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Identifying and Tracking the Evolution of Mutations in the SARS-CoV-2 Virus

Lavanya Venkatesan

ABSTRACT

SARS-CoV-2 is caused by a pathogenic and highly transmissible beta coronavirus
leading to severe infections in immuno-compromised individuals. This study first
evaluates the primers used in the Reverse Transcription Polymerase Chain Reaction (RT-
PCR) to detect SARS-CoV-2 by understanding how mutations might affect the primer
efficiency with the SARS-CoV-2 sequences. Mutations on the Spike protein of SARS-
CoV-2 are the most important as the spike protein mediates the viral entry into host cells.
This study tracks the course of mutations on the spike protein by focusing on the
haplogroups of the sequences across the world. A comprehensive database linking three
important, currently available databases is curated as part of this study to fill the gaps
caused by sequencing errors. Further, this study exploits the data generated by the
Illumina and Oxford Nanopore next generation sequencing methods to study the
evolution of mutations in a single Septuagenarian patient over an infection period of 102

days using the gene analysis software Geneious Prime.
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GENERAL AUDIENCE ABSTRACT

A novel corona virus named Severe Acute Respiratory Syndrome Corona Virus 2
(SARS-CoV-2) has taken down the entire world by causing Covid-19 pandemic. Initially
detected in Wuhan, China, the virus has now made its way to more than 200 countries
with a heavy death toll. Understanding the virus through mutation tracking has now
become the top priority of researchers. Most researchers depend on quality viral sequence
datasets to identify and track mutations. One aim of this study is to provide a
comprehensive dataset linking the GISAID (Global Initiative on Sharing All Influenza
Data), NCBI (National Center for Biological Information) and the SRA (Sequence Read
Archive) sequences. The dataset can be used for genome analysis and mutation tracking
which provides important insights for vaccine design and improving diagnostic assays.
This study provides an analysis of viral mutations in in the genomic regions targeted by
commonly used primers in the RT-PCR tests for SARS-CoV-2 that may affect the
efficiency of detection. This study also uses the haplogroup information of people across
the world to track widespread mutations on the S gene of SARS-CoV-2 as it may be
associated with increased transmissibility. To track the course of mutations in SARS-
CoV-2, it is important to analyze the sequencing data provided by next generation
sequencing methods. We present a case study to investigate the course of SARS-CoV-2
mutations in a single septuagenarian patient over a period of 102days using the Sequence
Read Archive (SRA) data generated by two Next Generation Sequencing methods and

compare the advantages that one has over the other.
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Chapter 1

INTRODUCTION

The severe acute respiratory coronavirus 2 (SARS- Cov-2) first emerged in
December 2019 in Wuhan, China, in a seafood market. The pathogenic virus is capable
of causing respiratory and intestinal infections both in animals and humans. SARS-CoV-
2 is said to have originated in bats and transmitted to humans via an unknown
intermediate host [1]. Morphologically, SARS-CoV-2 viruses are enveloped and contain
a non-segmented, positive sense single stranded ribonucleic acid (RNA).

The virus which spreads at a rapid rate is now a threat for most countries of the
world. The virus affects everyone but is deadliest in the older people with underlying
medical conditions or immunocompromised individuals. Masks and social distancing
were found to be one of the main ways to control the spread of the virus which is
transmitted through respiratory droplets when a person coughs or sneezes. Vaccine
design and diagnostic methods to detect and treat the Covid-19 has become one of the
most important projects for the scientists around the world.

Coronaviruses belong to the Coronaviridae family, the order Nirovirales and the
genus Coronavirus. Coronam being the latin for “crown”, the positive stranded RNA
virus appears with a crown like structure when observed under the electron microscope.
They are classified into four different genera, namely, Alphacoronavirus,
Betacoronavirus, Gammacoronavirus and Deltacoronavirus. To confirm that the causative
agent of COVID-19 is a Betacoronavirus, Chinese scientists sequenced the metagenomic
RNA from the virus isolated from bronchoalveolar lavage fluids of pneumonia patients

[2]. The isolated complete viral genome was found to be 29,903 nucleotides long and was



analyzed phylogenetically to reveal that it had 89.1% sequence similarity to a
Betacoronavirus isolated in China from bats previously [3]. This outbreak signifies the
fact that coronaviruses that infect animals can infect humans and then get transmitted
among the population by respiratory droplets from sneezing, coughing or talking. From a
sea food market in Wuhan, where the transmission first started, the virus has now made
its way all over the world.

The structure of SARs-CoV-2 genome has four main structural proteins- the spike
(S) glycoprotein, membrane (M) glycoprotein, the nucleocapsid (N) glycoprotein, and the
envelope (E) glycoprotein along with a number of accessory proteins. [4] The spike
glycoprotein is a trimeric protein with each monomer about 180 kDa, containing S1 and
S2 subunits. SARS-CoV-2 uses the spike glycoprotein to mediate membrane fusion and
viral entry into host cells. While the S1 subunit mediates the attachment, the S2 subunit
mediates the membrane fusion[5]. The most abundantly expressed M protein stabilizes
the nucleocapsid (N-protein- RNA complex) by binding to the N protein. Bound to the
nucleic acid component of the virus, the N protein is involved in processes like
replication cycle and host cell cellular response to viral infections in the viral genome. Of
all the major structural proteins, the E glycoprotein is the smallest with abundant
expression inside the infected cell, but in the virion envelope only a small portion of this
glycoprotein is incorporated[6].

As the number of cases around the world increased, it became very important to
have an organized record of the sequenced genomes for research. GISAID (Global
Initiative on Sharing All Influenza Data) made this possible by promoting the sharing of

all coronavirus data related to COVID-19. GISAID served as the public database that in



addition to providing the genetic sequence, provides us with the metadata that contains
the geographical information, clinical and epidemiological data [7]. The first Covid-19
sequence was submitted to the NCBI GenBank on January 5, 2020 by Dr.Yong-Zhen
Zhang and scientists from Fudan University, Shanghai and was first revealed publicly on
the internet on January 11, 2020 and one day later five additional sequences from across
China (Chinese CDC, Wuhan Institute of Virology and Chinese Academy of Medical
Sciences & Peking Union Medical College) were posted on the GISAID website [8]. This
provided the first dataset for the researchers around the world to start working on the
coronavirus.

Coincidentally, the spread of Covid-19 intensified as travel between cities was at
its peak in China during the beginning of the lunar New Year. From Wuhan, the novel
coronavirus spread to other cities in the Hubei province and subsequently to other parts of
China covering all of the 34 Chinese provinces in one month. Cases that were increasing
in hundreds everyday soon accelerated to thousands by January. On 30" January, the
novel coronavirus outbreak was declared as a public health emergency of International
concern by the World Health Organization (WHO)[9].

Based on the published viral genome sequence, US Centers for Disease Control
(CDC) and the World Health Organization (WHO) released a set of primers in January
2020[10] [11], which they deemed suitable for RT-PCR detection of SARS-CoV-2 viral
samples. In addition a Korean group published a paper in March 2020 where they
released a set of primers that they described to be suitable for an accurate and low-cost
RT-PCR [12]. The Korean protocol was later adopted by the Virginia Tech Schiffert

Health Center Molecular Diagnostics Laboratory[13].



This study begins by providing a detailed documentation of the suitability of the
CDC, WHO and Korean RT-PCR primers by aligning them with viral sequences and
analyzing them using a sequence analysis software named Geneious Prime to identify
emerging mutations that may affect detection efficiency. This study also provides an
account of the infamous D614G mutation in the viral spike S protein and provides a
comparison of datasets on SARS-CoV-2 that are currently available for public research.

In an effort to understand the viral quasi species, this study documents the course
of mutations in a septuagenarian patient affected by SARS-CoV-2. We have provided a
detailed description of the different mutations that occurred in the patient during a course
of 102 days. The next generation sequencing data provided by Illumina and Oxford
Nanopore sequencing technologies have been analyzed to provide an account of the
different mutations in the sequenced genome. As part of this study, we have compared
the two sequencing technologies to understand their advantages and disadvantages. To
give a better insight into the goals of the project, the specific aims of this research and

their importance are highlighted below.

Mutations in the RT-PCR primers:

Vaccine design and diagnostic methods to detect and treat COVID-19 became one
of the most important projects for scientists. In today’s world the classical detection
methods like immunoassays have been replaced by Real-Time Polymerase Chain
Reaction (RT-PCR). One of the most used methods to amplify a DNA of interest in
diagnostic testing is Polymerase Chain Reaction (PCR). A good PCR amplification
depends to a great extent on the choice of primers with the best priming efficiency.

Complementarity between primers and template is essential for a successful PCR and the



mismatches are the main reason for a reduced priming efficiency. Every mismatch,
irrespective of its location within the primer sequence, will result in a decreased thermal
stability of the primer- template duplex, thus potentially affecting PCR amplification.
Specificity is also an important characteristics when designing a primer because
mismatches between primer and the template sequences may result in biased results as
well as PCR failure [14][15].

RT-PCR has widespread applications in detecting viral infected human
specimens. Detection of HSV1 and HSV2 strains were made possible using RT-PCR
using TagMan probes and was very successful [16]. RT-PCR has also been instrumental
in studying the interactions a virus has with its host which has been a very useful
information when we think about designing vaccines in the case of COVID-19 [17]. Even
though the RT-PCR technique enables specific and quantifiable detection of the viral
genomes, the inherent genetic variability of the viruses makes it essential that the viral
variants are recognized by the primer sequences. For viruses to be efficiently amplified,
there is a need for primers that will accurately amplify the viral genomes containing
conserved nucleic acid sequences. For an oligonucleotide to be an efficient primer, there
are several important factors like association and dissociation Kinetics of the primer
template complexes at temperatures of annealing and extension [18][19].

This study will address the issue of efficiency problem of the CDC, WHO and
Korean primers by analyzing their mismatches with the template sequences arising from

mutations in the viral sequences using the sequence analysis software- Geneious Prime.



Mutation tracking in the S gene of SARS-CoV-2:

With the rapid increase in the number of cases, scientists were able to better
understand the mutations that emerge in the course of evolution of the virus. To
understand better viral detection, pathogenesis, and vaccination evasion, knowledge of
the mutation rate is very important as mutation rate is the ultimate source of genetic
variation [20].

Of the new mutations in the coronavirus genome, the most important ones are
those on the regions of genome that encoded the spike protein. SARS-CoV uses the Spike
(S) protein to enter the host cells and attaches its Receptor binding Domain (RBD) to the
ACE?2 protein on the cell surface [21]. One mutation that emerged early and quickly
became fixed in the S gene and was found across most of the SARS-CoV-2 genomes
sequenced around the world was the D614G mutation [22]. The viruses with the amino
acid change in their 614" position emerged dominant raising the question as to what this
meant for the Covid-19 pandemic.

Initially it was hypothesized that that the rapid spread of the D614G was
associated with increased infectivity. Later, studies confirmed that D614G mutation
causes increase in transmission by accumulation of the viral loads in the upper respiratory
tract of Covid-19 patients. In addition to this, the study minimized the role of D614G in
affecting vaccine efficacy and antibody therapies. According to an experiment, the
D614G variant resulted in higher infectious titers in the nasal washes and trachea but not
the lungs. Even though the study eliminates the possibility that D614G mutation

compromises the efficacy of vaccines, it says that viral transmissibility is increased. This



means that people infected by strains having the D614G mutation can spread the
infection at a higher rate [23].

In some of the newer variants like B.1.1.7, there are 17 mutations that result in
amino acid changes and 8 of these 17 mutations are present in the S gene that codes for
the spike protein of the virus, making the strain more infectious than the other strains of
SARS-CoV-2.[24] If the standard RT-PCR method that was used to identify the non-
mutated form of the virus is used to test for the B.1.1.7 variant, it might not detect the S
gene, resulting in a ‘S gene dropout’. But as the RT-PCR technique is designed to detect
the other regions of the virus (N gene, E gene, RARp gene, etc.,), the result of the RT-
PCR might still be positive indicating the presence of SARS-CoV-2. While this might not
be the perfect way to detect the B.1.1.7 variant, researchers are checking the samples with
S gene dropouts for this particular variant [25]. This signifies the importance of tracking
the mutations on the S gene and designing primers specific to the S gene of SARS-CoV-2
as it will help us identify the variants carrying these critical mutations accurately.

This study will provide review of the D614G mutation on S gene with an

emphasis on its origin and spread.

Analysis of the available datasets:

In our study, we tried to trace down to the first instance of D614G mutation to
understand its spread. We started to build a database consisting of 42,329 sequences
downloaded from GISAID out of which 34,987 sequences have the D614G mutation.
When we took a close look at the sequences in the database, many sequences are
incomplete or have sequencing errors. This problem can be potentially solved by linking

the complete sequences to the NCBI Nucleotide database and using the raw data obtained



from Illumina and Oxford Nanopore Sequencing in the NCBI SRA (Sequence Read
Archive) database.

Currently, the NCBI has an elaborate database of 155,200 Covid sequences [26].
In addition, NCBI has SRA (Sequence Read Archive) records that are short reads of
DNA sequencing data (typically fewer than 1,000 bases) for Covid genomes. This study
attempted to create a curated database that has the NCBI and SRA accession numbers
corresponding to accession numbers in the GISAID database. By doing this, we would be
able to provide a valuable dataset that has no ambiguity with respect to the sequencing
information. If a particular clade has poorly sequenced data in one database, the
researchers can look up for the equivalent sequence in the other two databases which will
provide them with the necessary information to carry out their research.
To achieve this, the basic BLAST operation was used to identify the equivalent NCBI
sequence for every GISAID sequence. Next, the metadata of the SRA sequences were
analyzed to assign them to the appropriate NCBI sequences. Finally, providing a
comprehensive table containing accession numbers from all three databases was one of
the main aims of this work. This effort would help to resolve issues related to poorly
sequenced data as it provides researchers with more than one platform that has access to

data.

Viral Quasi Species:

Viral quasi species refers to the population structure where closely related
genomes undergo a continuous process of genetic variation, competition, and selection.
Due to the lack of proofreading mechanisms in their RNA dependent RNA polymerases,

the replication mechanisms of positive, single stranded RNAs are prone to errors. These



errors result in the creation of genetically distinct genetic variations. This range of
mutations that have occurred in a gene or at a specific locus in a gene is referred to as
mutant spectra. These mutant spectra are the target of evolutionary events in RNA viral
populations. Viral cells have the innate ability to infect a particular cell, tissue or host
species referred to as cell tropism, tissue tropism and host tropism, respectively. The
mutant spectra is the starting point for important events like their ability to change their
cell tropism or host range in the biology of RNA viruses [27]. The target of evolutionary
events is usually the mutant spectra. Studies on mutant clouds give a good picture on the
role on RNA viruses in pathogenesis of viral infection and disease [28]. We observed this
phenomenon in the SARS-CoV-2 genome very early on when we analyzed the SRA data
of the illumina sequence of a strain from Wisconsin (SRA Study- SRR1114075) using
Geneious Prime.

In this project, we present a detailed case study of the evolution of mutations in a
patient affected by SARS-CoV-2. The case study details the course of mutations in a
septuagenarian patient using the raw data collected at 23 time points in 101 days [29].
The mutation frequencies of the different mutations that arise in the sequence data of the
viral genome are analyzed to provide an understanding about the course of mutations in

the patient.

Comparison of Next Generation Sequencing Methods:

The diagnostic method currently used in most of the labs to test the presence of
SARS-CoV-2 is RT-PCR. Although RT-PCR is an effective technique to give useful
information about the presence of the virus, the Next Generation Sequencing methods are

very useful in providing information the appearance of new mutations in the viral



genome and the presence of about co-infections of different strains or quasi-species. The
two most commonly used Next Generation Sequencing techniques are lllumina and
Oxford Nanopore sequencing. These techniques help to track the course of the pandemic
by helping us understand the transmission routes and help us keep up with the new
mutations that arise on the viral genome and ultimately help in tracking the rate of viral
evolution. Understanding these perspectives can help in designing therapeutics to combat
the pandemic.

In this study, we compare the Sequence Read Archive data generated by both
Oxford Nanopore and Illumina sequencing methods to track and understand the course of
evolution of the viral strain in a septuagenarian patient. In addition to giving interesting
results about the course of mutations in the patient, the study also helps to understand the
advantages that one next generation sequencing method has over the other.

We have used our initial findings as a tool to investigate this case study to understand the
possibility of one patient being infected by more than one strain. Our study compares the
Illumina and Oxford Nanopore raw data to reveal interesting information about the

course of mutations that developed in the patient.
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Chapter 2

MATERIALS AND METHODS
Methods for Evaluating Mutations in RT-PCR primers:
The coronavirus genomes used for analysis were downloaded from GISAID (Global
Initiative on Sharing All Influenza Data). 42,329 sequences downloaded from GISAID
were then integrated into a database using the command line operation “Makeblastdb”.
Makeblastdb, a part of the new blast+package from the NCBI is used to create a local
BLAST (Basic Local Alignment Search Tool) database from these FASTA files. Every
sequence is associated with a unique identifier which is the GISAID accession ID in this
case. For the command to be executed, the identifier should begin with a “>" symbol on
the definition line and should contain no spaces [30]. There are three parameters required
to complete a “Makeblastdb” command, namely, 1) “-in” where the location of the input
file containing all the nucleotide sequences in FASTA format should be provided, 2) -
out” where the name of the output file should be mentioned, and 3) “-dbtype” where the
type of the database i.e., the information for whether the database contains nucleotide or
protein sequences should be set. The output of this code gives a single database with all
the nucleotide sequences are present in FASTA format.

Our first goal of the project was to perform the BLAST operation between the
CDC (Center for Disease Control and Prevention), WHO (World Health Organization)
and Korean primers and probes with the sequences in the database to evaluate the
primers. BLAST is a tool that helps to find similar regions between a query nucleotide
sequence to the subject sequences in a database. NCBI (National Center for Biological

Information) offers a wide variety of BLAST algorithms that can be used against
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different databases. The default parameters used by BLAST can be customized to our
specific needs. BLAST is the best tool to evaluate the biological significance of an
alignment as it provides the statistical information for every alignment as ‘expect ratio’.
Given below are the list of CDC, WHO and Korean Forward and Reverse primers that
were analyzed for their priming efficiency. The CDC and Who primer sets also included
a Tagman Probe sequence to improve specificity. The Korean Primer design was based
on the SYBR green RT-PCR protocol and only require Forward and Reverse Primers.

List of CDC primers and probes

Table 1-CDC- N1 gene

Forward GAC CCC AAA ATC AGC GAA AT
Reverse TCT GGT TAC TGC CAG TTG AAT CTG
Probe ACC CCG CATTACGTT TGG TGG ACC

Table 2 — CDC- N2 gene

Forward TTA CAA ACATTG GCC GCA AA
Reverse GCG CGA CAT TCC GAA GAA
Probe ACA ATT TGC CCCCAGCGCTTC AG

List of WHO primers and probes

Table 3- WHO — N gene

Forward ACAGGTACGTTAATAGTTAATAGCGT
Reverse ATATTGCAGCAGTACGCACACA
Probe ACACTAGCCATCCTTACTGCGCTTCG

12



Table 4 — WHO - E gene

Forward CACATTGGCACCCGCAATC
Reverse ACTTCCTCAAGGAACAACATTGCCA
Probe GAGGAACGAGAAGAGGCTTG
Table 5- WHO — RdRp gene
Forward ATGAGCTTAGTCCTGTTG
Reverse CTCCCTTTGTTGTGTTGT
Probe AGATGTCTTGTGCTGCCGGTA

List of Korean primers and probes

Table 6- Korean Primers- E-1 gene

Forward

TTCGGAAGAGACAGGTACGTT

Reverse

CACACAATCGATGCGCAGTA

Table 7— Korean Primers- N-2 gene

Forward

GCTGCAATCGTGCTACAACT

Reverse

TGAACTGTTGCGACTACGTG

All the above primers were subjected to BLASTn with the 42,329 sequences in
our database to determine how many of these primers are an exact match (100% sequence
identity) to the sequences in the database and how many are non-exact matches (less than
100% sequence identity). This was done in an effort to understand which of the primers
would have the best priming efficiency and give rise to a minimal number of false

negative results.

The result of the power shell code used to perform a BLAST search of

13




the primer sequences which gave an output file with both exact and non-exact matches.
To reduce redundancies and scalability reasons (to reduce errors while working in huge
amounts of data), a Python script was used to separate the contents of the output into two
folders - one with sequences that were an exact match by matching the ‘%’ given in the
title and the other with sequences that are a non-exact match. Following this, the non-
exact match sequences were imported for analysis to Geneious Prime to understand their
mutations.

‘Map to Reference’ is a feature offered by Geneious Prime that helps to assemble
a sequence or a list of sequences to another. Once the alignment is done, Geneious Prime
will produce a contig containing the reference sequence at the top of the alignment and
all the other sequences listed below it. Each of the imported sequences is aligned to the
contig independently and then the pairwise alignments are combined to generate the
contig. There are several fine-tuning options available to increase the stringency of
consensus. The contig also generates a “Sequence Logo” plot that can give a graphical
representation of the consensus and diversity between the reference sequence and the
other sequences that have been aligned to the reference sequence [31]. By stacking
nucleotides on top of each other, the SeqlLogo plot gives the relative frequency of each
character with the height of each nucleotide proportional to its relative frequency. The
total height of the stacked nucleotides is determined by the information contained in that

position.

Methods to Analyze the Mutations on S gene of SARS-CoV-2:

For understanding the mutations present of the Spike protein of the SARS-CoV-2

genome, the S gene of the SARS-CoV-2 genome, between nucleotides 21563 to 25384
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was subjected to BLASTn with all the sequences in the database. Again, the result was a
single file containing the exact and non-exact matches. These matches were sorted using
the Python code and the non-exact matches were imported into Geneious Prime for
further analysis. The non-exact match sequences were mapped to the reference genome
(NC_045512.2) of SARS-CoV-2 sequence to identify new mutations on the spike protein
of the SARS-CoV-2 genome. To track down the first instance of the D614G mutation, all
the sequences that were non-exact matches to the S gene were sorted according to their
haplogroup. The metadata information for all the sequences on the GISAID database was
downloaded. Then, the metadata for the non-exact match sequences was extracted using a
Python script and imported to Microsoft Excel for analysis. These sequences were then
sorted according to their haplogroups and dates to understand if the D614G mutations

were predominantly present in a particular haplogroup.

Methods to integrate the NCBI, GISAID and SRA databases:

The two major repositories of SARS-CoV-2 sequences are NCBI and GISAID
databases. In many cases, the sequences or metadata downloaded from one of the two
databases would have sequencing errors or be incomplete. Finding the equivalent for a
sequence from one database in the other seemed to be the most logical way to approach
this problem. As this correlation was not readily available, an effort was made to create a
comprehensive table that contained the GISAID and SRA equivalent accession numbers
for sequences available on NCBI. Correlating SRA data with the NCBI and GISAID
accession numbers can be extremely beneficial as it helps to take a deeper look into the
course of mutations in the sequences by analyzing the raw data. A Python script was

developed to isolate the GISAID and SRA accession numbers available in the metadata
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information of the NCBI sequences was used to curate a table containing the most

comprehensive information.

Methods for Identifying Viral Quasi Species:

A case study to understand the course of mutations in a septuagenarian patient
infected with SARS-CoV-2 for 101 days [29] was performed. The Sequence Read
Archive data was obtained from the NCBI repository for both Illumina and Oxford
Nanopore Sequencing methods. Out of the 23 recorded time points, six time points were
chosen to analyze the raw data. The reads were uploaded to Geneious and mapped to the
reference genome of SARS-CoV-2. New mutations were observed to gradually appear in
the course of the infection. The mutation frequency for each mutation at each time point
was recorded to analyze the mutations. This helped to understand if the infection led to
the emergence of new quasi-species or was a result of a mixture of strains during the

course of the infection.

Methods to Identify the Advantages and Disadvantages of the Next Generation

Sequencing methods:

The SRA data containing the sequencing information generated by Illumina and Oxford
Nanopore Sequencing methods were uploaded to Geneious Prime for analysis. The raw
data reads were aligned to the reference genome for SARS-CoV-2 (NC_045512) for
analyzing the course of mutations present on SARS-CoV-2. The advantages and
disadvantages conferred by each method was understood by observing the alignment
between the SRA reads and the reference genome as good alignment gives an accurate

picture of the nature and course of mutations present.

16



Chapter 3
RESULTS
Results for primer design

The BLAST results showed there were a significant number of sequences that
were non-exact matches (less than 100% sequence identity) with the CDC, WHO and
Korean primer sequences. To investigate the mutations in the non-exact sequences, they
were analyzed using Geneious by aligning them with the primer sequences to find the
exact location and nature of the mutation. These results can be used to modify the primers
to keep up with the mutations on the SARS-CoV-2 genomes thereby helping prevent the
false negative results while performing RT-PCR to diagnose the presence of SARS-CoV-

2 in an individual.
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Table 8- Number of Exact and Non-Exact match Sequences for CDC, WHO and

Korean Primers

Name of Primer Total No. of Exact No. of non- Number of
Number | Sequences exact Missing
of Sequences Sequences
Sequen
cesin
Databas
e

N1-Forward-CDC 42329 42142 61 126

N1-Reverse-CDC 42329 41979 227 123

N1-Probe-CDC 42329 41367 857 105

N2-Forward-CDC 42329 42198 75 56

N2-Reverse-CDC 42329 42248 33 48

N2-Probe-CDC 42329 42100 148 81

E-Forward-WHO 42329 42295 12 22

E-Reverse- WHO 42329 42263 34 32

E-Probe-WHO 42329 42236 50 43

N-Forward-WHO 42329 42242 45 42

N-Reverse-WHO 42329 42113 132 84

N-Probe-WHO 42329 42111 132 86

RdRp-Forward-WHO | 42329 90 42199 40

RdRp-Reverse-WHO 42329 42164 120 45

RdRp-Probe-WHO 42329 120 42059 150

E1-Forward-Korean 42329 42198 46 85

E1-Reverse-Korean 42329 2 42096 231

N2-Forward-Korean 42329 42032 111 186

N2-Reverse-Korean 42329 42195 117 17

Having an account of the exact and non-exact matches (Table -8) might help in
evaluating the efficiency of the CDC, WHO and Korean primers. The primers with lower
number of non-exact matches will have a better priming efficiency than the others. The
table also shows the number of sequences that are missing meaning that they were not
able to be detected by the Python code. This might be because the sequences had ‘N’ or
gaps in the place of nucleotides or sometimes because of ambiguity in the accession
numbers of these sequences. A few sequences on GISAID website have gaps in the
accession numbers making it difficult to detect them. In addition to the number of non-

exact matches, it is also necessary to understand the nature of the mutations that cause the
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non-exact matches. The mutations might either occur in different regions of the primer or
they may be fixed in one position of the primer or maybe a combination of both. It is very
important to understand the nature of the mutations as having mutations in multiple

regions of the primer might make it less efficient.

CDC PRIMERS

Table 9 - Frequency of mutations in the non-exact match sequences for N-2 gene
(Forward) of CDC primers

S.No | Position Mutation Frequency
1 1 T-G 1
2 4 C-T 12
3 8 C-T 28
C-N 2
C-Y 1
4 19 AT 1
A-N 1
5 |12 G-K 1
G-N 1
6 13 G-T 1
7 14 C-T 2
C-N 1
8 15 C-S 1
9 16 G-T 22
G-S 1
G-R 1
G-N 1
G-K 1
10 |18 A-M 1
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Fig-1: Geneious analysis displaying the Seqglogo plot and mutations on N2-gene primer
(Forward) of CDC PRIMERS
From Table — 9, it can be seen that there are 3 mutations that are dominantly

present in the N2- gene primer (Forward) of CDC primers. Even though there are 3
mutations in this primer, they are not present in the same sequence and so they might not
be able to cause a sequence to be not detected by this primer. The SeqLogo plot (Fig-1)

clearly shows that the mutations in positions 4, 8 and 16 are widespread.

Table 10 - Frequency of mutations in the non-exact match sequences for E - gene
(Probe) of WHO primers
S.No | Position Mutation Frequency

2 C-T 1

7 G-N 1

9 C-T 38

13 C-T 1

14 T-Y 1

15 T-N 1

19 G-N 1
2
1
1

-

20 C-T
22 C-T
23 T-N
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Fig-2: Geneious analysis displaying the Seqlogo plot and mutations on E-gene (Probe) of
WHO.

According to Table 10, there is only one significant mutation (C-T) in position 9
that is present in 38 of the 50 non-exact match sequences making it one of the most
efficient probes. This can be verified from the SeqLogo plot displaying the dominant
mutation that is present across sequences in position 9.1

KOREAN PRIMERS

Table 11 - Frequency of mutations in the non-exact match sequences for E1 - gene
(Reverse) of Korean Primers

S.No | Position Mutation Frequency
1 1 C-T

C-G

2 |2 A-T

A-W
3 C-A
4 A-T
5

6

C-G
A-C
A-G
A-T
7 |7 A-C
A-T
8 |8 T-C
T-A
9 |9 C-A

[exR [ &2 AN b

RIR NN RIR (R RPN R (RPN




10 10 G-T
11 11 A-R
12 12 T-A 42068

13 [13 G-A

14 14 C-A
15 16 C-A

16 |17 A-C

17 |18 G-T

18 [19 T-G

19 [20 A-C

RlIRRNRIN R R RPN R R R, N

Fig-3: Geneious analysis displaying the Seqglogo plot and mutations on E1-gene
(Reverse) of Korean Primer

Even though there are 19 mutations present in the E-1 gene (Reverse) of Korean
primers, there is only one significant mutation in position 12. All the other mutations
must be sequencing errors as they do not show up in significant numbers across

sequences. This shows the importance of recording the frequency of mutations and the
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SeqLogo plot. Even though this primer has 42096 non-exact matches, 42068 of those are
fixed in position 12. This means that in spite of the large number of the non-exact

matches, this primer might still be one of the more efficient primers for RT-PCR.

Results for S gene mutation tracking:

The S gene of SARS-CoV-2 is 3,499 nucleotides long. A BLAST search was
performed against the database of 42,329 SARS-CoV-2 sequences obtained from
GISAID. There were 34987 sequences that were non-exact matches (less than 100%
sequence identity). These sequences were analyzed further by aligning them with the S
gene sequence in Geneious to reveal that most of these non-exact matches contained the

D614G mutation.

Table 12 - Frequency of mutations in the non-exact match sequences for S gene of
SARS-Cov-2

Total Number of No. of Exact No. of non-exact Number of Missing
Sequences in Sequences Sequences Sequences
Database

42329 7029 34987 313

It was very interesting to note that most of the non-exact match sequences had the
D614G mutation in the S gene. The strains carrying the D614G variant were proven to be
associated with increased transmissibility. This made it important to understand the
course of the mutation and trace back to the first instance of the mutation by analyzing
the haplogroups of the mutation. Tracking the haplogroups of the infected people can
help track the mutations. Analyzing the haplogroups of the non-exact match sequences

can help us determine how many of these sequences contain the D614G mutation, as all
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the sequences bearing this variant must belong to the same haplogroup. ‘Clade’ and
‘Pangolin Lineage’ in Fig-4 contain the information for haplogroups of the non-exact
match sequences. All sequences belonging to Clade ‘G’ or Pangolin Lineage ‘B’ are the
sequences containing the D614G mutation. Of the 34987 sequences that were not an
exact match to the S gene, 30,337 sequences belonged to the clade G meaning that they
belonged to the D614G variant. We traced back the first instance to a male patient from
Germany which was discovered on 31% January 2020 (EPI_ISL_406862). The
comprehensive table containing the list of haplogroups for all the sequences in the

database containing the D614G mutation can be found here.

Clade |¥| Country of origin | ~|Gisaid Accessior ~ | Pangolin lin¢ ~ | Region exposuré = | Country Exposur ~ | Length| v [Host |~ |Age |+ |Sex |~ |Date Submitt ~

G Germany EPI_ISL_406362 B Europe Germany 29782 Human 2 Male 1/31/2020 0:00
GR Germany EPI_ISL_412912  B.L.1 Europe Italy 29756 Human  ? ? 2/28/2020 0:00
G Brazil B.1 Europe Italy 29890 Human 61 Male 2/28/2020 0:00
G Finland 1_ISL_: B.1 Europe Italy 29776 Human 24 Female 3/1/2020 0:00
GR Mexico EPI_ISL 412972  B.L1 Europe taly 29902 Human 35 Male 2/1/2020 0:00
G Italy EPIISL 412973  B.1 Europe Italy 25503 Human 38 Male 3/1/2020 0:00
GR Switzerland EPI_ISL_413020  B.1.1 Europe Switzerland 29864 Human 37 Male 3/3/2020 0:00
GR Switzerland EPI_ISL_413021  B.1L.1 Europe Switzerland 29875 Human 25 Male 3/3/2020 0:00
GR Switzerland B.11 Europe Italy 29845 Human 27 Male 3/3/2020 0:00
GR Switzerland B.11 Europe Italy 29788 Human 26 Female 3/3/2020 0:00
GR switzerland B.L1 Europe switzerland 29871 Human 20 Male 2/3/2020 0:00
GR United Kingdom B.11 Europe Italy 25782 Human 51 Male 3/4/2020 0:00
G Italy B.1 Europe Italy 29887 Human 38 Female 3/5/2020 0:00
GR Nigeria B.L1 Europe Italy 29759 Human ? Male 3/6/2020 0:00
G United Kingdom B.1 Europe Italy 29782 Human 57 Male 3/7/2020 0:00
GR United Kingdom B.1.1.1 Europe Italy 29782 Human 26 Male 3/7/2020 0:00
GR Netherlands B.1.1 Europe Italy 29702 Human ? ? 2/7/2020 0:00
G Netherlands B.1 Europe Netherlands 29786 Human  ? ? 3/7/2020 0:00
GR Netherlands B.1.1 Europe Italy 25786 Human  ? ? 3/7/2020 0:00
GR Netherlands B.L1 Europe Netherlands 29786 Human  ? ? 3/7/2020 0:00
GR Netherlands 1_ISL_ B.11 Europe Netherlands 29786 Human  ? ? 3/7/2020 0:00
GH Netherlands EPI_ISL 413572  B.1 Europe Netherlands 29786 Human 7 ? 3/7/2020 0:00
GR Netherlands EPI_ISL_ 413574  B.L1 Europe Netherlands 29786 Human 2 ? 2/7/2020 0:00
G Netherlands EPI_ISL 413575  B.1 Europe Netherlands 29786 Human  ? ? 3/7/2020 0:00
GR Netherlands EPI_ISL_413579  B.1L1 Europe Netherlands 29786 Human 2 ? 3/7/2020 0:00
GR Netherlands EPI_ISL_413584  B.L.1 Europe Netherlands 29786 Human  ? ? 3/7/2020 0:00
GR Netherlands EPI_ISL_413587  B.1L.1 Europe Netherlands 29786 Human  ? ? 3/7/2020 0:00
G Netherlands EPI_ISL 413588  B.1 Europe Netherlands 29786 Human 7 ? 3/7/2020 0:00
G Netherlands EPI_ISL 413589  B.1 Europe Netherlands 29786 Human 2 ? 2/7/2020 0:00
G Netherlands EPI_ISL 413591  B.1 Europe Netherlands 29786 Human  ? ? 3/7/2020 0:00
GH Taiwan EPI_ISL_413592  B.1 Europe Italy 29870 Human 66 Female 3/7/2020 0:00
G Luxembourg EPI_ISL_413593  B.LS5 Europe Italy 29786 Human  ? ? 3/7/2020 0:00
G Finland EPI_ISL_413602  B.1 Europe Italy 29808 Human 40 Male 3/8/2020 0:00
GR Finland EPI_ISL_ 413604  B.L.1 Europe Italy 29777 Human 59 Male 3/8/2020 0:00
GR portugal EPI_ISL_ 412647  B.L1 Europe taly 29885 Human 60 Male 2/9/2020 0:00
G Portugal EPI_ISL 413648  B.1.74 Europe Portugal 29837 Human 33 Male 3/9/2020 0:00
G Switzerland EPI_ISL_413936  B.1 Europe Switzerland 29872 Human 70 Male 3/10/2020 0:00

Fig-4: Clade and Haplogroup data for non-exact match sequences of S gene of SARS-
COV-2

Results for Database Comparison

On 11/18/2020, the NCBI database containing 41,861 sequences and the GISAID
database containing 42329 sequences were BLASTed against each other to get an

account of the sequences that are there in both the databases, but with their different
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accession numbers. The BLAST output displays the query sequence from NCBI with its
equivalent GISAID sequence. Further the NCBI sequences may be linked to their
respective SRA accessions by using the metadata information available on the SRA
website. In this way, the GISAID and NCBI accessions can be mapped to the SRA
accessions which will help improve the data quality by filling in the gaps in cases of

improperly sequenced data.

Table 13 — Number of Sequences in the GISAID, NCBI and SRA databases used for
analysis
GISAID NCBI SRA
42329 41861 113217

Query= MN938384.1 |Severe acute respiratory syndrome coronavirus 2 isolate
2019-nCoV_HKU-52-002a_2020, complete genome|China

Length=29838

Score  Total Query E Max
Sequences producing significant alignments: (Bits) Score cover Value Ident

hCoV-19/Shenzhen/HKU-52-002/2020 |EPI_ISL 406030/2020-01-10 59644 59044 100% 0.0 100%

Query= MN975262.1 |Severe acute respiratory syndrome coronavirus 2 isolate
2019-nCoV_HKU-5Z-005kb_2020, complete genome|China

Length=29891

Score Total Query E Max
Sequences producing significant alignments: (Bits) Score cover Value Ident
hCoV-19/Shenzhen/HKU-52-005/2020 |EPI_ISL_405839|2020-01-11 59750 59750 100% 0.0 100%

Query= MN908947.3 |Severe acute respiratory syndrome coronavirus 2 isolate
Wuhan-Hu-1, complete genome|China

Length=29903

Score Total Query E Max
Sequences producing significant alignments: (Bits) Score cover Value Ident
hCoV-19/Wuhan/Hu-1/2019|EPT_ISL 402125]2019-12-31 59774 59774 100% 0.0 100%

Fig - 5: Result of performing a BLAST comparison between the GISAID and NCBI
database

Figure 5 shows some examples of the BLAST code that displays the equivalent
GISAID accession number for the NCBI accession numbers. While this method

confirmed the presence of equivalent sequences in the two databases, there were only a
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very few instances with clear results like the ones mentioned in Fig-5. One of the main
problems associated with the method was the presence of gaps and ‘N’ in the sequences
from GISAID database that gave rise to multiple hits when a BLAST search was
performed with the NCBI sequences. Another problem was the lack of clarity in a few
accession numbers for sequences in the GISAID website. There were sequences that
contained ‘hyphens’ or ‘dots’ in places of numbers making it tough to assign those
sequences to a particular sequence on the NCBI database. Because of these problems, the
BLAST method did not work very well and so we used a Python script to analyze the
metadata of the SRA sequences to link the databases.

To obtain the equivalent SRA accession humbers, the metadata for all the
sequences on the SRA database was analyzed using a Python script to check for NCBI
and GISAID accession numbers associated with the SRA accession numbers. As
providing the accession numbers are up to the user’s discretion while uploading the SRA
data on NCBI website, it was not possible to find the equivalent SRA accession numbers
for most sequences. However, we curated a table containing the metadata for all the

available sequences which can be found here.

Run AvgSpot BioProject Instrument  Organism Platformr ReleaseDa geo_loc_name_ Collection_Date SRA_accessior Host Genbank_ Gisaid_id

SRR12245326 492 PRINA631061 Illumina MiSeq SARS-CoV-2 Illumina 7/17/2020 USA:CA 3/15/2020 SRP267191 Homo sapiens MT614462EPI_ISL_429807
SRR12245319 493 PRINAG631061 Illumina MiSeq SARS-CoV-2Illumina 7/17/2020 USA:CA 3/15/2020 SRP267191 Homo sapiens MT614468 EPT_ISL_413455
SRR12245309 496 PRINAG31061 Tllumina MiSeq SARS-CoV-2 Illamina 7/17/2020 USA: MA 3/14/2020 SRP267191 Homo sapiensMT614477EPI_ISL_427515
SRR12245305 298 PRINAG631061 Illumina MiSeq SARS-CoV-2 Illumma 7/17/2020 USA: MA 3/15/2020 SRP267191 Homo sapiens MT614481 EPI ISL 416491
SRR12245304 493 PRINA631061 Illumina MiSeq SARS-CoV-2 Illumina 7/17/2020 USA: MA 3/15/2020 SRP267191 Homo sapiens MT614482EPI_ISL_417878
SRR12245293 492 PRINA631061 Illumina MiSeq SARS-CoV-2Illumina 7/17/2020 USA: MA 3/15/2020 SRP267191 Homo sapiens MT614492 EPI_ISL_416661

Fig - 6: Mapping SRA, NCBI and GISAID accession numbers
By using the metadata of the SRA sequences, 944 GISAID sequences were linked to the
SRA accession numbers and 4547 NCBI accession numbers were linked to the SRA

accession numbers. The only reason for such limited number of sequences being linked is
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that NCBI does not require the researchers who submit their SRAs to mention the
corresponding NCBI accession. The lack of this information makes it impossible to link

all the NCBI sequences to corresponding SRA and GISAID sequences.

Results for Viral Quasi Species

The Illumina and Oxford Nanopore sequencing data was analyzed to understand
the course of mutations in a septuagenarian patient affected by SARS-CoV-2 [29]. This
was done in an effort to understand if the patient was affected by a single strain of SARS-
CoV-2 or if the infection was caused by a mixture of strains. The sequencing data was
uploaded to Geneious Prime and the frequency of mutations relative to the SARS-CoV-2
Reference Genome (NC_045512) were recorded for both Illumina and Oxford Nanopore
data which can be found here. There was a total of 62 mutations, some of which were
fixed right from the first time point, a few others on the course of getting fixed with a
gradual increase in the number of mutations between one time point and the next. There
were also a few mutations that showed up suddenly in the final two time points.

We will focus primarily on the mutations clearly identified using the Illumina
sequencing data. First, there were 11 mutations between nucleotides 21600-25033 located
in the S gene. In the 23403 position of the nucleotide, we can see the dominance of the
infamous D614G mutation. Other than that, the mutation at 23731 position of the

nucleotide also appears to be a fixed mutation.
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Fig - 7: List of mutations in the S gene

In addition to the two fixed S gene mutations, there were mutations in positions

241 (C to T), 1620 (A to G), 3037(C to T), 4002 (C to T), 6604 (A to G), 10097(G to A),

13236 (C to T), 14408 (C to T), 27059(C to T), 28881(G to A), 28882 (G to C), and

28883(G to T) that all appeared to be fixed in the SARS-CoV-2 sequences taken at six

time points from the patient as shown in Fig. 7.

There are a few mutations that are in the course of getting fixed by gradually

increasing in numbers between one point and the next as shown in Fig. 8. In addition to

this, there are a few mutations that suddenly appear in the final two time points and

dominate the other bases at the last time point. There are also a few cases shown in Fig.

10 where mutations that were initially dominant appear to disappear or gradually

diminish.
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Fig - 8: List of fixed mutations in six different time-points in the Illumina Sequencing
data
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Fig - 9: List of mutations that show a gradual increase indicating that they maybe in the
course of getting fixed in the six different time-points in the Illumina Sequencing data
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Fig - 11: List of mutations that are initially fixed but disappear at later time points

In order to identify the viral quasi species and to find whether a mixture of strains have

infected the patient [29], the course of the mutations were tracked. The mutations were

divided into four categories- 1) Mutations that are fixed from the first time point (Fig —

8), 2) Mutations that showed a gradual increase from the earlier time points to the final

time points indicating that they maybe in the course of getting fixed (Fig — 9),

3)Mutations that emerge suddenly in the final time points which were not present in the

parent strain in the earlier time points (Fig — 10), 4) Mutations that are initially fixed in

the parent strain but disappear or diminish in the subsequent time points. Certain time
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points contain zero indicating that there was no data available to analyze in those time

points.

Results for Next Generation Sequencing

Of the two next generation sequencing techniques used for the longitudinal case
study above, Illumina was better as the data was clear which made the analysis easy. The
long reads of Oxford Nanopore sequences made it difficult for importing them into
Geneious Prime. The Illumina sequences aligned in a better way compared to the

Nanopore sequences making the analysis easier.
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Fig. 12: Geneious plot showing Illumina reads of the time point 7/5/2020 between
nucleotides 23717 and 23739
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Fig. 13: Geneious plot showing Oxford Nanopore reads of the time point 7/5/2020
between nucleotides 23717 and 23739

Clarity of data is one of the key factors that helps in analysis and interpretation of data.
While the fixed mutation (C to T) in position 23732 (Fig — 12) can be very clearly
identified using the lllumina data assembled using Geneious Prime, the Oxford Nanopore
data does not give a clear picture. While it looks like there is a C-T mutation in position
23731 (Fig — 13), it is not clear and evident as the reads have not assembled well with the
reference sequence for SARS-CoV-2. The original study that analyzed the patient data
for specific variants using Oxford Nanopore and Illumina sequencing technologies has
concluded that the Oxford Nanopore technology is not suitable for detecting minority

variants.



Chapter 4

DISCUSSION

Nucleic acid-based assays depend on efficient hybridization between the target sequence
and the primers. Whenever there is a mismatch between the primer and template
sequences, it might affect the efficiency of the PCR reaction by affecting the stability of
the duplex and by affecting the extent to which amplification occurs in a reaction.
Primers are designed for efficient amplification of different regions of the SARS-CoV-2
genome. The available primers for SARS-CoV-2 target the various genes coding for the
nucleocapsid protein, the envelope protein, the membrane protein, etc., that can reveal
key information about the viral genome. It has been documented that generally, for
diagnostic assays for influenza and other viral strains, achieving a complete
complementarity of the primer and probe sets with the template sequence is complicated
[32]. There have been documented results to show that between two to four mismatches
in the primer template pairs do not have a considerable impact on the RT-PCR. But, if the
number of mismatches is between five and six, the PCR product yield would reduce in
comparison to the homologous template [12]. In our study, we have analyzed the CDC,
WHO and Korean primers to understand their priming efficiency. All three groups of
primers have shown the presence of both transition and transversion mutations when they
were aligned with 42329 SARS-CoV-2 sequences. If we consider the N1 and N2 CDC
primers and probes, the N1 primer has 61 non-exact matches in the forward primer, 227
non-exact matches in the reverse primer and 857 non-exact matches in the probe. The N2
primer on the other hand has only 75, 33 and 148 non-exact matches for the forward

primer, reverse primer and probe respectively making it a better primer than the N1-
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CDC primer. When we observe the SegLogo plot of the N2-CDC primer (Fig — 1), itis
seen that there are 3 mutations fixed across the primer giving rise to the 75 non-exact
sequences that were detected. Whenever the primer has more than two mismatches, the
priming efficiency may reduce depending on the nature of the mutations. So, instead of
just taking into account the number of non-exact matches, it is very important to analyze
the SeqLogo plots to understand the nature and spread of the mutation, which reveals
important details about the priming efficiency. In addition to the N1 and N2 primers, the
CDC initially had N3 primers and probes. which showed the maximum number of non-
exact matches during our initial analysis. In our initial analysis it had the greatest number
of non-exact matches with 41910, 42216 and 42278 non-exact matches for the forward
primer, reverse primer and probe respectively (data not shown). It was therefore not
surprising that the CDC soon removed the N3 primers and probes from their website
confirming that they showed a large number of primer-template mismatches. Overall, the
WHO primers showed much better results than the CDC and Korean primers with respect
to the number of mismatches. This might be because the researchers considered more
conserved regions during primer design. Among the WHO primers, the E gene primers
have 12, 34 and 50 non-exact matches for the forward primer, reverse primer and probe
respectively making it one of the best primers of all the commercially available primers.
When we take a look at the Seglogo plot of the E- gene probe (Fig — 2) of WHO, we
observe that even though there are 35 sequences that are non-exact matches, the mutation
is significantly observed only in one location. As the mutations are not spread across
different locations in the primer, it might not have a poor priming efficiency. One of the

most important reasons for analyzing the Korean primers is that they are currently being
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used by Virginia Tech to carry out RT-PCR. These primers have also been used in the
State of Virginia initiative to develop a scalable and versatile test for diagnosing COVID-
19 in rural communities using RT-PCR in collaboration with Virginia Tech [13]. It is
notable that the Korean primer for E gene has a mutation fixed in 42096 (Fig — 3)
sequences in the reverse primer. Even though this mutation gives a very high number of
non-exact matches, the primer seems to not have many mutations apart from this making
it efficient.

Investigating and tracking the mutations on the S gene is specifically important
because the spike glycoprotein is used by SARS-CoV-2 to enter the host cells and attach
to the ACE2(Angiotensin Converting enzyme 2) protein on the cell surface. A very
common approach to track mutations is using the haplogroups of the people infected. The
haplogroup table can help us find the first instance of the mutation and trace its spread to
understand the course of the mutation. With our analysis, we have discovered that 34,987
out of the 42,329 sequences in the database carry mutations on S gene. In an effort to find
the number of sequences bearing the D614G variant out of the 34,987 sequences, we
investigated the haplogroup of all the mismatches. The analysis revealed that 30337 that
belonged to clade G in the haplogroup table contained the D614G variant. To understand
further the spread of this variant, we examined the first instance of the D614G variant of
the SARS-CoV-2 and traced it back to the sequenced genome of a male patient from
Germany that was submitted on 31% January 2020 (EPI_ISL_406862).

One of the common problems encountered during analyzing the sequencing data
is the lack of clarity in the data as many sequences have gaps and sequencing errors at

certain nucleotide positions that are critical for analysis. There have been cases with
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ambiguity in the accession numbers of sequences when they were downloaded from
GISAID with portions of the six-digit accession numbers being replaced by dots (.) or
hyphens (-). So, it became very important to find a way to link equivalent sequences
present in different databases like NCBI, GISAID and SRA. One major problem
encountered while linking the databases was the non-availability of certain important
information in the metadata as they were user- defined. For example, NCBI did not
require the users who submitted SRA data to submit the NCBI accession humbers
corresponding to the sequence. While a few of the users submitted this information, most
of the entries did not contain the NCBI accession numbers making it very difficult to link
the data. Initially we tried to BLAST the GISAID and NCBI databases together to find
the equivalent sequences (Fig - 5). While this helped to find a few sequences, there was a
problem with improperly sequenced data with large number of bases containing gaps or
‘N’. So, we chose to analyze the metadata of all the sequences available for the SRA
sequences which contained the information for NCBI and GISAID accession numbers in
an effort to link the databases. Again, we encountered the problem that the user-defined
data did not contain complete metadata information. We were successful in finding the
accession numbers in all three databases for a few sequences (Fig — 6) but mostly we
were able to link the SRA to either GISAID or NCBI accession numbers depending on
the one mentioned in the user-defined metadata. This comprehensive database can be
very useful as analyzing the metadata is the most efficient method to understand the
course of mutations in a patient.

In an effort to identify viral quasi species in SARS-CoV-2 and to answer the

question of whether a mixture of strains can affect an individual, we tracked the course of
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mutations in a septuagenarian patient affected by SARS-CoV-2 [29]. We identified 11
mutations in the S gene of the patient of which one was the D614G mutation. The data
reveals that there are multiple mutations in the S gene and in other genes of the patient
that are in the course of getting fixed. Fixed mutations are those mutations that are
present in most of the reads of the Next Generation sequencing data when they are
mapped to the reference genome of SARS-CoV-2 (NC_045512). In addition to the 13
fixed mutations in the Illumina sequencing data found in the viral genome (Fig-7), there
were a few mutations that were in the course of getting fixed (Fig - 8). These mutations
have mostly not been present in the first time point at which the viral genome was
sequenced but are present in subsequent time points indicating that they may be
mutations that arose after the patient were admitted in the hospital. There are also some
mutations that arose in some of the final time points at which the viral genome was
sequenced before the patient passed away (Fig — 9). Analyzing the raw data gave rise to
the understanding of the sudden spike of certain mutations and the mutations that
gradually increased but were not present initially when the patient was admitted. These
mutations might not belong to the original parent strain that infected the patient. There
are also some mutations that were initially present in a high number in the sequencing
data from the first time point at which the viral genome was sequenced but diminish
quickly or even disappear in certain cases (Fig — 10). These maybe cases where another
strain without the mutations might have infected the individual.

The raw data generated by two sequencing methods, namely the Illumina and
Oxford Nanopore sequencing methods were analyzed to understand the course of

mutations in the patient infected with SARS-CoV-2. We identified that the reads
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generated by Illumina were easier to align and had a better alignment when compared to
the Oxford Nanopore data. The Oxford Nanopore data did not align with the reference
genome of SARS-CoV-2 accurately in Geneious leading to many reads showing
mutations in places where they would otherwise not. The original study concluded that
the Illumina sequencing technology was better than Oxford Nanopore technology in
detecting all the variants as the Oxford Nanopore technology was not suitable for
detecting minority variants. The original study speculates the presence of ‘spatially
distinct viral populations’ as both population-genetic and small-animal studies have
shown the lack of reassortment between influenza virus within a single host during an
infection. [29]. This is in accordance with our study as we identified mutations that
appeared suddenly in the final time points and we also saw the loss of mutations that

were fixed in the initial parent strain.
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Chapter 6

APPENDIX

1. Mutations in the RT-PCR primers

Table 14- Exact and Non-exact matches for the N1-gene (Forward primer) of CDC

Total Number of | No. of Exact|No. of non-exact | Number of Missing
Sequences in Database | Sequences Sequences Sequences
42329 42142 61 126

Table 15- Frequency of mutations in the non-exact match sequences for N-1 gene
(Forward primer) of CDC

S.No | Position Mutation Frequency
1 3 C-A 4
C-T 2
C-Y 2
2 |4 C-T 7
C-Y 2
3 |5 C-A 2
C-T 7
C-Y 1
4 |6 C-A 4
C-N 1
C-M 1
5 7 A-G 3
6 8 A-C 1
7 14 G-T 2
G-R 2
G-K 1
8 15 C-Y 1
9 16 G-R 1
10 17 A-T 1
A-R 1
A-N 1

Table 16 - Exact and Non-exact matches for the N1-gene (Reverse primer) of CDC

Total Number  of

Sequences in Database

No. of

Sequences

Exact

No. of non-exact

Sequences

Number of Missing

Sequences
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42329 41979 227 123

Table 17 - Frequency of mutations in the non-exact match sequences for N-1 gene (Reverse
primer) of CDC

S.No | Position Mutation Frequency
1 3 T-C 5
T-A 1
2 4 G-C 8
3 5 G-A 1
G-T 1
4 |6 T-Y 1
T-N 1
5 7 T-A 1
6 9 C-A 2
7 10 T-N 1
8 11 G-A 1
9 12 C-A 2
CT 1
10 |13 C-A 3
11 |14 CT 1
12 |15 G-A 12
G-T 39
G-R 1
13 [16 T-C 2
T-Y 1
T-W 1
T-N 2
14 |17 T-N 1
15 [18 G-A 5
G-T 1
16 |19 A-G 1
A-T 1
17 |20 A-T 1
18 |21 T-C 114
T-Y 4
T-N 3
19 |22 C-A 5
c-Y 1
C-N 1
C-M 2
20 |23 T-Y 1
T-W 1
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Table 18 - Exact and Non-exact matches for the N1-gene (Probe) of CDC

Total Number of No. of Exact No. of non-exact Number of Missing
Sequences in Database | Sequences Sequences Sequences
42329 41367 857 105

Table 19- Frequency of mutations in the non-exact match sequences for N-1 gene (Probe) of
CDC

S.No | Position Mutation Frequency
1 1 A-N 1
2 2 c-Y 4
C-N 1
3 |3 C-T 707
c-Y 27
C-N 5
4 |4 C-T 1
c-Y 1
5 |5 C-A 2
CT 2
c-Y 1
6 |6 G-A 3
G-T 6
G-N 1
7 |7 CT 3
c-Y 2
8 |8 A-C 1
A-R 1
9 |9 T-C 4
T-G 2
10 |11 A-G 2
11 |12 CT 4
c-Y 3
12 [13 G-A 12
G-T 3
G-R 1
G-N 1
G-K 1
13 |14 T-A 2
14 |17 G-T 19
G-A 1
G-K 3
15 [18 G-T 20
G-K 2
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16 19 T-A 2
17 20 G-A 6
G-C 1
18 |21 G-T 8
G-A 3
19 22 A-G 1
20 23 C-Y 1
Table 20 - Exact and Non-exact matches for the N2-gene (Reverse) of CDC
Total Number of No. of Exact No. of non-exact Number of Missing
Sequences in Database | Sequences Sequences Sequences
42329 42248 33 48

Table 21 - Frequency of mutations in the non-exact match sequences for N-2 gene (Reverse)
of CDC

S.No | Position Mutation Frequency
1 4 C-M 3
2 6 A-R 1
3 7 C-A 1
C-N 1
4 9 T-N 1
5 10 T-C 1
6 11 C-T 1
7 12 C-S 1
C-N 2
8 13 G-A 17
G-R 2
G-N 1
9 18 G-R 1
Table 22 - Exact and Non-exact matches for the N2-gene (Probe) of CDC
Total Number of No. of Exact No. of non-exact Number of Missing
Sequences in Database | Sequences Sequences Sequences
42329 42100 148 81

Table 23 - Frequency of mutations in the non-exact match sequences for N-2 gene (Probe)
of CDC
| S.No | Position | Mutation | Frequency |
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Table 24 - Exact and Non-exact matches for the E- gene (Forward) of WHO

Total Number of | No. of Exact|No. of non-exact | Number of Missing
Sequences in Database | Sequences Sequences Sequences
42329 42295 12 22

Table 25 - Frequency of mutations in the non-exact match sequences for E - gene

(Forward) of WHO
S.No | Position Mutation Frequency
1 4 G-K 1
2 5 G-N 1
G-T 1
3 6 T-C 1
4 7 A-G 1
5 10 T-Y 1
6 11 A-G 1
7 16 G-K 1
8 17 T-N 1
9 18 T-W 1
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10 19 A-N 1
11 20 A-N 1
12 21 T-W 1
13 24 C-M 1

Table 26 - Exact and Non-exact matches for the E- gene (Reverse) of WHO
Total Number of | No. of Exact|No. of non-exact | Number of Missing

Sequences in Database | Sequences Sequences Sequences

42329 42263 34 32

Table 27 - Frequency of mutations in the non-exact match sequences for E - gene (Reverse)
of WHO

S.No | Position Mutation Frequency
1 5 T-N 1
2 6 G-A 3
G-N 1
3 |9 G-C 1
G-A 1
4 |10 C-G 1
C-M 1
5 11 A-N 1
6 12 G-A 10
7 14 T-R 1
T-N 1
8 15 C-Y 1
9 16 G-A 2
G-S 1
G-K 1
10 17 C-A 3
11 18 A-W 1
12 19 C-N 1

Table 28 - Exact and Non-exact matches for the E- gene (Probe) of WHO
Total Number of | No. of Exact|No. of non-exact | Number of Missing

Sequences in Database | Sequences Sequences Sequences

42329 42236 50 43
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Table 29 - Frequency of mutations in the non-exact match sequences for E - gene (Probe) of

WHO

S.No | Position Mutation Frequency
1 2 C-T 1
2 7 G-N 1
3 9 C-T 38
4 13 C-T 1
5 14 T-Y 1
6 15 T-N 1
7 19 G-N 1
8 20 C-T 2
9 22 C-T 1
10 23 T-N 1
11 24 T-Y 1

Table 30- Exact and Non-exact matches for the N-gene (Forward) of WHO

Total Number of | No. of Exact|No. of non-exact | Number of Missing
Sequences in Database | Sequences Sequences Sequences
42329 42242 45 42

Table 31 - Frequency of mutations in the non-exact match sequences for N - gene

(Forward) of WHO
S.No | Position Mutation Frequency
1 3 C-Y 3
2 4 T-C 1
3 7 G-A 3
G-R 3
G-S 1
4 8 G-K 2
5 9 C-T 1
6 11 C-T 1
C-N 1
7 |12 C-A 4
C-T 4
8 14 G-K 2
9 15 C-T 14
C-N 2
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Table 32 - Exact and Non-exact matches for the N-gene (Reverse) of WHO

Total Number of | No. of Exact|No. of non-exact | Number of Missing
Sequences in Database | Sequences Sequences Sequences
42329 42113 132 84

Table 33 - Frequency of mutations in the non-exact match sequences for N - gene (Reverse)

of WHO
S.No | Position Mutation Frequency
1 3 C-Y 3
2 4 T-C 1
3 7 G-A 3
G-R 3
G-S 1
4 8 G-K 2
5 9 C-T 1
6 11 C-T 1
C-N 1
7 12 C-A 4
C-T 4
8 14 G-K 2
9 15 C-T 14
C-N 2
Table 34 — Exact and Non-exact matches for the N- gene (Probe) of WHO
Total Number of | No. of Exact|No. of non-exact | Number of Missing
Sequences in Database | Sequences Sequences Sequences
42329 42111 132 86

Table 35 - Frequency of mutations in the non-exact match sequences for N - gene (Probe) of

WHO
S.No | Position Mutation Frequency
1 3 T-N 1
2 4 T-N 1
T-Y 1
3 |5 C-T 2
C-N 4
4 6 C-T 14
5 7 T-C 7
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Table 36 - Frequency of mutations in the non-exact match sequences for RdRp - gene

(Forward) of WHO

Total Number of | No. of Exact|No. of non-exact | Number of Missing
Sequences in Database | Sequences Sequences Sequences

42329 90 42199 40

Table 37 - Frequency of mutations in the non-exact match sequences for RdRp - gene

(Forward) of WHO
S.No | Position Mutation Frequency
1 1 G-N 2
2 5 A-N 16
A-G 5
A-R 1
3 7 T-C 1
4 8 G-T 101
G-N 2
G-K 1
5 |9 G-A 9
G-K 1
6 |12 A-C 1
A-T 1
7 |15 G-T 12
G-N 2
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Table 38 - Frequency of mutations in the non-exact match sequences for RdRp - gene

(Reverse) of WHO

Total Number of | No. of Exact|No. of non-exact | Number of Missing
Sequences in Database | Sequences Sequences Sequences
42329 42164 120 45

Table 39 - Frequency of mutations in the non-exact match sequences for RdRp - gene

(Reverse) of WHO

S.No | Position Mutation Frequency
1 2 T-C 2
2 4 G-A 2
3 7 A-N 4
4 8 A-N 2
A-T 2
5 12 T-N 4
6 17 T-C 2
T-Y 2
7 119 G-A 2
Table 40 - Frequency of mutations in the non-exact match sequences for RdRp - gene
(Probe) of WHO
Total Number of | No. of Exact|No. of non-exact | Number of Missing
Sequences in Database | Sequences Sequences Sequences
42329 120 42059 150

Table 41 - Frequency of mutations in the non-exact match sequences for RdRp - gene

(Probe) of WHO

| S.No | Position

| Mutation

| Frequency |
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1 J12 A-T 12
A-C 42916
2 |19 G-A 42207
G-C 1
G-R 1

Table 42 - Frequency of mutations in the non-exact match sequences for E1 - gene
(Forward) of Korean Primers

Total Number of | No. of Exact|No. of non-exact | Number of Missing
Sequences in Database | Sequences Sequences Sequences
42329 42198 46 85

Table 43 - Frequency of mutations in the non-exact match sequences for E1 - gene
(Forward) of Korean Primers

S.No | Position Mutation Frequency
1 3 C-T 1
C-Y 1
2 |4 G-A 5
G-T 1
G-K 2
3 |5 G-A 1
G-C 1
G-N 1
4 7 A-T 1
5 8 G-A 1
G-K 1
6 |10 G-C 1
G-A 1
7 |12 C-T 18
C-Y 4
8 |14 G-T 1
G-K 1
9 |15 G-T 1
G-N 1
10 |16 T-A 1
11 |17 A-G 1
12 |20 T-Y 1
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Table 44 - Frequency of mutations in the non-exact match sequences for N2 - gene
(Forward) of Korean Primers

Total Number  of

Sequences in Database

No. of Exact

Sequences

No. of non-exact

Sequences

Number of Missing

Sequences

42329

42032

111

186

Table 45 - Frequency of mutations in the non-exact match sequences for N2 - gene
(Forward) of Korean Primers

S.No | Position Mutation Frequency
1 1 T-G 1
2 4 CT 36
c-Y 3
C-N 1
3 5 A-N 2
4 8 CT 28
c-Y 1
C-N 2
5 10 T-Y 1
6 12 G-N 1
G-K 1
7 |13 G-T 1
G-N 1
8 |14 C-T 2
C-N 2
9 |15 G-T 22
G-S 1
G-R 1
G-N 2
G-K 1
10 |18 A-N 1
A-M 1

Table 46 - Frequency of mutations in the non-exact match sequences for N2 - gene
(Reverse) of Korean Primers

Total Number  of

Sequences in Database

No. of Exact

Sequences

No. of non-exact

Sequences

Number of Missing

Sequences

42329

42195

117

17
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Table 47 - Frequency of mutations in the non-exact match sequences for N2 - gene
(Reverse) of Korean Primers

S.No | Position Mutation Frequency
1 2 G-R 3
2 3 T-C 1
3 4 A-N 1
4 5 G-A 15
A-R 1
5 6 C-A 1
6 7 A-N 1
7 9 G-A 13
G-R 10
8 10 A-G 1
9 12 T-A 3
T-K 1
10 13 G-R 1
11 14 C-A 51
12 15 A-T 1
13 16 G-A 9
G-T 1
14 17 A-N 1
15 20 T-W 1

2. Blast code used to evaluate mutations in the primers and S gene

PS C:\Users\> blastn -db latest_db_corrected -query

C:/research/ DATABASE/BLAST/sequences/VT_primers/E1_F_VT .fasta -task blastn -out
RDRP3_R_CL_VT _thesis.txt -outfmt 0 -sorthits 3 -sorthsps 3 -num_descriptions 422329 -
num_alignments 422329

3. Python code used to sort exact and non-exact match sequences

listl,list2,anomaly = [],[].[]
f = open("C:/Users/lavan/S2_F_CL_VT _thesis.txt™)
count=0
foriinf:
i = i.replace(" ","")
if("hCoV" in i and "100%" not in i[len(i)-5:] and len(i)>1 and ">" not in i):
print(i.split("")[1])
if(len(i.split("|"[1]) == 14):
listl.append((i.split("")[1]))
else:
anomaly.append((i.split("")[1]))
count+=1
print(count)
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if(len(anomaly)>0):
print("File Anomaly detected !!! " ,end="")
print(anomaly)
from shutil import copy,move
from sys import exit
count=0
for i in listl:
src = "C:/Latest_db/"+i+".fasta"
print(src)
dest =
"C:/Automated_Seq/VT_primers/S2_F _CL_VT_thesis/Non_exact/"
source = src
target = dest
try:
copy(source, target)
count +=1
except IOError as e:
print("Unable to copy file. %s" % e)
exit(1)
except:
print("Unexpected error:", sys.exc_info())
exit(1)
print(count)
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