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Abstract
The H1N1 is a subtype of avian influenza virus (AIV) that is able to 

break the host barrier to seriously endanger human health. Investigating 
the molecular mechanisms of AIV interspecies transmission is 
important for preventing the influenza epidemics.  In this study, we 
used bioinformatics approaches to identify factors that may cause 
the avian-to-human transmission in hemagglutinin (HA) sequences 
of H1N1. First, the multiple sequence alignment analysis reveals 10 
signature regions of HA that are highly conserved in intra-species, but 
largely divergent between interspecies. Then, the avian-to-human 
transformation was modeled as a binary classification problem in a 
machine learning (ML) context. A computational prediction model 
was developed to predict the avian-to-human transmission of H1N1 
with advanced ML techniques by characterizing amino acid residues 
in these signatures regions. The evaluation results suggested that 
these amino acid residues have a discrimination ability to distinguish 
H1N1 strains isolated from human to those from avian. The proposed 
bioinformatic framework would be helpful for further understanding 
the transmission mechanisms of H1N1 and other AIV viruses.

Introduction
Influenza is a paramount epidemic in the world because of the 

continuing evolution of virus via antigenic drift and genetic shift 
[1]. The avian influenza virus is infectious for birds, pigs, horses and 
human and lead to the lesions of avian body or respiratory tract, 
which does great harm to the breeding of poultry such as chickens, 
turkeys and ducks etc [2-6]. Therefore, the study of avian influenza 
virus not only has great significance to the poultry industry but also 
to human health. 

H1N1 is the subtype of influenza A virus (AIV) that can break 
the host barrier to seriously endanger human health, exemplified 
by the 2009 swine-origin H1N1 influenza A epidemic [7]. Although 
the origins and evolutionary of human-isolated H1N1 virus can 
be easily inferred from the phylogenic analysis, the determinants 
of cross-species transmission are still not fully understood [8,9]. 
The H1N1 genome codes six internal proteins (NP, M1, M2, PB1, 
PB2 and PA), two non-structural proteins (NS1 and NS2), and two 
coat proteins (HA and NA) [10]. Among these ten proteins, HA 
(hegagglutinin) has been demonstrated to be particularly important 
for virus infection against the host, by mediating the attachment of 
the virus to the host cell surface and the entry of viral RNA into the 
host cell [11,12]. Therefore, the properties of the HA protein in H1N1 
virus are very worthwhile to be studied, which will provide a clue to 
better understand the infection mechanism of influenza viruses and 
monitor the interspecies transmission of influenza virus. 

In this study, we used bioinformatic approaches to comparatively 
analyze the HA protein sequences of H1N1 viruses isolated from avian 
and human hosts, and identified several signature regions in which 
amino acid segments specifically are conserved in avian- and human-
isolated H1N1 viruses. Further statistical analysis revealed that there 
are different patterns of amino acid content in the HA sequences of 
H1N1 viruses isolated before and after the 2009 H1N1 pandemic.  We 
also applied machine learning techniques to effectively distinguish 
human-isolated H1N1 from avian-isolated H1N1.

Methods
Multiple sequence alignment

In bioinformatics, multiple sequence alignment is used for 
arranging the sequences of DNA, RNA, or protein to identify similar 
regions that may conclude the important conclusions of function, 
structure, or evolution of species [13]. Multiple sequence alignment 
aligned all of the sequences to a unified format for analyzing the 
functional or structural regions in samples. Multiple sequence 
alignment is also the necessary steps to construct phylogenetic trees 
for aiding in identifying evolutionary relationships [14,15]. In this 
study, the multiple sequence alignment was performed with online 
alignment software integrated into the NCBI Influenza virus resource      
(http://www.ncbi.nlm.nih.gov/genomes/FLU/FLU.html).

Support vector machine

The Support Vector Machine (SVM) is a well-formulated 
machine learning technology first proposed by Corinna Cortes and 
Vapnik in 1995 [16]. The SVM mapped the features in the original 
space into a high-dimensional feature space with a kernel function to 
perform the classification problems. Due to the advantages of solving 
small samples, nonlinear and high-dimensional pattern recognition, 
it has been applied for various classification and prediction problems, 
including the classification of translation initiation starts [17], 
protein subcellular localization [18] and protein function [19]. In this 
study, we performed the SVM algorithm by considering the amino 
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acid content in signature regions through implementing the ‘e1071’ 
package with the default parameters in R programming language 
(http://cran.r-project.org). 

Results
Signature regions identified in HA genes of H1N1 by 
multiple sequence alignment analysis

All HA sequences of the H1N1 avian influenza virus isolated 
from human (3377) and avian (127) analyzed in this study were 
downloaded from the Influenza Virus Resource of NCBI. Examining 
the host specificity of amino acid (AA) residues is helpful to identify 
important regions that may play roles in the cross-transmission of 
H1N1 in the HA sequence. The AA residues in a successive positions 
were consider to be host specific if they were highly conserved in the 
same species of the host, but evidently divergent between two species. 
It should be noted that this definition of host specificity of AA residues 
can also be applied on other virus proteins and at the structure level. 
We found that several regions (denoted as signature regions) in HA 
sequences were host specific (Table 1). At the regions of 489~490 and 
144~152, the most frequency of AA residues in avian-isolated H1N1 
viruses were “DDE” (94.6%) and “ETTKGVTAA” (93%), respectively. 
While in human-isolated H1N1 viruses, the corresponding frequency 
were about 61%. This result indicated that amino acids of this 
signature region in human-isolated H1N1 viruses evolved more 
rapidly than those in avian-isolated H1N1 viruses. We also observed 
that at the region of 9~16, the frequencies of “FCTFTVLK” residues 
were comparable between H1N1 isolated from avian and human 
hosts (65% vs 63%). Further statistical analysis revealed that nearly 
60% contained all the identified amino acid residues (Figure 1A, red 
amino acids, allowed for 2 amino acids mismatch) among 3377 H1N1 
strains in human. On the other hand, the majority of H1N1 strains 
in avian (total number, 127) were found to contain all the identified 
amino acids (Figure 1C, blue amino acids, allowed for 2 amino acids 
mismatch). Finally, NA protein was selected for same analysis as HA 
protein. We picked out a total of 904 H1N1 strains from human to 
perform multiple protein sequence alignment and the amino acid 
frequencies in 470 sites were counted. As shown in Supplementary 
Table 1, the result showed that the majority of amino acid frequencies 
in 470 sites are more than 80% except for sites 241, 248 and 369. 
Moreover, the number of the sites in which the frequencies of amino 
acids are more than 85% is 451, which indicated that the multiple 
sequence alignment analysis of NA protein displayed a single pattern 
in human-isolated H1N1 viruses. 

Support vector machine verification

By drawing the identified signature regions as the characteristics 
and setting H1N1 strains in human as the negative samples and H1N1 
strains in avian as the positive samples, we built up a classification 
mode between avian-isolated and human-isolated H1N1 with SVM. 
Although the classification of AIV from avian and human hosts 
has been recently investigated [20,21], we further performed the 
classification problems on H1N1 strains isolated in different years. As 
shown in Table 2, the result revealed that the HA fragments we picked 
up can be used to identify the differences between isolated- and 
human-isolated H1N1 viruses, and suggested that SVM is an effective 
classifier for distinguishing the H1N1 influenza viruses isolated 
from avian and human hosts. In addition the SVM analysis among 
different H1N1 species in human was shown in Table 3. On the basis 
of Table 3, the avian influenza virus in human was obviously different 
every year. This result not only indicated influenza viruses evolved 
very fast, but also confirmed that H1N1 influenza virus with different 
species and same species at different times were both distinguished 
by HA fragments.

Discussion
In this study, we performed the multiple sequence alignment 

analysis to identify several signature regions of HA in which the 

Signature 
regions

Avian-isolated H1N1 viruses Human-isolated H1N1 viruses
AA Residues Frequency AA Residues Frequency

9-16 FCTFTVLK 65% LYTFATAN 63%
85-91 DLLLTAN 85% ESLSTAS 64.6%
97-103 IETSNSE 91.5% VETSSSD 63.3%
144-152 ETTKGVTAA 93% DSNKGVTAA 60.9%
154-159 SYSGAS 73.6% PHAGAK 64.9%
163-170 RNLLWITK 70.5% KNLIWLVK 66.2%
200-204 PTTSE 72.9% STSAD 59.4%
274-279 LNKGSD 84.5% MERNAG 64.3%
284-294 TSDAPVHNCDT 69.8% ISDTPVHDCNT 61.9%
489-490 DDE 94.6% DNT 66.4%

Table 1: The different frequency of amino acid residues in HA sequences of 
avian- and human-isolated H1N1 viruses. “AA Residues” denotes the amino acid 
residues with the highest frequency in the signature regions.

MKAILVVLLYTFATANADTLCIGYHANNSTDTVDTVLEKNVTVTHSVNLLEDKHN
GKLCKLRGVAPLHLGKCNIAGWILGNPECESLSTASSWSYIVETSSDNGTCYPG
DFIDYEELREQLSSVSSFERFEIFPKTSSWPNHDSNKGVTAACPHAGAKSFYKNLI
WLVKKGNSYPKLSKSYINDKGKEVLVLWGIHHPSTSADQQSLYQNADAYVFVGS
SRYSKKFKPEIAIRPKVRDQEGRMNYYWTLVEPGDKITFEATGNLVVPRYAFAME
RNAGSGIIISDTPVHDCDTTCQTPKGAINTSLPFQNIHPITIGKCPKYVKSTKLRL
ATGLRNVPSIQSRGLFGAIAGFIEGGWTGMVDGWYGYHHQNEQGSGYAADLKS
TQNAIDEITNKVNSVIEKMNTQFTAVGKEFNHLEKRIENLNKKVDDGFLDIWTY
NAELLVLLENERTLDYHDSNVKNLYEKVRSQLKAANKEIGNGCFEFYHKCDNTC
MESVKNGTYTDYPKYSEEAKLNREEIDGVKLESTRIYQILAIYSTVASSLVLVVSLG
AISFWMCSNGSLQCRICI

MKVKLLVLLCTFTATYADTICIGYHANNSTDTVDTVLEKNVTVTHSVNLLEN SHN 
GKLCLLKGIAPLQLGNCSVAGWILGNPECELLISKESWSYIVEKPNPENGTCYPG
HFADYEELREQLSSVSSFERFEIFPKESSWPNH-
TVTGVSASCSHNGESSFYRNLLWLTGKNGLYPNLSKSYANNKEKEVLVLWGVHH
PPNIVDQKTLYRTENAYVSVVSSHYSRKFTPEIAKRPKVRDQEGRINYYWTLLEP
GDTIIFEANGNLIAPRYAFALSRGFGSGIINSNAPMDKCDAKCQTPQGAINSSLPF
QNVHPVTIGECPKYVRSAKLRMVTGLRNIPSIQSRGLFGAIAGFIEGGWTAVGKEFN
GWGYHHQNEQGSGYAADOKSTONAINGITNKVNSVIEKMNTQFTAVGKEFN
KLERRMENLNKKVDDGFIDIWTYNAELLVLLENERTLDFHDSNVKNLYEKVKSQL
KNNAKEIGNGCFEFYHKCNDECMESVKNGTYDYPKYSEESKLNREKIDGVKLES
MGVYQILAIYSTVASSLVLLVSLGAISFWMCSNGSLQCRICI

MEAKLFVLFCTFTVLKADTICVGYHANNSTDTVDTVLEKNVTVTHSVNLLEDSHN
GKLCSLNGIAPLQLGKCNVAGWLLGNPECDLLLTANSWSYIIETSNSENGTCTPG
EFIDYEELREQLSSVSSFEKFEIFPKANSWPNHETTKGVTAACSYSGASSFYRNLL
WITTKKGTSYPKLSKSYTNNKGKEVLVLWGVHHPPTTSEQQSLYQNTDAYVSVGS
SKYNNRFTPEIAARPKVRGQAGRMNYYWTLLDQGDTITFEATGNLIAPWYAFAL
NKGSDSGIITSDAPVHNCDTRCQTPHGALNSSLPFQNVHPITIGECPKYVKSTKL
RMATGLRNVPSIQSRGLFGAIAGFIEGGWTGMIDDGWYGYHHQNEQGSGYAAD
QKS TQNAIDGITNKVNSVIEKMNTQFTAVGKEFNNLERRIENLNKKVDDGFLDV
WTYNAELLVLLENERTLDFHDSNVRNLYERVRSQLRNNAKELGNGCFEFYHKCD
DECMESVKNGTYDYPKYSEESKLNREEIDGVKLESMGVYQILAIYSTVASSLVLVV
SLGAISFWMCSNGSLQCRICI

A

B

C

Figure 1: Pattern classification of the H1N1 avian influenza virus. (A). Pattern 
I of the H1N1 avian influenza virus in human (containing all the amino acids 
marked in red, allow for 2 amino acids mismatch). (B). Pattern II of the H1N1 
avian influenza virus in human (containing all the amino acids marked in 
green, allow for 2 amino acids mismatch). (C).The major pattern of H1N1 
avian influenza virus in avian (containing all the amino acids marked in blue, 
allow for 2 amino acids mismatch).

http://cran.r-project.org
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frequencies of amino acid fragments in human-isolated H1N1 were 
different from those in avian-isolated H1N1. Using machine learning 
technique, the amino acids in these signature regions helped us to 
build prediction model for classifying the avian- and human-isolated 
H1N1 viruses.

The multiple sequence alignment analysis also helped us to 
identify three patterns of amino acid content of HA protein in 
human- and avian-isolated H1N1 viruses. As shown in Figure 1A, 
statistical analysis demonstrated that nearly 60% contained all the 
amino acids (marked in red, allow for 2 amino acids mismatch) 
among 3377 H1N1 strains in human. We described these human 
H1N1 strains as pattern I H1N1 virus in human (Figure 1A). On the 
other hand, nearly 40% H1N1 strains in human contained all the 
amino acids (marked in green, allow for 2 amino acids mismatch) 
and were described as pattern II H1N1 virus in human (Figure 1B). 
Also, statistical analysis demonstrated that majority of H1N1 strains 
in avian (total number, 127) contained all the amino acids (marked 
in blue, allow for 2 amino acids mismatch) and were described as 
major H1N1 pattern in avian (Figure 1C). Most of pattern I H1N1 
influenza viruses in human appeared recently after the 2009 AIV 
pandemic. Moreover, more than 90% of human H1N1 viruses 
appeared in Europe and Asia after 2009 were classified into pattern 
I. On the contrary, Most of pattern II H1N1 influenza viruses in 
human appeared before 2009 and the number of viruses decreased very quickly after 2009. Further investigation of these patterns would 

be helpful for understanding the evolution of H1N1, and forecasting 
the potential AIV pandemic. Different from HA protein, the multiple 
sequence alignment analysis of NA protein (Supplementary Table 1) 
did not display the two patterns (pattern I and II, please discussion) 
appearing in HA protein analysis, which suggested that NA is more 
conserved than HA and HA plays a more important role in the 
interspecies transmission process of avian influenza virus. 

In the meanwhile, H7N9 sequences deposited in NCBI database 
including 9 strains isolated from human and 39 strains isolated from 
poultry were downloaded for multiple sequence alignment analysis. 
The result showed that the strains from poultry also displayed two 
patterns (pattern I and pattern II). As shown in Figure 2, pattern I has 
different conserved amino acid sites from pattern II and the pattern 
I strains have high sequence similarity with strains from human. 
Furthermore, the similarity of amino acids between pattern I strains 
and strains from human added up to 89.8%. Therefore, we speculated 
that pattern I H7N9 strains from poultry are easier to infect human 
and need to be monitored. Although the number of collected H7N9 
strains is limited, the obtained result can be used as a reference for 
further study. Collectively, the bioinformatics framework applied in 
this study will facilitate in-depth knowledge discovery of transmission 
mechanisms from the protein sequences of H1N1 viruses.
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marked in green, allow for 2 amino acids mismatch). (B). Pattern II of H7N9 
avian influenza virus in avian (containing all the amino acids marked in blue, 
allow for 2 amino acids mismatch).
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