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that the virus evolved in people or pigs for an
unknown period of time before the pandemic
started and that the virus may have been a
reassortant.

The second line of evidence used by
Taubenberger et al.1 to support their conclu-
sions comes from comparing similarities in
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Taubenberger et al.1 have sequenced the poly-
merase genes of the pandemic ‘Spanish’
influenza A virus of 1918, thereby completing
the decoding of the genome of this virus2–6.
The authors conclude from these sequences
that the virus jumped from birds to humans
shortly before the start of the pandemic and
that it was not derived from earlier viruses by
gene shuffling, a process called reassort-
ment. However, we believe that their evidence
does not convincingly support these conclu-
sions and that some of their results even indi-
cate that, on the contrary, the virus evolved in
mammals before the pandemic began and that
it was a reassortant. In light of this alternative
interpretation, we suggest that the current
intense surveillance of influenza viruses should
be broadened to include mammalian sources. 

The inferences by Taubenberger et al.1 are
based on two lines of evidence. First, they
report phylogenetic trees for nine of the eleven
genes of the virus. The trees would have sup-
ported the conclusions if, in all or at least in
most of them, the 1918 virus linked the bird
influenza viruses with the later human and
swine influenza viruses: that is, if it had been
placed on the root of the cluster of mammalian
viruses (Fig. 1a). That topology would indicate
that the 1918 virus was the ancestor of all post-
1918 human influenza viruses, as Tauben-
berger et al.1 assume.

However, none of the nine phylogenetic
trees described by Taubenberger and his co-
workers, including those of the polymerases,
shows that topology1–6. In five of the pub-
lished trees, the 1918 gene is placed next to the
main cluster of human influenza viruses, and
the classical swine influenzas are linked to the
tree between the branches of the human and
avian viruses (Fig. 1b). The other four trees
have the reverse topology; the 1918 gene lies
next to the classical swine viruses, and the
main cluster of human viruses is between
them and the avian viruses (Fig. 1c). The
combined mammalian cluster is linked to the
bird cluster directly in five of the trees, but in
the other four trees it is linked first to other
lineages from mammals (that is, those of pigs
and horses).

Taubenberger and colleagues1–6 report that
the 1918 virus was placed with the bird
influenza viruses in some unpublished trees
and that in all the trees, both published and
unpublished, the 1918 virus lies close to the
root of the mammalian lineages of influenza
viruses. However, the 1918 virus does not lie
on the root, and therefore the phylogenetic
analyses of Taubenberger et al. do not support
their conclusions: their results indicate instead
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polymerase amino-acid sequences. Phylo-
genetic analysis is usually preferred to this
approach for studying origins, because simi-
larities can sometimes occur by coincidence
through parallel evolution. Indeed, Tauben-
berger et al.1 discovered examples of identical
amino-acid residues in bird and human
influenza virus polymerases that resulted from
parallel evolution, and we contend that those
discoveries undermine their conclusions.

Although the 1918 virus polymerase pro-
teins are placed closest to the typical sequences
of some bird influenza viruses, the ranking
depends on very few residues; parallel evolu-
tion could therefore have affected the rank-
ing. In contrast, when nucleotide similarity
was measured, rather than amino-acid simi-
larity, the authors found the 1918 virus to be
significantly closer to influenza viruses from
mammals. The evidence of sequence simi-
larity uncovered by Taubenberger et al.1 is
important for understanding how influenza
viruses adapt to humans, but it does not prove
their conclusions.

The events that led to the emergence of the
1918 virus are unclear and will probably
remain so, at least until the immediate ances-
tors of the virus have been characterized and
the mutation rate of the virus lineage is known.
Data from other influenzas show that the
mutation rate varies from close to 0% to
almost 1% per year7, introducing uncertainty
about timing inferred from influenza-virus
sequences. The haemagglutinin gene from an
influenza virus from a goose captured in 1917
has already been sequenced8: perhaps unluck-
ily, the 1917 virus was not an ancestor of the
1918 pandemic virus, but it was similar to con-
temporary H1N1 avian influenzas.
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Figure 1 | Hypothetical and observed phylogeny of
influenza-virus genes. a, Phylogenetic tree that
would be expected if the 1918 virus had come
directly from birds. The avian influenza-virus
source would be linked to the later influenzas
isolated from mammals, namely on the branch
linking the avian viruses to the mammalian
viruses. b, Summary of the trees found by
Taubenberger and co-workers1–6 for five of the
influenza-virus genes (PA, PB1, HA, M1, M2; 
see ref. 1 for details), which placed the 1918 virus
next to the later human influenzas: that is, they
are sister groups. c, Summary of the remaining
four influenza virus gene trees found by
Taubenberger and co-workers1–6 (PB2, NP, NS1,
NA; see ref. 1 for details), which placed the 1918
virus next to the later swine viruses. The avian-
virus source cluster in most of the gene trees also
includes virus isolates from mammals.
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evolved in mammals before the pandemic and
was a reassortment5. They present three simpli-
fied trees showing the 1918 virus on the root of
the mammalian clade, or in either the human or
classical swine subclades, claiming that the 1918
virus was not placed on the root of the tree as
expected. Likewise, Antonovics et al. state that
the 1918 virus sequences are placed in the
human and classical swine influenza clades and
are not basal to them6. That is indeed true for
the polymerase-gene trees shown, so here we
assess this apparent discrepancy. 

We have proposed that the virus responsible
for the 1918 human influenza pandemic was
avian-like, which to us is a reasonable inter-
pretation of all the available data from phylo-
genetic, sequence, serological and historical

analysis, combined with what is known of
influenza A virus biology1–4. However, Gibbs
and Gibbs5 and Antonovics et al.6 question our
inferred origin of the 1918 influenza virus. 

Gibbs and Gibbs contest that the 1918 virus

Taubenberger et al.1 claim that the 1918
influenza virus was derived from an avian
source and adapted to humans shortly before
the pandemic. However, we do not believe
that this conclusion, which has been widely
disseminated in the popular press and in sci-
entific journals2–4, is supported by their phylo-
genetic evidence.

The authors’ conclusion is based on DNA
sequences from three RNA-polymerase genes,
each of which resides on a separate RNA seg-
ment of the viral genome. The nucleotide phy-
logenies that they present1 show, with strong
statistical support, that the 1918 influenza
virus is found within clades containing human

and classical swine influenza viruses and is not
basal to those clades. Moreover, the relation-
ship of the 1918 strain to avian strains (rather
than to equine or other mammalian strains) is
unresolved because the trees are unrooted.

The phylogenies described by Taubenberger
et al.1 contradict their main conclusions and
are presented without discussion of the evolu-
tionary relationships they imply. Instead, evo-
lutionary conclusions are improperly drawn
from a similarity between the 1918 and 
avian influenza viruses in the patterns of base-
pair substitution (that is, the synonymous/
non-synonymous and transition/transversion
ratios, and variation in fourfold-degenerate

sites) and without consideration of the relative
similarity of the 1918 flu in these traits to other
mammalian strains. These are inappropriate
characters from which to infer similarity by
descent, and the data from the DNA sequences
should not be discounted as they are superior
indicators of phylogenetic relatedness. 

Taubenberger et al.1 also claim that the
amino-acid sequences encoded by these RNA-
polymerase genes support the avian nature of
the 1918 virus. We reconstructed phylogenies
using their amino-acid sequences1 and found
that the 1918 virus falls within, and not basal
to, clades containing strains from other mam-
malian hosts (Fig. 1). Sequences from the
nucleoprotein gene of the influenza virus also
fail to provide evidence that the 1918 strain is
derived directly from an avian source5.

In support of their conclusions, Tauben-
berger et al.1 cite prior phylogenetic studies6

indicating that the 1918 flu may have been
derived from an avian source. However, those
results simply show that the 1918 flu is phylo-
genetically unresolved and genetically equi-
distant from the North American and Asian
clades of avian flu, which does not indicate
emergence from an avian source.

By stating that the high pathogenicity of the
1918 virus is related to its emergence as a
human-adapted avian influenza virus, the
authors raise the possibility that an emerging
avian strain could resemble the 1918 flu. This
alarming implication, which is based on mis-
interpretation of the phylogenetic data, is com-
pletely unjustified and could seriously distort
the public perception of disease risk, with
grave economic and social consequences.
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Figure 1 | Neighbour-
joining analysis of the
PB1 subunit of the
influenza virus A
polymerase hetero-
trimer and of the
peptide PB1–F2.
a, b, Amino-acid
alignments for 
a, PB1, and b, PB1-F2
(incomplete sequences
omitted), taken from
Supplementary
Figure 2a, b of
Taubenberger et al.1.
Data were analysed
using MEGA 3.1
software7; bootstrap
values represent 100
replications. Sample
names are given in
ref. 1. The 1918 and
avian viruses are
shown in red and blue
text, respectively. 
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When branch lengths are examined, it is
evident that the sequence of the 1918 virus is
the closest to the common ancestor of the
mammalian clade in the genes for each of the
three polymerases (PA, PB1, PB2). Similarly,
the haemagglutinin and neuraminidase genes
of the 1918 virus are clearly placed very near
the root of the mammalian clade7,8. In contrast
to results shown in Fig. 1 of Antonovics et al.6,
which is derived from a subset of our data1, a
more extensive analysis using a larger data set
of amino-acid sequences1 places the 1918 virus
closest to the root of the mammalian clade for
each polymerase gene (for example, see Fig. 1). 

In an earlier phylogenetic study of swine
influenza viruses9, it was concluded that the
internal genes of classical swine viruses are
‘avian-like’ and that these genes evolved con-
comitantly; furthermore, the results were in
agreement with the historical account that the
1918 human influenza virus entered the pig
population in 1918. We agree with the gener-
ally held conclusion that the human and clas-
sical swine H1N1 influenza viral lineages
descended from the 1918 virus. It is important
to note, however, that not all swine influenza
viruses are from this lineage. The trees shown
by Antonovics et al. show sequences from sev-
eral swine influenza viruses that are not
descended from the classical swine lineage, but
rather from the European ‘avian-like’ swine
influenza H1N1 lineages of the late 1970s10 or
from an Asian H3N2 swine virus containing
an avian-derived PB1 gene11. These lineages
share no evolutionary relationship with the
1918 virus. 

We have never maintained that the virus
entered the human population in 1918: rather,
as described earlier2,12, our claim that it entered
the human population “shortly” before the
pandemic should be interpreted as ‘at least sev-
eral years before the pandemic’, as stated in our
discussion1. The path that the precursors of
the 1918 pandemic virus took before emerging
in humans in 1918 remains unknown. Phylo-
genetic analysis on its own cannot definitively
resolve the issue. As in previous analyses9, we
analysed the sequences of these genes for clues
about their origins and found that the proteins
encoded by the 1918 polymerase genes were
avian-like in all cases.

Other scenarios can be derived from the
available data to explain the origin of the 1918
human influenza virus. For example, a virus
from an unknown avian-like source could
have infected an unknown mammal, where 
it may have evolved for several years before

causing the 1918 pandemic, or it could have
infected humans and adapted to them directly
several years before the 1918 pandemic. But as
no direct precursors of the 1918 virus have
been identified, we cannot at present separate
these two possibilities. We find the second
more plausible, given what we now know
about recent human infection with the avian
H5N1 influenza virus13.
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Figure 1 | Neighbour-
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