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Origin of the 1918 pandemic H1N1 influenza A virus as
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ABSTRACT

The pandemic of 1918 was caused by an H1N1 influenza A virus, which is a negative strand RNA virus; however, little is known
about the nature of its direct ancestral strains. Here we applied a broad genetic and phylogenetic analysis of a wide range of
influenza virus genes, in particular the PB1 gene, to gain information about the phylogenetic relatedness of the 1918 H1N1
virus. We compared the RNA genome of the 1918 strain to many other influenza strains of different origin by several means,
including relative synonymous codon usage (RSCU), effective number of codons (ENC), and phylogenetic relationship. We
found that the PBT gene of the 1918 pandemic virus had ENC values similar to the HIN1 classical swine and human viruses, but
different ENC values from avian as well as H2N2 and H3N2 human viruses. Also, according to the RSCU of the PB7 gene, the
1918 virus grouped with all human isolates and ““classical” swine H1NT1 viruses. The phylogenetic studies of all eight RNA gene
segments of influenza A viruses may indicate that the 1918 pandemic strain originated from a H1N1 swine virus, which itself
might be derived from a H1N1 avian precursor, which was separated from the bulk of other avian viruses in toto a long time
ago. The high stability of the RSCU pattern of the PB7 gene indicated that the integrity of RNA structure is more important for
influenza virus evolution than previously thought.

Keywords: negative strand RNA virus; 1918 pandemic virus; relative synonymous codon usage; RSCU patterns; effective
number of codons; phylogenetic relationship

INTRODUCTION virus of the subtype HINI1. The exact origin of this pan-
demic influenza A virus strain is still not known. It has been
suggested already in the early 1990s that at about the time
of the Spanish flu an avian influenza virus had crossed the
species barrier from birds to pigs and humans (Gammelin
et al. 1990; Gorman et al. 1990, 1991); however, a detailed
analysis only became possible after Taubenberger and col-
leagues isolated genetic material from viruses of the 1918
pandemic (Reid et al. 1999; Taubenberger et al. 2005). Clon-
ing and sequencing of all eight virus genes (Taubenberger
et al. 2005) revealed that these viruses are closely related
to avian influenza viruses with regard to their coding se-
quence; however, the identity of the exact precursor of the
pandemic strain still remained unclear (Taubenberger et al.
2005, 2007; Morens and Fauci 2007). Despite a variety of
phylogenetic analyses performed so far, it is still a matter

Influenza A viruses are negative strand RNA viruses with
a genome consisting of eight RNA segments encoding up
to 11 viral proteins. These viruses exhibit great genetic
variation, both by point mutations and by reassortment of
their eight RNA segments between different isolates within
the same type. This happens by coinfection in vitro or in
vivo. Influenza A viruses are dangerous pathogens with the
potential to cause pandemic outbreaks. The most serious
pandemic in the last century, now known as the Spanish
influenza, occurred in the winter of 1918/19. More than 40
million people died from an infection with an influenza A
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of debate whether the 1918 strain had crossed the species
barrier from birds to humans in toto (Reid et al. 2004;
Taubenberger et al. 2005; Rabadan et al. 2006) or whether
the respective virus was a genetic reassortant or a recombi-
nant strain (Fanning et al. 2002; Antonovics et al. 2006;
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Gibbs and Gibbs, 2006; Vana and Westover, 2008; Smith
et al. 2009a). However, Taubenberger et al. (2005) noticed
already that, when compared to avian sequences, the nu-
cleotide sequences of the 1918 polymerase genes have more
synonymous differences than expected, suggesting evolu-
tionary distance from known avian strains.

To shed some light on these open questions, we studied
a variety of influenza viruses with different origins by
thorough phylogeny and codon usage.

RESULTS

RSCU patterns of influenza A viruses

The genetic code is degenerated so that 64 triplets code for
only 20 amino acids and a translation stop signal. During
translation all 64 triplets are used, including starts and
stops. Therefore, for most amino acids there is more than
one triplet available, the maximum number being six syn-
onymous codons. Importantly, not all codons are used with
equal frequencies. It seems possible to characterize a gene

not only by the amino acid sequence that it codes for but
also by its codon usage (Taubenberger et al. 2005). Thus,
codon usage may represent a genetic tool that can be used
to clarify the phylogenetic relationship of related sequences
(Zhou et al. 2005). Therefore, studies of synonymous
codon usage may reveal information about the molecular
evolution of individual genes. We calculated the RSCU
according to Sharp et al. (1986) as exemplified by the PBI
genes of influenza A viruses. Only fully sequenced PBI
genes of all human HIN1 viruses, including the 1918 virus,
H2N2, H3N2, swine HIN1, and avian viruses of all sub-
types found in GenBank were analyzed. Figure 1 shows the
RSCU pattern of threonine of the PBI gene of influenza A
viruses with respect to ACA and ACU codons. These codons
were chosen because they are most abundant among the
four synonymous codons of threonine. According to the
results the viruses could be placed into groups, namely into
human HINI1, H2N2, and H3N2, classical swine HIN1
isolates, and avian influenza viruses. Interestingly, we found
a subset of avian strains that revealed a distinct RSCU
pattern from the other avian viruses and the “avian-like”
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FIGURE 1. RSCU of threonine of the PBI gene of influenza A viruses. The pattern is divided into human HIN1, H2N2, and H3N2, “classical”
and European (Eu) swine HIN1 isolates, and avian influenza viruses, including clade 1 and 2 in respect to two synonymous codons of threonine:
ACA and ACU, respectively. The numbers in the chamber shows estimated PBI gene sequences. Only the full open reading frame (ORF)
sequenced PBI genes of all human HIN1, H2N2, H3N2, swine HIN1, and avian viruses of all subtypes found in GenBank were analyzed. The
cross (x) indicates the RSCU value of the 1918 virus PBI gene. The crosshatch (#) represents human and new swine-origin (SO) 2009 HIN1
reassortants, which had acquired their PBI gene from human H3N2 viruses (for review, see Scholtissek 1998; Garten et al. 2009). The ampersand
(&) shows outliers of Euroasian swine HIN1 viruses (Smith et al. 2009b) and H1IN1 reassortant viruses isolated from pigs in the USA (Vincent
et al. 2009) and six swine HIN1 reassortants from North America (Accession numbers [Acc. No]: EU409959, EU692905, EU692906, EU692907,
EU409945, and GQ150326), bearing the PBI gene of avian origin, respectively (see also, outliers in Fig. 2B). Clade 1 and clade 2 viruses were
isolated from birds, but they are outliers of bird viruses. They have a distinct RSCU pattern. Phylogenetically, their PBI gene is closely related to
human HIN1 viruses (Table 1; Fig. 3). The HIN1 European swine viruses (Eu) are “avian-like” swine viruses (Fig. 3; Schultz et al. 1991). The
asterisk (*) presents the A/Victoria/1968 (H3N2), a reassortant strain with a human HINI1 PBI gene. The RSCU has been calculated according to
Sharp et al. (1986). Each box encloses 50% of the data with the median value of the variable displayed as a line. The top and bottom of the box
mark the data value located halfway between the median and the largest or the smallest data value and they define the limits of £25% of the
variable population. The lines extending from the top and bottom of each box mark the minimum and maximum values within the data set that
fall within an acceptable range. Any value outside of this range, called an outlier, is displayed as an individual point. The outliers are defined as
values, which are located outside the box by >150% of its size.
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European swine viruses. These subsets called outliers of
avian strains were designated clade 1 or clade 2, which are
further defined below according to their phylogenetic
relationship (for details, see Fig. 3 below).

Overall, the most prominent differences were observed
for the ACA codon. The bulk of the human H2N2 and
H3N2 viruses that contain a PBI gene of avian origin
(Scholtissek et al. 1978; Kawaoka et al. 1989) and the avian
viruses (which we define as group 2) exhibit higher RSCU
values when compared to the human HIN1 viruses and
classical swine HIN1 viruses (called group 1) (Table 1).
Interestingly, the Brevig-Mission strain from 1918 (x) did
not group with the avian strains (group 2) in this analysis
(Fig. 1). Instead, this isolate was found to be related to the
human and swine HIN1 strains. The outliers observed in
the patterns of human HIN1 viruses represent natural re-
assortants, which had acquired their PBI gene from human
H3N?2 viruses. Interestingly, new swine origin (SO) 2009
HINI1 viruses, which were isolated from humans during the
human swine flu outbreak of 2009, also contain the avian-
derived PBI gene (see Fig. 1, #) (for reviews, see Scholtissek,
1998; Garten et al. 2009). The outliers of swine HIN1 viruses
(see Fig. 1, &) are Euroasian “avian-like” swine HIN1

viruses (Smith et al. 2009b) which exhibit a similar RSCU
range as ‘‘avian-like” swine viruses from Europe (Eu)
(Schultz et al. 1991) or HINI viruses isolated from pigs
in the USA (Vincent et al. 2009). Six of these swine HIN1
viruses are triple reassortant swine viruses (Accession num-
bers [Acc. No]: EU409959, EU692905, EU692906, EU692907,
EU409945, and GQ150326), which obtain the PBI gene of
avian viruses, respectively (see outliers, Fig. 2B).

The only exception observed in the pattern of the human
H3N2 viruses (Fig. 1, asterisks *) is the A/Victoria/68
(H3N2), a reassortant strain with human H3N2 surface
genes and the remaining six internal genes (PB2, PBI, PA,
NP, M, and NS) from a human HINI virus. The clear
discrimination in the RSCU patterns of the PBI gene was
also apparent for the codons of glycine and lysine but not
for the other amino acids (data not shown), an observation
that will be discussed below. As for the other viral genes
that code for internal virus proteins, we did not observe
apparent differences in the RSCU patterns for threonine,
glycine, and lysine. As an example, the pattern of threonine
of the PB2 gene is shown in Supplemental Figure 1A.
Therefore we concentrated our studies mainly on the PBI
gene in all our further experiments.

TABLE 1. Last base of the four threonine codons of the PBT gene of influenza viruses

Strains

Selected codon positions of threonine

Ace.No.
CY014677

HI10N7

=

{~ Ck/GermanyN/49
Duck/Czechoslovakia/56  CY005821 H4NG
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U
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U Hongkong/156/97* AF036362 H5N1 C
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\ W.Australia/23/02 CYO013230  H3N2 C
f Swine/lowa/1976/31 M55472 HINI U
Brevig Mission/1/18 DQ208310  HINI C
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Of the 60 threonine positions of the PBT gene, 20 were selected in which group 1 strains use a different codon when compared with group
2 strains, with rare exceptions. A blank field indicates an amino acid other than threonine at that position. Because of space limitations, only the
most heterogeneous strains were selected since many strains were very similar. Only the third base of the codons was shown, since the first two

bases were identical for all four synonymous codons (AC).

Red background color indicates adenine (A), green guanine (G), white cytosine (C), and blue uracil (U), respectively. Codon positions are
indicated with residue 1 being the start codon in the open reading frame of the gene segment.

Asterisk (*) indicates this isolate originated from avian sources.
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FIGURE 2. The ENC value of the PBI gene of influenza A viruses. The cross (x) indicates the ENC value of the 1918 PBI gene. The bulk of the
PBI gene of human H2N2 and H3N2 viruses as well as the HIN1 European swine viruses is of avian origin. The exceptional swine or human
HINT viruses are “avian-like” swine viruses like those of the Euroasian lineage (Fig. 3), and eight human HIN1 reassortants (Accession numbers
[Acc. No]: DQ889683, CY019745, CY026417, CY021723, M38376, CY028730, CY021915, and AF342823), which contain an avian PBI gene,
respectively. The numbers in the chamber shows estimated PBI gene sequences with full-length ORF. The ENC value is calculated according to

Novembre (2002).

Analysis of synonymous codons along the amino acid
sequence of influenza A virus genes

In a more thorough study, mapping the 60 (on average)
synonymous codons of threonine along the sequence of
the PB1 protein, eight positions were identified at which
threonine codons were identical for all strains examined,
with minor exceptions. At these positions the codon usage
was highly restricted, most likely due to structural con-
strains of the RNA. Among the remaining 52 positions
there were 32 positions where all four codons were equally
used, suggesting that there is no bias for a special codon.
Interestingly, there were 20 positions where the human
and classical swine HIN1 viruses, including the 1918
Brevig-Mission isolate (group 1), collectively used a dif-
ferent codon compared to that found in group 2 viruses,
comprising all the avian strains (see Table 1, above, with
exceptions shown at the bottom of the table). All fully
sequenced PBI genes of group 1 and group 2 viruses found
in GenBank (Supplemental Table 2) were analyzed and
almost all sequences followed this rule (Supplemental Table
1A). Similar patterns were observed with glycine (Supple-
mental Table 1B), and all amino acids for which more than
one codon exists (data not shown). As could be expected,
these clear patterns as obtained with amino acids that are
coded by four or six codons were not obtained by amino
acids that are coded by only two codons. With the latter
amino acids the pattern was somewhat less obvious (there
are not enough choices).

Interestingly, less clear patterns were observed in the
other internal genes, as exemplified for glycine of the PB2

4 RNA, Vol. 17, No. 1

gene (e.g., Supplemental Table 1C). An exception was the
HA gene. Here, the human and classical swine HINI
viruses exhibited a distinct usage pattern of the threonine
(ACU) codon, which was different from the avian H1
viruses (Supplemental Fig. 1B). Here again the 1918 Brevig-
Mission strain was found with the group 1 viruses.

Among the avian PBI genes (Fig. 1) 13 exceptions (clade
1 and 2) from the general rule were identified when anal-
yzed by the method used in Table 1. The data for five rep-
resentative strains are included at the bottom of Table 1.
While these sequences appeared to be outliers in the global
RSCU analysis (Fig. 1), the PBI gene clearly showed the
pattern identified with group 1 viruses.

ENC of the PBT gene

We then estimated the absolute usage of synonymous
codons of the PBI gene by determining the effective num-
ber of codons (ENC) (Fig. 2), because this measure is in-
dependent of codon number and amino acid compositions.
The ENC value varies from 20 (absolutely biased, only one
codon is used for each amino acid) to 61 (no bias, all syn-
onymous codons are used equally) (Wright, 1990). This
analysis revealed that the PBI gene of the 1918 pandemic
virus had an ENC value similar to that of classical swine
and human H1N1 viruses but not of avian viruses. We also
found significant differences with regard to the ENC values
of reassortant human H2N2 and H3N2 viruses. The
“avian-like” European (Eu) (Schultz et al. 1991) and Asian
swine (commonly called Euroasian) HIN1 viruses (Smith
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et al. 2009b) bearing the PBI gene of avian origin clustered
within the lower part of the avian viruses (see outliers in
Fig. 2B and in box Fig. 3). These values were significantly
lower when compared to the ENC values of the classical
swine strains and also of the human HINI strains. Ac-
cording to these ENC values of the PBI gene, the pandemic
virus of 1918 was most likely of swine and not of avian
origin.

Phylogenetic analysis of influenza A virus genes

We extended our genetic analysis by constructing phylo-
genetic trees based on representative sequences from dif-
ferent viral origins, applying the neighbor-joining method
(Saitou and Nei 1987; Tamura et al. 2007) and the maxi-
mum-likelihood method [Phylogeny Inference Package
(PHYLIP), version 3.6]. Both methods gave virtually the
same results and consequently only neighbor-joining trees
are presented in the paper. The neighbor-joining algorithm
(Saitou and Nei 1987; Tamura et al. 2007) provided sta-
tistically consistent results. Figure 3 shows a distance-based
phylogenetic tree of the PBI gene in which the Brevig-
Mission strain from 1918 clusters between the classical
swine and human HIN1 viruses. The same was found by
Taubenberger et al. (2005). The upper part of the tree
(marked in box) includes group 2 viruses represented by
avian and “avian-like” swine viruses from different regions
of the world as well as by human H2N2 and H3N2 viruses,
while the lower part includes group 1 viruses represented
by the classical swine and human H1N1 viruses. Similar to
the RSCU patterns (Fig. 1), we found a subset of avian
strains that revealed a distinct evolution pattern from the
other avian viruses and the “avian-like” Euroasian swine
viruses (Fig. 3). In the phylogenetic tree of PBI, they form
two separate clades that we designated clade 1 and 2. Clade
2 comprises viral isolates that do not belong to the HIN1
subtype, in contrast to isolates of clade 1. The avian clade 1
HINI1 viruses were isolated predominantly from domestic
poultry. This clade also contains many recent HIN1 swine
viruses (Figs. 3, 4). The clade was adjacent to the HIN1
classical swine and human virus lineages. Phylogenetic
analysis of other influenza virus genes such as NP (Fig.
4), PB2, PA, HA, NA, M, and NS genes (Supplemental Figs.
3A-F) supports our finding that the clade 1 viruses form
a cluster proximal to classical swine HIN1 and human
viruses without reassortment. With respect to NP, PB2, PA,
NA, M, and NS genes of the clade 2 viruses they clustered
within the bulk of the avian viruses. This indicated that
clade 2 viruses were avian reassortants, which had obtained
a group 1 PBI gene from a group 1 virus. Phylogenetically
all genes of the 1918 influenza virus were found to be
located between clade 1 viruses and the swine/human
lineages.

We have studied also two equine influenza viruses,
A/equine/Tennessee/5/1986(H3N8) and A/equine/London/

1416/1973(H7N7), with respect to RSCU patterns of thre-
onine and glycine in the PBI gene according to Table 1
and Supplemental Table 1B. We found that ~40% of the
corresponding positions were as in group 1 viruses, ~40%
of the positions as in group 2 viruses, and ~20% of the
positions were in none of these two (data not shown). The
PBI genes of the representative three equine influenza
viruses were placed as a separate cluster (or clade) exactly
between group 1 and group 2 viruses concerning our
RSCU results and the phylogeny analysis (Figs. 3, 4). An
identical tree topology of the PBI gene of equine isolate
A/equine/London/1416/1973(H7N7) was demonstrated by
Taubenberger et al. (2005). Since these equine viruses be-
longed in this respect neither to group 1 nor to group 2, we
did not study or discuss equine influenza viruses further.

DISCUSSION

The nature of the direct precursor of the 1918 HINI1
influenza virus that caused the Spanish flu was still enig-
matic so far. Here we show by various genetic and phy-
logenetic analyses that the isolate of 1918 is in all genes
closely related to early human and swine HINI isolates
and an evolutionary distinct subgroup of avian and swine
influenza viruses, designated clade 1 viruses in this study. It
is interesting that viruses of this distinct clade include avian
viruses that still circulated in recent times and stayed
genetically stable without reassortment. The phylogenetic
data as well as the ENC values presented in Figure 2 are
compatible with the hypothesis that a certain swine HIN1
virus had crossed the species barrier from pigs to humans
shortly before the pandemic of 1918. This original swine
virus might have been of low pathogenicity, causing no
severe symptoms and was therefore undetected at that time;
however, it may have served as a precursor for the classical
swine HIN1 virus lineage. The highly pathogenic swine
virus that was detected in the pig population after the
human pandemic outbreaks had started (Koen 1919; Chun
1919) is most likely not the precursor of the HIN1 classical
swine virus lineage, but their precursors cocirculated
during the pandemic (Smith et al. 2009a). According to
our study of the ENC values (Fig. 2) the 1918 virus is rather
of swine virus origin. The important new finding is that
the RSCU signature of the PBI gene of the 1918 virus is
identical to that of the classical swine and human HINI1
viruses (including clade 1 viruses), and not related to that
of any of the contemporary avian viruses, although the over-
all sequence of the PB1 protein is avian-like. To reconcile
these observations at least two interpretations are possible:
i) An avian virus entered the swine population a long time
ago, adapted to pigs to obtain the new RSCU signature,
and was able to shift between domestic birds and pigs since
they live in a close neighborhood (Hinshaw et al. 1983;
Webster et al. 1992; Ludwig et al. 1994) before it entered
the human population around 1918; or, ii) a specific avian
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FIGURE 3. Phylogenetic tree of the PBI genes of representative influenza viruses. Nucleotide sequences were aligned by using MUSCLE multiple
sequence alignment program with default parameters (Edgar 2004) and constructed for the dendrogram using the neighbor-joining method (MEGA
4.0) (Tamura et al. 2007). Bootstrap values were estimated based on 1000 replicates and were given for all presented branches. A distance bar scale
was shown under the tree. Clades (CL) are identified with different color backgrounds and with large letters as well as arrows, respectively.
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FIGURE 4. Phylogenetic tree of the NP genes of representative influenza viruses. Nucleotide sequences were aligned and analyzed as described
in the legend for Figure 3.
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virus that differed in RSCU signature from the bulk of the
other avian viruses was able to enter the pig population
easily, possibly a long time ago, and then disappeared as
avian virus. From there it may finally have been introduced
to the human population shortly before 1918. Regardless
which of these interpretations is correct, the data imply that
the pig is not only necessary for the creation of reassortants
between avian and human influenza viruses, but also for
the adaptation of avian influenza viruses to humans. This
indicates that the precursor of the pandemic virus of 1918
might have been a swine virus, which remained longer
in the pig population than anticipated (Rabadan et al.
2006; Greenbaum et al. 2008). The clade 1 viruses might
represent descendants of these avian/swine strains again
forming their own clade separate from all the other avian
viruses. This splitting-off must have occurred a very long
time ago, since the RSCU signature of the PBI gene is very
different from that of the avian viruses, and it seems to have
remained stable over a long time (only a few changes over
a period of 70 years). These viruses seem to shift quite eas-
ily from pigs to birds. The domestic poultries (e.g., turkeys,
chickens, etc.) are usually not a natural (or reservoir) host
of either avian or “swine-like” avian influenza A viruses
(e.g., in this respect clade 1 HIN1 avian viruses), but
susceptible to infection with wild-bird—derived influenza
A virus after adaptation (Taubenberger and Kash 2010).
According to the phylogenetic trees, the PBI genes of the
clade 2 viruses have undergone reassortment into the
background of other avian viruses presumably from a pre-
cursor of the clade 1 viruses a long time ago, and have kept
the corresponding RSCU signature almost unchanged.
According to Figures 1 and 2 their PBI gene seems to be
on the way to adapt to an avian host. Our interpretation
would imply that the human HINI virus lineage started
shortly before 1918 by crossing the species barrier from
pigs to humans, again with an avian virus as an ultimate
precursor.

Our observation of the presence of specific RSCU pat-
terns in the PBI gene of influenza viruses was very sur-
prising. The evolutionary mechanisms that may have led to
the creation of the specific pattern observed and the reason
why this can only be detected so clearly in the PBI gene
remain unknown. Given these patterns, there is a clear
difference in the secondary RNA structure while the amino
acid sequence is more or less preserved. Since the codon
usage of Homo sapiens and Gallus gallus is very similar,
there was apparently no need for adaptation to a different
tRNA content when influenza viruses crossed the avian-
human species barrier. Furthermore, the codon usage in the
various genes of the same virus is quite different, e.g., the
main codon for threonine of the A-allel of the NS gene is
either not used by the B-allel at all or is a rare codon, and
vice versa (data not shown).

Altered codons may also result in the presence or ab-
sence of motifs for RNA methylation. Furthermore, a dif-
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ferent secondary structure of mRNA caused by alternate
codons results in a different local speed of protein synthesis
and thereby causing altered protein folding (Oresic and
Shalloway, 1998; Komar et al. 1999; Cortazzo et al. 2002).
Assuming that the structural constrains of the PBI gene
are very tight, only a certain codon might be allowed at the
respective position of avian versus human strains. This
may also explain the high evolutionary stability of this
genetic pattern. Furthermore, selection of RNA segments
for virus maturation might also depend on a specific
secondary structure of the VRNA (Noda et al. 2006). All
in all, the issue of codon usage seems to be much more
important at least for influenza viruses than previously
thought.

In summary, our data supports the idea that the 1918
Spanish flu influenza virus was derived from a swine virus
that itself might be a descendent of a distinct avian HIN1
virus. What we can say for sure is that the 1918 HIN1 virus
is not related to one of the known avian influenza strains,
except the clade 1 viruses.

MATERIALS AND METHODS

Sequence data

All the sequences used in this study were retrieved from the
National Center for Biotechnology Information (NCBI). We used
both “Influenza Virus Resource” (Bao et al. 2008; Zaslavsky et al.
2008) and GenBank (Benson et al. 2009). A comprehensive list
of all the sequences used is freely available upon request. All
accession numbers (Acc. No) of the 3860 sequences of PBI gene
used in the RSCU analysis and of all eight gene segment sequences
in the phylogenetic analyses were listed in the Supplemental
Material (Supplemental Table 2). Since not all of these sequences
(they are too many) could be used to construct phylogenetic
trees, a representative set total of 419 sequences for the genes is
used (PB2-57, PBI-70, PA-38, HA [only HINI subtype] -31,
NP-57, NA [only HINI1 subtype] -49, M-49, and NS-68 se-
quences, respectively). These most heterogeneous sequences were
selected from different clades of avian isolates, e.g., from gulls,
shearwater and shore birds, domestic and feral water and ter-
restrial fowl, etc., including all strains used for the RSCU analysis
in Table 1, as well as the outliers that were used for the phy-
logenetic studies.

Codon usage analysis

Two methods were applied to estimate codon bias in influenza
coding sequences: relative synonymous codon usage (Sharp et al.
1986) and effective number of codons (Novembre 2002).

RSCU is a simple method to calculate deviation from the
expected (random) codon distribution that minimizes the bias
from the amino acid composition. An RSCU value for a given
codon is the observed frequency of that codon divided by the
frequency expected under assumption of equal usage of the
synonymous codons for a given amino acid and is calculated as
follows:
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where obs;; is the number of occurences of the jth codon for the ith
amino acid and #; is the number of codons for the ith amino acid.

ENC was proposed by Wright (1990) and can be interpreted as
the average homozygosity of codons used to code the same amino
acid. However, the original Wright’s has a major limitation,
namely it assumes equal background nucleotide composition.
Since influenza genomes have biased nucleotide contribution, we
calculated ENC values using Novembre’s method. ENC values
were calculated as follows:

9 1 5 3
ENC=2+ =+ =+=+=
F, F; Fy Fg
where Fy is the average of the F; values for k-fold amino acids
(Novembre 2002). The F value represents the average homozy-
gosity for the k-fold degenerate codon group and is calculated
according to the following formula:

Xz a — k a\P; — €i 2
Aatha — K kwhereXzzzin (pi = )
k(n, — 1) Kt e;

F=
and p; is the frequency of of the ith codon, e; is expected frequency
of that codon, and n, is the observed number of codons for ath
amino acid. Please note that the ENC values range from 20 in only
one codon is used for each amino acid to 61, when all codons are
used equally.

In-house software was developed in Java to calculate and
graphically present codon usage bias. The software is available
as a web interface at http://www.compgen.uni-muenster.de/tools/sca.

Box plot presentation

Box plots were created using Kaleidagraph software (http://www.
synergy.com/). Each box encloses 50% of the data with the
median value of the variable displayed as a line. The top and
bottom of the box mark the data value located halfway between
the median and the largest or the smallest data value and they
define the limits of =25% of the variable population. The lines
extending from the top and bottom of each box mark the mini-
mum and maximum values within the data set that fall within an
acceptable range. Any value outside of this range, called an outlier,
is displayed as an individual point. The outliers are defined as
values, which are located outside the box by >150% of its size.

Phylogenetic analysis

Selected viral sequences were aligned using MUSCLE with default
parameters (Edgar 2004). Each of the eight genomic segments was
anayzed separately. The aligned sequences were subjected to
phylogenetic analysis using both distance and maximum likeli-
hood methods. For the distance method, the neighbor-joining
algorithm (Saitou and Nei 1987; Tamura et al. 2007) was applied
as implemented in MEGA 4.0 software (Tamura et al. 2007).
The Tamura-Nei substitution model and maximum composite
likelihood method were used to estimate evolutionary distances

between sequences and the statistical significance of inferred
branches was evaluated by bootstrap using 1000 replicas. The
maximum likelihood trees were calculated using the proml
method from the PHYLIP package with default parameters
(Phylogeny Inference Package version 3.6).

SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://www.rnajournal.org.
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