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SUMMARY

The genetic variability of influenza virus is usually studied with sequences selected over numerous

years and countries, and rarely within a single season. Here we examined the viral evolution and

the correlation between genetic and clinical features during an epidemic. From a French

prospective household-based study in 1999–2000, 99 infected patients were randomly selected.

The HA1 genomic domain was sequenced. Phylogenetic analysis showed the existence of two

groups of A/H3N2 viruses. We found no distinct pattern of genomic evolution within either

group according to time. A spatial correlation with the nucleotide distances was shown.

The average nucleotide diversity was 3.4r10x3 nucleotides per site, and did not differ between

the groups. A lower number of segregating sites was observed in patients who experienced

influenza-like symptoms during the previous epidemic. These results suggest that the influenza

virus undergoes regular HA1 nucleotide changes, but without clonal expansion of mutant strains

within a single epidemic.

INTRODUCTION

Influenza virus shows particularly rapid genetic

evolution, notably in the haemagglutinin (HA) and

neuraminidase (NA) genes. Evolution of the HA1

domain of the HA gene has been studied worldwide

for more than 10 years [1–6]. These studies show that

the genetic evolution follows a single lineage for the

A/H3 subtype and more than one lineage for the

A/H1 subtype and type B viruses. Rates of nucleotide

changes range between 1.3r10x3 and 3.7r10x3 per

site per year.

Numerous published data are available on anti-

genic or genetic evolution over shorter periods, for

example 1–5 winter seasons [7–14]. They provide

useful results on the genetic and antigenic properties

of circulating strains, identify yearly changes and help

for a better selection of appropriate vaccine strains.

However, in all these studies the sampling method

used to produce datasets has a number of problems

that might affect a rate estimate of nucleotide vari-

ation. These include the low number of samples per

winter season, temporal or geographic bias, lack of

randomness in selection. In addition many strains

* Author for correspondence : Dr F. Carrat, INSERM U707,
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selected for sequencing are associated with atypical

clinical features, and most published sequences cor-

respond to highly variant viruses [15].

Knowledge of short-term evolution is nonetheless

important for understanding the general evolutionary

dynamics of influenza viruses, and might help to

identify the most likely candidate strain for next sea-

son’s epidemic. This would have obvious implications

for year-on-year vaccine development.

Here we studied the genetic evolution of influenza

virus during a single epidemic in France, using rigor-

ous strain selection criteria. We also examined the

possible correlation between genetic variability,

pathogenicity and transmissibility.

METHODS

Isolates

This study was part of a large prospective household

contact study done during the French influenza

epidemic of winter 1999–2000 [16]. Briefly, 161 gen-

eral practitioners from the French Sentinel Network

participated in the study. A household was enrolled

when a member visited a general practitioner with the

following characteristics : fever (o38 xC) starting

<48 h previously; respiratory signs; at least one other

person present in the household; first household case ;

ambulatory treatment; and informed consent. These

patients were considered as the household index cases.

A nasal swab was taken for centralized virological

studies (direct immunofluorescence, cell culture and

PCR). All household members, including the index

patient, were monitored for 15 days (symptoms,

health-care use). In total, 946 index patients were en-

rolled in the main study; 510 index cases with lab-

oratory-confirmed A/H3N2 influenza were identified;

and 395 patients (77%) completed the follow-up

period. Ninety-nine isolates were selected for sequen-

cing, by means of a randomized sampling protocol

based on time (beginning, middle and end of the

epidemic) and space (21 administrative regions).

PCR amplification and sequencing

Genomic RNA was extracted from 140 ml of nasal

swab fluid with the QIA amp RNA mini kit (Qiagen,

Courtaboeuf, France) following the manufacturer’s

recommendations.

The HA1 genomic domain was amplified and

sequenced. Complementary DNA synthesis and

first-round PCR amplification were performed with

forward primer 5k-CTATCATTGCTTTGAGC-3k
and reverse primer 5k-ATGGCTGCTTGAGTGCTT-

3k, as described by Fitch et al. [5]. This step used

the BM-Titan one-tube RT–PCR procedure (Roche

Diagnostic, Meylan, France). Nested PCR was then

performed with forward primer 5k-GAGCTACA-

TTTTTATGTCTGGT-3k and reverse primer 5k-
GTGCTTTTAAGATCTGCTGCT-3k. Final PCR

products (1135 nucleotides long) were visualized by

agarose gel electrophoresis and purified with the

QIAquick PCR purification kit (Qiagen). After puri-

fication, PCR products were sequenced using the

fluorescent dideoxy-terminator method (Big Dye

Terminator kit, Applied Biosystems, PerkinElmer,

Foster City, CA, USA) on an Applied Biosystems 377

automated DNA sequencer (ABI/PE, Applied Bio-

systems). The following internal primers were used for

sequencing: forward 5k-AGTCACAGTCTCTACCA-

A-3k, reverse 5k-GGTGCAACCAATTCAATCTA-3k.
Both strands were sequenced. Sequences were aligned

with Sequence Navigator1 software (Applied Bio-

systems). The nucleotide sequences determined in

this study are available on the GenBank and Los

Alamos National Laboratory Influenza Sequence

databases [17] (accession numbers AY633996–

AY634049).

Analysis

The nucleotide sequences of the HA1 genomic

domain (987 bp) were translated into amino-acid

sequences (329 amino acids) in order to distinguish

synonymous from non-synonymous changes [18, 19].

Among the 329 amino acids, 130 lie within or close to

the five main epitopes of the haemagglutinin protein,

labelled A–E [20]. A consensus sequence was con-

structed from the most frequent nucleotides at each

site.

Two estimates of DNA sequence variation were

used. Nucleotide diversity is the average proportion

of different nucleotides between all pairs of sequences.

The standardized number (h) of segregating sites (S)

is the number of sites with at least two different

nucleotides, standardized by a factor proportional to

the number of sequences studied [21]. The nucleotide

distance is the number of nucleotides differing be-

tween two sequences ; spatial distance is the Euclidean

distance between the sources of two nasal swabs (in

km); and temporal distance is the number of days

separating two swabs.
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Viral evolution was first studied phylogenetically.

Multiple sequence alignments were performed with

ClustalW software version 1.7 [22]. The nucleotide

sequences for A/Wuhan/359/95, A/Nanchang/933/95,

A/Sydney/5/97, A/Panama/2007/99 and A/Stockholm/

11/99 (representative members from four clusters of

H3N2 isolates obtained between 1995 and 2000 [1])

were obtained from the public Los Alamos National

Laboratory Influenza Sequence Database [17] under

accession numbers AF008722, AF008725, AJ311466,

ISDNCDA001 and ISDNSWA001. The 50 European

H3N2 strains isolated between 1999 and 2002 were
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Fig. 1. Phylogenetic analysis of the evolution of the HA1 domain of influenza virus A(H3N2) during winter 1999–2000.

Strains representative of H3N2 clusters identified between 1995 and 2000 [1], and European strains isolated between 1999 and
2002, were also integrated. The tree rooted on Wuhan/359/95 was generated by using the Neighbor-Joining method. The
lengths of the horizontal lines are proportional to the number of nucleotide substitutions. The trees were bootstrapped 100
times. The number of identical isolates on each branch representing each sequence is noted when >1.
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obtained from the same database under accession

numbers AF357931–33, AF357944–54, AF357966,

AF357968–69, AF442460, AF442478, AF442481,

AY661021–23, AY661026, AY661031, ISDN13294,

ISDN13326, ISDNOS0012, ISDNOS0016–19,

ISDNOS0022, ISDNOS99, ISDNSW0004–10,

ISDNSW0014–15, ISDNSW0018–19, ISDNS-

WA001–03, ISDNSWA010, ISDNSWA013. The

phylogenetic tree rooted on A/Wuhan/359/95 was

built from the nucleotide distances by using the

Neighbor-Joining method (NEIGHBOR program of

PHYLIP software version 3.5c) [23]. The tree was

drawn with TreeView version 1.6.6. The bootstrap

values were obtained by using 100 replicates of the

tree [24].

We then studied simultaneously how the nucleotide

distances correlated with space and time distances

by using the multidimensional scaling (MDS)

method. This method has already been used to ana-

lyse influenza virus antigenic variability based on

haemagglutination-inhibition [25]. Its main advan-

tage is to map the distances between all strains in a

one-dimensional space [26].

The Kruskal–Wallis method was used to compare

continuous variables and Fisher’s exact test was used

for categorical variables. Mantel’s test was used to

measure correlations between distance matrixes. The

Log-rank test was used to analyse the duration of

disease. The standardized number of segregating sites

was compared between groups of strains by taking

into account the latent dating of a common ancestor

in the calculation of covariance [27]. Extreme time-

lags between the strains and the common ancestor

(0 and infinity) were used to obtain the minimal and

maximal P values. For clarity, the maximal P value is

given if both are <0.05, the minimum if both are

>0.05, and none if the minimal is <0.05 and the

maximal >0.05.

RESULTS

Nucleotide sequence analysis

Ninety-two isolates were successfully amplified.

Amplification failed in the other cases because of poor

sample quality ; these samples did not differ from the

amplified samples in terms of the place or date of

isolation, or clinical severity.

Two distinct groups of isolates were revealed by

phylogenic analysis (Fig. 1). Group 1 was composed

of 18 isolates corresponding to 16 strains. Group 2

was composed of 74 isolates corresponding to 38

strains. Group 1 was close to the strain A/Panama/

2007/99 and Group 2 to A/Stockholm/11/99. In

Group 2, 26 isolates were identical. No group ances-

tor was identified among the isolates. Three strains

from Group 1 were closer to strains isolated during

subsequent epidemics than were the remainder of

Group 1 strains. However, these three strains were

also closer to strains isolated during the previous

epidemic.
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Fig. 2. Distribution of influenza virus isolates according to
the nucleotide distance and the spatial distance [each dis-

tance is represented by multidimentional scaling (MDS)
with one dimension, and is referred to as the nucleotide
MDS distance and spatial MDS distance respectively] and

according to the date of isolation. Group 1 is in grey
and Group 2 in black. Plans estimated for each group
representing the nucleotide MDS distance according to

the date and the spatial MDS distance were drawn.
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Fig. 3. Distribution of the pairwise Group 2 isolates
according to the spatial distance for each nucleotide

distance (Box plots of 2701 points).
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Nucleotide distance analysis in time and space

The MDS method identified two distinct groups in

terms of nucleotide distances (P<0.0001, Fig. 2). The

two groups were strictly identical to those obtained by

phylogenic analysis. The temporal and spatial dis-

tances did not differ between the groups (r=x0.031,

P=0.77 and r=0.009, P=0.39 respectively). No cor-

relation was found between the nucleotide distance

and the temporal distance (Group 1: r=x0.136,

P=0.83; Group 2: r=x0.008, P=0.51), however,

the nucleotide distance and the spatial distance were

correlated within Group 2 (Group 1: r=0.068,

P=0.29; Group 2: r=0.178, P=0.001) (Fig. 3).

Nucleotide diversity

Nucleotide diversity was 4.6r10x3 nucleotides per

site in Group 1 and 2.2r10x3 nucleotides per site in

Group 2. The standardized number of segregating

sites was 8.14 and 10.21 respectively, and did not

differ between the groups (P>0.29). The consensus

sequences of the two groups differed by 14 sites

(Table 1). Seven of these sites were non-synonymous,

of which three were located within or near one of the

main epitopes of the haemagglutinin protein. The

proportion of non-synonymous differences located

within or near an epitope did not differ from that

expected by chance (0.43%, P=1.00).

Clinical impact and transmissibility

The two groups did not differ in terms of clinical or

epidemiological factors (not shown). Owing to the

small number of isolates in Group 1, the comparison

of nucleotide diversity according to the presence or

absence of clinical or epidemiological factors was

limited to Group 2. We found a lower standardized

number of segregating sites in strains infecting

patients who had had ’flu-like syndromes during the

previous season (Table 2).

DISCUSSION

Two groups of H3N2 influenza strains, one close to A/

Stockholm/11/99 and the other to A/Panama/2007/99

Table 1. Nucleotide differences between the consensus sequences of the two groups

Nucleotide position 14 48 99 2611 27565 26 431 471 483 633 774 799 811 817

Group 1 G G A C A G A G C G C G G T
Group 2 T A C T C A T A T A T A A C

Non-synonymous „ — „ — „ — „ — — — — „ „ „

Epitopes — — — E E A A B — — — — — C

Group 2 consensus strain is also the consensus strain of the total sample.

Table 2. Genetic variation among Group 2 haemagglutinin of patients exposed and unexposed to different clinical

and epidemiological factors. h is the standardized number of segregating sites (P values were computed according to

[27], as described in the Methods section)

Clinical and epidemiological factors
in Group 2 (74 patients)

Yes No

Pn h n h

Age>20 yr* 52 7.33 22 6.26 >0.423
Age>65 yr* 8 3.47 66 10.00 n.d.

Symptom score >0.7 34 5.87 39 7.05 >0.277
Duration of illness in days >8 29 4.67 44 7.56 n.d.
Influenza in the preceding season 9 0.74 62 10.30 <0.005

Vaccination the same season 7 4.90 65 9.24 >0.114
Size of household >3 35 7.14 39 6.82 >0.780
Secondary cases 35 6.28 39 7.04 >0.490

n.d., Not defined (if the minimal P value is <0.05 and the maximal >0.05, P=‘not defined’).

Threshold values in the factor labels are the median in Group 2, except for age (*) which differentiates young and old persons
from others. Secondary cases are defined as members of the household having influenza symptoms within 5 days after the first
case [32].
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were clearly identified by both phylogenetic analysis

and MDS. These results are in keeping with the

analysis of worldwide surveillance data for 1999–

2000, which showed expansion of the A/Stockholm/

11/99 cluster and regression of the clusters rep-

resented by A/Panama/2007/99 and A/Sydney/5/97

[1]. The fact that some isolates belonging to the two

groups were found during the same period and at the

same location might be interpreted as reflecting

two ‘simultaneous’ epidemics, which is not a rare

phenomenon [28, 29]. We found that, within the

group (Group 2) including the highest number of

isolates, nucleotide distances between strains and

spatial distances were correlated. This correlation

may be explained by the local spread of strains which,

although belonging to the same group, exhibit slightly

different sequences according to their geographic

origin. By contrast, no correlation was observed

between nucleotide and temporal distances suggesting

no clear evolutionary pattern during the epidemic.

Several results warrant discussion. First, the lack of

data on the rate of evolution of influenza virus during

a single epidemic made it difficult for us to compute

the number of isolates needed to demonstrate a link

between nucleotide distances and time. With the

number of isolates studied, the statistical power may

have been low. However, we obtained relatively low

correlations and a marked increase in the sample size

would have been unlikely to improve the pertinence of

the results. Second, we cannot exclude the possibility

that different results would have been obtained in

other years, but it is known that the evolutionary rate

of A/H3N2 strains is relatively constant year on year

[5]. Third, we only sequenced the HA1 genomic

domain; although most studies of the genetic diversity

of influenza virus are restricted to HA1, the evolution

of HA and NA may be different [8].

Average nucleotide diversity was 3.4r10x3 nu-

cleotides per site, while the average standardized

number of segregating sites was 9.17 and did not differ

between the two groups of strains. The standardized

number of segregating sites was lower in strains

infecting patients who had had ’flu-like syndromes

during the previous season. Indeed, the proportions of

strains identical to the consensus sequence was higher

in these patients. One possible explanation is that

frail patients might be more susceptible to strains

showing little genetic change than are patients in good

health.

The observed lack of correlation between the viral

group and clinical manifestations may be explained

by a lack of statistical power, the exclusion of asymp-

tomatic infections, or by a real lack of difference in

pathogenicity. This latter possibility is supported by a

recent study in which no difference in disease severity

was observed between children infected with different

A/H3N2 strains [30].

This study shows that the influenza virus undergoes

regular HA1 nucleotide changes, but without clonal

expansion of mutant strains. Since there is Darwinian

and continuing forward selection of influenza virus

variants when a longer time period (years rather than

weeks) is studied [31], we concluded that the evolution

of strains year on year may be due mainly to stronger

positive selection during non-epidemic periods, or to

worldwide spread with regular, minor changes. For

this reason, no particular strain isolated during an

epidemic can be considered the closest to strains of the

subsequent epidemic.
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