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ABSTRACT The global evolution of SARS-CoV-2 depends in part upon the evolution­
ary dynamics within individual hosts with varying immune histories. To characterize 
the within-host evolution of acute SARS-CoV-2 infection, we sequenced saliva and 
nasal samples collected daily from vaccinated and unvaccinated individuals early 
during infection. We show that longitudinal sampling facilitates high-confidence genetic 
variant detection and reveals evolutionary dynamics missed by less-frequent sampling 
strategies. Within-host dynamics in both unvaccinated and vaccinated individuals 
appeared largely stochastic; however, in rare cases, minor genetic variants emerged to 
frequencies sufficient for forward transmission. Finally, we detected significant genetic 
compartmentalization of viral variants between saliva and nasal swab sample sites in 
many individuals. Altogether, these data provide a high-resolution profile of within-host 
SARS-CoV-2 evolutionary dynamics.

IMPORTANCE We detail the within-host evolutionary dynamics of SARS-CoV-2 during 
acute infection in 31 individuals using daily longitudinal sampling. We characterized 
patterns of mutational accumulation for unvaccinated and vaccinated individuals, 
and observed that temporal variant dynamics in both groups were largely stochas­
tic. Comparison of paired nasal and saliva samples also revealed significant genetic 
compartmentalization between tissue environments in multiple individuals. Our results 
demonstrate how selection, genetic drift, and spatial compartmentalization all play 
important roles in shaping the within-host evolution of SARS-CoV-2 populations during 
acute infection.
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T he large-scale sequencing and phylogenetic analyses of clinical samples during the 
SARS-CoV-2 pandemic captured the global evolutionary dynamics of the virus with 

unprecedented speed and resolution. However, our understanding of viral evolutionary 
dynamics within individual infected hosts remains limited. Most studies of SARS-CoV-2 
within-host evolution have focused on chronic infections of immunocompromised 
individuals, as these patients are more amenable to repeated, longitudinal sampling. 
It has been hypothesized that chronic infections promote the emergence of novel viral 
variants by providing a combination of prolonged time for replication and relatively 
weak immune selection that promotes the emergence of variants with increased fitness 
to high frequency within the host (1–3). Persistent replication within immunocompro­
mised individuals treated with convalescent sera or therapeutic monoclonal antibodies 
has also been identified as a potential source of antigenically novel variants (4–6).

Previous studies of SARS-CoV-2 within-host evolutionary dynamics during acute 
infection of immunocompetent hosts detected low within-host diversity in SARS-CoV-2 
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populations, with most specimens containing 15 or fewer intra-host single-nucleotide 
variants (iSNVs) (7–10). Studies of household transmission reaffirm that within-host 
diversity is low and that iSNVs are rarely transmitted between members of a household 
(7, 8, 10). Altogether, these data suggest that acute infections typically exhibit low overall 
levels of within-host genetic diversity and that the selection-driven emergence of iSNVs 
to high frequency during acute infection is likely rare. However, our understanding of 
within-host evolutionary dynamics has been hampered by the absence of high-resolu­
tion time course data within individuals.

The extent to which pre-existing immunity, elicited either through vaccination and/or 
prior infection, influences the within-host evolution of SARS-CoV-2 is poorly understood. 
As vaccine-breakthrough infections have become common, it remains unclear whether 
conditions of partial immunity may create an evolutionary sandbox where moderate 
immune selection in the absence of rapid clearance can drive the emergence of 
immune-escape variants (11, 12). Thus, it is important to characterize the extent of 
immune selection and potential for escape variant emergence during infections of 
immune-competent individuals at differing stages of vaccination.

To characterize viral evolutionary dynamics during acute SARS-CoV-2 infection, we 
sequenced longitudinal nasal swab and saliva samples collected from 31 students, 
faculty, and staff at the University of Illinois at Urbana-Champaign enrolled during the 
early stages of infection through an on-campus screening program in late 2020 and 
early 2021 (13). This cohort included 20 unvaccinated individuals with no known prior 
infection and 11 individuals with some degree of presumed pre-existing immunity to 
SARS-CoV-2 resulting from vaccination. By taking repeated measures of iSNV frequen­
cies from two sample sites (mid-turbinate nasal swab and saliva) within individuals, 
we were able to generate high-resolution profiles of iSNV dynamics between tissue 
compartments and across time. Our results demonstrate that selection, genetic drift, 
and spatial compartmentalization all play important roles in shaping the within-host 
evolution of SARS-CoV-2 populations.

RESULTS

Sample collection

During the 2020–2021 school year, all students, faculty, and staff on the University of 
Illinois at Urbana-Champaign campus were required to undergo saliva-based PCR testing 
for SARS-CoV-2 at least twice a week (13). We enrolled individuals who were either (i) 
within 24 hours of their first positive test result or (ii) within 5 days of exposure to 
someone else who tested positive. Daily saliva samples and nasal swabs were collected 
from each enrolled participant for up to 14 days. Sample collection for individuals 
included in this study spanned from December 2020 to April 2021, a period which 
captures the early spread of the alpha and gamma variants in the United States. Viral 
lineages for each sample are reported at github.com/BROOKELAB/SARS-CoV-2-within-
host-evolution (14).

The cohort of enrolled individuals was predominantly young, with a median age of 22 
and an age range of 18–59. The cohort consisted of 17 male and 14 female participants, 
and the majority of participants were non-Hispanic white. Details on the dynamics of 
viral shedding in this cohort have been published previously (15–17). Each participant 
self-reported vaccination and prior infection status.

Optimization and validation of saliva sample sequencing protocol

The saliva-based reverse transcription quantitative PCR (RTqPCR) assay used in this study 
involves a 30-minute treatment at 95°C which partially degrades the viral RNA present 
in the sample and could potentially compromise sequencing quality (13). To address 
this concern and determine whether saliva cycle threshold (Ct) values are predictive of 
sequencing data quality, we examined sequencing depth across samples with a range 
of Ct values. Over a set of 10 samples that spanned a Ct range of 21.6 to 34.3, we 
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observed a clear negative correlation between N gene Ct value and coverage depth 
(Pearson correlation, r = −0.702, P = 0.02359) (Fig. 1A). For Ct values below 28, we 
generally obtained average per-nucleotide read depths of over >10,000 reads, indicating 
that high-quality sequence data can be obtained from heat-treated samples.

We next evaluated the relationship between sample Ct and the reliability of iSNV 
detection in saliva samples. We generated control samples in which RNA isolated from 
a B.1.1.7 (alpha) lineage sample was spiked into a B.1.2 lineage sample at defined 
frequencies of 50%, 10%, 5%, 2%, and 1%. We normalized both B.1.1.7 and B.1.2 samples 
to Ct values of 23.6, 26, or 28 based on Ct values collected prior to mixing. Spike-ins were 
then divided into replicate samples and deep sequenced. We compared the measured 
frequencies of the 17 characteristic B.1.1.7 single nucleotide polymorphisms (SNPs) and 
indels between technical replicates (Fig. 1B) and found that overall correlation between 

FIG 1 Relationship between saliva sample Ct values and sequence quality. (A) Linear regression between Ct values of nucleocapsid (N) gene and mean sequence 

coverage depth. Error bars represent standard deviation. (B) Frequencies of characteristic B.1.1.7 SNPs at Ct values of 23.6, 26, and 28. B.1.1.7 RNA was spiked 

into B.1.2 RNA at final percentages ranging from 1% to 50% and divided between two replicates (R1 and R2). (C) Relationship between Ct of the SARS-CoV-2 

nucleocapsid (N) gene and total iSNV count of the associated sample (Poisson regression, regression coefficient = 0.321, P < 0.001).
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technical replicates across groups was stronger in samples with a Ct of 23.6 (Pearson 
correlation, r = 0.996, P < 0.001) or 26 (Pearson correlation, r = 0.992, P < 0.001) than 
in samples with a Ct of 28; however, the correlation between the Ct = 28 samples was 
still high (Pearson correlation, r = 0.967, P < 0.001). Across the entire cohort, the number 
of iSNVs per sample was correlated with the Ct value of the sample (Poisson regression, 
reg. coef. = 0.321, P < 0.001), further demonstrating that high Ct values can contribute 
to noise in iSNV detection (Fig. 1C). Based on these results, we used a Ct cutoff or a cycle 
number (CN) cutoff of <28 in downstream analyses.

To determine a suitable frequency threshold for iSNV detection, we compared 
frequencies of non-B.1.1.7 iSNVs between technical replicates, using a pooled data set 
consisting of all spike-in dilutions and all Ct values (Fig. S1). We found that the number of 
iSNVs present in one replicate but absent in the other (suggestive of base-calling error) 
declined sharply at an iSNV-calling threshold of 0.03. Therefore, we selected a frequency 
threshold of 0.03 for initial variant calling.

Identification of “shared” iSNVs

We selected 20 unvaccinated participants who each had multiple saliva samples with 
Ct <28 spanning several days for further study. We also selected 11 study participants 
who were vaccinated (fully or partially; definitions in Materials and Methods) and had 
at least one saliva sample with Ct <30. We chose a higher Ct threshold for vaccinated 
participants because Ct values were overall higher in this group (unvaccinated mean 
= 23.8, vaccinated mean = 25.1, Welch two-sample t-test, P = 0.0111) (16, 17). One 
limitation of this study is that we were unable to empirically measure immune responses 
in these participants.

We next focused our analysis on iSNVs that appeared within the same individual 
across multiple samples (“shared iSNVs”). As we expect most sequencing artifacts to be 
randomly distributed, false variant calls are unlikely to arise in the same genomic site 
across multiple days. This approach is analogous to the sequencing of paired techni­
cal replicates which is commonly used to eliminate false-positive iSNV calls for single 
samples when repeated sampling is not possible. In our unvaccinated cohort, we also 
further restricted the pool of shared iSNVs to include only the iSNVs that were present 
in multiple samples with Ct <26. Because of the small size and higher average Ct values 
of our vaccinated cohort, we did not impose the same Ct <26 threshold on vaccinee 
samples during shared variant calling.

To assess whether variation in Ct values among the samples affected the confidence 
of variant calling for shared iSNVs, we examined the relationship between Ct values 
and shared iSNV counts in unvaccinated individuals. We observed significant but minor 
correlations between Ct and shared iSNVs in saliva samples at Ct thresholds of 26 and 24 
(Fig. S2A and B). However, due to the minimal association between these variables and 
our observation that stricter Ct cutoffs did not necessarily reduce the association (the 
highest significant comparison was observed at a threshold of Ct <23, and a threshold of 
Ct <28 yielded no correlation), we determined that the link between Ct and shared iSNVs 
was unlikely to greatly impact the integrity of the unvaccinated saliva sample data set. 
We observed a minor negative correlation between shared iSNVs and Ct in our vaccinee 
data set (reg. coef. = −0.0608, P = 0.00919) (Fig. S2C) and no correlation between shared 
iSNVs and CN values in our nasal sample data set (Fig. S2D).

Because samples were sequenced across multiple runs, we also ran controls to affirm 
that there was no significant variation in shared iSNV calling between sequencing runs. 

TABLE 1 Between-run shared iSNV frequencies within a single individual

SNP Day RUN1 RUN2

C20178T 1 0.077232 0.056249
T9481C 3 0.052526 0.054462
C20178T 3 0.157866 0.129242
T9481C 5 0.161942 0.150735
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We re-sequenced samples collected from a single participant (444332) across multiple 
days (allowing us to identify shared iSNVs for both sequencing runs) and observed that 
shared iSNV frequencies were strongly correlated between runs (Pearson correlation, r = 
0.975, P = 0.0246) (Table 1).

To further account for the role of viral genome load in influencing sequencing fidelity, 
we re-sequenced samples from various participants, with a range of Ct values from 21.34 
to 27.94. Since these samples represented single time points from different participants, 
shared iSNVs could not be detected from the re-sequenced data alone—therefore, we 
limited the data set to mutations that had been called as shared iSNVs in the original run. 
We found that shared iSNV frequencies were highly correlated between runs (Pearson 
correlation, r = 0.999, P < 0.001) (Table 2).

To account for inconsistencies in iSNV frequency reporting originating from variability 
in template sampling during sequencing, we calculated standard error for iSNV 
frequency over a range of genome loads and frequencies of detection. We used Ct 
(saliva samples) or CN (nasal samples) values to estimate the viral genome load for 
each sample, as described in Ke et al. (16), and then calculated expected error for iSNVs 
from frequencies of 0.0–1.0, using a range of Ct or CN values spanning 22–30 (Fig. 
S3). We found that the expected error estimations were low in both saliva and nasal 
samples (although about one order of magnitude higher in nasal samples). For instance, 
at a Ct threshold of 28, the expected error in frequency estimation is ≤0.00618 [a 95% 
confidence interval (CI) of ±0.0121], and at a CN threshold of 28, the expected error 
is ≤0.0334 (a 95% confidence interval of ±0.0655).

Analysis of within-host diversity

We next examined the diversity within and between individual saliva samples, focusing 
on iSNVs and short insertions/deletions (indels) present at frequencies between 3% 
and 97%, with coverage depths of >1,000 reads. To further minimize the potential for 
false-positive variant calling, we filtered our data set to remove common sequencing 
artifacts that have previously been described (18), as well as iSNVs that appeared across 
multiple different individuals within a cohort but were not associated with circulating 
viral variants present in our cohort.

The numbers of iSNVs that fit these criteria varied substantially between samples, 
generally spanning several orders of magnitude at different points during infection 
(Fig. 2A and B). However, when limiting our analyses to shared iSNVs only, the num­
bers of shared iSNVs were similar between participants—averaging 2.35 shared iSNVs 
per individual, which aligns with previous assessments that within-host diversity is 
low during acute infection (7–9, 19). Shared iSNV counts were lower in unvaccinated 
participants than within the vaccinated cohort, with average variant counts of 1.33 and 

TABLE 2 Between-run shared iSNV frequencies across a range of Ct values

Participant Day Ct SNP RUN1 RUN2

432870 1 21.34 A9085G 0.998796 0.999204
432870 1 21.34 C11956T 0.999562 0.999367
432870 1 21.34 C12623T 0.0147206 0.0109745
432870 1 21.34 C14805T 0.999796 0.999094
432870 1 21.34 A18424G 0.999593 0.999763
432870 1 21.34 C21304T 0.999543 0.999251
432870 1 21.34 G24933T 0.10782 0.0896666
432870 1 21.34 C28869T 0.997505 0.9992
444332 2 23.93 T4183C 0.999438 0.9989
444332 2 23.93 G25907T 1 0.999919
449650 1 24.9 C11572T 0.9985 1
449650 1 24.9 G25500A 0.999697 0.999744
435786 3 25.8 C5416T 0.289822 0.331139
435805 9 27.94 A23583T 1 1
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5.95, respectively (fixed-effect Poisson model, P < 0.001) (Fig. 2A and B). However, the 
higher observed iSNV counts among vaccinees may be attributable to the less stringent 
Ct and sample coverage filtering applied to the data set as well as the small size of the 
vaccinated cohort.

We then examined the accumulation of iSNVs over the course of time (we did not 
restrict the analysis to only shared iSNVs, to avoid violating assumptions of independ­
ence between data points). We found only minor correlations between iSNV counts 
and date of sampling in unvaccinated individuals (reg. coef. = 0.117, P < 0.001) and 
vaccinated individuals (reg. coef. = 0.0546, P < 0.001) (Fig. 2C and D), and this effect 
may be due in part to increasing Ct values as infections wane. These data indicate 
similar overall levels of within-host diversity and mutational accumulation over time in 
unvaccinated and vaccinated individuals.

To test whether mutations accumulated at different sites in unvaccinated versus 
vaccinated individuals, we then plotted the genomic positions of shared iSNVs for each 
cohort (Fig. 3A and B).

For our vaccinated cohort, since three participants only had a single sample timepoint 
and three others had no shared iSNVs, we excluded six individuals from this analysis. 
To test whether shared iSNVs were unevenly distributed along the viral genome, we 
used a sliding genomic window of 100 nucleotides to determine the average number 
of shared iSNVs per 100 nt. We then searched for windows where iSNVs were signifi-
cantly enriched, relative to what would be expected given a Poisson distribution. There 
were no significant hotspots of mutation in either the unvaccinated or the vaccinated 

FIG 2 Intra-host single nucleotide variant (iSNV) diversity compared between samples and individuals. (A) Total iSNV counts for each sample from each 

unvaccinated participant. Light gray boxes indicate total discrete iSNV count for all samples, and horizontal black lines indicate number of shared iSNVs for each 

participant. (B) iSNV counts for vaccinated participants. (C) iSNV counts for individual samples from unvaccinated participants as a function of number of days 

post enrollment (Poisson regression, reg. coef. = 0.117, P < 0.001). (D) iSNV counts for individual samples from vaccinated participants as a function of number of 

days post enrollment (Poisson regression, reg. coef. = 0.0546, P < 0.001).
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data set (Fig. 3C and D). We did note that shared iSNVs in the nucleocapsid (N) gene 
appeared enriched in vaccinated participants compared to unvaccinated individuals—
they made up 20.3% of shared variants in vaccinees but only 6.82% of shared variants 
in unvaccinated participants (Fisher’s exact test, P = 0.0592). However, this enrichment 
was not statistically significant and was largely driven by samples from one vaccinated 
individual (471876), who had 10 shared iSNVs in the N gene. While there appear to be 
certain differences in the genome-wide pattern of mutation accumulation of between 
vaccinated versus unvaccinated individuals, these differences may be driven by random 
variation rather than the effects of distinct evolutionary pressures.

Compartmentalization between tissue environments

Previous studies revealed that SARS-CoV-2 replication dynamics can be highly discordant 
between saliva and nasal swab samples, suggesting strong compartmentalization of 
virus between different anatomical sites (16, 17, 20, 21). To directly evaluate the extent 
of compartmentalization between nasal and saliva-associated tissue sites, we compared 
iSNV frequencies between paired saliva and nasal swab samples collected over the 

FIG 3 Locations of shared iSNVs across the SARS-CoV-2 genome. Genome locations of shared iSNVs detected in unvaccinated (A) and vaccinated (B) participants. 

Number of dots at a locus indicates number of participants in which the shared iSNV was detected. Light gray dots indicate synonymous mutations, dark gray 

dots indicate nonsynonymous mutations, and white dots indicate UTR mutations. (C) Log(P-values) for shared iSNV counts within 100-nt genomic windows, 

based on a Poisson distribution derived from the average shared iSNV count for all genomic windows. Plot shows shared iSNV counts in unvaccinated individuals. 

Dashed line marks significance threshold of 1.68e-06. (D) Log(P-values) for shared iSNV counts within 100-nt genomic windows, in vaccinated individuals.
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course of infection in 12 individuals from which we were able to generate high-quality 
sequence data for both saliva and nasal samples.

As in our analysis of saliva samples, we set a frequency threshold of 0.03 and a 
per-nucleotide depth threshold of 1,000 reads for variant calling in nasal swab samples. 
Samples with mean genomic coverage depths lower than 1,000 reads per nucleotide 
were also excluded from the data set, and we once again restricted our analysis to 
iSNVs present across multiple low-Ct or low-CN samples. To focus on sub-fixation genetic 
diversity, we only called variants that appeared at frequencies below 0.97 in at least two 
samples (across all samples from both data sets). This approach was adopted to include 
variants that were fixed in one compartment but at sub-fixation frequencies in the other.

To evaluate genetic differences between viral populations sampled at the two tissue 
sites, we first simply compared the frequencies of shared iSNVs in saliva versus nasal 
swab samples (Fig. 4A). In the absence of compartmentalization, we would expect the 
frequencies of these iSNVs to be highly correlated between sample sites. We observed a 
correlation of r = 0.615 (P < 0.001) between iSNV frequencies in saliva and nasal samples 
and observed that many iSNVs were present in one compartment but absent in the 
other, especially in the case of sub-consensus iSNVs. We also detected fewer shared 
iSNVs overall in nasal samples (mean = 0.317) than in saliva samples (mean = 0.917) 
(fixed-effect Poisson model, P < 0.001).

FIG 4 Quantification of genetic compartmentalization of virus between sample sites. (A) Comparison of iSNV frequencies between matched samples in saliva 

and nasal environments (Pearson correlation, r = 0.615, P < 0.001). (B) Representative heatmaps exemplifying compartmentalization. Maps show FST values 

between pairs of samples from nasal (“N”) and/or saliva (“S”) environments (numbered by order of sampling). (C) Participants exhibiting compartmentalization 

(one set of within-environment FST values is lower than between-environment FST values). (D) Participants exhibiting no significant compartmentalization 

(neither set of within-environment FST values is lower than between-environment FST values). Scales range from 0 to 1 or 0 to 0.2 depending on the spread of the 

data. Asterisks indicate levels of significance (*P < .05, **P < .01, ***P < .001, ****P < .0001). P-values are derived from Monte Carlo permutation tests.
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To quantify the extent of compartmentalization more precisely, we calculated 
pairwise fixation indices (FST) within and between environments (Fig. 4B through D). 
The fixation index measures the ratio of allele frequency variation between sub-popula­
tions versus the variation in the total population. FST values range from 0 to 1, and 
values closer to one indicate higher levels of variation between populations. To account 
for variation in iSNV calling between sequencing runs, we calculated a threshold FST 
value of 0.00128 using our between-run sequencing controls (Tables 1 and 2). Any 
calculated FST value below this threshold was set to 0 to control for the possibility that 
the observed variation was due to variation between sequencing runs instead of true 
variation between samples.

We found that the between-environment FST values were significantly higher than 
the within-nasal FST values in 5 out of 12 individuals (and overall), reflecting a significant 
degree of genetic compartmentalization. In 2 out of 12 individuals (but not overall), 
the between-environment FST values were significantly higher than the within-saliva 
FST values (Fig. 4C), again indicative of genetic compartmentalization between tissue 
compartments. For some of these participants, there existed a relatively minor disparity 
in within-environment versus between-environment FST values (see participants 444633, 
451709, 453058, and 471588), while other individuals exhibited more extreme levels of 
variation. We also observed that compartmentalization was driven in part by lowered 
genetic diversity in the nasal environment, with 5 out of 12 participants exhibiting 
significantly higher FST values in saliva samples than in nasal samples, and only two 
participants exhibiting significantly higher nasal FSTs than saliva FSTs. Overall, FST values 
within paired nasal samples were significantly lower than FST values in saliva samples 
(nasal mean = 0.0115, saliva mean = 0.144, P = 0.0022). This pattern aligns with our 
observation of generally low mutational diversity in nasal samples.

Several study participants showed no difference in between-environment versus 
within-environment variation, consistent with the absence of significant compartmen­
talization and suggesting that tissue compartmentalization is not a uniform feature of 
all SARS-CoV-2 infections (Fig. 4D). However, two out of the five participants who fell 
in this final category had no detectable iSNVs in any saliva or nasal samples—thus, 
these results can be seen as a failure to detect evidence of compartmentalization rather 
than clear evidence for the absence of compartmentalization. Finally, we observed no 
instances where within-environment FST values were significantly higher than between-
environment FST values (Fig. 4). Our data suggest that a significant degree of genetic 
compartmentalization exists between tissue environments in some (7/12), but not all, 
participants examined.

Within-host evolutionary dynamics

Our dense longitudinal sampling allowed us to examine the evolutionary dynamics of 
SARS-CoV-2 populations over the course of acute infection. To look for signs of potential 
positive selection acting on specific sites in the viral genome, we examined changes in 
the frequencies of shared iSNVs over time. We plotted all detected instances of these 
shared iSNVs, even if they fell outside of the frequency range of 3% to 97% or fell below 
our chosen depth threshold of 1,000 reads for certain timepoints.

Overall, the longitudinal dynamics of many iSNVs in both unvaccinated and 
vaccinated individuals appeared highly stochastic, consistent with a dominant role for 
genetic drift rather than strong selection (Fig. 5 and 6; Fig. S4 to S6). Many iSNVs detected 
at high frequency in one or more samples fell below the limit of detection (LOD) at other 
timepoints during the same infection. In one individual (432870), two iSNVs that were 
initially detected at fixation fell to intermediate frequencies on day 4 of sampling and 
to undetectable frequencies on day 7, before eventually resurging to high frequencies 
on day 8 (Fig. 5A). Two sub-consensus mutations (ORF1ab:P4120S and S:G1124V) also 
fell below the limit of detection on day 7 and did not reemerge. It is unlikely that 
the observed drops in frequency are due to low sequencing coverage, as all samples 
considered had a mean genomic sequencing depth of >1,000 reads per nucleotide. An 
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examination of the sites that appeared to revert to wild-type on day 7 revealed that the 
depth of coverage was greater than 1,000 reads at each locus, with the exception of 
nucleotide site 24933 (codon site S:1124), which had a depth of 683 reads. We also do 
not believe that this effect can be explained by template resampling—given the Ct of the 
sample in question (26.5), the expected error in frequency estimation is less than 0.004 (a 
95% CI of ±0.0121) (Fig. S3A).

To confirm that these dramatic changes in frequency could not be explained 
by cross-contamination or inadvertent swapping of samples during preparation, we 
calculated correlations between the iSNV profile of the sample in question (participant 
432870, day 7) and the iSNV profiles of each other saliva sample (including samples 
in the vaccinee data set) (Fig. S7A). We then set a sample correlation threshold equal 
to the minimum correlation observed between identical samples across sequencing 
replicates (r = 0.660). With this threshold in place, we found that the only significant 
correlation resulted from a comparison of the sample against itself—indicating that the 
sample does not bear a significant resemblance to any other sample in the data set and 
that cross-contamination or a sample mix-up is unlikely explanation for the observed 
dynamics.

We then performed the same contamination analysis for three other samples that 
displayed similar jumps in iSNV frequencies (Fig. S4 and S7B through D). One of these 
samples (participant 444332, day 7) was only significantly correlated with itself (Fig. 
S7B). The other samples (participant 433227, day 5, and participant 433227, day 7) were 
correlated with themselves and with other samples from the same participant but also 
exhibited correlations with one or more samples from other individuals (Fig. S7C and D). 
However, the observed correlations between the samples of interest and samples from 
different participants were weaker than the correlations between the samples of interest 
and other samples originating from the same individual.

Based on these findings, we concluded that iSNVs observed across the course of 
infection sometimes exhibit extreme shifts in frequency that cannot be explained by 

FIG 5 iSNV dynamics over time in saliva from unvaccinated individuals. Frequency tracking of selected iSNVs from unvaccinated participants (A) 432870, (B) 

444633, (C) 450241, and (D) 451152. Unfilled points mark iSNVs with read depths below the threshold of 1,000 reads.
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low sample quality, template resampling, or contamination. Interestingly, we observed 
multiple instances of variants rising from initially undetectable frequencies to high 
frequencies (over 0.5) before falling back below the limit of detection (as with S:A846G in 
participant 433227 and ORF1ab:Syn1717 in participant 435786) (Fig. S4). The emergence 
of a novel variant to a frequency sufficient for forward transmission (even for only a 
single day of sampling) suggests that acute infections may, in rare cases, support the 
emergence of new viral variants at the host population level.

While most recurrent iSNVs did not appear to be under strong selection in unvacci­
nated individuals, we observed certain variants that exhibited consistent patterns of 
emergence or decline over the course of acute infection that could be indicative of 
selection. An ORF1ab:S1150L substitution exhibited dynamics suggestive of positive 
selection, gradually rising from a frequency of 0.01 to 0.270 over the course of infection 
(Fig. 5B). However, this substitution is observed only sporadically across the global 
SARS-CoV-2 tree, suggesting the absence of positive selection on the allele at the 
between-host scale (Fig. S8).

We also observed an example of dynamics consistent with negative selection, in 
which an iSNV (ORF1ab:S5150F) initially present at a relatively high frequency (>0.3) 
gradually declined until falling below the LOD (Fig. 5C). The same individual also saw an 
alpha-associated deletion in spike drop in frequency on the final day of sampling, but 
this drop may be merely representative of the same iSNV stochasticity observed in other 
infections (Fig. 5A; Fig. S4). We observed several other spike mutations in our unvaccina­
ted cohort (Fig. 5D; Fig. S4); however, none of them exhibited dynamics suggestive of 
directional selection.

Overall, these data suggest that in a subset of acute infections, selection may drive 
the emergence of specific iSNVs, but not generally to high enough frequencies to reliably 
transmit given the narrow transmission bottlenecks observed across multiple studies (7, 
8, 22).

We did not observe any sweeps of antigenically significant spike substitutions in our 
small cohort of vaccinated participants, suggesting that spike-based vaccination does 

FIG 6 iSNV dynamics over time in saliva from vaccinated individuals. Frequency tracking of selected iSNVs from vaccinated participants (A) 482828 (newly 

vaccinated), (B) 471876 (partially vaccinated), (C) 481242 (newly vaccinated), and (D) 475670 (fully vaccinated). Unfilled points mark iSNVs with read depths 

below the threshold of 1,000 reads. Gray boxes mark samples with mean per-nucleotide coverages below 1,000 reads. Panel headings indicate vaccine received 

and time between enrollment and last vaccine dose.
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not impose strong immune selection on the viral populations sampled over the course 
of acute infection (Fig. 6; Fig. S5). The only recurrent, antigenically significant spike iSNV 
that we observed within our vaccinated cohort resulted in a K458N substitution in the 
receptor binding domain, a residue that has been previously associated with monoclonal 
antibody escape (Fig. 6A) (23, 24). This iSNV remained steady at a low frequency between 
3% and 10% over the course of infection however, suggesting the absence of a strong 
selective advantage and low probability of forward transmission.

Outside of the established antigenic sites, we observed interesting dynamics near 
the S1/S2 cleavage site in vaccinated individuals. In participant 471876, S:P681H was 
at or near fixation over the first 4 days of sampling, dropped in frequency on days 5 
through 7, and then returned to near fixation at day 8 (Fig. 6B). On the 2 days where 
S:P681H dropped below 90%, a nearby spike substitution, Q677H, emerged to high 
frequency before dropping back below the LOD on days 8 and 9. The co-occurrence of 
the dip in S:P681H frequency with the emergence of S:Q677H and subsequent reversal 
are consistent with competition between these two substitutions. Both substitutions 
have proliferated at the global scale, suggesting that in some cases, within-host and 
global dynamics may be aligned (25–28). Critically, S:Q677H peaked at a time (day 5 post 
enrollment) when this participant was still viral culture positive [see Fig. 1 in reference 
(17)], indicating the potential for this de novo variant to be successfully transmitted.

Interestingly, S:P681H was also observed at intermediate frequencies in participant 
481242 on days 1 and 2 post enrollment but dropped below the LOD by day 3 and 
remained undetectable in later timepoints, suggesting a sweep by an S:P681 revertant 
(Fig. 6C). The within-host transience of a mutation associated with increased fitness at 
the global scale highlights how within-host evolutionary trends can diverge from global 
trends.

Overall, we did not detect obvious signs of antibody-mediated immune selection 
within vaccinated individuals and found that iSNV frequencies often appeared to 
vacillate stochastically, similarly to in unvaccinated individuals. In participant 471876, 
several iSNVs (including E:E8D and N:Q389H) fluctuated between fixation and frequen­
cies below the LOD over the course of infection (Fig. 6B). Additionally, in participant 
475670, we observed a synonymous mutation (ORF1ab:Syn1977) rapidly rise to high 
frequencies (Fig. 6D). However, these fluctuations may result from the more relaxed 
quality filtering applied to samples in the vaccinee data set.

Despite the highly variable frequencies of iSNVs detected across the course of 
infection in vaccinated individuals, it is also difficult to ascribe all observed dynam­
ics entirely to genetic drift. Our observations of wild-type reversion and competition 
between iSNVs at the S1/S2 cleavage site (Fig. 6B and C) suggest that selection may 
drive the within-host fluctuations of iSNVs at non-antigenic sites during acute infection 
in some individuals.

Finally, in keeping with our compartmentalization analysis, we found that frequencies 
of shared iSNVs in nasal swab samples over the course of infection often varied from the 
dynamics observed in saliva samples (Fig. 5; Fig. S6). These variants from paired nasal 
and saliva samples differed both in frequency and in presence/absence. Following the 
trend observed in saliva samples, iSNV dynamics in nasal swab samples appeared largely 
stochastic.

DISCUSSION

By analyzing longitudinal samples collected daily over the course of acute infection, 
we captured a high-resolution temporal profile of SARS-CoV-2 within-host dynamics in 
humans. In general, we observed little evidence of strong selection acting on within-host 
viral populations in our cohort, consistent with previous reports (7–9). This was true even 
within our group of vaccinated individuals, mirroring a previous study on influenza virus 
that failed to detect the emergence of antigenic variants during infection of immune 
individuals (29). However, a key limitation of this study is that we were not able to 
confirm immune histories of our participants using serology. Thus, our only indicator 
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for the presence/absence of a SARS-CoV-2-specific antibody response in our cohort is 
self-reporting of vaccination or prior infection detected through frequent on-campus 
PCR testing.

While signs of strong positive selection were rare in this cohort, we did identify two 
nonsynonymous substitutions (S:Q677H and S:A846G) that emerged from below the 
limit of detection to high frequency over the course of infection. Importantly, S:Q677H 
emerged to 56.5% frequency on a day when the associated study participant had 
detectable infectious virus in a nasal swab (17), suggesting the potential for this iSNV to 
be transmitted forward. Substitutions at S:Q677 (including Q677H) have independently 
emerged in multiple viral sub-lineages around the world, supporting that mutations 
at this site can be advantageous. We also observed signs of competition between 
S:Q677H and S:P681H within the same individual, with S:Q677H briefly emerging to a 
high frequency on a day at which the initially near-fixation S:P681H dipped in frequency. 
However, the observed reversion to an S:P681H-only genotype after day 7 suggests 
that the selective advantage conferred by S:P681H is greater than that of S:Q677H. 
This fitness advantage is supported globally by the more widespread proliferation of 
S:P681H-containing lineages in comparison to S:Q677H (30). Our data demonstrate how, 
in rare cases, de novo variants can emerge within individuals to frequencies sufficient for 
transmission during acute infection.

In addition to the limited number of iSNVs that emerged to high frequency within 
single individuals, we observed several iSNVs that arose above background for multiple 
days of infection. Mapping the genomic locations of these mutations revealed a high 
density of N gene substitutions (although this effect was not statistically significant, and 
was largely driven by one individual). The detected substitutions include N:R203K and 
N:G204R, which have been shown to increase the relative fitness of the virus, potentially 
through increased phosphorylation of the nucleocapsid (31). These substitutions have 
also been associated with the transcription of an alternate sub-genomic mRNA with 
anti-interferon activity (32). While spike protein substitutions are clearly the primary 
drivers of SARS-CoV-2 adaptation to humans, our results are also consistent with 
previous data suggesting an important role for the N gene during human adaptation.

Variant dynamics in multiple participants exhibited extreme fluctuations where iSNVs 
at or near fixation abruptly fell below the limit of detection, only to return to high 
frequencies days later. Given the abruptness of these fluctuations, it is doubtful that 
they were selection driven. However, they could potentially be explained if there is 
a significant degree of spatial structuring of within-host viral genetic diversity, as has 
recently been described for influenza virus (33). Spatial structuring could promote more 
extreme, drift-driven fluctuations in sampled iSNV frequencies due to bottleneck effects 
(33–35) and could lead to incomplete sampling of total within-host genetic diversity. 
Our tracking of variant dynamics also reaffirms previously described variability in iSNV 
frequency. Previous work on SARS-CoV-2 and influenza virus has revealed extreme shifts 
in variant frequencies between pairs of samples collected at different time points (or 
even twice within the same day) (9, 36). Our results build upon these findings with 
a high-resolution portrait of daily variant dynamics and suggest that large, seemingly 
stochastic jumps in iSNV frequencies may be a feature of many acute viral infections.

We cannot formally rule out the possibility that these fluctuations are artifactual, 
potentially arising from poor-quality sampling of the viral population. We think that this 
explanation is unlikely, however, due to the Ct value and mean coverage thresholds 
we used for including samples in our analyses. Regardless, either explanation further 
emphasizes the advantages of longitudinal sampling, as single-timepoint snapshots of 
viral populations can present misleading views of the within-host landscape.

Supporting the possibility that stochastic within-host SNV dynamics may partially 
result from spatial structuring, we observed significant compartmentalization between 
the oral and nasal environments over the course of SARS-CoV-2 infection in a subset 
of individuals. iSNVs varied in frequency between the two environments, a finding that 
builds on previous observations that peaks in viral shedding are often offset by several 
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days between saliva and nasal environments (16) and that shedding is sometimes limited 
to the saliva compartment in immune individuals (17). These findings also align with 
previous studies that have described compartmentalization of influenza populations 
(due to within-host bottlenecks) (33) and intra-host adaptation to different tissue sites by 
polioviruses (37). Our results indicate that the mutational profile of SARS-CoV-2 can differ 
between tissue environments and reaffirm that sampling of a single tissue site may not 
provide a complete view of viral population diversity within a host.

A clear advantage of repeated longitudinal sampling is that it allows for higher 
confidence variant calling compared with single-timepoint sampling. Across individual 
samples, we measured iSNV counts ranging from zero to several hundred and found 
that these values could shift rapidly within an individual over short periods of time. 
However, the number of variants shared across multiple days was remained relatively 
low in both unvaccinated and vaccinated individuals, with both groups exhibiting shared 
iSNV counts that align with previous assessments of within-host diversity (7, 8, 10, 19).

Altogether, our results suggest that viral evolution is largely driven by genetic drift 
during acute infections but that, on rare occasions, selection can drive the emergence 
of iSNVs capable of forward transmission. Furthermore, our detection of iSNVs that have 
been successful (or not) at the global scale indicates areas of alignment and discordance 
between within-host and between-host selective pressures and thus help shed light on 
the forces that shape global patterns of SARS-CoV-2 evolution.

MATERIALS AND METHODS

Sample collection

To monitor on-campus COVID cases, students and employees at the University of Illinois 
at Urbana-Champaign were required to submit biweekly saliva samples for reverse 
transcription quantitative PCR (RTqPCR) testing. Individuals who tested positive were 
given the option to enroll in a longitudinal sample collection study within 1 day of 
receiving a positive result. Additionally, individuals who had been in close contact with 
a positive case were eligible to enroll in the same study within 5 days of their exposure. 
Enrolled participants then provided saliva samples and mid-turbinate nasal swabs for 
14 days after the date of their first positive test [this collection protocol is described 
in detail in reference (16)]. Within 12 hours of collection, RTqPCR was performed on 
heat-inactivated saliva samples to assess viral load, as described in Ranoa et al. (38). 
Nasal swab samples were stored in viral transport media at −80°C and shipped to Johns 
Hopkins University for RNA extraction.

Participants were designated as fully vaccinated if they had been infected at least 14 
days after receiving a single-dose vaccine (JNJ-78436735) or a second dose of a two-dose 
vaccine (BNT162b2 or mRNA-1273). If at least 14 days had passed since receiving the first 
dose of a two-dose vaccine, participants were designated as partially vaccinated, and if 
less than 14 days had passed since receiving a dose of any vaccine, participants were 
designated as newly vaccinated. Study enrollment was concluded prior to the approval 
of vaccine boosters.

Participant selection

After RTqPCR analysis, unvaccinated participants with fewer than three saliva samples 
under the Ct cutoff value of 28 were filtered out of the data set. The remaining partici­
pants were sorted and ranked based on their number of quality samples and the range 
of dates covered by these samples (using a metric that multiplied the two values). The 
top 20 participants were selected for further analysis and further filtered to remove 
samples with mean genomic coverage depths under 1,000 reads per nucleotide. All 
vaccinated participants with saliva samples under a Ct value of 30 were retained, which 
resulted in a study group of 11 individuals. Due to the small number of samples in the 
vaccinated cohort, an overall mean genomic coverage cutoff was not applied; however, 

Full-Length Text Journal of Virology

January 2024  Volume 98  Issue 1 10.1128/jvi.01618-2314

https://doi.org/10.1128/jvi.01618-23


further analysis was limited to individual iSNVs present above 1,000 reads. Nasal samples 
from 12 unvaccinated individuals were chosen to evaluate environmental differences 
between the oral and nasal cavities. Only nasal samples with mean genomic coverage 
values over 1,000 reads per nucleotide were included in the analysis.

RNA extraction (saliva samples)

A volume of 140 μL from each heat-inactivated saliva sample was processed using the 
QIAamp viral RNA mini kit. Samples were stored at −80°C until use.

RNA extraction (nasal samples)

Mid-turbinate nasal swab specimen aliquots were maintained at −80°C prior to use. RNA 
was extracted from 300 µL of clinical specimen using the Chemagic 360 system (Perkin 
Elmer) according to the manufacturer’s specifications. RNA was eluted with 60 µL elution 
buffer and stored at −80°C until use.

Sequencing

Viral cDNA was generated from 100 ng of the extracted RNA aliquots, and sequencing 
libraries were prepared from the cDNA using the Swift SNAP Amplicon SARS-CoV-2 kit. 
Deep sequencing was then performed on an Illumina NovaSeq. Raw sequences were 
processed using the nf-core/viralrecon workflow (v1.1.0, v2.2) (39), in order to align 
sequences to the Wuhan-Hu-1 reference genome and extract frequencies and annota­
tions for variants at frequencies higher than 0.01. Lineages were assigned using Pangolin 
(v1.2.34) (40).

Analysis of variant dynamics

Variants were extracted from sequences aligned to Wuhan-Hu-1 using iVar (v1.3, v1.3.1) 
(41), and variant codon effects were annotated using SnpEff (v5.0) (42) and SnpSift (v4.3t) 
(43). iSNVs were called using a frequency threshold of 0.03–0.97 and a per-nucleotide 
depth threshold of 1,000 reads. Commonly reported sequencing artifacts (18) were 
filtered from each sample, along with non-variant-associated SNPs that recurred across 
multiple participants within either cohort. To identify high-confidence, “shared” iSNVs, 
variants were extracted if they met the following conditions: present above a frequency 
of 0.03 with a per nucleotide depth of at least 1,000 reads in at least two samples with 
Ct <26 (or CN <26), and present below a frequency of 0.97 in at least two samples. For 
each participant, variants present across two or more days of infection were extracted, 
and their frequencies were tracked. Although the frequency, depth, and Ct cutoffs 
described above were used to identify these shared variants, frequency tracking was 
performed on a data set curated without thresholds, to avoid cases in which variants 
crossing either threshold may erroneously appear to fall out of the data set. Therefore, 
all instances of these shared variants were then called from all samples. Variants with 
per-nucleotide coverage values below the cutoff were specially marked and plotted to 
indicate their low depth values. SnpEff annotations were used to characterize shared 
variants as synonymous, nonsynonymous, or untranslated and to assign them to the 
appropriate region of the SARS-CoV-2 genome.

Estimation of error

Standard error for iSNV frequency detection was calculated using 

SE(p) = ((p(1 − p))/V), where p = detected iSNV frequency and V = viral genome 
load. Genome copies per milliliter was estimated from Ct using log10V = 14.24 − 0.28 * 
Ct (for saliva samples) and from CN using log10V = 11.35 − 0.25 * CN (for nasal samples) 
(16). Genome load was then estimated by approximating that 10 µL of extracted RNA 
went into each sequencing reaction.
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Analysis of variant distribution

Genome positions of variants were visualized using trackViewer (v1.28.1) (44) in R. To 
identify underdispersion in genomic iSNV distribution, a sliding genomic window was 
used to determine the mean iSNV count per 100 nucleotides. Genomic windows with 
significantly higher-than-average iSNV counts were identified using a Poisson distribu­
tion, and a threshold for significance was calculated by dividing an initial threshold of 
0.05 by the number of genomic sites (0.05/29,803 = 0.00000168).

Analysis of genetic compartmentalization between sample sites

To identify high-confidence iSNVs, variants in both data sets were extracted using similar 
criteria as described above in Analysis of variant dynamics. However, in this analysis, 
high-frequency variants were called if they fell below a frequency of 0.97 at least twice 
in a pooled data set of saliva and nasal samples from the same individual (allowing 
for detection of iSNVs that were fixed in one compartment but not in the other). 
All instances of high-confidence variants in a given participant were then called from 
all samples in either environment. We also filtered out commonly reported artifacts 
(18) and the artifacts previously identified in saliva samples from each data set. For 
each participant, pairwise FST values were calculated for all possible pairs of samples, 
including pairs of saliva samples, pairs of nasal samples, and pairs of one saliva sam­
ple and one nasal sample. An FST threshold of detection was calculated from paired 
sequencing replicates (see Tables 1 and 2), using a version of Table 2 that was filtered 
to only include variants at frequencies of 0.03–0.97 (so as to apply a slightly stricter 
threshold—0.00128 as opposed to 0.00125). Comparisons of iSNVs where one or both 
iSNV instances were detected at low read depths (<1,000 reads) were not used to 
calculate FSTs. Monte Carlo permutation tests were used to perform significance testing 
between groups of FST values derived from different sample pairings (i.e., nasal-nasal, 
saliva-saliva, or nasal-saliva). Briefly, FSTs were randomly shuffled across groups, with 
10,000 randomizations performed for each individual participant. The between-group 
differences in FST means were calculated for the 10,000 shuffled data sets as well as 
for the true data set, and P-values were derived from the fraction of instances in which 
the difference calculated using a simulated data set was greater than or equal to the 
difference calculated using the true data set.

Phylogenetic analysis

The metadata file for all sequences present in the GISAID EpiCov database 
(10.2807/1560-7917.ES.2017.22.13.30494) was downloaded on 10 June 2022. This 
metadata file was filtered to include only entries from human hosts, only complete 
and high coverage entries, and only those with complete sampling dates. The filtered 
metadata entries were downsampled to at most 100 per month. Downsampling was 
conducted in Python v3.9.4 (45) using Pandas v1.1.4 (10.5281/zenodo.3509134) and 
Numpy v1.19.4 (10.1038/s41586-020-2649-2). The selected sequences were downloa­
ded from GISAID EpiCov and aligned to Wuhan/WIV04 (EPI_ISL_402124) using MAFFT 
v7.464 (10.1093/molbev/mst010), removing any insertions to the reference. IQtree 
v2.1.3 (10.1093/molbev/msaa015) was used to infer a phylogenetic tree of the aligned 
sequences using a GTR + G4 substitution model, saving with Wuhan/WIV04 as the 
outgroup. TreeTime v0.8.0 (10.1093/ve/vex042) was used to filter sequences to include 
only those falling within four interquartile ranges of the best fit molecular clock, rooting 
at Wuhan/WIV04. Wuhan/WIV04 was forced to be included in the filtered tree, and no 
other tips were identified as failing this filter.

For the amino acid of interest (ORF1ab S1150), we first identified the corresponding 
nucleotide position and then identified the nucleotide identity at each of those sites 
for each sequence in the alignment. These nucleotide identities were used to infer the 
amino acid for each sequence. Note that this method does not account for the presence 
of frame shift mutations; however, we expect these to be sufficiently rare as to not bias 
our results.
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We then plotted the downsampled phylogenetic tree, labeling any tips with amino 
acids that did not match the reference. Any tips in which any of the nucleotides in the 
codon of interest were deleted or ambiguously genotyped were ignored. Visualization 
was done in Python using Matplotlib v3.5.1 (10.1109/MCSE.2007.55) and Baltic v0.1.5 
(https://github.com/evogytis/baltic).

Substitution frequency analysis

The GISAID EpiCoV “MSA full” alignment was downloaded on 2 June 2022. All sequences 
in this file have been aligned to Wuhan/WIV04 using MAFFT, retaining any insertions 
relative to the reference. Full details on how this file were generated are available from 
GISAID.

For each of the four amino acid positions of interest, we first identified the corre­
sponding nucleotide positions in the gapped alignment and identified the nucleotides at 
each of these for each position. These nucleotides were used to infer the amino acid for 
each sequence in the full alignment at each position. Similar to above, this method does 
not account for frameshift mutations.

For each amino acid position, we identified the percentage of sequences harboring 
non-reference amino acids per month, ignoring any sequences in each one of the 
nucleotides was deleted or ambiguously genotyped. All amino acids identified with 
a maximum monthly frequency ≤0.01% were grouped into an “Other” category. This 
analysis was conducted in Python using Pandas and visualized with Matplotlib.
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