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Nanopore sequencing reveals the
genomic diversity of the variants
of concern of SARS-CoV-2 during
2021 disease outbreak in Pakistan
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The global spread of SARS-CoV-2 was significantly impacted by the emergence of Variants of Concern
(VOCQ), with Pakistan experiencing similar trends to other countries. To gain a comprehensive
understanding of the genomic epidemiology of SARS-CoV-2 strains circulating during Pakistan'’s third
and fourth pandemic waves, we conducted the largest single sequencing effort in the country to date.
Using the GridION platform (Oxford Nanopore Technologies), we performed whole genome sequencing
on 1052 confirmed COVID-19 patient samples collected from multiple cities across Pakistan between
March and October 2021. Our analysis revealed a clear temporal shift in variant dominance. The Alpha
variant (B.1.1.7 lineage) predominated in the first half of 2021, while the Delta variant (B.1.617.2)
became most prevalent in the latter half. This transition reflects global trends and provides crucial
insights into the timing and dynamics of this shift within Pakistan. Mutational analysis revealed that
the most frequent nucleotide mutations in Pakistani SARS-CoV-2 samples were A23403G (associated
with the D614G mutation in the spike protein), C3037T, C14408T, and C241T, potentially contributing
to increased disease transmission and evasion of host immune responses. The rapid evolution and
spread of these circulating variants highlight the possibility of novel variants emerging with enhanced
mutational fitness. The AY.108 lineage, which has been reported at relatively low frequencies globally
including in Europe and North America, with Pakistan accounting for approximately 34% of global
cases, suggesting potential regional evolution or specific introduction events. Our findings underscore
the dynamic nature of SARS-CoV-2 and emphasize the critical importance of ongoing, large-scale
genomic surveillance in Pakistan. This study demonstrates the feasibility and utility of using nanopore
sequencing for comprehensive viral monitoring in Pakistan’s public health context. While we utilized
the higher-throughput GridION platform for centralized processing, the Oxford Nanopore technology
still provided distinct advantages through its simplified library preparation protocol, flexible run
capacities, and reduced computational requirements for base-calling compared to traditional high-
throughput sequencers. These benefits enabled efficient processing of our large sample batches
collected from distributed sites across the country, demonstrating a scalable approach for genomic
surveillance that balances throughput needs with resource availability. This could inform future

public health strategies, including vaccine updates and targeted interventions. Continued monitoring
and adaptive strategies are essential to keep pace with the evolving viral ecology and to enhance
preparedness for future outbreaks.
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Coronavirus disease 2019 (COVID-19), caused by the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2), was declared a pandemic by the World Health Organization (WHO). As of 2023, there have been over
776 million confirmed COVID-19 cases and more than 7 million deaths reported worldwide!. The causative
agent of COVID-19, SARS-CoV-2, is a positive-sense RNA virus with a viral quasispecies and a genome size of
approximately 30 kb2 By September 2022, several lineages and sub-lineages®along with five major variants of
concern (VOCs), had been reported*. These VOCs, named Alpha (B.1.1.7)°Beta (B.1.351)°Gamma (P.1)"Delta
(B.1.617.2 )3%and Omicron B.1.1.529, including sublineages such as (BA.1, BA.2, BA.3, BA.4, and BA.5), were
linked to significant surges in infection rates in the countries where they first emerged. These variants acquired
numerous mutations, particularly in the spike (S) glycoprotein, altering the virus’s properties®!?. Compared to
the original Wuhan lineage of SARS-CoV-2, the Alpha variant exhibited additional mutations and increased
transmissibility. The Beta and Gamma variants not only showed enhanced transmission but also higher rates of
reinfection. The Delta variant, in particular, demonstrated 60% greater transmissibility than the Alpha variant
and was associated with increased hospitalizations!!"12,

When a virus invades a naive population, genomic surveillance is crucial for developing an effective disease
prevention and control strategy'®. Recent advancements in genome sequencing technologies have significantly
improved the connection between human health and the ability to respond quickly to infectious diseases'®.
During past viral outbreaks, including Ebola virus!>SARS-CoV!*MERS-CoV!7and Zika virus'®direct sequencing
of patient samples played a crucial role in precisely identifying the source of the virus. This, in turn, helped
to eliminate the source and halt further transmission of the disease. In Pakistan, the COVID-19 pandemic
unfolded in distinct waves. The country reported its first case on February 26, 2020, with subsequent waves
peaking in June 2020, December 2020, April 2021, and August 2021. Previous genomic studies in Pakistan have
been limited in scope, with one study indicating the dominance of the B.1 lineage during the first wave, B.1.36 in
the second wave, and B.1.1.7 in the third wave. However, a comprehensive genomic surveillance effort covering
multiple regions and extended time periods has been lacking, limiting the full understanding of SARS-CoV-2
dynamics in the country. In the most recent case of the SARS-CoV-2 pandemic, continuous monitoring of
the virus’s genomic characteristics enabled global health authorities to assess and promptly identify emerging
variants of interest (VOIs) and variants of concern (VOCs). This genomic surveillance played a crucial role in
guiding scientists and policymakers in enacting measures such as social distancing, quarantine, and the use of
face masks, as well as in developing vaccines to better control the spread of SARS-CoV-2.

Nanopore sequencing has seen significant growth in both fundamental and applied research!®. Oxford
Nanopore Technology (ONT) devices have been effectively used for the surveillance of various viral outbreaks,
including Ebola?® and Zika?!. Protocols have been established for sequencing SARS-CoV-2 to support research
and public health monitoring. Advancements in nanopore technologies, which specialize in sequencing long-
read DNA and RNA molecules, have significantly improved both precision and processing capacity. Applications
of nanopore sequencing include genome assembly, identification of full-length transcripts, and detection of base
modifications. Its use also extends to more specialized areas, such as rapid clinical diagnosis and monitoring of
disease outbreaks?.

With a population of over 240 million, Pakistan is the fifth most populous country in the world. By October
2022, Pakistan had recorded more than 1.5 million SARS-CoV-2 infections resulting in over 30,000 deaths?. The
geographic distribution of cases revealed highest numbers in Sindh province (n=594,417), followed by Punjab
(n=522,243), Khyber Pakhtunkhwa (n=224,312), Islamabad (n=139,425), and Balochistan (n=36,002),
highlighting regional variation in disease burden across the country. A previous study®* showed that the B.1
lineage was dominant during the first wave of the epidemic in Pakistan, B.1.36 during the second wave, and
B.1.1.7 during the third wave. A fourth wave emerged in July 2021, peaking on August 4, 2021, during which
22 sub-lineages of the Delta variant were observed?. The current study aims to conduct genomic sequencing
and characterization of a large cohort of SARS-CoV-2 samples using Oxford Nanopore Technologies to better
understand the disease dynamics in Pakistan.

Materials and methods

Informed consent

Informed consent was waived by the National Institute of Health (NIH) Pakistan, as samples were collected as
part of routine COVID-19 surveillance activities during the pandemic under their authority. Ethical approval
was provided by the Khyber Medical University Ethics Committee for the Khyber Medical University samples
(PHRL/KMU/2020/Ethics/001). All procedures were conducted in accordance with relevant international and
local laws and The Declaration of Helsinki.

Clinical sample collection

Oropharyngeal swab samples from COVID-19 patients, confirmed positive by real-time PCR (with Ct
values < 25), were collected from three different public health labs in the Khyber Pakhtunkhwa (KPK) province.
These labs included the Public Health Reference Laboratory at Khyber Medical University (PHRL-KP)
in Peshawar (Lab 1), the Public Health Laboratory in Swat (Lab 2), and the COVID-19 Hospital Lab (Merf
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Pakistan) in Peshawar (Lab 3). A total of 552 samples were collected from these officially designated labs in KPK
for whole genome sequencing. Oropharyngeal swab samples were collected and transported to the lab in Viral
Transport Media (VTM; Biogen GmbH). The SARS-CoV-2 virus was detected using commercially available
real-time PCR detection kits (TaqPath, Thermo Fisher, USA) and qPCR machines. Patient information was
retrieved from the IPMS/KP dashboard, the public database of COVID-19 patients. This included personal and
demographic details, sample collection dates, test dates, and, if available, clinical and hospitalization history.
An additional 500 samples were provided by the Department of Virology at the National Institute of Health
(NTH) in Islamabad, from COVID-19 confirmed patients. RNA was extracted from samples collected in VTM.
Amplification was then performed using the one-step Genrui Novel Coronavirus (2019-nCoV) Nucleic Acid
Detection Kit, specifically designed for the TagMan Assay. Real-time PCR was conducted on a SYSTAAQ
AB QuantGene machine to quantify and analyze the results. Patient personal and demographic data, sample
collection and test dates, clinical information, and, where applicable, hospitalization history were retrieved from
the LIMS dashboard, the public COVID-19 database. Samples were collected from various cities across Pakistan,
including Islamabad, Peshawar, Rawalpindi, Karachi, and others, to ensure broad geographical representation.
However, it should be noted that sampling density varied between locations and over time due to logistical
constraints and local outbreak dynamics.

RNA extraction

RNA was extracted from oropharyngeal swabs at Khyber Medical University using the Automatic Nucleic
Extractor (ASCEND HERO 32, China) and magnetic beads for RNA separation. RNA from the samples
collected at NIH Islamabad was extracted using the MagMax™ Viral/Pathogen Nucleic Acid Isolation Kit and the
KingFisher™ Flex Purification System (Thermo Fisher Scientific, USA). The extracted RNA was stored at -80 °C
until it was shipped for Whole Genome Sequencing, using dry ice.

Tiling PCR with ARTIC SARS-CoV-2 panel

For 1052 COVID-19 clinical samples, cDNA was synthesized using Lunascript RT Supermix (NEB BioLabs).
To 8 pL of RNA sample, 2 pL of Lunascript RT Supermix was added. The samples were then incubated in a
thermocycler under the following conditions: primer annealing at 25 °C for 2 min, cDNA synthesis at 55 °C for
20 min, and heat inactivation of the polymerase enzyme at 95 °C for 1 min. The ARTIC Network SARS-CoV-2
sequencing protocol and V3 primer amplicon set (https://artic.network/ncov-2019) were used for sequencing
near full-length SARS-CoV-2 genomes on the GridION platform (Oxford Nanopore). The NEBNext ARTIC
SARS-CoV-2 Companion Kit (Oxford Nanopore Technologies) was used for PCR amplification and sequencing
library preparation. For PCR, 9 pL of total cDNA was used (4.5 uL for each of primer panels 1 and 2). After
gently mixing the Q5 Hot Start High-Fidelity 2X Master Mix, 6.25 uL was added to the PCR mixture, followed
by the addition of 1.75 uL of NEBNext ARTIC Primer Mix 1 and 2. A two-step PCR was performed under the
following conditions: initial denaturation at 98 °C for 30 s (one cycle), followed by 35 cycles of denaturation at
95 °C for 15 s, and annealing and extension at 63 °C for 5 min. The reactions with primer panels 1 and 2 were
pooled after quantification using the Quantus Fluorometer ONE dsDNA System (Promega, USA) before library
preparation. The PCR products were grouped based on concentration, either high (>10 ng/uL) or low (<10 ng/
uL), for sequencing in separate batches.

Library preparation and sequencing
SPRIselect beads (Beckman Coulter, USA) were used at a 0.4X beads-to-sample ratio to clean up the PCR
amplicons. The samples were then processed using the NEBNext End Prep with NEBNext Ultra II End Repair
provided in the NEBNext ARTIC SARS-CoV-2 Companion Kit (Oxford Nanopore Technologies), following the
manufacturer’s protocols. Barcodes were ligated using the Native Barcode Expansion Kit 1-96 (EXP-NBD196,
Oxford Nanopore Technologies). Subsequently, the libraries were pooled together, and adapters were ligated.
SPRIselect beads (Beckman Coulter, USA) were used to clean the reaction. For each sample, 15 uL of the eluate
was recovered and prepared for sequencing by adding Sequencing Buffer (SQB) and Loading Beads (LB) from
the SQK-LSK109 kit (Oxford Nanopore Technologies). Libraries were loaded onto flow cells, and sequencing
was performed using the Oxford Nanopore GridION platform, following the manufacturer’s instructions.
While we utilized the higher-throughput GridION platform for centralized processing, the Oxford Nanopore
technology still provided distinct advantages through its simplified library preparation protocol, flexible run
capacities, and reduced computational requirements for base-calling compared to traditional high-throughput
sequencers. These benefits enabled efficient processing of our large sample batches collected from distributed
sites across the country, demonstrating a scalable approach for genomic surveillance that balances throughput
needs with resource availability. Low and high concentration samples were run on separate flow cells to
obtain a relatively similar number of reads. The sequencing data were analyzed using the EPI2ME workflow
ARTIC + Nextclade + Pangolin v2022.07.19-15,399.

Whole genome sequencing data, including information on clades, lineages, mutations, and ambiguous
nucleotides (Ns), were obtained through the Nextclade workflow. The consensus sequences generated from the
EPI2ME workflow were then submitted to the GISAID database.

Post-sequencing analysis

For the phylogenetic reconstructions, all sequences were subjected to Nextstrain?® pipeline, which mainly
consists of Augur, MAFFT? and IQ-tree®®. Of the 1052 samples, 779 high-quality sequences (defined as
having >90% genome coverage, < 5% ambiguous nucleotides, and consistent read depth across the genome) were
used to reconstruct the phylogeny. We also investigated whether there were any notable differences between
our sample set and other SARS-CoV-2 genomes reported from Pakistan during the same time period (March-

Scientific Reports |

(2025) 15:28129 | https://doi.org/10.1038/s41598-025-12774-1 nature portfolio


https://artic.network/ncov-2019
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Gwadar, n=15

October 2021). To contextualize our findings within the broader genomic landscape of SARS-CoV-2 in Pakistan,
we conducted an additional phylogenetic analysis incorporating 873 contemporary Pakistani sequences from
GISAID, covering the same time period as our study samples. The resulting phylogeny was visualized using
the online Auspice web server (https://auspice.us/). Phylogenetic analysis of whole SARS-CoV-2 genomes was
conducted to infer the relationships between lineages over time. Pangolin was used to assign lineages to the
COVID-19 sequences.

For the mutational analysis, we used the R language based Coronapp (version 1.4.0.2)%°. Mutational analysis
was conducted on 910 of the 1052 aligned samples that met our inclusion criteria of having at least 75% genome
coverage and sufficient read depth for reliable variant calling. The aligned FASTA file was then used with the
COVID-19 Genome Annotator tool (available at http://giorgilab.unibo.it/coronannotator/) to examine and
identify mutations in the SARS-CoV-2 genomes. A map was generated using the Datawrapper web tool (https:
/Iwww.datawrapper.de/).

Results

Demographics and age distribution of the study participants

The sample set in our study included patients from multiple cities across Pakistan, with varying sampling
densities. The cities represented were Islamabad (Capital area); Rawalpindi, Attock, Lahore, and Chiniot
(Punjab); Peshawar, Bannu, Charsadda, D.I. Khan, Dir Upper, Khyber, Kurram Lower, Nowshera, and Swabi
(KPK); Muzaftarabad, Kotli, and Jhelum Valley (Azad Jammu and Kashmir); Karachi (Sindh); and Quetta
and Gwadar (Balochistan) (Supplementary Table 1). The samples used in this study were collected during the
third wave (primarily KPK samples) and the fourth wave (mainly NTH samples) of infection. The sampling was
skewed towards males, who comprised 58.7% of the sample set (Supplementary Table 2). The age distribution of
the patients was as follows: 11-20 years (9%), 21-30 years (25%), 31-40 years (24%), 41-50 years (17%), 51-60
years (12%), above 60 years (9%), and age unknown or not recorded (6%) (Fig. 1; Supplementary Table 3).
Most of the adult population (21-40 years) were infected with SARS-CoV-2 (Supplementary Table 3). Detailed
information for each sample is available in the GISAID entries (see the Data Availability section).

Sequence data analysis

Of the 1052 samples sequenced using GridION, 18% (191/1052) yielded nearly full-length genomes with fewer
than 500 ambiguous nucleotides (Ns). Additionally, 49% of the samples contained 500-4000 Ns, 7% exhibited
4000-8000 Ns, and the remaining 26% had more than 8000 Ns. The appearance of ambiguous nucleotides
in some samples resulted primarily from areas of low sequencing coverage (below 20x) or regions with high

Peshawar, n= 539

Muzaffarabad, n= 18

Islamabad, n= 352

Rawalpindi, n=21

Attock, n=11
Balochistan

Karachi, n= 09

Fig. 1. Map of Pakistan showing the provinces and the cities from where the samples were collected for this
study. (n=number of samples from each locality/ main sampling locations). Total number of samples included
in the study were 1052; for detailed information about all sampling locations see supplementary Table 1,
Gender Information supplementary Table 2, and age group participated in this study supplementary Table 3.
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sequence complexity. Nucleotide positions were called only when they achieved a minimum coverage depth of
20x with at least 70% agreement among reads.

Genomic epidemiology of the variants of concern in Pakistan

The most prevalent variants in our data were 21J Delta (52%) and 20I Alpha (34%), followed by 20 A (5%) ().
The most abundant lineages within the 20I Alpha and 21] Delta variants were B.1.1.7 (28%) and B.1.617.2 (25%),
respectively (Fig. 2; Supplementary Table 5).

Samples collected during the first half of 2021 predominantly belonged to the 20I Alpha lineage, while those
collected during the second half of 2021 were primarily associated with the 21] Delta and 20 A lineages.

The samples collected from Peshawar predominantly clustered within the 20I Alpha lineage (62%), followed
by 21J Delta (23%) and 20 A (9%). In Islamabad, the dominant variants were 21J Delta (89%) and 20I Alpha
(3%). In Rawalpindi and Attock, cities adjacent to Islamabad, all collected samples belonged to the 21 J Delta
variant. Delta variants also dominated in Karachi (Sindh), Gwadar (Balochistan), and Muzaffarabad (AJK).
Other localities were primarily dominated by 21 J Delta (n=12) and 201 Alpha (n=10), as shown in Fig. 3a.
Among the variants of concern, the B.1.1.7 lineage was the most abundant within the 201 Alpha variant (82%;
n=2354), while the B.1.617.2 lineage was dominant within the 21] Delta variant (52%; n=549). Other major
lineages reported during the study period included AY.108, AY.127, and B.1.1 (Table 1).

Temporal trends of SARS-CoV-2 variants in Pakistan during 2021

The temporal distribution of variants revealed a clear shift from Alpha variant dominance in the early months
of our study period to Delta variant predominance in the later months. This transition reflects the global trend
of Delta outcompeting Alpha, and our data provides specific insights into the timing and dynamics of this shift
within Pakistan. In our findings, the Alpha VOC (201 Alpha) was the most dominant variant in March 2021,
accounting for 69% of cases, followed by 21] Delta (22%), 20A (4%), and 20B (3%). In a limited sample set
collected in April 2021, three out of four samples were identified as 20H Beta. The Delta VOC (21] Delta) was
the most dominant variant in May 2021, accounting for 59% of cases, followed by 21A Delta and 20I Alpha,
each at 8%. In June 2021, 21] Delta continued to circulate abundantly, making up 54% of cases, followed by 201
Alpha at 23%. An upsurge in SARS-CoV-2 infections was observed in July 2021, predominantly driven by 21J
Delta (50%), followed by 20A (21%), while 201 Alpha was detected in approximately 18% of patients. 21J Delta
was still dominating in August 2021 (87%), September 2021 (91%), as well as in October 2021 (80%). Hence, the
Delta 21] VOC was continuously the dominating VOC in Pakistan from May until October 2021. These results
are summarized in Fig. 3b and Supplementary Table 6.

Phylogenetic and mutational analyses

Our mutational analysis focused primarily on the Alpha and Delta variants, reflecting their prevalence in our
dataset. We constructed phylogeny based on the country of origin of the samples, clades as well as lineages.
Figure4 shows the phylogenetic affiliation of our sample set (915 samples; Pakistan_Group1) with other samples
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Fig. 2. The stacked plot shows the major lineages, mostly dominated by B.1.1.7 (201 Alpha) in Peshawar and
B.1.617.2 (21] Delta) in capital territory Islamabad and other regions as well. The cities with lower number
of samples are showed with the “Others”. Unassigned are the sequences with low quality which resulted as
“Unassigned” from Artic-Nextclade work-flow.
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Fig. 3. Spatiotemporal genomic diversity of SARS-CoV-2 during 2021 in Pakistan. (a) represents the
percentage distribution of major SARS-CoV-2 variants including VOCs in different regions of Pakistan. (b)
the temporal percentage prevalence of SARS-CoV-2 variants across different regions in Pakistan. Variants are
denoted with distinctive colors as represented in plots. Unassigned are the sequences with low quality which
resulted as “Unassigned” from Artic-Nextclade work-flow.

reported from Pakistan (2354 samples; Pakistan_Group2), India (2945 samples) and China (1270 samples). All
these samples have been reported in the GISAID database. Attributes of these samples to clades and lineages
is shown in Supplementary Fig. 1. While we observed the expected constellation of mutations characteristic of
these lineages, we also identified some less common mutations that may be of interest for further investigation.
The phylogenetic analysis revealed distinct clustering of Alpha and Delta variants within Pakistan, with their
temporal appearance coinciding with global emergence patterns of these variants. We observed some geographic
clustering, particularly among samples from Peshawar and Islamabad, suggesting localized transmission chains.

Scientific Reports |

(2025) 15:28129 | https://doi.org/10.1038/s41598-025-12774-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Country A

21] Delta 549 52.2 B.1.617.2 (25%), AY.108 (7.5%), AY.127 (6.2%) | May-October 2021

20I Alpha 358 34.0 B.1.1.7 (28.2%) March-June 2021

20A 53 5.0 B.1.1 (3.8%) Throughout study period
20H Beta 18 1.7 B.1.351 April 2021

21A Delta 15 14 B.1.617.2 May-July 2021

Other variants 35 33 Various Throughout study period
Unassigned 24 23 Low quality sequences Throughout study period
Total 1052 100.0 - -

Table 1. SARS-CoV-2 variant distribution in Pakistan (March-October 2021).

[l Pakistan Group2 7] China

i India

[7] Pakistan Groupt

2019-Oct 2020-Feb 2020-Jun 2020-Oct - 2001Feb 2021-Jun 2021-Oct
Date

Fig. 4. Time-resolved phylogeny tree is used to show the association of our sample set (Pakistan_Group1)
with other samples reported from Pakistan (Pakistan_Group2), India and China during the same time period.
The tree comprises of 7484 samples taken from GISAID. Lineage attributes of the samples are shown in
Supplementary Fig. 1. Tree is shown here by web ( https://auspices.us ) software.

The tree structure also indicates a clear transition from Alpha to Delta dominance over time, consistent with our
prevalence data (Supplementary Fig. 1).

Mutational analysis was performed on 910 samples that were deposited in the GISAID database. Among
these, the top 10 most mutated samples belonged to the Delta variant lineage AY.127 (Fig. 5). Most of the samples
accumulated more than 20 mutations each, with some containing as many as 50 mutations. Interestingly, non-
synonymous substitutions (SNPs) were the most frequent type of mutation. The most frequent polymorphisms
were A23403G and C3037T. The most common protein mutation occurred in the Spike protein (D614G) in the
dataset, followed by a mutation at the 106th position of NSP3 (Fig. 5).

Discussion

Our study makes several significant contributions to understanding the genomic epidemiology of SARS-CoV-2
in Pakistan. First, with 802 high-quality genomes, it represents the largest single sequencing effort in the country
to date. Second, our sampling spans multiple cities, providing a more comprehensive national perspective
compared to previous studies that focused on fewer locations. Third, our extended sampling period from March
to October 2021 captures the critical transition from Alpha to Delta variant dominance. Lastly, we demonstrate
the feasibility and utility of using the GridION platform for large-scale genomic surveillance in Pakistan, which
could inform future public health strategies.
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Fig. 5. Mutational analysis was done with 910 samples uploaded to GISAID and aligned. (a) 10 most
mutated samples were from Delta variant lineage AY.127. The X-axis denotes the samples names while y-axis
represents the number of mutations. The all 10 samples show the AY.127 pango lineage (b) Overall mutations
per samples are represented, the x-axis shows the no. of mutations while y-axis represents the number of
samples, indicating the distributions of mutations per sample. (c) Most frequent event observed was SNP: a
change of one or more nucleotides, determining a change in amino acid sequence. SNP_silent: a change of
one or more nucleotides with no effect in a protein sequence. Extragenic: a mutation affecting intergenic or
UTR regions. Deletion: the deletion of three (or multiples of three) nucleotides, causing the removal of one or
more amino acids to the protein sequence. Deletion_frameshift: the deletion of nucleotides not as multiples
of three, causing a frameshift mutation. (d) The most frequent events per type. Individual mutation types are
represented as nucleotide events. Cytosine to thymidine transitions (C>T) were the most abundant. (e) The
most common events, either in nucleotide or aminoacidic coordinates. Four major mutations were observed;
these mutations are A23403G (associated with D614G the mutation in the spike protein), C3037T, C14408T,
and C241T. (f) The frequent mutations in proteins were abundantly present in spike protein S: D614G.

The majority of VOCs (Alpha and Delta) gained prominence in Pakistan during 2021 (Fig. 4). The analysis
of Pakistani SARS-CoV-2 genomes reveals trends similar to those seen worldwide, with all VOCs tracing their
origins toa common ancestor (Wuhan). However, despite these similarities, Pakistan experienced a lower number
of COVID-19 cases and fatalities compared to its neighboring country, India. In 2021, a surge in infections was
observed due to the emergence of new variants such as Alpha and Delta, which were linked to the third and
fourth waves of infection in Pakistan. The third wave lasted for nearly four months, from mid-February to mid-
June 2021. Following this, the country was hit by a fourth devastating wave from July to October 2021. This wave
resulted in 314,786 infections and over 6000 deaths, further straining the already weakened healthcare system?3.

Sampling was conducted in 2021, during the peak of the epidemic, when a large number of cases were
reported. The Alpha variant was the primary driver of the third major wave of SARS-CoV-2 infections in the
first half of 2021. However, in the latter half of 2021, the Delta variant became the most prevalent VOC of SARS-
CoV-2. Our findings indicate that during the third wave of COVID-19, the Alpha variant (B.1.1.7 lineage) was
the leading cause of infection. The rapid transmission rate contributed to the dominance of the Alpha variant
(B.1.1.7 lineage)*® making it the most prevalent variant in local populations during the third wave in Pakistan, as
it was globally. This spread in Pakistan is attributed to cross-border travelers during the period from December
2020 to February 2021°°. Subsequently, the Delta variant (21]) with its B.1.617.2 lineage became dominant during
the fourth wave of spread in Pakistan. The phylogenetic analysis of 7,484 samples from Pakistan, India, and
China revealed distinct clustering patterns suggesting multiple independent introductions of both Alpha and
Delta variants into Pakistan. Geographic clustering was particularly evident among samples from major urban
centers, with clear temporal stratification corresponding to wave dynamics. We also identified other lineages of
the Delta variant, including AY.108, AY.127, AY.126, and AY.43. Notably, a significant number of AY.108 cases
(n=79/1052) were found in our study. Globally, only 885 cases of this lineage had been reported as of November
17, 2022, with approximately 34% (n=299) of those cases originating from Pakistan®2. The dominance of Delta
variants has been associated with specific mutations, including P681H/R substitutions and additional mutations
in the viral RNA-dependent RNA polymerase gene®. These mutations enhance the replication rate, contributing
to a significant increase in the number of COVID-19 cases.

Phylogeographic analysis revealed distinct patterns of SARS-CoV-2 spread across Pakistan. The Alpha
variant showed a Peshawar-centered introduction pattern, consistent with its timing during peak international
travel restrictions and the city’s position as a major border crossing. In contrast, Delta variants demonstrated
multiple introduction pathways primarily through Islamabad, reflecting the capital’s role as an international
transportation hub.
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The finding that Pakistan accounts for 34% of global AY.108 lineage cases suggests either preferential
circulation conditions or specific introduction events that require further investigation. This highlights the
importance of continued genomic surveillance in identifying regionally significant variants.

While robust epidemiological data collection remains the foundation of effective outbreak management,
genomic surveillance provides complementary insights that enhance our understanding of pathogen evolution
and transmission dynamics. In the context of Pakistan'’s COVID-19 response, we strategically implemented
genomic sequencing to maximize cost-effectiveness by focusing on representative sampling from some high-
incidence areas during established outbreak waves. This approach allowed us to characterize circulating variants
while acknowledging the resource constraints inherent in large-scale sequencing efforts. The integration of
genomic data with traditional epidemiological indicators provided a more comprehensive picture of the outbreak
than either approach alone, though we recognize that the cost-benefit equation of extensive sequencing varies
by context and outbreak stage.

Our analyses reveal a higher number of mutations in the Delta variant lineage AY.127 (Fig. 5). Notably, this
lineage has been linked to a hamster-specific origin, as it was originally transmitted to individuals working in
hamster facilities in Hong Kong>*%. These findings underscore the importance of monitoring animal-human
interactions to better understand the genetic diversity and epidemiology of SARS-CoV-2. We identified the
highest number of mutations in the D614G mutation, located in the S-protein of SARS-CoV-2, which has been
associated with increased transmission among humans. This mutation not only enhances the incorporation
of the functional S-protein into SARS-CoV-2 virus-like particles (VLPs) but also improves the infectivity of
retroviral pseudoviruses (PVs)*. The rapid rate of mutations observed in our study suggests that the risk of
another outbreak cannot be entirely ruled out, making continuous monitoring and surveillance imperative
to prevent further spread of the virus. Our study demonstrates the feasibility and importance of large-scale
genomic surveillance in Pakistan. Ongoing monitoring will be crucial for the early detection of new variants
and to inform public health responses, including potential updates to vaccine strategies. Additionally, the study
highlights the utility of nanopore sequencing, which could be an affordable option for many labs involved in
viral surveillance.

Study limitations

We acknowledge a few limitations in our study. The geographical and temporal distribution of our samples
was not uniform, with a higher proportion coming from Islamabad and Peshawar, and some temporal skew in
sampling between locations. This may limit the generalizability of our findings to other regions or specific time
points. Additionally, like many genomic surveillance efforts, our sampling was biased toward PCR-positive cases
and may not fully represent mild or asymptomatic infections. Despite these limitations, the consistency of our
findings with broader trends observed in Pakistan and globally suggests that our data accurately captures the
key features of SARS-CoV-2 evolution during this critical period. This assertion is supported by Supplementary
Fig. 1, which shows that incorporating additional genomes from Pakistan within the same sampling timeframe
did not significantly alter the topology of the phylogenetic tree.

Technical limitations
The ARTIC amplicon-based protocol, while effective for SARS-CoV-2 surveillance, can result in uneven coverage
due to amplicon dropout in regions with primer binding site mutations, limited detection of large structural
variants due to ~400 bp amplicon size constraints, primer bias leading to potential underrepresentation of
certain variants, and coverage gaps in specific genomic regions resulting in ambiguous nucleotide calls. Oxford
Nanopore Technology limitations include higher per-read error rates compared to short-read sequencing
(particularly in homopolymer regions), systematic biases affecting certain sequence contexts, significant quality
variability within and between sequencing runs, and substantial computational requirements for real-time
base-calling and consensus generation, although many of these limitations have been addressed in the recent
upgrades in ONT Technologies (both hardware as well as software, including base-calling). Data analysis was
constrained by limiting phylogenetic reconstruction to high-quality sequences, potentially excluding important
evolutionary information from lower-quality samples. Despite our extended sampling period, temporal gaps
may have resulted in missing intermediate evolutionary steps or brief circulation of minor variants. These
limitations primarily affect the precision of our estimates rather than overall conclusions, and were mitigated
through conservative quality control measures, statistical validation approaches, and consistency checking with
global datasets.

Future genomic surveillance efforts in Pakistan would benefit from systematic temporal sampling and
quantitative phylogeographic analysis to further elucidate transmission dynamics between cities and provinces.

Data availability

All the sequences generated in this study are submitted to the GISAID that are available at https://gisaid.org/
under the virus names (hCov-19/Pakistan/KRISS0002 to hCov-19/Pakistan/KRISS1052) and Accession ID
(EPI_ISL_15171526 to EPI_ISL_15172344).
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