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Abstract

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent of
coronavirus disease 2019 (COVID-19), has spread globally with catastrophic effects on the public
health system. Four main Variants of Concern (VOCs), namely Alpha, Beta, Delta and Omicron,
have been associated with waves of high transmission throughout the world. This study aimed at
characterizing the SARS-CoV-2 variants that were circulating in Southern Province, Zambia.
Nasopharyngeal swabs samples were collected between December 2020 and April 2022 from eight
districts in Southern Province. A total of 198 samples were transported to Macha Research Trust
(MRT) for Whole Genome Sequencing (WGS). Detection of the SARS-CoV-2 genome was done
using the CDC protocol (Lu et al., 2020). The Oxford Nanopore and Nextseq illumina platforms
were used for WGS. From the 198 samples collected, a total of 40 whole genomes were sequenced.
Genetic analysis of 40 SARS-CoV-2 whole genomes revealed the circulation of Alpha (B.1.1.7),
Beta (B.1.351), Delta (AY.116) and four Omicron lineages (BA.1, BA 1.1, BA 1.1.4 and BA2).
From the seven lineages 42 percent, 15 percent, 13 percent, 10 percent, 10 percent, seven percent
and three percent belonged to BA.1, B.1.351, BA.2, BA 1.1., AY.116, B.1.17 and BA 1.1.4
lineages, respectively. Across the 40 genomes analysed, a total of 292 mutations were observed
from the original Wuhan/Hu 1/2019/EPI 1SL 402125 reference genome, of which 281 (96.2
percent) were found in the coding region of the genome, including 182 missense mutations, 66
synonymous mutations, 23 deletions, 9 insertions, 1 stop codon, and 11 mutations in the non-
coding region. The Spike region had 82 mutations followed by the NSP3 region with 42 mutations.
Phylogenetic analysis showed evidence of local transmission and possible multiple introductions
of SARS-CoV-2 VOCs in Zambia from different European and African countries. This study
stresses the need for continued genomic monitoring of SARS-CoV-2 circulation in Zambia to
inform public health mitigation measures, particularly in strategically positioned regions such as
the Southern Province which could be at increased risk of introduction of novel VOCs.
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CHAPTER ONE
INTRODUCTION
1.1 Background

The Corona Virus Disease 2019 (COVID-19) pandemic caused by the Severe Acute Respiratory
Syndrome Coronavirus-2 (SARS-CoV-2) has resulted in 647, 025, 583 confirmed cases and 6,
638, 728 deaths in the world as of November 30", 2022. With a total of 12, 708, 137 confirmed
cases and 258, 079 deaths in Africa as of November 30", 2022 (World Health Organization, 2022a;
Worldometer 2022 [accessed November 30, 2022]). The first COVID-19 case in Africa was
reported in Egypt on 14 February 2020 (Kapata et al., 2020) followed by Algeria and Nigeria, with
their first cases being reported on 25 February 2020 and 27 February 2020, respectively (World
Health Organization, 2020a). By the end of March 2020, the majority of African countries had
reported their first cases, and most of these cases were brought into Africa by travellers from
Europe (Wilkinson et al., 2021; Loemb'e et al., 2020). The SARS-CoV-2 spread fast to most of
Africa, prompting most African nations to implement harsh control measures including flight bans,
school closures, and nationwide lockdowns (Morobe et al., 2022; Zambia National Public Health
Institute, 2020a). Low levels of SARS-CoV-2 were observed as the control measures went into
force, with little intra-country transmission and sporadic international viral transmission across
neighbouring countries, perhaps due to the road and rail connections between these countries
(Wilkinson et al., 2021; Morobe et al., 2022; Zambia National Public Health Institute, 2020a).
According to reports, only 4 percent of the COVID-19 disease burden in the world is found in
Africa; however, this is likely due to under reporting and the true disease burden may be
considerably higher (Gill et al., 2022; Wilkinson et al., 2021).

Zambia also implemented control measures to slow the spread of the SARS-CoV-2, but as of
November 30", 2022, there had been 333, 746 confirmed cases and 4,019 deaths from COVID-19
(Zambia National Public Health Institute, 2022; Worldometer, 2022[accessed November 30,
2022]). Zambia has had four waves of high transmission: the first wave occurred from July to
September 2020 and the second wave occurred from December 2020 to April 2021 and was
dominated by the Beta variant of SARS-CoV-2, while the Delta variant dominated the third wave



from May to September 2021 (Reuters, 2022; Centers for Disease Control and Prevention, 2021).
In Zambia, the fourth pandemic wave was dominated by the Omicron variant, with cases reaching
their peak in early January 2022 before declining to low levels (World Health Organization,
2022a).

As of November 10", 2022, Southern Province had 37 260 documented cases and 375 fatalities
since the first case was detected in May 2020 (Zambia National Public Health Institute, 2022).
Southern Province is a major tourist destination and shares three international boarders making it

the principal trade route for most of the import and export from southern Africa.

1.2 Problem statement

The COVID-19 pandemic has continued to wreak havoc on global public health. With the
continuously rising disease burden and death toll, genomic monitoring of SARS-CoV-2 has
become an important tool in the fight against COVID-19. Currently in Zambia, there is limited
information on the genomic epidemiology of SARS-CoV-2 in the country. Studies by Simulundu
et al., 2020 and Mwenda et al., 2020 both highlight the detection of SARS-CoV-2 variants in the
country, but are of limited scope. In Southern Province, there is no information on the SARS-CoV-
2 variants circulating within the province. Therefore, there is need to identify and monitor the
SARS-CoV-2 variants circulating in Southern province to provide timely and accurate information

to guide decision makers in curbing the negative impact of COVID-19.

1.3 Study rationale

While SARS-CoV-2 variants of concern (VOCSs) have emerged in the country (Mwenda, et al.,
2020), there is a potential of some variants going undetected due to the limited genomic
surveillance system in the country (Gill et al., 2022; Wilkinson et al., 2021). For Southern
Province, there is currently no information on the genomic surveillance in the province. Effective
implementation of control measures to decrease SARS-CoV-2 transmission depends on the prompt
identification of these variants. Whole genome sequence analysis of the circulating variants
provides critical information such as transmissibility, drug resistance, vaccine effectiveness and
disease pathogenicity (World Health Organization, 2022b). Therefore, increased genomic

surveillance is essential, especially at ports of entry (POE), to quickly identify SARS-CoV-2
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variants and implement measures to curb their spread. Furthermore, in Southern Province this
information is crucial to mitigating the spread of the SARS-CoV-2, as the area has high human
movement due to trade and tourism and this has been exemplified by border towns recording high
COVID-19 cases in the country (Zambia National Public Health Institute, 2020a).

Additionally, making these whole-genome sequences available in public databases will inform the
wider research community in developing effective vaccines and diagnostics, among others (Yang
et al., 2020; World Health Organization, 2020Db).

1.4 Research Question

What are the genetic characteristics of the SARS-CoV-2 variants circulating in the Southern

Province of Zambia?

1.5 Objectives

1.5.1 General objective

To determine the genetic diversity of SARS-CoV-2 circulating in Southern Province of Zambia.

1.5.2 Specific objectives
1. To determine whole genome sequences of SARS-CoV-2 detected in Southern Province of
Zambia.
2. To determine the SARS-CoV-2 lineages and variants circulating in Southern Province.
3. To determine the evolutionary relatedness of SARS-CoV-2 lineages and variants

circulating in Southern Province.



CHAPTER TWO
LITERATURE REVIEW
2.1 Overview

2.1.1 Taxonomy

The SARS-CoV-2 is a large positive-sense RNA virus that is 29 903 bases long, and it belongs to
the genus Betacoronaviruses (Lone & Ahmad, 2020: Su et al., 2016). It is the seventh coronavirus
known to cause disease in humans. Other human-infective coronaviruses are Middle East
Respiratory Syndrome Corona Virus (MERS-CoV), Severe Acute Respiratory Syndrome Corona
Virus (SARS-CoV) and the Human Corona Viruses (229E, OC43, NL63 and HKU1) (Su et al.,
2016). The SARS-CoV-2 is said to be highly related to corona viruses found in bats, with about
96.2 percent genome similarity with the RaTG13 virus found in horseshoe bats (Rhinophus affinis)
and 93.3 percent genome similarity with RmYNO2 virus found in Rhinophus malayanus another
horseshoe bat (Holmes et al., 2021; Hu et al., 2021). In addition the SARS-CoV-2 genome has a
79 percent and 50 percent genome similarity with SARS-CoV and MERS-CoV respectively
(WHO-China Study, 2021)

2.1.2 Coronavirus Genomic Structure

The Coronavirus genome encodes for four structural proteins. These are the Envelope protein (E)
which is involved in viral shaping and assembly; the Membrane (M) protein; a protein that
interacts with the other structural proteins; the Nucleocapsid (N) protein, an RNA binding protein
and the Spike (S) protein, a structural protein that binds to the host receptors. The genome also
encodes for 16 non-structural proteins (NSP 1 - 16) which are embeded within two Open Reading
Frames (ORFs) (Singh & Yi, 2021; Amoutzias et al., 2022). The 16 NSPs encode for enzyme and
functional proteins that are responsible for the transciption and replication of the virus (Amoutzias
et al., 2022). NSPs 1-11 are considered to coordinate the expression of the entire genome. The
NSP1 region encodes for a protein that reduces type 1 interferon production, resulting in an
increase in viral replication. (Lin etal., 2021; Naqvi et al., 2020). NSPs 12—16 encode the principal
enzymes involved in RNA synthesis and these include; the RNA dependent RNA polymerase
enzyme(RdRp) which is responsible for viral replication (NSP 12); a helicase enzyme used to



separate the double stranded RNA into single strands during replication (NSP 13); an exonuclease
(a proofreading enzyme) that is used to reduce SNP errors during replication (NSP 14); an
endoribonuclease (NSP 15) and finally a methyl-transferase (NSP 16) (Amoutzias et al., 2022;
Naqvi et al., 2020). A defective RdRp enzyme has been associated with causing more mutations
within the viral genome which could leading to development of new variants (Amoutzias et al.,
2022; Saberiyan et al., 2022).

SARS-CoV-2 genome
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Figure 1: SARS-CoV-2 genome structure highlighting the genome length of the virus (A) and the

structural and non-structural protein that are encoded by the SARS-CoV-2 genome (B).

2.2 SARS-CoV-2 Epidemiology

2.2.1 Origin and Spread

The SARS-CoV-2, known to cause the COVID-19 disease, was first identified in Wuhan, China.
An outbreak of pneumonia-like illnesses was observed among individuals associated with a wet
animal market (Rothan & Byrareddy, 2020)

The COVID-19 has continued to rampage the world with over 600 million cases and over 6 million
deaths reported. The United States of America, India, France Brazil and Germany have recorded
the highest number of COVID-19 cases (Worldometer, 2022). In Africa, South Africa, Morocco,
Tunisia and Egypt have had the highest number of cases (WHO African Region, 2022;
Worldometer, 2022).



The first case in Zambia was reported on March 18, 2020, resulting in the closure of educational
institutions and enforcing of COVID-19 control measures. On the 2" of April, 2020, Zambia
recorded its first death and during the same month, the town of Kafue was put on lockdown
(Zambia National Public Health Institute, 2020b). Subsequently Nakonde, became a COVID-19
hotspot, with 76 new cases recorded and the total number of cases reaching 1000, all within the
month of May 2020 (Zambia National Public Health Institute, 2020b). The country then saw a
significant increase in the number of cases, with over 12 000 cases being recorded by the end of
August 2020 (Reuters, 2022). The B.1.351 variant was identified in Zambia in December 2020,
and was followed by an increase in the number of cases, with over 57 000 cases recorded between
January and February 2021 (Mwenda et al., 2020; Reuters, 2022). In April 2021, the first set of
vaccines were received in Zambia while in June and July another upsurge of cases was recorded.
This was the third wave in the country which was dominated by the Delta variant (Reuters, 2022).
In December 2021, the Omicron variant was detected in Zambia. Vaccine campaigns were then
accelerated, with 4.5 million people vaccinated in Zambia by June 2022 (Centers for Disease
Control and Prevention, 2021).

2.2.2 Clinical symptoms, pathogenesis

Transmission of SARS-CoV-2 has been shown to occur through contact with an infected
individual mainly through air droplets from the infected person (Rothan & Byrareddy, 2020) and
there has been evidence of transmission through wastewater (Shaheen et al., 2022). SARS-CoV-2
infections begin with the virus attaching to the angiotesin converting enzyme-2 (ACE2) receptors
in the respiratory tract (Srivastava et al., 2021) followed by viral replication once the virus attaches
itself to host ribosomes (Naqvi et al., 2020). Following infection with SARS-CoV-2, symptoms
present approximately 5.2 days after infection (Rothan & Byrareddy, 2020). The length of the
incubathion period as well as symptom presentation vary according to individuals and is dependant
on the age and immune status of the patient (Li et al., 2020). Symptoms of COVID-19 include but
are not limited to coughing, fever, headache, sore throat, chest pains, shortness of breath and
diahrroea (Chen et al., 2020; Huang et al., 2020). Severe symptoms include; acute respiratory
distress syndrome (ARDS), hypoxia, sepsis and dysponoea (Chen et al., 2020; Huang et al., 2020).
SARS-CoV-2 infections have also shown a change in blood cell levels, blood biochemistry and
coagulation function (Chen et al., 2020; Huang et al., 2020; Li et al., 2021).
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SARS-CoV-2 infections have been shown to be more severe in adults above the age of 60 as
compared to children and adolescents (Li et al., 2021). SARS-CoV-2 seems to infect more men
than females and is most severe in individuals with other cormorbidities (Chen et al., 2020; Huang
et al., 2020).

2.2.3 Prevention and Control

The major COVID-19 prevention and control measures include; maintaining social distance,
wearing of masks in public, washing of hands as often as possible, isolation of patients, improved
ventilation and vacination (European Centre for Disease Prevention and Control, 2020). On the
other hand, stringent control measures include; country or city lockdowns, curfews, banning of
gatherings of any kind, point of entry screening, closing of airports and quarantine of travellers
(Kapata et al., 2020; Zambia National Public Health Institute, 2020a; Loemb'e et al., 2020)

2.2.4 Disease Detection

Detection of SARS-CoV-2 is mainly done through real time quantitative polymerase chain
reaction test, which will detect the SARS-CoV-2 RNA (Lu et al., 2020; Chen et al., 2020). Another
detection method is the rapid detection antigen test which uses monoclonal antibodies targeting
the nucleocapsid protein of the virus. The rapid test has recently become the point of care test due
to its ease of use (World Health Organization, 2020c). Another test method is the serological
method that tests for antibodies angainst the SARS-CoV-2 virus (World Health Organization,
2020c)

2.3 Variants of Concern (VOCs)

Variants of concern are strains that are known to have an increased transmissibility and an ability
to cause more severe disease (World Health Organization, 2022b). Studies have shown that
mutations in the genome may affect the virus differently. The main area of concern has been
mutations that occur within the S region. The S region encodes for the proteins that help the SARS-
CoV-2 virus attach to the host cells i.e. the Receptor Binding Domain (RBD) which attaches to the
angiotensin-converting enzyme-2 (ACE2) receptors found in human cells (Haddad et al., 2021;
Amoutzias et al., 2022). Mutations in the RBD have been associated with improved transmisibility

of the virus, ability to evade the host's immunity and increase in pathogenicity (Srivastava et al.,



2021; Amoutzias et al., 2022). The S region has also been a target for vaccine development (Kober
et al., 2020).

To date, five VOCs namely Alpha, Beta, Delta, Gamma and Omicron have been detected globally,
while only four VOC (except gamma) have been detected in Africa (World Health Organization,
2022Db). The first VOC, designated Alpha (B.1.1.7) was detected in September 2020 in the United
Kingdom (UK). This variant is characterised by nine mutations in the S region, increased
transmissibility and increased risk of hospitalisation of about 40 to 60 percent and increased risk
of death of about 30 to70 percent when compared to the original Wuhan-1 strain (Saberiyan et al.,
2022; Volz et al., 2021) The second VOC was the Beta (B.1.351 lineage) variant which was first
detected in South Africa in October 2020 and became the most common variant in many African
countries (World Health Organization, 2022b; Tegally et al., 2021). This VOC is characterized by
mutations in the S protein, including in the RBD—K417N, E484K, and N501Y (Tegally et al.,
2021; Saberiyan et al., 2022). In addition, the Beta variant is known to cause severe disease in
young and healthy individuals and is also known to evade antibody neutralization (Tegally et al.,
2021). This variant was replaced by the highly transmissible Delta (B.1.617.2 lineage) variant
which was initially detected in India in December 2020 and spread worldwide among vaccinated
as well as unvaccinated individuals (World Health Organization, 2022b; Singanayagam et al.,
2021). This variant seeded the third wave of the pandemic in 2021 and was introduced in Africa
in June 2021. The Omicron variant is characterised by over 30 mutations in the S protein, including
a set of mutations previously observed in other VOCs and novel mutations. It was first reported in
South Africa in November 2021 and became the driver of the fourth global wave of SARS-CoV-
2 (Wilkinson et al., 2021; Telenti et al., 2022). The Gamma (P.1 lineage) variant was detected in
December 2020 in Manaus Brazil. It is characterised by ten mutations in the S protein, which have
been associated with increased transmissibility and immune evasion. Some of the mutations in the
S protein of the gamma have variant have also been identified in the Beta and Delta variants i.e.
E484K and N501Y (Banho et al., 2022).

2.4 SARS-CoV-2 Phylogenetics

With the rapid evolution of the SARS-CoV-2 and the constant emergence of VOCs, phylogenetics

is needed to understand the evolutionary relatedness of these variants and assess the molecular
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epidemiology of the pathogen (Singh et al., 2021). There are many different ways to carryout
phylogenetics and for SARS-CoV-2 the most common method has been based the maximum
likelihood method (Munjal et al., 2019). This method uses probability to consider the nucleotide
variation in each sequence, and then tries to find the best fitting model that has the highest
probablity under a given evolutionary model (Singh et al., 2021). SARS-CoV-2 phylogenetic trees
are usually rooted to a single ancestor i.e. the Wuhan-1 strain, which is used to determine both the
evolutionary rate of the virus and determine groups or clades of that virus. Clades are groups of
viruses in a phylogenetic tree that cluster together and have similar characteristics. The
evolutionary rate of the phylogenetic tree represents a change in the genomic sequence of SARS-
CoV-2 genome and this has been demonstrated to be about 10* substitutions per site per year
(Singh & Yi, 2021; Munjal et al., 2019; Singh et al., 2021).

Sallam et al. (2021) used phylogenetic analysis to assess the origin and spread of SARS-CoV-2
mutations in the Middle East and North Africa. Their study showed the temporal prevalence
change of the D614G mutation in certain countries in the Middle East and North Africa. While
Giandhari et al. (2020) used phylogenetic analysis to determine the early transmission dynamics
of SARS-CoV-2 in South Africa and was able to determine both the origins and introductions of
SARS-CoV-2 into Kwa-Zulu Natal, South Africa.

Currently, there is limited information regarding the detection of SARS-CoV-2 variants and their
epidemiology in the country. Two studies have shown the detection of the B.1.1 variant
(Simulundu et al., 2021) and the B.1.351 variant (Mwenda et al., 2021). Whole-genome
sequencing (WGS) and phylogenetic analyses were used in this study to describe the genetic
characteristics of SARS-CoV-2 in Zambia's Southern Province.



CHAPTER THREE
MATERIALS AND METHODS

3.1 Study Area

The study was conducted in the Southern Province of Zambia. The province shares borders with

three neighboring countries, namely Zimbabwe, Botswana and Namibia (Figure2). The region is

a major tourist destination with Livingstone District being the tourist capital of the country and it

IS a major trade entry point for most goods from Southern Africa. These socioeconomic activities

place Southern Province at an increased risk of introduction and spread of novel variants.

. Mazabuka

Itezhi-tezhi

Namibia
Botswana

Livingstone

0 500 1,000 2,000
T E—

Figure 2: Map showing the location of study sites in Southern Province. The map of Africa depicts

Zambia with its neighbouring countries that share the border with Southern Province. The insert

map shows the Southern Province of Zambia. The maps were generated using Quantum

Geographic Information System (QGIS) version 3.10.
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3.2 Study Design

This study was a cross-sectional study that employed a simple random sampling method. Positive
samples from the routine diagnosis of COVID-19 were randomly selected for whole genome
sequencing (WGS). WGS was carried out at two sites, Churches Health Association of Zambia
(CHAZ) (Illumina NextSeq sequencing) and Macha Research Trust (MRT) (MinlON sequencing).

3.3 Sample size

The sample size refers to the number of samples that were included in the study and these

samples were representative of the study population.
Formula for sample size calculation:
n = Z?*P(1-P)/d?

Z is Z-score; the number of standard deviations a given fraction is away from the mean. The desired

level of confidence in this case is 95 percent which has the Z-score equal to 1.96.

P is expected prevalence proportion; the expected prevalence proportion is the percent of the

population that has the specific characteristic of interest

d is the margin of error; a fraction that told us how the expected result reflected the entire
population. The smaller the margin of error, the closer one is to having the precise answer at a

given confidence level.

n is the sample size; the number of individuals that will be drawn from the population (N) to give

a representative conclusion of a specific characteristic of interest.

For this study, 95 percent disease prevalence was used, with a marginal error of 0.05 and a Z-score
of 1.96. The sample size required was 73 participants (Niang et al., 2006).

n = Z2*P(1-P)/d?
n = (1.96)?*095(1-0.95)/(0.05)?

n = 3.8416 * 0.95 (0.05)/0.0025
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n=3.8416 * 0.0475/0.0025
n = 0.182476/0.0025
n=72.9904

n= 73 participants

3.4 Sampling technique

Sample collection was done through the Ministry of Health (MoH) COVID-19 surveillance system
under the guidance of the Zambia National Public Health institute. Nasopharyngeal swabs were
collected between December 2020 and April 2022 from eight districts in the Southern Province
(Figure 2) through routine surveillance and screening for Influenza-like illnesses and targeted
surveillance of cluster outbreaks. The samples were then brought to the Macha Research Trust
(MRT) laboratory, which is one of the Zambian MoH approved COVID-19 testing laboratories for
samples collected in Southern Province. The samples were transported to MRT using the COVID-
19 routine courier service provided by MoH. Demographic data for each sample was obtained
from the information sheets sent with each sample or emailed electronically to the testing
laboratory. The primary information on each sheet included the name, age, sex, date of collection,

place of collection and details of the care giver.

3.5 Inclusion and exclusion criteria

3.5.1 Inclusion criteria

All positive samples that were collected through routine surveillance and targeted surveillance of
cluster outbreaks and had a Ct value of less than or equal to 30 with complete metadata or partial
metadata were included in the study. Only samples that were collected from within Southern
Province were included. Samples that had only one critical metadata missing i.e. date of collection,

place of collection, age or sex, were also included.

3.5.2 Exclusion Criteria
Samples that were not collected from routine and targeted surveillance were excluded. All negative
samples and positive samples with a Ct value greater than 30, and with incomplete metadata or

missing two or more critical metadata i.e. date of collection, place of collection, age and sex, were
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excluded from the study. Samples that had low genome coverage were excluded from the study.

Samples that were not collected from within Southern Province were also excluded

3.6 RNA extraction

Viral RNA was extracted from nasopharyngeal swabs using two methods; the QlAamp Viral RNA
Mini Kit (Qiagen, Hilden, Germany) or the MagMax kit (Thermo Fisher Scientific, Waltham, MA,
USA) on an automated KingFisher Flex platform (Thermo Fisher Scientific, USA) according to
manufacturer specifications and protocols. Briefly, using the QIAamp, 560 microliters of AVL
Buffer with carrier RNA were added to 1.5ml tubes. 14 microliters of sample were added to each
respective tube and incubated for ten minutes. Another 560 microliters of 99 percent molecular
grade ethanol was added to each sample, and this solution was then added to spin columns and
centrifuged for one minute. After two washes, 60 microliters of RNA were eluted from each

sample and stored at -80 degrees Celsius.

With regards to the kingfisher system, a total of 100 microliters of sample was added to the
KingFisher 96 deep well plate together with 20 microliters of Proteinase K and 100 microliters of
lysis buffer. After a 15 minutes incubation, 200 microliters of binding buffer and 20 microliters of
magnetic beads were added to each sample. The samples were then washed three times and 100

microliters of RNA was eluted from each sample and stored at -80 degrees Celsius.

3.7 Real time Reverse Transcriptase Polymerase Chain Reaction (QRT-PCR)

Real time quantitative Reverse Transcriptase Polymerase Chain Reaction (qQRT-PCR) was done
using a modified Centre for Disease Control and Prevention (CDC) SARS-CoV-2 gRT-PCR assay
(Lu et al., 2020). Briefly, two separate 20 microliters reactions were set with ten microliters
Quanti-Nova Reverse Transcriptase Master mix, 0.2 microliters of Quanti-Nova Probe Reverse
Transcriptase mix, 3.8 microliters of water and one microliter of primer probe set (IDT, Coralville,
IA), with five microliters of RNA extract. Amplification was performed on a StepOne plus Applied
BioSystems instrument (Waltham, Massachusetts, USA). Cycling conditions used were 10
minutes at 45°C, 5 minutes at 95°C then 45 cycles of 5 seconds at 95°C and 30 seconds at 60°C. A

positive test was considered when sample amplification crossed a pre-set threshold with a Cycle
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threshold (Ct) value of less than 37, but only samples that had a Ct value of 30 or less were
considered for WGS.

3.8 Whole genome sequencing

3.8.1 Library Preparation and sequencing on the Oxford Nanopore MinlON platform

cDNA synthesis reaction was performed on the samples using 5X Lunascript Reverse
Transcriptase kit (Invitrogen, USA), following the manufacturer’s instructions. Library
preparation was done using the ARTIC protocol version 3 (Quick, 2020). Briefly, two microliters
of 5X Lunascript master mix (New England Biolabs, Massachusetts USA) and eight microliters of
RNA template were incubated at 25°C for 2 minutes then 55°C for 10 minutes and 95°C for 10
minutes for cDNA synthesis. Whole genome amplification of SARS-CoV-2 was done using a
multiplex PCR with custom designed primers (Simulundu et al., 2020). The PCR products were
cleaned using AMPure XP beads (Beckman Coulter) and DNA quantification was done using a
Qubit fluorometer (Thermo Fisher Scientific). End-repair on the amplified samples was done using
NEBNext Ultra Il End Repair Module (New England BioLabs). Native barcode expansion kits 1-
12 and 13-24 were used in combination with a Ligation Sequencing Kit (SQK-LSK109) (Oxford
Nanopore Technologies). Subsequently genomic sequencing was done using the minlON 1MkB.
The RAMPART (v1.0.6) software package was used to monitor sequencing performance in real-
time, with runs proceeding until a minimum of approximately 200-fold coverage was achieved
across all amplicons. At this point, the run was terminated and the resulting reads were base called
using Guppy (4.0.14). Consensus sequence generation was done using the ARTIC bioinformatics

pipeline (https://artic.network/ncov-2019/ncov2019-bioinformatics-sop.html).

3.8.2 lllumina NextSeq Sequencing

Libraries for samples were prepared using the lllumina COVIDSeq kit on the automated Hamilton
robotic instrument. Briefly, cDNA synthesis was done using random hexamer through RT-PCR.
Targeted genome amplification to amplify fragments of the whole genome was done using the
COVIDSeq primers (which contains two sets of primers i.e. primer 1 and primer 2). Two separate
plates were prepared with ten microliters of master mix and five microliters of sample, with each
plate containing a different primer set. Samples were then pooled and cleaned using AMPure XP

beads (Beckman Coulter). After successful library clean-up and pooling, pooled samples were
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quantified and normalized using a Qubit dsSDNA HS Assay kit by diluting the sample library to a
final loading concentration of 1nM. Thereafter, 25ul was loaded on the NextSeq 2000 (Illumina)
SARS-CoV-2 genomic sequencing. A customized version of the DRAGEN DNA pipeline was
used to perform Kmer-based detection of SARS-CoV-2. The Nextseq 2000 (Illumina) then aligned
the reads to a reference genome, called variants and generated consensus genome sequences. The
NextSeq 2000 (lllumina) optionally performs lineage/clade analysis using Pangolin and
NextClade.

3.9 Data Analysis

3.9.1 Phylogenetic Analysis

Whole-genome sequences were annotated using the reference genome of hCoV-19/Wuhan/Hu-
1/2019|EPI_ISL_402125 (GISAID, 2020). Audacity Instant (GISAID, 2022) was used to retrieve
SARS-CoV-2 whole-genome sequences from the GISAID database that were most similar to the
sequences generated in this study. A total of 140 sequences were retrieved from the GISAID
database and were used for phylogenetic analysis. Reference sequences of VOCs detected in
Southern Africa and other parts of the world were included as well. Sequences isolated before or
within the same period and belonging to the same lineage as those characterized in this study were
also used. Reference sequences from the GISAID database with more than 10 percent of the
nucleotide sequence missing were excluded from the analysis. A total of 180 sequences were used
for analysis. The fastA files for each sequence were combined in a single multi FastA file using
Geneious Prime v2022.0.1 (https://www.geneious.com). Multiple sequence alignment was
performed using the FFT-NS-2 algorithm available in the multiple sequence alignment programme
(MAFFT), using the default settings (https://mafft.cbrc.jp/alignment/server/index.html (Katoh et
al., 2019). Alignment inspection, gaps trimming and conversion of the alignment into a phylip file
were done using Geneious Prime v2022.0.1 (https://www.geneious.com). Following alignment
and conversion, a maximum likelihood (ML) phylogenetic tree was constructed using the PhyML
Online server (www.atgc-montpellier.fr/phyml/) (Guindon et al., 2005) utilizing the smart model
selection (SMS) and the Bayesian Information Criterion (LeFort et al., 2017). Branch support was
estimated through the Shimodaira Hasegawa (SH) approximate likelihood ratio test (SH-aLRT)
(LeFortetal., 2017) and the ML tree was then rooted using TempEst v1.5.3 (Rambaut et al., 2016),
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which also estimated the best-fitting root of this phylogeny using the heuristic residual mean
squared function aimed at minimizing the variance of root-to-tip distances. The resultant ML tree
file was edited using Interactive Tree of Life (iTOL) v5, an online tool for phylogenetic tree display
and annotation (Letunic & Bork, 2021)

3.9.2 Classification of SARS-CoV-2 Lineages and Identification of SNP

PANGO lineage classification was done using Pangolin v3.1.16 (https://pangolin.cog-uk.io/).
Identification of single nucleotide polymorphisms (SNPs) was performed using the coronapp
(http://giorgilab.unibo.it/coronannotator/). SNPs were identified by comparing the sample
nucleotides at each position with the reference genome at each position of interest. These variations

were then exported to a vcf file and visualized in Microsoft Excel

3.10 Ethical Consideration

Ethical approval to conduct this study was obtained from ERES Converge with Ref. No. 2020-
Aug-008. All samples were de-identified to maintain participant confidentiality. No other

identifiable information was collected for the study.

16



CHAPTER FOUR
RESULTS
4.1 Overview

A total of 198 samples were collected between December 2020 and April 2022 for whole genome
sequencing, from which 74 were negative for SARS-CoV-2, 51 had Ct values greater than 30 and
33 had low genome coverage. From the 40 samples that were successfully sequenced with a
genome length of 29,756bp to 29,889bp long, seven SARS-CoV-2 lineages were identified which
belonged to four VOCs. These sequences were obtained from eight districts in Southern Province.
A total of 292 SNPS were identified from the 40 samples of which 281 were found in the coding
region of the genome. Phylogenetic analysis showed the sequences clustering into their respective
VOC clades with most the sequences from this study clustering with samples from Europe and
other African countries.

4.2 Demographics

A total of 198 samples were collected between December 2020 and April 2022 for whole genome
sequencing, from which 74 were negative for SARS-CoV-2, 51 had Ct values greater than 30 and
33 had low genome coverage. A total of 40 samples were successfully sequenced of which 13

samples were sequenced at MRT and 27 were sequenced at the CHAZ laboratory.

Demographic data were analysed for all the 198 samples and the majority of the samples (104/198;
52.5 percent) were from females (Table 1). The mean age of the participants was 28 (range: 0-82).
The age group 15 — 50 years had the highest number patients. The data set for gender and age were

not available for one and five samples, respectively (Table 1).

Table 1: Characteristics of 198 SARS-CoV-2 patients in Southern Province

Parameters Sample Distribution n (%), n =198
Age Group
0-14 Years 7 (3.5)
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1550 Years 171 (86.4)

>50 Years 15 (7.6)

Unknown 5(2.5)
Gender

Female 104 (52.5)

Male 93 (47.0)

Unknown 1(0.5)

From the 40 samples that were successfully sequenced 26 (65 percent) were males and 14 (35
percent) were females. Five participants were below the age of 15 and 31 were between the ages

of 15-50. Two were above the age of 50 and three had no information on age (Table 2).
4.3 SARS-CoV-2 Lineage Distribution in Southern Province

The 40 genomes detected in this study were distributed into seven lineages, namely B.1.1.7
(Alpha), B.1.351 (Beta), AY.116 (Delta), and Omicron (BA.1, BA.1.1, BA.1.14, and BA.2) (Table
2: Figure 3A). The largest number of the sequences (n = 17, 42.5 percent) belonged to lineage
BA.1/GRA (Table 2: Figure 3A). All lineage AY.116 sequences originated from Choma District,
whereas the six B.1.351 lineage was from Choma (n = 2), Namwala (n = 2), Kalomo (n = 1) and
Mazabuka (n = 1) districts (Table 2: Figure 3B). The Alpha variant (B.1.1.7) viruses were found
in Namwala, Pemba, and Chikankata districts (Table 2: Figure 3B). Of the Omicron variants, 11/27
(40.7 percent) were from Livingstone, 9/27 (33.3 percent) from Chikankata, 4/27 (14.8 percent)
from Kazungula, 2/27 (7.4 percent) from Choma and 1/27 (3.7 percent) from Namwala (Table 2:
Figure 3B). Most of lineage BA.1 viruses were detected in Chikankata and Livingstone districts
where 7/27 (25.9 percent) viruses of this lineage were found in each district (Table 2: Figure 3B).
Lineage BA.1.1 was detected in Chikankata and Kazungula districts whereas B.1.14 was only
detected in Livingstone (Table 2: Figure 3B). Three of the five BA.2 lineage viruses were detected
in Livingstone whereas the other two were detected in Choma and Kazungula districts (Table 2:
Figure 3B)

Table 2: Characteristics of 40 SARS-CoV-2 whole genomes from Southern Province, Zambia

Parameter Sample Distribution n(%)
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Sex

Age

Male

Female

0-15

15-50

>50

Unknown

Year of Collection

District

2020
2021
2022

Unknown

Chikankata
Choma
Kalomo
Kazungula
Livingstone
Mazabuka
Namwala

Pemba

26 (65)

14 (35)

5 (12.5)
31 (77.5)
2 (5)

2(5)

1(2.5)
26 (65)
7 (17.5)

6 (15)

10 (25)
8 (20)
1(2.5)
4 (10)
11 (27.5)
1(2.5)
4 (10)

1(2.5)
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Lineages
B.1.1.7
B.1.351
AY. 116
BA.1
BA.1.1
BA.1.14
BA. 2

Waves
First
Second
Third

Fourth

3(7.5)
6 (15)
4 (10)
17 (42.5)
4 (10)
1(2.5)

5 (12.5)

0 (0)
8 (20)
5 (12.5)

27 (67.5)
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Figure 3: (A) Percentages of different lineages of SAR-CoV-2 detected in Southern Province. (B)
Distribution of the different SAR-CoV-2 lineages detected in different districts of Southern

Province.

4.3 Phylogenetic Analysis

Phylogenetic analysis showed the clustering of sequences according to their respective clades
(Figure 4). In the Delta clade, four Southern Province sequences (Zambia/SP250/2021|EPI ISL
6761088, Zambia/SP253/2021|EPI ISL 6762977, Zambia/SP251/2021|EPI ISL 6761106, and
Zambia/SP252/2021|EPI ISL 6761100) could be found and separated into two groups of which
two formed a distinct cluster with a Zambian isolate whereas the other two clustered with
sequences from Angola, Eswatini, and Zambia (Figure 4). With regards to the beta clade, six
sequences generated in this study could be found. Two of the sequences (Zambia/SP30/2021|EPI
ISL 6760973 and Zambia/SP87/2021|EPI ISL 6764745) clustered with isolates from Zambia,
Zimbabwe, England, and the Democratic Republic of Congo (DRC) while the other two formed a
distinct cluster with sequences from Zambia (Figure 4). The last two sequences
(Zambia/SP11/2021|EPI_ISL_6760905 and Zambia/SP10/2021|EPI_ISL_6760707) belonged to
separate clusters with the first sequence closely clustering with Zambian sequences and the other
with sequences from Malawi, Eswatini, and Botswana (Figure 4). In the Alpha clade, three
Southern Province sequences namely, Zambia/SP32/2021|EPI_ISL_6761015,
Zambia/SP37/2020|EPI_ISL_6761027, and Zambia/SP172/2021|EPI_ISL_6761052 formed a

distinguishable cluster with sequences from England and Zambia (Figure 4). The Omicron clade
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separated into two clusters (Figure 4) with the majority (22/27; 81.5 percent) and minority (5/27;
18.5 percent) of the Zambian sequences belonging to the BA.1 sub-lineage and BA.2 lineage,
respectively. Phylogenetic analysis further showed that the Omicron sequences from this study

were mainly closely related to sequences from European and other African countries (Figure 4).
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Figure 4. Phylogenetic analysis of SARS-CoV-2 genomes from Zambia and other countries. The
genomes generated in this study are presented in red whereas the shaded areas indicate the clades
of variants of concern. Each sequence was named with the country name first followed by the
isolate name and then the GISAID accession number. The tree branches highlighted in blue
indicate tree branches that had a strong maximum likelihood ratio greater than 0.9, whereas the

tree scale represents the nucleotide substitutions per site.

4.4 Single Nucleotide Polymophism and Amino Acid mutation

A total of 292 SNP mutations were identified from the 40 genomes studied when compared to the
Wuhan/Hu 1/2019|EPI ISL 402125 reference genome (GISAID, 2020) (Table 3). A total of 281
(96.2 percent) mutations were detected in the coding regions of the genomes, of which 64.8%
(182/281) were missense (mutations that cause a change in the amino acid at that position)
mutations, 23.5% (66/281) were synonymous (mutation that codes for the same amino acid)
mutations, 8.2% (23/281) were deletions, 3.2% (9/281) insertions and one was a stop codon (0.4%)
gained on the ORF8 region (Table 3)

The S protein was the most mutated gene with 82 mutations (Table 3) whereas the second mutated
gene was the NSP3 protein with 42 mutations (Appendix 1). From the 82 mutations in the S
protein, 65/82 were missense mutations, 3/82 synonymous mutations, 10/82 deletions, and 4
insertions (Table 3). A large deletion of 26 nucleotides was observed on position 29734 of the

3'UTR of the four sequences from the Omicron clade (Appendix 1).

Table 3: Distribution of Mutation along different genomic regions of the SARS-CoV-2 sequences

detected in Southern Province

Missense  Synonymous ) ) Total
Genome Segment ) ) Deletion Insertion  Others )
Mutation ~ Mutation Mutation
Coding Region
ORF1lab 74 48 9 3 0 134
Spike 65 3 10 4 0 82
ORF3a 5 4 0 0 0 9
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Envelope 5 0 0 0 0 5
Membrane 5 2 0 0 0 7
ORF6 2 2 0 0 0 4
ORF7a 2 0 0 0 0 2
ORF7b 4 1 2 2 0 9
ORF8 4 3 1 0 1 9
Nucleocapsid 16 3 1 0 0 20
Non-coding Region

5'UTR 0 0 0 0 4 4
3'UTR 0 0 0 0 7 7
Total 182 66 23 9 12 292

The most common amino acid (AA) mutation was the D614G substitution on the S protein and
P314L substitution on the NSP12b (RNA-dependant RNA-polymerase (RdRp)) protein which
occurred in all the sequences studied (Appendix 1). The second most common AA mutation
(39/40; 97.5%) was the F106F substitution on the NSP3, followed by the K417N (31/40; 77.5%)
substitution on the S protein and the T4921 substitution on the NSP4. Which was followed by
P681H (30/40; 75%) and N501Y (29/40; 72.5%) substitutions on the S protein. A total of 67.5
percent (27/40) showed other amino acid substitution in the S protein including T95I, G339D,
S373P, S375F, H655Y, N679K, N764K, D796K, Q954H, and D1146D (Appendix 1).

The Omicron variant had the highest number of mutations when compared to the Wuhan-Hu-1
SARS-CoV-2 reference genome out of all the VOCs (Appendices 2-5). The Omicron variant had
60 AA mutations which included six deletions and four insertions (Appendix 5). From the 60
mutations identified, 22 were found in the RBD of the S protein i.e. G339D, R346K, Y369Y,
S371L, S371F, S373P, S375F, T376A, D405N, R408S, K417N, N440K, G446S, TAT0A, S477N,
T478K, E484A, Q493R, G496S, Q498R, N501Y and Y505H while the N501Y was found in the
Alpha variant. S325P, 1326K, V327A, K417N, E484K and N501Y were found in the Beta variant
and L452R and T478K in the Delta variant (Table 4).
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Table 4: Spike protein mutations in different SARS-CoV-2 variants compared to the wild-type
(Wuhan-Hu-1 strain)

SARS-CoV-2 Variants  Spike Mutations

Wuhan-Hu-1 (wild-type)

delH69, delY145, N501Y, A570D, D614G, P681H, T716l, T874l, S982A,
D1118H
L18F, D80A, D215G, AL242, T307P, N317F, S325P, 1326K, V327A, K417N,
E484K, N501Y, D614G, A701V, A1087S

Delta (AY.116) T19R, T95I, G142D, delE156, L452R, T478K, D614G, P681R, D950N
T19I, delL24, delA67, delA67, dell68, T951, delG142, G142D, V193L, Y200C,
insl210, delN211, N211K, L212C, V213G, insS214, insV213, insR214,
insV213, insR214, R214R, A243S, L244S, G339D, R346K, Y369Y, S371L,
S371F, S373P, S375F, T376A, D405N, R408S, K417N, N440K, G446S,
T470A, SATTN, T478K, E484A, Q493R, G496S, Q498R, N501Y, Y505H,
T547K, D614G, H655Y, N679K, P681H, N764K, D796Y, N856K, Q954H,
N969K, L981F, V1104L, D1127G, D1146D, V1264L

Alpha (B.1.1.7)

Beta (B.1.351)

Omicron (BA.1, BA.1.1,
BA.1.14, BA.2)
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CHAPTER FIVE
5.0 DISCUSSION

The 40 SARS-CoV-2 genomes generated from this study belonged to four SARS-CoV-2 VOCs
(i.e. Alpha, Beta, Delta, and Omicron variants). These VOCs are a public health challenge because
of their increased viral transmissibility and disease severity (Amoutzias et al., 2022; Gomez et al.,
2021). The VOCs were detected in eight different districts of the Southern Province. The majority
of the Omicron variants were detected in Chikankata and Livingstone districts, with Livingstone
having more sub-variants detected. It is possible that Livingstone, being a border town, a tourist
capital and a major transportation link to Zambia’s neighbouring countries, could be at an
increased risk of the introduction of novel VOCs. Chikankanta was undergoing the construction
of a new hydro-electric power station (Power Technology, 2020) and this may have led to
increased visitation from international contractors as well as local gatherings and thus increasing
the transmission and importation of new variants during the construction process. This is supported
by the findings of Gan & Koh (2021) who observed high levels of transmission among construction
workers in Singapore, before the application of interventions. Three of the four variants of concern
were detected in both Choma and Namwala with the exception of the Alpha and Delta variants
respectively. This could be explained by both towns being in close proximity to Macha Research
Trust, making it easy for them to deliver samples. Choma is also the provincial capital of Southern
Province and this may lead to a higher influx of people travelling to Choma to conduct

governmental and administrative duties as well as conduct business.

Omicron (BA.1) and Beta (B.1.351) lineages were the two most common among the sequences in
this study. The Beta lineage predominated in the second wave while the Delta and Omicron
dominated the third and fourth waves. The findings of this study support those of other authors
who reported the predominance of Beta (B.1.351), Delta (B.1.617.2), and Omicron (BA.1) variants
in the second, third, and fourth waves of the pandemic in Africa, respectively (Wilkinson et al.,
2021; Tegally et al., 2021; Viana et al., 2022), in addition, the viral transmissibility improved with
each variant as the mutations in RBD increased in each variant (Table 4). Furthermore, Zambia
had a sharp rise in confirmed cases and fatalities following the detection of the Beta and the Delta
variants (Reuters, 2022; Mwenda et al., 2020).
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The S protein plays a crucial role in viral infection and pathogenesis because of its role in host cell
receptor recognition, viral attachment, and entry (Morobe et al., 2022; Isabel et al., 2020). The
D614G mutation which has been associated with a high viral load, infectivity, and transmissibility
(Zhang et al., 2020) was also observed among all the samples that were studied. Other authors
have also reported an increase in the abundance of the D614 mutation worldwide (Isabel et al.,
2020; Sallam et al., 2021).All the sequences from this study also contained the P314L mutation in
the NSP12/RdRp region. This mutation is associated with the production of a dysfunctional
enzyme that generates errors during RNA synthesis, increasing the chances of mutations occurring
which may lead to the emergence of new variants. A high co-occurrence of these mutations has
been reported around the globe (Flores-Alanis et al., 2021; Obeid et al., 2021). It is also suggested
that the co-occurrence of the D614G and NSP12_P314L mutations may enhance viral entry and
replication, respectively (Haddad et al., 2021).

The N501Y mutation, which is present in the RBD of the S protein, is shared by the Alpha, Beta,
and Omicron variants. It is known to cause an increased binding affinity of the RBD for the ACE2
receptor, raising the viral transmission rate (Gomez et al., 2021). This mutation was detected in all
Alpha, Beta, and 20 Omicron sequences in this study. Furthermore, the K417N and E484K
mutations in the S protein, common to all Beta variants (Tegally et al., 2021) were also detected
in this study’s sequences. These mutations have been associated with increased binding affinity to
the ACE receptors (Tegally et al., 2021). Other mutations in this study included the Q27 stop in
the ORF8 in all three Alpha variants. This mutation has been known to truncate or inactivate the
ORF8 protein, facilitating build-up of additional mutations in other regions (Gomez et al., 2021;
Saberiyan et al., 2022). Further, eight mutations namely D614G, D950N, F157A, L452R, P68I1R,
R158A, T19R, and T478K were detected in the S protein in the four sequences of the Delta variant
identified in this study. These mutations are identical to those detected in the Indian Delta variants
(B.1.617.2) (Kang et al., 2021).

The close phylogenetic relatedness of sequences generated in this study with those from European
and other African countries supports the idea of possible multiple introductions of the virus from
different regions (Wilkinson et al., 2021). Additionally, phylogenetic analysis showed that some

of the study’s sequences clustered with other Zambian sequences, which may indicate that these
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viruses circulated locally. Interestingly, sequences obtained in this study within the Alpha variant
clade were phylogenetically distinguishable and were detected in three different districts. This may
also suggest independent introductions, particularly from Europe, as these sequences were closely
related to isolates from England. The study sequences in the Alpha clade also displayed a longer
branch length as compared to the other sequences in this clade indicating continued evolution as
the virus circulated. Surprisingly, the Alpha variant has not been associated with any COVID-19
wave in Zambia. This observation may suggest that the Alpha variant has no selective advantage
over the other VOCs such as the Beta and Delta variants (Sun et al., 2022; Hirabara et al., 2022)
Although some of the Beta and Delta variants were closely related to isolates from Europe and
Zambia, others showed a close relationship to isolates from Eswatini, DRC, Malawi, and
Zimbabwe, suggesting an intra-continental transmission which could be associated to poor
implementation of COVID-19 control measures thus permitting the variants to spread within the
region. Phylogenetic analysis also revealed that Omicron variants separated into two major
clusters, BA.1 and BA.2, signifying the continued evolution of this VOC.

Sequences of the Omicron variant obtained in this study were highly mutated, having 149
mutations across the 27 sequences. The findings are consistent with the findings of Saxena et al.
(2022), who detected more mutations in Omicron variants than the Delta variant. When the S
protein mutations of the VOCs in this study were compared to the hCoV-19/Wuhan/Hu-
1/2019|EPI_ISL_402125 (GISAID, 2020), Omicron was highly mutated with 58 SNP mutations
and 22 amino acid mutations in the RBD. These mutations are crucial as they are known to increase
the overall risk of reinfection and partial resistance to existing vaccines (Geddes, 2021). In addition
to mutations in the S protein, several substitutions and deletions in other genomic regions are also
present in all the SARS-CoV-2 variants in this study. Moreover, mutations have an adverse impact
on the pathogenicity of SARS-CoV-2 and the development of diagnostic assays, antivirals, and
vaccines (Amoutzias et al., 2022; Gomez et al., 2021). Therefore, monitoring of mutations and
characterization of their roles in virulence-related conditions in SARS-CoV-2 is very vital in the
control and prevention of the spread of the virus.

The phylogenetic analysis and characterization of the SARS-CoV-2 genomes in Southern Province
provided information on the distribution, transmission and the identification of mutations. These

findings are cardinal in preventing further transmission of the COVID-19 pandemic.
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Understanding the distribution of the SARS-CoV-2 variants and the different lineages is vital for
policy makers to know what control measures to apply in each region. In addition, some of the
mutations that were identified in this study (such as D614G, N501Y, E484K and P314L) have
been associated with increased viral transmission, increased binding affinity to the RBD, immune
evasion and enhanced viral replication. Despite the study only being able to sequence 20% of the
samples collected, it was able to identify and characterize the SARS-CoV-2 variants. This
information is critical in coming up with the right control measures and developing the right
vaccines to fight the pandemic. Phylogenetic analysis showed that there were multiple

introductions of the COVID-19 pandemic into Southern Province from Europe and Africa.
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CHAPTER SIX
CONCLUSION AND RECOMMENDATIONS

6.1 Conclusion

The findings highlighted the circulation of four VOCs in the Southern Province of Zambia
namely Alpha (B.1.1.7), Beta (B.1.351), Delta (AY.116), and Omicron (BA.1, BA.1.1, BA.1.14
and BA.2). Phylogenetic analysis showed that the genomes in this study were closely related to
genomes from Europe and Southern Africa indicating intra- and intercontinental introductions of
the virus into the country. Additionally, some sequences that clustered with Zambian sequences
may signify local transmission of the virus. SNP analysis also showed high rates of viral mutation
and evolution which may lead to the emergence of novel SARS-CoV-2 variants, whose full

potential on infection and pathogenicity have not been fully understood.
6.2 Recommendations

There is need for improved SARS-CoV-2 genomic surveillance in the country not only at points
of entry but the whole country. Studies to monitor and evaluate the impact of these SARS-CoV-2
variants will help prevent on-going as well as future outbreaks. There is also need to strengthen
the genomic capacity of the country by investing in the country’s scientific needs. The Government
should also invest in health care infrastructure and research decentralization to help cover rural

areas where electricity and transport are a challenge.
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APPENDIX

Appendix 1: SNP and AA mutation table

No. | Positio | Genome | No. of | Reference | Sample AA Frequen | Mutation
n Region | Mutati | Nucleotide | Nucleotide | Change |cy Type
ons

1 174 5°UTR |4 G T 174 6 extragenic

2 210 G T 210 4 extragenic

3 222 C T 222 1 extragenic

4 241 C T 241 31 extragenic

5 343 NSP1 3 C V26 2 Insertion

6 478 C T 1711 1 Synonymous
7 670 T G S135R 5 Missense

8 913 NSP2 5 C T S36S 3 Synonymous
9 926 T C F41L 2 Missense

10 | 940 G A K45K 1 Synonymous
11 | 1059 C T T85I 6 Missense

12 | 2692 A T T629T 2 Synonymous
13 | 2790 NSP3 42 C T T241 5 Missense

14 | 2832 A G K38R 20 Missense

15 | 2903 A G 162V 1 Missense

16 | 3037 C T F106F 39 Synonymous
17 | 3177 C T P153L 3 Missense

18 | 3267 C T T183lI 3 Missense

19 | 4150 T C VATV | 2 Synonymous
20 | 4181 G T A488S |4 Missense

21 | 4184 G A G489S |5 Missense

22 | 4255 G T P512P 2 Synonymous
23 | 4276 C T Y519y |2 Synonymous
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24 | 4321 C T AS34A |5 Synonymous
25 | 4540 C T Y607Y |2 Synonymous
26 | 4576 A T T619T |2 Synonymous
27 | 4579 T A L620L 3 Synonymous
28 | 4655 C T R646W | 1 Missense

29 | 5161 T A F814L 1 Missense

30 | 5230 G T K837N |6 Missense

31 | 5260 T A T847T 1 Synonymous
32 | 5386 T G A889A | 22 Synonymous
33 | 5388 C A A890D |3 Missense

34 | 5866 C T F1049F |1 Synonymous
35 | 5953 G A L1078L |2 Synonymous
36 | 5986 C T F1089F |3 Synonymous
37 | 6106 T C Y1129Y |1 Synonymous
38 | 6402 C T P1228L |4 Missense

39 | 6513 GTT S1265 21 Deletion

40 | 6568 C T D1283D |1 Synonymous
41 | 6954 T C 11412T |3 Missense

42 | 6968 C T L1416L |1 Synonymous
43 | 7069 A G E1450E |1 Synonymous
44 | 7071 G T G1451V |1 Missense

45 | 7086 C T T14561 |2 Missense

46 | 7124 C T P1469S |4 Missense

47 | 7252 G C L1511F |1 Missense

48 | 7292 T C G1524G |1 Synonymous
49 | 7787 G C A1690P |1 Missense

50 | 7923 C T S1735F |1 Missense

51 | 8035 G T M17721 |2 Missense

52 | 8290 C T L1857L |1 Synonymous
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53 | 8393 G A A1892T | 22 Missense

54 | 8499 C T A1927V | 2 Missense

55 | 8723 NSP4 A C I157L 1 Missense

56 | 8986 C T D144D |4 Synonymous
57 19053 G T V1e67L |4 Missense

58 | 9344 C T L264F |5 Missense

59 | 9424 A G V290V |3 Synonymous
60 | 9474 C T A307V |1 Missense

61 | 9534 C T T3271 5 Missense

62 | 9866 C T L438F 5 Missense

63 | 10029 C T T4921 31 Missense

64 | 10181 | NSP5 A G 143V 1 Missense

65 | 10198 C T D48D 2 Synonymous
66 | 10323 A G K90R 6 Missense

67 | 10447 G A R131R |5 Synonymous
68 | 10449 C A P132H | 27 Missense

69 | 10691 A G 1213V 4 Missense

70 | 10892 A G T280A |1 Missense

71 | 11083 | NSP6 G T L37F 1 Missense

72 | 11109 C T A4d6V 1 Missense

73 | 11201 A G T77A 4 Missense

74 | 11286 TGTCTGG L105 22 Deletion

TT
75 | 11288 TCTGGTT S106 14 Deletion
1T

76 | 11332 A G V120V |4 Synonymous
77 | 11537 A G 1189V 20 Missense

78 | 11653 C T L227L 2 Synonymous
79 | 11713 T C S247S 1 Synonymous
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80 | 11941 | NSP7 1 C T V33V 1 Synonymous
81 | 12406 | NSP8 4 C T N105N |1 Synonymous
82 | 12452 C T P121S 2 Missense
83 | 12473 C T K127K |1 Synonymous
84 | 12557 A C 1156L 2 Missense
85 | 12786 | NSP9 2 C T T34l 1 Missense
86 | 12880 C T 1651 5 Synonymous
87 | 13195 | NSP10 |2 T C V57V 22 Synonymous
88 | 13339 T A N105K |2 Missense
89 | 13592 | NSP12b |11 C T T421 2 Missense
90 | 13756 A G 197V 1 Missense
91 | 14408 C T P314L | 40 Missense
92 | 14676 C T P403P 3 Synonymous
93 | 15240 C T N59IN | 22 Synonymous
94 | 15279 C T H604H |3 Synonymous
95 | 15451 G A G662S |4 Missense
96 | 15714 C T L749L 5 Synonymous
97 | 15939 T C D824D |1 Synonymous
98 | 15960 C T A831A |1 Synonymous
99 | 16176 T C T903T 3 Synonymous
100 | 16406 | NSP13 |6 T G V57G 2 Missense
101 | 16466 C T P77L 4 Missense
102 | 16636 G T A134S 1 Missense
103 | 17280 G T V348V |1 Synonymous
104 | 17410 C T R392C |5 Missense
105 | 17999 C T T588lI 4 Missense
106 | 18163 | NSP14 |2 A G 142V 27 Missense
107 | 19220 C T A394Vv | 4 Missense
108 | 19684 | NSP15 |8 G T V22L 1 Missense
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109 | 19803 C T R61R 4 Synonymous
110 | 19884 C T Y88Y 1 Synonymous
111 | 19955 C T T112I 5) Missense
112 | 19999 G T V127F 1 Missense
113 | 20055 A G E145E |5 Synonymous
114 | 20094 A G K158K |2 Synonymous
115 | 20132 C T Al71V |2 Missense
116 | 20741 | NSP16 |23 A G Q28R 1 Missense
117 | 21082 GA CT E142L |2 Missense
118 | 21110 C T T1511 4 Missense
119 | 21512 A C N285T |4 Missense
120 | 21517 AG CA R287Q |4 Missense
121 | 21520 G C V288L |4 Missense
122 | 21523 GTT TCG V289S |4 Missense
123 | 21528 T C 12901 4 Synonymous
124 | 21532 A T S292C 4 Missense
125 | 21534 A S292 2 Insertion

126 | 21535 G S292 1 Deletion

127 | 21536 TC D293 1 Insertion

128 | 21537 T A D293E |1 Missense
129 | 21537 T D293 1 Deletion

130 | 21539 T A V294D |2 Missense
131 | 21542 T L295 1 Deletion

132 | 21543 TGTT AACG V296T |1 Missense
133 | 21543 TGTTA L295 1 Deletion

134 | 21547 AA CT N297L |1 Missense
135 | 21547 AA V296 1 Deletion

136 | 21549 C G N297K |1 Missense
137 | 21550 A N297 1 Deletion
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138 | 21551 A T N298I 1 Missense
139 | 21614 | Spike 82 C T L18F 1 Missense
140 | 21618 C G T19R 9 Missense
141 | 21618 C T T19I 5 Missense
142 | 21633 TACCCCC L24 ) Deletion
TG
143 | 21762 C AG67 22 Deletion
144 | 21764 A AG67 22 Deletion
145 | 21765 TACATG H69 3 Deletion
146 | 21767 CATG 168 22 Deletion
147 | 21801 A C D80A 6 Missense
148 | 21846 C T T951 26 Missense
149 | 21987 G A Gl142D |9 Missense
150 | 21987 GTGTTTA G142 22 Deletion
1T

151 | 21993 ATT Y145 3 Deletion
152 | 22029 AGTTCA E156 4 Deletion
153 | 22139 G C V193L |1 Missense
154 | 22161 A G Y200C |1 Missense
155 | 22193 T 1210 16 Insertion
156 | 22194 ATT N211 2 Deletion
157 | 22195 T G N211K | 16 Missense
158 | 22197 TA GC L212C 16 Missense
159 | 22200 T G V213G |5 Missense
160 | 22201 AGC S214 16 Insertion
161 | 22202 A V213 1 Insertion
162 | 22203 A R214 1 Insertion
163 | 22204 T A R214R | 16 Synonymous
164 | 22206 G D215G |6 Missense
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165 | 22286 CTTGCTT L242 4 Deletion
TA

166 | 22289 T A243S |1 Missense
167 | 22293 T L244S 1 Missense
168 | 22481 C T307P 1 Missense
169 | 22511 AA TT N317F |1 Missense
170 | 22535 T C S325P 1 Missense
171 | 22539 1T AA 1326K 1 Missense
172 | 22542 T C V327A |1 Missense
173 | 22578 A G339D | 27 Missense
174 | 22599 A R346K |5 Missense
175 | 22669 T C Y369Y |1 Synonymous
176 | 22673 TC CT S371L 22 Missense
177 | 22674 C T S371F 5 Missense
178 | 22679 T C S373P 27 Missense
179 | 22686 C T S375F 27 Missense
180 | 22688 A G T376A |5 Missense
181 | 22775 G A D405N |5 Missense
182 | 22786 A C R408S 5 Missense
183 | 22813 G T K417N |31 Missense
184 | 22882 T G N440K |7 Missense
185 | 22898 G A G446S 16 Missense
186 | 22917 T G L452R | 4 Missense
187 | 22969 AA GG T470A |1 Missense
188 | 22992 G A S477TN 21 Missense
189 | 22995 C A T478K | 24 Missense
190 | 23012 G A E484K |6 Missense
191 | 23013 A C E484A | 20 Missense
192 | 23040 A G Q493R | 20 Missense
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193 | 23048 G A G496S 15 Missense
194 | 23055 A G Q498R | 20 Missense
195 | 23063 A T N501Y |29 Missense
196 | 23075 T C Y505H | 19 Missense
197 | 23202 C A TS547K | 22 Missense
198 | 23271 C A A570D |3 Missense
199 | 23403 A G D614G | 40 Missense
200 | 23525 C T H655Y | 27 Missense
201 | 23599 T G N679K | 27 Missense
202 | 23604 C G P681R 29 Missense
203 | 23604 C A P681IH |5 Missense
204 | 23664 C T A701V |6 Missense
205 | 23709 C T T716l 3 Missense
206 | 23854 C A N764K | 27 Missense
207 | 23948 G T D796Y | 27 Missense
208 | 24130 C A N856K | 22 Missense
209 | 24183 C T T874l 1 Missense
210 | 24410 G A D950N | 4 Missense
211 | 24424 A T Q954H | 27 Missense
212 | 24469 T A N969K | 26 Missense
213 | 24503 C T L981F 21 Missense
214 | 24506 T G S982A |3 Missense
215 | 24821 G T A1087S |1 Missense
216 | 24872 G T V1104L |2 Missense
217 | 24914 G C D1118H |3 Missense
218 | 24942 A G D1127G |1 Missense
219 | 25000 C T D1146D | 27 Synonymous
220 | 25352 G T V1264L | 3 Missense
221 | 25469 | ORF3a C T S26L 4 Missense
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222 | 25546 C T L52F 4 Missense
223 | 25563 G T Q57H 6 Missense
224 | 25584 C T T64T 27 Synonymous
225 | 25587 C T L65L 5 Synonymous
226 | 25665 C T YOlY 1 Synonymous
227 | 25904 C T S171L |6 Missense
228 | 26058 C T D222D |1 Synonymous
229 | 26060 C T T223I 5 Missense
230 | 26270 | Envelop C T Tl 27 Missense
e
231 | 26296 C A L18I 1 Missense
232 | 26392 A T S50C 1 Missense
233 | 26438 T C L65P 2 Missense
234 | 26456 C T P71L 6 Missense
235 | 26530 | Membra A G D3G 19 Missense
ne

236 | 26577 C G Q19E 25 Missense
237 | 26709 G A AG3T 24 Missense
238 | 26767 T C 182T 4 Missense
239 | 26858 C T F112F 4 Synonymous
240 | 26997 T G C159G |1 Missense
241 | 27059 C T Y179Y |4 Synonymous
242 | 27193 | 3°’UTR T C 27193 1 extragenic
243 | 27209 | ORF6 A G H3R 1 Missense
244 | 27259 A C M19M |27 Synonymous
245 | 27382 GAT CTC D61L 5 Missense
246 | 27384 C D61D 1 Synonymous
247 | 27638 | ORF7a C V82A 4 Missense
248 | 27752 T T120I 4 Missense
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249 | 27807 | ORF7b |9 C T L17L 20 Synonymous
250 | 27873 G E39 1 Insertion
251 | 27874 C A T40N 1 Missense
252 | 27874 C T T40I 4 Missense
253 | 27875 C T40 1 Insertion
254 | 27879 C C41 1 Deletion
255 | 27880 A T H42L 1 Missense
256 | 27882 G H42 1 Deletion
257 | 27883 C T A43V 1 Missense
258 | 27921 | ORF8 9 A T I110F 1 Missense
259 | 27972 C T Q27* 3 SNP_stop
260 | 27998 C T D35D 1 Synonymous
261 | 28048 G T R52I 3 Missense
262 | 28079 G C V62V 1 Synonymous
263 | 28111 G Y73C 3 Missense
264 | 28248 GATTTC D119 4 Deletion
265 | 28253 C T F120F 1 Synonymous
266 | 28253 CA TC 1121L 5 Missense
267 | 28271 | 3’UTR |2 A T 28271 27 extragenic
268 | 28273 A 28273 7 extragenic
269 | 28280 | Nucleoc | 20 GAT CTA D3L 3 Missense

apsid
270 | 28310 C T P13S 1 Missense
271 | 28311 C T P13L 26 Missense
272 | 28362 GAGAACG E31l 26 Deletion

CA

273 | 28461 A G D63G 4 Missense
274 | 28881 G T R203M |2 Missense
275 | 28881 GG TT R203lI 2 Missense
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276 | 28881 GGG AAC RG203 |30 Missense
KR

277 | 28887 C T T205I 6 Missense
278 | 28916 G T G215C |4 Missense
279 | 28977 C T S235F 3 Missense
280 | 28985 G T G238C |1 Missense
281 | 29014 T C T247T 1 Synonymous
282 | 29095 C T F274F 1 Synonymous
283 | 29144 C T E290E 1 Synonymous
284 | 29192 T C F307L 2 Missense
285 | 29304 C T P344L 5 Missense
286 | 29402 G T D377Y |4 Missense
287 | 29433 A G K387R |2 Missense
288 | 29510 A C S413R 5 Missense
289 | 29545 | 3’'UTR C T 29545 2 extragenic
290 | 29734 GAGGCCA 29734 4 extragenic

CGCGGA

GTACGAT

CGAGTG
291 | 29736 G T 29736 1 extragenic
292 | 29742 G T 29742 4 extragenic
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Appendix 2: Alpha Varian SNP Mutation table

Ref Region/ # Of | reference | sample AA Frequenc | Mutation
genome | Gene Mutation | nucleotide | Nucleotid | change |y Type
position S e
S'UTR 1
241 C T 241 3 extragenic
NSP2 1
913 C T S36S |3 Synonymou
S
NSP3 8
3037 C T F106F | 3 Synonymou
S
3177 C T P153L |3 Missense
3267 C T T1831 |3 Missense
4255 G T P512P | 2 Synonymou
s
5388 C A A890 |3 Missense
D
5986 C T F1089 |3 Synonymou
F S
6954 T C 11412 |3 Missense
T
8499 C T A1927 | 2 Missense
Vv
NSP6 1
11288 TCTGGT S106 |3 deletion
TTT
NSP12b 4
14408 C T P314L | 3 Missense
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14676 C T P403P | 3 Synonymou
S
15279 C T H604 |3 Synonymou
H S
16176 T C T903T | 3 Synonymou
S
NSP15 1
19684 G T V2L |1 Missense
NSP16 19
21082 GA CT E142L | 2 Missense
21512 A C N285T | 3 Missense
21517 AG CA R287 |3 Missense
Q
21520 G C V288L | 3 Missense
21523 GTT TCG V289S | 3 Missense
21528 T C 12901 |3 Synonymou
S
21532 A T S292C | 3 Missense
21534 A S292 |2 Insertion
21535 G S292 |1 Deletion
21536 TC D293 |1 Insertion
21537 D293 |1 Deletion
21539 T A V294 |1 Missense
D
21542 T L295 |1 Deletion
21543 TGTT AACG V296T | 1 Missense
21543 TGTTA L295 |1 Deletion
21547 AA V296 |1 Deletion
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21549 C G N297 |1 Missense
K
21550 A N297 |1 Deletion
21551 A T N298I | 2 Missense
Spike 10
21765 TACATG H69 3 deletion
21993 ATT Y145 |3 deletion
23063 A T N501 |3 Missense
Y
23271 C A A570 |3 Missense
D
23403 A G D614 |3 Missense
G
23604 C A P681H | 3 Missense
23709 C T T7161 |3 Missense
24183 C T T8741 |3 Missense
24506 T G S982A | 3 Missense
24914 G C D1118 | 3 Missense
H
ORF8 3
27972 C T Q27* |3 Stop
28048 G T R521 |3 Missense
28111 A G Y73C |3 Missense
3'UTR 1
28273 A 28273 |3 extragenic
Nucleocapsi | 4
d
28280 GAT CTA D3L 3 Missense
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28881 GGG AAC RG20 Missense
3KR

28977 C T S235F Missense

28985 G T G238 Missense
C
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Appendix 3: Beta Variant SNP Mutation table

Ref Region/ # Of | reference sample AA Freque | Mutation
genom | Gene Mutation | nucleotide Nucleotid | change | ncy Type
e S e
positio
n
5'UTR 2
174 G T 174 6 extragenic
241 C T 241 6 extragenic
NSP2 3
940 G A K45K |1 Synonymous
1059 C T T85I 6 Missense
2692 T629T |2 Synonymous
NSP3 6
3037 C T F106F |6 Synonymous
4150 T C VATV | 2 Synonymous
4276 C T Y519Y | 2 Synonymous
4540 C T Y607Y |2 Synonymous
5230 G T K837N | 6 Missense
6106 T C Y1129 |1 Synonymous
Y
NSP4 1
9344 C T L264F |1 Missense
NSP5 2
10181 A G 143V 1 Missense
10323 A G K9OR |6 Missense
NSP6 1
11288 TCTGGTTT S106 6 deletion
T
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NSP8 1
12473 C T K127K |1 Synonymous
NSP10 1
13339 T A N105K | 2 Missense
NSP12b 2
13592 C T T421 2 Missense
14408 C T P314L |6 Missense
NSP13 1
17999 C T 75881 |4 Missense
NSP15 1
19803 C T R61R |4 Synonymous
NSP16 10
21110 C T T1511 |4 Missense
21512 A C N285T |1 Missense
21517 AG CA R287Q |1 Missense
21520 G C V288L |1 Missense
21523 GTT TCG Vv289S |1 Missense
21528 T C 12901 1 Synonymous
21532 A T S292C |1 Missense
21537 T A D293E |1 Missense
21539 T A V294D |1 Missense
21547 AA CT N297L |1 Missense
Spike 15
21614 C T L18F 1 Missense
21801 A C D80A |6 Missense
22206 A G D215G | 6 Missense
22286 CTTGCTTT L242 4 deletion
A
22481 A C T307P |1 Missense
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22511 AA TT N317F |1 Missense
22535 T C S325P |1 Missense
22539 TT AA 1326K |1 Missense
22542 T C V327A |1 Missense
22813 G T K417N | 4 Missense
23012 G A E484K | 6 Missense
23063 A T N501Y | 6 Missense
23403 A G D614G | 6 Missense
23664 C T A701V | 6 Missense
24821 G T A1087 |1 Missense
S
ORF3a
25546 C T L52F 4 Missense
25563 G T Q57H |6 Missense
25904 C T S171L |6 Missense
26058 C T D222D |1 Synonymous
Envelope
26456 C T P71L 6 Missense
Membrane
27059 C T Y179Y |4 Synonymous
3'UTR
27193 T C 27193 |1 extragenic
ORF7b
27873 G E39 1 Insertion
27874 C A T40N 1 Missense
27875 C T40 1 Insertion
27879 C C41 1 Deletion
27880 A T H42L 1 Missense
27882 G H42 1 deletion
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27883 C T A43V |1 Missense
ORF8
27921 A T I110F 1 Missense
28253 CA TC 1121L |5 Missense
28253 C T F120F |1 Synonymous
Nucleocapsi
d
28310 C T P13S 1 Missense
28887 C T T2051 |6 Missense
29095 C T F274F |1 Synonymous
29144 C T E290E |1 Synonymous
29192 T C F307L |2 Missense

61




Appendix 4: Delta Variant SNP Mutation table

Ref Region/ # Of | reference | sample AA Frequenc | Mutation
genome | Gene Mutatio | nucleotid | Nucleotid | change |y Type
position ns e e
5'UTR 2
210 G T 210 4 extragenic
241 C 241 4 extragenic
NSP2 1
926 T C F41L 2 Missense
NSP3 8
3037 C T F106F |4 Synonymo
us
4181 G T A488S | 4 Missense
5953 G A L1078L |2 Synonymo
us
6402 C T P1228L | 4 Missense
6568 C D1283D |1 Synonymo
us
7124 C P1469S | 4 Missense
7923 C T S1735F |1 Missense
8035 G M17721 | 2 Missense
NSP4 4
8986 C T D144D |4 Synonymo
us
9053 G T V167L | 4 Missense
9474 C T A307V |1 Missense
10029 C T4921 4 Missense
NSP5 1
10691 A G 1213V 4 Missense
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NSP6
11201 A G T77A 4 Missense
11332 A G V120V |4 Synonymo
us
11653 C T L227L |2 Synonymo
us
NSP8
12452 C T P121S 2 Missense
NSP12b
14408 C T P314L |4 Missense
15451 G A G662S | 4 Missense
NSP13
16466 C T P77L 4 Missense
NSP14
19220 C T A394V | 4 Missense
NSP15
20132 C T Al71V |2 Missense
Spike
21618 C G T19R 4 Missense
21846 C T T95I 4 Missense
21987 G Gl142D |4 Missense
22029 AGTTC E156 4 deletion
A
22917 T G L452R |4 Missense
22995 C A T478K | 4 Missense
23403 A G D614G |4 Missense
23604 C G P681R |4 Missense
24410 G A D950N | 4 Missense
ORF3a
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25469 C T S26L 4 Missense
25665 C YOlY 1 Synonymo
us

Envelope

26438 T C L65P 2 Missense
Membrane

26767 T C 182T 4 Missense
ORF7a

27638 T C V82A 4 Missense

27752 C T T120I 4 Missense
ORF7b

27874 C T T40I 4 Missense
ORF8

28248 GATTTC D119 4 deletion
3'UTR

28273 A 28273 4 extragenic
Nucleocapsid

28461 A G D63G 4 Missense

28881 G T R203M | 2 Missense

28881 GG TT R203lI 2 Missense

28916 G T G215C |4 Missense

29402 G D377Y |4 Missense

29433 A G K387R |2 Missense
3'UTR

29742 G T 29742 4 extragenic
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Appendix 5: Omicron Variant SNP Mutation table

Ref Region/ | # Of | reference sample AA Frequ | Mutation
genome Gene Mutat | nucleotide Nucleotide | change ency | Type
position ions

S'UTR 2
222 C T 222 1 extragenic
241 C T 241 15 extragenic

NSP1 2
478 T 1711 1 Synonymous
670 T G S135R 4 Missense

NSP3 22
2790 C T T241 4 Missense
2832 A G K38R 17 Missense
3037 C T F106F 23 Synonymous
4184 G A G489S 4 Missense
4321 C T A534A | 4 Synonymous
4576 A T T619T |1 Synonymous
4579 T A L620L 2 Synonymous
4655 C T R646W |1 Missense
5161 T A F814L 1 Missense
5260 T A T847T 1 Synonymous
5386 T G AB889A 19 Synonymous
5866 C T F1049F |1 Synonymous
6513 GTT S1265 18 Deletion
6968 C T Li4i6L |1 Synonymous
7069 A G E1450E |1 Synonymous
7071 G T G1451V |1 Missense
7086 C T T14561 2 Missense
7252 G C L1511F |1 Missense
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7292 T C G1524G |1 Synonymous
7787 G C A1690P |1 Missense
8290 C T L1857L |1 Synonymous
8393 G A A1892T |19 Missense
NSP4
8723 A C I57L 1 Missense
9344 C T L264F 4 Missense
9424 A G V290V 2 Synonymous
9534 C T T3271 4 Missense
9866 C T L438F 4 Missense
10029 C T T4921 23 Missense
NSP5
10198 C T D48D 4 Synonymous
10447 G A R131R 4 Synonymous
10449 C A P132H 23 Missense
10892 A G T280A 1 Missense
NSP6
11083 G T L37F 1 Missense
11109 C T A46V 1 Missense
11286 TGTCTGG L105 19 Deletion
TT
11288 TCTGGTT S106 4 Deletion
TT
11537 G 1189V 19 Missense
11713 T C S247S 1 Synonymous
NSP7
11941 C T V33V 1 Synonymous
NSP8
12406 C T N105N 1 Synonymous
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12557 A C 1156L 1 Missense
NSP9 2

12786 C T T34l 1 Missense

12880 C T 1651 4 Synonymous
NSP10 1

13195 T C V57V 19 Synonymous
NSP12b |6

13756 A G 197V 1 Missense

14408 C T P314L 23 Missense

15240 C T N591IN 19 Synonymous

15714 C T L749L |4 Synonymous

15939 T C D824D 1 Synonymous

15960 C T A831A 1 Synonymous
NSP13 4

16406 T G V57G 2 Missense

16636 G T A134S 1 Missense

17280 G T V348V 1 Synonymous

17410 C T R392C 4 Missense
NSP14 1

18163 A G 142V 23 Missense
NSP15 5

19884 C T Y88Y 1 Synonymous

19955 C T T112I 4 Missense

19999 G T V127F 1 Missense

20055 A G E145E 4 Synonymous

20094 A G K158K 1 Synonymous
NSP16 1

20741 A G Q28R 1 Missense
Spike 58

67




21618 C T T191 4 Missense
21633 TACCCCC L24 4 Deletion
TG
21762 C A67 19 Deletion
21764 A A67 19 Deletion
21767 CATG 168 19 Deletion
21846 C T T951 19 Missense
21987 GTGTTTA G142 19 Deletion
TT

21987 G A G142D 4 Missense
22139 G C V193L 1 Missense
22161 A G Y200C 1 Missense
22193 T 1210 15 Insertion
22194 ATT N211 1 Deletion
22195 T G N211K 15 Missense
22197 TA GC L212C 15 Missense
22200 T G V213G 4 Missense
22201 AGC S214 15 insertion
22202 A V213 15 Insertion
22203 A R214 15 Insertion
22204 T A R214R 15 Synonymous
22289 G T A243S 1 Missense
22293 T C L244S 1 Missense
22578 G A G339D 23 Missense
22599 G A R346K 5 Missense
22669 T C Y369Y 1 Synonymous
22673 TC CT S371L 19 Missense
22674 C T S371F 4 Missense
22679 C S373P 23 Missense
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22686 C T S375F 23 Missense
22688 A G T376A 4 Missense
22775 G A D405N 4 Missense
22786 A C R408S 4 Missense
22813 G T K417N 23 Missense
22882 T G N440K 7 Missense
22898 G A G446S 13 Missense
22969 AA GG T470A 1 Missense
22992 G A S477TN 16 Missense
22995 C A T478K 17 Missense
23013 A C E484A 17 Missense
23040 A G Q493R 17 Missense
23048 G A G496S 13 Missense
23055 A G Q498R 17 Missense
23063 A T N501Y 17 Missense
23075 T C YS505H 16 Missense
23202 C A T547K 19 Missense
23403 A G D614G | 23 Missense
23525 C T H655Y 23 Missense
23599 T G N679K 23 Missense
23604 C A P681H 23 Missense
23854 C A N764K 23 Missense
23948 G T D796Y 23 Missense
24130 C A N856K 19 Missense
24424 A T Q954H 23 Missense
24469 T A NI69K 22 Missense
24503 C T L981F 18 Missense
24872 G T V1104L |1 Missense
24942 A G D1127G |1 Missense
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25000 C T D1146D | 23 Synonymous

25352 G T V1264L |2 Missense
ORF3a

25584 C T T64T 23 Synonymous

25587 C T L65L 4 Synonymous

26060 C T T223I 4 Missense
Envelope

26270 C T T9I 23 Missense

26392 A T S50C 1 Missense
Membran
e

26530 A G D3G 16 Missense

26577 C G Q19E 23 Missense

26709 G A AG3T 20 Missense

26858 C T F112F 3 Synonymous

26997 T G C159G 1 Missense
ORF6

27209 A G H3R 1 Missense

27259 A C M19M 23 Synonymous

27382 GAT CTC D61L 4 Missense

27384 T C D61D 1 Synonymous
ORF7b

27807 C T L17L 16 Synonymous
ORF8

27998 C T D35D 1 Synonymous

28079 G C V62V 1 Synonymous
3'UTR

28271 A T 28271 23 extragenic
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Nucleoca
psid
28311 C T P13L 22 Missense
28362 GAGAACG E31 22 Deletion
CA
28881 GGG AAC RG203K | 23 Missense
R
29304 C T P344L 4 Missense
29510 A C S413R 4 Missense
3'UTR
29545 C T 29545 1 extragenic
29734 GAGGCCA 29734 4 extragenic
CGCGGAG
TACGATC
GAGTG
29736 G T 29736 1 extragenic
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Appendix 6: Ethical approval

Plot No. 1, Cnr Joseph Mwilwa & Great East Road
Rhodes Park, Lusaka - Zambia

Tel: +260 955 155 633

+260 955 155 634

Cell: +260 977 493220

Email: eresconvergeltd@gmail.com

1.R.B. No. 00005948
EW.A. No. 00011697

28™ August, 2020

Ref. No. 2020-Aug-008

The Principal Investigator
Prof. Victor Mukonka,

Zambia National Public Health Instifute,

13 Reedbuck Road, Kabulonga

LUSAKA.

Dear Prof. Mukonka,

RE: GENOMIC CHARACTERIZATION OF SARS-COV-2 AND EVALUATION OF
NOVEL DIAGNOSTIC TESTS FOR COVID-19 IN ZAMBIA.

Reference is made to your protocol resubmission dated 25" August, 2020. The IRB resolved
to approve this study and your participation as Principal Investigator for a period of one year.

" Review Type Fast Track Approval No. 7‘1
‘ 2020-Aug-008 |
| Approval and Expiry Date | Approval Date: [ Expiry Date: ‘
L B 28" August, 2020 27" August, 2021
| Protocol Version and Date | Version - Nil. 27" August, 2021
 Information Sheet. o English. 27" August, 2021
Consent Forms and Dates

| Consent form ID and Date | Version - Nil 27" August, 2021

- Nil o 27" August, 2021

‘ Recruitment Materials

| Other Sludy Documents

" Number of participants
approved for study

Data Collection Sheet. -

| 27" August, 2021
27" August, 2021

Where Research Ethics and Science Converge
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Specific ¢ ‘e . ) o
rc}::(:fK.l:.(]\‘ndnmns will apply to this approval. As Principal Investigator itis
lnl l” nsibility to ensure that the contents of this letter are adhered to. I

- the approval may be suspended. Should the study be suspended. stu

your
f these are not adhered
dy sponsors and other

regulatory authorities will be informed.

Conditions of Approval

Should you have any questio

No participant may be involved in any study procedure prior to the study approval or
after the expiration date.

All unanticipated or Serious Adverse Events (SAEs) must be reported to the IRB
within § days.

All protocol modifications must be IR
are intended to reduce risk (but must still be reported for ap

include any change of investigator/s or site address.
All protocol deviations must be reported to the IRB within 5 working days.

All recruitment materials must be approved by the IRB prior to being used.

Principal investigators are responsible for initiating Continuing Review proceedings.
Documents must be received by the IRB at least 30 days before the expiry date. This
is for the purpose of facilitating the review process. Any documents received less than
30 days before expiry will be labelled “late submissions” and will incur a penalty.

Every 6 (six) months a progress report form supplied by ERES IRB must be filled in

and submitted to us.
A reprint of this letter shall be done at a fee.

BB approved prior to implementation unless they
proval). Modifications will

ns regarding anything indicated in this letter, please do not

hesitate to get in touch with us at the above indicated address.

On behalf of ERES Converge IRB, we would like to wish you all the success as you carry

out your study.

Yours faithfully.
ERES CONVERGE IRB

A teanf -4
(AsriniHHHIae 4
@bl 42 8-

Dr. Jason Mwanza
Dip. Clin. Med. Sc., BA., M.Soc., PhD
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Abstract: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants of concern (VOCs)
have significantly impacted the global epidemiology of the pandemic. From December 2020 to April
2022, we conducted genomic surveillance of SARS-CoV-2 in the Southern Province of Zambia, a
region that shares international borders with Botswana, Namibia, and Zimbabwe and is a major
tourist destination. Genetic analysis of 40 SARS-CoV-2 whole genomes revealed the circulation
of Alpha (B.1.1.7), Beta (B.1.351), Delta (AY.116), and multiple Omicron subvariants with the BA.1
subvariant being predominant. Whereas Beta, Delta, and Omicron variants were associated with
the second, third, and fourth pandemic waves, respectively, the Alpha variant was not associated
with any wave in the country. Phylogenetic analysis showed evidence of local transmission and
possible multiple introductions of SARS-CoV-2 VOCs in Zambia from different European and African
countries. Across the 40 genomes analysed, a total of 292 mutations were observed, including
182 missense mutations, 66 synonymous mutations, 23 deletions, 9 insertions, 1 stop codon, and
11 mutations in the non-coding region. This study stresses the need for the continued monitoring
of SARS-CoV-2 circulation in Zambia, particularly in strategically positioned regions such as the
Southern Province which could be at increased risk of introduction of novel VOCs.

Keywords: SARS-CoV-2; COVID-19; variants of concern; spike mutations; whole-genome sequencing;
Zambia

1. Introduction

As of 6 July 2022, the ongoing coronavirus disease 2019 (COVID-19) pandemic has
caused over 548,990,094 confirmed cases including 6,341,637 deaths [1]. In Africa, despite
having a total population of about 1.3 billion, the official reports show a low burden of
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infections when compared
with other continents. The total number of confirmed cases and fatalities reported in
Africa were 9,138,803 and 173,674, respectively, representing a global burden of 1.7% [1].
However, post-mortem and serological studies in some African countries suggest that the
true burden of SARS-CoV-2 infections and deaths may be higher than what is officially
reported [2-5]. Further, a recent systematic review by the World Health Organisation
(WHO) on the seroprevalence of SARS-CoV-2 in Africa revealed that over two-thirds of the
African population had been infected by SARS-CoV-2 [6]. The analysis further revealed that
the true number of SARS-CoV-2 infections on the African continent was 97 times higher
than the reported confirmed cases and the sharp rise in incidence was attributed to the
introduction of the highly transmissible Alpha and Delta variants [6,7].

The first COVID-19 case in Africa was reported in Egypt on 14 February 2020 [8,9]
followed by Algeria, with its first case being reported on 25 February 2020 [10] and Nigeria
on 27 February 2020 [11]. Most African countries including Cameroon, Morocco, Senegal,
South Africa, Togo, and Tunisia reported their first cases by mid-March 2020 [8,12] and
most of the index cases were imported cases from Europe which by then had become the
epicentre of the pandemic [8,12]. Within three months of Africa’s COVID-19 index case,
54 of 55 African Union (AU) Member States (except Western Sahara) had reported over
100,000 cases which included imported and community transmissions [8]. The early phase
of the pandemic in Africa was characterized by the predominance of lineage B.1 which was
introduced multiple times in African countries [13]. However, due to a ban on international
air travel in most African countries and the world at large in March/April 2020, the number
of SARS-CoV-2 impaortations into Africa decreased and the pandemic entered a phase
that was characterized by sustained low levels of within-country spread and occasional
international viral dissemination between neighbouring countries, presumably via road
and rail links between these countries [13].

As the pandemic progressed, several SARS-CoV-2 variants carrying mutations with
concerning phenotypic implications on current pandemic management strategies emerged [14].
Of particular significance to the ongoing pandemic are SARS-CoV-2 variants designated
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variants of concern (VOCs). Several VOCs have been described including Alpha (B.1.1.7),
Beta (B.1.351), Gamma (P>1), Delta (B.1.617.2), and Omicron (B.1.1.529). VOCs are associated
with enhanced transmissibility or virulence, reduction in neutralization by antibodies
obtained through natural infection or vaccination, the ability to evade detection, or a
decrease in therapeutic or vaccination effectiveness [15,16]. Further, all the five reported
VOCs have mutations in the receptor-binding domain (RBD) and the N-terminal domain
(NTD), of which N501Y mutation located on the RBD is common to all variants except
the Delta variant [16]. The N501Y mutation results in increased binding affinity of the
spike (S) protein to angiotensin-converting enzyme (ACE) 2 receptors thereby enhancing
the viral attachment and its subsequent entry into the host cells [17,18]. Other genomic
changes have been reported, including the extensive deletion in the open reading frame
(ORF) 7a, ORFS8 [19-21], and a deletion in the nsp2 genes [22], but these deletions have
been associated with mild to moderate clinical symptoms compared to the infection caused
by the wildtype SARS-CoV-2 [21,23].

To date, four VOCs, namely Alpha, Beta, Delta, and Omicron have been detected on
the African continent. The first VOC, designated Alpha (B.1.1.7), was detected in September
2020 in the United Kingdom (UK) and was introduced into Africa between November 2020
and February 2021 with evidence of local transmission in Nigeria and Ghana [13]. This
variant is characterised by nine mutations in the S protein, increased transmissibility, and
increased risk of hospitalisation [24,25]. The second VOC was the Beta (B.1.351 lineage)
variant which was first detected in South Africa in October 2020 and became the most
common variant in many African countries [26]. This VOC is characterized by mutations
in the S protein, including in the RBD—K417N, E484K, and N501Y [14,26]. In addition,
the Beta variant is known to cause severe disease in young and healthy individuals [26].
Whereas the Beta variant was associated with the second wave of SARS-CoV-2 in Africa,
the Alpha variant did not predominate in many African countries possibly due to a lack
of selective advantage over the other VOCs [27]. These variants were replaced by the
highly transmissible Delta (B.1.617.2 lineage) variant which was initially detected in India
in December 2020 and spread worldwide among vaccinated as well as unvaccinated
individuals [28]. This variant seeded the third wave of the pandemic in 2021 and was
introduced in Africa in June 2021. The Omicron variant, characterised by several mutations
in the S protein, including a set of mutations previously observed in other VOCs and
novel mutations, was first reported in South Africa on 24 November 2021 and became the
dominant driver of the fourth global wave of SARS-CoV-2 [29].

In Zambia, the first known COVID-19 cases were reported on 18 March 2020 from trav-
ellers returning from Europe [30]. Within days, the government implemented restrictions
on international travel, school closures, halting of non-essential business, and confinement
of people to their homes. Despite these measures, the virus spread to all parts of the
country with over 300,000 cases and over 4000 deaths as of 6 July 2022 [31]. The course of
the pandemic in Zambia can be divided into four major waves: the first wave occurred from
July to September 2020 and was mainly driven by B.1.1 and its sub-lineages; the second
wave occurred from December 2020 to April 2021 and was dominated by the Beta variant,
while the Delta variant dominated the third wave from May to September 2021 [32,33]. The
Omicron variant has dominated the fourth pandemic wave in Zambia, with cases peaking
in early January 2022 and then rapidly decreasing to low levels. In the Southern Province,
which shares international borders with Botswana, Namibia, and Zimbabwe and is a major
tourist destination, SARS-CoV-2 was first detected in May 2020 [31]. As the course of the
pandemic continues to evolve, it remains crucial to monitor and understand the virus
evolution and outbreak dynamics, particularly in strategically positioned regions such as
the Southern Province which is a trade entry point of Zambia for all imports and exports
from Southern Africa. However, there is limited data regarding the molecular epidemiol-
ogy of SARS-CoV-2 in Zambia, with only two genomic studies reporting the detection of
SARS-CoV-2 belonging to lineage B.1.1. [34] and the B.1.351 variant [35]. Moreover, to our
best knowledge, no reports have described the genetic characteristics of SARS-CoV-2 VOCs
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circulating in the Southern Province. Therefore, this study used whole-genome sequencing
(WGS) and phylogenetic analyses to describe the genetic characteristics of SARS-CoV-2 in
the Southern Province of Zambia.

2. Materials and Methods
2.1. Study Site and Sample Collection

The study samples were collected between December 2020 and April 2022 from eight
districts in the Southern Province (Figure 1). Sample collection was conducted through the
Zambia National Public Health Institute under the coordination of the Zambia Genomic
Sequencing Consortium. The samples were collected through routine surveillance (i.e.,
point of entry screening and routine screening for influenza-like illnesses) and targeted
surveillance of cluster outbreaks. A total of 198 samples were collected from different parts
of the Southern Province and were brought to Macha Research Trust (MRT) for WGS. WGS
was conducted in collaboration with the Churches Health Association of Zambia (CHAZ)
with 161 samples collected between December 2020 and November 2021 being transported
to MRT, while 37 samples collected from December 2021 to April 2022 were transported
to CHAZ Complex laboratory for sequencing. Upon receipt, all samples were retested
to determine the cycle threshold (Ct) value of each sample. Samples that had a Ct value
of <30 and were submitted with the relevant metadata were included to undergo WGS.
Samples that did not meet the inclusion criteria and those that could not be amplified or
had poor genomic coverage were excluded from further analysis.

Itezhi-tazhi

Figure 1. Map showing the location of study sites in Southern Province. The locator map depicts
Zambia with neighbouring countries that share the border with Southern Province. The insert map
shows the Southern Province of Zambia with the study sites namely Chikankata, Choma, Kalomo,
Kazungula, Livingstone, Mazabuka, Namwala and Pemba districts. The maps were generated using
Quantum Geographic Information System (QGIS) version 3.10 (http:/ /www.qgis.org (accessed on
8 August 2022).

2.2. RNA Extraction and Virus Genome Amplification

Viral RNA was extracted from nasopharyngeal swabs using the QIAamp Viral RNA
Mini Kit (Qiagen, Hilden, Germany) or the MagMax kit (Thermo Fisher Scientific, Waltham,
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MA, USA) on an automated KingFisher Flex platform (Thermo Fisher Scientific, USA)
according to manufacturer specifications and protocols. Amplification of the SARS-CoV-2
genome in preparation for WGS was conducted using the Centre for Disease Control and
Prevention (CDC) SARS-CoV-2 qRT-PCR assay [36].

2.3. Next-Generation Sequencing

Whole-genome sequencing was performed using the Oxford Nanopore technolo-
gies and Illumina NextSeq platforms. For Oxford Nanopore, a cDNA synthesis reaction
was performed on 36 samples (based on cycle threshold values < 30) using SuperScript
IV Reverse Transcriptase kit (Invitrogen, Waltham, MA, USA), following the manufac-
turer’s instructions. Library preparation was conducted using the ARTIC protocol version
3 [37,38]. Whole-genome sequencing was conducted using custom-designed primers
(Tables S3 and S4) [34]. The PCR products were cleaned using AMPure XP beads (Beck-
man Coulter, Brea, CA, USA) and DNA quantification was conducted using a Qubit
fluorometer (Thermo Fisher Scientific). End-repair on the amplified samples was con-
ducted using NEBNext Ultra Il End Repair Module (New England BioLabs, Ipswich,
MA, USA). Native barcode expansion kits 1-12 and 13-24 was used in combination with
Ligation Sequencing Kit (SQK-LSK109) (Oxford Nanopore Technologies). Subsequently,
genomic sequencing was conducted using the MinION 1IMkB (Oxford Nanopore Tech-
nologies, Oxford, UK). The RAMPART (v1.0.6) software package was used to monitor
sequencing performance in real-time, with runs proceeding until a minimum of approx-
imately 200-fold coverage was achieved across all amplicons. At this point, the run
was terminated and the resulting reads were basecalled using Guppy (4.0.14). Con-
sensus sequence generation was conducted using the ARTIC bioinformatics pipeline
(https:/ /artic.network/ncov-2019 /ncov2019-bioinformatics-sop.html (accessed on 7 Octo-
ber 2021).

For Illumina NextSeq, V.3 primers pools designed by ARTIC Network were used (https:
/ / github.com/joshquick /artic-ncov2019/blob / master / primer_schemes/nCoV-2019/V3/
nCoV-2019.tsv (accessed on 7 October 2021)). Sequencing libraries for 37 samples were
prepared using the [llumina COVIDSeq kit on the automated Hamilton robotic instrument,
ABI 7500 fast, and the Quant Studio thermo-cyclers. After successful library clean-up and
pooling, pooled samples were quantified and normalized using a Qubit dSDNA HS Assay
kit by diluting from a starting concentration of 4 nM to a final loading concentration of 1 nM.
Thereafter, 25 uL. was loaded on the Illumina NextSeq 2000 instrument through a cartridge
loaded with a flow cell for SARS-CoV-2 genomic sequencing. A customized version of
the DRAGEN DNA pipeline was used to perform Kmer-based detection of SARS-CoV-2.
The Nextseq 2000 then aligned the reads to a reference genome, calls variants, and gener-
ates consensus genome sequences. The NextSeq 2000 optionally performs lineage/clade
analysis using Pangolin and NextClade.

2.4. Genome Annotation and Phylogenetic Analysis

Whole-genome sequences were annotated using the reference genome of hCoV-
19/Wuhan/Hu-1/2019 | EPI_ISL_402125 [33]. A dataset of 180 whole genomes was created,
which included 40 generated from this study and 140 retrieved from the GISAID database.
Audacity Instant was used to retrieve SARS-CoV-2 whole-genome sequences from GISAID
that were most similar to the sequences generated in this study. We also included reference
sequences of VOCs detected in Southern Africa and other parts of the world, targeting those
isolated within the same period and belonging to the same lineage as those characterized
in this study. Reference sequences with stretches of more than 10% 'NNNN’ were excluded
from the analysis. Multiple sequence alignment of the sequences was performed using the
FFT-NS-2 algorithm available in the multiple sequence alignment programme (MAFFT),
but otherwise using default settings (https:/ /mafft.cbrc.jp/alignment/server/index.html
(accessed on 9 August 2022) [39]. The alignment was inspected in Geneious Prime v2022.0.1
(https:/ /www.geneious.com (accessed on 9 August 2022) and gaps were trimmed. Follow-
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ing alignment, a maximum likelihood (ML) phylogenetic tree was constructed using the
PhyML Online server (www.atgc-montpellier.fr/phyml/ (accessed on 9 August 2022) [40]
using the smart model selection (SMS) [41] and the Bayesian Information Criterion. Branch
support was estimated through the SH-like approximate likelihood ratio test (SH-aLRT).
The ML tree was then rooted using TempEst v1.5.3 [42], which estimated the best-fitting root
of this phylogeny using the heuristic residual mean squared function, aimed at minimizing
the variance of root-to-tip distances. The resultant ML tree file was edited using Interactive
Tree of Life (iTOL) v5, an online tool for phylogenetic tree display and annotation [43].

PANGO lineage identification was performed using Pangolin v3.1.16 (https:/ /pangol
in.cog-uk.io/ (accessed on 8 August 2022)). Identification of single nucleotide polymor-
phisms (SNPs) was performed using the coronapp web application http://giorgilab.un
ibo.it/coronannotator/ (accessed on 8 August 2022). SNPs were identified based on the
number of high confidence base calls (consensus sequence variations of the assembly) that
do not agree with the reference bases for the genome position of interest. These variations
were then exported to a vcf file and visualized in Microsoft Excel. The GISAID accession
IDs of the genomes generated in this study can be found in Table S1.

3. Results
3.1. Characteristics of Patients with COVID-19 from the Southern Province of Zambia

A total of 198 samples were received for WGS from districts in the Southern Province,
74 were negative for SARS-CoV-2, 51 had Ct values > 30, and 33 had a low genome coverage.
Only 40 samples were successfully sequenced, 13 samples at MRT and 27 at CHAZ Complex
laboratory.

Demographic data were analyzed for all the 198 samples and the majority of the
samples (104/198; 52.5%) were from females as shown in Table 1. The mean age of the
participants was 28 (range: 0-82). The data set for gender and age were not available for
one and five samples, respectively (Table 1).

Table 1. Characteristics of the genotyped samples infected with SARS-CoV-2.

Parameters Sample Distribution n (%), Overall, n = 198
Age Group

0-14 Years 7(3.5)

15-50 Years 171 (86.4)

>50 Years 15(7.6)

Unknown 5(2.5)
Gender

Female 104 (52.5)

Male 93 (47.0)

Unknown 1(0.5)

3.2. SARS-CoV-2 Lineage Assignment and Distribution in Southern Province

SARS-CoV-2 lineage assignment using the PANGOLIN application (https://pang
olin.cog-uk.io/ (accessed on 8 August 2022), showed that the 40 genomes detected in
this study were distributed into seven lineages, namely AY.116 (Delta), B.1.1.7 (Alpha),
B.1.351 (Beta), and Omicron (BA.1, BA.1.1, BA.1.14, and BA.2) (Figure 2A). The largest
number of the sequences (1 = 17, 42.5%) belonged to lineage BA.1/GRA (Figure 2A). All
lineage AY.116 sequences came from Choma District, whereas the six B.1.351 lineage was
detected in Choma (1 = 2), Namwala (1 = 2), Kalomo (1 = 1), and Mazabuka (1 = 1) districts
(Figure 2B; Table S1). The Alpha variant (B.1.1.7) viruses were found in Namwala, Pemba,
and Chikankata districts (Figure 2B; Table S1). Of the 27 Omicron variants, 11 (40.7%)
were from Livingstone, 9 (33.3%) from Chikankata, 4 (14.8%) from Kazungula, 2 (7.4%)
from Choma and 1 (3.7%) from Namwala. Most lineage BA.1 viruses were detected in
Chikankata and Livingstone districts where 7/27 (25.9%) viruses of this lineage were
found in each district. Lineage BA.1.1 was detected in Chikankata and Kazungula districts
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whereas B.1.14 was only detected in Livingstone (Table S1). Three of the five BA.2 lineage
viruses were detected in Livingstone whereas the other two were detected in Choma and
Kazungula districts as shown in Figure 2B and Table S1.
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Figure 2. Distribution of SARS-CoV-2 lineage in the Southern Province of Zambia. Panel (A) pie chart
showing SARS-CoV-2 lineages detected in the Southern Province; panel (B) proportionate distribution
of SARS-CoV-2 lineages in the eight districts of the Southern Province. The map was generated using
Quantum Geographic Information System (QGIS) version 3.10 (http:/ /www.qgis.org (accessed on
8 August 2022)).

3.3. Phylogenetic Analysis

Phylogenetic analysis revealed that the sequences separated into four clades namely
Delta, Beta, Alpha, and Omicron (Figure 3). In the Delta clade four Southern Province
sequences (Zambia/SP250/2021 | EPTISL 6761088, Zambia/SP253/2021 | EPI ISL 6762977,
Zambia/SP251/2021 | EPI ISL 6761106, and Zambia/SP252/2021 | EPTISL 6761100), sep-
arated into two groups of which two formed a distinct cluster with a Zambian isolate
whereas the other two clustered with sequences from Angola, Eswatini, and Zambia
(Figure 3). Six sequences analysed in this study belonged to the Beta clade and they sepa-
rated into four distinct clusters. Two of the sequences (Zambia/SP30/2021 | EPI ISL 6760973
and Zambia/SP87/2021 | EPIISL 6764745) analysed in this study clustered with isolates
from Zambia, Zimbabwe, England, and the Democratic Republic of Congo (DRC), and
another set of two formed a distinct cluster with sequences from Zambia. The last two se-
quences (Zambia/SP11/2021 | EPI_ISL_6760905 and Zambia/SP10/2021 | EPI_ISL_6760707)
belonged to separate clusters with the former sequence grouping with Zambian sequences
whereas the latter was closely related to sequences obtained in Malawi, Eswatini, and
Botswana (Figure 3). In the Alpha clade, three Southern Province sequences, namely
Zambia/SP32/2021 | EPI_ISL_6761015, Zambia/SP37 /2020 | EPI_ISL_6761027, and Zam-
bia/SP172/2021 | EPI_ISL_6761052 formed a distinguishable cluster with sequences from
England and Zambia (Figure 3). The Omicron clade was separated into two clusters
(Figure 3). The majority (22/27; 81.5%) of the Zambian sequences in this clade belonged
to the BA.1 sub-lineage cluster whereas the rest (5/27; 18.5%) were of the BA.2 lineage.
Phylogenetic analysis further showed that the Omicron sequences from this study were
mainly closely related to sequences from European and African countries (Figure 3).
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Figure 3. Phylogenetic analysis of SARS-CoV-2 genomes from Zambia and other countries. The
genomes generated in this study are indicated in red whereas the shaded areas indicate the clades
of variants of concern. Each sequence was named with the country name first followed by the
isolate name and then the GISAID accession number. The tree branches highlighted in blue indicate
tree branches that had a strong maximum likelihood ratio greater than 0.9, whereas the tree scale
represents the nucleotide substitutions per site.
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3.4. Molecular Analysis

A total of 292 different mutations were detected from the 40 genomes studied when
compared to the Wuhan/Hu 1/2019 | EPI ISL 402125 reference sequence (Table 2). Most
(96.2%) mutations were detected in the coding regions of the genomes. Of the mutations
detected in the coding region, 64.8% (182/281) were missense mutations, 23.5% (66,/281)
were synonymous mutations, 8.2% (23/281) were deletions, 3.2% (9/281) insertions, and
one was a stop codon (0.4%), gained with a single nucleotide polymorphism (SNP) on the
ORFS (Tables 2 and S2). Deletions and insertion included in-frame and out-of-frame muta-
tions. When gene mutations were stratified according to the VOCs, the Alpha variant had
a total of 53 different mutations of which 31 (58.5%) were missense mutations and 8 (15.1%)
synonymous mutations. The number of mutations in the Alpha variant genomes ranged
between 41 and 45 with (EPI_ISL_6761027) having the most mutations. The Beta variant
had a total of 68 different mutations with 44 (64.7%) missense mutations and 15 (22.1%)
synonymous mutations. The mutations in the Beta variant genomes ranged between 26 and
45 with one sequence (EP1_ISL_6760998) having the most mutations. Further, sequences of
the Delta variant had a total of 50 mutations with 37 (74%) missense mutations and 7 (14%)
synonymous mutations. The Delta variant mutations ranged between 39 and 44 with two
sequences (EP1_ISL_6761106; EPI_ISL_6761100) having the most mutations. Sequences of
the Omicron variant had the highest number of mutations; 149 different mutations with
90 (60.4%) missense and 39 (26.2%) synonymous mutations, with the genomes having a mu-
tation range between 48 and 67 with three sequences (EPI_ISL_12363648; EPI1_ISL_12363649;
EPI_ISL_12363661) having the most mutations. Deletions, insertions, stop-codons, and
upstream/downstream gene variants had a frequency below 18% in all the VOCs.

Table 2. Distribution of mutations along different genomic regions of SARS-CoV-2 sequences detected
in Southern Province,

Genome Segment  Missense Mutation Synonymous Mutation Deletion  Insertion  Others Total Mutation

Coding Region
ORFlab 74 48 9 3 0 134
Spike 65 3 10 4 0 82
ORF3a 5 + 0 0 0 9
Envelope 5 0 0 0 0 5
Membrane 5 2 0 0 0 7
ORF6 2 2 0 0 0 4
ORF7a 2 0 0 0 0 2
ORF7b 4 1 2 2 0 9
ORF8 4 3 1 0 1! 9
Nucleocapsid 16 3 1 0 0 20
Non-coding
Region 2
5'UTR 0 0 0 0 4 4
YUTR 0 0 0 0 7 7
Total 182 66 23 9 12 292

1 Stop codon in the ORFS; ? all the mutations in the non-coding region are extragenic.

When the number of mutations per gene was counted only once, the S protein was
the most mutated gene with 82 mutations whereas the second mutated gene was the N5P3
protein with 42 mutations (Table S2). Of the 82 mutations in the S protein, 65/82 were mis-
sense mutations, 3/82 synonymous mutations, 10/82 deletions, and 4 insertions as shown
in Table 2. Among all the SNPs, the most common change was C > T followed by A > G
and G > A. Further, a large deletion of 26 nucleotides was observed on position 29734 of
the 3'UTR of the four sequences (EPI_ISL_12363646, EPI_ISL_12363658, EPI1_ISL_12363649
and EPI_ISL_12363669).

The most common mutation was the D614G substitution on the S protein and P314L
substitution on the NSP12b (RdRp) protein which occurred in all the sequences studied and
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67.5% (27 /40) showed other amino acid substitution in the S protein including T95I, G339D,
S373F, S375F, H655Y, N679K, N764K, D796K, Q954H, and D1146D (Table 52). The second
most common amino acid change (39/40; 97.5%) was the F106F substitution on the NSP3
followed by the K417N (31/40; 77.5%) substitution on the S protein T4921 substitution on
the NSP4, followed by Pe81H (30/40; 75%), and (29/40; 72.5%) N501Y substitutions on the
S protein. In addition to these mutations, several substitutions, deletions, and insertions in
other genomic areas were also present (Table 52).

Comparison of mutations on the S protein of the SARS-CoV-2 variants in this study
with the wildtype (Wuhan-Hu-1) SARS-CoV-2 revealed that the Omicron variant had the
highest number of mutations in this protein compared to the other VOCs in this study.
The Omicron variant had 58 amino acid (AA) mutations which included six deletions and
four insertions (Table 3). Of the 60 AA mutations in the Omicron variant, 22 were found
to be in the RBD of the S protein including G339D, R346K, Y369Y, S371L, S371F, S373F,
S375F, T376A, D405N, R408S, K417N, N440K, G446S, T470A, S477N, T478K, E484A, Q493R,
G4965, Q498R, NH01Y, and Y505H (Tables 2 and 3). The other AA variations in the RBD
included N501Y in Alpha variants, S325F, 1326K, V327 A, K417N, E484K, and N501Y in the
Beta variant and L452R and T478K (Table 3).

Table 3. Spike protein mutations in different SARS-CoV-2 variants compared to the wild-type
(Wuhan-Hu-1).

SARS-CoV-2 Variants

Spike Mutations 1

Wuhan-Hu-1 (wild-type)

Alpha (B.1.1.7)
Beta (B.1.351)

AH69, AY145, N501Y, A570D, Da14G, P6S1H, T7161, TS741, S982A, D1118H
L18F, D80A, D215G, AL242, T3071F, N317F, §325P, 1326K, V327A, K417N, E484K,
N501Y, D614G, A701V, A10875

Delta (AY.116)

TI19R, T95I, G142D, AE156, L452R, T478K, D614G, P6S1R, DI50N

Omicron (BA.1, BA.1.1, BA.1.14, BA.2)

T191, AL24, AAG7, AAGT, Al6S, T95I, AG142, G142D, V193L, Y200C, ins210, AN211,
N211K, L212C, V213G, ins5214, insV213, insR214, insV213, insR214, R214R, A243S,
L2445, G339D, R346K, Y369Y, S371L, S371F, S373P, S375E, T376A, D405N, R408S,
K417N, N440K, G446S, T470A, S477N, T478K, E484A, Q493R, G496S, Q498R,
N501Y, Y505H, T547K, D614G, H655Y, N679K, Pa81H, N764K, D796Y, N856K, Q954H,
N969K, LISIF, V1104L, D1127G, D1146D, V12641

! Receptor-binding domain (residues 319-541) is marked as bold in all the variants. A Represents deletion, ins
represent insertion.

4. Discussion

In this study, from the 198 samples that were obtained for genomic sequencing in
eight districts of the Southern Province of Zambia, 40 SARS-CoV-2 whole genomes were
successfully sequenced and analysed. Our dataset revealed that there were more cases of
COVID-19 observed in females compared to males. However, other studies have recorded
a higher disease burden in males compared to females [44-46]. The mean age of patients
was 28 with a minimum and maximum age of 0 and 82 years, respectively. However, it
cannot be ruled out that the small number of samples analysed in this study may have had
an impact on the observed gender distribution and the mean age of COVID-19 patients.
Furthermore, lineage assignment revealed that BA.1 was the most prevalent lineage among
our sequences followed by B.1.351. This could be explained by the fact that most of the
successfully sequenced samples were collected during the Omicron wave. The B.1.351
predominated in the second wave, AY.116 in the third wave, and BA.1 in the fourth wave.
The findings corroborate those of other authors who reported the predominance of Beta
(B.1.351), Delta (B.1.617.2), and Omicron BA.1 variants in the second, third, and fourth
waves of the pandemic in Africa, respectively [13,26,47,48]. Moreover, the detection of
AY.116 and B.1.351 coincided with a rapid increase in the number of confirmed cases and
deaths in Zambia [35,49]. Despite the small sample size of this study, SARS-CoV-2 lineages
were detected in different districts of the Southern Province. The majority of the Omicron
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variants were detected in Chikankata and Livingstone districts, with the latter having
more subvariants. It is plausible that Livingstone, being a border town, a tourist capital,
and a major transportation link to Zambia's neighbouring countries, the area could be at
increased risk of the introduction of novel VOCs. Except for the Alpha variant, all the other
VOCs detected in this study were found in Choma District. This could be explained by the
fact that Macha Research Trust where sequencing was conducted is located in the Choma
District and thus the institution was more likely to receive samples throughout the different
phases of the COVID-19 waves.

Phylogenetic analysis revealed that the 40 SARS-CoV-2 genomes generated in this
study belonged to four SARS-CoV-2 VOCs namely Alpha, Beta, Delta, and Omicron
variants. These VOCs have presented a formidable public health challenge during the
COVID-19 pandemic because of their increased viral transmissibility and disease sever-
ity [50]. Additionally, the early detection of some of the VOCs in Africa highlights the
importance of coordinated molecular surveillance systems in all parts of the world and the
role Africa has played in enabling the early detection and characterization of new lineages
and informing the global pandemic response. The close phylogenetic relatedness of se-
quences generated in this study with those from European and African countries supports
the idea of possible multiple introductions of the virus from different regions. Phyloge-
netic analysis further revealed that some sequences from this study clustered together and
among other Zambian sequences which may signify the local circulation of these viruses.
Notably, sequences obtained in this study that grouped within the Alpha variant clade
were phylogenetically distinguishable and were detected in three different districts, which
may suggest independent introductions, particularly from Europe, as these sequences
were closely related to isolates from England. This introduction could be attributed to
the relaxation of flight restrictions at the time these samples were collected. The Zambian
Alpha cluster also displayed a longer branch length compared to the other sequences in this
clade indicating the continued evolution as the virus circulated. Interestingly, the Alpha
variant has not been associated with any COVID-19 wave in Zambia. This observation
may suggest that the Alpha variant has no selective advantage over the other VOCs such
as the Beta and Delta variants [27]. Although some Beta and Delta variants were closely
related to isolates from Europe and Zambia, others showed a close relationship to isolates
from Eswatini, DRC, Malawi, and Zimbabwe, suggesting that public health measures
implemented by the authorities may have been compromised by porous borders and thus
permitting the variants to spread within the region. Phylogenetic analysis also revealed
that Omicron variants separated into two major clusters, BA.1 and BA.2, signifying the
continued evolution of this VOC. The BA.4 and BA.5 subvariants which have been associ-
ated with driving current waves of infection in South Africa [51,52] were not detected in
this study.

The S glycoprotein of SARS-CoV-2 plays a pivotal role in viral infection and pathogen-
esis because of its role in host cell receptor recognition, viral attachment, and entry [53-57].
The present study demonstrated the presence of the D614G mutation in the S protein in all
40 genomes. Similar findings have been reported in many countries including Turkey [58],
Oman [59], Egypt [60], and the Comoros Island [61]. In addition to the D614G mutation
in the S glycoprotein (23403A > G), a P314L mutation (14408C > T) in the NSP12/RdRp
was detected in all the sequences analysed. This finding agrees with previous research
which reported a high co-occurrence of these mutations around the globe [62-64]. The
D614G mutation is associated with a high viral load, infectivity, and transmissibility [50]
whereas mutations in the RARp protein results in a dysfunctional enzyme that generates
errors during RNA synthesis, increasing the chances of mutations occurring [62,64,65]. It
is also suggested that the co-occurrence of the D614G and NSP12_P314L mutations may
enhance viral entry and replication, respectively [66]. Therefore, the S protein mutations
and their effects on virulence should be closely monitored and evaluated, as this protein is
the main target for vaccine development [67].
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Alpha, Beta, and Omicron variants share the N501Y mutation, located in the receptor-
binding domain (RBD) of the S protein. It is known to confer an increased binding affinity
of the RBD for the ACE2 receptor, raising the viral transmission rate [68]. This mutation
was detected in all Alpha, Beta, and 20 Omicron variants of our sequences. Furthermore,
the K417N and E484K mutations in the S protein, common to all Beta variants [26] were
also detected in our sequences. Other mutations in this present study included the Q27
stop in the ORF8 in all three Alpha variants. This mutation has been observed in the
Alpha (B.1.1.7) variant and is known to truncate the ORFS8 protein or make it inactive,
allowing the accumulation of additional mutations in other regions [68]. Further, eight
mutations namely D614G, D950N, F157A, L452R, P681R, R158A, T19R, and T478K were
detected in the S protein in the four sequences of the Delta variant identified in this study.
These mutations are identical to those detected in the Indian Delta variants (B.1.617.2) [69].
Deletions, insertions, frameshift variants, and up/downstream variants were much rarer.
This observation is also in line with the finding of Malune et al., whose study reported less
than 10% of these mutations [70].

Sequences of the Omicron variant obtained in this study were highly mutated, having
149 mutations across the 27 sequences examined. The findings are consistent with the
findings of Saxena et al., who detected more mutations in Omicron variants than the Delta
variant [71]. When the S protein mutations of the VOCs in this study were compared to
the hCoV-19/Wuhan/Hu-1/2019 | EPI_ISL_402125, Omicron was highly mutated with
58 mutations and 22 amino acid mutations in the RBD. These mutations are crucial as
they are thought to increase the overall risk of reinfection and partial resistance to existing
vaccines [72]. In addition to mutations in the S protein, several substitutions and deletions
in other genomic regions are also present in all the SARS-CoV-2 variants in this study.
Moreover, mutations have an adverse impact on the pathogenicity of SARS-CoV-2 and
the development of diagnostic assays, antivirals, and vaccines. Therefore, monitoring of
mutations and characterization of their roles in virulence-related conditions in SARS-CoV-2
is very vital in the control and prevention of the spread of the virus.

The limitations of the study are that most of the samples could not be successfully
sequenced because they had a Ct > 30, whereas others had poor genomic coverage. We
believe poor sample quality was the main reason for the considerably low number of se-
quences obtained in this study which may have been due to poor storage and transportation
conditions (i.e., failure to maintain a good cold chain), as some of the samples came from
far-lying rural districts. For improved SARS-CoV-2 genomic surveillance, strengthening the
capacity for sample storage and courier in rural areas should be prioritized by the Zambian
Ministry of Health.

5. Conclusions

The findings highlighted the circulation of four VOCs in the Southern Province of
Zambia namely Alpha (B.1.1.7), Beta (B.1.351), Delta (AY.116), and Omicron (BA.1, BA.1.1,
BA.1.14 and BA.2). Phylogenetic analysis revealed that our genomes were closely related
to genomes from Europe and Southern Africa indicating intra- and intercontinental in-
troductions of the virus to the country. Additionally, some sequences that clustered with
Zambian sequences may signify local transmission of the virus. The Omicron variant
exhibited the highest number of amino acid substitutions in the S glycoprotein as com-
pared to the other three variants in this study. Moreover, SARS-CoV-2 with the D614G
and P314L mutation was the major circulating virus in Southern Province, Zambia. Our
findings stress the need for continued monitoring of SARS-CoV-2 circulation in Zambia,
especially in strategically positioned regions such as the Southern Province which could
be at increased risk of introduction of novel VOCs. This analysis further represents the
first genomic study in the Southern Province of Zambia and highlights the importance of
the Zambia Genomic Sequencing Consortium in the expansion of SARS-CoV-2 genomic
surveillance in understanding the spread of the virus at national and community levels.
It has further contributed to the decentralization of sequencing facilities encompassing
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among them public, private, and academic public health laboratories which have led to the
rapid dissemination of sequences into the public domain.
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