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Abstract

The emergence of swine-origin pandemic HIN1 (pH1N1) in 2009 invigorated extensive surveillance programs worldwide
which have resulted in the deposition of large numbers of HIN1 sequences to Genbank. In the present study, we report on
global evolution and dynamics of the pandemic HIN1 influenza Hemagglutinin (HA) protein in viruses isolated from three
different continents (North America, Europe and Asia) during the period between April 2009 until April 2017. Close to
2000 HA full protein sequences were downloaded from the Influenza Research Database of the NCBI and analyzed using
DNAStar to run an alignment, the web-based NetNglyc to predict N-Glycosylation sites and finally, the BEAST software
package to calculate evolution and substitution rates. Our analysis improves upon other published papers in that we report on
frequencies, dynamics and impact of HA mutations in pH1N1 viruses isolated from three continents during the past decade,
as well as the evolution rate and site-specific selection pressures. Sequence based analysis demonstrated substantial changes
in the HA protein over the last decade. Results showed that the HA gene is under negative selection (P value; HA= -2.253).
The evolution rates varied among the three continents ranging from 2.36 x 10~ in Europe to 3.18 x 102 in Asia. Mutations
were detected at higher frequency and faster rate at the antigenic sites surrounding the receptor-binding domain (RBD),
in particular, in the Sa and Sb sites. Mutations were either gradually accumulated to become fixed in currently circulating
strains (D114N, S179N, S202T, S220T, 1233T, K300E and E391K) or dynamic in terms of appearance and disappearance,
both spatially and temporally (A203T, N458K and ES08G). Some of the reported mutations have been shown to increase
infection severity (D239G/N; globular head), enhance HA binding affinity to its receptor (S200P and S202T; RBD), or have
deleterious effect on HA function (N458K and ES08G; stem region). The continuous accumulation of mutations at the Sa
site led to the gradual acquisition of glycosylation at residue 179 starting from 2015, which became a dominant feature in all
strains isolated in the following years. In addition to sharing common amino acid substitutions (e.g. S179N in HA head and
E516K in HA stem) with previous seasonal strains, the pattern of glycosylation acquisition/loss at 177 and 179 positions on
the globular head, which are prominent features of immune escape, implicate that pHIN1 might follow a similar evolution
trend as the SC1918 pandemic virus.

Introduction

Influenza is the leading cause of respiratory illness world-
wide. According to CDC estimations, influenza has resulted
in between 9.2 million and 60.8 million illnesses and
Electronic supplementary material The online version of this between 12,000 and 56,000 deaths annually since 2010 [1].
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cases and over 18,449 deaths from its appearance until the
pandemic was declared over in August 2010 [3]. Currently,
the 2009 HIN1 virus is circulating, along with the predomi-
nating H3N2 virus [4].

Taxonomically, influenza A virus belongs to the Ortho-
myxoviridae family. Viruses harbor eight negative sense
single-stranded RNA segments encoding at least 11 proteins
including the two surface glycoproteins: Hemagglutinin
(HA) and Neuraminidase (NA) which play pivotal roles dur-
ing virus entry and release from host cells, respectively [5].
The HA glycoprotein consists of two main subunits: HA1
(327 residues) which forms the globular head and HA2 (222
residues) which constitutes the major part of the stem region
[6]. The HAT1 subunit carries the receptor binding domain
(RBD) with five distinct antigenic sites (Sa, Sb, Cal, Ca2
and Cb), which are the main targets of neutralizing antibod-
ies [7]. As such, monitoring antigenic properties and amino
acid changes in/around antigenic sites is necessary for the
proper selection of strains recommended for use in the influ-
enza vaccine [8]. More importantly, amino acid changes in
in the RBD can alter influenza binding preference and there-
fore affect the inter- and intra-transmission of the virus [9].

Antigenic sites of the 2009 and 1918 HAs share a signifi-
cant number of amino acid residues, especially, Sa and Sb
which are located near the receptor binding site (RBS) [10].
In contrast, antigenic sites of seasonal influenza (circulating
before 2009) strains show more sequence variability com-
pared to the pandemic viruses due to several decades of virus
evolution under continued immune pressure [10]. In addi-
tion to the continuous changes of amino acid sequence, or
antigenic drift, seasonal influenza viruses undergo changes
in the structure of HA such as the addition/removal of gly-
cosilations. Glycosylation can occur both on the globular
head and stem regions, however, these oligosaccharides sites
are largely variable when found in the globular head region
of HA1 and more conserved in the stem region [11]. Gly-
cosylations on the globular head of HA play an important
role in shielding antigenic sites from neutralizing antibodies;
however, the acquisition of glycosylations near the receptor
binding site might influence HA binding to host cell recep-
tors and activate innate immune responses [12]. Therefore,
a fine balance must be maintained regarding the optimal
number and/or position of glycosylations to enable evasion
of antibodies while allowing infectivity and transmission of
the virus [13].

Pandemic influenza viruses express few N-linked glyco-
sylations on the head of HA when they first appear in the
human population; however, they acquire additional glyco-
sylations as they circulate in humans. Early H3N2 strains
(1968-1972), for example, harbored two potential glycosyla-
tions on the head of HA compared to six glycosylation in
strains isolated later in 1980-2012 [14]. Isolates associated
with the 1918 HIN1 Spanish pandemic virus expressed
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one glycosylation (N104), while by the 1940s most strains
acquired additional glycosylations at three sites: 144, 179
and 286 [15]. When it first appeared in 2009, the swine-
origin HINT expressed a single glycosylation site (N104)
at the side of HA1 head similar to the 1918 virus, although
the classical swine HIN1 virus appeared early in the 1900s
and was circulating in pigs until recently [10].

Considering all the above, it is very critical to monitor
influenza viruses for any emerging variants with altered
pathogenicity and transmission. Several studies have been
done worldwide to study the epidemiology, pathogenesis and
transmission of the 2009 pandemic HIN1 virus (pHIN1).
This created an extensive HIN1 sequence database [16].
Herein, we describe temporal sequence changes in the
HA protein of the pHIN1 virus isolated between 2009 to
2017. Close to 2000 HA sequences (analyzed as three sets)
were downloaded from the Influenza research database and
aligned using ClustalW Algorithm to identify mutations
and their frequencies. Sequences were also analyzed using
PROVEAN to determine the potential functional conse-
quences of the amino acid substitutions, NetNglyc server
to predict potential glycosylation and MEGA7 to build the
phylogenetic tree. Our data indicate rapid evolution of the
HA sequence over the last decade and suggest a similar trend
of evolution as that seen for the 1918 pandemic virus.

Methods
HA sequences

For this study, we selected well-identified sequences for
the analysis. Preference was given to records with the full
‘month-day-year’ labels. For each of the past nine years,
we chose sequences representing all months, although as
expected, most cases were isolated during the winter sea-
son (October until February). In total, 1800 sequences were
analyzed in three sets: Initial analysis on 900 sequences,
followed by two verification tests using two sets of 450
sequences. All these sequences were from viruses isolated
after April 2009. In the initial analysis, the sequences were
distributed between three continents: North America (n =
472), Europe (n = 189) and Asia (n = 239). In addition, 31
HA sequences representing periods before the emergence of
the 2009 pandemic were also downloaded from NCBI [17]:
one sequence representative of the 1918 pandemic virus
SC1918 (A/ South Carolina/1/1918), ten sequences rep-
resentative of the 1977-1985 period and twenty sequences
representative of the 1986-2008 period. HI numbering was
applied throughout the analysis. To confirm our findings, a
similar analysis as above was done on two additional sets of
450 sequences - results are presented in the supplemental
data.
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Sequence alignment and phylogenetic analysis

Data were compiled and edited using the DNASTAR Laser-
gene sequence analysis software (DNASTAR Inc. version
13.0) and a multiple sequence alignment was conducted
using ClustalW Algorithm to identify mutations in differ-
ent positions of the HA protein. Phylogenetic trees were
constructed with BEAST software package v1.8.4 using the
maximum likelihood analysis method HKY, and gamma
distribution. The substitution of amino acid sequences
was defined in comparison to vaccine strains A/Califor-
nia/07/2009 and A/Michigan/45/2015.

Prediction of mutations’ effect on HA function

We used the PROVEAN software tool to predict the impact
of amino acid substitution on the biological function of the
HA protein (provean.jcvi.org) [18]. This program deter-
mines the degree of amino acid conservation in comparison
to other sequences and gives a score for the potential effect
of the variant on protein function. It has been used for inter-
preting the impact of amino acid substitutions in influenza
proteins. A default cutoff score of less than — 2.5 indicates
a high probability of deleterious mutations than can affect
protein function [19].

Prediction of glycosylation sites

The web-based NetNglyc server was used to predict N-Gly-
cosylation sites on the HA1 protein (cbs.dtu.dk) [20] using
default settings; however, we excluded N-P-S/T sequons.
Only scores crossing the default threshold of 0.5 were
considered positive for potential glycosylation sites [21].
Finally, the intensive modelling Phyre2 server was used to
predict and build a 3D model of the HA protein based on
advanced remote homology detection methods (sbg.bio.
ic.ac.uk/phyre2) [22]. The HA 3D structure of A/Califor-
nia/2009/04 (CA09) HIN1 (PDB 3AL4) was downloaded
from the Influenza Research Database (NCBI) and was used
as an input for CLC Sequence Viewer (version7-Qiagen)
to manipulate the HA structure and locate antigenic sites,
glycosylation sites and variant locations, relative to the dif-
ferent HA subunits.

Estimation of evolution rate and selection pressure

The evolution rate of the HA gene was estimated using the
Bayesian Markov Chain Monte Carlo (MCMC) method as
implemented in the Bayesian Evolutionary Analysis Sam-
pling Trees (BEAST) program version v1.8.4 (http://beast
.bio.ed.ac.uk) [23]. Dates of virus isolation were used to
calibrate the molecular clock. The HKY substitution model
was used with a gamma parameter of site heterogeneity

model. A strict molecular clock model was used and evalu-
ated by estimating the marginal likelihood implemented in
the Tracer program v1.6.0 [24]. Finally, for each analysis, a
chain length of 10,000,000 to 20,000,000 was used (based
on number of sequences) and echoed every 1,000 states.
Data uncertainty was shown in the lower and upper bound
of the highest probability density (HPD) values, where 95 %
of the sampled values were located. To test the significance
of evolution rates among the three continents, One-way
ANOVA analysis (GraphPad7) was used.

HA gene- and site-specific selection pressures for the HA
gene were estimated as the ratio of non-synonymous (dN) to
synonymous (dS) nucleotide substitutions per site. HA gene
selective pressure detection was estimated using the Tajima
test of neutrality implemented in MEGA7. Both single-like-
lihood ancestor counting (SLAC) and fixed-effects likeli-
hood (FEL) methods were used to estimate dN/dS ratios at
the codon level and to identify codon sites under diversify-
ing positive selection. All these methods are available at the
DataMonkey online version of the HYPhy package (http://
www.datamonkey.org) [24]. In all cases, positively selected
sites were defined as a AN/dS p-value less than 0.05 using
the substitution model selected by the website.

Results

Intermittent and gradual acquisition
of N-Glycosylations on the HA head

In 2009, circulating pandemic HINT1 strains expressed a
single glycosylation at residue N104 of the HA globular
head [15]. We used the online NetNglyc server to pre-
dict the presence of glycosylations on the HA protein
of viruses isolated between 2009-2017 and from three
continents. The N-glycosylation sequon (N-X-T/S) was
detected at six sites which are conserved in almost all H1
viruses regardless of their origin; residues 28, 40, 304,
498 and 557 of the stem, and residue 104 at the side of
the globular head (Figure 1). All analyzed sequences were
carrying the glycosylation sequon at residues 28, 40, 304,
498 and 557. Sequence analysis revealed the acquisition
of additional glycosylation site on the top of the RBD at
residue 179 (within the Sa antigenic site) (Figure 1) in
strains isolated in United States during 2010-2011 with a
frequency of 21.7%, then in Asia in 2011 (less than 2%)
before suddenly disappearing in 2012. Later in 2015, the
same glycosylation sequon at position 179 was detected
again in sequences isolated from USA, Asia and Europe
(55%) until gradually being found in almost all sequences
(90.4%) during 2016-2017 (Figure 2). In addition to the
six conserved glycosylation sites, seasonal HIN1 viruses
circulating prior to the 2009 pandemic virus expressed two
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Fig. 1 Glycosylation patterns of the HA protein of HIN1 viruses iso-
lated after April 2009. The diagram represents the space-fill model
of the HI-HA monomer (PDB 3AL4) with potential N-glycosylation
in viruses isolated after April 2009. Five of these glycosylation sites
(N28, N40, N104, N304 and N498) are conserved in almost all HIN1
sequences isolated since 2009 (indicated in yellow); however, the
N179 glycosylation located on the top of HA1 globular head (indi-
cated in red) became dominant in strains isolated after 2015. A few
isolates from Asia had the N177 glycosylation

additional glycosylation at residues 177 and either 142 or
144 of the globular head of HA protein (Table 1).

An additional glycosylation sequon at residue 177 of
HA was observed in a few strains isolated from Thailand
(2009-2012) and China (2011) (Table 1 and Figure 3).
An HA sequence reported from Thailand in 2009 had a
similar glycosylation pattern to seasonal strains with three
glycosylation sequons at 71, 142 and 177 (Table 1). Blast
search for this sequence indicated 99% similarity to sea-
sonal strains isolated in 2008 and 2009. Moreover, three
HA sequences reported in Iran, one in 2014 and two in
2016, were found to possess glycosylation sequons at posi-
tions 286 and 489 while lacking glycosylation at positions
104 and 179 (Table 1). Although glycosylation at position
286 has been reported in seasonal strains isolated after
1977, N489 was not detected before 2009. Blast search
for these three HA sequences revealed more than 95%
similarity to A/Puerto Rico/8/1934 virus rather than the
pandemic 2009 virus. Finally, one HA sequence isolated in
2010 from Switzerland showed more than 99% similarity
to swine HINT1 viruses isolated during the period 2004-
2012 and hence, had a different glycosylation pattern than
human HINT1 virus. This virus lacked the glycosylations at
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positions 104, 179 and 304 but expressed a glycosylation
at position 291 of the HA protein (Table 1).

Amino acid substitutions at the RBD-A region
and antigenic sites

The top part of the RBD near the sialic acid recognition
site has a large subdomain referred to as RBD-A. RBD-A
has been previously shown by Wei and colleagues (2010) to
show 95% similarity between two the pandemic strains of
SC1918 and CAQ9 [15] . Sequence analysis indicated that
the RBD-A region has undergone dramatic changes since
the emergence of pandemic 2009 HIN1 virus. By the end
of 2009, the RBD-A region was already showing 10% dif-
ference with the original A/California/04/2009 HIN1 strain
(CA09). By 2016, sequence identity in the RBD-A region
had dropped to 77%, between the circulating strains and the
CAO09 isolate (Table 2).

Comparison of HA antigenic sites between pandemic and
seasonal strains is shown in Table 3. As has been reported
earlier [10], the CAO09 and SC1918 HINI1 pandemic viruses
share a significant number of amino acid residues in their
antigenic sites (83%) (Table 3). Only one amino substitution
was observed in antigenic site Sa (92% similarity) between
the two viruses. Also, only two amino acids mutations were
reported in the Sb site of pandemic CA09 as compared to
the SC1918 pandemic strain (83% similarity). The Ca site,
on the other hand, showed 63% similarity between pandemic
viruses, and no substitutions were detected in the Cb site.
Recent isolates from 2016 had limited and conserved amino
acid changes compared to the CA09 pandemic virus includ-
ing: S179N and K180Q in the Sa site, S202T in the Sb site,
and 1183V and R222K in the Ca site.

Evolution rate and selective pressure

The average overall mean evolution rate of the H/ gene of
the pHINI1 viruses analysed in this study amounted to 2.83
x 1072 with the highest rate reported in Asia (3.18 X 1072)
followed by North America with 2.94 x 1072 and lastly
Europe with 2.36 x 10~ (Table 4). However, no significant
differences were found among the three continents using
an One-Way ANOVA test. Assessing the dN/dS ratio at the
gene level showed that the HA gene is under negative selec-
tion with a Tajima’s D value of -2.253 (positive selection is
considered when a P value of dN/dS ratio is > 1). At the site
level, however, five codons; two in the signal peptide at posi-
tions 2 and 3, and three codons in the coding region (100,
128, 179) were identified to be under diversifying positive
selection when applying the FEL method on HA sequences
of pHINI1 viruses isolated from North America (Table 4).
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Percentage of HIN1 strains with additional N-Glycosilation in position 179
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Fig.2 Dynamics of N179 glycosylation in pHINI isolates from
North America, Asia and Europe over the nine-year period. Bars
represents the total number of HA sequences analysed, black bars

Mutation types, dynamics and impact on HA
biological function

Most of the detected mutations, which are characterized by
the complete replacement of amino acids, were conserved
and neutral (Table 5). Among these, mutations D114N,
S202T, S220T, K300E, E391K and E516K were the earli-
est to be detected and were divergent from pandemic CA09
virus within three years of its emergence. Almost all cir-
culating viruses had a S220T substitution at Cal antigenic
site by the end of 2009 (Table 5). The D114N change was
observed at a lower rate and was first detected in the USA
during September of 2009 (frequency of 7.5%) and later in
Asia (11%) and Europe (22%) in 2010. Complete replace-
ment at position 114 (D to N) was observed globally in 2013.
Mutations at the Sa antigenic site, in particular S179N, led to
the glycosylation acquisition in viruses isolated since 2015.
Additionally, the K180Q mutation in the Sa site accumulated
rapidly since its appearance in 2012 in Europe (10%) and
Asia (22%) and in 2013 in North America (65%) becom-
ing the dominant strain worldwide in 2015 (Supplementary
figure 1). The K300E and A273T mutations were detected

represents the number of sequences with potential N-glycosylation
at 179 residue and dashed black line indicates the percentage of HA
sequences with potential 179 glycosylation

in viruses isolated in USA during 2009 (4%) and 2011 (5%),
respectively. K300E was reported later in strains isolated
in 2012 from Europe (30%) and Asia (33%). In 2015, all
sequences isolated from USA, Europe and Asia were car-
rying these two substitutions. Only two substitutions were
detected shortly after the 2009 pandemic in the HA2 subu-
nit: E391K and E516K (Figure 4). E391K, which is thought
to be important for membrane fusion [25], was found in 3%
of sequences isolated from USA, Europe and Asia. Less
than 1% of sequences were carrying E516K mutation by the
end of 2009. However, the frequency of both substitutions
increased rapidly until strains carrying E391K and E516K
were the major circulating strains (>95%), in 2011 and 2013
respectively (Supplementary figure 1).

A few neutral variants were also found temporarily in
certain geographical regions such as N48D, which was
detected in 12.5% of sequences isolated from USA during
2010 and disappeared in the following years. Another sub-
stitution in the Sb region, A203T, was also reported in the
USA during 2009 at very low frequency (<1%); this peaked
in 2010 to reach 15% of sequences before decreasing again
in 2014 (5%) and disappearing later on. This substitution
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Table 1 Dynamics of N-glycosylation patterns on human HIN1 HA.
In total, 931 sequences were analyzed including 900 HA sequences
of pHINT isolated between April 2009 and 2017, 30 HA sequences

representing seasonal HIN1 strains isolated before 2009 and one
sequence of a pandemic 1918 HIN1 virus

Year No. of Stem Side of Top of Head Side of Head Stem
sequences Head
analyzed
1918 1 28 40 104 304 498 557
1977-1985 10 28 40 104 144 177 286 304 498 557
1986-2008 20 28 40 71 104 142 177 286 304 498 557
2009 212 28 40  71* 104 177%* 304 498 557
2010 107 28 40 104 179%%% Q] *ksksk 304 498 557
(USA)
2011-2012 127 28 40 104 177%* 304 498 557
2013 86 28 40 104 304  489*% 498 557
2014 65 28 40 104 286 *#%* 304 498 557
2015 71 28 40 104 179%** 304 498 557
2016 71 28 40 104 179%** 286**¥*#% 304  489% 498 557
2017 25 28 40 104 179%** 304 498 557

Glycosylations at 28, 40, 104, 304, 498 and 557 were seen in all H1 sequences isolated from seasonal strains as well as pandemic strains; how-
ever, glycosylation at other sites were detected in different continents at different time periods

*71: Glycosylation was detected in only one sequence isolated in Thailand in 2009

*#]77: Glycosylation was detected in two sequences isolated from Thailand in 2009 and 2012

##%179: Glycosylation was first detected in 2010 in USA and then in 2015 in Asia and Europe and then was reported in all sequences (>95% of

HAs) isolated in later years (2016-2017)

*#%%291: Glycosylation was detected in one sequence in Switzerland in 2010

*#k%4286: Glycosylation was detected only in three sequences isolated from Iran (one in 2014 and two in 2016)

Fig.3 Structure of the HA
monomer showing antigenic
sites and common amino acid
substitutions detected in these
sites between 2009 and 2017.
Five antigenic sites are located
at the globular head of the HA1
subunit, Sa (Fuentes-Gonzalez
et al.), Sb (yellow), Cal (pur-
ple), Ca2 (blue) and Cb (green).
With the exception of D239
and A203T, the mentioned
mutations have been reported in
all sequences detected in 2017
(predominant variants). Substi-
tutions at the Sa site (S179 and
K180) resulted in the acquisi-
tion of a new glycosylation site
at 179—an Asparagine residue
on the top of the HA globular
head in all sequences isolated
after 2016

was also reported in Europe during the period 2009-2014
starting with less than 1.5% frequency at 2009 and rising
to reach 33% in 2015 (supplementary figure 1). S145P is
another mutation that was detected first in Asia during
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2009 (4%), followed by a gradual increase to reach 18% of
sequences reported in 2010 before totally disappearing by
2012. N387H and N458K variants were found exclusively in
Europe. The N387H change appeared by the end of 2009 in
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Table2 The average amino acid sequence conservation for the
RBD-A region between the A/California/04/2009 (CA09) strain and
subsequent strains within indicated periods

Year RBD-A* conservation (%)
1918 100%

1988-2008 67%

End of 2009 90.5%

2010 89.4%

2011 93.1%

2013-2014 83.6%

2015-2016 77.6%

2017 (Jan-Apr) Less changes are detected in RBD-A (spe-
cifically in Sa site) compared to previous

years

HA amino acid sequences from North America (471 HA amino
acid sequences) were compared to CA09 HIN1 as a reference. The
RBD-A conservation of pandemic 1918 virus and 1988-2008 sea-
sonal strains was calculated based on the 1918 pandemic virus (not
the CA 2009 HINI1 virus)

* RDB-A sites: 131-143 (FEIFPKTSSWPNH); 170-182 (KKGN-
SYPKLSKSY); 205-215 (QQSLYQNADTY); 257-262 (ITFEAT)

about 15% of strains and then dropped to 10% in 2010 before
disappearing entirely by late 2010. Finally, the N277D vari-
ant was detected during 2012 in USA (50%) and in Europe
(20%) but disappeared in later years.

Further analysis of detected variants using PROVEAN
tools revealed that some of mutations have a deleterious

effect on HA function, thus, explaining their rare frequency
and rapid disappearance. One of these mutations is N458K,
which was found in 29% of strains isolated from Europe dur-
ing 2010 and then disappeared in following years. Another
mutation was found at residue 508 in which a Glutamic acid
was replaced by a polar amino acid, Glycine. This mutation’s
PROVEAN score (—3.597) suggests a major impact on HA
function. The mutation was detected during 2014 in 8.5%
of USA strains and during 2016 in 17% of reported viruses
in Asia. Interestingly, strains which were found to carry
E508G mutation in Asia were also shown to have a neutral
substitution at 518 position (D518E). Finally, we detected
some rare mutations that were previously reported to affect
virus binding affinity and pathogenicity, nonetheless, these
mutations did not show any spatial or temporal preferences
[26, 27]. An example of such mutations is D239N/E/G in
the Ca2 antigenic site (Figure 4). The Aspartic acid residue
at position 239 was substituted by N (0.7%), E (1%) or G
(1.1%) in all sequences included in the study. Another muta-
tion located in the Sa site, G172E, was reported in 0.66%
of the analyzed sequences, including two sequences from
North America in 2013 and 2017. This mutation was found
to enhance virus virulence in mice [28] (Table 5).

Other observed mutations that were previously shown to
affect HA functionality are A151T, S200P, S202T, T214A
and 1233T. While S200P and S202T were found to increase
the receptor-binding avidity, A151T and A214T are known
to decrease binding avidity [29]. S200P was detected first

Table 3 Sequence comparison of H1 antigenic sites between seasonal and pandemic influenza strains

Sa

No of sequences Amino Acid Site

% similarity to

analyzed pandemic 1918
141 142 170 171 172 173 174 176 177 178 179 180 181

1918 P N K K G S S P K L S K S -

1942 2 P K E K D G S P N L N N S 46%

2007 10 P N G K N G L P N L S K S 61.5%

2009 212 P N K K G N S P K L S K S 92%

2016 71 P N K K G N S P K L N Q S 77%

Sb

No of sequences Amino Acid Site % similarity to

analyzed pandemic 1918

201 202 203 204 205 206 207 208 209 210 211 212

1918 T G T D Q Q S L Y Q N A -

1942 N I K D Q Q T L Y Q K E 50%

2007 1 G D Q K A L Y H T E N 0%

2009 T S A D Q Q S L Y Q N A 92%

2016 T T A D Q Q S L Y Q N A 92%

Amino acid residues shared between 1918 HIN1 (SC1918), seasonal strains and pandemic A/California/04/2009 (CA09) strain are shown in
black. The column on the right show the percentage of amino acids in antigenic sites that are identical to the pandemic 1918 HIN1 virus
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Table 4 Evolution rate and positive selection of the hemagglutinin (HA) gene of the pHIN1 viruses from April 2009 to April 2017

Number of ana-

Nucleotide substitution rate (X

Positive selection

lysed sequences 1073)
Mean 95% HPD Interval SLAC FEL
Mean (dN/dS) N AA Mean (dN/dS) N AA

Asia 239 3.18 2.79-3.58 0.309 0 - 0.285 1 68

Europe 189 2.36 1.95-2.79 0.289 0 - 0.276 0 -

North America 472 2.94 2.61-3.28 0.255 0 - 0.238 5 2,3, 100,
128,
179

The evolution rate of the HA gene of pHINI1 viruses isolated from North America, Europe and Asia during 2009-2017 was estimated using the
Bayesian Markov Chain Monte Carlo method in the Bayesian Evolutionary Analysis Sampling Trees (BEAST) program version v1.6.2. Mean
evolution rate and high probability difference (HPD) values intervals are shown. (N) refers to the number of positive selected sites using two
methods: the conservative ‘single-likelihood ancestor counting’ algorithm (SLAC) and the ‘fixed effects likelihood” (FEL) methods which are
available at the DataMonkey web server of the HYPHY software package. (AA) refers to amino acids which were found to be under positive
selection. Both methods can estimate dN and dS at each codon site. Positively selected sites were defined when dN/dS p-value is less than 0.05

using the best-fit model as recommended by the website

in USA in 2010 (2.5%) and gradually detected at higher
frequencies in following years reaching 44% as of 2017
(Supplementary figure 1). Strains carrying this substitu-
tion were also detected during the periods 2009-2010 and
2010-2013 in Asia (2.8%) and Europe (14.1%) respec-
tively, and disappeared afterwards. The S202T substitution
in the Sb site (Figure 4) was first detected in 2010 in USA
(17.5%), Europe (35%) and Asia (25%), and became the
predominate variant (98%) in 2013 isolates. On the other
hand, isolates with T214A substitutions were reported in
Asia early during the 2009 pandemic (8.5%) and shortly
afterwards in USA and Europe (supplementary figure 1).
Despite its negative effect on receptor binding, this muta-
tion rapidly increased to reach 56% prevalence in 2012 but
declined thereafter and disappeared completely in 2016
from all analyzed sequences. A151T, another substitution
that is thought to decrease binding avidity of HA, appeared
in 2009 at low frequencies and then disappeared soon after
in 2012. Interestingly, sequences expressing the A151T
variant were always associated with S200P and S202T but
never with A214T. Finally, we observed gradual displace-
ment of the non-polar isoleucine with a polar amino acid
threonine at residue 233 of the RBS. 1233T appeared first
in Europe during 2009 (5.3%) then in USA during 2012
(10.7%) until it became the major circulating variant in
2016 (Supplementary figure 2). However, 1233T was not
detected until 2015 in Asia (41%) and continued to be the
major strain in these continents (Table 5).

To check the redundancy of our results, we run simi-
lar analysis as indicated above on two additional sets of
HA protein sequences. Each set includes 150 sequences
per continent (450 in total) over the nine-year period. The
six analyzed variants in these two groups showed similar

@ Springer

patterns and frequencies as reported in the initially char-
acterized 900 sequences (Supplementary figure 2).

Phylogenetic analysis

Phylogenetic analysis was performed to investigate the
temporal and geographical evolution of HIN1 viruses over
the past nine years (Figure 5). Analysis revealed the pres-
ence of distinct phylogenetic groups, where viruses were
grouped based on the year of isolation in all three continents
(Supplementary figure 3). Viruses isolated between 2009-
2010 grouped in a separate clade to the rest of the viruses.
Sequence variability was more obvious in strains isolated
between 2010-2011. Expectedly, the vaccine strain A/Cali-
fornia/07/2009 (H1N1) grouped with viruses sequenced
during 2009 with an average similarity of 98.9% (Figure 5).
Three strains were outliers, two from Iran and one from
Switzerland, and these were shown not to be of 2009 pHIN1
origin.

Discussion

A total of 1800 (three sets) randomly selected HA sequences
of HIN1 viruses isolated after April 2009 from North Amer-
ica, Europe and Asia were analyzed in this study. Following
the HIN1 pandemic in 2009, several studies were conducted
worldwide to evaluate genetic and antigenic evolution of the
virus; however, this is the first study that analyzes sequences
from three continents over a nine-year period, and report
on mutation types, frequencies, dynamics and their possible
impact on virus behavior. Overall, a series of HA mutations
were identified over the study period, when compared to the
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Table 5 Types and impacts of mutations reported in the HA protein of HINT1 viruses isolated after April
Variant Site Year detected Year disappeared Continent Description Progression
N48D HA1 NA 2010 2012 NA only Polar > Acidic Neutral
X X
X X
D114N NA 2009 Circulating Acidic > Basic Neutral CR
EU 2010 Circulating
AS 2010 Circulating
S145P X X Asia only Polar > non-polar Neutral
X X
AS 2009 2012
Al51T NA 2009 2012 Non-polar > polar Neutral
EU 2010 2013
AS 2010 2012
G172E Sa NA 2009 2017 Non-polar > Acidic Neutral
X X
AS 2010 2016
S179N Sa NA 2010 Circulating Polar Neutral CR
EU 2010 Circulating
AS 2010 Circulating
K180Q Sa NA 2013 Circulating Basic >Polar Neutral CR
EU 2012 Circulating
AS 2012 Circulating
S200P RBS NA 2010 Circulating Polar > non-polar Neutral GR
EU 2010 2015
AS 2010 2012
S202T Sb NA 2010 Circulating Polar Neutral CR
EU 2010 Circulating
AS 2010 Circulating
A203T Sb NA 2009 2015 Non-polar > polar Neutral
EU 2009 2016
AS 2013 2014
A214T NA 2010 2014 Non-polar > polar Neutral
EU 2010 2014
AS 2009 2016
S220T Cal NA 2009 Circulating Polar Neutral CR
EU 2009 Circulating
AS 2009 Circulating
1233T RBS NA 2012 Circulating Non-polar > polar Neutral CR
EU 2009 Circulating
AS 2015 Circulating
A273T NA 2011 Circulating Non-polar > polar Neutral CR
EU 2009 Circulating
AS 2011 Circulating
N277D NA 2011 2013 Polar > Acidic Neutral
EU 2011 2013
AS 2009 2016
K300E NA 2009 Circulating Basic > Acidic Neutral CR
EU 2012 Circulating
AS 2012 Circulating
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Table 5 (continued)

Variant Site Year detected Year disappeared Continent Description Progression
N387H HA2 X X Europe only Polar > Basic Neutral
EU 2009 2011
X X
E391K NA 2009 Circulating Acidic>Basic Neutral CR
EU 2009 Circulating
AS 2009 Circulating
N458K X X Europe only Polar > Basic Deleterious
EU 2009 2013
X X
E508G NA 2014 2016 Acidic > Polar Deleterious
X X
AS 2015 Circulating
E516K NA 2010 Circulating Acidic > Basic Neutral CR
EU 2009 Circulating
AS 2010 Circulating

Sequences from North America (NA), Europe (EU) and Asia (AS) were downloaded from the NCBI Influenza Research Database (n = 900) and
analyzed with DNASTAR software to detect mutations. The possible effect of detected variants on HA biological function was predicted using

PROVEAN web server

CR and GR indicates complete and gradual replacement of mutations over years respectively

) HA1 R
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Fig.4 Mutations detected in the HA protein of pHIN1 viruses iso-
lated from 2009 until 2017. The figure depicts mutations acquired
by H1 HA as it evolved between 2009-2017. Glycosylation sites are
indicated in faint red except the glycosylation at 179 site (bright red)

original sequence of pandemic 2009 virus. Serial sequence
sampling throughout the nine years revealed that HA muta-
tions were either gradually accumulated to become stable in
circulating strains (D114N, S179N, S202T, S220T, 1233T,
K300E and E391K) or dynamic in terms of appearance and
disappearance, spatially and temporally (A203T, N458K
and E5S08G). Although mutations were detected in different
domains, most of the reported mutations were located in
antigenic sites surrounding the receptor-binding site, which
are the target for neutralizing antibodies [10]. Most of the
reported mutations were previously shown not to affect
the antigenic property of the HA protein, as determined

@ Springer

which is found on the top of the HA1 globular domain. Detected
mutations are indicated as vertical lines: Straight lines represents
mutations with complete replacement while dashed lines indicates
mutations found in some sequences

by hemagglutination inhibition (HAI) assay [30]. This
explains the consistency in the vaccine composition since
2009, whereby the HIN1 component was only changed this
year after WHO recommendation. Although most of the
recently isolated HIN1 viruses were shown to be antigeni-
cally indistinguishable from the original vaccine strains A/
California/7/2009 (2016-2017; northern hemisphere), these
viruses were poorly inhibited by some post-vaccination (A/
California/7/2009) adult human sera [30]. Accordingly, the
A/Michigan/45/2015 virus was recently recommended to be
included in the vaccine composition for the 2017-2018 sea-
son in both hemispheres. This virus exhibit 97% similarity in
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the HA sequence to the original A/California/7/2009 virus.
It also carries significant mutations in the antigenic sites
including: S179N and K180Q in the Sa site, S202T in the
Sb site and S222T in the Cal site.

On the other hand, a few studies were conducted to evalu-
ate the effect of detected mutations on virus transmission
and pathogenicity. Some of these mutations have been
reported to affect virus binding affinity to human receptors
such as D239 and D204 [27]. The presence of Aspartic acid
at these positions is a critical feature in all human-adapted
HINT viruses [27]. Experimentally, single substitution of
D to G at position 239 has been shown to increase affinity
for alpha 2-3 sialic acid receptors in addition to its affinity
to human alpha 2-6 receptors [9]. Further, D239G/N substi-
tutions have been detected in severe respiratory infections
only, while the G239E variant was detected in both severe
and mild cases at similar frequencies [26]. According to our
analysis, strains carrying these variants were rarely detected
spatially and temporally, with frequencies reaching 0.7% and
1.1% for D239G and G239N, respectively. The majority of
sequences analyzed in this paper possess D204 and D239
(>97%).

In a review published in 2012, N. Sriwilaijaroen and Y.
Suzuki predicted changes in specific amino acids within the
vicinity of the RBS that would enhance HA affinity to human
receptors. Specifically, mutations at residues 1233, E241
and T214 that have direct interaction with S200, D204 and
Q205 respectively, would change the amino acid network-
ing within the RBS and enhance its preference to human
receptor [9]. A comparison of amino acids at positions 233
and 241 across a number of HA sequences indicated that
they are either both hydrophobic such as that observed in
pandemic SC18 HA, or they are both charged such as in A/
Brisbane/ 59/2007 [31]. In contrast, HAs of pHINT1 viruses
maintain a combination of 1233 and E241, amino acids that
are highly conserved in strains isolated between 2009 and
2015. This mismatched combination has been proposed to
disrupt the positioning of residues in the RBS and the forma-
tion of a stable network of interactions [31]. Experimental
substitution of Isoleucine with Lysine at position 233 has
been shown to markedly increased HA affinity to the human
receptor [31]. In our study, we reported the gradual displace-
ment of the non-polar Isoleucine residue at 233 position with
a polar amino acid, Threonine, reaching 96% frequency in
year 2017. This substitution could generate a stable ionic
interaction between polar T233 residue in the RBS and the
acidic, E241 residue in the 220 loop, consequently increas-
ing binding affinity to the human receptor in comparison
to earlier HIN1 isolates [31]. Further, as predicted by N.
Sriwilaijaroen and Y. Suzuki, the threonine residue at posi-
tion 214 was replaced gradually by alanine until reaching
56% frequency in 2012; however, this disappeared again in
2015. Some substitutions at the RBS have been reported to

exhibit opposite individual effects on receptor binding avid-
ity. S200P and S202T substitutions are known to increase the
receptor-binding avidity of HA, whereas A151T and A214T
substitutions tend to decrease binding avidity [29]. The later
mutations, A151T and A214T, were detected in fewer strains
and for a short period of time, which partially explain their
rapid disappearance from currently circulating stains. On the
other hand, the S202T and S200P variants were first detected
in 2010 in all three continents. S202T became the predomi-
nate variant in 2012 isolates (>96%) while S200P mutation
gradually increased in frequency over time to reach 44% in
2017 in the USA while disappearing from Asia in 2012 and
from Europe in 2015. Strikingly, our analysis has shown that
two major variants harboring combinations of these substitu-
tions were detected during the 2010- 2011 period: S200P-
A151T and S202T-A214T, respectively. The A151T variant,
for example, was always associated with S200P (100%) but
never with A214T, in comparison with previously circulat-
ing strains that had A151, S200 and S202. The coexistence
of A151T and A214T could have detrimental effects on virus
replication and transmission [29], which partially explains
our results. The combination of these substitutions (A151T
and S200P) would maintain the receptor-binding properties
of the virus (Table 5).

A study that investigated the effect of the S200P muta-
tion after its appearance in 2010 demonstrated that it can
dramatically increase virulence of pHINI1 virus in mice,
either alone or in combination with D144E. Interestingly,
these two mutations were also reported in the 1918 and
seasonal HINT1 viruses. In our analysis, only 0.8% of
sequences were carrying the D144E mutation and were
detected in all continents at different periods (2009-2015).
Only one HA sequence was carrying both mutations,
S200P and D144E, and that was in a virus isolated in Swit-
zerland in 2010 which showed more than 99% similarity
(BLAST search) to swine HINT1 virus [32].

In addition to the mutations in the RBD, we reported
E391K and E5S16K mutations at the stem region. The most
prominent mutation was E391K in the proximity of the
fusion peptide which was first described in 2010 [25].
E391K was first identified in New York in July of 2009
and observed shortly afterwards in viruses isolated world-
wide. According to our analysis, this mutation increased
rapidly in 2010 (50%) and became the major circulating
variant in 2011 with more than 96% frequency. Although
E391K mutation has not been linked to severe infections,
viruses with this variant have been detected in pandemic
vaccine breakthrough infections [33]. The rapid expan-
sion of E391K mutation since its early appearance in late
2009 could be explained partially by its role in forming
an intermolecular interactions between HA monomers and
hence increased HA trimer stability [34].
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«Fig.5 Phylogenetic tree of HA amino acid sequences isolated dur-
ing the period 2009-2017 from North America, Europe and Asia.
The phylogenic tree was constructed using the maximum likelihood
method by Jones-Taylor Thornton model. The red square indicates the
HINI vaccine strain, A/California/07/2009, recommended by WHO.
Three sequences were identified as outliers, two isolated from Iran
during 2014 and 2016 (blue star) and one from Switzerland in 2010
(green star). BLAST analysis of these strains has shown that they
show closer similarity to A/Puerto Rico/8/1934 virus (blue star) and
swine HIN1 virus (green star)

Seasonal strains (1988-2008) showed only 67% sequence
identity with the pandemic 1918 SC virus in the RBD-A
region [15]. Similarly, strains isolated after 2009 pandemic
expressed rapid mutation rate in RBD-A reaching 77.6%
by the end of 2016, however, the antigenic drift dramati-
cally decreased after the acquisition of glycosylation at
position 179 in the Sa site. (Table 2). Therefore, changes
in the RBD-A region contribute largely to neutralization
resistance and viral evolution in humans. Neither pan-
demic strains were glycosylated on the top of the HA head
(Table 1). However, the seasonal strains following the 1918
pandemic expressed two highly conserved glycosylation
sites (142 and 177) within the Sa antigenic site of strains
isolated during 1986 and 2008, which have been shown to
play a role in evading the human immune response [15].
The similar glycosylation pattern of both pandemic viruses
in the HA head prompted us and others to estimate evolu-
tionary rate and patterns in comparison with the seasonal
HINT [35]. Our analysis indicated two separate appearances
of 179 glycosylation: one in 2010 reaching 20% frequency,
which rapidly disappeared in 2013, and another in 2015 that
gradually increased in frequency to more than 98% in 2016
isolates (Figure 1). Interestingly, 179 glycosylation was
among the first glycosylations to be reported in seasonal
HINTI influenza (1933-1949) although it was not detected
in later strains (1950-2008) [15, 36]. The alterations in gly-
cosylation sites following the 1918 HIN1 pandemic was
studied extensively by Sun ez al in 2011 and they reported
similar patterns to what we have found in this study [36].
The glycosylation at position N179 is thought to disturb the
interaction between HA-RBS and its receptor, which could
partly explain its disappearance from seasonal strains iso-
lated after 1950s. Sun et al (2012) have also proposed that
the positional conversion of N179 to N177 occurred in 1951
may have been driven by a virus requirement for enhanced
binding of HA to its receptor [37]. We detected very few
strains with the N177 glycosylation and all were from Asia.

In contrast to our findings, a previous study carried out
by Job et al in 2013 reported that the glycosylation at 179
position was prevalent in sequences isolated during 2009,
and declined steadily in 2012 before disappearing totally by
2013 [12]. Further, they found that viruses expressing the
N179 glycosylation are similarly sensitive to neutralization

as compared to those that do not express glycosylation, sug-
gesting that glycosylations at N179 may not play a major
role in antigenic shielding in spite of its location within the
Sa antigenic site [12]. Algorithms capable of predicting the
timeline of IAV glycosylation evolution from the emergence
of the pandemic until eventual replacement are now avail-
able and could be used for further analysis [38].

Although HA sequences were grouped per year rather
than site of isolation in the phylogenetic analysis, the pat-
terns and frequencies of certain mutations (179 glycosyla-
tion for example; figure 2) were not consistent between iso-
lates from different continents, suggesting that viruses might
follow different evolutionary patterns at different locations.
This could partially depend on the overall herd immunity
in the different areas, where influenza vaccines are widely
used in North America, to a lesser extent in Europe, and not
much in Asia.

Conclusion

In conclusion, we report here on the global evolution and
dynamics of the HIN1 HA since its emergence in 2009. Our
analysis improves upon other published papers in that we
report on frequencies, dynamics and impact of HA mutations
in viruses isolated worldwide during the past decade, as well
as the evolution rate and site-specific selection pressures.
As expected, the majority of mutations were detected in the
antigenic sites of the head of HA domain. However, we also
reported mutations at the stem region such as E391K and
E516K. Few mutations were shown to increase the receptor
binding affinity (S200P and S200T), others were shown to
affect virulence (G172E), and most recorded mutations were
found to have no significant effect on HA function with the
exception of D239 at the head region and N458K and ES08G
at the stem region. Interestingly, one glycosylation at residue
179 was acquired after nine years of virus circulation, which
was dynamic in appearance and disappearance as observed
within seasonal strains. Another glycosylation at residue 177
which was also observed in the seasonal stains, was only
detected in a few isolates from Asia. This glycosylation is
predicted to replace the 179 glycosylation, as observed in
seasonal strains that circulated between 1918 and 2009. This
indicates that currently circulating HIN1 viruses might fol-
low similar evolution patterns to those observed in seasonal
HINT1 viruses that circulated before 2009. Interestingly, only
a few sequences (isolated after April 2009) carried similar
glycosylation and showed more than 95% similarity (BLAST
search) to HIN1 viruses isolated before the pandemic, indi-
cating that seasonal HIN1 strains might not have totally
disappeared and they could be still circulating at very low
frequencies.
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