which clade is derived from which clade. This figure does not describe the genetic 

similarity and timelines. 

 

Table 1.3. Marker mutations of Nextstrain clade. 

Clade Marker mutation Protein Amino acid 

19A Root clade 

19B C8782T NSP4 (ORF1a) - 
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19B T28144C NS8 (ORF8) L84S 

20A C14408T NSP12 (ORF1b) P323L (314) 

20A A23403G Spike D614G 

20B C14408T NSP12 (ORF1b) P323L (314) 

20B A23403G Spike D614G 

20B G28881A N and NS9c(ORF14) R203K and G50N 

20B G28882A N and NS9c(ORF14) R203K and G50N 

20B G28883C N and NS9c(ORF14) G204R and G50N 

20C C1059T NSP2 (ORF1a) T85I (265) 

20C C14408T NSP12 (ORF1b) P323L (314) 

20C A23403G Spike D614G 

20C G25563T NS3 (ORF3a) Q57H 

20D C4002T NSP3 (ORF1a) T428I (1246) 

20D G10097A NSP5 (ORF1a) G15S (3278) 

20D C13536T NSP12 (ORF1b) - 

20D C23731T Spike - 

20E C14408T NSP12 (ORF1b) P323L (314) 

20E A23403G Spike D614G 

20E C22227T Spike A222V 

20E C28932T N and NS9c(ORF14) A220V and L67F 

20E G29645T ORF10 V30L 

20F A1163T NSP2 (ORF1a) I120F (300) 

20F T7540C NSP3 (ORF1a) - 

20F G16647T NSP13 (ORF1b) - 

20F C18555T NSP14 (ORF1b) - 

20F G22992A Spike S477N 

20F G23401A Spike - 

20G C10319T NSP5 (ORF1a) L89F (3352) 

20G A18424G NSP14 (ORF1b) N129D (1653) 

20G C21304T NSP16 (ORF1b) R216C (2613) 

20G G25907T NS3 (ORF3a) G172V 

20G C27964T NS8 (ORF8) S24L 

20G C28472T N P67S 

20G C28869T N and NS9c(ORF14) P199L and stop 

20H (Beta) C1059T NSP2 (ORF1a) T85I (265) 

20H (Beta) C14408T NSP12 (ORF1b) P323L (314) 
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20H (Beta) A23403G Spike D614G 

20H (Beta) G25563T NS3 (ORF3a) Q57H 

20H (Beta) A23063T Spike N501Y 

20H (Beta) G23012A Spike E484K 

20I (Alpha) C14408T NSP12 (ORF1b) P323L (314) 

20I (Alpha) A23403G Spike D614G 

20I (Alpha) G28881A N R203K 

20I (Alpha) G28882A N R203K 

20I (Alpha) A23063T Spike N501Y 

20I (Alpha) C14676T NSP12 (ORF1b) - 

20I (Alpha) C15279T NSP12 (ORF1b) - 

20J (Gamma) T733C NSP2 (ORF1a) - 

20J (Gamma) C2749T NSP3 (ORF1a) - 

20J (Gamma) C3828T NSP3 (ORF1a) S370L (1188) 

20J (Gamma) A5648C NSP3 (ORF1a) K977Q (1795) 

20J (Gamma) C12778T NSP9 (ORF1a) - 

20J (Gamma) C13860T NSP12 (ORF1b) - 

21A (Delta) T22917G Spike L452R 

21A (Delta) C22995A Spike T478K 

21A (Delta) T27638C NS7a (ORF7a) V82A 

21A (Delta) G28881T N and NS9c(ORF14) R203M and G50W 

21A (Delta) G29402T N D377Y 

21B (Kappa) G17523T NSP13 (ORF1b) M429I (1352) 

21B (Kappa) T22917G Spike L452R 

21B (Kappa) G23012C Spike E484Q 

21B (Kappa) T27638C NS7a (ORF7a) V82A 

21B (Kappa) G28881T N and NS9c(ORF14) R203M and G50W 

21B (Kappa) G29402T N D377Y 

21C (Epsilon) G17014T NSP13 (ORF1b) D260Y (1183) 

21C (Epsilon) G21600T Spike S13I 

21C (Epsilon) G22018T Spike W152C 

21C (Epsilon) T22917G Spike L452R 

21D (Eta) C14407T NSP12 (ORF1b) P323F (314) 

21D (Eta) A21717G Spike Q52R 

21D (Eta) T24224C Spike F888L 

21D (Eta) C24748T Spike - 
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21E (Theta) C12049T NSP7 (ORF1a) - 

21E (Theta) T23341C Spike - 

21E (Theta) C23604A Spike P681H 

21E (Theta) T24187A Spike - 

21E (Theta) G24836A Spike E1092K 

21F (Iota) A16500C NSP13 (ORF1b) Q88H (1011) 

21F (Iota) A20262G NSP15 (ORF1b) - 

21F (Iota) C21575T Spike L5F 

21F (Iota) A22320G Spike D253G 

21G (Lambda) G21786T Spike G75V 

21G (Lambda) C21789T Spike T76I 

21G (Lambda) T22917A Spike L452Q 

21G (Lambda) T23031C Spike F490S 

21H A11451G NSP6 (ORF1a) Q160R (3729) 

21H A13057T NSP10 (ORF1a) - 

21H C17491T NSP13 (ORF1b) P419S (1342) 

21H T21995A Spike Y145N 

21H A21993C Spike Y144S 

21H G22599A Spike R346K 

 

1.1.5 Mutations and variants of SARS-CoV-2 

Mutations may affect the virus by changing the pathogenicity, infectivity, 

transmissibility, and antigenicity (Harvey et al., 2021). Since SARS-CoV-2 is an RNA 

virus, the mutation rate is higher than DNA viruses (Sanjuán et al., 2010). However, 

SARS-CoV-2 has a proofreading mechanism that results in a lower mutation rate than 

other RNA viruses, such as influenza A virus and Human immunodeficiency virus type 

1 (HIV-1) (Manzanares-Meza & Medina-Contreras, 2020; Sanjuán et al., 2010). 

Although the mutation rate is low, some significant mutations have been observed 

throughout the pandemic, which leads to a new variant or clade. As of 11th August 

2021, the Delta variant, or clade 21A, is predominating and reported to have higher 

transmissibility (Campbell et al., 2021). Although studies have reported that vaccines 
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are still effective, a reduction of neutralization has been observed (C. Liu et al., 2021; 

J. Liu et al., 2021). Additionally, more mutations are observed in the spike protein than 

in other proteins (Vilar & Isom, 2020). Many mutations in the spike proteins, such as 

D614G, N501Y, and E484K, have been reported to affect the binding ability to ACE2 

(Investigation of Novel SARS-CoV-2 Variant Variant of Concern 202012/01 Technical 

Briefing 5, n.d.; Isabel et al., 2020; Santos & Passos, n.d.). Since this protein is the 

target for vaccines, the mutations must be carefully monitored. 

 

1.2 Differentially conserved positions (DCPs) 

Amino acid sequences are important for the structure and functions of the protein. Thus, 

conserved amino acid positions within protein families are the most obvious predictor 

to find significant residues for functions from sequence information alone (Chagoyen 

et al., 2016). Moreover, within large protein families, positions that are differently 

conserved between sub-families are called differentially conserved positions (DCPs or 

Specificity Determining Positions) (Figure 1.4) and they have traditionally been 

thought to have a role determining functional specificity (e.g. enzyme-substrate 

specificity), and they have been shown to be enriched in ligand binding and protein-

protein interface sites (Rausell et al., 2010).  
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Figure 1.4. Representation of Differentially Conserved Positions (DCPs). In this example, the 

fourth position is the DCP. Group 1 has tyrosine in the position, which is conserved, and the 

group has alanine which is also conserved within the group. 

 

More recently, research in the Wass-Michaelis group has applied the identification of 

DCPs for the analysis of related virus species that exhibit different phenotypes. They 

have reported that a few mutations could change the pathogenicity of Ebola virus by 

applying this method (Pappalardo et al., 2016). Moreover, they have identified DCPs 

between SARS-CoV and SARS-CoV-2 and suggested that the differences in clinical 

behaviour of these two viruses could be explained by DCPs (Bojkova et al., 2021).  

 

1.3 Jensen-Shannon divergence (JSD) 

The Jensen-Shannon divergence is a score that quantifies the similarity between two 

probability distributions (Capra & Singh, 2007). Unlike the Kullback-Leibler 

divergence, the JSD is a measure defined to be symmetric. The score of JSD is 

nonnegative and equal to zero when the probability distribution is the same. If the 

value of JSD increases, the two probability distributions move away from each other 

 

DCP 
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(Lin, 1991).  

 

1.4 BLOSUM score 

BLOSUM matrices, representing Blocks Substitution Matrix, score the likelihood of 

the substitutions of amino acid. The results are expressed as log-odds, and BLOSUM 

score B is defined as 

𝐵𝑖𝑗 =  
1

𝜆
 log

𝑃𝑖𝑗

𝑓𝑖𝑓𝑗
 

where Pij is a probability of finding amino acid i and j aligned in the homologous 

alignment. fi and fj represent the probability of the occurrence of amino acids i and j in 

the protein. Thus, a positive score is given to more likely substitutions, and a negative 

score is given to less likely substitutions. BLOSUM matrices are identified based on 

the minimum percentage identity of the aligned amino acid sequences (Lesk, Arthur 

M., 2019; Zomaya, 2006). 

 

1.5 Remdesivir 

Remdesivir (GS5734) is a prodrug, and the active metabolite (GS-441524) works as a 

nucleotide analogue in replicating RNA. Remdesivir was originally developed by 

Gilead Sciences and emerged from a collaboration project of Gilead Sciences, the U.S. 

Centers for Disease Control and Prevention (CDC), and the US Army Medical 

Research Institute of Infectious Diseases (USAMRIID) (Eastman et al., 2020; 

www.gilead.com). They were aiming to develop drugs to target RNA-based viruses, 

which had the potential of causing a global pandemic. GS-441524 and its S-acyl-2-

thioethyl monophosphate prodrug were reported in 2012 to show broad activity against 

various RNA viruses such as yellow fever virus (YFV), Dengue virus type 2 (DENV-

2), influenza A, parainfluenza 3, and SARS-CoV (Cho et al., 2012). When the Ebola 
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virus outbreak occurred in 2014, a study showed that remdesivir suppressed the 

replication of the Ebola virus in rhesus monkeys (Warren et al., 2016a). In addition, 

antiviral activity against coronaviruses was validated both in vitro and in vivo 

(Eastman et al., 2020; Jordan et al., 2017).  

 

Remdesivir is a polymerase inhibitor targeted to inhibit the viral RNA dependent RNA 

polymerase (RdRp – NSP12 in SARS-CoV-2) and thus inhibiting replication of the 

viral genome. Remdesivir is converted to remdesivir triphosphate (RTP) in the cell. 

The structure of RTP is similar to adenine and inhibits the RNA synthesis by the 

specific mechanism of delayed chain termination. The study shows that RTP forms a 

phosphodiester bond with the nucleotide next to it but terminates the synthesis of three 

nucleotides downstream. RTP inhibits the synthesis at position four nucleotide 

downstream because a steric clash is formed between the 1′-CN substituent of the 

incorporated remdesivir and residue Ser-861 of the RdRp (Gordon et al., 2020; Saha 

et al., 2020). Hence, it decreases the production of the viral RNA. In addition, no 

significant inhibition has been confirmed to human RNA Pol II and human 

mitochondrial RNA polymerase for the use of remdesivir in vitro (Warren et al., 2016b). 

In the clinical trial against Ebola Virus Disease, the result did not show benefits despite 

the success in animal models (Mulangu et al., 2019; Warren et al., 2016a). 

 

1.5.1 Use of remdesivir in treatment for COVID-19 

Remdesivir has shown effectiveness against SARS-CoV-2 in vitro (M. Wang et al., 

2020). In addition, the results of a clinical trial conducted by the National Institute of 

Allergy and Infectious Diseases (NIAID) has demonstrated that remdesivir can speed 

up the recovery from COVID-19 (Beigel et al., 2020). However, the Solidary clinical 
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trial conducted by WHO does not show differences in mortality and the recovery speed 

using remdesivir (“Repurposed Antiviral Drugs for Covid-19 — Interim WHO 

Solidarity Trial Results,” 2021). Various clinical trials have been conducted, and most 

of them did not show significant differences (CD et al., 2020; JD et al., 2020; Y. Wang 

et al., 2020). Therefore, the effect of remdesivir for use in treatment to COVID-19 is 

still uncertain. Remdesivir has been authorised for temporary use in approximately 50 

countries globally (www.gilead.com). In the European Union, remdesivir was 

approved for treatment for patients with severe disease due to COVID-19 

(www.ema.europa.eu). The US Food and Drug Administration has approved remdesvir 

for use in adults and pediatric patients who need hospitalisation (www.fda.gov). 

 

1.6 The organisation of this thesis 

This thesis comprises of two main research: Differentially conserved positions (DCPs) 

between clades of SARS-CoV-2, Drug adaptation to remdesivir of SARS-CoV-2. 

 

This thesis is divided into the following four chapters: 

 

Chapter 1 is an introduction part and describes information about SARS-CoV-2, 

remdesivir, and the methods to analyse the Differentially conserved positions. 

 

Chapter 2 describes the analysis of DCPs between clades in SARS-CoV-2. 

 

Chapter 3 introduces the analysis of drug adaptation to remdesivir in SARS-CoV-2 

 

Chapter 4 is a discussion chapter.

http://www.fda.gov/
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Chapter 2: 

Differentially conserved positions between clades in SARS-

CoV-2 

 

2.1 Introduction 

Studies have reported that some variants (or clades) in SARS-CoV-2 have different 

transmissibility and reduce neutralization (Souza et al., 2021; P. Wang et al., 2021). 

For example, 20I/501Y.V1 (Nextstrain nomenclature) or the Alpha variant (WHO 

label) have higher transmissibility than earlier clades (Davies et al., 2021). Differences 

in characteristics of organisms can be explained by analysing proteins. Amino acid 

sequences are important for the structure and the function of a protein. Thus, conserved 

positions within protein families are considered functionally significant residues. In 

addition, positions that are differentially conserved, called Differentially conserved 

positions (DCPs), within sub-families tend to determine functional specificity (Rausell 

et al., 2010). Here, we applied the method of identifying DCPs to investigate which 

protein and amino acid could be the potential factor of the differences of characteristics 

between clades in SARS-CoV-2. 

 

2.2 Methods 

2.2.1 Data 

Amino acid sequences for 429,535 SARS-CoV-2 were downloaded from 

Global Initiative on Sharing Avian Influenza Data (GISAID). The metadata was also 

downloaded from GISAID (www.gisaid.org). These data were downloaded on 31st 

January 2021. Thus, we used the nomenclature which was proposed at that time. As of 

31st January 2021, GISAID and Nextstrain classified the virus into eight clades and 
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twelve clades, respectively (Bedford et al., 2021; Maurer-Stroh et al., 2020). GISAID 

introduced clades defined as L, S, V, G, GH, GR, GV, and O (Figure 2.1) (Maurer-

Stroh, 2020). Clades defined by Nextstrain were 19A, 19B, 20A, 20B, 20C, 20D, 20E, 

20F, 20G, 20H/501Y.V2, 20I/501Y.V1, and 20J/501Y.V3 (Figure 2.2) (Bedford et al., 

2021). 

 

Figure 2.1. Simplified phylogenetic tree by using GISAID clade nomenclature. This is the 

tree as of 31st January 2021. 

 

Figure 2.2. Simplified phylogenetic tree by using Nextstrain clade nomenclature. This is the 

tree as of 31st January 2021. 
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2.2.2 Creating FASTA format file 

Genomes with lengths less than 29000 bases were excluded as they were incomplete. 

The remaining sequences were divided into clade groups. We used the clade 

nomenclatures of both GISAID and Nextstrain. GISAID clades are L, S, V, G, GH, 

GR, GV, and O. Nextstrain clades are 19A, 19B, 20A, 20B, 20C, 20D, 20E, 20F, 20G, 

20H/501Y.V2, 20I/501Y.V1, and 20J/501Y.V3.  

 

The genomes were translated into their respective proteins, resulting in sequences for 

the 27 proteins encoded in the genome (data divided into 27 FASTA format files for 

each clade).  

 

2.2.3 Multiple sequencing alignment and identification of differentially 
conserved positions 

We compared the amino acid sequence between each clade. Twenty-eight 

combinations of comparison were conducted in the GISAID nomenclature, and 66 

combinations were undertaken in the Nextstrain nomenclature. Multiple sequencing 

alignments were generated using MUltiple Sequence Comparison by Log- Expectation  

(MUSCLE) (Edgar, 2004) with default settings. Sequences that contain ‘X’ were 

excluded from the alignment. Differentially conserved positions (DCPs) were 

identified by calculating the Jensen Shannon divergence score for each position in the 

multiple sequence alignment. The positions with conservation scores higher than 0.8 

for each group (and containing different amino acids) were considered to be 

differentially conserved positions (DCPs). This was equivalent to the approach used 

previously (Martell et al., 2019). 

 

2.2.4 Comparison of amino acid frequency in each position 

From the multiple sequence alignment, the frequency of each amino acid was counted 
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for each position in the sequence. The count of each amino acid was converted to the 

ratio of amino acid in each position. Subsequently, the positions that the most frequent 

amino acids are different between clades were extracted.  

 

2.3 Results 

2.3.1 Data 

The 429,535 sequences comprise 5117 L clade, 8892 S clade, 6145 V clade, 6085 O 

clade, 66065 G clade, 91240 GH clade, 150121 GR clade, and 95526 GV clade in 

GISAID nomenclature. Moreover, the 429,535 sequences are also classified into 

16122 19A clade, 8974 19B clade, 95059 20A clade, 97259 20B clade, 46628 20C 

clade, 4942 20D clade, 97280 20E clade, 12614 20F clade, 13402 20G clade, 715 

20H/501Y.V2 clade, 36256 20I/501Y.V1 clade, and 35 20J/501Y.V3 clade in 

Nextstrain nomenclature. 

 

2.3.2 Identifying differentially conserved positions (DCPs) in GISAID clade  

By comparing the amino acid sequences, we have identified the DCPs between 

GISAID clades (Table 2.1). Three positions were observed, which were L37F in NSP6 

found between L and V, G251V in NS3 between L and V, S and V, GR and V, and GV 

and V, and D614G in the Spike protein between L and G, L and GH, L and GR, and L 

and GV.  

 

The substitution L37F was only observed between the clades of L and V. This suggests 

that the substitution of L37F occurred when clade V was derived from clade L. 

However, L37F in NSP6 is a marker substitution in the GISAID nomenclature. 

Furthermore, G251V in NS3 was observed in this analysis between L and V, S and V, 

GR and V, and GV and V. The BLOSUM score for this is -3, indicating that this is a 
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substitution that rarely occurs during evolution. However, this position is also a marker 

mutation. In addition, D614G was found between L and G, L and GH, L and GR, L 

and GV. This position has been widely researched and is widely known as the marker 

substitution of clade G.  

 

In this analysis, we found 3 DCPs when using the GISAID clade nomenclature. 

However, all of the positions were marker substitutions used to define the clades and 

did not define further conserved differences between the clades, which could have a 

functional significance. 

 

Table 2.1. Differentially conserved positions (DCPs) in GISAID clades. Each row shows the 

results of a comparison of the protein between clade 1 and clade 2. The conservation score 

describes how the amino acid is conserved in the clade. The BLOSUM score shows the ratio of 

having the same amino acid substitution by chance. 

 

2.3.3 Identifying differentially conserved positions (DCPs) in Nextstrain clade 

On the other hand, overall 33 positions in SARS-CoV-2 were DCPs when comparing 

Nextstrain clades described in Table 2.3. Seventeen DCPs were in the Spike protein, 

and five DCPs were in the N protein. In addition, NSP2, NSP3, and NS3 had 2 DCPs, 

Clade1 Clade2 Protein DCP 
Position Conservation score 

BLOSUM 
Clade1 Clade2 Clade1 Clade2 

L  V NS3 G251V 251 251 0.81 0.82 -3 

L V NSP6 L37F 37 37 0.82 0.87 0 

L G Spike D620G 614 614 0.86 0.82 -1 

L GH Spike D617G 614 614 0.86 0.82 -1 

L GR Spike D616G 614 614 0.86 0.82 -1 

L GV Spike D614G 614 614 0.86 0.82 -1 

S V NS3 G252V 251 251 0.81 0.82 -3 

V GR NS3 V255G 251 251 0.82 0.81 -3 

V GV NS3 V255G 251 251 0.82 0.8 -3 
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and NSP5, NSP13, NS8, NS9b, and NS9c had one DCP (Table 2.2). By comparing the 

pairs of clades described in Table 2.3, 157 DCPs were identified in total (Table 2.3). 

In this result, 121 of these DCPs were not marker mutations, whereas 36 of them were 

marker mutations that define the different clades. Moreover, 103 DCPs were observed 

when comparing clade 20J/501Y.V3 and any other clades. Interestingly, non-marker 

DCPs were only identified when the following clades were compared, 20H/501Y.V2, 

20I/501Y.V1 or 20J/501Y.V3 (Table 2.3). The full results are described in 

Supplementary Table 1. 

 

In the N protein, the DCPs were P80R, R203K, G204R, I205T, and F235, as well as 

R203K and G204R, which are marker mutations for some clades. In NS3, S253P was 

the only DCP identified, while E92K was the only DCP in NS8. Q77E and V49L were 

the only DCPs in NS9b and NS9c, respectively. Between clade 20H/501Y.V2 and 

clade 20J/501Y.V3, N837K was identified as a DCP in NSP3, the only DCP in this 

protein.  

 

In the spike protein, L18F, T20N, P26S, D80A, D138Y, R190S, K417N, K417T, 

S477N, E484K, N501Y, H655Y, A701V, T716I, S982A, T1027I, D1118H, and 

V1176F were the DCPs identified throughout this analysis. However, S477N in clade 

20F, E484K and N501Y in clade 20H/501Y.V2, and N501Y in clade 20I/501Y.V1 are 

considered as marker substitutions. 

 

 

 

 

 

 



Chapter 2: Differentially conserved positions between clades in SARS-CoV-2 

36 

 

Table 2.2. The overall amount of DCPs in each protein in Nextstrain clade (including the 

comparison of any combination of clades). 

Protein DCPs 

Spike 17 

N 5 

NSP2 2 

NSP3 2 

NSP5 1 

NSP13 1 

NS3 2 

NS8 1 

NS9b 1 

NS9c 1 

Total 33 

 

 

Table 2.3. Overall DCPs in Nextstrain clade. Markers are described in the method section. 

clade1 clade2 DCPs DCPs (not marker) DCPs (marker) 

19A 20F 2 0 2 

19A 20H 5 3 2 

19A 20J 9 8 1 

19B 20F 2 0 2 

19B 20H 3 3 0 

19B 20J 8 7 1 

20A 20H 1 1 0 

20A 20I 1 0 1 

20A 20J 4 3 1 

20B 20H 1 1 0 

20C 20E 2 0 2 

20C 20F 1 0 1 

20C 20J 6 5 1 

20D 20F 1 0 1 

20D 20H 3 2 1 

20D 20I 5 3 2 

20D 20J 9 8 1 

20E 20H 1 1 0 
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20E 20J 6 6 0 

20F 20G 1 0 1 

20F 20H 9 3 6 

20F 20I 4 2 2 

20F 20J 16 13 3 

20G 20H 3 2 1 

20G 20I 4 4 0 

20G 20J 12 11 1 

20H 20I 5 5 0 

20H 20J 21 19 2 

20I 20J 12 11 1 
 

Total 157 121 36 

 

2.3.4 Differences of frequencies of amino acid in each position in GISAID clade 

Although we have found DCPs throughout the analysis, some substitutions that should 

have been detected as markers, such as Q57H in NS3 between clade GH and other 

clades, were not detected when we might have expected to observe them. Thus, we 

decided to look into the frequencies of amino acids in each position because DCPs 

were only classified at positions where the amino acids present were not shared 

between the two groups. For example, if at a position one clade predominantly had an 

alanine, while the other clade had a glycine, this would not be DCP if there was a single 

sequence in the second clade that contained alanine.  

 

In this analysis, we have found six positions where the frequency of given amino acids 

differs between the clades but not sufficiently to be a DCP. Table 2.4 shows the protein 

and position that changed in any of the clades. We excluded the marker mutations 

which defines the clades. The positions where the frequency of the amino acid differs 

were found in N, NS9c, NSP2, and NSP12 (Table 2.4). In N protein, R203K and 

A220V were identified as changes of the most frequent amino acid. For NSP9c, two 
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changes, G54N and L71F, were observed in this analysis. Moreover, NSP2 and NSP12 

had the substitution of T85I and P323L, respectively. Interestingly, there were no 

differences in the most frequent amino acid between GISAID clade in the spike protein, 

which has the highest tendency to mutate. 

 

Table 2.4. The positions having differences of the most frequent amino acid in GISAID clade. 

Protein Changes of the most frequent amino acid 

N R203K, A220V 

NS9c G54N, L71F 

NSP2 T85I 

NSP12 P323L 

 

2.3.5 Differences of frequencies of amino acid in each position in Nextstrain clade 

We also looked into the differences of amino acid frequencies in Nextstrain clade. 

Table 2.5 shows the protein and the position that changed the most frequent amino acid 

in any of the clades. The differences of the most frequent amino acids were identified 

at a total of 42 positions in 11 proteins: E, N, NS3, NS8, NS9b, NS9c, NSP3, NSP5, 

NSP6, NSP13, and the spike protein (Table 2.5). In this analysis, we have excluded 

the marker mutations described in the method section. 24 out of 42 positions were the 

positions that were not identified as a differentially conserved position (DCP). 

Compared with the analysis using GISAID clades, there were more positions and 

proteins that had the differences between clades.  

 

Interestingly, there were 10 positions that had different amino acid frequencies other 

than the DCPs in the spike protein by analysing Nextstrain clades, although there were 
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no differences in GISAID clades. 

 

Table 2.5. The positions having differences of the most frequent amino acid in Nextstrain 

clade. The positions having a bracket were identified as a DCP in the previous analysis. 

Protein Changes of the most frequent amino acid (Identified as a DCP) 

E P71L 

N D3L, (P80R), (T205I), (S235F) 

NS3 S175L, (S258P) 

NS8 (E94K) 

NS9b (Q77E) 

NS9c (V53L), L56F 

NSP3 T189I, (K843N), A896D, I1422T 

NSP5 K90R 

NSP6 F38L, S105del, L106del, S107del, G108S, F109L 

NSP13 (E341D) 

Spike 

(L19F), (T21N), (P27S), I70del, H71del, V72I, (D82A), (D140Y), 

Y146del, (R192S), A227V, L246del, L247del, A248del, (K424N) and 

(K424T), A570D, (H664Y), P690H, (A710V), (T725I), (S991A), 

(T1036I), (D1127H), (V1185F) 

 

2.4 Discussion 

Here, we conducted research of identifying differentially conserved positions (DCPs) 

between clades of SARS-CoV-2.  

 

We identified three DCPs by comparing each GISAID clade, which was L37F in NSP6 

found between clade L and V, G251V in NS3 found between clades L and V, S and V, 
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GR and V, and GV and V, and D614G in the Spike protein found between clade L and 

G, L and GH, L and GR, and L and GV. This result of having a small number of 

substitutions agrees with previous research that suggests coronaviruses have a low 

mutation rate (~1.0 × 10–6 per site per cycle) compared with other RNA viruses such 

as Influenza virus (~3 × 10−5 per site per cycle) because of the proofreading mechanism 

(Bar-On et al., 2020; Manzanares-Meza & Medina-Contreras, 2020; Sanjuán et al., 

2010). 

 

In addition, 33 positions were DCPs in the Nextstrain clade, and the three clades that 

emerged later was primarily involved in the comparison, which are 20H/501Y.V2, 

20I/501Y.V1, and 20J/501Y.V3. Interestingly, non-marker DCPs were only identified 

when the three clades were compared, 20H/501Y.V2, 20I/501Y.V1 or 20J/501Y.V3. 

However, according to some other sources, most of these DCPs are also the definition 

of clades (Chand et al., 2020; Faria et al., 2021; Tegally et al., 2020; www.cdc.gov). 

Considering these sources, just a few DCPs were not a definition of clades, which were 

V1176F in the spike protein, S253P in NS3, Q77E in NS9b, and V49L in NS9c. 

V1176F in the spike protein was identified in the comparison of clade 20J/501Y.V3 

and five other clades (Table 2.4). S253P in NS3 was identified between 20H/501Y.V2 

and 20J/501Y.V3. Q77E in NS9b was considered a DCP in comparison between 

20J/501Y.V3 and six other clades. However, this amino acid is encoded in the same 

position as P80R of the N protein, which is a mutation that defines clades. Moreover, 

V49L in NS9c was identified by comparing 20E and 20J/501Y.V3, 20G and 

20J/501Y.V3. 

 

The differences in the number of DCPs between the analysis using GISAID clades and 
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Nextstrain clades can be attributed to the fact that Nextstrain clades have a larger 

number of clades than GISAID clades. Moreover, another possible reason is that the 

Nextstrain clade nomenclature includes clades reported as Variants of concern (VOC), 

20H/501Y.V2, 20I/501Y.V1, and 20J/501Y.V3. Studies have suggested that clade 

20I/501Y.V1, or the Alpha variant using WHO labels, initially appeared in South East 

England, have higher transmissibility than earlier variants (Davies et al., 2021). 

Additionally, 20H/501Y.V2, or the Beta variant using WHO labels, is more resistant 

to neutralisation by convalescent sera and post-vaccinated sera than earlier variants, 

and 20J/501Y.V3, or the Gamma variant using WHO labels, also reduces neutralisation 

by antibodies after natural infection and vaccination (Souza et al., 2021; P. Wang et al., 

2021). These differences in phenotypes are consistent with the result of having more 

DCPs compared to earlier clades.  

 

This analysis was conducted within species adapting in an individual outbreak. Thus, 

the number of DCPs was not as much as previous research, such as the comparison of 

Ebola virus species (Pappalardo et al., 2016) and comparisons of SARS-CoV and 

SARS-CoV-2 (Bojkova et al., 2021). For Ebolaviruses (approximately 19000 bases), 

189 DCPs were identified between Reston virus (an ebolavirus that does not cause 

disease in humans) and human pathogenic Ebolaviruses, and the comparison of SARS-

CoV and SARS-CoV-2 (approximately 30000 bases) had 891 DCPs (Bojkova et al., 

2021; Pappalardo et al., 2016). By comparing different species, many more DCPs are 

be observed instead of comparing the sequence within species, as has been done here 

in our comparison of the SARS-CoV-2 clades. 

 

Another possible reason for not having many DCPs in this analysis may be the duration 
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of the virus tracking. The data was downloaded in January 2021, and the outbreak 

occurred in December 2019, which means that the duration of tracking the virus 

genome is only one year. However, the virus is continuously mutating, and which may 

result in significant differences over time. As of 29 July 2021, the new Delta variant, 

or clade 21A, is predominating, which needs further research (www.who.int). 

 

The frequency analysis also shows that most of the positions having different amino 

acid frequencies are clade 20H/501Y.V2, 20I/501Y.V1, and 20J/501Y.V3, which may 

suggest that there may be multiple factors that determine the characteristics of this 

virus. 

 

Although this study has identified DCPs, this analysis could not reveal which amino 

acid affects the characteristics of SARS-CoV-2. Moreover, when comparing the virus 

within species, analysis of sequences over a longer time period is needed to identify 

DCPs. Further studies will be needed to identify which amino acid is significant for 

the virus pathogenicity. 

 

In conclusion, we have revealed the DCPs between clades within SARS-CoV-2 in this 

study. These positions indicate the differences of phenotype between clades.  

http://www.who.int/
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Chapter 3: 

Drug adaptation to remdesivir in SARS-CoV-2 

 

3.1 Introduction 

SARS-CoV-2 has been spreading all around the world and infecting people globally. 

To end this pandemic, developing antiviral drugs is essential. Remdesivir is a broad-

spectrum antiviral drug and has shown effectiveness against this virus in vitro (M. 

Wang et al., 2020). In addition, a clinical trial reported that remdesivir might increase 

the speed to recover from COVID-19 (Beigel et al., 2020). However, the mechanisms 

of resistance that may occur to remdesivir in SARS-CoV-2 is still unknown. Here, we 

analysed the changes that occurred to SARS-CoV-2 by adapting to remdesivir in vitro. 

 

3.2 Methods 

3.2.1 Virus culture and remdesivir adaptation – performed by collaborators at 

Goethe University Frankfurt 

Two SARS-CoV-2 strains were used for this assay, FFM3 and FFM7. The virus was 

serially passaged with increasing concentration (starting concentration - 500nM) of 

remdesivir in Caco-2 cells. Viral replication was monitored by observation for any 

cytopathogenic effect present in the culture. Infected cultures were frozen and stored 

at −80°C and thawed once for subsequent passaging. The virus was serially passaged 

by using one aliquot of viral stock from the preceding passage to infect fresh Caco-2 

cells (MOI of 0.1) in the presence of increasing concentrations of the compound. The 

drug concentrations used in the selection protocol varied, depending on the level of 

viral replication present in the preceding passage. The selection was carried out for a 

total of 30 passages with remdesivir. Drug concentrations ranged from 500 nM to 2 
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μM by passage 30. A further passage was carried out up to 60 passages with remdesivir. 

Drug concentrations ranged from 2 µM to 4 µM in this further passage. Drug 

sensitivity was determined by an antiviral assay in Caco-2 and Calu-3 cells as 

described above. For clarity, we described the virus as FFM3LOW: without remdesivir 

(low passage), FFM3HIGH: without remdesivir (high passage), FFM3remLOW: with 

remdesivir (low concentration), FFM3remHIGH: with remdesivir (high concentration). 

 

3.2.2 Genome analysis 

The sequence data were obtained using Next Generation Sequencing (NGS). This was 

performed by Public Health England. Five data sets were obtained from virus culture. 

Bases were called if one nucleotide was present in > 90% of the reads at that position. 

All other positions were classed as having a mixed population. 

 

These data sets were compared with each other (Figure 3.1). First, the original virus 

sequence was compared with the virus sequence passaged without a drug (Figure 3.1 

①). The positions where base changes (including changes to mixed populations) 

occurred were extracted. Second, the high passaged virus was compared with the 

original sequence (Figure 3.1 ②). Third, the virus adapted to remdesivir of low 

concentration was compared with the original sequence (Figure 3.1 ③). Fourth, the 

virus adapted to the high concentration of remdesivir was also compared with the 

original virus (Figure 3.1 ④). Finally, the viruses adapted to the two different 

concentrations of remdesivir were compared (Figure 3.1 ⑤). These analyses were 

conducted in two strains, FFM3 and FFM7. Bases obtained from this analysis were 

converted to amino acids using the UCSC Genome Browser (Fernandes et al., 2020). 

By using the RNA codon table and the codon obtained from UCSC Genome Browser, 
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substations of amino acids were identified. 

 

Figure 3.1 The procedure of the virus culture passage. ① is a process of the virus culture 

without remdesivir. ② is a process of virus culture without virus with additional 30 passages. In 

the process ③, the virus was cultured with remdesivir until adapted (30 passages). ④ is a process 

of culture with higher concentration of remdesivir. 

 

3.2.3 Structural analysis 

Structures of proteins for SARS-CoV-2 were obtained from Protein Data Bank (PDB). 

For the RNA dependant RNA polymerase (RdRp), the structures 7bv2 (PDB code) and 

6yyt were used for the structure analysis. Changes of amino acids were mapped onto 

the protein structure using PyMOL. The PyMOL mutagenesis tool was used to analyse 

the different amino acids introduced. The impact of changes of amino acids was 

analysed manually based on hydrogen bonding and clashes. 

 

3.3 Results 

The aim of this study was to investigate the mechanisms of resistance that may occur 

to remdesivir in SARS-CoV-2. We identified a number of mutations that occurred in 

the remdesivir adapted virus in two strains, FFM3 and FFM7. Additionally, we 

assessed the effect on protein structure caused by the mutations. 
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3.3.1 Comparison between original virus and virus cultured without remdesivir 

Each strain was cultured without remdesivir as a control to identify changes that may 

occur due to the adaptation to the cell culture. We refer to FFM3LOW and FFM3HIGH to 

represent the two different numbers of passaged strains without remdesivir. For the 

FFM3 strain, two base changes were present in FFM3LOW, which were C21789T and 

A28649T. In addition, 20 positions had mixed populations in FFM3LOW (Table 3.1; A 

mixed population is any position where one base is not present in >90% of reads).  

 

Table 3.1 Comparison between original control and FFM3LOW. Bases were called if one 

nucleotide was present in >90% of the reads at that position. (aa) represents amino acid. The 

bracket means that the position had mixed population.  

Position 
Original 

control 
FFM3LOW Protein 

Amino acid (aa) 

position 

Original 

control (aa) 
FFM3LOW (aa) 

510 G (G, del) NSP1 82 G (G, V) 

511 T (T, del) NSP1 82 G (G, V) 

512 C (C, del) NSP1 83 H (H, del) 

513 A (A, del) NSP1 83 H (H, del) 

514 T (T, del) NSP1 83 H (H, del) 

515 G (G, del) NSP1 84 V (V, del) 

516 T (T, del) NSP1 84 V (V, del) 

517 T (T, del) NSP1 84 V (V, del) 

518 A (A, del) NSP1 85 M (M, del) 

519 T (T, del) NSP1 85 M (M, del) 

520 G (G, del) NSP1 85 M (M, del) 

521 G (G, del) NSP1 86 V (V, V) 

522 T (T, del) NSP1 86 V (V, V) 

11083 G (G, T, del) NSP6 37 L (L, F, F) 

11750 C (C, T) NSP6 260 L (L, F) 

11916 C (C, T) NSP7 25 S (S, L) 

20480 C (C, T) NSP15 287 S (S, L) 

20573 T (T, C) NSP15 318 V (V, A) 

21789 C T Spike 76 T I 
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22264 C (C, T) Spike 234 N N 

27131 C (C, T) M 203 N N 

28649 A T N 126 N Y 

 

By contrast, there were no base changes in the FFM7 strain (i.e. none where a different 

base was present in 90% of reads), although 15 positions with mixed populations of 

bases were observed in FFM7LOW (Table 3.2). Of the changes observed, there was only 

overlap between FFM3LOW and FFM7LOW for base change C21789, which had 

completely changed in FFM3LOW and was a mixed population in FFM7LOW (51% 

T21789 and 49% C21789). 

 

Table 3.2 Comparison between original control and FFM7LOW. (aa) represents amino acid. The 

bracket means that the position had mixed population. 

Position 
Original 

control 
FFM7LOW Protein 

Amino acid (aa) 

position 

Original 

control (aa) 
FFM7LOW (aa) 

44 C (T, C) - - - - 

835 C (T, C) NSP2 10 F F 

2509 C (C, T) NSP2 568 P P 

9298 C (C, T) NSP4 248 Y Y 

11399 A (G, A) NSP6 143 M (V, M) 

16616 C (C, T) NSP13 127 T (T, I) 

21789 C (T, C) Spike 76 T (I, T) 

22032 T (T, C) Spike 157 F (F, S) 

23179 (C, T) (T, C) Spike 539 V V 

23271 C (T, C) Spike 570 A (V, A) 

23280 C (C, T) Spike 573 T (T, I) 

24130 C (C, T) Spike 856 N N 

27585 T (T, G) ORF7a 64 A A 

28311 C (T, C) N 13 P (L, P) 

28899 G (G, T) N 209 R (R, I) 
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For FFM3LOW, both C21789T and A28649T resulted in nonsynonymous mutations 

(Table 3.1). Base 21789 results in the amino acid change of T76I in the spike protein. 

A28649T is present in N and results in the amino acid change N126Y. Since C21789T 

is not a base change in FFM7LOW, there were no nonsynonymous mutations in 

FFM7LOW (Table 3.2). 

 

However, in both FFM3LOW and FFM7LOW, many positions where different bases were 

present in a mixed population compared with the original virus were nonsynonymous 

mutations (Table 3.1, 3.2). Position 510 – 522 in FFM3LOW had a significant change 

in amino acid sequence, causing a frameshift. For FFM7LOW, four of the positions in 

which the predominated bases (>50% of the read) in mixed populations differed from 

the original virus were nonsynonymous mutations. 

 

3.3.2 Comparison between original virus and virus cultured without remdesivir 
in high passage 

For the FFM3 strain, the two changes present in FFM3LOW (C21789T and A28649T) 

were also present in FFM3HIGH (Table 3.3). Additionally, 72 bases mixed populations 

were observed in FFM3HIGH (Table 3.3). Position 508 – 522 had a mixed population 

of having a deletion predominantly (>50% of the read). In addition, 14408 – 14414 

also had a continuous deletion as a mixed population. Moreover, Position 29729 – 

29759, which were in a non-coding region, were mixed population. 

 

Table 3.3 Comparison between original control and FFM3HIGH. Position 5962 lacked data and 

was less than 100% read. For simplicity, the mutation of positions 29729 – 29759, which are the 

non-coding region, were excluded from this table. The full table is shown in the supplementary 
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table. (aa) represents amino acid. The bracket means that the position had mixed population. 

Position 
Original 

control 
FFM3LOW FFM3HIGH Protein 

Amino 

acid (aa) 

position 

Original 

control 

(aa) 

FFM3LOW (aa) FFM3HIGH (aa) 

508 T T (del, T) NSP1 81 H H H 

509 G G (del, G) NSP1 82 G G (del, G) 

510 G (G, del) (del, G) NSP1 82 G (G, V) (del, G) 

511 T (T, del) (del, G) NSP1 82 G (G, V) (del, G) 

512 C (C, del) (del, C) NSP1 83 H (H, del) (del, H) 

513 A (A, del) (del, A) NSP1 83 H (H, del) (del, H) 

514 T (T, del) (del, T) NSP1 83 H (H, del) (del, H) 

515 G (G, del) (del, G) NSP1 84 V (V, del) (del, V) 

516 T (T, del) (del, T) NSP1 84 V (V, del) (del, V) 

517 T (T, del) (del, T) NSP1 84 V (V, del) (del, V) 

518 A (A, del) (del, A) NSP1 85 M (M, del) (del, M) 

519 T (T, del) (del, T) NSP1 85 M (M, del) (del, M) 

520 G (G, del) (del, G) NSP1 85 M (M, del) (del, M) 

521 G (G, del) (del, G) NSP1 86 V (V, V) (H, V) 

522 T (T, del) (del, T) NSP1 86 V (V, V) (H, V) 

1288 C C (C, T) NSP2 161 C C C 

2062 C C (C, T) NSP2 419 A A A 

5962 T T (T) NSP3 1081 Y Y (Y) 

6045 A A (A, del) NSP3 1109 N N (N, I) 

6046 T T (T, del) NSP3 1109 N N (N, I) 

6047 T T (T, del) NSP3 1110 F F (F, I) 

7521 C C (C, T) NSP3 1601 T T (T, I) 

8290 C C (C, T) NSP3 1857 L L L 

11760 A A (A, G) NSP6 263 K K (K, R) 

12016 T T (T, G) NSP7 58 V V V 

12334 (A, G, T) (A, G, T) A NSP8 81 A A A 

14408 T T (del, T) NSP12 323 P P (L, P) 

14409 T T (del, T) NSP12 323 P P (L, P) 

14410 A A (del, A) NSP12 324 T T (del, T) 

14411 C C (del, C) NSP12 324 T T (del, T) 

14412 A A (del, A) NSP12 324 T T (del, T) 
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14413 A A (del, A) NSP12 325 S S (L, S) 

14414 G G (del, G) NSP12 325 S S (L, S) 

17146 A A (A, G) NSP13 304 I I (I, V) 

20178 C C (C, T) NSP15 186 V V V 

20480 C (C, T) (C, T) NSP15 287 S (S, L) (S, L) 

20573 T (T, C) (T, C) NSP15 318 V (V, A) (V, A) 

21789 C T T Spike 76 T I I 

22264 C (C, T) (C, T) Spike 234 N N N 

23271 C C (C, T) Spike 570 A A (A, V) 

25688 C C (C, T) ORF3a 99 A A (A, V) 

27131 C (C, T) (C, T) M 203 N N N 

28649 A T T N 126 N Y Y 

 

For FFM7HIGH, three positions had changed bases compared with the original virus 

(C44T, C835T, and C23271T; Table 3.4). Moreover, mixed populations of bases were 

observed at 16 positions in FFM7HIGH. In comparison between the strains, there were 

no further overlaps between the two strains. Only one of the three base changes was 

nonsynonymous (C23271T). This mutation resulted in the amino acid change A570V 

in the spike protein. 

 

Table 3.4 Comparison between original control and FFM7HIGH. (aa) represents amino acid. The 

bracket means that the position had mixed population. 

Position 
Original 

control 
FFM7LOW FFM7HIGH Protein 

Amino acid 

(aa) position 

Original 

control (aa) 

FFM7LOW 

(aa) 

FFM7HIGH 

(aa) 

44 C (T, C) T - - - - - 

835 C (T, C) T NSP2 10 F F F 

2509 C (C, T) (C, T) NSP2 568 P P P 

5299 T T (T, C) NSP3 860 T T T 

6255 C C (C, T) NSP3 1179 A A (A, V) 

11399 A (G, A) (G, A) NSP6 143 M (V, M) (V, M) 

12334 (A, G, T, C) (A, G, T) A NSP8 81 A A A 

16616 C (C, T) (C, T) NSP13 127 T (T, I) (T, I) 
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17678 C C (T, C) NSP13 481 T T (T, M) 

19955 C C (T, C) NSP15 112 T T (I, T) 

21789 C (T, C) (T, C) Spike 76 T (I, T) (I, T) 

22032 T (T, C) (C, T) Spike 157 F (F, S) (S, F) 

23179 (C, T) (T, C) T Spike 539 V V V 

23271 C (T, C) T Spike 570 A (V, A) V 

23542 T T (T, C) Spike 660 Y Y Y 

27972 C C (T, C) ORF8 27 Q Q (Stop, Q) 

28311 C (T, C) (C, T) N 13 P (L, P) (P, L) 

28887 C C (C, T) N 205 T T (T, I) 

28899 G (G, T) (T, G) N 209 R (R, I) (I, R) 

 

3.3.3 Analysis of virus adapted to low concentration of remdesivir 

Three base changes were present in both FFM3remLOW (C7321G, G15451A, and 

C18687T; Table 3.5) and FFM7remLOW (C3768T, C12459T, and C14786T; Table 3.6). 

Additionally, six and 12 positions had mixed populations of bases in FFM3remLOW and 

FFM7remLOW, respectively. Furthermore, there were no overlaps between the full base 

changes between the two strains. However, C14786T is a base change in FFM7remLOW 

and had a mixed population in FFM3remLOW (51% of T14786, 48% of C14786, and 1% 

of deletion; Table 3.5, 3.6). 

 

Table 3.5 Comparison between original control and FFM3remLOW. (aa) represents amino acid. 

The bracket means that the position had mixed population. 

Position 
Original 

control 
FFM3remLOW Protein 

Amino acid (aa) 

position 

Original control 

(aa) 
FFM3remLOW (aa) 

1104 T (C, T) NSP2 100 I (I, T) 

7321 C G NSP3 1534 S R 

12334 (A, G, T) A NSP8 81 A A 

13961 T (C, T) NSP12 174 V (V, A) 

14786 C (T, C, -) NSP12 449 A (A, V, V) 

15451 G A NSP12 671 G S 
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18687 C T NSP14 216 C C 

25603 C (C, T) ORF3a 71 L L 

29473 G (T, G) N 400 L (F, L) 

 

Table 3.6 Comparison between original control and FFM7remLOW. (aa) represents amino acid. 

The bracket means that the position had mixed population. 

Position 
Original 

control 
FFM7remLOW Protein 

Amino acid (aa) 

position 

Original control 

(aa) 
FFM7remLOW (aa) 

335 C (C, T) NSP1 24 R (R, C) 

3768 C T NSP3 350 T I 

5386 T (G, T) NSP3 889 A A 

6323 G (G, A) NSP3 1202 E (E, K) 

12459 C T NSP8 123 T I 

13626 T (T, C) NSP12 62 D D 

14408 T (T, C) NSP12 323 L (L, P) 

14786 C T NSP12 449 A V 

21765 T (del, T) Spike 68 I I 

21766 A (del, A) Spike 68 I I 

21767 C (del, C) Spike 69 H (del, H) 

21768 A (del, A) Spike 69 H (del, H) 

21769 T (del, T) Spike 69 H (del, H) 

21770 G (del, G) Spike 70 V (I, V) 

24712 G (G, T) Spike 1050 M (M, I) 

29901 A n/a - - - - 

29902 A n/a - - - - 

29903 A n/a - - - - 

 

For FFM3remLOW, C18687T was a synonymous mutation, while C7321G and G15451A 

were nonsynonymous. These mutations result in the amino acid changes S1534R in 

NSP3 and G671S in NSP12, respectively. In addition, four of the positions changed to 

mixed population had changes of predominant bases (>50% of the reads), and these 

were all nonsynonymous changes (C1104T, T13961C, C14786T, and G29473T; Table 
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3.5).  

 

For FFM7remLOW, all of the three base changes resulted in nonsynonymous changes, 

which were C3768T, C12459T, and C14786T (Table 3.6). C3768T is coded in NSP3, 

and the change of amino acid is T350I. For C12459T, this mutation refers to T123I of 

NSP8. Moreover, as mentioned before, C14786T is a change of amino acid of A449V 

in NSP12. Interestingly, although the positions are a mixed population, position 21765- 

21770 had a deletion which results in deletion of amino acid position 69 in the spike 

protein. 

 

3.3.4 Analysis of virus adapted to the high concentration of remdesivir 

Ten base changes occurred in both FFM3remHIGH (Table 3.7) and FFM7remHIGH (Table 

3.8). Only C14786T overlapped between the two strains (Table 3.7, 3.8). Additionally, 

there were 8 and 21 positions with mixed populations of bases in FFM3remHIGH and 

FFM7remHIGH, respectively. 

 

Table 3.7 Comparison between original control and FFM3remHIGH. (aa) represents amino acid. 

The bracket means that the position had mixed population. 

Position 
Original 

control 
FFM3remLOW FFM3remHIGH Protein 

Amino 

acid (aa) 

position 

Original 

control 

(aa) 

FFM3remLOW 

(aa) 

FFM3remHIGH 

(aa) 

703 C C (A, C) NSP1 146 G G G 

1001 G G A NSP2 66 E E K 

1093 C C (C, T) NSP2 96 P P P 

1104 T (C, T) C NSP2 100 I (I, T) T 

2107 T T (T, C) NSP2 434 T T T 

6205 G G (G, A) NSP3 1162 K K K 

6649 T T (T, A) NSP3 1310 A A A 

7321 C G G NSP3 1534 S R R 
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13961 T (C, T) C NSP12 174 V (V, A) A 

14786 C (T, C, del) T NSP12 449 A (A, V, V) V 

15451 G A A NSP12 671 G S S 

16044 A A (A, G) NSP12 868 P P P 

18687 C T T NSP14 216 C C C 

20178 C C C NSP15 186 V V V 

24763 T T (T, C) Spike 1067 Y Y Y 

25003 A A (A, G) Spike 1147 S S S 

26541 A A G M 7 T T A 

29473 G (T, G) T N 400 L (F, L) F 

 

Table 3.8 Comparison between original control and FFM7remHIGH. (aa) represents amino acid. 

The bracket means that the position had mixed population. 

Position 
Original 

control 
FFM7remLOW FFM7remHIGH Protein 

Amino 

acid (aa) 

position 

Original 

control 

(aa) 

FFM7remLOW 

(aa) 

FFM7remHIGH 

(aa) 

1009 C C T NSP2 68 S S S 

3768 C T T NSP3 350 T I I 

3798 T T (G, T) NSP3 360 F F (F, C) 

4180 G G (G, T) NSP3 487 K K (K, N) 

4320 C C (C, T) NSP3 534 A A (A, V) 

5386 T (G, T) G NSP3 889 A A A 

8097 C C (C, T) NSP3 1793 T T (T, I) 

8764 T T G NSP4 70 D D E 

12334 (A, G, T, C) (A, G, C) A NSP8 81 A A A 

12459 C T T NSP8 123 T I I 

12694 G G (A, G) NSP9 3 E E E 

12796 A A (A, G) NSP9 37 G G G 

13626 T (T, C) (C, T) NSP12 62 D D D 

14120 C C (C, T) NSP12 227 P P (P, L) 

14786 C T T NSP12 449 A V V 

15699 C C (C, T) NSP12 753 F F F 

18555 C C (C, T) NSP14 172 D D D 

20915 G G (G, A) NSP16 86 R R R 

21765 T (del, T) (T, del) Spike 68 I I I 
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21766 A (del, A) (A, del) Spike 68 I I I 

21767 C (del, C) (C, del) Spike 69 H (del, H) (H, del) 

21768 A (del, A) (A, del) Spike 69 H (del, H) (H, del) 

21769 T (del, T) (T, del) Spike 69 H (del, H) (H, del) 

21770 G (del, G) (G, del) Spike 70 V (I, V) (V, del) 

23179 (C, T) C C Spike 539 V V V 

24872 G G (G, A) Spike 1104 V V (V, I) 

27502 T T G ORF7a 37 S S A 

28742 A A G N 157 I I V 

29891 A A (A, G) - - - - - 

 

For FFM3remHIGH, there were 8 nonsynonymous changes (positions - G1001A, T1104C, 

C7321G, T13961C, C14786T, G15451A, A26541G, and G29473T; Table 3.7). 

G1001A and T1104C are in NSP2 and result in the amino acid changes E66K and 

I100T. As mentioned before, C7321G results in amino acid change S1534R in NSP3. 

T13961C, C14786T, and G15451A are present in NSP12 and lead to the amino acid 

changes V174A, A449V, and G671S, respectively. A26541G is a change of T7A in the 

M protein. Moreover, G29473T is a change in the N protein at L400F.  

 

For FFM7remHIGH, there were six nonsynonymous mutations. The mutations are 

C3768T, T8764G, C12459T, C14786T, T27502G, and A28742G (Table 3.8). C3768T 

was encoded in NSP3 and resulted in the T350I amino acid change. The mutation of 

T8764G was present in NSP4, which led to D70E. C12459T was converted to T123I 

in NSP8, which is a cofactor of RdRp. As mentioned earlier, C14786T, which overlaps 

with FFM3remHIGH, was converted to A449V present in NSP12, the main protein of 

RdRp. T27502G was present in ORF7a, which led to an amino acid change of S37A. 

The mutation of A28742G was converted to I157V in N protein. 
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3.3.5 Comparison of analysis between low concentration and high concentration 
of remdesivir 

When comparing the original virus, FFM3remLOW and FFM3remHIGH, we observed two 

positions where the base had not changed in FFM3remLOW, but it had upon further 

adaption in FFM3remHIGH. Additionally, for three positions with a mixed population of 

bases in FFM3remLOW, the base has fully changed in FFM3remHIGH (Table 3.9). For a 

further eight positions, no change occurred in FFM3remLOW but there was a mixed 

population in FFM3remHIGH. All of these changes may reflect the ongoing adaptation to 

remdesivir during passaging. There was also one position (25603) where a mixed 

population was present in FFM3remLOW but was back to C25603 in FFM3remHIGH. 

 

Table 3.9 Comparison between FFM3remLOW and FFM3remHIGH. The positions where the bases 

are different between the concentration of remdesivir. (aa) represents amino acid. The bracket 

means that the position had mixed population. 

Position 
Original 

control 
FFM3remLOW FFM3remHIGH Protein 

Amino 

acid (aa) 

position 

Original 

control (aa) 

FFM3remLOW 

(aa) 

FFM3remHIGH 

(aa) 

703 C C (A, C) NSP1 146 G G G 

1001 G G A NSP2 66 E E K 

1093 C C (C, T) NSP2 96 P P P 

1104 T (C, T) C NSP2 100 I (I, T) T 

2107 T T (T, C) NSP2 434 T T T 

6205 G G (G, A) NSP3 1162 K K K 

6649 T T (T, A) NSP3 1310 A A A 

13961 T (C, T) C NSP12 174 V (V, A) A 

14786 C (T, C, del) T NSP12 449 A (A, V, V) V 

16044 A A (A, G) NSP12 868 P P P 

24763 T T (T, C) Spike 1067 Y Y Y 

25003 A A (A, G) Spike 1147 S S S 



Chapter 3: Drug adaptation to remdesivir in SARS-CoV-2 

 

57 

 

25603 C (C, T) C ORF3a 71 L L L 

26541 A A G M 7 T T A 

29473 G (T, G) T N 400 L (F, L) F 

 

Similarly, by comparing the original virus, FFM7remLOW and FFM7remHIGH, we 

observed four positions where the base had not changed in FFM7remLOW but had 

changed in FFM7remHIGH. Moreover, one position having a mixed population in 

FFM7remLOW had a base change in FFM7remHIGH. For a further four positions, a mixed 

population of bases in FFM7remLOW was back to the original base in FFM7remHIGH. 

Furthermore, 12 positions had no changes in FFM7remLOW, but there was a mixed 

population in FFM7remHIGH. Additionally, seven positions had mixed populations in 

both FFM7remLOW and FFM7remHIGH, and six of these are consecutive positions. The 

last three bases (29901, 29902, and 29903) were not sequenced in FFM7remLOW. 

 

Table 3.10 Comparison between FFM7remLOW and FFM7remHIGH. This table shows the positions 

where the nucleotide is different between FFM7remLOW and FFM7remHIGH. (aa) represents amino 

acid. The bracket means that the position had mixed population. 

Position 
Original 

control 
FFM7remLOW FFM7remHIGH Protein 

Amino 

acid (aa) 

position 

Original 

control (aa) 

FFM7remLOW 

(aa) 

FFM7remHIGH 

(aa) 

335 C (C, T) C NSP1 24 R (R, C) R 

1009 C C T NSP2 68 S S S 

3798 T T (G, T) NSP3 360 F F (F, C) 

4180 G G (G, T) NSP3 487 K K (K, N) 

4320 C C (C, T) NSP3 534 A A (A, V) 

5386 T (G, T) G NSP3 889 A A A 

6323 G (G, A) G NSP3 1202 E (E, K) E 

8097 C C (C, T) NSP3 1793 T T (T, I) 

8764 T T G NSP4 70 D D E 

12694 G G (A, G) NSP9 3 E E E 
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12796 A A (A, G) NSP9 37 G G G 

13626 T (T, C) (C, T) NSP12 62 D D D 

14120 C C (C, T) NSP12 227 P P (P, L) 

14408 T (T, C) T NSP12 323 L (L, P) L 

15699 C C (C, T) NSP12 753 F F F 

18555 C C (C, T) NSP14 172 D D D 

20915 G G (G, A) NSP16 86 R R R 

21765 T (del, T) (T, del) Spike 68 I I I 

21766 A (del, A) (A, del) Spike 68 I I I 

21767 C (del, C) (C, del) Spike 69 H (del, H) (H, del) 

21768 A (del, A) (A, del) Spike 69 H (del, H) (H, del) 

21769 T (del, T) (T, del) Spike 69 H (del, H) (H, del) 

21770 G (del, G) (G, del) Spike 70 V (del, V) (V, del) 

24712 G (G, T) G Spike 1050 M (M, I) M 

24872 G G (G, A) Spike 1104 V V (V, I) 

27502 T T G ORF7a 37 S S A 

28742 A A G N 157 I I V 

29891 A A (A, G) - - - - - 

29901 A n/a A - - - - - 

29902 A n/a A - - - - - 

29903 A n/a A - - - - - 

 

The bases which had not changed in FFM3remLOW but had changed upon further 

adaptation in FFM3remHIGH were G1001A and A26541G (Table 3.9). Moreover, the 

three bases changed from a mixed population in FFM3remLOW to fully base change by 

increasing the concentration is T1104C, T13961C, and G29473T (Table 3.9). The 

positions which had no change in FFM3remLOW but were mixed population in 

FFM3remHIGH are 703, 1093, 2107, 6205, 6649, 16044, 24763, and 25003. 

 

For FFM7 strain, the four base changes observed in FFM7remHIGH but not in 

FFM7remLOW were C1009T, T8764G, T27502G, and A28742G (Table 3.10). 
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Furthermore, position 5386 changed from a mixed population in FFM7remLOW to a full 

base change by increasing the concentration of remdesivir in the FFM7 strain (Table 

3.10). Position 335, 6323, 14408, and 24712 had a mixed population in FFM7remLOW 

but reverted in FFM7remHIGH. Additionally, position 3798, 4180, 4320, 8097, 12694, 

12796, 14120, 15699, 18555, 20915, 24872, and 29891 had no changes in FFM7remLOW 

but changed to mixed population in FFM7remHIGH. Interestingly, 21765 – 21770 had a 

mixed population in FFM7remLOW and FFM7remHIGH. None of the changes overlapped 

between the FFM3 strain and the FFM7 strain.  

 

3.3.6 Summary of nonsynonymous mutations when bases fully changed 

In summary, we observed two positions of nonsynonymous mutations in the FFM3 

strain passaging without remdesivir. The virus adapted to remdesivir had eight 

positions of fully base changes which were nonsynonymous mutations in the FFM3 

strain. Additionally, for the FFM7 strain, there was only one nonsynonymous mutation 

that occurred during passage without remdesivir. When adapted to remdesivir, six 

nonsynonymous mutations occurred in the FFM7 strain. 

 

The two nonsynonymous mutations in the FFM3 strain passaged without remdesivir 

were C21789T and A28649T (Table 3.11). These were converted to T76I in the spike 

protein and N126Y in the N protein, respectively. The eight nonsynonymous mutations 

that occurred when adapted to remdesivir in the FFM3 strain were G1001A, T1104C, 

C7321G, T13961C, C14786T, G15451A, A26541G, and G29473T (Table 3.12). 

G1001A and T1104C are present in NSP2 and converted to E66K and I100T, 

respectively. The nonsynonymous mutation C7321G is converted to amino acid 

change of S1534R in NSP3. T13961C, C14786T, and G15451A are present in NSP12 
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and converted to V174A, A449V, and G671S, respectively. These mutations are likely 

to be the factor of resistance to remdesivir because the RdRp is the target of remdesivir 

and binds to this protein. Additionally, A26541G is encoded in M and converted to 

T7A. G29473T is an amino acid change of L400F present in N. 

 

Table 3.11 Nonsynonymous mutations in FFM3LOW and FFM3HIGH. (aa) represents amino acid. 

The upper half of the column “Low” in each row is the nucleotide or amino acid of the virus 

cultivated without remdesivir (FFM3LOW). The lower half is the remdesivir adapted virus 

(FFM3remLOW). For example, the upper cell of “Low” in position 21789 is T which means that the 

nucleotide in this position changed from C to T during passage without remdesivir. The same 

applies to column “High”. 

Position Original control Low High Protein Position (aa) 
Original control 

(aa) 
Low (aa) High (aa) 

21789 C 

T T 

Spike 76 T 

I I 

C C T T 

28649 A 

T T 

N 126 N 

Y Y 

A A N N 

 

Table 3.12 Nonsynonymous mutations in FFM3remLOW and FFM3remHIGH. (aa) represents 

amino acid. The upper half of the column “Low” in each row is the nucleotide or amino acid of the 

virus cultivated without remdesivir (FFM3LOW). The lower half is the remdesivir adapted virus 

(FFM3remLOW). The same applies to column “High”. 

Position Original control Low High Protein Position (aa) 
Original control 

(aa) 
Low (aa) High (aa) 

1001 G 

G G 

NSP2 66 E 

E E 

G A E K 

1104 T 

T T 

NSP2 100 I 

I I 

(C, T) C (I, T) T 

7321 C 

C C 

NSP3 1534 S 

S S 

G G R R 
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13961 T 

T T 

NSP12 174 V 

V V 

(C, T) C (V, A) A 

14786 C 

C C 

NSP12 449 A 

A A 

(T, C, del) T (V, A) V 

15451 G 

G G 

NSP12 671 G 

G G 

A A S S 

26541 A 

A A 

M 7 T 

T T 

A G T A 

29473 G 

G G 

N 400 L 

L L 

(T, G) T (F, L) F 

 

In addition, the only nonsynonymous mutation observed in FFM7 strain passaging 

without remdesivir is C23271T which was converted to A570V in the spike protein 

(Table 3.13). The six nonsynonymous mutations that occurred during the adaptation to 

remdesivir in the FFM7 strain were C3768T, T8764G, C12459T, C14786T, T27502G, 

and A28742G (Table 3.14). C3768T was present in NSP3 and converted to T350I. The 

mutation T8764G was converted to amino acid change of D70E in NSP4. C12459T 

was encoded in NSP8 as an amino acid change of T123I. The mutation C14786T, 

which overlapped with the FFM3 strain, was an amino acid change of A449V in 

NSP12. T27502G was present in ORF7a and converted to S37A. A28742G was 

encoded in the N protein as an amino acid change of I157V. 

 

Table 3.13 Nonsynonymous mutations in FFM7LOW and FFM7HIGH. (aa) represents amino acid. 

The upper half of the column “Low” in each row is the nucleotide or amino acid of the virus 

cultivated without remdesivir (FFM7LOW). The lower half is the remdesivir adapted virus 
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(FFM7remLOW). The same applies to column “High”. 

Position 
Original 

control 
Low High Protein Position (aa) 

Original_control 

(aa) 
Low (aa) High (aa) 

23271 C 

(T, C) T 

Spike 570 A 

(V, A) V 

C C A A 

 

Table 3.14 Nonsynonymous mutations in FFM7remLOW and FFM7remHIGH. (aa) represents 

amino acid. The upper half of the column “Low” in each row is the nucleotide or amino acid of the 

virus cultivated without remdesivir (FFM7LOW). The lower half is the remdesivir adapted virus 

(FFM7remLOW). The same applies to column “High”. 

Position 
Original 

control 
Low High Protein Position (aa) 

Original_control 

(aa) 
Low (aa) High (aa) 

3768 C 

C C 

NSP3 350 T 

T T 

T T I I 

8764 T 

T T 

NSP4 70 D 

D D 

T G D E 

12459 C 

C C 

NSP8 123 T 

T T 

T T I I 

14786 C 

C C 

NSP12 449 A 

A A 

T T V V 

27502 T 

T T 

ORF7a 37 S 

S S 

T G S A 

28742 A 

A A 

N 157 I 

I I 

A G I V 

 

  



Chapter 3: Drug adaptation to remdesivir in SARS-CoV-2 

 

63 

 

3.3.7 Structural analysis 

Throughout the genome analysis, we identified that the FFM3 strain showed eight 

nonsynonymous mutations in five different proteins. There were three nonsynonymous 

mutations in NSP12, two in NSP2, and one in each of NSP3, M, and N. Additionally, 

we observed six nonsynonymous mutations in the FFM7 strain in six different proteins. 

There was one change in each protein: NSP3, NSP4, NSP8, NSP12, ORF7a, and N. 

We used structural modelling to investigate the effect of the resulting amino acid 

change may have on protein structure and function and how they could have a role in 

remdesivir resistance. Since the target of remdesivir is RNA dependent RNA 

polymerase (RdRp), we focused on NSP12 and NSP8, which are the components of 

RdRp. 

 

3.3.7.1 Structural analysis of NSP12 

NSP12 is the main protein of RNA dependent RNA polymerase (RdRp) which has a 

role in replicating the RNA of the virus. Additionally, this protein is the target of 

remdesivir and binds to this protein. By binding to the protein, remdesivir terminates 

the replication process of the RNA. Thus, amino acid changes in this protein may have 

a role in remdesivir resistance. 

 

We observed an amino acid change of V174A in the FFM3 strain. V174A is on the 

nidovirus RdRp-associated nucleotidyltransferase (NiRAN) domain of NSP12. This 

change of valine to alanine is a conservative change. They both have small 

hydrophobic amino side chains. Despite the change of size of the amino acid, clashes 

did not occur with other amino acids. In addition, there were no other possible rotamers 

by using PyMOL (Figure 3.2). 
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Interestingly, the substitution of A449V was identified in both strains, FFM3 and 

FFM7. The change of A449V is also conservative, and alanine and valine are both 

hydrophobic. Three rotamers were observed in the analysis using PyMOL (Figure 3.3). 

Besides, due to the increase of the amino acid size from alanine to valine, A449V 

clashes between L544 in two of the possible rotamers, which could result in some 

conformational change. L544 is close to the active site of RdRp and may have an effect 

on the affinity of remdesivir. However, the structure model is static, so it is not possible 

to investigate this. 

 

V174A 

A 

 

C 

 

B 

 

D 

 

Figure 3.2 Structural analysis of V179A in NSP12. Change of V174A. NSP7, NSP8, and NSP12 

are shown in pink, green, and grey, respectively. A174V is shown in cyan. PDB code: 7bv2. (A) 

The location of V174A in the RdRp. The active site of RdRp is shown in a black circle. (B) Closer 

view of V174A. (C) The left side is the original amino acid. The right side is the amino acid which 

changed to alanine. Polar contacts are shown in yellow lines. (D) The left side is the original amino 

acid, and the right side is the amino acid that changed to alanine. 



Chapter 3: Drug adaptation to remdesivir in SARS-CoV-2 

 

65 

 

 

 

The substitution of G671S was observed only in the FFM3 strain, not in the FFM7 

strain. G671S is located on the surface of RdRp and close to A449V (Figure 3.4). This 

position changed from glycine to serine which is a hydrophilic uncharged side chain. 

 

Active site 

A 

 

B 

 

C 

 

D 

 

Figure 3.3 Structural analysis of A449V in NSP12. Changes of A449V. NSP7, NSP8, and 

NSP12 are shown in pink, green, and grey, respectively. A449V is described in cyan. PDB code: 

7bv2. (A) The location of V174A in the RdRp. The active site of RdRp is shown in a black circle. 

(B) The closer view of A449V. (C) The original amino acid, A449, is shown in the left end. The 

other three figures are the possible rotamers of V449. (D) The figures correspond with C. The 

second figure from the left and the figure on the right end clash with L544. 
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This change of properties may affect the structure of the protein. The backbone of the 

glycine has a hydrogen bond with the backbone of L401. Three possible rotamers were 

observed in the substitution from glycine to serine. The side chain of serine forms 

additional hydrogen bonds with other amino acids in two of the possible rotamers. One 

of them formed hydrogen bonds with the backbone of N404 and G670, and the other 

possible rotamer binds with the side chain of T402. T402 is on a different element of 

secondary structure as G671S, which may have an effect on protein flexibility or 

stability. 

 

  

 

Active site 

A 

 

B 

 

C 

 

D 
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3.3.7.2 Structural analysis of NSP8 

The RNA dependent RNA polymerase is a complex of NSP12, NSP7, and two NSP8. 

By adapting to remdesivir, the substitution of T123I was identified in NSP8. This 

change was only observed in the FFM7 strain and not in the FFM3 strain. Since the 

RdRp consists of two NSP8, T123I were observed in two parts of RdRp (Figure 3.5 

A). The change (T123I) closer to NSP7 had six possible rotamers (Figure 3.5 C). T123 

forms a hydrogen bond with the backbone of R190, but no other hydrogen bonds were 

observed. Every possible rotamer clashed with other amino acids due to the amino acid 

substitution. Three of the possible rotamers clashed with A125 and A126. Two of them 

clashed with T124, and one clashed with P121 (Figure 3.5 D). 

 

Another T123, which was further from NSP7, binds three hydrogen bonds with the 

backbone of I119 and I120 (Figure 3.5 E). One of them was binding the side chain of 

T123 and the backbone of I119. There were three possible rotamers in this amino acid 

change. I123 lost one of the hydrogen bonding with I119, which was the binding 

between the side chain of T123 and the backbone of I119. Additionally, many clashes 

were observed in this amino acid change. One of the possible rotamers clashed with 

I106, and one of them also clashed with I119 and T124. However, one of the possible 

rotamers did not clash with other amino acids, which may indicate that this amino acid 

change can be accommodated at this position (Figure 3.5 F). 

Figure 3.4 Structural analysis of G671S in NSP12. Change of G671S. NSP7, NSP8, and NSP12 

are shown in pink, green, and grey, respectively. G671S is described in cyan. PDB code: 7bv2. (A) 

The location of V174A in the RdRp. The active site of RdRp is shown in a black circle. (B) The 

closer view of G671S. (C) The original amino acid, G671, is shown on the left end. The other three 

figures are the possible rotamers of S671. Polar contacts are shown in a yellow line. (D) The figures 

correspond with C. Every possible rotamer clash with G670. One of the rotamers also clashes with 

T402. 
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Figure 3.5 Structural analysis of I123T in NSP8. Change of T123I. NSP7, NSP8, and NSP12 

D 

 

E 

F 
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are shown in pink, green, and grey, respectively. T123I is described in cyan. PDB code: 6yyt. (A) 

Location of T123I in RdRp. (B) T123I in a closer view. Two T123I are shown in the figure. (C) 

Hydrogen bonding in one of the T123I, which is on the left side of B. The figure on the left end is 

the original amino acid which is T123. Other figures are the possible rotamers of I123. (D) Clashes 

are shown in the same amino acid as C. The first row is the original amino acid T123 shown from 

different angles. The second row and the third row correspond with the possible rotamer shown in 

C. (E) Hydrogen bonding in one of the T123I, which is on the right side of B. The figure on the 

left end is the original amino acid, T123, and others are the possible rotamers of amino acid I123. 

(F) Clashes occur with I123. The figure on the left end is the original amino acid, T123, and others 

are the possible rotamers of amino acid I123. 

 

3.4 Discussion 

Here, we identified the mutations of SARS-CoV-2, which adapted to remdesivir, a 

broad-spectrum antiviral drug. Moreover, we have analysed the effect of the mutations 

on the structure of the RNA dependent RNA polymerase (RdRp), the target protein of 

remdesivir. 

 

In the RNA sequence analysis, we identified three base changes for both strains FFM3 

and FFM7 in comparison of initial sequence and the remdesivir adapted virus in low 

concentration. Additionally, ten base changes were observed by comparing initial virus 

and remdesivir adapted virus in high concentration for FFM3 and FFM7. Since the 

target of remdesivir is RdRp, we have looked into the protein and identified four amino 

acid substitutions in the FFM3 strain and FFM7 strain together. 

 

We predicted to have mutations in the interacting region with RNA to inhibit 

remdesivir terminating the RNA synthesis (Hillen et al., 2020; Padhi et al., 2021; Yin 

et al., 2020). However, there were no mutations in the positions which directly interact 

with remdesivir and RNA. 
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Moreover, one study had reported that the substitution of E802D in NSP12 may be 

significant to confer reduction of sensitivity to remdesivir in SARS-CoV-2 (Szemiel 

et al., 2021a). However, we only had overlaps in the nucleotide positions 513 and 

11750 with their report. This mutation was observed in the virus passaged without 

remdesivir in our analysis. These results may suggest that there are multiple factors 

that affect the resistance to remdesivir in SARS-CoV-2. 

 

In this analysis, amino acid position 449 changed in both strains FFM3 and FFM7, 

which suggests that it may be a factor of resistance to remdesivir. However, the 

substitution was a conservative change, which was a change of alanine to valine. A 

clash was found between L544 in two of the possible rotamers. Remdesivir 

monophosphate form (RMP) forms interactions with side chains from K545, next to 

L544 (Yin et al., 2020). This may suggest that a clash between V449 and L544 may 

affect the interaction between RMP and K545, which may lead to a decrease of affinity 

to remdesivir binding to a new RNA during RNA synthesis. 

 

Moreover, the amino acid change of G671S was observed in NSP12 in the FFM3 strain. 

For this change, one of the rotamers gained an additional hydrogen bond with T402 

and a clash with this amino acid at the same time. T402 is on a different element of 

secondary structure as G671S, which may affect protein flexibility or stability. 

 

Additionally, no base changes were observed in NSP7, which may suggest that NSP7 

is not the factor of resistance to remdesivir in SARS-CoV-2. Only one change was 

identified in NSP8, which was T123I. This mutation causes clashes between other 

amino acids in the structure, which may affect the conformation. Interestingly, there 
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were no nonsynonymous mutations that occurred due to remdesivir adaptation in the 

spike protein. This may suggest that the spike protein does not have an effect on the 

remdesivir resistance. 

 

These results may indicate that both strains we used, FFM3 and FFM7, does not mutate 

the interacting region and influence the remdesivir termination. Instead, the 

substitutions may have an effect by mutating the regions close to the binding region 

and cause clashes or additional hydrogen bonds. The mutations that cause resistance 

need the RdRp to still be active but to affect the binding of remdesivir. This may be 

the reason that we observed only four substitutions in the RdRp, as many possible 

mutations could have a significant effect on RdRp function. 

 

We acknowledged certain limitations in this study. The protein structure we used to 

analyse the effect of amino acid substitution is static. However, the actual protein is 

dynamic, which the assessment of the effect would be limited. Moreover, further 

research is needed to analyse the effect of this mutation in experimental methods. 

 

In conclusion, we identified base changes when SARS-CoV-2 is adapted to remdesivir 

in vitro. These base changes are likely to be the factor of remdesivir adaptation in 

SARS-CoV-2. We have also assessed the effect on the structure of RdRp by these 

mutations. 
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Chapter 4: 

Discussion 

 

In this thesis, we presented two main topics of SARS-CoV-2: Differentially conserved 

positions (DCPs) between clades of SARS-CoV-2 and drug adaptation of SARS-CoV-

2. In the first study, we identified differentially conserved positions (DCPs) between 

clades using nomenclatures introduced by GISAID and Nextstrain within SARS-CoV-

2. In the second study, we identified mutations that occur when adapted to remdesivir 

in vitro and assessed how the mutations may affect SARS-CoV-2. 

 

4.1 Differentially conserved positions between clades in SARS-CoV-2 

In the analysis of the comparison between SARS-CoV-2 clades, we identified three 

differentially conserved positions (DCPs) when using the GISAID nomenclature. In 

addition, we identified 33 DCPs in Nextstrain nomenclature. Since this analysis is a 

comparison within a single species, we found that there are few differences between 

clades compared with the comparisons using DCPs performed in previous research, 

such as comparing human pathogenic Ebolavirus species with Reston viruses, 

conducted by Wass-Michaelis group (Pappalardo et al., 2016) and the comparison 

between SARS-CoV and SARS-CoV-2 (Bojkova et al., 2021). As we did not find 

many DCPs, we looked into the frequencies of amino acids at each position. When 

analysing the clades from the GISAID nomenclature, there were six positions that had 

significant differences of amino acid frequencies between clades. By contrast, we 

identified 42 positions where amino acid frequencies, differed significantly when 

using the Nextstrain nomenclature. Most of the positions had differences in either clade 
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20H/501Y.V2, 20I/501Y.V1, or 20J/501Y.V3. These results may be relevant to the 

reports that propose these variants have different characteristics with higher 

transmissibility and reduced neutralisation ability (Davies et al., 2021; Souza et al., 

2021; P. Wang et al., 2021). These differences between clades/variants may be caused 

by the substitutions observed in this analysis. 

 

4.2 Drug adaptation to remdesivir in SARS-CoV-2 

In chapter 3, we identified the mutations that occurred during the adaptation process 

to remdesivir in two strains of SARS-CoV-2, FFM3 and FFM7. We found that there 

are three full base changes in both strains and 10 full base changes for both strains with 

further adaptation to the higher concentration of remdesivir. We also modelled the 

changes of the amino acid in the structure to assess the effect caused by the mutations.  

 

Four mutations occurred in the RNA dependant RNA polymerase (RdRp) in either 

FFM3 or FFM7. Interestingly, A449V was observed in the adapted virus of both strains, 

which may indicate that the mutation may be the factor of the resistance to remdesivir. 

This amino acid change causes clashes with L544, a proximate amino acid of K545 

that interacts with the RNA. However, there were no other overlaps between these two 

strains. Additionally, Szemiel et al. reported that the substitution of E802D in NSP12 

was sufficient to confer decreased sensitivity to remdesivir but this position was not 

observed in our analysis. Moreover, the changes in nucleotide position 513 and 

position 11750 overlapped between the report of Szemiel et al. and this analysis, but 

these positions only changed when the virus passaged without remdesivir in this 

analysis. These results of having different mutations may suggest that there may be 

multiple different mutations that can affect the resistance to remdesivir in SARS-CoV-
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2. The other possibility is that there may be different positions for different strains that 

cause resistance to remdesivir. Further studies are needed to elucidate which mutations 

are causing the resistance and the possibility of having multiple factors. 

 

4.3 Limitation of this study 

There are some limitations in this study. Since the pandemic is ongoing, we could not 

cover all of the clades and variants which are currently predominating. During this 

project the 21A clade, or delta variant, has become predominate and is suggested to 

have a difference between earlier clades but this clade was not analysed as it was only 

appearing during the work and we decided to freeze the set of sequences at a certain 

point to avoid repeatedly performing the same analysis as new sequences are 

continuously obtained. Moreover, some clades, especially 20J/501Y.V3, did not have 

many sequences compared with earlier ones. In addition, we identified DCPs but we 

could not identify which amino acid is contributing to the difference in characteristics 

of clades.  

 

Additionally, in chapter three, the structural analysis was conducted using static 

models that cannot assess the actual interaction of proteins. This analysis also could 

not reveal which mutation is causing a significant effect on the resistance of remdesivir.  

 

In this thesis, research was conducted using computational methods, and ideally these 

results need to be validated using wet laboratory methods. 

 

4.4 Future work 

First, many more sequences and data of variants are now available to investigate 

SARS-CoV-2. This may give more details about the difference between clades and 
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variants. Second, experimental research can be performed to validate the results we 

found throughout the analysis of adaptation to remdesivir. This can be performed by 

changing the amino acids observed in this study, such as V174A, A449V, and G671S 

in NSP12.  
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Supplementary Table 1. The full results of Differentially conserved positions (DCPs) in 

Nextstrain clade.  

Clade1 Clade2 Protein DCP 
Position Conservation score 

BLOSUM 
Clade1 Clade2 Clade1 Clade2 

19A 20F Spike S477N 477 477 0.84 0.86 1 

19A 20F NSP2 I120F 120 120 0.84 0.86 0 

19A 20H Spike D80A 80 80 0.85 0.83 -2 

19A 20H Spike K417N 417 414 0.84 0.86 0 

19A 20H Spike E484K 484 481 0.84 0.84 1 

19A 20H Spike N501Y 501 498 0.85 0.86 -2 

19A 20H Spike A701V 701 698 0.81 0.82 0 

19A 20J Spike T20N 20 20 0.85 0.87 0 

19A 20J Spike R190S 190 190 0.84 0.84 -1 

19A 20J Spike K417T 417 417 0.84 0.84 -1 

19A 20J Spike E484K 484 484 0.84 0.84 1 

19A 20J Spike N501Y 501 501 0.85 0.86 -2 

19A 20J Spike T1027I 1027 1027 0.84 0.83 -1 

19A 20J NSP3 K977Q 977 977 0.84 0.86 1 

19A 20J N P80R 80 80 0.85 0.86 -2 

19A 20J NS9b Q77E 77 77 0.86 0.84 2 

19B 20F Spike S477N 477 477 0.84 0.86 1 

19B 20F NSP2 I120F 120 120 0.84 0.86 0 

19B 20H Spike D80A 80 80 0.85 0.83 -2 

19B 20H Spike K417N 417 414 0.84 0.86 0 

19B 20H Spike A701V 701 698 0.81 0.82 0 

19B 20J Spike T20N 20 20 0.85 0.87 0 

19B 20J Spike P26S 26 26 0.86 0.84 -1 

19B 20J Spike D138Y 138 138 0.86 0.88 -3 

19B 20J Spike K417T 417 417 0.84 0.84 -1 

19B 20J Spike T1027I 1027 1027 0.84 0.83 -1 

19B 20J NSP3 K977Q 977 977 0.84 0.86 1 

19B 20J N P80R 80 80 0.85 0.86 -2 

19B 20J NS9b Q77E 77 77 0.81 0.84 2 
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20A 20H Spike K422N 417 414 0.84 0.86 0 

20A 20I N R203K 203 203 0.82 0.83 2 

20A 20J Spike T20N 20 20 0.84 0.87 0 

20A 20J Spike K422T 417 417 0.84 0.84 -1 

20A 20J NSP3 K978Q 977 977 0.84 0.86 1 

20A 20J N P80R 80 80 0.86 0.86 -2 

20B 20H Spike D80A 80 80 0.85 0.83 -2 

20C 20E NS3 H58Q 57 57 0.86 0.85 0 

20C 20E NSP2 I85T 85 85 0.84 0.84 -1 

20C 20F NSP2 I120F 120 120 0.84 0.86 0 

20C 20J Spike T21N 20 20 0.84 0.87 0 

20C 20J Spike R191S 190 190 0.84 0.84 -1 

20C 20J Spike K418T 417 417 0.84 0.84 -1 

20C 20J N P80R 80 80 0.86 0.86 -2 

20C 20J NS9b Q77E 77 77 0.86 0.84 2 

20C 20J NSP3 K977Q 977 977 0.84 0.86 1 

20D 20F NSP2 I120F 120 120 0.83 0.86 0 

20D 20H Spike D80A 80 80 0.85 0.83 -2 

20D 20H Spike K417N 417 414 0.84 0.86 0 

20D 20H Spike N501Y 501 498 0.85 0.86 -2 

20D 20I Spike N501Y 501 498 0.85 0.86 -2 

20D 20I Spike T716I 716 713 0.85 0.84 -1 

20D 20I Spike S982A 982 979 0.83 0.81 1 

20D 20I Spike D1118H 1118 1115 0.85 0.88 -1 

20D 20I NSP5 S15G 15 15 0.84 0.82 0 

20D 20J Spike T20N 20 20 0.84 0.87 0 

20D 20J Spike P26S 26 26 0.86 0.84 -1 

20D 20J Spike D138Y 138 138 0.86 0.88 -3 

20D 20J Spike R190S 190 190 0.84 0.84 -1 

20D 20J Spike K417T 417 417 0.84 0.84 -1 

20D 20J Spike N501Y 501 501 0.85 0.86 -2 

20D 20J Spike T1027I 1027 1027 0.84 0.83 -1 

20D 20J Spike V1176F 1176 1176 0.82 0.85 -1 

20D 20J NSP3 K977Q 977 977 0.84 0.86 1 

20E 20H Spike D80A 80 80 0.84 0.83 -2 

20E 20J Spike T20N 20 20 0.84 0.87 0 

20E 20J Spike R190S 190 190 0.84 0.84 -1 



Appendix 1: Chapter 2 supplementary material 

100 

 

20E 20J Spike K417T 417 417 0.84 0.84 -1 

20E 20J N P80R 80 80 0.86 0.86 -2 

20E 20J N R203K 203 203 0.83 0.84 2 

20E 20J NS9c V49L 49 49 0.8 0.8 1 

20F 20G NSP2 I120F 120 120 0.86 0.84 0 

20F 20H Spike D80A 80 80 0.85 0.83 -2 

20F 20H Spike K417N 417 414 0.84 0.86 0 

20F 20H Spike N477S 477 474 0.86 0.84 1 

20F 20H Spike E484K 484 481 0.84 0.84 1 

20F 20H Spike N501Y 501 498 0.85 0.86 -2 

20F 20H Spike A701V 701 698 0.81 0.82 0 

20F 20H NS3 Q57H 57 57 0.86 0.87 0 

20F 20H NSP2 T85I 85 85 0.85 0.84 -1 

20F 20H NSP2 F120I 120 120 0.86 0.84 0 

20F 20I Spike N477S 477 474 0.86 0.84 1 

20F 20I Spike N501Y 501 498 0.85 0.86 -2 

20F 20I Spike S982A 982 979 0.83 0.81 1 

20F 20I Spike D1118H 1118 1115 0.85 0.88 -1 

20F 20J Spike L18F 18 18 0.82 0.87 0 

20F 20J Spike T20N 20 20 0.85 0.87 0 

20F 20J Spike P26S 26 26 0.86 0.84 -1 

20F 20J Spike D138Y 138 138 0.86 0.88 -3 

20F 20J Spike R190S 190 190 0.84 0.84 -1 

20F 20J Spike K417T 417 417 0.84 0.84 -1 

20F 20J Spike N477S 477 477 0.86 0.84 1 

20F 20J Spike E484K 484 484 0.84 0.84 1 

20F 20J Spike N501Y 501 501 0.85 0.86 -2 

20F 20J Spike H655Y 655 655 0.87 0.86 2 

20F 20J Spike T1027I 1027 1027 0.84 0.83 -1 

20F 20J Spike V1176F 1176 1176 0.82 0.85 -1 

20F 20J NS8 E92K 92 92 0.85 0.85 1 

20F 20J NSP2 F120I 120 120 0.86 0.84 0 

20F 20J NSP3 K977Q 977 977 0.84 0.86 1 

20F 20J NSP13 E341D 341 341 0.84 0.85 2 

20G 20H Spike D80A 80 80 0.85 0.83 -2 

20G 20H Spike K417N 417 414 0.84 0.86 0 

20G 20H Spike E484K 484 481 0.83 0.84 1 
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20G 20I Spike S984A 982 979 0.83 0.81 1 

20G 20I Spike D1120H 1118 1115 0.85 0.88 -1 

20G 20I N G204R 204 204 0.82 0.84 -2 

20G 20I N S235F 235 235 0.83 0.85 -2 

20G 20J Spike T20N 20 20 0.84 0.87 0 

20G 20J Spike R190S 190 190 0.84 0.84 -1 

20G 20J Spike K417T 417 417 0.84 0.84 -1 

20G 20J Spike E484K 484 484 0.83 0.84 1 

20G 20J Spike T1029I 1027 1027 0.84 0.83 -1 

20G 20J Spike V1178F 1176 1176 0.82 0.85 -1 

20G 20J NSP3 K982Q 977 977 0.83 0.86 1 

20G 20J N P80R 80 80 0.86 0.86 -2 

20G 20J N G204R 204 204 0.82 0.85 -2 

20G 20J NS8 E92K 92 92 0.85 0.85 1 

20G 20J NS9b Q77E 77 77 0.86 0.84 2 

20G 20J NS9c V49L 49 49 0.81 0.8 1 

20H 20I Spike A80D 80 78 0.83 0.85 -2 

20H 20I Spike N417K 414 414 0.86 0.84 0 

20H 20I Spike T716I 713 713 0.85 0.84 -1 

20H 20I Spike S982A 979 979 0.83 0.81 1 

20H 20I Spike D1118H 1115 1115 0.85 0.88 -1 

20H 20J Spike T20N 20 20 0.84 0.87 0 

20H 20J Spike P26S 26 26 0.86 0.84 -1 

20H 20J Spike A80D 80 80 0.83 0.85 -2 

20H 20J Spike D138Y 138 138 0.86 0.88 -3 

20H 20J Spike R190S 190 190 0.84 0.84 -1 

20H 20J Spike N417T 414 417 0.86 0.84 0 

20H 20J Spike H655Y 652 655 0.87 0.86 2 

20H 20J Spike V701A 698 701 0.82 0.81 0 

20H 20J Spike T1027I 1024 1027 0.84 0.83 -1 

20H 20J Spike V1176F 1173 1176 0.82 0.85 -1 

20H 20J NSP3 N837K 837 837 0.88 0.86 0 

20H 20J NSP3 K977Q 977 977 0.84 0.86 1 

20H 20J NSP13 E341D 341 341 0.84 0.85 2 

20H 20J N P80R 80 80 0.86 0.86 -2 

20H 20J N R203K 203 203 0.84 0.84 2 

20H 20J N G204R 204 204 0.82 0.85 -2 
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Differences of frequencies of amino acid in GISAID clade 

In the frequency analysis of GISAID clade, we identified six positions in four proteins 

that the most frequent amino acid is different in any of the clade; R203K and A220V 

in N protein, G54L and L71F in NS9c, T85I in NSP2, P323L in NSP12.  

 

N protein 

In the N protein, amino acid positions 203 and 220 demonstrated different frequencies 

of specific amino acids (Supplementary Figure 1). Position 203 was arginine in most 

clades, whereas it was predominantly lysine in the GR clade (Supplementary Table 2). 

In addition, position 220 in N protein was alanine in most clades. However, valine was 

the predominant amino acid in the GV clade. These positions were not DCPs because 

the amino acids present were shared between the two groups, even if the predominant 

20H 20J N I205T 205 205 0.83 0.84 -1 

20H 20J NS3 H57Q 57 57 0.87 0.86 0 

20H 20J NS3 S253P 253 253 0.83 0.94 -1 

20H 20J NS8 E92K 92 92 0.85 0.85 1 

20H 20J NS9b Q77E 77 77 0.86 0.84 2 

20I 20J Spike T20N 20 20 0.84 0.87 0 

20I 20J Spike K417T 414 417 0.84 0.84 -1 

20I 20J Spike I716T 713 716 0.84 0.85 -1 

20I 20J Spike A982S 979 982 0.81 0.83 1 

20I 20J Spike T1027I 1024 1027 0.84 0.83 -1 

20I 20J Spike H1118D 1115 1118 0.88 0.85 -1 

20I 20J Spike V1176F 1173 1176 0.82 0.85 -1 

20I 20J NSP3 K977Q 977 977 0.84 0.86 1 

20I 20J N P80R 80 80 0.86 0.86 -2 

20I 20J N F235S 235 235 0.85 0.84 -2 

20I 20J NS8 E92K 92 92 0.85 0.85 1 

20I 20J NS9b Q77E 77 77 0.86 0.84 2 
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amino acids are different. For example, for position 203, lysine is predominant in clade 

GR, but there were 11 sequences out of 134691 sequences that were arginine. 

 

Supplementary Table 2. The most frequent amino acid in each clade of N protein. Amino acids 

are described in one-letter code. 

Clade 

Position 
L S V O G GH GR GV 

203 R R R R R R K R 

220 A A A A A A A V 

 

 

Supplementary Figure 1. Frequencies of amino acid of position 203 and 220 in N protein of 

each clade. The frequencies are described in percentage. Most of the clades in position 203 have 

arginine as the most frequent amino acid, but lysine is predominant in clade GR. Alanine is the 

most frequent amino acid in position 220, but valine is predominant in clade GV. 

 

NS9c 

In NS9c, residue 54 was glycine in most clades, but valine was the most frequent amino 

acid in the GR clade. Moreover, leucine was the predominant amino acid in most 

clades at residue 71. However, phenylalanine was the most frequent amino acid at this 

position of NS9c in clade GV (Supplementary Table 3). Clade G also had 

approximately 5% of phenylalanine in position 71 (Supplementary Figure 2). 

 

Supplementary Table 3. The most frequent amino acid in each clade of NS9c. Amino acids are 
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described in one-letter code. 

Clade 

Position 
L S V O G GH GR GV 

54 G G G G G G N G 

71 L L L L L L L F 

 

Supplementary Figure 2. Frequencies of amino acid of position 54 and 71 in NS9c protein of 

each clade. The frequencies are described in percentage. Most of the clades in position 54 have 

proline as the most frequent amino acid, but asparagine is predominant in clade GR. Lysine is the 

most frequent amino acid in position 71, but phenylalanine is predominant in clade GV. 

 

NSP2 

In NSP2, only one position was different when comparing clades, which was residue 

85. Threonine was the predominant amino acid in most clades, whereas tyrosine was 

the most frequent in the GH clade (Supplementary Table 4). However, tyrosine was 

approximately 65% of the clade GH, and 35% was threonine, which is the predominant 

amino acid at this position (Supplementary Figure 3). 

 

Supplementary Table 4. The most frequent amino acid in each clade of NSP2. Amino acids 

are described in one-letter code. 

Clade 

Position 
L S V O G GH GR GV 

85 T T T T T I T  T 

 



Appendix 1: Chapter 2 supplementary material 

105 

 

 

Supplementary Figure 3. Frequencies of amino acid of position 85 in NSP2 protein of each 

clade. The frequencies are described in percentage. In position 85 of NSP2, threonine is the 

predominant amino acid in most of the clades. Clade GH has Isoleucine for approximately 60% of 

frequencies, and the rest is threonine. 

 

NSP12 

In NSP12, the amino acid position 323 was proline in clades L, S, V, and O, whereas 

the most frequent amino acid was leucine in clade G, GH, GR, and GV (Supplementary 

Table 5). The frequencies were nearly 100% in each of the clades except clade O 

(Supplementary Figure 4). The clade O represents ‘others’, as this clade can be 

considered mixed clades. Therefore, position 323 may be substituted between clade L 

and clade G because clade G is derived from clade L. 

 

Supplementary Table 5. The most frequent amino acid in each clade of NSP12. Amino acids 

are described in one-letter code. 

Clade 

Position 
L S V O G GH GR GV 

323 P P P P L L L L 
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Supplementary Figure 4. Frequencies of amino acid of position 323 in NSP12 protein of each 

clade. Clade G, GH, GR, and GV has leucine as the most frequent amino acid. Proline is the most 

frequent amino acid for clade L, O, S, and V. 

 

Differences of frequencies of amino acid in Nextstrain clade 

We performed the analysis in Nextstrain clade in the same way as the GISAID clade. 

The differences of amino acids were identified in 11 proteins: E, N, NS3, NS8, NS9b, 

NS9c, NSP3, NSP5, NSP6, NSP13, and the spike protein. 

 

E protein 

In E, residue 71 was identified as a difference between clades (Supplementary Table 

6). Proline was the most abundant amino acid in all clades except the 20H clade, where 

leucine is the most frequent amino acid. In other clades, proline had approximately 

100% of the frequencies (Supplementary Figure 5). 

 

Supplementary Table 6. The most frequent amino acid in each clade of E protein. Amino acids 

are described in one-letter code. 

Clade 

Position 
19A 19B 20A 20B 20C 20D 20E 20F 20G 20H 20I 20J 

71 P P P P P P P P P L P P 
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Supplementary Figure 5. Frequencies of amino acid of position 71 in E protein of each clade. 

Leucine is the most frequent amino acid in clade 20H. In other clades, proline is the predominant 

amino acid in position 71. 

 

N protein 

Four positions were identified in N, where clades had different frequencies of amino 

acids (Supplementary Table 7). At residue 3, clade 20I/501Y.V1 had mostly leucine, 

and other clades had aspartic acid. Although these clades have almost different amino 

acids, which could be a DCP, a few sequences shared the same amino acids between 

the two groups, resulting in not considering as a DCP. In addition, proline was the 

predominant amino acid except clade 20J/501Y.V3 at position 80. On the other hand, 

arginine was the most frequent amino acid in clade 20J/501Y.V3. Moreover, in position 

205 of N, clade 20H/501Y.V2 had isoleucine which is different from the other clades 

with threonine. Clade 19A, 20A, and 20C also had isoleucine for a small percentage 

of sequences (Supplementary Figure 6). Furthermore, position 235 was identified as 

well. This position in N was serine in most clades, but it was substituted to 

phenylalanine in clade 20I/501Y.V1. 

 

Supplementary Table 7. The most frequent amino acid in each clade of N protein. Amino acids 

are described in one letter code. 

Clade 

Position 
19A 19B 20A 20B 20C 20D 20E 20F 20G 20H 20I 20J 

3 D D D D D D D D D D L D 
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80 P P P P P P P P P P P R 

205 T T T T T T T T T I T T 

235 S S S S S S S S S S F S 

 

 

 

Supplementary Figure 6. Frequencies of amino acid of position 3, 80, 205, and 235 in N 

protein of each clade. The frequency is described in percentage. For amino acid position 3, leucine 

is the most frequent amino acid in clade 20I, and aspartic acid is the most frequent amino acid for 

other clades. In position 80, arginine has approximately 100% of the frequency in clade 20J. For 

position 205, although threonine is predominant in most clades, isoleucine is approximately 100% 

frequent in clade 20H and clade 20A and 20C has also isoleucine for a few percent. For position 

235, phenylalanine is the most frequent amino acid in clade 20I, but other clades have serine as the 

most frequent amino acid. 

 

NS3 

In NS3, two positions (175 and 258) were identified as having amino acid differences 

between clades (Supplementary Table 8). In most clades, serine was the predominant 

amino acid at position 175, but leucine was the most frequent amino acid in clade 

20H/501Y.V2. However, approximately 10% of clade 20H/501Y.V2 had serine in this 
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position as well. In addition, serine was also the most frequent amino acid at position 

258 in most clades. Clade 20J/501Y.V3 had proline in more than 90% of the sequences 

in the position (Supplementary Figure 7).  

 

Supplementary Table 8. The most frequent amino acid in each clade of NS3. Amino acids are 

described in one-letter code. 

Clade 

Position 
19A 19B 20A 20B 20C 20D 20E 20F 20G 20H 20I 20J 

175 S S S S S S S S S L S S 

258 S S S S S S S S S S S P 

 

 

Supplementary Figure 7. Frequencies of amino acid of position 175 and 258 in NS3 protein 

of each clade. 

 

NS8 

In NS8, an amino acid change was observed at amino acid position 94 (Supplementary 

Table 9). The most frequent amino acid, which was glutamate, was replaced by lysine 

in clade 20J/501Y.V3. In addition, lysine accounted for approximately 5% of clade 

19B (Supplementary Figure 8). Since clade 19B and clade 20J/501Y.V3 is not a 

relatively close clade, this might suggest that this substitution occurs frequently. 

 

Supplementary Table 9. The most frequent amino acid in each clade of NS8. Amino acids are 

described in one letter code. 
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Clade 

Position 
19A 19B 20A 20B 20C 20D 20E 20F 20G 20H 20I 20J 

94 E E E E E E E E E E E K 

 

Supplementary Figure 8. Frequencies of amino acid of position 94 in NS8 protein of each 

clade. 

 

NS9b 

Only one position was identified in NS9b, which was the amino acid position 77 

(Supplementary Table 10). Glutamine was the predominant amino acid in most of the 

clades. However, in clade 20J/501Y.V2, glutamic acid accounted for 100% of the clade 

(Supplementary Figure 9). Thus, this position was a DCP in the comparison of clade 

20J/501Y.V2 and clade 19A, 19B, 20C, 20G, 20H/501Y.V2, and 20I/501Y.V1. 

However, in comparison between clade 20J/501Y.V2 and clades 20A, 20B, 20D, 20E, 

and 20F were not considered DCP because a few sequences in these clades presented 

glutamic acid in position 77. 

 

Supplementary Table 10. The most frequent amino acid in each clade of NS9b. Amino acids 

are described in one-letter code. 

Clade 

Position 
19A 19B 20A 20B 20C 20D 20E 20F 20G 20H 20I 20J 

77 Q Q Q Q Q Q Q Q Q Q Q E 
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Supplementary Figure 9. Frequencies of amino acid of position 77 in NS9b protein of each 

clade. 

 

NS9c 

By analysing NS9c, two positions were found with different amino acid frequencies 

(Supplementary Table 11). In position 53, valine was substituted to leucine in clade 

20J/501Y.V3. In the analysis of DCPs, this position was considered as V49L when 

comparing 20J/501Y.V3 and 20E, 20J/501Y.V3 and 20G, respectively. However, when 

comparing between 20J/501Y.V3 and clades other than 20E and 20G, it was not a DCP 

because other clades had leucine, the same amino acid as 20J/501Y.V3, in a few 

sequences. Interestingly, clade 19B had isoleucine in this position for more than 20% 

of the sequences. In addition, L56F is another difference in NS9c. Nearly 100% of the 

20H/501Y.V2 clade had phenylalanine in this position. Clade 19A, 20A, 20C, and 20G 

also had phenylalanine in more than 1% of the sequences (Supplementary Figure 10). 

 

Supplementary Table 11. The most frequent amino acid in each clade of NS9c. Amino acids 

are described in one-letter code. 

Clade 

Position 
19A 19B 20A 20B 20C 20D 20E 20F 20G 20H 20I 20J 

53 V V V V V V V V V V V L 

56 L L L L L L L L L F L L 



Appendix 1: Chapter 2 supplementary material 

112 

 

 

Supplementary Figure 10. Frequencies of amino acid of position 53 and 56 in NS9c protein 

of each clade. 

 

NSP3 

NSP3 had four positions that had the differences of most frequent amino acids between 

clades (Supplementary Table 12). Three of the positions were different in clade 

20I/501Y.V1, which were T189I, A896D, and I1422T. Also, for K843N, 20H/501Y.V2 

was different from the other clades and had lysine of approximately 100% frequencies 

(Supplementary Figure 11). These positions were not DCPs, according to the DCP 

analysis.  

 

 

Supplementary Table 12. The most frequent amino acid in each clade of NSP3. Amino acids 

are described in one-letter code. 

Clade 

Position 
19A 19B 20A 20B 20C 20D 20E 20F 20G 20H 20I 20J 

189 T T T T T T T T T T I T 

843 K K K K K K K K K N K K 

896 A A A A A A A A A A D A 

1422 I I I I I I I I I I T I 
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Supplementary Figure 11. Frequencies of amino acid of position 189, 843, 896, and 1422 in 

NSP3 protein of each clade. 

 

NSP5 

In NSP5, only one position had a difference between clades, which was position 90 

(Supplementary Table 13). Lysine was substituted to arginine in most sequences in 

clade 20H/501Y.V2. However, other clades also included some sequences with 

arginine in amino acid position 90 (Supplementary Figure 12). Thus position 90 was 

not considered as a DCP. 

 

Supplementary Table 13. The most frequent amino acid in each clade of NSP5. Amino acids 

are described in one-letter code. 

Clade 

Position 
19A 19B 20A 20B 20C 20D 20E 20F 20G 20H 20I 20J 

90 K K K K K K K K K R K K 
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Supplementary Figure 12. Frequencies of amino acid of position 90 in NSP5 protein of each 

clade. 

 

NSP6  

In NSP6, six amino acid positions were identified by the analysis. Position 38, 105, 

106, 107, 108, and 109 were the identified positions (Supplementary Table 14). In 

position 38 of clade 19A, approximately 60% of the sequences were phenylalanine, 

whereas the rest of the sequences were mostly leucine which is the most frequent 

amino acid in other clades (Supplementary Figure 13). Other clades also included 

phenylalanine in this position, suggesting that these amino acids in this position are 

not significant to the pathogenicity of the virus. In addition, clade 20H/501Y.V2, 

20I/501Y.V1, and 20J/501Y.V3 had a deletion in positions 105, 106, and 107. 

Moreover, clade 20H/501Y.V2, 20I/501Y.V1, and 20J/501Y.V3 had a different 

predominant amino acid compared with the other clades in the positions 108 and 109. 

 

Supplementary Table 14. The most frequent amino acid in each clade of NSP6. Amino acids 

are described in one-letter code. 

Clade 

Position 
19A 19B 20A 20B 20C 20D 20E 20F 20G 20H 20I 20J 

38 F L L L L L L L L L L L 

105 S S S S S S S S S - - - 

106 L L L L L L L L L - - - 

107 S S S S S S S S S - - - 
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108 G G G G G G G G G S S S 

109 F F F F F F F F F L L L 

 

 

Supplementary Figure 13. Frequencies of amino acid of position 38, 105, 106, 107, 108, and 

109 in NSP6 protein of each clade. 

 

NSP13 

In NSP13, we found one position with different predominant amino acids compared 

with other clades, which was position 341 (Supplementary Table 15). In addition, clade 

20C has glutamic acid for more than 1% of frequency. Moreover, throughout the DCP 

analysis, comparison of 20F and 20J/501Y.V3, 20H and 20J/501Y.V3 were considered 
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as DCP, respectively. However, other clades also had aspartic acid instead of glutamic 

acid in this position in some sequences of the clades. Thus, those comparisons other 

than 20F and 20J/501Y.V3, 20H and 20J/501Y.V3 were not considered as DCP. 

 

Supplementary Table 15. The most frequent amino acid in each clade of NSP13. Amino acids 

are described in one-letter code. 

Clade 

Position 
19A 19B 20A 20B 20C 20D 20E 20F 20G 20H 20I 20J 

341 E E E E E E E E E E E D 

 

 

Supplementary Figure 14. Frequencies of amino acid of position 341 in NSP13 protein of each 

clade. 

 

Spike protein 

In the spike protein, 24 positions were identified as the differences between clades, 

which were positions 19, 21, 27, 70, 71, 72, 82, 140, 146, 192, 220, 246, 247, 248, 424, 

579, 664, 690, 710, 725, 991, 1036, 1127, and 1185 (Supplementary Table 16). In 

position 19, clade 20J/501Y.V3 had 100% phenylalanine, and clade 20E and 

20H/501Y.V2 also had phenylalanine for approximately 40% in the clades 

(Supplementary Figure 15). Interestingly, clade 20E, 20H/501Y.V2, and 20J/501Y.V3 

are not genetically close clades according to the phylogenetic tree. Thus, the 

substitution of leucine to phenylalanine in amino acid position 19 may occur frequently.  
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In addition, positions 21, 27, 140, 192, 664, 1036, and 1185 had different amino acids 

in clade 20J/501Y.V3. Moreover, in clade 20I/501Y.V1, the most frequent amino acid 

in positions 70, 71, 72, 146, 579, 690, 725, and 1127 was different from other clades. 

Furthermore, in positions 246, 247, and 248, the clade 20H/501Y.V2 had a deletion 

instead of leucine or alanine as the predominant amino acid. Interestingly, in position 

424, most of the clades had lysine as the most frequent amino acid, whereas clade 

20H/501Y.V2 and 20J/501Y.V3 had asparagine and threonine, respectively. 

 

Supplementary Table 16. The most frequent amino acid in each clade of Spike protein. Amino 

acids are described in one-letter code. 

Clade 

Position 
19A 19B 20A 20B 20C 20D 20E 20F 20G 20H 20I 20J 

19 L L L L L L L L L L L F 

21 T T T T T T T T T T T N 

27 P P P P P P P P P P P S 

70 I I I I I I I I I I - I 

71 H H H H H H H H H H - H 

72 V V V V V V V V V V I V 

82 D D D D D D D D D A D D 

140 D D D D D D D D D D D Y 

146 Y Y Y Y Y Y Y Y Y Y - Y 

192 R R R R R R R R R R R S 

220 D D D D D D D D D G D D 

246 L L L L L L L L L - L L 

247 L L L L L L L L L - L L 

248 A A A A A A A A A - A A 
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424 K K K K K K K K K N K T 

579 A A A A A A A A A A D A 

664 H H H H H H H H H H H Y 

690 P P P P P P P P P P H P 

710 A A A A A A A A A V A A 

725 T T T T T T T T T T I T 

991 S S S S S S S S S S A S 

1036 T T T T T T T T T T T I 

1127 D D D D D D D D D D H D 

1185 V V V V V V V V V V V F 
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Supplementary Figure 15. Frequencies of amino acid of position 19, 21, 27, 70, 71, 72, 82, 140, 

146, 192, 220, 246, 247, 248, 424, 579, 664, 690, 710, 725, 991, 1036, 1127, and 1185 in Spike 

protein of each clade. 
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The full results of the sequence analysis are shown in this section. 

 

Supplementary Table 17. Comparison between original control and FFM3LOW. The 

percentages are the ratio of the nucleotides in the reads. Bases were called if one nucleotide was 

present in >90% of the reads at that position. The percentages of amino acid substitution correspond 

to the percentages of the base. (aa) represents amino acid. 

Position 
Original 

control 
FFM3LOW Protein 

Amino acid 

(aa) position 

Original 

control (aa) 
FFM3LOW (aa) 

510 G (G: 86.1621, del: 13.5361) NSP1 82 G 
(G, 

V(frameshift)) 

511 T (T: 85.7487, del: 14.0584) NSP1 82 G 
(G, 

V(frameshift)) 

512 C (C: 85.9727, del: 13.9674) NSP1 83 H (H, del) 

513 A (A: 86.2357, del: 13.6253) NSP1 83 H (H, del) 

514 T (T: 80.8193, del: 19.1015) NSP1 83 H (H, del) 

515 G (G: 80.9692, del: 18.9535) NSP1 84 V (V, del) 

516 T (T: 78.9138, del: 20.6612) NSP1 84 V (V, del) 

517 T (T: 79.7661, del: 20.0504) NSP1 84 V (V, del) 

518 A (A: 78.6081, del: 20.8314) NSP1 85 M (M, del) 

519 T (T: 87.6773, del: 12.1702) NSP1 85 M (M, del) 

520 G (G: 87.9632, del: 11.9448) NSP1 85 M (M, del) 

521 G (G: 89.3565, del: 10.5973) NSP1 86 V 
(V, 

V(frameshift)) 

522 T (T: 88.535, del: 11.1489) NSP1 86 V 
(V, 

V(frameshift)) 

11083 G 
(G: 88.2997, T: 9.59596, 

del: 2.10438) 
NSP6 37 L 

(L, F, 

F(frameshift)) 

11750 C (C: 80.6886, T: 19.2116) NSP6 260 L (L, F) 

11916 C (C: 82.8148, T: 17.1313) NSP7 25 S (S, L) 

20480 C (C: 88.9352, T: 11.0648) NSP15 287 S (S, L) 

20573 T (T: 89.3473, C: 10.6527) NSP15 318 V (V, A) 
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21789 C T Spike 76 T I 

22264 C (C: 86.3636, T: 13.6364) Spike 234 N N 

27131 C (C: 69.5341, T: 30.0717) M 203 N N 

28649 A T N 126 N Y 

 

Supplementary Table 18. Comparison between original control and FFM7LOW. 

Position Original control FFM7LOW Protein 
Amino acid 

(aa) position 

Original 

control (aa) 

FFM7LOW 

(aa) 

44 C 
(T: 52.8866, C: 

47.0169999999999) 
- - - - 

835 C (T: 54.1016, C: 45.5078) NSP2 10 F F 

2509 C 
(C: 89.6681, T: 

10.3029999999999) 
NSP2 568 P P 

9298 C (C: 89.6388, T: 10.3612) NSP4 248 Y Y 

11399 A (G: 51.3368, A: 48.6425) NSP6 143 M (V, M) 

16616 C (C: 78.4488, T: 21.5418) NSP13 127 T (T, I) 

21789 C (T: 51.076, C: 48.924) Spike 76 T (I, T) 

22032 T (T: 60.7193, C: 39.1396) Spike 157 F (F, S) 

23179 
(C: 56.6181, T: 

43.2826) 
(T: 87.1688, C: 12.7615) Spike 539 V V 

23271 C (T: 85.0681, C: 14.9319) Spike 570 A (V, A) 

23280 C (C: 87.2469, T: 12.6554) Spike 573 T (T, I) 

24130 C (C: 88.4389, T: 11.1039) Spike 856 N N 

27585 T (T: 87.8068, G: 11.3347) ORF7a 64 A A 

28311 C (T: 67.3919, C: 32.5791) N 13 P (L, P) 

28899 G (G: 89.7273, T: 9.89471) N 209 R (R, I) 

 

Supplementary Table 19. Comparison between original control and FFM3HIGH 

Position 
Original 

control 
FFM3LOW FFM3HIGH Protein 

Amino 

acid (aa) 

position 

Original 

control 

(aa) 

FFM3LOW (aa) FFM3HIGH (aa) 

508 T T 
(del: 52.7194, 

T: 47.1872) 
NSP1 81 H H H 
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509 G G 
(del: 53.301, 

G: 46.6304) 
NSP1 82 G G (del, G) 

510 G 
(G: 86.1621, 

del: 13.5361) 

(del: 65.7674, 

G: 33.7306) 
NSP1 82 G 

(G, 

V(frameshift)) 
(del, G) 

511 T 
(T: 85.7487, 

del: 14.0584) 

(del: 66.3943, 

G: 33.4024) 
NSP1 82 G 

(G, 

V(frameshift)) 
(del, G) 

512 C 
(C: 85.9727, 

del: 13.9674) 

(del: 66.8244, 

C: 33.1282) 
NSP1 83 H (H, del) (del, H) 

513 A 
(A: 86.2357, 

del: 13.6253) 

(del: 66.7544, 

A: 33.1499) 
NSP1 83 H (H, del) (del, H) 

514 T 
(T: 80.8193, 

del: 19.1015) 

(del: 66.6022, 

T: 33.268) 
NSP1 83 H (H, del) (del, H) 

515 G 
(G: 80.9692, 

del: 18.9535) 

(del: 66.7297, 

G: 33.236) 
NSP1 84 V (V, del) (del, V) 

516 T 
(T: 78.9138, 

del: 20.6612) 

(del: 67.4066, 

T: 32.4898) 
NSP1 84 V (V, del) (del, V) 

517 T 
(T: 79.7661, 

del: 20.0504) 

(del: 67.0348, 

T: 32.9092) 
NSP1 84 V (V, del) (del, V) 

518 A 
(A: 78.6081, 

del: 20.8314) 

(del: 67.3911, 

A: 32.4729) 
NSP1 85 M (M, del) (del, M) 

519 T 
(T: 87.6773, 

del: 12.1702) 

(del: 67.1115, 

T: 32.8006) 
NSP1 85 M (M, del) (del, M) 

520 G 
(G: 87.9632, 

del: 11.9448) 

(del: 66.958, 

G: 32.9531) 
NSP1 85 M (M, del) (del, M) 

521 G 
(G: 89.3565, 

del: 10.5973) 

(del: 65.7345, 

G: 34.2222) 
NSP1 86 V 

(V, 

V(frameshift)) 
(H, V) 

522 T 
(T: 88.535, 

del: 11.1489) 

(del: 

65.378999999

9999, T: 

33.7467) 

NSP1 86 V 
(V, 

V(frameshift)) 
(H, V) 

1288 C C 
(C: 84.1061, T: 

15.8384) 
NSP2 161 C C C 

2062 C C 
(C: 84.1517, T: 

15.8314) 
NSP2 419 A A A 

5962 T T (T: 81.1249) NSP3 1081 Y Y (Y) 
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6045 A A 
(A: 89.5812, 

del: 10.276) 
NSP3 1109 N N (N, I) 

6046 T T 
(T: 89.0053, 

del: 10.7702) 
NSP3 1109 N N (N, I) 

6047 T T 
(T: 88.7258, 

del: 10.6844) 
NSP3 1110 F F (F, I) 

7521 C C 
(C: 53.9715, T: 

46.0285) 
NSP3 1601 T T (T, I) 

8290 C C 
(C: 86.141, T: 

13.757) 
NSP3 1857 L L L 

11760 A A 

(A: 68.9241, 

G: 

31.006999999

9999) 

NSP6 263 K K (K, R) 

12016 T T 
(T: 86.5919, G: 

13.157) 
NSP7 58 V V V 

12334 

(A: 89.0675, 

G:4.91803, 

T:4.31126) 

(A: 89.6299, 

G: 4.64974, 

T: 3.84419) 

A NSP8 81 A A A 

14408 T T 
(del: 68.3007, 

T: 31.2949) 
NSP12 323 P P 

(L(frameshift), 

P) 

14409 T T 
(del: 68.5469, 

T: 31.4461) 
NSP12 323 P P 

(L(frameshift), 

P) 

14410 A A 
(del: 68.9873, 

A: 30.9636) 
NSP12 324 T T (del, T) 

14411 C C 
(del: 69.4855, 

C: 30.5003) 
NSP12 324 T T (del, T) 

14412 A A 
(del: 69.5594, 

A: 30.4052) 
NSP12 324 T T (del, T) 

14413 A A 
(del: 68.6659, 

A: 31.208) 
NSP12 325 S S 

(L(frameshift), 

S) 

14414 G G 
(del: 65.0086, 

G: 28.7953) 
NSP12 325 S S 

(L(frameshift), 

S) 

17146 A A 
(A: 74.8634, 

G: 25.1115) 
NSP13 304 I I (I, V) 

20178 C C 
(C: 61.9078, T: 

38.0279) 
NSP15 186 V V V 
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20480 C 
(C: 88.9352, 

T: 11.0648) 

(C: 71.5445, T: 

28.393) 
NSP15 287 S (S, L) (S, L) 

20573 T 
(T: 89.3473, 

C: 10.6527) 

(T: 79.0348, C: 

20.8979) 
NSP15 318 V (V, A) (V, A) 

21789 C T T Spike 76 T I I 

22264 C 
(C: 86.3636, 

T: 13.6364) 

(C: 80.3188, T: 

19.6812) 
Spike 234 N N N 

23271 C C 
(C: 52.5979, T: 

47.38) 
Spike 570 A A (A, V) 

25688 C C 
(C: 54.5479, T: 

45.3431) 
ORF3a 99 A A (A, V) 

27131 C 
(C: 69.5341, 

T: 30.0717) 

(C: 75.4056, T: 

24.5081) 
M 203 N N N 

28649 A T T N 126 N Y Y 

 

Supplementary Table 20. Comparison between original control and FFM7HIGH. 

Position 
Original 

control 
FFM7LOW FFM7HIGH Protein 

Amino 

acid (aa) 

position 

Original 

control 

(aa) 

FFM7LOW 

(aa) 

FFM7HIGH 

(aa) 

44 C 
(T: 52.8866, C: 

47.0169999999999) 
T - - - - - 

835 C 
(T: 54.1016, C: 

45.5078) 
T NSP2 10 F F F 

2509 C 
(C: 89.6681, T: 

10.3029999999999) 

(C: 55.491, T: 

44.343) 
NSP2 568 P P P 

5299 T T 
(T: 82.5574, C: 

17.3391) 
NSP3 860 T T T 

6255 C C 
(C: 55.4576, T: 

44.5004) 
NSP3 1179 A A (A, V) 

11399 A 
(G: 51.3368, A: 

48.6425) 

(G: 59.3008, A: 

40.674) 
NSP6 143 M (V, M) (V, M) 

12334 

(A: 89.4929, 

G: 4.73853, 

T: 4.21928, 

C: 1.36765) 

(A: 89.3829, G: 

5.10838, T: 

3.70473 ) 

A NSP8 81 A A A 
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16616 C 
(C: 78.4488, T: 

21.5418) 

(C: 77.1102, T: 

22.8522) 
NSP13 127 T (T, I) (T, I) 

17678 C C 
(T: 60.7103, C: 

39.2365) 
NSP13 481 T T (T, M) 

19955 C C 
(T: 55.1192, C: 

44.8591) 
NSP15 112 T T (I, T) 

21789 C 
(T: 51.076, C: 

48.924) 

(T: 69.2797, C: 

30.6939) 
Spike 76 T (I, T) (I, T) 

22032 T 
(T: 60.7193, C: 

39.1396) 

(C: 81.1349, T: 

18.715) 
Spike 157 F (F, S) (S, F) 

23179 
(C: 56.6181, 

T: 43.2826) 

(T: 87.1688, C: 

12.7615) 
T Spike 539 V V V 

23271 C 
(T: 85.0681, C: 

14.9319) 
T Spike 570 A (V, A) V 

23542 T T 
(T: 87.3556, C: 

12.5822) 
Spike 660 Y Y Y 

27972 C C 
(T: 68.3281, C: 

31.6045) 
ORF8 27 Q Q (Stop, Q) 

28311 C 
(T: 67.3919, C: 

32.5791) 

(C: 71.8957, T: 

27.9873) 
N 13 P (L, P) (P, L) 

28887 C C 
(C: 69.8426, T: 

30.1291) 
N 205 T T (T, I) 

28899 G 
(G: 89.7273, T: 

9.89471) 

(T: 64.3299, G: 

35.395) 
N 209 R (R, I) (I, R) 

 

Supplementary Table 21. Comparison between original control and FFM3remLOW. 

Position 
Original 

control 
FFM3remLOW Protein 

Amino acid 

(aa) position 

Original 

control (aa) 

FFM3remLOW 

(aa) 

1104 T 
(C: 63.7076, T: 

36.2924) 
NSP2 100 I (I, T) 

7321 C G NSP3 1534 S R 

12334 

(A: 89.0675, 

G:4.91803, 

T:4.31126) 

A NSP8 81 A A 

13961 T 
(C: 56.9699, T: 

42.9823) 
NSP12 174 V (V, A) 



Appendix 2: Chapter 3 supplementary material 

128 

 

14786 C 
(T: 51.1807, C: 

47.5988, -: 1.22048) 
NSP12 449 A 

(A, V, 

V(frameshift)) 

15451 G A NSP12 671 G S 

18687 C T NSP14 216 C C 

25603 C 
(C: 60.7398, T: 

39.1761) 
ORF3a 71 L L 

29473 G 
(T: 69.5636, G: 

30.1135) 
N 400 L (F, L) 

 

Supplementary Table 22. Comparison between original control and FFM7remLOW. 

Position 
Original 

control 
FFM7remLOW Protein 

Amino acid 

(aa) position 

Original 

control (aa) 

FFM7remLOW 

(aa) 

335 C (C: 77.9874, T: 22.0126) NSP1 24 R (R, C) 

3768 C T NSP3 350 T I 

5386 T (G: 67.5405, T: 32.4595) NSP3 889 A A 

6323 G (G: 68.9617, A: 31.0383) NSP3 1202 E (E, K) 

12459 C T NSP8 123 T I 

13626 T (T: 85.0358, C: 14.9391) NSP12 62 D D 

14408 T (T: 89.0866, C: 9.96441) NSP12 323 L (L, P) 

14786 C T NSP12 449 A V 

21765 T (-: 68.9655, T: 31.0345) Spike 68 I I 

21766 A (-: 74.5763, A: 24.9153) Spike 68 I I 

21767 C (-: 74.4932, C: 25.5068) Spike 69 H (del, H) 

21768 A (-: 75.7732, A: 24.2268) Spike 69 H (del, H) 

21769 T (-: 75.1286, T: 24.8714) Spike 69 H (del, H) 

21770 G (-: 73.2441, G: 24.5819) Spike 70 V (I, V) 

24712 G (G: 73.8287, T: 26.1347) Spike 1050 M (M, I) 

29901 A n/a - - - - 

29902 A n/a - - - - 

29903 A n/a - - - - 

 

Supplementary Table 23. Comparison between original control and FFM3remHIGH 

Position 
Original 

control 
FFM3remLOW FFM3remHIGH Protein 

Amino 

acid (aa) 

position 

Original 

control 

(aa) 

FFM3remLOW 

(aa) 

FFM3remHIGH 

(aa) 
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703 C C 
(A: 52.7693, 

C: 46.9631) 
NSP1 146 G G G 

1001 G G A NSP2 66 E E K 

1093 C C 
(C: 86.0135, 

T: 13.9135) 
NSP2 96 P P P 

1104 T 
(C: 63.7076, 

T: 36.2924) 
C NSP2 100 I (I, T) T 

2107 T T 
(T: 56.0339, 

C: 43.9567) 
NSP2 434 T T T 

6205 G G 
(G: 86.5395, 

A: 13.3565) 
NSP3 1162 K K K 

6649 T T 
(T: 89.3391, 

A: 10.3714) 
NSP3 1310 A A A 

7321 C G G NSP3 1534 S R R 

13961 T 
(C: 56.9699, 

T: 42.9823) 
C NSP12 174 V (V, A) A 

14786 C 

(T: 51.1807, 

C: 47.5988, -: 

1.22048) 

T NSP12 449 A 
(A, V, 

V(frameshift)) 
V 

15451 G A A NSP12 671 G S S 

16044 A A 
(A: 84.5488, 

G: 15.3846) 
NSP12 868 P P P 

18687 C T T NSP14 216 C C C 

20178 C C C NSP15 186 V V V 

24763 T T 
(T: 83.8842, 

C: 16.0866) 
Spike 1067 Y Y Y 

25003 A A 
(A: 85.6416, 

G: 14.3099) 
Spike 1147 S S S 

26541 A A G M 7 T T A 

29473 G 
(T: 69.5636, 

G: 30.1135) 
T N 400 L (F, L) F 

 

Supplementary Table 24. Comparison between the original control of FFM3 strain and 

FFM3HIGH. 
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Position 
Original 

control 
FFM3LOW FFM3HIGH Protein 

Amino 

acid (aa) 

position 

Original 

control 

(aa) 

FFM3LOW (aa) FFM3HIGH (aa) 

508 T T 
(del: 52.7194, 

T: 47.1872) 
NSP1 81 H H H 

509 G G 
(del: 53.301, 

G: 46.6304) 
NSP1 82 G G (del, G) 

510 G 
(G: 86.1621, 

del: 13.5361) 

(del: 65.7674, 

G: 33.7306) 
NSP1 82 G 

(G, 

V(frameshift)) 
(del, G) 

511 T 
(T: 85.7487, 

del: 14.0584) 

(del: 66.3943, 

G: 33.4024) 
NSP1 82 G 

(G, 

V(frameshift)) 
(del, G) 

512 C 
(C: 85.9727, 

del: 13.9674) 

(del: 66.8244, 

C: 33.1282) 
NSP1 83 H (H, del) (del, H) 

513 A 
(A: 86.2357, 

del: 13.6253) 

(del: 66.7544, 

A: 33.1499) 
NSP1 83 H (H, del) (del, H) 

514 T 
(T: 80.8193, 

del: 19.1015) 

(del: 66.6022, 

T: 33.268) 
NSP1 83 H (H, del) (del, H) 

515 G 
(G: 80.9692, 

del: 18.9535) 

(del: 66.7297, 

G: 33.236) 
NSP1 84 V (V, del) (del, V) 

516 T 
(T: 78.9138, 

del: 20.6612) 

(del: 67.4066, 

T: 32.4898) 
NSP1 84 V (V, del) (del, V) 

517 T 
(T: 79.7661, 

del: 20.0504) 

(del: 67.0348, 

T: 32.9092) 
NSP1 84 V (V, del) (del, V) 

518 A 
(A: 78.6081, 

del: 20.8314) 

(del: 67.3911, 

A: 32.4729) 
NSP1 85 M (M, del) (del, M) 

519 T 
(T: 87.6773, 

del: 12.1702) 

(del: 67.1115, 

T: 32.8006) 
NSP1 85 M (M, del) (del, M) 

520 G 
(G: 87.9632, 

del: 11.9448) 

(del: 66.958, 

G: 32.9531) 
NSP1 85 M (M, del) (del, M) 

521 G 
(G: 89.3565, 

del: 10.5973) 

(del: 65.7345, 

G: 34.2222) 
NSP1 86 V 

(V, 

V(frameshift)) 
(H, V) 

522 T 
(T: 88.535, 

del: 11.1489) 

(del: 

65.378999999

9999, T: 

33.7467) 

NSP1 86 V 
(V, 

V(frameshift)) 
(H, V) 
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1288 C C 
(C: 84.1061, T: 

15.8384) 
NSP2 161 C C C 

2062 C C 
(C: 84.1517, T: 

15.8314) 
NSP2 419 A A A 

5962 T T (T: 81.1249) NSP3 1081 Y Y (Y) 

6045 A A 
(A: 89.5812, 

del: 10.276) 
NSP3 1109 N N (N, I) 

6046 T T 
(T: 89.0053, 

del: 10.7702) 
NSP3 1109 N N (N, I) 

6047 T T 
(T: 88.7258, 

del: 10.6844) 
NSP3 1110 F F (F, I) 

7521 C C 
(C: 53.9715, T: 

46.0285) 
NSP3 1601 T T (T, I) 

8290 C C 
(C: 86.141, T: 

13.757) 
NSP3 1857 L L L 

11760 A A 

(A: 68.9241, 

G: 

31.006999999

9999) 

NSP6 263 K K (K, R) 

12016 T T 
(T: 86.5919, G: 

13.157) 
NSP7 58 V V V 

12334 

(A: 89.0675, 

G:4.91803, 

T:4.31126) 

(A: 89.6299, 

G: 4.64974, 

T: 3.84419) 

A NSP8 81 A A A 

14408 T T 
(del: 68.3007, 

T: 31.2949) 
NSP12 323 P P 

(L(frameshift), 

P) 

14409 T T 
(del: 68.5469, 

T: 31.4461) 
NSP12 323 P P 

(L(frameshift), 

P) 

14410 A A 
(del: 68.9873, 

A: 30.9636) 
NSP12 324 T T (del, T) 

14411 C C 
(del: 69.4855, 

C: 30.5003) 
NSP12 324 T T (del, T) 

14412 A A 
(del: 69.5594, 

A: 30.4052) 
NSP12 324 T T (del, T) 

14413 A A 
(del: 68.6659, 

A: 31.208) 
NSP12 325 S S 

(L(frameshift), 

S) 
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14414 G G 
(del: 65.0086, 

G: 28.7953) 
NSP12 325 S S 

(L(frameshift), 

S) 

17146 A A 
(A: 74.8634, 

G: 25.1115) 
NSP13 304 I I (I, V) 

20178 C C 
(C: 61.9078, T: 

38.0279) 
NSP15 186 V V V 

20480 C 
(C: 88.9352, 

T: 11.0648) 

(C: 71.5445, T: 

28.393) 
NSP15 287 S (S, L) (S, L) 

20573 T 
(T: 89.3473, 

C: 10.6527) 

(T: 79.0348, C: 

20.8979) 
NSP15 318 V (V, A) (V, A) 

21789 C T T Spike 76 T I I 

22264 C 
(C: 86.3636, 

T: 13.6364) 

(C: 80.3188, T: 

19.6812) 
Spike 234 N N N 

23271 C C 
(C: 52.5979, T: 

47.38) 
Spike 570 A A (A, V) 

25688 C C 
(C: 54.5479, T: 

45.3431) 
ORF3a 99 A A (A, V) 

27131 C 
(C: 69.5341, 

T: 30.0717) 

(C: 75.4056, T: 

24.5081) 
M 203 N N N 

28649 A T T N 126 N Y Y 

29729 T T 
(T: 89.1544, 

del: 10.2824) 
- - - - - 

29730 C C 
(C: 89.3007, 

del: 10.5428) 
- - - - - 

29731 A A 
(A: 88.709, 

del: 10.8333) 
- - - - - 

29732 C C 
(C: 89.0981, 

del: 10.8333) 
- - - - - 

29733 C C 
(C: 88.4508, 

del: 10.8131) 
- - - - - 

29734 G G 
(G: 88.1356, 

del: 10.9485) 
- - - - - 

29735 A A 
(A: 87.5155, 

del: 11.3761) 
- - - - - 

29736 G G 
(G: 87.9207, 

del: 11.4633) 
- - - - - 
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29737 G G 
(G: 87.2632, 

del: 11.6399) 
- - - - - 

29738 C C 
(C: 87.5606, 

del: 11.7986) 
- - - - - 

29739 C C 
(C: 87.2713, 

del: 12.2713) 
- - - - - 

29740 A A 
(A: 86.1179, 

del: 13.1402) 
- - - - - 

29741 C C 
(C: 86.2311, 

del: 13.4971) 
- - - - - 

29742 G G 
(G: 84.9052, 

del: 14.542) 
- - - - - 

29743 C C 
(C: 84.8207, 

del: 14.924) 
- - - - - 

29744 G G 
(G: 83.6476, 

del: 15.6467) 
- - - - - 

29745 G G 
(G: 83.1499, 

del: 16.2682) 
- - - - - 

29746 A A 
(A: 82.7334, 

del: 16.771) 
- - - - - 

29747 G G 
(G: 82.3358, 

del: 17.5056) 
- - - - - 

29748 T T 
(T: 82.4847, 

del: 17.2158) 
- - - - - 

29749 A A 
(A: 79.858, 

del: 19.432) 
- - - - - 

29750 C C 

(C: 82.5932, 

del: 13.9281, 

T: 3.38648) 

- - - - - 

29751 G G 
(G: 85.5162, 

del: 14.1876) 
- - - - - 

29752 A A 
(A: 84.9252, 

del: 14.5903) 
- - - - - 

29753 T T 
(T: 84.3123, 

del: 15.0192) 
- - - - - 
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29754 C C 

(C: 

83.782999999

9999, del: 

15.9897) 

- - - - - 

29755 G G 
(G: 83.6713, 

del: 16.2058) 
- - - - - 

29756 A A 
(A: 83.2451, 

del: 16.4902) 
- - - - - 

29757 G G 
(G: 83.3696, 

del: 16.4748) 
- - - - - 

29758 T T 
(T: 82.8544, 

del: 16.7193) 
- - - - - 

29759 G G 
(G: 83.4019, 

del: 16.1392) 
- - - - - 

 

Supplementary Table 25. Comparison between original control and FFM7remHIGH. 

Position 
Original 

control 
FFM7remLOW FFM7remHIGH Protein 

Amino 

acid (aa) 

position 

Original 

control 

(aa) 

FFM7remLOW 

(aa) 

FFM7remHIGH 

(aa) 

1009 C C T NSP2 68 S S S 

3768 C T T NSP3 350 T I I 

3798 T T 
(G: 71.7268, 

T: 28.1433) 
NSP3 360 F F (F, C) 

4180 G G 
(G: 87.8939, 

T: 12.0869) 
NSP3 487 K K (K, N) 

4320 C C 
(C: 53.0214, 

T: 46.9618) 
NSP3 534 A A (A, V) 

5386 T 
(G: 67.5405, 

T: 32.4595) 
G NSP3 889 A A A 

8097 C C 
(C: 86.8797, 

T: 13.0799) 
NSP3 1793 T T (T, I) 

8764 T T G NSP4 70 D D E 

12334 

(A: 89.4929, 

G: 4.73853, 

T: 4.21928, 

C: 1.36765) 

(A: 88.5248, 

G: 5.26468, 

C: 1.76615) 

A NSP8 81 A A A 
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12459 C T T NSP8 123 T I I 

12694 G G 
(A: 69.977, 

G: 29.9959) 
NSP9 3 E E E 

12796 A A 
(A: 76.1811, 

G: 23.4402) 
NSP9 37 G G G 

13626 T 
(T: 85.0358, 

C: 14.9391) 

(C: 69.0219, 

T: 30.9313) 
NSP12 62 D D D 

14120 C C 
(C: 58.6855, 

T: 41.272) 
NSP12 227 P P (P, L) 

14786 C T T NSP12 449 A V V 

15699 C C 
(C: 62.4526, 

T: 37.4457) 
NSP12 753 F F F 

18555 C C 
(C: 66.766, T: 

33.1755) 
NSP14 172 D D D 

20915 G G 
(G: 84.4288, 

A: 15.5388) 
NSP16 86 R R R 

21765 T 
(-: 68.9655, 

T: 31.0345) 

(T: 78.6009, 

-: 21.1187) 
Spike 68 I I I 

21766 A 
(-: 74.5763, 

A: 24.9153) 

(A: 76.0182, 

-: 23.3138) 
Spike 68 I I I 

21767 C 
(-: 74.4932,  

C: 25.5068) 

(C: 76.8336, 

-: 23.1179) 
Spike 69 H (del, H) (H, del) 

21768 A 
(-: 75.7732, 

A: 24.2268) 

(A: 76.0258, 

-: 23.6598) 
Spike 69 H (del, H) (H, del) 

21769 T 
(-: 75.1286, 

T: 24.8714) 

(T: 75.8322, 

-: 23.7017) 
Spike 69 H (del, H) (H, del) 

21770 G 
(-: 73.2441, 

G: 24.5819) 

(G: 74.247, -: 

23.8286) 
Spike 70 V (I, V) (V, del) 

23179 
(C: 56.6181, 

T: 43.2826) 
C C Spike 539 V V V 

24872 G G 
(G: 66.3453, 

A: 33.6088) 
Spike 1104 V V (V, I) 

27502 T T G ORF7a 37 S S A 

28742 A A G N 157 I I V 

29891 A A 
(A: 85.7143, 

G: 14.2857) 
- - - - - 
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Supplementary Table 26. Comparison between FFM3remLOW and FFM3remHIGH. 

Position 
Original 

control 
FFM3remLOW FFM3remHIGH Protein 

Amino 

acid (aa) 

position 

Original 

control (aa) 

FFM3remLOW 

(aa) 

FFM3remHIGH 

(aa) 

703 C C 
(A: 52.7693, 

C: 46.9631) 
NSP1 146 G G G 

1001 G G A NSP2 66 E E K 

1093 C C 
(C: 86.0135, 

T: 13.9135) 
NSP2 96 P P P 

1104 T 
(C: 63.7076, 

T: 36.2924) 
C NSP2 100 I (I, T) T 

2107 T T 
(T: 56.0339, 

C: 43.9567) 
NSP2 434 T T T 

6205 G G 
(G: 86.5395, 

A: 13.3565) 
NSP3 1162 K K K 

6649 T T 
(T: 89.3391, 

A: 10.3714) 
NSP3 1310 A A A 

13961 T 
(C: 56.9699, 

T: 42.9823) 
C NSP12 174 V (V, A) A 

14786 C 

(T: 51.1807, 

C: 47.5988, -: 

1.22048) 

T NSP12 449 A 
(A, V, 

V(frameshift)) 
V 

16044 A A 
(A: 84.5488, 

G: 15.3846) 
NSP12 868 P P P 

24763 T T 
(T: 83.8842, 

C: 16.0866) 
Spike 1067 Y Y Y 

25003 A A 
(A: 85.6416, 

G: 14.3099) 
Spike 1147 S S S 

25603 C 
(C: 60.7398, 

T: 39.1761) 
C ORF3a 71 L L L 

26541 A A G M 7 T T A 

29473 G 
(T: 69.5636, 

G: 30.1135) 
T N 400 L (F, L) F 
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Supplementary Table 27. Comparison between FFM7remLOW and FFM7remHIGH. 

Position 
Original 

control 
FFM7remLOW FFM7remHIGH Protein 

Amino 

acid (aa) 

position 

Original 

control (aa) 

FFM7remLOW 

(aa) 

FFM7remHIGH 

(aa) 

335 C 
(C: 77.9874, 

T: 22.0126) 
C NSP1 24 R (R, C) R 

1009 C C T NSP2 68 S S S 

3798 T T 
(G: 71.7268, 

T: 28.1433) 
NSP3 360 F F (F, C) 

4180 G G 
(G: 87.8939, 

T: 12.0869) 
NSP3 487 K K (K, N) 

4320 C C 
(C: 53.0214, 

T: 46.9618) 
NSP3 534 A A (A, V) 

5386 T 
(G: 67.5405, 

T: 32.4595) 
G NSP3 889 A A A 

6323 G 
(G: 68.9617, 

A: 31.0383) 
G NSP3 1202 E (E, K) E 

8097 C C 
(C: 86.8797, 

T: 13.0799) 
NSP3 1793 T T (T, I) 

8764 T T G NSP4 70 D D E 

12694 G G 
(A: 69.977, G: 

29.9959) 
NSP9 3 E E E 

12796 A A 
(A: 76.1811, 

G: 23.4402) 
NSP9 37 G G G 

13626 T 
(T: 85.0358, 

C: 14.9391) 

(C: 69.0219, 

T: 30.9313) 
NSP12 62 D D D 

14120 C C 
(C: 58.6855, 

T: 41.272) 
NSP12 227 P P (P, L) 

14408 T 
(T: 89.0866, 

C: 9.96441) 
T NSP12 323 L (L, P) L 

15699 C C 
(C: 62.4526, 

T: 37.4457) 
NSP12 753 F F F 

18555 C C 
(C: 66.766, T: 

33.1755) 
NSP14 172 D D D 

20915 G G 
(G: 84.4288, 

A: 15.5388) 
NSP16 86 R R R 
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21765 T 
(del: 68.9655, 

T: 31.0345) 

(T: 78.6009, 

del: 21.1187) 
Spike 68 I I I 

21766 A 
(del: 74.5763, 

A: 24.9153) 

(A: 76.0182, 

del: 23.3138) 
Spike 68 I I I 

21767 C 
(del: 74.4932, 

C: 25.5068) 

(C: 76.8336, 

del: 23.1179) 
Spike 69 H (del, H) (H, del) 

21768 A 
(del: 75.7732, 

A: 24.2268) 

(A: 76.0258, 

del: 23.6598) 
Spike 69 H (del, H) (H, del) 

21769 T 
(del: 75.1286, 

T: 24.8714) 

(T: 75.8322, 

del: 23.7017) 
Spike 69 H (del, H) (H, del) 

21770 G 
(del: 73.2441, 

G: a24.5819) 

(G: 74.247, 

del: 23.8286) 
Spike 70 V (del, V) (V, del) 

24712 G 
(G: 73.8287, 

T: 26.1347) 
G Spike 1050 M (M, I) M 

24872 G G 
(G: 66.3453, 

A: 33.6088) 
Spike 1104 V V (V, I) 

27502 T T G ORF7a 37 S S A 

28742 A A G N 157 I I V 

29891 A A 
(A: 85.7143, 

G: 14.2857) 
- - - - - 

29901 A n/a A - - - - - 

29902 A n/a A - - - - - 

29903 A n/a A - - - - - 

 

Supplementary Table 28. Nonsynonymous mutations in FFM3LOW and FFM3HIGH 

Position Original control Low High Protein Position (aa) 
Original control 

(aa) 
Low (aa) High (aa) 

21789 C 

T T 

Spike 76 T 

I I 

C C T T 

28649 A 

T T 

N 126 N 

Y Y 

A A N N 

 

Supplementary Table 29. Nonsynonymous mutations in FFM3remLOW and FFM3remHIGH. 
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Position Original control Low High Protein Position (aa) 
Original control 

(aa) 
Low (aa) High (aa) 

1001 G 

G G 

NSP2 66 E 

E E 

G A E K 

1104 T 

T T 

NSP2 100 I 

I I 

(C: 63.7076, 

T: 36.2924) 
C (I, T) T 

7321 C 

C C 

NSP3 1534 S 

S S 

G G R R 

13961 T 

T T 

NSP12 174 V 

V V 

(C: 56.9699, 

T: 42.9823) 
C (V, A) A 

14786 C 

C C 

NSP12 449 A 

A A 

(T: 51.1807, 

C: 47.5988, -: 

1.22048) 

T (V, A) V 

15451 G 

G G 

NSP12 671 G 

G G 

A A S S 

26541 A 

A A 

M 7 T 

T T 

A G T A 

29473 G 

G G 

N 400 L 

L L 

(T: 69.5636, 

G: 30.1135) 
T (F, L) F 

 

Supplementary Table 30. Nonsynonymous mutations in FFM7LOW and FFM7HIGH 

Position 
Original 

control 
Low High Protein Position (aa) 

Original_control 

(aa) 
Low (aa) High (aa) 

23271 C 

(T: 85.0681, 

C: 14.9319) 
T 

Spike 570 A 

(V, A) V 

C C A A 
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Supplementary Table 31. Nonsynonymous mutations in FFM7remLOW and FFM7remHIGH 

Position 
Original 

control 
Low High Protein Position (aa) 

Original_control 

(aa) 
Low (aa) High (aa) 

3768 C 

C C 

NSP3 350 T 

T T 

T T I I 

8764 T 

T T 

NSP4 70 D 

D D 

T G D E 

12459 C 

C C 

NSP8 123 T 

T T 

T T I I 

14786 C 

C C 

NSP12 449 A 

A A 

T T V V 

27502 T 

T T 

ORF7a 37 S 

S S 

T G S A 

28742 A 

A A 

N 157 I 

I I 

A G I V 

 


