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We studied the sub-population level evolution of a duck influenza A virus isolate during passage in swine
tracheal cells. The complete genomes of the A/mallard/Netherlands/10-Nmkt/1999 strain and its swine
cell-passaged descendent were analysed by 454 pyrosequencing with coverage depth ranging from sev-
eral hundred to several thousand reads at any point. This allowed characterization of defined minority
sub-populations of gene segments 2, 3, 4, 5, 7, and 8 present in the original isolate. These minority
sub-populations ranged between 9.5% (for segment 2) and 46% (for segment 4) of their respective gene
segments in the parental stock. They were likely contributed by one or more viruses circulating within
the same area, at the same period and in the same or a sympatric host species. The minority sub-popu-
lations of segments 3, 4, and 5 became extinct upon viral passage in swine cells, whereas the minority
sub-populations of segments 2, 7 and 8 completely replaced their majority counterparts. The swine
cell-passaged virus was therefore a three-segment reassortant and also harboured point mutations in
segments 3 and 4. The passaged virus was more homogenous than the parental stock, with only 17
minority single nucleotide polymorphisms present above 5% frequency across the whole genome. Though
limited here to one sample, this deep sequencing approach highlights the evolutionary versatility of influ-
enza viruses whereby they exploit their genetic diversity, predilection for mixed infection and reassort-
ment to adapt to a new host environmental niche.
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1. Introduction

The genome of influenza A viruses consists of eight negative-
sense single stranded RNA segments (Palese, 1977). The viral
RNA polymerase lacks proofreading function, and error rates of
9 x 1078 to over 7 x 10~> mutation per nucleotide per RNA replica-
tion cycle have been proposed (Drake, 1993; Suarez-Lépez and
Ortin, 1994; Drake and Holland, 1999; Sanjuan et al., 2010). Influ-
enza viruses also evolve through genetic reassortment, a highly
efficient form of modular recombination. Distinct viruses, infecting

Abbreviations: a.f.t., allele frequency threshold; bp, base pairs; dNTP, deoxyri-
bonucleotides triphosphate; EMEM, Eagle’s Minimum Essential Medium; FCS, fcetal
calf serum; LB, Luria-Bertani; MID, multiplex identifier sequence; NPTr, Newborn
Pig Trachea; SD, standard deviation; SNP, single nucleotide polymorphism.
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the same cell, can exchange gene segments giving rise to progeny
with new gene combinations. The high mutation rate of the viral
RNA polymerase together with segment exchange make influenza
a rapidly evolving and highly adaptable virus considered to exist
naturally within individual hosts as swarms of many variant
viruses that closely conform to the population consensus sequence
(e.g. Igbal et al., 2009; Murcia et al., 2010, 2012; Croville et al.,
2012).

Wild aquatic birds are considered to be the primary natural res-
ervoir for influenza A viruses (Hinshaw et al., 1982 and references
therein; reviewed in Webster et al., 1992; Alexander, 2000; Horim-
oto and Kawaoka, 2001). Some viruses can be transmitted from
aquatic birds to mammals including humans, pigs, horses, sea
mammals, ferrets and mink (reviewed in Forrest and Webster,
2010) where they may adapt to become established in such new
host species. Influenza infections can have serious consequences
in these spill-over hosts, including substantial mortality. Notably,
influenza is among the primary respiratory pathogens in humans
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(reviewed in WHO, 2009) and swine (reviewed in Kuntz-Simon
et al., 2010). Further, swine has been suspected to act as an inter-
mediate host for adaptation of avian influenza strains to humans,
and potentially enable reassortment between strains of avian and
human origins (Scholtissek et al., 1985; Castrucci et al., 1993; re-
viewed in Horimoto and Kawaoka, 2005). Avian influenza evolu-
tion in swine is therefore a topic of prominent interest in
influenza epidemiology.

The 454 pyrosequencing approach has the power to study
minority variants and mixed infections in field-derived influenza
samples (Ramakrishnan et al., 2009), and is a method of choice
for reconstruction of full-length viral sub-population haplotypes
(Zagordi et al., 2012). Here we extended this approach to a deep,
whole-genome analysis of the genetic evolution of a duck influenza
strain in swine tracheal cells at the sub-population level.

2. Materials and methods
2.1. Passaging in swine cells

A/mallard/Netherlands/10-Nmkt/1999 (mixed subtype H1N1
and H11N1, ¢f. infra) is a low pathogenicity avian influenza virus
stock (hereafter referred to as “Wt”) which has undergone rela-
tively little passage since field isolation (a total of three amplifica-
tion rounds in embryonated hen’s eggs). This virus stock was then
serially passaged in the Newborn Pig Trachea (NPTr) cell line (Fer-
rari et al., 2003). Passaging was done at 37 °C, 5% CO- in 25 cm?
flasks seeded with 2 x 10° cells in Eagle’s Minimum Essential Med-
ium (EMEM) supplemented with penicillin (100 U/mL), streptomy-
cin (50 pg/mL), amphotericin (2.6 pg/mL), L-glutamine (10 mM),
1x non-essential amino acids, and 10% (v/v) feetal calf serum
(FCS). On the next day, cells were washed with phosphate-buffered
saline and infected with 1 mL of inoculum consisting of 2.4 x 10*
viral genome copies diluted in EMEM supplemented with 0.3%
(w/v) bovine serum albumin instead of FCS and 0.25 pg/mL trypsin
(Worthington). This inoculum was equivalent to 50 plaque forming
units on Madin-Darby Canine Kidney cells. After one hour, an addi-
tional 4 mL of the same medium was added to the culture and the
virus was left to propagate for 2 days. Fresh cells seeded the day
before were then infected with a 1in 2.5 x 10* dilution of the viral
yield from the previous passage (corresponding to 3.8 x 10° —
5.0 x 106 viral genome copies). The procedure was repeated 10
consecutive times. The resulting viral stock, harvested from the
10" passage, is referred to as “Ad”.

2.2. Sanger sequencing

2.2.1. Amplification of full-length influenza segments

The QiaAmp Viral Mini Kit (Qiagen) was used for RNA extraction
from allantoic fluid and cell culture supernatant according to man-
ufacturer’s instructions. Reverse transcription of viral RNA into
cDNA was carried out using Fermentas RevertAid Premium reverse
transcriptase as per manufacturer’s instructions, with a primer tar-
geted at the 3’ 12-nucleotide conserved region of the eight vVRNA
segments. To accommodate the known variation at position 4 of
the 3’ end of VRNA, the corresponding base in the primer was A
or G (denoted R) (primer VRNART: AGCRAAAGCAGG).

Polymerase chain reactions were carried out using Platinum Pfx
DNA polymerase (Invitrogen) in 50 pL reactions each containing
1x Pfx Amplification Buffer, 0.3 mM dNTP, 0.9 mM MgSO,,
1.25 units of Pfx DNA polymerase, 300 nM forward and reverse
primers (detailed in Supplementary Table S1) and 1 pL of template
c¢DNA. Cycling consisted of an initial enzyme activation step at
94 °C for 5 min, followed by 35 cycles of denaturation at 94 °C
for 155, annealing for 30s, and extension at 68 °C. Optimised

annealing temperatures and extension times depended on the seg-
ment and are detailed in Table S1. For the polymerase genes, a
“touchdown” programme was used where the annealing tempera-
ture decreased by 1 °C every cycle for the first 12 cycles and then
was maintained over the remaining cycles.

The Wt stock was found to be a mixture containing different
haemagglutinin (HA) subtypes. For segment 4 of this virus, we
therefore used a primer pair targeted only at the 3’ and 5’ regions
conserved between all known HA subtypes (i.e., non subtype-spe-
cific). This allowed amplification of all haemagglutinins present
in the sample. In order to amplify only H1 haemagglutinins out
of the mixture, we then used a pair of primers extending into the
H1 subtype-specific region of the gene. These different HA primer
pairs are detailed in Table S1.

2.2.2. PCR products purification

Amplification products were run on a 1% agarose gel in Tris-
Borate-EDTA. Amplification conditions were optimised to achieve
single specific amplification products that were then purified using
the QIAquick PCR Purification Kit (Qiagen). Where multiple prod-
ucts could not be avoided, the target band was excised from the
gel and purified using the GeneJET Gel Extraction Kit (Fermentas).
Concentration and purity of amplified DNA was assessed by Nano-
Drop (Thermo Scientific).

2.2.3. Sequencing

We first carried out direct Sanger sequencing of PCR products,
allowing determination of the consensus sequence and giving an
opportunity to detect some minority alleles as secondary peaks
on sequence chromatograms. Purified PCR products were diluted
to the appropriate concentration and sent for sequencing to an
external company (GeneService) using internal plus-sense
sequencing primers detailed in Supplementary Table S2. Sequenc-
ing of the 5 end of full-length genes was achieved by using one
anti-sense primer for each segment.

To sequence the H1 population amplified using specific primers
(Table S1), we used the H1 sequencing primers detailed in Table S2.
To sequence the H11 population, we selected H11 clones based on
restriction profiles, and then sequenced them using two H11 inter-
nal primers and two primers targeted at promoters from the clon-
ing vector flanking the HA sequence.

Sequence contig assembly, translation and alignments were
carried out using a web interface to the European Molecular Biol-
ogy Open Software Suite (EMBOSS, Rice et al., 2000). These Sanger
sequences were deposited in GenBank under accession numbers
KC209503-KC209519.

2.2.4. Molecular cloning

Cloning was carried out in the RF483 plasmid, known as pDual,
which was modified in Prof. Fouchier’s laboratory (Erasmus Medi-
cal Centre, Rotterdam) from the pHW2000 plasmid (Hoffmann
et al., 2000). This plasmid bears a resistance gene to ampicillin
and a cassette comprising two BsmBI cloning sites to receive the
viral cDNA. The plasmid was digested twice sequentially using
BsmBI (New England Biolabs) in a 100 pL reaction in water con-
taining 10 pL of a 10x buffer, 4 pg of plasmid, and 20 units of en-
zyme. The reaction was covered with mineral oil and incubated at
55 °C for 3 h. The plasmid was then purified and eluted using the
QIAquick PCR Purification Kit (Qiagen) before the process was re-
peated. The viral segments amplified with the Bsalseg4 primers
(Supplementary Table S1) were digested once using a similar pro-
tocol with Bsal (New England Biolabs), adjusting the buffer and
reaction temperature as per manufacturer’s instruction. Cut seg-
ments were purified using the QIAquick PCR Purification Kit. The
overhangs were directionally compatible with the BsmBI sites of
RF483. Ligations were done in 10 pL reactions with 50 ng of
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plasmid, three times as much insert as plasmid in molar ratio, 2 pL
of 5x ligase buffer, 5 units of ligase T4 (Invitrogen), and water up to
10 pL, and incubated at room temperature for 1 h. Ligation prod-
ucts were transformed into DH5o competent cells (Invitrogen) as
per manufacturer’s instructions with the following modification:
heat shock was 37°C for 30s, and grown on ampicillin agar
Luria-Bertani medium (LB). After an overnight incubation of the
plates at 37 °C, a 3 mL liquid LB broth culture with 100 pg/mL of
ampicillin was inoculated with a single colony and incubated over-
night at 37 °C with a 225 rotation per minute agitation. The plas-
mids were then purified using the QIAprep Spin Miniprep Kit
(Qiagen) as per manufacturer’s instructions.

2.3. Pyrosequencing

2.3.1. Laboratory protocols

For pyrosequencing analyses, the complete genomes of the Wt
and Ad samples were amplified and purified from the liquid sam-
ples (allantoic fluid or cell culture supernatant for Wt and Ad,
respectively) following the same protocol as in Croville et al.
(2012). This allowed purification of sufficient quantities of each
segment from each virus.

The purified PCR products were then quantified using Quant-iT
PicoGreen kit (Molecular Probes). Two libraries were generated,
corresponding to the Wt and the Ad virus respectively and each
containing 500 ng DNA comprising the eight influenza gene seg-
ments. Libraries were fragmented and prepared using the GS
DNA Rapid Library Preparation Kit (Roche) according to manufac-
turer’s recommendations. Each DNA pool was ligated to an adapter
containing a multiplex identifier sequence for emulsion PCR and
sequencing. Final libraries were quantified using the SlingShot™
kit with the Fluidigm® Digital Array for sample quantification fol-
lowing manufacturer’s instructions. Pyrosequencing using the
454/Roche GS FLX Titanium chemistry was carried out with the
GS Titanium SV emulsion PCR kit and sequencing kit according to
manufacturer’s instructions. Each sample was sequenced on a sep-
arate region of an 8-region Picotiterplate.

2.3.2. Bioinformatic analysis

Sequences were first demultiplexed using Roche’s tool SFF file
without allowing any error per MID. Reads were then filtered using
Pyrocleaner (Mariette et al., 2011) considering different criteria
such as length (with reads shorter or longer than mean read length
+2 standard deviations being discarded). Reads were also filtered
based on their complexity which is computed using the com-
pressed string length (library zip) on several sub-sequences gener-
ated using a sliding window approach. The pyrocleaner script
removed sequences for which all base pairs had a Phred quality va-

lue under 20, or if the rate of undetermined bases was higher than
4% (which has been correlated with poor quality).

The remaining sequences were next aligned on the reference se-
quences obtained from Sanger sequencing using the Burrows-
Wheeler Alignment package (BWA; Li and Durbin, 2009), and
nucleotide polymorphisms were then identified using the SAM-
tools software package (Li et al., 2009).

Gene by gene analysis of pyrosequencing alignments was car-
ried out using the Integrative Genomics Viewer (IGV) graphic
interface (Robinson et al., 2011). Searches into an online database
for sequences most similar to a given query sequence were done
using the Basic Local Alignment Search Tool (BLAST; Altschul
et al., 1990).

3. Results

The A/mallard/Netherlands/10-Nmkt/1999 low pathogenicity
avian influenza virus stock (referred to as “Wt”) was serially pas-
saged in the Newborn Pig Trachea (NPTr) cell line (Ferrari et al.,
2003). The descendent virus is referred to as Ad. The Wt and Ad
stocks were first analysed by direct Sanger sequencing, allowing
determination of the consensus sequence for the various segments.
This technique can also allow, to some extent, qualitative detection
of minority alleles in a sample. The Wt and Ad viruses were then
pyrosequenced using the 454 technique (Roche). Because it se-
quences individual nucleic acid molecules from the population,
this technique has the advantages of allowing detection of minor-
ity sub-populations, quantitative estimates of their respective fre-
quencies, and detection of polymorphism associations at the
molecular level.

3.1. Sanger sequences analysis

At the consensus level, no difference was detected between the
Wt and the Ad viruses on segments 1 (PB2), 5 (NP) and 6 (NA).

On segment 2, 114 nucleotide differences resulted in 7 amino
acid differences on the PB1 protein and 11 amino acid differences
on the PB1-F2 protein. On segment 3 (PA), one synonymous nucle-
otide difference was detected. On segment 4 (HA), which originally
contained a mixture of an H1 and H11 alleles, the H11 allele was
lost and two non-synonymous differences appeared on the H1 al-
lele. On segment 7 (M), 32 nucleotide differences were detected,
resulting in no amino acid difference in M1 or M2 but 2 amino acid
differences on M42 (Wise et al,, 2012). On segment 8 (NS), 35
nucleotide differences were detected, resulting in 2 amino acid dif-
ferences on NS1 and one amino acid difference on NS2.

In the case of segments 2, 7 and 8, precursors to the Ad virus’
alleles were detected in the Wt virus population due to secondary

>

Fig. 1. Section of a chromatogram from the Wt virus’ segment 2 illustrating detection of secondary peaks by direct Sanger sequencing (positions 394, 403, 409 and 424 of this

read).
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peaks on chromatograms (Fig. 1). This suggested that, for those
genes, the alleles that went on to define the Ad population pre-ex-
isted as minority alleles in the Wt population and became domi-
nant upon passage in swine cells. By contrast, chromatograms
from the Ad virus indicated the virus diversity had decreased as
a result of the selection protocol.

These results raised a number of quantitative and qualitative
questions: at what proportion were the Ad virus’ segments 2, 7,
and 8 already present in the Wt stock? Did these segments mutate
as well as undergoing reassortment? Were the point mutations on
segments 3 and 4 characteristic of Ad present at a low level in the
Wt population, or did they appear de novo? Is Ad a completely pure
population, or are there sub-populations undetected by Sanger
sequencing? Notably, has the H11 allele disappeared completely?
What is the variability, if any, within Wt’'s segments 1, 5, 6? In-
sights into these and other issues were provided by 454 pyrose-
quencing of the complete wild type and adapted viruses.

3.2. Pyrosequencing results overview

For the Wt virus, 52,346 reads were obtained for a total of
21,613,370 base pairs (bp) (average read length: 412.9 bp). This re-
sulted in an average depth of 1589 reads (noted 1589 x ) at each po-
sition. For the Ad virus, 93,905 reads were obtained for a total of
39,033,643 bp (average read length: 415.7 bp). This resulted in
an average depth of 2868 x at each position.

Fig. 2 sums up the coverage and variability at the 5% allele fre-
quency threshold (a.f.t.) for each gene of both viruses. The coverage
depth varied from several hundred to several thousand reads at
any position, with, as a general trend, the extremities of the genes
(especially towards the 3’ end of the cDNA sequences) tending to
be read more often than the central parts.

There was substantial polymorphism at the 5% a.f.t. within Wt’s
segments 2, 3, 4 (with the H1 and H11 alleles present in nearly
equal proportions), 5, 7 and 8, with numerous positions showing
polymorphism within each of these genes. By contrast, Wt's seg-
ments 1 and 6, and all of Ad’s segments, showed very few polymor-
phic positions at this threshold. Overall, Ad was a much purer
population than Wt, with only 17 minority SNP present at or above
5% across the whole genome.

3.3. Reassortment of defined minority populations of gene segments
initially present within virus Wt

3.3.1. Precursors for Ad’s gene segments 2, 7 and 8 within Wt

At every position differing between the respective consensus of
Wt and Ad for segments 2, 7 and 8, a precursor for Ad’s allele ex-
isted within Wt. These precursors were present in Wt at an average
frequency of 9.5% (+1.1% standard deviation, SD) in segment 2, 28%
(+4.8% SD) in segment 7, and 17% (+2.8% SD) in segment 8. These
relatively homogeneous frequencies within each Wt gene, re-
flected by low to moderate SD values, suggested that these Ad al-
leles could tend to be borne by the same RNA molecules within
the Wt pool. This was confirmed by visual inspection of individual
reads: the minority alleles from Wt which became dominant in Ad
tended to be present on the same reads (which originated from the
same VRNA molecules), as exemplified for segment 2 on Fig. 3.
However, the frequency differences between segments (9.5% vs
28% vs 17%) suggest that each was present in the population at a
different level and they were already undergoing reassortment in
the original mix and not simply present as a sub-population of a
single co-infecting virus. This is also evident with sub-populations
of segments 3, 4 and 5 (see below) constituting 14-46% of their
respective total.

The SNP within Wt’s segments 2, 7 and 8 that were lost upon
passaging (i.e. that are absent from Ad) were generally located on

different reads to the ones bearing the minority alleles that became
dominant in Ad (see for instance the minority adenine indicated by
an arrow towards the left of Fig. 3).

There were exceptions to this general pattern with some indi-
vidual sequence reads bearing some, but not all polymorphisms
characteristic of virus Ad (see for instance one lone T residue indi-
cated by an arrowhead towards the right of Fig. 3). While the fre-
quencies of Ad’s alleles in the Wt stock along the various positions
of the PB1 gene segment were very homogeneous (Fig. 4, top),
more heterogeneity was observed in the cases of the M and NS
gene segments (Fig. 4, bottom). Deviations from a flat line
suggested that recombination events may have occurred within
the Wt population between consensus and minority segments
upon co-infection of single cells, prior to passaging in swine cells.
This interpretation however needs to be balanced in the view of
possible PCR artefacts resulting in chimeric segments (see
Discussion).

Deep sequencing showed that the majority segments from Wt
that were absent from the consensus sequence of Ad had their fre-
quency reduced to less than 0.1% on average in Ad, whose seg-
ments 2, 7 and 8 were generally very pure. In segment 2, no
minority allele attained 10% in frequency and 15 minority alleles
were present at or above 1%. In segment 7, one minority allele ex-
ceeded 10% (21%) and 8 minority alleles were present at or above
1%. In segment 8, one minority allele exceeded 10% (18%) and five
minority alleles were present at or above 1%.

3.3.2. Suppression of strong, defined minority populations from the Wt
mix upon evolution

Segment 3. Wt's segment 3 showed 66 positions along the gene
where a minority allele was present at a frequency comprised be-
tween 30% and 50%. As with segments 2, 7 and 8, these minority
polymorphisms tended to be present on the same reads. However,
opposite to what happened in segments 2, 7, and 8, this strong
minority population was selected out and almost completely dis-
appeared in Ad.

Segment 4. The average coverage depth for the H1 allele in Wt
was 796x, while the average coverage depth for the H11 allele
was 682x. This suggested proportions of approximately 54% for
H1 and 46% for H11 in this virus. The H11 allele however went
on to be completely undetected in Ad. Its complete absence sug-
gests that this segment was strongly selected against in the swine
cells.

Segment 5. At the 10% a.f.t., there were 97 polymorphic sites in
Wt with minority alleles at an average frequency of 14% + 1.5% SD.
This low dispersion suggested that those minority alleles could
tend to be present on the same RNA molecules and make up a de-
fined minority sub-population as for segments 2, 3, 4, 7, 8. This was
confirmed by visual inspection of individual sequence reads. As
with segments 3 and 4, these polymorphisms largely disappeared
in Ad.

3.4. Frequency and location of point mutations

3.4.1. Point mutations observed at the consensus level

Segments 3 and 4. Ad’s characteristic segment 3 consensus single
nucleotide polymorphism (SNP) was found to pre-exist in Wt at a
frequency of 10% when analysed by deep sequencing. Therefore it
was not a spontaneous mutation that occurred during the selection
process but it became 99% dominant in Ad after selection (Wt's
majority allele came down to 1% in Ad). In contrast, the two seg-
ment 4 SNP characteristic of Ad were completely undetected in
Wt (0/656 and 0/1238 counts respectively). It is therefore likely
that they appeared through de novo mutation, or that they were
present below our detection threshold. Wt’s allele at one position
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Fig. 2. 454 coverage levels and variability at the 5% allele frequency threshold (a.f.t.) within each gene for viruses Wt and Ad (left and right columns respectively). The H1 and
the H11 alleles of Wt are shown (no H11 allele was detected in Ad). Grey indicates no departure from the consensus within the viral population at the 5% a.f.t., while coloured
bars indicate different alleles present at or above that threshold following the code: green, A; red, T; brown, G; blue, C; coloured bars are proportional in height to the number
of reads bearing a given nucleotide. A vertical scale by each gene indicates the coverage depth. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

was almost totally lost in Ad (where it remained at a frequency of Segments 2, 7 and 8. No evidence of de novo point mutation was
less than 0.1%) while Wt’s allele at the other position persisted in detected for segment 2. A minority SNP of Ad’s segment 7 present
Ad at a frequency of 37%. at a 21% frequency likely resulted from a de novo mutation as it
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aligned horizontally below the top panel which indicates the position of the focus region within the whole gene. (i) Track 1 (labelled “Sequence”) indicates the consensus
nucleotide for Wt at every position (colour-coded as in Fig. 2) together with the amino acid sequence for each open reading frame. (ii) Track 2 (labelled “A.fastq.sort.bam
Coverage”) is divided vertically into two panels. The top panel shows the coverage depth for the Wt virus at every position, with polymorphisms at the 5% a.f.t. indicated by
coloured bars (grey indicates no departure from the consensus at the chosen a.f.t.). The bottom panel shows individual Wt reads represented by horizontal grey stripes (a
depth of 77 reads is visible on this shot). Departures from the consensus are indicated by coloured bars. (iii) Track 3 (labelled “AP.fastq.sort.bam Coverage”) is Ad’s analogous
to Wt's track 2, with only the first 12 reads displayed here for this virus. Note how minority polymorphisms in Wt that went on to make the Ad consensus tended to be
present on the same reads. The arrow and arrowhead refer to some particular patterns described in the text.
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Fig. 4. Frequency of Ad’s characteristic alleles in the Wt stock at every position of segments 2 (top), 7 (bottom left) and 8 (bottom right).

was undetected in Wt (0/1975 counts at that position). Likewise,
the Ad NS gene had one minority SNP present at an 18% frequency
which was absent from Wt (0/1164 counts) and therefore assumed
to have appeared through de novo mutation. Their failure to be-
come dominant even after 10 passages suggests that these sponta-
neous mutations did not confer a strong selective advantage, or
that they appeared very late in the passaging process.

3.4.2. Evolution of SNP in segments identical at the consensus level

Segment 1. At the 10% allele frequency threshold (a.f.t.), only one
departure from the consensus was detected in Wt, with an allele
present at 14%. This allele went down to 3% in Ad. Ad had only
one minority allele present over 10% (19%), which may have been
the result of a spontaneous mutation as it was undetected in Wt (0/
1445 counts at this position). At the 1% a.f.t.,, there were 13 poly-
morphic sites in Wt and 21 polymorphic sites in Ad. These were
not identified as defined minority alleles from known viruses and
this diversity is therefore suspected to have originated from spon-
taneous mutation.

Segment 5. At the 1% a.f.t., there were 107 polymorphic sites in
Wt (the majority of them at or above 10% making up the defined
segment 5 minority sub-population described above), and there
were 19 polymorphic sites in Ad at this threshold.

Segment 6. At the 10% a.f.t., there were two polymorphic sites in
Wt. Those polymorphisms were located too far apart to tell reliably
whether they were present on the same molecules, and went com-
pletely undetected in Ad. At the 1% a.f.t., there were 6 polymorphic

sites in Wt. We did not detect a clear pattern of association be-
tween these either.

3.5. Identification of possible donor viruses for segments 2, 3, 4, 5, 7
and 8

As seen above, segments 2, 3, 4, 5, 7 and 8 of the Wt virus
showed defined sub-populations. We therefore suspected that
genes inherited from another virus or several other viruses might
be present in the sample. In order to identify such donor viruses,
Ad’s alleles of segments 2, 7, and 8, suspected to be reassorted from
such donor viruses, were searched against the BLAST database
(Altschul et al., 1990).

Segment 2. The closest matches were A/mallard/Netherlands/
15/1999 (H11N9) and A/northern shoveler/Netherlands/18/1999
(H11N9) which shared an identical segment 2. There was only
one position differing between these and Ad’s segment 2.

Segment 7. The closest matches (100% identity) were A/mallard/
Netherlands/15/1999 and A/northern shoveler/Netherlands/18/
1999 which shared an identical segment 7.

Segment 8. The closest matches (100% identity) were A/mallard/
Netherlands/15/1999 and A/northern shoveler/Netherlands/18/
1999 which shared an identical segment 8.

In the case of segments 3, 4 and 5, it was not possible to use Ad’s
genes to infer the origin of Wt's minority segments as these had
disappeared in Ad. We therefore used the following strategies:

Segment 4. For that segment, we searched the consensus from
three H11 clones from Wt against the BLAST database. The best
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match was A/mallard/Netherlands/7/1999 (H11N9), with two dif-
ferences including one position with a G + T mixture in that virus
instead of a pure G in Wt's H11. Other close matches were A/mal-
lard/Netherlands/15/1999 (3 differences including a mixture) and
A/northern shoveler/Netherlands/18/1999 (3 differences).

In order to infer full-length minority haplotypes for Wt's seg-
ments 3 and 5, we assembled overlapping reads from Wt bearing
multiple linked minority SNP, and searched these constructs
against the BLAST database.

Segment 3. Wt's minority segment 3 had 100% identity with seg-
ment 3 of A/mallard/Netherlands/15/1999 and A/northern shov-
eler/Netherlands/18/1999.

Segment 5. Wt's minority segment 5 had two differences from
segment 5 of A/northern shoveler/Netherlands/18/1999 and A/
mallard/Netherlands/15/1999 (which are recorded as having a
guanine at position 4 from the 5’ end of their cDNA).

3.6. Inference of a scenario of viral evolution

Fig. 5 shows the inferred scenario of viral evolution from Wt to
Ad upon passaging based on the interpretation of sequencing re-
sults. The “Wt” viral population was a mixture containing defined
minority populations of segments 2, 3, 4, 5, 7 and 8 possibly inher-
ited from co-circulating influenza strains as identified and present
in different proportions as described above. Wt’s minority versions
of segments 3, 4 (H11) and 5 were lost upon NPTr adaptation, with
only the majority segments remaining (and undergoing point
mutation on segments 3 and 4). On the contrary, the minority seg-
ments 2, 7 and 8 were selected for and entirely replaced their
majority counterparts in Ad. Segments 1 and 6 did not show
well-defined sub-populations in Wt nor evolution at the consensus
level during NPTr adaptation.

4. Discussion
4.1. Complete 454 coverage of the parental and adapted viruses

The complete genomes of both the parental (Wt) and passaged
(Ad) virus stocks were analysed by pyrosequencing, with a cover-
age depth at any position generally comprised between several
hundred and several thousand reads (Fig. 2). That coverage was
however not completely uniform, with a tendency towards deeper
coverage of a ~400 to ~500 bp region at the extremity of each

gene’s cDNA. An average read is slightly over 400 bp in length,
and reads originate from beads on to which gene fragments are at-
tached before emulsion PCR. Therefore, it is suspected that frag-
mentation of genes prior to their attachment on to the beads
may not have been optimal. This would have resulted in longer
fragments or complete genes being attached to the beads and then
read; as reads start close to the bead and stop after a few hundred
bases, this could account for the observed greater coverage of the
extremities of the segments. That deeper coverage could be noticed
at both cDNA ends for most genes, and analogous conclusions have
been drawn independently by others (e.g.Bainbridge et al., 2006).
There was also a tendency towards even deeper coverage of the
3’ than the 5’ end of the cDNA, especially in the case of the NP
genes which showed relatively shallow coverage of their 5 cDNA
ends. The mechanism accounting for this difference between the
two c¢DNA ends is uncertain, and might be related to sequence
composition.

4.2. Analysis of well-defined subpopulations

The pyrosequencing approach allowed reliable identification of
well-defined viral sub-populations within the Wt sample. There
are several advantages to this approach compared with direct San-
ger sequencing only. First, analysis of individual reads allows iden-
tification of minority polymorphisms with much less ambiguity
than analysis of secondary peaks on Sanger chromatograms. Sec-
ond, analysis of individual reads also allows visualisation of phys-
ical linkage between minority polymorphisms, enabling their
assignment to defined minority sub-populations. Finally, the rela-
tive abundance of reads bearing minority polymorphisms is used
as a quantitative estimate of the relative frequency of these poly-
morphisms in the viral pool.

Potential sources of bias can be considered with respect to these
quantitative estimates of sub-population frequencies. First,
although embryonated chicken eggs are generally considered a
permissive system for amplification of most avian influenza
viruses, some evolution of the respective variant proportions dur-
ing amplification in eggs is inevitable. Furthermore, the down-
stream sample processing entails RNA extraction, reverse
transcription, and two subsequent PCR (including the emulsion
PCR) before the sequencing reaction itself. At each of these preli-
minary steps, there is a statistical chance of some of the rarest vari-
ants being lost if the efficiency is not 100%. As examples, the RNA
extraction kit manufacturer mentions typical recovery rates over
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Fig. 5. Reconstructed scenario of genetic evolution of the parental sample upon adaptation to NPTr cells. The genetic make-up of the parental Wt virus shows majority alleles
(in blue) co-existing with minority alleles inherited from co-circulating viruses present in varying proportions (in orange). Reassortment between some minority and majority
segments present within Wt, as well as point mutations, contributed to the final constellation of genes of the purer swine cell-tropic Ad virus as shown. Point mutations are
indicated by x. Potential donor viruses were: ns18, A/northern shoveler/Netherlands/18/1999 (H11N9); m7, A/mallard/Netherlands/7/1999 (H11N9); m15, A/mallard/
Netherlands/15/1999 (H11N9). The distance and time difference between the sampling location and date of each of these viruses and those of A/mallard/Netherlands/10/
1999 are given. Possible recombinations within Wt's segments 7 and 8 are not depicted here. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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90%. Also, agarose gel electrophoresis of subsequent PCR products
suggests that the full-length PCR efficiency is not 100% for all
genes, with, as a typical tendency, the shorter genes being more
efficiently amplified than the longest ones. A previous study has
sought to validate the correlation between relative 454 read abun-
dance and taxa abundance within a mixed sample of fungi (Amend
et al., 2010). A maximal 10-fold discrepancy suggested that read
abundance was not a precise estimate of taxa abundance in that
setting. However, that study was conducted on fungal cells from
different genera that may well differ in their target rDNA gene copy
number, with close to 10-fold variations in rDNA copy number re-
ported within yeast species (Liti et al., 2009). This issue should not
affect estimates of viral sub-population abundance in our context
(unless some influenza virions bore multiple copies of some
genes).

Quantitative frequency estimates also allowed suspicion of pos-
sible recombination events between different versions of Wt’s seg-
ments 7 and 8 (Fig. 4, bottom, with deviations from a flat line
indicating abrupt shifts in SNP frequency suggestive of recombina-
tion). However, artefactual chimeras originating during PCR could
be a confounding factor (Goérzer et al., 2010). Such chimeras are be-
lieved to appear mostly when incomplete extension events result
in partially elongated segments that can act as mismatching prim-
ers for a subsequent amplification round (reviewed in Judo et al.,
1998; Smyth et al., 2010). When the DNA polymerase and exten-
sion time are identical across segments, as is the case here, longer
segments would therefore be expected to be more prone to incom-
plete extension, resulting in less efficient amplification and more
chimera formation. Gel electrophoresis confirmed less efficient
PCR amplification of the longer segment 2 compared to segments
7 and 8 (data not shown). However, the short segments 7 and 8
showed more SNP frequency shifts than the longer segment 2
(Fig. 4) despite benefiting from over twice as much relative elonga-
tion time, a factor known to reduce chimera formation (Meyerhans
et al., 1990). On the other hand, the more efficient amplification of
the shorter products could cause an amplification plateau to be
reached earlier with primers occurring in limiting quantities,
favouring non-specific template annealing to potential incom-
pletely extended products (reviewed in Smyth et al., 2010). This
would be consistent with Judo et al. (1998)'s views that chimeras
mostly occurs late in PCR when products have accumulated to high
concentrations with most chimeras produced by independent
recombination events rather than reamplification. However it is
unclear why most artefactual recombination events should then
occur independently at only a few defined positions as suggested
by Fig. 4.

It is possible that the recombinants observed here be genuine,
however the natural occurrence of homologous recombination in
influenza viruses has been debated (see for instance Gibbs et al.,
2001 and Worobey et al., 2002), and we cannot definitely rule
out our observations to be artefactual.

4.3. Analysis of minority SNP

Aside from well-defined minority sub-populations, pyrose-
quencing also allows detection of point variants present at a very
low level, with sensitivity being a function of sequencing depth.

Various limitations exist in such minority SNP analyses, with
potential sources of artefactual mutations. The reverse transcrip-
tion step, for instance, is carried out with an enzyme derived from
the Moloney murine leukemia virus reverse transcriptase, which
has been estimated to introduce one error every 37,000 bases on
average (Ji and Loeb, 1992); that is statistically 0.37 error per com-
plete influenza genome. The subsequent Phusion (Finnzymes)-
mediated PCR, used to build the libraries prior to the 454 sequenc-
ing proper, is estimated to generate about 4.2 x 1077 errors per

base pair per cycle (Li et al., 2006). Further, the pyrosequencing
reaction is known to introduce frequent artefactual insertions or
deletions (indels) in homopolymers (stretches of several identical
nucleotides) where they represent the major source of errors in
pyrosequencing data (reviewed in Kunin et al., 2009). Overall, the
454 sequencing reaction has been estimated to call an average of
0.53% erroneous bases over the first 101 bases of a read, and
1.07% erroneous bases on full-length reads 500-572 bp long (Gilles
et al,, 2011). Since our reads are on average 412.9-415.7 bp long,
an average error rate close to 1% is expected in our dataset. At a po-
sition where the sample is in fact completely homogeneous and
the coverage depth is, as an example, 2000x, about 20 reads should
therefore display polymorphism. However that was not the case in
our dataset, with many completely homogeneous positions. This
confirms suspicions of others (Gilles et al., 2011) that pyrosequenc-
ing errors are probably not homogeneously distributed, and makes
it difficult to decide on a threshold above which minority SNP can
be considered biologically significant. Caution is required when
interpreting pyrosequencing singletons (i.e. polymorphisms de-
tected only once) as it is suspected that most of them may be arte-
factual (Tedersoo et al., 2010) and these should therefore probably
be disregarded in conservative interpretations.

There are other approaches to assess within-host genetic varia-
tion when looking at influenza virus populations, such as Sanger
sequencing of a large number of cDNA clones (e.g. Igbal et al.,
2009; Murcia et al., 2010). This method can allow coverage of gen-
ome regions over 1000 bp in length with a depth of up to several
hundred reads. However, such approaches need to be targeted as
applying them to the full influenza genome would be extremely la-
bour intensive. The pyrosequencing approach used here allowed a
genome-wide, sensitive characterisation of sub-populations within
the Wt and Ad samples, enabling a relatively fine reconstruction of
the viral evolution scenario.

4.4, Mixed infection in wild birds

The intention of this study was to characterise the genetic evo-
lution of a duck influenza virus in porcine cells. The virus chosen
had initially been identified as A/mallard/Netherlands/10/1999
(H1N8) but sequencing determined that our working stock (A/mal-
lard/Netherlands/10-Nmkt/1999) was predominantly an H1N1
with no N8 but with a substantial proportion of H11. Using deep,
full genome pyrosequencing we analysed the process at the sub-
population level and could infer the underlying population changes
that occurred. While this exposes the complexity of working with
field isolates that have not been cloned by limiting dilution, it also
highlights the versatility and opportunity for evolution that seg-
mented genomes confer on influenza viruses.

Database (BLAST) searches suggested that Wt contained minor-
ity segments probably originating from close relatives of A/north-
ern shoveler/Netherlands/18/1999 (H11N9), A/mallard/
Netherlands/15/1999 (H11N9), and A/mallard/Netherlands/7/
1999 (H11N9). These strains were sampled in a sympatric species
or the same species as A/mallard/Netherlands/10/1999 (H1N8),
within a few kilometres, and within a few weeks of each other.
Ducks could therefore have been co-infected with two or more of
those viruses. Due to reassortment events in the duck, the respec-
tive proportions of different minority segments in the Wt mix
could have evolved differently from one another, accounting for
the heterogeneity within the sample.

Though this report describes only one sample, such mixed
infections are likely to be a common feature of influenza ecology
in wild birds. This is exemplified by a study of 167 influenza sam-
ples from wild Anseriformes from various locations across the USA,
which showed that at least 44 of these isolates (26%) represented
mixed infections based on analysis of segments 4 and 6 alone
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and without the sensitivity of deep sequencing (Dugan et al.,
2008). Another study found co-infection of a bald eagle with both
an H1 and an H2 as well as two different neuraminidase segments,
and an H1, an H3 and an H4 all combined in a mallard cloacal swab
(Ramakrishnan et al., 2009).

Such mixed infections can be considered in the context of viral
quasispecies theory, where viral strains comprising many different
closely related genomes respond as an ensemble to selective forces
acting on them (reviewed in Domingo and Holland, 1997). In addi-
tion to SNP variants, quasispecies could also harbour substantially
different gene segments forming distinct sub-populations. Subject
to the constraints imposed by protein:protein compatibility and
packaging specificity, segments may nevertheless operate individ-
ually as the units of evolution within individual hosts (and possibly
even between hosts, if infective pressure or exposure is high). Dis-
tinct segments could be maintained as a sub-population within a
complementing dominant population, undetected until subjected
to bottle-necking, selective pressure - or deep sequencing analysis.
Irrespective of whether or not quasispecies theory applies to influ-
enza viruses in nature (Holmes, 2010), mixed infections undoubt-
edly play a key role in the ecology of influenza viruses. In the
case of the Wt virus sample described here, co-infection most
likely occurred within the natural reservoir. This provided the ge-
netic diversity that was ultimately exploited to enable the adapta-
tion to a new host system. Co-infection followed by reassortment
may be a standard evolutionary strategy for these viruses in nat-
ure, enhancing their ability to conquer new ecological niches.
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