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Abstract

Background/Objectives: Molecular epidemiology is a powerful tool to decipher the dynamics of viral transmission,
quasispecies temporal evolution and origins. Little is known about the pH1N1 molecular dynamics in general population. A
prospective study (CoPanFlu-RUN) was carried out in Reunion Island to characterize pH1N1 genetic variability and molecular
evolution occurring in population during the pH1N1 Influenza pandemic in 2009.

Methodology: We directly amplified pH1N1 genomes from 28 different nasal swabs (26 individuals from 21 households).
Fifteen strains were fully sequenced and 13 partially. This includes pairs of sequences from different members of 5 separate
households; and two pairs from individuals, collected at different times. We assessed the molecular evolution of pH1N1 by
genetic variability and phylogenetic analyses.

Principal Findings: We found that i) Reunion pH1N1 sequences stemmed from global ‘‘clade 7’’ but shaped two
phylogenetic sub-clades; ii) D239E mutation was identified in the hemagglutinin protein of all Reunion sequences, a
mutation which has been associated elsewhere with mild-, upper-respiratory tract pH1N1 infecting strains; iii) Date
estimates from molecular phylogenies predicted clade emergence some time before the first detection of pH1N1 by the
epidemiological surveillance system; iv) Phylogenetic relatedness was observed between Reunion pH1N1 viruses and those
from other countries in South-western Indian Ocean area; v) Quasispecies populations were observed within households
and individuals of the cohort-study.

Conclusions: Surveillance and/or prevention systems presently based on Influenza virus sequence variation should take into
account that the majority of studies of pH1N1 Influenza generate genetic data for the HA/NA viral segments obtained from
hospitalized-patients, which is potentially non-representative of the overall viral diversity within whole populations. Our
observations highlight the importance of collecting unbiased data at the community level and conducting whole genome
analysis to accurately understand viral dynamics.
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Introduction

The first Influenza pandemic of the 21st century was caused by

the 2009 A/H1N1 Influenza virus (pH1N1), first reported in early

spring 2009 in Mexico and the United States [1]. Initial

phylogenetic studies showed that this virus was a reassortant of

genomic segments from an Eurasian lineage swine H1N1 Influenza

virus and a North American triple-reassortant swine H1N2 or

H1N1 virus [2,3]. From July 19 the new virus spread across the

world, reaching more than 140 countries [4]. The early viral

diversification into seven discrete genetic clades [5] was further

confirmed by several subsequent studies [6–9]. Clade 7 rapidly

became the most prevalent worldwide, but other clade-variants

continued to circulate, as most countries were affected by pH1N1

through multiple introductions of different clade members

[6,8,10–14]. These multiple introductions are likely explained by

the air-borne transmission of flu [15] and by intense international
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air traffic and exchanges [12]. International aircraft travel on

which passengers typically are confined for a period of hours

present opportunities for air borne transmission. Airborne viral

diseases as in the case of Influenza are more prone during the

preclinical incubation period to silent transmission and large

diffusion among travellers of the same flight and hence are more

likely associated with multiple undetected introductions in a given

country. Once introduced, new viral strains are likely to spread

rapidly across geographic regions [16].

The epidemic wave of the Influenza pandemic caused by pH1N1

reached Reunion Island during the austral winter 2009 (July–

December). According to the department of epidemiological

surveillance, the epidemic activity started on week 30 (July 20),

peaked on week 35 (August 24) and was completely over by week

40 (September 28) [17]. The first case imported from Australia was

detected on July 5 and the first autochthonous transmission was

recorded on July 21. First estimates suggested that 67,000

individuals who had consulted a physician were infected by the

pH1N1 virus [17]. However, these studies were largely skewed

towards symptomatic patients seeking medical support and their

conclusions could hardly be extrapolated to ILIs occurring in the

community.

The CoPanFlu programme is an international project dedicated

to the study of the pandemic, based on the follow-up of household

cohorts in metropolitan France, Reunion Island [18] and other

African [19], South-American and Asian countries. In Reunion

Island, the CoPanFlu-RUN programme provided the first pH1N1

sero-epidemiological analyses and revealed that the number of

individuals infected by pH1N1 was at least 3 times higher than the

estimates based on epidemiologic surveillance data, mainly as a

consequence of the mild or unapparent disease that escaped

medical attention [18].

Here we report on the genetic variability and molecular

evolution of pH1N1 viruses characterized during this prospective

follow-up programme and attempt to understand their evolution-

ary implications in the geographic context of the South West

Indian Ocean (SWIO) region.

Materials and Methods

Clinical Samples
The CoPanFlu-RUN prospective study was conducted between

July 21 (week 30) and October 31 2009 (week 44) The CoPanFlu-

RUN cohort was selected to be representative of the whole

Reunion Island population. We took special attention to select

households representing a wide range of geographic locations in

order to minimize the repartition bias. For more details about the

cohort design, see [18]. A total of 772 households (2,164

individuals) were included in the study. An active telephonic

inquiry was conducted to record Influenza-Like Illness (ILI)

symptoms occurring in households. Reports of ILI, defined as

documented fever ($37.8uC) with at least one symptom of Upper

Respiratory Tract Infection (URTI: sore throat, cough, running

and or stopped nose or systemic symptom like aching), in at least

one member of a household, led to 3 consecutive visits by a nurse

(at days 0, 3 and 8 post-report), during which nasal swabs were

collected from all family members regardless of their clinical

presentation. ILI alerts were managed for the study period and led

to the collection of 1,196 nasal swabs belonging to 443 individuals

living in 125 households.

Sample Nomenclature
Reunion Island sequences were labelled according to the origin

of the sample, whilst retaining anonymity of the participants : For

example, ‘‘2133-5-M1E’’ corresponds to the fifth member of the

family designated as number ‘‘2133’’, whereas ‘‘2133-6-M1E’’

refers to the sixth household member. ‘‘M1E’’, ‘‘M2E’’ and

‘‘M3E’’ refer to the first, second or third sampling performed at

days 0, 3 or 8 post ILI report, respectively. For households that

were sampled twice because of the recurrence of ILI alerts,

pH1N1 viruses identified in the three successive sampling events

were designated as ‘‘M4E’’ ‘‘M5E’’ or ‘‘M6E’’.

Detection of pH1N1
All nasal swab samples (Sigma-VirocultH, Medical Wire

[MWE]) were spiked before nucleic acid extraction with an

internal RNA phage control [20]. RNA was extracted from

140 mL of swab supernatant using the QIAamp Viral RNA Mini

Kit (Qiagen), according to the manufacturer’s protocol.

Samples were subsequently screened for the presence of

Influenza A virus RNA by qRT-PCR using a pan-Influenza A

SYBR Green qRT-PCR assay targeting the M gene [21]

(Quantitect SYBR Green qRT-PCR, Qiagen). pH1N1 detection

was assessed using a pH1N1-specific TaqMan probe qRT-PCR

assay targeting the HA gene (SuperScript III Platinum one-step

qRT-PCR system, Invitrogen), according to the recommendations

of the Pasteur Institute (Van der Werf, S. & Enouf, V., SOP/

FluA/130509).

Genome Sequencing and Alignment
Out of the 101 nasal swabs detected positive for pH1N1

(corresponding to 62 individuals) we decided to sequence 28

strains (corresponding to 26 individuals belonging to 21 house-

holds) distributed so as to reflect the epidemiologic and temporal

dynamic of the epidemics in the cohort [18]: epidemic (W33–37,

n = 26) and post-epidemic (W38–40, n = 2) periods. No nasal

swabs were detected positive for pH1N1 during the pre-epidemic

period (W30–32).

Reverse transcription was performed on freshly extracted RNA

using the Superscript III Reverse Transcriptase (Invitrogen, USA),

according to the manufacturer’s instructions, then cDNA was

aliquoted and stored at 280uC. For genetic characterization of

viruses, genome amplification (and subsequent sequencing) was

performed from RNAs directly extracted from nasal swabs without

resorting to cell-culture viral isolation, to avoid any significant

alteration in the representation of the different viral populations

present in each swab [22]. All PCR amplifications were performed

with the Hot Start Taq DNA Polymerase (Promega, France) and a

specific set of primers designed for this study (primers available on

request), based on a consensus sequence of all the complete

sequences of pH1N1 available at the day of design (2009). To

sequence the complete open reading frames (ORFs) of each

segment, primers were designed to amplify 3–6 overlapping

fragments, providing a minimum of 3-fold genetic coverage.

Briefly, amplifications were performed with 200 nM of each

primer, 2.5 mM of MgCl2, 0.2 mM of dNTP, 1.25 U of Hot Start

Taq DNA polymerase and 5 mL of cDNA. Cycling conditions

were: 95uC - 2 min followed by 35 cycles of 94uC - 5 sec, Tm -

30 sec, 72uC - 1 min 30 and a final elongation step at 72uC -

7 min. When needed, nested-PCR reactions were performed to

increase the amount of cDNA. In this particular cases, PCR

reactions were performed as described above, except that only 20

cycles were ran for the first PCR round, following by 35 cycles for

the second PCR round, in order to minimize mutations

introduced by PCR reactions. Sequences alignments were

trimmed and assembled in Geneious Pro 5.3.4 software package

[23] using MUSCLE alignment method [24].

Genetic Analysis of pH1N1/2009 in Reunion Island
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Phylogenetic Analysis
pH1N1 viruses from the CoPanFlu-RUN cohort selected for

sequencing were temporally distributed over the full epidemic

wave 2009 (weeks 33–42). Concatemers of all 8 segments

(‘‘Concat-8’’) from 15 fully sequenced viruses (ordered PB2, PB1,

PA, HA, NP, NA, M and NS; complete ORFs) or of 6 segments

(‘‘Concat-6’’) from 13 partially-sequenced viruses (ordered PA,

HA, NP, NA, M and NS; complete ORFs) were generated for

phylogenetic analysis. Concatemers were similarly generated for

101 GenBank sequences for phylogenetic comparison. GenBank

sequences used for phylogenetic analyses were selected on their

belonging to the 7 world clades [5,6] and to their temporal

distribution in 2009 (sequences ranging from April 01 to October

17, 2009). GenBank accession numbers of sequences from

Reunion Island are from JQ431196-JQ431393 and the full details

of the sequences are listed in Table 1.

More phylogenetic analyses were conducted in detail for SWOI

region, based on available sequences recovered from neighboring

countries in the EPIFLUTM GISAID database and the previously

selected 101 GenBank sequences. As sequences from EPIFLUTM

GISAID database present only partial HA (1,174/1,710 nt) and

NA (complete ORF) we limited our analysis to these portion of

concatenation for all the used sequences.

The DNA substitution model that best fitted our data for both

separate segments and concatemers was performed by the software

jModelTest 0.1.1 [25] and was considered for phylogenetic and

evolutionary analyses. We selected different models of nucleotide

substitution using the corrected Akaike information criterion.

Phylogenetic trees were constructed by Maximum Likelihood

(ML) within PHYML v.2.1b1 [26], according to the selected

nucleotide substitution model. Nodal support was evaluated by

1000 bootstrap replicates. Bayesian phylogenetic Inference (BI)

was carried out using MrBayes 3.1.2 [27]. BI for each data set

based on the best-fitting model, was conducted with two

independent runs of four incrementally heated, Metropolis

Coupled Markov Chain Monte Carlo (MCMC) starting from a

random tree. MCMC were run for 10,000,000 generations with

trees and associated model parameters being sampled every 400

generations. The initial 2000 trees in each run were discarded as

burning samples and the harmonic mean of the likelihood was

calculated by combining the two independent runs.

Estimation of Evolutionary Distance
Evolutionary distances between sequences of distinct phyloge-

netic groups in these analyses were calculated using MEGA 5 [28],

taking into account the best model of sequences evolution allowing

correction of the estimates of evolutionary distance. Since MEGA

does not contain the HKY model proposed, we used the Tajima-

Nei correction [29], which is the nearest model to those proposed

by jModelTest.

Molecular Clock Phylogenies and Date Estimation
Molecular clock phylogenies were estimated using the MCMC

method and were calculated by using a maximum of available

sequences from Reunion Island (Concat-6). GTR + C was used in

the analysis as proposed by jModelTest. Only sequences for which

full date information was available were retained for this

estimation. The Bayesian MCMC analyses were performed using

BEAST v.1.6.1 [30] under a strict molecular clock setting. An

exponential-growth coalescent model was chosen as a prior on the

tree. We used an UPGMA starting tree and ran a chain length of

50 million by sampling trees every 10,000 generations. Conver-

gence and burning were assessed using Tracer v1.4.1b (http://

tree.bio.ed.ac.uk/software/tracer/). The maximum clade credi-

bility tree for analyzing the MCMC data set was annotated by

TreeAnotator in the BEAST package. The tree was visualized

using FigTree v1.2.2. (http://tree.bio.ed.ac.uk/software/figtree/).

Mutation Analysis
Viral pH1N1 sequences isolated in 2009 from human hosts and

for which full-genome information was available were downloaded

from the EPIFLUTM GISAID database. Sequences containing

residues specific to global clade 7 were identified (,1,600 full-

genome sequences) and concatenated. In order to identify

mutations that were specific to the sequences from Reunion

Island, by-eye comparison with global sequences was facilitated

using Geneious Pro 5.3.4 [23].

Ethics Statements
The protocol was conducted in accordance to the principles

expressed in the Declaration of Helsinki and French law for

biomedical research. This protocol was approved by the Ethical/

Institution Review Board CPP (Comité de Protection des

Personnes of Bordeaux 2 University) and as required by the

French low regulation at AFSSAPS under the Nu: ID RCB

AFSSAPS: 2009-A00689-48. Every eligible person for participa-

tion was asked for giving their written informed consent. All

participants gave their written informed consent. We also obtained

informed written consent from the next of kin. All samples were

de-identified and analyzed anonymously for the study.

Results

The CoPanFlu-RUN study allowed collection of 1,196 nasal

swabs belonging to 443 individuals and 125 households that were

analysed for the presence of pH1N1. A total of 101 nasal swabs

(8.4%) corresponding to 62 individuals (14.0%) tested pH1N1

positive. Amplified material from 28 different swabs (26 individ-

uals from 21 households) was successfully characterised: 15 viruses

were fully sequenced (8 segments, complete ORFs) and 13 were

partially sequenced (6 segments: PA, HA, NP, NA, M and NS,

complete ORFs). This includes 5 household-derived pairs of

sequences (i.e. sequences obtained from two distinct individuals

living in the same household), and 2 individual-derived pairs of

sequences (i.e. sequences obtained from the same individual from

two consecutive swabs [Table 1]). None of the individuals in our

cohort population, including the 26 individuals from which the 28

sequences were obtained, developed severe clinical symptoms.

Phylogenetic Analysis
In agreement with previous studies [31,32], which have

reported different mutation rates of the different segments of the

Influenza viruses, jModelTest analysis demonstrated that different

nucleotide substitution models were most relevant for the different

genomic segments. ML analyses were carried out using the

identified substitution model (GTR + C) for both Concat-6 and

Concat-8. However, for the BI, we were able to apply the

appropriate model to the analysis of each segment partition (HKY

+ C for HA, PA and PB1, GTR for NA, HKY for NS and M,

HKY + I for NP and PB2).

Global context. The global phylogenetic analyses conducted

on concatemers of 8 (Figure 1) and 6 (Figure S1) segments from

Reunion Island and GenBank sequences support the presence of 7

distinct global clades (major nodes have PP = 1.0 and BPML .71).

Genetic distances between the 7 major clades varied from 0.14%

to 0.22% (Table 2).

Sequences from Reunion Island were found to cluster together

and with a single sequence from Japan (A/Sapporo/1/

Genetic Analysis of pH1N1/2009 in Reunion Island
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Table 1. Epidemiological data for pH1N1 Reunion Island viruses from the CoPanFlu-RUN cohort.

Sequence name

Date of co
llection
(day D0, D3, D8)

Age
(years) Sex

Household
member

Same
individual
at D0 & D3 Symptoms*

GenBank acc. n6
(ordered PB2 -
PB1 - PA - HA -
NP - NA - M - NS)

A/Reunion/0116-3-M1E
/2009(H1N1)

2009/09/05 (D0) 12 M no I2 ILI JQ431-387/375/358
/200/291/257/228/308

A/Reunion/0116-3-M2E
/2009(H1N1)

2009/09/07 (D3) URTI 2/2/JQ431-359/201
/292/258/225/309

A/Reunion/0148-4-M1E
/2009(H1N1)

2009/08/19 (D0) 20 M H3 no ILI JQ431-389/374/353/210
/281/260/233/310

A/Reunion/0148-6-M1E
/2009(H1N1)

2009/08/19 (D0) 13 F no ILI JQ431-390/376/355/215
/282/261/224/311

A/Reunion/0159-3-M1E
/2009(H1N1)

2009/08/25 (D0) 8 M no no ILI JQ431-383/377/344/211
/293/262/234/312

A/Reunion/0215-4-M1E
/2009(H1N1)

2009/09/04 (D0) 13 M no I1 ILI JQ431-380/370/342/198
/294/263/226/313

A/Reunion/0215-4-M2E
/2009(H1N1)

2009/09/07 (D3) URTI 2/2/JQ431-339/199/
295/264/227/314

A/Reunion/1572-3-M1E
/2009(H1N1)

2009/08/21 (D0) 21 F no no ILI 2/2/JQ431-356/216/
283/265/235/315

A/Reunion/1632-5-M1E
/2009(H1N1)

2009/08/18 (D0) 13 M no no ILI 2/2/JQ431-337/217/296
/266/236/316

A/Reunion/1658-4-M1E
/2009(H1N1)

2009/08/14 (D0) 2 M no no ILI 2/2/JQ431-361/212/
297/267/237/317

A/Reunion/1698-3-M1E
/2009(H1N1)

2009/09/28 (D0) 9 M no no ILI 2/2/JQ431-354/202/298
/259/238/318

A/Reunion/1709-4-M2E
/2009(H1N1)

2009/08/22 (D3) 5 M no no ILI JQ431-384/378/360/218
/299/268/239/319

A/Reunion/1722-7-M1E
/2009(H1N1)

2009/08/13 (D0) 7 F H4 no ILI 2/2/JQ431-348/206/284
/269/240/320

A/Reunion/1722-8-M1E
/2009(H1N1)

2009/08/13 (D0) 4 M no ILI 2/2/JQ431-349/207/285
/270/241/321

A/Reunion/2133-5-M1E
/2009(H1N1)

2009/08/24 (D0) 23 M H1 no ILI JQ431-381/369/345/208
/286/271/242/322

A/Reunion/2133-6-M1E
/2009(H1N1)

2009/08/24 (D0) 3 M no ILI JQ431-391/368/350/209
/287/272/243/323

A/Reunion/2154-2-M5E
/2009(H1N1)

2009/09/05 (D3) 43 M H2 no URTI JQ431-392/364/351/203
/288/278/229/324

A/Reunion/2154-4-M4E
/2009(H1N1)

2009/09/02 (D0) 15 F no ILI JQ431-385/365/352/204
/289/279/230/325

A/Reunion/2224-3-M3E
/2009(H1N1)

2009/08/26 (D8) 11 M no no neg JQ431-393/371/362/219
/300/252/244/326

A/Reunion/2245-3-M1E
/2009(H1N1)

2009/08/17 (D0) 16 M no no URTI 2/2/JQ431-343/205/290
/273/245/327

A/Reunion/2336-4-M1E
/2009(H1N1)

2009/08/11 (D0) 9 M no no ILI 2/2/JQ431-340/197/301
/274/231/328

A/Reunion/2378-1-M1E
/2009(H1N1)

2009/08/24 (D0) 53 F no no ILI JQ431-379/366/338/221
/307/255/249/329

A/Reunion/2433-3-M1E
/2009(H1N1)

2009/08/21 (D0) 2 F no no ILI 2/2/JQ431-341/196/302
/256/232/330

A/Reunion/2692-2-M2E
/2009(H1N1)

2009/09/02 (D3) 6 M no no URTI JQ431-388/367/363/220/
280/275/246/331

A/Reunion/2923-3-M1E
/2009(H1N1)

2009/08/20 (D0) 15 F no no ILI JQ431-382/373/336/213/
303/276/247/332

A/Reunion/2956-1-M2E
/2009(H1N1)

2009/09/04 (D3) 26 F H5 no ILI 2/2/JQ431-346/222/
305/253/251/333

Genetic Analysis of pH1N1/2009 in Reunion Island
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2009(H1N1)) with strong nodal-support (PP = 1.0 and BPML = 93

for Concat-6; PP = 1.0 and BPML = 98 for Concat-8), generating a

distinct phylogenetic group that was designated ‘‘clade RUN’’

(Figure 1). Genetic distances between clade RUN and other global

clades were in the same range than those observed between each

other global clades (Table 2). Clade RUN was most closely related

to clade 7 (0.16%), and most distantly related to clade 3 (0.28%),

suggesting that Clade RUN diverged from clade 7. A similar

diversification was observed for some Australian sequences (7 of 8)

that also formed a distinct group within clade 7 (PP = 1.0 and

BPML = 85 for Concat-6; PP = 1.0 and BPML = 79 for Concat-8),

with comparative genetic distances ranging from 0.14% (clade 7)

to 0.25% (clade 3) (Table 2). Among the analysed set of sequences,

no other strong geography-based clustering could be observed

between the other members of clade 7, in agreement with previous

studies [6,33,34].

Clade RUN sequences were then compared with 1597 pH1N1

clade 7 complete genome sequences retrieved from the EPI-

FLUTM GISAID database. When compared to the generated

clade 7 consensus sequence, a total of 64 silent mutations, and 48

non-silent mutations were identified in all sequences obtained from

the CoPanFlu-RUN cohort. Nucleotide changes that were

common to more than one individual and that were uncommon

or absent in all other included sequences are listed in Table S1.

Sequences belonging to clade 7 can be characterized by fixed

amino acid changes in HA (S220T), NA (V106I) and NS1 (I123V)

[5] (Table 3a). All sequences obtained from the CoPanFlu-RUN

cohort contained each of these mutations. In addition, mutations

NP (V100I) and NA (N248D), which are not systematically

detected within clade 7 isolates were seen to be fixed in all

sequences from clade RUN. These data confirm that clade RUN

originated from clade 7. All clade RUN sequences also exhibited a

fixed amino acid mutation in HA (D239E) and a silent mutation in

NA (g873a). None of the Reunion sequences contained the specific

mutations that are associated with oseltamivir resistance [35,36].

Local and community level context. In order to investigate

genetic diversity within clade RUN, the maximum number of viral

sequences from Reunion Island (n = 28) were considered in the

phylogenetic analysis by considering the Concat-6 (Figure S1).

Reunion Island sequences could be separated into two major sub-

clades: sub-clade ‘‘RUN-A’’ clustering the majority of sequences

(n = 25, PP = 1 and BPML = 94), while ‘‘RUN-B’’ forms a smaller

sub-clade (n = 3, PP = 1 and BPML = 100) containing the sequence

originating from Sapporo (Japan). RUN-A sequences were

characterized by mutations in NS1 (N133D), NP (a366g), HA

(c42a and t333c) and PB2 (g120a and g1665a), whereas RUN-B

sequences lacked all these mutations (Table 3b). Fixed mutations

were also observed for RUN-B sequences in PB2 (a807g and

V414I), PA (c1794t), NA (a48t) and M (t823c). No correlation was

found between the sub-clades and the temporal and geographical

distributions of the individuals in Reunion Island, nor the clinical

status of the individuals (data not shown).

Among the 28 viral sequences from Reunion Island, there were

5 household pairs of sequences (i.e. sequences generated from two

different members of 5 households). Sequences derived from

within households showed a high level of genetic similarity, with

H2, H3 and H5 forming distinct evolutionary lineages with strong

nodal support (Figures 1b and S1), suggestive of direct intra-

household viral transmission. Similarly, the two individual pairs of

sequences obtained from the same individual at d0 and d3 (I1 and

I2) were also seen to cluster into distinct evolutionary lineages with

strong nodal support, though genetic divergence was still observed

between these sequences (0.01%–0.02%).

The mismatches between these related sequences (household

members and individuals), are indicative of viral mutations

occurring over a short period of time or relating to individual

transmission events, and were identified for all segments (Table 4).

The largest number of mismatches was observed in segments PB1

(5/14), PA (3/14) and M (3/14), whereas segments HA (1/14) and

NA (0/14) showed little variation. Interestingly, each of the three

mutations that were observed three days apart within the same

individual was a reversion from a Reunion-specific sequence to

that of the clade 7-consensus sequence, meaning that the

sequences obtained at day 3 were likely more similar to the

ancestral sequence than those obtained on the sample collected

three days earlier. As the regeneration of a lost sequence by

random mutation is extremely unlikely, this observation suggests

the simultaneous presence of both reference and mutant viral

quasispecies within these individuals with a shift in quasispecies

dominance occurring over the course of three days. The presence

of distinct quasispecies in these individuals was verified by analysis

of the original sequence chromatograms, where regions with high

coverage had differing but unambiguous chromatogram peaks at

the corresponding positions (data not shown).

Context at the regional level. In order to trace back early

viral circulation of pH1N1 within the SWIO region, further

phylogenetic analysis was performed using available sequences

from viruses characterized in neighbouring countries. The analysis

included segments for which sequence data was most commonly

available (HA and NA). Viral strains from both Tanzania and

Mauritius clustered with the sequences from the CoPanFlu-RUN-

cohort suggesting that there had been an active circulation of this

variant across the SWIO area. However, sequences from some

SWIO islands (the Seychelles archipelago and Madagascar) did

Table 1. Cont.

Sequence name

Date of co
llection
(day D0, D3, D8)

Age
(years) Sex

Household
member

Same
individual
at D0 & D3 Symptoms*

GenBank acc. n6
(ordered PB2 -
PB1 - PA - HA -
NP - NA - M - NS)

A/Reunion/2956-2-M1E
/2009(H1N1)

2009/09/02 (D0) 8 M no ILI 2/2/JQ431-347/223/306/254/
250/334

A/Reunion/2969-5-M1E
/2009(H1N1)

2009/10/12 (D0) 3 M no no ILI JQ431-386/372/357/214/304/
277/248/335

GenBank accession numbers of Reunion Island sequences determined in this study are presented.
*Influenza-like illness (ILI) is defined as documented fever (.37.8uC) associated with at least one Upper Respiratory Tract or systemic Infections (URTI). URTI is defined as
at least two upper respiratory tract symptoms, such as myalgia, headache, aching, running nose, etc. with no documented fever. Neg is defined as no symptom or only
one URTI symptom.
doi:10.1371/journal.pone.0043742.t001
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not cluster with those of clade RUN, suggesting circulation of

multiple viral strains within the region at this time (Figure 2).

Mutations that had been identified as characteristic of clade

RUN could be detected within some of the Mauritian and

Tanzanian viral segments (Table 5). Available sequences of

pH1N1 viruses isolated in Mauritius in August 2009 (at the peak

of the epidemic in Reunion Island) could be ascribed to sub-clade

RUN-B suggesting transmission of this Influenza virus between the

two islands. Interestingly, although the sequences from the

Tanzanian and Mauritian viruses identified in July, as well as

those from the Japanese isolate from Sapporo in June, clustered

with sequences from Reunion Island, these early regional

sequences possessed none of the mutations which were associated

with either of sub-clades RUN-A or RUN-B.

Evolutionary Characteristics
The mean estimated dates of emergence for each clade are

provided in figure 3. All of the obtained dates were in agreement

with previously published studies [5,6,11], except for small

differences in the estimated dates for clade 1 and 4 which can

be explained by differences in sampling. Mean estimated dates of

emergence were similar between Concat-8 and Concat-6 (data not

shown).

The Most Recent Common Ancestor (TMRCA) of Clade RUN

was estimated as May 19 and the estimated dates of emergence of

sub-clades RUN-A and RUN-B were June 26 and July 8,

respectively. TMRCA of Clade RUN suggests that this viral

lineage was in circulation approximately 8–9 weeks before its

initial detection in Reunion Island on July 5 and 11–12 weeks

before the first autochthonous transmission (July 21) in Reunion

Island detected by the epidemiological surveillance network. In

addition, our previous observations of specific mutations in

sequences obtained from Mauritius (strains MP-t and MP-n) and

Tanzania (strain 88) show that regional circulation of pH1N1

preceded viral emergence in Reunion Island (Table 5).

Discussion

Phylogenetic studies have demonstrated that pH1N1 virus has

rapidly diversified into 7 discrete global clades. Even though clade

7 soon became largely prevailing while the other clades were

gradually fading out in various geographic regions, studies in India

[6], Japan [11], Argentina [8], Canada [14] and other countries

have reported co-circulation of multiple pH1N1 strains belonging

to different clades as a result of several viral introductions from

different origins. In Reunion Island all amplified and sequenced

pH1N1 viruses stem from clade 7, and were clustered in a local

specific clade (clade RUN [Figures 1 & S1]). Evolutionarily, clade

RUN was as distant from clade 7 as the other 6 global clades are

from each other (Table 2). Viral sequences from Reunion Island

have fixed all the mutations that had previously been identified as

being specific to clade 7, including the [V100I]-NP and [N248D]-

NA mutations which were not fixed among all clade 7 isolates [5].

In addition, clade RUN was characterized by 2 mutations that

were systematically found in all local HA and NA sequences,

respectively, the D239E mutation and the silent g873a mutation

(Table 3).

There have been many descriptions of the HA D239E mutation

[37,38] including predictive structural studies [39]. It has been

suggested that this residue likely plays an important structural role

for the recognition and attachment of Influenza virus to its host

receptor; changes at this position may therefore modulate the host

immune response [38]. Recent studies in hospitalized patients

suffering pH1N1 infection [40,41] have shown that the D239G,

D239N and D239E mutations were associated with severe (i.e.

fatal cases reported), less severe, and mild illness, respectively [42].

Moreover, the D239E variant was found to preferentially colonize

the upper respiratory tract, while D239G/N mutants also colonize

Figure 1. Full-genome pH1N1 phylogenetic analysis of Reunion Island viruses. a. Full-genome derived phylogenetic tree of concatenated
sequences from 15 Reunion Island viruses and 101 representative sequences of the 7 world clades. Bayesian analyses were used to fix tree topologies.
Branches are colored by global clade, as defined by Nelson et al. [5]. Phylogenetic clusters containing Reunion Island and Australian sequences are
outlined. b. Enlarged representation of Clade RUN. ‘‘H’’ indicates viral sequences derived from the same Household. Throughout, Posterior
Probabilities are represented in bold (PP.0.95), and where nodes coincided Maximum Likelihood bootstrap values are represented in italic
(MLbp.70). Scale bar indicates the number of nucleotide substitution per site.
doi:10.1371/journal.pone.0043742.g001

Table 2. Estimates of Evolutionary Divergence of pH1N1 among different clades.

CLADE 1 2 3 4 5 6 7 AUSTRALIA RUN

1 – 0,0003 0,0003 0,0003 0,0003 0,0003 0,0003 0,0003 0,0004

2 0,0014 – 0,0002 0,0002 0,0002 0,0002 0,0003 0,0003 0,0004

3 0,0015 0,0017 – 0,0003 0,0003 0,0003 0,0003 0,0004 0,0003

4 0,0014 0,0016 0,0017 – 0,0003 0,0003 0,0003 0,0003 0,0004

5 0,0018 0,0019 0,0020 0,0014 – 0,0002 0,0002 0,0003 0,0003

6 0,0017 0,0019 0,0020 0,0014 0,0014 – 0,0002 0,0003 0,0003

7 0,0019 0,0021 0,0022 0,0016 0,0016 0,0016 – 0,0001 0,0002

AUSTRALIA 0,0023 0,0024 0,0025 0,0020 0,0020 0,0019 0,0014 – 0,0002

RUN 0,0025 0,0027 0,0028 0,0022 0,0022 0,0022 0,0016 0,0020 –

Genetic distances are displayed below the diagonal and standard error estimates, in italic, are shown above the diagonal. Analyses were conducted in MEGA5 [28] using
the Tajima-Nei model [29].
doi:10.1371/journal.pone.0043742.t002
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the lower respiratory tract, hence causing severe acute respiratory

syndromes, as is often observed in H5N1 Influenza [40]. Of note,

none of the participants to the CoPanFlu-RUN cohort, infected by

pH1N1, suffered serious medical complications. We have previ-

ously shown, based on serological data, that two thirds of

individuals in Reunion Island that were infected by pH1N1

escaped medical detection by health services, likely because they

developed only mild or inconspicuous disease [18]. This observa-

tion is in keeping with reports showing that infections with

[D239E]-HA variants have generally speaking, been less severe

than the one provoked by other variants.

Another salient observation from our population study is the

clear division of clade RUN into two sub-clades, RUN-A and

RUN-B. The divergence between RUN-A and RUN-B and their

Table 3. Specific clade mutations in discrete phylogenetic clades.

a

Gene

Clade PB2 PB1 PA HA NP NA M1–M2 NS1–NS2

1 – – S 224 P S 100 P – – – –

A 214 T

V 338 I

2 – – M 581 L – T 373 I* – – –

3 – – – – – – – –

4 V 649 I I 667 T* – – V 100 I* V 106 I* – E 63 K* (NS2)

5 – – – – V 100 I V 106 I – –

N 248 D*

6 – – – K 2 E* V 100 I* V 106 I* – –

Q 310 H N 248 D*

7 – – – S 220 T* V 100 I V 106 I* – I 123 V*

N 248 D

RUN – – – S 220 T* V 100 I* V 106 I* – I 123 V*

D 239 E* N 248 D*

g 873 a*

b

RUN-A g 120 a – – c 42 a a 366 g – – N 133 D (NS1)

g 1665 a t 333 c

RUN-B a 807 g – c 1794 t – – a 48 t t 823 c –

V 414 I

Specific mutations within each clade are indicated. Fixed mutations, systematically present in all individuals of the indicated group, are indicated by*. Throughout, Silent
DNA mutations are indicated in italic, amino acid mutations are highlighted in bold.
doi:10.1371/journal.pone.0043742.t003

Table 4. Genetic sequence mismatches between related sequences.

Segment

PB2 PB1 PA NS NP NA M HA Total

I2 – – 0 1 0 0 1 0 2

I1 – – 1 0 0 0 0 0 1

H3 0 2 1 0 0 0 2 1 6

H4 – – 0 0 0 0 0 0 0

H1 0 2 1 0 0 0 0 0 3

H2 1 1 0 0 0 0 0 0 2

H5 – – 0 0 0 0 0 0 0

Total 1 5 3 1 0 0 3 1 14

For each segment, the total number of DNA mismatches between individuals within a household (H) and sequences obtained from the same individual on separate
days (I) is indicated (cf Table 1). ‘‘–’’ indicates where data was unavailable.
doi:10.1371/journal.pone.0043742.t004
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respective TMRCA estimation, suggest plausible multiple viral

entries to Reunion Island even though they were closely related

members of clade 7. Although the first report of pH1N1 infection

detected in Reunion Island concerned a traveler coming from

Australia [43], none of the selected Australian sequences appeared

to share a common history with Reunion Island viruses. However,

common history could be observed with available isolates from

Tanzania and Mauritius (Figures 2, 3b and Table 5), with

evidence of active circulation of multiple viral strains in the region

but no solid conclusion could be made as to the origin of the

genetic lineages present in Reunion Island.

Several reasons limit the extent of the conclusions that could be

inferred from phylogenetic analyses of pH1N1: i) Despite the large

number of pH1N1 genome sequences deposited in databases, the

information is available only for a small subset of viruses that are

circulating at the global level due to the rapid rate of Influenza

mutation and spread; ii) Globalization means that autochthonous

transmission results in complex patterns of viral emergence that

are not limited by geographical boundaries. iii) A large number of

sequenced Influenza isolates originate from patients suffering from

severe Influenza illness; variants such as those from clade RUN that

concerned individuals with mild or inconspicuous disease screened

in the course of a prospective study conducted at the community

level, represent a minority of sequences available in databanks.

This point stresses the importance of prospective, community

studies as an unbiased source of genetic material and a

representation of the real natural history of disease in population.

Our estimates suggest that the common ancestral strain of

Clade RUN emerged 8–9 weeks prior to the first identified case in

Reunion Island and 11–12 weeks prior to the first case indicating

autochthonous transmission (Figure 3). A similar conclusion was

also drawn from Australian sequences [44]. A study reported from

Taiwan [45] showed evidence of pre-epidemic subclinical

community transmission as proved by seroconversion occurring

several weeks before report of the first documented case in the

island.

Our prospective study based on the follow-up of a community

based cohort investigated viral transmission at the regional,

community, intra-household levels as well as the temporal

dynamics of Influenza viruses within an individual. Only few

studies have developed so far a similar approach and they have

focused only on the HA and HA/NA segments [46,47]. These

studies, as well as ours, highlight the fact that one can associate

genetic variations to intra-household transmission of Influenza

virus. However one should be aware that the variability observed

in the incubation period, responsible for the ‘‘data stretch’’, could

lead to misinterpretations in transmission studies. Let us consider a

household where two subjects 1 and 2 were concomitantly

infected. Subject 1 has a shorter incubation period than subject

2, then subject 1 will be considered as an index case whereas

subject 2 will be considered as a transmission case. Similarly, it

could lead to a confusion of secondary and tertiary cases [48]. In

such situations, mutation data are not sequential but rather linked

to the original contaminating viral mixture.

Our experimental protocol did not include viral extraction from

cell cultures in order to limit the risk of cell culture driven viral

mutations. It has been reported by Zhirnov and collaborators that

after isolation in cell culture (MDCK cell line) Influenza viruses

often differ from those present in the clinical specimens, since

adaptive changes occur during virus transmission from the human

host to cells of heterologous origin [22]. Omitting the cell culture

stage also offers the advantage of retaining the viral populations

balance within the quasispecies mixture that was present in the

first sample. As a consequence, we were able to observe in two

individuals a rapid shift in the dominance of one viral population

within the initial quasispecies. In each case, the characteristic

mutation of the amplified material from the initial swab reverted,

within 3 days, to the consensus sequence. Similar changes in

quasispecies dominance were also observed between household

Figure 2. Illustration of the invasion of pH1N1 in the Indian Ocean (I.O) using an Euclidean drawing and a three-dimensional
depiction. Phylogenetic tree derived from concatenated sequences of genomic segments HA (partial) and NA (complete ORF). Bayesian analyses
were used to fix tree topologies. Branches are colored by global clade, as defined by Nelson et al. [5]. Posterior Probabilities are represented in bold
(PP.0.80). Major clades were compressed in the classical (2D) tree for clarity. ‘‘Clade I.O’’ refers to all sequences of Clade RUN (n = 28) as well as
Mauritian and Tanzanian sequences that were found to co-cluster (n = 6). Distinct strains of Seychellois, Malagasy and Tanzanian origin clustered
within the compressed clade 7 (n = 8). 3D global representation, generated in Google Earth, depicts the phylogeny of all sequences derived from the
Indian Ocean region. Satellite imagery: GoogleEarth. Date accessed: 19 04 2012. Co-ordinates: 11u37954.0399 50u31908.4999E. Elevation: 2951 m.
�2012 Cnes/Spot Image.US Dept of State Geographer. �2012 AfriGIS (Pty) Ltd. Data SIO, NOAA, US Navy, NGA, GEBCO.
doi:10.1371/journal.pone.0043742.g002
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Table 5. Viral mutations of isolates from the South West Indian Ocean region.

Sequence name (from GISAID database) Date HA NA

RUN RUN-A RUN RUN-B

D 239 E c 42 a t 333 c g 873 a a 48 t

A/Sapporo/1/2009 11/06/2009 yes no no yes no

A/Mauritius/MP-t/2009 01/07/2009 yes no no yes no

A/Mauritius/MP-n/2009 01/07/2009 yes no no yes no

A/Tanzania/88/2009 2/07/2009 yes no no yes no

A/Seychelles/106/2009 02/07/2009 no no no no no

A/Mauritius/1FJ/2009 05/08/2009 yes no no yes yes

A/Mauritius/4AA/2009 06/08/2009 yes no no yes yes

A/Mauritius/3KP/2009 06/08/2009 yes no no yes yes

A/Tanzania/381/2009 09/09/2009 no no no no no

A/Tanzania/386/2009 10/09/2009 no no no no no

A/Tanzania/393/2009 10/09/2009 no no no no no

A/Tanzania/424/2009 16/09/2009 no no no no no

A/Madagascar/9567/2009 04/11/2009 no no no no no

A/Madagascar/9551/2009 06/11/2009 no no no no no

A/Madagascar/10201/2009 17/12/2009 no no no no no

The presence of mutations with segments HA and NA that had been identified as specific to each genetic grouping (cf. Table 3) are indicated for isolates originating
from the South West Indian Ocean region.
doi:10.1371/journal.pone.0043742.t005

Figure 3. Date estimations of pH1N1 clade apparition and circulation. a. Bayesian estimates of The Most Recent Common Ancestor (TMRCA)
for each clade (as shown in Figures 1 and S1). BEAST analysis is based on concatemers of 6 segments (complete ORF) of the 28 Reunion Island
sequences and 101 globally-representative GenBank sequences. b. TMRCA of sub-clades RUN-A and RUN-B. Red points indicate strains originating
from the South West Indian Ocean region that were identified as belonging to the specified sub-clades via identification of specific mutations in
segments HA and NA (see Table 5). Throughout, points indicate date positions. Solid lines represent observed dates of an effective circulation for
available isolates included in the analysis. Dashed lines represent estimated dates of circulation, dating back to the mean estimated TMRCA (95%
confidence intervals). Lines are colored by clade as indicated. Stars nu1 and nu2 indicate the dates of the first imported case of pH1N1 (July 5) and the
first autochthonous case (July 21) of pH1N1 in Reunion Island, respectively, as estimated by the regional epidemiological surveillance network.
doi:10.1371/journal.pone.0043742.g003
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members, and account for intra-household viral variability,

reflecting the selection of viral population generated by the

transmission bottleneck. The populations best fitted to the infected

host, (hence, most represented within the quasispecies), are likely

the ones that ultimately will emerge. Interestingly, studies have

suggested that the genetic variation at the HA and NA levels,

which are under the pressure of the host immune response, are

mostly selected on the long-term [49]. Indeed, in our study the

majority of shifts occurring on the short term, were not observed in

segments HA and NA, but rather in PB1, PA and M, which are

internal elements likely submitted to a different selective pressure.

The quasispecies mixture that occurs within the individuals, as

shown by deep sequencing studies [39,41,42,50,51], allows for

diverse mutations to coexist over short periods of time during the

pre-immune period. This phenomenon shows that the mecha-

nisms to achieve best fit over the whole viral population at the

individual host level, is at work following the inter-individual

transmissions [52].

Most studies reported in the literature were conducted on single

viral segments (generally HA or NA) of isolates from individuals

with severe disease and hence have an inherently biased nature

that can lead to important features of viral evolution being

overlooked. Our observations highlight the importance of

collecting data at the community level and conducting whole

genome analysis to accurately understand viral dynamic.

Supporting Information

Figure S1 Partial genome pH1N1 phylogenetic analysis
of Reunion Island viruses. Phylogenetic tree derived from

concatenated sequences of 6 genomic segments (Concat-6; PA,

HA, NP, NA, M, NS) from 28 Reunion Island viruses and 101

representative sequences of the 7 world clades. Bayesian analyses

were used to fix tree topologies. Branches are colored by global

clade, as defined by Nelson et al. [5]. Posterior Probabilities are

represented in bold (PP.0.95), Maximum Likelihood bootstrap

values are represented in italic (MLbp.70). Scale bar indicates the

number of nucleotide substitution per site. Inset. Enlarged

representation of Clade RUN; ‘‘H’’ indicates viral sequences

derived from the same Household, and ‘‘I’’ indicates viruses from

the same individual in successive samples (three days apart).

Arrows mark distinct phylogenetic clades RUN-A and RUN-B,

indicated at major nodal junctions.

(TIF)

Table S1 Characteristic mutations of pH1N1/2009
influenza viral sequences from the CoPanFlu-RUN
cohort. Mutations were identified by comparison with reference

sequences from closely-related viral strains from outside of

Reunion Island. Only mutations that were present in more than

one individual are included, and mutation prevalence within

sequences obtained from the cohort is indicated. Characteristic

mutations found in all sequences are highlighted in bold.

(DOC)
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We also thank Sakina Mula for her help in sequencing.

Author Contributions

Conceived and designed the experiments: HP ST KD. Performed the

experiments: MT ST DAW ND HP. Analyzed the data: HP ST DAW ND

XdL KD. Wrote the paper: HP ST DAW ND KD.

References

1. Fraser C, Donnelly CA, Cauchemez S, Hanage WP, Van Kerkhove MD, et al.

(2009) Pandemic potential of a strain of influenza A (H1N1): early findings.
Science 324: 1557–1561.

2. Dawood FS, Jain S, Finelli L, Shaw MW, Lindstrom S, et al. (2009) Emergence
of a novel swine-origin influenza A (H1N1) virus in humans. N Engl J Med 360:

2605–2615.

3. Garten RJ, Davis CT, Russell CA, Shu B, Lindstrom S, et al. (2009) Antigenic

and genetic characteristics of swine-origin 2009 A(H1N1) influenza viruses
circulating in humans. Science 325: 197–201.

4. Balcan D, Hu H, Goncalves B, Bajardi P, Poletto C, et al. (2009) Seasonal
transmission potential and activity peaks of the new influenza A(H1N1): a Monte

Carlo likelihood analysis based on human mobility. BMC Med 7: 45.

5. Nelson M, Spiro D, Wentworth D, Beck E, Fan J, et al. (2009) The early

diversification of influenza A/H1N1pdm. PLoS currents 1: RRN1126.

6. Potdar VA, Chadha MS, Jadhav SM, Mullick J, Cherian SS, et al. (2010)

Genetic characterization of the influenza A pandemic (H1N1) 2009 virus isolates
from India. PLoS One 5: e9693.

7. Ilyicheva T, Susloparov I, Durymanov A, Romanovskaya A, Sharshov K, et al.
(2011) Influenza A/H1N1pdm virus in Russian Asia in 2009–2010. Infect Genet

Evol.

8. Barrero PR, Viegas M, Valinotto LE, Mistchenko AS (2011) Genetic and

phylogenetic analyses of influenza A H1N1pdm virus in Buenos Aires,

Argentina. J Virol 85: 1058–1066.

9. Chan KH, To KK, Hung IF, Zhang AJ, Chan JF, et al. (2011) Differences in

antibody responses of individuals with natural infection and those vaccinated
against pandemic H1N1 2009 influenza. Clinical and vaccine immunology :

CVI 18: 867–873.

10. Furuse Y, Suzuki A, Oshitani H (2010) Evolutionary analyses on the HA gene

ofpandemic H1N1/09: early findings. Bioinformation 5: 7–10.

11. Shiino T, Okabe N, Yasui Y, Sunagawa T, Ujike M, et al. (2010) Molecular

evolutionary analysis of the influenza A(H1N1)pdm, May-September, 2009:
temporal and spatial spreading profile of the viruses in Japan. PLoS One 5:

e11057.

12. Parks D, Macdonald N, Beiko R (2009) Tracking the evolution and geographic

spread of Influenza A. PLoS currents 1: RRN1014.

13. Pariani E, Piralla A, Frati E, Anselmi G, Campanini G, et al. (2011) Early co-

circulation of different clades of influenza A/H1N1v pandemic virus in northern
Italy. Journal of preventive medicine and hygiene 52: 17–20.

14. Graham M, Liang B, Van Domselaar G, Bastien N, Beaudoin C, et al. (2011)

Nationwide molecular surveillance of pandemic H1N1 influenza A virus
genomes: Canada, 2009. PLoS One 6: e16087.

15. Balcan D, Hu H, Goncalves B, Bajardi P, Poletto C, et al. (2009) Seasonal
transmission potential and activity peaks of the new influenza A(H1N1): a Monte

Carlo likelihood analysis based on human mobility. BMC medicine 7: 45.

16. Brownstein JS, Wolfe CJ, Mandl KD (2006) Empirical evidence for the effect of
airline travel on inter-regional influenza spread in the United States. PLoS

medicine 3: e401.

17. D’Ortenzio E, Renault P, Jaffar-Bandjee MC, Gauzere BA, Lagrange-Xelot M,

et al. (2010) A review of the dynamics and severity of the pandemic A(H1N1)
influenza virus on Reunion island, 2009. Clin Microbiol Infect 16: 309–316.

18. Dellagi K, Rollot O, Temmam S, Salez N, Guernier V, et al. (2011) Pandemic

Influenza due to pH1N1/2009 virus: estimation of infection burden in Reunion
Island through a prospective serosurvey, austral winter 2009. PloS one 6:

e25738.

19. Koita OA, Sangare L, Poudiougou B, Aboubacar B, Samake Y, et al. (2011) A

seroepidemiological study of pandemic A/H1N1(2009) influenza in a rural

population of Mali. Clinical microbiology and infection : the official publication
of the European Society of Clinical Microbiology and Infectious Diseases.

20. Ninove L, Nougairede A, Gazin C, Thirion L, Delogu I, et al. (2011) RNA and
DNA bacteriophages as molecular diagnosis controls in clinical virology: a

comprehensive study of more than 45,000 routine PCR tests. PLoS One 6:
e16142.

21. Ninove L, Gazin C, Gould EA, Nougairede A, Flahault A, et al. (2009) A simple

method for molecular detection of Swine-origin and human-origin influenza a
virus. Vector Borne Zoonotic Dis 10: 237–240.

22. Zhirnov OP, Vorobjeva IV, Saphonova OA, Poyarkov SV, Ovcharenko AV, et
al. (2009) Structural and evolutionary characteristics of HA, NA, NS and M

genes of clinical influenza A/H3N2 viruses passaged in human and canine cells.
Journal of clinical virology : the official publication of the Pan American Society

for Clinical Virology 45: 322–333.

23. Drummond AJ, Ashton B, Buxton S, Cheung M, Cooper A, et al. (2010)
Geneious v5.3.

24. Edgar RC (2004) MUSCLE: a multiple sequence alignment method with
reduced time and space complexity. BMC bioinformatics 5: 113.

25. Posada D (2008) jModelTest: phylogenetic model averaging. Molecular biology

and evolution 25: 1253–1256.

Genetic Analysis of pH1N1/2009 in Reunion Island

PLOS ONE | www.plosone.org 11 August 2012 | Volume 7 | Issue 8 | e43742



26. Guindon S, Gascuel O (2003) A simple, fast, and accurate algorithm to estimate

large phylogenies by maximum likelihood. Systematic biology 52: 696–704.
27. Ronquist F, Huelsenbeck JP (2003) MrBayes 3: Bayesian phylogenetic inference

under mixed models. Bioinformatics 19: 1572–1574.

28. Tamura K, Peterson D, Peterson N, Stecher G, Nei M, et al. (2011) MEGA5:
molecular evolutionary genetics analysis using maximum likelihood, evolution-

ary distance, and maximum parsimony methods. Molecular biology and
evolution 28: 2731–2739.

29. Tajima F, Nei M (1984) Estimation of evolutionary distance between nucleotide

sequences. Molecular biology and evolution 1: 269–285.
30. Drummond AJ, Rambaut A (2007) BEAST: Bayesian evolutionary analysis by

sampling trees. BMC Evol Biol 7: 214.
31. Goni N, Fajardo A, Moratorio G, Colina R, Cristina J (2009) Modeling gene

sequences over time in 2009 H1N1 influenza A virus populations. Virology
journal 6: 215.

32. Nelson MI, Holmes EC (2007) The evolution of epidemic influenza. Nat Rev

Genet 8: 196–205.
33. Nelson M, Spiro D, Wentworth D, Beck E, Fan J, et al. (2009) The early

diversification of influenza A/H1N1pdm. PLoS Curr 1: RRN1126.
34. Furuse Y, Suzuki A, Oshitani H (2010) Reassortment between swine influenza A

viruses increased their adaptation to humans in pandemic H1N1/09. Infection,

genetics and evolution : journal of molecular epidemiology and evolutionary
genetics in infectious diseases 10: 569–574.

35. Ferraris O, Lina B (2008) Mutations of neuraminidase implicated in
neuraminidase inhibitors resistance. Journal of clinical virology : the official

publication of the Pan American Society for Clinical Virology 41: 13–19.
36. Giria MT, Rebelo de Andrade H, Santos LA, Correia VM, Pedro SV, et al.

(2011) Genomic signatures and antiviral drug susceptibility profile of

A(H1N1)pdm09. Journal of clinical virology : the official publication of the
Pan American Society for Clinical Virology.

37. Glinsky GV (2010) Genomic analysis of pandemic (H1N1) 2009 reveals
association of increasing disease severity with emergence of novel hemagglutinin

mutations. Cell cycle 9: 958–970.

38. Reid AH, Fanning TG, Hultin JV, Taubenberger JK (1999) Origin and
evolution of the 1918 ‘‘Spanish’’ influenza virus hemagglutinin gene. Proc Natl

Acad Sci U S A 96: 1651–1656.
39. Tse H, Kao RY, Wu WL, Lim WW, Chen H, et al. (2011) Structural basis and

sequence co-evolution analysis of the hemagglutinin protein of pandemic
influenza A/H1N1 (2009) virus. Experimental biology and medicine 236: 915–

925.

40. Chen H, Wen X, To KK, Wang P, Tse H, et al. (2010) Quasispecies of the

D225G substitution in the hemagglutinin of pandemic influenza A(H1N1) 2009
virus from patients with severe disease in Hong Kong, China. J Infect Dis 201:

1517–1521.

41. Tse H, To KK, Wen X, Chen H, Chan KH, et al. (2011) Clinical and
virological factors associated with viremia in pandemic influenza A/H1N1/2009

virus infection. PLoS One 6: e22534.
42. Zhang AJ, To KK, Tse H, Chan KH, Guo KY, et al. (2011) High incidence of

severe influenza among individuals over 50 years of age. Clinical and vaccine

immunology : CVI 18: 1918–1924.
43. Filleul L, D’Ortenzio E, Kermarec F, Le Bot F, Renault P (2010) Pandemic

influenza on Reunion Island and school closure. Lancet Infect Dis 10: 294–295.
44. Kelly HA, Mercer GN, Fielding JE, Dowse GK, Glass K, et al. (2010) Pandemic

(H1N1) 2009 influenza community transmission was established in one
Australian state when the virus was first identified in North America. PloS

one 5: e11341.

45. Chao DY, Cheng KF, Li TC, Wu TN, Chen CY, et al. (2011) Serological
evidence of subclinical transmission of the 2009 pandemic H1N1 influenza virus

outside of Mexico. PloS one 6: e14555.
46. Gubareva LV, Novikov DV, Hayden FG (2002) Assessment of hemagglutinin

sequence heterogeneity during influenza virus transmission in families. J Infect

Dis 186: 1575–1581.
47. Poon LL, Chan KH, Chu DK, Fung CC, Cheng CK, et al. (2011) Viral genetic

sequence variations in pandemic H1N1/2009 and seasonal H3N2 influenza
viruses within an individual, a household and a community. J Clin Virol 52:

146–150.
48. Boelle PY, Ansart S, Cori A, Valleron AJ (2011) Transmission parameters of the

A/H1N1 (2009) influenza virus pandemic: a review. Influenza and other

respiratory viruses 5: 306–316.
49. Nelson MI, Holmes EC (2007) The evolution of epidemic influenza. Nature

reviews Genetics 8: 196–205.
50. Ghedin E, Laplante J, DePasse J, Wentworth DE, Santos RP, et al. (2011) Deep

sequencing reveals mixed infection with 2009 pandemic influenza A (H1N1)

virus strains and the emergence of oseltamivir resistance. J Infect Dis 203: 168–
174.

51. Greninger AL, Chen EC, Sittler T, Scheinerman A, Roubinian N, et al. (2010)
A metagenomic analysis of pandemic influenza A (2009 H1N1) infection in

patients from North America. PLoS One 5: e13381.
52. Lauring AS, Andino R (2010) Quasispecies theory and the behavior of RNA

viruses. PLoS pathogens 6: e1001005.

Genetic Analysis of pH1N1/2009 in Reunion Island

PLOS ONE | www.plosone.org 12 August 2012 | Volume 7 | Issue 8 | e43742


