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Abstract 

Background SARS‑CoV‑2 remains rapidly evolving, and many biologically important genomic substitutions/indels 
have characterised novel SARS‑CoV‑2 lineages, which have emerged during successive global waves of the pandemic. 
Worldwide genomic sequencing has been able to monitor these waves, track transmission clusters, and examine viral 
evolution in real time to help inform healthcare policy. One school of thought is that an apparent greater than aver‑
age divergence in an emerging lineage from contemporary variants may require persistent infection, for example 
in an immunocompromised host. Due to the nature of the COVID‑19 pandemic and sampling, there were few studies 
that examined the evolutionary trajectory of SARS‑CoV‑2 in healthy individuals.

Methods We investigated viral evolutionary trends and participant symptomatology within a cluster of 16 SARS‑
CoV‑2 infected, immunocompetent individuals with no co‑morbidities in a closed transmission chain. Longitudinal 
nasopharyngeal swab sampling allowed characterisation of SARS‑CoV‑2 intra‑host variation over time at both the 
dominant and minor genomic variant levels through Nimagen‑Illumina sequencing.

Results A change in viral lineage assignment was observed in individual infections; however, there was only one 
indel and no evidence of recombination over the period of an acute infection. Minor and dominant genomic modi‑
fications varied between participants, with some minor genomic modifications increasing in abundance to become 
the dominant viral sequence during infection.

Conclusions Data from this cohort of SARS‑CoV‑2‑infected participants demonstrated that long‑term persistent 
infection in an immunocompromised host was not necessarily a prerequisite for generating a greater than average 
frequency of amino acid substitutions. Amino acid substitutions at both the dominant and minor genomic sequence 
level were observed in immunocompetent individuals during infection showing that viral lineage changes can occur 
generating viral diversity.
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Background
Coronavirus infectious disease 2019 (COVID-19) is 
caused by the novel betacoronavirus severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2), which 
first emerged in Wuhan, China, in 2019 [1]. SARS-
CoV-2 resulted from several zoonotic spill over events 
[2, 3]. As a result, the virus transited through a popula-
tion bottleneck, with sequencing data indicating that a 
progenitor virus to SARS-CoV-2 was likely in bats [1]. 
Subsequent human to human infection has resulted in 
SARS-CoV-2 genomic diversification from the Wuhan 
reference sequence. These mutations have arisen through 
genomic changes through virus and host-mediated sin-
gle-nucleotide polymorphisms (SNPs), homologous and 
heterologous recombination events, and insertions and 
deletions (indels). Host-mediated SNPs can result from 
cellular proteins, such as APOBEC and ADAR families, 
interacting with the viral genome. Under selection pres-
sure, these changes may confer a fitness advantage such 
that resulting genomes can become the dominant viral 
population, generating novel lineages of SARS-CoV-2. 
Throughout waves of the pandemic, this has resulted in 
the dominance of several Variants of Concern (VoCs). 
Defined by the World Health Organization (WHO), a 
VoC is a variant that is known to include or have some or 
all of the following; increased transmission, cause more 
severe disease, confer immune escape, alter clinical pres-
entation, or decrease the effectiveness of public health 
measures, diagnostics, vaccines, and treatments. Symp-
tomatology of COVID-19 ranges from asymptomatic, to 
mild and severe symptoms, through to fatal disease, all of 
which can present with different profiles depending on 
the causative variants and VoCs [4–7].

SARS-CoV-2 has a positive sense RNA genome 
(~ 30  kb) employing a viral and host-derived replica-
tion complex, with the catalytic component provided 
by the viral encoded NSP12 and exonuclease proofread-
ing capacity by the viral encoded NSP14 [8, 9]. Genomic 
variation has continued throughout the pandemic and 
continues when the virus entered the endemic phase. 
This genome divergence has resulted in a wide range 
of substitutions and indels. In an infected individual, 
the genome sequence of SARS-CoV-2 is dynamic and 
sequencing reveals a dominant genomic sequence and 
minor genomic variants [10–13]. The dominant genome 
sequence is characterised by the most common nucleo-
tide present at a given position. The first major SNPs 
diverging from the Wuhan reference genome that con-
ferred increased infectivity and transmission were the 

D614G substitution in the S protein and the P323L sub-
stitution in NSP12, in early stages of the pandemic [14, 
15]. The D614G substitution was associated with an 
increase in transmission and the P323L substitution 
resulted in viruses with increased replicative advantage 
[11]. Such selection can occur over a short period of time 
in one individual, not just between individuals [11, 16, 
17]. In addition to dominant genomic variance, minor 
variation can occur whereby there is a mixed popula-
tion of nucleotides or amino acids at a given position 
that occupy less of the proportion of the total than the 
dominant variant (for example: X at 90% of the propor-
tion and Y at 10%; with multiple amino acids: X 45%, Y 
35%, Z 20%).

Minor genomic variants have been hypothesised to 
transmit between people and this genetic diversity can 
be observed at different sites of infection within an indi-
vidual [16, 17]. Identification of viral population genet-
ics can help characterise different evolutionary pressures 
acting intra- and inter-host alluding to different genetic 
bottlenecks.

Asymptomatic cases may help propagate transmission 
and infection throughout populations. This was observed 
in a care facility where healthcare workers with asymp-
tomatic disease maintained transmission pathways [18]. 
Human to human transmission is important to under-
stand to assess the dynamics of viral dissemination and 
curb infection. Transmission studies throughout the 
COVID-19 pandemic have investigated symptom pro-
gression and dynamics. These have shown most notably 
that transmission was greatest 2 days before and 3 days 
after an index patient showed symptoms [19] and such 
studies shaped the policy on non-pharmaceutical inter-
ventions [20, 21].

Predominantly, SARS-CoV-2 genomic sequences have 
been investigated at the dominant genome level, with few 
studies looking at the dynamics of minor variant trans-
mission. With time, VoCs emerged with examples rep-
resenting large genomic jumps from circulating strains, 
as many novel mutations occurred at once, such as with 
the emergence of Alpha and Omicron VoCs [22]. One 
hypothesis is that these divergent variants stem from per-
sistent infection in immunocompromised hosts [23, 24].

A potential emerging paradigm, and reflecting pre-
vious observations with influenza virus [25], is that in 
immunocompromised individuals SARS-CoV-2 might 
be maintained under lower selection pressure than in 
an immunocompetent individual, across several organs 
including the lungs, and upper and lower respiratory 
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tract, providing an opportunity for greater genome diver-
sity than virus transmitted between acutely infected indi-
viduals [24].

Throughout the pandemic, general sequencing efforts 
were largely focussed on hospitalised and severely ill 
patients rather than asymptomatic or mildly ill cases. 
This was in part due to sample availability and impor-
tance around assessing the efficacy of medical coun-
termeasures, although some sequences resulted from 
samples gathered at nationwide testing sites which were 
sequenced through many laboratories including COG-
UK, including symptomatic and mildly ill cases. How-
ever, tying medical records with genomic surveillance 
has proven difficult/impractical. This resulted in less 
coverage and/or understanding of the genetics of SARS-
CoV-2 in the population that was most responsible for 
the spread of infection. Such studies, by the very nature 
of identifying the ‘healthy’ ill, are rare and also include 
human challenge studies (not all have examined dynamic 
viral population genetics) [18, 20, 21, 26–31]. Few studies 
have included an analysis of viral genetics in closed trans-
mission chains [32–34].

This study utilised longitudinal samples from geo-
graphically isolated immunocompetent individuals, in 
peak physical condition (having regular exercise, bal-
anced nutrition and health monitoring) from a single 
location, to characterise viral evolutionary trajectories 
in otherwise healthy people. The population genetics of 
SARS-CoV-2 was characterised in immunocompetent 
individuals between 20 and 40 years old within a defined 
transmission chain. Alongside clinical symptomatol-
ogy this approach was used to determine the number of 
mutations of the virus between and within individuals 
and to investigate the scope, diversity, and type of muta-
tional change in immunocompetent patients. Investiga-
tion of longitudinal nasopharyngeal swab samples from 
the closed transmission clusters allowed the tracking 
of viral evolution throughout the cohort. SARS-CoV-2 
sequence differences were identified in the dominant 
genomic sequence and minor genomic variants with up 
to 13 dominant substitutions identified over the course 
of infection in a single participant. The data indicated 
that between and within individual participants, substi-
tutions could result in a change in lineage of the virus. 
This implies that transmission of genotypes between 
individuals can be dependent on time post infection 
and that immunocompromised hosts are not necessarily 
required for the generation of variants with larger num-
bers of SNPs, but may be required for the accumulation 
of indels.

Methods
Participant cohort and sample collection
Nasopharyngeal swabs were collected from 16 SARS-
CoV-2-infected participants. Participants lived and 
worked together in a confined geographical area. During 
November 2020, there was a SARS-CoV-2 outbreak at 
this site, participants were tested via RT-qPCR targeted 
to the E-gene, and positive participants isolated and kept 
symptom diaries. Sixteen out of 70 individuals onsite pre-
sent at a spreading event either showed SARS-CoV-2-re-
lated symptoms or were tested as part of track and trace 
efforts to control the outbreak. Subsequently, all indi-
viduals were tested for SARS-CoV-2 through E-gene RT-
qPCRs. The 16 individuals who tested positive were aged 
between 21 and 39 and were 1:3 biological female:male; 
they were immunocompetent and had no comorbidities. 
Nasopharyngeal swab samples collected for RT-qPCRs 
were then stored at − 80  °C. Ct values were determined 
from these. All samples from all participants underwent 
the same extraction, sequencing, and data analysis as 
described below.

RNA extraction and amplification of viral nucleic acids
RNA was extracted from nasopharyngeal swabs at Con-
tainment Level 3 using the QIAmp Viral RNA Mini Kit 
(Qiagen). Samples were then DNase (Turbo DNase, Inv-
itrogen) treated at Containment Level 2 and all further 
processing completed at Containment Level 2.

Amplicon library preparation and Illumina sequencing
During library preparation, 8 µl of each RNA sample was 
converted into cDNA in a reverse transcription reaction 
using LunaScript™ (Thermofisher), and then amplified by 
reverse complement (RC)-PCR amplification using the 
EasySeq™ SARS-CoV-2 Whole Genome Sequencing kit 
(Nimagen, Netherlands) [35]. The Nimagen kit consists 
of one PCR-like reaction that acts in two steps to barcode 
samples and ligate adapters simultaneously using two 
types of oligo. A universal tail includes a Unique Dual 
Index (UDI), sequence adapter and universal sequence 
and also the RC (reverse-complement) primer which 
contains an extension blocker, universal sequence and 
the SARS-CoV-2 genomic target sequence reverse com-
plement. In the reaction, the universal sequence and the 
SARS-CoV-2 target specific primer hybridise to create 
the SARS-CoV-2-specific RC-PCR primer. This includes 
the specific SARS-CoV-2 primers with UDI and adapter 
sequences. The V3 kit used comprises of 154 primer pairs 
of around 300 bp overlapping the SARS-CoV-2 genome, 
which are divided into two pools each containing 77 
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primers. 40 cycles of amplification are used in the PCR. 
Post-amplification, 1:1 pooling of each amplicon library 
occurred which was then cleaned using Agencourt 
AmpureXP beads (Beckman Coulter™, Fisher Scien-
tific, Hampton, New Hampshire). The cleaned amplicon 
libraries were quantified using a Qubit double-stranded 
DNA (dsDNA) High Sensitivity Assay kit on a Qubit 
fluorometer (Life Technologies) and then quality checked 
on an Agilent 2100 Bioanalyzer (Agilent, Santa Clara, 
California). The two pools were then combined and 
denatured. A NovaSeq cartridge (2 × 150 bp run) loaded 
into a NovaSeq 6000 machine was then used to sequence 
the denatured amplicon library across a single sequenc-
ing run.

Library preparation and NimaGen-Illumina sequenc-
ing was conducted as previously described [36]. The 
sequencing of these 50 samples was conducted across a 
single sequencing run.

In silico analysis
Illumina adapters were initially trimmed off raw FASTQ 
reads using Cutadapt v1.2.1 using the -O 3 parameter to 
trim any reads which match the adapter sequence with 
3  bp or more [37]. Base quality scores were calculated 
through fastq-stats from EAUtils (https:// github. com/ 
Expre ssion Analy sis/ ea- utils), and all base quality scores 
for paired reads were between 35.8 and 36.4 (Table S1). 
Further trimming using Sickle v1.200 was done using a 
minimum window quality score of 20 (https:// github. 
com/ najos hi/ sickle); reads shorter than 15 bp after trim-
ming were removed. The trimmed reads were processed 
through the easyseq_covid19 pipeline v0.9 designed to 
analyse the NimaGen sequencing data [35]. The pipeline 
processes were as follows. FASTQ files were trimmed 
with fastp with default parameters for paired-end data 
(v0.23.2 https:// github. com/ OpenG ene/ fastp [38]). These 
cleaned reads were mapped to the SARS-CoV-2 reference 
sequence (NC_045512.1) using bwa mem v0.7.17 [39]. 
To remove the EasySeq RC-PCR SARS-CoV-2-specific 
primer pairs, Bamclipper v1.0.0 was used [40]. Lofreq 
(v2.1.5) was used to call variants with a quality thresh-
old ≥ 20, mutation frequency ≥ 50%, and a depth of ≥ 10 
[41]. Bcftools consensus v1.9 [42] was used to generate 
consensus FASTA sequences.

The consensus FASTA sequences were used to clas-
sify lineage and nucleotide substitutions in the viruses. 
Pangolin (v4.0.6, data model v1.8) was used to designate 
Pango lineages for samples sequenced with ≥ 85% cov-
erage (N count generated using faCount v377) (https:// 
github. com/ cov- linea ges/ pango lin). Snipit was used 
to call nucleotide substitutions across the genomes for 
all samples relative to the Wuhan reference sequence 

(MN908947.3) using the consensus FASTA sequences as 
input [43].

The output BAM files generated from the EasySeq 
pipeline were input into DiversiTools v0.1 (https:// 
github. com/ josep hhugh es/ Diver siToo ls) using the script  
diversiutils.pl and a custom script to count non-syn-
onymous amino acid variations diversiutils_aa.pl to 
investigate minor and dominant genomic variation 
[44]. The -orfs parameter was used to input the coding 
regions of SARS-CoV-2 to count transitions, transver-
sions, and nucleotide variations per position across 
proteins. Outputs from diversituils_aa.pl were parsed 
using a custom parse script to collate non-synony-
mous and synonymous amino acid counts across the 
genome [44]. Outputs included variant calls per amino 
acid position, entropy data per nucleotide position and 
coverage data. The entropy value called is a measure 
of uncertainty in the dataset which is used to quantify 
sequence variability at that site and the entropy file 
includes the frequency of mutations at individual sites 
of gene segments. Data was analysed from sequences 
that had ≥ 85% coverage of at least one base across 
the genome and subsequently filtered at 20X coverage 
across the genome (Table S1). Visualisations were gen-
erated in R-Studio (v4.2.0) using the following packages 
for data manipulation: tidyverse v1.3.2, dplyr v1.0.10 
and reshape2 v1.4.4. Plots were generated using the 
ggplot2 package (v3.3.6 https:// github. com/ tidyv erse/ 
ggplo t2).

Phylogenetic trees were generated through IQ-TREE 
(v2.2.2.7) using branch supports with ultrafast boot-
strap [45] with the parameters –seqtype DNA -m MFP 
-B 1000 [46]. The resulting treefile was visualised in 
iToL (v6) [47].

To analyse sgmRNA counts, LeTRS [48] was used 
which identifies known and novel leader-TRS sequences 
from the filtered FASTQ outputs. The LeTRS.pl script 
was used with the Illumina parameters and the LeTRS_
plot.pl script was used to plot normalised and actual 
counts of sgmRNA. The peak normalised count of 
leader-TRS junctions with at least 1 primer was plot-
ted from the ‘Known_junction’ output file in R-Studio 
(v4.2.0) using the following packages: tidyverse v1.3.2, 
dplyr v1.0.10, reshape2 v1.4.4 and ggplot2 v3.3.6.

To assess whether other related viral species were 
contaminating results, metagenomic analysis was car-
ried out. Kraken2 v2.1.3 was used with paired end reads 
parameters with –use-names and –confidence of 0.5 
[49]. Bracken v2.9 (https:// github. com/ jenni ferlu 717/ 
Brack en) was then run using the same kraken2 taxo-
nomic database to estimate the abundance of species 
within the samples using the output kraken reports. 

https://github.com/ExpressionAnalysis/ea-utils
https://github.com/ExpressionAnalysis/ea-utils
https://github.com/najoshi/sickle
https://github.com/najoshi/sickle
https://github.com/OpenGene/fastp
https://github.com/cov-lineages/pangolin
https://github.com/cov-lineages/pangolin
https://github.com/josephhughes/DiversiTools
https://github.com/josephhughes/DiversiTools
https://github.com/tidyverse/ggplot2
https://github.com/tidyverse/ggplot2
https://github.com/jenniferlu717/Bracken
https://github.com/jenniferlu717/Bracken
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Krona v2.8.1 (https:// github. com/ marbl/ Krona) was 
used to visualise species abundances and 100% of 
sequence reads classified from each sample were from 
the NCBI taxa severe acute respiratory syndrome-
related coronavirus (Taxonomy ID: 694,009) (data not 
shown). This taxon contains animal coronaviruses, 
SARS and SARS-CoV-2 suggesting all sequence reads 
are SARS-CoV-2 as other viruses are highly unlikely. 
Seasonal human coronaviruses are not included in this 
taxon and were not reported to have been found in the 
samples.

Results
Transmission and symptoms of SARS‑CoV‑2 
within a defined population cohort
To investigate SARS-CoV-2 population biology during 
acute infection and transmission, a cluster of cases in a 
defined population from November 2020, during the 
pre-vaccination period, was sequenced using a Nima-
gen-Illumina amplicon-based approach [35] (BioProject 
PRJNA1012698). Longitudinal nasopharyngeal samples 
were retrospectively analysed from 16 participants who 
tested SARS-CoV-2 positive through an E-gene RT-
qPCR. These participants were immunocompetent, 
unvaccinated to SARS-CoV-2, with no known comor-
bidities or previous (or current at the time) evidence of 
immune deficiency. The definition of whether an individ-
ual is immunocompetent or immunocompromised can 
be subjective in the absence of defined empirical tests. 
In this study, we defined our participants as immuno-
competent as they had no medication that affected their 
immune system and had regular health monitoring with 
no reports of unexpected disease profiles or evidence of 
non-communicable disease requiring immunotherapy. 
The participants were 25% biological female and 75% bio-
logical male and were aged between 21 and 39  years of 
age and were living and working as a semi-confined pop-
ulation where potential contact was regularly monitored 
(Fig. 1).

An initial spreading event is likely to have occurred at 
which 70 individuals were present where there were two 
potential introductions of SARS-CoV-2 to this cohort. 
One introduction was from a SARS-CoV-2-positive 
individual originating outside our study population and 
came into direct contact with participants 07, 12 and 16. 
The second introduction of virus was via another SARS-
CoV-2-positive individual external to our study popula-
tion who had direct contact with Participant 14. Neither 
of the external cases were present at the spreading event 
and had no samples collected or sequenced. It is difficult 
to speculate on the likely lineages of the two viral intro-
ductions. Transmission to all participants in contact with 
these either or both of these two individuals may not 

necessarily have caused the positive SARS-CoV-2 result 
and all participants mixed freely at the spreading event, 
complicating defined transmission routes. At the spread-
ing event, all 70 individuals in this cohort had the free-
dom to mix. Until day 3 post the spreading event, the 
study population were mixing as normal in their confined 
work environment and living spaces. On day 3, the first 
SARS-CoV-2-positive PCR results were identified and 
efforts were directed at containment through positive 
case or contact-tracing isolation (Fig. 1).

None of the infected individuals were defined as immu-
nocompromised or had underlying co-morbidities and 
were known to be healthy prior to infection. For occupa-
tional health surveillance reasons, the cohort and partici-
pants underwent close health monitoring and sampling. 
This monitoring included self-reported health/symptom-
atology diaries and measurements of viral load (Fig.  2), 
and where possible, participants were isolated upon a 
positive RT-qPCR diagnostic result. Symptomatic par-
ticipants had a range of mild disease; however, the time 
of onset varied considerably alongside symptom duration 
(Fig.  2, Figure S1). Generally, symptoms were reported 
for a short period of 1–4  days, or for a longer period 
ranging up to and over the 10  days of isolation (Fig.  2, 
Figure S1). Symptoms included fever/chills, cough, dysp-
noea, fatigue, myalgia, headache, anosmia, sore throat, 
congestion, nausea and diarrhoea, and participants were 
treated orally with paracetamol. Participant 06 was the 
only participant to record no symptoms throughout the 
study. Viral loads were determined using RT-qPCR as a 
proxy measurement for infectious virus. RT-qPCR of the 
viral E gene is presented as a cycle threshold (Ct) value 
in which there is an inverse relationship between Ct and 
viral load, i.e. the lower the Ct, the greater the viral load.

A positive SARS-CoV-2 RT-qPCR was recorded in 
seven out of the 16 participants during the pre-symp-
tomatic phase (Fig.  2, Figure S1). Previous studies have 
demonstrated that viral load peaks on or before symp-
tom onset [50], including the human challenge study 
[51], which was consistent with profiles seen in this 
study (Fig.  2). This underlines the capability of SARS-
CoV-2 for pre-symptomatic transmission. In Participant 
11, the viral load increased during the first two time-
points of sampling to peak at day 13 in sample 3, which 
was 2 days post symptom onset, suggesting expansion of 
the viral population from day 9 to day 13 correlated with 
increased symptoms (Fig. 2, Figure S1). Towards the later 
timepoints, viral load decreased, and symptoms subsided 
in most participants. Most symptoms were reported dur-
ing the middle of isolation and infection periods (Fig. 2). 
Participant 06 remained asymptomatic throughout infec-
tion despite a high viral load which decreased over the 
two timepoints of sampling (Fig.  2). Participant 06 was 

https://github.com/marbl/Krona
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the only participant recording no symptoms through-
out infection, although Participant 05 only recorded one 
incidence of symptoms early in infection (an isolated 
headache on day 12), whilst all other participants pre-
sented with a range of symptoms (Fig. 2). Participant 06 

underlines the potential for transmission from asympto-
matic individuals with high viral loads. The incidence of 
mild disease in this cohort was reflective of infection in 
healthy adults in the wider population, where severe dis-
ease culminating in fatalities was much more common in 

Fig. 1 Transmission chain of SARS‑CoV‑2 between 16 participants (y axis) following potential introductions of the virus succeeded by a mass 
spreading event (at day 0) with 70 people in attendance. The initial positive RT‑qPCR test is shown as a pentagon with the only negative test 
reported shown as a blue circle (Participant 06, who later tested positive). A pentagon with no fill shows a positive test that was not sequenced, 
and therefore has no associated lineage data (Participant 08 was sequenced but there was not enough sequencing coverage to define 
a lineage). Symptomatic periods of the individuals are shown in a thick grey line, isolation period in a black line, direct contacts through a solid 
arrow and participants who came into contact with other participants whilst mixing generally (including living and working together) is shown 
with a dashed arrow. Subsequent SARS‑CoV‑2 positive samples from the initial test are shown as smaller circles. Isolation of infected individuals 
in this cohort only began once population testing had occurred, and those SARS‑CoV‑2 positive by RT‑qPCR were moved to a quarantine location. 
Participant 06 was the last to test positive, was asymptomatic and was last to isolate during this outbreak recording a negative RT‑qPCR test at day 8. 
Participants in contact at the same time are shown via a bracket, e.g. participants 02, 13 and 04 were all direct contacts of participants 16, 12 and 07. 
Arrows that begin prior to the spreading event indicate individuals who were in contact with each other on a day‑to‑day basis i.e. through work 
and living environment. Lineage information from viral sequences extracted, sequenced and classified using Pangolin are colour‑coded: B.1, black; 
B.1.36, red; B.1.36.1, orange. Note, for consistency, all timepoints are referenced to the mass spreading event and should be considered as days 
post this event. This figure was created using Biorender
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the elderly [52] (at least before the advent of vaccination, 
which this study predates). A correlation was observed 
between viral load and symptoms, with lower Ct val-
ues (between 20 and 30) aligning with more symptoms 
experienced. Higher Ct values (between 30 and 40) were 
observed on days where fewer symptoms were reported 
(Fig. 2, Figure S1).

SARS‑CoV‑2 genome sequence was identified in samples 
from asymptomatic, pre‑symptomatic and symptomatic 
participants
Previous studies using Nimagen-Illumina SARS-CoV-2 
sequencing methodologies produced lower-quality outputs 

in samples with Ct values > 30, reflecting lower coverage 
[35]. However, in this study, a minimum 85% cut-off was 
applied to genome sequence coverage, as there were several 
samples with a Ct value > 30 with sufficient coverage for 
further analysis. This was to ensure accurate lineage assign-
ment and identification of nucleotide substitutions at both 
a dominant genome sequence and minor genomic variant 
level. We note that under this criterion, the highest Ct in 
which usable sequence was obtained was 32.21 (99.6% 
coverage), with 4/25 samples having a Ct > 30. From the 16 
participants, a total of 50 samples were collected through-
out the time course of 19 days and sequenced via an ampli-
con-based approach. To sequence the 30-kb SARS-CoV-2 

Fig. 2 Symptoms presented over time of three exemplar participants, 05, 09 and 12. Sampling took place across 19 days (x axis), and sample 
numbers are denoted as S1‑3. All samples were sequenced using the Nimagen‑Illumina approach (blue shading: > 85% genome sequence 
coverage, light blue shading: < 85% genome sequence coverage). Symptoms are shown in orange, and the isolation period per participant is shown 
in grey. Ct values from an E‑gene RT‑qPCR are shown on the right over the timepoints sampled. Generally, symptoms experienced were considered 
mild. Symptom profiles for all participants are shown in Figure S1
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genome, overlapping amplicons of around 435  bp were 
generated as per the Nimagen protocol [35]. Analysis 
through the EasySeq_covid19 bioinformatics pipeline [35] 
revealed that out of the 50 samples consensus genomes 
were generated from 25 samples with > 85% coverage to 
allow further downstream analysis. Genome coverage plots 
were generated of all samples sequenced, including those 
not making the 85% cut-off (Figure S2).

Three different Pango lineages were assigned 
in the transmission cluster: B.1, B.1.36 and B.1.36.1
To investigate the dominant genome sequence iden-
tified in each participant at different timepoints, the 
Phylogenetic Assignment of Named Global Outbreak 
Lineages (Pangolin) tool was used [53]. This assigns the 
most likely Pango lineage to a SARS-CoV-2 sequence 
entered into the application based off a dynamic pool 
of sequences gathered throughout the pandemic [53]. 
We note that Pango lineage assignment is dynamic and 
based on both human and machine learning input. The 
25 SARS-CoV-2 sequences from these participant sam-
ples were analysed through Pangolin [53] (Fig.  2) with 
a threshold of 85% coverage across the genome. This 
ensures that when a lineage is assigned, a sub-lineage is 
not missed through inadequate sequence coverage. Each 
individual lineage-defining mutation had adequate cov-
erage (> 10X), and therefore was present or absent in 
the sample rather than it being called due to drop out in 
sequence coverage.

Pangolin analysis identified three lineages present in 
the sample set: B.1, B.1.36 and B.1.36.1 (Table  1). Line-
age defining amino acid substitutions for B.1 are D614G 
in S and P323L in NSP12, and for B.1.36 with the addi-
tion of Q57H in ORF3a, S84L in ORF8 and S194L in N 
and a further R3993C in ORF1a in B.1.36.1 (Fig.  3A). 
These substitutions mark the divergence of SARS-CoV-2 
from the Wuhan reference sequence. All the sequences 
were classified together into Clade 20A via Nextstrain 
Clade analysis [54]. This clade represents lineages with 
the S – D614G mutation present, reflecting the basal 
pandemic lineage that was globally distributed [54]. 
Phylogenetic tree analysis revealed two main clusters of 
viral sequences, separated into B.1, forming the major-
ity of the tree, and B.1.36.1, with the exception being 
Participant 09 S3 identified as lineage B.1.36 and shown 
to be more closely related to the B.1 sequences than the 
B.1.36.1 cluster (Fig.  3B). Sequences assigned to lineage 
B.1.36.1 formed the smaller cluster. We note that SARS-
CoV-2 sequence from participants on different days 
can be found in different parts of the phylogenetic tree. 
There was only one sample sequenced from Participant 
14 which clustered by itself and was assigned as lineage 
B.1.36.1, but had additional non-lineage defining features.

In all participants aside from 05, 09 and 12 (or those 
with only a single timepoint sequenced), the Pango line-
age classification of the dominant SARS-CoV-2 genome 
sequence did not change over the course of the disease. 
Different lineages were observed between separate time-
points in participants 05, 09 and 12 suggesting three pos-
sibilities: (i) viral evolution in which the lineage defining 
mutations occurred during infection, (ii) the presence of 
a lineage as a minor variant genome at the start of infec-
tion that came to dominance during infection, or (iii) 
infection with a different variant subsequent to the ini-
tial infection. These were investigated using the available 
sequence data and information about the movement of 
participants.

The evolutionary distance between samples 1 and 2 in 
Participant 12 reflected differences between viral lineages 
at timepoint 1 (day 6) and timepoint 2 (day 9) as Pango 
lineage assignment changed from B.1.36.1 to B.1 in 3 days 
(Fig. 3). These changes were observed as minor genomic 
variants at the first timepoint, suggestive of the second 
possibility above. The lineage assignment of SARS-CoV-2 

Table 1 Pango lineage assignments for participants (P) with 
SARS‑CoV‑2 samples sequenced with > 85% genome sequence 
coverage. S1–3 denotes samples 1–3 across time

Participant Sample Lineage

01 1 B.1

2 B.1

02 1 B.1

2 B.1

03 1 B.1

2 B.1

04 1 B.1

05 1 B.1

2 B.1.36.1

06 1 B.1

2 B.1

07 1 B.1.36.1

2 B.1.36.1

09 1 B.1

2 B.1

3 B.1.36

10 1 B.1

11 3 B.1

12 1 B.1.36.1

2 B.1

13 1 B.1

14 1 B.1.36.1

15 2 B.1

16 1 B.1

2 B.1
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in Participant 05 changed between timepoints from B.1 
to B.1.36.1 occurring within 10  days, from day 9 to day 
19 (Figs.  2 and 3A,B). For Participant 09, the dominant 
genome sequence was lineage B.1 at timepoints 1 (day 
9) and 2 (day 13) and was B.1.36 at timepoint 3 (day 19) 
(Figs. 2 and 3A–B).

Lineage B.1.36 was only identified in a single partici-
pant, Participant 09, and only at the third timepoint of 
sampling. This could be reflective of viral evolution in 
which the lineage defining substitutions occurred during 
infection, considering that samples at timepoints 1 and 2 
are B.1, thus SNPs occurred in the 6 days between day 13 
(timepoint 2) and day 19 (timepoint 3). Aside from Par-
ticipant 08, with a sample quality too low to sequence, 
five participants had virus of lineage B.1.36.1 and the 
other ten B.1 (Table 1).

Intra‑host variation was identified in the transmission 
cluster
The assignment of SARS-CoV-2 to different Pango line-
ages from samples both between and during infection in 

the transmission cluster demonstrated that variation was 
present at the dominant genomic level. In addition to 
the lineage defining substitutions for Pango assignment, 
there were other substitutions from the Wuhan reference 
sequence (MN908947.3) that were present at the domi-
nant genomic level in the samples. This was investigated 
using Snipit [43] and applied to sequences with > 85% 
coverage across the genome (Tables  2 and 3). We note 
that Pango uses a coverage 50% or greater and therefore 
we chose 85% to increase confidence in correct call-
ing of substitutions. Figure S3 shows nucleotide muta-
tions across all of the samples sequenced in the cohort, 
reported through Snipit [43]. The analysis identified 
additional synonymous and non-synonymous changes 
that were present in SARS-CoV-2 in all the samples—as 
well as those substitutions that were used to assign the 
appropriate Pango lineage. For completeness, starting 
from the 5′ end of the genome the mutations present in 
all of the samples were, a C241U synonymous change in 
the 5′ UTR, followed by changes in the coding region, 
some of which resulted in an amino acid substitution; 

Fig. 3 Phylogenetic analysis of the SARS‑CoV‑2 samples extracted from participant swabs. A Unrooted phylogenetic tree showing the relationships 
between the participant samples of this cohort. Bootstrap values are labelled and shown through purple circles on the branches. Two distinct 
branches can be seen showing the phylogenetic distance between B.1 and B.1.36.1, with the respective dominant amino acid substitutions 
across the genome depicted in B. Part B in this figure was created using Biorender
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Table 2 Amino acid substitutions per virus sequenced with > 85% coverage from participant samples. Substitutions differing within 
SARS‑CoV‑2 in participants between timepoints are in bold and substitutions found only once in the sample set are underlined. 
Sixteen unique substitutions were found, each only in one sample in the cohort. Using default parameters in snipit [43]

Sample Amino acid mutations Total 
mutations

Participant 01 S1 SAMN37347028 5′ UTR C241T; NSP2 A26V, S32L; NSP3 F106F, NSP5 M82I; NSP12 L205L, P323L; NSP14 L280L; NSP16 
M65I; S D614G, I692I; ORF3a Q57H, L106L; M Y71Y; N S194L, T362I

16

Participant 01 S2 SAMN37347029 5′ UTR C241T; NSP2 A26V, F106F, S1424F; NSP5 M82I; NSP12 L205L, P323L; NSP14 L280L NSP16 M65I; S 
I231I, D614G, I692I; ORF3a Q57H, L106L; M Y71Y; N S194L, T362I

17

Participant 02 S1 SAMN37347031 5′ UTR C241T; NSP2 A26V; NSP3 F106F, S1424F; NSP5 M82I; NSP12 L205L, P323L; NSP14 L280L; NSP16 
M65I; S V143F, I231I, D614G, I692I; ORF3a Q57H, L106L; M Y71Y; N S194L, T362I

18

Participant 02 S2 SAMN37347032 5′ UTR C241T; NSP2 A26V; NSP3 F106F; NSP4 M324I; NSP5 M82I; NSP12 L205L, P323L; NSP14 L280L; 
NSP16 M65I; S I231I, D614G, I692I; ORF3a Q57H, L106L; M Y71Y; N S194L, T362I

17

Participant 03 S1 SAMN37347035 5′ UTR C241T; NSP2 A26V; NSP3 F106F, S1424F; NSP5 M82I; NSP12 L205L, P323L; NSP14 L280L; NSP16 
M65I; S I231I, D614G, I692I; ORF3a Q57H, L106L; M Y71Y; N S194L, T362I

17

Participant 03 S2 SAMN37347036 5′ UTR C241T; NSP2 A26V; NSP3 F106F; NSP5 M82I; NSP12 L205L, P323L; NSP14 L280L; NSP16 M65I; S 
I231I, D614G, I692I; ORF3a Q57H, L106L; M Y71Y; N S194L, T362I

16

Participant 04 S1 SAMN37347039 5′ UTR C241T; NSP2 A26V; NSP3 F106F, S1424F; NSP5 M82I; NSP12 L205L, P323L; NSP14 L280L; NSP16 
M65I; S I231I, D614G, I692I; ORF3a Q57H, L106L; M Y71Y; N S194L, T362I

17

Participant 05 S1 SAMN37347041 5′ UTR C241T; NSP2 A26V; NSP3 F106F, S1424F; NSP4 M324I; NSP5 M82I; NSP12 L205L, P323L; NSP14 
L280L; NSP16 M65I; S V143F, I231I, D614G, I692I; ORF3a Q57H, L106L; M Y71Y; N S194L, T362I

19

Participant 05 S2 SAMN37347042 5′ UTR C241T; NSP3 F106F, A480V; NSP4 T189I; NSP7 V33V; NSP8 R51C; NSP12, V410A, P323L; NSP14 
L280L; S E96D, D614G; ORF3a Q57H; M Y71Y; N S194L

14

Participant 06 S1 SAMN37347043 5′ UTR C241T; NSP2 A26V; NSP3 F106F, S1424F; NSP5 M82I; NSP12 L205L, P323L; NSP14 L280L; NSP16 
M65I; S I231I, D614G, I692I; ORF3a Q57H, L106L; M Y71Y; N S194L, T362I

17

Participant 06 S2 SAMN37347044 5′ UTR C241T; NSP2 A26V; NSP3 F106F, S1424F; NSP4 M324I; NSP5 M82I; NSP12 L205L, P323L; NSP14 
L280L; NSP16 M65I; S V143F, I231I, D614G, I692I; ORF3a Q57H, L106L; M Y71Y; N S194L, T362I

19

Participant 07 S1 SAMN37347045 5′UTR C241T; NSP3 F106F, A480V; NSP4 T189I; NSP6 V84V; NSP7 V33V, D67D; NSP8 R51C; NSP12 P323L; 
NSP14 L280L; S E96D, D294D, D614G; ORF3a Q57H; M Y71Y; N S194L

16

Participant 07 S2 SAMN37347046 5′ UTR C241T; NSP3 F106F, A480V; NSP4 T189I; NSP6 V84V; NSP7 V33V, D67D; NSP8 R51C; NSP12 P323L; 
NSP14 L280L; S E96D, D294D, D614G; ORF3a Q57H; M Y71Y; N S194L

16

Participant 09 S1 SAMN37347051 5′ UTR C241T; NSP2 A26V; NSP3 F106F, S1424F; NSP4 M324I; NSP5 M82I; NSP12 L205L, P323L; NSP14 
L280L; NSP16 M65I; S V143F, I231I, D614G, I692I; ORF3a Q57H, L106L; M Y71Y; N S194L, T362I

19

Participant 09 S2 SAMN37347052 5′ UTR C241T; NSP2 A26V; NSP3 F106F, S1424F; NSP5 M82I; NSP12 L205L, P323L; NSP14 L280L; NSP16 
M65I; S V143F, I231I, D614G, I692I; ORF3a Q57H, L106L; M Y71Y; N S194L, T362I

18

Participant 09 S3 SAMN37347053 5′ UTR C241T; NSP1 R124C, L140L; NSP2 A26V; NSP3 F106F; NSP4 V180I; NSP5 M82I; NSP12 L205L, 
P323L; NSP14 L280L; NSP16 M65I; S I231I, D614G, I692I, F43F; ORF3a Q57H, L106L; M Y71Y; ORF8 
F120F; N S194L, T362I

21

Participant 10 S1 SAMN37347054 5′ UTR C241T; NSP2 A26V; NSP3 F106F, S1424F; NSP4 M324I; NSP5 M82I; NSP12 L205L, P323L; NSP14 
L280L; NSP16 M65I; S V143F, I231I, D614G, I692I; ORF3a Q57H, L106L; M Y71Y; N S194L, T362I

19

Participant 11 S3 SAMN37347057 5′ UTR C241T; NSP2 A26V; NSP3 F106F, S1424F; NSP5 M82I; NSP12 D62Y, L205L, P323L; NSP14 L280L; 
NSP16 M65I; S V143F, I231I, D614G, I692I; ORF3a Q57H, L106L; M Y71Y; N S194L, T362I

19

Participant 12 S1 SAMN37347059 5′ UTR C241T; NSP3 F106F, A480V; NSP4 T189I; NSP6 V84V, NSP7 V33V, D67D; NSP8 R51C; NSP12 
P323L; NSP14 L280L; S E96D, D294D, D614G; ORF3a Q57H; M Y71Y; N S194L

16

Participant 12 S2 SAMN37347060 5′ UTR C241T; NSP2 A26V; NSP3 F106F, S1424F, A1736V; NSP5 M82I; NSP12 L205L, P323L; NSP14 
L280L; NSP16 M65I; S V143F, I231I, D614G, I692I; ORF3a Q57H, L106L; M Y71Y; N S194L, T362I

19

Participant 13 S1 SAMN37347063 5′ UTR C241T; NSP2 A26V; NSP3 F106F, S1424F; NSP5 M82I; NSP12 L205L, P323L; NSP14 L280L; NSP16 
M65I; S V143F, I231I, D614G, I692I; ORF3a Q57H, L106L; M Y71Y; N S194L, T362I

18

Participant 14 S1 SAMN37347066 5′ UTR C241T; NSP1 L88L; NSP3 V21V, F106F; NSP4 F375F; NSP6 V84V; NSP7 V33V, D67D; NSP8 R51C; 
NSP12 P323L; NSP14 L280L, N518N; NSP15 V127F; S D294D, T478K, D614G, S691S; ORF3a Q57H; M 
Y71Y; N S194L

20

Participant 15 S2 SAMN37347071 5′ UTR C241T; NSP2 A26V; NSP3 F106F, S1424F; NSP4 M324I; NSP5 M82I; NSP12 L205L, P323L; NSP14 
L280L; NSP16 M65I; S V143F, I231I, D614G, I692I; ORF3a Q57H, L106L; M Y71Y; N S194L, T362I

19

Participant 16 S1 SAMN37347074 5′ UTR C241T; NSP2 A26V; NSP3 F106F, S1424F; NSP4 M324I; NSP5 M82I; NSP12 L205L, P323L; NSP14 
L280L; NSP16 M65I; S V143F, I231I, D614G, I692I; ORF3a Q57H, L106L; M Y71Y; N S194L, T362I

19

Participant 16 S2 SAMN37347075 5′ UTR C241T; NSP2 A26V; NSP3 F106F, S1424F; NSP4 M324I; NSP5 M82I; NSP12 L205L, P323L; NSP14 
L280L; NSP16 M65I; S V143F, I231I, D614G, I692I; ORF3a Q57H, L106L; M Y71Y; N S194L, T362I

19
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NSP3—F106F; NSP12—P323L; NSP14—L280L; S—
D614G; ORF3a—Q57H; M—Y71Y and N—S194L 
(Table 3).

Apart from substitutions that were common to SARS-
CoV-2 in all the samples, there were also changes that 
were not shared across samples and participants, seen 
in five samples. These consisted of 16 nucleotide muta-
tions, with most leading to amino acid substitutions. 
Across the five samples these were as follows: Partici-
pant 01 S1 (NSP2—S32L), Participant 05 S2 (NSP12—
V410A), Participant 09 S3 (NSP1—R124C and L140L; 
NSP4—V180I; S—F43F; ORF8—F120F), Participant 12 
S2 (NSP3—A1736F) and Participant 14 S1 (NSP1—L88L; 
NSP3—V21V; NSP4—F375F; NSP14—N518N; NSP15—
V127F; S—T478K and S691S) (Table 2). Given that these 
changes were not shared across all the genomes that were 
sequenced, and occurred in isolated instances, we pos-
tulated that these changes likely represented intra-host 
viral evolution during infection (Table  2). Aside from 
the T478K substitution in S (which is a lineage defin-
ing mutation for B.1.617.2), the remaining 15 mutations 
continue to have low global prevalence (https:// outbr 
eak. info/). All mutations have been reported previously 

in the GISAID database; however, 38 out of the 43 muta-
tions were observed in < 5% of global sequences and 35 
out of 43 in < 1% of the sequences. Mutations found were 
screened two-fold: against the ‘Problematic Variants’ list 
(https:// github. com/W- L/ Probl emati cSites_ SARS- CoV2/ 
tree/ master), to detect whether mutations were due to 
sequencing noise, and against the ‘mutational black-
list’ [55] where mutations found are highly conserved 
thus likely have detrimental effects on viral replication, 
transmission and survival, so may be a consequence 
of sequencing artefacts. Mutation T14669C, V410A in 
NSP12, was present on the blacklist [55] and was found 
in Participant 05 at timepoint 2 (coverage: 15, V:7; A:8). 
This mutation does not influence the Pango lineage called 
and whilst it is on the blacklist, this does not necessarily 
mean that viruses with these mutations are/were not pre-
sent in the global population.

Several of the unique mutations were identified in one 
sample from Participant 14. Only one time point out of 
the four sampled for this participant contained adequate 
read depth to analyse the dominant genome sequence 
for SARS-CoV-2. Although, for the three samples with 
incomplete coverage, there was adequate sequence read 

Table 3 Total proportion of each nucleotide mutation found in viral sequences across the sample set. Overall, 43 different nucleotide 
mutations were reported across the participant samples over the time course. Using default parameters in snipit [43]. * denotes 
nucleotide mutations found in < 1% and † in < 5% of SARS‑CoV‑2 genome sequences submitted to GISAID before March 2024

Nucleotide mutation Protein Amino acid 
mutation

Proportion Nucleotide mutation Protein Amino acid 
mutation

Proportion

C241T 5′ UTR 1.00 C14408T NSP12 P323L 1.00

C527T* NSP1 L88L 0.04 T14669C* NSP12 V410A 0.04

C635T* NSP1 R124C 0.04 C18877T* NSP14 L280L 1.00

C683T* NSP1 L140L 0.04 C19593T* NSP14 N518N 0.04

C882T* NSP2 A26V 0.80 G19999T* NSP15 V127F 0.04

C900T* NSP2 S32L 0.04 G20853T* NSP16 M65I 0.80

G2782T* NSP3 V21V 0.04 G21850T* S E96D 0.16

C3037T NSP3 F106F 1.00 G21989T* S V143F 0.48

C4158T* NSP3 A480V 0.16 A22255T* S I231I 0.76

C6990T* NSP3 S1424F 0.64 C22444T* S D294D 0.16

C7926T† NSP3 A1736V 0.04 C22995A S T478K 0.04

G9092A* NSP4 V180I 0.04 A23403G S D614G 1.00

C9120T* NSP4 T189I 0.16 C23635T* S S691S 0.04

G9526T* NSP4 M324I 0.32 C23638T* S I692I 0.80

C9679T* NSP4 F375F 0.04 C25521T* ORF3a F43F 0.44

G10300T* NSP5 M82I 0.80 G25563T† ORF3a Q57H 1.00

C11224T* NSP6 V84V 0.16 C25710T* ORF3a L106L 0.80

C11941T* NSP7 V33V 0.20 C26735T* M Y71Y 1.00

C12043T* NSP7 D67D 0.16 C28253T† ORF8 F120F 0.04

C12242T* NSP8 R51C 0.20 C28854T* N S194L 1.00

G13624T* NSP12 D62Y 0.04 C29358T* N T362I 0.80

G14055T* NSP12 L205L 0.80

https://outbreak.info/
https://outbreak.info/
https://github.com/W-L/ProblematicSites_SARS-CoV2/tree/master
https://github.com/W-L/ProblematicSites_SARS-CoV2/tree/master
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depth in several regions to pull out potential divergence 
that was maintained from time point 1. These were 
NSP1—L88L, NSP15—V127F and S—S691S in Sample 2 
(Figure S3). These results make it difficult to distinguish 
between the three possibilities for genomic variation 
outlined above. Additionally, participants tested SARS-
CoV-2 positive at different times throughout the time 
course (Fig. 1). However, the timing of a positive test in 
this study did not correlate with increased or decreased 
genomic variability in the population.

To investigate the prevalence of indels in the samples, 
the bioinformatic tool LoFreq [41] was used. Across the 
samples, one indel was characterised in SARS-CoV-2 in 
sample 1 of Participant 01 starting at nucleotide position 
24,010 (amino acid S816 in the fusion peptide region of S) 
with a deletion of AUU UAU UGA AGA UCUAC replaced 
with an A. This was observed with a frequency of 0.8 of 
the viral population with a read depth of 36 at that posi-
tion with the wild type sequence accounting for the other 
0.2. This deletion was not found at the next timepoint, 
nor were other deletions found across other samples at 
these positions.

Analysis of intra‑host viral population genetics
To further investigate the possible causes of sequence 
diversity observed in these samples, DiversiTools was 
used to define the minor genomic variants at an individ-
ual level. This tool was used to translate and call the top, 
second and third most common amino acids and codons 
at a particular position, hence showing the nucleotide 
and amino acid substitutions at a given position. Line-
age defining mutations occupied a high proportion of the 
viral population in each participant, showing that they 
were stable amino acid substitutions from the SARS-
CoV-2 reference genome (MN908947.3) (Figure S4). 
Lower proportions of variation (< 0.5) from the reference 
genome demonstrated that minor genomic variation was 
present in samples from these participants (Figure S4). 
Across timepoints, it was evident that dominant syn-
onymous and non-synonymous amino acid substitutions 
were maintained at high proportions of the population 
with little fluctuation (Figure S4, Fig.  4). An exception 
to this was in samples from Participant 12, where the 
virus sequenced was classified as two different lineages 
at different timepoints (Table  1, Figs.  3 and 4). This is 
illustrated in Fig. 4 through the proportion of dominant 
synonymous and non-synonymous substitutions being 
approximately 0.7 of the population, as opposed to a near 
proportion of 1 in sequences from other samples, sug-
gesting that minor genomic variation accounted for the 
remaining 0.3.

Minor genomic variation was observed in the sam-
ples at low levels, reflective of the error prone nature of 

coronavirus replication and host cell modification (Figure 
S4, Fig.  4). Increase in the frequency of minor genomic 
variants with time could suggest greater fitness was con-
ferred by the particular combination of substitutions, and 
that with time they may have increased in prevalence to 
become dominant in the population. Across the sam-
ples there were increased levels of minor variation in S, 
seen where peaks reached a proportion of around 0.15, 
reflecting potential increased selection of variants or tol-
erance of variation in this gene. This was also observed in 
ORF1ab and ORF3a, suggesting that these sites showed 
greater tolerance for variability compared to the rest of 
the genome, which may result from increased selection 
pressure and fitness or the stability of random mutations 
in those regions (Figure S4).

Amino acid substitutions from the minor variant 
population accumulated and became part of the dominant 
genomic landscape over time in several participants
To investigate dominant and minor genomic variation 
over time in the sample set, the difference between the 
proportions of the top amino acids in SARS-CoV-2 was 
calculated over the timepoints sequenced (Fig.  4). The 
difference in proportion of the top amino acids between 
timepoints was minimal, and the majority of amino acids 
showed less than a proportion of 0.05 change, potentially 
reflecting a threshold of noise from the sequencing pro-
tocol across the genome (Fig.  4). However, some amino 
acids had a proportion change above 0.1 or below − 0.1, 
suggesting selection during infection (Fig. 4). To remove 
any sequencing error that may result in one read skew-
ing the data, the minimum coverage of a minor variant 
was filtered at a depth of three. Specific examples are 
discussed.

In samples from Participant 01, in SARS-CoV-2 there 
was a mixed population of amino acids at position S32 in 
NSP1 where the minor genomic variant decreased by a 
proportion of 0.49 from timepoint 1 (day 9) to timepoint 
2 (day 13) (Fig.  4). No dominant change to the genome 
over time was observed; however, a decrease in the minor 
variant population suggested the dominant amino acid S 
outcompeted the minor variants present at timepoint 1.

In samples from Participant 05, in SARS-CoV-2, 
three amino acid substitutions were gained over 11  days 
(NSP3—A480V, NSP4—T189I, NSP8—R51C) and four  
were lost (NSP2—A26V, NSP5—M82I, N—T362I, NSP16—
M65I) compared to the viral genome in the first sequenced 
sample (Fig. 5). At the minor genomic variant level, at posi-
tion L922, in NSP12, there was a 0.26 proportion increase, 
and at I251, in NSP2, a 0.20 proportion increase in non-
synonymous substitutions, reflecting the development 
of a mixed population of amino acids over timepoints 1 
and 2 (11 days apart). At position N1187, in S, there was a 
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proportion decrease of 0.28 of non-synonymous substi-
tutions showing that the diversity in amino acid popula-
tion and minor genomic variation at that position had 
decreased. These substitutions over the two timepoints in 
Participant 05 resulted in a change in assignment of Pango 
lineage from B.1 at timepoint 1 to B.1.36.1 at timepoint 2.

Three longitudinal SARS-CoV-2 samples were sequenced 
with > 85% coverage across the genome for Participant 09. 
Very little difference in the minor genomic variation was 
observed between timepoints 1 and 2 (day 9 and day 13 
respectively). However, between the later timepoints 2 and 
3 (day 13 and day 19 respectively), minor genomic varia-
tion was observed at a frequency above 5%, away from the 
Wuhan reference genome (Figs.  4 and 5). This suggested 
increasing viral diversity genome-wide as disease pro-
gressed and was not related to viral load in this case (Fig. 2). 
In particular, at position R124, in NSP1, and position V180, 

in NSP4, with proportions of non-synonymous changes 
of 0.69 and 0.71 respectively, amino acid substitutions of 
R124C and V180I rapidly increased in the viral popula-
tion outcompeting the amino acids at these positions in 
the MN908947.3 lineage. At the second timepoint, amino 
acid C at position 124 in NSP1, was seen as the second 
most common amino acid, but at a very low level (a pro-
portion of 0.0026), suggesting that it was present and rap-
idly increased in abundance to outcompete amino acid 
R at position 124 in NSP1. With substitution V180I, I180 
was not observed at earlier timepoints in the minor variant 
population, only at the dominant level in timepoint 3. Due 
to increased nucleotide substitutions at timepoint 3 from 
the previous two timepoints, there was a change in line-
age from timepoint 2 to 3 from B.1 to B.1.36, reflecting the 
cumulative impact of substitutions.

Fig. 4 Difference in the proportion of the dominant amino acid at a given position between two timepoints. Most participants had virus that did 
not have amino acid substitutions differing between timepoints; however, Participants 05 and 12 showed several amino acid substitutions gained 
(a positive proportion) and several lost (a negative proportion) over time at the dominant level. Participants 01, 07 and 16 showed amino acid 
substitutions at the minor variant level. Colours denote proteins. Filtered at a coverage of 20X, and minor variants with a coverage of 3X; gaps 
across the genome reflect coverage below this threshold or variants below this threshold
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Fig. 5 The top (red) and second (blue) most common amino acids across the genome. Many samples had little minor genomic variation (seen 
with the blue dots); however, at some amino acid positions, there was a mixed population of amino acids shown by the proportion of the second 
most common amino acid being > 0.1. As timepoints increased minor variation changed seen by changes in the proportion of the top (red dot) 
and second (blue dot) most common amino acids
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Several of the SARS-CoV-2 samples sequenced sequen-
tially showed elevated variation across the genome com-
pared to other samples, such as in participants 03, 07 and 
16 (Figs. 4, 5 and 6). Across these genomes, greater vari-
ation was observed at several positions showing higher 
minor variation levels. There appeared to be more vari-
ation across NSP3, NSP12 and S in the proportion of top 
amino acids, reflecting change over time above other 
proteins (Figs. 5 and 6). This suggests that these regions 
were important and conferred increased fitness.

There were low levels of amino acid substitution, which 
could have reflected the random mutational nature in 
the genome (Figure S4). These low levels may have also 
reflected sequencing noise and error generated through the 
Nimagen-Illumina sequencing. This could be a rare occur-
rence, due to Illumina NovaSeq instruments having com-
paratively lower error rates compared to other Illumina 
technologies with around 0.1% error [56]. LoFreq was used 
to call variants because it assigns p-values to variants to 
allow for false positive controls, allowing it to predict vari-
ants below the sequencing error rate [41]. Additionally, a 
low background error can be postulated in the sequencing 
pipeline used due to the selection of a higher read depth 
and coverage for further analysis. Generally, SARS-CoV-2 
in the second longitudinal sample taken had a more diverse 
minor variant population than from the first sample taken 
(Fig. 5). This can be seen in Fig. 5 with an increased num-
ber of positions across the genome having a proportion of 
minor variation (blue dots) higher than the corresponding 
dominant variation (red dots) being lower than in the first 

timepoint. This suggests that there is potential host modi-
fication of the virus to attenuate infection [57] or viral evo-
lution during infection to avoid host defences and confer 
increased viral fitness [58].

In SARS‑CoV‑2 from one participant over time there were 
a substantial number of mutations suggestive of rapid 
evolution
Lineage definitions in samples from Participant 12 indi-
cated that the viral sequence classified as different line-
ages at two successive timepoints: B.1.36.1 at timepoint 
1 (day 6) and B.1 at timepoint 2 (day 9). This change in 
lineage was illustrated through the increase in the minor 
genomic variation present at day 6 to become part of the 
dominant genome sequence at day 9 (Fig. 6), potentially 
illustrative of reversion or the presence of mixed viral 
populations.

To investigate whether intra-host evolution in the 
virus occurred over time, the top and second amino acid 
counts in the sequencing data from the sample set were 
examined. Specifically, changes in the minor variant pop-
ulation that became dominant in a subsequent sample in 
an individual were investigated. A mixed population of 
amino acids was observed at the non-synonymous muta-
tion sites in NSP2—A26; NSP3—V480; NSP4—T189 
and M324; NSP5—M82; NSP8—R51; NSP16—M65; 
and S—E96 and V143, at timepoint 1 (S1, day 6), where 
the minor genomic variant then increased in the popu-
lation to become the dominant amino acid at timepoint 
2 (S2, day 9, Fig.  6). Several of these substitutions were 

Fig. 6 Mixed populations of amino acids were observed at several timepoints (S1 = sample 1 at day 6, S2 = sample 2 at day 9) in Participant 12. In 
light blue is the dominant amino acid originally, and in dark blue is the amino acid that became dominant over the 3 days between timepoints. 
From S1 to S2 the amino acid substitution outcompeted the dominant amino acid to become consensus genome sequence
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reversions from substitutions in B.1.36.1 to the refer-
ence sequence (MN908947.3) including NSP3—V480A 
and A1736V; NSP4—I189T; NSP8—C51R and S—D96E 
(Fig. 6). It seems unlikely for a later lineage to revert to 
a parent lineage, due to the nature of evolution select-
ing for fitness advantages. Therefore, it is more likely that 
Participant 12 had a coinfection of two different lineages 
at timepoint 1 and one became dominant over time. In 
this case, that would have contained the reversion sub-
stitutions. The other non-synonymous substitutions 
gained over time instead diverged away from the refer-
ence sequence in real time (Fig. 6). The synonymous sub-
stitutions NSP12—L205L, S—I692I and ORF3a—L206L 
were all observed in the samples from Participant 12 with 
a mixed population of nucleotides at those positions, 
which resulted in codon changes that became dominant 
at the second timepoint (Fig. 6). The amino acid substi-
tutions in SARS-CoV-2 between the timepoints reflected 
mutations accruing over time in the population and out-
competing the predominant amino acid, allowing the 
minor variant to increase in proportion and thus become 
the dominant sequence. These amino acid differences 
between the two timepoints may reflect the presence of a 
lineage as a minor variant genome at the start of infection 
that came to dominance during infection. Or this may be 
characteristic of infection with a different variant sub-
sequent to the initial infection, illustrating a coinfection 
and virus competition throughout infection. In this small 
cohort size, the presence of a potential coinfection sug-
gests that these could be common in immunocompetent 
individuals. This phenomenon may have been prevalent 
and persisted during the height of the pandemic in popu-
lations that allowed close mixing and therefore transmis-
sion. This would operate under conditions where no one 
lineage has a selective advantage and therefore does not 
dominate the genetic landscape.

There were higher proportions of non‑synonymous 
than synonymous nucleotide mutations 
across participants
Synonymous and non-synonymous mutation counts 
were also calculated through DiversiTools and revealed 
increased levels of non-synonymous nucleotide muta-
tions across proteins in the genome compared to syn-
onymous (Fig.  7). Generally, higher proportions of 
non-synonymous mutations were seen across NSP5, 
ORF3a, ORF6 and N (Fig.  7). Within the participant 
sample set, samples with lineages B.1.36.1 showed simi-
lar mutational proportion profiles, including similar 
patterns in both non-synonymous and synonymous 
substitutions in samples Participant 05 S2, Participant 
07 S1 and S2, Participant 12 S1 and Participant 14 S1 
(Fig. 7). Proteins with higher proportions of synonymous 

substitutions included NSP14, S, ORF3a and M, with 
hotspots in NSP6 and NSP7, and reduced proportions 
in ORF3a specific to the samples with B.1.36.1 lineages 
(Figs.  3 and 8). Overall, low levels of 0.5–1% of syn-
onymous and around 1–2% of non-synonymous sub-
stitutions per protein were seen throughout the viral 
sequences (Fig.  7). The high dN/dS ratio observed in 
Participant 05, S2, NSP6 was due to low frequencies 
of synonymous and non-synonymous substitutions 
(around 2–3) skewing the ratio (Fig. 7).

The proportion of nucleotide transitions and transversions 
did not change between timepoints but differed 
between lineages
More nucleotide transversions than transitions were seen 
across the genome in most of the samples (Fig. 8). Gener-
ally, the proportion of nucleotide transversions remained 
around 0.003–0.006, compared to nucleotide transitions 
of a proportion around 0–0.002 (Fig.  9). Hotspots in 
nucleotide transitions were seen in the 5′ UTR, M and N, 
with generally low levels (of a proportion between 0 and 
0.001) of transitions across the rest of the genome (Fig. 8). 
Particularly with regard to transition mutations, hotspots 
were observed with increased proportions across NSP4, 
NSP6, NSP7 and NSP8 in samples containing virus of lin-
eage B.1.36.1. This was similar to the differences in pat-
terns between lineages seen with non-synonymous and 
synonymous mutations (Fig. 8). In general, there was no 
obvious pattern between different timepoints of partici-
pant samples regarding the proportion of transition or 
transversion mutations.

Hallmarks of reactive oxygen species activity were 
observed during infection
The most common nucleotide changes seen across 
SARS-CoV-2 sequenced from the participant samples 
were A > C, A > U, C > A, G > U, U > A and U > G. Char-
acteristic mutations of host deaminases, APOBEC 
and ADAR, C > U and A > G respectively [57], were not 
observed in SARS-CoV-2 in these samples with increas-
ing frequency with time. However, hypothesised hall-
marks of reactive oxygen species (ROS) were observed 
through increased G > U and C > A changes (Fig. 9) [59]. 
These changes are thought to be associated with ROS, 
which through oxidising lipids, proteins and nucleic 
acids may promote mutagenesis of viral genomes and 
through error catastrophe reduction in infection [59]. 
The same pattern in terms of distribution and quantity 
of nucleotide mutations was observed across the par-
ticipants. Participants 01 and 06 had slightly reduced 
proportions of the nucleotide changes from timepoint 1 
to timepoint 2, whereas the other participants with lon-
gitudinal samples showed an increase in the proportion 
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of mutations over time. Participant 09 with three con-
secutive samples showed consistent increased nucleo-
tide mutations over the timepoints and Participant 05 
with high levels of genomic variation between time-
points showed a large increase in mutations over the 
timepoints.

Subgenomic mRNA (sgmRNA) was detected 
in asymptomatic participants showing active transcription 
in presymptomatic and asymptomatic individuals
The presence of sgmRNA in samples can be evident of 
active viral replication and transcription in cells as sgm-
RNA is only synthesised during SARS-CoV-2 infection in 
cells. Varying levels of different sgmRNAs are seen, with 
N usually being the most abundant. Unique 5′ sequences 
called leader-transcription regulatory sequence gene-
junctions (leader-TRS junctions) can be identified 
through sequencing to quantify sgmRNA abundance. 
LeTRS, a bioinformatic tool developed to identify leader-
TRS junctions [48], was used to quantify sgmRNA abun-
dance in this study. Higher levels of N sgmRNA were 
observed compared to other sgmRNAs in many of the 
samples, reflecting active viral replication/transcrip-
tion (or the presence of infected cells in swabs) at time 

of sampling (Fig.  10). This is also evident in the low Ct 
values (high viral load) at those timepoints (Fig.  2, Fig-
ure S1). This suggested that the peak of infection was 
between timepoint 1 and timepoint 2. Similar patterns 
of sgmRNA abundance were seen intra-host over time-
points with many participants showing high levels of 
ORF3a sgmRNA as well as N (Fig. 10). Lower abundance 
of sgmRNAs was observed in participants 10, 11, 14 and 
15 compared to the rest of the participants, which may 
be reflective of intra-host fluctuations in viral replication 
and clearance by the host immune response (Fig. 10).

There was a large variation in the sgmRNA abundance 
between participants which did not correlate with viral 
load or symptom presentation. For example, participants 
01 and 04 had low sgmRNA abundance, lower viral load 
comparatively to the cohort and very few symptoms 
(Figs.  2 and 10, Figure S1). But participants 14 and 15 
showed low sgmRNA abundance but varying symptoms 
and higher viral load (Figs.  2 and 10, Figure S1). sgmR-
NAs were still detected in asymptomatic infection, indi-
cating that viral replication was active without symptom 
presentation in some individuals, including participants, 
01, 05, 06, 09 (timepoint 1), 11 (timepoint 2) and 16 
(timepoint 2) (Figs. 2 and 10, Figure S1).

Fig. 7 Ratio of non‑synonymous to synonymous mutations across proteins in participant samples. S1‑S3: Sample 1–3 showing different timepoints. 
Coverage filtered at 20X. In Participant 05 S2 dark grey represents zero coverage post filtration at 20X in ORF6 and removes an anomalously high 
ratio of 58.1 in NSP6 which skewed the heatmap scaling. This high ratio is due to very small frequencies of both synonymous and non‑synonymous 
changes being reflected in ratios which would result in a perceived large difference, where, in reality this does not exist
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Discussion
Genetic variation in SARS-CoV-2 is driven by a combina-
tion of SNPs and/or recombination resulting in the inser-
tion or deletion of sequence (indels). The balance between 
these processes and their contribution to genetic variation 
is critical in predicting the long-term evolution of SARS-
CoV-2. The average number of nucleotide substitutions per 
year in SARS-CoV-2 is approximately 29.6 (https:// nexts 
train. org/ ncov/ gisaid/ global/ 6m?l= clock), which equates to 
2.5 per month. From the initial characterisation of SARS-
CoV-2 to the end of 2020 (when the samples in this study 
were taken), the mutational rate was estimated at 22.9 sub-
stitutions per year, equating to around 1.9 a month (https:// 
nexts train. org/ ncov/ gisaid/ global/ 6m?l= clock). However, 
sequencing analysis has shown that some variants show 
higher divergence from progenitor lineages than would 
be expected given this mutational rate. Partly, this may be 
down to rapid genomic change through recombination 
resulting in indels. How this greater than average sequence 
diversity may arise could be driven by several mechanisms.

Persistent SARS-CoV-2 infection in immunosup-
pressed individuals has previously been associated with 
extensive genomic mutations, above the expected muta-
tional frequency [23, 60–63]. Transmission from such 
individuals has been speculated to be at the root of the 

evolution of the Alpha and Omicron VoCs [24, 64]. For 
example, Alpha contained 14 lineage defining amino acid 
substitutions and three deletions compared to contem-
poraneous lineages. Omicron BA.1 had 22 additional 
mutations not seen in combination previously in circu-
lating lineages, including insertions and deletions [5]. 
Few studies have investigated the genomic variability of 
SARS-CoV-2 in populations that are immune-competent, 
‘healthy’ and non-vaccinated, to provide comparison to 
data from persistently infected individuals.

In this study, the genomic variability of SARS-CoV-2 
was investigated within host and between hosts in a 
closed transmission chain where longitudinal samples and 
clinical metadata was used to investigate SARS-CoV-2 
population dynamics. The cohort of participants were 
between 21 and 39 years old with no pre-existing health 
conditions, comorbidities and no evidence of compro-
mised immunity. Throughout the time course of infection 
symptoms generally decreased in quantity as Ct values 
increased (suggestive of viral load decreasing). Viral load 
peaked around timepoint 1 or 2, early during infection 
correlating with a peak in symptoms across many of the 
participants. These trends in symptomology and viral 
load have been observed in animal models such as ferrets 
infected with low, medium or high doses of SARS-CoV-2 

Fig. 8 Proportion of nucleotide transitions to transversions across the genome. S1‑S3: Sample 1–3 showing different timepoints. Coverage filtered 
at 20X. The x axis shows the position along the SARS‑CoV‑2 genome and the y axis the proportion of transition to transversion (denoted by depth 
of shading)

https://nextstrain.org/ncov/gisaid/global/6m?l=clock
https://nextstrain.org/ncov/gisaid/global/6m?l=clock
https://nextstrain.org/ncov/gisaid/global/6m?l=clock
https://nextstrain.org/ncov/gisaid/global/6m?l=clock
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[65]. Ferrets reportedly presented with more severe symp-
toms with the higher dose, then medium dose and very 
few signs of infection with the low-dose inoculations, 
showing that viral load correlates with observed symp-
toms in ferret [65] and human infection.

Nasopharyngeal swabs were taken at regular intervals 
and SARS-CoV-2 identified and sequenced in asympto-
matic, pre-symptomatic and symptomatic participants. 
The predominant driver of genetic change identified in 
acute infections in ‘healthy’ individuals was SNPs rather 
than indels. In some cases, SNPs became dominant 
through a process of minor genomic variants increas-
ing in proportion throughout infection and emerging 
the dominant genomic sequence (e.g. participants 05, 

09 and 12 over a period of less than 11 days (Figs. 6 and 
8)). Variation at the dominant and minor genomic level 
between individuals has been reported in longitudinal 
studies; however, the substitutions have not resulted 
in changes in lineage classification [33, 66]. Several of 
the SNPs observed in this study resulted in changes in 
viral lineage designation by Pango between timepoints 
in three out of the 16 participants. Functional analysis 
of the SNPs reported has not been investigated in this 
study; however, several of the SNPs carry important 
functional roles (Table  4). Despite the samples hav-
ing been collected in November 2020, thereby predat-
ing any VoCs, several substitutions observed have been 
reported in later VoCs, including Alpha (NSP12-P323L, 

Fig. 9 The proportion of base changes across timepoints for participants. Boxplots show the proportion (log scale) of different nucleotide changes 
(x‑axis). The different timepoints are shown in different colours (S1 (timepoint 1) in red, S2 (timepoint 2) in green and S3 (timepoint 3) in blue)
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S-V143F), Delta (NSP2-A26V, NSP3-A1736V, NSP4-
M324I, NSP12-P323L, S-T478K, S-D614G) and Omi-
cron (NSP12-P323L, NSP15-V127F, S-E96D, S-T478K, 
S-D614G) (Table 4).

The identification of several different lineages in this 
study may have been due to the de novo generation of 
a new lineage during intra-host infection or because 
participants were exposed to two extra-cohort con-
tacts (where no samples were taken but were positive 
for SARS-CoV-2 subsequently). These individuals may 

have been infected with different lineages and effec-
tively, co-infection at the same or different time points 
may have happened. For lineage B.1.36, this was only 
present at the third timepoint (day 19) of infection in 
Participant 09, which was the last day of symptoms, 
infection and isolation. Early samples contained line-
age B.1 and the patient was isolated. This suggested 
that viral diversity resulted from intra-host viral evo-
lution/selection during infection rather than from a 
coinfection.

Fig. 10 Total proportion of normalised sgmRNA count per participant sample. sgmRNA abundance was more similar intra‑host compared 
to inter‑host over time, and sgmRNA quantities varied between participants as well. Generally, there were higher levels of sgmRNA ORF3a and N 
and very low levels of M, ORF7b, ORF8 and ORF10
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One proposed model to account for the increase of 
minor genomic variants becoming dominant genome 
sequence in a population is related to the timepoint at 
which transmission occurs and the frequency of the 
minor variant in the viral population [11]. Supporting 
this model is the change in lineage over time observed in 
participants 05, 09 and 12, as several of the amino acid 

substitutions that become dominant in later timepoints 
were distinct populations in the minor variant genomes. 
This could be due to a narrow transmission bottleneck, 
allowing variants present in the genomic population 
to fix during a single transmission event if it allows for 
increased fitness. Alternatively, a wider transmission bot-
tleneck would allow variants to transmit multiple times 

Table 4 Functional properties of non‑synonymous amino acid substitutions reported in the cohort. Where functional properties have 
not been investigated in the literature ‘Unknown’ is reported

Mutation Functional properties

NSP1

 R124C Destabilisation of NSP1, increasing protein flexibility; may impact immune response or viral replication [67]. Substitutions at R124/K125 
have previously been shown to increase destabilisation promoting host RNA decay/reducing host mRNA translation by destabilising 
binding to 40S ribosomal subunit [68]

NSP2

 A26V Found in a delta subvariant AY.29 [69]

 S32L Unknown

NSP3

 A480V Unknown

 S1424F Unknown

 A1736V Prevalent in many delta subvariants [70]

NSP4

 V180I Unknown

 T189I Unknown

 M324I Found in delta subvariants. Affects the hydrophobic interactions to L321, L323 of the opposite helix; however, effects on stability remain 
unknown [71]

NSP5

 M82I Detected as a treatment‑emergent mutation (n = 3) to Paxlovid in the EPIC‑HR trial [72]

NSP8

 R51C Unknown

NSP12

 D62Y Unknown

 P323L Located in the interface domain and gives an increased replicative advantage [11]

 V410A Located near the NSP12‑NSP7 interface, this mutation has been suggested to lead to alterations in the RNA dependent RNA polymerase 
activity due to its location in the complex [73]

NSP15

 V127F Found in Omicron lineages

NSP16

 M65I Unknown

S

 E96D Found in Omicron sublineages and emerged in an immuno‑compromised patient on day 72 [74]

 V143F In the β9‑β10 loop of the NTD, V143 forms rigid interactions so F143 could alter hydrophobicity [75] and be important in antibody recog‑
nition. Present in Alpha sublineages

 T478K In the RBD, enhances stabilisation of RBD‑ACE2 complex [76] and is found in Delta and Omicron sublineages

 D614G The first Spike mutation reported, found in all lineages and facilitates an open state of Spike, increasing flexibility and cell entry efficiency 
[77]

ORF3a

 Q57H Confers an increased dimeric conformation and stability, contributing to the reduced permeability of ions which causes decreased anti‑
genic properties and aids viral evasion of the immune system which could enhance viral pathogenesis overall [78]

N

 S194L This mutation has been associated with more severe disease [79] and offers a replicative advantage to the virus [80]

 T362I Unknown
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in infections and accumulate in frequency more slowly 
to become fixed. We propose that there were narrow 
transmission bottlenecks, with minor genomic variants 
rapidly arising in the population and becoming dominant 
over timepoints in a single individual.

During infection in one individual, there was a greater 
than expected frequency of SNPs observed. In Participant 
12, there were 13 nucleotide differences in SARS-CoV-2 
in samples taken between day 6 and day 9, resulting in 10 
non-synonymous and three synonymous amino acid sub-
stitutions (Figs. 6 and 7). Interestingly, all of the substitu-
tions were present at approximately 25% of the minor 
variant population at day 6, and accumulated in the popu-
lation, outcompeting the previous dominant amino acid, 
becoming almost 100% of the population at day 9 (Fig. 5). 
The lineage assignment of SARS-CoV-2 in Participant 12 
changed from B.1.36.1 to B.1. This participant may have 
been infected separately with two different lineages. This 
paradigm has been established in an example where a 
patient was co-infected with different SARS-CoV-2 line-
ages, Alpha and Epsilon [81]. Similarly, data from another 
case study indicated that two variants were present in an 
individual patient, potentially as a co-infection. However, 
one of these variants was more dominant at the start of 
infection. The patient in the study had a persistent infection 
and during this time, the lower frequency variant came to 
dominate [82]. Hence, the drivers of SNP changes in SARS-
CoV-2 could be both viral and host. In SARS-CoV-2 iden-
tified from Participant 12, the most common nucleotide 
changes were A > C, A > U, C > A, G > U, U > A and U > G, 
which increased in frequency from timepoint 1 to time-
point 2 (Fig. 9). Recently, a hypothesis has been advanced 
to suggest that the G > U and C > A changes observed in 
SARS-CoV-2 may be attributed to the action of ROS [59].

The data indicated that, in general, the frequency of 
minor variant genomes in samples was below 5% and 
remained stable across timepoints. In some individuals 
this frequency increased with time throughout infection, 
perhaps because of positive selection pressure. This sta-
bility has also been reported across studies including hos-
pitalised patients, individuals in and outside of confined 
transmission clusters and households [13, 31, 34, 83]. 
Within the transmission chain analysed here, there were 
several dominant amino acid substitutions that changed 
between timepoints, but, in general, a low level of minor 
variation across the genome was seen. Amino acid substi-
tutions that were characterised once in this cohort were 
not transmitted between participants, suggesting that 
these occurred after the spreading event or did not trans-
mit between participants. Minor genomic variation was 
also not transmitted between participants and did not 
occur across the same genomic positions in participants. 
This indicated that viral populations behave randomly as 

well as responding to selection pressure, causing random 
mutations to persist and arise in the population.

Participant 14 had virus of lineage B.1.36.1 which was 
sequenced at timepoint 1 when they had a wide range of 
symptoms and a high viral load (Fig. 1). Over the 25 sam-
ples sequenced, the average number of nucleotide muta-
tions resulting in either synonymous or non-synonymous 
amino acid substitutions was 17.8, with Participant 14 con-
taining 20, and within that, seven unique amino acid substi-
tutions not seen elsewhere in this cohort (Tables 1 and 2).

Across the participants sequenced, only one indel was 
characterised in SARS-CoV-2, in sample 1 of Participant 
01. This was a deletion located at nucleotide position 
24,010, resulting in removal of 17 nucleotides in the S 
gene, that mapped to the fusion peptide. This deletion was 
present at a frequency of ~ 80%, with wild type sequence 
being present with a frequency of ~ 20% as a minor variant 
genome. However, in a sample from the second time point 
taken from this participant, only the wild type sequence 
was identified as the dominant sequence. This suggested 
that the genomes encoding a defective fusion peptide 
had been selected against and wild type minor variant 
genomes supported function—a phenomena reported in 
Ebola virus population genetics [84].

This study provided a unique opportunity to evaluate 
a closed transmission system from early events in the 
COVID-19 pandemic amongst unvaccinated, immuno-
competent ‘healthy’ individuals. Although the sample size 
was only 16 individuals, there are few examples of closed-
transmission chain dynamics of SARS-CoV-2 infection 
in otherwise healthy people. There are limitations to the 
study, including a relatively narrow age group, the reli-
ance on nasopharyngeal swabs and consideration of a 
single population due to the reactive nature of the study. 
Nasopharyngeal swabs were used for ease of sampling 
and due to the difficulty to obtain ethical approval to con-
duct bronchiolar lavages on healthy participants without 
a defined clinical need. Illumina-sequencing analysis of a 
defined cohort of longitudinal samples, with associated 
metadata containing symptom and interaction informa-
tion was used to investigate genomic changes in SARS-
CoV-2. The analysis identified both the dominant genome 
and minor genomic variants in sequential samples. The 
dominant driver of genetic change was found to be SNPs 
rather than recombination, and although one deletion 
was observed, this did not persist as infection progressed. 
The sequencing analysis showed that a greater than aver-
age SNP frequency could occur with 13 nucleotide dif-
ferences in SARS-CoV-2 reported between sequential 
samples from the same study participant. This shows 
that whilst recombination and indels did not appear to 
occur in high frequencies, the major genomic changes in 
‘healthy’ individuals were associated with SNPs.
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Conclusions
Investigation of SARS-CoV-2 infection in immuno-
competent individuals has been limited throughout the 
pandemic. The sequences analysed in this study from 
SARS-CoV-2 are from healthy participants infected with 
SARS-CoV-2 and sampled longitudinally, allowing viral 
evolution to be characterised throughout infection. In 
several participants, sequence changes over time resulted 
in lineage classification changes. Initially, several of 
these changes were observed as minor genomic variants, 
which then accumulated to become dominant genomic 
sequence over time and one participant had a potential 
coinfection. These are both examples of how lineages can 
evolve in immunocompetent populations and increase 
the viral diversity in populations throughout the pan-
demic and as the virus moves towards endemicity.
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on the y‑axis. Figure S3. Nucleotide mutations across the genomes of all 
participant samples compared to the reference genome (MN908947.3). 
Diagram of all the nucleotide mutations where sufficient coverage was 
obtained (20X at that position), insufficient coverage is reported as N at 
that position generated via snipit [43]. Figure S4. Proportion of non‑
synonymous (blue) and synonymous (orange) amino acid variation across 
the genomes of the different participant samples (S1, S2, S3) with >85% 
coverage, compared to the reference genome. Dominant amino acid 
substitutions were observed at a proportion of >0.5, with many lineage 
defining mutations near a proportion of 1, and minor variants can be 
seen at a proportion of generally <0.5 and generally at a low level across 
the genome. Coverage filtered at 20X. Table S1. Coverage of samples 
sequenced when filtered at 85% coverage and then 20X and 10X depth 
and base quality scores of reads post trimming.

Acknowledgements
We would like to thank the Defence COVID Laboratory (DCL) for undertaking 
the initial extractions and RT‑qPCRs and all members of the Hiscox Laboratory 
and Centre for Genome Research (CGR) at the University of Liverpool for sup‑
porting SARS‑CoV‑2 sequencing research.

Authors’ contributions
Conceptualization: JAH and SRE. Data curation: HG, RP‑R, ID‑B, CWD, XD and 
JAH. Formal analysis: HG, RP‑R, ID‑B, XD and JAH. Funding acquisition: JAH and 
SRE. Investigation: HG, RP‑R, ID‑B, CWD, XD, NR, JAH and SRE. Methodology: 
HG, RP‑R, ID‑B, XD, NR, YR, AR, JP, EK, SAW, EJH, CH, TP, ACD, NAM, HN, JAH and 
SRE. Project administration: JAH and SRE. Resources: ACD, HN, JAH and SRE. 
Software: HG, RP‑R, ID‑B, XD and YR. Supervision: JAH and SRE. Visualisation: 
HG, RP‑R, ID‑B and YR. Writing—original draft: HG, JAH and SRE. Writing—
reviewing and editing: HG, ID‑B, CWD, XD, TP, SAW, JAH and SRE. All authors 
read and approved the final manuscript.

Funding
This work was funded by U.S. Food and Drug Administration Medical Counter‑
measures Initiative contract (75F40120C00085) to JAH. The article reflects the 
views of the authors and does not represent the views or policies of the FDA. 
This work was also supported by UK MRC grants MR/W005611/1 (G2P‑UK) and 
MR/Y004205/1 (G2P2‑UK) (co‑I JAH).

Availability of data and materials
The dataset supporting the conclusions of this article is available in the 
Sequence Read Archive (SRA) repository under the BioProject PRJNA1012698 
(https:// www. ncbi. nlm. nih. gov/ biopr oject/? term= PRJNA 10126 98): Longi‑
tudinal sequencing of SARS‑CoV‑2 in immunocompetent individuals raw 
sequence reads [85]. Custom code used in this study is available at the github 
repository: [44].

Declarations

Ethics approval and consent to participate
During the early phase of the COVID‑19 pandemic emergency public health 
and workforce protection measures were in place, so health surveillance 
was undertaken to prevent and manage transmission risk and morbidity. As 
part of these health surveillance measures, subjects consented to routine 
nasopharyngeal swab COVID‑19 analysis and regular self‑report of symptoms 
and signs such that disease outbreak could be prevented or controlled. In the 
UK, such public health surveillance measures do not require Research Ethics 
Committee review (UK Health Research Agency Guidance (hra‑decisiontools.
org.uk)). The Senior Medical Advisor is the sample database owner; all samples 
and clinical data were fully anonymised to the research team. All samples and 
data were GDPR compliant and the study conformed to the principles defined 
in the Declaration of Helsinki as adopted at the 64th WMA General Assembly 
at Fortaleza, Brazil in October 2013.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Institute for Infection, Veterinary and Ecological Sciences, University 
of Liverpool, Liverpool L3 5RF, UK. 2 Centre for Genomic Research, University 
of Liverpool, Liverpool L69 3BX, UK. 3 Defence Science Technology Laboratory, 
Porton Down, Salisbury SP4 0JQ, UK. 4 Centre for Defence Pathology, Royal 
Centre for Defence Medicine, OCT Centre, Birmingham B15 2WB, UK. 5 British 
Army, Hunter House, St Omer Barracks, Aldershot, Hampshire GU11 2BG, UK. 
6 A*STAR Infectious Diseases Laboratories (A*STAR ID Labs), Agency for Science, 
Technology and Research (A*STAR), Connexis North Tower, 1 Fusionopolis Way, 
Singapore #20‑10138632, Singapore. 

https://doi.org/10.1186/s13073-024-01360-1
https://doi.org/10.1186/s13073-024-01360-1
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA1012698


Page 24 of 26Goldswain et al. Genome Medicine           (2024) 16:89 

Received: 23 September 2023   Accepted: 4 July 2024

References
 1. Zhou P, Yang X‑L, Wang X‑G, Hu B, Zhang L, Zhang W, Si H‑R, Zhu Y, Li B, 

Huang C‑L, et al. A pneumonia outbreak associated with a new coronavi‑
rus of probable bat origin. Nature. 2020;579:270–3.

 2. Worobey M, Levy JI, Malpica Serrano LM, Crits‑Christoph A, Pekar JE, 
Goldstein SA, Rasmussen AL, Kraemer MUG, Newman C, Koopmans MPG, 
et al. The Huanan market was the epicenter of SARS‑CoV‑2 emergence. 
2022.

 3. Pekar JE, Magee A, Parker E, Moshiri N, Izhikevich K, Havens JL, Ganga‑
varapu K, Malpica Serrano LM, Crits‑Christoph A, Matteson NL, et al. SARS‑
CoV‑2 emergence very likely resulted from at least two zoonotic events. 
2022.

 4. Shuaib M, Adroub S, Mourier T, Mfarrej S, Zhang H, Esau L, Alsomali A, 
Alofi FS, Ahmad AN, Shamsan A, et al. Impact of the SARS‑CoV‑2 nucle‑
ocapsid 203K/204R mutations on the inflammatory immune response in 
COVID‑19 severity. Genome Med. 2023;15:54.

 5. Wolter N, Jassat W, Walaza S, Welch R, Moultrie H, Groome M, Amoako DG, 
Everatt J, Bhiman JN, Scheepers C, et al. Early assessment of the clinical 
severity of the SARS‑CoV‑2 omicron variant in South Africa: a data linkage 
study. Lancet. 2022;399:437–46.

 6. Menni C, Valdes AM, Polidori L, Antonelli M, Penamakuri S, Nogal 
A, Louca P, May A, Figueiredo JC, Hu C, et al. Symptom prevalence, 
duration, and risk of hospital admission in individuals infected with 
SARS‑CoV‑2 during periods of omicron and delta variant dominance: 
a prospective observational study from the ZOE COVID Study. Lancet. 
2022;399:1618–24.

 7. Ong SWX, Chiew CJ, Ang LW, Mak TM, Cui L, Toh M, Lim YD, Lee PH, 
Lee TH, Chia PY, et al. Clinical and Virological Features of Severe Acute 
Respiratory Syndrome Coronavirus 2 (SARS‑CoV‑2) Variants of Concern: A 
Retrospective Cohort Study Comparing B.1.17 (Alpha), B.1.351 (Beta), and 
B.1.6172 (Delta). Clin Infect Dis. 2022;75:e1128–36.

 8. Denison MR, Graham RL, Donaldson EF, Eckerle LD, Baric RS. Coronavi‑
ruses: an RNA proofreading machine regulates replication fidelity and 
diversity. RNA Biol. 2011;8:270–9.

 9. Moeller NH, Shi K, Demir O, Belica C, Banerjee S, Yin L, Durfee C, Amaro RE, 
Aihara H: Structure and dynamics of SARS‑CoV‑2 proofreading exoribo‑
nuclease ExoN. Proc Natl Acad Sci U S A. 2022;119:e2106379119.

 10. Prince T, Dong X, Penrice‑Randal R, Randle N, Hartley C, Goldswain 
H, Jones B, Semple MG, Baillie JK, Openshaw PJM, et al. Analysis of 
SARS‑CoV‑2 in Nasopharyngeal Samples from Patients with COVID‑19 
Illustrates Population Variation and Diverse Phenotypes, Placing the 
Growth Properties of Variants of Concern in Context with Other Lineages. 
mSphere. 2022;7:e0091321.

 11. Goldswain H, Dong X, Penrice‑Randal R, Alruwaili M, Shawli GT, Prince T, 
Williamson MK, Raghwani J, Randle N, Jones B, et al. The P323L substitu‑
tion in the SARS‑CoV‑2 polymerase (NSP12) confers a selective advantage 
during infection. Genome Biol. 2023;24:47.

 12. Dudouet P, Colson P, Aherfi S, Levasseur A, Beye M, Delerce J, Burel E, 
Lavrard P, Bader W, Lagier JC, et al. SARS‑CoV‑2 quasi‑species analy‑
sis from patients with persistent nasopharyngeal shedding. Sci Rep. 
2022;12:18721.

 13. Jary A, Leducq V, Malet I, Marot S, Klement‑Frutos E, Teyssou E, Soulie C, 
Abdi B, Wirden M, Pourcher V, et al. Evolution of viral quasispecies during 
SARS‑CoV‑2 infection. Clin Microbiol Infect. 2020;26:1560 e1561–1560 
e1564.

 14. Volz E, Hill V, McCrone JT, Price A, Jorgensen D, O’Toole Á, Southgate J, 
Johnson R, Jackson B, Nascimento FF, et al. Evaluating the Effects of SARS‑
CoV‑2 Spike Mutation D614G on Transmissibility and Pathogenicity. Cell. 
2021;184:64–75.

 15. Yurkovetskiy L, Wang X, Pascal KE, Tomkins‑Tinch C, Nyalile TP, Wang 
Y, Baum A, Diehl WE, Dauphin A, Carbone C, et al. Structural and 
Functional Analysis of the D614G SARS‑CoV‑2 Spike Protein Variant. Cell. 
2020;83:739–51.

 16. Lythgoe KA, Hall M, Ferretti L, de Cesare M, MacIntyre‑Cockett G, Trebes A, 
Andersson M, Otecko N, Wise EL, Moore N, et al. SARS‑CoV‑2 within‑host 
diversity and transmission. Science. 2021;372:eabg0281.

 17. Shen Z, Xiao Y, Kang L, Ma W, Shi L, Zhang L, Zhou Z, Yang J, Zhong J, 
Yang D, et al. Genomic Diversity of Severe Acute Respiratory Syndrome‑
Coronavirus 2 in Patients With Coronavirus Disease 2019. Clin Infect Dis. 
2020;71:713–20.

 18. Gallichotte EN, Quicke KM, Sexton NR, Fitzmeyer E, Young MC, Janich 
AJ, Dobos K, Pabilonia KL, Gahm G, Carlton EJ, et al. Early Adoption of 
Longitudinal Surveillance for SARS‑CoV‑2 among Staff in Long‑Term Care 
Facilities: Prevalence. Virologic and Sequence Analysis Microbiol Spectr. 
2021;9:e0100321.

 19. Ge Y, Martinez L, Sun S, Chen Z, Zhang F, Li F, Sun W, Chen E, Pan J, Li C, 
et al. COVID‑19 Transmission Dynamics Among Close Contacts of Index 
Patients With COVID‑19: A Population‑Based Cohort Study in Zhejiang 
Province. China JAMA Intern Med. 2021;181:1343–50.

 20. Khanh NC, Thai PQ, Quach HL, Thi NH, Dinh PC, Duong TN, Mai LTQ, Nghia 
ND, Tu TA, Quang N, et al. Transmission of SARS‑CoV 2 During Long‑Haul 
Flight. Emerg Infect Dis. 2020;26:2617–24.

 21. Letizia AG, Ramos I, Obla A, Goforth C, Weir DL, Ge Y, Bamman MM, Dutta 
J, Ellis E, Estrella L, et al. SARS‑CoV‑2 Transmission among Marine Recruits 
during Quarantine. The New Engl J Med. 2020;383:2407–16.

 22. Viana R, Moyo S, Amoako DG, Tegally H, Scheepers C, Althaus CL, Anyaneji 
UJ, Bester PA, Boni MF, Chand M, et al. Rapid epidemic expansion of the 
SARS‑CoV‑2 Omicron variant in southern Africa. Nature. 2022;603:679–86.

 23. Kemp SA, Collier DA, Datir RP, Ferreira I, Gayed S, Jahun A, Hosmillo M, 
Rees‑Spear C, Mlcochova P, Lumb IU, et al. SARS‑CoV‑2 evolution during 
treatment of chronic infection. Nature. 2021;592:277–82.

 24. Hill V, Du Plessis L, Peacock TP, Aggarwal D, Colquhoun R, Carabelli AM, 
Ellaby N, Gallagher E, Groves N, Jackson B, et al. The origins and molecular 
evolution of SARS‑CoV‑2 lineage B.1.1.7 in the UK. 2022.

 25. Ison MG, Gubareva LV, Atmar RL, Treanor J, Hayden FG. Recovery of 
drug‑resistant influenza virus from immunocompromised patients: a case 
series. J Infect Dis. 2006;193:760–4.

 26. Walter KS, Kim E, Verma R, Altamirano J, Leary S, Carrington YJ, Jagan‑
nathan P, Singh U, Holubar M, Subramanian A, et al. Challenges in 
Harnessing Shared Within‑Host Severe Acute Respiratory Syndrome 
Coronavirus 2 Variation for Transmission Inference. Open Forum Infect 
Dis. 2023;10:ofad001.

 27. Lovestad AH, Jorgensen SB, Handal N, Ambur OH, Aamot HV. Investiga‑
tion of intra‑hospital SARS‑CoV‑2 transmission using nanopore whole‑
genome sequencing. J Hosp Infect. 2021;111:107–16.

 28. Huang PY, Wu TS, Cheng CW, Chen CJ, Huang CG, Tsao KC, Lin CS, Chung 
TY, Lai CC, Yang CT, et al. A hospital cluster of COVID‑19 associated 
with a SARS‑CoV‑2 superspreading event. J Microbiol Immunol Infect. 
2022;55:436–44.

 29. Mele‑Casas M, Launes C, de Sevilla MF, Hernandez‑Garcia M, Pons‑Tomas 
G, Bassat Q, Fumado V, Fortuny C, Garcia‑Miquel A, Bonet‑Carne E, et al. 
Low transmission of SARS‑CoV‑2 derived from children in family clusters: 
An observational study of family households in the Barcelona Metropoli‑
tan Area. Spain PLoS One. 2022;17:e0277754.

 30. Li C, Ji F, Wang L, Wang L, Hao J, Dai M, Liu Y, Pan X, Fu J, Li L, et al. Asymp‑
tomatic and Human‑to‑Human Transmission of SARS‑CoV‑2 in a 2‑Family 
Cluster, Xuzhou. China Emerg Infect Dis. 2020;26:1626–8.

 31. Bendall EE, Paz‑Bailey G, Santiago GA, Porucznik CA, Stanford JB, Stock‑
well MS, Duque J, Jeddy Z, Veguilla V, Major C, et al. SARS‑CoV‑2 Genomic 
Diversity in Households Highlights the Challenges of Sequence‑Based 
Transmission Inference. mSphere. 2022;7:e0040022.

 32. Hare D, Gonzalez G, Dean J, McDonnell K, Carr MJ, De Gascun CF. 
Genomic epidemiological analysis of SARS‑CoV‑2 household transmis‑
sion. Access Microbiol. 2021;3:000252.

 33. De Marco C, Marascio N, Veneziano C, Biamonte F, Trecarichi EM, San‑
tamaria G, Leviyang S, Liberto MC, Mazzitelli M, Quirino A, et al. Whole‑
genome analysis of SARS‑CoV‑2 in a 2020 infection cluster in a nursing 
home of Southern Italy. Infect Genet Evol. 2022;99:105253.

 34. Hannon WW, Roychoudhury P, Xie H, Shrestha L, Addetia A, Jerome KR, 
Greninger AL, Bloom JD. Narrow transmission bottlenecks and limited 
within‑host viral diversity during a SARS‑CoV‑2 outbreak on a fishing 
boat. Virus Evol. 2022;8:veac052.

 35. Coolen JPM, Wolters F, Tostmann A, van Groningen LFJ, Bleeker‑Rovers CP, 
Tan E, van der Geest‑Blankert N, Hautvast JLA, Hopman J, Wertheim HFL, 
et al. SARS‑CoV‑2 whole‑genome sequencing using reverse complement 
PCR: For easy, fast and accurate outbreak and variant analysis. J Clin Virol. 
2021;144:104993.



Page 25 of 26Goldswain et al. Genome Medicine           (2024) 16:89  

 36. Donovan‑Banfield I, Penrice‑Randal R, Goldswain H, Rzeszutek AM, 
Pilgrim J, Bullock K, Saunders G, Northey J, Dong X, Ryan Y, et al. Charac‑
terisation of SARS‑CoV‑2 genomic variation in response to molnupiravir 
treatment in the AGILE Phase IIa clinical trial. Nat Commun. 2022;13:7284.

 37. Martin M: Cutadapt Removes Adapter Sequences From High‑Throughput 
Sequencing Reads. EMBnet. 2011;17:1.

 38. Chen S, Zhou Y, Chen Y, Gu J. fastp: an ultra‑fast all‑in‑one FASTQ preproc‑
essor. Bioinformatics. 2018;34:i884–90.

 39. Li H, Durbin R. Fast and accurate short read alignment with Burrows‑
Wheeler transform. Bioinformatics. 2009;25:1754–60.

 40. Au CH, Ho DN, Kwong A, Chan TL, Ma ESK. BAMClipper: removing primers 
from alignments to minimize false‑negative mutations in amplicon next‑
generation sequencing. Sci Rep. 2017;7:1567.

 41. Wilm A, Aw PP, Bertrand D, Yeo GH, Ong SH, Wong CH, Khor CC, 
Petric R, Hibberd ML, Nagarajan N. LoFreq: a sequence‑quality aware, 
ultra‑sensitive variant caller for uncovering cell‑population heteroge‑
neity from high‑throughput sequencing datasets. Nucleic Acids Res. 
2012;40:11189–201.

 42. Danecek P, Bonfield JK, Liddle J, Marshall J, Ohan V, Pollard MO, Whit‑
wham A, Keane T, McCarthy SA, Davies RM, Li H: Twelve years of SAMtools 
and BCFtools. Gigascience. 2021;10:giab008.

 43. O’Toole Á: https:// github. com/ ainen iamh/ snipit. 2024.
 44. SARS‑CoV‑2 population dynamics in immunocompetent individuals in 

a closed transmission chain shows genomic diversity over the course of 
infection. https:// github. com/ Hiscox‑ lab/ immun ocomp etent_ timec ourse.

 45. Hoang DT, Chernomor O, von Haeseler A, Minh BQ, Vinh LS. UFBoot2: 
Improving the Ultrafast Bootstrap Approximation. Mol Biol Evol. 
2018;35:518–22.

 46. Nguyen LT, Schmidt HA, von Haeseler A, Minh BQ. IQ‑TREE: a fast and 
effective stochastic algorithm for estimating maximum‑likelihood phy‑
logenies. Mol Biol Evol. 2015;32:268–74.

 47. Letunic I, Bork P. Interactive Tree Of Life (iTOL) v5: an online tool 
for phylogenetic tree display and annotation. Nucleic Acids Res. 
2021;49:W293–6.

 48. Dong X, Penrice‑Randal R, Goldswain H, Prince T, Randle N, Donovan‑Ban‑
field I, Salguero FJ, Tree J, Vamos E, Nelson C, et al. Analysis of SARS‑CoV‑2 
known and novel subgenomic mRNAs in cell culture, animal model, 
and clinical samples using LeTRS, a bioinformatic tool to identify unique 
sequence identifiers. Gigascience. 2022;11:giac045.

 49. Wood DE, Lu J, Langmead B. Improved metagenomic analysis with 
Kraken 2. Genome Biol. 2019;20:257.

 50. He X, Lau EHY, Wu P, Deng X, Wang J, Hao X, Lau YC, Wong JY, Guan Y, 
Tan X, et al. Author Correction: Temporal dynamics in viral shedding and 
transmissibility of COVID‑19. Nat Med. 2020;26:1491–3.

 51. Killingley B, Mann AJ, Kalinova M, Boyers A, Goonawardane N, Zhou 
J, Lindsell K, Hare SS, Brown J, Frise R, et al. Safety, tolerability and viral 
kinetics during SARS‑CoV‑2 human challenge in young adults. Nat Med. 
2022;28:1031–41.

 52. Jin JM, Bai P, He W, Wu F, Liu XF, Han DM, Liu S, Yang JK. Gender Differ‑
ences in Patients With COVID‑19: Focus on Severity and Mortality. Front 
Public Health. 2020;8:152.

 53. O’Toole A, Scher E, Underwood A, Jackson B, Hill V, McCrone JT, 
Colquhoun R, Ruis C, Abu‑Dahab K, Taylor B, et al. Assignment of epide‑
miological lineages in an emerging pandemic using the pangolin tool. 
Virus Evol. 2021;7:veab064.

 54. Hadfield J, Megill C, Bell SM, Huddleston J, Potter B, Callender C, Sagu‑
lenko P, Bedford T, Neher RA. Nextstrain: real‑time tracking of pathogen 
evolution. Bioinformatics. 2018;34:4121–3.

 55. Sun Y, Wang M, Lin W, Dong W, Xu J. “Mutation blacklist” and “mutation 
whitelist” of SARS‑CoV‑2. J Biosaf Biosecur. 2022;4:114–20.

 56. Stoler N, Nekrutenko A. Sequencing error profiles of Illumina sequencing 
instruments. NAR Genom Bioinform. 2021;3:lqab019.

 57. Mourier T, Sadykov M, Carr MJ, Gonzalez G, Hall WW, Pain A. Host‑directed 
editing of the SARS‑CoV‑2 genome. Biochem Biophys Res Commun. 
2021;538:35–9.

 58. Minkoff JM, tenOever B. Innate immune evasion strategies of SARS‑CoV‑2. 
Nat Rev Microbiol. 2023;21:178–94.

 59. Graudenzi A, Maspero D, Angaroni F, Piazza R, Ramazzotti D. Muta‑
tional signatures and heterogeneous host response revealed via 
large‑scale characterization of SARS‑CoV‑2 genomic diversity. iScience. 
2021;24:102116.

 60. Avanzato VA, Matson MJ, Seifert SN, Pryce R, Williamson BN, Anzick SL, 
Barbian K, Judson SD, Fischer ER, Martens C, et al. Case Study: Prolonged 
Infectious SARS‑CoV‑2 Shedding from an Asymptomatic Immunocom‑
promised Individual with Cancer. Cell. 2020;183:1901–1912 e1909.

 61. Corey L, Beyrer C, Cohen MS, Michael NL, Bedford T, Rolland M. SARS‑
CoV‑2 Variants in Patients with Immunosuppression. N Engl J Med. 
2021;385:562–6.

 62. Cele S, Karim F, Lustig G, San JE, Hermanus T, Tegally H, Snyman J, Moyo‑
Gwete T, Wilkinson E, Bernstein M, et al. SARS‑CoV‑2 prolonged infection 
during advanced HIV disease evolves extensive immune escape. Cell 
Host Microbe. 2022;30:154–162 e155.

 63. Quaranta EG, Fusaro A, Giussani E, D’Amico V, Varotto M, Pagliari M, 
Giordani MT, Zoppelletto M, Merola F, Antico A, et al. SARS‑CoV‑2 intra‑
host evolution during prolonged infection in an immunocompromised 
patient. Int J Infect Dis. 2022;122:444–8.

 64. Choi B, Choudhary MC, Regan J, Sparks JA, Padera RF, Qiu X, Solomon IH, 
Kuo HH, Boucau J, Bowman K, et al. Persistence and Evolution of SARS‑
CoV‑2 in an Immunocompromised Host. N Engl J Med. 2020;383:2291–3.

 65. Ryan KA, Bewley KR, Fotheringham SA, Slack GS, Brown P, Hall Y, Wand 
NI, Marriott AC, Cavell BE, Tree JA, et al. Dose‑dependent response to 
infection with SARS‑CoV‑2 in the ferret model and evidence of protective 
immunity. Nat Commun. 2021;12:81.

 66. Wang Y, Wang D, Zhang L, Sun W, Zhang Z, Chen W, Zhu A, Huang Y, Xiao 
F, Yao J, et al. Intra‑host variation and evolutionary dynamics of SARS‑
CoV‑2 populations in COVID‑19 patients. Genome Med. 2021;13:30.

 67. Mou K, Mukhtar F, Khan MT, Darwish DB, Peng S, Muhammad S, Al‑
Sehemi AG, Wei DQ. Emerging Mutations in Nsp1 of SARS‑CoV‑2 and 
Their Effect on the Structural Stability. Pathogens. 2021;10:1285.

 68. Mendez AS, Ly M, Gonzalez‑Sanchez AM, Hartenian E, Ingolia NT, Cate JH, 
Glaunsinger BA. The N‑terminal domain of SARS‑CoV‑2 nsp1 plays key 
roles in suppression of cellular gene expression and preservation of viral 
gene expression. Cell Rep. 2021;37:109841.

 69. Koyama T, Tokumasu R, Katayama K, Saito A, Kudo M, Imoto S. Cross‑
Border Transmissions of the Delta Substrain AY.29 During Tokyo Olympic 
and Paralympic Games. Front Microbiol. 2022;13:883849.

 70. Yang X‑J. SARS‑COV‑2 δ variant drives the pandemic in the USA through 
two subvariants. Res Square. 2021. https:// doi. org/ 10. 21203/ rs.3. rs‑ 
986605/ v1.

 71. Boccia A, Tufano R, Ferrucci V, Sepe L, Bianchi M, Pascarella S, Zollo M, 
Paolella G. SARS‑CoV‑2 Pandemic Tracing in Italy Highlights Lineages with 
Mutational Burden in Growing Subsets. Int J Mol Sci. 2022;23:4155.

 72. Hammond J, Leister‑Tebbe H, Gardner A, Abreu P, Bao W, Wisemandle W, 
Baniecki M, Hendrick VM, Damle B, Simon‑Campos A, et al. Oral Nirmatrel‑
vir for High‑Risk, Nonhospitalized Adults with Covid‑19. N Engl J Med. 
2022;386:1397–408.

 73. Delgado S, Somovilla P, Ferrer‑Orta C, Martinez‑Gonzalez B, Vazquez‑
Monteagudo S, Munoz‑Flores J, Soria ME, Garcia‑Crespo C, de Avila AI, 
Duran‑Pastor A, et al. Incipient functional SARS‑CoV‑2 diversification iden‑
tified through neural network haplotype maps. Proc Natl Acad Sci U S A. 
2024;121:e2317851121.

 74. Gonzalez‑Reiche AS, Alshammary H, Schaefer S, Patel G, Polanco J, Car‑
reno JM, Amoako AA, Rooker A, Cognigni C, Floda D, et al. Sequential 
intrahost evolution and onward transmission of SARS‑CoV‑2 variants. Nat 
Commun. 2023;14:3235.

 75. Klinakis A, Cournia Z, Rampias T. N‑terminal domain mutations of the 
spike protein are structurally implicated in epitope recognition in emerg‑
ing SARS‑CoV‑2 strains. Comput Struct Biotechnol J. 2021;19:5556–67.

 76. Cherian S, Potdar V, Jadhav S, Yadav P, Gupta N, Das M, Rakshit P, Singh S, 
Abraham P, Panda S, Team N. SARS‑CoV‑2 Spike Mutations, L452R, T478K, 
E484Q and P681R, in the Second Wave of COVID‑19 in Maharashtra, India. 
Microorganisms. 2021;9:1542.

 77. Ozono S, Zhang Y, Ode H, Sano K, Tan TS, Imai K, Miyoshi K, Kishigami 
S, Ueno T, Iwatani Y, et al. SARS‑CoV‑2 D614G spike mutation increases 
entry efficiency with enhanced ACE2‑binding affinity. Nat Commun. 
2021;12:848.

 78. Islam MJ, Alom MS, Hossain MS, Ali MA, Akter S, Islam S, Ullah MO, Halim 
MA. Unraveling the impact of ORF3a Q57H mutation on SARS‑CoV‑2: 
insights from molecular dynamics. J Biomol Struct Dyn. 2023;1:14. https:// 
doi. org/ 10. 1080/ 07391 102. 2023. 22529 08.

 79. Barona‑Gomez F, Delaye L, Diaz‑Valenzuela E, Plisson F, Cruz‑Perez A, 
Diaz‑Sanchez M, Garcia‑Sepulveda CA, Sanchez‑Flores A, Perez‑Abreu R, 

https://github.com/aineniamh/snipit
https://github.com/Hiscox-lab/immunocompetent_timecourse
https://doi.org/10.21203/rs.3.rs-986605/v1
https://doi.org/10.21203/rs.3.rs-986605/v1
https://doi.org/10.1080/07391102.2023.2252908
https://doi.org/10.1080/07391102.2023.2252908


Page 26 of 26Goldswain et al. Genome Medicine           (2024) 16:89 

Valencia‑Valdespino FJ, et al. Phylogenomics and population genom‑
ics of SARS‑CoV‑2 in Mexico during the pre‑vaccination stage reveals 
variants of interest B.1.1.28.4 and B.1.1.222 or B.1.1.519 and the nucle‑
ocapsid mutation S194L associated with symptoms. Microb Genom. 
2021;7:000684.

 80. Li P, Xue B, Schnicker NJ, Wong LR, Meyerholz DK, Perlman S. Nsp3‑N 
interactions are critical for SARS‑CoV‑2 fitness and virulence. Proc Natl 
Acad Sci U S A. 2023;120:e2305674120.

 81. Wertheim JO, Wang JC, Leelawong M, Martin DP, Havens JL, Chowdhury 
MA, Pekar JE, Amin H, Arroyo A, Awandare GA, et al. Detection of SARS‑
CoV‑2 intra‑host recombination during superinfection with Alpha and 
Epsilon variants in New York City. Nat Commun. 2022;13:3645.

 82. Siqueira JD, Goes LR, Alves BM, da Silva ACP, de Carvalho PS, Cicala C, 
Arthos J, Viola JPB, Soares MA. Distinguishing SARS‑CoV‑2 bonafide re‑
infection from pre‑existing minor variant reactivation. Infect Genet Evol. 
2021;90:104772.

 83. Lin MJ, Rachleff VM, Xie H, Shrestha L, Lieberman NAP, Peddu V, Addetia 
A, Casto AM, Breit N, Mathias PC, et al. Host‑pathogen dynamics in 
longitudinal clinical specimens from patients with COVID‑19. Sci Rep. 
2022;12:5856.

 84. Dong X, Munoz‑Basagoiti J, Rickett NY, Pollakis G, Paxton WA, Gunther S, 
Kerber R, Ng LFP, Elmore MJ, Magassouba N, et al. Variation around the 
dominant viral genome sequence contributes to viral load and outcome 
in patients with Ebola virus disease. Genome Biol. 2020;21:238.

 85. Goldswain H, Penrice‑Randal R, Donovan‑Banfield I, Duffy CW, Dong 
X, Randle N, Ryan Y, Rzeszutek AM, Pilgrim J, Keyser E, et al. Longitudi‑
nal sequencing of SARS‑CoV‑2 in immunocompetent individuals raw 
sequence reads. Sequence Read Archive. 2024. https:// www. ncbi. nlm. nih. 
gov/ biopr oject/? term= PRJNA 10126 98.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA1012698
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA1012698

	SARS-CoV-2 population dynamics in immunocompetent individuals in a closed transmission chain shows genomic diversity over the course of infection
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Participant cohort and sample collection
	RNA extraction and amplification of viral nucleic acids
	Amplicon library preparation and Illumina sequencing
	In silico analysis

	Results
	Transmission and symptoms of SARS-CoV-2 within a defined population cohort
	SARS-CoV-2 genome sequence was identified in samples from asymptomatic, pre-symptomatic and symptomatic participants
	Three different Pango lineages were assigned in the transmission cluster: B.1, B.1.36 and B.1.36.1
	Intra-host variation was identified in the transmission cluster
	Analysis of intra-host viral population genetics
	Amino acid substitutions from the minor variant population accumulated and became part of the dominant genomic landscape over time in several participants
	In SARS-CoV-2 from one participant over time there were a substantial number of mutations suggestive of rapid evolution
	There were higher proportions of non-synonymous than synonymous nucleotide mutations across participants
	The proportion of nucleotide transitions and transversions did not change between timepoints but differed between lineages
	Hallmarks of reactive oxygen species activity were observed during infection
	Subgenomic mRNA (sgmRNA) was detected in asymptomatic participants showing active transcription in presymptomatic and asymptomatic individuals

	Discussion
	Conclusions
	Acknowledgements
	References


