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Abstract
Occasionally, influenza viruses emerge unpredictably from their natural avian reser-

voirs, or through an intermediate species, in human populations. Once in a human, 

avian influenza viruses can rapidly adapt to their new environments, which can result 

in efficient replication in and transmission between susceptible hosts. Sustained hu-

man-to-human transmission of “mammalian” adapted influenza viruses can result in 

global pandemic outbreaks. As humans build up immunity against pandemic viruses, 

the virus can antigenically evolve allowing for seasonal “re-emergence.” Consequently, 

seasonal vaccines must be reformulated annually and no current vaccine generates 

broad enough immunity to protect against all potentially emerging pandemic viruses. 

Moreover, the evolutionary mechanisms that govern the emergence or re-emergence of 

influenza viruses are not well defined. Due to error-prone genome replication, influenza 

viruses exist within infected hosts as a diverse collection of viral variants often referred 

to as a “quasispecies.” Within-host genetic variability allows influenza viruses to rapidly 

adapt to changing selective pressures. As part of strong interdisciplinary collabora-

tions, our goal was to elucidate the virological and evolutionary mechanisms of influen-

za emergence and re-emergence in humans. Throughout these collaborative studies, 

my role was to develop novel experimental and computational approaches to accu-

rately assess influenza within-host genetic variability directly from infected hosts. This 

contribution resulted in the development of an amplicon-based shotgun deep sequenc-

ing approach capable of detecting influenza genetic variation below the detection limit 

of traditional surveillance approaches. Using the combined power of deep sequencing, 

bioinformatics and virological characterization, we revealed previously unappreciat-

ed features of influenza biology regarding the role of low-frequency influenza variants 

during host adaptation and transmission in mammals. 

In Chapter 2, we describe the impact of within-host viral genetic diversity on 

replication and transmission of H5N1 viruses using a ferret model. In these experiments 
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we found that even very-low-frequency H5N1 variants could transmit between animals 

via respiratory droplets, providing evidence that minor viral variants can cause onward 

infections in mammals. To build on these initial animal experiments, in Chapter 3 we 

describe H5N1 within-host genetic and functional diversity from infected human pa-

tients. We showed that viral genotypic and phenotypic diversity remained limited during 

infection and even after continuous replication in humans H5N1 variants predominately 

retained “avian-like” phenotypes. Taken together, these data suggest that avian influen-

za adaptation did not occur via constant incremental fitness increases within infected 

individuals. In Chapter 4, we assessed within-host diversity in humans infected with 

seasonal influenza viruses. Deep sequencing revealed low-frequency mutations pre-

viously associated with escape from virus-specific antibodies in non-vaccinated and 

vaccinated humans. Intriguingly, these potential antigenic variants did not reach fixa-

tion during infection, suggesting that other evolutionary constraints may be hindering 

their re-emergence in nature. 

Together, this dissertation describes interrelated research projects that uncover 

the contribution of within-host diversity on the emergence and re-emergence of influen-

za virus in mammals. Ultimately, these projects measured the extent of influenza with-

in-host diversity during natural infections and have begun to reveal the biological sig-

nificance of low-frequency variants within the influenza viral quasispecies. We revealed 

new opportunities to improve global surveillance by including the detection of low 

frequency influenza variants that can contribute to host adaptation, immune evasion 

and transmission in mammals. Implementing deep sequencing approaches in influen-

za surveillance may dramatically improve our ability to detect the early emergence of 

potentially worrisome variants in nature. Finally, understanding the evolutionary mech-

anism of viral host adaptation and immune evasion may inform future predictions of 

zoonotic and pandemic emergence.
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Chapter 1

Introduction
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1. Influenza is an emerging and re-emerging disease

As of May 2015, 657 confirmed human cases of H7N9 influenza virus infection 

have occurred in China, resulting in 261 deaths (39% case fatality rate). Currently, little 

is known about how these viruses evolved to cross species barriers and sporadically 

infect humans. Recent reports have demonstrated that H7N9 viruses likely emerged 

directly from birds; however, they possess several characteristic mutations in the at-

tachment protein hemagglutinin (HA) and the polymerase subunit PB2 that facilitate 

efficient replication in mammals [1]. Fortunately, H7N9 viruses have not yet acquired 

the capacity for sustained human-to-human transmission. However, recent investiga-

tions of avian H5N1 and H7N9 viruses have shown that a limited number of mutations 

can enable droplet transmission among mammals, heightening concern that a future 

pandemic could arise from the acquisition of a transmissible phenotype among avian 

viruses currently circulating in nature [2-5]. 

Over the past two and a half centuries, 10 to 20 human influenza pandemics 

have swept the globe [6]. Influenza viruses have emerged in the past as a direct result 

of a process termed antigenic shift. Antigenic shift results from genetic reassortment, 

made possible because influenza viruses have a segmented genome. This allows for 

gene transfer when two or more viruses coinfect a single host cell, generating viral 

progeny with novel combinations of gene segments. Such “mixing” may occur in the 

avian reservoir itself, in intermediate hosts such as pigs or poultry, or perhaps even in 

humans [66]. When antigenically novel HA genes are acquired by viruses capable of 

human-to-human transmission, a new pandemic may result. The emergence of anti-

genic novelty occurs at the level of an individual host, and the degree to which genetic 

variation contributes to this process may determine the rate at which shifted viruses 

can emerge.

In 1918, mankind experienced the worst influenza pandemic in recorded history, 

which caused approximately 20-50 million deaths worldwide [7]. Reconstruction of the 
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viral genome from the tissues of several victims has demonstrated that the causative 

agent was related to contemporaneous H1N1 viruses found in birds [8]. Despite ex-

tensive analysis of multiple available 1918 virus sequences, the origin of the pandemic 

virus, including timing of its emergence in humans and whether an intermediate host 

was involved, remains unresolved [9]. We do not yet understand the mechanisms that 

would convert an H7N9-like or H5N1-like localized outbreak to a 1918-like pandemic, 

but adaptation of avian viruses to efficient replication and transmission in humans is 

critical. 

2.  Pandemic potential of avian origin viruses

Aquatic birds are the natural reservoirs of all HA and neuraminidase (NA) sub-

types [6,10] with the exception of two influenza-like viruses recently detected in bats 

[11]. Occasionally these avian viruses cross species barriers and cause sporadic infec-

tions in humans. During such spillover infections, avian influenza viruses may acquire 

efficient replication in mammalian cells and the capacity to transmit via respiratory 

droplets between mammals [12]. The evolutionary dynamics that govern the generation 

and outgrowth of mammalian transmissible avian influenza viruses in nature are not 

completely understood. Historically, influenza pandemics are caused by viruses against 

which human populations have limited pre-existing immunity as defined by serum 

antibodies against specific HA subtypes [13]. Recent serological surveillance studies 

found that humans have little to no pre-existing immunity against potentially emerg-

ing H5N1 or H7N9 viruses [14,15]. Currently, H5N1 or H7N9 subtypes do not have the 

capacity for sustained human-to-human transmission. However, mathematical models 

indicate that virus mutation rate, strength of natural selection and the number of viral 

replication cycles in mammalian cells can dramatically impact the chance in which a 

transmissible avian influenza virus is generated during individual spillover infections in 

humans [13,16]. In addition to being generated, the transmissible variant needs to exist 

in the source population at sufficient frequencies to facilitate airborne transmission. 
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We recently found that selective forces acting on the HA segment can impose a strong 

population bottleneck after respiratory droplet transmission of H5 influenza viruses 

[17]. Interestingly, viral variants present in as little as 5.9% of viruses were transmitted 

through this bottleneck, demonstrating that viruses may not need to reach “high” fre-

quency in one individual to be transmitted to another [17]. Surprisingly, current surveil-

lance methods, based on decades-old gene sequencing technology can only detect 

mutations if present in more than 20% of viruses infecting a host [31], suggesting that 

transmissible variants could be missed by traditional surveillance methods. Therefore 

traditional surveillance methods may fail to detect the genetic markers associated with 

virulence or transmissibility that may currently exist at low frequency in wild and do-

mestic birds [16,32]. 

3. Re-emergence of seasonal influenza

In a sense, human influenza viruses “re-emerge” each season through a pro-

cess called genetic drift. Antigenic drift involves the accumulation of point mutations in 

the envelope proteins HA and NA, which allow circulating viruses to escape antibody 

recognition with variable efficacy. For this reason seasonal vaccines must be reformu-

lated each year, and even so, they provide as little as 0% effectiveness and up to 75% 

effectiveness against infection and illness [18]. Despite widespread vaccine availability, 

seasonal influenza A epidemics continue to cause an estimated 3 to 5 million cases 

of severe respiratory illness each year, resulting in approximately 250,000 to 500,000 

deaths worldwide [19].

The relationship between antigenic “match” of the vaccine strain to the circu-

lating viruses on vaccine efficacy is not well defined.  One reason for this confusion is 

that current antigenic characterization relies upon standard hemagglutinin-inhibition 

(HI) assays, in which influenza-specific antibodies are detected in blood serum. Al-

though it is relatively cheap and easy to perform, the HI assay has several important 

drawbacks. First, not all circulating viruses can be easily propagated through in-vitro 
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culture, a prerequisite for HI characterization. Secondly, viral propagation in vitro often 

yields viruses with amino acid substitutions in HA that may affect antibody binding [20]. 

Thirdly, HI assays use sera isolated from ferrets exposed once to influenza. This “nar-

row” immunity may not accurately predict protection against infection or disease by 

antibody responses in humans with multiple past-exposures [21]. Finally, although HI 

may be a surrogate for neutralization, HI assays likely do not always accurately reflect 

the neutralizing ability of antibodies. For all these reasons, standard HI-based antigenic 

characterization may fail to detect the circulation of influenza viruses bearing antigenic 

changes that could affect vaccine protection. Low vaccine effectiveness was associat-

ed with circulation of H3N2 viruses bearing mutations in HA with respect to the vaccine 

strain as determined by consensus sequencing. However, traditional serology indicat-

ed that these variants viruses were “well matched” to the vaccine strain [22]. Impor-

tantly, this study did not show a direct link between the detected mutations in HA and 

reduced viral sensitivity to vaccine-induced antibodies; instead it demonstrated that 

genetic characterization might reveal important antigenic changes in circulating influen-

za viruses that traditional serology fails to detect. 

The ways in which influenza viruses evolve antigenically (i.e., by drift of shift) at 

the population level have been the subject of intense study in the past decade [23-25]. 

However, new antigenic variants are initially generated and selected at the level of in-

dividual infected hosts. Unfortunately, current influenza surveillance cannot resolve the 

extent of viral genetic diversity within individual hosts. Therefore, little is known regard-

ing the role of within-host viral variation and the contribution of low-frequency genetic 

variants during the adaptive processes leading up to seasonal antigenic changes.  

4. Influenza virus within-host genetic diversity

Influenza viruses exist in the host as a diverse collection of genetically linked 

variants that arise due to the combined effects of error-prone genome replication, 

rapid replication kinetics, and large population size [26,27]. Within-host viral population 
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structure will ultimately reflect a balance between the generation of diversity through 

mutation and the loss of diversity through selection. The resulting “swarm” of genetic 

variants can rapidly adapt in response to selective pressures. The rate at which influen-

za genetic diversity is generated within hosts and the degree to which it is maintained 

upon transmission are therefore two main parameters determining the likelihood with 

which influenza viruses emerge or re-emerge in nature. The evolutionary advantage of 

maintaining a diverse quasispecies is that when selective pressures rapidly change, a 

variant possessing a fitness advantage may already exist in the population [28]. There-

fore, higher levels of within-host genetic diversity may therefore enhance the potential 

of RNA viruses to emerge in human populations [29,30]. 

5. Deep sequencing influenza quasispecies

Traditional sequencing methods used to characterize within-host viral diversity 

relied on cloning and subsequent Sanger sequencing [33], but with the development of 

deep sequencing technologies, Sanger sequencing is now obsolete. Deep sequencing 

omits the need for plasmid-based cloning while simultaneously producing thousands 

to millions of short sequences (reads) in hours, thus allowing the high-throughput 

screening of viral populations. Due to the continual development of longer sequence 

lengths and decreases in operational costs, deep sequencing approaches have rapidly 

increased in popularity [11,34-39].

Several deep sequencing platforms exit, but the Illumina MiSeq has the highest 

throughput, lowest error rate and the lowest cost per base when compared to other 

benchtop platforms that are currently on the market [40,41]. A critical step in deep 

sequencing viral genomes is generating platform-compatible nucleic acid libraries. 

Influenza viruses are encoded by a RNA genome, and therefore must be reversed 

transcribed into cDNA. One potential strategy for reverse-transcription uses primers 

that are completely degenerate (random hexamers) to both randomly prime the cDNA 

synthesis as well as to prime multiple strand displacement amplification (MDA) carried 
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out by the highly processive phix29 DNA polymerase [42,43]. The second method uses 

a universal influenza primer 5’-AGC AAA AGC AGG-3’ that specifically primes DNA 

synthesis of all eight genome segments, which is then followed by multiple rounds of 

PCR using segment-specific influenza primers [44-46]. Nevertheless, these approaches 

have their advantages and disadvantages, deciding on which to use depends upon a 

priori information regarding the source sample (e.g., virus genome structure, viral titers, 

amount of sequences needed). 

6. Reserach Focus

Although previous work has identified key molecular determinants of influenza im-

mune escape, pathogenicity and transmissibility, little work has been performed to 

understand how potentially pandemic influenza variants emerge in individual human 

infections. In this thesis, I described a novel deep sequencing approach that I devel-

oped to characterize influenza viruses directly from biological samples (i.e., without 

passaging viruses in tissue culture). Together with a custom designed analytical pipe-

line, I assessed the role of within-host genetic diversity on influenza emergence and 

re-emergence in mammals. With a team of outstanding collaborators, we were the first 

to demonstrate that low-frequency influenza variants can be transmitted from one host 

to another. Furthermore, we showed that selective pressures acting during influenza 

transmission among mammals imposed a significant bottleneck that impacts the tra-

jectory of viral evolution. And finally, I show that minor viral variants, below the detec-

tion threshold of global influenza surveillance, have important roles in host adaptation, 

transmission, and potentially in antibody escape.
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Chapter 2

Selection on hemagglutinin imposes a bottleneck 

during mammalian transmission of reassortant 

H5N1 influenza viruses

Published, in part as

Peter R. Wilker*, Jorge M. Dinis*, Gabriel Starrett, Masaki Imai, Masato 

Hatta, Chase W. Nelson, David H. O’Connor, Austin L. Hughes, Gabriele 

Neumann, Yoshihiro Kawaoka and Thomas C. Friedrich

*Peter R. Wilker and Jorge M. Dinis contributed equally

Nature Communications, October 2013; DOI: 10.1038/ncomms3636
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Abstract
The emergence of human-transmissible H5N1 avian influenza viruses poses a 

major pandemic threat. H5N1 viruses are thought to be highly genetically diverse both 

among and within hosts, but the effects of this diversity on viral replication and trans-

mission are poorly understood. Here we use deep sequencing to investigate the impact 

of within-host viral variation on adaptation and transmission of H5N1 viruses in ferrets. 

We show that although within-host genetic diversity in hemagglutinin (HA) increased 

during replication in inoculated ferrets, HA diversity was dramatically reduced upon 

respiratory droplet transmission, where infection was established by only 1-2 distinct 

HA segments from a diverse source virus population in transmitting animals. Moreover, 

minor HA variants present in as little as 5.9% of viruses within the source animal be-

came dominant in ferrets infected via respiratory droplets. These findings demonstrate 

that selective pressures acting during influenza virus transmission among mammals 

impose a significant bottleneck.
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Introduction
Avian H5N1 influenza viruses sporadically infect humans with a lethality rate 

approaching 60% among confirmed cases, but they have not yet acquired the capaci-

ty for sustained human-to-human transmission. Recent work has demonstrated that a 

limited number of mutations can enable droplet transmission of H5N1 influenza viruses 

among mammals, heightening concern that a future pandemic could arise from the 

acquisition of a transmissible phenotype by H5N1 viruses currently circulating in nature 

[47].

The dynamics governing the emergence of pandemic influenza viruses are not 

completely defined. Historically, most influenza pandemics have been caused by vi-

ruses with HAs against which the human population had limited pre-existing immunity 

[48-51]. The spread of H5N1 viruses in wild birds and poultry on several continents and 

human H5N1 infections have focused attention on H5N1 viruses as potential sources 

of future pandemics. Despite widespread circulation of H5N1 viruses and significant 

human contact with infected poultry and birds, the number of documented human 

cases of H5N1 infection is relatively low, and human-to-human transmission of H5N1 

viruses is rare [15,52]. The likelihood of an H5N1 pandemic in humans is largely deter-

mined by factors affecting the emergence of viruses that efficiently replicate in humans 

and transmit person-to-person [13,53-58].

Influenza viruses exist in the host as a diverse collection of genetically linked 

variants that arise due to the combined effects of error-prone genome replication, rapid 

replication kinetics, and large population sizes [26,27]. The within-host viral population 

structure reflects a balance between the generation of diversity through mutation and 

its loss through selection. The resulting “swarm” of genetic variants can rapidly adapt 

in response to selective pressures. The rate at which influenza genetic diversity is 

generated within hosts and the degree to which it is maintained upon transmission are 

therefore two main parameters determining the likelihood with which mammalian-trans-
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missible viruses might emerge in nature. 

We recently examined the molecular features that enable mammalian transmis-

sion of H5N1 influenza viruses. HA has a major role in restricting influenza virus host 

range, in part due to receptor specificity [59]. HA proteins of avian H5N1 viruses prefer-

entially recognize sialic acid linked to galactose by α2,3-linkages (Siaα2,3Gal), whereas 

human influenza isolates preferentially recognize α2,6-linked sialic acid (Siaα2,6Gal) 

[60]. In previous work [47], we identified two amino acid substitutions (N224K and 

Q226L) that cooperatively enabled Siaα2,6Gal human-type receptor binding by an HA 

protein derived from the pathogenic avian virus A/Vietnam/1203/2004 (VN1203; H5N1). 

We created reassortant viruses bearing VN1203 HA genes encoding N224K and Q226L 

substitutions, with the seven remaining segments derived from A/California/04/2009 

(CA04; H1N1), and evaluated their replication in ferrets. An additional substitution at 

HA amino acid position 158 (NgD) was associated with increased virus titers in ferret 

nasal turbinates. To evaluate transmissibility in ferrets, we therefore first used a virus 

isolate bearing all three mutations in HA (N158D/N224K/Q226L; herein called VN1203-

HA(3)-CA04). In these experiments, “index” ferrets were inoculated intranasally with 

106 plaque-forming units (p.f.u.) of virus stock. One day later, each infected ferret was 

paired with an uninfected “contact” ferret placed in an adjacent cage that prevented 

direct contact between the animals but permitted airborne droplet transmission of influ-

enza virus. VN1203-HA(3)-CA04 was transmitted between animals in 2 of 6 ferret pairs. 

During replication of this virus in a contact animal, an additional T318I amino acid sub-

stitution was detected. The N158D/N224K/Q226L/T318I virus (herein called VN1203-

HA(4)-CA04) had an improved transmission efficiency, being transmitted between 

animals in 4 of 6 ferret pairs [47]. 

Here we evaluate the impact of within-host viral genetic diversity on the replica-

tion and transmission of H5N1 reassortant viruses described in our previous study [47]. 

Using deep sequencing, we assess viral genetic variation during infection of inoculated 
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ferrets and in contact ferrets infected via respiratory droplet transmission. We report 

that HA segment diversity increases rapidly following intranasal inoculation of ferrets, 

resulting in a genetically diverse population of viruses in each infected host. In contrast, 

we show that there is a transmission-associated bottleneck in which only a limited 

subset of the HA segments are transmitted to contact ferrets. Furthermore, we find that 

even variants present at frequencies of as little as 5.9% in one infected animal can be 

transmitted via respiratory droplets. This report establishes that selective forces acting 

on the HA segment impose a significant bottleneck during respiratory droplet transmis-

sion of reassortant H5 influenza viruses. 
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Materials and Methods
Infection and transmission in ferrets

Studies of H5N1 reassortant virus transmission in ferrets were conducted pre-

viously [47]. We summarize the approach for those experiments here to aid the reader 

in understanding the design of the experiments from which we obtained the samples 

used for analysis in the present study. Ten-month-old female ferrets (Mustela putorius 

furo) were obtained from Triple F Farms (Sayre, PA, U.S.A.). “Index” ferrets were intra-

nasally inoculated with 106 plaque forming units (p.f.u.) of the indicated virus in 500μl 

phosphate buffered saline (PBS). Viruses used were 7:1 reassortant viruses composed 

of the HA gene segment from A/Vietnam/1203/2004 (VN1203) H5N1 with the indicated 

mutations and the remaining seven gene segments from A/California/04/2009 (CA04) 

H1N1 virus. 

For transmission experiments, ferrets were housed in adjacent transmission 

cages that prevented direct and indirect contact between animals but allowed spread 

of influenza virus through the air (Showa Science, Chiyoda-ku, Japan). Twenty-four 

hours after infection, one naive “contact” ferret was placed in a transmission cage ad-

jacent to the index ferret. Nasal washes were collected from index and contact ferrets 

on day 1 after inoculation or co-housing, respectively, and then every other day sub-

sequently (Supplementary Figure S2). Viral loads in nasal washes were determined by 

standard plaque assay on MDCK cells using serially diluted nasal wash fluid. Animal 

studies were performed in accordance with Animal Care and Use Committee guidelines 

of the University of Wisconsin-Madison.

Biosafety and biosecurity

All biosafety protocols, including those for isolation and sequencing of viral 

nucleic acids, were approved by the University of Wisconsin-Madison’s (UW’s) Institu-

tional Biosafety Committee after risk assessments conducted by the Office of Biolog-

ical Safety. In addition, the UW Biosecurity Task Force regularly reviews the research 



14

program and ongoing activities of the UW Influenza Research Institute (IRI). The task 

force has a diverse skill set and provides support in the areas of biosafety, facilities, 

compliance, security and health. Members of the Biosecurity Task Force are in frequent 

contact with the principal investigator and personnel of the IRI to provide oversight and 

assure biosecurity. Isolation of RNA from samples containing H5N1 reassortant viruses 

was performed in enhanced BSL3 containment laboratories approved for such use by 

the CDC and the USDA following procedures approved by the UW Office of Biological 

Safety. RNA was isolated using techniques documented to inactivate virus particles in 

samples before removal from the BSL3 laboratory space. DNA library preparation and 

sequencing were performed in a BSL2 laboratory space. 

Amplification of genomic material for deep sequencing

Total RNA was purified from nasal wash fluid using the RNeasy Mini Kit (Qiagen, 

U.S.A.). Viral RNA encoding the HA, NA and M gene segments were reverse tran-

scribed using the Superscript III reverse transcriptase (Invitrogen, U.S.A.) according to 

manufacturer’s instructions and the primer 5’-AGC AAA AGC AGG-3’. The resultant 

cDNA was used as template in a PCR reaction to amplify the HA, NA and M gene seg-

ments using the following primer pairs (see Supplementary Table S9 for primers) and 

the high fidelity iProof polymerase and buffers (BioRad, U.S.A.). PCR was performed by 

incubating the reaction mixtures at 94°C for 2 minutes, followed by 35 cycles of 94°C 

for 30 seconds, 62°C for 30 seconds, and 72°C for 2 minutes, followed by a final ex-

tension step at 72°C for 10 minutes. PCR products were separated by electrophoresis 

on a 1% polyacrylamide gel. The band corresponding to the full-length amplified gene 

segment was excised and the DNA recovered using the QIAquick Gel Extraction Kit 

(Qiagen, U.S.A.). 

Illumina MiSeq Sequencing

Amplified gel-purified PCR products were quantified using the Qubit dsDNA 

High Sensitivity Kit (Invitrogen, U.S.A.) and diluted in DEPC-treated water to a final con-
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centration of 2.5 ng μL-1. Samples were prepared for sequencing on the Illumina MiS-

eq platform using the Nexteratm DNA Sample Preparation Kit according to the manu-

facturer’s instructions with slight modifications. Individual sample preparation reactions 

were performed for each HA amplicon, while the NA and M amplicons generated for 

each individual animal at each timepoint were combined and processed together.

The prepared DNA was purified with Zymo DNA Clean & Concentrator Spin Col-

umns and eluted in 25 μL resuspension buffer. Dual DNA bar-codes (Epicentre, U.S.A.) 

were added to each sample reaction by limited-cycle PCR to enable multiplexed se-

quencing of prepared DNA samples. Limited-cycle PCR products were purified using 

a 0.375X AMPure XP bead cleanup (Beckman Coulter, U.S.A.) and eluted in 32.5 μL of 

the AMPure XP resuspension buffer. Eluted DNA was quantified using the Qubit dsDNA 

High Sensitivity Kit (Invitrogen, U.S.A.) and average fragment length was determined 

using the Agilent High Sensitivity Bioanalyzer Kit.

Fragmented and indexed samples were pooled in equimolar amounts into two 

separate 2 nM libraries for sequencing on the Illumina MiSeq. Prepared samples were 

split into two sequencing runs to ensure an adequate depth of coverage to detect 

low-frequency viral variants. The sample libraries were denatured into single-strand 

DNA by mixing with an equal volume of 0.1 N NaOH for 5 minutes, and were then dilut-

ed to 20 pM using the supplied HT1 buffer (Illumina, U.S.A.). Denatured 20 pM libraries 

were then diluted to 6 pM with 2% phiX control library added to run quality assuranc-

es. Six hundred µL was loaded into a 300-cycle reagent cartridge. Illumina MiSeq run 

settings were entered into sample sheets by Illumina Experiment Manager software 

v1.3.66 as the following: Workflow: DenovoAssembly; Assay: Nextera; Chemistry: Am-

plicon; and Reads: 160 x 160 with automatic adapter removal. Sequence information 

was stored as fastq-formatted data and used for further analysis.

Quality trimming and assembly of Illumina MiSeq data

Illumina MiSeq sequences were imported into CLC Genomic Workbench, Ver-
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sion 5.1 (CLC bio, Denmark). Sequence reads were deconvoluted using the DNA in-

dices that were introduced during the limited cycle PCR stage of sample preparation 

as described above. Reads were trimmed using a quality limit threshold of 0.001 and 

reads, regardless of mate pair, greater than 100 base pairs in length were retained. Se-

quence “reads” for each sample were mapped to a full-length HA, NA or M reference 

sequence. 

Single Nucleotide Polymorphism detection

SNPs were called using CLC Genomic Workbench, Version 5.1 using all avail-

able sequencing data with at least 100 sequence reads covering each nucleotide 

position and a central base quality score of Q30 or greater. The Geneious bioinformatic 

software suite, Version 5.6.3 (Biomatters, Ltd., New Zealand) was used as an indepen-

dent method of calling SNPs to ensure call reproducibility. Geneious variant calling 

occurred only at sites inside coding regions with read coverage greater than 100. For 

each analysis, SNPs occurring in only one sequence read, i.e., “singleton SNPs,” were 

discarded. No minimum variant frequency threshold was used and approximate variant 

p-values were calculated.

Single Nucleotide Polymorphism detection limit validation

The M gene segment of the seasonal H1N1 virus A/Kawasaki/173/2001 was am-

plified by PCR using Phusion DNA Polymerase (New England Biolabs, UK). The result-

ing cDNA was cloned using the Zero Blunt Cloning kit (Invirogen, U.S.A.). The presence 

of the K173 M gene insert in plasmid DNA was verified by sequencing. The K173 M 

gene-containing plasmid was used as template for an in vitro transcription reaction 

using the MEGAscript T7 Kit (Life technologies, U.S.A.). K173 M gene transcripts were 

purified using phenol/chloroform extraction.

To evaluate the error rate of our library preparation and deep sequencing, we 

used the K173 M gene transcripts and the K173 M gene-containing plasmid as starting 

templates. The K173 M gene transcript was reverse transcribed using the Superscript 



17

III reverse transcriptase (Invitrogen, U.S.A.) according to manufacturer’s instructions 

and the primer 5’-AGC AAA AGC AGG-3’. The resultant K173 M gene cDNA and the 

plasmid-encoded K173 M gene were used as input template (100,000 copies of each 

template total) to amplify a 430 base-pair product using the high fidelity iProof poly-

merase and buffers (BioRad, U.S.A.) with the following primer pairs (see Supplementary 

Table S9 for primers). PCR was performed with an initial step at 94°C for 2 minutes, 

followed by 35 cycles of 94°C for 30 seconds, 62°C for 30 seconds, and 72°C for 2 

minutes, followed by a final extension step at 72°C for 10 minutes. The amplicon was 

gel purified using the QIAquick Gel Extraction Kit (Qiagen, U.S.A.). Extracted DNA was 

prepared for sequencing using the Nexteratm XT DNA Sample Preparation Kit and 

sequenced on the Illumina MiSeq as described above. Quality trimming, assembly, and 

SNP detection of Illumina MiSeq data were performed as described above. SNP and 

mapping statistics were calculated using R version 2.15.1 (http://www.R-project.org/).

Enumeration of Linked SNPs within HA gene segments

The PERL programming language was used to design a novel method of mining 

paired-end sequence data for linked nucleotide polymorphisms. Our script, LinkGE 

was used to enumerate linked polymorphisms within a predefined query-set. Query nu-

cleotide positions used for LinkGE were included if they met the following three criteria: 

(a) SNPs fell within a defined window of approximately 500 base pairs to accommodate 

analysis of paired end reads within the physical constraints of library fragment distribu-

tion and average sequence read length; (b) SNPs were not fixed, i.e., less than 100% of 

sequence reads were identical to each other; (c) SNPs were detected at or above 1% 

of all reads at any time point in any animal. Parameter files were independently gener-

ated for both transmission groups. CLC Genomic Workbench-generated assemblies 

were used as input data for the LinkGE script and the frequencies of each constellation 

of linked polymorphisms were determined. Constellations of linked polymorphisms, 

which we call “haplotypes”, produced by LinkGE were manually confirmed within the 



18

original assemblies. To further validate the identity of haplotypes and their frequen-

cies within the bulk viral population as determined using LinkGE, the HA gene seg-

ments from samples collected at a single time point of two pairs of ferrets used in the 

transmission experiment were independently reverse transcribed, PCR amplified, and 

cloned using the Perfectly Blunt Kit (EMD Millipore, U.S.A.). The HA gene segments 

contained within individual plasmids were sequenced using a conventional Sanger 

chain-termination sequencing approach and compared to the results produced through 

analysis of paired-end deep sequencing data by LinkGE. The LinkGE source code is 

freely available on http://dholk.primate.wisc.edu/project/dho/public/LinkGe/begin.view.

Calculation of nucleotide diversity estimates

To measure nucleotide sequence diversity in HA, NA and M1 genes, we first 

used deep sequencing “reads” from each animal to estimate the number of synon-

ymous substitutions per synonymous site (dS) and the number of nonsynonymous 

substitutions per nonsynonymous site (dN). The numbers of synonymous and non-

synonymous sites in each coding sequence were estimated following the method of 

Nei and Gojobori [61]. Sequence heterogeneity across entire gene segments was then 

estimated by computing synonymous nucleotide diversity (πS), defined as the mean 

of dS for all pairwise comparisons among a set of sequences, and nonsynonymous 

nucleotide diversity (πN), which is the mean of dN for all pairwise comparisons among 

a set of sequences. Note that this method compares sequence “reads” from an individ-

ual sample to each other and does not use a consensus or other external reference as 

a basis for comparison. Since most random amino-acid-changing mutations are likely 

to be disadvantageous, we expect that πN will equal πS under strict neutrality. If πN 

exceeds πS for a gene segment, this indicates that selection is acting to favor nonsyn-

onymous mutations. We therefore used paired t tests to evaluate the hypothesis that 

πN = πS within genes, or that, e.g., πN of one gene equals πN of another.
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Results
Low sequence diversity in transmissible H5N1 virus stocks

Here we use deep sequencing to investigate H5N1 influenza virus variation 

during replication and transmission in mammals, using archived RNA samples that 

were collected from ferrets during the previous study [47] (see Supplementary Figure 

S1 for ferret experiment outline). Note that no new virus transmission experiments were 

conducted for this study. We emphasize that these studies use avian-human reassort-

ant viruses that encode an avian H5 HA protein in the background of a human H1N1 

virus isolate that is likely already well-adapted to growth and transmission in mammals. 

While the HA protein plays a central role in the adaptation of avian influenza viruses to 

mammalian hosts, proteins encoded by other gene segments can also influence avian 

influenza virus adaptation and replication in mammals [13,54,58,62,63]. Studies using 

fully avian viruses may therefore yield results that differ from those described here. We 

use the Illumina MiSeq instrument in these experiments due to its high throughput and 

low error rate [40]. Data generated by this instrument are largely free of the homopoly-

mer-associated indel errors which are common to other sequencing platforms [41]. 

We first characterized the nucleotide sequence diversity in the HA gene of 

VN1203-HA(3)-CA04 and VN1203-HA(4)-CA04 virus stocks, which were harvested after 

a single passage in Madin-Darby canine kidney (MDCK) cells (Figure 1). As expected, 

the mutations previously reported in association with the transmissible phenotype of 

these H5N1 viruses are present at or near 100% fixation (Figure 1). The majority of HA 

nucleotide diversity in both viruses is present at less than 1% per site (that is, for a giv-

en nucleotide position, fewer than 1% of sequence “reads” varied from the consensus 

residue). However, multiple nonsynonymous single nucleotide polymorphisms (SNPs) 

are present at frequencies between 1% and 99% in both stock viruses. VN1203-

HA(3)-CA04 stock virus SNPs are located at nucleotide 53 (1.5%, encoding an ala-

nine-to-threonine substitution), 215 (1.1%, encoding a valine-to-leucine substitution), 
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788 (3.2%, encoding an alanine-to-serine substitution), and 1020 (1.9%, encoding a 

threonine-to-isoleucine substitution). VN1203-HA(4)-CA04 stock virus SNPs are locat-

ed at nucleotide 788 (4.4%, encoding an alanine-to-threonine amino acid substitution) 

and 1580 (6.6%, encoding an glutamate-to-lysine amino acid substitution). We also 

note a synonymous substitution at HA nucleotide 1018 in VN1203-HA(3)-CA04 (4.1%). 

Deep sequencing of NA and M segments from both stock viruses reveals few SNPs 

above 1% frequency (Supplementary Figure S2A and 2B).

HA sequence variation increases with time in index animals 

The presence of detectable low-level sequence diversity in HA, NA and M 

prompts us to consider the potential impact of within-host viral variation on adaptive 

processes in ferrets. To follow changes in the viral population in inoculated ferrets and 

after transmission to naïve contact ferrets, we analyze viruses isolated from nasal wash 

samples collected from only the ferret pairs in which H5N1 reassortant viruses were 

transmitted between animals in our previous experiments [47]. 

To test for evidence of selective pressures favoring viruses bearing specific 

mutations in the avian HA segment, we evaluate all individual SNPs occurring at a fre-

quency of ≥1% in stock virus preparations or in any single sample from one or more of 

the infected index ferrets (Figure 2). To confirm that SNPs detectable above this thresh-

old were not due to sequencing or PCR errors, we deep sequenced plasmid DNA and 

an in-vitro transcription product encoding a fragment of the influenza virus M gene (see 

Methods for details). In these samples, nucleotide variation did not exceed 0.4% at any 

position, suggesting that our threshold of ≥1% ensures that only bona fide SNPs are 

considered in our analyses (Supplementary Figure S2C and D). 

During infection of ferrets, viruses encoding mutations away from the reference 

sequence at nucleotide 788, a site at which we observed low-frequency SNPs in both 

stock viruses, reach 30% frequency or greater in each of the six index ferrets exam-

ined. A GgT SNP at nucleotide 788 encoding an alanine-to-serine amino acid substi-
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tution is present in the two ferrets infected with VN1203-HA(3)-CA04, and a GgA SNP 

at nucleotide 788 encoding an alanine-to-threonine substitution is present in the four 

ferrets infected with VN1203-HA(4)-CA04 (Figure 2).  The respective SNPs are present 

in the VN1203-HA(3)-CA04 stock virus at 3.2% and in the VN1203-HA(4)-CA04 stock 

virus at 4.4% (Table 1). Nucleotide 788 is the first position of codon 238 of the mature 

H5 HA protein (amino acid 242 by H3 numbering), and is located within the molecule’s 

globular head. Each of these mutations creates a potential signal for glycosylation of 

the upstream asparagine residue at amino acid position 236 (240 by H3 numbering). 

The frequency of variant nucleotides at position 788 in index animals is positively cor-

related with day post-infection (r = 0.857; P < 0.001, Pearson’s correlation coefficient), 

showing a significant increase in the variant nucleotide over time (Supplementary Fig-

ure S3). These results indicate that amino acid substitutions away from the consensus 

alanine at HA position 238 are strongly favored during replication of H5N1 reassortant 

viruses in index ferrets that transmitted viruses to their contacts. Although both wild-

type and variant sequences at nucleotide 788 are clearly replication-competent in vivo, 

our data do not allow us to draw further conclusions about the action of selection on 

this position in contact animals. Future work will be needed to fully characterize the ef-

fects of amino acid substitutions at HA position 238 on the replication fitness of H5N1 

viruses in mammals.

A number of additional SNPs change markedly in frequency during infection 

of index ferrets with the either virus (Figure 2). In some cases, SNPs that change in 

frequency during infection of ferrets are detectable at frequencies between 1% and 

5% in viral stocks (e.g., SNPs at nucleotide 788 of VN1203-HA(3)-CA04 and VN1203-

HA(4)-CA04 virus stocks in Figure 2A and 2B). Multiple SNPs in both viruses rapidly 

increase to frequencies above 20% in index animals (e.g., SNPs at nucleotides 738, 

788, and 1020 in virus VN1203-HA(3)-CA04, Figure 2A, and at positions 736 and 788 in 

VN1203-HA(4)-CA04, Figure 2B), although variant SNPs decline in frequency in some 
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index animals at very late timepoints. Overall, the reproducible increase in frequencies 

of nonsynonymous SNPs at sites such as nucleotide 788 in multiple index animals 

suggests that selection favors variant amino acids at these positions during virus repli-

cation in vivo. In contrast, the SNP located at nucleotide position 1580 in the VN1203-

HA(4)-CA04 stock virus decreases in frequency following infection of each of four index 

ferrets (Figure 2B; ferrets 13, 15, 17, and 21), indicating that selection does not favor 

sequence variants at this position in vivo. 

Droplet transmission of a small number of HA variants

To determine whether selective pressures might be acting during respirato-

ry droplet transmission of H5N1 reassortant influenza viruses, we first compared the 

frequencies of HA SNPs in viruses replicating in index and contact ferrets. As shown in 

Figure 2, multiple HA SNPs arise and achieve frequencies up to 80% during infection of 

index ferrets with either virus. If infection of the contact results from transfer of a repre-

sentative sample of virus from the transmitting animal, one would expect to see similar 

HA SNP frequencies in the contact animal upon establishment of infection. Strikingly, 

however, HA sequences of the viral population replicating at the earliest detectable 

timepoint in contact animals do not reflect the frequency of multiple SNPs present in 

the paired index ferret near the time of transmission (Figure 3 and Supplementary Fig-

ure S4; see Supplementary Figure S1B for information on approximate timing of trans-

mission). Instead, SNPs are either present at nearly 100% or almost completely absent 

following transmission, suggesting that infection of contact animals is established by a 

virus population with a relatively homogeneous HA sequence. Indeed, even SNPs pres-

ent as minor variants in index animals are found dominating the population replicat-

ing shortly after transmission in contact animals. For example, a lysine-to-asparagine 

substitution encoded by a SNP at nucleotide 643 (amino acid 193 by H3 numbering) is 

detected in 5.9% of viruses in the pair 1 index animal shortly before transmission, and 

this same substitution is present in virtually 100% of virus sequences detected shortly 
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after transmission in the paired contact animal (Figure 3, pair 1). 

The difference in HA sequence composition in contact ferrets compared to index 

ferrets following respiratory droplet-mediated transmission suggests that there is a 

severe bottleneck associated with transmission of these H5N1 viruses. To more close-

ly evaluate the genetic composition of HA segments in the mixed viral populations in 

index and contact animals, we identified linkage relationships among SNPs detected 

during infection and after transmission. In this analysis, we take advantage of the fact 

that information about the physical linkage among SNPs of interest is preserved in 

a subset of sequence reads for each HA gene segment. This is possible because, in 

preparation for deep sequencing, amplified HA segments are randomly sheared into 

fragments with an average length of 500 nucleotides, which are sequenced from both 

ends. Therefore, the linkage of SNPs located in a defined window of approximately 500 

nucleotides of the HA segment can be assessed in a subset of high-quality sequenc-

ing reads that cover the region of interest. Using this approach, we define the identity 

and frequency of various SNP combinations in HA segments present at each timepoint 

in the index and contact animals. We term each distinct combination of SNPs an HA 

“haplotype.” We confirmed the validity of this approach by cloning and sequencing 

a panel of full-length HA segments from representative samples (Supplementary Ta-

ble S1). In general, the number of HA haplotypes present in index animals increases 

throughout infection (Figure 4). By day 5 post-infection, no single HA haplotype ac-

counts for more than 50% of the HA segments detected in the viral population of any 

index animal, irrespective of the infecting virus stock, indicating that the HA genes of 

both viruses rapidly diversify in vivo (Figure 4). While many of the identified HA hap-

lotypes are detected in all index animals infected with either virus, some haplotypes 

are unique to particular animals, suggesting that stochastic processes, host genetics, 

and/or other factors might impact within-host viral evolution. Collectively, these data 

demonstrate that the assemblage and frequency of HA haplotypes are dynamic during 
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infection of index animals with these H5N1 viruses, with a trend toward increasing HA 

haplotype diversity.

The diversity of HA haplotypes in index ferrets is not reflected in the virus popu-

lation found in contact animals following transmission (Figure 4, Supplementary Tables 

S2 and S3). Instead, a single predominant HA haplotype is detected in each of the six 

contact ferrets at the earliest timepoint at which we recovered virus (Figure 4, Supple-

mentary Figure S1B). In VN1203-HA(3)-CA04-infected contacts, infection is established 

by a relatively monomorphic population of viruses possessing a single HA haplotype, 

although the specific transmitting HA haplotype differs between the two ferret pairs 

(Figure 4A). Similar patterns are found in ferret pairs infected with VN1203-HA(4)-CA04. 

In contrast to the heterogeneous mixture of HA haplotypes present in index ferrets, the 

first samples of virus collected from contact animals contains a single detectable HA 

haplotype (Figure 4B, pair 8 and pair 11), or a single predominant HA haplotype with a 

second detectable haplotype present at a low frequency (Figure 4B, pair 7 and pair 9, 

day 5). It is unclear if the minority HA haplotypes detected early in contact ferrets are 

transmitted from the animals’ paired index ferrets or are derived from the more preva-

lent HA haplotype following the establishment of infection. 

Using the same approach, we also identify NA and M1 gene haplotypes during 

infection and after transmission (see Supplementary Tables S4 and S5 for NA and Sup-

plementary Tables S6 and S7 for M1). While multiple NA and M1 haplotypes are de-

fined, the virus population in index ferrets is dominated by a single NA and M1 haplo-

type in each animal, with 2-5 minor variant haplotypes present at 1-5% (Supplementary 

Tables S4 and S6, respectively). In contrast to our observations for the HA segment, 

there is no narrowing of NA or M1 haplotype diversity after transmission. Together 

these data show that there is a severe bottleneck in HA segment diversity associated 

with the transmission of H5N1 influenza viruses via respiratory droplets. As a result, 

infection is established in the contact host by a population of viruses with a single 
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predominant HA haplotype that resembles only one of multiple haplotypes generated 

during viral replication in the infected transmitting animal.

Transmission bottleneck is associated with selection on HA 

At least two non-mutually-exclusive processes could cause a severe bottleneck 

during transmission. First, a low infectious dose could account for the diminution in 

HA sequence diversity during transmission if only one or a few viral particles establish 

infection in the new host, a situation commonly referred to as the founder effect. In this 

situation, natural selection would not act to favor the transmission of particular viruses, 

and we would expect to observe low genetic diversity in all viral gene segments imme-

diately after transmission. Second, strong selective pressures could favor transmission 

of viruses possessing particular HA haplotypes that confer improved transmission 

efficiency. In this situation, termed a “selective sweep,” diversity is reduced as natural 

selection eliminates viruses that are poorly adapted for transmission [64]. In a selective 

sweep acting on HA, we would therefore expect transmitted viruses to show a greater 

reduction in HA genetic diversity as compared to diversity in other gene segments.

To determine the relative impact of these two processes, we measure genet-

ic diversity across entire gene segments by computing the statistics πN and πS (for 

details, see Methods). πN, or nonsynonymous diversity, describes the frequency of 

mutations within a virus population that encode an amino acid change. Similarly, πS, 

or synonymous diversity, describes the frequency of silent mutations. Comparing these 

statistics for a given gene segment provides information about the “direction” of nat-

ural selection. Generally, a πN/πS ratio >1 indicates that positive selection is favoring 

genetic diversification. By contrast, a πN/πS ratio <1 indicates that purifying (or neg-

ative) selection is acting to maintain a “fit” consensus sequence by removing deleteri-

ous mutations. Performing pairwise comparisons of πN or πS across gene segments 

(e.g., comparing statistics for HA and NA within one virus sample, or for the HAs of two 

different viruses) provides information about the relative genetic diversity of any pair of 
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gene segments. It is important to reiterate here that our experiment uses a reassort-

ant virus expressing an avian HA, but all other viral gene segments from a mammali-

an-adapted pandemic H1N1 virus; the results of these analyses may therefore differ 

when applied to fully avian viruses.

We compute overall πN and πS in each animal using combined sequence data 

from every available timepoint. In HA, overall means of πN and πS do not differ signifi-

cantly either in index animals or in contact animals when all timepoints are considered 

together (Figure 5 A, B; compare dark blue and light blue or dark red and light red 

bars). This result suggests that, although positive selection is likely acting at specific 

sites, such as nucleotide 788 in index animals, it is not driving diversification through-

out the HA gene. In NA and M1, overall mean πS is often higher than mean πN in both 

index and contact animals (Figure 5A, B; compare dark blue and light blue bars or dark 

red and light red bars). This result indicates that nonsynonymous mutations in NA and 

M1 are generally removed by purifying selection and therefore remain at low frequen-

cies in the virus population in index animals. Together these data suggest that differ-

ent selective pressures act on HA, as compared to NA and M1, during replication and 

transmission of reassortant H5N1 viruses in ferrets.

In our initial analyses, the average values for πN and πS in HA in index ferrets 

were higher than those in contact ferrets, but these differences did not attain statistical 

significance for every pairwise comparison (Figure 5A and B). To more closely examine 

the impact of transmission on HA genetic diversity, we therefore compare values for πN 

and πS in HA in index and contact animals, considering only the timepoints closest to 

the transmission event. Since only two ferret pairs were infected with VN1203-HA(3)-

CA04, we cannot perform statistical analyses on that virus alone. We therefore first 

consider only animals infected with VN1203-HA(4)-CA04 (Figure 5C, left side of panel). 

In this group, mean πN for the transmitted virus in contact ferrets (0.00008 ± 0.00002) 

is significantly lower than that found in the virus replicating in index ferrets just before 
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transmission (0.00108 ± 0.00014; P = 0.008, Student t-test). Likewise, near the time of 

VN1203-HA(4)-CA04 transmission, mean πS is lower in contact than in index animals, 

although in this case the difference is not statistically significant. Considering all six 

ferret pairs regardless of infecting virus, mean πN for the transmitted virus in contact 

animals (0.00012 ± 0.00013) is significantly lower than mean πN in the index ferrets 

near the time of transmission (0.00124 ± 0.00014; P <0.001, Student t-test; Figure 5C, 

right side of panel, compare dark blue to dark red bars).  Similarly, the mean πS value 

of contact animals is lower than that of index animals near the time of transmission, 

although this difference narrowly escapes statistical significance (P = 0.054, Student 

t-test; Figure 5C, right side, compare light blue to light red bars). Interestingly, when we 

considered the HA nucleotide diversity in index animals just prior to the estimated time 

of transmission, the mean of πN for the four index ferrets infected with VN1203-HA(4)-

CA04 (0.00108 ± 0.00014) was significantly greater than mean of πS for the same four 

animals (0.00042 ± 0.00012; P = 0.004, Student t-test; Figure 5C, left side of panel, 

compare dark blue to light blue bars), suggesting that HA is undergoing positive selec-

tion during infection of index animals. Together, these results confirm that transmission 

of these H5N1 viruses to contact animals is associated with a significant reduction in 

overall HA nucleotide diversity. 

We also compute an overall πN and πS for HA, NA and M1 in the stock viruses, 

finding that πN and πS is in general lower than the values seen in the viruses infecting 

all 6 index animals (Supplementary Table S8). In the case of HA, both πN and πS are 

significantly lower in stock viruses than in virus from index animals (P < 0.01 in each 

case, Student t-test; Supplementary Table S8). In the case of NA and M1, πN and πS 

are lower in stock viruses than in viruses from the index animals; but the differences 

are not statistically significant (Supplementary Table S8). Additionally, πN is lower than 

πS for the HA, NA, and M1 genes of each stock virus, providing evidence that positive 

selection on HA sequences did not occur during production of the virus stocks. To-
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gether, our data therefore show that there is a dramatic reduction in genetic diversity in 

HA, but not NA or M, following droplet transmission of H5N1 reassortant viruses, while 

there is no evidence for a similar reduction in diversity following direct inoculation of 

index animals with stock viruses.
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Discussion
Acquisition of a human-transmissible phenotype by H5N1 avian influenza virus-

es represents a major pandemic threat [47,65-68]. Despite the identification of specific 

mammal-adapting mutations in the HA genes of H5N1 viruses [47,65], the strength and 

nature of evolutionary barriers to such adaptation remain unclear [16]. Importantly, few 

models have measured the impact of within-host “quasispecies” diversity on influenza 

virus evolution. Here we use deep sequencing to evaluate the impact of viral variation 

on H5N1 influenza virus host adaptation and mammalian transmission dynamics. Our 

analyses show that selection on HA plays a main role in driving a bottleneck during 

transmission of these reassortant H5N1 influenza viruses among mammals. Together, 

our results suggest that selection could drive establishment of infection in mammals by 

viruses bearing “favorable” HA genes, even when such viruses are in the minority in the 

source population.

Restriction of influenza viral genetic diversity in contact animals likely reflects 

the various mechanical and immunological barriers to replication that viruses must 

overcome upon mucosal transmission. This bottleneck could result from the founder 

effect, i.e., a dramatic reduction in effective viral population size without the action of 

natural selection, and/or from a selective sweep, in which viruses with specific traits 

are best able to transmit. Influenza virus quasispecies dynamics during transmission 

have not been well characterized, but transmission of other diverse RNA viruses has 

been shown to dramatically reduce quasispecies diversity. In HIV transmission, infec-

tion via the cervicovaginal mucosa is initiated by only 1-2 virus clones [69-71]. This 

bottleneck may be due largely to the founder effect, although HIV variants bearing en-

velope proteins capable of using CCR5 as a co-receptor for cellular entry appear to be 

favored [71]. Transmission of hepatitis C virus (HCV) is also associated with a genetic 

bottleneck, which may result from a selective sweep acting on the viral envelope gly-

coprotein [72,73]. By controlling the viral dose administered to naïve ferrets via aero-
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solized droplets, Gustin and colleagues demonstrated that influenza virus infection can 

be established by a dose as small as 4 p.f.u., suggesting that the founder effect could 

reduce viral diversity during influenza transmission by respiratory droplets [74]. Addi-

tionally, the anatomic location of replication of variant virus populations in the source 

host may affect the “availability” of specific virus variants for transmission, providing a 

further potential mechanism for founder effects to influence the diversity of viruses in 

individuals by respiratory droplets. In our experiment, however, HA diversity was re-

duced to a much greater extent than diversity in genes encoding NA or M1, suggesting 

that a selective sweep acted to favor transmission and/or replication of only a subset 

of HA sequences from index animals in contacts infected by respiratory droplets. While 

our results highlight a role for natural selection in determining the composition of HA 

sequences infecting contact animals, the potential impact of extremely low infecting 

doses or other factors in the bottleneck associated with transmission cannot be ex-

cluded. 

Although we detect only 1-2 HA “haplotypes” early after infection in contact 

animals, no single haplotype was consistently associated with transmission (Figure 4). 

Perhaps this is because the main determinants of mammalian transmissibility of these 

reassortant viruses are the mutations identified in our previous study [47], which were 

fixed in the virus populations. The haplotypes we identified therefore existed in a back-

ground of fixed mutations that already facilitated mammalian transmission of these 

viruses. Our results suggest that additional amino acid substitutions may render indi-

vidual viruses with this genetic background more or less fit for transmission. The spe-

cific HA haplotype that establishes infection in naïve contact ferrets may vary depend-

ing on a number of factors, including the unique constellation of viruses that co-exist in 

the inoculated ferret due to random mutation and intrahost selective pressures during 

infection, the titer of each variant virus in the inoculated ferret as the infection progress-

es, the anatomic location at which each variant virus is replicating, and the timing of 
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expulsion of respiratory droplets as it relates to the dynamically changing population 

of viruses in the inoculated ferret. Further work will therefore be required to understand 

the nature of selection pressures acting to restrict HA sequence diversity during H5N1 

virus transmission among mammals. 

Replication and transmission of purely avian H5N1 viruses in mammals may 

result in patterns of selection that differ from those we have observed here using a 

reassortant virus composed of altered versions of the HA gene segment from an H5N1 

virus and seven remaining gene segments from a human H1N1 virus. Notably, adaptive 

mutations in gene segments other than HA can also affect the ability of purely avian 

viruses to productively infect mammalian cells [54, 55]. In particular, a lysine residue at 

PB2 amino acid 627 has consistently been associated with enhanced replication of avi-

an-origin influenza viruses in mammals [58,62,63,65,75-77]. In our study, we observed 

very little diversification of the NA and M1 genes during infection of index or contact 

ferrets (Supplementary Tables S4 and S6) when compared to the H5 HA, perhaps 

because in our reassortant viruses these gene segments were already well adapted to 

replicate in mammals. The signatures of purifying selection we observed in these seg-

ments (i.e., levels of synonymous diversity that were higher than levels of nonsynony-

mous diversity) are consistent with this interpretation.

RNA viruses are characterized by high mutation rates, leading to the accumu-

lation of deleterious mutations, while their short replication times and frequently large 

effective population sizes act to increase the efficacy of purifying selection; that is, as 

virus titers increase, so does the likelihood that purifying selection will act to remove 

deleterious mutations from the population [64,78,79]. Consistent with this model, in HA 

genes we detected only a small number of sites at which nonsynonymous substitutions 

accumulated to detectable levels. Positive selection may have acted on these partic-

ular sites to enhance viral fitness. For example, we found that low-frequency SNPs 

encoding alanine-to-serine or alanine-to-threonine substitutions at H5 amino acid 238 
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(residue 242 by H3 numbering) in the virus stocks rapidly increased in frequency in all 6 

index animals we examined. Each substitution creates a potential site of N-linked gly-

cosylation within the HA globular head, though the impact of glycosylation at this site 

(H5 amino acid 236; H3 amino acid 240) has not been characterized. Notably, we found 

that viruses encoding a serine or threonine at position 238 were not consistently trans-

mitted to contact animals, despite their high frequency in index animals. We speculate 

that the biological function of serine/threonine 238 may enhance virus replication within 

mammals, but does not favor transmission between hosts. Together these observa-

tions suggest that different viral characteristics, such as transmissibility and replication, 

may have distinct effects on evolutionary fitness, so that, e.g., mutations providing 

optimal advantages for transmission may exact a cost to replicative capacity. 

Finally, our findings also suggest that influenza surveillance efforts based on 

Sanger sequencing may fail to detect the early emergence of genetic markers associ-

ated with transmissibility or virulence in mammals, as others have recently speculated 

[16]. The use of Sanger sequencing for influenza surveillance typically defines con-

sensus sequences, cannot resolve variants present below 20% of the viral population, 

and cannot provide information regarding the genetic linkage of variant nucleotides. 

As described above, our deep sequencing revealed substantial diversification of HA 

haplotypes during infection of index animals. In some instances, the transmitted HA 

variant was present at frequencies as low as 5.9% in the source animal near the time 

of transmission, a level below the ability of population-based Sanger sequencing to 

resolve SNPs [31]. Our results therefore demonstrate that low-level viral variants in the 

source viral population can nonetheless found infections in new hosts. This finding has 

important implications for surveillance activities aimed at detecting naturally occurring 

variants that may have the ability to replicate in and transmit among mammals. Impor-

tantly, Sanger sequencing may not only fail to detect biologically relevant viral species 

in a mixed population, but may define a viral consensus sequence that does not exist 
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in nature. Deploying deep sequencing approaches in surveillance may therefore dra-

matically enhance our understanding of influenza virus population diversity in reservoir 

hosts. 
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Figure Legends
Figure 1. Deep sequencing reveals low sequence variation in hemagglutinin of 

influenza virus stocks. We used deep sequencing to probe the nucleotide diversity of 

the (A) VN1203-HA(3)-CA04 and (B) VN1203-HA(4)-CA04 virus stocks used in mam-

malian transmission experiments. Individual HA sequence reads were mapped to a 

consensus HA sequence derived from the isolate A/Vietnam/1203/2004 (H5N1). SNPs 

were enumerated as described in Methods. No variants were detected below 0.01%. 

The frequency of variants at each site is presented as either closed circles (nonsynony-

mous substitutions) or open squares (synonymous substitutions). Mutations previously 

reported in association with mammalian transmission are highlighted in red: VN1203-

HA(3)-CA04: N158D (nt 536), N224K (nt 736) and Q226L (nt 741) and VN1203-HA(4)-

CA04: N158D (nt 536), N224K (nt 736), Q226L (nt 741) and T318I (nt 1020). A synon-

ymous mutation at nucleotide position 1555 that was not present in the plasmid used 

to generate viruses by reverse genetics was detected in each virus stock after harvest 

and before infection of ferrets.

Figure 2. Within-host selection of HA segments harboring specific single nucle-

otide polymorphisms. Viral RNA recovered in nasal wash samples collected from 

ferrets at different timepoints following intranasal infection with the indicated viruses 

was used to measure HA segment variation by deep sequencing. Bar graphs de-

pict changing frequencies of specific SNPs during infection of index ferrets with (A) 

VN1203-HA(3)-CA04 or (B) VN1203-HA(4)-CA04 viruses. Number of sequences used to 

calculate SNP frequencies ranged from n = 198 to 15206 for VN1203-HA(3)-CA04 and 

n = 111 to 11411 for VN1203-HA(4)-CA04. This analysis focused on SNPs detected in 

at least 1% of virus sequences in stock viruses or in one or more samples collected 

from any ferret at any time point. Each SNP was nonsynonymous, with the exception 

of a synonymous SNP at nucleotide position 1018. Inset line graphs depict virus titers 
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in nasal wash samples collected from each index ferret at the indicated timepoint. Virus 

titers were measured using a standard plaque assay on MDCK cells.

Figure 3. Detection of HA SNPs early after infection in contact animals. HA gene 

segments accumulated diversity over time during replication in index animals, as 

demonstrated by the increasing frequency of substitutions at positions 643, 788, 1018 

and 1020 in index animals infected with VN1203-HA(3)-CA04 (left-hand portion of each 

panel). Following transmission, the founding virus population in contact animals dis-

played a shift in SNP frequencies, such that SNPs were either nearly fixed in, or were 

absent from, the replicating virus population. A SNP detected in 5.9% of viruses in the 

pair 1 index animal shortly before transmission was present in nearly 100% of virus se-

quences shortly after transmission in the paired contact animal. Number of sequences 

used to calculate SNP frequencies ranged from n = 1472 to 13324.

Figure 4. Enumeration of HA segment “haplotypes”. To identify patterns of phys-

ically linked SNPs, we took advantage of the fact that paired-end deep sequencing 

provides “mate-paired” reads that are separated by intervening sequences of varying 

length, allowing us to identify reads containing sites of interest that are linked on the 

same viral RNA. By analyzing these reads, we identified linkage relationships among 

targeted SNPs, and use the term “haplotype” to denote a single unique combination of 

SNPs. SNPs used to define HA haplotypes are shown schematically above each panel. 

This analysis targeted nucleotides 728, 738, 744, 788, 1018 and 1020 in virus VN1203-

HA(3)-CA04 (panel A) and nucleotides 494, 496, 557, 736, 754, 778 and 788 in virus 

VN1203-HA(4)-CA04 (panel B). We considered only “haplotypes” detected at or above 

a frequency of 1% of the total virus population. Within each panel, grey boxes indicate 

a transmission pair, each with an index animal (above) and a contact animal (below). 

The x-axis represents the sample collection timepoints for index or contact animals. 
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Grey bars denote the frequencies of non-transmitting haplotypes. The frequencies of 

HA haplotypes implicated in transmission are colored with the specific constellation 

of SNPs indicated in the schematic above each panel. Note that the minor haplotype 

detected at the first timepoint in which virus was recovered from the contact ferret of 

pairs 7 and 9 was also found in the paired index ferret. Number of sequences used to 

calculate haplotype frequencies ranged from n = 1418 to 3128 for VN1203-HA(3)-CA04 

and n = 540 to 1050 for VN1203-HA(4)-CA04. Further details can be found in Supple-

mentary Table S2 and S3. 

Figure 5. Within-host nucleotide diversity in HA. We determine mean nonsynon-

ymous (πN) and synonymous (πS) nucleotide diversity throughout the experiment in 

the HA, NA and M1 coding regions of viruses isolated from index and contact ferrets 

infected with (A) VN1203-HA(3)-CA04; n = 2 or (B) VN1203-HA(4)-CA04; n = 4. (C) To 

independently assess the impact of transmission on HA nucleotide diversity, we com-

pared πN and πS at the single timepoint closest to transmission for each ferret pair. For 

this analysis we considered either the VN1203-HA(4)-CA04-infected group alone (panel 

C, left) or all 6 ferret pairs together (panel C, right). In each graph, vertical bars repre-

sent the mean nucleotide diversity for all index and contact samples; error bars repre-

sent standard error of the mean (s.e.m.). Dark and light blue bars indicate πN  and πS, 

respectively, in index animals; dark and light red bars indicate πN  and πS, respectively, 

in contact animals. We used paired t-tests to compare πN and/or πS values within and 

between gene segments. Horizontal bars highlight comparisons for which two values 

are significantly different. * P < 0.05; ** P < 0.01; *** P < 0.001.
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Table 1. Single nucleotide polymorphisms detected in HA segments of viral populations recovered 
from infected ferrets

Virus*

Nucleotide 
position 
(VN1203 

Reference)

Nucleotide 
change

Amino acid 
position (H3 
numbering)

Amino 
acid 

change

Frequency in 
HA(3)/HA(4) 

stock viruses

Potential function, if 
known

VN1203-
HA(4)-CA04 204 A g G 53 D g G 0%

Both 339 A g G n/a D g G 0% / 0%
Both 496 G g T 144 K g N 0% / 0%

Both 536 A g G 158 N g D 99.8 / 100% Loss of glycosylation 
site

VN1203-
HA(4)-CA04 557 A g G 165 K g E 0%

Both 643 G g T 193 K g N 0% / 0%
VN1203-
HA(3)-CA04 728 A g C 222 K g Q 0% Receptor recognition

Both 736 C g A 224 N g K 99.8% / 
99.8%

Recognition of hu-
man-type receptors

Both 738 G g A 225 G g E 0% / 0% Receptor recognition

Both 741 A g T 226 Q g L 100% / 100% Recognition of hu-
man-type receptors

VN1203-
HA(3)-CA04 788 G g T 242 A g S 3.20%

VN1203-
HA(4)-CA04 788 G g A 242 A g T 4.40%

VN1203-
HA(4)-CA04 956 A g G 297 I g V 0%

VN1203-
HA(3)-CA04 1018 G g A 317 syn 4.10%

Both 1020 C g T 318 T g I 1.9% / 99.9%
VN1203-
HA(3)-CA04 1144 T g C n/a syn 0%

VN1203-
HA(4)-CA04 1375 A g G n/a syn 0%

VN1203-
HA(4)-CA04 1580 G g A n/a E g K 6.60%

* Viruses were 7:1 reassortants with an HA gene segment derived from A/Vietnam/1203/2004 and the 
remaining segments derived from A/California/04/2009 (pH1N1; CA04).
n/a indicates H3 amino acid numbering not applicable, since residue is outside mature HA. 
syn indicates synonymous nucleotide change.
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Figure 1. Deep sequencing reveals low sequence variation in hemagglutinin of influenza virus 
stocks. 
We used deep sequencing to probe the nucleotide diversity of the (A) VN1203-HA(3)-CA04 and (B) 
VN1203-HA(4)-CA04 virus stocks used in mammalian transmission experiments. Individual HA sequence 
reads were mapped to a consensus HA sequence derived from the isolate A/Vietnam/1203/2004 (H5N1). 
SNPs were enumerated as described in Methods. No variants were detected below 0.01%. The fre-
quency of variants at each site is presented as either closed circles (nonsynonymous substitutions) or 
open squares (synonymous substitutions). Mutations previously reported in association with mammalian 
transmission are highlighted in red: VN1203-HA(3)-CA04: N158D (nt 536), N224K (nt 736) and Q226L (nt 
741) and VN1203-HA(4)-CA04: N158D (nt 536), N224K (nt 736), Q226L (nt 741) and T318I (nt 1020). A 
synonymous mutation at nucleotide position 1555 that was not present in the plasmid used to generate 
viruses by reverse genetics was detected in each virus stock after harvest and before infection of ferrets.
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Figure 2. Within-host selection of HA segments harboring specific single nucleotide polymor-
phisms. 
Viral RNA recovered in nasal wash samples collected from ferrets at different timepoints following intra-
nasal infection with the indicated viruses was used to measure HA segment variation by deep sequenc-
ing. Bar graphs depict changing frequencies of specific SNPs during infection of index ferrets with (A) 
VN1203-HA(3)-CA04 or (B) VN1203-HA(4)-CA04 viruses. Number of sequences used to calculate SNP 
frequencies ranged from n = 198 to 15206 for VN1203-HA(3)-CA04 and n = 111 to 11411 for VN1203-
HA(4)-CA04. This analysis focused on SNPs detected in at least 1% of virus sequences in stock viruses 
or in one or more samples collected from any ferret at any time point. Each SNP was nonsynonymous, 
with the exception of a synonymous SNP at nucleotide position 1018. Inset line graphs depict virus titers 
in nasal wash samples collected from each index ferret at the indicated timepoint. Virus titers were mea-
sured using a standard plaque assay on MDCK cells.
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Figure 3. Detection of HA SNPs early after infection in contact animals. HA gene segments accumu-
lated diversity over time during replication in index animals, as demonstrated by the increasing frequen-
cy of substitutions at positions 643, 788, 1018 and 1020 in index animals infected with VN1203-HA(3)-
CA04 (left-hand portion of each panel). Following transmission, the founding virus population in contact 
animals displayed a shift in SNP frequencies, such that SNPs were either nearly fixed in, or were absent 
from, the replicating virus population. A SNP detected in 5.9% of viruses in the pair 1 index animal short-
ly before transmission was present in nearly 100% of virus sequences shortly after transmission in the 
paired contact animal. Number of sequences used to calculate SNP frequencies ranged from n = 1472 
to 13324.
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Figure 4. Enumeration of HA segment “haplotypes”. To identify patterns of physically linked SNPs, 
we took advantage of the fact that paired-end deep sequencing provides “mate-paired” reads that are 
separated by intervening sequences of varying length, allowing us to identify reads containing sites of in-
terest that are linked on the same viral RNA. By analyzing these reads, we identified linkage relationships 
among targeted SNPs, and use the term “haplotype” to denote a single unique combination of SNPs. 
SNPs used to define HA haplotypes are shown schematically above each panel. This analysis targeted 
nucleotides 728, 738, 744, 788, 1018 and 1020 in virus VN1203-HA(3)-CA04 (panel A) and nucleotides 
494, 496, 557, 736, 754, 778 and 788 in virus VN1203-HA(4)-CA04 (panel B). We considered only “hap-
lotypes” detected at or above a frequency of 1% of the total virus population. Within each panel, grey 
boxes indicate a transmission pair, each with an index animal (above) and a contact animal (below). The 
x-axis represents the sample collection timepoints for index or contact animals. Grey bars denote the 
frequencies of non-transmitting haplotypes. The frequencies of HA haplotypes implicated in transmission 
are colored with the specific constellation of SNPs indicated in the schematic above each panel. Note 
that the minor haplotype detected at the first timepoint in which virus was recovered from the contact 
ferret of pairs 7 and 9 was also found in the paired index ferret. Number of sequences used to calculate 
haplotype frequencies ranged from n = 1418 to 3128 for VN1203-HA(3)-CA04 and n = 540 to 1050 for 
VN1203-HA(4)-CA04. Further details can be found in Supplementary Table S2 and S3. 
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Figure 5. Within-host nucleotide diversity in HA. We determine mean nonsynonymous (πN) and 
synonymous (πS) nucleotide diversity throughout the experiment in the HA, NA and M1 coding regions 
of viruses isolated from index and contact ferrets infected with (A) VN1203-HA(3)-CA04; n = 2 or (B) 
VN1203-HA(4)-CA04; n = 4. (C) To independently assess the impact of transmission on HA nucleotide 
diversity, we compared πN and πS at the single timepoint closest to transmission for each ferret pair. For 
this analysis we considered either the VN1203-HA(4)-CA04-infected group alone (panel C, left) or all 6 
ferret pairs together (panel C, right). In each graph, vertical bars represent the mean nucleotide diversity 
for all index and contact samples; error bars represent standard error of the mean (s.e.m.). Dark and light 
blue bars indicate πN  and πS, respectively, in index animals; dark and light red bars indicate πN  and 
πS, respectively, in contact animals. We used paired t-tests to compare πN and/or πS values within and 
between gene segments. Horizontal bars highlight comparisons for which two values are significantly 
different. * P < 0.05; ** P < 0.01; *** P < 0.001.
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Supplementary Figure S1. Mammalian transmission experiment overview. This study uses sam-
ples taken from ferrets infected with reassortant H5N1 influenza viruses as part of a previously reported 
study. Here we present a schematic of the transmission experiments performed in that study; no new 
transmission experiments were performed for the study described here. (A) Transmission pairs consisted 
of an index (directly inoculated) and contact ferret: pair 1- ferrets 991/3498, pair 2 - ferrets 3501/3499, 
pair 7 - ferrets 13/14, pair 8- ferrets 15/16, pair 9- ferrets 17/18 and pair 11- ferrets 21/22. Index ferrets 
were intranasally inoculated with 106 plaque-forming units (500 μl) of either VN1203-HA(3)-CA04 virus 
(pairs 1 and 2) or VN1203-HA(4)-CA04 virus (pairs 7, 8, 9 and 11). One day after inoculation, a naïve con-
tact ferret was placed in an adjacent isolator cage. Nasal washes were collected from the infected index 
ferrets on days 1, 3, and 5 after infection, and from contact ferrets on days 1, 3, 5, 7, and 9 after contact 
was initiated. Further details of the transmission experiment are presented in ref. 2. (B) The earliest time-
point in which virus was recovered from the contact animal nasal washes: pair 1 - 5 DPC, pair 2 - 7 DPC, 
pair 7 - 5 DPC, pair 8 - 5 DPC, pair 9 - 5 DPC, pair 11 - 3 DPC.
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Supplementary Figure S2. Deep sequencing reveals low-level sequence variation in NA and M 
gene segments in stock H5N1 reassortant viruses. (A-B) Massively parallel Illumina sequencing 
revealed genetic variation present within the stock viruses VN1203-HA(3)-CA04 (panel A; HA, NA and 
M1) VN1203-HA(4)-CA04 (panel B; HA, NA and M1). Illumina MiSeq sequence reads for NA and M1 were 
mapped against reference sequences from A/California/04/2009. Results for HA are described in Figure 
1 and are included here for comparison. HA mutations previously reported in association with mammali-
an transmission are highlighted in red: VN1203-HA(3)-CA04: N158D (nt 536), N224K (nt 736) and Q226L 
(nt 741) and VN1203-HA(4)-CA04: N158D (nt 536), N224K (nt 736), Q226L (nt 741) and T318I (nt 1020). 
The frequency of variants detected at each site is presented as closed circles for nonsynomyous muta-
tions or open squares for synonymous mutations. A synonymous mutation at nucleotide position 1555 
in HA that was not present in the plasmid used to generate viruses by reverse genetics arose during 
replication of the stock viruses in tissue culture prior to inoculation of ferrets. (C-D) Validation of the ≥1% 
SNP detection threshold was performed by deep sequencing a 430-bp M gene amplicon derived from 
either plasmid DNA or an in-vitro transcript. No SNPs were detected at frequencies above 0.115% from 
the plasmid-derived deep sequences (panel C) or above 0.303% from transcript-derived deep sequenc-
es (panel D). Thus, our 1% SNP detection threshold is approximately 3-fold higher than the highest 
frequency of spurious substitutions observed in our system. SNP and sequence coverage summary 
statistics for plasmid and transcript-derived deep sequences are found on the right side of each panel. 
Confidence intervals of the mean variant percentage were calculated based on a normal distribution 
(transcript, n = 360; plasmid, n = 543).
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Supplementary Figure S3. Time-dependent increase in variant nucleotides at position 788 during 
infection of index ferrets. We found a positive correlation between the frequency of a variant nucleotide 
at position 788 (Ala g Thr substitution at amino acid position 242 by H3 numbering) and time post-infec-
tion for index animals infected with VN1203-HA(4)-CA04 stock virus (n = 4). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Supplementary Fig. S3. Time-dependent increase in variant nucleotides at position 788 during infection of 
index ferrets. We found a positive correlation between the frequency of a variant nucleotide at position 788 (Ala 
→ Thr substitution at amino acid position 242 by H3 numbering) and time post-infection for index animals infected 
with VN1203-HA(4)-CA04 stock virus (n = 4).  
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Supplementary Figure S4. SNPs in index virus HA segments were detected in nearly 100% or near-
ly 0% of viruses replicating early after infection of contact animals. HA gene segments diversified 
over time during replication in index animals, as demonstrated by the increasing frequency of substitu-
tions at position 496, 788 and 1580 in the four index animals infected with VN1203-HA(4)-CA04 stock 
virus (left-hand portion of each panel). Virus populations replicating soon after demonstrated a shift in 
SNP frequencies. At the earliest timepoint in contact animals, SNPs were either nearly fixed in, or were 
absent from, the virus population. Number of sequences used to calculate SNP frequencies ranged from 
n = 175 to 29976.
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Supplementary Figure S5. Reference-based assemblies of stock viruses HA, NA and M gene 
segments and mapping statistics for all sequencing samples. Sequences of viral populations were 
individually mapped against VN1203 HA, CA04 NA, or CA04 M reference sequences. (A) Graphical rep-
resentation of the reference based assemblies for VN1203-HA(3)-CA04 and VN1203-HA(4)-CA04 stock 
viruses illustrates the “depth” of sequence coverage for each segment. The x-axis indicates the base 
pair positions relative to the reference sequence. The y-axis denotes the number of sequence reads that 
covered each base along the reference sequence. (B) Coverage statistics for HA, NA and M gene seg-
ments for each sample included in this study.
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1 n/a n/a stock n/a 14638 ± 5504 9149 ± 3472 7254 ± 2853
2 n/a n/a n/a 15374 ± 5811 14148 ± 5153 12374 ± 5330
3 VN1203GHA(3)GCA04 991 1 index 1-DPI 17106 ± 6387 14060 ± 4986 14716 ± 5713
4 VN1203GHA(3)GCA04 991 1 index 3-DPI 18522 ± 6756 13440 ± 4834 13293 ± 5182
5 VN1203GHA(3)GCA04 991 1 index 5-DPI 29136 ± 10903 11610 ± 4343 11967 ± 4777
6 VN1203GHA(3)GCA04 3498 1 contact 7-DPC 14011 ± 5326 13700 ± 5022 13708 ± 5509
7 VN1203GHA(3)GCA04 3501 2 index 1-DPI 16033 ± 6131 16091 ± 5863 15962 ± 6676
8 VN1203GHA(3)GCA04 3501 2 index 3-DPI 16407 ± 6212 18040 ± 6799 15246 ± 6443
9 VN1203GHA(3)GCA04 3501 2 index 5-DPI 17517 ± 6667 15335 ± 5872 19071 ± 8286

10 VN1203GHA(3)GCA04 3499 2 contact 5-DPC 17613 ± 6669 16224 ± 6311 16314 ± 6869
11 VN1203GHA(3)GCA04 3499 2 contact 7-DPC 16245 ± 6101 15677 ± 5709 14800 ± 6003
12 VN1203GHA(4)GCA04 13 7 index 1-DPI 16277 ± 6058 8780 ± 3372 7411 ± 2965
13 VN1203GHA(4)GCA04 13 7 index 3-DPI 19246 ± 7047 13447 ± 5395 10362 ± 4261
14 VN1203GHA(4)GCA04 13 7 index 5-DPI 14249 ± 5298 15372 ± 5806 11245 ± 4485
15 VN1203GHA(4)GCA04 14 7 contact 5-DPC 11773 ± 4453 14843 ± 5669 10203 ± 3953
16 VN1203GHA(4)GCA04 14 7 contact 7-DPC 17307 ± 6331 12825 ± 5227 8956 ± 3707
17 VN1203GHA(4)GCA04 14 7 contact 9-DPC 15009 ± 5711 12852 ± 5052 10633 ± 4254
18 VN1203GHA(4)GCA04 15 8 index 1-DPI 15282 ± 5730 11144 ± 4517 8857 ± 3765
19 VN1203GHA(4)GCA04 15 8 index 3-DPI 13581 ± 5256 14042 ± 5598 11258 ± 4520
20 VN1203GHA(4)GCA04 15 8 index 5-DPI 13900 ± 5221 12602 ± 4901 9238 ± 3704
21 VN1203GHA(4)GCA04 16 8 contact 5-DPC 17082 ± 6516 11147 ± 4339 8370 ± 3315
22 VN1203GHA(4)GCA04 16 8 contact 9-DPC 14249 ± 5279 13067 ± 5466 10433 ± 4490
23 VN1203GHA(4)GCA04 16 8 contact 7-DPC 18182 ± 6694 19372 ± 7249 15548 ± 6528
24 VN1203GHA(4)GCA04 17 9 index 1-DPI 20506 ± 7453 12325 ± 4597 9463 ± 3688
25 VN1203GHA(4)GCA04 17 9 index 3-DPI 16121 ± 6116 11843 ± 4895 9805 ± 4209
26 VN1203GHA(4)GCA04 17 9 index 5-DPI 11567 ± 4554 10059 ± 4381 8599 ± 3663
27 VN1203GHA(4)GCA04 18 9 contact 5-DPC 20492 ± 7367 14616 ± 5361 12643 ± 4987
28 VN1203GHA(4)GCA04 18 9 contact 7-DPC 19018 ± 6967 15605 ± 5612 13228 ± 5066
29 VN1203GHA(4)GCA04 18 9 contact 9-DPC 21433 ± 8173 13128 ± 4509 13988 ± 5309
30 VN1203GHA(4)GCA04 21 11 index 1-DPI 18156 ± 6718 12657 ± 4884 11866 ± 4916
31 VN1203GHA(4)GCA04 21 11 index 3-DPI 21419 ± 7860 13878 ± 5082 13989 ± 5584
32 VN1203GHA(4)GCA04 21 11 index 5-DPI 18202 ± 6829 10858 ± 4193 10447 ± 4605
33 VN1203GHA(4)GCA04 22 11 contact 3-DPC 16739 ± 6388 11637 ± 4786 8417 ± 3737
34 VN1203GHA(4)GCA04 22 11 contact 5-DPC 15005 ± 5699 15949 ± 5553 15871 ± 6133
35 VN1203GHA(4)GCA04 22 11 contact 7-DPC 20032 ± 7554 11883 ± 4183 12376 ± 4950

VN1203GHA(3)GCA04
VN1203GHA(4)GCA04 stock
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Supplementary Table S1. LinkGE detected HA haplotypes with greater sensitivity than by conven-
tional Sanger sequencing. To demonstrate that the assembly of HA haplotypes using deep sequenc-
ing data accurately reflected the assemblage of SNPs in the viral population, individual HA genes were 
cloned for Sanger sequencing from the viral population collected from representative ferrets infected 
with reassortant H5N1 virus and their paired contact ferret. The sequences of cloned HA segments were 
determined using conventional Sanger sequencing. The resulting haplotypes were then compared to 
haplotype frequencies determined using LinkGE haplotype assembly based on deep sequencing data. 
Clones were generated from RNA harvested from nasal washes collected from ferret pair 1 (left table) 
and pair 2 (right table) for the indicated timepoints.

 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Table S1. LinkGE detected HA haplotypes with greater sensitivity than by conventional 
Sanger sequencing. To demonstrate that the assembly of HA haplotypes using deep sequencing data 
accurately reflected the assemblage of SNPs in the viral population, individual HA genes were cloned for Sanger 
sequencing from the viral population collected from representative ferrets infected with reassortant H5N1 virus 
and their paired contact ferret. The sequences of cloned HA segments were determined using conventional 
Sanger sequencing. The resulting haplotypes were then compared to haplotype frequencies determined using 
LinkGE haplotype assembly based on deep sequencing data. Clones were generated from RNA harvested from 
nasal washes collected from ferret pair 1 (left table) and pair 2 (right table) for the indicated timepoints. 
  

Ferret%#%3501%(INDEX)Ferret%#%3501%(INDEX)Ferret%#%3501%(INDEX)Ferret%#%3501%(INDEX) Ferret%#%3499%(CONTACT)Ferret%#%3499%(CONTACT)Ferret%#%3499%(CONTACT)Ferret%#%3499%(CONTACT)
LinkGE=%3%DPILinkGE=%3%DPI Sanger=%3%DPISanger=%3%DPI LinkGE=%5%DPCLinkGE=%5%DPC Sanger=%5%DPCSanger=%5%DPC

Pair%#2 Read%Total Percentage Read%Total Percentage Read%Total Percentage Read%Total Percentage
A G G G G C 196 9.8% 2.00 8.0%

A G G T A C 554 27.6% 7.00 28.0%

A G G G G T 945 47.0% 15.00 60.0% 2185 100% 10.00 100%

A G G T G C 33 1.6%

A G G G A C 123 6.1% 1.00 4.0%

A G G T G T 158 7.9%

A A G T A C
C G G G G C
C A G T A C
A A G T G C
C G G T A C
C G G G A C

Total: 2,009 25 2,185 10
LinkGE%nucleotide%query%sites:%728,%738,%744,%788,%1018,%1020.%Grey:%No%data%generated.LinkGE%nucleotide%query%sites:%728,%738,%744,%788,%1018,%1020.%Grey:%No%data%generated.LinkGE%nucleotide%query%sites:%728,%738,%744,%788,%1018,%1020.%Grey:%No%data%generated.LinkGE%nucleotide%query%sites:%728,%738,%744,%788,%1018,%1020.%Grey:%No%data%generated.LinkGE%nucleotide%query%sites:%728,%738,%744,%788,%1018,%1020.%Grey:%No%data%generated.LinkGE%nucleotide%query%sites:%728,%738,%744,%788,%1018,%1020.%Grey:%No%data%generated.LinkGE%nucleotide%query%sites:%728,%738,%744,%788,%1018,%1020.%Grey:%No%data%generated.LinkGE%nucleotide%query%sites:%728,%738,%744,%788,%1018,%1020.%Grey:%No%data%generated.LinkGE%nucleotide%query%sites:%728,%738,%744,%788,%1018,%1020.%Grey:%No%data%generated.

Ferret%#%991%(INDEX)Ferret%#%991%(INDEX)Ferret%#%991%(INDEX)Ferret%#%991%(INDEX) Ferret%#%3498%(CONTACT)Ferret%#%3498%(CONTACT)Ferret%#%3498%(CONTACT)Ferret%#%3498%(CONTACT)
LinkGE=%5%DPILinkGE=%5%DPI Sanger=%5%DPISanger=%5%DPI LinkGE=%7%DPCLinkGE=%7%DPC Sanger=%7%DPCSanger=%7%DPC

Pair%#1 Read%Total Percentage Read%Total Percentage Read%Total Percentage Read%Total Percentage
A G G G G C 408 13.0% 1.00 4.2%

A G G T A C 530 16.9% 9.00 37.6% 1516 100% 24.00 100%

A G G G G T 77 2.5%

A G G T G C 107 3.4%

A G G G A C 75 2.4%

A G G T G T
A A G T A C 1019 32.6% 11.00 45.8%

C G G G G C 427 13.7% 3.00 12.5%

C A G T A C 164 5.2%

A A G T G C 134 4.3%

C G G T A C 106 3.4%

C G G G A C 81 2.6%

Total: 3,128 24 1,516 24
LinkGE%nucleotide%query%sites:%728,%738,%744,%788,%1018,%1020.%Grey:%No%data%generated.LinkGE%nucleotide%query%sites:%728,%738,%744,%788,%1018,%1020.%Grey:%No%data%generated.LinkGE%nucleotide%query%sites:%728,%738,%744,%788,%1018,%1020.%Grey:%No%data%generated.LinkGE%nucleotide%query%sites:%728,%738,%744,%788,%1018,%1020.%Grey:%No%data%generated.LinkGE%nucleotide%query%sites:%728,%738,%744,%788,%1018,%1020.%Grey:%No%data%generated.LinkGE%nucleotide%query%sites:%728,%738,%744,%788,%1018,%1020.%Grey:%No%data%generated.LinkGE%nucleotide%query%sites:%728,%738,%744,%788,%1018,%1020.%Grey:%No%data%generated.LinkGE%nucleotide%query%sites:%728,%738,%744,%788,%1018,%1020.%Grey:%No%data%generated.LinkGE%nucleotide%query%sites:%728,%738,%744,%788,%1018,%1020.%Grey:%No%data%generated.
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Supplementary Table S2. LinkGE frequencies for HA gene segment haplotypes. LinkGE (see Meth-
ods for details) was used to mine paired-end sequencing data in order to link nucleotide polymorphisms 
and define ‘HA haplotypes’. The genotype and frequency of each HA haplotype identified in samples 
harvested from paired index and contact ferrets are shown. Grey shaded regions indicate timepoints for 
which virus was not detected in nasal wash samples. Polymorphic nucleotide sites queried by LinkGE to 
define and enumerate HA haplotypes were as follows: pair 1 and pair 2 – nucleotide sites 728, 738, 744, 
1018 and 1020; pair 7, pair 8, pair 9 and pair 11 – nucleotide sites 494, 496, 557, 736, 738, 754, 778 and 
788.

 
 
 
 
 
Supplementary Table S2. LinkGE frequencies for HA gene segment haplotypes. LinkGE (see Methods for 
details) was used to mine paired-end sequencing data in order to link nucleotide polymorphisms and define ‘HA 
haplotypes’. The genotype and frequency of each HA haplotype identified in samples harvested from paired index 
and contact ferrets are shown. Grey shaded regions indicate timepoints for which virus was not detected in nasal 
wash samples. Polymorphic nucleotide sites queried by LinkGE to define and enumerate HA haplotypes were as 
follows: pair 1 and pair 2 – nucleotide sites 728, 738, 744, 1018 and 1020; pair 7, pair 8, pair 9 and pair 11 – 
nucleotide sites 494, 496, 557, 736, 738, 754, 778 and 788. 
 
 
 

 
 
 
 
 
 

Ferret%#%13%(INDEX)Ferret%#%13%(INDEX)Ferret%#%13%(INDEX) Ferret%#%14%(CONTACT)Ferret%#%14%(CONTACT)Ferret%#%14%(CONTACT)Ferret%#%14%(CONTACT)
Pair%#7 Input%Stock 1%DPI 3%DPI 5%DPI 3%DPC 5%DPC 7%DPC 9%DPC

A G A A G G G G 688 715 648 195 622 551 440

A G A A G G G A 38 41 244 315

A G A A G T A T 8 15 16 10 10

A G A A G G A G 8

A T A A G G G A 167

A T A A G G G G 40 105

A G A A A G G G 254

A T A A A G G G 12

A G C A G G G G 9

A G A C G G G A
A G A C G G G G
A G A A A G G A
G G A A G G G G
A G A A G G A A
A G A A A A A A
A G G A G G G A
A G A A G T G A
A T A A A G G A

Total: 742 771 892 717 638 561 830
LinkGE7nucleotide7query7sites:7494,7496,7557,7736,7738,7754,7778,7788.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7494,7496,7557,7736,7738,7754,7778,7788.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7494,7496,7557,7736,7738,7754,7778,7788.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7494,7496,7557,7736,7738,7754,7778,7788.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7494,7496,7557,7736,7738,7754,7778,7788.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7494,7496,7557,7736,7738,7754,7778,7788.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7494,7496,7557,7736,7738,7754,7778,7788.7Grey:7No7data7generated.

Ferret%#%17%(INDEX)Ferret%#%17%(INDEX)Ferret%#%17%(INDEX) Ferret%#%18%(CONTACT)Ferret%#%18%(CONTACT)Ferret%#%18%(CONTACT)Ferret%#%18%(CONTACT)
Pair%#8 Input%Stock 1%DPI 3%DPI 5%DPI 3%DPC 5%DPC 7%DPC 9%DPC

A G A A G G G G 688 630 542 131

A G A A G G G A 38 129 353 186 724 744 672

A G A A G T A T 8 19 18 6 11 12

A G A A G G A G 8

A T A A G G G A
A T A A G G G G 12

A G A A A G G G 74

A T A A A G G G
A G C A G G G G
A G A C G G G A 124

A G A C G G G G 13

A G A A A G G A 7

G G A A G G G G 6

A G A A G G A A
A G A A A A A A
A G G A G G G A
A G A A G T G A
A T A A A G G A

Total: 742 778 913 559 724 755 684
LinkGE7nucleotide7query7sites:7494,7496,7557,7736,7738,7754,7778,7788.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7494,7496,7557,7736,7738,7754,7778,7788.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7494,7496,7557,7736,7738,7754,7778,7788.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7494,7496,7557,7736,7738,7754,7778,7788.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7494,7496,7557,7736,7738,7754,7778,7788.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7494,7496,7557,7736,7738,7754,7778,7788.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7494,7496,7557,7736,7738,7754,7778,7788.7Grey:7No7data7generated.

Ferret%#%15%(INDEX)Ferret%#%15%(INDEX)Ferret%#%15%(INDEX) Ferret%#%16%(CONTACT)Ferret%#%16%(CONTACT)Ferret%#%16%(CONTACT)Ferret%#%16%(CONTACT)
Pair%#9 Input%Stock 1%DPI 3%DPI 5%DPI 3%DPC 5%DPC 7%DPC 9%DPC

A G A A G G G G 688 358 381 59

A G A A G G G A 38 153 483 86 488 671 393

A G A A G T A T 8 11 10 10 11 14

A G A A G G A G 8 7 13

A T A A G G G A 7 131 307

A T A A G G G G
A G A A A G G G
A T A A A G G G
A G C A G G G G
A G A C G G G A 118

A G A C G G G G 4

A G A A A G G A
G G A A G G G G
A G A A G G A A 11 11

A G A A A A A A 10

A G G A G G G A
A G A A G T G A
A T A A A G G A

Total: 742 540 898 274 498 813 724
LinkGE7nucleotide7query7sites:7494,7496,7557,7736,7738,7754,7778,7788.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7494,7496,7557,7736,7738,7754,7778,7788.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7494,7496,7557,7736,7738,7754,7778,7788.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7494,7496,7557,7736,7738,7754,7778,7788.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7494,7496,7557,7736,7738,7754,7778,7788.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7494,7496,7557,7736,7738,7754,7778,7788.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7494,7496,7557,7736,7738,7754,7778,7788.7Grey:7No7data7generated.

Ferret%#%21%(INDEX)Ferret%#%21%(INDEX)Ferret%#%21%(INDEX) Ferret%#%22%(CONTACT)Ferret%#%22%(CONTACT)Ferret%#%22%(CONTACT)Ferret%#%22%(CONTACT)
Pair%#11 Input%Stock 1%DPI 3%DPI 5%DPI 3%DPC 5%DPC 7%DPC 9%DPC

A G A A G G G G 688 674 281 28

A G A A G G G A 38 152 515 100 577 766 1021

A G A A G T A T 8 15 18 18 18

A G A A G G A G 8

A T A A G G G A 56 11

A T A A G G G G 19

A G A A A G G G 339

A T A A A G G G 31

A G C A G G G G
A G A C G G G A
A G A C G G G G
A G A A A G G A 205

G G A A G G G G
A G A A G G A A
A G A A A A A A
A G G A G G G A 24

A G A A G T G A 16

A T A A A G G A 10

Total: 742 841 814 828 577 784 1050
LinkGE7nucleotide7query7sites:7494,7496,7557,7736,7738,7754,7778,7788.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7494,7496,7557,7736,7738,7754,7778,7788.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7494,7496,7557,7736,7738,7754,7778,7788.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7494,7496,7557,7736,7738,7754,7778,7788.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7494,7496,7557,7736,7738,7754,7778,7788.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7494,7496,7557,7736,7738,7754,7778,7788.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7494,7496,7557,7736,7738,7754,7778,7788.7Grey:7No7data7generated.

Ferret%#%3501%(INDEX)Ferret%#%3501%(INDEX)Ferret%#%3501%(INDEX) Ferret%#%3499%(CONTACT)Ferret%#%3499%(CONTACT)Ferret%#%3499%(CONTACT)Ferret%#%3499%(CONTACT)
Pair%#2 Input%Stock 1%DPI 3%DPI 5%DPI 3%DPC 5%DPC 7%DPC 9%DPC

A G G G G C 1323 1237 196 464

A G G T A C 32 69 554 132

A G G G G T 25 752 945 887 2185 1787

A G G T G C 22 35 33 28

A G G G A C 16 27 123 78

A G G T G T 23 158 42

A A G T A C 183

C G G G G C
C A G T A C
A A G T G C 36

C G G T A C
C G G G A C
A A G G G T 245

A A G G G C 128

A A G T G T 48

A G G A G T 29

Total: 1,418 2,143 2,009 2,271 2,185 1,816
LinkGE7nucleotide7query7sites:7728,7738,7744,7788,71018,71020.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7728,7738,7744,7788,71018,71020.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7728,7738,7744,7788,71018,71020.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7728,7738,7744,7788,71018,71020.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7728,7738,7744,7788,71018,71020.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7728,7738,7744,7788,71018,71020.7Grey:7No7data7generated.

Ferret%#%991%(INDEX)Ferret%#%991%(INDEX)Ferret%#%991%(INDEX) Ferret%#%3498%(CONTACT)Ferret%#%3498%(CONTACT)Ferret%#%3498%(CONTACT)Ferret%#%3498%(CONTACT)
Pair%#1 Input%Stock 1%DPI 3%DPI 5%DPI 3%DPC 5%DPC 7%DPC 9%DPC

A G G G G C 1323 1473 210 408

A G G T A C 32 67 506 530 1516

A G G G G T 25 240 470 77

A G G T G C 22 44 51 107

A G G G A C 16 26 98 75

A G G T G T 113

A A G T A C 1019

C G G G G C 427

C A G T A C 164

A A G T G C 134

C G G T A C 106

C G G G A C 81

A A G G G T
A A G G G C
A A G T G T
A G G A G T

Total: 1,418 1,850 1,448 3,128 1,516
LinkGE7nucleotide7query7sites:7728,7738,7744,7788,71018,71020.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7728,7738,7744,7788,71018,71020.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7728,7738,7744,7788,71018,71020.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7728,7738,7744,7788,71018,71020.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7728,7738,7744,7788,71018,71020.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7728,7738,7744,7788,71018,71020.7Grey:7No7data7generated.
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Supplementary Table S3. LinkGE absolute counts for HA gene segment haplotypes. LinkGE (see 
Methods for details) was used to mine paired-end sequencing data in order to link nucleotide polymor-
phisms and define ‘HA haplotypes’. The total number of recovered individual sequence reads that cov-
ered all of the queried polymorphic nucleotide sites are presented according to genotype. Grey shaded 
regions indicate timepoints for which virus was not detected in nasal wash samples. Polymorphic nucle-
otide sites queried by LinkGE to define and enumerate HA haplotypes were as follows: pair 1 and pair 2 
– nucleotide sites 728, 738, 744, 1018 and 1020; pair 7, pair 8, pair 9 and pair 11 – nucleotide sites 494, 
496, 557, 736, 738, 754, 778 and 788.

 
 
 
 
 
Supplementary Table S3. LinkGE absolute counts for HA gene segment haplotypes. LinkGE (see Methods 
for details) was used to mine paired-end sequencing data in order to link nucleotide polymorphisms and define 
‘HA haplotypes’. The total number of recovered individual sequence reads that covered all of the queried 
polymorphic nucleotide sites are presented according to genotype. Grey shaded regions indicate timepoints for 
which virus was not detected in nasal wash samples. Polymorphic nucleotide sites queried by LinkGE to define 
and enumerate HA haplotypes were as follows: pair 1 and pair 2 – nucleotide sites 728, 738, 744, 1018 and 1020; 
pair 7, pair 8, pair 9 and pair 11 – nucleotide sites 494, 496, 557, 736, 738, 754, 778 and 788. 

  

Ferret%#%13%(INDEX)Ferret%#%13%(INDEX)Ferret%#%13%(INDEX) Ferret%#%14%(CONTACT)Ferret%#%14%(CONTACT)Ferret%#%14%(CONTACT)Ferret%#%14%(CONTACT)
Pair%#7 Input%Stock 1%DPI 3%DPI 5%DPI 3%DPC 5%DPC 7%DPC 9%DPC

A G A A G G G G 92.7% 92.7% 72.7% 27.2% 97.5% 98.2% 53.0%

A G A A G G G A 5.1% 5.3% 27.4% 43.9%

A G A A G T A T 1.1% 2.0% 2.51% 1.78% 1.20%

A G A A G G A G 1.1%

A T A A G G G A 23.3%

A T A A G G G G 5.6% 12.7%

A G A A A G G G 30.6%

A T A A A G G G 1.5%

A G C A G G G G 1.1%

A G A C G G G A
A G A C G G G G
A G A A A G G A
G G A A G G G G
A G A A G G A A
A G A A A A A A
A G G A G G G A
A G A A G T G A
A T A A A G G A

LinkGE3nucleotide3query3sites:3494,3496,3557,3736,3738,3754,3778,3788.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3494,3496,3557,3736,3738,3754,3778,3788.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3494,3496,3557,3736,3738,3754,3778,3788.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3494,3496,3557,3736,3738,3754,3778,3788.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3494,3496,3557,3736,3738,3754,3778,3788.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3494,3496,3557,3736,3738,3754,3778,3788.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3494,3496,3557,3736,3738,3754,3778,3788.3Grey:3No3data3generated.

Ferret%#%17%(INDEX)Ferret%#%17%(INDEX)Ferret%#%17%(INDEX) Ferret%#%18%(CONTACT)Ferret%#%18%(CONTACT)Ferret%#%18%(CONTACT)Ferret%#%18%(CONTACT)
Pair%#8 Input%Stock 1%DPI 3%DPI 5%DPI 3%DPC 5%DPC 7%DPC 9%DPC

A G A A G G G G 92.7% 81.0% 59.4% 23.4%

A G A A G G G A 5.1% 16.6% 38.7% 33.3% 100% 98.5% 98.3%

A G A A G T A T 1.1% 2.4% 2.0% 1.1% 1.5% 1.8%

A G A A G G A G 1.1%

A T A A G G G A
A T A A G G G G 2.2%

A G A A A G G G 13.2%

A T A A A G G G
A G C A G G G G
A G A C G G G A 22.2%

A G A C G G G G 2.3%

A G A A A G G A 1.3%

G G A A G G G G 1.1%

A G A A G G A A
A G A A A A A A
A G G A G G G A
A G A A G T G A
A T A A A G G A

LinkGE3nucleotide3query3sites:3494,3496,3557,3736,3738,3754,3778,3788.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3494,3496,3557,3736,3738,3754,3778,3788.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3494,3496,3557,3736,3738,3754,3778,3788.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3494,3496,3557,3736,3738,3754,3778,3788.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3494,3496,3557,3736,3738,3754,3778,3788.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3494,3496,3557,3736,3738,3754,3778,3788.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3494,3496,3557,3736,3738,3754,3778,3788.3Grey:3No3data3generated.

Ferret%#%15%(INDEX)Ferret%#%15%(INDEX)Ferret%#%15%(INDEX) Ferret%#%16%(CONTACT)Ferret%#%16%(CONTACT)Ferret%#%16%(CONTACT)Ferret%#%16%(CONTACT)
Pair%#9 Input%Stock 1%DPI 3%DPI 5%DPI 3%DPC 5%DPC 7%DPC 9%DPC

A G A A G G G G 92.7% 66.3% 42.4% 21.5%

A G A A G G G A 5.1% 28.3% 53.8% 31.3% 98.0% 82.5% 54.3%

A G A A G T A T 1.1% 2.0% 1.1% 2.0% 1.4% 1.9%

A G A A G G A G 1.1% 1.3% 1.5%

A T A A G G G A 2.6% 16.1% 42.4%

A T A A G G G G
A G A A A G G G
A T A A A G G G
A G C A G G G G
A G A C G G G A 43.1%

A G A C G G G G 1.5%

A G A A A G G A
G G A A G G G G
A G A A G G A A 2.0% 1.2%

A G A A A A A A 1.4%

A G G A G G G A

Ferret%#%21%(INDEX)Ferret%#%21%(INDEX)Ferret%#%21%(INDEX) Ferret%#%22%(CONTACT)Ferret%#%22%(CONTACT)Ferret%#%22%(CONTACT)Ferret%#%22%(CONTACT)
Pair%#11 Input%Stock 1%DPI 3%DPI 5%DPI 3%DPC 5%DPC 7%DPC 9%DPC

A G A A G G G G 92.7% 80.1% 34.5% 3.4%

A G A A G G G A 5.1% 18.1% 63.3% 12.1% 100% 97.7% 97.2%

A G A A G T A T 1.1% 1.8% 2.2% 2.3% 1.7%

A G A A G G A G 1.1%

A T A A G G G A 6.8% 1.1%

A T A A G G G G 2.3%

A G A A A G G G 40.9%

A T A A A G G G 3.7%

A G C A G G G G
A G A C G G G A
A G A C G G G G
A G A A A G G A 24.8%

G G A A G G G G
A G A A G G A A
A G A A A A A A
A G G A G G G A 2.9%

Ferret%#%3501%(INDEX)Ferret%#%3501%(INDEX)Ferret%#%3501%(INDEX) Ferret%#%3499%(CONTACT)Ferret%#%3499%(CONTACT)Ferret%#%3499%(CONTACT)Ferret%#%3499%(CONTACT)
Pair%#2 Input%Stock 1%DPI 3%DPI 5%DPI 3%DPC 5%DPC 7%DPC 9%DPC

A G G G G C 93.30% 57.7% 9.8% 20.43%

A G G T A C 2.26% 3.2% 27.6% 5.81%

A G G G G T 1.76% 35.1% 47.0% 39.06% 100.00% 98.40%

A G G T G C 1.55% 1.6% 1.6% 1.23%

A G G G A C 1.13% 1.3% 6.1% 3.43%

A G G T G T 1.09% 7.9% 1.85%

A A G T A C 8.1%

C G G G G C
C A G T A C
A A G T G C 1.6%

C G G T A C
C G G G A C
A A G G G T 10.8%

A A G G G C 5.6%

A A G T G T 2.1%

A G G A G T 1.6%
LinkGE3nucleotide3query3sites:3728,3738,3744,3788,31018,31020.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3728,3738,3744,3788,31018,31020.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3728,3738,3744,3788,31018,31020.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3728,3738,3744,3788,31018,31020.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3728,3738,3744,3788,31018,31020.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3728,3738,3744,3788,31018,31020.3Grey:3No3data3generated.

Ferret%#%991%(INDEX)Ferret%#%991%(INDEX)Ferret%#%991%(INDEX) Ferret%#%3498%(CONTACT)Ferret%#%3498%(CONTACT)Ferret%#%3498%(CONTACT)Ferret%#%3498%(CONTACT)
Pair%#1 Input%Stock 1%DPI 3%DPI 5%DPI 3%DPC 5%DPC 7%DPC 9%DPC

A G G G G C 93.30% 79.62% 14.50% 13.04%

A G G T A C 2.26% 3.62% 34.94% 16.94% 100.00%

A G G G G T 1.76% 12.97% 32.46% 2.46%

A G G T G C 1.55% 2.38% 3.52% 3.42%

A G G G A C 1.13% 1.41% 6.77% 2.40%

A G G T G T 7.80%

A A G T A C 32.58%

C G G G G C 13.65%

C A G T A C 5.24%

A A G T G C 4.28%

C G G T A C 3.39%

C G G G A C 2.59%

A A G G G T
A A G G G C
A A G T G T
A G G A G T

LinkGE3nucleotide3query3sites:3728,3738,3744,3788,31018,31020.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3728,3738,3744,3788,31018,31020.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3728,3738,3744,3788,31018,31020.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3728,3738,3744,3788,31018,31020.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3728,3738,3744,3788,31018,31020.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3728,3738,3744,3788,31018,31020.3Grey:3No3data3generated.
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Supplementary Table S4. LinkGE frequencies for NA gene segment haplotypes. LinkGE (see Meth-
ods for details) was used to mine paired-end sequencing data in order to link nucleotide polymorphisms 
and define ‘NA haplotypes’. The genotype and frequency of each NA haplotype identified in samples 
harvested from paired index and contact ferrets are shown. Grey shaded regions indicate timepoints for 
which virus was not detected in nasal wash samples. Polymorphic nucleotide sites queried by LinkGE to 
define and enumerate NA haplotypes were as follows: pair 1 and pair 2 – nucleotide sites 647, 671, 1162 
and 1185; pair 7, pair 8, pair 9 and pair 11 – nucleotide sites 447, 467, 516, 917, 925, 926 and 986.

 
 
Supplementary Table S4. LinkGE frequencies for NA gene segment haplotypes. LinkGE (see Methods for 
details) was used to mine paired-end sequencing data in order to link nucleotide polymorphisms and define ‘NA 
haplotypes’. The genotype and frequency of each NA haplotype identified in samples harvested from paired index 
and contact ferrets are shown. Grey shaded regions indicate timepoints for which virus was not detected in nasal 
wash samples. Polymorphic nucleotide sites queried by LinkGE to define and enumerate NA haplotypes were as 
follows: pair 1 and pair 2 – nucleotide sites 647, 671, 1162 and 1185; pair 7, pair 8, pair 9 and pair 11 – nucleotide 
sites 447, 467, 516, 917, 925, 926 and 986. 

 
 
 
 
 
 
 
 
 

Ferret%#%13%(INDEX)Ferret%#%13%(INDEX)Ferret%#%13%(INDEX) Ferret%#%14%(CONTACT)Ferret%#%14%(CONTACT)Ferret%#%14%(CONTACT)Ferret%#%14%(CONTACT)
Pair%#7 Input%Stock 1%DPI 3%DPI 5%DPI 3%DPC 5%DPC 7%DPC 9%DPC

A T G G C G T 1.41%

A T G T A C T 2.21% 2.22% 2.02% 2.14% 1.92%

A T G G C G C 97.79% 94.44% 95.68% 93.43% 97.86% 96.54% 98.77%

A T G C C C T 1.11% 3.76% 1.54% 1.23%

A T G C G A T 1.11% 2.31% 1.41%

A T G A T G G 1.11%

A T G C C G C
A T G G T G C
C T A G C G C
A T G G T T T
A T G T T A G
C T A T A C T
G T G G C G C
A T T G C G C
A T G A C G C
T C T G C G C
A T A G C G C
G C G G C G C
A A G G C G C
G A T G C G C
A T G G C A C

LinkGE3nucleotide3query3sites:3447,3467,3516,3917,3925,3926,3986.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3447,3467,3516,3917,3925,3926,3986.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3447,3467,3516,3917,3925,3926,3986.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3447,3467,3516,3917,3925,3926,3986.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3447,3467,3516,3917,3925,3926,3986.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3447,3467,3516,3917,3925,3926,3986.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3447,3467,3516,3917,3925,3926,3986.3Grey:3No3data3generated.

Ferret%#%17%(INDEX)Ferret%#%17%(INDEX)Ferret%#%17%(INDEX) Ferret%#%18%(CONTACT)Ferret%#%18%(CONTACT)Ferret%#%18%(CONTACT)Ferret%#%18%(CONTACT)
Pair%#8 Input%Stock 1%DPI 3%DPI 5%DPI 3%DPC 5%DPC 7%DPC 9%DPC

A T G G C G T 1.14%

A T G T A C T 2.21% 1.96% 2.27% 2.62% 1.12% 2.92% 1.54%

A T G G C G C 97.79% 96.08% 95.45% 95.88% 95.15% 93.86% 97.30%

A T G C C C T 1.96% 1.14% 1.50% 1.87% 3.22%

A T G C G A T
A T G A T G G
A T G C C G C 1.16%

A T G G T G C 1.87%

C T A G C G C
A T G G T T T
A T G T T A G
C T A T A C T
G T G G C G C
A T T G C G C
A T G A C G C
T C T G C G C
A T A G C G C
G C G G C G C
A A G G C G C
G A T G C G C
A T G G C A C

LinkGE3nucleotide3query3sites:3447,3467,3516,3917,3925,3926,3986.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3447,3467,3516,3917,3925,3926,3986.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3447,3467,3516,3917,3925,3926,3986.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3447,3467,3516,3917,3925,3926,3986.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3447,3467,3516,3917,3925,3926,3986.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3447,3467,3516,3917,3925,3926,3986.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3447,3467,3516,3917,3925,3926,3986.3Grey:3No3data3generated.

Ferret%#%15%(INDEX)Ferret%#%15%(INDEX)Ferret%#%15%(INDEX) Ferret%#%16%(CONTACT)Ferret%#%16%(CONTACT)Ferret%#%16%(CONTACT)Ferret%#%16%(CONTACT)
Pair%#9 Input%Stock 1%DPI 3%DPI 5%DPI 3%DPC 5%DPC 7%DPC 9%DPC

A T G G C G T
A T G T A C T 2.21% 1.29% 1.12% 1.26% 3.50% 1.43%

A T G G C G C 97.79% 96.77% 96.43% 97.77% 97.48% 96.50% 91.43%

A T G C C C T 1.94% 2.38% 1.43%

A T G C G A T 1.19% 1.12% 1.43%

A T G A T G G
A T G C C G C 1.3%

A T G G T G C
C T A G C G C
A T G G T T T 1.43%

A T G T T A G 1.43%

C T A T A C T 1.43%

G T G G C G C
A T T G C G C
A T G A C G C
T C T G C G C
A T A G C G C
G C G G C G C
A A G G C G C
G A T G C G C
A T G G C A C

LinkGE3nucleotide3query3sites:3447,3467,3516,3917,3925,3926,3986.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3447,3467,3516,3917,3925,3926,3986.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3447,3467,3516,3917,3925,3926,3986.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3447,3467,3516,3917,3925,3926,3986.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3447,3467,3516,3917,3925,3926,3986.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3447,3467,3516,3917,3925,3926,3986.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3447,3467,3516,3917,3925,3926,3986.3Grey:3No3data3generated.

Ferret%#%21%(INDEX)Ferret%#%21%(INDEX)Ferret%#%21%(INDEX) Ferret%#%22%(CONTACT)Ferret%#%22%(CONTACT)Ferret%#%22%(CONTACT)Ferret%#%22%(CONTACT)
Pair%#11 Input%Stock 1%DPI 3%DPI 5%DPI 3%DPC 5%DPC 7%DPC 9%DPC

A T G G C G T 1.20% 1.19% 2.60%

A T G T A C T 2.21% 2.12% 2.88% 1.20% 1.19% 2.60%

A T G G C G C 97.79% 96.30% 90.38% 96.08% 94.58% 85.71% 76.90%

A T G C C C T 1.59% 4.81% 5.10%

A T G C G A T 1.19%

A T G A T G G
A T G C C G C
A T G G T G C
C T A G C G C 1.2%

A T G G T T T
A T G T T A G
C T A T A C T
G T G G C G C 1.8%

A T T G C G C 2.6%

A T G A C G C 2.4% 10.3%

T C T G C G C 1.2%

A T A G C G C 3.9% 1.2%

G C G G C G C 1.2%

A A G G C G C 2.4%

G A T G C G C 2.4%

A T G G C A C 1.9%
LinkGE3nucleotide3query3sites:3447,3467,3516,3917,3925,3926,3986.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3447,3467,3516,3917,3925,3926,3986.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3447,3467,3516,3917,3925,3926,3986.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3447,3467,3516,3917,3925,3926,3986.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3447,3467,3516,3917,3925,3926,3986.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3447,3467,3516,3917,3925,3926,3986.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3447,3467,3516,3917,3925,3926,3986.3Grey:3No3data3generated.

Ferret%#%3501%(INDEX)Ferret%#%3501%(INDEX)Ferret%#%3501%(INDEX) Ferret%#%3499%(CONTACT)Ferret%#%3499%(CONTACT)Ferret%#%3499%(CONTACT)Ferret%#%3499%(CONTACT)
Pair%#2 Input%Stock 1%DPI 3%DPI 5%DPI 3%DPC 5%DPC 7%DPC 9%DPC

C G G C 1.20% 1.42% 1.27% 1.12% 1.33%

C G A A 1.08% 1.14% 1.67%

C A C A
C G C A 97.72% 97.4% 100.0% 93.9% 97.2% 97.35%

C G G T 1.3%

C G G C
C G A A
C G C A
C G G T
T G C A 2.04%

C G C G 2.80%
LinkGE3nucleotide3query3sites:3647,3671,31162,31185.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3647,3671,31162,31185.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3647,3671,31162,31185.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3647,3671,31162,31185.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3647,3671,31162,31185.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3647,3671,31162,31185.3Grey:3No3data3generated.

Ferret%#%991%(INDEX)Ferret%#%991%(INDEX)Ferret%#%991%(INDEX) Ferret%#%3498%(CONTACT)Ferret%#%3498%(CONTACT)Ferret%#%3498%(CONTACT)Ferret%#%3498%(CONTACT)
Pair%#1 Input%Stock 1%DPI 3%DPI 5%DPI 3%DPC 5%DPC 7%DPC 9%DPC

C G G C 1.20% 1.82% 1.21% 2.07%

C G A A 1.08%

C A C A 3.47%

C G C A 97.72% 98.18% 97.58% 95.14% 97.93%

C G G T 1.21% 1.39%

C G G C
C G A A
C G C A
C G G T
T G C A
C G C G

LinkGE3nucleotide3query3sites:3647,3671,31162,31185.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3647,3671,31162,31185.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3647,3671,31162,31185.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3647,3671,31162,31185.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3647,3671,31162,31185.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:3647,3671,31162,31185.3Grey:3No3data3generated.
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Supplementary Table S5. LinkGE absolute counts for NA gene segment haplotypes. LinkGE (see 
Methods for details) was used to mine paired-end sequencing data in order to link nucleotide poly-
morphisms and define ‘NA haplotypes’. The total number of recovered individual sequence reads that 
covered all of the queried polymorphic nucleotide sites are presented according to genotype. Grey 
shaded regions indicate timepoints for which virus was not detected in nasal wash samples. Polymor-
phic nucleotide sites queried by LinkGE to define and enumerate NA haplotypes were as follows: pair 1 
and pair 2 – nucleotide sites 647, 671, 1162 and 1185; pair 7, pair 8, pair 9 and pair 11 – nucleotide sites 
447, 467, 516, 917, 925, 926 and 986.

 
Supplementary Table S5. LinkGE absolute counts for NA gene segment haplotypes. LinkGE (see Methods 
for details) was used to mine paired-end sequencing data in order to link nucleotide polymorphisms and define 
‘NA haplotypes’. The total number of recovered individual sequence reads that covered all of the queried 
polymorphic nucleotide sites are presented according to genotype. Grey shaded regions indicate timepoints for 
which virus was not detected in nasal wash samples. Polymorphic nucleotide sites queried by LinkGE to define 
and enumerate NA haplotypes were as follows: pair 1 and pair 2 – nucleotide sites 647, 671, 1162 and 1185; pair 
7, pair 8, pair 9 and pair 11 – nucleotide sites 447, 467, 516, 917, 925, 926 and 986. 

 
  

Ferret%#%13%(INDEX)Ferret%#%13%(INDEX)Ferret%#%13%(INDEX) Ferret%#%14%(CONTACT)Ferret%#%14%(CONTACT)Ferret%#%14%(CONTACT)Ferret%#%14%(CONTACT)
Pair%#7 Input%Stock 1%DPI 3%DPI 5%DPI 3%DPC 5%DPC 7%DPC 9%DPC

A T G G C G T 3

A T G T A C T 3 4 7 6 5

A T G G C G C 133 170 332 199 274 251 241

A T G C C C T 2 8 4 3

A T G C G A T 2 8 3

A T G A T G G 2

A T G C C G C
A T G G T G C
C T A G C G C
A T G G T T T
A T G T T A G
C T A T A C T
G T G G C G C
A T T G C G C
A T G A C G C
T C T G C G C
A T A G C G C
G C G G C G C
A A G G C G C
G A T G C G C
A T G G C A C

Total: 136 180 347 213 280 260 244
LinkGE7nucleotide7query7sites:7447,7467,7516,7917,7925,7926,7986.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7447,7467,7516,7917,7925,7926,7986.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7447,7467,7516,7917,7925,7926,7986.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7447,7467,7516,7917,7925,7926,7986.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7447,7467,7516,7917,7925,7926,7986.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7447,7467,7516,7917,7925,7926,7986.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7447,7467,7516,7917,7925,7926,7986.7Grey:7No7data7generated.

Ferret%#%17%(INDEX)Ferret%#%17%(INDEX)Ferret%#%17%(INDEX) Ferret%#%18%(CONTACT)Ferret%#%18%(CONTACT)Ferret%#%18%(CONTACT)Ferret%#%18%(CONTACT)
Pair%#8 Input%Stock 1%DPI 3%DPI 5%DPI 3%DPC 5%DPC 7%DPC 9%DPC

A T G G C G T 3

A T G T A C T 3 3 6 7 4 10 4

A T G G C G C 133 147 252 256 255 321 252

A T G C C C T 3 3 4 5 11

A T G C G A T
A T G A T G G
A T G C C G C 3

A T G G T G C 5

C T A G C G C
A T G G T T T
A T G T T A G
C T A T A C T
G T G G C G C
A T T G C G C
A T G A C G C
T C T G C G C
A T A G C G C
G C G G C G C
A A G G C G C
G A T G C G C
A T G G C A C

Total: 136 153 264 267 269 342 259
LinkGE7nucleotide7query7sites:7447,7467,7516,7917,7925,7926,7986.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7447,7467,7516,7917,7925,7926,7986.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7447,7467,7516,7917,7925,7926,7986.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7447,7467,7516,7917,7925,7926,7986.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7447,7467,7516,7917,7925,7926,7986.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7447,7467,7516,7917,7925,7926,7986.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7447,7467,7516,7917,7925,7926,7986.7Grey:7No7data7generated.

Ferret%#%15%(INDEX)Ferret%#%15%(INDEX)Ferret%#%15%(INDEX) Ferret%#%16%(CONTACT)Ferret%#%16%(CONTACT)Ferret%#%16%(CONTACT)Ferret%#%16%(CONTACT)
Pair%#9 Input%Stock 1%DPI 3%DPI 5%DPI 3%DPC 5%DPC 7%DPC 9%DPC

A T G G C G T
A T G T A C T 3 2 2 3 7 1

A T G G C G C 133 150 162 175 232 193 64

A T G C C C T 3 4 1

A T G C G A T 2 2 1

A T G A T G G
A T G C C G C 3

A T G G T G C
C T A G C G C
A T G G T T T 1

A T G T T A G 1

C T A T A C T 1

G T G G C G C
A T T G C G C
A T G A C G C
T C T G C G C
A T A G C G C
G C G G C G C
A A G G C G C
G A T G C G C
A T G G C A C

Total: 136 155 168 179 238 200 70
LinkGE7nucleotide7query7sites:7447,7467,7516,7917,7925,7926,7986.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7447,7467,7516,7917,7925,7926,7986.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7447,7467,7516,7917,7925,7926,7986.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7447,7467,7516,7917,7925,7926,7986.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7447,7467,7516,7917,7925,7926,7986.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7447,7467,7516,7917,7925,7926,7986.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7447,7467,7516,7917,7925,7926,7986.7Grey:7No7data7generated.

Ferret%#%21%(INDEX)Ferret%#%21%(INDEX)Ferret%#%21%(INDEX) Ferret%#%22%(CONTACT)Ferret%#%22%(CONTACT)Ferret%#%22%(CONTACT)Ferret%#%22%(CONTACT)
Pair%#11 Input%Stock 1%DPI 3%DPI 5%DPI 3%DPC 5%DPC 7%DPC 9%DPC

A T G G C G T 2 1 1

A T G T A C T 3 4 3 2 1 1

A T G G C G C 133 182 94 98 157 72 30

A T G C C C T 3 5 2

A T G C G A T 1

A T G A T G G
A T G C C G C
A T G G T G C
C T A G C G C 2

A T G G T T T
A T G T T A G
C T A T A C T
G T G G C G C 3

A T T G C G C 1

A T G A C G C 2 4

T C T G C G C 1

A T A G C G C 4 1

G C G G C G C 1

A A G G C G C 2

G A T G C G C 2

A T G G C A C 2

Total: 136 189 104 102 166 84 39
LinkGE7nucleotide7query7sites:7447,7467,7516,7917,7925,7926,7986.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7447,7467,7516,7917,7925,7926,7986.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7447,7467,7516,7917,7925,7926,7986.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7447,7467,7516,7917,7925,7926,7986.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7447,7467,7516,7917,7925,7926,7986.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7447,7467,7516,7917,7925,7926,7986.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7447,7467,7516,7917,7925,7926,7986.7Grey:7No7data7generated.

Ferret%#%3501%(INDEX)Ferret%#%3501%(INDEX)Ferret%#%3501%(INDEX) Ferret%#%3499%(CONTACT)Ferret%#%3499%(CONTACT)Ferret%#%3499%(CONTACT)Ferret%#%3499%(CONTACT)
Pair%#2 Input%Stock 1%DPI 3%DPI 5%DPI 3%DPC 5%DPC 7%DPC 9%DPC

C G G C 10 4 5 6 5

C G A A 9 5 9

C A C A
C G C A 816 343 380 369 523 367

C G G T 5

C G G C
C G A A
C G C A
C G G T
T G C A 8

C G C G 11

Total: 835 352 380 393 538 377
LinkGE7nucleotide7query7sites:7647,7671,71162,71185.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7647,7671,71162,71185.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7647,7671,71162,71185.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7647,7671,71162,71185.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7647,7671,71162,71185.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7647,7671,71162,71185.7Grey:7No7data7generated.

Ferret%#%991%(INDEX)Ferret%#%991%(INDEX)Ferret%#%991%(INDEX) Ferret%#%3498%(CONTACT)Ferret%#%3498%(CONTACT)Ferret%#%3498%(CONTACT)Ferret%#%3498%(CONTACT)
Pair%#1 Input%Stock 1%DPI 3%DPI 5%DPI 3%DPC 5%DPC 7%DPC 9%DPC

C G G C 10 5 5 6

C G A A 9

C A C A 15

C G C A 816 269 404 411 284

C G G T 5 6

C G G C
C G A A
C G C A
C G G T
T G C A
C G C G

Total: 835 274 414 432 290
LinkGE7nucleotide7query7sites:7647,7671,71162,71185.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7647,7671,71162,71185.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7647,7671,71162,71185.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7647,7671,71162,71185.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7647,7671,71162,71185.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:7647,7671,71162,71185.7Grey:7No7data7generated.
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Supplementary Table S6. LinkGE frequencies for M1 gene segment haplotypes. LinkGE (see Meth-
ods for details) was used to mine paired-end sequencing data in order to link nucleotide polymorphisms 
and define ‘M1 haplotypes’. The genotype and frequency of each M1 haplotype identified in samples 
harvested from paired index and contact ferrets are shown. Grey shaded regions indicate timepoints for 
which virus was not detected in nasal wash samples. Polymorphic nucleotide sites queried by LinkGE to 
define and enumerate M1 haplotypes included nucleotides 77, 109, 295 and 364.

 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Table S6. LinkGE frequencies for M1 gene segment haplotypes. LinkGE (see Methods for 
details) was used to mine paired-end sequencing data in order to link nucleotide polymorphisms and define ‘M1 
haplotypes’. The genotype and frequency of each M1 haplotype identified in samples harvested from paired index 
and contact ferrets are shown. Grey shaded regions indicate timepoints for which virus was not detected in nasal 
wash samples. Polymorphic nucleotide sites queried by LinkGE to define and enumerate M1 haplotypes included 
nucleotides 77, 109, 295 and 364. 
  

Ferret%#%13%(INDEX)Ferret%#%13%(INDEX)Ferret%#%13%(INDEX)Ferret%#%13%(INDEX) Ferret%#%14%(CONTACT)Ferret%#%14%(CONTACT)Ferret%#%14%(CONTACT)Ferret%#%14%(CONTACT)
Pair%#7 Input%Stock 1%DPI 3%DPI 5%DPI 3%DPC 5%DPC 7%DPC 9%DPC

G G C A 1.28% 1.24%

A G G G 3.85% 1.50% 2.21%

G G G G 96.15% 97.22% 96.55% 100.00% 100.00% 100.00% 100.00%
LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.

Ferret%#%3501%(INDEX)Ferret%#%3501%(INDEX)Ferret%#%3501%(INDEX)Ferret%#%3501%(INDEX) Ferret%#%3499%(CONTACT)Ferret%#%3499%(CONTACT)Ferret%#%3499%(CONTACT)Ferret%#%3499%(CONTACT)
Pair%#2 Input%Stock 1%DPI 3%DPI 5%DPI 3%DPC 5%DPC 7%DPC 9%DPC

G G C A
G G A G
A G G G 2.86%

G G G A
G G G G 100.00% 100.00% 100.00% 100.00% 100.00% 97.06%

LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.

Ferret%#%991%(INDEX)Ferret%#%991%(INDEX)Ferret%#%991%(INDEX)Ferret%#%991%(INDEX) Ferret%#%3498%(CONTACT)Ferret%#%3498%(CONTACT)Ferret%#%3498%(CONTACT)Ferret%#%3498%(CONTACT)
Pair%#1 Input%Stock 1%DPI 3%DPI 5%DPI 3%DPC 5%DPC 7%DPC 9%DPC

G G C A 1.13%

G G A G 1.12% 4.31%

A G G G
G G G A 1.23%

G G G G 100.00% 98.88% 95.69% 98.77% 98.87%
LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.

Ferret%#%17%(INDEX)Ferret%#%17%(INDEX)Ferret%#%17%(INDEX)Ferret%#%17%(INDEX) Ferret%#%18%(CONTACT)Ferret%#%18%(CONTACT)Ferret%#%18%(CONTACT)Ferret%#%18%(CONTACT)
Pair%#8 Input%Stock 1%DPI 3%DPI 5%DPI 3%DPC 5%DPC 7%DPC 9%DPC

G G C A 1.05%

A G G G 3.85% 5.02% 2.77%

G G G G 96.15% 94.98% 97.23% 100.00% 98.95% 100.00% 100.00%
LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.

Ferret%#%15%(INDEX)Ferret%#%15%(INDEX)Ferret%#%15%(INDEX)Ferret%#%15%(INDEX) Ferret%#%16%(CONTACT)Ferret%#%16%(CONTACT)Ferret%#%16%(CONTACT)Ferret%#%16%(CONTACT)
Pair%#9 Input%Stock 1%DPI 3%DPI 5%DPI 3%DPC 5%DPC 7%DPC 9%DPC

G G C A
A G G G 3.85% 8.76% 4.60%

G G G G 96.15% 91.24% 95.40% 100.00% 100.00% 100.00% 100.00%
LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.

Ferret%#%21%(INDEX)Ferret%#%21%(INDEX)Ferret%#%21%(INDEX)Ferret%#%21%(INDEX) Ferret%#%22%(CONTACT)Ferret%#%22%(CONTACT)Ferret%#%22%(CONTACT)Ferret%#%22%(CONTACT)
Pair%#11 Input%Stock 1%DPI 3%DPI 5%DPI 3%DPC 5%DPC 7%DPC 9%DPC
G G C A 1.12%

A G G G 3.85% 8.70% 4.10%

G G G G 96.15% 90.18% 95.90% 100.00% 100.00% 100.00% 100.00%
LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.LinkGE3nucleotide3query3sites:377,3109,3295,3364.3Grey:3No3data3generated.
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Supplementary Table S7. LinkGE absolute counts for M1 gene segment haplotypes. Link GE (see 
Methods for details) was used to mine paired-end sequencing data in order to link nucleotide polymor-
phisms and define ‘NA haplotypes’. The total number of recovered individual sequence reads that cov-
ered all of the queried polymorphic nucleotide sites are presented according to genotype. Grey shaded 
regions indicate timepoints for which virus was not detected in nasal wash samples. Polymorphic nucle-
otide sites queried by LinkGE to define and enumerate M1 haplotypes included nucleotides 77, 109, 295 
and 364.

 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Table S7. LinkGE absolute counts for M1 gene segment haplotypes. Link GE (see Methods 
for details) was used to mine paired-end sequencing data in order to link nucleotide polymorphisms and define 
‘NA haplotypes’. The total number of recovered individual sequence reads that covered all of the queried 
polymorphic nucleotide sites are presented according to genotype. Grey shaded regions indicate timepoints for 
which virus was not detected in nasal wash samples. Polymorphic nucleotide sites queried by LinkGE to define 
and enumerate M1 haplotypes included nucleotides 77, 109, 295 and 364. 

  

Ferret%#%13%(INDEX)Ferret%#%13%(INDEX)Ferret%#%13%(INDEX)Ferret%#%13%(INDEX) Ferret%#%14%(CONTACT)Ferret%#%14%(CONTACT)Ferret%#%14%(CONTACT)Ferret%#%14%(CONTACT)
Pair%#7 Input%Stock 1%DPI 3%DPI 5%DPI 3%DPC 5%DPC 7%DPC 9%DPC

G G C A 6.00 9.00

A G G G 19.00 7.00 16.00

G G G G 474.00 454.00 700.00 546.00 667.00 688.00 683.00
Total 493.00 467.00 725.00 546.00 667.00 688.00 683.00

LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.

Ferret%#%3501%(INDEX)Ferret%#%3501%(INDEX)Ferret%#%3501%(INDEX)Ferret%#%3501%(INDEX) Ferret%#%3499%(CONTACT)Ferret%#%3499%(CONTACT)Ferret%#%3499%(CONTACT)Ferret%#%3499%(CONTACT)
Pair%#2 Input%Stock 1%DPI 3%DPI 5%DPI 3%DPC 5%DPC 7%DPC 9%DPC

G G C A
G G A G
A G G G 17.00

G G G A
G G G G 310.00 692.00 565.00 838.00 952.00 561.00

Total 310.00 692.00 565.00 838.00 952.00 578.00
LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.

Ferret%#%991%(INDEX)Ferret%#%991%(INDEX)Ferret%#%991%(INDEX)Ferret%#%991%(INDEX) Ferret%#%3498%(CONTACT)Ferret%#%3498%(CONTACT)Ferret%#%3498%(CONTACT)Ferret%#%3498%(CONTACT)
Pair%#1 Input%Stock 1%DPI 3%DPI 5%DPI 3%DPC 5%DPC 7%DPC 9%DPC

G G C A 7.00

G G A G 6.00 25.00

A G G G
G G G A 7.00

G G G G 310.00 529.00 555.00 560.00 611.00
Total 310.00 535.00 580.00 567.00 618.00

LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.

Ferret%#%17%(INDEX)Ferret%#%17%(INDEX)Ferret%#%17%(INDEX)Ferret%#%17%(INDEX) Ferret%#%18%(CONTACT)Ferret%#%18%(CONTACT)Ferret%#%18%(CONTACT)Ferret%#%18%(CONTACT)
Pair%#8 Input%Stock 1%DPI 3%DPI 5%DPI 3%DPC 5%DPC 7%DPC 9%DPC

G G C A 6.00

A G G G 19.00 35.00 21.00

G G G G 474.00 662.00 736.00 561.00 567.00 818.00 648.00
Total 493.00 697.00 757.00 561.00 573.00 818.00 648.00

LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.

Ferret%#%15%(INDEX)Ferret%#%15%(INDEX)Ferret%#%15%(INDEX)Ferret%#%15%(INDEX) Ferret%#%16%(CONTACT)Ferret%#%16%(CONTACT)Ferret%#%16%(CONTACT)Ferret%#%16%(CONTACT)
Pair%#9 Input%Stock 1%DPI 3%DPI 5%DPI 3%DPC 5%DPC 7%DPC 9%DPC

G G C A
A G G G 19.00 38.00 33.00

G G G G 474.00 396.00 684.00 882.00 515.00 435.00 338.00
Total 493.00 434.00 717.00 882.00 515.00 435.00 338.00

LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.

Ferret%#%21%(INDEX)Ferret%#%21%(INDEX)Ferret%#%21%(INDEX)Ferret%#%21%(INDEX) Ferret%#%22%(CONTACT)Ferret%#%22%(CONTACT)Ferret%#%22%(CONTACT)Ferret%#%22%(CONTACT)
Pair%#11 Input%Stock 1%DPI 3%DPI 5%DPI 3%DPC 5%DPC 7%DPC 9%DPC
G G C A 8.00

A G G G 19.00 62.00 24.00

G G G G 474.00 643.00 561.00 533.00 416.00 376.00 465.00
Total 493.00 713.00 585.00 533.00 416.00 376.00 465.00

LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.LinkGE7nucleotide7query7sites:777,7109,7295,7364.7Grey:7No7data7generated.
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Supplementary Table S8. Mean synonymous (πs) and nonsynonymous (πN) nucleotide diversity 
in virus stocks. Synonymous and nonsynonymous nucleotide diversity for VN1203-HA(3)-CA04 and 
VN1203-HA(4)-CA04 virus stocks was determined (see Methods for details) for HA, NA and M1 gene 
segments. 
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Gene !S ± S.E. !N ± S.E. 
HA 0.00019 ± 0.00009** 0.00014 ± 0.00007** 
NA 0.00351 ± 0.00048 0.00324 ± 0.00023 
M1 0.00333 ± 0.00028 0.00277 ± 0.00038 

t-tests of the hypothesis that !S or !N equals the corresponding value for virus from index 
animals: ** P < 0.01. 
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Abstract
Highly pathogenic H5N1 avian influenza viruses occasionally cause “spillover” 

infections in humans, but so far have not evolved the capacity for sustained transmis-

sion among humans. Understanding the evolutionary pathways by which such viruses 

could acquire human transmissibility is key to assessing their potential to cause a new 

pandemic. Influenza viruses exist in each host as a collection of genetically diverse 

“quasispecies,” which is thought to enhance their ability to adapt to changing selec-

tive pressures. Here we used deep sequencing and functional analyses to probe the 

genotypic and phenotypic diversity of H5N1 quasispecies in infected humans. We 

characterized viral quasispecies replicating 2 to 10 days after symptom onset. At these 

timepoints viruses are estimated to have undergone 12 to 68 rounds of replication in 

infected individuals. Models of viral adaptation typically assume steady linear evolution 

and predict that natural selection will favor the outgrowth of multiple human-adapting 

quasispecies by this time. Instead, we find that, despite genetic diversification, H5N1 

viruses replicating during late infections in humans retain strikingly avian phenotypes 

in receptor binding, hemagglutinin thermostability, polymerase activity and interfer-

on antagonism. We posit that avian influenza virus adaptation to humans does not 

occur via constant incremental fitness increases in each infected host. Instead, once 

the virus reaches peak titers, positive selection may not be capable of displacing the 

existing avian consensus. These findings suggest that population bottlenecks during 

within-host infection or between-host transmission may be required to generate hu-

man-transmissible H5N1 viruses in nature.
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Introduction
As of May 2015, highly pathogenic avian influenza H5N1 viruses have caused 

826 confirmed human cases resulting in 440 deaths. Human H5N1 infections are 

primarily caused by direct or indirect contact with infected birds. However, in some 

cases, limited direct contact transmissions from infected persons have been reported 

[52,80,81]. Currently, H5N1 viruses do not readily transmit person-to-person, but labo-

ratory experiments revealed a limited number of substitutions that render H5N1 viruses 

transmissible in ferrets [47,65,82]. The ease in which respiratory-droplet transmissibility 

is acquired by avian H5N1 viruses in spillover infections is essential for evaluating viral 

pandemic potential. 

Experimental adaptation revealed the molecular basis for which avian H5N1 

influenza viruses evolve airborne transmissibility in mammals [47,65]. In two indepen-

dent studies, mutations in the avian hemagglutinin (HA) protein were required to modify 

receptor binding, stability and glycosylation to support efficient replication and trans-

mission in mammals. A shift in receptor-binding preference from avian-type (α2,3-Sia) 

to human-type (α2,6-Sia) was essential for viral attachment to mammalian respiratory 

tracts [60,83,84]. Stabilization of the HA protein mediated optimal pH-depended mem-

brane fusion and genome release in more acidic conditions of mammalian nasal muco-

sa [47,65]. Loss of a glycosylation signal on the HA globular head increased transmis-

sibility of H5N1 viruses in mammals [47,65]. Additionally, the polymerase complex of 

each transmissible virus was able to efficiently replicate at lower temperatures of hu-

man upper airways (33 to 37°C) compared to avian gastrointestinal tracts (37 to 42°C) 

[65]. Experimental adaptation revealed a few molecular changes that enable H5N1 

respiratory-droplet transmission in mammals, demonstrating that the mutational barrier 

for airborne transmissibility in mammals is remarkably low, raising the concern that a 

H5N1 virus with pandemic potential could arise in nature.

The evolutionary dynamics that govern the generation and outgrowth of mam-
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malian transmissible avian influenza viruses in nature are not completely understood. 

Due to error-prone genome replication, influenza viruses exist within an infected host 

as a collection of genetically similar variants, often referred to as “quasispecies,” capa-

ble of rapidly adapting to changing selective pressures. Recent mathematical models 

showed that viral mutation rate, the number of replication cycles in a given host, and 

natural selection can impact the likelihood at which transmissible H5N1 viruses are 

generated in infection [85,86]. Humans infections caused H5N1 viruses are long lasting, 

with viral nucleic acids being detected up to 15 days post symptom onset [87]. There-

fore, models predict that viral quasispecies from prolonged human infections are more 

likely to accumulate the minimum set of mutations needed to confer transmissibility in 

mammals [16]. In addition to being generated, the transmissible variant needs to exist 

in the source population at sufficient frequencies to facilitate airborne transmission. 

We recently found that selective forces acting on the HA segment can impose a strong 

population bottleneck after respiratory droplet transmission of reassortant H5 influenza 

viruses [17]. Interestingly, in one infected animal, a variant in as little as 5.9% of virus-

es was transmitted via respiratory droplets, demonstrating that variants may not need 

to reach high frequency in one individual to be transmitted to another [17]. Therefore, 

thorough investigation of major and minor variants within H5N1 quasispecies in hu-

mans is needed to accurately evaluate avian H5N1 pandemic potential.

Here we use deep sequencing and functional analyses to evaluate the impact 

of natural selection on H5N1 adaptation in prolonged human infections. Analysis of 

deep sequences revealed levels of quasispecies genetic diversity that varied consider-

ably human-to-human. Despite robust within-host genetic diversity and rapid changes 

in frequency of individual amino acid substitutions, tested H5 variants predominantly 

retained avian phenotypes in receptor binding, HA protein stability and interferon an-

tagonism. We found relatively few mutations that enhanced polymerase activity (PB2-

627K, NP-77K, NP-454G) in mammalian cells at 33°C. Interestingly, we found that 
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several mutations that increased in frequency during infection did not encode a benefi-

cial phenotype. This suggests that selection was not acting on these specific residues 

to enhance viral fitness, but instead, the frequency increase was likely due to random 

chance. These findings suggest that despite genomic plasticity of H5N1 quasispecies 

in humans, functional diversity is highly constrained in spillover infections. This report 

establishes that natural selection did not favor the rapid outgrowth of human-adapting 

variants after continued replication in these spillover infections. 
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Materials and Methods
Biosafety and biosecurity

Biosafety protocols for isolation and sequencing of viral nucleic acids was ap-

proved by the University of Wisconsin—Madison’s (UW’s) Institutional Biosafety Com-

mittee after risk assessments conducted by the UW Office of Biological Safety. The UW 

Biosecurity Task Force regularly reviews the research program and ongoing activities 

of the UW Influenza Research Institute (IRI). The task force has a diverse skill set and 

provides support in the areas of biosafety, facilities, compliance, security and health. 

Members of the Biosecurity Task Force are in frequent contact with the principal inves-

tigator and personnel of the IRI to provide oversight and assure biosecurity. Isolation of 

RNA from samples containing H5N1 reassortant viruses was performed in enhanced 

BSL3 containment laboratories approved for such use by the CDC and the USDA 

following procedures approved by the UW Office of Biological Safety. RNA was iso-

lated using techniques documented to inactivate virus particles in samples before the 

removal from the BSL3 laboratory space. DNA library preparation and sequencing were 

performed in a BSL2 laboratory space. 

RNA extraction, cDNA synthesis and PCR amplification

Total RNA was extracted directly from clinical specimens using the QIAamp Min-

Elute Virus Spin Kit (Qiagen, Germany). Viral RNA segments 1, 2, 3, 4, 5 and 8, which 

respectively encode PB2, PB1, PA, HA, NP and NS genes were reverse transcribed us-

ing the SuperScript III reverse transcriptase (Invitrogen, California, USA). The resulting 

cDNA was PCR amplified using a high fidelity DNA polymerase with primers specific to 

the terminal or internal sequences of each gene segment (Table S1 for primers). Prim-

ers were designed against consensus sequences generated from viruses passaged 

in MDCK cells using the Hoffmann et al. universal primers [45]. PCR products were 

gel-purified and bands of the expected length were excised using the MinElute Gel 

Extraction Kit (Qiagen, Germany).
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Illumina MiSeq Sequencing

Amplified gel-purified PCR products were quantified by using the Qubit dsDNA 

High Sensitivity Kit (Invitrogen, USA). Samples were prepared for sequencing on the 

Illumina MiSeq platform using the Nextera XT DNA Sample preparation Kit (Epicentre, 

USA) according to manufacturer’s instructions. Limited-cycle PCR products were puri-

fied with two washes of 0.375X AMPure XT beads (Beckman Coulter, USA) and eluted 

in 10 μL of resuspension buffer. Eluted template was quantified using the Quibit dsDNA 

High Sensitivity Kit (Invitrogen, USA) and the average fragment length was determined 

using the Agilent High Sensitivity Kit (Agilent technologies, USA). Fragmented and 

indexed samples were pooled in equimolar amounts into separate 1 nM libraries and 

diluted to 8 pM for sequencing on the Illumina MiSeq.  Illumina MiSeq run settings were 

Workflow: DenovoAssembly; Assay: Nextera; Chemistry: Amplicon; and Reads: 250 x 

250 with automatic adapter removal.

Computational methods

Illumina MiSeq sequences were imported into CLC Genomic Workbench, Ver-

sion 7.3 (CLC bio, Denmark). Reads were trimmed using a quality-limit threshold of 

0.001 and reads ≥100 base pairs in length were retained. De novo assemblies were 

generated using from a single patient sample. From these de novo assemblies, a pre-

liminary consensus sequence was extracted using majority rule (i.e., using the predom-

inant nucleotide at each position). The preliminary consensus sequences was used as 

a scaffold for subsequent reference mappings in order to reduce indel-associated er-

rors. SNPs were called from the reference mappings using CLC Genomic Workbench, 

Version 7.3 at nucleotide positions with at least 100 sequence reads covering each nu-

cleotide position, a central base quality score of Q30 or greater, and if detected in two 

or more sequence reads. SNPs detected at or near the HA receptor binding domain in 

≥ 5% of viral sequences were assessed for linkage to adjacently occurring mutations 

using a custom perl script called LinkGE. The LinkGE source code is freely available on 
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http://dholk.primate.wisc.edu/project/dho/public/LinkGe/begin.view. Phylogenetic tree 

substitution model was determined using Datamonkey webserver with the AIC-based 

model selection procedure (Generalized time reversible; GTR). Trees were generated 

using the ATGC online PhyML webserver. Trees were edited using the ggtree package 

in R. Mapping amino acid variations on a 3D HA structure was performed using Pymol 

(http://www.pymol.org) with the A/Vietnam/1203/2004 H5N1 HA (Protein Data Bank 

accession 2FKO). The nucleotide diversity statistics πN and πS were calculated in 

PoPoolation version 1.2.2 using subsampled sequence mappings containing 1000 ran-

domly chosen sequences per nucleotide position to minimize potential coverage bias.

Cells

Human embryonic kidney 293T cells were maintained in Dulbecco’s modified 

Eagle’s MEM (DMEM) with 10% fetal calf serum. Madin-Darby canine kidney (MDCK) 

cells were maintained in minimal essential medium (MEM) with 5% newborn calf se-

rum. Both cells were cultured at 37°C in 5% CO2.

Reverse genetics

HA gene consensus sequences were cloned into pPolI plasmids as previously 

described [88]. Individual HA amino-acid substitutions were incorporated into plasmid 

by site-directed mutagenesis. The sequence of HA gene plasmids were verified by 

Sanger-based sequencing. Plasmids encoding genes of A/California/04/2009 (H1N1; 

CA04) were used as a backbone for reassortant viruses. Reassortants possessing an 

avian H5 gene and the remaining genes derived from CA04 were generated in 293T 

cells by reverse genetics [88], and amplified in MDCK cells. To obtain large-scale 

stocks of H5-reassortants viruses for receptor binding assays, viruses were amplified 

again in MDCK cells unless stated otherwise. The sequence of HA gene segments 

after cellular passaging was confirmed by Sanger-based sequencing. H5-reassortants 

UT31312III-HA-203P virus and UT36282I-HA-138V respectively gained an unwanted 

mutation (203L) or reverted back to the consensus residue. In addition, UT31413II-HA-
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486H reassortant virus was not successfully rescued and was therefore omitted. Reas-

sortant virus possessing the HA genes of A/Kawasaki/173/2001 (H1N1; K173) virus [51] 

in the CA04 backbone was prepared by reverse genetics. All experiments with infec-

tious viruses possessing the H5 HA with polybasic cleavage site were performed in 

enhanced biosafety level 3 (BSL3+) containment laboratories approved for such use by 

the Centers for Disease Control and Prevention (CDC) and the United States Depart-

ment of Agriculture (USDA).

H5-Reassortant virus inactivation and purification

Viruses were amplified in MDCK cells, clarified by low-speed centrifugation, and 

inactivated with 0.1% β-propiolactone over night. After another low-speed centrifuga-

tion, inactivated viruses were purified by ultracentrifugation at 25,000 rpm for 2h at 4°C 

over 30% and 70% sucrose in PBS. Layer containing viruses was collected, diluted in 

PBS, laid over a cushion of 30% sucrose in PBS, and ultracentrifuged at 25,000 rpm for 

2 h at 4 °C. The pellets were resuspended in PBS, aliquoted and stored at −80°C.

Solid-phase binding assay

Solid-phase binding assays were performed to assess the direct receptor-bind-

ing capacity of viruses as previously described [47] with slight modification. Nunc 

MaxiSorp flat-bottom 96 well plate (Thermo scientific, USA) were incubated with sodi-

um salts of sialylglycopolymers (poly-l-glutamic acid backbones containing N-acetyl-

neuraminic acid linked to galactose through either an α2,3 (Neu5Acα2,3Galβ1,4Glc-

NAcβ1-pAP) or an α2,6 (Neu5Acα2,6Galβ1,4GlcNAcβ1-pAP) bond) in PBS at 4°C 

overnight with constant rocking and irradiated under ultraviolet light at 254 nm for 2 

min. After the sialylglycopolymer solution was removed, the plates were washed five 

times with 300 µl of PBS at room temperature and then blocked with 300 µl of 20% 

Blocking One (Nakarai Tesque Inc., USA) at room temperature for 1 h followed by five 

washes. Purified inactivated viruses diluted with PBS containing 2% bovine serum 

albumin (Sigma, USA) to 25 ng of M1 protein amount were incubated in the wells of the 
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sialylglycopolymer-precoated plates (50 µl/well) at 4°C overnight with constant rocking. 

After five washes, the plates were incubated for 2 h at 4°C with rabbit polyclonal an-

tiserum to either K173 virus or VN1203 virus. The plates were washed and incubated 

with Goat Anti-Rabbit IgG (H+L), Horseradish Peroxidase Conjugate (Life Technologies, 

USA) for 2 h at 4°C. After washing at room temperature, the plates were incubated 

with 100 µl of TMB Substrate (Thermo scientific, USA) for 10 min at room temperature 

and the reaction was stopped with 100 µl of 0.18 M H2SO4. The absorbance at 450 

nm and 570 nm was determined in a plate reader Infinite M1000 (Tecan, Switzerland). 

Washes were done using 300 µl of ice-cold PBS containing 0.05% Tween 20 (PBST) 

unless stated otherwise.

Tissue-virus binding assay

HA receptor binding specificity on human tissue sections was assessed as 

previously described [50] with modifications. For labeling, each inactivated virus was 

diluted with PBS(-) to 850 µl which contained the same M1 protein amount normalized 

by western blot and incubated with 1.0 M carbonate-bicarbonate buffer (pH 9.5) and 

2 mg/ml FITC isomer I (Life Technologies, USA) at a volume ratio of 17:2:1 for 1 h at 

room temperature with constant rotating. Unbound FITC was cleared from the resulting 

labeled viruses by using PD MidiTrap G-25 (GE Healthcare Life Sciences, USA). The 

amount of M1 protein for each labeled virus was quantified as described below. Paraf-

fin-embedded human adult normal trachea and lung sections were purchased from US 

Biomax, Inc. Sections were deparaffinized with xylenes and hydrated with ethanol fol-

lowed by PBS. A hydrophobic barrier was drawn around each section with liquid block-

er super pap pen (Cosmo Bio Company Ltd, Japan). Each tissue section was blocked 

with Carbo-Free Blocking Solution (Vector Labs, USA) and TNB Blocking Buffer (Perki-

nElmer, USA) at room temperature for 1 h, respectively. The tissue sections were in-

cubated with each virus containing a normalized amount of M1 protein at 4°C for 16 

h. The virus-treated sections were incubated in horseradish peroxidase conjugated 
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polyclonal rabbit anti-FITC antibody (Dako, USA). Signals were detected with AEC+ 

Substrate-Chromogen (Dako, USA) according to the manufacturer’s instructions, fol-

lowed by counterstaining with Mayer’s hematoxylin (Sigma Aldrich) and mounting with 

Shandon Immu-Mount (Thermo Scientific, USA). The sections were observed under 

the upright microscope, Axio Imager.A2 (Zeiss, Germany) with a 100 X objective lens. 

To remove unbound residuals, sections were washed in cold PBS for 10 min 5 times 

each after virus incubation and antibody incubation. Signal specificity was confirmed 

by treating sections with an α(2->3,6,8,9) neuraminidase from Arthrobacter ureafaciens 

(Sigma Aldrich, USA). Tissue sections were kept in humidified containers for all incuba-

tions longer than 3 min to prevent drying.

Quantification of M1 protein

Protein amount of influenza virus matrix protein M1 was measured by western 

blotting. For deglycosylation of viral proteins, FITC-labeled viruses were treated with 

PNGase F (New England BioLabs, USA) according to the manufacture’s protocol. 

Recombinant Influenza A Virus H1N1 M1 (A/California/04/2009), His-tagged (eEnzyme, 

USA) was deglycosylated and was used for protein standards. The deglycosylated 

samples were combined with NuPAGE LDS Sample Buffer (Life Technologies, USA) 

and NuPAGE Sample Reducing Reagent (Life Technologies, USA). Combined sam-

ples were heated at 70°C for 10 min and separated on NuPAGE Novex 10% Bis-Tris 

Midi Protein Gel (1.0mm 26 well, Life Technologies, USA) set in a box filled with NuP-

AGE MES SDS Running Buffer (Life Technologies, USA). Samples were transferred to 

a PVDF membrane (Life Technologies, SUA) by using iBlot Gel Transfer Device (Life 

Technologies, USA). The membrane was blocked with Blocking One reagent (Nacalai 

Tesque Inc., USA) and incubated in rabbit polyclonal antiserum to VN1203 followed 

by Goat Anti-Rabbit IgG (H+L), Horseradish Peroxidase Conjugate (Life Technologies, 

USA) and Super Signal West Dura Extended Duration Substrate (Thermo Scientif-

ic, USA). The prepared membrane was washed in PBS containing 0.05% Tween 20 
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(PBST) after blocking and antibody incubations. FluorChem HD2 system (Proteinsim-

ple, USA) was used for chemiluminescent imaging. Bands corresponding to M1 protein 

were quantified by using AlphaView SA (Proteinsimple, USA).

Thermostability assay

Thermostability of the H5-reassortant viruses were assessed as previously de-

scribed [47]. Briefly, viruses containing 64 HA units/50 µl in MEM supplemented with 

0.3% BSA were heat-treated at 55°C for the indicated times. The haemagglutination 

activity of the heat-treated viruses was determined by HA assay using 0.5% TRBCs. 

The virus infectivity was determined by standard plaque assay in MDCK cells.

Mini-replicon assay

Viral polymerase activity of influenza polymerase complex was assessed as 

described previously [92] with slight modifications. The consensus sequence of PB2, 

PB1, PA and NP gene segments of each virus was cloned into pCAGGS plasmids [90]. 

If a segment was not successfully generated from the clinical specimen, plasmids were 

generated using genes from the respective H5N1 isolate passaged in MDCK cells. 

Site-directed mutagenesis was performed to obtain polymerases and NP segments 

with targeted amino acid substitutions found in human infection. Target sequences of 

plasmids were confirmed by Sanger-based sequencing. We seeded 293T cells in 24-

well poly-D-lysine coated plates with 50000 cells per well. Plated cells were incubated 

for 24 h. The cells were transfected with 100 ng each pCAGGS plasmids encoding the 

polymerase protein PB2, PB1, PA, and NP, with 20 ng of plasmid encoding the firefly 

luciferase gene flanked by partial influenza virus genome sequences (pPolWSNNA 

F-Luc) and 10 ng of an internal control plasmid pGL4.74[hRluc/TK] (Promega, USA) by 

using TransIT293 (Mirus, USA). Cells were incubated at 33 or 37 °C. At 24 h post trans-

fection the cells were lysed with 1×Passive Lysis Buffer (Promega, USA). Luciferase 

activity was determined using the Dual-Luciferase Reporter Assay System (Promega, 

USA) according to manufacturer’s protocol. Firefly luciferase values were divided by 
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Renilla luciferase values to normalize transfection efficiency. 

IFN Reporter Assays

To assess the effect of NS1 variations on virus-stimulated expression from IFNβ 

promoter, a reporter assay was performed as previously described [89] with some 

modifications. The consensus sequence of NS gene segment of UT36250I virus was 

cloned into pCAGGS plasmid [90]. Site-directed mutagenesis was performed to ob-

tain the UT36250I-NS possessing methionine at position 124. The plasmid sequence 

was confirmed by Sanger sequencing. 293T cells were seeded in 24-well poly-D-lysine 

coated plates at 50000 cells per well and incubated for 24 h. The cells were transfect-

ed with 1000 ng of IFNβ promoter reporter plasmid (pGL-IFNβ luc) [91] by using Tran-

sIT293 (Mirus, USA). 100 ng of pCAGGS plasmid encoding NS1, pCAGGS plasmid 

encoding FLAG-GFP (pC-FLAG-GFP) or pCAGGS empty vector were co-transfected. 

After incubation for 24 h, cells were treated with 1000000 fluorescence forming units 

of SeV (Cantell strain). At 48 h post-transfection, cells were lysed with 1×Passive Ly-

sis Buffer (Promega, USA). The cell lysate was mixed with Luciferase Assay Reagent II 

(Promega, USA) and the luciferase activity was determined.

Similarly, to assess the effect of NS1 variations on IFN-stimulated expression 

from an interferon-stimulated response element (ISRE), a reporter assay was performed 

as previously described [89] with some modifications. 293T cells were seeded in 24-

well poly-D-lysine coated plates at 50000 cells per well and incubated for 24 h. The 

cells were transfected with 1000 ng of ISRE reporter plasmid (pISRE-Luc; Clontech, 

Japan) using TransIT293 (Mirus, USA). 100 ng of pCAGGS plasmid encoding NS1, 

pCAGGS plasmid encoding FLAG-GFP [92] or pCAGGS empty vector were co-trans-

fected. Cells were incubated for 24 h and treated with 100 units of Human Interferon 

Beta 1a, mammalian (PBL Assay Science, USA). At 30 h post-transfection cells were 

lysed with 1×Passive Lysis Buffer (Promega, USA). The cell lysate was mixed with Lu-

ciferase Assay Reagent II (Promega, USA) and the luciferase activity was determined.
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Results
Clinical characteristics of human H5N1 infection

To examine the genetic and functional diversity of H5N1 quasispecies in hu-

mans, we obtained clinical specimens from infected patients in northern Vietnam 

between 2004 and 2010 (n = 7; Table 1). Classical characterization of avian influenza 

viruses is performed using isolates passaged in eggs or MDCK cell lines. Passaging 

of human isolates in eggs and cells can select for variants with altered receptor bind-

ing [93-95]. To avoid generating and characterizing mutations that arise due to viral 

propagation, we examine quasispecies diversity directly from human respiratory speci-

mens. Once hospitalized with suspected H5N1 infection, a throat swab was taken from 

each patient. A second throat swab, or if intubation was required, a tracheal aspirate 

was taken to confirm the initial diagnosis (Table 1). Previous lectin staining revealed 

that human pharynx and trachea tissues mainly express with α2,6-Sia [96] . Moderate 

differences in air temperature of human pharynx (33°C) and tracheal (35°C) has been 

reported [97]. Therefore, it is possible that anatomic location of viral replication in the 

human airways may affect the local composition of viral quasispecies during infection 

and cause sample-to-sample genetic variability. Humans normally develop symptoms 

less than 7 days since last exposure to H5N1-infected poultry [98] . In our study, hu-

man-patient samples were collected 2 to 10 days post-symptom onset for individuals 

with whom this information was available (Table 1). We therefore estimate that, in these 

human patients, avian H5N1 viruses had replicated for 3 to 17 days and undergone 12 

to 68 rounds of replication (6 hours per replication cycle) [99,100]. Deep sequencing 

quasispecies late in human infection provides a unique opportunity to measure genetic 

and functional evolution of H5N1 viruses in single spillover infections after continued 

replication in mammalian cells. 

Deep sequencing H5N1 segment diversity directly from clinical specimens

To examine H5N1 viral genetic diversity in late human infections, we amplified vi-
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ral nucleic acids extracted directly from the throat swabs (TS) or tracheal aspirates (TA). 

Considering the limited quantity of viral nucleic acid extracted from these samples, we 

focused our efforts on viral segments encoding proteins associated with mammalian 

adaptation or transmissibility: polymerase basic protein 2 (PB2) [58,65,101,102], poly-

merase basic protein 1 (PB1) [102], polymerase acidic protein (PA) [102], nucleoprotein 

(NP) [102], HA [47,65] and the antagonist of interferon-mediated immune response 

by the nonstructural protein 1 (NS1) may contribute to host adaption during spillover 

infection [103]. Notably, polymerase complex and some HA segments were difficult to 

amplify; therefore, we divided each polymerase gene into two smaller amplicons and, 

for some samples, focused on a region around the HA receptor-binding domain (see 

methods for details; Table S1 for primers used). Amplified genes were prepared for 

deep sequencing using the Illumina MiSeq. High-quality sequences above a PHRED 

score 30 (i.e., 1 error per 1000 sequenced nucleotides) were used to generate a con-

sensus sequence for each sample. Importantly, because the sequence of the initial in-

fecting virus was not known, sequence reads were mapped against their own sample’s 

consensus. On average, each assembly yielded approximately 5000-fold coverage per 

segment. From these mappings, we called genetic variation for each sample, resulting 

in the identification of synonymous (silent mutations) or nonsynonymous (amino-ac-

id-changing mutations) detected at or above our quality cutoff (1%) and in less than 

50% of sequences in a virus population. 

Detection of genetic makers associated with H5N1 mammalian adaptation

We compared our H5N1 consensus sequences against publically available 

H5N1 sequences generated from birds, chickens, humans and environmental sites 

from Vietnam since 2004. First we generated individual maximum-likelihood phyloge-

nies using near-full-length nucleotide sequences for PB2, PB1, PA, HA, NA and NS1 

gene segments (Figure 1). We found that our segments clustered with previously circu-

lated bird and chicken viruses. Based on nucleotide Basic Local Alignment Searced-
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Tool (BLASTn), we found that our gene segments were ≥ 97% similar to bird, chicken 

and environmental viruses; Only PB2, PB1 and HA genes of UT3040 and the NP gene 

of UT31312 were identical reference isolates based on amino acid sequence, respec-

tively (Table S2).

Past studies have identified molecular markers associated with H5N1 adaptation 

and transmissibility in mammals [47,58,77,82]. To identify genetic features associat-

ed with H5N1 mammalian adaptation and transmissibility, we queried our consensus 

segments against an inventory of publically residues associated to mammalian adap-

tation. Across all sequenced gene segments, we found 14 amino acid positions, which 

possess a residue associated with mammalian adaptation (Table S3). We found 3 PB2 

segments with a canonical lysine at amino acid position 627 associated that increas-

es polymerase activity at lower temperatures of the upper humans airways, and with 

additional mutations in HA, enhances respiratory-droplet transmissibility in mammals 

[58,65,77]. The PB2 K627 was detected at variable frequencies at 92.6%, 64.7% and 

51.7% of viral sequences for UT3040I, UT31312III and UT31394II samples, respec-

tively. All other residues associated with enhanced polymerase activity, human-type 

receptor binding specificity or mammalian virulence was fixed in their respective qua-

sispecies. These data indicate H5N1 viruses sequenced from humans possess the 

genetic hallmarks mammalian-type receptor binding and increased polymerase activity, 

suggesting that some of these viruses likely adapted to humans.

Within-host evolution of H5N1 viruses in humans.

Error prone genome replication generates high rates of deleterious mutations 

that must be purified from the virus population to maintain fitness [29].  To estimate 

signatures of within-host natural selection we calculated nucleotide diversity using the 

statistic π (see methods for details). In brief, this statistic calculates the average pair-

wise substitution rate of nonsynonymous (πN) and synonymous (πS) mutations within 

a given sequence dataset. Comparing these values provides information about the 
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“direction” of natural selection. Generally, a πN/πS ratio > 1 indicates that positive se-

lection is favoring genetic diversification. By contrast, a πN/πS ratio < 1 indicates that 

purifying (or negative) selection is acting to maintain a fit virus population by removing 

deleterious mutations. We estimated natural selection across each gene segment for all 

available samples by re-calculating πN and πS measurements using a sliding window 

of 30 nucleotides (10 codons) and a step size of 15 nucleotides (5 codon). Despite de-

tecting localized peaks of greater nonsynonymous diversity, we found that gene-wide 

ratios of πN and πS were strongly indicative of purifying selection. This indicates that 

natural selection favors the removal of amino-acid changing mutations from the virus 

population at later time points in human infection (i.e., πN/πS ratio < 1; Figure 2). These 

data provide evidence that selection appears to favor the rapid removal of amino-acid 

changing mutations from the virus population in humans. The evolutionary advantage 

of maintaining a diverse quasispecies is that when selective pressures rapidly change, 

a variant possessing a fitness advantage may already exist in the population [28]. 

Therefore, we enumerated single nucleotide polymorphisms (SNPs) detected above our 

experimentally defined quality cutoff of ≥ 1% [17] and found 250 nonsynonymous and 

145 synonymous mutations from all available gene segments (Figure S1). Interestingly, 

the number of SNPs detected within individual viral quasispecies varied considerably 

human-to-human (Table S4). That is, in some samples, quasispecies were highly di-

verse (e.g., UT36250I: 56 nonsynonymous and 20 synonymous mutations), while for 

others, we observed little genetic variability (e.g., UT31312I: 5 nonsynonymous and 6 

synonymous). Taken together, these data reveal that in H5N1 quasispecies possess 

wide levels of within-host nucleotide diversity that could facilitate host adaptation to 

humans. However, these data provide conceptual support that strong purifying selec-

tion may be hindering the onward evolution of H5N1 viruses in humans by limiting the 

amout of genetic diversity maintained during infection.

Preparation of plasmid clones and viruses



75

To determine the functional diversity of H5N1 quasispecies, we generated plas-

mid clones and viruses by reverse genetics possessing single amino-acid-changing 

polymorphisms found in late human infection. We found 38 candidate amino nonsyn-

onymous polymorphisms above this threshold. Also included in the candidate list are 

viral variants that rapidly changed in frequency (Figure 3 and Table 2), allowing us to 

determine the fitness advantage of variants putatively favored by positive selection. 

H5N1 plasmid clones or viruses bearing single point mutations are abbreviated based 

on sample metadata. For example, UT31394I-HA-T207 denotes variant that possess 

a threonine residue at amino acid position 207 in the HA segment of patient sample 

UT31394I. Mutations found in PB2, PB1, PA, NP and NS1 were introduced into their 

autologous consensus sequence to generate plasmid clones. Whereas HA polymor-

phisms were introduced into their autologous HA consensus sequence and viruses 

bearing all remaining genes from an A/California/04/2009 (H1N1; CA04) virus were gen-

erated by reverse genetics. Notably, for samples in which only a small region surround-

ing the HA receptor-binding domain (RBD) was sequenced, the consensus sequences 

from other available paired sample was used in replacement. Not all engineered viruses 

were rescued after cellular propagation. Only reverse-genetic viruses rescued as a pure 

population were used for functional characterization. Lastly, an isoleucine at amino 

acid position 511 of UT31413II was not generated because this mutation is outside the 

outside the 3D structure (Protein Data Bank accession 2FKO).

Receptor-binding specify of H5N1 quasispecies from prolonged human infection

To characterize the receptor-binding properties of mutations in the H5 HA globu-

lar head, we used solid-phase binding assays with synthetic sialylglycopolymers ab-

sorbed to plates that were then incubated with virus. We tested 5 consensus HA seg-

ments (herein called majority variants) and 8 nonsynonymous polymorphisms (herein 

called minority variants) located at or near the HA receptor-binding pocket (Figure 4A). 

A virus possessing the HA gene from seasonal human A/Kawasaki/173/2001 (H1N1; 
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K173) and the remaining genes from A/California/04/2009 (H1N1; CA04) (K173/CA04) 

served as a control virus for human-type receptor specificity. As expected the K173/

CA04 virus preferentially bound to α2,6-Sia glycans (Figure 4B). In contrast each major-

ity virus bound to α2,3-Sia glycans (Figure 4B), showing that consensus virus retained 

avian-like receptor binding despite numerous rounds of replication in human cells. As 

viruses continue to replicate, deleterious mutations are generate and subsequently 

removed from the population to maintain viral fitness. Therefore, we hypothesize that 

mutations detected in only one timepoint do not encode for human-type receptor-bind-

ing specificity. As expected, UT3040I-HA-138V, UT31312III-HA-186K, UT31312III-HA-

206P variants bound to α2,3-Sia glycans. However, UT3040I-HA-186K was capable 

of binding to for α2,3-Sia and α2,6-Sia glycans, suggesting that dual avian- and hu-

man-type binding. The UT36250I/II-HA-138V and UT36282I/II-HA-138V variants were 

found to respectively decline in frequency from 28.0%g19.8% and 6.1%g5.3% in 

infection and bound α2,3-Sia glycans. We found 2 HA globular head polymorphisms 

that increased in frequency by more than 5% in infection. The UT31394II-HA-207T 

increased in frequency from 21.0%g47.2% between paired timepoints and is located 

in a region adjacent to the receptor-binding domain. The second variant, UT36250I/

II-HA-226K increased 3.9%g14.0% of viral sequences, is located in the receptor-bind-

ing pocket and makes direct interactions host-cell receptors. Mutations that confer a 

fitness advantage will increase in a virus population by the action of positive selection. 

Surprisingly, UT31394II-HA-207T and UT36250I/II-HA-226K did not bind α2,6-Sia, but 

exclusively bound α2,3-Sia receptors, suggesting that these residues were not favored 

by positive selection.

Attachment of H5N1 quasispecies to human respiratory tissues

Human respiratory tracts are decorated with a wide spectrum of α2,3-Sia and 

α2,6-Sia glycans [105] . Lectin staining of human airways tissues show epithelial cells 

pharynx and trachea mainly express α2,6-Sia  [96] . To evaluate the effects of H5 HA 
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globular head mutations on viral attachment to human respiratory airways, sections 

of tracheal tissues were exposed to K173/CA04 (human-type receptor binding) and 

H5-reassortant viruses bearing HA mutations found in the H5 HA globular head (Fig-

ure 4B). The K173/CA04 virus bound largely to α2,6-Sia expressing ciliated epithelial 

cells and non-ciliated goblet cells of trachea tissue cross-sections. The UT31312III-

HA, UT31312III-HA-186K, UT31312-HA-206P, UT31394II-HA, UT31394II-HA-207T, 

UT36250I/II-HA, UT36250I/II-HA-138V, and UT36250I/II-HA-226K viruses displayed 

little to no binding to trachea epithelia. The UT3040I/II-HA majority virus weakly bind 

to goblet cells, but not to epithelial cells. Unlike the solid-phase binding assays, 

UT36282I-HA and UT36282I-HA-A138V did appreciably bind to α2,6-Sia expressing 

epithelial cells in trachea tissues (Figure 4B). When tracheal tissues were pre-treated 

with Arthrobacter ureafaciens neuraminidase, which cleaves non-reducing terminal 

sialic acids, virus binding was dramatically reduced and signals were caused by viral 

attachment to sialyl receptors (data not shown). These data indicate that H5N1 quasi-

species do not appreciably bind to α2,6-Sia expressing epithelial cells in trachea tis-

sues with the exception of UT36282I-HA and UT36282I-HA-A138V which may effect 

virus attachment to human airways.

HA protein stabilization 

For efficient replication in and transmission between mammals, the H5 HA 

protein may require stabilization to overcome inactivation due to acidic environmen-

tal conditions of the human nasal mucosa [47,65,82,106]. Heat treatment at a neutral 

pH promotes a fusogeneic form of the HA protein and serves as a substitute assay 

to measure HA protein stability [47,82,107,108]. We tested HA stabilization for muta-

tions detected external to the receptor-binding domain (Figure 5C). The K173/CA04, 

VN1203/CA04 and H5-reassortant viruses were incubated at 55°C at 15-min time 

intervals, after which the loss of infectivity and activity were respectively determined 

by plaque assay and hemagglutination assay using turkey red blood cells. We found 
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that the K173 HA was more stable than the avian VN1203 HA protein by heating for 

120 min. Thermostability was evaluated for 3 majority and 3 minority variants, and 

each lost infectivity by heating for 120 min (8-8.5 log10 decrease in titre). But, we did 

find that UT31312II-HA and UT31312II-HA-92K were modestly more resistant to heat 

treatment (5 log10 decrease in titre by minute 60). In hemagglutination assays, viruses 

tested from patient UT31394 rapidly lost activity relative to those found within patient 

UT31312 demonstrating strain-to-strain variability of HA protein stability. Even though 

UT31394II-HA-54(+1)E (possessing glutamic acid at the position between 54 and 55 in 

H3 numbering) was found to increase in frequency from 33.5% to 45.5% in viral se-

quences, the glutamate substitution did not confer enhanced HA protein stabilization. 

Taken together, we show that the HA mutations tested did not promote enhanced HA 

thermostability in tissue culture.

Polymerase activity of H5N1 quasispecies

Avian polymerase activity is impaired in mammalian cells resulting in restricted 

transcription and replication of the viral genome in mammals [109,110]. Adaptive mu-

tations in genes that encode the polymerase complex (PB2, PB1 and PA), and nucle-

oprotein (NP) have been shown to overcome restriction in mammalian cells [111] . A 

well-known mammalian host adaptation mutation, a lysine at amino acid position 627 

of PB2, regulates polymerase activity in a species-specific fashion [109]. Viruses pos-

sessing PB2 627K replicate efficiently at lower temperatures characteristic of human 

upper airways (33 to 35°C) [77]. To identify mutations generated in prolonged human 

infections that enable efficient replication, we used a mini-replicon system to measure 

polymerase activity in mammalian cells. Polymerase activity of individual mutations 

were evaluated on human embryonic kidney 293T cells at 33°C and 37°C (Figure 6). We 

found the viral ribonucleoprotein complex (vRNP; PB2, PB1, PA and NP) of UT3040I, 

which encodes a PB2 627K residue, was significantly more active than other majori-

ty vRNPs tested (P<0.02, Student’s t-test; Fig. 6), with the exception of UT31394II at 
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37°C. We found that the UT3040I polymerase activity was not significantly different 

than K173 vRNP (P=0.71, Student’s t-test), suggesting that this polymerase complex 

is well suited for replication in mammalian cells. We then focused on the effect of 

minority amino acid polymorphisms detected within humans, we found that minority 

variants encoded a wide range of polymerase activities at 33°C and 37°C (Figure 6). 

Notably, the PA gene of UT3040I possessed a methionine at amino acid position 90 

(UT3040I-PA-90M) and a glutamate at amino acid position 143 (UT3040I-PA-143E) 

that resulted in a respective 2.5- and 2-fold increase in polymerase activity relative to 

UT3040I vRNP. Interestingly, the UT3040I-PA-90M and UT3040I-PA-143E vRNPs were 

more active than the seasonal human K173 control; however, each of these putative 

human-adapting mutations was subsequently removed from the virus population (see 

Figure 3.). Furthermore, UT31394I/II-NP-K77 and UT31394I/II-NP-G454 resulted in 1.3- 

to 4-fold increase in polymerase activity relative to their autologous majority virus. In-

teresting, UT31394I/II-NP-K77 and UT31394I/II-NP-G454 increased in frequency from 

7.7g21.0%% and 8.8%g21.0%, respectively, suggesting that these mutations were 

favored by positive selection in late human infection. As anticipated, vRNPs possessing 

a PB2-627K residue were more active in mammalian cells at lower temperature than 

those with an avian signature glutamic acid (PB2-627E). These data show that mutation 

detected late in human infection can significantly improve viral polymerase activity at 

lower temperatures in mammalian cells. Based on genetic and functional characteri-

zation, we show that UT31394I/II-NP-K77 and UT31394I/II-NP-G454 were favored by 

natural selection. Strikingly, mutations that improved polymerase activity did not always 

increase in frequency in the virus population. These data suggest variants possessing 

beneficial traits may not deterministically arise during infection, suggesting that other 

forces are hindering the emergence of fit viral variants in spillover infections.

NS1 IFN antagonistic properties

Influenza virus nonstructural gene (NS) encodes for a multifunctional protein 
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(NS1) that acts to counteract host innate interferon (IFN) response [112]. Avian H5N1 

viruses are relatively resistant to the antiviral effects of host interferon responses [113]. 

Point mutations in NS1 can modulate the virulence of highly pathogenic H5N1 strains  

[114]. A functional balance in influenza virulence is likely important for viral emergence, 

too virulent a strain will results in rapid host death that limits the potential for onward 

respiratory-droplet transmission. Furthermore, phylogenetic trees of NS genes for 

H5N1 viruses show that these segments evolve in a species-specific fashion, suggest 

that NS may play a role in host adaptation [103,115]. We only found single nonsyn-

onymous polymorphism, a methionine at amino acid position 124 of NS1 in sample 

UT36250I that matched our functional characterization criteria. The UT36250I-NS1-

124M was found to increase in infection from 14.2%g27.8% of viral sequences. We 

evaluated the impact of the UT36250I-NS1-124M variant on IFN antagonistic proper-

ties by using a reporter plasmid encoding firefly luciferase gene under the control of 

IFNβ promoter (pGL-IFNβ luc) [91] and the control of interferon-stimulated response 

element (ISRE) (pISRE-luc). We used an empty vector and GFP plasmids as nega-

tive control of IFN antagonism. We transfected 293T cells with UT36250I-NS1 and 

UT36250I-NS1-124M plasmids to determine their ability to antagonize mammalian INF 

responses. We found that UT36250I-NS1, UT36250I-NS1-124M, K173 possessed sim-

ilar capacities to antagonize IFN responses under the control of IFNβ (Figure S2, panel 

A) and ISRE promoters (Figure S2, panel B). 
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Discussion
Mathematical models have recognized several factors that impact the probabil-

ity in which respiratory droplet-transmissible H5N1 viruses are generated in spillover 

infections [13,16]. These models assume that a virus population grows exponentially, 

and once they reach peak titers, the population remains at a constant size resulting in 

the steady accumulation of substitutions during infection [13,16]. Polymerase fideli-

ty, the number of replication cycles, and the strength of selection acting on individual 

mutations raise the probability that transmissible H5N1 viruses are generated in a host 

[16]. Here, we use deep sequencing and functional analyses to evaluate within-host 

evolution of H5N1 viruses in prolonged human infections and to provide experimental 

evidence to inform these models. In accordance with within-host evolution models, we 

found that viral quasispecies were genetically diverse after ~ 12 to 68 rounds of rep-

lication. Despite within-host genetic diversification, viral quasispecies largely retained 

avian-like phenotypes even after continuous replication in human cells. We found some 

mutations that increase polymerase activity at temperatures of human upper airways 

(e.g., PB2-K627, NP-77K and NP-G454). Strikingly, the vast majority of mutations de-

tected were removed from virus population, even when the variant encoded for bene-

ficial traits as determined by in vitro characterization (e.g., PA-M90 and PA-E143). We 

provide evidence that the principle evolutionary force shaping H5N1 quasispecies in 

late human infection was purifying selection, and rapid removal of genetic diversity may 

limit the onward evolution of H5N1 viruses in nature.

The evolutionary forces that govern mammalian adaptation and the emergence 

of viruses capable of transmission among humans remain unclear. RNA virus repli-

cation generates robust within-host genetic diversity that can rapidly change due to 

varying selective pressures. Error-prone replication leds to the accumulation of delete-

rious mutations that must be purified from the virus population to maintain viral fitness 

[64,79,116]. Pastore and colleagues found that deleterious mutations can serve as ge-
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netic intermediates whereby subsequent mutations result in net fitness gain and virus 

survival [117]. Removal of deleterious mutations by purifying selection may limit viral 

adaptation to new hosts [118]. We predicted that positive selection would favor the 

rapid outgrowth of variants possessing mammalian-type traits in humans. Our results 

suggest contrary, with deleterious and beneficial mutations being removed from viral 

quasispecies. Recent models predict that within-host mutant emergence is less like to 

evolve after the wild-type-virus reaches peak titers in a host [86]. We hypothesize that 

the selective advantage of beneficial mutations were not strong enough to overcome 

the existing high-titer avian consensus. We speculate that reductions in population size 

during within-host infection or between-host transmission (i.e., bottlenecks) may be 

needed to re-organize the quasispecies to facilitate mammalian adaptation to humans 

Determining which avian influenza virus will cause the next pandemic is impos-

sible, but spillover infections provide an opportunity for influenza adaptation to mam-

mals. Identifying and evaluating factors that impact the likelihood of viral emergence 

can inform preventative and control measures to decrease global morbidity and mortal-

ity. We recently showed that positive selection impacts the initial stages of H5 HA seg-

ment adaptation in ferrets, and thereafter purifying selection takes over to remove dele-

terious mutation late in infection to maintain fitness [17]. In our present study, we  show 

that late in human infection, purifying selection limits the accumulation of within-host 

genetic diversity in the viral quasispecies. Additional studies are needed to evaluate the 

potential impact of natural selection on H5N1 adaptation early in human infection. Also, 

considering that the action of natural selection is dependent on the strain and host, 

other H5N1 strains may be differentially suited to evolve in mammals. Finally, as avian 

influenza viruses continue to evolve in nature, potentially closer to a mammalian trans-

missible phenotype, performing deep sequencing and functional assessments of viral 

quasispecies directly from biological samples may be important for early detection of 

potentially pandemic viruses.
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Figure Legends
Figure 1. Phylogenetic relationships of H5N1 influenza A genes sequenced from 

birds, humans and environmental sites in Vietnam. Maximum-likelihood phyloge-

nies were created for H5N1 genes using consensus sequences generated from human 

clinical specimens. In some instances, clinical samples yielded insufficient sequence 

coverage for consensus generation (see Methods), for these genes we used consen-

sus sequences generated from virus isolates passaged in Madin-Daryby canine kidney 

(MDCK) cells. Trees were built using partial length gene sequences with reference se-

quences from the Influenza Research Database project from Vietnam. The Generalized 

time reversible substitution model was determined using Datamonkey webserver with 

the AIC-based model selection procedure. Trees were generated using the ATGC online 

PhyML webserver. Host species or environmental site for which each sequence was 

generated is denoted as a colored circle: birds (dark blue), environmental sites (blue), 

chickens (light blue), humans (orange), and humans from this study (red).

Figure 2. Sliding window analysis reveals that selection acts to limit amino-acid 

changing diversity in H5N1 viruses. Individual values of πN and πS values were cal-

culated for the entire length of PB2, PB1, PA, HA, NP, and NS gene segments using a 

window size of 10 codons and a step size of 5 codon. In this representation, individual 

valuates of πN and πS were summarized using a “loess” trend line (black) with the 99% 

confidence interval of the trend line is depicted in grey. The x-axis denotes the nucle-

otide position of each gene segment. The y-axis corresponds to the ratio of a πN/πS. 

Generally, a πN/πS ratio > 1 indicates that positive selection is favoring genetic diversi-

fication. By contrast, a πN/πS ratio < 1 indicates that purifying (or negative) selection is 

acting to maintain a fit virus population by removing deleterious mutations.

Figure 3. Frequencies of single nucleotide polymorphisms detected in ≥ 5% of 
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viral sequences within-infected humans. Nonsynonymous single nucleotide poly-

morphisms detected in ≥ 5% of viral sequences are candidates for in vitro functional 

characterization. This analysis focused on nonsynonymous SNPs detected in at least 

5% of virus sequences in one or more samples collected from any human at any time 

point or anatomical site. Bar graphs depict changing frequencies of specific nonsynon-

ymous SNPs during infection in humans from throat swabs (TS) or tracheal aspirates 

(TA) samples. Amino acid abbreviations: A; Alanine, C; Cysteine, D; Aspartic acid, E; 

Glutamic acid, F; Phenylalanine, G; Glycine, H; Histidine, I; Isoleucine, K; Lysine, L; 

Leucine, M; Methionine, N; Asparagine, P; Proline, Q; Glutamine, R; Arginine, S; Serine, 

T; Threonine, V; Valine, Y; Tyrosine. 

Figure 4. Characterization of HA polymorphisms receptor binding properties.  (A) 

Localization of amino acid variations on receptor binding domain identified at 5-50% 

frequency in our deep sequencing analysis. The variations are mapped on a receptor 

binding (sub)domain (amino acid positions 117-265 in H3 numbering) (Ha et al. 2002) 

of the three-dimensional structure of the monomer of VN1203 HA (Protein Data Bank 

accession 2FKO). (B) Receptor binding specificities of HA RBD variants. Direct binding 

of virus to α2,3-linked (blue) or α2,6-linked (red) sialylglycopolymers was assessed. The 

mean receptor binding activity (mean of triplicates of a single experiment) is shown. 

Binding of virus to human trachea sections was assessed. Signal was observed as red 

color. K173 (H1N1) virus was used as a control.

Figure 5. Characterization of HA polymorphisms on thermostability. (A) Amino acid 

substitutions on non-receptor binding domains are mapped on the three-dimension-

al structure of the monomer of VN1203 HA (Protein Data Bank accession 2FKO). (B) 

Thermostability of HA non-receptor binding domains variants. Viruses containing 64 

HAU were incubated at 55 °C for 0-240 min. HA titers in heat-treated samples were 



86

determined by performing HA assays with 0.5% TRBCs and virus titers in heat-treat-

ed samples were determined by plaque assays on MDCK cells. The mean HA titers 

or the mean virus titers (mean of triplicates of a single experiment) are shown. 20 PFU 

(dashed line) was the detection limit. All amino acid variations are designated in H3 

numbering.

 

Figure 6. Characterization of vRNP polymorphisms on polymerase activity. 293T 

cells were transfected with plasmids encoding the polymerase proteins; PB2, PB1, 

PA and NP, with a plasmid for the expression of an influenza virus minigenome which 

encodes the firefly luciferase gene, and with a control plasmid encoding Renilla lucif-

erase. The cells were incubated at 33°C (A) or at 37°C (B) for 24 h. Firefly and Renilla 

luciferase activities were measured by use of Dual-Luciferase Reporter Assay System. 

The firefly luciferase values were divided by Renilla luciferase values to normalize. The 

experiments (each in triplicates) were independently repeated twice. The mean relative 

viral polymerase activities with the standard deviations are shown. The viral polymerase 

activity of K173 was set to 100%.
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Table 1. Sample history
Specimen 
IDs HA clades Sampling sites Date of 

sympton onset
Date of hos-
pitalization

Date of 
collection

Out-
come

UT3040I
1

Throat swab
N.A. N.A.

6-Jan-04
Died

UT3040II Trachea aspirate 7-Jan-04
UT31312I

2.3.4
Trachea aspirate

N.A. N.A.
25-Jul-07

DiedUT31312II Trachea aspirate 26-Jul-07
UT31312III Throat swab 25-Jul-07
UT31394I

2.3.4
Throat swab

N.A. N.A.
17-Jan-08

Died
UT31394II Trachea aspirate 17-Jan-08
UT31413I

2.3.4
Throat swab

3-Feb-08 N.A.
13-Feb-08

Died
UT31413II Trachea aspirate 13-Feb-08
UT36250I

2.3.4.2
Throat swab

5-Mar-10 10-Mar-10
10-Mar-10

Survived
UT36250II Trachea aspirate 11-Mar-10
UT36282I

2.3.4.1
Throat swab

27-Mar-10 2-Apr-10
1-Apr-10

Survived
UT36282II Throat swab 3-Apr-10
UT36285I

2.3.4.1
Throat swab

2-Apr-10 4-Apr-10
4-Apr-10

Survived
UT36285II Throat swab 8-Apr-10
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Table 2. Within-host genetic variation for functional character-
ization
Protein (domain) Specimens Substitutions*

HA 
(RBD)

UT3040I A138V
UT3040II N186K
UT31312III N186K
UT31312III S203P
UT31394I/II S207T
UT36250I/II A138V
UT36250II Q226K
UT36282I/II A138V

HA 
(non-RBD)

UT31312II N92K
UT31312III M456R
UT31394I E54(+1)D
UT31394II D54(+1)E
UT31394II A67T
UT31413I T511I
UT31413II Y486H

PB2

UT3040I K627E
UT31312I/II E627K
UT31312III K627E
UT31394I E627K
UT31394II K627E
UT36250I R15C
UT36250I E627K

PB1

UT31394I/II F254L
UT31394II D538G
UT36250I T123A
UT36250I L598P
UT36282II N213D

PA

UT3040I V90M
UT3040I K142E
UT3040I V387I
UT3040I L417V
UT31394I/II A651S
UT31413I P325S
UT31413I F260S
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NP
UT31394I/II R77K
UT31394I/II E454G
UT36282II A430V

NS UT36250I/II I124M
* The numbers refer to the amino acid positions in mature H3 HA.
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Figure 1. Phylogenetic relationships of H5N1 influenza A genes sequenced from birds, humans 
and environmental sites in Vietnam. Maximum-likelihood phylogenies were created for H5N1 genes 
using consensus sequences generated from human clinical specimens. In some instances, clinical sam-
ples yielded insufficient sequence coverage for consensus generation (see Methods), for these genes 
we used consensus sequences generated from virus isolates passaged in Madin-Daryby canine kidney 
(MDCK) cells. Trees were built using partial length gene sequences with reference sequences from the 
Influenza Research Database project from Vietnam. The Generalized time reversible substitution model 
was determined using Datamonkey webserver with the AIC-based model selection procedure. Trees 
were generated using the ATGC online PhyML webserver. Host species or environmental site for which 
each sequence was generated is denoted as a colored circle: birds (dark blue), environmental sites 
(blue), chickens (light blue), humans (orange), and humans from this study (red).

PB2 PB1 PA HA NP NS1

Birds Environmental site Chickens Humans This study

Figure 1. Phylogenetic relationships of H5N1 influenza A genes sequenced from birds, humans 

and environmental sites in Vietnam. Maximum-likelihood phylogenies were created for H5N1 genes 
using consensus sequences generated from human clinical specimens. In some instances, clinical 
samples yielded insufficient sequence coverage for consensus generation (see Methods), for these 
genes we used consensus sequences generated from virus isolates passaged in Madin-Daryby canine 
kidney (MDCK) cells. Trees were built using partial length gene sequences with reference sequences 
from the Influenza Research Database project from Vietnam. The Generalized time reversible 
substitution model was determined using Datamonkey webserver with the AIC-based model selection 
procedure. Trees were generated using the ATGC online PhyML webserver. Host species or 
environmental site for which each sequence was generated is denoted as a colored circle: birds (dark 
blue), environmental sites (blue), chickens (light blue), humans (orange), and humans from this study 
(red). 
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Figure 2. Sliding window analysis reveals that selection acts to limit amino-acid changing diversi-
ty in H5N1 viruses. Individual values of πN and πS values were calculated for the entire length of PB2, 
PB1, PA, HA, NP, and NS gene segments using a window size of 10 codons and a step size of 5 codon. 
In this representation, individual valuates of πN and πS were summarized using a “loess” trend line 
(black) with the 99% confidence interval of the trend line is depicted in grey. The x-axis denotes the nu-
cleotide position of each gene segment. The y-axis corresponds to the ratio of a πN/πS. Generally, a πN/
πS ratio > 1 indicates that positive selection is favoring genetic diversification. By contrast, a πN/πS ratio 
< 1 indicates that purifying (or negative) selection is acting to maintain a fit virus population by removing 
deleterious mutations.
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Figure 3. Frequencies of single nucleotide polymorphisms detected in ≥ 5% of viral sequences 
within-infected humans. Nonsynonymous single nucleotide polymorphisms detected in ≥ 5% of viral 
sequences are candidates for in vitro functional characterization. This analysis focused on nonsynon-
ymous SNPs detected in at least 5% of virus sequences in one or more samples collected from any 
human at any time point or anatomical site. Bar graphs depict changing frequencies of specific nonsyn-
onymous SNPs during infection in humans from throat swabs (TS) or tracheal aspirates (TA) samples. 
Amino acid abbreviations: A; Alanine, C; Cysteine, D; Aspartic acid, E; Glutamic acid, F; Phenylalanine, 
G; Glycine, H; Histidine, I; Isoleucine, K; Lysine, L; Leucine, M; Methionine, N; Asparagine, P; Proline, Q; 
Glutamine, R; Arginine, S; Serine, T; Threonine, V; Valine, Y; Tyrosine. 
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Figure 2. Frequencies of single nucleotide polymorphisms detected in  5% of viral sequences 

within-infected humans. Nonsynonymous single nucleotide polymorphisms detected in  5% of viral 
sequences are candidates for in vitro functional characterization. This analysis focused on 
nonsynonymous SNPs detected in at least 5% of virus sequences in one or more samples collected 
from any human at any time point or anatomical site. Bar graphs depict changing frequencies of 
specific nonsynonymous SNPs during infection in humans from throat swabs (TS) or tracheal aspirates 
(TA) samples. Amino acid abbreviations: A; Alanine, C; Cysteine, D; Aspartic acid, E; Glutamic acid, F; 
Phenylalanine, G; Glycine, H; Histidine, I; Isoleucine, K; Lysine, L; Leucine, M; Methionine, N; 
Asparagine, P; Proline, Q; Glutamine, R; Arginine, S; Serine, T; Threonine, V; Valine, Y; Tyrosine. 
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Figure 4. Characterization of HA polymorphisms receptor binding properties. (A) Localization of 
amino acid variations on receptor binding domain identified at 5-50% frequency in our deep sequencing 
analysis. The variations are mapped on a receptor binding (sub)domain (amino acid positions 117-265 in 
H3 numbering) (Ha et al. 2002) of the three-dimensional structure of the monomer of VN1203 HA (Pro-
tein Data Bank accession 2FKO). (B) Receptor binding specificities of HA RBD variants. Direct binding 
of virus to α2,3-linked (blue) or α2,6-linked (red) sialylglycopolymers was assessed. The mean receptor 
binding activity (mean of triplicates of a single experiment) is shown. Binding of virus to human trachea 
sections was assessed. Signal was observed as red color. K173 (H1N1) virus was used as a control.
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Figure 3. Effect of amino acid variations in HA on receptor binding specificities.  (A) Localization 
of amino acid variations on receptor binding domain identified at 5-50% frequency in our deep 
sequencing analysis. The variations are mapped on a receptor binding (sub)domain (amino acid 
positions 117-265 in H3 numbering) (Ha et al. 2002) of the three-dimensional structure of the monomer 
of VN1203 HA (Protein Data Bank accession 2FKO). (B) Receptor binding specificities of HA RBD 
variants. Direct binding of virus to 2,3-linked (blue) or 2,6-linked (red) sialylglycopolymers was 
assessed. The mean receptor binding activity (mean of triplicates of a single experiment) is shown. 
Binding of virus to human trachea sections was assessed. Signal was observed as red color. K173 
(H1N1) virus was used as a control. 
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Figure 4. Effect of amino acid variations in HA on thermostability. 

(A) Amino acid substitutions on non-receptor binding domains are mapped on the three-dimensional 
structure of the monomer of VN1203 HA (Protein Data Bank accession 2FKO). (B) Thermostability of 
HA non-receptor binding domains variants. Viruses containing 64 HAU were incubated at 55 °C for 0-
240 min. HA titers in heat-treated samples were determined by performing HA assays with 0.5% 
TRBCs and virus titers in heat-treated samples were determined by plaque assays on MDCK cells. The 
mean HA titers or the mean virus titers (mean of triplicates of a single experiment) are shown. 20 PFU 
(dashed line) was the detection limit. All amino acid variations are designated in H3 numbering. 

Figure 5. Characterization of HA polymorphisms on thermostability. (A) Amino acid substitutions 
on non-receptor binding domains are mapped on the three-dimensional structure of the monomer of 
VN1203 HA (Protein Data Bank accession 2FKO). (B) Thermostability of HA non-receptor binding do-
mains variants. Viruses containing 64 HAU were incubated at 55 °C for 0-240 min. HA titers in heat-treat-
ed samples were determined by performing HA assays with 0.5% TRBCs and virus titers in heat-treated 
samples were determined by plaque assays on MDCK cells. The mean HA titers or the mean virus titers 
(mean of triplicates of a single experiment) are shown. 20 PFU (dashed line) was the detection limit. All 
amino acid variations are designated in H3 numbering.
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Figure 5. Effect of amino acid variations in polymerases and NP on viral polymerase activity. 

293T cells were transfected with plasmids encoding the polymerase proteins; PB2, PB1, PA and NP, 
with a plasmid for the expression of an influenza virus minigenome which encodes the firefly luciferase 
gene, and with a control plasmid encoding Renilla luciferase. The cells were incubated at 33°C (A) or at 
37°C (B) for 24 h. Firefly and Renilla luciferase activities were measured by use of Dual-Luciferase 
Reporter Assay System. The firefly luciferase values were divided by Renilla luciferase values to 
normalize. The experiments (each in triplicates) were independently repeated twice. The mean relative 
viral polymerase activities with the standard deviations are shown. The viral polymerase activity of 
K173 was set to 100%. 

Figure 6. Characterization of vRNP polymorphisms on polymerase activity. 293T cells were trans-
fected with plasmids encoding the polymerase proteins; PB2, PB1, PA and NP, with a plasmid for the 
expression of an influenza virus minigenome which encodes the firefly luciferase gene, and with a control 
plasmid encoding Renilla luciferase. The cells were incubated at 33°C (A) or at 37°C (B) for 24 h. Firefly 
and Renilla luciferase activities were measured by use of Dual-Luciferase Reporter Assay System. The 
firefly luciferase values were divided by Renilla luciferase values to normalize. The experiments (each 
in triplicates) were independently repeated twice. The mean relative viral polymerase activities with the 
standard deviations are shown. The viral polymerase activity of K173 was set to 100%.
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Table S1: Primers used in this study
Gene 
segment

Nucleotide 
positions Forward primer sequence Reverse primer sequence

PB2

1-1784 AGCGAAAGCAGGTCAAATATATTC TTGGGTACCAAGGATTGGAACGG

532-2341 CCAAATGAAGTGG-
GAGCTAGAATATTG AGTAGAAACAAGGTCGTTTTTAAA

167-2277 TGAAATGGATGATGGCAATG CGCTGTCTGGCTGTCAGTAA

PB1
1-1829 AGCGAAAGCAGGCAAACC CGGATATTGTATAGATTTGGTCCTCC
501-2341 ATCGGGACGGCTAATAGATTTC AGTAGAAACAAGGCATTTTTTCACG
106-2214 CCTCCATACAGCCATGGAAC GAAATCAATTCGTGCGTCAA

PA
1-1668 AGCGAAAGCAGGTACTGATCC CATGTCTCCTATCTCGAGGACAC
565-2233 GAAATGGCCAGTAGGGGTCTATG AGTAGAAACAAGGTACTTTTTTGGAC
74-2169 CGGAAAAGGCAATGAAAGAA CAGTGCATGTGTGAGGAAGG

HA
1-1776* AGCAAAAGCAGGGGT{TorC}

CAATC
AGTAGAAACAAGGGTGTTTT{TorC}
AACTA

96-793 ACCATGCAAACAACTCGCAC GATTGCATCGTCCGGTTTTA

NP
1-1565 AGCAAAAGCAGGGTAGATAATCAC AGTAGAAACAAGGGTATTTTTCTTTA-

ATTG
51-1487 GTCTCAAGGCACCAAACGAT ATGTCAAAGGAAGGCACGAT

NS
1-875 AGCAAAAGCAGGGTGACAAAAAC AGTAGAAACAAGGGTGTTTTTTAT
83-772 CAAACGATTTGCAGACCAAG TCTGTTCGAAGCTGTTTTCTG

* Corresponding to 1-1779 of UT3040I and UT36250I viruses due to the three additional nucleotides at 
the multibasic cleavage site.
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Table S2: Comparision of H5N1 consensus sequence with NCBI BLAST top hit from Vietnam.

Virus Blast top hit Nucleotide 
identity Gene Amino acid changes

UT3040I
Environment/2004 
(GU052425) 100.0 PB2 n/a

UT3040II
Environment/2004 
(GU052425) 100.0 PB2 n/a

UT31312I
Duck/2007 
(JX241044) 99.8 PB2 A108T, V203I, E627K

UT31312II
Duck/2007 
(JX241044) 99.8 PB2 A108T, V203I, E627K

UT31312III
Duck/2007 
(JX241044) 99.6 PB2 A108T, V203I

UT31394I
Duck/2007 
(GU050435) 99.0 PB2 A106T, R299K, M315I, K736R

UT31394II
Duck/2007 
(GU050435) 99.0 PB2 A106T, R299K, M315I, E627K, K736R

UT31413I
Muscovy duck/2007 
(GU050514) 99.9 PB2 T303I, P515S

UT31413II
Muscovy duck/2007 
(GU050514) 99.9 PB2 T303I, P515S

UT36250I
Muscovy Duck/2007 
(CY030725) 98.5 PB2 I451V, R630K

UT36250II
Muscovy Duck/2007 
(CY030725) 98.4 PB2 I451V, E627K, R630K

UT36282I
Muscovy duck/2005 
(EU931011) 97.9 PB2

E249G, T330M, R355K, I461V, M473I, 
V478I, V560L, Y658H

UT36282II
Muscovy duck/2005 
(EU931011) 97.9 PB2

E249G, T330M, R355K, I461V, M473I, 
V478I, V560L, Y658H

UT36285I
Muscovy duck/2005 
(EU931011) 97.9 PB2

E249G, T330M, R355K, I461V, M473I, 
V478I, V560L, Y658H

UT36285II
Muscovy duck/2005 
(EU931011) 97.9 PB2

E249G, T330M, R355K, I461V, M473I, 
V478I, V560L, Y658H

UT3040I
Environment/2004 
(GU052424) 100.0 PB1 n/a

UT3040II
Environment/2004 
(GU052424) 100.0 PB1 n/a

UT31312I
Muscovy duck/2007 
(GU050537) 99.7 PB1 K577R, D719E

UT31312II
Muscovy duck/2007 
(GU050537) 99.7 PB1 K577R, D719E



99

UT31312III
Muscovy duck/2007 
(GU050537) 99.7 PB1 K577R, D719E

UT31394I
Muscovy duck/2007 
(GU050537) 99.0 PB1 M111I, T156V, S261N, M566T, D719E

UT31394II
Muscovy duck/2007 
(GU050537) 99.0 PB1 M111I, T156V, S261N, M566T, D719Q

UT31413I
Duck/2007 
(GU050521) 99.5 PB1 V200I, S361G, H634N, D719Q

UT31413II
Duck/2007 
(GU050521) 99.6 PB1 V200I, S361G, H634N, D719E

UT36250I
Muscovy duck/2005 
(EU931010) 97.9 PB1

M40L, E104D, M171I, S345A, I392V, E581D, 
K745R

UT36250II
Muscovy duck/2005 
(EU931010) 97.9 PB1

M40L, E104D, M171I, S345A, I392V, E581D, 
K745R

UT36282I
Muscovy duck/2005 
(EU931010) 98.1 PB1

V191L, M195I, K198R, N314S, I368V, 
D398E, R680K, M744T

UT36282II
Muscovy duck/2005 
(EU931010) 98.1 PB1

V191L, M195I, K198R, N314S, I368V, 
D398E, R680K, M744T

UT36285I
Muscovy duck/2005 
(EU931010) 98.1 PB1

V191L, M195I, K198R, N314S, I368V, 
D398E, R680K, M744T

UT36285II
Muscovy duck/2005 
(EU931010) 98.1 PB1

V191L, M195I, K198R, N314S, I368V, 
D398E, R680K, M744T

UT3040I
Environment/2004 
(GU052423) 100.0 PA n/a

UT3040II
Environment/2004 
(GU052423) 99.9 PA E142K

UT31312I
Muscovy duck/2007 
(CY029678) 99.7 PA F35L, S409F

UT31312II
Muscovy duck/2007 
(CY029678) 99.7 PA F35L

UT31312III
Muscovy duck/2007 
(CY029678) 99.9 PA F35L

UT31394I
Muscovy duck/2007 
(CY029678) 99.2 PA S405I, A618T, A689S

UT31394II
Muscovy duck/2007 
(CY029678) 99.1 PA S405I, A618T, A689S

UT31413I
Duck/2007 
(GU050520) 99.6 PA M86V, A618T

UT31413II
Duck/2007 
(GU050520) 99.6 PA M86V, A618T

UT36250I
Muscovy duck/2005 
(EU931009) 98.7 PA G99E, I129V, S277F, N321K, L482M, K716E
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UT36250II
Muscovy duck/2005 
(EU931009) 98.7 PA G99E, I129V, S277F, N321K, L482M, K716E

UT36282I
Muscovy duck/2005 
(EU931009) 98.2 PA

N27S, V44I, T85A, V127A, A231T, C241Y, 
Y305F, A343T, K391R, R401K, I573V, T614N

UT36282II
Muscovy duck/2005 
(EU931009) 98.2 PA

N27S, V44I, T85A, V127A, A231T, C241Y, 
Y305F, A343T, K391R, R401K, I573V, T614N

UT36285I
Muscovy duck/2005 
(EU931009) 98.2 PA

N27S, V44I, T85A, V127A, A231T, C241Y, 
Y305F, A343T, K391R, R401K, I573V, T614N

UT36285II
Muscovy duck/2005 
(EU931009) 98.2 PA

N27S, V44I, T85A, V127A, A231T, C241Y, 
Y305F, A343T, K391R, R401K, I573V, T614N

UT3040I
Environment/2004 
(GU052418) 100.0 HA n/a

UT3040II
Environment/2004 
(GU052418) 100.0 HA n/a

UT31312I
Duck/2007 
(GU052533) 99.7 HA F369Y

UT31312II
Duck/2007 
(GU052533) 99.7 HA F369Y

UT31312III
Duck/2007 
(GU052533) 99.6 HA F369Y, R472M

UT31394I
Quail/2008 
(CY099963) 99.4 HA M10I, D61E, I204T, I528T

UT31394II
Quail/2008 
(CY099963) 99.5 HA M10I, I204T, I528T

UT31413I
Muscovy duck/2008 
(CY099958) 99.7 HA A226V, G340E

UT31413II
Muscovy duck/2008 
(CY099958) 99.7 HA A226V, G340E

UT36250I
Chicken/2008 
(CY099966) 98.4 HA M10V, A149S, I214V, Del342R, T529I

UT36250II
Chicken/2008 
(CY099966) 98.4 HA M10V, A149S, I214V, Del342R, T529I

UT36282I
Duck/2010 
(JN935004) 99.3 HA F6L, T56K, R282K, G490D

UT36282II
Duck/2010 
(JN935004) 99.3 HA F6L, T56K, R282K, G490D

UT36285I
Duck/2010 
(JN935004) 99.3 HA F6L, T56K, R282K, G490D

UT36285II
Duck/2010 
(JN935004) 99.3 HA F6L, T56K, R282K, G490D

UT3040I
Environment/2004 
(GU052421) 99.9 NP n/a
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UT3040II
Quail/2004 
(DQ099763) 99.9 NP n/a

UT31312I
Muscovy duck/2007 
(CY029720) 99.9 NP n/a

UT31312II
Muscovy duck/2007 
(CY029720) 99.9 NP n/a

UT31312III
Muscovy duck/2007 
(CY029720) 99.9 NP n/a

UT31394I
Muscovy duck/2007 
(CY029720) 99.2 NP T232I

UT31394II
Muscovy duck/2007 
(CY029720) 99.2 NP T232I

UT31413I
Muscovy duck/2007 
(CY029720) 99.4 NP V67A, N417S

UT31413II
Muscovy duck/2007 
(CY029720) 99.4 NP V67A, N417S

UT36250I
Duck/2005 
(DQ366307) 97.6 NP N23T, P390T, G401A, V428A

UT36250II
Muscovy duck/2007 
(CY030545) 99.0 NP N23T, P390T, G401A, V428A

UT36282I
Chicken/2004 
(DQ099772) 97.1 NP

L47I, P318T, A373T, R391K, T430A, R446K, 
L466F

UT36282II
Duck/2005 
(EU9309911) 97.3 NP

S22A, L47I, P318T, A373T, R391K, T430A, 
R446K, L466F

UT36285I
Duck/2005 
(EU9309911) 97.4 NP

S22A, L47I, P318T, A373T, R391K, T430A, 
R446K, L466F

UT36285II
Chicken/2004 
(DQ099772) 97.1 NP

S22A, L47I, P318T, A373T, R391K, T430A, 
R446K, L466F

UT3040I
Chicken/2004 
(AY770611) 99.3 NS E71G, T132I, G148E, S200N, K216Stop

UT3040II
Chicken/2004 
(AY770611) 99.3 NS E71G, T132I, G148E, S200N, K216Stop

UT31312I
Muscovy duck/2007 
(CY029723) 99.3 NS G108D, T122A

UT31312II
Muscovy duck/2007 
(CY029723) 99.3 NS G108D, T122A

UT31312III
Muscovy duck/2007 
(CY029723) 99.3 NS G108D, T122A

UT31394I
Muscovy duck/2007 
(CY029723) 98.6 NS A60T, K78R, I151V, I193V, D202N

UT31394II
Muscovy duck/2007 
(CY029723) 98.6 NS A60T, K78R, I151V, I193V, D202N
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UT31413I
Muscovy duck/2007 
(CY029723) 99.4 NS E147V

UT31413II
Muscovy duck/2007 
(CY029723) 99.4 NS E147V

UT36250I
Muscovy duck/2005 
(EU930984) 98.9 NS P208L, K216Stop

UT36250II
Muscovy duck/2005 
(EU930984) 98.9 NS P208L, K216Stop

UT36282I
Muscovy duck/2005 
(EU930984) 97.9 NS L27M, P80S, T81A, F133C, T192A, D204G

UT36282II
Muscovy duck/2005 
(EU930984) 97.9 NS L27M, P80S, T81A, F133C, T192A, D204G

UT36285I
Muscovy duck/2005 
(EU930984) 97.9 NS L27M, P80S, Y81A, F133C, T192A, D204G

UT36285II
Muscovy duck/2005 
(EU930984) 97.9 NS L27M, P80S, Y81A, F133C, T192A, D204G
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Table S3: Identification of amino acid residues associated to mammalian adaptation

PB2 PB1 HA NA
  339 368 391 627 368 101 133(+1) 159 192 239 222 223 224 225
UT3040I K R Q K I D L S T P E S E V
UT3040IIS K R Q K I D L S T P E S E V
UT31312I T Q E E I N S N T P G S E V
UT31312II T Q E E I N S N T P G S E V
UT31312III T Q E K I N S N T P G S E V
UT31394I T Q E E I N S N T P G S E V
UT31394II T Q E K I N S N T P G S E V
UT31413I T Q E E I N S N T P G S E V
UT31413II T Q E E I N S N T P G S E V
UT36250I T Q E E I N L N I P E S E V
UT36250IIS T Q E K I N L N I P E S E V
UT36282I M Q E E V N S N M S E S E V
UT36282II M Q E E V N S N M S E S E V
UT36285IS M Q E E V N S N M S E S E V
UT36285II M Q E E V N S N M S E S E V
Consensus sequences generated from MDCK passaged virus stocks are labeled with an “S” fol-
lowing the sample ID in the left most column. We used the H5N1 Genetic Changes Inventory: A Tool 
for Influenza Surveillance and Preparedness (http://www.cdc.gov/flu/pdf/avianflu/h5n1-inventory.
pdf) to identify mutations that have been reported to affect H5N1 biological properties. Substitutions 
demonstrated to alter viral property to a mammalian-like phenotype are colored red. Substitutions 
demonstrated to alter viral property to an avian-like phenotype are colored blue. The A/Vietnam/
UT3040I/2004 sequence is used as reference. A dashed line in the sequence alignment denotes a 
position with missing amino acid information. Asterisks indicate a stop codon.
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Table S4: Summary of nonsynonymous and synonymous mutations detected in our study.
PB2 PB1 PA HA NP NS

N S N S N S N S N S N S
UT3040I 8 2 6 10 10 0 1 4 1 3 1 0
UT3040II     0 0 0 1 1 0     0 0
UT31312I 3 2 0 1 0 0 1 3 1 0 0 0
UT31312II 4 1 0 0 0 0 5 0 1 0 1 0
UT31312III 4 0 0 0 0 0 6 1 0 1 0 0
UT31394I 12 3 6 10 5 3 11 8 5 0 2 1
UT31394II 6 1 3 2 4 0 4 3 3 0 1 0
UT31413I 0 0 9 2 5 5 1 0 6 3 4 0
UT31413II 0 1 0 3 0 1 5 8 0 0 2 0
UT36250I 12 8 9 7 11 4 14 1 7 0 3 0
UT36250II 0 0         6 2     1 0
UT36282I 3 3 2 5 1 2 3 2 2 1 0 0
UT36282II 2 2 1 3 2 2 5 7 3 3 8 4
UT36285I 0 1     0 1 0 0 0 0 0 0
UT36285II 3 2     3 2     1 0 0 0
abbreviations: N; nonsynoymous, S; synonymous, n/a; not applicable due to low sequence cover-
age
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Figure S1. Deep sequencing reveals H5N1 influenza sequence variation within H5N1 infected hu-
mans. Using deep sequencing we characterized H5N1 within-host nucleotide diversity from viral nucleic 
acids extracted directly from human respiratory specimens. Single-nucleotide polymorphisms (SNPs) 
were called for each patient along the consensus gene sequence if detected in ≥ 1% of sequence reads 
(see Methods). Note, if an allele was detected in > 50% of sequences we consider it the “consensus” 
nucleotide. Every SNP was called relative to its consensus nucleotide; therefore, the maximum frequency 
of each SNP is > 50%. Grey bars indicate gene regions with insufficient sequence coverage (> 100 se-
quence reads) to call variants. Synonymous (squares) and nonsynonymous (circles). SNPs were mapped 
for each clinical specimen (y-axis) along their respective consensus gene sequence (x-axis). SNP fre-
quencies are represented as a heatmap with synonymous and nonsynonymous mutations represented in 
blue and red, respectively.
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Figure S1. Deep sequencing reveals H5N1 influenza sequence variation within H5N1 infected 

humans. Using deep sequencing we characterized H5N1 within-host nucleotide diversity from viral 

nucleic acids extracted directly from human respiratory specimens. Single-nucleotide polymorphisms 

(SNPs) were called for each patient along the consensus gene sequence if detected in  1% of 

sequence reads (see Methods). Note, if an allele was detected in > 50% of sequences we consider it 

the “consensus” nucleotide. Every SNP was called relative to its consensus nucleotide; therefore, the 

maximum frequency of each SNP is > 50%. Grey bars indicate gene regions with insufficient sequence 

coverage (> 100 sequence reads) to call variants. Synonymous (squares) and nonsynonymous 

(circles). SNPs were mapped for each clinical specimen (y-axis) along their respective consensus gene 

sequence (x-axis). SNP frequencies are represented as a heatmap with synonymous and 

nonsynonymous mutations represented in blue and red, respectively. 
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Figure S2. Characterization of NS1 polymorphisms on IFN antagonistic properties. 293T cells were 
transfected with a plasmid encoding the NS1 protein and with a plasmid encoding the firefly luciferase 
gene under the control of IFNβ promoter (A) or interferon-stimulated response element (ISRE) (B). The 
cells were treated with Sendai virus (SeV) or human IFNβ, respectively. Firefly luciferase activities was 
measured by use of Luciferase Assay Reagent II. The experiments (each in triplicates) were independent-
ly repeated twice. The mean relative IFN antagonistic activities with the standard deviations are shown. 
The activity of cells transfected with pCAGGS empty vector (non-treated with SeV) was set to 100%. 
Plasmid encoding GFP was used as a negative control. Plasmids encoding K173 (H1N1) virus NS1 was 
used for comparison.
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Figure S2. Effect of amino acid variations in NS1 on IFN antagonistic properties. 293T cells were 

transfected with a plasmid encoding the NS1 protein and with a plasmid encoding the firefly luciferase 

gene under the control of IFN  promoter (A) or interferon-stimulated response element (ISRE) (B). The 

cells were treated with Sendai virus (SeV) or human IFN , respectively. Firefly luciferase activities was 

measured by use of Luciferase Assay Reagent II. The experiments (each in triplicates) were 

independently repeated twice. The mean relative IFN antagonistic activities with the standard 

deviations are shown. The activity of cells transfected with pCAGGS empty vector (non-treated with 

SeV) was set to 100%. Plasmid encoding GFP was used as a negative control. Plasmids encoding 

K173 (H1N1) virus NS1 was used for comparison. 
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Abstract
Influenza vaccines must be frequently reformulated to account for antigenic 

changes in the viral envelope protein, hemagglutinin (HA). The rapid evolution of influ-

enza virus under immune pressure is likely enhanced by the virus’s genetic diversity 

within a host, though antigenic change has rarely been investigated on the level of 

individual infected humans. We used deep sequencing to characterize between- and 

within-host genetic diversity of influenza viruses in a cohort of patients that included 

individuals who were vaccinated and then infected in the same season. We charac-

terized influenza HA segments from the predominant circulating influenza A subtypes 

during the 2012-2013 (H3N2) and 2013-2014 (pandemic H1N1; H1N1pdm) flu seasons. 

HA consensus sequences and the level of HA diversity were similar in non-vaccinated 

and vaccinated subjects. In both groups purifying selection was the dominant force 

shaping HA genetic diversity. Interestingly, viruses from multiple individuals harbored 

low-frequency mutations encoding amino acid substitutions in HA antigenic sites at or 

near the receptor-binding domain. These mutations included two substitutions in H1N-

1pdm viruses, G158K and N159K, which were recently found to confer escape from vi-

rus-specific antibodies. These findings raise the possibility that influenza quasispecies 

encoding antigenic diversity can be generated within individual human hosts, but may 

not become fixed in the viral population even when they would be expected to have a 

strong fitness advantage. Understanding constraints on influenza antigenic evolution 

within individual hosts may elucidate potential future pathways of antigenic evolution at 

the population level. 
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Introduction
Seasonal influenza A epidemics cause an estimated 3 to 5 million cases of se-

vere respiratory illness each year, resulting in approximately 250,000 to 500,000 deaths 

worldwide. Available influenza vaccines only provide moderate protection against 

infection and illness. Vaccine effectiveness can vary greatly by season, but average 

effectiveness at preventing illness has been estimated at 59% [18]. Even when there is 

good antigenic match between circulating viruses and vaccine strains, people can be-

come infected despite being vaccinated earlier in the same season, a situation known 

as vaccine failure [119,120]. In the most recent Northern Hemisphere influenza season 

(2014-2015), interim overall vaccine effectiveness (VE) was estimated at 23% in the 

United States, lower than in past flu seasons [121]. The low VE estimate coincided with 

a poor antigenic match between circulating H3N2 drifted variants and the H3N2 viruses 

included in 2014-15 vaccines [122]. 

Viral antigenicity is influenced by multiple factors, including the accumulation 

of point mutations in the gene encoding the viral attachment protein hemagglutinin 

(HA), the specificity and avidity of HA for its receptor, and epistatic interactions within 

HA and between gene segments [123,124]. The HA protein has five defined antigen-

ic sites that are important for the recognition of neutralizing antibodies; amino acid 

substitutions in these sites can significantly change viral antigenicity [125,126]. Newly 

emerging antigenic variants of epidemiological importance have historically had four or 

more amino acid substitutions located in two or more antigenic sites [127]. “Antigenic 

cartography” using panels of reference sera to assess the degree to which antibodies 

of a given specificity cross-react with panels of reference viruses demonstrated that 

H3N2 strains circulating from 1968 to 2003 formed 11 distinct “antigenic clusters” [23]. 

Antisera against older antigenic clusters are poorly cross-reactive to new clusters. As 

a result, emerging antigenically distinct viruses have a selective advantage over older 

viruses and replace them in circulation [24]. More recently, Koel et al. found that single 
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amino acid substitutions in one of seven residues near the receptor-binding domain 

of HA were responsible for the majority of previously observed H3N2 antigenic cluster 

transitions [25]. Together these studies demonstrate that point mutations in crucial sites 

in HA can result in significant antigenic change.

In a host, influenza viruses exist as a diverse collection of genetically linked 

variants, sometimes termed “quasispecies,” that arise due to low-fidelity genome 

replication, rapid replication kinetics and high viral loads [26,27]. The composition of 

the within-host viral population is shaped by the generation of diversity through ran-

dom mutation, and the action of natural selection, which can either promote genetic 

diversification, or purify deleterious mutations from the virus population. Quasispecies 

diversity is therefore understood to enable influenza viruses to rapidly adapt to chang-

ing environments [116,128]. However, the degree to which quasispecies genetic diver-

sity encodes antigenic diversity and contributes to the emergence of antigenic variants 

within individual hosts is not clear. Traditional influenza surveillance methods based on 

Sanger sequencing cannot resolve variants present below 20% of the viral population, 

making it difficult to characterize within-host viral genetic diversity [31]. Deep sequenc-

ing influenza viruses from immune-compromised humans has revealed the existence 

of low-frequency drug-resistant variants that rapidly dominate the viral population after 

oseltamivir treatment [36]. Moreover, we recently showed that HA variants present in 

a quasispecies below the detection limit of Sanger sequencing could be transmitted 

via respiratory droplets [17]. It is therefore conceivable that low-level antigenic variants 

generated in individual infections have the potential to rapidly emerge in nature.

Here we used deep sequencing to characterize HA segment genetic diversity in 

subjects acutely infected with influenza, with and without recent vaccination, to deter-

mine how viral genetic diversity potentially encoding antigenic change is generated and 

selected during human infection. We sequenced viruses directly from clinical samples 

without isolation in eggs or passage in tissue culture to avoid potential loss of diversity 
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and/or selection for specific variants within the natural quasispecies. There were no 

conserved mutations that distinguished HA consensus sequences in non-vaccinated 

subjects from those in vaccinated individuals. Within-host HA segment genetic diversi-

ty varied considerably among humans, although most viral polymorphisms were typ-

ically present either at or near fixation (90 to 100% of viral sequences) or at low fre-

quency (1 to 10%) relative to the relevant reference sequence. Patterns of HA segment 

diversity were consistent with viruses undergoing purifying selection to maintain fit viral 

populations. Interestingly, we detected nonsynonymous mutations that had previously 

been shown to confer escape from neutralizing antibodies in both H3N2 and H1N1pdm 

viruses infecting both non-vaccinated and vaccinated subjects. These mutations were 

always detected at low frequencies in the viral population. Together, our data suggest 

that putative influenza antigenic escape variants are generated in influenza-infected 

humans, but often do not become fixed in the virus population. 
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Material and Methods
Study population 

The source population for this study included residents of the Marshfield Epi-

demiologic Study Area (MESA), a population-based cohort of approximately 54,000 

people in a 14-zip-code area surrounding the Marshfield Clinic campus in Marshfield, 

Wisconsin [129]. In the 2012-13 and 2013-14 seasons, most community-dwelling 

MESA residents aged ≥ 6 months were eligible to be recruited during an outpatient 

encounter for acute respiratory illness with cough. Patients were screened by study 

personnel, and those meeting symptom criteria were eligible if the duration of illness 

was ≤ 7 days. Participants completed an interview to assess illness onset and symp-

toms. Individuals were considered vaccinated if they had received an influenza vaccine 

for the current influenza season ≥ 14 days prior to illness onset. We obtained nasal and 

oropharyngeal swabs from non-vaccinated and vaccinated human subjects aged ≥ 9 

years; swabs were combined in viral transport media for testing. Influenza infection was 

confirmed using quantitative RT-PCR (qRT-PCR) [130]. During the 2012-13 and 2013-

14 seasons, subtypes H3N2 and 2009 pandemic H1N1 (H1N1pdm) respectively domi-

nated circulation in the United States [120,131]; for this reason, we only had access to 

H3N2 during the 2012-13 season and H1N1pdm viruses during the 2013-14 season. 

The Marshfield Clinic Institutional Review Board approved study procedures. 

Informed consent was obtained from all adults and parents/guardians of children. Ad-

ditional details on the vaccine effectiveness studies from which these human samples 

were collected are published [120,131].

Template Preparation 

Total nucleic acids were extracted from clinical specimens using the RNeasy 

Mini Kit (Qiagen, U.S.A). Influenza vRNAs were reverse transcribed using the Uni12-F 

AGCAAAAGCAGG primer [132] with Superscript III reverse transcriptase (Invitrogen, 

U.S.A.) according to the manufacturer’s instructions. Single-stranded cDNA was used 
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as a template for PCR amplification to amplify the HA genes using either primers 

H3N2-F AGCAAAAGCAGGGGATAATTC and H3N2-R AGTAGAAACAAGGGTGTTTTTA 

or H1N1pdm-F ATATACGCGTAGCGAAAGCAGGGGAA and H1N1pdm-R ATATACGCG-

TAGTAGAAACAAGGTGT with high-fidelity Phusion 2X Master Mix (New England Bio-

Labs Inc., U.S.A.). PCR was performed by incubating the reaction mixtures at 98°C for 

20 seconds, followed by 35 cycles of 98°C for 10 seconds, 57°C for 10 seconds, and 

72°C for 1 minute, followed by a final extension step at 72°C for 10 minutes. PCR prod-

ucts were separated by electrophoresis on a 1% agarose gel. The band corresponding 

to the full-length HA gene segment was excised and the DNA was recovered using the 

QIAquick Gel Extraction Kit (Qiagen, U.S.A.).

Deep Sequencing 

Gel-purified PCR products were quantified using the Qubit dsDNA High Sensi-

tivity Kit (Invitrogen, U.S.A.). Purified PCR products were made compatible for deep se-

quencing using the Nexteratm XT DNA Sample Preparation Kit (Illumina, U.S.A). Each 

sample was enzymatically fragmented and tagged with short oligonucleotide adapters 

followed by 14 cycles of PCR for template barcoding. Barcoded H3N2 and H1N1pdm 

libraries were pooled to a final concentration of 2 nM and 10 μL of the 2 nM pooled 

library was denatured in 10 μL of 0.1 N NaOH for 5 minutes. Denatured pooled libraries 

were diluted to a final concentration of 12 pM with a PhiX-derived control library ac-

counting for 1% of total DNA. Next, 600 µl of diluted-denatured template was added to 

a 500-cycle reagent cartridge. Illumina MiSeq run settings were entered into the sample 

sheet by Illumina Experiment Manager Software v1.3.66 as Workflow - FASTQ, Assay - 

Nextera XT, Chemistry – Amplicon and Reads 250 x 250. Sequence reads were import-

ed into CLC Genomics Workbench, Version 7.5.2 (CLC bio, Denmark). Sequence reads 

were trimmed using a quality score cutoff of Q30 (i.e., 1 error per 1000 sequenced bas-

es). For each sample, we mapped trimmed sequence reads against a vaccine strain HA 

reference sequence: A/Victoria/361/2011 (H3N2; KC306165) or A/California/07/2009 
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(H1N1pdm; CY121680). 

Between-host evolutionary analysis 

For each reference-based mapping, we extracted a consensus sequence that 

consists of the majority nucleotide at each nucleotide site. Consensus sequences were 

imported into Geneious Version 5.6.3 (Biomatters Ltd., New Zealand). In Geneious, we 

created individual alignments using the MUSCLE alignment algorithm [133] for H3N2 

and H1N1pdm HA gene sequences. Phylogenetic trees were constructed from align-

ments in PHYML version 3.0 [134,134] using the HKY85 substitution model with 1000 

bootstrap replicates to assess statistical confidence. From these alignments, we as-

sessed genetic differentiation between viral consensus sequences from non-vaccinat-

ed and vaccinated subjects by performing an analysis of molecular variance (AMOVA) 

[135] using the Pegas package [136] in R (http://www.R-project.org). The consensus 

HA gene segments has been deposited in NCBI GenBank under accession numbers 

KR611199 - KR611312.

Within-host evolutionary analysis 

Single-nucleotide polymorphisms (SNPs) were called, at nucleotide positions 

with coverage of at least 100 sequence reads and a central base quality score of ≥Q30, 

relative to a vaccine strain reference sequence (A/Victoria/361/2011 H3N2 or A/Cali-

fornia/07/2009 H1N1pdm) using CLC Genomics Workbench Version 7.5.2. SNPs were 

only considered for subsequent analysis if detected at a cutoff frequency of ≥ 1%, a 

validated threshold that reduces the carryover of errors introduced by reverse tran-

scription, amplification, or basecalling [17]. The nucleotide diversity statistics πN and 

πS were calculated in PoPoolation version 1.2.2 [137] using subsampled sequence 

mappings containing 1000 randomly chosen sequences per nucleotide position to 

minimize potential coverage bias. HA protein structures were created with MacPymol 

(http://www.pymol.org/). Mature H3N2 numbering is used throughout this manuscript 

for H3N2 and H1N1pdm viruses.
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Results
Participant Characteristics

Our study included a cross-sectional sampling of 114 human subjects aged ≥ 9 

years with medically attended acute respiratory illness (MAARI) who tested positive for 

influenza A virus by qRT-PCR (Table 1). The mean (±SD) interval from illness onset to 

sample collection was 2.7 ± 1.5 and 2.7 ± 1.8 days respectively for subjects who test-

ed positive for H3N2 or H1N1pdm infection. Of these cases, we obtained swabs from 

68 individuals infected with H3N2 during the 2012-13 season and 46 individuals infect-

ed with H1N1pdm during the 2013-14 season. In total, we obtained samples from 69 

non-vaccinated and 45 vaccinated individuals. As shown in Table 1, 34 of these sub-

jects received an inactivated influenza vaccine (IIV), 7 received a live attenuated influen-

za vaccine (LAIV), and 2 received high-dose IIV (HD); vaccine type was not recorded for 

an additional 2 subjects (unknown or UN). 

Deep sequencing HA segments 

We used deep sequencing to assess HA segment diversity within infected 

non-vaccinated and vaccinated individuals. Considering that mutations near the recep-

tor-binding pocket can be introduced during propagation of clinical specimens in eggs 

[138] [139,140], we sequenced PCR-amplified viral nucleic acids extracted directly from 

swabs. Amplified HA genes were prepared for deep sequencing using the Illumina MiS-

eq because of its high throughput and low error rate [40,41]. Reference mappings were 

performed separately for each individual, yielding reference maps with mean (±SD) 

sequence coverage of 16,370.91 ± 10,887.82 (H3N2) and 13,786.92 ± 5,711.98 (H1N-

1pdm) sequences per nucleotide site. 

Vaccine failure is not associated with particular HA sequences

To evaluate the evolutionary relationships among viruses circulating in our study 

population during the 2012-13 and 2013-14 influenza seasons, we constructed max-

imum-likelihood phylogenetic trees using nearly full-length nucleotide HA consensus 
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sequences (Figure 1). The phylogenies yielded topologies consistent with established 

relationships among influenza strains circulating during the 2012-13 and 2013-14 

seasons [141,142]. We detected the co-circulation of H3N2 genetic subgroups 3C 

(66/68) and 6 (2/68) during the 2012-13 season and H1N1pdm genetic subgroup 6 

(46/46) during the 2013-14 season. It was previously established that H3N2 genetic 

subgroups 3C and 6 were poor antigenic matches to the A/Victoria/361/2011 vaccine 

(Vic361) strain propagated in eggs, whereas H1N1pdm subgroup 6 remained antigeni-

cally matched to the A/California/07/2009 (CA07) strain used in the inactivated vaccine 

[142]. 

Three causes of vaccine failure can be tested with HA consensus sequences. 

First, if infections were caused by the introduction and spread of a single antigenic 

variant in this human population, we would expect HA segments from non-vaccinated 

and vaccinated subjects to form one phylogenetic group. Second we might observe 

that HA sequences form two well-supported clusters, each consisting of sequences 

from only non-vaccinated or only vaccinated subjects. This outcome would imply that 

antibodies in vaccinated subjects consistently select for similar viruses, which could 

either be minor variants already present in the circulating quasispecies or mutants that 

arise independently in multiple hosts. Third, there may be multiple sets of mutations 

that cause escape from vaccine-induced antibodies within vaccinated subjects. In this 

case, we might observe that HA consensus sequences from vaccinated humans would 

be more variable person-to-person than those from non-vaccinated humans, signifying 

that natural selection is favoring mutations away from the vaccine strain sequence.

To address these possibilities, we examined our phylogenies for monophyletic 

clades consisting primarily of HA consensus sequences from vaccinated subjects. We 

found that sequences from vaccinated and non-vaccinated individuals were generally 

interspersed throughout the trees. The majority of H3N2 viruses detected belonged 

to subgroup 3C; within this subgroup viruses from vaccinated subjects did not cluster 
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into clades distinct from viruses isolated from non-vaccinated individuals (Figure 1). 

We did detect one monophyletic clade consisting of HA sequences entirely from vac-

cinated individuals (n = 2; H3N2 genetic subgroup 6), but no sequences of subgroup 6 

viruses from non-vaccinated subjects were available for comparison. Complementary 

to our phylogenetic analysis, we performed an analysis of molecular variance (AMO-

VA) to estimate the degree to which HA sequences differentiated into two separate 

genetic groups based on vaccine status [135]. AMOVA analysis showed that only a 

small percentage of total observed genetic variation among consensus sequences 

was attributable to differences in host vaccine status (H3N2-2012/13; 3.0% and H1N-

1pdm-2013/14; 3.3%), and these modest differences were not statistically significant 

(H3N2-2012/13; p = 0.06 and H1N1-2013/14; p = 0.20; Table 2). Together, these data 

indicate that vaccine failure was not associated with mutations in the HA gene detect-

able at the consensus level.

Action of natural selection on HA genes in human infections

While antigenic drift and transmission bottlenecks affect viral evolution during 

global circulation, factors like mutation rate, replication time and within-host natural 

selection impact how influenza evolves in the confines of a single infection. Therefore, 

rates of molecular evolution might differ within and between hosts. Evaluating sig-

natures of natural selection within individual hosts may provide unique evolutionary 

insights not observed in HA consensus sequences. To estimate within-host HA nucle-

otide diversity we used the statistic π. πN, or nonsynonymous diversity, describes the 

frequency of pairwise sequence differences within a virus population that encode an 

amino acid change. Similarly, πS, describes the frequency of silent mutations within a 

virus population. Note that these statistics describe the genetic diversity of viral popu-

lations within a single host and do not rely on an external reference sequence. Compar-

ing the values of these statistics for a given gene provides information about the “direc-

tion” of natural selection. Generally, a πN/πS ratio > 1 indicates that positive selection 
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is favoring genetic diversification. By contrast, a πN/πS ratio < 1 indicates that purifying 

(or negative) selection is acting to maintain a fit virus population by removing deleteri-

ous mutations. We computed πN and πS for the full-length HA coding region and also 

for HA1, HA2, and the receptor-binding domain (RBD) to account for the possibility that 

selection could act differently at these discrete functional domains of the HA gene.  

We computed overall mean πN and πS values for H3N2 (n = 68) and H1N1pdm 

(n = 46) viruses in the RBD, HA1, and HA2 domains and in full-length HA genes. Mean 

πN and πS values for each region ranged widely (Table 3). For example, individual 

means of πN for full-length HA genes ranged from 0.00040 to 0.00281 substitutions per 

site for H3N2 viruses and from 0.00035 to 0.00108 substitutions per site for H1N1pdm. 

We found that overall mean πN was lower than πS at each HA domain for all viruses 

(Table 3; 2-tailed P < 0.0001 to 0.05; Student’s t-tests), showing that HA genes are 

generally subject to purifying selection in these subjects. We did not detect significant 

differences in nucleotide diversity between non-vaccinated and vaccinated subjects. 

The one exception to this trend was in the RBD domain of H1N1pdm viruses, in which 

πN was slightly, but significantly, greater in vaccinated than in non-vaccinated subjects 

(P = 0.016; Table 4). Overall, our data indicate that purifying selection was strong on 

both full-length HA segments and individual HA functional domains in both non-vacci-

nated and vaccinated subjects.

Deep sequencing reveals HA genetic and potential antigenic diversity in humans 

To further characterize HA diversity within infected humans we enumerated 

single nucleotide polymorphisms (SNPs) relative to Vic361 and CA07 HA vaccine strain 

reference sequences. This allows us to detect all genetic polymorphisms in the virus 

population as well as fixed mutations relative to the vaccine strain. We only consid-

ered SNPs if they were detected in above our experimentally defined cutoff of ≥ 1% of 

sequence reads in a sample [17]. In total, we detected 695 nonsynonymous and 875 

synonymous SNPs from individuals infected with H3N2 viruses; in H1N1pdm-infected 
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individuals we detected 700 nonsynonymous SNPs and 735 synonymous SNPs (Ta-

ble 5). The SNP frequency spectrum had a bimodal distribution, with most mutations 

detected either at low frequency (1%-10% of sequences) or at high frequency (90%-

100% of sequences). Overall, the average number of SNPs relative to vaccine strains in 

each host was significantly greater for H1N1pdm viruses (nonsynonymous SNPs: 14.8 

± 3.2 and synonymous SNPs: 16.0 ± 3.1) than H3N2 viruses (nonsynonymous SNPs: 

10.2 ± 2.4 and synonymous SNPs: 12.9 ± 3.8; mean ± SD; 2-tailed P > 0.0001; Stu-

dent’s t-test). This greater genetic distance between vaccine and circulating strains for 

H1N1pdm viruses may be due to the fact that ~5 years elapsed between emergence 

of the CA07 vaccine strain in 2009 and the 2013-14 influenza season evaluated here, 

while only ~1 year separated the emergence of Vic361 and the 2012-13 season. 

As discussed above, the rate of molecular evolution can vary considerably 

among different regions of the same gene. Therefore, we plotted the frequency of SNPs 

detected in all H3N2 or H1N1pdm viruses along the HA segment (Figure 2). The density 

of SNPs was not even across HA. For example, synonymous SNPs occurred uniformly 

throughout the HA gene for H3N2 viruses, while nonsynonymous SNPs accumulated 

disproportionately in the receptor-binding domain (Figure 2a, top). Similarly for H1N-

1pdm viruses, we identified elevated frequencies of nonsynonymous SNPs near the 

receptor-binding domain, as well as an increased number of synonymous SNPs in the 

HA2 domain (Figure 2b, top). The distribution of SNPs across HA gene segments is 

consistent with previous reports demonstrating that influenza viruses experience in-

creased rates of positive selection in the HA1 domain due to antibody selection pres-

sure, whereas the HA2 domain remains relatively conserved [143,144]. 

To identify mutations with the potential to alter influenza antigenicity, we queried 

SNP data for mutations that lie in previously defined antigenic sites. Nonsynonymous 

mutations occurred in our subjects in 9 HA amino-acid positions in H3N2 and 8 in 

H1N1pdm located at or near the receptor binding pocket, which were previously found 
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to affect viral antigenicity (Table 6 and Figure 3). Notably, we found substitutions in 

HA amino acid position 156 in H3N2 viruses (Q156H/R) and positions 158 and 159 of 

H1N1pdm viruses (G158E and N159K), all of which lie in the “antigenic ridge” of the HA 

protein. The antigenic ridge is a span of residues on the periphery of the receptor-bind-

ing site previously shown to be responsible for antigenic change in H3N2 [25] and 

H1N1pdm viruses [145]. An AgG SNP at nucleotide 515 encoding a glutamine-to-his-

tidine change at amino acid position 156 was detected at or near fixation all H3N2-in-

fected subjects. This Q156H substitution was associated with vaccine mismatch during 

the 2003-2004 influenza season and is found in HA consensus sequences of circulat-

ing H3N2 viruses ever since [146]. The AgC SNP encoding the glutamine-to-arginine 

substitution at amino acid position 156 was detected in a single vaccinated subject 

(V130083) in 3.3% of viral sequences. The Q156R mutation was previously linked to 

egg adaptation of the 2012-2014 Vic361 vaccine virus [147]. In H1N1pdm viruses, we 

detected a GgA SNP at nucleotide 535 encoding a glycine-to-glutamate substitution at 

amino acid position 158 in 2.3% and 2.4% of viral sequences in U140225 and V140227 

respectively. G158E is detected in consensus H1N1pdm HA sequences in Influenza 

Research Database [148] but only in 0.65% (n = 4001) of samples. Interestingly, viruses 

with the G158E substitution replicated in vitro in the presence of H1N1pdm-specific 

ferret antibodies [149]. A TgA SNP encoding an asparagine-to-lysine substitution at 

position 159 was detected in three H1N1pdm-infected subjects at low frequencies: 

V14022 at 1.4%, V140172 at 2.2%, and U14106 at 5.7% of viral sequences. In a pre-

vious study, H1N1pdm viruses bearing the N159K substitution (N156K in H1 number-

ing) outcompeted wild type viruses in tissue culture, replicated efficiently in H1N1pdm 

immunized ferrets, and were efficiently transmitted among animals [150]. Interestingly, 

despite causing escape from H1N1pdm-specific antibodies in vitro and in vivo in ferret 

studies, this mutation is found at the consensus level in a minority of viruses circulating 

in humans (0.1% of sequences; n = 4001). Taken together, these data show that muta-
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tions with the potential to encode antigenic variation are generated in humans naturally 

infected with influenza viruses. These mutations exist well below the detection limit of 

Sanger sequencing in our subjects, and are only rarely detected at the consensus level 

in humans.
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Discussion
Although influenza viruses are known to exist as genetically diverse quasispe-

cies, the potential impact of this diversity on viral adaptation to immune selection with-

in individual hosts is not well understood. Currently, the majority of human influenza 

isolates are propagated in eggs before genetic and antigenic characterization. Influenza 

growth in eggs selects for changes in the receptor-binding domain of HA, which can 

have a significant impact on the antigenicity [22]. Propagation in eggs can also im-

pact the composition of viral quasispecies, reducing diversity by selecting for specific 

variants and eliminating others [95]. Here we characterized influenza HA genes direct-

ly from human clinical specimens and evaluated the contribution of HA within-host 

genetic variation to vaccine failure, as well as the potential ways in which vaccine-in-

duced immunity shapes within- and between-host diversity. Our analyses showed that 

influenza viruses infecting non-vaccinated and vaccinated subjects were genetically 

similar and did not display patterns of sequence diversity consistent with the de-novo 

selection of antigenic variants within any individual host. Within-host HA genetic di-

versity in either non-vaccinated or vaccinated subjects consists of more synonymous 

diversity than nonsynonymous diversity. This pattern suggests that purifying selection, 

acting to remove deleterious mutations, is the dominant evolutionary force affecting 

HA in this cohort of humans infected with H3N2 or H1N1pdm viruses. Interestingly, we 

observed several nonsynonymous mutations below the detection threshold of Sanger 

sequencing in both H3N2 and H1N1pdm virus populations located in positions that can 

cause significant antigenic change. Moreover, several low-frequency nonsynonymous 

mutations were detected reproducibly in multiple subjects, in both non-vaccinated 

and vaccinated groups. This observation raises the possibility that antigenic variants 

are frequently generated during influenza infection in humans, but that they often do 

not become fixed in the viral population even when they would be expected to have a 

strong fitness advantage.
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There are important caveats to the interpretation of our results. First, we initially 

compared HA gene sequences from non-vaccinated and vaccinated subjects to iden-

tify potential mutations associated with vaccine failure. Humans have highly variable 

pre-existing immune repertoires against influenza, which are shaped by individual 

infection and vaccination histories, as well as by age, comorbidities, and host genet-

ics [149,151-153]. Grouping virus sequences purely by same-season vaccine status 

may not adequately capture important biological differences among these subjects. 

When possible, it would be desirable to use immunological characteristics (e.g., hem-

agglutination-inhibition titers) to stratify subjects into more biologically relevant groups; 

unfortunately that was not possible for our cohort. Secondly, because autologous 

serum was not available, we do not know whether putative antigenic variants specif-

ically escape antibodies present in the subjects in which the variants were detected. 

Despite these caveats, past reports have shown that Q156H/R (H3N2) impacts antige-

nicity of vaccine strains, and G158E and N159K (H1N1pdm) confer escape from H1N-

1pdm-specific antibodies in vitro and in vivo.

The extent of within-host HA genetic diversity and HA consensus sequences 

were similar between non-vaccinated and vaccinated subjects. It is likely that virtually 

all of these subjects had some degree of pre-existing immunity to influenza due to pre-

vious infection and/or vaccination. This may be particularly relevant for H1N1pdm, as 

H1N1pdm viruses have not undergone antigenic change since their emergence in 2009 

and subjects could have been exposed to antigenically similar viruses for several years 

prior to the 2013-14 season evaluated here. The evident lack of antibody escape muta-

tions in HA consensus segments in subjects with vaccine failure is therefore surprising. 

We cannot explain why antibody escape mutations did not emerge in HA consensus 

sequences using sequence data alone. However, we speculate that for antigenic vari-

ants to reach fixation in the virus population, compensatory mutations maybe needed 

to enhance viral replicative fitness before the “less fit” variant is lost by purifying selec-
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tion. Finally, we cannot exclude the possibility that antibody escape mutations iden-

tified in vitro or small animal models do not confer escape in humans. Despite these 

possibilities, we found sequence signatures demonstrating that nonsynonymous diver-

sity was significantly greater in the receptor-binding domain of H1N1pdm viruses within 

infected vaccinated subjects. This region corresponds to an antigenic “hot spot” in 

which we identified putative antibody escape mutations (G158E and N159K) in human 

subjects. Considering that G158E and N159K caused escape from H1N1pdm-specific 

antibodies in tissue culture and in ferrets, we hypothesize that genetic diversification 

in the receptor-binding domain of H1N1pdm viruses in vaccinated humans was due 

to vaccine-induced antibody pressures. Conversely, we did not observe genetic diver-

sification in H3N2 viruses likely because of poor antigenic match between circulating 

viruses and vaccine strain. 

Our results are consistent with a past report showing that prior immunity had 

little effect on the level and structure of genetic diversity of influenza viruses infecting 

vaccinated horses [154]. In that study, Murcia and colleagues speculated that purify-

ing selection (i.e., more synonymous diversity relative to nonsynonymous diversity) is 

the dominant signal of influenza within individual hosts [154]; this is consistent with 

the idea that influenza viruses are well adapted to replication and transmission in their 

natural hosts, and therefore most mutations are likely to be deleterious. Indeed, muta-

tions that alter HA antigenicity may frequently exact a fitness cost that requires com-

pensatory mutations to restore viral replicative capacity [155]. This may explain why 

the putative antigenic variants we observed here remained at low frequency in infected 

humans. We speculate that compensatory mutations may be needed to overcome 

such fitness deficits, and the compensatory mutation(s) need to occur before the anti-

genic variant is removed from the virus population by purifying selection. Because each 

subject was sampled only once, we could not follow the changing frequencies of SNPs 

with time to detect potential positive selection at individual sites. Alternative approach-
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es using time-series samples enable better detection of site-specific positive selection 

[156]. 

From 1968 to 2011 fourteen antigenic clusters of H3N2 viruses have emerged, 

each cluster being replaced by viruses with distinct antigenic characteristics [24]. Sin-

gle amino acid substitutions, restricted to 7 positions (145, 155-159, 189, and 193) on 

the HA protein, were responsible for antigenic cluster transitions during the evolution 

of H3N2 viruses from 1968 to 2003 [25]. One mutation detected in H3N2 viruses in our 

study, encoding Q156H, fell within this defined “antigenic ridge.” A Q156H substitution 

was responsible for the Sydney-1997 to Fujian-2002 antigenic cluster transition during 

the 2003-04 season resulting in vaccine mismatch [25,146]. Acquisition of glutamine 

(Q) at HA position 156 during egg passage of vaccine seed stocks was also associ-

ated with low vaccine effectiveness against H3N2 viruses in the 2012-13 season [22]. 

Contemporary H3N2 strains in circulation possess a histidine at HA position 156 in 

publically available consensus sequences, however we found that 3.3% of sequences 

within a single vaccinated case (V130083) possessed a Q156R substitution. Acquisition 

of arginine at position 156 has been previously linked to egg adaptation of the initial 

egg-grown A/Victoria/361/2011 wild-type virus for the production of the 2012-13 and 

2013-14 vaccines [147]. However, the impact of Q156R on recognition of antibodies 

raised by vaccines encoding glutamine at position 156 has yet to be evaluated in vitro 

or in animal models.

The overwhelming majority of isolated H1N1pdm viruses remain antigenically 

similar to the prototypical A/California/07/2007 vaccine virus [157]. In the HA protein 

of H1N1pdm viruses, substitutions in amino acid positions 154-162 (H3 numbering) 

located adjacent to the receptor-binding site can cause escape from human infant and 

ferret antibodies after H1N1pdm virus infection (i.e., ≥ 4 fold reduction in HI titer) [145]. 

We detected a G158E substitution in a non-vaccinated case and a vaccinated case in 

2.3 and 2.4% of sequences, respectively. The G158E substitution considerably alters 
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the electrostatic properties which may be important for surface interactions between 

the HA protein and antibodies [149], changing the antigenic properties of H1N1pdm 

viruses as mapped by human monoclonal antibodies [145,158], and polyclonal an-

tibodies in ferrets [145] [149] [150]. In three humans, one non-vaccinated and two 

vaccinated, we detected an N159K substitution at low frequency. The N159K muta-

tion has been described as affecting the local electrostatic charge potential of the HA 

protein [150]. In a ferret model, the N159K mutation was found to confer escape from 

H1N1pdm-specific antibodies elicited by suboptimal vaccination [150]. Viruses with 

the N159K mutation remained fit in a ferret transmission model and outcompeted the 

wild-type virus. During replication in ferrets, N159K variant viruses acquired addition-

al mutations in HA and other gene segments. Interestingly, when the N159K mutant 

virus was generated by reverse genetics using backbones from A/Puerto Rico/8/1934 

(H1N1) and A/Perth/261/2009 (H1N1pdm) it could not be rescued as a pure population 

demonstrating that additional mutations not in the reverse genetic virus must be ac-

quired to restore fitness. Furthermore, because a pure population of N159K virus was 

not recovered, escape from adult human antisera could not be tested [150]. In another 

study, Koel and colleagues introduced different substitutions at position 159 (NgD, 

NgG, NgY and NgS) and found that this position was important for antigenic change 

of H1N1pdm viruses, as measured against both human and ferret sera  [145].

The ways in which influenza viruses evolve antigenically at the population level 

have been the subject of intense study in the past decade [24,25,159,160]. Howev-

er, new antigenic variants are initially generated and selected at the level of individual 

infected hosts. Here we showed that influenza virus quasispecies populations infect-

ing individual humans possess potential antigenic variation at low frequency. We pre-

viously showed that even very low-frequency influenza viral quasispecies can pass 

through selective bottlenecks and be transmitted to new hosts via the airborne route. 

It is therefore possible that low-frequency putative antigenic variants we observed here 
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could be transmitted via respiratory droplets. The use of Sanger sequencing for influ-

enza surveillance typically defines consensus sequences and cannot resolve minority 

variants present below 20% of the viral population [31]. Traditional Sanger sequencing 

could therefore miss potentially antigenic variants that occur in nature. The evolutionary 

mechanism by which antigenic variants are generated and selected for within individual 

hosts remains unclear. Our findings suggest that generating antigenic variants through 

mutation alone may not be sufficient for the emergence of new antigenic variants within 

a host. Instead antigenic variants likely need compensatory mutations to restore repli-

cative fitness, avoid loss by genetic drift, and be transmitted to new hosts to success-

fully emerge in nature. Additional studies are needed to more fully define the molecular 

basis of antigenic change, and perhaps more importantly, to determine the impact of 

antigenic changes on viral fitness and the evolutionary pathways by which fitness is 

restored in antigenic variants. 
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Figure Legends
Figure 1. Phylogenetic relationships of influenza A viruses infecting non-vaccinat-

ed and vaccinated subjects in Marshfield, Wisconsin. (a) H3N2 phylogenetic tree 

constructed using 68 hemagglutinin genes from subjects infected during the 2012-13 

season and 11 outgroup sequences representing WHO-recommended vaccine strains 

and representative H3N2 taxonomic clades (alignment length: 1641 nucleotides). (b) 

H1N1pdm phylogenetic tree constructed using 46 hemagglutinin genes from subjects 

infected during the 2013-14 season and 9 outgroup sequences representing WHO-rec-

ommended vaccine strains and representative H1N1pdm taxonomic clades (alignment 

length: 1698 nucleotides). GISAID and Genbank accession numbers for the included 

taxa are provided in Supplemental Table S1. Bootstrap values were determined from 

1000 replicates and are indicated above the corresponding nodes when values are 

above 50%.

Figure 2. Deep sequencing reveals sequence variation in hemagglutinin genes 

during human infection. We used deep sequencing to assess within-host viral vari-

ation in non-vaccinated and vaccinated subjects directly from clinical specimens. 

Displayed are single-nucleotide polymorphisms (SNPs) detected in (a) H3N2 and (b) 

H1N1pdm viruses. Nonsynonymous (circles) and synonymous (squares) mutations 

were called relative to a Vic361 (H3N2) or CA07 (H1N1pdm) vaccine strain reference 

sequence. The x-axis represents the nucleotide position and the y-axis the frequency 

at which each mutation was detected. Above each SNP frequency plot is a cartoon 

depiction of the linear HA gene with shaded functional domains: HA1 (dark grey), HA2 

(light grey), and the receptor-binding domain (“RBD”; black). Density plots indicate the 

likelihood for a nonsynonymous (black) or synonymous (grey) SNP to occur, regardless 

of frequency, in a given position across the HA gene.
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Figure 3. Localization of amino acid substitutions identified in this study on the 

HA structure. Structure of an A/Aichi/2/1968 HA trimer (Protein Data Bank accession 

5HMG) 66. The three monomers are shown in black and grey with the receptor-binding 

site in light brown and positions previously defined as responsible for antigenic cluster 

transitions shown in dark brown 14. Mutations detected in human subjects infected 

with H3N2 and H1N1pdm viruses are shown in red. All mutations are shown in H3 

numbering. (a) H3N2 antigenic sites as defined by Wiley et al. 9; antigenic sites A-E are 

shown in blue, green, magenta, orange and yellow, respectively. (b and c) Mutations 

detected in subjects infected with H3N2 viruses. (d) H1N1 antigenic sites as defined by 

Caton et al. 10; antigenic sites Sa, Sb, Ca1, Ca2 and Cb are shown in blue, green, ma-

genta, orange and yellow, respectively. (e and f) Mutations detected in subjects infect-

ed with H1N1pdm viruses. Images were created with MacPymol (http:// www.pymol.

org/).
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Table 1. Descriptive characteristics of influenza A cases by sea-
son

Characteristic
2012-13

N=68

2013-14

N=46

Total

N=114
Age Group
<9 years 18 9 27
9-17 years 5 5 10
8-49 years 20 17 37
≥50 years 25 15 40
Vaccination status
Non-vaccinated 37 32 69
Vaccinated 31 14 45
IIV 24 10 34
LAIV 3 4 7
HD 2 0 2
Vaccinated, unknown type 2 0 2
Interval from onset to swab
< 3 days 34 29 63
3-4 days 22 8 30
5-7 days 12 9 21
Swab month
December 13 22 35
January 37 22 59
February 17 2 19
March 1 0 1
Influenza A subtype
H3N2 68 0 68
H1N1pdm 0 46 46
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Table 2. Analysis of molecular variance (AMOVA) of seasonal influenza viruses 
based on vaccination status.
Observed divergence for H3N2 viruses

Source df SSD MSD σ % variance P value
Between populations 1 242.2 242.2 3.7 3.0 0.06
Within populations 66 7778.2 117.9 117.9 97.0

Total 67 8020.3 119.7 121.5

Observed divergence for H1N1pdm viruses
Source df SSD MSD σ % variance P value

Among populations 1 37.1 37.1 0.6 3.3 0.20
Within populations 44 1098.2 25.0 25.0 96.7

Total 45 1135.3 25.2 25.6

Abbreviations: df; degrees of freedom, SSD; sum of squared deviations, MSD; mean 
square deviations, σ; variance component
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Table 3. Estimates of nonsynonymous and synonymous nucleotide diversity for hemagglutinin 
genes of influenza A viruses.

Subtype Domain πN SEM Range πS SEM Range
πN vs. 
πS, P 
value

H3N2

HA 0.00069 0.00004
0.00040-
0.00281

0.00124 0.00019
0.00051-
0.01348

0.0053

HA1 0.00070 0.00004
0.00039-
0.00261

0.00116 0.00015
0.00032-
0.00968

0.0036

HA2 0.00068 0.00005
0.00039-
0.00342

0.00147 0.00038
0.00036-
0.02642

0.0412

RBD 0.00076 0.00006
0.00036-
0.00444

0.00138 0.00021
0.00029-
0.01333

0.0052

H1N1pdm

HA 0.00060 0.00002
0.00035-
0.00108

0.00107 0.00011
0.00033-
0.00382

0.0001

HA1 0.00061 0.00003
0.00032-
0.00135

0.00096 0.00010
0.00028-
0.00315

0.0012

HA2 0.00059 0.00003
0.00033-
0.00106

0.00125 0.00017
0.00034-
0.00499

0.0002

RBD 0.00056 0.00003
0.00026-
0.00100

0.00099 0.00012
0.00024-
0.00392

0.0008

Abbreviations: πN; nonsynonymous nucleotide diversity, πS; synonymous nucleotide diversity; SEM; stan-
dard error of the mean P values correspond to comparisons of mean πN and πS values at each HA gene 
domain. Statistical analysis performed using student’s t test.
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Table 4. Estimates of nonsynonymous and synonymous nucleotide diversity in non-vaccinated and 
vaccinated subjects

Non-vaccinated Vaccinated

Subtype Domain πN SEM Range πN SEM Range P value

H3N2

HA 0.00072 0.00006
0.00040 - 
0.00281

0.00065 0.00003
0.00040 - 
0.00114

0.329

HA1 0.00072 0.00006
0.00041 - 
0.00261

0.00068 0.00003
0.00039 - 
0.00125

0.576

HA2 0.00073 0.00008
0.00039 - 
0.00342

0.00062 0.00003
0.00042 - 
0.00144

0.235

RBD 0.00081 0.00011
0.00043 - 
0.00444

0.00070 0.00004
0.00036 - 
0.00117

0.385

H1N1pdm

HA 0.00058 0.00003
0.00035 - 
0.00108

0.00067 0.00004
0.00038 - 
0.00090

0.094

HA1 0.00059 0.00004
0.00032 - 
0.00135

0.00066 0.00005
0.00036 - 
0.00094

0.316

HA2 0.00056 0.00003
0.00033 - 
0.00096

0.00067 0.00005
0.00036 - 
0.00106

0.056

RBD 0.00052 0.00003
0.00026 - 
0.00100

0.00066 0.00005
0.00042 - 
0.00097

0.016

Subtype Domain πS SEM Range πS SEM Range P value

H3N2

HA 0.00139 0.00035
0.00051 - 
0.01348

0.00106 0.00010
0.00065 - 
0.00320

0.405

HA1 0.00125 0.00025
0.00032 - 
0.00968

0.00106 0.00011
0.00062 - 
0.00305

0.517

HA2 0.00180 0.00069
0.00036 - 
0.02642

0.00108 0.00014
0.00064 - 
0.00401

0.350

RBD 0.00158 0.00037
0.00029 - 
0.01333

0.00113 0.00015
0.00046 - 
0.00518

0.296

H1N1pdm

HA 0.00110 0.00016
0.00033 - 
0.00382

0.00099 0.00010
0.00047 - 
0.00191

0.665

HA1 0.00099 0.00014
0.00028 - 
0.00315

0.00088 0.00006
0.00041 - 
0.00128

0.614

HA2 0.00128 0.00023
0.00034 - 
0.00499

0.00117 0.00023
0.00043 - 
0.00348

0.774

RBD 0.00101 0.00017
0.00024 - 
0.00392

0.00095 0.00013
0.00034 - 
0.00228

0.827

Abbreviations: πN; nonsynonymous nucleotide diversity, πS; synonymous nucleotide diversity; SEM; 
standard error of the mean P values correspond to comparisons of mean πN and πN or πS and πS val-
ues for each HA gene domain (values were compared horizontally). Statistical analysis performed using 
student’s t test.
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Table 5. Summary of nonsynonymous and synonymous mutations detected in our 
study.

Mutation Frequency [%]
H3N2-2012/13 (n = 68) H1N1pdm-2013/14 (n = 46)

N S N + S N S N + S
1 - 10 97 84 181 100 64 164

10 - 20 6 6 12 9 6 15
20 - 30 2 6 8 1 2 3
30 - 40 3 0 3 1 0 1
40 - 50 0 0 0 0 0 0
50 - 60 0 0 0 0 0 0
60 - 70 2 6 8 0 0 0
70 - 80 2 1 3 0 2 2
80 - 90 0 0 0 1 7 8

90 - 100 583 772 1355 588 654 1242
Total 695 875 1570 700 735 1435
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Table 6. Single nucleotide polymorphisms detected in antigenicity-associated HA positions from 
infected humans.

Subtype Nt. pos.
Nucleotide 

change
H3 a.a. 
number

Amino acid 
change

Antigenic 
site

Number of 
subjects

Frequency 
range

H3N2

205 G à A 52 D à N C 2 100%
472 A à G 142 R à G A 19 2.1 - 100%
472 AG à GA 145 R à E A 1 2.0%
515 AA à GC 156 Q à R B 1 3.3%
516 A à C 156 Q à H B 68 96.1 - 100%
668 A à C 207 K à T D 1 3.7%
670 A à G 208 R à G D 1 1.2%
706 A à G 220 R à G D 2 2.9 - 3.5%
882 T à G 278 N à K C 66 100%

H1N1pdm

283 C à A 80 S à Y Cb 1 1.4%
283 C à T 80 S à F Cb 1 2.2%
292 GC à AT 82b S à N Cb 1 100%
490 G à A 143 G à E Ca2 1 1.1%
535 G à A 158 G à E Sa 2 2.3 - 2.4%
539 T à A 159 N à K Sb 3 1.4 - 5.8%
550 A à G 163 K à R Sa 2 1.0 - 2.5%
558 A à C 183 K à Q Ca1 45 100%

Antigenic sites refer to defined HA protein sites important for the recognition of neutralizing antibodies 
9,10. Number of subjects signifies the total number of individuals (non-vaccinated and vaccinated) for 
which a particular nucleotide change was observed (H3N2; n = 68 and H1N1pdm; n = 46). Frequency 
range indicates the minimum and maximum frequency that a particular nucleotide change was observed 
in our cohort.
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Figure 1. Phylogenetic relationships of influenza A viruses infecting non-vaccinated and vaccinated subjects in Marshfield, 
Wisconsin. (a) H3N2 phylogenetic tree constructed using 68 hemagglutinin genes from subjects infected during the 2012-13 season and 11 
outgroup sequences representing WHO-recommended vaccine strains and representative H3N2 taxonomic clades (alignment length: 1641 
nucleotides). (b) H1N1pdm phylogenetic tree constructed using 46 hemagglutinin genes from subjects infected during the 2013-14 season 
and 9 outgroup sequences representing WHO-recommended vaccine strains and representative H1N1pdm taxonomic clades (alignment 
length: 1698 nucleotides). GISAID and Genbank accession numbers for the included taxa are provided in Supplemental Table S1. Bootstrap 
values were determined from 1000 replicates and are indicated above the corresponding nodes when values are above 50%. 

Figure 1. Phylogenetic relationships of influenza A viruses infecting non-vaccinated and vaccinat-
ed subjects in Marshfield, Wisconsin. (a) H3N2 phylogenetic tree constructed using 68 hemaggluti-
nin genes from subjects infected during the 2012-13 season and 11 outgroup sequences representing 
WHO-recommended vaccine strains and representative H3N2 taxonomic clades (alignment length: 1641 
nucleotides). (b) H1N1pdm phylogenetic tree constructed using 46 hemagglutinin genes from subjects 
infected during the 2013-14 season and 9 outgroup sequences representing WHO-recommended 
vaccine strains and representative H1N1pdm taxonomic clades (alignment length: 1698 nucleotides). 
GISAID and Genbank accession numbers for the included taxa are provided in Supplemental Table S1. 
Bootstrap values were determined from 1000 replicates and are indicated above the corresponding 
nodes when values are above 50%.
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Figure 2. Deep sequencing reveals sequence variation in 
hemagglutinin genes during human infection. We used deep 
sequencing to assess within-host viral variation in non-vaccinated 
and vaccinated subjects directly from clinical specimens. 
Displayed are single-nucleotide polymorphisms (SNPs) detected in 
(a) H3N2 and (b) H1N1pdm viruses. Nonsynonymous (circles) and 
synonymous (squares) mutations were called relative to a Vic361 
(H3N2) or CA07 (H1N1pdm) vaccine strain reference sequence. 
The x-axis represents the nucleotide position and the y-axis the 
frequency at which each mutation was detected. Above each SNP 
frequency plot is a cartoon depiction of the linear HA gene with 
shaded functional domains: HA1 (dark grey), HA2 (light grey), and 
the receptor-binding domain (“RBD”; black). Density plots indicate 
the likelihood for a nonsynonymous (black) or synonymous (grey) 
SNP to occur, regardless of frequency, in a given position across 
the HA gene.

Figure 2. Deep sequencing reveals sequence variation in hemagglutinin genes during human 
infection. We used deep sequencing to assess within-host viral variation in non-vaccinated and vacci-
nated subjects directly from clinical specimens. Displayed are single-nucleotide polymorphisms (SNPs) 
detected in (a) H3N2 and (b) H1N1pdm viruses. Nonsynonymous (circles) and synonymous (squares) 
mutations were called relative to a Vic361 (H3N2) or CA07 (H1N1pdm) vaccine strain reference se-
quence. The x-axis represents the nucleotide position and the y-axis the frequency at which each 
mutation was detected. Above each SNP frequency plot is a cartoon depiction of the linear HA gene with 
shaded functional domains: HA1 (dark grey), HA2 (light grey), and the receptor-binding domain (“RBD”; 
black). Density plots indicate the likelihood for a nonsynonymous (black) or synonymous (grey) SNP to 
occur, regardless of frequency, in a given position across the HA gene.
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Figure 3. Localization of amino acid substitutions identified in this study on the HA structure. Structure of an A/Aichi/2/1968 HA 
trimer (Protein Data Bank accession 5HMG) 66. The three monomers are shown in black and grey with the receptor-binding site in light 
brown and positions previously defined as responsible for antigenic cluster transitions shown in dark brown 14. Mutations detected in 
human subjects infected with H3N2 and H1N1pdm viruses are shown in red. All mutations are shown in H3 numbering. (a) H3N2 
antigenic sites as defined by Wiley et al. 9; antigenic sites A-E are shown in blue, green, magenta, orange and yellow, respectively. (b 
and c) Mutations detected in subjects infected with H3N2 viruses. (d) H1N1 antigenic sites as defined by Caton et al. 10; antigenic sites 
Sa, Sb, Ca1, Ca2 and Cb are shown in blue, green, magenta, orange and yellow, respectively. (e and f) Mutations detected in subjects 
infected with H1N1pdm viruses. Images were created with MacPymol (http:// www.pymol.org/).

Figure 3. Localization of amino acid substitutions identified in this study on the HA structure. 
Structure of an A/Aichi/2/1968 HA trimer (Protein Data Bank accession 5HMG) 66. The three mono-
mers are shown in black and grey with the receptor-binding site in light brown and positions previously 
defined as responsible for antigenic cluster transitions shown in dark brown 14. Mutations detected in 
human subjects infected with H3N2 and H1N1pdm viruses are shown in red. All mutations are shown 
in H3 numbering. (a) H3N2 antigenic sites as defined by Wiley et al. 9; antigenic sites A-E are shown in 
blue, green, magenta, orange and yellow, respectively. (b and c) Mutations detected in subjects infected 
with H3N2 viruses. (d) H1N1 antigenic sites as defined by Caton et al. 10; antigenic sites Sa, Sb, Ca1, 
Ca2 and Cb are shown in blue, green, magenta, orange and yellow, respectively. (e and f) Mutations 
detected in subjects infected with H1N1pdm viruses. Images were created with MacPymol (http:// www.
pymol.org/).
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Conclusions and Future Directions 
Sequence-based genetic characterization of within-host viral diversity is central 

to all the findings presented in my thesis. The within-host spectrum of variant viruses 

reflects a balance between the generation of diversity through mutation and the loss of 

diversity through purifying selection. However capturing the genetic diversity of with-

in-host virus populations requires “deep” genetic resolution to detect variants present 

at low frequencies. Traditional methods used to describe within-host viral diversity 

relied on cloning and Sanger sequencing [33]. Deep sequencing virus populations is a 

more rapid and effective strategy [11,39,162]. Therefore, as part of my graduate work, I 

developed novel methods to investigate viral genetic diversity from bench to the com-

puter. As a result, I developed a novel next-generation sequencing approach for the 

Illumina MiSeq to characterize influenza virus populations from diverse animal and hu-

man samples provided by a talented investigative team. This approach circumvents the 

need for plasmid cloning while simultaneously producing thousands to millions of short 

sequences (reads), allowing the high-throughput screening of entire viral populations at 

unprecedented genetic resolution. Analytically, I took advantage of the large amount of 

sequence data generated in a single “run” to discover low-level single nucleotide poly-

morphisms (SNPs), i.e., genetic mutations relative to an external reference sequence or 

among viruses from the same population. Deep sequence “reads” are used as a rela-

tive measure of virus abundance, and, since each “read” represents a single molecule 

of template DNA, deep sequence data can be used to identify linkage relationships 

among individual SNPs. Our data strongly indicate that that current influenza surveil-

lance methods, based on Sanger sequencing with its estimated SNP detection limit of 

~20% [85], may not provide adequate genetic resolution to assess the true pandem-

ic potential of influenza viruses circulating in nature. Implementing deep sequencing 

approaches in influenza genetic surveillance may provide critical information regarding 

the early emergence of potential troublesome variants currently circulating in nature.
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Emergence of pandemic viruses requires efficient human-to-human transmission 

through direct contact, large droplets, or aerosols [163,164]. In chapter 2, we examined 

impact H5-reassortant influenza virus within-host genetic diversity of H5-reassortant 

influenza virus on host adaptation and transmission in ferrets. We identified a num-

ber of SNPs that changed markedly in frequency during infection of index ferrets with 

the reassortant viruses, suggesting that low-frequency variants with greater in-vivo 

replicative fitness than the consensus sequence can rapidly increase to fixation. Inter-

estingly, we found that transmission did not result in the transfer of a representative 

sample of virus from the index to contact animal. Instead, we found that SNPs were 

either detected at nearly 100% or were almost completely absent following transmis-

sion. Strikingly, a minor variant detected at 5.9% of viruses in an index animal near the 

time of transmission could be found dominating the population replicating shortly after 

transmission in the paired contact animal. Upon additional computational analysis, we 

showed for the first time, that natural selection acting against HA imposed a bottleneck 

during transmission of influenza viruses. Since then, others have begun to focus on the 

ways in which transmission bottlenecks could impact cross-species transmission and 

the onward evolution of influenza viruses. We speculate that transmission bottlenecks 

driven by natural selection may favor the emergence of avian influenza viruses in mam-

mals. Although, not all transmission bottlenecks are driven by natural selection, Varble 

and colleagues showed that mammalian H1N1pdm viruses randomly pass through 

bottlenecks without the influence of natural selection [95]. Together, these experiments 

demonstrate that differences in viral genetics (i.e., partially adapted H5N1 virus vs. 

mammalian pandemic virus) can dramatically affect the relative amount of selectivity 

and stochasticity observed during transmission in mammals. Therefore, it’s conceiv-

able that bottlenecks may be used as signatures of pandemic threat, such that partial-

ly-mammalian adapted or “pre-emerging” strains display selection-driven bottlenecks. 

Ideally, bottlenecks could be used as a new measure of viral pandemic potential are 



143

needed to inform pandemic preventative and control measures.

Bottlenecks could be shaped by physical factors such as inoculum size; site of 

infection; and/or exchange between anatomical sites, and by virological factors, like re-

ceptor binding and polymerase activity, that are encoded by viral genes and subject to 

natural selection. We hypothesize that viral genetics determine the relative contribution 

of stochastic and selective processes on transmission bottlenecks in mammals. More-

over, bottlenecks may therefore have a profound impact on the “onward” evolution of 

influenza viruses in new hosts, and may form a critical barrier to pandemic emergence. 

The factors that influence their stringency are poorly understood. Deep sequencing 

could be used to probe viral quasispecies dynamics to disentangle the relative contri-

bution of physical and virological factors that govern the stringency and composition 

of transmission bottlenecks. For example, mammal-adapted H1N1pdm reporter vi-

ruses can be used as a tool to elucidate the effects of inoculum size, site of infection, 

and viral “mixing” among anatomical sites on the transmission bottleneck. Engineering 

mutant H1N1pdm viruses with “avian-like” genetic motifs in the HA, polymerase com-

plex, or other segments will determine the relative contribution for virological factors 

on transmission bottlenecks. We predict that these experiments will reveal how viral 

phenotypes can directly change the relative extent of stochasticity and/or selectivity 

that occurs during transmission bottlenecks in mammals. Understanding the role of 

transmission bottlenecks on avian influenza virus emergence in humans is critical for 

assessments of viral pandemic potential. 

In chapter 2, we demonstrated that low-frequency influenza viruses are import-

ant for host adaptation and transmission in mammals, demonstrating that minor viral 

variants possess an underappreciated role in viral emergence. In chapter 3, we built 

on our ferret transmission experiments by examining the extent of H5N1 quasispecies 

adaptation in prolonged human infections. We used deep sequencing to characterize 

within-host genetic diversity, and for variants detected in more than 5% of sequences, 
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we generated plasmids and reassortant viruses for in vitro characterization (i.e., recep-

tor-binding specificity, HA protein stability polymerase activity, and interferon antag-

onism). We found that H5N1 quasispecies were genetically diverse, but surprisingly, 

viruses within the quasispecies predominantly retained avian-like phenotypes. Interest-

ingly, we found two low frequency mutations (PA-M90 at 5.1% and PA-E143 at 12.6%) 

that increased polymerase activity in vitro. Despite providing a replicative advantage in 

cell culture, these mutations were rapidly removed from the virus population in humans. 

We provide evidence that the principal evolutionary force shaping H5N1 quasispecies 

in late human infection was purifying selection. Interestingly, the rapid removal of ge-

netic diversity during infection may limit the onward evolution of viruses in nature [118]. 

We posit that avian influenza virus adaptation to humans does not occur via constant 

incremental fitness increases in each infected host (Figure 1; Graphical abstract). In-

stead, once the virus reaches peak titers, positive selection may not be capable of 

outcompeting the existing avian consensus in a host and multiple transmission bottle-

necks may be needed to reshape quasispecies composition and allow for adaptation.

Understanding the processes by which influenza viruses acquire new protein 

functions is important for public health. However, how to study influenza protein func-

tion, especially using experiments that generate viruses with enhanced pathogenicity 

and transmissibility in mammals, is fiercely debated [165,166]. In brief, research that 

improves the ability of a pathogen to cause disease is termed “gain-of-function” (GOF); 

for example, generating avian H5N1 viruses capable of mammalian transmissibility 

[47,65]. Due to the inherent biosafety and biosecurity risks, the United States gov-

ernment has instituted a mandatory moratorium on GOF studies for influenza, SARS, 

and MERS viruses (https://www.whitehouse.gov/blog/2014/10/17/doing-diligence-as-

sess-risks-and-benefits-life-sciences-gain-function-research). Alternative experimental 

approaches have been proposed: mathematical modeling, in vitro studies using individ-

ual viral proteins, sequence database comparisons between avian and mammalian iso-
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lates [167]. But, as I described in chapter 2 and 3, the mechanistic processes in which 

avian viruses acquire new biological functions is critical for understanding how influ-

enza viruses emerge in nature. Assessing the role of minor variants during host adap-

tation could provide critical information about the ease with which circulating isolates 

adapt in and transmit between mammals and further elucidating the role of bottlenecks 

in viral emergence. Based on my work presented in this thesis, the next logical step is 

to serially passage avian influenza quasispecies with differing predicted phenotypes in 

ferrets. However, as the moratorium currently exists, these needed experiments cannot 

be performed. Uniquely, my past research experiences in GOF and “alternative” stud-

ies have shaped my opinion on GOF studies in three ways: (1) direct ferret inoculation 

with avian influenza viruses is the only biologically relevant way to study mammalian 

adaptation and other “alternative” approaches are only indirect measures with little 

biological relevance, (2) GOF studies are not without risks, and (3) to minimize the risk 

of accidental release, experiments should be performed in BSL-4 laboratories and 

all samples containing infectious virus should be inactivated at the end of the study. 

Overall, the mandatory moratorium of GOF experiments has forced a debate regarding 

the potential risk and benefits of GOF experiments. This debate needs to be resolved 

quickly because avian influenza viruses continue to evolve in nature, potentially closer 

to a transmissible phenotype, but our ability to directly study biological mechanisms 

that give rise to influenza pandemics remains in pause.

Finally, in chapter 4 we used deep sequencing to characterize between- and 

within-host HA segment diversity in a cohort of patients that included individuals who 

were vaccinated and then infected in the same season. Influenza between- and with-

in-host genetic diversity was not significantly different in non-vaccinated and vacci-

nated humans, suggesting that vaccine-induced immunity does not exert a strong 

selective pressure on viruses replicating in individual people. Our results are consistent 

with a past report showing that prior immunity had little effect on the level and structure 
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of genetic diversity of influenza viruses infecting vaccinated horses and that purifying 

selection is dominant within individual hosts [154]. We found low frequency mutations, 

below the detection threshold of traditional surveillance methods, in non-vaccinated 

and vaccinated humans that were recently found to confer antibody escape. Interest-

ingly, these potential antigenic variants did not reach fixation in infection, suggesting 

that other evolutionary factors may be hindering their emergence in individual humans. 

Determining the capacity of our putative escape variants to avoid antibody detection 

in vitro and in vivo is critical to understand how antigenic variants emerge in individual 

hosts. Our preliminary data identified 19 nonsynonymous (amino-acid-changing) sub-

stitutions occurring in HA putative antigenic sites and the receptor-binding domain in 

patients infected with H1N1pdm. Assessing whether these genetic variants encode 

phenotypic changes in antigenicity will be performed by hemagglutination-inhibition 

(HI) assays with ferret reference sera. Variant viruses that exhibit a phenotypic differ-

ence in antigenicity, defined by a ≥4-fold decrease in HI antibody titer with respect to 

the reference strain A/California/07/2009 (CA07), should be then evaluated for their 

capacity to grow in the presence of neutralizing antibodies from ferret reference sera 

and sera from vaccinated humans using plaque reduction assays. Antigenic variants 

that escape antibody responses without incurring a fitness cost should rapidly outcom-

pete wild type viruses. We will compare the replicative fitness of variant and wild type 

viruses using competition assays in MDCK cell culture. Previously, mutations that alter 

HA antigenicity were found to cause a strong fitness cost that requires compensatory 

mutations to restore viral replicative capacity [155]. Therefore, we hypothesize that an-

tigenic variants may require additional compensatory mutations to restore viral replica-

tive fitness in humans. Importantly, these compensatory mutations must be acquired 

before the antigenic variant is purified from the virus population by natural selection. 

Determining the evolutionary processes that hinder the emergence of antigenic variants 

in humans may provide valuable insights on the molecular mechanisms that lead to 
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influenza re-emergence. 

Through the completion of my graduate studies, I developed new experimental 

and analytical methodologies to rapidly characterize influenza quasispecies diversity 

directly from infected hosts. With strong collaborative research teams, I’ve adapted 

these sequence-based approaches to understand how other RNA viruses and par-

asites evolve in mammals; my minor contributions to published manuscripts not de-

scribed as part of this thesis are outlined in Chapter 6, “Contributions to coauthored 

manuscripts.” My thesis work uncovered underappreciated aspects influenza biology. 

Specifically, we were the first to describe influenza transmission bottlenecks and show 

that low-frequency variants can rapidly increase in frequency during acute infection to 

enhance viral replicative fitness. Building on our initial animal studies, we characterized 

H5N1 influenza viruses from human infections and detected viral variants with en-

hanced replicative capacity; interestingly, these variants did not increase in frequency 

during human infection or, at least to our knowledge, transmit between humans. There-

fore, the generation of worrisome viruses in natures does not guarantee emergence, 

and other evolutionary processes may be hindering the emergence of pandemic virus-

es. Finally, this thesis serves as an early building block to better understand how with-

in-host viral genetic diversity contributes to emergence and re-emergence of influenza 

viruses in nature. 
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Figure 1. Conceptual overview. Influenza transmission bottlenecks are affected by both selection and 
stochastic factors that limit genetic diversity in recipient hosts. We predict that random processes dom-
inate bottlenecks, but as avian influenza viruses evolve toward a “mammalian-like” phenotype, natural 
selection may favor the transmission of potentially pandemic viruses. Therefore, the type and stringency 
of transmission bottlenecks may impact influenza evolution and pandemic emergence.
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Journal of Virology, 88 (21) 12572-85, 2014 November.

Abstract: The recent identification of highly divergent influenza A viruses in bats re-
vealed a new, geographically dispersed viral reservoir. To investigate the molecular 
mechanisms of host-restricted viral tropism and the potential for transmission of virus-
es between humans and bats, we exposed a panel of cell lines from bats of diverse 
species to a prototypical human-origin influenza A virus. All of the tested bat cell lines 
were susceptible to influenza A virus infection. Experimental evolution of human and 
avian-like viruses in bat cells resulted in efficient replication and created highly cyto-
pathic variants. Deep sequencing of adapted human influenza A virus revealed a muta-
tion in the PA polymerase subunit not previously described, M285K. Recombinant virus 
with the PA M285K mutation completely phenocopied the adapted virus. Adaptation of 
an avian virus-like virus resulted in the canonical PB2 E627K mutation that is required 
for efficient replication in other mammals. None of the adaptive mutations occurred in 
the gene for viral hemagglutinin, a gene that frequently acquires changes to recognize 
host-specific variations in sialic acid receptors. We showed that human influenza A 
virus uses canonical sialic acid receptors to infect bat cells, even though bat influenza 
A viruses do not appear to use these receptors for virus entry. Our results demonstrate 
that bats are unique hosts that select for both a novel mutation and a well-known 
adaptive mutation in the viral polymerase to support replication.

Key contributions: In this study, I applied deep sequencing to characterize human 
and avian-like viruses that were serially passaged in bat cells. My analysis of “deep” 
sequences revealed mutations that markedly changed in frequency during passage. Dr. 
Mehle’s group functionally characterized individual mutations and found that changes 
in human and avian polymerase complexes were required for efficient replication in bat 
cells.
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High Genetic Diversity and Adaptive Potential of Two Simian Hemor-
rhagic Fever Viruses in a Wild Primate Population.

Adam L. Bailey,1,2 Michael Lauck,1,2 Andrea Weiler,2,3 Samuel D. Sibley,2,3 Jorge M. Di-
nis,3 Zachary Bergman,2,3 Chase W. Nelson,4 Michael Correll,5 Michael Gleicher,5 David 
Hyeroba,6 Alex Tumukunde,6 Geoffrey Weny,6 Colin Chapman,6,7 Jens H. Kuhn,8 Austin 
L. Hughes,4 Thomas C. Friedrich,2,3 Tony L. Goldberg,2,3 and David H. O’Connor1,2

1Department of Pathology and Laboratory Medicine, University of Wisconsin–Madison, Madison, Wis-
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Madison, Wisconsin, United States of America. 4Department of Biological Sciences, University of South 
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PLoS ONE, 9(3) e90714, February  2014.

Abstract: Key biological properties such as high genetic diversity and high evolution-
ary rate enhance the potential of certain RNA viruses to adapt and emerge. Identifying 
viruses with these properties in their natural hosts could dramatically improve disease 
forecasting and surveillance. Recently, we discovered two novel members of the viral 
family Arteriviridae: simian hemorrhagic fever virus (SHFV)-krc1 and SHFV-krc2, infect-
ing a single wild red colobus (Procolobus rufomitratus tephrosceles) in Kibale National 
Park, Uganda. Nearly nothing is known about the biological properties of SHFVs in 
nature, although the SHFV type strain, SHFV-LVR, has caused devastating outbreaks of 
viral hemorrhagic fever in captive macaques. Here we detected SHFV-krc1 and SHFV-
krc2 in 40% and 47% of 60 wild red colobus tested, respectively. We found viral loads 
in excess of 106–107 RNA copies per milliliter of blood plasma for each of these virus-
es. SHFV-krc1 and SHFV-krc2 also showed high genetic diversity at both the inter- and 
intra-host levels. Analyses of synonymous and non-synonymous nucleotide diversity 
across viral genomes revealed patterns suggestive of positive selection in SHFV open 
reading frames (ORF) 5 (SHFV-krc2 only) and 7 (SHFV-krc1 and SHFV-krc2). Thus, 
these viruses share several important properties with some of the most rapidly evolv-
ing, emergent RNA viruses.

Key contributions: I computed and analyzed within-host genetic diversity from 
non-human primates infected with Simian Hemorrhagic Fever Viruses (SHFV). My con-
tribution helped reveal that SHFV are highly diverse within individual primates and we 
speculate that this diversity may facilitate future cross-species transmission events.
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A Novel Nonhuman Primate Model for Influenza Transmission.

Louise H. Moncla,1,2,3 Ted M. Ross,4 Jorge M. Dinis,1,2,3 Jason T. Weinfurter,1,2 Tatum D. 
Mortimer,1,2,3 Nancy Schultz-Darken,2 Kevin Brunner,2 Saverio V. Capuano, III,2 Carissa 
Boettcher,2 Jennifer Post,2 Michael Johnson,2 Chalise E. Bloom,5 Andrea M. Weiler,2 and 
Thomas C. Friedrich1,2,3

1Department of Pathobiological Sciences, University of Wisconsin School of Veterinary Medicine, Mad-
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Abstract: Studies of influenza transmission are necessary to predict the pandemic 
potential of emerging influenza viruses. Currently, both ferrets and guinea pigs are used 
in such studies, but these species are distantly related to humans. Nonhuman pri-
mates (NHP) share a close phylogenetic relationship with humans and may provide an 
enhanced means to model the virological and immunological events in influenza virus 
transmission. Here, for the first time, it was demonstrated that a human influenza virus 
isolate can productively infect and be transmitted between common marmosets (Cal-
lithrix jacchus), a New World monkey species. We inoculated four marmosets with the 
2009 pandemic virus A/California/07/2009 (H1N1pdm) and housed each together with 
a naïve cage mate. We collected bronchoalveolar lavage and nasal wash samples from 
all animals at regular intervals for three weeks post-inoculation to track virus replication 
and sequence evolution. The unadapted 2009 H1N1pdm virus replicated to high titers 
in all four index animals by 1 day post-infection. Infected animals seroconverted and 
presented human-like symptoms including sneezing, nasal discharge, labored breath-
ing, and lung damage. Transmission occurred in one cohabitating pair. Deep sequenc-
ing detected relatively few genetic changes in H1N1pdm viruses replicating in any 
infected animal. Together our data suggest that human H1N1pdm viruses require little 
adaptation to replicate and cause disease in marmosets, and that these viruses can be 
transmitted between animals. Marmosets may therefore be a viable model for studying 
influenza virus transmission.

Key contributions: I optimized my deep sequencing approach to characterize in-
fluenza viruses from non-human primate respiratory samples (i.e., nasal swabs and 
bronchiolar lavages). With this improved protocol, I genetically characterized influenza 
quasispecies during infection and after transmission in marmosets. I wrote R scripts 
to identify signatures of natural selection and found that this human H1N1pdm isolate 
required little adaptation for replication in marmosets.
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Deep sequencing identifies two genotypes and high viral genetic di-
versity of human pegivirus (GB virus C) in rural Ugandan patients.

Ria R. Ghai,1 Samuel D. Sibley,2 Michael Lauck,3 Jorge M. Dinis,2 Adam L. Bailey,3 Colin 
A. Chapman,4 Patrick Omeja,5 Thomas C. Friedrich,2,6 David H. O’Connor,3,7 and Tony L. 
Goldberg2,5,6
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University Biological Field Station, Fort Portal, Uganda. 6Wisconsin National Primate Research Center, 
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Journal of General Virology, 94(12) 2670-2678, Sepember 2013.

Abstract: Human pegivirus (HPgV), formerly ‘GB virus C’ or ‘hepatitis G virus’, is a 
member of the genus Flavivirus (Flaviviridae) that has garnered significant attention due 
to its inhibition of HIV, including slowing disease progression and prolonging survival 
in HIV-infected patients. Currently, there are six proposed HPgV genotypes that have 
roughly distinct geographical distributions. Genotypes 2 and 3 are the most compre-
hensively characterized, whereas those genotypes occurring on the African continent, 
where HPgV prevalence is highest, are less well studied. Using deep sequencing meth-
ods, we identified complete coding HPgV sequences in four of 28 patients (14.3%) in 
rural Uganda, east Africa. One of these sequences corresponds to genotype 1 and is 
the first complete genome of this genotype from east Africa. The remaining three se-
quences correspond to genotype 5, a genotype that was previously considered ex-
clusively South African. All four positive samples were collected within a geographical 
area of less than 25 km(2), showing that multiple HPgV genotypes co-circulate in this 
area. Analysis of intra-host viral genetic diversity revealed that total single-nucleotide 
polymorphism frequency was approximately tenfold lower in HPgV than in hepatitis C 
virus. Finally, one patient was co-infected with HPgV and HIV, which, in combination 
with the high prevalence of HIV, suggests that this region would be a useful locale to 
study the interactions and co-evolution of these viruses.

Key contribution: I was responsible for computing estimates of pegiviruses with-
in-host genetic diversity from Ugandan patients.
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tis lineages in a wild African primate community.
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Abstract: Hemoparasites of the apicomplexan family Plasmodiidae include the etio-
logical agents of malaria, as well as a suite of non-human primate parasites from which 
the human malaria agents evolved. Despite the significance of these parasites for 
global health, little information is available about their ecology in multi-host communi-
ties. Primates were investigated in Kibale National Park, Uganda, where ecological rela-
tionships among host species are well characterized. Blood samples were examined 
for parasites of the genera Plasmodium and Hepatocystis using microscopy and PCR 
targeting the parasite mitochondrial cytochrome b gene, followed by Sanger sequenc-
ing. To assess co-infection, “deep sequencing” of a variable region within cytochrome 
b was performed. Out of nine black-and-white colobus (Colobus guereza), one blue 
guenon (Cercopithecus mitis), five grey-cheeked mangabeys (Lophocebus albigena), 
23 olive baboons (Papio anubis), 52 red colobus (Procolobus rufomitratus) and 12 red-
tailed guenons (Cercopithecus ascanius), 79 infections (77.5%) were found, all of which 
were Hepatocystis spp. Sanger sequencing revealed 25 different parasite haplotypes 
that sorted phylogenetically into six species-specific but morphologically similar lineag-
es. “Deep sequencing” revealed mixed-lineage co-infections in baboons and red colo-
bus (41.7% and 64.7% of individuals, respectively) but not in other host species. One 
lineage infecting red colobus also infected baboons, but always as the minor variant, 
suggesting directional cross-species transmission. Hepatocystis parasites in this pri-
mate community are a diverse assemblage of cryptic lineages, some of which co-infect 
hosts and at least one of which can cross primate species barriers.

Key contribution: My role in this collaboration was to optimize de novo assembly and 
reference-based mappings to identify parasitic co-infections. My contribution helped 
identify parasitic co-infections in wild African primates.
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