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Characterization of the 1918 influenza virus

polymerase genes

Jeffery K. Taubenberger', Ann H. Reid't, Raina M. Lourens't, Ruixue Wang', Guozhong Jin'

& Thomas G. Fanning'

The influenza A viral heterotrimeric polymerase complex
(PA, PBI, PB2) is known to be involved in many aspects of viral
replication and to interact with host factors', thereby having a role
in host specificity>’. The polymerase protein sequences from the
1918 human influenza virus differ from avian consensus
sequences at only a small number of amino acids, consistent
with the hypothesis that they were derived from an avian source
shortly before the pandemic. However, when compared to avian
sequences, the nucleotide sequences of the 1918 polymerase genes
have more synonymous differences than expected, suggesting
evolutionary distance from known avian strains. Here we present
sequence and phylogenetic analyses of the complete genome of the
1918 influenza virus*?, and propose that the 1918 virus was not a
reassortant virus (like those of the 1957 and 1968 pandemics®'®),
but more likely an entirely avian-like virus that adapted to
humans. These data support prior phylogenetic studies suggesting
that the 1918 virus was derived from an avian source''. A total of
ten amino acid changes in the polymerase proteins consistently
differentiate the 1918 and subsequent human influenza virus
sequences from avian virus sequences. Notably, a number of the
same changes have been found in recently circulating, highly
pathogenic H5N1 viruses that have caused illness and death in
humans and are feared to be the precursors of a new influenza
pandemic. The sequence changes identified here may be important
in the adaptation of influenza viruses to humans.

Influenza A viruses cause annual outbreaks in humans and
domestic animals. Periodically, new strains emerge in humans that
cause global pandemics. The severe ‘Spanish’ influenza pandemic of
1918-1919 infected hundreds of millions, and resulted in the death of
approximately 50 million people'>. We have previously used phylo-
genetic analyses to help understand the origin of the pandemic
virus®''; functional studies to understand the pathogenicity of the
1918 virus are underway®">"7. Recent data have shown that viral
constructs bearing the 1918 haemagglutinin gene are pathogenic in a
mouse model, but the genetic basis of this observation has not yet
been mapped®'*>~"”. The overall goals of this project have been to
understand the origin and unusual virulence of the 1918 influenza
virus.

The influenza virus A polymerase functions as a heterotrimer
formed by the PB2, PB1 and PA proteins (see ref. 1 for a review). An
additional small open reading frame has recently been identified,
coding for a peptide (PB1-F2) that is thought to play a role in virus-
induced cell death'. It is not yet clear how the polymerase complex
must change to adapt to a new host’. A single amino acid change in
PB2, E627K, was shown (1) to be important for mammalian
adaptation®®, (2) to distinguish highly pathogenic avian influenza
(HPAI) H5N1 viruses in mice'’, and (3) to be present in the single

fatal human infection during the HPAI H7N7 outbreak in the
Netherlands in 2003 (ref. 20), and in some recent H5N1 isolates
from humans in Vietnam and Thailand and wild birds in China*'~>.

The open reading frame sequences of segment 1 (PB2), segment 2
(PB1) and segment 3 (PA) of A/Brevig Mission/1/1918, and theo-
retical translations of the four identified reading frames, are shown in
Supplementary Fig. la—c. The 1918 PB2 protein contained five
changes from the avian consensus sequence (Table 1). Of these,
A199S is in the area mapped as the PB1 binding site, and the L475M
change is in a nuclear localization signal***°. Three other changes at
residues 567, 627 and 702 occur at sites that are not in known
functional domains.

The 1918 PBI protein differed from the avian consensus by seven
residues (one of which is shown in Table 1; see also Supplementary
Fig. 2). Of these, K54R is in the overlapping binding domains for
complementary (c)RNA and viral (v)RNA. Changes at residues 375,
383 and 473 all occur in between the four conserved polymerase
motifs in the cRNA binding domain®, and changes at residues 576,
645 and 654 occur in the vVRNA binding domain®®.

Seven changes were noted in the 1918 PA protein compared with
the avian consensus (four of which are shown in Table 1, the other
three being C241Y, K312R and I322V). The C241Y change occursin a
nuclear localization signal, but the other six changes (at residues 55,
100,312,322, 382 and 552) occur at sites outside of known functional
domains™.

Representative phylogenetic analyses of the three polymerase genes
are shown in Figs 1-3. The 1918 human pandemic viral polymerase
genes were compared to representative avian influenza genes with
regards to transition/transversion (T;/T,) ratio, synonymous/non-
synonymous (S/N) ratio, and the numbers of differences at fourfold
degenerate sites (defined in ref. 11). T;/T, ratios for most compari-
sons using the 1918 viral genes and representative sequences of either
North American or Eurasian avian genes yielded values between 2
and 4. This range was similar to that observed for comparisons of
various avian genes with one another, except for the PB1 gene. For
PB1, comparisons of the 1918 viral gene with avian virus PB1 genes
was always close to 2, whereas comparisons of various avian genes
with one another were in the range of 6-10. There were fewer
transversions in comparisons between avian PB1 genes than in
comparisons between avian PB1 and 1918 human virus PBI,
probably reflecting that transversions more often lead to non-
synonymous changes.

S/N ratios for most comparisons using the 1918 viral genes and
representative sequences of either North American or Eurasian avian
genes usually yielded values in the range of 7-16 for both the PA and
PB2 genes, as is the case for most avian versus avian PA and PB2 gene
comparisons. Like the T;/T, ratios, the S/N ratios were somewhat
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Table 1| Amino acid residues distinguishing human and avian influenza polymerases

Gene Residue no. Avian 1918 Human HIN1 Human H2N2 Human H3N2 Classical swine Equine
PB2 199 A S S S S S A
PB2 475 L M M M M M L
PB2 567 D N N N N D D
PB2 627 E K K K K K E
PB2 702 K R R* R R R K
PB1 375 N/S/T+ S S S S S S
PA 55 D N N N N N N
PA 100 \ A A A A \ A
PA 382 E D D D D D E
PA 552 T S S S S S T
* All human HIN1 PB2 sequences have an Arg residue at position 702, except that two out of three A/PR/8/34 sequences have a Lys residue.
T The majority of avian sequences have an Asn residue at position 375 of PB1, 18% have a Ser residue, 13% a Thr residue.
higher with the PB1 gene (most of the comparisons yielded ratios in
the range of 16—25)., owing to a smaller numb?r of non-synonymous Shiga/97 \
changes in comparisons of avian PB1 genes with one another. These swine/Shizuoka/97
findings may reflect a more conservative evolution of PB1 in birds. Fukushima/96 -
A subset of synonymous differences occurs at sites that are fourfold PB2 Kitakyushu/93 E]
degenerate (that is, where a substitution with any base does not result Akital95 } E
in an amino acid replacement). As these sites are not subject to Paris/97 é
selective pressure at the protein level, base substitutions at many Memphis/83 S
. . . . Udorn/72
fourfold degenerate sites may accumulate rapidly. If influenza virus )
. . . swine/Colorado/77
genes have been evolving in birds for long enough to reach evolu- Hong Kong/6 )
tionary stasis, as is suggested by the high S/N ratios described above, Koreal68
one would predict that at many of the sites where fourfold degeneracy Leningrad/57 } Human H2N2
is possible, all four bases would be present in the avian clade unless Fort Monmouth/47
the constraints of RNA secondary structure limit the accumulation of Chile/83
synonymous changes. In fact, when avian sequences from geographi- HogKong7b | - N
cally distinct lineages (North American versus European) were Hong Kong/98
compared, the per cent difference at fourfold degenerate sites yielded 100 WSN/33
values in the 27-38% range. In contrast, calculating the per cent Puerto Rico/34
. . . . Brevig Mission/1918 == 1918
difference at fourfold degenerate sites in comparisons of the 1918 swine/lowa/30
viral PA, PB1 and PB2 gene sequences with avian sequences yielded r 100 wine/31 }‘ Classical swine H1N1
consistently higher values (range 41-51%) for all three genes. As with equine/London/73
the other 1918 genes'', this suggests that the donor source of the 1918 turkey/Minnesota/80 \\
virus was in evolutionary isolation from those avian influenza viruses 100 S chicken/California/01
currently represented in the databases. swine/Ohio/01
Emphasizing the avian-like nature of the 1918 influenza virus swine/Korea/02
polymerase proteins, out of 19 total amino acid changes from the duck/North Carolina/0t
avian consensus, there are only 10 amino acid positions (out of 2,232 swine/North Carolina/0t
total codons) that consistently distinguish the 1918 and subsequent swine/lowa/99
. . . swine/Indiana/99
human polymerase proteins PB2, PB1 and PA from their avian swine/Minnesota/00 oo
influenza gounterparts '(these are deﬁn'ed as char}ges from aviz?n chicken/Rostock/3 g z
sequences in the 1918 virus that are maintained without change in goose/Guangdong/7 35
subsequent human viruses) (Table 1). It is likely that these changes chicken/Taiwan/99 ]
have an important role in human adaptation. Seven of these ten chicken/Shanghai/98 2 %
changes were previously noted in an alignment between avian and 100 swine/Hong Kong/98 | 3
human influenza polymerases’. What follows is a comparison 4«:5wine/Germany/81
between the 1918 virus changes and recent H5NT1 isolates, in order Hong Kong/99b
to evaluate possible examples of parallel evolution in the adaptation gullAstrakhan/84
. . . Hong Kong/97
of avian influenza viruses to humans. parakeeUNaria/o8
In the PB2 protein, five changes distinguish the human isolates .
N A chicken/Hong Kong/97
from avian sequences (Table 1). Out of 253 available PB2 sequences pheasantiHong Kong/00
from human HIN1, H2N2 and H3N2 isolates, these five changes are Hong Kong/99
almost completely preserved, with the exception that two recent chukka/Hong Kong/00 /)
H3N2 isolates have the avian Lys residue at position 702. Only a small TR

number of avian influenza isolates show any of these five changes,
and it is intriguing that almost all of these isolates are from HPAI
H5N1 or H7N7 viruses, or from the HON2 lineage that infected a
small number of humans in China in the late 1990s (ref. 29). Only 5
out of 282 available avian PB2 sequences have a Ser residue at
position 199, four of these being 1997 H5NI1 isolates from Hong
Kong. The A199S change was also found in 5 out of 18 H5N1 strains
isolated from humans (all five were from the 1997 Hong Kong
outbreak). Of the avian viruses, 36 out of 336 have an Arg residue
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Figure 1| Phylogenetic tree of the PB2 gene. Sequences were aligned and
analysed for phylogenetic relationships using the NJ algorithm, with the
proportion of sequence differences as the distance measure. Bootstrap
values (100 replications) for key nodes are shown (for clarity, identical
and nearly identical sequences have been removed from the trees). Major
clades are identified with large brackets. The arrow identifies the position of
the 1918 PB2 gene sequence. A distance bar is shown below the tree.
Influenza strain abbreviations used in the analyses are listed in
Supplementary Table 1.
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at position 702, 30 of which are HIN2 isolates from China around
1996-2000, and 5 are H5N1 isolates from Hong Kong in 1997 and
2001. Out of 18 available 1997 H5NT1 strains isolated from humans,
three have the K702R change.

Perhaps most interestingly, the 1918 virus and subsequent human
isolates have a Lys residue at position 627. This residue has been
implicated in host adaptation®?, and has previously been shown to be
crucial for high pathogenicity in mice infected with the 1997 H5N1
virus'. Of the avian isolates, 19 out of 345 have a Lys residue
at position 627, 18 of which are HPAT H5N1 or H7N7 avian influenza
viruses. Sixteen of these were recently characterized H5N1 isolates
from a die-off of wild waterfowl around Qinghai Lake in western
China in 2005 (ref. 21). In human H5NT1 isolates, 11 out of 37 have
the E627K change: A/Hong Kong/483/1997 and A/Hong Kong/485/
1997, four out of six isolates from Vietnam in 2004 (ref. 22), and two
out of three isolates from Thailand in 2004 (ref. 23). The E627K
mutation was seen in six out of seven H5N1 isolates from Thai tigers
in 2004, and was also present in the H7N7 virus responsible for
the single human fatality during the HPAI H7N7 outbreak in the
Netherlands in 2003 (ref. 20). It was not noted in the contempora-
neous chicken isolates.

At position 475, only one out of 355 avian isolates has a Met
residue (an H5N1 HPAI virus from 2004). Similarly, only one out of
345 avian viruses has an Asn residue at position 567. None of the
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Figure 2 | Phylogenetic tree of the PB1 gene. Sequences were aligned and
analysed as detailed in the legend to Fig. 1.
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human H5N1 isolates has the L475M or the D567N changes. None of
the available H5N1 or H7N7 sequences has more than one of the
proposed human-adaptive PB2 changes determined for the 1918
virus.

The PA protein shows a similar pattern: four residues consistently
differ between 1918 and subsequent human isolates and the avian
consensus sequence (Table 1). Three other changes (C241Y, K312R
and 1322V) distinguish 1918, HIN1 and H2N2 human isolates, but
most H3N2 isolates have the avian amino acid at these positions. Of
295 available sequences from human HINI, H2N2 and H3N2
isolates, all have Asn at position 55 (except A/WSN/33), Ala at
position 100 and Ser at position 552. Only 5 out of 295 human
isolates have the avian Glu residue at position 382. Notably, these five
isolates make up a minor clade of recent H3N2 isolates that have a
number of unusual changes from typical human H3N2 viruses™.
When avian influenza sequences are analysed, none (out of 209
sequences) has Asn at position 55 or Ser at position 552. Only 8 out of
209 avian PA protein sequences show the VI00A change: six recent
H6N?2 isolates from chickens in California, and two HPAI 2002
H5N1 duck isolates from China. Of the 209 avian sequences, five
have an Asp residue at position 382, including two HPAI H5N2
isolates from chickens in Mexico in 1994.

The PBI gene segment was replaced by reassortment in both the
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Figure 3 | Phylogenetic tree of the PA gene. Sequences were aligned and
analysed as detailed in the legend to Fig. 1.
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1957 and 1968 pandemics’. We compared the PB1 protein from the
1918 human virus with those of the avian-derived PB1 segments
from the 1957 and 1968 pandemics. Human HINI, H2N2 and
H3N2 viruses derived from the 1918, 1957 and 1968 pandemics,
respectively, each possessed a uniquely derived avian-like PB1 gene
segment, and so we sought to identify any parallel changes that might
shed light on human adaptation. The three human pandemic PB1
proteins differ from the avian consensus by only 4-7 residues each
(Supplementary Fig. 2). Only one of these changes is shared among
the pandemic isolates: an N375S change. This change to a serine
residue is also found in swine and equine influenza A isolates. With
few exceptions, all human influenza PB1 proteins have Ser at
this site. Of 230 human influenza sequences, only two H1NI1 isolates
(A/FM/47 and A/Beijing/1956) and the ‘minor clade’ H3N?2 isolates
described above have the avian Asn residue®. In contrast, although
this residue is maintained in almost all mammalian isolates, it is
variable among avian PB1 proteins. Of 293 avian isolates, 66% have
the consensus Asn residue at position 375, 18% have a Ser residue
and 12% have a Thr residue.

The data presented here highlight the marked conservation of
the PB1 protein in avian influenza viruses. PB1 functions as an
RNA-dependent RNA polymerase, and so it is reasonable to hypoth-
esize that its enzymatic function is optimal in this conserved form. In
humans, the PB1 proteins experience linear change over time.
Indeed, PBIl in humans acquires ~0.4 amino acid changes per
year. As there is such strong antigenic selection on human viruses,
it is possible that although the observed changes in PB1 are selectively
beneficial with respect to antigenicity, they are mildly deleterious to
enzyme function. Such complex fitness trade-offs are thought to be
commonplace in RNA virus evolution. Supporting this hypothesis,
a recent study examining combinations of avian and human
influenza polymerases showed that the most efficient influenza
transcriptional activity in vitro was seen with an avian-derived
PB1, even if the PB2, PA and NP proteins were from a human
virus’. Acquiring an avian PB1 by reassortment might provide a
replicative advantage to the new virus, possibly explaining why both
of the last two pandemics and the 1918 influenza virus all had very
avian-like PB1 proteins.

Both the 1957 and 1968 pandemic influenza viruses were avian/
human reassortants in which 2-3 avian gene segments were
reassorted with the then-circulating, human-adapted virus>'.
Unlike the 1957 and 1968 pandemics, however, the 1918 virus was
most likely not a human/avian reassortant virus, but rather an avian-
like virus that adapted to humans in toto®''. On the basis of amino
acid replacement rates in human influenza virus polymerase genes, it
is possible that these segments were circulating in human influenza
viruses as early as 1900. However, proof that the 1918 virus did
not retain gene segments from the previously circulating human
influenza A strain would require discovery of a sample of the pre-
1918 virus from archival material. The donor source, although avian-
like at the protein level, may have come from a subset of avian
influenza viruses not currently represented in the sequence databases
and may have been in evolutionary isolation.

The fact that amino acid changes identified in the 1918 analysis are
also seen in HPAI strains of H5N1 and H7N7 avian viruses that have
caused fatalities in humans is intriguing, and suggests that these
changes may facilitate virus replication in human cells and increase
pathogenicity. It is possible that the high pathogencity of the 1918
virus was related to its emergence as a human-adapted avian
influenza virus. These changes may reflect a process of parallel
evolution as avian influenza A viruses mutate in response to adapta-
tional pressures, and suggest that the genetic basis of avian influenza
virus adaptation to humans can be mapped.

METHODS
RNA isolation, amplification and sequencing. RNA was isolated from
frozen 1918 human lung tissue using Trizol (Invitrogen) according to the
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manufacturer’s instructions. Each fragment was reverse transcribed, amplified,
and sequenced at least twice. Reverse transcription polymerase chain reaction
(RT-PCR), isolation of products and sequencing have been previously
described®. Lists of primers and primer sequences are available upon request.
Replicate RT-PCR reactions from independently produced RNA preparations
gave identical sequence results. The 2,280-nucleotide complete coding sequence
of PB2 was amplified in 33 overlapping fragments. The 2,274-nucleotide coding
sequence of PB1 was amplified in 33 overlapping fragments. The 2,151-
nucleotide coding sequence of PA was amplified in 32 overlapping fragments.
The PCR products ranged in size from 77-138 bp.

Phylogenetic analyses. Phylogenetic analyses of the three polymerase genes were
done using standard methods. We generated trees using the neighbour-joining
(NJ) algorithm, with proportion of differences as the distance measure using
MEGA version 2.1. Character evolution was analysed with the MacClade
program after a parsimony analysis using PAUP version 4.0 beta, using ACTRAN
as the optimization method. Trees were also generated using maximum-like-
lihood with midpoint rooting. All algorithms generated comparable trees, with
major clades representing human, classical swine and avian-like viruses (NJ trees
shown in Figs 1-3; complete data set available upon request). Polymerase
segment sequences used in this analysis were obtained from GenBank and the
Influenza Sequence Databank (ISD). (See Supplementary Table 1 for a list of
sequences used.) For the PB2 gene, 83 sequences were used, all of which were
full length. For the PB1 gene, 91 sequences were used, three of which were not full
length. For the PA gene, 105 sequences were used, six of which were not full
length.
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