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Background: The swine-origin influenza A (H1N1) virus (S-OIV) has come to the forefront since
2009 and was identified as a new reassortant strain. The hemagglutinin (HA) glycoprotein me-
diates virus binding, contains antigenic regions recognized by neutralizing antibodies, and is
associated with viral cross-species infection and adaption. The comparison study of codon us-
age preferences in influenza viral genomes was less extensive. In this study, we used codon us-
age pattern analyses to validate the adaption and origins of S-OIV.
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Methods: Codon usage pattern was used to estimate the host adaption of S-OIVs. Phylogenetic
analysis of the HA gene was conducted to understand the phylogeny of H1N1 viruses isolated
from different hosts. Amino acid signature pattern on antigenic sites of HA was analyzed to un-
derstand the antigenic characteristics.
Results: Results of phylogenetic analyses of HA gene indicate that S-OIVs group in identical
clusters. The synonymous codon usage pattern analyses indicate that the effective number
of codons versus GC content at the third codon position in the HA1 gene slightly differ from
those in swine H1N1 and gradually adapted to human. Our data indicate that S-OIV evolution
occurred according to positive selection within these antigenic regions. A comparison of anti-
genic site amino acids reveals similar signature patterns between S-OIV and 1918 human influ-
enza strains.
Conclusion: This study proposes a new and effective way to gain a better understanding of the
features of the S-OIV genome and evolutionary processes based on the codon usage pattern. It
is useful to trace influenza viral origins and cross-species virus transmission.
Copyright ª 2014, Taiwan Society of Microbiology. Published by Elsevier Taiwan LLC. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Introduction

Influenza A viruses have the potential to trigger epidemics
or pandemics.1 Glycosylated oligosaccharides, the major
cell receptors of influenza viruses, terminate with a-2,3 or
a-2,6-linked sialic acid (SA) residues.2 Host range determi-
nation is not completely clear, although the receptor
specificity of hemagglutinin (HA) is considered an important
determinant.3 The HA is one of the determinates for cross-
species virus transmission.4 The receptor binding specificity
of influenza viruses can be changed by HA protein muta-
tions. Previous reports indicate that: (1) the general re-
ceptor specificity of different HA subtypes of influenza A
viruses is maintained by conserved amino acids in positions
190, 194, 225, 226, and 228 (H3 numbering); and (2) only
two mutations (D190 E and D225 G) are required to convert
the HA of 1918 strains from classic a-2,6 receptor specificity
to avian a-2,3 specificity.3,5

Pigs with both receptors in their respiratory tract cells
have been called “mixing vessels” for generating new influ-
enza viruses.2,6 In mid-April 2009, a novel swine-origin influ-
enza A H1N1 virus (S-OIV) was identified in the United States
and Mexico, and swine flu cases were soon reported
throughout North America and in Europe. S-OIVwas identified
as a reassortant strain with six gene segments (PB2, PB1, PA,
HA, NP, and NS ) from triple-reassortant influenza A viruses
circulating in North American pigs. Two other gene segments
(NA and M ) have their origin in Eurasian swine influenza vi-
ruses.7,8 Previous studies indicate that S-OIVs show higher
virulence and cause systemic infections in nonhuman pri-
mates.9 The S-OIV HA and NA proteins are primary targets for
neutralizingantibodiesduring influenza infections.Themajor
immunogenic domain, HA1, contains five major regions
involved in antigenic drift: Sa, Sb, Ca1, Ca2, and Cb in H1N1,
and A, B, C, D, and E in H3N2. It is thought that more severe
epidemics are caused by antigenic variants.10e13

Codon usage has been focused on understanding the
general cause of codon choices, and the preference of
codon usage correlated to genome evolution.14 Codon
usage preference patterns indicate the bias shown in
different organisms and genes in the codon choices among a

synonymous group of codons that all code the same amino
acid.15 Previous studies indicate a consistency in bacteria
between codon choice and highly expressed genes with
stronger selective preferences.16,17 Specific codon usage
preferences in different species were subsequently identi-
fied in many other organisms, and closely related organisms
have more similar patterns of codon usage. For example,
the codon usage preferences in Salmonella typhimurium
closely resemble those in Escherichia coli when these two
bacteria infect a human.18 The diverse codon usage pref-
erences may be the result of translation selection as the
populations of isoaccepting transfer RNA (tRNA) contents
vary in different organisms and tissues.19 To date, the
comparison of codon usage preferences in viral genomes
has been investigated less extensively. Viruses complete
their life cycle intracellularly, so they have to exploit and
coevolve with host molecular mechanisms. Reports have
indicated that the expression level of papillomavirus capsid
protein depends on the match between the codon usage
and tRNA availability in the host cells.20 A study of human
immunodeficiency virus (HIV)-1 codon usage pattern indi-
cated that the HIV-1 within a host changes its codon usage
patterns to more closely resemble human codon usage
patterns during a period of infection.21

However, analysis of codon usage preferences among a
number of species is complicated. Because there are 64
codons for 20 amino acids, there are a vast number of genes
in a single species. Analyzing synonymous codon usage
patterns is a common method for examining species
origin.22 Compositional constraints (mutation and natural
selection) are thought to be two primary factors triggering
codon usage variation in different organisms.21,23 However,
codon usage patterns are not randomly selected; some
codons are used more frequently than others in different
species or reservoirs, or in different genes within the same
genome.22 Relative synonymous codon usage (RSCU) values
may be virus specific and unaffected by translational se-
lection or gene length.21,24 Codon usage pattern analyses
are therefore helpful for comparing differences among
large numbers of virus strains and for determining pre-
dominant driving forces during virus evolution.
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