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Abstract: Within-host evolution plays a critical role in shaping the diversity of SARS-
CoV-2. However, understanding the primary factors contributing to the prevalence of
intra-host single nucleotide variants (iSNVs) in the viral population remains elusive. Here,
we conducted a comprehensive analysis of over 556,000 SARS-CoV-2 sequencing data
and prevalence data of different SARS-CoV-2 S protein amino acid mutations to elucidate
key factors influencing the prevalence of iSNVs in the SARS-CoV-2 S gene. Within-host
diversity analysis revealed the presence of mutational hotspots within the S gene, mainly
located in NTD, RBD, TM, and CT domains. Additionally, we generated a single amino
acid resolution selection status map of the S protein. We observed a significant variance
in within-host fitness among iSNVs in the S protein. The majority of iSNVs exhibited low
to no within-host fitness and displayed low alternate allele frequency (AAF), suggesting
that they will be eliminated due to the narrow transmission bottleneck of SARS-CoV-2.
Notably, iSNVs with moderate AAFs (0.06-0.12) were found to be more prevalent than
those with high AAFs. Furthermore, iSNVs with the potential to alter antigenicity were
more prevalent. These findings underscore the significance of within-host fitness and
antigenicity shift as two key factors influencing the prevalence of iSNVs in the SARS-CoV-2
S gene.
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1. Introduction

The continuous evolution of SARS-CoV-2 gives rise to new lineages that harbor
mutations capable of increasing viral fitness [1]. These mutations, particularly those
enhancing immune escape capabilities, pose great threats to human health [2,3]. Therefore,
it is crucial to understand the principles underlying the emergence of prevalent mutations
within the SARS-CoV-2 population.

The emergence of prevalent mutations can be delineated into four processes: the de
novo generation of intra-host single nucleotide variants (iISNVs), within-host evolution,
transmission, and population-level competition. Following the transmission of a homoge-
nous SARS-CoV-2 population into a new host, iSNVs are generated de novo within the
viral genome, resulting in a genetically heterogeneous viral population known as a quasis-
pecies [4]. The process of the de novo iSNV generation of SARS-CoV-2 is primarily domi-
nated by ROS and host-directed RNA-editing proteins, specifically the activation-induced
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cytidine deaminase/apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like
(AID/APOBEC) protein family and the adenosine deaminase acting on the RNA (ADAR)
protein family [5,6]. During the within-host evolution of the quasispecies, the proportions
of various subpopulations undergo different changes, leading to iSNVs with diverse alter-
nate allele frequencies (AAFs), some with high AAFs, and others with low AAFs [7-10].
When transmitted, iSNVs with higher AAFs are significantly more likely to be passed
on to new hosts [11]. After the transmission process, the transmitted iSNVs engage in
competition with prevalent mutations in the viral population [12-14]. Only through this
competition can they establish themselves as new prevalent mutations, exhibiting a high
proportion within the worldwide viral population.

Within these processes, it remains uncertain whether iSNVs with higher AAFs are more
likely to prevail in the viral population. Additionally, if this is not the case, the question
arises as to which types of iSNVs will become prevalent. In this study, we analyzed 556,843
SARS-CoV-2 sequencing datasets and 25,440 spike protein mutation prevalence records to
identify key factors influencing the fate of iSNVs in the S gene.

2. Materials and Methods

2.1. Sequencing Data and Genomics Data

The project PRJEB37886, available in the European Nucleotide Archive (ENA) (https:
//www.ebi.ac.uk/ena, accessed on 27 February 2024), is a SARS-CoV-2 sequencing data-
sharing project initiated by the COVID-19 Genomics UK (COG-UK) Consortium. As of 27
February 2024, it is the largest and most representative dataset of SARS-CoV-2 sequencing
data, comprising 2,686,705 records. Subsequently, we applied the following criteria to filter
the records to ensure the consistency and quality of the data:

1.  Excluded samples with multiple sequencing data records.

Samples collected between 2019 and 2022 were considered.

Only data sequenced on the Illumina NovaSeq 6000 platform were included.
Selected records with paired library layout.

SNSRI

Ensured that records have corresponding assembled genome sequences in GISAID
(https:/ /gisaid.org/).
6. Genomic sequences containing unknown or degenerate bases were filtered out.

The sequencing data (BAM format) were retrieved from ENA, and the genomic se-
quences were downloaded from GISAID.

2.2. Mutations Calling

For each sequencing data, the mutations and their alternate allele frequencies (AAFs)
were determined according to the following pipeline:

1.  Extracting reads mapping to the S gene (samtools view) [15].

Trimming primers (ivar trim) [16].

Calculating the depth at each position (samtools depth) [15].

Calling mutations (Freebayes -p 1 -4 -V -F 0.02 -C 5 --min-coverage 10) [17].
Calculate the AAF for each mutation based on the depth information in the VCF
format files.

SIS

As for the genomic sequence, each sequence was firstly aligned to the reference
SARS-CoV-2 S gene (NCBI, NC_045512.2:21563-25384) by MAFFT [18]. Subsequently, the
mutations of the S gene of each genomic sequence were detected using an in-house script.
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2.3. Filtration of the Mutations of Sequencing Data

Sequencing data with a depth no lower than 100 x at over 95% positions were included.
Subsequently, the mutations of the sequencing data were further filtered based on the
following criteria:

1.  Each mutational position must have a depth greater than 100x.
2. There should be a minimum of 5 reads supporting the mutation.
3. The AAF of the mutation must be greater than 3%.

4. Exclusion of highly shared sites (Table S1).

Following filtration, the identified mutations of each sample were further classified
into two types: single nucleotide variants (SNVs) and intra-host single nucleotide variants
(iSNVs). For a sample, SNVs were defined as mutations in the S gene of the corresponding
genomic sequence or mutations with AAFs greater than 50%. The remaining mutations of
the sample were defined as iSNVs. Subsequently, samples with more than 30 iSNVs were
excluded, resulting in the final dataset for this study, which consisted of 556,843 samples.
This study exclusively focused on the iSNVs in the S gene of the samples. iSNVs were
annotated using ANNOVAR [19].

2.4. Within-Host Selection Analysis

Within-host nucleotide diversity is estimated separately for non-synonymous (7ry) and
synonymous (7ts) iSNVs at each amino acid position of the S protein, with the exclusion
of the first amino acid position. In general, 7ty — 71 < 0 indicates negative selection;
iy — 1ts = 0 indicates neutral selection; and 71y — 7tg > 0 indicates positive selection.

The method used to calculate 71y and 775 was referred to in Ref. [20]. Briefly, we first
counted the number of synonymous and non-synonymous changes (T) for each codon in
the reference S gene. Subsequently, 715 and 7tg at each amino acid position were calculated
separately according to the following formula:

T
where A; is the number of reads supporting the iSNV at the i-th position of the codon; R; is
the number of reference reads at the position; D; is the total number of reads at the position;

and T is the total number of potential synonymous or non-synonymous substitutions at
the codon.

2.5. Prevalence Data

Prevalence data for every possible mutation at each amino acid position of the S
protein were obtained from outbreak.info on 10 October 2023 [21].

2.6. Important Epitope Regions of the S Protein

Serological analyses revealed that approximately 90% of the plasma or serum-
neutralizing antibody activity targets the spike receptor-binding domain (RBD) [22]. Addi-
tionally, there are several supersites in the N-terminal domain (NTD) playing a crucial role
in antigenicity [23]. For the downstream analysis, we gathered the significant epitopes of
the S protein [23,24], and the sites are listed in Table S2.

3. Results
3.1. Within-Host Diversity of the SARS-CoV-2 S Gene

Given that the process of mutation creates a genetic variation that fuels evolution, we
first aimed to investigate the within-host diversity of the SARS-CoV-2 S gene. To ensure a
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high-confident dataset of iSNVs, we applied stringent filtration criteria to both samples
and iSNVs (see Section 2). The ultimate dataset consisted of 556,843 samples and a total of
500,441 iSNVs in the S gene.

Overall, most of the samples did not exhibit any iSNVs in the S gene. Only approxi-
mately 30% (166,843/556,843) of the samples carried at least 1 iSNV in the S gene, mostly
fewer than 5 iSNVs, with an average of 0.90 iSNVs per sample (IQR: 0.0-1.0) (Figure 1a),
indicating a low within-host diversity of the SARS-CoV-2 S gene. However, given the
extensive infected human population, even low within-host diversity can still contribute to
a substantial mutation pool for further evolution or adaptation to humans. Regarding their
AAFs, the majority of the iSNVs exhibited low values (less than 0.1), with a predominant
distribution between 0.03 and 0.04 (Figure 1b). This suggests that most iSNVs did not
confer a higher within-host fitness advantage to the viral subpopulation compared to their
corresponding raw infected viral population.
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Figure 1. Within-host diversity of the SARS-CoV-2 S gene. (a) Distribution of the number of iSNVs
detected per sample. (b) Distribution of alternate allele frequencies (AAFs) for all iSN'Vs. (c) The outer
panel presents the distribution of mutation occurrences across each genome position, while the inner
panel focuses on positions with fewer than 200 mutations, sharing the same axis labels. (d) Number
of mutations at various positions along the S gene, with key S protein domains highlighted. NTD,
amino-terminal domain; RBD, receptor-binding domain; FP, fusion peptide; HR1, heptad repeat 1;
HR2, heptad repeat 2; TM, transmembrane anchor; CT, cytoplasmic tail.

We next explored the concurrence of iSNVs, which refers to the mutation times at
specific positions. The data revealed that 7% (269/3822, including the 81 masked sites
(Table S1)) of the positions of the S gene did not undergo any mutations, while the majority
of the positions (3059/3822, 80%) mutated fewer than 100 but at least 1 time in the dataset
(Figure 1c). As for the distribution of the iSNVs, they were unevenly distributed across the
S gene and displayed some mutational hotspots, particularly in some regions of the NTD,
RBD, TM, and CT domains, implying a role of biased RNA-editing or selection across the S
gene (Figure 1d).

3.2. The Mutational Patterns of iSNVs and Population-Level Mutations in the S Gene Exhibit a
Moderate Degree of Similarity

To investigate the similarity between iSNVs and population-level mutations in the S
gene, we compared their mutational patterns at each amino acid position. We computed
the mutational proportion to different amino acids at each amino acid position of the S
protein and illustrated the mutational patterns at both within-host and population levels
(Figure 2a,b). The iSNVs and population-level mutations exhibited similar mutational



Viruses 2025, 17, 362 50f12

patterns, with a significant correlation almost approaching 0.6 (p < 0.001) (Figure 2a—c).
Considering that mutations in the viral population originally came from iSNVs, it was
reasonable to identify key factors that may contribute to the prevalence of iSNVs.
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Figure 2. Mutational heatmap of iSNVs and population-level mutations. (a) Mutational heatmap of
iSNVs, where each column represents an amino acid position. We counted the occurrences of the 20
possible amino acid mutations and calculated their respective proportions. (b) Mutational heatmap
of population-level mutations, calculated similarly to the iSNV heatmap but using population-level
mutation data. (c) Correlation of mutational proportions between iSNVs and population-level
mutations for different amino acids at each amino acid position.

We also observed interesting mutational patterns at both within-host and population
levels (Figure 2a,b). Firstly, iSNVs exhibited a broader mutational space, tending to undergo
as many diverse amino acid mutations as possible at each position (Figure 2a). However,
the population-level mutations showed a much narrower mutational space (Figure 2b).
This could be a result of the narrow transmission bottleneck of SARS-CoV-2, as those iSNVs
that do not confer a significant within-host fitness advantage are hard to transmit into the
viral population [11]. Furthermore, the mutational direction also showed some inclination.
For most amino acid positions, mutations predominantly occurred towards L, V, 1, S, F, and
T, while they less frequently mutated to Q, E, M, and W (Figure 2a,b).

3.3. Selection Status at Each Amino Acid Position of the S Protein

It is widely accepted that mutations under positive selection are more advantageous.
Therefore, we characterized the selection status at each amino acid position (excluding the
first amino acid of the S protein) of the SARS-CoV-2 S protein. The S protein, consisting
of 1273 amino acids, had 612 amino acid positions under neutral selection, 395 under
positive selection, and 264 under negative selection (Figure 3a). The selection status of the
973rd amino acid position was unrecognized due to a lack of iSNV data at this position.
Consistent with the distribution of iSNVs, positions under neutral, positive, and negative
selection were also spread throughout the entire S protein, exhibiting certain hotspots
(Figure 3b). The hotspots for positive selection were mainly located in the NTD, RBD, TM,
and CT domains (Figure 3b). We identified the top 10 amino acid positions exhibiting
the strongest positive/negative selection based on the value of my — 75 (Figure 3b). Of
the 10 amino acid positions under positive selection, 6 (318, 327, 352, 394, 430, and 464)
were in the RBD. However, only 2 out of the 10 positions under negative selection were
in the RBD (Figure 3b). These observations suggest that SARS-CoV-2 continuously seeks
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to accumulate advantageous mutations in the RBD of the S protein due to the adaptive
evolution to humans.

Neutral Positive Negative

612
600 -

400 4

200 -

0——T—T—|7 T

395

1216
64 750 1248

L2 b | i i T —wee=rT ll "" 'l\ | “I"'”'l' Laull 5 (e I’Iy ML i | “ ‘ Ll \'H"'l"""| [\'
235 375 479 l ihs
264 o 58 1

£ -0.002 4 26
7
~0.004
NTD RBD FP HRI 1019 HR2TMCT
T T

T T

352
) a0,

T T
Neutral Positive Negative 0 200 400 600 800 1000 1200

Amino acid position

Figure 3. Selection status at each amino acid position of the S protein. (a) The number of amino acid
positions under different selection statuses. (b) The selection status at each amino acid position across
the S protein.

3.4. Association Analysis Between Factors and Prevalence of Non-Synonymous iSNVs

Given the moderate degree of similarity in mutational patterns between iSNVs and
population-level mutations, we aimed to identify factors that contribute most to the preva-
lence of non-synonymous iSNVs in the S gene. It is widely acknowledged that mutations
subject to positive selection are more likely to confer a fitness advantage. Therefore, we first
focused on examining the correlation between the values of 7ty — 7t for iSNVs and their
prevalence within the viral population. Despite not discovering any significant correlation
between the my — 75 values and prevalence, we did observe a notable difference in the
prevalence of iSNVs under positive selection compared to those under neutral or negative
selection (Figure 4a,b). Specifically, iSNVs under positive selection exhibited a significantly
higher prevalence (Figure 4b). Moreover, there was no discernible difference in prevalence
between iSNVs under neutral and negative selection (Figure 4b).

A previous study suggested that recurrent iSNVs are more likely to become preva-
lent [25,26]. However, our data did not reveal any significant correlation between the
mutation frequency of iSNVs and their prevalence (Figure 4c). Additionally, many iSNVs
with the highest mutation frequencies exhibited relatively low or moderate prevalence
(Figure 4c). Therefore, recurrent iSNVs suggest that the corresponding positions are mu-
tational hotspots [10], but this does not mean that they will exhibit a greater likelihood
of prevalence.

A notable characteristic of VOC strains is their accumulation of mutations in the S
protein that enhance immune escape capabilities [2,27-29]. Consequently, we hypothesized
that iSN'Vs with the potential to alter the antigenicity of the S protein, allowing the virus to
evade antibodies elicited by prior infections and/or vaccinations, are more likely to become
prevalent. We collected known important epitope regions of the S protein, a total of 116 sites,
and categorized iSNVs into two classes: iISNVs located within these regions (InEpitopes)
and iSNVs outside of these regions (OutEpitopes) (Table S2) [23,24]. As anticipated, our
observations revealed that iSNVs within important epitope regions exhibited a significantly
higher prevalence compared to those outside of these regions (Figure 4d). This finding
suggests that iSNVs within important epitope regions are much more likely to enhance
immune escape abilities and confer a growth advantage to the variants.

The alternate allele frequency (AAF) of an iSNV represents the proportion of the
viral subpopulation carrying the iSNV and can be considered as a metric of within-host
fitness of the iSNV relative to their ancestral variants within the quasispecies. It has been
demonstrated that iSNVs with higher AAFs are more likely to transmit [11]. However, the
following question arises: does a higher AAF also imply a greater likelihood of prevalence?
To explore this, we investigated the relationship between AAF and prevalence. Our analysis
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revealed a significant positive correlation between the prevalence of iSNVs and their AAFs
(the blue line, r = 0.29, p < 0.001, Figure 4e). We further smoothed the curve as AAFs
increased (Figure 4e, the black line) and observed that iSNVs with moderate AAFs were
likely to exhibit higher prevalence. Consequently, we classified iSNVs into three groups
based on their AAFs: iSNVs with AAFs lower than 0.06 (low), iSNVs with AAFs between
0.06 and 0.12 (middle), and iSNVs with AAFs greater than 0.12 (high). The prevalence of
iSNVs in the middle group was significantly higher than those in the low and high groups
(Figure 4f). Additionally, the prevalence of iSNVs in the high group was notably higher
than that in the low group (Figure 4f). These results suggest that the within-host fitness of
iSNVs contributes to their prevalence, and iSNVs with moderate within-host fitness, rather
than high within-host fitness, are more likely to be prevalent.
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Figure 4. Association analysis between factors and the prevalence of non-synonymous iSNV. Associa-
tion analysis between the 7ty — 7t values (a), selection statuses (b), mutation frequency (c), location
(d), AAFs (e), and AAF groups (f) of iSNVs and their prevalence. “***” indicates a p-value less than
0.001, signifying statistical significance, “ns” indicates no statistical significance.

In summary, three factors, selection status, antigenicity shift, and within-host fitness,
are potential contributors to the prevalence of non-synonymous iSNVs in the S gene.

3.5. Key Factors Influencing the Prevalence of Non-Synonymous iSNVs in the S Gene

Above, we found that selection status, antigenicity shift, and within-host fitness may
contribute to the prevalence of iSNVs. The analysis of variance (ANOVA) revealed that all
three factors had a statistically significant influence on prevalence (Table S3). The multiple
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linear regression analysis demonstrated that various factors contribute differently to the
prevalence of iSNVs. Among the three factors, within-host fitness exhibited the greatest
contribution, followed by antigenicity shift, while selection status had the least impact.
Furthermore, compared to the other two factors, selection status displayed one order of
magnitude lower influence on the prevalence of iSNVs. Consequently, within-host fitness
and antigenicity shift are the two most important factors.

Considering that iSNVs with moderate within-host fitness exhibited the greatest preva-
lence and iSNVs within important epitope regions showed higher prevalence than those
outside of these regions, we classified non-synonymous iSNVs in the S gene into four
groups based on whether they have moderate within-host fitness and whether they are in
important epitope regions. Our observations revealed that iSNVs with moderate within-
host fitness and located in important epitope regions exhibited much higher prevalence
than iSNVs in any other groups (Figure 5A). In contrast, iSNVs that lacked both moder-
ate within-host fitness and presence in important epitope regions displayed the lowest
prevalence (Figure 5A). This result indicates that iSNVs with the features of moderate
within-host fitness and located in important epitope regions have the most potential to
become prevalent.
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Position Mutation Selection status #Sequence Location I.mpac!.on .amibody
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18 LI1SF Positive 258,578 NTD Reduce
19 T191 Positive 5,343,780 NTD Reduce
19 TI9R Positive 4419134 NTD -
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157 FIS7L Neutral 192,748 NTD -
252 G252V Positive 488,694 NTD -
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417 K417N Positive 6,790,868 RBD Reduce
440 N440K Negative 6,670,941 RBD Reduce
444 K444T Neutral 456,132 RBD Reduce
446 G446 Positive 2559372 RBD Reduce
452 LAS2R Neutral 6,837,949 RBD Reduce
478 T478K Positive 11,760,457 RBD Reduce
484 EAS4A Positive 7450208 RBD Reduce
484 EAS4K Positive 261,955 RBD Reduce
493 Q493R Positive 4288938 RBD Reduce
498 Q498R Positive 7,320,550 RBD Reduce
501 N501Y Positive 8,703,360 RBD Reduce
505 Y50SH Neutral 7337.541 RBD Reduce

Figure 5. Key factors influencing the prevalence of iSNVs. (A) Differences in prevalence between
different iSNV groups. “+” represents iSNVs with moderate within-host fitness or located in signifi-
cant epitope regions; “—" represents iSNVs without moderate within-host fitness or located out of
significant epitope regions. (B) The top 20 iSNVs exhibiting the highest prevalence and their impact
on antibody binding. “***” indicates a p-value less than 0.001 signifying statistical significance.
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We then conducted a detailed examination of iSNVs exhibiting moderate within-host
fitness and located in important epitope regions of the S protein, including 254 distinct
non-synonymous mutations occurring at 102 amino acid positions. Most of these positions
exhibited one to four unique amino acid mutations, while only three positions (the 261st,
483rd, and 484th amino acid positions) showed more than four amino acid mutations
(Table S4). Among the 254 iSNVs, 149 were subjected to positive selection, 72 to neutral
selection, and only 33 to negative selection (Table S4). F1571 had the lowest prevalence,
appearing in only 5 genome sequences, whereas T478K had the highest prevalence, ap-
pearing in 11,760,457 genome sequences. Additionally, 49 iSNVs each appeared in at least
10,000 genome sequences (Table S4). We listed the top 20 iSNVs with the highest prevalence
(Figure 5B). Among these 20 iSNVs, 7 were in the NTD, while the remaining 13 were in
the RBD (Figure 5B). NTD iSNVs L18F and T19I were shown to reduce neutralization by
NTD-targeted antibodies (Figure 5B) [30,31], while all the RBD iSNVs were associated with
decreased neutralization by antibodies, thereby enhancing the immune escape ability of
SARS-CoV-2 (Figure 5B) [31-38].

4. Discussion

In the present study, we conducted a systematic analysis of the within-host diversity
of the SARS-CoV-2 S gene and generated a single amino acid resolution selection status
map of the S protein. Additionally, we investigated several factors that may influence the
prevalence of non-synonymous iSNVs in the S gene. Our findings indicate that within-host
fitness and antigenicity shift are two key factors that largely influence whether an iSNV
will become prevalent or not.

To achieve widespread prevalence, new variants must effectively evade infection-
induced and vaccine-elicited neutralizing antibodies, especially in the era of the circulation
of the Omicron variant and its descendant lineages [33,39—42]. We previously revealed that
a considerable proportion of non-synonymous iSNVs in the S gene can alter the antigenic
features of the S protein [43]. In the present study, we observed that iSNVs located in
important epitope regions of the S protein are much more likely to become prevalent
(Figure 4d). These iSNVs have the potential to alter the antigenicity of the S protein, thus
enhancing the capability of immune escape, which provides the variants with a growth
advantage within the viral population.

We also observed that most amino acid positions of the S protein were under neutral
or positive selection in terms of iSNVs (Figure 3), which is consistent with the findings
that positive selection occurs on the iSNVs of the S gene [44]. These observations together
indicate a within-host fitness selection acting on iSNVs. The AAFs of iSNVs show a wide
distribution range, indicating a significant variance in within-host fitness among iSNVs
(Figures 1b and 4e). Moreover, the presence of a considerable number of iSNVs with
relatively low AAFs suggests that many iSNVs confer a minimal to no within-host fitness
advantage (Figures 1b and 4e). Almost all these iSNVs will be eliminated due to the narrow
transmission bottleneck of SARS-CoV-2 [11].

Studies on the transmission of iSNVs have demonstrated that those with higher
AAFs are more likely to transmit [11]. Intuitively, one might expect these types of iSNVs,
as well as recurrent iSNVs, to be more likely to become prevalent because of a higher
likelihood of transmission. However, our data do not support this intuition (Figure 4c,e,f).
Instead, iSNVs with middle AAFs showed a greater likelihood of becoming prevalent in
the viral population compared to iSNVs with a high AAF (Figure 4f). This discrepancy
indicates a different selection process acting on the within-host level and interhost-level
evolution, and the selective pressure on the two evolution stages seems to be antagonistic
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to some extent [44,45]. This can explain why iSNVs with high AAFs are less likely to
become prevalent.

Taken together, we can conclude that for an iSNV to become prevalent, it should
possess two key features. First, it should confer some within-host fitness advantage,
ensuring that the AAF of the iSNV increases to a transmissible frequency. Second, it should
be capable of altering antigenicity to enhance the immune escape ability of the variant, thus
conferring a growth advantage when competing with other circulating variants in the viral
population. Due to the antagonistic nature of selective pressure between the two evolution
stages, iISNVs exhibiting a growth advantage in the viral population do not necessarily
confer a high within-host fitness. This possibly explains why highly prevalent iSNVs were
clustered in the middle AAF group.

In conclusion, iSNVs with a high AAF do not guarantee prevalence in the viral
population, and iISNVs with a middle AAF are more prevalent. Within-host fitness and
antigenicity shift are key factors influencing the prevalence of iSNVs.

Supplementary Materials: The following supporting information can be downloaded at: https:
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ferent factors; Table S4. The list of iSNVs with moderate within-host fitness and capable of chan-
ging antigenicity.
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