
PERSPECTIVES

(HA) protein on the virus surface can greatly
reduce the effectiveness of existing antibodies,
leaving people vulnerable to repeated influenza
infections throughout their lives. In addition
to this gradual change in the influenza virus,
which is known as ANTIGENIC DRIFT, influenza A
viruses can acquire novel surface proteins
against which existing antibodies are ineffec-
tive2. When this kind of ANTIGENIC SHIFT occurs,
up to one-third of the population can become
ill in an explosive global pandemic3,4.

Two characteristics of influenza A biology
contribute to its ability to undergo antigenic
shifts. First, its RNA genome comprises eight
separate segments. Co-infection of a cell with
two different influenza virus strains can result
in the generation of hybrid viruses that con-
tain some segments from each progenitor —
a process known as REASSORTMENT5. Second,
influenza A viruses can infect many animal
hosts, including wild waterfowl, poultry, pigs
and horses. Under circumstances that have
not yet been fully characterized, influenza
strains can cross between species. The ability
to reassort and the existence of several reser-
voirs of influenza virus provide many possi-
bilities for the generation of novel influenza
virus strains2.

Four pandemics have occurred in recent
history — in 1890, 1918, 1957 and 1968 (REFS

2–4). The genetic composition of the viruses
responsible for the 1957 and 1968 pandemics
is known; these viruses seem to have been
generated by reassortment between an avian
influenza strain and the strain then circulating

in humans. In the 1957 H2N2-SUBTYPE pan-
demic virus, both influenza surface proteins,
HA and neuraminidase (NA), and one inter-
nal protein, polymerase B1 (PB1), were
closely related to Eurasian wild waterfowl
influenza proteins6,7. In 1968, the H3N2 pan-
demic virus contained novel HA and PB1
proteins, also apparently of Eurasian wild
waterfowl origin7,8. Although it is not known
exactly how these reassortant viruses were
generated, pigs can be infected with both
avian and human influenza strains and this
species has been suggested as a potential ‘mix-
ing vessel’ for the generation of pandemic
viruses2,9.

In 1918, the most devastating influenza
pandemic in history killed at least 40 million
people10,11. In addition to a death toll that is
several times higher than that of other
influenza pandemics, the 1918 H1N1 virus
took its greatest toll on young adults instead of
the very old and very young who are usually
most affected by influenza12–16. Recently, isola-
tion of the genetic material of the 1918 strain
from formalin-fixed and frozen case material
has made it possible to determine the genetic
sequence of this virus. Five of the eight
genome segments have been sequenced17–22.
Analyses of these sequences are underway to
try to understand whether the 1918 pandemic
strain was generated by the same pattern of
reassortment as the 1957 and 1968 strains.
It is possible that the unusual characteristics
of the 1918 pandemic were, in part, due to an
unusual origin. Even if this is not the case, it is
important to know whether there is another
pathway for the generation of pandemic
strains so that surveillance for emerging
strains can be optimized.

As data have accumulated, evidence has
emerged to indicate that some of the genome
segments of the 1918 H1N1 strain might
have a novel origin that has not been seen in
strains responsible for other pandemics23.
The nucleoprotein (NP) gene sequence, in
particular, seems to have been acquired
directly from a source that is similar to viruses
currently found in wild birds at the amino

Abstract | Annual outbreaks of influenza A
infection are an ongoing public health threat
and novel influenza strains can periodically
emerge to which humans have little immunity,
resulting in devastating pandemics. The 1918
pandemic killed at least 40 million people
worldwide and pandemics in 1957 and 1968
caused hundreds of thousands of deaths.
The influenza A virus is capable of enormous
genetic variation, both by continuous,
gradual mutation and by reassortment of
genome segments between viruses. Both
the 1957 and 1968 pandemic strains are
thought to have originated as reassortants in
which one or both human-adapted viral
surface proteins were replaced by proteins
from avian influenza strains. Analyses of the
genes of the 1918 pandemic virus, however,
indicate that this strain might have had a
different origin. The haemagglutinin and
nucleoprotein genome segments in particular
are unlikely to have come directly from an
avian source that is similar to those that are
currently being sequenced. Determining
whether a pandemic influenza virus can
emerge by different mechanisms will affect
the scope and focus of surveillance and
prevention efforts.

Influenza afflicts approximately 10–20% of the
population and kills an estimated 36,000 peo-
ple each year in the United States1. The annual
return of the disease is driven by the antigenic
variability of the influenza virus; two or three
amino acid changes in the haemagglutinin
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protein in which many amino acid changes
provide a selective advantage. When the
nucleotide sequence of the NP from the 1918
virus is compared with the NP sequence of
mammalian isolates, the S/N ratios vary
from 2.7 (1918 compared with A/Wilson-
Smith/33) to 5.1 (1918 compared with
A/Swine/Iowa/15/30). By contrast, when the
1918 sequence is compared with 10 avian
species chosen from both the Eurasian and
North American avian subclades, the S/N
ratio is 10.4–18.0, with an average of 13.9.
These data reinforce the results of the BLAST
searches — when compared with avian NP
sequences, the 1918 sequence has many
changes at the nucleotide level, but only a few
of these result in amino acid changes.

A subset of synonymous substitutions that
are known as FOUR-FOLD DEGENERATE SUBSTITU-

TIONS because the presence of any of the four
bases does not lead to an amino acid replace-
ment have been investigated. When avian
sequences are compared with one another,
the number of nucleotide differences is usu-
ally 20–30%. Comparisons of the 1918 NP
with avian NP sequences consistently yields
differences of 30–40%, indicating that the
1918 NP is different from known avian NPs.
This does not seem to be simply a matter of
evolutionary time, as a region of a viral NP
gene found in a strain isolated from a bird
captured in 1917 (REFS 24,25) shows identical
patterns of four-fold degenerate differences
— 20–30% differences in comparisons with
modern birds and a 44% difference compared
with the 1918 pandemic virus sequence.

Given that only a limited number of wild-
bird viruses have been sequenced, is it possi-
ble that greater sampling would reveal an NP
sequence that is more closely related to the
1918 NP sequences? Avian sequences vary
from each other at many synonymous sites,
but they are all similarly distant from the
avian consensus sequence. Therefore, if the
1918 virus acquired its NP from an avian
virus that is similar to current avian strains, it
should have a similar number of synonymous
changes compared with the avian consensus
sequence. One would also expect the 1918
strain to be more similar either to the
Eurasian or the North American consensus
sequences, as is true of the avian strains that
have been sequenced so far. TABLE 1 and FIG. 1

show that this is not the case. The NP
sequence of the 1918 virus differs by 173
nucleotides from the overall avian consensus
sequence, by 187 nucleotides from the North
American avian consensus sequence and by
179 nucleotides from the Eurasian avian con-
sensus sequence. So, it is only slightly more
closely related to the consensus sequences

from the A/Swine/Iowa/15/30 (H1N1) strain
and 16 from the A/Wilson-Smith/33 (H1N1)
strain (an early human virus). Conversely, the
1918 NP gene differs from the A/Duck/
Bavaria/2/77 NP sequence by 193 nucleotides
(87.1% identity), from the A/Swine/Iowa/15/30
sequence by 67 nucleotides (95.5% identity)
and from A/Wilson-Smith/33 by 65 nucleo-
tides (95.6% identity). The large number of
synonymous differences with the avian
sequence would be expected if the NP of the
1918 strain had been retained from the previ-
ously circulating human strain. However, the
small number of amino acid differences from
the avian strain indicates a recent avian origin.

Synonymous/non-synonymous (S/N)
ratios vary widely between different lineages
in the NP phylogenetic tree. Within the avian
clade, where influenza is thought to be
endemic, the average S/N ratio is 15.2. This
indicates that in avian strains, the NP is so
well adapted that most amino acid changes
would be deleterious, and silent nucleotide
changes therefore predominate. Within the
mammalian clade, the average S/N ratio is 3.9,
which indicates that NP is an actively evolving

acid level, but very divergent at the nucleotide
level, suggesting considerable evolutionary
distance between the source of the 1918 NP
and the currently sequenced virus strains in
wild birds22. In light of this conclusion, it is
worth re-examining the data on the other
four sequenced 1918 genome segments, to see
whether a similarly unusual origin is possible.

Nucleoprotein
PHYLOGENETIC ANALYSES of the NP segment of
influenza virus produce trees with two large
CLADES — a ‘mammalian’ clade with human
and classical swine subclades, and an ‘avian’
clade containing equine, gull and waterfowl
subclades. The waterfowl subclade is further
divided into North American and Eurasian
branches. The 1918 NP sequence is placed
within the mammalian clade whether total,
SYNONYMOUS or NON-SYNONYMOUS substitutions
are analysed. However, a BLAST search of the
1918 NP protein reveals that the amino acid
sequences to which it is most closely related are
avian. It differs from the A/Duck/Bavaria/2/77
(H1N1) strain by only eight amino acids,
compared with 11 amino acid differences

Table 1 | Comparison of NPs with avian consensus sequences

Sequence* Strain

1918 A/Duck/ A/Duck/
Bavaria/2/77 Manitoba/53

Overall avian consensus 173 73 71

Eurasian avian consensus 187 51 114

North American avian consensus 179 137 40

The number of nucleotide differences between sequences are shown. *Consensus sequences were
generated with the SequencherTM program, version 4.1.4, Gene Codes Corporation, using the consensus by
plurality setting. Sequences used to generate the consensus sequences are available upon request.
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Figure 1 | Comparison of the nucleoprotein (NP) genome segment from the 1918 pandemic
influenza virus and two avian strains with the overall avian consensus sequence. The data show
that although the amino acid sequence of the 1918 NP is similar to the overall avian consensus at the
amino acid level, it is highly divergent at the nucleotide level.
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comparable to the number of differences
between the H2 and H3 pandemic HAs and
their avian consensus sequences. Twenty
years later, the swine H1 lineage had accu-
mulated 67 nucleotide and 36 amino acid
differences (using A/Swine/Belgium/1/98
(H1N1) as an example). So, after 20 years in
swine, the avian-derived H1 has acquired as
many amino acid differences from the avian
consensus as the 1918 strain, but it has fewer
than half as many synonymous changes (67
compared with 174 in the 1918 strain).
Again, preliminary results indicate that adap-
tation in an intermediate host such as the pig
is unlikely to explain the large number of
synonymous differences and the high S/N
ratio between the 1918 sequence and avian
sequences that have been characterized so far.

Therefore, it seems possible that, like the
NP, the 1918 HA might have reassorted

than it is to individual strains, and no more
closely related to one avian clade than the
other. By contrast, individual avian sequences
are more closely related to the avian consen-
sus sequences than they are to each other, and
much more closely related to the consensus of
their own clade than to the consensus of the
other clade (TABLE 1).

Haemagglutinin
Phylogenetic analyses performed on the
complete HA gene or either of its two
domains, HA1 and HA2, consistently place
the 1918 sequences within, and near the
root of, the mammalian clade17,18,24,26. The
1918 sequence is more similar to avian H1
sequences than is any other mammalian
H1, but even when it is only compared with
avian sequences, PARSIMONY ANALYSIS places the
1918 sequence in a separate clade18,26. The phy-
logenetic distance between the 1918 HA
sequence and avian H1 HA sequences is much
greater than that between either the 1957 H2
and 1968 H3 sequences and avian H2 and
H3 sequences, respectively (TABLE 2; FIG. 2).

Within the H2 subtype, North American
avian strains differ from Eurasian avian
strains by >116 nucleotides and 24 amino
acids, on average. Within the Eurasian clade,
some strains differ from the avian consensus
sequence by as many as 70 nucleotides and 20
amino acids. So, although the HA gene of the
1957 pandemic strain is not a perfect match
for any of the avian sequences in the database,
with only 60 nucleotide differences from the
avian consensus it is clear that it could have
come directly from a Eurasian wild waterfowl.
Similarly, within the H3 subtype, North
American avian strains differ from Eurasian
avian strains by >130 nucleotides and 16
amino acids, and one Eurasian strain can dif-
fer from another by as many as 60 nucleotides
and seven amino acids. Again, the H3 gene of
the 1968 pandemic virus is sufficiently similar
to the known wild waterfowl sequences to
have reassorted directly from this source. By
contrast, in the H1 avian clade, strains from
North American birds differ from Eurasian
bird strains by an average of 92 nucleotides
and 13 amino acids, and the differences are
even smaller within the two avian subclades.
The HA sequence from the 1918 pandemic
H1 strain has more than twice as many differ-
ences from the avian consensus than any
avian sequence. As a result, it seems unlikely
that the 1918 pandemic virus acquired its HA
directly from an avian source within the avian
clades that have been characterized so far.

The possibility that the avian strains circu-
lating around 1918 might have more closely
resembled the pandemic strain was tested by

sequencing a region of the HA gene from a
Brant goose that was captured in 1917 and
which was infected with an H1 subtype
influenza virus. Phylogenetic analyses placed
this 1917 avian sequence within the North
American avian clade with a similar number of
differences from the 1918 pandemic sequence
as modern North American avian HAs24.

An effort to reconcile the phylogenetic
distance of the 1918 sequence from the avian
clade with the many avian characteristics of
the 1918 virus led us to hypothesize that the
1918 HA gene had adapted in a mammalian
host for some years before emerging in a
pandemic virus. The earliest swine H1 isolate
from the outbreak of avian H1N1 influenza in
European pigs27,28, the A/Swine/Arnsberg/
6554/79 (H1N1) isolate, has 40 nucleotide and
19 amino acid differences from the Eurasian
avian HA1 consensus sequence — which is
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Table 2 | Comparison of pandemic HA with avian consensus sequences

Sequence* Strain

1918 H1 1957 H2 1968 H3

Eurasian avian consensus

Nucleotide 174 51 65

Amino acid 36 9 11

North American avian consensus

Nucleotide 174 122 143

Amino acid 30 28 19

The number of nucleotide and amino acid differences between sequences are shown. *Consensus sequences
were generated with the SequencherTM program, version 4.1.4, Gene Codes Corporation, using the consensus
by plurality setting. Sequences used to generate the consensus sequences are available upon request.
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Figure 2 | Comparison of the haemagglutinin 1 (HA1) domain from the 1918, 1957 and 1968
pandemic viruses and various other avian strains with their avian consensus sequence. The data
show that the HA of the 1918 pandemic virus differs from the H1 avian consensus to a much greater extent
than the 1957 human H2 and 1968 human H3 differ from their respective avian consensus sequences.
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accumulated 87 nucleotide and 33 amino acid
differences (using A/Swine/Italy/1506-9/97
(H1N1) as an example) from the Eurasian
avian consensus sequence. So, 20 years of evo-
lution in pigs resulted in a similar number of
amino acid changes as that seen between the
1918 N1 sequence and avian sequences, but
only two-thirds as many synonymous
changes (87 compared with 136). Again, these
results indicate that adaptation in an inter-
mediate host like the pig is unlikely to explain
the accumulation of so many synonymous
differences between the 1918 sequence and
avian sequences obtained so far.

Matrix
The matrix (MA) genome segment encodes
two proteins, M1 and M2, both of which are
highly conserved. A phylogenetic analysis of
M1 nucleotide sequences shows two clades —
one comprising human and swine subclades,
and a second that includes one subclade con-
taining North American avian and equine
sequences and another subclade containing
Eurasian birds and sequences from the
recent introduction of avian H1N1 into
European swine. As with the other 1918
gene segments, the 1918 M1 sequence is
positioned within and near the root of the
human subclade. The M1 protein is so con-
served that phylogenetic analyses yield little
information21. If a consensus sequence is
made from six Eurasian avian sequences, the
individual sequences are found to differ
from the consensus by 10–20 nucleotides
but their amino acid sequences are virtually

in European swine for the past 25 years. These
sites might be important in the adaptation of
avian NA to mammals19,29.

As shown in TABLE 3, when the sequence of
the 1918 N1 is compared with consensus N1
sequences from Eurasian and North
American avian strains, it is found to have
136 and 140 synonymous differences from
the Eurasian and North American avian lin-
eages, respectively. The 1918 N1 NA protein
differs by 30 and 32 amino acids, respectively,
from the Eurasian and North American avian
consensus amino acid sequences. This is sim-
ilar to the number of differences that are
found between the 1957 N2 NA sequence
and consensus sequences derived from avian
N2 sequences (TABLE 3).

When the avian H1N1 strain emerged in
European swine in 1979, the N1 of an early
swine isolate (A/Swine/Lot/2979/82 (H1N1))
had 49 nucleotide and 9 amino acid differences
from the Eurasian avian N1 consensus
sequence. By 1997, the swine N1 lineage had

directly from a currently unknown host, the
HA of which is similar to that in wild birds at
the amino acid level, but quite different at the
nucleotide level. Again, nucleotide differences
at four-fold degenerate sites reinforce this
interpretation of the data. When avian HA1
sequences are compared, they differ at four-
fold degenerate sites by 20–30%.
Comparisons of 1918 viral HA1 with avian
sequences give values of 50–60%. As with the
NP gene, comparisons with a region of an
HA1 gene from a bird captured in 1917 show
the same pattern — 20–30% differences with
modern birds and a 58% difference compared
with the 1918 pandemic virus.

Neuraminidase
Phylogenetic analyses of the N1 NA gene
segment produce trees with two clades — a
mammalian clade containing human and
swine subclades, and an avian clade contain-
ing Eurasian and North American subclades.
Analyses of the full-length NA coding
sequences place the 1918 NA within and near
the root of the human/swine clade, as do
analyses of synonymous changes alone.
However, when non-synonymous substitu-
tions are analysed, the 1918 NA is placed
within and near the root of the avian clade.
These analyses suggest that the mammalian
sequences are characterized by many shared
synonymous changes, whereas the 1918 pro-
tein is more similar to avian sequences at the
amino acid level19. Similar to the NP and HA1
genes, the 1918 viral NA gene has many
changes at four-fold degenerate sites.
Comparisons of North American and
Eurasian avian NA genes show 20–40% dif-
ferences, whereas comparisons of modern
avian sequences with that of the 1918 virus
show differences of 30–40%.

Although analyses of the amino acid
sequence of the 1918 N1 NA place it in the
avian clade, the 1918 sequence shares 13
amino acid changes with strains of the mam-
malian lineage that are not found in avian
strains. Five of these sites are also changed in
the avian N1 lineage that has been circulating

Table 3 | Comparison of pandemic NA with avian consensus sequences

Sequence* 1918 N1 1957 N2

Eurasian avian consensus

Nucleotide 136 104

Amino acid 30 27

North American avian consensus

Nucleotide 140 116

Amino acid 32 23

The number of nucleotide and amino acid differences between sequences are shown. *Consensus sequences
were generated with the SequencherTM program, version 4.1.4, Gene Codes Corporation, using the consensus
by plurality setting. Sequences used to generate the consensus sequences are available upon request.

Glossary

ANTIGENIC DRIFT

Minor changes in viral antigens due to gradual accumu-
lation of mutations over time.

ANTIGENIC SHIFT

Sudden change in viral antigens due to acquisition of
one or more novel surface-protein-encoding genes by
the process of reassortment.

CLADE

Traits (for example, sequences) that form a distinct
group on phylogenetic analysis.

FOUR-FOLD DEGENERATE SUBSTITUTIONS

A subset of synonymous sites in a codon at which any of
the four nucleotides can be present without resulting in
an amino acid replacement.

NON-SYNONYMOUS SUBSTITUTION

Nucleotide substitution in a codon that results in an
amino acid replacement.

PARSIMONY ANALYSIS

A type of phylogenetic analysis in which many possible
trees are compared to find the tree requiring the fewest
evolutionary changes.

PHYLOGENETIC ANALYSES

Analysis of the evolutionary connections between traits
(for example, sequences). There are several different
methods that can be used to analyse phylogenetic 
connections.

REASSORTMENT

Due to the segmented nature of the influenza A virus
genome (eight individual RNA segments), influenza
viruses can undergo a process of genetic reassortment 
to produce new variant strains of virus. In a cell infected
with two different influenza A virus strains, gene 
segments from each can be packaged into viable hybrid
virus strains.

SUBTYPE

A designation for influenza A viruses describing the
antigenic group to which the two dominant surface gly-
coproteins — haemagglutinin (HA) and neuraminidase
(NA) — belong, written in the form HXNX, wherein
one of the 15 possible HAs and one of the nine possible
NAs is listed, for example, H1N1 or H3N2.

SYNONYMOUS SUBSTITUTION

Nucleotide substitution in a codon that does not result
in an amino acid replacement.
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few amino acid differences from wild-bird
strains to have spent many years adapting in a
human or swine intermediate host. One pos-
sible explanation is that these gene segments
were acquired from a reservoir of influenza
virus that has not yet been sampled.
Phylogenetic analyses indicate that strains
from this unidentified host could form a sub-
clade within the avian clade, similar to the
subclades that are formed by the Eurasian and
North American waterfowl sequences.

The MA and NS genome segments are
much more conserved and therefore sequence
analysis alone might not be sufficient to deter-
mine whether they were novel in 1918 and, if
so, whether they came from avian strains simi-
lar to the strains that have been sequenced.
The M1 gene, in its pattern of synonymous
and non-synonymous differences from avian
sequences, resembles the genome segments
listed above, consistent with an origin in a
novel host. At the same time, the four amino
acid changes in the extracellular domain of the
M2 protein might indicate that this genome
segment was retained from the previously cir-
culating human strain. As the two genes are
encoded by a single genome segment, and
therefore must have a common origin, more
information will be required to determine the
origin of the 1918 MA segment.

The genetic composition of the 1957 and
1968 pandemic viruses is consistent with their
both having arisen by the same mechanism
— reassortment of a Eurasian wild-waterfowl
strain with the previously circulating human
strain6–8. Proof of the hypothesis that the
virus responsible for the 1918 pandemic had
an origin markedly different from the
viruses responsible for the 1957 and 1968
pandemics would require both the discovery
of a sample of the human influenza strain
that was circulating before 1918 and the
discovery of influenza strains in the wild that
more closely resemble the 1918 sequences. At
present, it is only possible to assert that the
sequences of the 1918 pandemic virus do not
seem to be consistent with an origin similar
to that of the 1957 and 1968 pandemic
viruses. Enhanced sampling and surveillance
of wild-animal populations to find additional
influenza reservoirs could be a prudent
course of action30–32, given the consequences
of missing the emergence of a pandemic
strain like that of 1918.
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identical. The 1918 M1 sequence differs from
this Eurasian avian consensus sequence by 51
nucleotides and one amino acid. A consensus
sequence derived from four North American
avian strains yields similar results; the strains
each differ from the consensus by 5–20
nucleotides and the 1918 strain differs from
the consensus by 47 nucleotides and, again,
one amino acid. The North American and
Eurasian avian consensus sequences differ
from each other by 47 nucleotides. So, the 1918
M1 is as different from each avian subclade as
they are from each other.

Phylogenetic analyses of the M2 gene
produce trees in which the mammalian
portion of the tree is very similar to the M1
trees. The avian/equine clade, however, has
little horizontal depth and does not divide
clearly into Eurasian, North American and
equine subclades. Comparison of the avian
sequences shows that only 18 nucleotide
positions display any differences among the
avian sequences, with most birds differing
from each other by only a few nucleotides. The
1918 M2 sequence differs from the avian
consensus by nine nucleotides. At the amino
acid level, avian M2 is highly conserved, with
only one amino acid difference distinguishing
Eurasian and North American avian strains.
Strikingly, the 1918 M2 differs from this avian
consensus at five amino acid positions. Four of
these differences are in the extracellular
domain of M2, which is encoded by a reading
frame that overlaps with that of the com-
pletely conserved M1 carboxyl terminus, indi-
cating that it came from a source that differs
markedly from the currently known avian
sequences. It is possible that some of these
four changes reflect human adaptation. If this
is the case, it would indicate that the MA
genome segment might have been retained in
the 1918 pandemic virus from the previously
circulating human influenza virus21.

Non-structural proteins
The non-structural (NS) genome segment is
unusual among influenza gene segments in
that two distinct alleles, A and B, are found
in wild birds. Phylogenetic trees of both
NS1 and NS2 position the B allele as an
outgroup, and sequences of strains found in
gulls and H7N7-subtype equine strains also
form distinct clades. The topography of the
other large clade is similar to that of M1,
with a mammalian clade containing human
and swine subclades, and an avian clade con-
taining one subclade of Eurasian birds and
another of North American birds and horses.
The NS phylogenetic tree differs from the M1
tree in that a small group of old, highly path-
ogenic avian influenza viruses (previously

called fowl plague viruses) is found at the
root of the mammalian clade. The 1918 NS
sequence, as with all the other 1918 gene seg-
ments, is found within and near the root of
the mammalian clade20.

NS1 sequences are more diverse than M1
sequences, making it difficult to generate a
consensus avian sequence. Within the
Eurasian avian clade, sequences differ by as
many as 25 nucleotides and six amino acids
(comparing A/Chicken/Victoria/1/85 (H7N7)
and A/Chicken/Hong Kong/220/97 (H5N1),
for example). Within the North American
avian clade, sequences differ by as many as 16
nucleotides and two amino acids (comparing
A/Pintail/Alberta/119/79 (H4N6) and
A/Gull/Delaware/475/86 (H2N2)). Given this
diversity, as the 1918 NS1 sequence differs
from the most closely related avian sequence,
A/Mallard/New York/6750/78 (H2N2), by
24 nucleotides and four amino acids it seems
possible that the 1918 NS segment was
acquired directly from an avian strain.
Eighty years later, the human NS1 lineage
(using A/Shiga/25/97 (H3N2) as an exam-
ple) had accumulated another 39 nucleotide
and 33 amino acid differences from the 1918
strain, consistent with the hypothesis that the
1918 NS had not circulated in humans for a
long time before the pandemic.

NS2 sequences are more conserved than
NS1, with avian sequences varying from
each other on average by 10 nucleotides and
1–3 amino acids. The 1918 NS2 sequences
differ from most avian sequences by about
the same number — for example, from the
A/Mallard/New York/6750/78 (H2N2) strain
by 11 nucleotides and one amino acid and
from the A/Chicken/Victoria/1/85 (H7N7)
strain by eight nucleotides and three amino
acids. Since 1918, modern human NS2
sequences (again using A/Shiga/25/97
(H3N2) as an example) have accumulated
another 26 nucleotide and six amino acid
changes. So, the 1918 NS2 gene sequence is
also consistent with a recent origin for the NS
segment at the time of the pandemic.

Conclusion
The origin of the 1918 pandemic influenza
strain remains mysterious. Several of the gene
segments — HA, NA and NP — have so
many synonymous changes from known
sequences of wild-bird strains that it seems
unlikely that they could have reassorted
directly from an avian strain similar to those
that have been sequenced so far. This is espe-
cially apparent when one examines differ-
ences at four-fold degenerate sites, which
should be subject to little selective pressure. At
the same time, the 1918 sequences have too
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Changing the global R&D profile
Government ministers attending the
Organization for Economic Cooperation
and Development (OECD; see the online
links box for further information) Science,
Technology and Innovation for the Twenty-
first Century meeting in January 2004 con-
cluded that “greater international cooperation
in science and technology is vital to meet a
broad range of global challenges related to
economic growth, better health, sustainable
development and enhanced safety and secu-
rity, as well as for implementing large science
projects in a growing range of disciplines”.
The final communiqué from the meeting
emphasized the fact that the changing inno-
vation processes and the shift in the relative
contributions that are made by the private
and public sectors reinforce the need for an
examination of links between industry and
academia and that “a well-functioning inter-
face between the innovation and science sys-
tems is more necessary than ever to reap the
economic and social benefits from public
and private investments in research, ensure
the vitality of the science system and
improve public understanding and accep-
tance of science and technology and the
importance of innovation”1.

What the ministers did not address was
the impact that recent changes in investment
patterns have had on scientific R&D, and
how financial considerations and the vested
interests of a few (both in industry and gov-
ernment) are having a detrimental impact on
a global scale.

Indeed, at the 1999 World Conference on
Science, the preamble to the declaration on

Abstract | For several decades scientific
R&D has been failing communities around
the world, especially in developing
countries, by not producing an adequate
level of benefits (for example, improved
health and living standards) and essential
public goods (for example, the provision of
safe water, sanitation and energy). It is time
for a complete overhaul of the R&D process,
with a comprehensive review of the
mechanisms by which R&D is financed, how
and where the work and results are
published and disseminated, how the
results and knowledge are exploited, and
how ownership is decided. This is
particularly important for public goods, for
which there is often no market or prospect
of commercial return or profit.

There is a renewed and growing perception
among society that science is capable of
producing viable solutions to most of the
world’s deficiencies and problems. However,
there is a concomitant increased scepticism
that the unfettered pursuit of financial gains
will prevent the expeditious production and
equitable distribution of the goods and services
that are so urgently needed (for example, the
provision of safe water or the production of
childhood vaccines). This is resulting in the
beginnings of a movement to reclaim science
for the general, rather than the private, good.
What is also becoming apparent is that a truly
international, well-coordinated, unbiased
multi-sector partnership mechanism will be
necessary if scientific R&D is going to be
properly prioritized, promoted and exploited
for maximum benefit.
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