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Abstract

Background: The mutational landscape of SARS-CoV-2 varies at the dominant viral
genome sequence and minor genomic variant population. During the COVID-19 pan-
demic, an early substitution in the genome was the D614G change in the spike protein,
associated with an increase in transmissibility. Genomes with D614G are accompanied
by a P323L substitution in the viral polymerase (NSP12). However, P323L is not thought
to be under strong selective pressure.

Results: Investigation of P323L/D614G substitutions in the population shows rapid
emergence during the containment phase and early surge phase during the first wave.
These substitutions emerge from minor genomic variants which become dominant
viral genome sequence. This is investigated in vivo and in vitro using SARS-CoV-2 with
P323 and D614 in the dominant genome sequence and L323 and G614 in the minor
variant population. During infection, there is rapid selection of L323 into the dominant
viral genome sequence but not G614. Reverse genetics is used to create two viruses
(either P323 or L323) with the same genetic background. L323 shows greater abun-
dance of viral RNA and proteins and a smaller plague morphology than P323.

Conclusions: These data suggest that P323L is an important contribution in the emer-
gence of variants with transmission advantages. Sequence analysis of viral populations
suggests it may be possible to predict the emergence of a new variant based on track-
ing the frequency of minor variant genomes. The ability to predict an emerging variant
of SARS-CoV-2 in the global landscape may aid in the evaluation of medical counter-
measures and non-pharmaceutical interventions.

Keywords: SARS-CoV-2, Evolution, Selection, Spike protein, Polymerase, NSP12,
COVID-19, P323L

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate-
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publi
cdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13059-023-02881-5&domain=pdf
http://orcid.org/0000-0002-6582-0275

Goldswain et al. Genome Biology (2023) 24:47 Page 2 of 23

Background

There are distinct lineages of SARS-CoV-2 currently circulating worldwide and many
more have been displaced [1]. The genome of SARS-CoV-2 is changing as the pan-
demic continues. Replication and transcription of the SARS-CoV-2 genome directly
drives three types of genetic change in the virus. The first is recombination, which is
a natural consequence of subgenomic messenger RNA (sgmRNA) synthesis. This pro-
cess may account for insertions and deletions, for example, observed in and around
the furin cleavage site in the spike glycoprotein [2] and other genes [3]. The second
driver of genetic change is the continual accruing of point mutations. These changes
may confer advantages in transmission, such as A23403G, encoding the D614G substi-
tution in the spike protein [4], which has come to predominate in global SARS-CoV-2
sequences since the start of the outbreak [5]. Such point mutations may be driven by
errors during RNA synthesis by the viral encoded RNA-dependent RNA polymerase
(NSP12) and larger replication complex, and/or by host-mediated processes [6, 7].
The third mechanism is the potential generation and selection of new transcription
regulatory signals (TRSs) and the synthesis of new viral sgmRNAs and proteins [8].
Promiscuous recombination and mutation in coronaviruses may allow these viruses to
overcome selection pressures, transit population bottlenecks, and result in the emer-
gence of new variants [9, 10].

Diversity in dominant and minor viral genomic variants exists in humans/animals
infected with SARS-CoV-2 [10]. These genomes will have both synonymous (non-
coding) and non-synonymous (coding) differences. Minor genomic variations may be
selected for when they confer a selective advantage when the virus enters a new host.
This has been demonstrated with the adaptation of Ebola virus in a guinea pig model
of infection [11]. Alternatively, the variation may exist at a minor variant level but nev-
ertheless impact upon virus biology, for example, with the Ebola virus RNA-dependent
RNA polymerase (L protein) and the relationship with overall viral load in patients with
Ebola virus disease [12].

Since the start of the COVID-19 pandemic, different dominant viral genome
sequences and non-synonymous changes appear to rise and fall in the SARS-CoV-2
global sequences [1]. The D614G spike protein variant of SARS-CoV-2 was first detected
in China, in January 2020, and by May 2020 approximately 80% of viruses sequenced
globally contained this substitution. The major clade containing D614G (Pango lineages
B.1 and sub-lineages) contained potentially linked substitutions, including C14408U
in NSP12 that confers a P323L substitution. However, lineages such as A.19 and A.2.4,
gained D614G in the spike protein but not P323L in NSP12 [13], which may have con-
tributed to their lower global prevalence. Therefore, whether P323L in NSP12 conferred
a fitness advantage in the context of the D614G substitution and was subject to selection
pressure is unknown.

To investigate the intra-host selection pressure for the P323L variant, sequential sam-
ples from patients with COVID-19 prior to and during the D614G/P323L change in the
UK were sequenced to study both the dominant viral genome sequence and minor vari-
ant genomes. Additionally, a lineage B SARS-CoV-2 with L323 and G614 in the minor
variant population was used to infect two non-human primate (NHP) models [13], cyn-
omolgus (Macaca fascicularis), and rhesus (Macaca mulatta) macaques. Longitudinal
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sampling indicated that L323 became part of the dominant viral genome sequence, but
not G614. Reverse genetics analysis of P323L in the background of a G614 virus indi-
cated that the L323 variant showed greater abundance of viral RNA and proteins and a
smaller plaque morphology compared to P323. Overall, the P323L change provided an
additive advantage to variants with D614G in the spike protein. In the wider context, the
work indicated that an emerging dominant sequence could be predicted by analysis of

minor variant genomes.

Results

Identification of the emergence of a P323L substitution in NSP12 in SARS-CoV-2 RNA

in a patient during infection

To identify whether the P323L substitution occurred rapidly in NSP12, nasopharyn-
geal swabs were identified in the ISARIC 4C biobank that were obtained from patients
infected with lineage B SARS-CoV-2 prior to the major shift from P323 to L323 and
D614 to G614 in the UK. Samples were further down selected based on clinical informa-
tion providing dates of symptom onset, first sample, and subsequent longitudinal sam-
ples. This identified 12 patients with longitudinal samples from a total of 472 patients.
RNA was isolated from the longitudinal swabs and used as a template for the amplifi-
cation of SARS-CoV-2 genome and sgmRNAs using both short- (ARTIC-Illumina) and
longer-read length (Rapid Sequencing of Long Amplicons-Nanopore (RSLA-Nanopore))
sequencing [14, 15]. These longitudinal samples had sufficient read depth to call a con-
sensus for the dominant viral genome sequence and to derive information on the fre-
quency of minor genomic variants, focusing on codons 323 in NSP12 and 614 in the
spike protein. In one patient, who was isolated in the intensive care unit at the Royal
Liverpool Hospital, both sequencing approaches indicated that the P323L and D614G
substitutions occurred in the dominant SARS-CoV-2 genome between the first and sec-
ond samples, taken 2 days apart (Fig. 1A, B, respectively). To independently confirm this
observation, the source RNA was Sanger sequenced with primers to generate longer
amplicons around the potential substitution sites. The data validated that for NSP12
the codon encoding the amino acid at position 323 changed from CCU (encoding P)
to CUU (encoding L) (Fig. 1C). For the spike protein, the codon encoding the amino
acid at position 614 changed from GAU (encoding D) to GGU (encoding G) (Fig. 1C).
Therefore, the data suggested that both P323L and D614G were rapidly selected in the
patient over a 2-to-3-day period. Another possibility is that the patient was infected
with a P323/D614 variant and subsequently became infected with an L323/G614 variant
through nosocomial infection in the hospital setting. However, we consider this possibil-
ity unlikely as this patient was isolated in the intensive care unit of Liverpool Univer-
sity Hospitals. There were relatively few other COVID-19 patients in the hospital at that
period of the containment phase, although the contribution of asymptomatic transmis-
sion was not widely recognized.

The distribution of P323L and D614G at the minor genomic variant level was eval-
uated in the human population between January 2020 and June 2020, when these
substitutions became part of the dominant viral genome sequence. This included
publicly available sequence data for the UK for January 2020 and bespoke sequencing
of samples gathered under the auspices of ISARIC 4C for February to May 2020. For
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Fig. 1. Sequence analysis and amino acid substitution in NSP12 (P323L) and the spike protein (D614G)
between the first and third days of sampling in a patient hospitalized with COVID-19. Three different
sequencing approaches were used: A an ARTIC-lllumina approach and B a RSLA-Nanopore approach to show
the amino acid variation frequencies of NSP12 (at codon position 323) and spike protein (codon position
614). C Sanger sequence analysis of the amplicons used to investigate the change of dominant viral genome
sequence around the sites within NSP12 (codon position 323) and spike protein (codon position 614). These
samples were gathered under the auspices of ISARIC 4C

the latter, SARS-CoV-2 was sequenced from nasopharyngeal swabs sampled from
522 patients in the UK over that period and usable data obtained from 377 (Fig. 2).
For analysis of worldwide samples, this made use of publicly available sequence data.

The data (Fig. 2) indicated that there was increasing prevalence from P323 to
L323 and D614 to G614 in the February to March sampling period in the UK. For
both February and March 2020, viruses with P323, L323, D614, and G614 at the
dominant viral genome level were co-circulating in the human population. How-
ever, by May 2020, all the dominant viral genome sequences from this cohort con-
tained L323 and G614, suggesting either strong selection pressure and/or multiple
founder effects. Worldwide diversity was observed at these positions in January
2020, then followed a similar pattern to the UK with the major transition to L323
and G614 in April/May 2020.

Page 4 of 23
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Fig. 2. Analysis of the ratio of P323:L.323 (light blue) and D614:G614 (blue) in 377 patient samples between
January 2020 and May 2020 in the A UK and B worldwide (a ratio of 1.00= L323/G614 dominant and the
violin plot indicates the number of samples). SARS-CoV-2 sequence was obtained from nasopharyngeal
swabs from 377 hospitalized patients. The width of the violin plot indicates the number of samples/patients
with the frequency on the y-axis. The data shows the transition from P323L and D614G over time in the
minor variant genomes, such that by April 2020 in the UK, the L323 and G614 substitutions were part of

the dominant viral genome sequence and by May 2020, there was no evidence of P323 and D614 at the
dominant level. The y-axis (variation frequency) is in the direction of P323 to L323 and D614 to G614, such
that a viral population with 100% L323 or G614 would be shown with a variation frequency of 1.00. Likewise,
if there is a variation frequency of 0.00, this would mean that there was a viral population with 1009% P323 or
D614

Table 1 Amino acid coverage at positions NSP12-323 and spike-614 in the SARS-CoV-2

Victoria/01/2020 stock
Protein Amino acid Read coverage Variant Number of reads Proportion
position
NSP12 323 33629 P 33,423 0.9939
L 10 0.0003
others 196 0.0058
Spike 614 41047 D 40,901 0.9964
G 7 0.0002
others 139 0.0034

The number of reads per P, L, and other amino acids and per D, G, and other amino acids at positions 323 in NSP12 and 614
in the spike protein respectively were determined by ARTIC-lllumina sequencing of the Victoria/01/2020 stock

Longitudinal analysis of variation in NHPs and cell culture
To investigate whether the P323L substitution was driven by strong selection pressure,
nasal washes were taken daily from cynomolgus and rhesus macaques (12 animals of
each species, a 50:50 mix of males and females [16]). These had been infected via the
intratracheal route with 5 x 10° pfu of SARS-CoV-2 (Victoria/01/2020) [16]. This stock
contained P323 and D614 at the dominant viral genome level [16]. The isolate had been
passaged three times in cell culture to generate stock virus prior to infection of the cyn-
omolgus and rhesus macaques. Sequencing of the stock virus indicated a very low pro-
portion of NSP12 1323 and spike G614 at the minor variant level (Table 1).

Next, we looked at minor genomic variants in each animal from nasal washes obtained

daily during infection [13]. RNA was purified and sequenced using two independent

Page 5 of 23
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approaches, shotgun sequencing on an Illumina platform and via ARTIC-Illumina, with
the latter for specifically sequencing SARS-CoV-2 RNA. To obtain a global overview
and identify whether there were any hot spots for minor genomic variants, these were
plotted as an average over the course of the infections in the NHPs (Fig. 3). The data
indicated that minor genomic variants occurred throughout the genome, but the most
frequent variation occurred at nucleotide position 14,408 in the ORF1AB region, which
resulted in a C to U change. This resulted in a non-synonymous change in NSP12 with
the substitution of P323L (amino acid position 4715 with respect to the ORF1AB poly-
protein). The second most common variation was observed in the N gene at nucleotide
position 28,854. This resulted in a non-synonymous amino acid change of S194L.

To determine how rapidly the P323L and D614G substitutions were selected for in the
individual animals, sequences from longitudinal samples were analyzed to investigate
P323L and D614G (Fig. 4), showing both ARTIC-Illumina and total Illumina RNAseq
approaches. The coverage was filtered at 20 in ARTIC-Illumina and 5 in total Illumina
RNAseq, reflecting the differences in sequence read depth for each approach. The
sequencing data, using the two different approaches, showed that the P323L mutation

was already present as a minor genomic variant (at higher levels than the inoculum) by

ORFlab
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Fig. 3. Analysis of minor variant genomes in cynomolgus (NW_Cyno; orange) and rhesus (NW_Rhesus; blue)
macaques infected with the SARS-CoV-2 Victoria/01/2020 isolate using data from shotgun Illlumina RNA
sequencing of nasal washes (NW). Data is presented as a global average over the course of the infection from
sequencing SARS-CoV-2 from longitudinal samples. Each SARS-CoV-2 open reading frame is indicated above
the appropriate panel. The major difference was at position 323 in NSP12
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Fig. 4. Analysis of NSP12 position 323 and spike position 614 through ARTIC-lllumina sequencing (A/C) and
lllumina total RNAseq (B/D) from nasopharyngeal swabs taken longitudinally from infected cynomolgus
(CX-X, n=6) and rhesus (RX-X, n=6) macaques. Data in this figure is from the ARTIC-lllumina approach to
specifically amplify SARS-CoV-2 RNA (coverage filtered at 20x) and the lllumina total RNAseq approach
without prior amplification (coverage filtered at 5x). The day post infection is shown for the animals. At
position 323/614, a P/D is shown as light blue, an L/G as dark blue respectively, and green indicates other
substitutions. The left-hand y-axis indicates the proportion of variation at the indicated position. (NHPs C=
cynomolgus, R= rhesus macaque, CX-X/RX-X is the identity of the animal, with the experimental group C/RX
and the animal number as -X)

day 1 in some animals, as well as the presence of other minor genomic variants at this
position. However, as infection progressed, the frequency of the L323 minor genomic
variant increased and became part of the dominant viral genome sequence by the
end point of infection. We note that this occurred in 6 out of 12 NHPs with samples
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sequenced using the ARTIC-Illumina approach and in 5 out of 12 NHPs with samples
sequenced using the Illumina total RNAseq (Fig. 4). This may be due to the limited num-
ber of samples/sequencing information from these animals, reflecting a lack of later
timepoints when such changes could be apparent. The spike minor genomic variant
G614 was seen at low levels and did not become dominant over the wildtype D614 over
the time course (Fig. 4C, D), in contrast to the P323L minor genomic variant.

L323 has a strong selective advantage over P323 in the context of a clinical isolate

with D614 dominant in the spike protein

To compare the relative fitness of each variant, the selection coefficient of P323 and L323
was derived from the NHP study of the abundance of genomes with P323 versus L323.
This was analyzed using the ARTIC-Illumina sequencing data by a simple exponential
growth model. The relative growth advantage of genomes with the L323 substitution was
estimated to be 0.42 (95% confidence intervals 0.4185-0.4218) compared to the P323
variant (Fig. 5). This finding indicated that the L323 substitution conferred a strong
selective advantage in a virus with the background of mostly D614 variant.

The P323L substitution in NSP12 results in a change in plaque phenotype and increased
viral RNA and protein synthesis in the context of viruses generated through reverse
genetics with G614 in the spike protein

Previous data indicated that Victoria/01/2020 grew with a small plaque phenotype and
lower titer compared to more contemporary variants including Variants of Concern
(VOC:s), which grew to higher titers with larger or mixed plaque morphologies [17]. The
later virus isolates contained the P323L and D614G substitutions in NSP12 and the spike
protein respectively, as the dominant viral genome sequence, as well as other changes.
To investigate whether the L323 substitution conferred an advantage over and above
the G614 change in the spike protein, two viruses were created through reverse genet-
ics that were based on the Wuhan-Hu-1 virus (NC_045512) with a G614 background,
one with a P323 (Wuhan/G614/P323) and the other with a L323 (Wuhan/G614/1.323)
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Fig. 5. Predicted fits of the exponential growth model for the L323 substitution in 12 NHPs using the data
shown in Fig. 4 for ARTIC-lllumina. The red line indicates the model fit estimated with a generalized linear
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in NSP12. The background context of a genome with G614 in spike was chosen because
this substitution has been proposed to have occurred first or concurrently with P323L
in NSP12 in variants assigned to lineage B [18]. Likewise, there is no evidence of persis-
tence of D614 in the global population of SARS-CoV-2 as part of a dominant sequence.
Growth of these two defined viruses was compared in Vero E6 cells by examining plaque
morphology. The data indicated that Wuhan/G614/L323 had a smaller plaque pheno-
type (Fig. 6A), suggesting that the L323 substitution conferred altered viral properties.
Therefore, to further investigate the potential differences between P323 and L1323, the
amount of intracellular viral RNA and protein was determined. ACE2-A549 cells were
infected with either Wuhan/G614/P323 or Wuhan/G614/L323 at MOI of 0.5 for 24h.
A one step growth curve indicated this time point was in the region of first viral release
but not secondary or tertiary viral release [17]. Likewise, cell death could be observed at
later time points and thus these would confound analysis. The abundance of the nucle-
ocapsid gene (as determined by RT-PCR) and protein (as determined by western blot)
for Wuhan/G614/L323 was greater than for Wuhan/G614/P323 virus (Fig. 6B, C). This
suggested that increased viral replication/transcription was associated with L323 com-
pared to P323. However, analysis of viral titers in Vero E6 cells at 24 h post infection
(hpi) between the two defined viruses grown in either Vero E6, ACE2-A549 or Vero/
hSLAM cells did not show a significant difference in titer between them—at least con-
sidering log fold changes (Fig. 6D).

To investigate whether there was a selective advantage of L323 over P323, the Victo-
ria/01/2020 isolate was passaged ten times in ACE2-A549 cells, with sequencing used
to investigate the proportion of P323 to L323 at each passage. The starting proportion of
L323 was 0.0003% (Table 1) which after ten passages increased to 5.4% (Fig. 6E), suggest-
ing a selective advantage of minor variant genomes with this substitution. The propor-
tion of G614 also increased with passage (Fig. 6F).

Maintenance of variation at position 323 in NSP12 in the population

Based on the experimental data presented in this study, we propose a model where
the emergence and distribution of minor variant genomes and dominant viral genome
sequence for SARS-CoV-2 is dependent on selection pressure and time post infection at
which a virus population is transmitted onwards to another individual (Fig. 7).

One of the predictions of this model is that while L323 in NSP12 might now be part of
the dominant viral genome sequence, other variants at this position will be present and
persist (e.g., P323) at this position. To test this, random contemporary sequence data
(post the P323L and D614G substitutions) that had been deposited between July and
September 2021 on the Short Read Archive was examined for variation at position 323
in NSP12 (Fig. 8). The data indicated that 1323 is the dominant variant, but P323 and
other substitutions such as F323 are present as minor genomic variants.

Discussion

Several variants have come to dominate the global landscape of SARS-CoV-2 infec-
tions, including ones with the initial D614G and P323L polymorphisms in the spike
protein and NSP12 respectively (B.1), followed by Alpha (B.1.1.7), Delta (B.1.617.2),
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Fig. 6. Investigating growth of P323 and 323 in cell culture. A Representative images of plagues formed

by two viruses created through reverse genetics that have the Wuhan-Hu-1 background (NC_045512) and
an engineered D614G substitution in the spike protein, and either P323 or L323 in NSP12 (termed Wuhan/
G614/P323 and Wuhan/G614/1.323 respectively). B Relative RNA levels of genomic or N subgenomic RNA
with Wuhan/G614/P323 or Wuhan/G614/L323 from RT-gPCR on ACE2-A549 cells infected with either virus at
24h. Error bars show standard deviation. Unpaired t-tests without Welch's correction, p=0.0181 and p=0.0393
respectively, for n=3 biological replicates. C Western blot analysis of the abundance of nucleoprotein
produced in either mock infected, or cells infected with Wuhan/G614/P323 or Wuhan/G614/L323. This is an
exemplar western blot for an experiment that was done in triplicate; GAPDH is shown as a protein loading
control. D Mean viral titers (pfu/ml, n=3 biological replicates & standard deviation) at 24hpi in Vero E6, Vero/
hSLAM, and ACE2-A549 cells infected with either Wuhan/G614/P323 or Wuhan/G614/1.323. E,F Proportion
of amino acid P323/1.323 in NSP12 (E) or D614/G614 in the Spike protein (F) in the Victoria/01/2020 isolate
serially passaged through cells over 13 sequential passages (coverage filtered at 20x)

and Omicron (B.1.1529). These have occurred in waves and are likely linked to
increases in transmissibility [4], coupled with spike variation-mediated immune
escape [19, 20], founder effects [21-23], behavior patterns of hosts and population
density [24, 25], and non-pharmaceutical interventions [26]. While VoCs have differed
in terms of transmissibility, in general there has been no marked change in inher-
ent morbidity and mortality, although an early variant with a deletion in ORF8 was
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associated with a less severe inflammatory response and better patient outcome [3].
Omicron BA.1 is potentially less severe, although this is hard to assess in the back-
ground of widespread prior immunity [27-29].

Among the first major changes in the dominant viral genome sequence of SARS-
CoV-2 were the P323L and the D614G substitutions in NSP12 and the spike protein
respectively. The apparent simultaneous appearances of these two mutations made it dif-
ficult to distinguish the biology of each mutation epidemiologically and focus has been
placed on spike D614G and its association with increased infectivity and transmissibility
[30, 31]. We wanted to investigate the selection pressure/contribution of P323L by ana-
lyzing the virus population in humans over the period when P323L and D614G became
part of the dominant viral genome sequence, as well as studying this in two NHP animal
models. The first analysis suggested rapid selection of P323L in NSP12 and D614G in the
spike protein within humans. This was reflected in the substitutions L323 and G614 in
the minor genomic variant population becoming the dominant viral genome sequence
and replacing P323 and D614 within a few days of intra-host selection (Fig. 2). At the
population level, data suggested that this selection was established over a 2-month
period in the UK (February and March 2020). We note that although samples used in
this study were collected early in the pandemic in the UK, during the containment phase
and in the early surge phase of wave 1, there was no evidence that the P323L substitution
in NSP12 and the D614G substitution in the spike protein resulted in an increase in dis-
ease severity or outcome [18, 30, 31].

The selection pressure at these two positions (within an isolate close to the original
Wuhan outbreak) was evaluated in two NHP models for COVID-19 that recapitulate the
acute infection with mild disease observed in most humans [13]. Here, the SARS-CoV-2
variant used for infection, Victoria/01/2020, had P323 in NSP12 and D614 in the spike
protein in the dominant consensus sequence. At the minor variant genome level, 1323
in NSP12 was present with a frequency of 0.03% and G614 in the spike protein at 0.02%.
The sequence analysis indicated that for those animals where later time points returned
usable viral genomic information, the dominant viral genome sequence now contained
L323 in NSP12, but not necessarily G614 in the spike protein (Fig. 4). Minor genomic
variation was also observed at amino acid position 194 in N, reflecting a population of
amino acids present with S194 (~90%) and N194 (~10%) (Fig. 3). The N substitution
S194L was detected as early as January 2020 in samples [32], arose widely in 2020 in
many lineages but was not found to be present in VoCs including the most recent Omi-
cron VoC lineages. S194L was found to be associated with symptomatic patients early in
the pandemic in 2020 [33].

During the first stage of the COVID-19 pandemic, the global sequence landscape was
dominated by lineage B; however, this was supplanted by lineage B.1 which shared both
D614G and P323L. While there is evidence that D614G arose on multiple occasions, this
was not the case with P323L and data suggested that P323L occurred concurrently with
D614G [31]. The selection of P323L over D614G in the NHPs would suggest that in the
viral isolate used, the L323 and G614 substitutions were present on separate minor vari-
ants, implying no linkage between the two mutations. It also suggests that there was lit-
tle to no selection pressure to cause the emergence of D614G in this case, as even at the

minor genomic variant level it remained in low abundance (Fig. 4). However, we note
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that our sequence characterization of the inoculum was by amplicon where we would
not be able to identify if the two minor variants were present on the same genome. The
differences in the accrual of these mutations may result from P323L being a host adapted
mutation, whereas D614G emerged widely in the population, suggesting that it is a
mutation associated with transmission between individuals.

No difference in growth (at least determined by plaque assay) was observed with the
defined viruses containing P323 or L323, although in the plaque assays there was a vis-
ible difference in plaque morphology (Fig. 6A). Investigation of relative viral RNA and
protein levels indicated that these products were more abundant in L323 compared to
P323 viruses (Fig. 6B, C). While the D614G substitution plays a pivotal role in enhancing
the growth of SARS-CoV-2, the contribution of P323L cannot be discounted.

Taken together with the analysis from the viruses created through reverse genetics,
the exponential growth model applied to the NHP longitudinal study provides additional
evidence that the P323L mutation is not neutral or mildly beneficial, but likely played a
critical role in the rapid early emergence of the P323L/D614G genotype in the human
population. The relative growth advantage is reflected through the selection coefficient
of 0.42, suggesting strong selection of L323 over P323 and consequent maintenance in
the viral population. This is also seen with passage of the Wuhan/G614/P323 wild type
virus, which after 10 passages revealed increasing L over P at position 323. Therefore,
rather than being a hitch-hiker substitution, P323L is likely to contribute to the selection
of viruses with this phenotype.

NSP12 has been shown to attenuate type I interferon production [34], and this may be
variant dependent. The mechanism behind the selection pressure acting on the P323L
substitution in both humans and NHP animal models is unknown. However, NSP12 is
the RNA-dependent RNA polymerase, and such polymerase complexes can be com-
posed of both viral and host cell proteins [35, 36]. We speculate that the P323L substitu-
tion may alter the composition of the replication complex by altering interactions with
the host cell proteome and thereby facilitating virus replication. Therefore, it is tempt-
ing to speculate that growth of viruses in cell lines from the original host species might
revert the substitution back to wild type. This might provide a mechanism to narrow
down candidates for the original zoonotic event(s).

During this study, our laboratories have used orthogonal approaches to investigate the
potential differences in biology between genomes with P323 and genomes with L323.
The data clearly illustrates that L323 possesses an advantage in vivo. However, our lab-
oratory studies indicate that these advantages are hard to distinguish in vitro. In the
context of SARS-CoV-2 lineages with the D614G substitution in the spike protein (and
the P323L substitution in NSP12), we postulate that the dominant driver is the altered
biology in spike, but nevertheless at a population level P323L also provides a small but
significant selective advantage. However, interestingly in SARS-CoV-2 variants derived
from lineage A, the D614G substitution occurred later than that in lineage B, and these
viruses, such as A.19 and A.2.4 contained this substitution but not the P323L.

In our model (Fig. 7), an individual with the substitution present in a minor variant
genome with a selective advantage will see an increase in the proportion of this genome
as infection progresses. Under this selective pressure, the minor variant genome will

become the dominant viral genome sequence. If transmission occurs early in infection,
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then the variant will be maintained at a minor genomic variant level. If selective pressure
is strong, then the viral population that is being transmitted will have the substitution as
part of the dominant viral genome sequence—and this will persist during further infec-
tions. Another consequence is that the sudden emergence of a substitution as part of the
dominant genome sequence may be due to founder effect, for example, F323 in NSP12
that was identified in a cluster of cases in Northern Nevada and in Nigeria (B.1.525).
However, this substitution has not become part of the global dominant viral genome
sequence, despite F323 being identified in samples from early 2020.

L323 is now dominant in the viral population, as seen in Fig. 8 through sequencing
analysis of ARTIC-Nanopore sequenced genomes deposited on the Short Read Archive
in July—September 2021. While there is still a mixed population of amino acids at posi-
tion 323, L is dominant with any other amino acid (including P), being at very low pro-
portions less than 0.05. This reflects some conferred fitness advantage as the mutant
P323L has been maintained across the viral population from May 2020 until at least Sep-
tember 2021 and is still present in global sequences as of June 2022, including VoCs and
all recent Omicron lineages. The increase in transcription/replication compared to P323,
of L323, seen here may be rooted in host-virus protein interactions.

Conclusions

The data in this study indicates that, in some cases, it may be possible to predict the
emergence of a new dominant viral genome sequence and hence new variant. This
would be based on tracking the distribution and frequency of minor variant genomes at
a population level, rather than just focusing on providing information on the dominant
viral genome sequence, e.g., consensus-level reporting. While computationally more
intensive and perhaps requiring higher-quality samples and sequencing data, the ability
to earlier predict a newly emerging variant of SARS-CoV-2 with selective advantage in
the global landscape may aid in the evaluation of medical countermeasures and non-

pharmaceutical interventions.

Materials and methods

lllumina for NHP NW samples

Total RNA in each sample was extracted with QIAmp viral RNA extraction kit and
eluted in pure water. Following the manufacturer’s protocols, total RNA was used as
input material in to the QIAseq FastSelect -rRNA HMR (Qiagen) protocol to remove
cytoplasmic and mitochondrial rRNA with a fragmentation time of 7 or 15 min. Subse-
quently, the NEBNext® Ultra™ II Directional RNA Library Prep Kit for Illumina® (New
England Biolabs) was used to generate the RNA libraries, followed by 11 cycles of ampli-
fication and purification using AMPure XP beads. Each library was quantified using
Qubit and the size distribution assessed using the Agilent 2100 Bioanalyser, and the final
libraries were pooled in equimolar ratios. The raw FASTQ files (2 x 150 bp) generated
by an Illumina® NovaSeq 6000 (Illumina®, San Diego, USA) were trimmed to remove
[lumina adapter sequences using Cutadapt v1.2.1 [37]. The option “—O 3” was set, so
the that 3’ end of any reads which matched the adapter sequence with greater than 3 bp
was trimmed off. The reads were further trimmed to remove low-quality bases, using
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Sickle v1.200 [38] with a minimum window quality score of 20. After trimming, reads
shorter than 10 bp were removed.

The minor variations of amino acid in the genes of virus were called as our previous
description [39]. Hisat2 v2.1.0 [40] was used to map the trimmed reads on the cynomol-
gus (M. fascicularis) and rhesus (M. mulatta) reference genome assemblies (release-94)
downloaded from the Ensembl FTP site. The unmapped reads were extracted by bam-
2fastq (v1.1.0) and then mapped on the inoculum SARS-CoV-2 genome (GenBank
sequence accession: NC_045512.2) using Bowtie2 v2.3.5.1 [40] by setting the options to
parameters “--local -X 2000 --no-mixed’, followed by SAM file to BAM file conversion,
sorting, and removal of the reads with a mapping quality score below 11 using SAM-
tools v1.9 [41]. After that, the PCR and optical duplicate reads in the BAM files were
discarded using the MarkDuplicates in the Picard toolkit v2.18.25 (http://broadinsti
tute.github.io/picard/) with the option of “REMOVE_DUPLICATES=true” This BAM
file was then processed by the diversiutils script in DiversiTools (http://josephhughes.
github.io/btctools/) with the “-orfs” function to generate the number of amino acid
changes caused by the nucleotide deviation at each site in the protein. In order to distin-
guish low-frequency variants from Illumina sequence errors, the diversiutils script used
the calling algorithms based on the Illumina quality scores to calculate a P-value for each
variant at each nucleotide site [42]. The amino acid change was then filtered based on
the P-value (<0.05) to remove the low-frequency variants from Illumina sequence errors.

ARTIC-lIllumina for longitudinal swab samples and NHP NW samples

Samples from clinical specimens were processed at Containment Level 3 (CL3). Naso-
pharyngeal swabs were collected in viral transport media. Swabs were left to defrost in
a Tripass I cabinet in CL3. The swab was removed from the tube and dipped in Virkon
before disposal to reduce dripping and aerosol generation. Two hundred fifty millilit-
ers of viral transport media was removed from the swab sample and added to 750ml
of Trizol LS (Invitrogen (10296028)) and mixed well. Remaining extraction was con-
tinued under CL2 conditions. All RNA samples were then treated with Turbo DNase
(Invitrogen). SuperScript IV (Invitrogen) was used to generate single-strand cDNA
using random primer mix (NEB, Hitchin, UK). ARTIC V3 PCR amplicons from the
single-strand cDNA were generated following the Nanopore Protocol of PCR tiling of
SARS-CoV-2 virus (Version: PTC_9096_v109_revl_06Feb2020). The amplicon prod-
ucts were then used in Illumina NEBNext Ultra II DNA Library preparation. Following
4 cycles of amplification, the library was purified using Ampure XP beads and quanti-
fied using Qubit and the size distribution assessed using the Fragment Analyzer. Finally,
the ARTIC library was sequenced on the Illumina® NovaSeq 6000 platform (Illumina®,
San Diego, USA) following the standard workflow. The generated raw FASTQ files (2 x
250 bp) were trimmed to remove Illumina adapter sequences using Cutadapt v1.2.1 26.
The option “—O 3” was set, so the that 3’ end of any reads which matched the adapter
sequence with greater than 3 bp was trimmed off. The reads were further trimmed to
remove low-quality bases, using Sickle v1.200 27 with a minimum window quality score
of 20. After trimming, reads shorter than 10 bp were removed. The NHP NW total RNA
have been extracted and sequenced in our previous paper [8].
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The variation of amino acids in the genes of the virus were called as our previous
description [39]. Hisat2 v2.1.0 [40] was used to map the trimmed reads onto the human
reference genome assembly GRCh38 (release-91) downloaded from the Ensembl FTP
site. The unmapped reads were extracted by bam2fastq (v1.1.0) and then mapped on a
known SARS-CoV-2 genome (GenBank sequence accession: NC_045512.2) using Bow-
tie2 v2.3.5.1 [40] by setting the options to parameters “--local -X 500 --no-mixed’ fol-
lowed by SAM file to BAM file conversion, sorting, and removal of the reads with a
mapping quality score below 11, not in pair, and not primary and supplementary align-
ment using SAMtools v1.9 [41]. Bamclipper (v 1.0.0) [43] was used to trim the ARTIC
primer sequences on the mapped reads within the BAM files. The reads without ARTIC
primer sequences were also excluded in the further analysis. This trimmed BAM file was
then processed by the diversiutils script in DiversiTools (http://josephhughes.github.io/
DiversiTools/) with the “-orfs” function to generate the number of amino acid changes
caused by the nucleotide deviation at each site in the protein in comparison to the refer-
ence SARS-CoV-2 genome (NC_045512.2). In order to distinguish low-frequency vari-
ants from Illumina sequence errors, the diversiutils script used the calling algorithms
based on the Illumina quality scores to calculate a P-value for each variant at each nucle-
otide site [42].

Rapid Sequencing Long Amplicons (RSLA) Nanopore for longitudinal swab samples

Total RNA of longitudinal swab samples was extracted as described above. Sequencing
libraries for amplicons generated by RSLA [14] were prepared following the “PCR tiling
of SARS-CoV-2 virus with Native Barcoding” protocol provided by Oxford Nanopore
Technologies using LSK109 and EXP-NBD104/114. The artic-ncov2019 pipeline v1.2.1
(https://artic.network/ncov-2019/ncov2019-bioinformatics-sop.html) was used to filter
the passed FASTQ files produced by Nanopore sequencing with lengths between 800
and 1600. This pipeline was then used to map the filtered reads on the reference SARS-
CoV-2 genome (NC_045512.2) by minimap2 [44] and assigned each read alignment to a
derived amplicon and excluded primer sequences based on the RSLA primer schemes in
the BAM files. These BAM files were further analyzed using DiversiTools (http://josep
hhughes.github.io/DiversiTools/) with the “-orfs” function to generate the ratio of amino
acid change in the reads and coverage at each site of the protein in comparison to the
reference SARS-CoV-2 genome (NC_045512.2). The amino acids with highest ratio and
coverage > 10 were used to assemble the consensus protein sequences.

Sanger sequencing

c¢DNA template was amplified using Q5 High-Fidelity DNA Polymerase following the
PCR conditions: denaturation at 98°C for 30 s followed by 39 cycles of 10 s denatura-
tion at 98°C, 30 s annealing at 66°C, and then 50 s of extension at 72°C. A final extension
step was done for 2 min at 72°C. The primer sets used for amplification were (SARS-
CoV-2_15_LEFT=ATACGCCAACTTAGGTGAACG, SARS-CoV-2_15_RIGHT=
AACATGTTG-TGCCAACCACC) to detect the P323L mutation or (SARS-CoV-2_24_
LEFT= TTGAACTTCTACATGCACCAGC, SARS-CoV-2_RIGHT=CCAGAAGTG
ATTGTACCCGC) to detect the D614G mutation. PCR products were purified using
AMPure XP beads (Beckman Coulter) and quantified using the Qubit High Sensitivity


http://josephhughes.github.io/DiversiTools/
http://josephhughes.github.io/DiversiTools/
https://artic.network/ncov-2019/ncov2019-bioinformatics-sop.html
http://josephhughes.github.io/DiversiTools/
http://josephhughes.github.io/DiversiTools/

Goldswain et al. Genome Biology (2023) 24:47 Page 17 of 23

1X dsDNA kit (Invitrogen). To visualize band quality, PCR products were run on a 1.5%
agarose gel. Ten nanograms of each amplified product was sent for Sanger sequencing
(Source Bioscience, UK).

Cells

African green monkey kidney C1008 (Vero E6) cells (purchased from ATCC) were cul-
tured in Dulbecco’s minimal essential medium (DMEM) (Sigma) with 10% fetal bovine
serum (FBS) (Sigma) and 0.05mg/ml gentamicin at 37°C/5% CO,. Vero/hSLAM cells
(UKHSA) were grown in DMEM with 10% FBS and 0.05mg/ml gentamicin (Merck)
with the addition of 0.4mg/ml Geneticin (G418; Thermo Fisher) at 37°C/5% CO,. Vero
E6 and Vero/hSLAM cells were authenticated at respective sources. Human ACE2-A549
(hACE2-A549), a lung epithelial cell line which overexpresses the ACE-2 receptor, were
a kind gift of Oliver Schwartz [45] and cultured in DMEM with 10% FBS and 0.05mg/
ml gentamicin with the addition of 10ug/ml Blasticidin (Invitrogen). Only passage 3—10
cultures were used for experiments. All cell lines were tested and were negative for
mycoplasma contamination.

Generation and culture of viruses with defined changes through reverse genetics
SARS-CoV-2 viruses with user defined changes were generated by reverse genetics
using the “transformation-associated recombination” in yeast approach [46]. Eleven
c¢DNA fragments with 70 bp end-terminal overlaps which spanned the entire SARS-
CoV-2 isolate Wuhan-Hu-1 genome (GenBank accession: NC_045512) were produced
by GeneArt"" synthesis (Invitrogen", Thermo Fisher) as inserts in sequence verified,
stable plasmid clones. The 5’ terminal cDNA fragment was modified to contain a T7
RNA polymerase promoter and an extra “G” nucleotide immediately upstream of the
SARS-CoV-2 5’ sequence, while the 3’ terminal cDNA fragment was modified such that
the 3/ end of the SARS-CoV-2 genome was followed by a stretch of 33 “A”s followed by
the unique restriction enzyme site Asc I. The inserts were amplified by PCR using a
Platinum SuperFi II mastermix (Thermo Fisher) and assembled into full-length SARS-
CoV-2 cDNA clones in the YAC vector pYESLI using a GeneArt " High-Order Genetic
Assembly System (A13285, Invitrogen ', Thermo Fisher) according to the manufactur-
er’s instructions. RNA transcripts produced from the YAC clones by transcription with
T7 polymerase were used to recover infectious virus. Two viruses were produced on
the Wuhan-Hu-1 background and had a D614G substitution in the spike protein and
differed at amino acid position 323 in NSP12 with either a P or L, these were termed
Wuhan/G614/P323 and Wuhan/G614/L323, respectively. Whole genome sequencing
confirmed the presence of these changes. Stocks of the viruses were cultured in Vero E6
cells in DMEM containing 2% FBS and 0.05mg/ml gentamicin and harvested 72 h post
inoculation. Virus stocks were aliquoted and stored at —80°C. All stocks were titred by
plaque assay on Vero E6 cells and pictures of the resulting plaques recorded.

Quantitative real-time PCR

RNA samples from ACE2-A549 infected cells were extracted using TRIzol, and gDNA
was removed using Turbo DNase (Invitrogen). Two hundred nanograms from each sam-
ple was converted to cDNA using LunaScript RT SuperMix kit (NEB) and diluted 1:4
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with DNase/RNase-free water. Gene expressions were measured using iTaq Universal
SYBR Green Supermix (Bio-Rad). Viral genome or subgenomic mRNA levels were nor-
malized to B-Actin using 2722¢T, Primer sequences and locations were used as previ-
ously described [47].

SDS polyacrylamide gel electrophoresis (SDS-PAGE)

ACE2-A549 infected cells were lysed with RIPA lysis buffer supplemented with a pro-
tease inhibitor cocktail. Ten micrograms of cell lysate was boiled in 4x sample buffer at
70°C for 10 min and separated by 10% SDS-PAGE for 1h at 150V. Proteins were trans-
ferred onto polyvinylidene difluoride (PVDF) membranes. The blots were blocked in 5%
non-fat milk in 0.1% 1x TBST. Primary antibodies were diluted in 5% non-fat milk in
0.1% 1x TBST and incubated overnight at 4°C. Primary antibodies were removed, and
blots were washed for 5 min with 0.1% 1x TBST 3 times each. Then, horseradish perox-
idase-conjugated secondary antibodies were diluted and incubated at room temperature
for 1h followed by three washes. Blots were developed using enhanced chemilumines-
ence (ECL) and imaged using a ChemiDoc touch gel imaging system (Bio-Rad).

Fitting an exponential growth model

For each subject, we extracted the mutational counts at site 323 per time point if the cov-
erage at the site was at least 100 reads. To estimate the selection coefficient of the 1323
mutation relative to the wild type state, P323, we fitted an exponential growth curve to
L323 count data over time with a generalized linear mixed-effects model (GLMM) with
log-link function using lme4 library [48] in R v 4.1.1 (https://www.R-project.org/). This
approach allows for inter-subject variability by modelling differences between subjects
as a random effect. Additionally, we excluded count data where coverage at the site was
below 100. The 95% confidence intervals were estimated using a bootstrapping approach
with the “confint” function from R “stats” library (https://www.R-project.org/). The pre-
dicted fits to the data were visualized using the “tidyverse” package [49].

Serial passage of SARS-CoV-2 Victoria/01/2020

SARS-CoV-2 Victoria/01/2020 was passaged three times in Vero/hSLAM cells prior to
receiving it. hACE2-A549 cells were then infected at an MOI of 0.01 and incubated for
72 h (Passage 4). Following this, 100ul was passaged to fresh cells and incubated at 37°C
for 1 h. After the incubation, media was topped up with DMEM containing 2% FBS and
0.05mg/ml gentamicin and incubated for 72 h (Passage 5). This process was repeated
until Passage 13 (a total of ten passages through hACE2-A549 cells).

Analysis of a subset of global sequences from July to September 2021

Sequences were obtained from the Short Read Archive (SRA) under accession num-
bers: ERR6343731, ERR6343734, ERR6343745, ERR6343747, ERR6343749, ERR6344225,
ERR6346453, ERR6346456, ERR6346459, ERR6758978, ERR6758981, ERR6759296,
ERR6761288, ERR6761458, ERR6761562, ERR6761570, ERR6761711, ERR6761986,
ERR6762387, ERR6762545, ERR6762546, ERR6825821, ERR6878898, ERR6879599,
ERR6879604, ERR6887797, ERR6887811, ERR6887812, ERR6887820, ERR6888048,
ERR6888063, ERR6888078, ERR6888265 ERR6888283, SRR16376487, SRR16376490,
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SRR16376491, SRR16376494, SRR16376495, SRR16376496, SRR16376497, SRR16376501,
SRR16376502, SRR16376505, SRR16376510, SRR16376515, SRR16376516, SRR16376522,
SRR16376523, SRR16376524, SRR16376526, SRR16376529, SRR16376530, SRR16376531,
SRR16376536, SRR16376540, SRR16376543, SRR16376544, SRR16376547, SRR16376551,
SRR16376552, SRR16376554, SRR16376557, SRR16376559, SRR16376573, SRR16376580,
SRR16376589, SRR16376599, SRR16376608, SRR16376613, SRR16376614, SRR16376648,
SRR16376678, SRR16376782, SRR16376802, SRR16376804, SRR16376807, SRR16376810,
SRR16376884, SRR16376904, SRR16376907, SRR16376912, SRR16376913, SRR16376914,
SRR16376916, SRR16376921, SRR16376922, SRR16376925, SRR16376927, SRR16376928,
SRR16376929, SRR16376932, SRR16376935, SRR16376939, SRR16376940, SRR16376941,
SRR16376943, SRR16376944, SRR16376946, SRR16376949, SRR16376951. All sequences
were ARTIC-Nanopore sequenced using the V3 primer scheme and downloaded as SRA
files. The SRA files were converted to FASTQ files using the SRA Toolkit v2.11.3 (https://
github.com/ncbi/sra-tools) command fastq-dump. The FASTQ files were processed through
the artic-ncov2019 v1.2.1 pipeline (https://artic.network/ncov-2019/ncov2019-bioinforma
tics-sop.html) and analyzed with DiversiTools as above.
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Additional file 1. Accession data used in the analysis presented in Fig. 2. This additional information consists of
sequencing data of SARS-CoV-2 from the UK and worldwide.
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