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Abstract 

While influenza A virus (IAV) an'genic drid has been documented globally, in experimental 

animal infec'ons, and in immunocompromised hosts, posi've selec'on has generally not been 

detected in acute infec'ons. This is likely due to challenges in dis'nguishing selected rare 

muta'ons from sequencing error, a reliance on cross-sec'onal sampling, and/or the lack of 

formal tests of selec'on for individual sites. Here, we sequenced IAV popula'ons from 346 

serial, daily nasal swabs from 143 individuals collected over three influenza seasons in a 

household cohort. Viruses were sequenced in duplicate, and intrahost single nucleo'de variants 

(iSNV) were iden'fied at a 0.5% frequency threshold. Within-host popula'ons were subject to 

purifying selec'on with >75% muta'ons present at <2% frequency. Children (0-5 years) had 

marginally higher within-host evolu'onary rates than adolescents (6-18 years) and adults (>18 

years, 4.4x10-6 vs. 9.42x10-7 and 3.45x10-6, p <0.001). Forty-five iSNV had evidence of parallel 

evolu'on, but were not overrepresented in HA and NA. Several increased from minority to 

consensus level, with strong linkage among iSNV across segments. A Wright Fisher Approximate 

Bayesian Computa'onal model iden'fied posi've selec'on at 23/256 loci (9%) in A(H3N2) 

specimens and 19/176 loci (11%) in A(H1N1)pdm09 specimens, and these were infrequently 

found in circulation. Overall, we found that within-host IAV popula'ons were subject to 

purifying selec'on and gene'c drid, with only subtle differences across seasons, subtypes, and 

age strata. Posi've selec'on was rare and inconsistently detected.  

 

Introduction 

Influenza A virus (IAV) evolu'on is dominated by an'genic drid. As the popula'on gains 

immunity to circula'ng strain(s),  an'genically dis'nct strains con'nue to emerge, displacing 

previous strains and forcing a change in the annual vaccine strain1,2. Accordingly, understanding 

the drivers of recurrent posi've selec'on of an'genic variants is important for vaccine strain 

selec'on3–5. All genetic variation that is present in the virus population, including new antigenic 

variants, is ultimately derived from mutations that arise within individual hosts. Within host 

processes may at times parallel those seen at a global scale, as partial immunity from 
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vaccination or previous infections may act as a selective force promoting the evolution of new 

antigenically distinct variants6,7.  

 

As with many acute viral infections, the within-host dynamics of influenza virus are dominated 

by purifying selection and characterized by low levels of genetic diversity8–14. However, there is 

mixed evidence for specific sites being under positive selection. Several studies have reported 

nonsynonymous mutations in antigenic sites8–12, and these sites are occasionally shared among 

individuals9,10, exist at high frequency9,11,12, or are found at detectable levels in the global 

population8,12. More often, these mutations are identified only in single individuals at low (<5%) 

frequencies. Additionally, the frequency and number of mutations tend not to differ between 

antigenic and non-antigenic sites8,13.  

  

Within-host selec'on may not be uniform across host popula'ons. While we have found that 

vaccina'on has minimal impact on paperns of within-host diversity, other factors, such as age, 

have not been thoroughly explored10.  Children have prolonged shedding compared to adults, 

and the extra time may allow for mutations in antigenic sites and their subsequent 

selection15.  A recent study focused on young children (<5 years old), took place in Southeast 

Asia where child vaccination rates are very low, and most children didn’t have detectable 

antibody titers in the study11. Mutations were identified in antigenic sites, but there wasn’t a 

clear signal of positive selection. By contrast, most adolescents will have had multiple 

exposures to influenza16, with a shedding period that is of intermediate length15. This 

combination may be the optimal for the selection of new antigenic variants within hosts, but 

there haven’t been any studies focused on this group.  

 

There are several technical reasons why positive selection has been difficult to detect. Selection 

is difficult to detect and quantify with cross-sectional sampling, and most studies have reported 

1 or 2 samples per subject without longitudinal sampling12. Second, the frequency threshold for 

detecting intrahost single nucleotide variants (iSNV) is typically 2%. Most intra-host variants are 

de novo mutations due to tight bottlenecks during transmission and the detection threshold 
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may be too high to detect many of these iSNV8,14,18. Finally, there are few formal tests for 

positive selection on a per site basis; most interrogate on a gene level (e.g., nucleotide 

diversity), or informally on a per site basis (e.g., iSNV at important sites). In some cases, single 

mutations are sufficient to cause antigenic drift making per site tests necessary to detect 

selection for antibody escape19. 

  

Here we address the design and technical limitations of previous studies. We developed and 

benchmarked a sequencing and bioinformatic pipeline that allowed us to accurately identify 

iSNV at a frequency threshold of 0.005 (0.5%). We applied this method to individuals sampled 

within a case-ascertained household cohort, in which nasal swab specimens were collected 

every day for 7 days after symptom onset. The study covered three influenza seasons and 

included individuals across the age spectrum with a mixture of antiviral treatment and 

vaccination histories. We use these sequence and host data to define patterns of within-host 

genetic diversity and divergence with respect to age, vaccination, antiviral usage, and timing of 

sample collection. We applied multiple methods to detect selection on a per site basis with 

clear statistical cutoffs.  

 

Methods 

  

Cohort and Specimens 

Households were enrolled through the Influenza Transmission Evaluation Study (FluTES), a case 

ascertained household transmission study based in Nashville, TN that enrolled over the 

2017/18, 2018/19, and 2019/20 Northern Hemisphere influenza seasons20.  All individuals 

provided informed consent, and the study was approved by the Vanderbilt University Medical 

Center Institutional Review Board. The first household members with laboratory-confirmed IAV 

infection (index cases) were identified and recruited from ambulatory clinics, emergency 

departments, or other settings that performed influenza testing. For this study, we focused on 

IAV only. Index cases with acute illness of <5 days duration who lived with at least 1 other 

person who was not currently ill were eligible to participate. The index case and their 
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household contacts were enrolled within 7 days of the index case’s illness onset. Influenza 

vaccination was self-reported at enrollment and was included if both date and location of 

vaccination were provided. Participants who reported vaccination within the prior 14 days had 

their vaccine status listed as unknown. For individuals with an asymptomatic infection, the 

symptom onset date of the index case was used as that individual’s onset date.  Individuals 

were divided into three age groups: children (£5 years), adolescents (6-17 years), and adults 

(≥18 years) for further analyses.  

 

Nasal swabs were self-/parent-collected daily during follow-up for 7 days and tested for 

influenza using reverse transcriptase quantitative polymerase chain reaction (RT-qPCR) at 

Vanderbilt University Medical Center using the CDC Human Influenza Virus Real-Time RT-PCR 

Diagnostic Panel, Influenza A/B Typing Kit with the SuperScript III Platinum One-Step qRT-PCR 

Kit (Invitrogen) on the StepOnePlus or QuantStudio 6 Flex (Applied Biosystems). Subtyping of 

IAV-positive specimens was performed using the CDC Human Influenza Virus Real-Time RT-PCR 

Diagnostic Panel, Influenza A Subtyping Kit with the SuperScript III Platinum One-Step qRT-PCR 

Kit System on the MagNA Pure LC 2.0 platform (Roche). 

 

Benchmarking variant calling 

We used data from McCrone et al. 2016 to benchmark our variant calling pipeline21. Briefly, 20 

viruses, each with a single point mutation, were generated in a WSN33 background. The 20 

mutant viruses were mixed with wild type WSN33 to create populations in which each mutant 

was present at 5, 2, 1, 0.5%. These samples were processed and sequenced in duplicate on an 

Illumina Miseq. We aligned the data to WSN33 using Bowtie222 with the “very sensitive” setting 

and duplicate reads were discarded using picard tools23. Reads from both replicates were 

combined and used to make a within host consensus sequence using a script from Xue et al.13. 

The replicates were separately aligned to this consensus and duplicates were removed. iSNV 

were called using iVAR in each replicate24. To be considered for variant calling, reads had to 

have a mapping quality ≥20, and bases had to have a phred score ≥30. iSNV had to have a per-

site sequencing depth of ≥400, and an iVAR p-value £1x10-5. iSNV were retained only if they 
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were found in both sequencing replicates. We calculated the specificity and sensitivity for iSNV 

detection at each frequency threshold (0.5%, 1%, 2%, 5%).  

  

 

Sequencing 

IAV-positive samples with an RT-qPCR cycle threshold (Ct) value ≤30 were sequenced in 

duplicate after the RNA extraction step. RNA was extracted using Invitrogen PureLink Pro 96 

Viral RNA/DNA Purification Kits on an EpiMotion or a MagMAX viral/pathogen nucleic acid 

purification kit (ThermoFisher) on a Kingfisher Machine. SuperScript IV one-step RT-PCR kits and 

universal IAV primers were used for RT-PCR25. Library preparation was completed by using the 

Illumina DNA prep kit, and libraries were sequenced on a Novaseq (2x150 PE reads) by the 

Advanced Genomics Core at the University of Michigan.  

 

Reads from each sample were aligned to the vaccine strain for each subtype and year for the 

initial alignment. For 2019/20 A(H1N1)pdm09 we used A/New Jersey/13/2018, since the 

A/Brisbane/02/2018 sequence was not available. Variant calling was performed as above on 

samples in which each replicate had an average genome-wide coverage of at least 1000x with 

an iSNV frequency cut-off of 0.005 (0.5%). For iSNV in overlapping ORFs, an iSNV was classified 

as a nonsynonymous if it was nonsynonymous in any ORF. Stop codons were classified as 

nonsynonymous. For all further analyses we used the average iSNV frequency in the two 

replicates as the iSNV frequency.  

  

iSNV Dynamics and Divergence rates 

We calculated the divergence rate using the methods from Xue and Bloom 202013. Briefly, we 

calculated the rate of evolution by summing the frequencies of within-host mutations and 

divided by the number of available sites and time since the infection began. To account for iSNV 

that go from minor to major allele in individuals with multiple samples, the allele frequency 

used was from the allele that was minor in the earliest sample. We calculated the rates 

separately for nonsynonymous and synonymous mutations. We used 0.75 for the proportion of 
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available sites for nonsynonymous mutations and 0.25 for synonymous. To determine the 

number of available sites, we multiplied the proportion of sites available by the length of the 

coding sequence for the relevant reference. We excluded M and NS segments, because 

overlapping open reading frames allow an individual mutation to be both synonymous and 

nonsynonymous. Because symptoms typically start 2-3 days post infection, we added 2 days to 

the time since symptom onset to get the time since infection began26–28. We excluded 

individuals who were asymptomatic from the divergence rate analysis. We also excluded outlier 

samples that had ³50 iSNV.  

 

We calculated the rate of evolution for each sample with nonsynonymous and synonymous 

rates calculated separately. Because the calculated rate of divergence varied over the course of 

the infection, we also calculated the rate using the sample with the lowest Ct value for each 

individual. The rate was calculated for the whole genome and for each segment.  

 

Analysis of shared iSNV 

We performed permutation simulations for each reference strain to determine the expected 

number of individuals who would share an iSNV based on the number of individuals, the 

number of iSNV, and the genome size29.  We set the proportion of the genome that was 

mutable as 0.6 based on experimental data30. One thousand permutations were performed for 

each reference strain. For a given group (e.g. mutations shared between 2 individuals), we 

calculated the p value as the proportion of permutations that had as many or more shared iSNV 

than the observed number of shared iSNV. Because we were interested in the number of times 

that an iSNV independently arose, iSNV that were shared among multiple individuals within the 

same household were recorded only once for that household for both the simulations and the 

observed number of individuals. Samples and individuals with >50 iSNV were excluded. 

 

Wright Fisher Approximate Bayesian Computational method 

We mapped the allele trajectory of alleles that changed from a minor to a major allele over the 

course of an infection. We also used Wright Fisher Approximate Bayesian Computation 
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(WFABC) to estimate the effective populations size (Ne) and per locus selection coefficient (s) 

based on allele trajectories31. A generation time of 6 hours was used26. To maximize the 

number of loci used in the calculation of Ne and to avoid violating the assumption that most 

loci are neutral, we estimated a single Ne for A(H1N1)pdm09 and for A(H3N2). We used all loci 

in which the first two time points were one day apart to estimate Ne. 10,000 bootstrap 

replicates were performed.  

  

A fixed Ne was used for the per locus selection coefficient simulations, with the analysis 

repeated for the mean Ne, and +/- 1 standard deviation estimated from the previous step. A 

uniform prior between s of -0.5 and 0.5 was used. 100,000 simulations with an acceptance rate 

of 0.01 was used. We estimated the 95% highest posterior density intervals using the boa 

package32 in R. We considered a site to be positively selected if the 95% highest posterior 

density didn’t include 0 for all three effective population sizes. 

   

Statistical Methods  

Descriptive statistics were conducted.  The Mann-Whitney U tests were used to compare the 

number iSNV per sample and iSNV frequencies by mutation type, vaccination, and antiviral 

usage. The Kruskal-Wallace tests were performed for age and days post symptom onset. For 

divergence rates, Mann-Whitney U tests were performed for vaccination, antiviral usage, and 

IAV subtype. Kruskal-Wallace tests were performed for age, segment, and days post infection. 

We also compared the likelihood of a shared iSNV or a positive selection coefficient. c2 tests 

were performed to test if age, vaccination, and antiviral usage affected the likelihood of an 

individual having a shared iSNV or impacted the probability of an individual having at least 1 

iSNV with a positive selection coefficient. 

All analyses were conducted using R version v4.2.0. 

 

Data and Code Availability 
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Raw sequence data are available at the NCBI Sequence Read Archive (SRA) under 

Bioproject PRJNA1085292. Analysis code is available at 

https://github.com/lauringlab/Flutes_within-host_evolution 

 

Results  

  

Benchmarking  

The FluTES study was a case-ascertained household cohort that enrolled over the 2017/18 

through 2019/20 Northern Hemisphere influenza seasons. Consistent with the viruses 

circulating in the United States during this timeframe, the 2017/1833 and 2018/1934 seasons 

were A(H3N2) predominant and the 2019/20 flu season was exclusively A(H1N1)pdm0935. In 

total, there were 302 cases at the Vanderbilt site over these three seasons, and the majority 

provided 7 daily specimens. We successfully sequenced 346/413 (84%) specimens from 143 

individuals (Table 1). Eighty-three out of 143 (58%) individuals had multiple sequenced 

specimens (Figure S1). Among the 143 individuals, there were 37 children (≤5 years), 51 

adolescents (6-17 years), and 55 adults (≥18 years).  

 

In order to accurately detect ultra-rare muta'ons, we refined our variant calling approach and 

benchmarked this new method against a previously described dataset21. In our benchmarking, 

we found high specificity across all mutant frequencies, but sensitivity decreased as mutant 

frequency decreased (Table 2). To detect the greatest number of true variants, we used a 0.005 

frequency threshold for the rest of the study.  We sequenced each specimen in duplicate, 

obtaining high coverage across the genome (mean >10,000x) and consistency in iSNV frequency 

between the sequencing replicates (Figure 1A,B). iSNV were more common in the 3rd codon 

position compared to the 1st and 2nd position at frequencies above our 0.5% cutoff. As 

sequencing errors are presumably randomly dispersed, this further suggests that we are 

detecting true iSNV (Figure 1C).  

  

Cross sectional analysis 
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Most specimens had between 1-50 iSNV at >0.5% frequency, while 4 specimens had 0 iSNV and 

5 specimens had >50 iSNV (Figure 2A, Table S1). Children had more iSNV per specimen (median 

11) than adolescents (median 7, p=0.001, Figure S2). The number of iSNV per specimen 

increased as the infection progressed before decreasing again, mirroring typical viral titer 

trajectories (Figure S2). However, the difference in the number of iSNV wasn’t significant. The 

number of iSNV didn’t vary much by vaccine status or antiviral usage (Figure S2).    

 

The vast majority of iSNV tended to be very low frequency and most were between 0.5 and 2% 

(Figure 2B). The frequency of iSNV varied significantly by day of sampling post symptom onset 

(p<0.001), host age (p<0.001), mutation type (p=0.005), vaccine status (p<0.001) and antiviral 

usage (p=0.013, Table S1, Figure S3). Adults had the lowest median frequency (0.013), followed 

by children (0.014) and adolescents (0.015, Figure S3). Nonsynonymous iSNVs (median 0.015) 

were found at slightly higher frequencies than synonymous (median 0.013, Figure S3). 

Specimens from vaccinated individuals (median 0.015) had higher median iSNV frequencies 

than unvaccinated individuals (median 0.013, Figure S3C), while specimens from those receiving 

antivirals had lower iSNV frequencies (median 0.013 vs 0.014, Figure S3B). While all of these 

differences were statistically significant, the magnitude of the differences were extremely 

small, and the iSNV frequency distributions almost completely overlapped.  

 

We estimated within-host evolutionary rates as nucleotide divergence per site per day13. 

Consistent with the expansion and contraction of the viral population over the course of an 

infection, the estimated divergence rate varied according to the day of sampling (Figure 2C, 

Table S2). The divergence rate increased from the onset of the infection until approximately 

day 5 and then decreased. This time-varying pattern was more pronounced for synonymous 

than nonsynonymous mutations. Children (0-5 years) had marginally higher within-host 

evolu'onary rates than adolescents (6-18 years) and adults (>18 years, 4.4x10-6 vs. 9.42x10-7 

and 3.45x10-6, p <0.001). (Figure S4). A(H1N1)pdm09 infections had a faster divergence rate 

than A(H3N2) for nonsynonymous mutations (p= 0.010, Figure 2). The divergence rate did not 

vary by genome segment (Figure 2), host antiviral usage, or host vaccination status (Table S2).  
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Shared iSNV and Evolutionary Convergence 

Evolutionary convergence is a signal of positive selection and can be identified based on the 

sharing of iSNV among individuals who are not linked by transmission. In our analysis, we first 

determined the expected number of iSNV that would be shared based on chance alone given 

the number of sequenced specimens and iSNV for each subtype and season. The corresponding 

threshold for statistical significance was ³2 shared iSNV for 2017/18 A(H3N2) and 2017/18 

A(H1N1)pdm09, ³4 for 2019/20 A(H1N1)pdm09, and ³3 for 2018/19 A(H3N2) (p<0.001 for all 

reference strains, Figure S5). Nearly all shared iSNV were found at very low frequencies (Figure 

S6).  

 

The hemagglutinin (HA) and neuraminidase (NA) genes did not exhibit an overabundance of 

shared iSNVs, and the frequencies of shared iSNVs in HA and NA were not higher than iSNV in 

other genes. Only one shared iSNV was within an antigenic site, and it was synonymous (T620C 

[G197]). There was an overrepresentation of shared iSNV in 2017/18 A(H3N2) M and NS with 

28% and 45% of shared iSNV despite these segments making up 8% and 6% of the genome 

respectively. There was also an overrepresentation in 2017/18 & 2018/19 A(H1N1)pdm09 PB1 

and M. They have 37% and 26% of the iSNV, but only make up 17% and 8% of the genome 

respectively.  

 

High iSNV specimens (>50 iSNV) were responsible for 156/201 (78%) of shared iSNV. Because 

these very high numbers of iSNV are inconsistent with the typical rate of mutation 

accumulation and are plausibly due to low-level (<1%) contamination or coinfection, we 

repeated this analysis after removing specimens with >50 iSNV. There was no effect on the 

number of shared iSNV in HA and NA (Figure 3). The number of iSNV in 2017/18 & 2018/19 

A(H1N1)pdm09 PB1, M, and 2017 A(H3N2) M segments were greatly decreased, but the 

overrepresentation of shared iSNV in the 2017 A(H3N2) NS segment remained. When we 

plotted shared iSNV in NS by individual, we found that most of the shared iSNV were part of a 

low frequency, ~400 bp haplotype shared among 9 individuals (Figure S6).  
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Vaccination and antiviral usage did not affect the likelihood of an individual contributing to a 

shared variant (Table S3). Host age did affect the likelihood, but no pairwise comparisons 

achieved statistical significance; 17% of iSNV in adults were shared, 14% in adolescents, and 

12% in children.  

  

Analysis of selection in serial specimens 

Thirty iSNV changed from a minor to major allele during an infection. This included 2 

synonymous (G665A [A212] and G686A [T219]) and 2 nonsynonymous iSNV (C556A [T176K] and 

G564A [A179T]) in HA antigenic sites from A(H3N2) infections. Importantly, there was evidence 

for linkage disequilibrium and hitchhiking, with neutral synonymous iSNV being swept along 

with putatively selected nonsynonymous iSNV36.  Eight individuals had >1 iSNV that became the 

major allele, and in many cases the allele trajectories of these iSNV closely matched each other, 

even when present on different segments (Figure 4A).  For example, individual 1811602 (H3N2) 

had iSNV at 3 loci on HA, NP, and PB2 (¨ in Figure 4A) with very similar trajectories. The iSNV 

on HA and NP are nonsynonymous while the iSNV on PB2 is synonymous.  

 

We used a Wright Fisher Approximate Bayesian Computational Method to infer selection 

coefficients on individual iSNV. For A(H1N1)pdm09 and H3N3, 129 and 199 loci were used to 

estimate the within-host effective population size, respectively. The inferred effective 

population size for A(H3N2) infections was 284 ± 60 and was 176 ± 41 for A(H1N1)pdm09 

infections. Twenty-three out of 256 loci (9%) in A(H3N2) specimens and 19/176 loci (11%) in 

A(H1N1)pdm09 specimens had positive selection coefficients (Figure 4B). One A(H3N2) 

synonymous iSNV (T620C [G197]) was in an HA antigenic site and six A(H1N1)pdm09 and 13 

A(H3N2) iSNV were synonymous. Three of these synonymous A(H1N1)pdm09 iSNV had 

corresponding nonsynonymous iSNV under positive selection. Thirteen A(H3N2) and 10 

A(H1N1)pdm09 iSNV with positive selection coefficients also reached a majority allele 

frequency. Host age, vaccination status, and antiviral usage did not affect the likelihood of an 

individual having an iSNV with a positive selection coefficient (Table S4).  
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Global trajectory  

We next used the seasonal influenza Nextstrain builds to visualize whether any of the iSNV in 

HA and NA that are putatively under positive selection were also identified as increasing in 

global frequency37. Most of the iSNV identified in our study were either already a dominant 

allele in the season under evaluation or didn’t exceed 5% frequency at any timepoint. However, 

there were 2 A(H1N1)pdm09 iSNV and 4 A(H3N2) iSNV that circulated at a significant global 

frequency after appearing in our cohort (Figure S7). None of these were in antigenic sites. For 

A(H1N1)pdm09, both iSNV were from the 2019/20 season; HA_G1628A (A532) is a synonymous 

iSNV that had a posi've selec'on coefficient. It had a global frequency of ~4% in the 2019/20 

season and was fixed in the global popula'on by 2023. HA_A754C (E241A) is a nonsynonymous 

iSNV that was shared among 19 individuals from 16 households. It was not found at a 

detectable frequency globally un'l 2021 and was predominant in 2023. For A(H3N2), HA_T314C 

(F95) was found in 2 people during the 2017/18 season and HA_G225A was found in 4 people 

during the 2018/19 season. HA_T314C is synonymous and reached a frequency of 3% in 2017.  

It never became a dominant allele but did reach a frequency of 10% in 2021. It was previously 

the dominant allele during 2012 before HA_T314 became dominant. HA_G225A (E66K) is 

nonsynonymous and was not circulating during 2018. In 2019 it appeared and fluctuated 

between 0% and 25% until 2022, when it became the dominant allele. It reached 100% in 2024.   

 

HA_C556A (T176K) and HA_G665A (A212) were minor alleles that became major alleles. 

HA_C556A is a nonsynonymous mutation that was found in the 2017/18 cohort. HA_G665A is a 

synonymous muta'on found in the 2018/19 cohort. A556 fluctuated in frequency as a minor 

allele in the global popula'on with C556 being the dominant allele, until both were replaced by 

T starting in 2020. The A allele has fluctuated in global frequency since our sample and has 

reached a maximum frequency of 20%. The G allele was not circula'ng at detectable levels 

when the sample was taken or in the subsequent year. The G was detected in 2023 at a 

maximum frequency of 2%.  
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Discussion 

In our detailed analysis of serially sampled individuals in a longitudinal household transmission 

study, we found that within-host IAV popula'ons are highly dynamic and subject to strong 

purifying selec'on and gene'c drid. There were differences in divergence rates and number of 

iSNV per sample based on age, and mul'ple factors influenced iSNV frequencies. However, 

these differences were minimal and weren’t reflected in differences in their selec'on. Posi've 

selec'on was rare and inconsistently detected with the three methods applied. Our 

comprehensive evalua'on demonstrates that in most cases, the extent of within-host evolu'on 

is small and posi've selec'on is only a minor contributor.  

 

Consistent with strong purifying selec'on, we found low gene'c diversity and divergence rates, 

despite influenza virus’s high muta'on rate. With the lower frequency threshold, we observed 

more iSNV than other studies, but they mainly occurred in the 0.005-0.02 frequency range. Our 

divergence rates were lower than the divergences rates calculated by Xue et al.13 While the 

same frequency threshold was used, we applied more rigorous variant calling and poten'ally 

had a different distribu'on of sample 'ming. Our divergence rates were similar to the rates 

reported by Han et al. 202111.  

 

By lowering the frequency threshold and using serial sampling we were able to detect iSNV that 

were puta'vely under selec'on. However, these iSNV were mostly outside of HA and NA, and 

very few were in known an'genic sites. Even when there were selected iSNV in HA and NA, they 

rarely achieved a significant frequency in the global popula'on. The small effec've popula'on 

size of within-host popula'ons reduces the efficacy of selec'on, and par'al immunity may be a 

rela'vely weak selec've force. If a virus escapes the mucosal membrane to successfully infect a 

host cell, it takes several days for an an'body mediated recall response38. The asynchrony of the 

infec'on and an'body response would result in minimal selec'on on an'genic sites within 

hosts ini'ally. Here, the 'me between the an'body response and viral clearance may not be 

sufficient for significant selec'on. Weak selec'on combined with a short dura'on of infec'on in 

acutely infected individuals minimizes the evolu'on of new an'genic variants.  We do not deny 
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that new an'genic variants can arise through within-host selec'on. However, they will be rare 

events, and newly arising variants, even in an'genic sites, can sweep to fixa'on due to 

stochas'c dynamics.  

 

Our study focused on typical influenza virus infec'ons from seasonal viruses, but the 

evolu'onary dynamics may differ in atypical situa'ons where posi've selec'on may be 

prominent. During prolonged infec'ons in some immunocompromised individuals, an an'body 

mediated recall response is mounted before the virus is cleared. Here, within-host an'genic 

selec'on parallels popula'on-level selec'on and muta'ons that arise within hosts are seen at 

high frequency globally in subsequent seasons39.  Similarly, when posi've selec'on is strong, an 

acute infec'on is long enough for adap've muta'ons to arise and increase in frequency. 

An'viral muta'ons associated with oseltamivir resistance are rou'nely seen in acute infec'ons 

during treatment11,12,40,41. Addi'onally, during the first wave of the 2009 A(H1N1)pdm09 

pandemic, there was an overabundance of nonsynonymous muta'ons within hosts11. As a new 

zoono'c spill over, the virus was not already adapted to human hosts allowing for stronger 

selec'on42.  Based on our prior work and those of others, we suspect that the same principles 

will generalize for most self-limited respiratory virus infec'ons. 

 

Because our study spanned three influenza seasons and was significantly larger than prior ones, 

we were able to evaluate the impact of viral and host factors on within-host diversity and 

evolu'onary rate. Consistent with the observed differences in shedding, we observed 

differences in the levels of gene'c diversity across age groups. Children had faster rates of 

evolu'on and a greater number of iSNV per specimen compared to adolescents, while 

adolescents had higher iSNV frequencies than adults or children. Although these comparisons 

achieved sta's'cal significance, they are unlikely to be biologically meaningful. The differences 

between ages are very small and had minimal impact on our tests for selec'on. In our cohort, 

posi'vely selected iSNV were equally likely to have been iden'fied in children, adolescents or 

adults; children were less likely to contribute to shared iSNV than adults. Although children and 
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adolescents may play an outsized role in influenza epidemics due to increased shedding and 

their social networks43, their within-host dynamics are remarkably similar to those of adults.  

 

Our study has mul'ple strengths. The par'cipants were from the community and were 

representa've of the general popula'on, making the results widely applicable. Due to the 

diversity in our cohort, we were able to study the effects of age, vaccina'on status, and an'viral 

usage. We also used mul'ple methods to detect posi've selec'on. Allele trajectory methods 

are more effec've, but iden'fying shared variants allowed us to test for posi've selec'on when 

there was only a single specimen. Addi'onally, we had applied stringent variant calling criteria 

that were benchmarked to ensure high confidence in variant calls. 

 

There are several limita'ons to our study. We used only nasal swabs and would poten'ally miss 

selected sites if there was compartmentaliza'on. However, nasal swabs likely sample the most 

relevant popula'on for transmission, as virions replica'ng in the sod palate or nasal epithelial 

cells form the popula'on that is most likely to be transmiped44–46. In ferrets, 

compartmentaliza'on in the lungs occurs through a series of boplenecks47. This leads to 

significant gene'c drid, which further masks any signals of posi've selec'on. Therefore, it is 

unlikely that more comprehensive sampling of the respiratory tract would change our results. 

Despite our best apempts to mi'gate it, there is always the possibility of sequencing error and 

false iSNV calls.  

 

Our work was only in a US cohort, and there is the possibility that the results will not generalize 

to other se�ngs.  However, the viruses circula'ng in our cohort were representa've of seasonal 

influenza viruses globally48–50 and many cases were not medically apended. Addi'onally, in 

2020, the widespread mi'ga'on measures in response to the COVID-19 pandemic severely 

curtailed influenza A virus circula'on51. Influenza A virus reappeared in 2021 ader an intense 

bopleneck. In contrast to typical paperns, stochas'c processes dominated globally, complica'ng 

our ability to connect within-host processes to global outcomes. However, our results are 
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similar to other acute seasons and all A(H3N2) specimens were collected 1 to 2 seasons prior to 

the SARS-CoV-2 outbreak.   

 

Despite mul'ple studies with varying popula'ons and approaches, clear evidence of within-host 

an'genic drid in acute infec'ons is lacking. Given the rigor of our methods and the data from 

other studies, we find that acute influenza virus infec'ons are dominated by stochas'c forces 

(muta'on and drid) with liple evidence for posi've selec'on regardless of age, vaccina'on 

status, or an'viral use, or subtype. This calls into ques'on whether this is useful as a 

surveillance strategy. While posi'vely selected variants exist, a large number of people would 

need to be closely followed to find them. However, our characteriza'on of divergence rates 

within-hosts as well as the impact of viral and host factors is important for understanding and 

modeling how within-host processes feed into larger evolu'onary dynamics. Other RNA 

respiratory viruses, such as Influenza B29, SARS-CoV-252–56 and RSV57, have low within-host 

gene'c diversity and similar infec'on dynamics to IAV. The phenomenon of strong immune 

selec'on at the popula'on level and stochas'c processes and purifying selec'on domina'ng 

within hosts may be widespread in acute respiratory infec'ons. 
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Figure 1. (A). Sequencing coverage across the genome in 300 bp nonoverlapping windows. (B). 
iSNV frequency is consistent across replicates. The insert shows iSNV frequency up to 0.1. (C). 
Proportion of iSNV in each codon position for a given frequency in 0.05 frequency bins. iSNV in 
codon position 3 (blue) are more common than iSNV in position 1 (red) or 2 (gold) across the 
frequency range. 
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Figure 2. (A). Number of iSNV per specimen. (B). iSNV frequency(C). Divergence rate
(divergence/site/day) by day post infection (green synonymous, purple nonsynonymous).
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Figure 3. The mean frequency of iSNV found in multiple individuals from different households after samples 
with  >50 iSNV were removed. iSNV from 2017/18 & 2018/19 H1N1 and 2017/18 H3N2 infections are shared 
in 2 individuals. iSNV from 2019/20 H1N1 infections are shared in 3 individuals, and iSNV from 2018/19 
H3N2 infections are shared in 4 individuals. (Green synonymous iSNV,  purple nonsynonymous iSNV)
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Figure 4. A. Allele trajectories of iSNV that go from minor to major allele over the course of an 
infection. Lines are colored by individual. Dashed lines are synonymous iSNV and solid lines 
are nonsynonymous iSNV. The household symptom onset date was used for individuals with 
asymptomatic infections. Green lines next to the diamond ( ) are from individual 1811602 
(B). WFABC selection coefficients for iSNV under positive selection. Stars (! ) indicate iSNV in 
HA antigenic sites in both (A) and (B). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 19, 2024. ; https://doi.org/10.1101/2024.08.15.608152doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.15.608152
http://creativecommons.org/licenses/by-nc-nd/4.0/


Subtype Season
Number of 
Specimens

Number of 
Individuals

H3N2 2017-2018 32 13

2018-2019 153 58

2019-2020 0 0

H1N1 2017-2018 13 7

2018-2019 35 14

2019-2020 113 51

Table 1. Overview of specimen types
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% Freq
True 

positives Sensitivity
False 

Positives Specificity

5 18 0.9 13 0.9996759

2 15 0.75 6 0.9998504

1 13 0.65 10 0.9997507

0.5 6 0.3 2 0.9999501

Table 2. Benchmarking results
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Figure S1. The number of specimens per individual that were successfully sequenced. 
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Figure S2.  The distribution of iSNV per specimen doesn’t differ by host vaccination (A), antiviral 
usage (B), and sex (C). (D). The Number of iSNV per specimen by host age. The main graph is up 
to 50 iSNV per specimen, and  the inset shows the whole range of iSNV per specimen. (E)  The 
number of iSNV per specimen by day post symptom onset. For visualization purposes, specimens 
with greater than 50 iSNV are not shown. 
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Figure S3.  Frequency distributions of iSNV. (A) iSNV frequency by host age. Young children are 5 
and under, adolescents are 6-18, adults are >18 . iSNV frequency by antiviral usage (B), vaccine 
status (C ), and mutation type (D). (E). iSNV frequency by day post symptom onset. (F) frequencies 
between 0.005 and 0.1. The red bars are the median frequency. 
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Figure S4. The average divergence rate by segment, subtype, host antiviral usage, age, and 
vaccination. All points are the mean  +/- the standard error. (Green synonymous iSNV, 
purple nonsynonymous) 
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Figure S5. The number of iSNV that were shared across clinical specimens in the indicated number 
of individuals compared to simulated data (see methods). Blue asterisks indicate significant (p < 
0.001) differences between the observed and simulated.  
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Figure S6. (A). The mean frequency of iSNV that were found in multiple individuals from different households. 
iSNV from 2017 & 2018 H1N1 and 2017 H3N2 infections are shared in 2 individuals. iSNV from 2019 H1N1 
infections are shared in 3 individuals, and iSNV from 2018 H3N2 infections are shared in 4 individuals. ( 
Green synonymous iSNV,  purple nonsynonymous). (B). Position of shared iSNV ( 2) by sample for iSNV in 
NS from H3N2 2017 infections after samples with  >50 iSNV were removed. 
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Figure S7. Global frequencies of HA alleles identified as under positive selection. 
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Number of iSNV per sample Test statistic (2 or W) df p value
Age Class 13.285 2 0.001
Vaccination 15110 1 0.228
Antiviral Usage 15158 1 0.555
Days Post Symptom Onset 17.556 17 0.417
Mutation Type 61023 1 <0.001

Age Class - Post Hoc Test statistic (Z) p.unadj p.adj
Child vs Adolescent 3.627455 <0.001 <0.001
Child vs Adult 2.150786 0.031 0.063
Adolescent vs Adult -1.538681 0.124 0.124

iSNV Frequency Test statistic (2 or W) df p value
Age Class 43.417 2 <0.001
Vaccination 1887183 1 < 0.001
Antiviral Usage 2225826 1 0.013
Days Post Symptom Onset 62.392 17 < 0.001
Mutation Type 2308742 1 0.005

Age Class - Post Hoc Test statistic (Z) p.unadj p.adj
Child vs Adolescent -2.152914 0.031 0.031
Child vs Adult 4.494324 < 0.001 < 0.001
Adolescent vs Adult 6.305439 < 0.001 < 0.001

Table S1. Comparisons of the number of iSNV per specimen and of iSNV frequency. 
For statistically significant  differences the p values are bolded. 2 test statistics are 
from  Kruskal-Wallis rank sum tests and W test statistics are from Mann-Whitney U 
tests. 
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Nonsynonymous Synonymous
Test statistic 

(2 or W) df p value
Test statistic

 (2 or W) df p value
Segment 6.4119 5 0.268 3.4014 5 0.638
Subtype 2163 1 0.011 1745 1 0.078
Age Class 11.635 2 0.003 8.0787 2 0.018
Days Post Symptom 
Onset 31.413 17 0.018 41.389 17 0.008
Vaccination 1648 1 0.700 1629.5 1 0.609
Antiviral Usage 2063 1 0.080 2072 1 0.065

Age Class - Post Hoc Test statistic (Z) p.unadj p.adj Test statistic (Z) p.unadj p.adj
Child vs Adolescent 3.403515 < 0.001 0.002 2.841021 0.005 0.013
Child vs Adult 1.741911 0.081 0.081 1.680322 0.093 0.186
Adolescent vs Adult -1.744294 0.081 0.162 -1.211188 0.226 0.226

Table S2. Comparisons of divergence rates. Statistically significant  differences are 
bolded.  2 test statistics are from  Kruskal-Wallis rank sum tests and W test 
statistics are from Mann-Whitney U tests. 
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chi-squared df p value
Age Class 9.5451 2 0.008
Vaccination 2.6569 1 0.103
Antiviral Usage 1.3851 1 0.172

Age Class - Post Hoc chi-squared p.unadj p.adj
Child vs Adolescent 1.1357 0.287 0.859
Child vs Adult 9.3301 0.002 0.068
Adolescent vs Adult 2.5414 0.111 0.333

Table S3. Chi Squared tests for the probability of having a shared variant. 
Statistically significant comparisons are bolded.
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Table S4. Chi Squared tests for the probability  of an individual having at 
least 1 iSNV under positive selection. 

chi-squared df p-value
Age Class 0.7067 2 0.702
Vaccination 0.367 1 0.554
Antiviral Usage 0.3329 1 0.564
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