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ABSTRACT 

The winter of 2009 witnessed the concurrent spread 
of 2009 pandemic H1N1 with 2009 seasonal H1N1. It 
is clinically important to develop knowledge of the 
key features of these two different viruses that make 
them unique. A robust pattern recognition technique, 
Random Forests, was employed to uncover essential 
amino acid markers to differentiate the two viruses. 
Some of these markers were also part of the previ-
ously discovered genomic signature that separate 
avian or swine from human viruses. Much research 
to date in search of host markers in 2009 pandemic 
H1N1 has been primarily limited in the context of 
traditional markers of avian-human or swine-human 
host shifts. However, many of the molecular markers 
for adaptation to human hosts or to the emergence of 
a pandemic virus do not exist in 2009 pandemic 
H1N1, implying that other previously unrecognized 
molecular determinants are accountable for its capa-
bility to infect humans. The current study aimed to 
explore novel host markers in the proteins of 2009 
pandemic H1N1 that were not present in those clas-
sical markers, thus providing fresh and unique in-
sight into the adaptive genetic modifications that 
could lead to the generation of this new virus. Ran-
dom Forests were used to find 18 such markers in 
HA,  15 in NA, 9 in PB2, 11 in PB1, 13 in PA, 10 in 
NS1, 1 in NS2, 11 in NP, 3 in M1, and 1 in M2. The 
amino acids at many of these novel sites in 2009 pan-
demic H1N1 were distinct from those in avian, hu-
man, and swine viruses that were identical at these 
positions, reflecting the uniqueness of these novel 
sites.  
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1. INTRODUCTION 

In addition to the common seasonal H1N1 influenza 

virus, an antigenically novel swine-origin pandemic 
H1N1 influenza virus marked the flu season in 2009. It 
is likely that both 2009 pandemic H1N1 and seasonal 
influenza will coexist for some time. Elucidation of the 
characteristics of this new virus has become an impor-
tant part of the current flu research. The identification of 
molecular markers for drug resistance, virulence, viral 
transmission and replication, human adaptation, and 
evolution can shed new light into the nature of this virus.  

There are eight single-stranded RNA segments of the 
influenza A virus genome. They code 11 proteins: hema- 
gglutinin (HA), neuraminidase (NA), matrix 1 (M1), 
matrix 2 (M2), nucleoprotein (NP), non-structural pro-
tein 1 (NS1), non-structural protein 2 (NS2; also termed 
nuclear export protein, NEP), polymerase acidic protein 
(PA), polymerase basic protein 1 (PB1), polymerase 
basic protein 2 (PB2), and polymerase basic protein 1 – 
F2 (PB1-F2). Segments 1, 3, 4, 5, and 6 each encode a 
single protein, i.e., PB2, PA, HA, NP, and NA, respec-
tively, whereas segments 2, 7, and 8 each encode two 
proteins, i.e., PB1 and PB1-F2, M1 and M2, NS1 and 
NS2, respectively. The life cycle of influenza virus has 
the following steps with several proteins involved in 
each: entry into the host cell (HA, M1 and M2), entry of 
viral ribonucleoproteins (vRNP) into the nucleus (NP, 
PA, PB1 and PB2), transcription and replication of the 
viral genome (PA, PB1, PB2, NS1, and NP), export of 
the vRNPs from the nucleus (NP, NS2 and M1), and 
assembly and budding at the host cell plasma membrane 
(HA, NA, M1 and M2) [1].  

Besides mutations, viruses with segmented genomes 
can generate genetic diversity by exchanging gene seg-
ments between different viruses to produce a new virus. 
Comprehensive phylogenetic analysis suggested that the 
genes of 2009 pandemic H1N1 were derived from avian 
(PB2 and PA), human H3N2 (PB1), classical swine (HA, 
NP and NS), and Eurasian avian-like swine H1N1 (NA 
and M) lineages [2].  

The symptoms of the 2009 pandemic H1N1 flu are 
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similar to the 2009 seasonal flu with a possibility of ad-
ditional symptoms such as vomiting and diarrhea [3]. 
The Center for Disease Control and Prevention (CDC) 
and Mayo Clinic have developed several molecular tests 
to detect and discriminate the novel 2009 pandemic 
H1N1 virus and the 2009 seasonal virus [4]. The matrix 
(M) gene is highly conserved compared to other gene 
segments, which makes it an ideal target for RT-PCR 
assays used to detect the presence of influenza. A muta-
tion in the M gene of the 2009 pandemic virus could 
invalidate these tests [5]. 

Sequence survey suggested that there were two dis-
tinct evolutionary trends in antigenic drift of H1N1 HAs 
at two residues 190 and 225. The epidemic H1N1 HAs 
favor position 190 while the 1918 pandemic and swine 
HAs favor position 225 [6]. In contrast to these two 
trends, the 2009 pandemic H1N1 strains are highly con-
served at both HA 190 and 225 and possess the signature 
markers Asp190 and Asp225 that are known to confer 
specificity to the human α2-6 sialylated glycan receptors 
[7]. Further analysis indicated the 2009 pandemic H1N1 
HAs possess residues that can be positioned to bind to 
avian α2-3 sialylated glycan receptors as well [7,8]. By 
homology modeling of the HA structure, the antigenic 
similarity between the 1918 H1N1 and the pandemic 
2009 H1N1 viruses was confirmed, and the future amino 
acid substitutions on the antigenic sites of 2009 pan-
demic H1N1 HA were also predicted [9], raising the 
concerns that these two pandemic H1N1 viruses may 
share a similar evolutionary path. With informational 
spectrum method [10], a bioinformatics technique, highly 
conserved domains and mutations in the 2009 pandemic 
H1N1 HAs were identified and the contributions of these 
mutations to the changes of binding specificity of the 
2009 pandemic H1N1 HAs were quantified [11-13].  

Many 2009 seasonal H1N1 strains carry a NA muta-
tion H275Y that confers high-level resistance to osel-
tamivir. Although most 2009 pandemic H1N1 strains are 
susceptible to oseltamivir, the co-circulation of pandemic 
and seasonal H1N1 viruses might provide opportunities 
for 2009 pandemic H1N1 to develop oseltamivir resis-
tance through mutations and reassortments between 
pandemic and seasonal H1N1 viruses. Positive natural 
selection was detected in the NA proteins of 2009 pan-
demic H1N1 at codons 275 and 248 and seasonal H1N1 
at codon 275, with statistically significant bias of non- 
synonymous mutations relative to synonymous muta-
tions [14]. Besides position 275, mutations at other posi-
tions in NA such as 116, 117, 119, 136, 150, 151, 199, 
223, 275, and 295 could also alter NA inhibitor suscep-
tibility [15,16].  

Two recent reports [17,18] revealed three NA variant 
groups in 2009 pandemic H1N1. The first group had 

V106 and N248, the second included I106 and N248, 
and the third contained I106 and D248, highlighting the 
rapid genetic variation of this surface antigen under host 
immune pressure and the need for close monitoring. The 
NA protein of the avian viruses has, in addition to the 
catalytic site, a separate sialic acid binding site that is 
not present in human viruses, which could enhance the 
catalytic efficiency of NA [19]. Although the second 
binding site was not conserved in swine NA strains, a 
recent report found the 2009 pandemic H1N1 strain of 
swine origin appeared to have retained some of the key 
features of the second binding site. Their data showed 
possible lowered HA activity for this second site, which 
might be an important event in the emergence of the 
2009 pandemic strain [20].   

The interaction of NP and the influenza polymerase, 
containing the PA, PB1 and PB2 proteins, catalyses viral 
RNA replication (vRNA→cRNA→vRNA) and transcrip-
tion (vRNA→mRNA) in the nucleus of infected cells. 
The PB2 protein of human viruses tend to possess a ly-
sine at position 627 (K627), whereas avian viruses gen-
erally have glutamic acid at this position (E627). The 
mutation E627K allows avian virus to efficiently grow in 
humans and was identified experimentally as a crucial 
host range and pathogenicity determinant [21,22]. The 
2009 pandemic H1N1 strains could transmit in humans 
efficiently, but exclusively possess the avian signature 
E627. Therefore, there might be alternative strategies 
employed by the novel 2009 H1N1 polymerase to main-
tain the efficient replication rate. A recent study discov-
ered that serine at position 590 (S590) and arginine at 
position 591 (R591) might serve as a regulator of poly-
merase activity that contributes to the increased replica-
tion efficiency of 2009 pandemic H1N1. The paired mu-
tations S590 and R591, termed the SR polymorphism, 
were present in only three of the 2849 PB2 sequences of 
human viruses before 2009 [23]. Other sites might affect 
the polymerase activity as well. The mutations at posi-
tion 504 in PB2 (I504V) and position 550 in PA (I550L) 
could result in enhanced virulence [24]. A special region 
(residues 360-374) in the NP protein was found to play a 
vital role in overcoming species barrier for 2009 pan-
demic H1N1 [25].  

Compared to other proteins in the influenza viruses, 
PB1-F2 is a newly discovered protein, which is unique 
in that this protein is coded by a subset of the nucle- 
otides that code for PB1 due to the use of a different 
reading frame. The PB1-F1 protein has been implicated 
in pathogenicity and the induction of cell death [26-28]. 
The 2009 pandemic H1N1 virus has a truncated PB1-F1 
protein, because its genome contains three stop codons 
preventing PB1-F2 expression. Recently, studies found 
that its function is not universal, but cell type and virus 
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strain dependent [29], and it plays a critical role in the 
pathogenicity and tranmissibility of 2009 pandemic H1N1 
[30,31].  

NS1 is a multifunctional protein that contributes to 
viral pathogenesis by neutralizing the interferon (IFN) 
-based defense system of the host cell [32], and serves as 
a strong inducer of apoptosis in infected human respira-
tory epithelial cells [33]. The NS1 protein of 2009 pan-
demic H1N1 is truncated and therefore missing a domain 
responsible for increased pathogenicity of avian virus 
[34]. There are two molecular markers that account for 
the virulence of the highly pathogenic avian H5N1 vi-
ruses are not present in 2009 pandemic H1N1. They are 
a lysine (K) at position 627 of PB2, and glutamic (E) 
acid in position 92 of NS1 that might increase the repli-
cation efficiency and block host inhibition of viral repli-
cation, respectively [35,36].  

A recent study on M gene identified sites of high se-
lective pressure between human and avian influenza, 
which were 115, 121, 137 in M1, and 11, 16, 20, 54, 57, 
78, 86, and 93 in M2 [37]. The 2009 pandemic H1N1 
virus contains the adamantine-resistant mutation S31N 
in its M2 protein, thus making the NA Inhibitors osel- 
tamivir and zanamivir the only options available to treat 
the infections caused by the pandemic virus [38]. 

Several studies focused on determining which amino 
acid changes best distinguish an avian or swine influenza 
virus from a human virus. An entropy analysis revealed 
the human-avian host shift genomic signature of 52 
markers in ten proteins of the influenza virus [39]. This 
signature extended in [40] provided the basis for finding 
the amino acids of 2009 pandemic H1N1 at the host spe-
cies-specific positions to illustrate the adaptive muta-
tions of this virus. By comparison of the protein se-
quences of 2009 pandemic H1N1 with those in the pre-
vious pandemics and human, swine, and avian influenza 
viruses, the mutation trend of the residues at the signa-
ture positions was discovered, and the potential roles of 
the mutated residues in human adaptation and virulence 
was probed in [41]. With mutual information analysis, 
the characteristic sites for human-to-human transmission 
in PB2 of influenza viruses were uncovered [42], and 
subsequently a catalogue of 68 such sites in eight inter-
nal proteins were found to derive adaptation signatures 
of viral proteomes [43], which included many of the 32 
and 34 markers identified in [44,45], respectively.  

Many of the molecular determinants associated with 
adaptation to human hosts or to the emergence of a pan-
demic virus are not present in 2009 pandemic H1N1, 
suggesting that other previously unrecognized molecular 
markers are responsible for its ability to infect humans 
[17]. Therefore, uncovering new molecular features of 
2009 pandemic H1N1 is of prime significance. In this 

study, we collected all the protein sequences of the 2009 
pandemic H1N1, 2009 seasonal H1N1, avian, human, 
and swine influenza viruses available from the National 
Center for Biotechnology Information (NCBI). Our ob-
jective was to explore the novel host markers in 2009 
pandemic H1N1 that were not present in the classical 
avian-human or swine-human host shift markers, and the 
top markers that could differentiate 2009 pandemic 
H1N1 from 2009 seasonal H1N1.  

2. MATERIALS AND METHODS  

2.1. Sequence Data 

All influenza virus protein sequences were retrieved 
from the Influenza Virus Resource (http://www.ncbi/ 
nlm.nih.giv/genomes/FLU/FLU.html) of the National 
Center for Biotechnology Information (NCBI). Detailed 
information about these sequences is in Table 1. All the 
sequences used in the study were aligned with MAFFT 
[46].  

2.2. Random Forests 

Random Forest, proposed by Leo Breiman in 1999 [47], 
is an ensemble classifier based on many decision trees. 
Each tree is built on a bootstrap sample from the original 
training set and is unpruned to obtain low-bias trees. The 
variables used for splitting the tree nodes are a random 
subset of the whole variable set. The classification deci-
sion of a new instance is made by majority voting over 
all trees. About one-third of the instances are left of the 
bootstrap sample and not used in the construction of the 
tree. These instances in the training set are called “out- 
of-bag” instances and are used to evaluate the perform-
ance of the classifier, which can achieve both low bias 
and low variance with bagging and randomization.  

2.3. Feature Selection Using Random Forests 

Random Forest calculates several measures of variable 
importance. The mean decrease in accuracy measure was 
employed in [48] to rank the importance of the features 
in prediction. This measure is based on the decrease of 
classification accuracy when values of a variable in a 
node of a tree are permuted randomly. In this study, two 
packages of R, randomForest and varSelRF [48], were 
utilized to compute the importance of the amino acids in 
a given protein sequence dataset. The effectiveness and 
robustness of this technique as a feature selection 
method has been demonstrated in various studies [49- 
54].  

2.4. Procedure to Find Novel Host Sites in 2009 
Pandemic H1N1 

Four steps were created to locate the novel sites associated 

http://www.ncbi/%20nlm.nih.giv/genomes/FLU/FLU.html
http://www.ncbi/%20nlm.nih.giv/genomes/FLU/FLU.html


W. Hu / J. Biomedical Science and Engineering 3 (2010) 584-601                   587 

Copyright © 2010 SciRes.                                                                  JBiSE 

 

Table 1. Counts of the influenza protein sequences used in the current study. 

Host Subtype Protein Number of Sequences Years Host Subtype Protein Number of Sequences Years 

Human Pandemic H1N1 HA 710 2009 Human All types NS1 509 All years

Human Pandemic H1N1 NA 643 2009 Human All types NS2 383 All years

Human Pandemic H1N1 NP 394 2009 Human All types PA 279 All years

Human Pandemic H1N1 M1 490 2009 Human All types PB1 289 All years

Human Pandemic H1N1 M2 482 2009 Human All types PB2 269 All years

Human Pandemic H1N1 NS1 366 2009 Avian H1 HA 120 All years

Human Pandemic H1N1 NS2 358 2009 Avian N1 NA 1821 All years

Human Pandemic H1N1 PA 295 2009 Avian All types NP 2888 All years

Human Pandemic H1N1 PB1 311 2009 Avian All types M1 4232 All years

Human Pandemic H1N1 PB2 311 2009 Avian All types M2 3182 All years

Human Seasonal H1N1 HA 128 2009 Avian All types NS1 4610 All years

Human Seasonal H1N1 NA 125 2009 Avian All types NS2 3422 All years

Human Seasonal H1N1 NP 25 2009 Avian All types PA 3106 All years

Human Seasonal H1N1 M1 129 2009 Avian All types PB1 2979 All years

Human Seasonal H1N1 M2 129 2009 Avian All types PB2 2643 All years

Human Seasonal H1N1 NS1 25 2009 Swine H1 HA 379 All years

Human Seasonal H1N1 NS2 25 2009 Swine N1 NA 278 All years

Human Seasonal H1N1 PA 23 2009 Swine All types NP 420 All years

Human Seasonal H1N1 PB1 25 2009 Swine All types M1 516 All years

Human Seasonal H1N1 PB2 25 2009 Swine All types M2 406 All years

Human H1 HA 640 All years Swine All types NS1 506 All years

Human N1 NA 1127 All years Swine All types NS2 351 All years

Human All types NP 393 All years Swine All types PA 343 All years

Human All types M1 1512 All years Swine All types PB1 368 All years

Human All types M2 1415 All years Swine All types PB2 327 All years

 

with host adaptation in 2009 pandemic H1N1. 
Step 1: For each protein, the consensus sequence of 

avian, 2009 pandemic H1N1, human, and swine viruses 
were calculated separately, and the positions with dif-
ferent amino acids of the four consensus sequences were 
identified, since the different amino acids at these posi-
tions have the potential to contribute to host switches. 

Step 2: For each protein, Random Forests were used 
to identify the top 20 positions that have highest impor-

tance in separating avian from human viruses, and swine 
from human viruses, respectively.  
  Step 3: Finding the intersection of the top positions 
with importance larger than 0.005 for separating 2009 
pandemic H1N1 from human viruses and the positions with 
different consensus amino acids found in step one.  

Step 4: The positions discovered in step three minus 
the positions found in step two will be the novel posi-
tions important for separati g 2009 pandemic H1N1  n    
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Table 2. This table contains the Hamming distances of consensus protein sequences of avian, human, 
2009 pandemic H1N1, and swine viruses. 

Proteins HA NA NP M1 M2 NS1 NS2 PA PB1 PB2 

Dist(Avian,2009_pandemic) 90 35 28 8 6 35 11 17 23 17 

Dist(Human,2009_pandemic) 109 61 42 19 15 42 13 30 21 31 

Dist(Swine,2009_pandemic) 43 52 10 11 6 17 7 15 20 17 

Dist(Avian,Human) 90 50 31 11 13 23 5 20 4 19 

Dist(Avian,Swine) 61 37 21 3 2 22 7 4 6 2 

Dist(Human,Swine) 97 52 35 8 11 36 7 19 6 21 

 
from human viruses.  

The purpose of steps 2 and 3 was to calculate the ad-
aptation signatures for various virus groups, which were 
then used in step 4. The amino acids at most of these 
novel sites in 2009 pandemic H1N1 turned out to be 
different from those in avian, human, and swine viruses 
that were the same at these positions.  

Random Forests produce non-deterministic outcomes. 
To compensate this bias, the Random Forests algorithm 
was run multiple times and then the average of the results 
was taken. The importance of each residue in the protein 
sequences was based on the averaged calculations by 
using the function randomVarImpsRF in varSelRF re-
peated 5 times. 

3. RESULTS 

3.1. Comparison of Consensus Protein Sequences     
of Influenza Viruses 

In considering the relationship among the proteins of 
influenza viruses, the Hamming distance, defined as the 
number of positions at which the corresponding amino 
acids of two sequences are different, of any two consen-
sus protein sequences of avian, human, 2009 pandemic 
H1N1, and swine viruses was calculated. The distance 
information in Table 2 provided insight into the se-
quence similarity between the proteins of 2009 pan-
demic H1N1 and those of other virus groups. In particu-
lar, the distances between 2009 pandemic H1N1 and 
avian, human, and swine viruses reflected the origin of 
2009 pandemic H1N1 [2].  

3.2. Novel Host Sites in the Proteins of 2009 
Pandemic H1N1 

Our analysis discovered a catalogue of novel host mark-
ers in the proteins of 2009 pandemic H1N1 that included 
18 markers in HA, 15 in NA, 9 in PB2, 11 in PB1, 13 in 
PA, 10 in NS1, 1 in NS2, 11 in NP, 3 in M1, and 1 in 
M2. In the following sections, each of the ten proteins of 
2009 pandemic H1N1 was compared to that of avian, 
human, and swine viruses. Random Forests were em-
ployed to identify the top important positions in the pro- 
teins of influenza that could separate 2009 pandemic 

H1N1 from avian, human, and swine viruses, and the top 
positions that could discriminate 2009 pandemic H1N1 
and 2009 seasonal H1N1.  

The novel host markers in 2009 pandemic H1N1 were 
uncovered with the procedure outlined in Section 2.3. 
Some of the markers that could classify 2009 pandemic 
H1N1 and 2009 seasonal H1N1 were also part of the 
previously discovered genomic signature that separate 
avian or swine from human viruses. Because the se-
quences of 2009 seasonal H1N1 were a subset of those 
of human viruses, there were common important sites in 
each protein between the sites in 2009 pandemic versus 
2009 seasonal and the sites in 2009 pandemic versus 
human viruses.  

To render a complete picture of host shift markers of 
different types, the novel sites in each of the ten proteins 
of 2009 pandemic H1N1 were exhibited along with the 
avian-human and swine-human sites in a single table. 
The conservation of residues comprising these sites in 
each protein as represented by their frequency at these 
positions was also displayed in the table. The top impor-
tant sites in each protein for differentiating 2009 pan-
demic H1N1 from avian, human, and swine viruses were 
displayed in a single figure, which were used in the pro-
cedure to find the novel sites.  

Due to high genetic variation of the HA and NA pro-
teins, only the HA protein sequences of H1 subtype and 
the NA protein sequences of N1 subtype of avian, hu-
man, and swine viruses were used to compare those of 
2009 pandemic H1N1 in the current analysis. Therefore, 
the novel markers in HA and NA of 2009 pandemic 
H1N1 found in this study were subtype-specific. Be-
cause all the PB1-F2 proteins of 2009 pandemic H1N1 
were truncated and nonfunctional, they were excluded in 
this study.  

3.2.1. HA Protein 
As the primary target of host immune responses, the 
surface protein HA is under high selection pressure, as 
evidenced by the large number of amino acid substitu-
tions in this protein. There was a clear distinction of 
amino acids at position 127, where the human HA had a  
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Table 3. This table contains the consensus amino acids and their frequency at positions in HA that have high importance in separat-
ing 2009 pandemic H1N1 from human H1 viruses. The single letter ‘a’ (for avian) or ‘s’ (for swine) in parenthesis after a position 
number indicates whether  the same position is also important for separating 2009 pandemic H1N1 from avian or swine viruses or 
both. The novel host sites in this protein are the positions without an ‘a’ or a ‘s’ or both. 

Position 71 84 120(a) 127(a,s) 128(s) 129(s) 130(a,s) 142 168 216 239 250 

Avian L(93.3%) N(99.2%) A(96.7%) E(97.5%) T(100%) T(93.3%) K(94.2%) S(92.5%) N(99.2%) A(94.2%) T(97.5%) A(94.2%)

Human I(92.5%) N(98.4%) E(95.0%) -(100%) T(95.8%) V(95.0%) T(97.8%) S(88.4%) N(98.4%) K(96.1%) T(99.2%) A(100%)

2009 
H1N1 

S(100%) S(100%) T(100%) D(99.7%) S(97.0%) N(100%) K(100%) K(100%) D(100%) I(99.9%) K(100%) V(99.9%)

Swine F(58.6%) N(91.8%) A(44.9%) E(57.3%) T(81.0%) N(64.12%) R(62.0%) N(66.2%) N(85.5%) A(46.7%) T(80.0%) V(62.5%)

Position 257 258 260 261 298 302 314 365 374 493 527  

Avian L(85.8%) N(95.0%) G(94.2%) S(98.3%) I(93.3%) E(98.33%) M(99.2%) Q(94.2%) G(100%) S(96.7%) L(99.2%)  

Human L(96.7%) S(96.7%) G(98.0%) F(97.3%) V(99.5%) E(100%) M(99.5%) Q(98.9%) G(99.5%) S(99.2%) L(99.1%)  

2009 
H1N1 

M(100%) E(99.9%) N(99.0%) A(99.6%) I(100%) K(100%) L(99.9%) L(100%) E(99.4%) A(100%) V(99.9%)  

Swine M(54.1%) N(41.7%) G(78.1%) S(72.0%) V(73.1%) E(94.2%) M(95.3%) Q(61.7%) G(90.8%) S(67.0%) L(78.1%)  

 
Table 4. This table contains the consensus amino acids and their frequency at positions in NA that have high importance in separating 
2009 pandemic H1N1 from human N1 viruses. The novel host sites in this protein are the positions without an ‘a’ (for avian) or a ‘s’ 
(for swine) or both. 

Position 84 126 149 163(s) 166 189 257 269 285(s) 321 

Avian T(76.4%) H(98.9%) V(95.2%) V(94.1%) A(99.6%) S(93.5%) K(96.8%) L(99.7%) A(97.5%) V(94.6%) 

Human T(92.8%) H(100%) V(95.6%) L(83.8%) A(99.8%) G(86.4%) K(99.7%) L(100%) T(85.5%) V(99.9%) 

2009 H1N1 K(100%) P(100%) I(100%) I(100%) V(99.7%) N(99.8%) R(99.8%) M(99.7%) S(100%) I(100%) 

Swine I(55.8%) H(89.2%) V(73.0%) I(84.5%) A(64.0%) G(58.3%) K(90.3%) L(90.7%) T(55.04%) V(71.6%) 

Position 331 365(a,s) 369(a,s) 385 389 395 397 398 436  

Avian G(99.7%) T(91.4%) S(99.4%) S(88.3%) V(90.4%) A(99.2%) T(99.2%) D(99.5%) T(99.6%)  

Human G(98.8%) N(84.7%) K(84.5%) S(99.7%) V(94.5%) A(99.7%) T(99.7%) D(99.7%) T(99.5%)  

2009 H1N1 K(100%) I(99.8%) N(100%) N(100%) I(100%) G(100%) N(99.7%) E(100%) -(100%)  

Swine G(68.7%) I(63.0%) S(82.0%) S(69.4%) V(38.1%) A(63.3%) T(87.8%) D(92.1%) T(99.6%)  

 

deletion whereas the other three virus groups had not 
(Table 3). However, as will be seen in the NA protein 
section below (Table 4), the NA protein of 2009 pan-
demic H1N1 had a deletion at position 436 though the 
other three virus groups had not. The positions in Table 
3 including 71, 84, 130, 257, 258, and 314 had signifi-
cant effects on the receptor binding specificity of HA of 
2009 pandemic H1N1[13]. HA has two functional do-
mains HA1 (residues 1-327) and HA2 (residues 328- 
549). Evidently, most of the sites in Table 3 were in 
HA1, illustrating a much higher selection pressure of 
HA1 relative to HA2. The HA active site located in a 
cleft is composed of the residues 91, 150, 152, 180, 187, 
191, and 192. The active site cleft of HA is formed by its 
right edge (131_GVTAA) and left edge (221_RGQAGR) 
[55]. Four sites 127, 128, 129, and 130 in Table 3 were 
near the right edge of the active site (Table 3). 
 
3.2.2. NA Protein 
In addition to the surface protein HA, the influenza A 
virus also has NA as another surface protein, and the 
balanced interplay between them is essential for the life 

cycle of this virus. Because of its critical role in viral 
replication and its highly conserved active sites, NA is 
the main target for drug design against influenza virus. 
The NA Inhibitors oseltamivir and zanamivir were the 
only drugs available to treat the infections caused by 
2009 pandemic H1N1, because the novel virus had an 
adamantine-resistant mutation S31N in its M2 protein 
[38]. As a result, the surveillance of any potential drug- 
resistant mutations in the NA protein of 2009 pandemic 
H1N1 received high priority. The mutation H275Y (N1 
numbering, H274Y in N2 numbering) in NA is well 
known for its resistance to NA Inhibitors. There were 
123 Ys and 2 Hs in 125 NA sequences of 2009 seasonal 
H1N1 and 12 Ys and 631 Hs in 643 NA sequences of 
2009 pandemic H1N1 used in the current study. Both 
NAs in 2009 pandemic and 2009 seasonal H1N1 did not 
have the novel NA mutation Q136K [41] that confers 
zanamivir resistance. 

NA is also is constantly evolving under host immune 
pressure, and the mutations in Table 4 illustrated its ge-
netic variation. As mentioned in the HA protein section 
above, the NA of 2009 pandemic H1N1 had a deletion at  
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Figure 1. Top important HA positions in distinguishing avian H1, human H1, 2009 pandemic H1N1, 2009 seasonal H1N1, and swine 
H1 viruses. 
 

 

Figure 2. Top important NA positions in distinguishing avian N1, human N1, 2009 pandemic H1N1, 2009 seasonal H1N1, and swine 
N1 viruses. 
 
position 436 while the other three virus groups had not. 
However, the HA of human virus had a deletion at posi-
tion 127 but the other three virus groups had not. 

The NA active site is a shallow pocket constructed 

from conserved residues, some of which contact the sub-
strate directly and participate in catalysis, while others 
provide a structural framework [56]. According to the 
numbering in [57], these residues of N1 are 118, 119, 
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151, 152, 156, 179, 180, 223, 225, 228, 247, 277, 278, 
293, 295, 368, and 402. The antigenic sites of N1 are 
residues 83-143, 156-190, 252-303, 330, 332, 340-345, 
368, 370,387-395, 431-435, 448-468. Novel host sites 84, 
126, 166, 189, 257, 269, 389, and 395 were at the anti-
genic sites of N1 (Table 4). 
  Because of a common deletion in the stalk region of 
the NA proteins of avian viruses, only the residues after 
position 82 were included in the Random Forest analysis 
on avian, human, 2009 pandemic H1N1, and swine vi-
ruses. However, the whole NA sequences were used in 
the analysis of 2009 pandemic and 2009 seasonal H1N1. 
 
3.2.3. M1 Protein  
M1 protein forms a shell inside the viral envelope to 
offer strength and rigidity to the viral structure. M1 in-
teracts with HA, NA, M2, and lipid membranes during 
budding of new virions from the cell surface, and func-
tions in the formation of vRNP complexe and the disso-
ciation of vRNP from the nuclear matrix, and in assem-
bly by recruiting the viral components to the site of as-
sembly. The dissociation of M1 from vRNP is triggered 
by transport of hydrogen ions across the viral membrane 
by M2, an early step preceding entry of vRNPs into the 
cytoplasm of the host cells. M1 also binds to NS2 to 
facilitate nuclear export of the vRNP [37]. There was a 
mutation R101K in the M1 protein of 2009 pandemic 
H1N1 (Table 5). It would be of interest to exam the im-
pact of this mutation on viral replication. The basic 
amino acids 101RKLKR105 of M1 were involved in 
vRNP binding and nuclear localization. In [58], the func-
tions of 101RKLKR105 were studied by introducing 
mutations into the M gene of influenza virus A/WSN/33. 
Individual substitution, R101S or R105S, had a minimal 

effect on viral replication, but the double mutation 
R101S-R105S reduced viral replication at a restrictive 
temperature.  

The M1 is a highly conserved protein. Therefore, the 
changes of M1 may reflect host-specific adaptation. Po-
sitions 115, 121, and 137 were identified as avian-human 
host shift markers in [43]. Our investigation indicated 
position 218 was as important as position 121. Position 

137 was a swine-human marker in [40], but our study 
also revealed positions 115 and 218 were as important as 
positions 137 as swine-human markers (Figure 3). The 
novel site 30 was in the membrane binding domain [43], 
and sites 207 and 209 were in the C-terminal part of M1 
(residues 165-252) that binds to vRNP [59]. 

3.2.4. M2 Protein 
This 97 amino acid-long integral membrane protein has 
three domains, one N-terminal extracellular domain (24 
residues) recognized by host immune system, one 19- 
residue transmembrane domain responsible for ion 
channel activity, and one 54-residue cytoplasmic tail 
interacting with M1 and required for genome packing 
and formation of virus particles [37]. Two M2 inhibitors 
(adamantine and rimantadine) affect two steps in the 
replication cycle, viral uncoating and viral maturation. 
There are five known adamantine-resistanant mutations 
in M2 (L26F, V27A, A30V, A30T, S31N, and G34E). 
The 2009 pandemic H1N1 virus contains a mutation 
S31N. They also contain a mutation L43T in M2 (Table 
6 and Figure 4), which is not present in seasonal, tri-
ple-reassortant swine or H5N1 influenza viruses [15]. 
The replacement of the non-polar residue L43 by the 
polar residue T43 in M2 may influence a nearby func-
tional residue W44, the channel lock and the binding site 
of rimantadine [60]. Positions 11, 14, 20, 28, 54, 55, 57, 
78, and 86 were avian-human host shift sites found in 
[43]. However, the positions 18, 50, 86, and 93 were as 
important as these sites in our examination. Positions 57, 
86, and 93 were swine-human shift markers in [40], but 
our analysis also included positions 28, 54, 77, 78, 79, 
and 89 as swine-human markers with high importance 
(Figure 4). The only novel site in this protein was 13 
which was in the extracellular domain (Table 6). 

3.2.5. NP Protein 
The NP protein of the influenza virus binds the RNA 
genome and functions as an adaptor between the virus 
and the host cell. The interaction of the NP protein with 
the viral polymerase is required for viral RNA replica-
tion, but not for the synthesis of viral messenger 
RNAs(transcription). Previous experiments implicated 

 
Table 5. This table contains the consensus amino acids and their frequency at positions in M1 that have high importance in separat-
ing 2009 pandemic H1N1 from human viruses. The novel host sites in this protein are the positions without an ‘a’ (for avian) or a ‘s’ 
(for swine) or both. 

Position 15(a) 30 101(a,s) 115(a,s) 116(s) 121(a,s) 137(a,s) 142(a,s) 166(a,s) 207 209 214(s) 218(a,s) 

Avian I(52.4%) D(99.9%) R(52.7%) V(99.5%) A(97.5%) T(96.2%) T(99.4%) V(91.6%) V(53.7%) S(68.4%) A(98.9%) Q(99.2%) T(99.8%)

Human V(67.6%) D(99.7%) R(93.1%) I(92.3%) A(98.7%) A(92.9%) A(93.1%) V(68.2%) V(93.2%) S(92.7%) A(99.9%) Q(99.8%) A(84.5%)

2009 
H1N1 

I(100%) S (99.8%) K(100%) V(99.4%) S(100%) T(100%) T(100%) A(99.6%) A(100%) N(99.8%) T(100%) H(100%) T(100%) 

Swine V(65.3%) D(77.3%) R(64.7%) V(90.9%) A(68.4%) A(59.7%) T(93.2%) V(77.3%) V(66.1%) S(91.9%) A(78.5%) Q(67.1%) T(92.4%)
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Figure 3. Top important M1 positions in distinguishing avian, human, 2009 pandemic H1N1, 2009 seasonal H1N1, and swine viruses. 

Table 6. This table contains the consensus amino acids and their frequency at positions in M2 that have high importance in separating 
2009 pandemic H1N1 from human viruses. The novel host sites in this protein are the positions without an ‘a’ (for avian) or a ‘s’ (for 
swine) or both. 

Position 11(a,s) 13 16(a,s) 20(a,s) 28(a,s) 31(s) 43(a,s) 77(s) 78(a,s) 86(a,s) 

Avian T(92.0%) N(91.70%) E(92.4%) S(96.2%) I(54.5%) S(88.6%) L(97.0%) R(98.1%) Q(99.4%) V(99.6%) 

Human I(91.6%) N(99.29%) G(91.2%) N(92.2%) V(96.8%) S(67.6%) L(67.7%) R(99.6%) K(60.9%) A(91.7%) 

2009 H1N1 T(100%) S(99.79%) E(100%) S(100%) I(100%) N(100%) T(100%) Q(100%) Q(100%) V(100%) 

Swine T(52.7%) N(72.66%) E(57.9%) N(52.7%) I(38.9%) S(60.8%) L(93.8%) R(63.5%) Q(95.6%) V(94.6%) 

 

 
Figure 4. Top important M2 positions in distinguishing avian, human, 2009 pandemic H1N1, 2009 seasonal H1N1, and swine viruses. 
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three NP regions (residues 1-160, 256-340 and 340-498) 
in binding to PB1 and PB2 [61]. Novel sites 21, 53, 119, 
316, 353, 371, 377, 433, 444, and 498 were scattered in 
these three regions (Table 7). One region, residues 360- 
374, in NP of 2009 pandemic H1N1 was deemed ex-
tremely important for host range restriction, and is a 
common feature of pandemic viruses [25]. Two posi-
tions 371 and 373 in Table 7 were in this region. Residue 
100 was involved in the NP-PB2 interaction [62], and 
ranked second in separating 2009 pandemic H1N1 from 
avian viruses. The consensus amino acids at 100 of PB2 
proteins of avian, human, 2009 pandemic H1N1, and 
swine viruses were R, V, I and V respectively. The mu-
tation V100I might contribute to the increased transmis-
sibility or infection of 2009 pandemic H1N1 [41]. 

Positions 16, 33, 61, 100, 136, 214, 283, 305, 313, 
357, 375, and 423 were avian-human host shift markers 
in [43]. Furthermore, we found positions 31, 217, 373, 
and 455 significant for discriminating avian and human 

viruses (Figure 5).   

3.2.6. NS1 Protein  
All of the proteins in influenza virus are structural ex-
cept for NS1 and PB1-F2. This protein is designated as 
non-structural because it is synthesized in infected cells, 
but is not incorporated into virions. NS1 is a multifunc-
tional protein involved in both protein-protein and pro-
tein-RNA interactions. Its N-terminal region has an 
RNA-binding domain (residues 1-73) and its C-terminal 
region (residues 74-237) contains the effector domain 
that inhibits the maturation and exportation of the host 
cellular antiviral mRNAs [63].   

Because of a truncation in the NS1 proteins of 2009 
pandemic H1N1, only the first 219 residues of the NS1 
proteins were included in our analysis. Positions 22, 60, 
81, 84, 215, and 227 were avian-human host shift sites in 
[43], whereas our Random Forests analysis implied po-
sitions 79, 81, 114, 171, and 215 were as significant as  

 
Table 7. This table contains the consensus amino acids and their frequency at positions in NP that have high importance in separating 
2009 pandemic H1N1 from human viruses. The novel host sites in this protein are the positions without an ‘a’ (for avian) or a ‘s’ (for 
swine) or both. 

Position 21 31(a,s) 53 119 189(s) 190 217(a) 289(s) 313(a,s) 316 

Avian N(99.20%) R(99.8%) E(99.90%) I(97.65%) M(99.1%) V(98.61%) I(94.8%) Y(99.2%) F(99.0%) I(99.58%) 

Human N(97.5%) K(65.4%) E(100%) I(97.46%) M(97.5%) V(97.20%) S(48.1%) Y(97.5%) Y(78.1%) I(99.75%) 

2009 H1N1 D(100%) R(100%) D(100%) V(100%) I(99.75%) A(100%) V(98.2%) H(99.7%) V(100%) M(100%) 

Swine D(61.19%) R(82.6%) E(98.10%) V(57.14%) I(60.00%) A(56.42%) I(76.90%) H(64.29%) F(86.66%) I(95.24%) 

Position 350(s) 353 371 373(a) 377 430(s) 433 444 456(s) 498 

Avian T(94.39%) V(90.30%) M(94.77%) T(69.18%) S(69.67%) T(94.8%) T(95.36%) I(99.00%) V(98.4%) N(96.09%)

Human T(97.20%) S(52.42%) M(91.35%) A(34.35%) S(80.66%) T(83.72%) T(88.04%) I(98.22%) V(82.95%) N(96.18%)

2009 H1N1 K(100%) I(99.75%) V(100%) T(76.40%) N(100%) S(100%) N(100%) V(100%) L(100%) S(99.24%)

Swine K(64.52%) V(53.81%) V(59.29%) A(57.38%) S(51.90%) S(38.57%) N(60.95%) I(64.76%) L(61.19%) N(69.29%)

 

 

Figure 5. Top important NP positions in distinguishing avian, human, 2009 pandemic H1N1, 2009 seasonal H1N1, and swine viruses. 
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Table 8. This table contains the consensus amino acids and their frequency at positions in NS1 that have high importance in separat-
ing 2009 pandemic H1N1 from human viruses. The novel host sites in this protein are the positions without an ‘a’ (for avian) or a ‘s’ 
(for swine) or both. 

Position 6 25(s) 59 67(s) 74 76 91 111 112(a) 

Avian V(77.85%) Q(79.35%) R(73.41%) R(78.85%) D(97.87%) A(77.79%) T(97.33%) V(79.76%) A(59.11%)

Human V(95.48%) Q(95.09%) H(45.19%) R(54.62%) D(97.64%) A(97.84%) T(96.66%) V(96.07%) E(55.00%)

2009 H1N1 M(99.73%) N(99.73%) L(100%) W(100%) S(99.73%) T(100%) S(99.73%) I(100%) I(99.45%)

Swine V(95.26%) N(58.70%) L(59.49%) W(59.68%) D(37.49%) T(58.70%) A(60.28%) V(50.59%) A(36.96%)

Position 119 129(s) 171(a,s) 198 205 206(s) 207 213(s) 217(s) 

Avian M(99.39%) I(75.55%) D(48.87%) L(52.52%) S(69.50%) S(67.66%) D(59.20%) P(92.56%) K(68.00%)

Human M(85.85%) M(51.28%) I(55.20%) L(84.28%) S(92.93%) S(91.55%) N(78.00%) P(97.05%) K(69.16%)

2009 H1N1 L(100%) V(100%) Y(100%) I(100%) N(100%) C(100%) D(100%) S(100%) E(100%) 

Swine M(90.12%) I(64.23%) D(59.29%) L(97.04%) S(64.62%) R(56.13%) N(92.09%) P(51.38%) E(57.51%)

 

 

Figure 6. Top important NS1 positions in distinguishing avian, human, 2009 pandemic H1N1, 2009 seasonal H1N1, and swine viruses. 
 

these sites (Figure 6). There were two novel sites 6 and 
59 in the RNA-binding domain and the other novel sites 
in the effector domain (Table 8). 

3.2.7. NS2 Protein 
Influenza virus replicates its RNA genome in the nucleus 
of infected cells. The NS2 protein mediates the nuclear 
export of virion RNAs, with help from M1 and NP. A 
recent report indicated that it also has a role in the regu-
lation of viral transcription and replication [64]. NS2 
contains a highly conserved nuclear export signal motif 
in its amino-terminal region (residues 12-21) [65], and 
site 14 in Table 9 was in this region. 

Positions 60, 70, and 107 were avian-human host shift 

markers in [43]. We found position 14 important as a 
host marker as well. Position 107 was a swine-human 
host switch marker in [40], but our analysis also pointed 
to positions 14, 32, 49, and 57 as such sites of high sig-
nificance (Figure 7). The NS2 protein of 2009 pandemic 
H1N1 contained so many important avian-human or swine- 
human sites, resulting in only one site as a novel site 
(Table 9). 

3.2.8. PA Protein 
Compared to the well-defined functions of PB1 and PB1, 
PA is involved in a diverse range of functions of the po-
lymerase complex, including protein stability, endonu-
clease activity, and cap binding and promoter binding 
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[66]. Positions 28, 55, 57, 65, 66, 100, 225, 268, 321, 
337, 356, 382, 400, 404, 409, 421, and 552 were 
avian-human host shift markers in [43]. Additionally, we 
found positions 241 and 383 equally important as these 
positions as avian-human markers. Positions 268 and 552 
were swine-human markers uncovered in [40]. Our 
analysis suggested the positions 28, 225, 337, and 400 
were equally crucial as these two sites as swine-human 
markers (Figure 8).  

The N-terminal domain of PA (residues 1-256) har-
bors several functional domains, including an endonu-
clease active site with a putative active site motif, two 
putative nuclear transport motifs (residues 124-139 
(NLS1) and residues 186-247 (NLS2)), and a proteolytic 
domain that can induce generalized proteolysis of both 
viral and host proteins. The C-terminal domain of PA 
(residues 257-716) binds to PB1 for complex formation 
and nuclear transport [66]. There were three novel sites  

186, 204, and 213 within the second putative nuclear 
localization signals (NLS2), and one novel site 626 
within the PB1 binding domain (Table 10).  

3.2.9. PB1 Protein 
The influenza virus polymerase is responsible for repli-
cation and transcription of the eight gene segments of the 
viral RNA genome in the infected host cell. PB1 can 
interact with PB2, PA, and NP and binds to viral pro-
moter, and is accountable for viral RNA elongation and 
cap RNA cleavage activities [66,67].  

Position 336 was the only avian-human host shift 
markers in [43]. We found positions 212, 327, 361, 375, 
384, 401, 473, and 584 equally significant as position 
336 (Figure 9). There were one novel site 12 within the 
PB1-PA binding domain (residues 1-25) and two novel 
sites 618 and 728 in the PB1-PB2 binding domain (resi-
dues 600-757) (Table 11) [68].  

PB1-PA binding domain (residues 1-25) and two novel 
 
Table 9. This table contains the consensus amino acids and their frequency at positions in NS2 that have high importance in separat-
ing 2009 pandemic H1N1 from human viruses. The novel host sites in this protein are the positions without an ‘a’ (for avian) or a ‘s’ 
(for swine) or both. 

Position 6 14(a,s) 32(s) 34(s) 40(a,s) 48(a) 57(a,s) 
Avian V(79.1%) M(56.2%) I(99.0%) Q(95.6%) L(71.54%) A(73.2%) S(97.6%) 

Human V(98.2%) L(55.6%) I(99.0%) Q(98.7%) L(61.9%) A(96.6%) S(60.3%) 
2009 H1N1 M(99.7%) M(100%) V(99.7%) R(100%) I(100%) T(100%) Y(100%) 

Swine V(95.2%) M(83.2%) V(68.1%) Q(53.3%) I(67.8%) A(70.1%) Y(65.8%) 
Position 60(a,s) 63(a,s) 83(a) 89(a,s) 107(a,s) 115(a)  
Avian S(55.7%) G(75.8%) V(71.7%) I(69.8%) L(99.9%) T(84.4%)  

Human N(68.7%) G(96.3%) V(98.2%) T(63.2%) F(74.9%) T(89.8%)  
2009 H1N1 S(100%) E(95.8%) M(99.7%) A(97.8%) L(100%) A(99.4%)  

Swine N(61.0%) E(62.1%) V(97.4%) M(32.5%) L(90.9%) T(98.3%)  

 

 

Figure 7. Top important NS2 positions in distinguishing avian, human, 2009 pandemic H1N1, 2009 seasonal H1N1, and swine viruses. 
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Table 10. This table contains the consensus amino acids and their frequency at positions in PA that have high importance in separat-
ing 2009 pandemic H1N1 from human viruses. The novel host sites in this protein are the positions without an ‘a’ (for avian) or a ‘s’ 
(for swine) or both. 

Position 28(a,s) 55(a) 85 100(a,s) 186 204 213 256 262 275 277 

Avian P(99.5%) D(98.9%) T(96.5%) V(94.5%) G(98.0%) R(80.6%) R(97.8%) R(98.6%) K(96.9%) P(97.5%) S(97.1%)

Human L(70.3%) N(71.3%) T(91.0%) A(70.6%) G(100%) R(53.0%) R(97.5%) R(54.5%) K(95.0%) P(98.9%) S(35.8%)

2009 H1N1 P(100%) D(100%) I(100%) V(100%) S(100%) K(100%) K(100%) K(100%) R(100%) L(98.6%) H(100%)

Swine P(79.9%) D(53.4%) T(60.9%) V(86.6%) G(96.8%) R(90.7%) R(92.1%) R(63.8%) K(77.8%) P(91.5%) S(53.4%)

Position 336 337(a,s) 356(a) 362 388 400(a,s) 404(a,s) 407 552(a,s) 626  

Avian L(99.5%) A(88.7%) K(98.9%) K(99.5%) S(80.1%) S(40.9%) A(93.2%) I(95.9%) T(99.7%) K(83.7%)  

Human L(97.1%) S(35.8%) R(69.9%) K(98.6%) S(84.2%) L(79.2%) S(72.0%) I(98.6%) S(71.7%) K(98.2%)  

2009 H1N1 M(100%) A(99.0%) R(99.7%) R(100%) G(99.0%) P(100%) A(100%) V(99.3%) T(99.7%) R(99.3%)  

Swine L(95.6%) A(86.9%) K(53.9%) K(71.1%) S(52.8%) P(30.6%) A(86.9%) I(71.1%) T(91.5%) K(96.2%)  

 

 

Figure 8. Top important PA positions in distinguishing avian, human, 2009 pandemic H1N1, 2009 seasonal H1N1, and swine viruses. 
 
sites 618 and 728 in the PB1-PB2 binding domain (resi-
dues 600-757) (Table 11) [68].  

3.2.10. PB2 Protein  
PB2 interacts with PB1 and NP, but not PA. Its primary 
function is binding to cap structures on host cell pre- 
mRNAs before they are cleaved to provide primers for 
viral mRNA synthesis [66]. Positions 9, 44, 64, 81, 105, 
199, 271, 292, 368, 475, 567, 588, 613, 627, 661, 674, 
and 702 were avian-human host shift markers in [43]. 
Positions 108, 197, and 684 were as significant as these 
sites in our finding. Position 44 was a swine- human 
marker in [40], but our analysis implied positions 64, 65, 
81, 105, 199, 292, 567, 627, 649, 661, and 674 were 
equally important as position 44 (Figure 10). Position  

702, an avian-human marker selected in [40,43,69], 
ranked 21th in our Random Forests analysis, and there-
fore it was not included in our plot in Figure 10. In addi-
tion to the SR polymorphism, S590 and R591, found in 
[23], novel sites in PB2 discovered here provided addi-
tional polymorphism that might convey enhanced poly-
merase activity in human cells. Position 627 in PB2 was 
considered critical for host shifts in our analysis, a 
well-known host marker discussed in [21,22], and was 
located in the PB2-PB1 and PB2-NP binding domains [43]. 

The PB2-NP binding domain contains residues 1-269 
and 580-683, and the PB2-PB1 binding domain contains 
residues 51-259 and 580-759. There were novel sites 54, 
590, 645, and 667 in the PB2-PB1 and PB2-NP binding 
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Table 11. This table contains the consensus amino acids and their frequency at positions in PB1 that have high importance in sepa-
rating 2009 pandemic H1N1 from human viruses. The novel host sites in this protein are the positions without an ‘a’ (for avian) or a 
‘s’ (for swine) or both. 

Position 12 175 179 216 298 327(a,s) 339(s) 361(a,s) 364 386(s) 

Avian V(99.0%) D(95.9%) M(95.9%) S(95.7%) L(98.6%) R(98.7%) I(98.7%) S(99.0%) L(99.5%) R(57.0%) 

Human V(99.7%) D(97.2%) M(69.6%) S(65.7%) L(79.2%) K(53.6%) I(96.9%) S(61.9%) L(99.3%) R(65.4%) 

2009 H1N1 I(99.7%) N(100%) I(100%) G(100%) I(100%) R(100%) M(100%) R(100%) I(100%) K(100%) 

Swine V(95.1%) D(96.7%) M(66.0%) S(60.1%) L(96.7%) R(89.7%) I(44.6%) N(32.3%) L(96.5%) R(95.4%) 

Position 435 486 517(s) 584(a,s) 587 618 638(s) 728 741(a,s)  

Avian T(99.0%) R(98.6%) I(99.1%) R(97.1%) A(98.4%) E(97.7%) E(98.8%) I(99.1%) A(96.2%)  

Human T(99.3%) R(64.7%) I(81.3%) R(63.7%) A(98.6%) E(99.7%) E(98.6%) I(100%) A(59.2%)  

2009 H1N1 I(99.4%) K(100%) V(100%) Q(100%) V(97.4%) D(100%) D(100%) V(100%) S(100%)  

Swine T(66.8%) R(64.1%) I(75.5%) R(40.5%) A(86.7%) E(61.4%) E(69.0%) I(98.4%) A(59.0%)  

 

 

Figure 9. Top important PB1 positions in distinguishing avian, human, 2009 pandemic H1N1, 2009 seasonal H1N1, and swine viruses. 
 
domains and sites 147 and 225 in the PB2-NP binding 
domain [43] (Table 12). 

4. DISCUSSIONS 

Extensive research to date provided highly informative 
knowledge about the origin and genetic lineages of 2009 
pandemic H1N1, but the host markers of this new virus 
remained elusive. Recent studies indicated that human 
host adaptation is complex and multigenic, and the 
well-known host shift markers are lacking in this new 
virus. The hypothesis in the current study was that these 
markers of 2009 pandemic H1N1 might exist outside of 
the space of traditional host switch markers. To test this 
hypothesis in this study, Random Forests were applied to 

uncover novel important markers in each of the ten pro-
teins of influenza that could differentiate 2009 pandemic 
H1N1 from human viruses, but were not present in the 
previous avian-human or swine-human host switch mark-
ers.  
  Our approach naturally led to a systematic discovery 
of new host markers like the SQ polymorphism found in 
[23] that could enrich our current knowledge of 2009 
pandemic H1N1 and complement the repertoire of ex-
isting host shift signatures. Among others, this study 
revealed the novel host sites 54, 147, 225, 315, 453, 559, 
590, 645, and 667 in PB2 of 2009 pandemic H1N1. 
They provided ample potential sites to investigate ex-
perimentally whether they also compensate the lack of 
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amino acid lysine at residue 627, as the SR polymor-
phism. Their prospective broader roles in enhancing this 
new virus’s replication and transmission in humans are 
worthy of further research. In this regard, the three posi-
tions 54, 315, and 559 in PB2 were particularly of inter-
est because they had much higher importance than the 
two positions 590 and 591 associated with the SR poly-
morphism. 

Four proteins are involved and required in the synthe-
sis of influenza virus RNA, which are PB2 and PA of 
avian lineage, PB1 of human origin, and NP derived 
from classical swine viruses in 2009 pandemic H1N1. 

To gain insight into the adaptive strategies employed by 
these four proteins of different origins to evade restric-
tion in human cells will be a challenge. The novel sites 
identified in this study provided a starting point for fu-
ture integrative examination of the interactions of these 
proteins.  

It was expected that 2009 pandemic H1N1 would co- 
circulate with seasonal H1N1 for some time. Our cata-
logue of amino acid markers that could effectively sepa-
rate 2009 pandemic H1N1 from 2009 seasonal H1N1 
presented a valuable view of these two viruses that share 
similar clinical courses but are unique genetically. 

 
Table 12. This table contains the consensus amino acids and their frequency at positions in PB2 that have high importance in sepa-
rating 2009 pandemic H1N1 from human viruses. The novel host sites in this protein are the positions without an ‘a’ (for avian) or a 
‘s’ (for swine) or both. 

Position 9(a) 54 64(a,s) 65(s) 81(a,s) 105(a,s) 147 184(s) 199(a,s) 

Avian D(97.5%) K(99.7%) M(74.9%) E(97.8%) T(97.3%) T(90.9%) I(82.1%) T(96.3%) A(99.2%) 

Human N(71.0%) K(100%) T(68.0%) E(98.5%) M(52.0%) V(52.4%) I(87.7%) T(99.6%) S(72.9%) 

2009 H1N1 D(100%) R(100%) M(100%) D(99.7%) T(100%) T(100%) T(100%) A(99.0%) A(100%) 

Swine D(63.9%) K(98.5%) M(53.2%) E(69.4%) T(84.7%) T(87.8%) I(68.2%) T(57.2%) A(55.0%) 

Position 225 292(a,s) 315 340(s) 453 475(a) 559 567(a,s) 588(a,s) 

Avian S(99.4%) I(88.6%) M(95.2%) R(52.2%) P(94.7%) L(99.2%) T(91.0%) D(98.0%) A(95.8%) 

Human S(98.9%) T(73.6%) M(99.6%) R(60.2%) H(52.0%) M(70.3%) T(71.7%) N(70.3%) I(68.4%) 

2009 H1N1 G(100%) V(99.4%) I(100%) K(97.4%) S(99.7%) L(100%) I(100%) D(100%) T(98.4%) 

Swine S(72.2%) I(56.0%) M(97.2%) R(59.9%) P(57.8%) L(54.1%) T(70.9%) D(90.2%) A(55.7%) 

Position 590 591(s) 613(a,s) 627(a,s) 645 661(a,s) 667 674(a,s) 684(a) 

Avian G(87.6%) Q(97.9%) V(98.4%) E(91.7%) M(99.4%) A(96.2%) V(92.4%) A(97.1%) A(96.9%) 

Human G(69.9%) Q(98.9%) T(64.3%) K(80.3%) M(98.9%) T(78.4%) I(62.1%) T(69.1%) A(51.3%) 

2009 H1N1 S(99.7%) R(100%) V(100%) E(100%) L(100%) A(100%) V(100%) A(99.7%) S(100%) 

Swine G(71.3%) Q(67.3%) V(74.9%) E(53.8%) M(74.9%) A(48.0%) V(69.4%) A(86.5%) A(74.3%) 

 

 

Figure 10. Top important PB2 positions in distinguishing avian, human, 2009 pandemic H1N1, 2009 seasonal H1N1, and swine viruses. 
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Various computational techniques including entropy 
[39,40], mutual information [42,43], statistical tests [44], 
and support vector machines [45] were utilized to dis-
cover molecular markers in influenza viruses. To dem-
onstrate the validity of using Random Forests as a fea-
ture selection technique in identifying novel host  
markers in 2009 pandemic H1N1, the top markers found 
by Random Forests to distinguish the human virus from 
avian or swine viruses were also included in this report, 
which contained many known host adoption markers 
from previous studies. There were fewer novel sites in 
M1, M2, and NS2 than in the other proteins under this 
study resulting from many avian-human or swine-human 
sites among these proteins.  

5. CONCLUSIONS 

Our findings confirmed that there are novel host sites in 
the proteins of 2009 pandemic H1N1 that could separate 
this new virus from human viruses with high confidence. 
These markers could not be found in the search space of 
traditional avian-human or swine-human host shift mark-
ers, thus offering new potential sites for further experi-
mental verification to elucidate their biological functions.  
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