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1 | INTRODUCTION

Since its emergence in Wuhan, China in December 2019, the SARS-
CoV-2 has mutated continuously, resulting in the emergence of sev-
eral more contagious variants of the virus, which have modulated
the dynamics of the COVID-19 pandemic. The rapid evolution of the
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Surveillance of genetic diversity of the SARS-CoV-2 is extremely important to detect
the emergence of more infectious and deadly strains of the virus. In this study, we eval-
uated mutational events in the SARS-CoV-2 genomes through whole genome sequenc-
ing. The samples were collected from COVID-19 patients in different major cities of
Pakistan during the four waves of the pandemic (May 2020 to July 2021) and sub-
jected to whole genome sequencing. Using in silico and machine learning tools, the viral
mutational events were analyzed, and variants of concern and of interest were iden-
tified during each of the four waves. The overall mutation frequency (mutations per
genome) increased during the course of the pandemic from 12.19 to 23.63, 31.03, and
41.22 in the first, second, third, and fourth waves, respectively. We determined that the
viral strains rose to higher frequencies in local transmission. The first wave had three
most common strains B.1.36, B.1.160, and B.1.255, the second wave comprised B.1.36
and B.1.247 strains, the third wave had B.1.1.7 (Alpha variant) and B.1.36 strains, and
the fourth waves comprised B.1.617.2 (Delta). Intriguingly, the B.1.36 variants were
found in all the waves of the infection indicating their survival fitness. Through phy-
logenetic analysis, the probable routes of transmission of various strains in the coun-
try were determined. Collectively, our study provided an insight into the evolution of
SARS-CoV-2 lineages in the spatiotemporal local transmission during different waves
of the pandemic, which aided the state institutions in implementing adequate preven-

tive measures.

KEYWORDS
COVID-19 pandemic, genetic evolution, SARS-CoV-2 lineages, spatiotemporal surveillance, viral
variants

virus during the pandemic, due to accumulation of mutations, has con-
tributed to viral adaptation, drug resistance, and higher transmissi-
bility of more virulent strains (Pachetti et al., 2020). However, very
few mutations have been functionally characterized (Zhou & Wang,
2021). A massive genome sequencing drive is under way globally to

document the genetic diversity of SARS-CoV-2. Several studies have
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reported large number of mutations in various genes, including S, M,
E, N, ORF1ab, ORF3a, ORF6, ORF7, ORF8, and ORF10 (Rahimi et al.,
2020).

Genomic surveillance of a virus after it enters a naive population is
crucial for designing effective strategies for disease control and pre-
vention (Ladner et al., 2019). Continuous SARS-CoV-2 genomic char-
acterization has aided the global health policy makers to determine and
declare new mutations being variants of concern (VOC) and variants of
interest (VOI) for better management and curtailing the transmissibil-
ity of the infection. The findings of such studies have supported con-
tact tracing, social distancing, and travel restrictions to limit the spread
of SARS-CoV-2. In a study conducted in Northern California from late
January to mid-March 2020, using samples from 36 patients spanning
nine counties and the Grand Princess cruise ship, phylogenetic analy-
ses revealed the cryptic introduction of at least seven different SARS-
CoV-2 lineages into California (Deng et al., 2020). Genetic surveillance
of COVID-19 in Malaysia and other Asian countries has highlighted
the presence of B.6 lineage in the Asia Pacific region (representing
95% of the world cases of B.6 strains) (Chong et al., 2020). Genomic-
based surveillance of COVID-19 cases in Beijing, China till May 2020
has revealed transmission of SARS-CoV-2 in the city via three routes
including Wuhan exposure group, foreigner imported cases, and locally
transmitted cases (Du et al., 2020). In addition, genomic analysis of
SARS-CoV-2 has indicated two separate introductions of the virus
into the Republic of Congo during the first wave (April to July 2020)
(Ntoumi et al., 2021). Phylogenic investigation of 11,422 SARS-CoV-2
genomes (between January and September 2020) revealed 287 intro-
ductions into Washington, including 61% of the introduction from a
source other than the United States (Tordoff et al., 2021).

Pakistan shares borders with world’s most densely populated
nations with strong movement of people from and to the hotspots
of COVID-19. The country confirmed its first COVID-19 patient on
February 26, 2020 in the southern city of Karachi. By 29th October
2021, there were 1,271,687 confirmed cases, 28,431 deaths, while
18.15% of the population was fully vaccinated in Pakistan (John Hop-
kins University). The Pakistani government adopted progressive dis-
ease prevention initiatives to restrict social contacts, reduce the spread
of viruses, and avoid community-based transmissions. Pakistan wit-
nessed a peak in June 2020 and cases fell from thousands to a few hun-
dred per day soon in September. This was mostly due to the excellent
containment strategies adopted by the Government of Pakistan to suc-
cessfully contain the spread of the virus, which was due appreciated by
the World Health Organization (WHO, 2020).

Given the specific demography and environmental conditions, the
present study attempted to gain an insight into the mutational spec-
trum of SARS-CoV-2 genome in Pakistan. We performed 97 SARS-
CoV-2 genome sequencings of virus isolated from patients from dif-
ferent major cities of the country during all the four waves of the pan-
demic and, by incorporating additional publicly available SARS-CoV-2
data from Pakistan, comprehensively analyzed the viral evolution. Spa-
tiotemporal approach was adopted and samples were collected dur-
ing May to August 2020, November to December 2020, March to
April 2021, and July 2021. The focus of the epidemiological analysis
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was to identify specific patterns of SARS-CoV-2 transmission through
genomic analysis within local population before and during the contain-
ment stage of COVID-19 pandemic. Findings of this study helped to
devise strategies for the surveillance of potential transmission routes
to contain future outbreaks.

2 | MATERIALS AND METHODS

2.1 | Ethical consideration, recruitment of patients,
and samples collection

The study was approved by the Research Ethics Committee of the
International Center for Chemical and Biological Sciences, University
of Karachi, and the study design adhered to the ethical considerations
of the Declaration of Helsinki (Helsinki, 2013). For the current study,
more than 1000 patients were recruited from different hotspot areas
of the country during all the four waves of the infection. During the first
wave, the samples were collected in Karachi from May to August 2020.
During the second wave, the samples were also collected in the cap-
ital of the country, Islamabad, in addition to Karachi, from November
to December 2020. During the third wave, further cities of the coun-
try were added, and the samples were collected from Karachi, Islam-
abad, Lahore, Mardan, and Quetta. The fourth wave samples were col-
lected in Karachi only. For COVID-19 testing, nasopharyngeal swabs
were collected in viral transport medium (VTM) according to the guide-
lines of the Center for Disease Control and Prevention (CDC, 2020).
Only the patients who tested positive for COVID-19 by real-time PCR
using SARS-CoV-2 specific primers and probes were proceeded for
downstream investigation. Total RNA was isolated from the VTM in a
biosafety level 3 (BSL-3) laboratory using the QlAamp viral RNA mini
kit (Qiagen, Hilden, Germany) following the manufacturer’s protocol.
Concentration of the total RNA was determined with a Qubit fluorom-
eter using the Qubit RNA HS assay kit (Thermo Fisher Scientific, MA,
USA).

2.2 | Complementary DNA synthesis

A total of 245 RNA samples were randomly selected for synthesiz-
ing double-stranded complementary DNA (cDNA) from the purified
RNA. The samples with low threshold cycle (Ct) values in the real-time
PCR assay (Ct>25) were selected for library preparation. The double-
stranded cDNA was synthesized from the total RNA by using Max-
ima H Minus Double-Stranded cDNA Synthesis Kit (Thermo Fisher Sci-
entific) according to the manufacturer’s protocol. For the first strand
cDNA synthesis, the isolated total RNA and random hexamer primers
were incubated at 65°C for 5 min followed by the addition of the 4X
First Strand Reaction Mix along with the First Strand Enzyme Mix. The
reaction mixture was incubated at 25°C for 10 min, 50°C for 30 min,
followed by termination of the reaction at 85°C for 5 min. The sec-
ond strand cDNA synthesis was performed by adding the 5X Second
Strand Reaction Mix and the Second Strand Enzyme Mix to the first
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strand cDNA synthesis reaction mixture. Final volume was adjusted
with nuclease free water, and the reaction mixture was incubated at
16°C for 60 min. The reaction was stopped by adding 0.5 M EDTA. The
double-stranded cDNA was purified by using the Agencourt AMPure
XP beads (Beckman Coulter, CA, USA), and the concentration of the
double-stranded cDNA was evaluated using the Qubit DNA HS assay
kit (Thermo Fisher Scientific).

2.3 | DNA library preparation and whole genome
sequencing

A total of 134 cDNA samples were selected, which passed the qual-
ity assessment criteria for performing the SARS-CoV-2 whole genome
sequencing. Paired-end libraries were constructed from the double-
stranded cDNA by using lllumina DNA Prep with Enrichment kit (lllu-
mina Inc., San Diego, CA, USA) following the manufacturer’s protocol.
Briefly, the tagmenting of purified double-stranded cDNA (50 ng) was
performed by using bead linked transposomes followed by adapters
ligation to the tagmented DNA. Unique indexes (IDT for Illumina
DNA/RNA UD Indexes) were added to each tagmented DNA in limited
cycles of PCR. The amplified tagmented DNA was purified using sam-
ple purification beads. Prior to the enrichment of SARS-CoV-2 genome,
the libraries were pooled in 12 plex reactions (multiplexing of 12 sam-
ples). DNA fragments of the SARS CoV-2 genome were hybridized with
biotinylated respiratory virus oligos (lllumina Inc.). The DNA fragments
hybridized with the custom oligos were captured using streptavidin
magnetic beads. The enriched library was amplified followed by purifi-
cation with Agencourt AMPure XP beads (Beckman Coulter). The con-
centration of the enriched libraries was determined using Qubit DNA
HS assay kit (Thermo Fisher Scientific). The libraries were denatured
with 0.2 N NaOH followed by dilution to 12 pmole using the hybridiza-
tion buffer (HT1). Paired-end sequencing (2 x 75 bases) using MiSeq
reagent v3 kit was carried out on Illumina MiSeq (lllumina Inc.).

2.4 | Analysis of the sequencing data

The raw data in the binary base call format (.bcl) were converted into
fastq format on the MiSeq instrument. The quality of the DNA short
reads was assessed using FastQC tool (Andrews, 2010). The short
reads were aligned with the reference SARS-CoV-2 genome of the
isolate from Wuhan, China (Wuhan-Hu-1 genome, GenBank acces-
sion NC_045512) using the BWA-MEM algorithm (Li, 2013). For post-
alignment processing, the sequence alignment map (SAM) was con-
verted into binary format (BAM) using the Samtools package (Dhan-
dapany et al., 2009). Among the paired-end reads mapping to same
coordinates on the reference genome, only one paired-end read was
retained at a given position. The base quality score recalibration
(BQSR) and realignment of insertion/deletion (indels) were carried out
employing the best practices of the Genome Analysis Toolkit (GATK)
(DePristo et al., 2011). The samples with coverage of >85% were pro-

cessed for downstream analysis. The variants with low quality score
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(QUAL < 30) were filtered out. To determine functional consequences
of the variants, a standalone perl-based algorithm ANNOVAR was
employed using the Wuhan-Hu-1 reference genome-based annotation
dataset (Yang & Wang, 2015).

2.5 | Assessment of the mutational frequencies

The mutation frequency (Mf) in the sequenced SARS-CoV-2 genomes
was determined by calculating the average number of mutations in
each genome, as Mf = Y M/} G, where M is the number of total muta-
tions, and G is the number of genomes sequenced. As, for a single base
substitution mutation, a nucleotide base at a given site in the genome
can be replaced, with respect to the reference genome, with either of
the three other bases, so we calculated the possible 12 distinct muta-
tional types, that is, A>C, A>G, A>U, C>A, C>G, C>U, G>A, G>C,
G>U, U>A, U>C, and U>G in the sequenced genomes. Further, these
mutational types were also determined for different functional cate-
gories of the mutations, that is, non-coding, silent, missense, and non-
sense. In addition, in order to categorize the mutations on the basis of
their number of descendants (passed into samples of later dates), we
also determined the type of mutations with zero descendants, with few
descendants (2-3), and with many descendants (>3). The rationale for
categorizing the identified mutations on the basis of their number of
descendants was to determine the mutations of different functional
consequences transmitted in the local population given the specific
demographic and environmental factors of the region (De Maio et al.,
2021). The transitions (Ti) to transversions (Tv) ratio was calculated as
Y'Ti/Y Tv, as stated previously (Roy et al., 2020).

2.6 | Phylogenetic analysis
For building the whole genome, the consensus sequences were gener-
ated from the binary alignment map (bam) files, as described previously
(Sahetal., 2020). For comparison and validation, DNA short reads were
assembled through de novo assembly with Velvet 1.0.0 (Zerbino, 2010)
and SPAdes (Prijibelski et al., 2020) tools using the default parameters.
For inferring phylogenetic relationship, the assembled genomes were
aligned with the Wuhan-Hu-1 genome using the MUSCLE multiple
sequence alignment tool (Edgar, 2004). The phylogeny was constructed
using the RAXML 8.2.12 tool (Stamatakis, 2014) by employing the max-
imum likelihood (ML) algorithm and 100 bootstrap replicates. The phy-
logeny tree was further manipulated with MEGA X (Kumar et al., 2018)
and FigTree v.1.4.4 (http://tree.bio.ed.ac.uk/software/Fig.tree/) tools.
For determining epidemiologically important SARS-CoV-2 variants,
a previously proposed dynamic nomenclature system for assigning lin-
eages of the SARS-CoV-2 by Rambaut et al. (2020) was employed
using the Phylogenetic Assignment of named Global Outbreak Lin-
eages (PANGOLIN 2.0) software suite. According to this nomenclature
system, the genomes having two characteristic mutations (8782C>T,
and 28144T>C) with respect to Wuhan-Hu-1 genome were desig-

nated at Lineage A, and the genomes lacking these two mutations were
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designated as Lineage B. The sequences of Lineage A have been shown
to be more closely related with the bat corona virus. The Wuhan-Hu-1
genome relates to the Lineage B, as proposed by Rambaut et al. (2020),
and the Lineage B having D614G mutation in the spike protein gene is
categorized into sub-lineage B.1. The emergence of further recurrent
mutationsin B.1lineages divides the genomes into further sub-lineages
suchas B.1.1,B.1.36, B.1.36.6, and so on.

3 | RESULTS

3.1 | Description of the cohort

We selected more than 1000 COVID-19 patients from the public sec-
tor hospitals during the peak time of four waves of the pandemic (from
May to August 2020 [first wave], November to December 2020 [sec-
ond wave], February to April 2021 [third wave], and July 2021 [fourth
wave]). The samples of the first wave were collected from the COVID-
19 patients in the metropolitan city of Karachi (Sindh Province). Dur-
ing the second wave, in addition to Karachi, the capital city Islamabad,
which is ~1140 km away from Karachi, was also included for sam-
ples collection. For the samples of third wave, in addition to Karachi,
and Islamabad, other major cities of Pakistan, that is, Lahore (Pun-
jab province), Mardan (Khyber Pakhtunkhwa province), and Quetta
(Baluchistan province), were also included. The fourth wave samples
were collected in Karachi. The details of samples collected in different
cities of Pakistan have been presented in Table S1. The samples were
included in the study after confirmed diagnosis with a real-time PCR
test from the nasopharyngeal swab specimens. The disease symptoms
varied in the patients including mild symptoms of low-grade fever and
flu to moderate symptoms of fever, flu, and difficulty in breathing.

3.2 | Genetic characteristics of the SARS-CoV-2

To determine the genomic characteristics and diversities in the virus
responsible for the COVID-19 transmission in Pakistan, deep SARS-
CoV-2 genome sequencing was employed using a custom oligos panel
designed for the enrichment of respiratory virus sequences. Through
massively parallel sequencing, we obtained, after removing the sam-
ples in which viral genome coverage was below 85%, 97 complete or
near to complete viral genomes with average depth of coverage of
>1000X. After alignment of the short reads with the reference SARS-
CoV-2 genome of Wuhan isolate (Wuhan-Hu-1, NC_045512.2), the
genetic variations were obtained employing the on-instrument default
pipeline of BWA, Samtools, and GATK tools. After filtering out the low-
quality mutations (mutations with QUAL < 30), the first wave sam-
ples contained cumulative 451 mutations at 122 genomic sites (includ-
ing 120 single nucleotide variation [SNV] sites, and two deletion sites)
(Table S2), with a mutation frequency of 12.19 mutations per sample.
The samples from the second wave contained 520 mutations at 214
genomic sites (including 210 SNV sites, and two insertion sites), with a

mutation frequency of 23.63 mutations per genome (Table S3). In the
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third wave samples, there were 900 mutations at 247 genomic sites
(including 237 SNV, one insertion, and nine deletion sites), with a muta-
tion frequency of 31.03 mutations per genome (Table S4). In the fourth
wave samples, there were 376 mutations at 84 sites, with a mutation
frequency of 41.22 (Table S5). Analysis of the site frequency muta-
tional spectrum showed that the increased mutational load (muta-
tions/genome) was due to emergence of large number of singletons
(Figure 1). The proportion of singletons to recurrent mutations sites
was 3.08 in the first wave samples, and 9.44 and 9.42 in the second and
third wave samples, respectively.

Great diversity in mutational sites among the genome assemblies
was observed. There were, on average and median mutational events
per genome, 12.19 (SD + 3.57), and 12 (IQR 11-14) in the first wave
samples, 23.17 (SD + 5.5) and 24 (IQR 20-27) in the second wave sam-
ples, 31.03 (SD =+ 8.13) and 35 (IQR 26-37) in the third wave samples,
and 41.22 (SD + 2.22) and 41 (IQR 39-43) in the fourth wave samples,
respectively. The genome-wide non-synonymous/synonymous ratio
observed was 1.54 in the first wave samples, this ratio decreased to
1.52 and 1.35 in the second wave and third wave samples, respec-
tively, but increased to 2.67 in the fourth wave genomes. Each of these
ratios is lower than the precedented non-syn/syn ratio (1.88) in pre-
vious global scale studies (van Dorp et al., 2020). Further bifurcation
indicated that the non-syn/syn ratio at singleton and polymorphic sites
was 1.48 and 1.52 in the first wave, 1.56 and 1.05 in the second wave,
1.12 and 2.33 in the third wave, and 1.86 and 3.8 in the fourth wave
samples. These analyses indicated that the SARS-CoV-2 continued to
acquire new non-synonymous mutational sites and raised their fre-
quencies within the studied cohort.

3.3 | Mutational descendants

Meta-analysis of large number of SARS-CoV-2 genomes across multi-
ple countries has demonstrated that one SARS-CoV-2 genome differs
from the Wuhan-Hu-| reference strain (NC_045512.2) at maximum
of 32 sites (van Dorp et al., 2020). We constructed mutational land-
scape to decipher the types of mutations, and genes which are more
recurrently mutated than the others. This analysis highlighted that the
C>U mutations were predominantly higher in the genomes of all the
four waves (Wilcoxon rank-sum p < .05), followed by G > U, and U>C
mutations (Figure S1). The deamination of nucleotide bases, primarily
the cytosine, and conversion into uracil by the host RNA editing sys-
temsuch as apolipoprotein BmRNA editing-enzyme, catalytic polypep-
tides (APOBECSs), is a typical hall mark of SARS-CoV-2 genome (Kosuge
et al., 2020). Notably, the higher proportion (18%) of U>C in the third
wave genomes is the first to be observed here. We further classified
these mutation types on the basis of number of descendants. There was
almost similar pattern of mutations with no descendants, few descen-
dants, and many descendants among the genomes of the three waves
(Figure S2). The pattern of C>U transitions was found predominantly
higher in the mutations with no descendants, few descendants, and
many descendants, indicating that this higher proportion was not due

to the sequencing artefacts. Variations in mutational dynamics were
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FIGURE 1 Allelic frequency spectrum of the mutations identified in the SARS-CoV-2 genomes of this study. The larger proportion of
mutations comprised singletons. Notably, more numbers of highly recurrent mutations were observed in the third and fourth waves genomes

also observed among the genomes of the three waves. For example,
the proportion of G>U alterations was higher in the mutations with
many descendants in the first wave genomes, whereas it decreased
in the second and third wave samples. Contrarily, the A>U transver-
sions were observed in the mutations without descendants only in the
first wave genomes, whereas their proportion increased in mutations
with many descendants in the second and third wave samples. The C>A
transversion was not observed in the mutations with many descen-
dants in the samples of the first and second waves, whereas consider-
able proportion of C>A was observed in mutations with many descen-
dants in the third wave samples.

3.4 | Mutational landscape

In addition to the mutational pattern, to determine specific mutations,
which were found recurrently in certain genes, mutational landscape
plots were constructed. In the first wave genomes, two genes, that is,
Spike protein and non-structural protein 3 (nsp3) contained the high-
est number of recurrent mutations, that is, 35 mutational incidences
each (Figure 2a). Notably, the spike protein contained highest number
of homoplasic sites (six mutations) including two missense SNVs, that
is, the D614G mutation observed in 32 samples (86.5% of the cohort),
and Q677H mutation observed in four samples (10.8% of the cohort).
The other highly recurrent variations included an upstream 5’-UTR
mutation 241:C>T (observed in 33 samples), a silent mutation F924F
innsp3 (observed in 31 samples), a missense mutationinnsp12 P4715L
(observed in 31 samples), a silent mutation L227L in nsp13 (observed
in 12 samples), a silent mutation L280L in nsp14 (observed in 28 sam-
ples), silent mutations D294D and G880G in spike protein (observed in
12 and 13 samples, respectively), a missense mutation Q57H in orf3a

(observed in 31 samples), silent mutation Y71Y and missense muta-

tion H125Y in membrane protein (observed in 27 and four samples,
respectively), a stop-gain mutation E39X in orf7b (observed in four
samples), and missense mutations S194L and R209! in nucleocapsid
protein (observed in 11 samples each).

In the second wave samples, nsp3, N, and M genes contained the
highest number of mutational events (23 mutations each), followed by
S, nsp14, and nsp12 genes (22 mutations) (Figure 2b). Here, the num-
ber of homoplasies was the highest in N gene (six mutations) including
the S194L mutation in 19 genomes, followed by the S gene (five muta-
tions). In the spike protein, two missense homoplasies, that is, R102S,
and A222V, in addition to the D614G, were observed in eight genomes
each. In N gene, S194L was observed in 19 genomes, and in M gene,
silent mutation Y71Y was found in 20 genomes.

In the third wave samples, the highest number of mutations were
observed in the S, and nsp3 genes (39 and 35 mutational sites respec-
tive), followed by nsp12 (28 mutations), nsp2, and N genes (27 muta-
tions each) (Figure 2c). Many mutations being reported having con-
siderable significance in viral transmission were also observed, for
example, in the spike protein, p.68_70del, and N501Y were observed
in 19 genomes, and p.143_144del and A570D were observed in 18
genomes, in addition to the D614G being observed in all the genomes.
The p.68_70del and N501Y mutations are the characteristic mutations
of the UK variant (B.1.1.7). The South African strain (B.1.351) spe-
cific mutation E484K was observed in two genomes. The fourth wave
comprised Delta variant of the virus, and all the samples contained
characteristic mutations of the Delta variant, including T19R, G142D,
156_158del, L452R, T478K, D614G, P681R, and D950N mutations of
the spike protein.

An amalgamated view of the mutations identified in all the four
waves genomes revealed that the genomes of third and fourth waves
harboured higher proportion of high-frequency (AF > 0.75) mutations

(Figure 3). The high frequency mutations were assessed for either



‘L WILEY
(@)

Genes

Spike
ORF1a,0RF1ab,nsp3 ]

ORF1ab,nsp12

ORF1a,0RF1abnspt,nsp2

ORF3a
ORF1ab,nsp141
Membrane 4
Nucleocapsid
ORF1a,0RF1ab,nsp2-|
ORFab,nsp13
ORF1a,0RF1ab,nsp6-|

N.ORF10

ORF7h

ORF6
ORF1a,0RF1ab,nsp6-{

ORF8
ORF1ab,nsp15-
ORF1a,0RF1ab,nsp5-{
ORF1a,0RF1ab,nspd-|

ORF1a,0RF1ab,nsp1
ORFab,nsp16-{

[ransboundary and Emerging Diseases

SHAKEEL ET AL.

Translational Effect

B syonymous
B o synonymous

Mutation Type

[ Nonsense Mutation

B reme shittins

B Frame shift el

W Famens

(b)

Mutations per MB
© o o o
o N B O

ORF1ab+

nsp3
Nucleocapid]
Membrane
Spike 4

nsp14-

nsp124
ORF3a-

nsp2-

ORF7a-

|| In Frame Del
|| W ronstop Mutation
L W soicesie
- Missense Mutation
B s anc
- 3' Flank
- H EHBE SuTR
[ JUTR
|| | N | | | - - Silent
|
| |
| |
) N Y e e B
Sample (n=37)

Translational Effect

. Synonymous
. Non Synonymous

Mutation Type

|| Nonsense Mutation
Bl Frame shitins
B Frame shitt Del
W o Femens
In Frame Del
W vonstop mutation
Splce Site
l Missense Mutation
B 5 Fank
3' Flank
| EG
M sur
B sient

Sample (n=23)

Translational Effect

. Synonymous
. Non Synonymous

Mutation Type

[ Nonsense Mutation
nsp?- . Frame Shift Ins
Nucleocapsid- BB Frame shitt Del
ORF1ab
orrs W Femens
nsp6- . In Frame Del
ORF3a+ "
Membrane | Il onstop Mutation
nspé - Splice Site
nsp14- Missense Mutation
on;g;:: B 5 Fank
nsp5-| 3' Flank
ORF7b+ | N
N,ORF10+ | ESG
ORF6
nsp8 B sient
nsp154
nsp14
ORF10+
nsp7
nsp164
nsp104 -
L
& “,4‘}% @’.ﬁ’ (o’.?’ Q_@« @'.D’ 0)‘)3’ @'f’ Q_@{”%@’ Q_@(-” Qg}‘ @'.\q 5;?:\ @'.3’5;:\ 0_;.\" o)if’ (o’.\q’ of (o’.\m Q@bq_@@ @’ﬁ’ (O‘J;\ @’? Q@g’ Qg‘{’ (0’.3’
F LI XL X LY X & & & & FF I ITLLYX XL
KX F of O (o\r(;g“%v Ky & o (;g‘%v(avg‘%vgg‘(y(;g‘%v(ovg"e F§ of of &F Doy

FIGURE 2 Mutational landsc

Sample (n=29)

ape, recurrence of mutations in the SARS-CoV-2 genomes of different waves



SHAKEEL ET AL.

Tronsboundory and Emerging Diseases Wl LEYJ_7

Translational Effect

- Synonymous
- Non Synonymous

o
wm

.50

s B

w
=
= 0.
g
w0
c
Lo
S0
=

Mutation Type

Nonsense Mutation
Frame Shift Ins
Frame Shift Del

In Frame Ins

In Frame Del
Nonstop Mutation
Translation Start Site
Splice Site
Missense Mutation
5 Flank

3' Flank
5 UTR
JUTR
RNA
Intron
IGR

Silent
% Mutant Sample (n-29) Targeted Region

FIGURE 2 Continued

Spike

241C5T nsp3 nspi3 T19R 1452 D614G M
e F106F 335112& Orsioll 478 P681R 1321-.
nspé nsp12
T77A G671S 1951
@™ o

0 () ®
nsp3 nsp3 nsp3 nspd nsp4
A488S  P1228L P1469S V167L T492
o [ ® o o POy
nsp3
g Abop @ 114127 o ]
pa o * S1370F o6 0 M [ 1]

0.751

Wave

® First

® second
"™ ® Third
') n ® Fourth

Allele Frequency
o
u
o

0.25-

0.0 7

0 5000 10000 15000 20000 25000 30000
[ Position |

FIGURE 3 Lollipop plot indicating the high-frequency variants in all the four waves. Notably, the fraction of high-frequency mutations (allele
frequency > 0.75) was greater in the genomes of the third and fourth waves, largely due to the local transmission of the Alpha (UK) and Delta
(Indian) variants, respectively

VOC, VOI, variants under monitoring (VUM), or de-escalated variants VUM Q677H (10.8%). In the second wave genomes, the VOC D614G
according to the criteria set by the European Centre for Disease Pre- (recurrence 95.6%), a VOI P681H (4.3%), and the VUM Q677H (4.3%)
vention and Control (ECDC) (European Centre for Disease Preven- were observed. In the third wave genomes, six VOCs were detected
tion and Control, 2021). This manual curation revealed that the first including the D614G (recurrence 100%), K417N (7.1%), L452R (3.6%),
wave genomes contained a VOC D614G (recurrence 85.6%) and a E484K (7.1%),N501Y (67.8%), and A701V (3.6%). Among the VOI, two
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mutations including P681H (60.7%) and S477N (3.6%) were observed.
Among these mutations, the D614G, P681H, K417N, L452R, E484K,
and N501Y have also been declared as variants under monitoring sta-
tus by the ECDC. The fourth wave genomes carried all the VOC of the
Delta variants including the L452R, T478K, D614G, and P681R muta-
tionsin all the samples, whereas the VOI P681H was observed in 37.8%

(L1

samples.

3.5 | Phylogenetic relationship and lineages in
SARS-CoV-2

Given that the samples were collected in different cities of the country,
we conducted a phylogenetic analysis to delineate clustering among
the SARS-CoV-2 genomes and finding the likely route of transmis-
sion into the country. The phylogenetic analysis revealed that the
majority of the samples of all the four waves belonged to various
strains/descendants of the B lineages according to the taxonomic
nomenclature proposed by Rambaut et al. 2020 (Figure S3).

Among the genomes of the first wave, one genome was of the
parental B lineage and had highest similarity with the Wuhan-Hu-
| genome, two genomes were of B.6 (Singapore lineage), whereas
remaining 33 were either of B.1 lineage (3 genomes) or further descen-
dants of B.1 lineage. The descendants of B.1 comprised three high
prevalent lineages, that is, B.1.36 (10 genomes), B.1.160 (11 genomes),
and B.1.255 (five genomes). On average, the B.1.36 and B.1.160 lin-
eages contained higher number of mutational sites per genome com-
pared with the parental B.1 and B.1.255 lineages (Figure S4). We
retrieved >400 SARS-CoV-2 whole genome sequences of similar time
stretch of other countries including China, Iran, Afghanistan, India,
the United Arab Emirates, Saudi Arabia, Qatar, Israel, Italy, France,
the United Kingdom, and the United States from the Global initiative
on sharing all influenza data (GISAID) repository (Shu & McCauley,
2017), and constructed phylogenic tree to infer the routes of trans-
mission of virus in the country (Figure S5). This analysis revealed two
monophyletic clusters comprising of 14 and 6 genomes, respectively.
The first monophyletic group comprised predominantly of B.1.160
genomes (12) and two B.1.255 genomes. The second monophyletic
group contained B.1.36.6 genomes. The B.1.160 genomes appeared
between the monophyletic groups comprising genomes of Saudi Arabia
and France. The divergence of B.1.160 from the most recent common
ancestor (MRCA) appeared a bit earlier than the divergence of SARS-
CoV-2 genomes from France and Saudi Arabia (Figure 4). The B.1.36.6
genomes were found in close proximation of India and UK sub-clades.
Four B.1.36 genomes appeared at a single branching point near Saudi
Arabia. The B.1 genomes seemed to have two different introductions,
where two genomes appeared in close proximation of Saudi Arabia
and European countries (Italy, France, and the United Kingdom). The
B.1.1 strain was observed in close proximation of genomes from the
United Kingdom, Italy, and Saudi Arabia. The SARS-CoV-2 genome of
lineage A appeared in the sub-clade evolved from Chinese SARS-CoV-
2 genomes. The B.6 genome was observed in a distinct sub-clade com-

prising genomes from India.
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The SARS-CoV-2 genomes of the second wave comprised B lineages
only, with predominant proportion of B.1.36 variants (14 genomes), fol-
lowed by B.1.1 (two genomes), B.1.247 (two genomes), and one each
of B, B.1.1.1, and B.1.160 lineages. The SARS-CoV-2 whole genome
sequences (>400) of the countries were the same as in first wave
analysis and retrieved from GISAID repository for phylogenic analy-
sis (Figure Sé). Through this analysis, at least seven distinct introduc-
tions of SARS-CoV-2 into the two cities of Pakistan were observed.
Notably, most of the genomes of B.1.36 and B.1.36.6 lineages (13
genomes) appeared in one monophyletic cluster in close proximation
of the United Arab Emirates and Indian sub-clades (Figure 5). The
B.1.247 strain of Islamabad was observed near to a sub-clade of Iran,
the B.1.160 strain of Islamabad appeared in a different sub-clade of
India, and the B.1.36 strain in Karachi appeared in close proximation of
sub-clades of Iran and India. One B.1.1 genome in Karachi was in close
proximation of sub-clades of Iran, Israel, and the United Arab Emirates,
and the other B.1.1 genome was found in close proximation of Indian
and Israeli sub-clades.

The genomes of the third wave comprised primarily of the UK vari-
ant of the virus (B.1.1.7), accounting for 69% of the genomes. Other lin-
eages included three genomes of B.1.36 strains, one genome of South
African variant (B.1.351), one genome of B.1.468 lineage, one genome
of B.1.1.413 lineage, and one genome of A.27 variant. It was important
to note that genomes of one city, Quetta, did not contain the Alpha vari-
ant. This city, the capital of Baluchistan province, lies in the North-West
of the country and has little to and fro movement with other provinces
of the country. The South African variant was observed in Karachi, the
metropolitan city of Pakistan, which caters to major shipping activ-
ities of the country through commercial ports. To find out potential
rout of transmission of these variants, we conducted ML phylogeny
by taking into account SARS-CoV-2 genome sequences of other coun-
tries, as mentioned above (Figure S7). The three B.1.36 genomes, one
each from Lahore, Quetta, and Mardan, clustered between the Indian
nodes (Figure 6). The South African variant detected in Karachi was
found clustered with SARS-CoV-2 genomes of France, England, and
Italy. Among the B.1.1.7 variants in Lahore and Mardan, one genome in
each of the cities showed close proximation of India and England. The
other B.1.1.7 genomes in Karachi, Lahore, and Mardan were clustered
near the SARS-CoV-2 nodes of England, Italy, and the United States.
These findings suggested two major routes of transmission of the third
wave virus of the pandemic into the country, that is, India and Europe.

We also determined the viral strains according to the Nextstrain
clades (Aksamentov et al., 2021). The predominant clade in the first and
second waves was 20A, whereas the third wave was the result of 20l
(Alpha) variant, and for the fourth wave 21J (Delta) variant was respon-
sible (Figures S8, and S9).

4 | DISCUSSION

Understanding the evolution of SARS-CoV-2 is a fundamental effort in
coping with the COVID-19 pandemic. The reason for the rapid evo-
lution of the SARS-CoV-2 is that it is infecting millions of people of
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diverse ethnicities of the world (Azgari et al.,, 2021). Several stud-

ies have demonstrated that new mutations affecting transmissibility

and immune escape are the result of long-term infection in immune

suppressed patients (Greaney et al., 2021). Mutant spectrum dynam-

ics has a decisive impact on virus behaviour (Gregori et al., 2016).
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We observed fluctuation in the mutation frequencies of viral lineages
defining mutations (Figure 3; Figure S4). Notably, the frequency of syn-
onymous mutation F106F (nsp3) raised from 85% in first wave to 100%
in the fourth wave. The frequency of D614G (Spike) was 86% in the
first wave, and became 100% in the fourth wave genomes. The D614G
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has been reported to alter SARS-CoV-2 fitness (Plante et al., 2020).
The L452R was observed in the fourth wave samples only and was
recently found to enhance viral fusogenicity and infectivity as well as
host glycolysis (Zhang et al., 2022). Another mutation P4715L (nsp12)
was observed with higher mutation frequency in the second and third
waves; however, its frequency decreased in the fourth wave, indicating
a purifying selection.

Pakistan, being in the subtropical belt, and sharing borders with the
largest populations of the world, i.e., China, and India, has witnessed
four waves of the pandemic so far. In this context, the present study
is presenting the first comprehensive report on genetic diversity and
evolution in the country by carrying out temporal whole genome
sequencing of the SARS-CoV-2 isolated in different cities of the coun-
try during all the four waves of the pandemic. The increasing mutation

frequency with the passage of time, presented here, correlates with

the previous observations (Martinez et al., 2020). It was noteworthy
that a predominant lineage was observed in each pandemic wave,
suggesting advantageous properties of the predominant lineage over
other contemporary co-circulating variants (Andrés et al., 2022)
(Figure S3). To the best of our knowledge, this is the first multi-wave
comprehensive study deducing potential variants of interest and
variants of concern, and viral transmission in the country.

During the first wave, the three types of B.1 sub-lineages seem
to have spread in the metropolitan city of Karachi during indepen-
dent transmission events. The B.1.36 is a global lineage with lots of
representation of sequences from India, Saudi Arabia, and the United
Kingdom (Ishtiaque et al., 2020; Joshi et al., 2020). The genomes of
B.1.36 variant of the present study also appeared in the clade of Saudi
Arabia and India (Figure 4). The B.1.160 lineage is the recent split

from B.1.36 lineage and has mostly been reported from the European
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countries with major representation in the United Kingdom followed
by Denmark, France, and Switzerland (Rambaut et al., 2020). In the phy-
logeny, the B.1.160 variant of the present study clustered with France,
Italy, and the United Kingdom. The third major lineage in our genomes
B.1.255 has major global representation with significantly higher rep-
resentation in the United States. Notably, one genome was observed
from B.1.184 lineage, which has 100% representation in India (Andrew
& Aine, 2020). These findings were validated in the hierarchical clus-
tering where three clusters of genomes were observed (Figure S10).
The founding lineages (B, B.1) appeared in the centre of the principal
component analysis (PCA) plot, whereas the three sub-lineages clus-
tered at the peripheries of the plot. These findings are suggestive of
multiple routes of transmission of the virus during the first wave in
the country including India, Europe, Saudi Arabia, and the United Arab
Emirates.

From the three high-frequency SARS-CoV-2 variants observed in
the first wave, only B.1.36 was found at a high frequency in the sec-
ond wave, representing a selection advantage for B.1.36 in the region.
The clustering of B.1.36 genomes of the second wave in close proxima-
tion of the United Arab Emirates and India (Figure S5) in the phylogeny
may also indicate recurrent transmissions of the virus from these ter-
ritories. Pakistan has large to and fro movement of the people from
India as religious pilgrimages, and with the United Arab Emirates which
caters large numbers of South Asian expatriates. Leveraging the pub-
licly available genome sequences of SARS-CoV-2 reported from the
same city (Karachi) and the second mostly populated city of Pakistan
(Lahore, around 1030 km from Karachi), we determined concordance
of SARS-CoV-2 transmission. The sequences from Karachi around June
2020 (GISAID accession numbers EPI_ISL_708839, EPI_ISL_708840,
and EPI_ISL_709044) and October 2020 (EPI_ISL_709542) belonged
to B.1.36 and B.1.160 lineages, which substantiate the findings
of the present study. The sequences from Lahore around May
2020 (GISAID accession numbers EPI_ISL_548942, EPI_ISL_548943,
EPI_ISL_548944, and EPI_ISL_548945) belonged to B.1.1.1 lineages.
This analysis indicated that transmission of the virus within the two
major cities was not identical and was through independent routes of
transmission. Notably, the B.1.1.1 lineage is Europe specific with lot
of representation (82.0%) from the United Kingdom (Rambaut et al.,
2020).

Earlier this year (2021), the country witnessed the first UK vari-
ant (B.1.1.7) (Umair et al., 2021) in the capital Islamabad. Given the
high transmissibility of the UK variant, this strain became the predom-
inant virus in the country during the third wave, accounting for 69%
of the genomes identified in the current study. However, the introduc-
tion of B.1.1.7 in the country was not primarily form the United King-
dom, many other transmission routes were also identified through the
phylogeny. The B.1.1.7 strains of the present study were found in close
proximation with India and European countries (France, Italy, and Eng-
land) strains indicating the share of Indian pilgrimages in spreading the
UK variant in the country. Notably, the B.1.36 strains managed their
survival and contributed to infectivity in various cities. However, the
mutations of B.1.36 strains have not been declared as variants of con-
cern by the WHO.
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Despite a marginal health care set-up in the country, Pakistan is a
success story in controlling the pandemic. Having characterized the
genetic diversity and lineages of the locally transmitted SARS-CoV-2
genomes, the data were shared with the National Command Operation
Center (NCOC) of the country, which is the state-governed authority
to manage and adopt appropriate measures to combat the pandemic.
In addition to major lockdowns in the major cities during the peak of
a COVID-19 wave, smart lockdowns were imposed in municipalities
having COVID-19 cases of high transmissible strains. The employment
of door-to-door community health workers enabled to closely monitor
infected persons/families for restricting their stay inside their houses.
These efforts lead to a decrease in local transmission of the COVID-
19 viral strains in the country. The director general of the WHO in
the opening remarks at a media briefing on COVID-19 (07 September
2020) applauded Pakistan’s efforts in combating the pandemic within
the country (World Health Organization, 2020).

5 | CONCLUSION

To the best of our knowledge, this study presents the first compre-
hensive report on the surveillance of genomic evolution in the SARS-
CoV-2 transmitted locally in Pakistan during the different waves of
the COVID-19 pandemic. The schematic analysis provided meaningful
insight into the lineages being transmitted within the country. A con-
tinuous mutational tracking showed that none of the pandemic waves
in the country was due to some locally evolved SARS-CoV-2 strain.
Instead, the introduction of different variants of the virus through the
travellers led to four episodes of infection in the country. The higher
prevalence of specific types of B.1 sub-lineages highlighted that the
viral strains of Europe, the United States, Middle East, and India had
higher local transmission in the country. The findings of this study
enabled the state authorities to monitor the spread of higher trans-
missible SARS-CoV-2 strains in the country and adopting timely and
appropriate individual-level prophylactic measures. By now, about 10%
of the population has been vaccinated. The identified lineages have
not been reported to escape the vaccine protection. Further studies
are underway to find more emerging strains within the country so
that appropriate measures would be adopted by the respective state
authorities.
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