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Abstract 28 

Introduction. Minor frequency viruses play many important roles during viral infection that 29 

cannot be explained by the consensus sequence alone. In influenza, immunosuppressed 30 

individuals appear to generate numerous viral variants, leading to subpopulations with 31 

important role in infection. The objective of the present study was to describe viral 32 

diversification over time in immunocompetent patients during influenza virus infection. 33 

Methods. All clinical records of patients admitted to the Lyon university hospital (Lyon, 34 

France) during the influenza infection epidemics of the 2010-2015 period and sampled at least 35 

twice during their clinical management were retrospectively analyzed. To estimate 36 

performance of the sequencing procedures, well-characterized plasmids containing each of the 37 

8 segments of influenza viruses were used as quality controls. Diversity, i.e. the number of 38 

validated single nucleotide variants, was analyzed to compare characteristics over time and 39 

according to clinical severity (mild, severe with neurological complications, severe with 40 

respiratory complications). Results. After validation on quality controls (n=51), and 41 

verification of possible confusion bias, a 5%-threshold of detection was applied to clinical 42 

viral sequences (n=29). At this threshold, amino-acid coordinates (n=183/4,246, 4.31%) were 43 

identified as having at least one mutation during clinical course, independently of the clinical 44 

severity. Considering a threshold of 4 days of symptoms, as a limit for early and late 45 

sampling, diversity was significantly higher in late samples for the mild group, compared to 46 

both early mild and severe groups (p<0.05). At a single-segment scale, for PB2-coding 47 

segment, diversity was significantly higher in early samples of the neurological group than in 48 

both early and late samples in the respiratory group and for late samples in the mild group 49 

(p<0.05). For the NS1-coding segment, significant differences were observed between initial 50 

diversity of mild and severe patients, as for early and late samples in mild patients (p<0.01). 51 

Discussion. This study is the first describing diversity through time, associating biological 52 
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and clinical information during viral diversification, during the infection of an 53 

immunocompetent human host. This latter opens a large field of investigation in infectious 54 

disease management using next-generation sequencing and suggest development of new 55 

therapies, focusing on non-antigenic viral properties, in non-vaccine fields of research 56 
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Introduction 57 

Influenza is a highly contagious respiratory viral infection for humans, mainly caused by 58 

influenza A (IAV) and B viruses (IBV), two of the five genera of the Orthomyxoviridae 59 

family. These viruses are enveloped viruses with a segmented, single-stranded and negative 60 

sense RNA genome (1). As for the other RNA viruses, genetic variability and plasticity of 61 

genomes are inherent properties of influenza viruses. Because of the lack of exonuclease 62 

activity and proof-reading function of viral RNA polymerase, replication of influenza virus 63 

genome has been evaluated to have a high mutation rate (more than 2 x 10-5 substitutions per 64 

nucleotide site per cell infection cycle) (2,3). Mutations are either rapidly lost in a non-65 

advantageous environments (where they reduce the viral ability to replicate), or expanded 66 

(when they provide evolutionary advantage; for example antiviral resistance under selective 67 

pressure) (4). Because of the presence of minor frequency viruses, many important 68 

characteristics of a viral infection may not be entirely explained by the consensus sequence. 69 

Genetically diverse subpopulations co-circulating in the infected host, termed “viral 70 

quasispecies”, are generated upon replication of the infecting viruses (5). These viral 71 

quasispecies have been associated with rapid replication kinetics, and have many important 72 

implications for virus evolution and pathogenesis (6,7). In animal models, authors have 73 

demonstrated that a mutant poliovirus diverse population had more replicative and fitness 74 

advantages over its individual components, whereas high fidelity associated with lower 75 

diversity, generated strains unable to reach the brain of a susceptible infected mice (8). Some 76 

authors have proposed taking advantage of this mechanism for enhancement of vaccine 77 

security with an higher efficacy (8–10). Indeed, without quasispecies generation, cooperation 78 

between quasispecies is limited and vaccine strains could produce an improved immune 79 

response, with absence (or limited) adverse event. There is, however, little information for 80 

influenza disease. Some data have been obtained since the development of ultra-deep 81 
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sequencing (UDS) through studies of infected individuals during the last pandemic or 82 

focusing on the hemagglutinin (HA) segment, or a broader study in immunosuppressed 83 

patients (11). This is of importance, as, similarly to other respiratory viruses (e.g. respiratory 84 

syncytial virus), immunosuppressed individuals appear to generate and spread numerous viral 85 

variants, and  the selective pressure of antiviral therapy could lead to the emergence of 86 

antiviral-resistant viral variants (13,14). Although shedding can persist for months in the 87 

immunocompromised setting allowing full analysis of the viral diversification, the defective 88 

immune function enhances this trend (12). Thus, longitudinal data are required in 89 

immunocompetent patients, which was the objective of the present study aimed to describe 90 

viral diversification over time in human influenza virus infection. 91 

Methods 92 

Ethical statement 93 

Respiratory samples (nasopharyngeal aspirate or swab) were collected for regular clinical 94 

management during hospital stay. No additional samples were taken for the purpose of this 95 

study. Patient confidentiality was strictly protected. This study was approved by the ethics 96 

committee of Hospices Civils de Lyon, France, on May 3, 2017.  97 

Patient selection 98 

All clinical records of patients admitted to the Lyon university hospital (Hospices Civils de 99 

Lyon, France) during the influenza infection epidemics of the 2010-2015 period and who 100 

were sampled twice or more during their clinical management were retrospectively analyzed.  101 

In order to standardize post-infection time, only patients who were symptomatic for 2 days or 102 

less when the first respiratory sample was collected were included in this study. With the aim 103 

to achieve a homogeneous panel of immunocompetent individuals and to limit potential 104 
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confusion bias, those with at least one of the following were excluded: incomplete clinical 105 

file; having received antibiotics (antiviral, antibacterial, or antifungal) treatment; with a risk 106 

factor for severe influenza (list of criteria for inclusion in a vaccination plan, including 107 

chronic disease with or without treatment) (16). The clinical files of enrolled patients were 108 

retrospectively analyzed and patients were then classified according to clinical outcome. 109 

Patients were considered to have severe influenza when a respiratory and/or neurological 110 

complication(s) were reported (other were considered to have mild influenza). Those with 111 

severe influenza were further stratified according to complications. Neurological involvement 112 

was based on physician report of objective neurological abnormalities such as 113 

encephalopathy, encephalitis, focal symptoms or seizures and/or the necessity of admission in 114 

an intensive care unit (ICU) or in a specialized neurology unit (15). Respiratory failure criteria 115 

included patients with oxymetry <95% in an arterial sample and/or patients who required 116 

invasive or non-invasive ventilation and/or hospitalized in an ICU for respiratory distress.  117 

Respiratory samples (NasoPharyngeal Aspiration – NPA, TracheoBronchial Aspiration – 118 

TBA, Broncho-Alveolar lavage – BAL, or Nasal Swabs – NS) from included patients were 119 

considered. All analyzed samples were tested positive for influenza A or B virus using 120 

Respiratory Multi Well System r-gene® kit (bioMérieux, Marcy-l’étoile, France) during 121 

routine testing conducted at the virology department of the University Hospital of Lyon 122 

(allowing semi-quantification by determination of a Cycle threshold –Ct-). After routine 123 

screening, each specimen was stored at -20°C in Eagle’s Minimal Essential Medium with 124 

antibiotics. A limited number of freeze-thawing cycles were performed on ice, in order to 125 

conserve viral RNA. 126 

Samples were considered as “early” or “late” sampling. Considering that a median time to 127 

symptoms alleviation is six days in a meta-analysis of trials focusing on benefit of antiviral 128 
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treatment, early sampling was a day-1, day-2,day-3, and day-4 sampling and late sampling a 129 

day-5 or more sampling (17). 130 

Quality control preparation 131 

To estimate performance of the wet- and dry- lab procedures, well-characterized pHW2000 132 

plasmids containing each of the 8 segments of influenza viruses were used to constitute 133 

quality controls (18). Two different genetic backbones were used to simulate the two different 134 

IAV subtypes: A/Moscow/10/99 was used for H3N2, and A/Lyon/969/2009 was used for 135 

H1N1. To mimic viral diversification, mutated and non-mutated segments of one of the eight 136 

segments (i.e. the neuraminidase (NA) gene) were mixed at pre-defined concentrations. For 137 

H1N1, Three types of mutated NA plasmids, used for reverse genetic studies of the NA-138 

resistance, were used (H275-mutated, M15I-mutated and V106I-N248D-N200S – triple 139 

mutated NA plasmid); for H3N2, a sole mutated plasmid was used (R292K-mutated NA). 140 

Each plasmid was quantified using QuBit fluorometer 2.0 (LifeTechnologies, Carlsbad, CA, 141 

USA) then pooled in determined concentration for each mutation to determine performances 142 

(0.1% for QC1; 0.5% for QC2; 1% for QC3; 5% for QC4; and 10% for QC5). A mix of non-143 

mutated plasmid for both H1N1 and H3N2 subtypes was also used to verify the absence of 144 

false positive detection (QC0).   145 

Mixes were then considered similarly to clinical samples for the rest of the study. 146 

Sample preparation 147 

Nucleic acids were extracted from samples using an automatic extraction platform (Nuclisens 148 

EasyMag, bioMérieux). To optimize performance of subsequent following reverse 149 

transcription polymerase chain reaction (RT-PCR) and sequencing, without introducing to 150 

much bias, all samples were treated with DNAse. Briefly, 5μL of sample extract, 1μL of 151 
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Turbo DNAse, 2μL of Turbo DNAse buffer (LifeTechnologies) and, to limit a potential 152 

residual RNAse activity, 0.5μL of RNasin® Plus RNase Inhibitor (Promega Corporation, 153 

Madison, WI, USA) were incubated for 90 min at 37°C. Enzymatic reaction was then stopped 154 

by an immediate purification using a magnetic bead system (NucleoMag® NGS Clean-up and 155 

Size Select, Macherey-Nagel, Düren, Germany) using a 0.5X ratio to limit potential small 156 

RNA presence.  157 

Viral nucleic acids were amplified differentially depending on the viral type determined 158 

during routine testing. For IAV-positive samples, extracted nucleic acids were amplified using 159 

a multi-segment RT-PCR as described by Zhou et al. in 2009 (19). For IBV-positive samples, 160 

extracted nucleic acids were amplified using a RT-PCR as described by Zhou et al. in 2014 161 

(20). Both of these protocol efficiencies were optimized using 0.5 μL of RNasin® Plus RNase 162 

Inhibitor (Promega Corporation) to enhance PCR products quantities. 163 

Correct amplification was verified by agarose gel electrophoresis (1%) and samples with no 164 

band visible in the gel were excluded from further analyses. Validated samples were purified 165 

using NucleoMag® NGS Clean-up and Size Select (Macherey-Nagel) quantified first by 166 

Nanodrop (Thermo Fisher Scientific, Waltham, MA, USA) then by QuBit 2.0 fluorometer 167 

with HS DNA quantification kit (LifeTechnologies).  168 

Library preparation and sequencing  169 

The library was constructed using the Nextera™ XT DNA library kit (Illumina, San Diego, 170 

CA, USA) according to manufacturer’s recommendations. Briefly, samples were fragmented 171 

and tagged during the same process by a Nextera XT transposase (Illumina). Then, these 172 

adaptor-ligated DNA fragments were linked to the barcode and adaptors combination by a 173 

limited-cycle PCR program (12 cycles). The resulting libraries were purified and size-selected 174 

using 0.5X NucleoMag® beads (NucleoMag® NGS Clean-up and Size Select, Macherey-175 
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Nagel). Using Nextera XT kit (Illumina), libraries were then pooled at an equimolar ratio, per 176 

96, and then diluted in hybridation buffer. These multiplex samples were then denatured using 177 

NaOH and TrisHCl before loading on the NextSeq500 mid-output cartridge. After the 2x150 178 

bp NextSeq paired-end sequencing run, data were base called and reads were collected and 179 

assigned to a sample when showing the same barcode combination, which generated Illumina 180 

FastQ files. 181 

Sequencing data  182 

The reads obtained on the sequencing platform were submitted to NCBI’s Sequence Read 183 

Archive and can be found under project numbers SRP140895 (samples) and SRP137044 184 

(quality control). 185 

Bioinformatic analysis 186 

Briefly, the downstream analysis of the resulting Illumina FastQ files included: quality and 187 

read cleaning pre-processing, mapping to a generated reference and diversity analysis through 188 

Single Nucleotide Variants (SNV) calling (Figure 1). Adapters, low base-quality ends and 189 

read-pairs shorter than 50 bases were removed using cutadapt (v0.4.4) (21). Mapping to 190 

references was obtained using BWA-MEM alignment tool (v0.7.15) (22). Strain subtypes 191 

were verified on their hemagglutinin homology with subtype references. Consensus sequences 192 

were generated to obtain the closest possible mapping reference allowing a new mapping 193 

processing.  194 

SNV calls were generated using naive variant caller (Biomina Galaxy platform) only filtering 195 

low quality bases (score<Q20) (23). End-user workable files, presenting validated SNVs and 196 

segment diversity, were generated using a homemade vcf analysis tool written in python 197 

(available upon request). Validation of these SNVs relied on stringent criteria determined on 198 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted October 4, 2018. ; https://doi.org/10.1101/435263doi: bioRxiv preprint 

https://doi.org/10.1101/435263


11 

 

quality controls: variant’s strand bias < 1; minimal frequency estimated > 1%; frequency 199 

higher than a threshold based on the position coverage depth (24,25). Diversities, represented 200 

by the number of validated single nucleotide variant (mSNV), reported herein correspond to 201 

genomic polymorphism count weighted according to the proportion of the variants with 202 

respect to the main nucleotide.  203 

FASTA consensus sequences were aligned using MUSCLE v3.8.31 (26). Trees, obtained 204 

using Maximum likelihood analyses on hemagglutinin (HA) sequences using IQ-Tree, were 205 

visualized and annotated using FigTree (v1.4.2) (27). Bootstrap values were estimated after 206 

1,000 bootstrap replicates (28). 207 

Statistical analyses and representations were performed using Graphpad Prism software (v7.0) 208 

(GraphPad Software Inc, La Jolla, CA, USA). Multiples testing were considered after 209 

Bonferroni's multiple comparison correction if needed. Results were considered to be 210 

significant when p-value (p) <0.05 (very significant when p<0.01) 211 

Results 212 

Selected patients and specimens 213 

On the 692 clinical files screened for this study, 14 patients hospitalized from 2010 to 2015 214 

with two or more respiratory samples (median number of samples per patient: 2; sampling 215 

delay between two samples from one to 14 days) tested positive for IAV or IBV were 216 

included for a total of 95 patient-days (i.e. a patient followed for a day). Clinical and 217 

biological data are summarized in Table 1. Ten patients were considered to have severe 218 

influenza (including seven in the respiratory group and three in the neurological group). Sex 219 

ratio was 1:1. Median age was 5 years (95%CI [1.7; 74.8]). Among these, ten had respiratory 220 

symptoms of variable severity (i.e. tachypnea, cough, rhinorrhea, bronchitis, wheezing) 221 
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(10/14; 71.4%) and seven non-respiratory symptoms (i.e. diarrhea, vomiting, cutaneous 222 

eruption, adenopathy) (7/14; 50%). Over the clinical course of their disease, five patients 223 

(5/14; 35.7%; two patients in each of the severe groups and one in the mild group) received 224 

antivirals (oseltamivir treatment); nine patients received antibiotics, after sampling of the 225 

sequenced sample (3/3,100%, of those in the neurological group; 6/7, 85.7%, in the 226 

respiratory group). Three patients died (2/3, 66.6%, in the neurological group; 1/7; 14.3% in 227 

the respiratory group). All patients were sampled at least twice and one was sampled three 228 

times. Most of the 29 samples were taken from the upper respiratory tract (22 samples; 12 NS 229 

and 10 NPA); others were taken from the lower respiratory tract (7 samples; 6 BAL and 1 230 

TBA).  231 

Determination of SNV frequency threshold 232 

A total of 51 artificial mixes of plasmids were sequenced to validate the process (27 H1N1-233 

like plasmids and 24 H3N2-like plasmids). For each of sequencing run containing at least one 234 

sample sequenced for diversity analysis, at least one of these mixes of plasmids were 235 

sequenced. This allowed extensive performance validation of intra-run performance and inter-236 

run reproducibility. Variants were detected in artificial mixes that included 10%, 5%, and 1% 237 

mutants (respectively named QC3, QC2, and QC1). The sequencing of a fully-wild type 238 

plasmid with a sufficient coverage (average depth 48,000X for H1N1-like plasmids and 239 

44,000X for H3N2-like plasmids) found that there was no cross-contamination or 240 

bioinformatics bias (Table 2). Sufficient depth to allow statistical analyses was observed in 241 

clinical samples (Supplementary figure S1). 242 

All expected variants were detected for mixes containing 5% and 10% mutants (as 243 

summarized in Table 2). Sensitivity of detection decreased with the expected frequency of the 244 

mutation; resulting from inconstancies in detection for H1N1 (11 absence of detection on 25 245 
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nucleotide coordinates, 44%) and absence of detection in 80% of the sequenced QC for H3N2 246 

at 1%-threshold. Mutants were not detected at 0.1% frequencies (named QC4) for both H1N1 247 

and H3N2 plasmids and 0.5% (named QC5) for H1N1. Observed frequencies ranged from 248 

150% to 250% of the expected frequency for H1N1; 82.8% to 89.2% for H3N2, without 249 

significant difference between mutations or replicates (p>0.05). 250 

Moreover, to ensure good reproducibility of the sequencing process, and to evaluate possible 251 

inter-run bias, the plasmid mix with the lowest detected frequency (0.5% for H1N1-like 252 

plasmid) was sequenced in triplicate in two different sequencing runs. As there was no 253 

significant difference between the two runs (observed average frequencies 0.98 and 0.95, 254 

p>0.05), the grouped analysis of different runs was possible, considering sufficient inter-run 255 

reproducibility. 256 

In light of these results, the detection threshold of 5% was used for the rest of the study.  257 

Influenza genome hotspots and coldspots 258 

In IAV samples and using a 5% filter, 183 amino-acid coordinates (183/4,246, 4.31%) were 259 

identified as having at least one mutation during clinical course, independently of the clinical 260 

outcome (Table 3.). Prevalence of these residues represented less than 5% of all residue 261 

coordinates (from 3.16% for PA-coding segment to 6.61% for NA-coding segment, 262 

independently from oseltamivir treatment). There was no significant difference in viral 263 

number between segments (p>0.05). 264 

As schematized in the Supplementary figure S2, hotspots (defined as regions with at least 265 

twice the mean mutation rate of the considered segment) were significantly more frequent in 266 

two of the eight major proteins (61/469 residues, 13.0% of the NA-coding segment; 21/229 267 

residues, 9.17%, of the NS1-coding segment; versus 170/4246 residues, 4.00% for the whole 268 
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influenza genome; p<0.05). Respective proportions or number of variants per segment were 269 

summarized in Figure 2. Finally, hotspots were less frequent in PB1- and M1-coding 270 

segments (24/757 residues, 3.17% of the total; 10/252 residues, 3.97% of the total segment 271 

versus 170/4246 residues, 4.00% for the whole influenza genome; p<0.05) 272 

Intra-host diversity develops differentially according to disease outcomes  273 

Even if samples could be clustered in the clade corresponding to their epidemiological season, 274 

no clustering could be observed in terms of clinical outcome or day of sampling since 275 

symptoms onset (p>0.05). Phylogenic analyses of the HA sequence of the most covered 276 

samples per patient is represented in Supplementary figure S3. 277 

To overcome possible bias associated with the clinical non-standardized nature of sequenced 278 

samples, a statistical analysis between diversity and Ct was performed and did not find any 279 

significant association, allowing comparison of all samples (p>0.05). 280 

Viral genomic diversity was evaluated in each patient, considering a threshold of 4 days of 281 

symptoms as a limit for early and late diversity. Diversity was found to significantly different 282 

between early and late samples (mean difference: 4.533, p<0.05; Figure 3a). Similarly, there 283 

were differences in frequencies when stratified according to time and clinical groups or 284 

subgroups (p<0.01). A significantly lower diversification was found in late samples of the 285 

mild group as compared to the severe neurological group (mean frequency difference 0.33, 286 

p<0.01) and as compared to the severe respiratory group (mean difference: 0.20, p<0.05; 287 

Figure 3b). A significantly lower diversity in late as compared to early samples of the mild 288 

group was also found (mean difference: 23.82, p<0.05).  No significant correlation was found 289 

between diagnosis Ct and diversity observed after sequencing (p>0.05). 290 
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Analyses were then performed at a single-segment scale (significant results were summarized 291 

in Figure 4). Diversity was significantly lower in early than in late samples (mean difference: 292 

2.55; p<0.05) for segment 3 (PB2-coding segment; Figure 4a). For this segment, there was 293 

significantly greater diversity in the neurological group in early samples than in both early 294 

and late samples in the respiratory groups (mean differences: 6.44 and 7.33, respectively; 295 

p<0.05) and for late samples in the mild group (mean difference 8.00; p<0.05, Figure 4b). On 296 

the NS1-coding segment, diversity was not significantly different in early and in late samples 297 

for segment 8 (Figure 4c). On this segment, significant differences were observed between 298 

diversity in specimens sampled early in the clinical course of mild-group patients and of 299 

severe-group patients (mean difference 5.00 and 6.08; p<0.05 and p<0.01 for comparison with 300 

respiratory and neurological groups respectively). Moreover, a very significant difference was 301 

observed between early and late diversity for mild-group patients (mean difference 6.33; 302 

p<0.01; Figure 4d). Analyses performed using a 1%-threshold for SNV calling found similar 303 

results. 304 

Discussion  305 

This study is the first, to the best of our knowledge, to describe influenza virus diversification 306 

over time using clinical specimens sampled in immunocompetent patients and ultra-deep 307 

sequencing. 308 

Before the emergence of UDS, “classical” Sanger sequencing did not allow deep 309 

characterization of these viral populations, due to insufficient depth of sequencing. At 310 

contrary, UDS seems to fulfill this requirement (29–31). However, owing to possible 311 

experimental errors, introduced both during wet-lab (i.e. RT-PCR but also sequencing itself) 312 

and dry-lab (i.e. bioinformatic analyses) steps, appropriately prepared quality controls are 313 

required to valid these processes (32). As UDS enables sequencing of several gigabases of 314 
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DNA in a single run, and because influenza genome is a limited 13 kb-long genome, a single 315 

sequencing could allow its characterization with a high coverage (i.e. the proportion of the 316 

genome that is sufficiently sequenced) and/or depth (i.e. the number of times a considered 317 

nucleotide coordinate is sequenced on a reference genome) (33). Nevertheless, the segmented 318 

nature of its genome makes it technically difficult to obtain sufficient (and homogenous) 319 

coverage of all eight genomic segments in a single reaction to allow diversity analyses. The 320 

present study describes the use of adapted quality controls to validate the comparison between 321 

runs and between samples in viral variant analysis. Using well-characterized plasmids, all 322 

expected mutations were observed using a frequency threshold of 5% for SNV variant calling. 323 

Using only two different plasmids, a similar approach defined a frequency threshold of 2%, 324 

but as described by the authors the pipeline used does not take strand bias into account, 325 

justifying the supplementary precaution taken herein (even if no supplementary difference 326 

was observed using a threshold of 1%) (25,34). Furthermore, plasmids are a more accurate 327 

method to evaluate performance of NGS than whole viruses isolated in plaque assays as these 328 

contain confounding mutations introduced during replication (35). It is important to note that, 329 

herein, observed differences remained the same independently from the frequency filter that 330 

was applied. Because the frequency threshold chosen has to be inversely related to the depth 331 

of sequencing, this observation suggests that data from less deep sequencing remain of 332 

interest to compare samples sequenced using the same method, which is of interest for future 333 

studies.  334 

In the present study, respiratory specimens were limited to those sampled from 335 

immunocompetent patients before the introduction of antimicrobial therapy which allowed the 336 

description of a baseline state of viral diversity without identifiable confounding factor. This 337 

baseline diversity has already been described as resulting from a bottleneck in studies 338 

investigating other types of virus (36). First, we observed that the complete genome scale 339 
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diversity increases during clinical course. Secondly, there were differences in terms of 340 

genomic diversification according to clinical outcome; while a significant decrease was found 341 

between early and late diversity in patients with mild influenza, no significant difference was 342 

found for those with severe disease either in the neurological or respiratory group. This 343 

difference suggests that diversification could be considered as a virulence factor for influenza, 344 

as has been suggested for Coxsackie virus, and as described in a poliovirus mouse model, and 345 

for Foot-and-Mouth Disease virus (8,37,38). Moreover, this result also supports the potential 346 

value of an engineered virus with high fidelity polymerase to improve vaccine effectiveness 347 

(10). Indeed, responsible for less severe manifestations, less diversified viruses obtained using 348 

these polymerases would enhance vaccine effectiveness without a dramatic increase in 349 

morbidity rates. Conversely, the dramatic decrease of diversity observed for mild influenza is 350 

consistent with the notion of an error catastrophe threshold, as previously suggested in 351 

therapeutic interventions (39). The observed results in the present study could suggest that a 352 

decrease of diversity, associated with a viral clearance and improvement of symptoms, 353 

reflects that the error threshold was exceeded that led to extinction of the viral population. 354 

This observation could support the value of ribavirin, an antiviral drug that destabilizes the 355 

polymerase, in influenza infection, as has been reported for Haanta virus (40). Furthermore, 356 

the attenuated virulence of less diverse influenza virus populations could support the use 357 

bioengineered virus bearing high-fidelity polymerase to produce less diverse quasispecies and 358 

therefore enhance vaccine effectiveness without risk of secondary effects. 359 

At the single segment scale, genomic diversity evolved differentially according to the 360 

considered segment. The significant decrease observed at the level of the whole genome 361 

between early and late samples was driven by evolutions of PB2-coding and NS1-coding 362 

segments. These differences in diversity were associated with the clinical groups, with a 363 

higher initial diversity in the severe neurological influenza group compared to both 364 
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respiratory and mild clinical groups in the PB2-coding segment, at the converse in the NS1-365 

coding segment.  366 

It has previously been reported that NS1-coding segment mutations could be associated with 367 

clinical outcome, for instance in equine model of infection or in highly pathogenic influenza 368 

H5N1 infections (41,42). Non-antigenic segments (all but HA- and NA-coding segments) 369 

could also be considered as a fitness-enhancing capacity for viruses, as demonstrated (43). For 370 

example, substitutions in the nucleoprotein were considered as to play a major role in 371 

adaptation and virulence, enhancing the capacity to escape to T cell mediated immunity (44). 372 

The present study analyzed the diversity per nucleotide coordinate as a whole and not only 373 

mSNV, and the data presented suggest that segments carrying high diversity could be 374 

associated with clinical outcome, bringing potential properties to newly-created viruses. 375 

The present study suffers from some limitations, mainly due to its retrospective nature. The 376 

most important is the limited size that reduces the precision of observed SNV at a single 377 

nucleotide coordinate level, but this did not impact greatly the results obtained. Moreover, the 378 

sampling time points were those of routine care, and for research purposes it would be of 379 

interest to increase the sampling frequency in order to obtain a finer analysis of daily diversity 380 

variations. This analysis could validate the hypothesis of error-catastrophe threshold and 381 

determine the level of this, in order to transfer these notions to clinical management. 382 

However, without description of the clinical outcome, it has already been reported that 383 

variation over less than one day could be considered as negligible, representing few viral 384 

replication cycle. 385 

Nevertheless, this work remains a preliminary study for influenza virus genomic 386 

diversification, associating biological and clinical information during viral diversification, 387 

during the infection of a human host. This latter opens a large field of investigation in 388 
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infectious disease management using next-generation sequencing and suggest development of 389 

new therapies, focusing on non-antigenic viral properties, in non-vaccine fields of research.  390 
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Figures legends  540 

Figure 1. Sequencing data analysis pipeline. SB: strand-bias; Q20: Phred score of 20, hg19: 541 

human genome database 19th version. 542 

Figure 2. Average number (A) and relative proportions (B) of mSNV per segment per virus 543 

type/subtype. For each segment, three histograms were successively represented (H1N1 in 544 

blue, H3N2 in red and IBV in green). Error bar correspond to the standard error of numbers of 545 

mSNV (A) or mSNV frequencies (B). Only mSNV with frequency > 5% were considered 546 

(see material and methods).  547 

Figure 3. Comparison of intra-host diversity over time (whole genome). Diversity values 548 

(number or frequencies of Single Nucleotide Variants – mSNV – observed in a sample, 549 

summarizing the diversity of all segments) are represented according to the time of sampling 550 

(before or after four days of symptoms, as no specimen was sampled at Day 4). * p < 0.05. ** 551 

p < 0.01. 552 

Figure 4. Comparison of intra-host diversity over time (per segment). Diversity values 553 

(number or frequencies of Single Nucleotide Variants – SNV – observed in a specific segment 554 

of influenza virus) for (a and b) Segment 3 (or PB2) and (c and d) Segment 8 (or NS) are 555 

represented in function of the time of sampling (before or after four days of symptoms). * p < 556 

0.05. ** p < 0.01.  Note that to ease understanding, only segment with statistical differences 557 

between early and late samples were represented on this figure. 558 
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Table legends 559 

Table 1.  Demographic and clinical characteristics at baseline (A) and clinical evolution and 560 

therapeutic management (B) of all patients included in the study. 561 

Table 2. Quality Control (QC) performances.  562 
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Figures 563 

Figure 1. Sequencing data analysis pipeline. 564 

Figure 2. Average number (A) and relative proportions (B) of mSNV per segment per virus 565 

type/subtype. 566 

Figure 3. Comparison of intra-host diversity through time (whole genome). 567 

Figure 4. Comparison of intra-host diversity over time and per segment. 568 
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Table 569 

Table 1. Demographic and clinical characteristics at baseline (A) and clinical evolution and therapeutic 570 

management (B) of all patients included in the study. 571 

Baseline demographic and 

clinical characteristics 

Mild influenza 
(n=4; 28.6%) 

Severe influenza 

Neurological 
(n=3; 21.4%) 

Respiratory 
(n=7; 50.0%) 

Baseline demographic characteristics    

Sex, male (% of the group) 4 (100) 1 (33.3) 3 (42.9) 

Median age, years  1.0 78.4  74.0 

Characteristics at the time  
of admission (% of the group) 

   

First Sample Nature : NP aspirate 3 (75) 2 (66.6) 1 (14.3) 

First Sample Nature : NP swab 1 (25) 1 (33.3) 6 (85.8) 

Influenza B virus 0 0 2 (28.6) 

Influenza A virus (H1N1) 1 (25) 1 (33.3%) 1 (14.3) 

Influenza A virus (H3N2) 3 (75) 2 (66.7%) 4 (57.2) 

Comorbidities 1* (25) 0 0 

Clinical characteristics during clinical course 
(% of the group)  

Ventilation 0 2 (66.6) 6 (85.7) 

Signs of respiratory distress ** 0 1 (33.3) 6 (85.7) 

Bacterial pneumonia complicating influenza 0 2 (66.6) 2 (28.6) 

Coma 0 1 (33.3) 0 

Encephalitis  2 (66.6)  

Death 0 2 (66.6) 1 (14.3) 

Treatment (% of the group)    

No Antiviral use during clinical management 
(number of patients, % of the clinical group) 

0 1 (33.3%) 5 (71.4%) 

Antiviral use***   1 (25%) 2 (66.6%) 2 (28.6%) 

No Antibiotic 4 (100%) 0 1 (14.3%) 

Antibiotics 0 3 (100%) 6 (85.7%) 
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*Comorbidities: Non-malignant chronic anemia of unknown etiology (never associated with changes in viral diversity) 

** Signs of respiratory distress included: modification of breathing rate, increased heart rate, color changes, grunting, nose 
flaring, retractions, sweating wheezing, stridor, accessory muscle use, or changes in alertness.  

***Antiviral use: use of oseltamivir during the clinical course of the disease. 
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Table 2. QC performance. Performances were calculated on A/H1N1 plasmids or A/H3N2 plasmids. In each case was represented the observed frequency. 572 

 H1N1  H3N2 

 
Expected 

freq. 
Pos. 15 Pos. 106 Pos. 200 Pos. 248 Pos. 275 

Total  Expected 
freq. 

Pos. 292 
Total 

Mean Cv  Mean  Cv  

QC0 
 

0  -   -   -   -   -  
- - 

0 - 
- - 0  -   -   -   -   -  

 

0 - 
0  -   -   -   -   -  0 - 

QC1 
 

1       2.4     -   -   -        2.0   

2.4 0.21 

1 - 

- - 
1  -   -   -   -        1.8    1 - 
1  -        2.5        2.5          2.4          2.8    

 

1 - 
1  -   -        2.7          2.3         2.5    1 - 
1  -        1.8          2.4          2.9          3.1    1     1.1 

QC2 
 

5       8.6       7.9        10.0        10.0        11.9    

8.4 0.30 

 

5     4.9   

4.5 0.25 
5       9.9          4.1          6.2          6.9          5.4    5     4.7    
5       7.5          7.9          9.9        10.2        11.7    5     5.4    
5       2.8          8.4        10.3        11.0        12.3    5     2.8    

QC3 
 

10     12.1        13.6        15.8        18.4        17.3    

15.0 0.20 

 

10     8.7    

8.3 0.15 
10     17.7        12.2        16.3        17.9        12.6    10     9.0   
10       7.5        11.7        14.2        15.4        19.6    10     9.0    
10     12.5        13.6        16.0        17.2        18.1    10     6.4    

QC4 
 

0.1  -   -   -   -   -  
- - 

0.1 - 
- - 0.1  -   -   -   -   -  0.1 - 

0.1  -   -   -   -   -  0.1 - 

QC5* 
 

0.5  -   -   -   -        1.1    
1.0 0.28 

 

0.5 - 
- - 0.5  -        0.8          1.2          1.1     -  

 

0,5 - 
0.5  -        0.8          1.0          1.2     -  0,5 - 

 
QC5** 
 

0.5  -        0.5          1.1          1.6     -  
1.0 0.35 0.5  -        0.7          0.8          1.1          1.4    

0.5 -       0.7          0.8          1.0    - 
 

Pos. indicates the amino acid concerned by the mutation (Segment 2 was coding for a wild type or M15I-mutated, V106I-mutated, N200S-mutated, N248D-mutated and/or H275Y-mutated 573 

neuraminidase). QC5* and QC5** triplicates were sequenced twice in two different sequencing run to evaluate inter-run reproducibility. 574 

certified by peer review
) is the author/funder. A

ll rights reserved. N
o reuse allow

ed w
ithout perm

ission. 
T

he copyright holder for this preprint (w
hich w

as not
this version posted O

ctober 4, 2018. 
; 

https://doi.org/10.1101/435263
doi: 

bioR
xiv preprint 

https://doi.org/10.1101/435263


31 

 

Supplementary material  575 

Supplementary figure S1. Coverage plot for samples. 576 

Supplementary figure S2. Consensus minor variants contextualized within influenza genome segments. Each of the ten major proteins encoded by 577 

each of the influenza genome segments (major proteins: PA, PB1, PB2, HA, NA, NP, NS1, M2, an alternative proteins: NS2, M2 are 578 

represented). On this representation, substitutions vanishing or emerging between first and second sample for each patient are indicated in red 579 

and green respectively (in yellow are represented coordinates with both indication, depending of the considered sample). Orange dots correspond 580 

to residues implicated in a hotspot and light blue dots to those implicated in coldspot regions.  581 

Supplementary figure S3. Phylogenic analyses of sequenced samples.  582 
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Figure 2 
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Figure 3 
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