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Adaptive mutations that have contributed to the emer-
gence of influenza A pandemic (H1N1) 2009 virus, which
can replicate and transmit among humans, remain unknown.
We conducted a large-scale scanning of influenza protein
sequences and identified amino acid—conserving positions
that are specific to host species, called signatures. Of 47 sig-
natures that separate avian viruses from human viruses by
their nonglycoproteins, 8 were human-like in the pandemic
(H1N1) 2009 virus. Close examination of their amino acid
residues in the recent ancestral swine viruses of pandemic
(H1N1) 2009 virus showed that 7 had already transitioned
to human-like residues and only PA 356 retained an avian-
like K; in pandemic (H1N1) 2009 virus, this residue changed
into a human-like R. Signatures that separate swine viruses
from human viruses were also present. Continuous monitor-
ing of these signatures in nonhuman species will help with
influenza surveillance and with evaluation of the likelihood
of further adaptation to humans.

recent outbreak of pandemic (HIN1) 2009, previously

known as the swine-origin influenza A, has infected
>296,000 persons worldwide; 3,486 deaths have been re-
ported (1). An increased number of infected humans can
potentially alter virulence in the human population. The
genomic sequences of many of the new strains of pandemic
(HIN1) 2009 virus have revealed important information
for promoting medical diagnosis, drug-resistance monitor-
ing, clinical and basic research, and vaccine development.
Nevertheless, analyzing adaptive mutation of the new pan-
demic (HIN1) 2009 virus is a priority so that researchers
can evaluate the likelihood that viruses from other nonhu-
man species will further adapt to humans.
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Pandemic (HINT) 2009 virus consists of multiple re-
assorted virus genes from different origins. Of its 8 seg-
mented genomic RNAs, 2 polymerase genes, PB2 and PA,
were from the avian virus of North American lineage and
were introduced into swine populations around 1998. The
other polymerase gene, PB1, also evolved recently from a
human seasonal influenza (H3N2) virus around the same
year. This particular H3N2 PB1 gene is known to have
originated from an avian virus that entered humans in
1968. However, hemagglutinin (HA), nucleoprotein (NP),
and nonstructural (NS) protein genes of pandemic (HIN1)
2009 virus descended directly from the classic swine in-
fluenza A virus of North American lineage, which can be
traced back to the 1918 virus. Originating from the Eur-
asian swine virus, the remaining 2 genes, neuraminidase
(NA) and matrix (M), were introduced from birds around
1979 (2,3). Limited information is available as to how this
unique combination of gene segments evolved from 1998
until it was identified in April 2009 or on the molecular
transitions or evolutionary path of this virus before it was
transmitted among humans.

Our previous study developed an entropy-based com-
putational scheme to identify host-specific genomic signa-
tures of human and avian influenza viruses (4). This method
is based on an entropy threshold computed from the amino
acid composition at the well known PB2-627 position of
avian influenza viruses (entropy value of 0.4 was based
on 95 avian influenza genomes, as of early 2006), which
contains mostly glutamic acid in the native avian hosts of
the viruses. This threshold was then used to identify the 52
species-associated positions at which each of the 2 viruses
settles as a distinct amino acid residue that is characteristic
of the host. Although the origin of the gene segments in
pandemic (HINT) 2009 virus has been determined (2,3),
the mechanism of transformation of the host-specific ami-
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no acid signatures is unclear, because the new viral genes
evolved after they were introduced into the swine popula-
tion some years ago.

By adopting the entropy profiling approach, this study
attempts to update influenza A viral signatures on the ba-
sis of all influenza sequences from the National Center for
Biotechnology Information (NCBI). In addition to provid-
ing an updated list of human-avian signatures, this study
also computes the human-swine signatures and analyzes
the amino acid sequences of pandemic (HINT1) 2009 virus
at the host species—specific positions to elucidate the adap-
tive mutation of influenza A viruses in these host species.
As more new influenza virus isolates are collected and their
sequences analyzed, the signatures at the host species—
specific positions serve as predictors of adaptive mutation,
subsequently providing valuable information to help in pre-
paring for potential pandemics.

Materials and Methods

Influenza Virus Sequences

Allinfluenza A virus protein sequences from the NCBI,
as of May 28, 2009, were downloaded and analyzed. These
full-length or partial sequences were grouped according to
the hosts from which the viruses were isolated: humans,
avian, and swine. In particular, to observe how these virus-
es vary in terms of residues, the newly deposited pandemic
(HINT1) 2009 virus sequences were considered separately
from the human isolates. For each host-specific group, se-
quences belonging to each viral protein were aligned using
the program ClustalW (5). Based on the proposed signature
identification procedure, 2 surface proteins, HA and NA,
were not analyzed because their extensive genetic diversity
prevents satisfactory multiple alignment within either hu-
man or avian viruses. As an alternatively translated protein
product from the PB1 gene, PB1-F2 is also not included in
the analysis because it terminates prematurely at position
12. For each of the 4 groups of data, i.e., human, avian,
swine, and pandemic (HIN1) 2009, eight alignments were
analyzed: PB2, PB1, PA, NP, M1, M2, NS1, and NS2. The
total number of sequences varied from gene to gene and
from host to host, subject to their availability at the NCBI.
For human-isolated viruses (excluding strains of pandemic
(HINT) 2009 virus), >3,000 sequences of the 8 proteins
were analyzed. For avian-isolated, swine-isolated, and
pandemic (HIN1) 2009 viruses, the numbers of sequences
were ~3,500, 350, and 70, respectively.

Recent Ancestors of Pandemic (H1N1) 2009 Viruses
Smith et al. (6) performed evolutionary analysis of the
early development of the pandemic, indicating that spo-
radic infection of humans with triple reassortant and other
subsequent reassortant swine viruses occurred before the
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2009 human outbreak. To elucidate the transition of amino
acid residues along this evolutionary course, we collected
and analyzed the protein sequences of 18 recent ancestral
swine viruses of the new HIN1 viruses (hereinafter termed
“recent ancestral swine viruses”) for 1999-2009 from
the ancestral lineages of the new pandemic (HIN1) 2009
strains. The sampling was based on the phylogenetic trees
published in a study by Smith et al. (6). Although a number
of swine virus origins have been reported, resulting in vari-
ous genetic lineages and subtypes, we are most interested in
identifying a swine virus population from which the current
pandemic (HIN1) 2009 virus might have evolved directly.
Not only are those 18 strains chronologically closer (after
the years 1997—-1998) to the pandemic (HIN1) 2009 viruses
but their PB2 and PA genes are also descendants of avian
viruses, which complies with the conclusion drawn from
recent publications. The online Appendix Table, available
from http://www.cdc.gov/EID/content/15/12/1897-appT.
htm, summarizes the strain names and accession numbers
of recent ancestral swine viruses included in this study.

Entropy-based Signature Identification

For each amino acid position of the aligned sequences
of the same virus type, i.e., avian, human, swine, or pan-
demic (HIN1) 2009, an entropy value was computed by
using the formula P, x In(P,), as described by Chen et al.
(4). This formula follows the definition of Shannon entropy
(7) that has been used to evaluate the diversity of a system.
In this study, an entropy was used to measure the variabil-
ity of aligned amino acid residues at a given genomic posi-
tion, where i = 1 to 20 represents 20 different amino acid
residues, and P, represents the probability density of the
respective residue. An entropy value ranges from 0 (only 1
residue present at that position) to 2.996 (all 20 residues are
equally represented). As is assumed, a position at which the
entropy is less than or equal to a prespecified threshold has
a consensus residue for that virus type. When viruses iso-
lated from 2 host species are compared, a species-specific
signature position is considered to have different consensus
amino acid residue from each of the 2 viruses at the same
position. In this study, an entropy threshold of 0.33 was
used, based on the PB2-627 position of 3,391 avian influ-
enza sequences.

Results

In 2006, we reported 52 avian-human signatures based
on a small set of influenza sequence data of 15,785 protein
sequences. The selection was based on an entropy thresh-
old value of 0.4 set at position 627 in the PB2 gene (82 Es
and 13 Ks from 95 avian PB2 sequences) because that po-
sition has been considered associated with host-restriction
(8-11). Of the 52 positions, 45 are in the genes PB2, PB1,
PA, NP, M1, M2, NS1, and NS2 examined in this work.
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Today, >100,000 influenza protein sequences are available
at NCBI, and a new entropy threshold of 0.33 was set based
on the currently available avian sequences of PB2-627,
which contain 3,113 Es, 228 Ks, 46 Vs, 2 As, and 2 Gs.
This threshold was adopted to update the list of 47 avian-
human signatures in Table 1 for the 8 proteins of interest.
Consistent with our earlier findings, most signatures are

Genomic Signatures of Pandemic (H1N1) 2009 Virus

located on the NP gene (15 positions), followed in number
by PA (10 positions), PB2 (9 positions), M2 (5 positions),
M1 (3 positions), PB1 (2 positions), NS2 (2 positions), and
NSI (1 position). The 20 signatures associated with PB1,
NP, and M1 do not differ between the 2 datasets of 2006
and 2009. In PB2, two new signatures are identified at posi-
tions 567 and 702. These 2 positions were only just omitted

Table 1. Amino acid residues of pandemic (H1N1) 2009 virus strains at 47 positions where avian—human signatures are located*

Pandemic (H1N1)

Gene Position Avian virus residue Human virus residue 2009 virus residue
PB2 44 A(2,838), S(39), T(1) S(2,734), A(30), L(2) A(61)
199 A(2,816), S(22), D(4), T(2), V(1) S(2,781), A(8) A(61)
271 T(2,758), 1(47), A(21), M(5), Q(1) A(2,770), T(15), S(1) A(61)
475 L(3,355), M(25), I(1) M(2,747), L(8), I(1) L(61)
567 D(3,116), E(257), N(18), V(3), G(3), A(2), K(1) N(2,736), D(18), S(1) D(61)
588 A(3,175), T(91), I(72), V(43), S(3), P(1), D(1) 1(2,734), A(8), V(6),T(4), L(1), S(1) T(61)
613 V(3,343), A(29), 1(19) T(2,651), 1(71), A(23), V(9), S(1) V(61)
627 E(3,113), K(228), V(46), A(2), G(2) K(2,746), E(6), R(3) E(61)
702 K(3,232), R(131), Q(1) R(2,731), K(22), G(1), I(1) K(61)
PB1 327 R(3,340), K(54), G(1) K(2,489), R(275) R(80)
336 V(3,350), 1(26), A(16) 1(2,595), V(168), T(1) 1(80)
PA 28 P(2,915), S(7), L(5), T(1) L(2,736), P(19), R(2), S(2), Q(1) P(61)
55 D(2,906), N(29) N(2,752), D(13) D(61)
57 R(2,849), Q(77), K(4), W(3), L(2) Q(2,736), R(20), L(6), K(3) R(61)
100 V(2,759), A(109), 1(68), F(1) A(2,727), V(27), T(7), 1(2), S(1) V(61)
225 S (2,854), N(7), C(6), G(1) C(2,736), S(29), G(1) S(61)
268 L(3,317), F(14), 1(2), V(1) 1(2,724), L(35), V(2) L(61)
356 K(3,309), R(34), N(7), E(1), | (1) R(2,705), K(30) R(61)
404 A(3,098), S(220), T(10), P(4), R(1), V(1) S(2,706), A(28), P(1) A(61)
409 S(3,100), N(191), G(4), I(1), R(1), K(1) N(2,723), S(11), I(1) N(61)
552 T(3,304), A(1), N(1) S(2,721), T(10), N(2), R(1), 1(1) T(61)
NP 16 G(3,379), S(58), D(8), C(1) D(2,884), G(16) G(120), D(1)
33 V(3,173), 1(284), A(1), D(1) 1(2,876), V(25) 1(121)
61 1(3,419), M(30), V(19), L(6) L(2,881), I(19) 1(121)
100 R(3,422), K(34), V(23), S(1) V(2,842), 1(52), R(4), A(3), L(1), M(1) V(68), 1(46)
109 1(3,407), V(48), T(22), M(2), S(1) V(2,820), I(77), A(3), T(3) 1(114)
214 R(3,282), K(52), T(3), L(1) K(2,897), R(25) R(114)
283 L(3,309), F(4), P(3), 1(3) P(3,062), L(19), S(3) L(114)
293 R(3,275), K(40) K(3,020), R(65) R(114)
305 R(3,238), K(32), S(2) K(3,052), R(33) K(114)
313 F(3,191), L(43), S(10), Y(1), C(1), I(1) Y(3,064), F(21) V(114)
357 Q(2,766), K(33), T(3), R(2) K(3,052), R(46), Q(5) K(114)
372 E(2,742), D(69), G(3), K(2) D(3,051),E(51), N(1) E(114)
422 R(2,818), K(2) K(2,891), R(51) R(114)
442 T(2,793), S(12), A(5) A(2,890), T(51), R(1) T(114)
455 D(2,792), N(3), E(1) E(2,890), D(51), T(1) D(114)
M1 115 V(3,794), 1(15), G(2), L(2), M(1) 1(3,586), V(19) V(151)
121 T(3,684), A(126), P(4) A(3,599), T(7) T(151)
137 T(3,806), D(12), A(8), P(1), S(1) A(3,577), T(25) T(146)
M2 11 T(2,890), 1(190), S(8), E(1) 1(3,805),T(102) T(55)
20 S(3,032),N(76), K(12), R(3), 1(2) N(3,859), S(49) S(55)
57 Y(3,040), H(5), N(1), C(1) H(3,804),Y(65), D(25), Q(5), R(5), N(4) Y(55)
86 V(2,894), A(6), I(4), D(1), L(1), F(1), S(1) A(3,781), V(26), T(10), D(1) V(55)
93 N(2,710), T(13), D(3), H(3), S(3), Y(2), I(1) S(3,699), N(69), Q(2), R(1), H(1), I(1) N(55)
NS1 81 1(2,652), V(43), T(8), M(2), S(1), Y(1), G(1) M(2,860), 1(59), V(4) 1(93)
227 E(3,080), G(60), K(31), S(1) R(2,863), G(8), K(2), W(1), E(1) Delete
NS2 107 L(3,147), P(2), S(2), F(1), Q(1) F(2,850), L(45), S(1), V(1) L(93)

*Boldface indicates dominant amino acid residue type. PB, polymerase B; PA,
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from the 2006 list because their entropy values (0.490 and
0.404, respectively) exceeded the 0.4 threshold, based on
the 95 avian sequences examined at that time. New entries
in Table 1 also include PA-100, M2-93, and NSI1-81. In
2006, although PB2-674 was reported as a signature, it is
disqualified here because the entropy of 0.3376 (3,146 As,
88 Es, 87 Ts, 38 Ss, 13 Gs, 4 Vs, and 1 K for avian virus)
exceeds the new 0.33 threshold at this position. Similarly,
PA-382 (2,421 Ds, 311 Es, 2 Vs, and 1 N in human viruses,
with an entropy of 0.3633) and NS2-70 (2,898 Ss, 352 Gs,
28 Rs, and 1 D in avian viruses, with an entropy of 0.3483)
were both removed from the 2006 list.

Taubenberger et al. (12) identified 10 polymerase gene
positions that separate avian viruses from human influenza
A viruses. Table 1 shows 8 of them (PB2 199, 475, 567,
627, and 702; PA 55, 100, and 552), suggesting that the
method is robust in finding these signatures. Two other
polymerase gene positions that Taubenberger et al. also
reported are PB1-375 and PA-382; the latter has already
been mentioned above. The other missing position in Table
1, PB1-375, has an entropy value of 0.8865 for human and
0.6338 for avian viruses. This position was also excluded
from the 2006 list because of an entropy of 0.698 from avi-
an viruses, which substantially exceeded the 0.4 threshold.

To elucidate the potential adaptive mutations of the
pandemic (HIN1) 2009 viruses, we studied the amino acid
sequences of pandemic (HIN1) 2009 viruses at the posi-
tions that represent the so-called species-specific signatures
of avian and human viruses. As shown in to the last column
of Table 1, 36 of the 47 positions display avian-like signa-
tures in the pandemic (HIN1) 2009 virus. Two positions,
PB2-588 and NP-313, exhibit neither avian- nor human-
like signatures. Eight human-like signatures were found
in pandemic (HINT1) 2009 strains, except for NS1-227, in
which all new viruses have an early-terminating NS1 pro-
tein and, therefore, contain no residue.

Table 1 presents the updated avian-human signatures
for influenza A viruses; Table 2 summarizes the swine-
human signatures. Medical literature documents that the
swine virus population has distinct evolutionary lineages
that originated from the classic 1918 virus referred to as

classic or North American swine virus, and the others of
post-1979 Eurasian swine virus and subsequent triple reas-
sortants. Because the residue diversity at many positions
markedly increased for these swine viruses because of
their distinct origins, only 8 swine-human signatures met
the 0.33 threshold. Unlike some positions in which human-
like signatures of pandemic (HINI) 2009 were found
(Table 1), in this study, all 8 locations of the swine-human
signature of this new virus are characteristic of swine. No-
tably, Table I lists all 8 positions in Table 2, with each hav-
ing the same signature as in the avian virus. Restated, avian
and swine viruses contain the same amino acid residue at
the 8 human-swine signature positions.

We attempted to further elucidate the transition of the
amino acid residue on the pandemic (HIN1) 2009 virus
that have human signatures by sampling 18 recent ancestral
swine viruses (online Appendix Table). Doing so enables
us to examine more closely the prevalence of amino acid
residues specifically with pandemic (HIN1) 2009 viruses.
Table 3 summarizes the amino acid statistics of these re-
cent ancestral swine viruses together with avian, human,
and pandemic (HIN1) 2009 sequences at the 8 positions
containing human residues for pandemic (HINT) 2009 vi-
rus in Table 1. Consider PB2-271, for example, avian vi-
ruses have signature T, whereas human viruses have signa-
ture A. Although pandemic (HIN1) 2009 viruses also have
the human signature A, their predecessors, i.e., the recent
ancestral swine viruses, have already acquired the human
signature A at this position. PB1-336, along with PA-409,
NP-33,-100, -305, and -357, follows the same residue tran-
sition, all showing human-characteristic residues in both
recent ancestral swine and pandemic (HIN1) 2009 viruses.
PA-356 is the only exception, where the residue in recent
ancestral swine viruses still maintains an avian-character-
istic K before changing to a human residue R in pandemic
(HIN1) 2009 viruses. Of particular interest is whether the
transition from K to R at position PA-356 is responsible for
the ability of pandemic (HIN1) 2009 viruses to replicate
and transmit efficiently in humans.

After all 8 human residue-containing positions of pan-
demic (HINT1) 2009 viruses were found to be within PB2,

Table 2. Amino acid residues of pandemic (H1N1) 2009 virus strains at 8 positions where swine—human signatures are located*

Pandemic (H1N1) 2009

Gene Position Swine virus residue (all subtypes) Human virus residue virus residue
PB2 44 A(301), S(27), C(1) S(2,734), A(30), L(2) A(61)
PA 268 L(325), 1(31), T(1) 1(2,724), L(35), V(2) L(61)

552 T(280), S(25) S(2,721), T(10), N(2), I(1), R(1) T(61)
M1 137 T(429), A(39) A(3,577), T(25) T(146)
M2 57 Y(343), H(23), R(2) H(3,804),Y(65), D(25), Q(5), R(5), N(4) Y(55)

86 V(324), A(24), S(1) A(3,781), V(26), T(10), D(1) V(55)

93 N(320), S(23) S(3,699), N(69), Q(2), R(1), H(1), I(1) N(55)
NS2 107 L(299), F(25) F(2,850), L(45), S(1), V(1) L(93)

*Boldface indicates dominant amino acid residue type. PB, polymerase B; PA, polymerase A; M, matrix; NS, nonstructural.
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Table 3. Position-specific residue transitioning for influenza A virus among avian, recent ancestral swine, pandemic (H1N1) 2009, and
human strains, for those 8 positions of pandemic (H1N1) 2009 virus showing human-characteristic signatures*

Recent swine Pandemic (H1N1)
viruses residuet 2009 virus residue

Gene Position Avian virus residue Human virus residue

PB2 271 T(2,758), 1(47), A21), M(5), Q(1) A(17), S(1) A(61) A(2,770), T(15), S(1)
PB1 336 V(3,350), 1(26), A(16) 1(16) 1(80) 1(2,595), V(168), T(1)
PA 356 K(3,309), R(34), N(7), E(1), I(1) K(16), R(1) R(61) R(2,705), K(30)
409 S(3,100), N(191), G(4), I(1), R(1), K(1) N(17) N(61) N(2,723), S(11),1 (1)
NP 33 V(3,173), 1(284), A(1), D(1) 1(18) 1(121) 1(2,876), V(25)
100 R(3,422), K(34), V(23), S(1) V(17), 1(1) V(68), 1(46) V(2,842), 1(52), R(4), A(3), L(1),
M(1)
305 R(3,238), K(32), S(2) K(18) K(114) K(3,052), R(33)
357 Q(2,766), K(33), T(3), R(2) K(17), R(1) K(114) K(3,052), R(46), Q(5)

*Boldface indicates dominant amino acid residue type. PB, polymerase B; PA, polymerase A; NP, nucleoprotein.

TEighteen recent ancestral swine viruses as listed in the online Appendix Table (available from www.cdc.gov/EID/content/15/12/1897-appT.htm). We
consider recent ancestral strains phylogenetically neighboring to the pandemic 2009 strains, in particular for PB2 and PA genes they are clustered
together with recent avian strains because the pandemic (H1N1) viruses were reported to originate from avian viruses around 1998. Note that for 1 strain,
A/swine/Missouri/4296424/06(H2N3), the PA sequence was not found anywhere near the other 17 recent swine strains of interest. Two PB1 sequences,
A/swine/Hong Kong/78/2003(H1N2) and A/swine/Korea/C13/2008(H5N2), were also found distantly located from the other 16 recent swine PB1

sequences. We excluded these 3 sequences from the amino acid statistics in this table because of their genetic deviation from the remaining ancestral

swine viruses we have collected here.

PBI, PA, and NP protein genes, all amino acid positions
of these 4 proteins were scanned for their residue transi-
tions among the 4 virus populations shown in Table 3. The
change in the amino acid that may be associated with the
transformation of pandemic (HINI1) 2009 virus is sum-
marized in Table 4. As well as PA-356, already shown in
Table 2, two additional positions, PB2-684 and PA-204,
showed the same dominant amino acid residue in avian
and recent ancestral swine viruses, but a different domi-
nant residue in pandemic (HIN1) 2009 viruses and human
viruses. Dominance is defined here as 1 residue containing
the largest sequence count compared with other residues at
a particular aligned position. The previously used entropy
measurement in Tables 1, 2, and 3 does not apply to the
positions listed in Table 4, in which we emphasize the ami-
no acid transition of dominant residues instead of highly
conserved ones subject to the prescribed entropy threshold
0.33. Other than those 3 positions, PB1-216 was found to
contain a human residue G in 8 of 9 recent ancestral swine
viruses that are closer to pandemic (HIN1) 2009 viruses
in the phylogenetic tree published in a study by Smith et
al. (6). However, for the other 7 recent ancestors that are

more distant from pandemic (HIN1) 2009 viruses, PB1-
216 maintains an avian-residue S in 6 of 7 viruses. Our
results show that the position-specific transition may serve
as a molecular marker for monitoring such adaptive muta-
tions in the future.

Discussion

Although most studies confer that the death rate as-
sociated with pandemic (HIN1) 2009 infection is more
moderate than that of subtype H5SN1 infection, its virulence
may vary with adaptive mutations in viral genes, subse-
quently increasing the likelihood that the new virus alters
its virulence in the new host species. Many of the previous-
ly identified virulence factors are apparently not involved.
For instance, no E to K mutation at position 627 of PB2 is
observed, which has been considered an important factor
for avian virus to efficiently replicate in mammalian sys-
tems (8-11). Previous studies have indicated that PB1-F2
contributes viral pathogenesis in the mammalian system
(13,14). No PBI1-F2, however, is predicted in pandemic
(HINT1) 2009 viruses because it terminates prematurely at
position 12. Its NS1 protein is truncated at position 220 and,

Table 4. Amino acid positions containing the same residue in avian and recent ancestral swine viruses, yet changed to a

different one in pandemic (H1N1) 2009 and human viruses*

Recent swine

Pandemic (H1N1)

Gene Position Avian virus residue viruses residuet 2009 virus residue Human virus residue
PB2 684 A(3,278), T(70), S(11), V(9), G(6), A(18) S(61) S(1,944), A(806), G(2), P(2),
D(1), E(1) Y(1)
PB1 216 S(3,299), G(62), N(37), C(11), I(7) G(9), S(7)t G(80) G(1,708), S(1,039), N(5), 1(4),
D(1)
PA 204 R(2,202), K(674), E(1), G(1), S(1) R(17) K(61) K(1,776), R(991)
356 K(3,309), R(34), N(7), E(1), I(1) K(16), R(1) R(61) R(2,705), K(30)

*Boldface indicates dominant amino acid residue type. PB, polymerase B; PA, polymerase A.

tSame 18 recent ancestral swine viruses used in Table 3.

1PB1-216 is dominated by residue G (G[8), S[1]) when considering only a subset of 9 PB1 sequences that are phylogenetically closer to pandemic
(H1N1) 2009 virus. This statistic clearly shows the amino acid residue transition from avian to human signature within the population of recent swine

viruses.
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therefore, lacks a PDZ ligand interacting domain. As sug-
gested recently, the presence of this PDZ ligand domain in-
creases the pathogenicity of avian influenza A viruses (15).
Regardless of whether these known factors are missed, a
previous study has demonstrated that the virulence of pan-
demic (HINT1) 2009 virus is higher than that of seasonal
influenza A viruses (16). Although a virulence marker and
a host range factor may not be necessarily linked tightly,
recent investigations have also demonstrated that altering
PB2-627 from E to K in the avian viruses increases its viru-
lence in the mammalian experimental system (9-11). For
example, avian influenza virus subtype H7N7 reportedly
infects humans (17). A human isolate from a fatal case had
its PB2-627 changed from avian-characteristic E to K. Cor-
respondingly, the species-associated signatures identified
in this study may serve as potential molecular targets for
further evaluating how they impact the virulence of pan-
demic (HIN1) 2009 viruses in humans.

As shown in Tables 1 and 2, the number of signature
positions decreases significantly from 47 (human vs. avian)
to 8 (human vs. swine), and the positions of the latter are
a subset of those of the former. These observations may
have the following implications. First, the 3 host species of
interest differ, with each providing a unique environment
for infection by the influenza virus. When the avian virus
enters humans or swine, its genetic feature is shaped by a
particular evolutionary path. The viruses, therefore, have
different signatures. Second, some avian-like signatures
are preserved in swine viruses, suggesting that both avian
species and swine may provide similar conditions for har-
boring influenza A viruses. The body temperature may be
a determinant. As is generally known, many avian species
have a body temperature exceeding 40°C; for most pigs it is
variable but still higher than the human body temperature,
which is 37°C. Consequently, the signatures are retained
when an avian virus enters the swine population, with simi-
lar signature-related viral replication mechanisms in both
species. Third, the 39 signature positions shown in Table
1, but absent from Table 2, may be correlated with certain
functional domains that interact with host factors unique in
humans while differing significantly from those of avian
and swine. Finally, the number of signature positions of
swine versus humans is substantially lower than those of
avian versus humans, suggesting that the species barrier to
humans is easier for a swine virus to cross than for an avian
virus.

The entropy-based computation depends strongly on a
good multiple sequence alignment. The 2 surface proteins
HA and NA are excluded from this analysis because both
contain sequences that diverged sufficiently from so many
subtypes of a given species. Locating conserved residues at
particular positions on the basis of these alignments is ex-
tremely difficult. The entropy threshold is the other param-
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eter requiring attention to locate a signature position. In this
study, the entropy determined from PB2-627 of the aligned
residues of all avian viruses is used because PB2-627 is the
most laboratory-proved host-restriction marker (8-11). A
complete new set of signatures can be reproduced rapidly
by using a different entropy threshold based on other fac-
tors. The diverse genetic origins of influenza viruses would
also have great impact on the reported signatures. The
proposed entropy-based method to reach the 8 positions
listed in Table 2 was based on all swine viruses of differ-
ent origins, including North American-(classic 1918) ori-
gin strains, Eurasian (post-1979 avian)-origin strains, and
recent triple reassortants. A comparison of, for example,
all human viruses versus classic 1918-origin swine viruses
before 1978 (=75 strains, or 20% of our swine sequence
population) would report 60 signature positions (data not
shown). In this work, we included all swine viruses of mul-
tiple origins in producing Table 2 to consider only host-spe-
cific genomic signatures that have been shaped by the same
swine species regardless of origin. For the same reason, we
did not subdivide avian or human populations into lineages
when reporting avian-human signatures in Table 1.

This study analyzed a complete collection of species-
specific influenza A viral sequences, including the long-
evolving avian, recent ancestral swine and human viruses,
as well as pandemic (HIN1) 2009 viruses, which is still
in its infancy. The amino acid sequence transition of pan-
demic (HINT1) 2009 virus at the signature positions was
also elucidated by applying the entropy-based signature
analysis to these sequences. They were found mostly to
be characteristic of avian species, as presented in Table 1.
Notably, 8 of them changed from avian-like signatures to
human-like signatures. Close examination of the residue
transition at these 8 positions in Table 3 showed that PA-
356, unlike the other 7 positions, retained an avian-like sig-
nature in the recent ancestral swine population and changed
to a human-like signature only in pandemic (HIN1) 2009.
This finding suggests that PA-356 may be related to host-
restriction factors from swine to human species. Similarly,
all ribonucleoprotein positions were scanned for the same
transitioning pattern as in PA-356, i.e., a retained avian-
like residue in the recent ancestral swine population and
a change to the human residue in pandemic (HIN1) 2009
viruses. Table 4 lists them all. Although 1 of the positions,
PBI1- 216, was not dominated by the residue S as we would
have expected, it exhibited a mixture of 2 residues involv-
ing a transition from avian to human viruses. In summary,
Table 4 provides a list of candidate host-restriction factors
that we believe are important to adaptive mutation of influ-
enza A viruses among the 3 host species. Continuous moni-
toring of these signatures in nonhuman species will help in
influenza surveillance and in evaluating the likelihood of
further adaptation to humans.

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 15, No. 12, December 2009



Acknowledgment
We thank Ted Knoy for editorial assistance.

This study was supported by Chang Gung Memorial Hospital
(grants CMRPD250033, CMRPD260012, and CMRPD260013)
and the National Science Council of Taiwan, Republic of China
(grant 97-2221-E-182-034-MY3).

Dr Chen is an associate professor at the Department of Com-
puter Science and Information Engineering, Chang Gung Univer-
sity. He is actively engaged in computational molecular biology,
including sequence analysis, data mining, and software develop-
ment.

Dr Shih is a professor at the Department of Medical Biotech-
nology and Laboratory Science, Chang Gung University. She is
a virologist and has been devoting her career to emerging RNA
virus research, especially on enterovirus 71 and influenza virus.
Both authors are members of the Research Center for Emerging
Viral Infections of Chang Gung University.

References

1. World Health Organization. Pandemic (HIN1) 2009—update 66
[cited 2009 Sep 20]. Available from http://www.who.int/csr/disease/
swineflu/en

2. Shinde V, Bridges CB, Uyeki TM, Shu B, Balish A, Xu X, et al.
Triple-reassortant swine influenza A (H1) in humans in the Unit-
ed States, 2005-2009. N Engl J Med. 2009;360:2616-25. DOI:
10.1056/NEJM0a0903812

3. Garten RJ, Davis CT, Russell CA, Shu B, Lindstrom S, Bal-
ish A, et al. Antigenic and genetic characteristics of swine-origin
2009 A(HIN1) influenza viruses circulating in humans. Science.
2009;325:197-201. DOI: 10.1126/science.1176225

4. Chen GW, Chang SC, Mok CK, Lo YL, Kung YN, Huang JH, et
al. Genomic signatures of human versus avian influenza A viruses.
Emerg Infect Dis. 2006;12:1353-60.

5. Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA,
McWilliam H, et al. ClustalW and ClustalX version 2. Bioinformat-
ics. 2007;23:2947-8. DOI: 10.1093/bioinformatics/btm404

6. Smith GJ, Vijaykrishna D, Bahl J, Lycett SJ, Worobey M, Pybus
OQG, et al. Origins and evolutionary genomics of the 2009 swine-
origin HIN1 influenza A epidemic. Nature. 2009;459:1122-5. DOLI:
10.1038/nature08182

7. Shannon CE. The mathematical theory of communication. The Bell
System Technical Journal. 1948;27:379-423; 623-656.

EMERGING

Genomic Signatures of Pandemic (H1N1) 2009 Virus

8. Subbarao EK, London W, Murphy BR. A single amino acid in the
PB2 gene of influenza A virus is a determinant of host range. J Virol.
1993;67:1761-4.

9. Hatta M, Gao P, Halfmann P, Kawaoka Y. Molecular basis for
high virulence of Hong Kong H5NI influenza A viruses. Science.
2001;293:1840-2. DOL: 10.1126/science.1062882

10. Rameix-Welti MA, Tomoiu A, Dos Santos Afonso E, van der Werf
S, Naffakh N. Avian influenza A virus polymerase association with
nucleoprotein, but not polymerase assembly, is impaired in human
cells during the course of infection. J Virol. 2009;83:1320-31. DOI:
10.1128/JV1.00977-08

11. Steel J, Lowen AC, Mubareka S, Palese P. Transmission of influenza
virus in a mammalian host is increased by PB2 amino acids 627K or
627E/701N. PLoS Pathog. 2009;5:¢1000252. DOI: 10.1371/journal.
ppat.1000252

12.  Taubenberger JK, Reid AH, Lourens RM, Wang R, Jin G, Fanning
TG. Characterization of the 1918 influenza virus polymerase genes.
Nature. 2005;437:889-93. DOI: 10.1038/nature04230

13.  Zamarin D, Ortigoza MB, Palese P. Influenza A virus PB1-F2 protein
contributes to viral pathogenesis in mice. J Virol. 2006;80:7976-83.
DOI: 10.1128/JV1.00415-06

14. Conenello GM, Zamarin D, Perrone LA, Tumpey T, Palese P. A
single mutation in the PB1-F2 of HSN1 (HK/97) and 1918 influ-
enza A viruses contributes to increased virulence. PLoS Pathog.
2007;3:1414-21. DOI: 10.1371/journal.ppat.0030141

15. Jackson D, Hossain MJ, Hickman D, Perez DR, Lamb RA. A new
influenza virus virulence determinant: the NS1 protein four C-ter-
minal residues modulate pathogenicity. Proc Natl Acad Sci U S A.
2008;105:4381-6. DOI: 10.1073/pnas.0800482105

16. Munster VJ, de Wit E, van den Brand JM, Herfst S, Schrauwen EJ,
Bestebroer TM, et al. Pathogenesis and transmission of swine-origin
2009 A(HIN1) influenza virus in ferrets. Science. 2009;325:481-3.

17. Fouchier RA, Schneeberger PM, Rozendaal FW, Broekman JM,
Kemink SA, Munster V, et al. Avian influenza A virus (H7N7) asso-
ciated with human conjunctivitis and a fatal case of acute respiratory
distress syndrome. Proc Natl Acad Sci U S A. 2004;101:1356-61.
DOI: 10.1073/pnas.0308352100

Address for correspondence (for information on computational molecular
biology): Guang-Wu Chen, Department of Computer Science and Infor-
mation Engineering and Research Center for Emerging Viral Infections,
Kweishan, Taoyuan, Taiwan, Republic of China; email: gwchen@mail.

cgu.edu.tw

Address for correspondence (for information on influenza virology): Shin-
Ru Shih, Department of Medical Biotechnology and Laboratory Science
and Research Center for Emerging Viral Infections, Kweishan, Taoyuan,
Taiwan, Republic of China; email: srshih@mail.cgu.edu.tw

INFECTIOUS DISEASES

SUBMIT MANUSCRIPTS - HTTP://IMC.MANUSCRIPTCENTRAL.COM/EID/

http://www.cdc.gov/ncidod/eid/instruct.htm

Emerging Infectious Diseases *« www.cdc.gov/eid ¢ Vol. 15, No. 12, December 2009

1903



