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To gain insight into the possible origins of the 2009 outbreak of 
new influenza A(H1N1), we performed two independent analyses 
of genetic evolution of the new influenza A(H1N1) virus. Firstly, 
protein homology analyses of more than 400 sequences revealed 
that this virus most likely evolved from recent swine viruses. 
Secondly, phylogenetic analyses of 5,214 protein sequences of 
influenza A(H1N1) viruses (avian, swine and human) circulating 
in North America for the last two decades (from 1989 to 2009) 
indicated that the new influenza A(H1N1) virus possesses a 
distinctive evolutionary trait (genetic distinctness). This appears 
to be a particular characteristic in pig-human interspecies 
transmission of influenza A. Thus these analyses contribute to 
the evidence of the role of pig populations as “mixing vessels” for 
influenza A(H1N1) viruses.

Introduction
On 24 April, the World Health Organization (WHO) released 

the first alert indicating the occurrence of confirmed human cases 
of swine influenza A(H1N1) in North America [1]. A few days 
later, the Centers for Disease Control and Prevention in the United 
States confirmed that these human influenza cases were caused 
by the same new influenza A(H1N1) virus [2]. Soon after, it was 
proposed that the current flu outbreak is caused by a new influenza 
A(H1N1) virus generated from a triple reassortment of human, 
swine and avian viruses [2-8]. Other publications, including our 
study presented here, demonstrate that this new influenza A(H1N1) 
virus most likely evolved from recent swine viruses [9-11]. 

Methods and results 
Protein homology analysis
We used more than 400 protein sequences to analyse the genetic 

evolution of the new influenza A(H1N1) virus. This set of protein 
sequences included polymerases PB2, PB1 and PA, hemagglutinin 
(HA), nucleocapsid (NP), neuraminidase (NA), matrix 1 (MP1), 
nonstructural 1 (NS1) encoded by the new influenza A(H1N1) virus 
as well as other homologous proteins from influenza viruses from 
past flu seasons. Phylogenetic tree topologies revealed that the 
closest homologies for the new influenza A(H1N1) virus are swine 
influenza viruses that have been circulating in the United States 
and Asia for the last decade (Figure 1, Supplementary materials: 
Figure 1 and Table 1). 

Figure 1. Possible origins of the influenza 2009 A(H1N1) virus: 
a) hemagglutinin and b) neuraminidase proteins 

(See Below)

These findings indicate that domestic pigs in North America 
may have a central role in the generation and maintenance of this 
virus. This idea is also supported by the observation that protein 
sequences of the new influenza A(H1N1) virus have close homology 
to proteins of swine influenza viruses that infected humans in the 
recent past (Supplementary materials: Figure 1, Figure 2 and Table 
2). In fact, a common element of these swine influenza zoonotic 
transmissions was that humans (mostly swine farm workers) were 
in direct contact with infected pigs [12-15]. 

Phylogenetic analysis
To further examine the possible genetic origins of the new 

influenza A(H1N1) virus, we compared all the available sequences 
of influenza A(H1N1) viruses circulating in North America for the 
last two decades (from 1989 to 2009). Protein sequences from 
avian, swine and human influenza viruses were obtained from 
the Influenza Virus Resource [16], a database that integrates 
information gathered from the Influenza Genome Sequencing 
Project of the National Institute of Allergy and Infectious Diseases 
(NIAID) and the GenBank of the National Center for Biotechnology 
Information (NCBI). A total of 5,214 protein sequences were found 
in this database. After removing identical sequences, a set of 1,699 
influenza A proteins including PB2, PB1, PA, HA, NP, NA, MP1, 
and NS1 proteins were used for analyses of the genetic evolution 
of influenza A(H1N1) viruses. These analyses provide additional 
evidence of the role of pig populations as “mixing vessels” for 
influenza A(H1N1) viruses (Figure 2). 

Figure 2. Genetic distinctness of the influenza 2009 A(H1N1) 
virus: a) hemagglutinin (HA) and b) neuraminidase (NA) proteins; 
c) phylogenetic trees for PB2, PB1, PA, NP, MP1, and NS1 proteins 

(See Below)

Secondly, our analyses also revealed that the new influenza 
A(H1N1) virus possesses a distinctive evolutionary trait (genetic 
distinctness), that seems to be characteristic in pig-human 
interspecies transmission of influenza A (reported cases occurred 
in Iowa, Maryland and Wisconsin, United States between 1991 and 
2006) (Figure 2, Supplementary materials: Figure 2 and Table 3). 

Discussion and conclusion
Although limited in sample size, our analyses substantiate 

the value of molecular screening and phylogenetic assessment 
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for understanding the evolution of influenza viruses and, most 
importantly, for the early detection of emerging novel viruses that 
could lead to influenza pandemics. Notably, our analyses revealed 
that the new influenza A(H1N1) virus is genetically distinct from 
other influenza A(H1N1) viruses that have been circulating for the 
last twenty flu seasons (Figure 2 and Supplementary materials: 
Figure 2). Influenza viruses with novel antigens (genetic drift) 
can escape from immune responses induced by prior infection or 
vaccination and can lead to a pandemic [17]. 

These observations also reiterate the potential risk of pig 
populations as the source of the next influenza virus pandemic. 
Although the role of swine as “mixing vessels” for influenza 
A(H1N1) viruses was established more than a decade ago [18,19], 
it appears that the policy makers and scientific community have 
underestimated it. In fact, in 1998 influenza experts proposed the 
establishment of surveillance in swine populations as a major part 
of an integrated early warning system to detect pandemic threats 
for humans [18,19] but, to some extent, this task was overlooked. 
For example, a search of influenza sequences in the Influenza Virus 
Resource [16] revealed that the total number of swine influenza 
A sequences (as of 19 May 2009) is ten-times smaller than the 
corresponding number of human and avian influenza A sequences 
(4,648 compared to 46,911 and 41,142 sequences, respectively). 
More significantly, in some countries, such as the United States, the 
national strategy for pandemic influenza [20] assigned the entire 
preparedness budget (3.8 billion US dollars) for the prevention and 
control of avian A(H5N1) influenza, overlooking the swine threat 
[20-22]. In our (the authors’) opinion, in this plan, a substantial 
effort was dedicated to prevent and contain the foreign threat of 
Asian avian flu, neglecting the influenza threat that the North 
American swine population presents [23]. Specifically, we believe 
that the aforementioned strategy ignores the swine farm and 
industry workers which constitute the population at higher risk of 
contracting and spreading the hypothetical pandemic influenza 
virus [24-26].

The current new influenza A(H1N1) outbreak caused by a virus 
of swine origin represents a new challenge for animal and human 
health experts. Our institution, the College of Veterinary Medicine 
at the National Autonomous University of Mexico (Universidad 
Nacional Autonoma de Mexico, UNAM) is placing a strong emphasis 
on the establishment of influenza surveillance in swine and avian 
species to identify novel genetic assortment of the new influenza 
A(H1N1) and other influenza viruses circulating in Mexico. For 
example, since 2002, we have been monitoring the genetic 
evolution of influenza A viruses circulating in Mexican poultry 
farms [27]. Now, a similar surveillance system will be applied to 
swine farms. This effort prioritises the use of genetic distinctness 
as a marker for the detection of novel viruses that could lead to 
influenza pandemics. 

The recent influenza pandemic threat in North America reveals 
that it is time to take action towards the development of a systemic 
surveillance system which integrates phylogenetic information of 
influenza viruses circulating in humans and livestock. 

Supplementary materials: Figure 1, Figure 2, Table 1, Table 
2, Table 3: 

(See Below)
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Figure 1. Possible origins of the influenza 2009 A(H1N1) virus: a) hemagglutinin and b) neuraminidase proteins 

Protein sequences from the 2009 A(H1N1) virus were retrieved and used for BLAST searches versus the all-species NCBInr protein database. Top-fifty best hits were retrieved from 
GenBank and used for phylogenetic tree reconstruction using the maximum parsimony method. Phylogenetic trees were rooted using the earliest influenza virus found with the analysis. 
Proteins from the 2009 A(H1N1) virus (red circles) showed close homology to proteins from swine influenza viruses circulating in Asia, Europe and US (blue circles) and swine influenza 
viruses that have infected humans in recent past (red squares). Protein relationships with avian influenza virus (green circles) were more distant. Scale bar indicates the number of changes 
over the whole sequence. Phylogenetic trees for PB2, PB1, PA, NP, MP1, and NS1 proteins, and details of statistical significance of branch order are provided in Supplementary Materials - 
Figure 1. 
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Legend:
a) and b) 
Protein sequences from avian, swine and human influenza A(H1N1) viruses circulating in North 
America from 1989 to 2009 were retrieved from the Influenza Virus Resource. Sequences were 
used for the reconstruction of unrooted phylogenetic trees with the maximum parsimony method. 
Proteins from the influenza 2009 A(H1N1) virus (red triangles), earlier human (red and pink 
circles) swine (navy blue and purple circles) and avian (green circles) viruses are shown. Light 
colors (pink, purple and green) correspond to viruses found between 1989 and 1999 and dark 
(red, navy blue and green) colors to viruses found between 2000 and 2009. Arrow indicates the 
influenza swine cluster containing an assortment of avian and human viruses. Genetic 
distinctness between pig-human interspecies transmission of influenza A viruses (orange squares; 
cases occurred in Iowa, Maryland and Wisconsin, US between 1991 and 2006) and the main 
cluster of human influenza viruses are indicated with the left bracket. Similar noticeable 
phylogenetic differences are observed between the influenza 2009 A(H1N1) virus and the main 
human influenza virus cluster. Scale bar indicates the number of changes over the whole 
sequence.
c)  
Detailed phylogenetic tree topology, protein accession numbers, virus strains and serotypes, and 
statistical significance of branch order are presented in Supplementary Materials - Figure 1. 



Supplementary Fig. 1. Possible origins of influenza 2009 A(H1N1) virus. a, PB2; b, PB1 and

c, PA polymerases; d, hemagglutinin; e, nucleocapsid protein; f, neuraminidase; g, matrix

protein 1; h, nonstructural protein 1. Protein sequences from the 2009 A(H1N1) virus were

used for BLAST searches versus the all-species NCBInr protein database. Top fifty best hits

were retrieved from GenBank and used for phylogenetic tree reconstruction using the

i i h d Ph l i d i h h imaximum parsimony method. Phylogenetic trees were constructed with the maximum

parsimony method using the MEGA software version 4.0 and rooted using the earliest

influenza virus isolates obtained with the analyses. The statistical significance of branch order

was estimated by the generation of 100 replications of bootstrap resampling of the originally-

aligned amino acid sequences Scale bar indicates the number of changes over the wholealigned amino acid sequences. Scale bar indicates the number of changes over the whole

sequence.
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Supplementary Fig. 2. Genetic distinctness of the influenza 2009 A(H1N1) virus. a, PB2; b,

PB1 and c, PA polymerases; d, hemagglutinin (HA); e, nucleocapsid protein (NP); f,

neuraminidase (NA); g, matrix protein 1 (MP1); h, nonstructural protein 1 (NS1). Protein

sequences from avian, swine and human influenza A (H1N1) viruses circulating in North-

America from 1989 to 2009 were retrieved from the Influenza Virus Resource. Sequences were

d f d h l i i i h h i i h dused for unrooted phylogenetic tree construction with the maximum parsimony method.

Proteins from the influenza 2009 A(H1N1) virus (red triangles), earlier human (red and pink

circles) swine (navy blue and purple circles) and avian (green circles) viruses are shown. Light

colors (pink, purple and green) correspond to viruses found between 1989 and 1999 and dark

colors (red navy blue and green) to viruses found between 2000 and 2009 Orange squarescolors (red, navy blue and green) to viruses found between 2000 and 2009. Orange squares

represent pig-human interspecies transmission of influenza A cases occurred in Iowa,

Maryland and Wisconsin, USA between 1991 and 2006. Scale bar indicates the number of

changes over the whole sequence. Phylogenetic trees were constructed with the MEGA

software version 4.0. The statistical significance of branch order was estimated by thesoftware version 4.0. The statistical significance of branch order was estimated by the

generation of 100 replications of bootstrap resampling of the originally-aligned amino acid

sequences. Scale bar indicates the number of changes over the whole sequence.
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Supplementary table 1. Closest protein homology of influenza 2009 A(H1N1) viruses 

Gene Best Hit Identity Lineage 

PB2 A/Swine/Illinois/100085A/01 (H1N2) 98% Swine 

PB1 A/Wisconsin/10/98 (H1N1) 98% Human 

PA A/Swine/Illinois/100084/01 (H1N2) 98% Swine 

HA A/Swine/Indiana/P12439/00 (H1N2) 95% Swine 

NP A/swine/Guangxi/13/2006 (H1N2) 98% Swine 

NA A/swine/Spain/WVL6/1991 (H1N1) 94% Swine 

MP1 A/swine/Laer/IDT4126/05 (H3N2) 99% Swine 

NS1 A/SW/IN/14810-T/01 (H1N2) 94% Swine 
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Supplementary table 2. Closest protein homology of influenza 2009 A(H1N1) viruses with 

swine influenza viruses that have infected humans 

Protein Cases Identity Lineage Reference 

PB2 A/Iowa/CEID23/2005(H1N1) 98% Human [1] 

PB1 A/New York/727/1994(H3N2) 98% Human ABG48024 

PA A/Ontario/RV1273/2005(H3N2) 97% Human [2] 

HA A/Wisconsin/10/98 (H1N1) 93% Human AAO88265 

NP A/Iowa/CEID23/2005(H1N1) 97% Human [1] 

A/MD/12/1991(H1N1) 98% Human AAA51491 

A/Ohio/3559/1988(H1N1) 98% Human ABU80404 

A/Ohio/3523/1988(H1N1) 97% Human AAA73104 

NA Novel protein Nf Nf Nf 

MP1 A/Hong Kong/1774/99(H3N2) 99% Human [3] 

NS1 /Wisconsin/10/1998(H1N1) 93% Human AAO88260 

A/Ontario/RV1273/2005(H3N2) 94% Human [2] 

Nf = Not found 
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Supplementary table 3. Reported cases of pig-human interspecies transmission of influenza A 

(H1N1) occurred in Iowa, Maryland and Wisconsin, USA between 1991 and 2006. These 

influenza virus subtypes possess genetic distinctness compared to main cluster of human 

influenza A (H1N1) viruses  

Influenza A virus subtype Evidence linking pig-

human infection 

Reference 

A/Iowa/CEID23/2005 (H1N1)  Yes [1] 

A/Wisconsin/10/1998  Insufficient data [4] 

A/Wisconsin/4754/1994  Yes [5] 

A/Maryland/12/1991  Yes [5] 

A/MD/12/1991  Yes [5] 

A/Wisconsin/4755/1994  Yes [5] 

A/Wisconsin/87/2005  Yes [6] 

A/Iowa/01/2006                                     Yes [6]   
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