
Introduction

Influenza viruses, the etiological agents of influenza (the
family Orthomyxoviridae), are classified into three types
A, B, C, and the type A viruses belong to the most virulent 
human pathogens (Webster et al., 1982; Suzuki, 2006). Influ-
enza A virus contains RNA genome in 8 segments encoding 
hemagglutinin (HA), neuraminidase (NA), nucleoprotein 
(NP), matrix proteins (M1 and M2), polymerase proteins 
(PB2, PB1, and PA) and nonstructural proteins (NS1 and 
NS2) (Webster et al., 1992). 

The swine influenza pandemic that occurred in April
2009, was a global outbreak caused by a new variant strain 

of influenza A virus subtype H1N1. Historically, the H1N1
virus caused disastrous Spanish influenza in 1918–1919
leading to approximately 50 million deaths (Taubenberger 
and Morens, 2006). 

The HA protein of influenza A viruses is a surface glyco-
protein. It has also become an important antigen as the ma-
jor target of humoral immunity against Influenza A virus
(Caton et al., 1982). The mature HA can be cleaved into two
subunits HA1 and HA2 by the host trypsin-like proteases 
(Webster et al., 1992). HA of human influenza viruses that
is under the host immune pressure is evolving much more 
rapidly than the internal protein genes PB1, PB2, PA, NP 
and M1 (Webster et al., 1992; Suzuki, 2008). The evidence
of positive selection has been reported for the HA1 genes of 
different subtypes such as H3N2 and H5N1 (Bush et al., 1999; 
Campitelli et al., 2006; Kumar et al., 2006; Suzuki, 2008). 

Estimation of the rates of nonsynonymous (dN) to synony-
mous substitutions (dS) per site has become a standard tool of 
the selection pressure: dN/dS>1 and dN/dS<1 indicate positive 
and negative selection, respectively (Hughes and Nei, 1988; 
Nielsen and Yang, 1998). These analyses have been widely
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Table 1. The list of 260 sequences of HA1 gene of influenza A (H1N1) viruses used in this study

No. Acc. No Virus No. Acc. No Virus

1 U46783 A/swine/Beijing/47/1991 2 EU004452 A/swine/Henan/01/2006
3 EU502884 A/swine/Shanghai/1/2005 4 EU502885 A/swine/Shanghai/2/2005
5 EU004444 A/swine/Tianjin/01/2004 6 FJ415610 A/swine/Zhejiang/1/2007
7 X57491 A/swine/Hong Kong/1/1974 8 U44482 A/swine/Hong Kong/168/1993
9 U46020 A/swine/Hong Kong/172/1993 10 U45451 A/swine/Hong Kong/176/1993
11 U45452 A/swine/Hong Kong/273/1994 12 GQ229285 A/swine/Hong Kong/8512/2001
13 GQ229357 A/swine/Hong Kong/9656/2001 14 GQ229325 A/swine/Hong Kong/NS1179/2007
15 GQ229293 A/swine/Hong Kong/NS1659/2001 16 GQ229301 A/swine/Hong Kong/NS29/2009
17 GQ229261 A/swine/Hong Kong/NS837/2001 18 D28518 A/sw/Obihiro/5/1992
19 X57494 A/swine/Ehime/1/1980 20 AB434392 A/swine/Hokkaido/2/1981
21 AB434384 A/swine/Kyoto/3/1979 22 AB434400 A/swine/Niigata/1/1977
23 EU798778 A/swine/Korea/CAN01/2004 24 EU798779 A/swine/Korea/CAS08/2005
25 AB434328 A/swine/Chachoengsao/NIAH587/2005 26 EU296605 A/swine/Chonburi/06CB2/2006
27 AB434320 A/swine/Chonburi/NIAH589/2005 28 EU296599 A/swine/Chonburi/NIAH589/2005
29 AB434304 A/swine/Chonburi/NIAH9469/2004 30 AB434312 A/swine/Chonburi/NIAH977/2004
31 AB434296 A/swine/Ratchaburi/NIAH550/2003 32 FJ688266 A/swine/Thailand/HF6/2005
33 FJ375207 A/Cambodia/365/2007 34 FJ375205 A/Cambodia/0371/2007
35 FJ375206 A/Cambodia/0374/2007 36 FJ375208 A/Cambodia/502/2007
37 FJ743471 A/Cambodia/21/2007 38 GQ200287 A/Shandong/1/2009
39 GQ268003 A/GuangzhouSB/01/2009 40 GQ225365 A/Fujian/1/2009
41 GQ225357 A/Shanghai/1/2009 42 GQ293077 A/Zhejiang/2/2009
43 GQ166223 A/Sichuan/1/2009 44 GQ359758 A/Zhejiang/DTID-ZJU01/2009
45 GQ280264 A/Nanjing/1/2009 46 GQ232093 A/Beijing/4/2009
47 GQ221694 A/GuangzhouSB/01/2009 48 CY020573 A/Tientsin/78/1977
49 EU382981 A/Guangzhou/483/2006 50 EU382982 A/Guangzhou/506/2006
51 EU382985 A/Guangzhou/665/2006 52 EU382983 A/Guangzhou/555/2006
53 EU382984 A/Guangzhou/657/2006 54 EU382987 A/Guangzhou/1684/2006
55 EU382986 A/Guangzhou/1561/2006 56 AY289930 A/Shenzhen/227/1995
57 L19017 A/Qingdao/28/1991 58 L19024 A/Sichuan/4/1988
59 AJ457900 A/Beijing/262/1995 60 CY033614 A/Beijing/262/1995
61 AY289928 A/Beijing/262/1995 62 CY016228 A/Nanchang/8/1996
63 CY013853 A/Nanchang/26/1996 64 CY013813 A/Nanchang/13/1996
65 CY013821 A/Nanchang/15/1996 66 CY017011 A/Nanchang/14/1996
67 CY013829 A/Nanchang/16/1996 68 GQ351314 A/Hong Kong/2369/2009
69 GQ168606 A/Hong Kong/01/2009 70 CY009292 A/Hong Kong/117/1977
71 CY031342 A/Hong Kong/2652/2006 72 EU516329 A/HongKong/CUHK-13003/2002
73 AF386781 A/Hong Kong/1134/1998 74 AJ457885 A/Hong Kong/4847/1998
75 AJ457872 A/Hong Kong/747/2001 76 AJ457895 A/Hong Kong/470/1997
77 AJ457901 A/Hong Kong/59/1994 78 AJ457899 A/Hong Kong/52/1995
79 AF386776 A/Hong Kong/1035/1998 80 AF386775 A/Hong Kong/1131/1998
81 CY020453 A/India/6263/1980 82 CY031293 A/Iraq/AF1193/2007
83 CY031288 A/Iraq/AF1188/2007 84 CY031291 A/Iraq/AF1191/2007
85 CY031296 A/Iraq/AF1196/2007 86 CY031303 A/Iraq/AF1203/2007
87 CY031297 A/Iraq/AF1197/2007 88 CY031289 A/Iraq/AF1189/2007
89 CY041968 A/Israel/276/2009 90 GQ287619 A/Fukuoka-C/1/2009
91 GQ287625 A/Tokushima/1/2009 92 GQ261277 A/Shiga/1/2009
93 GQ334355 A/Utsunomiya/1/2009 94 GQ365446 A/Sapporo/1/2009
95 GQ261275 A/Sakai/2/2009 96 CY043078 A/Japan/1070/2009
97 AB043499 A/Yokohama/24/2000 98 CY034527 A/Japan/AF1884/2008
99 CY031469 A/Japan/AF1274/2008 100 CY031470 A/Japan/AF1275/2008
101 CY031467 A/Japan/AF1272/2008 102 CY031442 A/Japan/AF1278/2007
103 CY031468 A/Japan/AF1273/2008 104 CY031466 A/Japan/AF1271/2008
105 CY034522 A/Japan/AF1963/2007 106 CY031471 A/Japan/AF1276/2008
107 AB043493 A/Aichi/25/1996 108 AB043492 A/Kamata/69/1996
109 AB043491 A/Kamata/381/1995 110 L19014 A/Fukushima/2/1988
111 AB043488 A/Nagano/1669/1989 112 D31949 A/Yamagata/32/1989
113 D13574 A/Suita/1/1989/ 114 D13573 A/Suita/1/1989
115 AB043490 A/Aichi/24/1992 116 AB043489 A/Nagano/92/1991
117 D00841 A/Yamagata/120/1986 118 AB043487 A/Kamata/85/1987
119 AB434105 A/Morioka/7/2005 120 AB434100 A/Morioka/3/2005
121 AB434102 A/Morioka/21/2005 122 AB434099 A/Morioka/17/2002
123 AB434103 A/Morioka/27/2002 124 AB043495 A/Yokohama/50/1998
125 DQ397950 A/Hiroshima/37/2001 126 AB043496 A/Aichi/94/1999
127 AB043498 A/Yokohama/12/2000 128 AY029292 A/Misawa/1226/00
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No. Acc. No Virus No. Acc. No Virus

129 AB043497 A/Aichi/102/1999 130 AB043500 A/Ibaraki/90/1998
131 AB043494 A/Kamata/159/1997 132 AB043481 A/Tokyo/1/51
133 AB043480 A/TF/15/1951 134 AB043486 A/Saga/2/1957
135 AB043482 A/Kojiya/1/1952 136 AB043484 A/Yamagishi/55
137 AB043485 A/Meguro/1/1956 138 S62154 A/Alma Ata/1417/84
139 CY028091 A/Tennessee/UR06-0523/2007 140 CY031350 A/Macau/189/2007
141 FJ899924 A/Macau/229/2008 142 EF566337 A/Macau/13076/2006
143 EF566338 A/Macau/14585/2006 144 EF566330 A/Macau/10258/2006
145 EF566237 A/Macau/227/2005 146 EF566236 A/Macau/122/2005
147 CY031354 A/Malaysia/330/2007 148 CY031368 A/Malaysia/862/2007
149 EF566325 A/Malaysia/37/2006 150 EF566324 A/Malaysia/36/2006
151 EF566326 A/Malaysia/38/2006 152 EF566327 A/Malaysia/56/2006
153 EF566358 A/Malaysia/88/2004 154 EF566126 A/Malaysia/1513/2004
155 EF566373 A/Malaysia/1513/2004 156 EF566042 A/Malaysia/643/2003
157 EF566041 A/Malaysia/1003/2003 158 CY009340 A/Malaysia/1954
159 CY021053 A/Malaya/302/1954 160 Z54287 A/Mongolia/153/88
161 Z54286 A/Mongolia/231/85 162 GQ243760 A/Philippines/2006/2009
163 GQ243749 A/Philippines/2009/2009 164 GQ243753 A/Philippines/2001/2009
165 FJ743469 A/Philippines/1159/2008 166 CY030867 A/Philippines/905/2006
167 EF566346 A/Philippines/1392/2006 168 CY030863 A/Philippines/1279/2006
169 EF566342 A/Philippines/906/2006 170 EF566347 A/Philippines/624/2006
171 CY031338 A/Philippines/673/2006 172 EF566125 A/Philippines/936/2004
173 EF566124 A/Philippines/987/2004 174 CY034523 A/Qatar/AF1966/2007
175 CY031305 A/Qatar/AF1205/2007 176 GQ392017 A/Singapore/TLL01/2009
177 CY031360 A/Singapore/43/2007 178 EF566374 A/Singapore/14/2004
179 CY030213 A/Singapore/69/2006 180 EF566354 A/Singapore/41/2006
181 CY030215 A/Singapore/36/2006 182 EF566319 A/Singapore/107/2005
183 EF566375 A/Singapore/23/2004 184 L20111 A/Singapore/10/1990
185 L20110 A/Singapore/10/1990 186 L20106 A/Singapore/03/1990
187 L19026 A/Singapore/6/1990 188 L20108 A/Singapore/06/1990
189 L20107 A/Singapore/03/1990 190 L20116 A/Singapore/12/1990
191 L20117 A/Singapore/12/1990 192 L20112 A/Singapore/11/1990
193 L20113 A/Singapore/11/1990 194 CY020477 A/Singapore/6/1986
195 D00406 A/Singapore/6/1986 196 AJ457896 A/Singapore/15/1996
197 EU304355 A/Busan/03/2007 198 CY031352 A/Jeju/2279/2007
199 EU304354 A/Busan/02/2007 200 CY031496 A/Korea/AF1307/2008
201 CY031493 A/Korea/AF1304/2008 202 CY034541 A/Korea/AF1899/2008
203 CY034540 A/Korea/AF1898/2008 204 CY031451 A/Korea/AF1312/2007
205 L33743 A/Seoul/20/1991 206 AY299494 A/Pusan/24/2002
207 AY299501 A/Seoul/15/2002 208 AY299506 A/Chungbuk/50/2002
209 AY297154 A/Chonnam/07/2002 210 AY299499 A/Gwangju/90/2002
211 AY299508 A/Gwangju/57/2002 212 AY299500 A/Seoul/13/2002
213 AY297157 A/Pusan/23/2002 214 AY299496 A/Pusan/45/2002
215 AY299507 A/Gwangju/55/2002 216 AY299509 A/Gwangju/58/2002
217 AY299495 A/Seoul/33/2002 218 CY031356 A/Sri Lanka/22/2007
219 DQ415318 A/TW/4845/1999 220 CY040058 A/Taiwan/71720/2007
221 CY040090 A/Taiwan/70013/2008 222 CY040106 A/Taiwan/70132/2008
223 EF566122 A/Taiwan/1559/2004 224 DQ415316 A/TW/130/1996
225 AF026160 A/Taiwan/118/1996-3 226 AF026159 A/Taiwan/118/1996-2
227 AF026158 A/Taiwan/118/1996-1 228 AF026156 A/Taiwan/117/1996-2
229 AF026155 A/Taiwan/117/1996-1 230 AF026153 A/Taiwan/112/1996-1
231 AF055426 A/Taiwan/2243+C44/1992 232 D00407 A/Taiwan/1/1986
233 X17224 A/Taiwan/1/1986 234 DQ508873 A/Taiwan/01/1986
235 EF566234 A/Taiwan/50/2005 236 DQ249260 A/Taiwan/2985/2002
237 CY040146 A/Taiwan/52/2002 238 CY040154 A/Taiwan/123/2002
239 CY040074 A/Taiwan/567/2002 240 CY040138 A/Taiwan/5072/1999
241 DQ415317 A/TW/3355/1997 242 AB043483 A/Taiwan/13/1954
243 EF101749 A/Thailand/271/2005 244 GQ150342 A/Nonthaburi/102/2009
245 CY031380 A/Thailand/486/2007 246 CY030872 A/Thailand/39/2008
247 EU021256 A/Thailand/CU57/2006 248 CY031382 A/Thailand/545/2007
249 EU021254 A/Thailand/CU51/2006 250 CY031344 A/Thailand/798/2006
251 EU021252 A/Thailand/CU88/2006 252 EF566351 A/Thailand/380/2006
253 EU021250 A/Thailand/CU67/2006 254 EU021246 A/Thailand/CU41/2006
255 EU021258 A/Thailand/CU44/2006 256 EU021262 A/Thailand/CU75/2006
257 EU021264 A/Thailand/CU32/2006 258 EF566235 A/Thailand/28/2005
259 EF566372 A/Bangkok/1406/2004 260 EF568930 A/Thailand/Siriraj-07/2000
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used for the study of adaptive evolution of protein-coding 
genes of different viruses. In this way, positive selection has
been detected in several systems, including Human im-
munodeficiency virus 1 genes, Hepatitis C virus subtype 1b
polyprotein and St. Louis encephalitis virus envelope protein 
(Nielsen and Yang, 1998; Suzuki and Gojobori, 2001; Baillie 
et al., 2008). 

In this study, we analyzed natural selection on 260 cod-
ing sequences of HA1 gene of influenza A (H1N1) viruses
isolated from humans and swine in Asia. By estimating the 
dN/dS ratio for each amino acid site we could identify the 
positively or negatively selected sites in the HA1 and hence 
the differences in the adaptation of the virus to human and
swine host. 

Materials and Methods

Sequence data sets. The sequence data of the HA1 gene of
influenza A (H1N1) viruses isolated in Asia (updated in July,
2009) were retrieved from the Influenza Virus Resource data-
base (http://www.ncbi.nlm.nih.gov/genomes/FLU/FLU.html). 
Two data sets for human and swine viruses were compiled. The
identical sequences were excluded from each data set. After re-
moving the sequences derived from laboratory strains, 228 and 32 
sequences originated from human and swine viruses, respectively, 
were used for the following analysis. Acc. Nos. of these sequences 
are listed in Table 1. 

Detection of homologous recombination and positively/negatively 
selected sites. Multiple sequence alignments were performed using 
the program MUSCLE 3.6 and then manually examined (Edgar, 
2004). Each sequence alignment consisted of 972 nt encoding the 
HA1 region (324 aa). Briefly, a phylogenetic tree for each data set
was built using a maximum likelihood (ML) method implemented 
in PhyML 3.0 (Guindon and Gascuel, 2003). A substitution model 
HKY85 with the estimated ratio of transition/transversion rate 
(κ), gamma distributed rate heterogeneity of 4 categories (Г4) and 
a proportion of invariable sites was used in the tree reconstruction. 
The generated ML trees were used for estimating the site-by-site
variation rates. Since recombination can lead to spurious results in 
the estimating of selection pressure, first we tested the recombina-
tion in each data set by using a genetic algorithm for recombination 
detection (GARD) (Kosakovsky et al., 2006a). To deduce amino 
acid sites under positive/negative selection on HA1, we used two 
likelihood procedures available in HyPhy and DataMonkey: (i) 
single likelihood ancestor counting (SLAC) and (ii) the more sensi-
tive fixed effects likelihood (FEL) (Kosakovsky et al., 2005a, b). To 
take account of nucleotide biases that probably affect the accuracy
of evaluating nonsynonymous and synonymous substitution rates, 
a best fitting model of the nucleotide substitution was estimated for
each data set according to the Akaike's Information Criterion. The
ratio dN/dS was calculated by a codon model obtained by crossing 
MG94 and the best nucleotide model (Muse and Gaut, 1994). 
Furthermore, a method for identifying sites that were selected 
differentially in two populations was implemented in the HyPhy
package (Kosakovsky et al., 2006b). The significance threshold for
likelihood ratio tests in this study was set at 0.05.

Results and Discussion

The detection of recombination was performed for each data
set of influenzaA (H1N1)viruses,whichwerefoundtobefreeof
homologous recombination events. After detection of recombi-
nation, the global ratios of dN/dS were estimated to be 0.172 and 
0.324 in the HA1 coding region for swine and human viruses, 
respectively. Theresult indicatedthatHA1genesmayexperience
stronger positive selection in the process of adaptation to the 
human than to the swine. Particularly, the ratio dN/dS for HA1 
of human H3N2 viruses was estimated to be approximately 0.3 
(Suzuki, 2006). It indicated that the HA1 genes from H1N1 and 
H3N2 viruses are subject to the similar selection pressure in hu-
man host environment. Together with other authors (Raymond 
et al., 1986; Sugita et al., 1991), we can suppose that the HA1 
region from differentsubtypesof InfluenzaA virusevolvesmore
rapidly in the humans than in swine.

The results of positively selected sites in the HA1 region of
influenzaA (H1N1)virusesweresummarizedinTable 2andthe
selection profiles inferred by FEL were illustrated in Fig. 1. For
the viruses isolated from swine, dS exceeded dN in the majority 
of sites (263 sites; 81.2%), and the strong evidence for negative 
selection was detected in approximately one-third (127 sites; 
39.2%) of sites. On the other hand, dN exceeded dS in only 
35 sites (10.8%), and two sites 113 and 203 were found to be 
under significant positive selection (Fig. 1). By comparison,
238 sites (73.5%) where dS exceeded dN were identified in the
HA1 region of human influenza viruses, among which 113
sites (34.9%) were negatively selected. Moreover, there were 
totally 57 sites (17.6%), where dN exceeded dS for human 
influenza viruses and four of them were found to be under
positive selection (Table 2). The selection results of site-by-site
together with the estimation of global ratios dN/dS suggested 
less purifying and more diversifying selection acting on HA1 
of human viruses compared with swine viruses. 

The positively selected sites are useful for the identification
of immunodominant epitopes. The mutations at these sites
may provide selective advantage to the mutants by allowing 
them to escape from the host immune system (Suzuki and Go-
jobori, 2001; Suzuki, 2006). Although the analysis of positive 
selection on the HA1 genes have been performed for human 
or swine influenza A (H1N1) viruses, no positively selected
site was found in the HA1 region of swine H1N1 viruses, 
what is mainly caused by the limited sequence data (Sugita et 

Table 2. Positively selected amino acid sites in the HA1 of influenza
A (H1N1) viruses isolated from humans and swine in Asia

Virus Number  
of sequences

Sites

SLAC FEL

Human 228 239, 278 11, 204, 239, 278
Swine 32 113, 203 113, 203
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al., 1991; Ina and Gojobori, 1994). In our study, the adaptive 
evolution for HA1 of human and swine H1N1 viruses isolated 
in Asia was re-analyzed using a large data set presently avail-
able. The positively selected sites in the HA1 region of H1N1
viruses were detected in human as well as in swine viruses. 
Among these sites found under positive selection pressure, the 
site 239 is involved in the composition of Ca antigenic region 
(Caton et al., 1982). according to the structure properties of 
HA protein, two sites 203 and 204 within the helix region are 
important for the interactions with receptor (Gamblin et al., 
2004). Except for the site 11 in the signal peptide region, the 
function of other positively selected sites 113 and 278 needs 
to be further investigated. We deduced that the frequent 
variations of these sites in the HA1 regions were probably 
responsible for the modification of antigenic epitopes and
generation of the escape mutants. 

To further explore the adaptive evolutionary differences
between human and swine H1N1 viruses, we compared the 
profiles of divergent selection acting on the HA1 region.
Thirteen out of 324 sites (4.0%) in HA1 were found to be
under differential selection at sites 24, 73, 99, 113, 121, 142,
157, 180, 198, 204, 219, 222, and 239 (p <0.05) (Table 3). In 
order to adapt to the human host environment, the majority 
of these sites in human H1N1 viruses were subjected to the 
strong positive selection pressure. Among the sites in HA1 

regions that were selected differentially, there were one site
(204) involved in the receptor binding and four sites (142, 
157, 180 and 239) involved in the immunodominant Sa and 
Ca antigenic sites (Caton et al., 1982; Gamblin et al., 2004). 

Fig. 1 

Selection profiles of the coding region of HA1 gene of influenza A (H1N1) viruses isolated from humans and swine in Asia
Vertical bars above and below horizontal line represent dN/dS > 1 and dN/dS < 1, respectively. The dashed lines represent the significant threshold.

Table 3. Amino acid sites in the HA1 evolving differently in human
and swine influenza A (H1N1) viruses in Asia

Sitea
Human Swine

dS dN dS dN

24 1.065 0.405 12.782 0
73 3.622 0.276 0 0.785
99 0 1.612 8.589 0
113 3.735 2.502 0.848 5.663
121 0 0.956 7.623 0.621
142 3.510 1.906 10.497 0.379
157 0.605 1.242 2.490 0
180 3.213 3.241 3.343 0
198 1.022 0.646 5.141 0
204 3.608 12.278 4.657 0.794
219 0.548 1.686 2.414 0.379
222 0 1.702 7.041 1.366
239 0 6.66 2.292 2.225

aAmino acid site numbering is based on A/Shandong/1/2009 virus.
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The remaining sites might be associated with the novel host-
specific antigenic epitopes and require more experimental
work to understand their function in virus infection. These
sites under differential selection in the two host populations
may play a potential role in the interspecies transmission of 
influenza A (H1N1) viruses.

In summary, four and two positively selected sites were 
identified in the HA1 region of human and swine influenza
A (H1N1) viruses isolated in Asia, respectively. These posi-
tively selected sites may involve the transition of antigenic 
epitopes and in this way they facilitate influenza viruses to
escape the host immune system. The estimated rates of non-
synonymous and synonymous substitutions showed more di-
versifying selection and less purifying selection acting on HA1 
of human viruses compared with swine viruses. Furthermore, 
we identified 13 sites in the HA1 region that were selected
differentially in human or swine, demonstrating the specific
adaptation of H1N1 viruses to the particular host. These results
provide valuable information for the development of vaccines 
and antiviral drugs for future prevention and treatment of the 
influenza A (H1N1) infections in Asia.
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