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Article history: In China, the recent outbreak of novel influenza A/H7N9 virus has been assumed to be severe, and it may possibly
Received 23 January 2014 turn brutal in the near future. In order to develop highly protective vaccines and drugs for the A/H7N9 virus, it is
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critical to find out the selection pressure of each amino acid site. In the present study, six different statistical
methods consisting of four independent codon-based maximum likelihood (CML) methods, one hierarchical
Bayesian (HB) method and one branch-site (BS) method, were employed to determine if each amino acid site
of A/H7N9 virus is under natural selection pressure. Functions for both positively and negatively selected sites
were inferred by annotating these sites with experimentally verified amino acid sites. Comprehensively, the sin-
gle amino acid site 627 of PB2 protein was inferred as positively selected and it function was identified as a T-cell
epitope (TCE). Among the 26 negatively selected amino acid sites of PB2, PB1, PA, HA, NP, NA, M1 and NS2 pro-
teins, only 16 amino acid sites were identified to be involved in TCEs. In addition, 7 amino acid sites including, 608
and 609 of PA, 480 of NP, and 24, 25, 109 and 205 of M1, were identified to be involved in both B-cell epitopes
(BCEs) and TCEs. Conversely, the function of positions 62 of PA, and, 43 and 113 of HA was unknown. In conclu-
sion, the seven amino acid sites engaged in both BCEs and TCEs were identified as highly suitable targets, as these
sites will be predicted to play a principal role in inducing strong humoral and cellular immune responses against
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A/H7N9 virus.
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1. Introduction

Influenza viruses are classified into types A, B and C, in which, type A
viruses are identified as most pathogenic to human [1-3]. Based on
antigenic properties of external antigens Hemagglutinin (HA) and
Neuraminidase (NA), influenza A viruses are further classified into sub-
types H1-H16 and N1-N9, respectively [4-10]. Influenza A viruses
possess a single stranded, negative sense 8 segmented RNA genome in
an enveloped virion [11]. The genomic segments of influenza A viruses
naturally allow for re-assortment that leads to the generation of new vi-
ruses, for instance, the 2009 pandemic influenza A/HIN1 virus. Remark-
ably, pathogenic avian influenza A subtypes H7N1, H7N2, H7N3, H7N7
and HIN2 or H10N7 viruses can cause a mild to moderate level of
lower respiratory tract infections in humans. The transmission of the
H7 subtype virus to mammals in Asia has rarely been reported. There
has also been insufficient reports on human infections with the N9 sub-
type [12,13]. In March of 2013, a novel re-assorted strain of avian-origin
influenza A/H7N9 subtype virus was identified in urban residents of
Shanghai, China. These affected residents presented with a rapid pro-
gressive lower respiratory tract infection [13]. Evolution of the novel
A/H7N9 virus likely occurred through the re-assortment of three
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subtypes of avian influenza viruses that co-infected a single host e.g.
live birds in the market. The A/H7N9 virus likely gained its external
HA and NA genes from domestic ducks (H7N3 virus) and wild birds
(H7N9 virus), respectively, and the remaining six internal genes from
domestic poultry (multiple HON2 viruses) [13-15] (Fig. 1). Influenza
viruses with these combinations of genes have not previously been
identified among viruses isolated from birds, humans or any other
species. This is the first time that the low pathogenic avian influenza
A/H7NO9 virus has caused a brutal outbreak in humans [16].

Typically, a periodic human infection by most of the avian influenza
A viruses occur by animal to human transmission, but lack the ability of
human-to-human transmission [8,9,17,18]. Unlike the 2009 pan-
demic influenza A/H1N1 virus, there is insufficient evidence of efficient
human-to-human transmission of novel avian-origin influenza A/H7N9
virus [19]. It is predicted that the failure to mount an immune response,
lack of previous infection and the constant changes in the viral genome,
are critical reasons for the A/H7N9 viral outbreak in humans [10,20].
Few laboratories are currently working with the World Health Organi-
zation (WHO) and its Global Influenza Surveillance and Response Sys-
tem, to select the candidate strains for the development of a vaccine,
which will then be shared with vaccine manufacturers worldwide.
Currently, the existing H7 viral vaccine candidates provide some
cross-protection against the novel influenza A/H7N9 virus [21]. It is ev-
ident that new vaccine candidates are required. Noteworthy, the novel
influenza A/H7N9 virus grows well in eggs [13,16]. Utilizing this
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Note:

The A/H7NO9 virus likely gained its external HA (Red) and NA (Grey) genes from domestic ducks (H7N3
virus) and wild birds (H7N9 virus), respectively, and remaining six internal genes (Green) from domestic
poultry (multiple HON2 viruses).

Fig. 1. Diagram of novel human influenza A/H7N9 virus. Note: The A/H7N9 virus likely gained its external HA (red) and NA (gray) genes from domestic ducks (H7N3 virus) and wild birds
(H7N9 virus), respectively, and the remaining six internal genes (green) from domestic poultry (multiple HON2 viruses).

Table 1
Summary of positive selection pressure on the proteins of the novel human influenza A/H7N9 viruses.
Protein Totalno. Totalno. Model Datamonkey o>1 No. of positively selected No. of statistically reliable
of sites of codons Codon-based maximum _ Hierarchical Branch-site (total no. of sites)*  sites with p < 0.05 gor) positiyely selected sites
likelihood methods Bayesian method BF > 20 (orb) posterior identified b}i more than
prob > 0.9 one method
method
SLAC FEL REL [IFEL FUBAR MEME
PB2 2280 759 001101 - - 12 - 1 - 12 12 1
PB1 2274 757 HKY85 - - - - - - - - -
PB1-F2 273 90 F81 - - - - - - - - -
PA 2151 716 HKY85 - - - - - 1 1 1 -
HA 1683 560 F81 - - - 1 - - 1 - -
NP 1497 498 HKY85 - - - - - 1 1 -
NA 1398 465 010000 - - - - - - - - -
M1 759 252 HKY85 - - - - - - - - -
M2 294 97 000010 - - - - - - - - -
NS1 654 217 F81 - - 159 - - - 159 159 -
NS2 366 121 F81 - - - - - - - - -

2 The total number of positively selected sites (» > 1) are observed from different methods for each gene/protein.

> Among the total number of positively selected sites, amino acid sites with statistically significant levels (p < 0.05 (SLAC, FEL, IFEL and MEME) or Bayes factors >20 (REL) or posterior
probability > 0.9 (FUBAR)) are indicated.

¢ The total number of statistically reliable positively selected sites for each gene that was observed by more than one method is indicated. Because, the significance of one method alone
does not always infer that the sites are subjected to either positive or negative selection pressure thereby, only positions that have been detected by more than one method are finally
considered as positively selected.
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technique to identify new vaccine candidates along with utilizing pub-
lished genomic sequences of influenza A/H7N9 viruses can be an effec-
tive method. The core objective of this investigation was to determine
the natural selection pressures on each amino acid site of the novel
avian-origin influenza A/H7N9 virus, which will be important in the ef-
ficient design of vaccines and drugs that are less susceptible to the mu-
tant viral generations. Additional effort has been taken to annotate the
functions of amino acid sites under strong natural selection pressures.

2. Results and discussion
2.1. Diversifying/positive selection

The strength of natural selection in each amino acid site of novel A/
H7N9 viral proteins was inferred by calculating ‘Omega’ (®) using
various methods under suitable substitution models. Tables 1-4 illus-
trate the results on diversifying and purifying selection pressures of
each amino acid site of the entire proteins encoded by the A/H7N9
viral genomes. Comprehensive analysis showed 174 amino acid sites
in the entire proteins of novel A/H7N9 viruses that underwent positive
Darwinian selections. Among the 174 positively selected sites, 173 sites
are identified with a statistically significant level of p < 0.05 for single-
likelihood ancestor counting (SLAC), fixed effects likelihood (FEL),
internal fixed effects likelihood (IFEL), mixed effects model of episodic
(MEME) selection or as posterior probability > 0.9 for Fast Uncon-
strained Bayesian AppRoximation (FUBAR) or as BF > 20 for random
effects likelihood (REL) [22], when the CML, HB and BS methods were
employed under best fit models (Tables 1, 3). Typically, in natural selec-
tion analysis, the significance of one method alone is not sufficient to
infer that the amino acid site is subjected to either diversifying or puri-
fying selection pressure. Hence, only amino acid sites that have been
detected by more than one method, are considered positively or nega-
tively selected [22,23]. One out of 173 statistically reliable amino acid
sites is considered as a positively selected site with position 627
((E) Glutamic acid (highlighted with red color)) of PB2 (Tables 1, 3;
Supplementary Fig. 1) since it has been detected by more than one
method. Markedly, no site was inferred as positively selected for PB1,
PB1-F2, NA, M1, M2 and NS2 proteins, whereas, a single positively se-
lected site of HA was inferred with no statistical significance (Table 1).
In total, 11, 1, 1 and 159 reliable positively selected sites of PB2, PA,
NP and NS1 proteins, respectively, were inferred just by a single meth-
od. As aresult, there were no identical positively selected sites shown by
other methods used in this study (Tables 1,3). The presence of the single

Table 2

reliable positively selected site 627 in PB2 of A/H7N9 virus indicates that
this is an effect of molecular adaptation of the avian virus to human,
which confers an evolutionary advantage to the virus. It validates the
hypothesis that the positive selection is rare as it occurs in a few
amino acid sites during the short time and is hardly detected effectively
when compared to a large number of sites under neutral and purifying
selection pressures [24,25]. Usually in the early stages of viral pandemic
outbreaks, the virus adapting into a new host will be faced with higher
selection pressures; particularly, codons/amino acid sites of the virus
under positive selection pressures are likely to be more [26]. However,
the presence of a single positively selected site suggests that the novel
A/H7N9 virus with genomic segments from different subtypes/lineages
has not undergone dramatic changes in order to adapt to humans. Typ-
ically, influenza pandemic outbreaks caused by different influenza viral
strains may be of distinct severity [27]. The 2013 outbreak of low path-
ogenicity influenza A/H7N9 virus in China is unlike the recent 2009 pan-
demic outbreak of the A/HIN1 virus. The pandemic of the A/HIN1 virus
is relatively mild, as prior to this outbreak, the seasonal HIN1 influenza
viruses have been widely circulated in humans for decades. Hence, low
levels of acquired immunity exist in humans against the new pandemic
A/H1N1 virus, particularly in the older population. On the other hand, all
age groups in humans are likely vulnerable to the A/H7N9 viral infec-
tions as this subtype has never been extensively circulated within the
human population, which indicates that there is no acquired immunity
that exists against the novel A/H7N9 virus. Hence, possibly in the near
future, the A/H7N9 pandemic will likely be more severe than the 2009
A/H1N1 pandemic outbreak. With the driving force of natural selection,
the low pathogenic A/H7N9 virus will most likely evolve into a highly
pathogenic strain in birds and will probably then involve human-to-
human transmission after its cross-species transmission [28]. Thus, the
A/H7N9 viral outbreak has been assumed to be severe, and it is antici-
pated to become tremendously brutal in the near future, highlighting
the critical need for scientific measures to develop highly protective
vaccine and drugs.

To widen the horizon of analyses, it is essential to study the previous
reports [3,10,26,29-35] on positive selection of influenza subtypes
H1N1, H3N2 and H5N1 viruses. For an effective interpretation, I have
compared the present result to the findings of some of the aforemen-
tioned studies. Suzuki [3] found that a total of 4 amino acid sites of the
human influenza A/H3N2 viruses were under strong positive selection
using parsimony method. Campitelli et al. [30] reported 16 positively
selected amino acid sites in the entire proteins of the human and
avian influenza A/H5N1 viruses using Bayesian method. Chen and Sun

Summary of negative selection pressure on the proteins of the novel human influenza A/H7N9 viruses.

Protein Datamonkey o>1 No. of negatively selected No. of statistically reliable
Codon-based maximum Hierarchical Bayesian Branch-site (total no. of sites)? sites with p < 0.05 For) 'negat'ively selected sites
likelihood methods method method BF > 20 (orb) posterior identified byc more than

prob > 0.9 one method
SLAC FEL REL IFEL FUBAR MEME

PB2 - 12 - - 6 - 12 6 4

PB1 - 8 - - 6 - 9 7 2

PB1-F2 - 1 - - 1 - 1 1 -

PA 1 21 - - 9 - 23 12 4

HA 1 8 - - 11 - 11 11 4

NP - 5 - - 6 - 8 6 3

NA 2 4 - 2 4 - 4 4 2

M1 - 7 20 5 5 - 20 20 6

M2 - - - - - - - - -

NS1 - - - - - - - -

NS2 1 1 - - 1 - 1 1 1

¢ The total number of negatively selected sites (® < 1) are observed from different methods for each gene/protein.
> Among the total number of negatively selected sites, amino acid sites with statistically significant levels (p < 0.05 (SLAC, FEL, IFEL and MEME) or Bayes factors >20 (REL) or posterior

probability > 0.9 (FUBAR)) are indicated.

¢ The total number of statistically reliable negatively selected sites for each gene that was observed by more than one method is indicated. Because, the significance of one method alone
does not always infer that the sites are subjected to either positive or negative selection pressure thereby, only positions that have been detected by more than one method are finally

considered as negatively selected.
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Table 3
List of positively and negatively selected sites of the novel human A/H7N9 influenza virus.
Gene Datamonkey
Method Total no. of statistically Positively selected sites Total no. of statistically Purifying selected sites
reliable sites reliable sites
PB2 REL 12 12 195, 197, 224, 292, 354, 395, 534, 559, 591, - 6 6, 153, 185, 490, 499, 652
FUBAR 1 627,701, 740 6 T
FEL - 4
PB1 FEL - - - 3 7 21, 208, 257, 662, 689, 738, 740
FUBAR - 6 o
PB1-F2 FUBAR - - - 1 24
PA MEME 1 1 618 - 12 62, 203, 260, 558, 582, 590, 597, 599,
FEL - 7 608, 609, 616, 681
FUBAR - 9 o o
HA FEL - - - 4 11 43,79, 80,113, 119, 194, 226, 337,
FUBAR - 11 365, 366, 405
NP MEME 1 1 15 - 6 129, 216, 221, 270, 286, 480
FEL - 3 o -
FUBAR - 6
NA FEL - - - 2 4 137,179, 303, 426
IFEL - 2 -
FUBAR - 4
M1 FEL - - - 4 20 4,12, 24, 25, 96, 109, 134,137, 138,
REL - 20 139, 146, 166, 169, 183, 205, 207,
IFEL - 1 219, 230, 239, 248 o
FUBAR - 5
NS1 REL 159 159 3,5-13, 15,18, 19, 21, 23, 24, 28, 30, 31, - - -
33-38, 40-59, 61, 62, 64-70, 72, 73, 76,
81-88, 90-92, 94, 95, 99, 100, 103, 105-107,
109, 111-118, 120, 122-125, 127-130, 132,
134, 136-138, 140, 141, 143-149, 151, 154-158,
160-168, 170-172, 174, 177-184, 190-195,
197-202, 204-206, 208, 210-217
NS2 FEL - - 1 1 92
FUBAR - 1 o

No statistically reliable positively and negatively selected site is found for M2. Positively and negatively selected common amino acid sites identified by more than one method in the
Datamonkey are denoted by bold with underline. For instance, site 627 (bold with underline) of PB2 is notified as a common site that could be identified by both REL and FUBAR.

[35] reported a total of 43 positively selected sites in HA of the human
H3N2 influenza viruses using Bayes and Naive Empirical Bayes analyses.
Markedly, Furuse et al. [26] reported a total of 8, 4 and 2 positively se-
lected amino acid sites in the entire HA gene of seasonal HIN1, swine
H1 and 2009 H1NT1 viruses, respectively using only FEL method [22].
Li et al. [34] reported 9 and 2 positively selected sites in HA and NA of
pandemic influenza H1NT1 viruses, respectively, using both SLAC and
FEL methods; however, only 4 and 2 sites of HA and NA, respectively,
could be identified by FEL method, but not by SLAC method. In my pre-
vious study on the 2009 pandemic human influenza A/H1N1 virus, I
have reported a total of 9 amino acid sites including a single site from
PB2 and M2, 2 sites from PB1 and NS1 and 3 sites from HA that were
under strong positive selection pressures [10]. In the present study,
just a single amino acid site 627 (E) of PB2 of A/H7N9 virus was consid-
ered as a highly variable (strong) site (Tables 1, 3; Supplementary Fig. 1).
Nonetheless, no amino acid site was inferred as positively selected for all
other proteins including PB1, PB1-F2, PA, HA, NP, NA, M1, M2, NS1 and
NS2. Previous reports have to date not identified the same positively se-
lected site highlighted in this paper [3,10,26,30,34,35]. This may be due
to different factors, for instance, different viral strain sequences and sta-
tistical methods used for the natural selection analyses. It is noted thatall
previous analyses, except for Arunachalam [10], were carried out using a
single statistical method. Consequently, the positively selected sites
identified in such studies, might remain tentative. In contrast, the posi-
tively selected site identified in the present study is based on multiple
statistical methods and therefore predicted to be more reliable.

2.2. Purifying/negative selection
Individual amino acid sites of novel A/H7N9 virus under purifying

selection pressures are comparatively high. Tables 2-4 and Supplemen-
tary Fig. 1 illustrate the results of the above fact. As mentioned

previously, the statistically reliable amino acid sites that have been de-
tected by more than one method are finally considered as negatively se-
lected [22,23]. The present results show that a total of 68 out of 89
negatively selected amino acid sites, were inferred with statistical sig-
nificance. Among these 68 statistically reliable sites, only 26 sites of
PB2, PB1, PA, HA, NP, NA, M1 and NS2 were identified under strong pu-
rifying selection pressures, since they have been detected by more than
one method. The number of amino acid sites under purifying selection
was comparatively more for M1 (6 sites) protein than other proteins.
Typically, amino acid sites undergo negative selection more when a
few positions can evolve by means of positive selection. For example,
in this study just a single site (627) of PB2 was inferred as positively se-
lected, whereas, a total of 26 sites were inferred as negatively selected.
These findings evidently indicate that the amino acid sites of the A/
H7N9 virus, subject to negative selections, evolve faster than those
under positive selection. Also, it obviously suggests that the number of
amino acid sites under negative selection pressure is extremely higher
than those sites under positive selection pressure. This observation con-
firms the hypotheses of Kimura [36]. The present observation is partially
in agreement with the findings of Sant'Anna et al. [37] who performed
the natural selection analysis on the pandemic A/H1N1 viruses isolated
in the state of Rio Grande do Sul, Brazil. Their finding shows that no gene
is under positive selection, whereas, PB2, PB1, PA, HA, NP, NA and M1
genes are under purifying selection. Espinola (2012) reported that the
external genes HA and NA of pandemic A/H1N1 viruses evolved through
purifying selection pressures [38]. The findings of Sant'Anna et al. [37]
and Espinola [38] might not be reliable because of two reasons, both
studies i) are carried out just by using a single statistical method and
ii) inferred the selection pressures at the entire gene level, but not at
the individual codon/amino acid site level. Prominently, Barrero et al.
[39] have employed multiple methods to detect the selection
pressures on pandemic A/H1NT1 viruses isolated from Argentina. They
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Table 4
Functional annotations of positively and negatively selected sites of the novel human influenza A/H7N9 virus.
Protein  Statistically Method(s)  dN-dS/®* p-Value/posterior Functionally IEDB-Epitope  Function(s) Host Reference(s)
reliable amino prob. /Bayes factor®  known epitope D¢ organism(s)
acid sites length (from-to)
Positively selected amino acid site
PB2 627 REL; 1.22; 4059.28; 619-633 1035951¢ TCE Mus musculus ~ [47]
FUBAR 8.19 0.94 618-634 1766537¢ TCE Homo sapiens 48]
Negatively selected amino acid sites
PB2 185 FUBAR; —6.92; 0.92; 176-190 27386¢ TCE Mus musculus ~ [47]
FEL —1.10E4-02 0.03
181-195 60501¢ TCE Mus musculus  [47]
173-189 128680¢ TCE Homo sapiens ~ [48]
185-201 129003¢ TCE Homo sapiens 48]
490 FUBAR; —6.07; 0.91; 487-495 150924 TCE Mus musculus  [70]
FEL —7.23E401 0.05
490; 499 489-503 613794 TCE Mus musculus  [47]
499 FUBAR; —6.49; 0.91; 494-510 130316¢ TCE Homo sapiens  [48]
FEL —1.31E4+02 0.04
652 FUBAR; —6.19; 0.91; 637-655 173541 TCE Homo sapiens  [71]
FEL —7.98E+01 0.05
PB1 738; 740 FEL; FUBAR —1.85E+02;  0.05; 728-744 128898¢ TCE Homo sapiens  [48]
—6.18& 091 &
—6.98E4+02;  0.03;
—6.05 091
734-750 129759¢ TCE Homo sapiens 48]
PA 62 FEL; FUBAR —1.67E4+02;  0.01; - - - - -
—6.35 0.93
608; 609 FEL; FUBAR —1.63E+02;  0.03; 587-636 97592 BCE Homo sapiens  [72]
—6.17 & 092 &
—7.53E4+01;  0.03;
—853 0.97
604-618 126481 TCE Mus musculus ~ [47]
599-613 142824 TCE Mus musculus ~ [47]
681 FEL; FUBAR —8.59E+01;  0.02; 674-688 95004 TCE Mus musculus  [47]
—8.13 0.97
HA 43 FEL; FUBAR —2.62E4+02;  0.02; - - - - -
—6.39 0.93
113 FEL; FUBAR —2.02E+02;  0.03; - - - - -
—6.27 0.93
365, 366 FEL; FUBAR —1.03E4+02;  0.04; 356-372 128557¢ TCE Homo sapiens  [48]
—5.96 & 092 &
—8.07E4+01;  0.05;
—5.43 0.90
NP 129 FEL; FUBAR —8.35E+01;  0.05; 113-132 30347 TCE (HLA-DRB1*11:01)  Homo sapiens  [73]
—5.49 091
143419 TCE (HLA-DRB1*03:01)  Homo sapiens  [74]
110-129 164290 TCE Homo sapiens  [75]
286 FEL; FUBAR —8.00E+01;  0.04; 282-300 21577 TCE Homo sapiens  [76]
—6.27 0.93
276-290 38391 TCE Mus musculus ~ [47]
276-292 129288 TCE (H-2-IAs) Mus musculus ~ [77]
480 FEL; FUBAR —142E+02;  0.04; 473-481 60089 TCE (HLA-B*07:02) Mus musculus 78]
—549 0.90
470-487 97410 TCE Homo sapiens  [79]
442-480 97680 BCE Homo sapiens  [72]
NA 179 FEL; —5.66E+02; 0.006; 176-192 1765922 TCE Homo sapiens  [48]
IFEL; —5.66E+02;  0.03;
FUBAR —6.53 0.94
303 FEL; —3.26E+02; 0.01; 291-307 1765863¢ TCE Homo sapiens 48]
IFEL; —3.26E+02; 0.05;
FUBAR —6.28 0.93
M1 24,25 FEL; —1.68E4+02;  0.04; 18-29 21686 TCE (HLA-DRA*01:01/  Homo sapiens  [80,81]
REL; —2.39; 17541.5; DRB1*01:01; HLA-DR1)
IFEL & —1.68E+02& 0.05&
FEL; —3.31E4+01;  0.05;
REL; —2.39; 20025;
FUBAR —5.39 0.94
19-31 48376 TCE (HLA-DRB1*01:01;  Homo sapiens  [82]
HLA-DRB1*01:02)
8-36 97289 BCE Homo sapiens  [72]
1-51 97507 BCE Homo sapiens  [72]
109 FEL; —5.37E4+01;  0.04; 97-116 1271748 TCE (HLA-DRB1*01:03)  Homo sapiens  [83]
REL; —2.39; 19064.4;
FUBAR —422 091
1478209 TCE (HLA-DRB1*07:01)  Homo sapiens  [73]

(continued on next page)
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Table 4 (continued)

Protein  Statistically Method(s)  dN-dS/o? p-Value/posterior Functionally [EDB-Epitope  Function(s) Host Reference(s)
reliable amino prob. /Bayes factor® known epitope D¢ organism(s)
acid sites length (from-to)
101-113 1512752 TCE (HLA-DRA*01:01/ ~ Homo sapiens  [84]
DRB1*04:01)
89-119 1003682 BCE Mus musculus  [85]
137 REL; —2.39; 19246.7; 121-140 1478196 TCE (HLA-DRB1*04:04) Homo sapiens  [73]
FUBAR —3.98 0.91
121-137 1765990 TCE (HLA-B*35:01) Homo sapiens 48]
146 REL; —2.39; 1.44E+-08; 146-160 1036074¢ TCE Mus musculus  [47]
FUBAR —4.20 0.96
205 FEL; —3.26E4+01;  0.04; 201-220 1764869 TCE (HLA-DRB1*11:01)  Homo sapiens  [86]
REL; —2.39; 24927.7,
FUBAR —4.79 0.94
1764871 TCE (HLA-DRB1*13:01)  Homo sapiens  [86]
196-205 1828514 TCE (HLA-B*18:01) Homo sapiens  [87]
188-226 1005256 BCE Mus musculus  [88]
NS2 92 FEL; —3.42E+02;  0.02; 91-105 1007685 TCE Mus musculus  [47]
FUBAR —4.96 0.92

It is noted that no purifying selected site is inferred for M2 and among the 5 purifying selected sites, no statistically significant site is observed for NS2.

@ It is appropriately scaled dN-dS from SLAC/FEL/IFEL/REL of Datamonkey.

b |t shows p-values of the SLAC/FEL/IFEL (or) the posterior probability of FUBAR method (or) the Bayes factor values of the REL method (the posterior probabilities are included just for

reference).

¢ Epitope identification codes of functionally known epitopes were obtained from the Immune Epitope Database and Analysis Resource (IEDB) (www.immuneepitope.org).

4" These epitopes are categorized as negative in the qualitative measurement. Experimentally derived epitopes that are available in IEDB are quantitatively categorized either as positive
or negative based on the B cell and/or T cell assays (ELISA/FACs/bioassay, etc.) ‘immunogen epitope relation’ reactions, where the epitopes of influenza are recognized by antisera of in-
fluenza infected host human/mouse; the immunogen that the host was exposed to was the influenza virus [52]. The present results show few quantitatively negative epitopes that should
also be important to verify experimentally, whether it will produce positive response against the novel A/H7N9 virus.Experimentally identified epitopes, epitope identification codes, host
organisms (which were used to expose the immunogen) and the literature information interpreted in this study, were collected from the IEDB.

have inferred a total of 11 and 17 amino acid sites of HA and NA respec-
tively, under strong purifying selections. In my previous study on pan-
demic A/H1NT1 viruses, I have identified 15 sites of PB2, PB1, PA, HA,
NP, NA, M1 and NS1 proteins, as negatively selected using multiple sta-
tistical methods (unpublished report). In order to confirm, whether
both the pandemic A/HIN1 and novel A/H7N9 viruses evolved through
identical negatively selected amino acid sites, [ have compared the pres-
ent results with the observations of Barrero et al. [39] and my unpub-
lished work, and found no identical negatively selected sites. It could
be attributed to the use of different subtype sequences and different sta-
tistical methods for the adaptive selection analyses. Notably, negatively
selected sites identified in the present study are based on the multiple
methods obviously indicating that the strength of the amino acid sites
under strong negative selection pressures will be more reliable. Al-
though, there was no purifying selected site inferred from the M2 and
NS1 proteins, a single statistically reliable amino acid site 24 of PB1-F2
has not been finally considered as negatively selected, because this
site was just inferred by a single method.

2.3. Amino acid sites and their functional annotations

The human immune response against viruses highly depends on the
antibodies' ability to recognize the conserved epitopes of the viruses. As
a part of the immune response, T-cells provide a form of protection by
identifying T-cell epitopes (TCEs) of the viruses [3,40,41]. On the other
hand, B-cells are neutralizing the viral infectivity by recognizing the re-
spective B-cell epitopes (BCEs) [42]. In addition to these natural im-
mune responses, vaccines are promoting acquired immunity against
viral infections. A distinctive method of producing a vaccine is to culti-
vate the influenza viruses in embryonated chicken eggs [43]. At this
point, amino acid sites that facilitate the virus to adapt and grow up in
an embryonated chicken egg can be identified by means of comparing
the genomic sequences of the control virus and isolates from the embry-
onated chicken egg [44]. Apart from the natural and acquired immune
responses, specific drugs are also available to successfully eliminate
the viruses. A few amino acid sites of viruses are found to be involved
in the resistance to drugs like Amantadine and Oseltamivir [3,45,46].
Hence, in the present study, there it is also important to understand

the functions of amino acid sites of the novel A/H7N9 virus that are
under strong natural selection pressures (Table 4).

The biological function of the single positively selected amino acid
site 627 (E) of PB2 is identified as TCE [47,48]. This positively selected
site in the T-cell antigenic region is possibly caused by vaccination and
continuous use of anti-viral drugs. This site might help the A/H7N9
virus to better adapt to the human host and can reduce the efficiency
of existing vaccines [34]. In addition, this site is known to enhance the
replication of avian influenza viruses in mammals and is also identified
as a marker of mammalian adaptation [13,49]. Further experimental
analyses are critical to understand whether any potential changes
that will affect the viral transmissibility between humans and their
pathogenicity in birds. Notably, no positively selected site is found to
be involved in the BCE, antiviral resistance and growth in eggs. Interest-
ingly, the function of negatively selected amino acid positions 608
(T) and 609 (K) of PA, 480 (D) of NP, and 24 (I), 25 (A), 109 (F) and
205 (V) of M1 were found to be involved in both BCEs and TCEs. How-
ever, a total of sixteen sites, which included 185 (I), 490 (S), 499
(D) and 652 (N) of PB2, 738 (E) and 740 (F) of PB1, 681 (F) of PA, 365
(H) and 366 (Q) of HA, 129 (A) and 286 (A) of NP, 179 (S) and 303
(D) of NA, 137 (T) and 146 (L) of M1, and 92 (N) of NS2, were found
to be involved only in TCEs (Table 4; Supplementary Fig. 1). The
function of positions 62 (I) of PA, 43 (E) and 113 (E) of HA are unknown;
however, the adjacent site 44 of HA is involved in BCE (epitope C) [3,50],
suggesting that site 43 might also be involved in this function. No adja-
cent site with a known function was found for other functionally
unknown sites such as 62 of PA and 113 of HA. Overall, functions for
23 out of 26 negatively selected amino acid sites were exactly inferred
with known immune epitopes. Amino acid site 226 of HA was inferred
with statistical significance (posterior probability 0.91) by single
method FUBAR. It is imperative to discuss here as its substitution has
been associated with reduced binding to avian-like receptors, with sialic
acids linked to galactose by a-2,3 linkages that are found in the human
lower respiratory tract. This is also associated with enhanced ability
to bind to mammalian-like receptors bearing sialic acids linked to galac-
tose by a-2,6 linkages, which are located in the upper airways of
humans and other mammals. Experimentally, the Q226L of HA of A/
H5N1 avian influenza virus was found to be linked with increased
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evidence of respiratory transmission between ferrets [12,16,51]. Exper-
imentally derived epitopes available in the Immune Epitope Database
(IEDB) and Analysis Resource are quantitatively categorized either as
positive or negative, based on the B-cell and/or T-cell assays (ELISA/
FACs/bioassay, etc.) ‘immunogen epitope relation’ reactions, where
the epitopes of influenza could be recognized by antisera of infected
host like human, mouse, etc. [52]. The present results also show that
a few quantitatively negative epitopes (Table 4), which will also be
important to verify experimentally, will produce a positive response
against the novel A/H7N9 virus. It would be interesting to examine
the functions of both positive and negatively selected sites of the A/
H7N9 virus, experimentally, using site directed mutagenesis. Remark-
ably, no negatively selected site is found to be involved in anti-viral
drug resistance and growth in eggs. It should be noted that at present
no vaccine is available for the prevention of the novel A/H7N9 virus. It
is unclear whether the current candidate H7 vaccine viruses including
three of North American viruses and the other three are avian viruses
(e.g. A/Mallard/Netherlands/12/2000 (H7N3)) from the Netherlands
might be effective. Recently, the influenza H7N9 A/Shanghai/2/2013
and wild type A/Anhui/1/2013 strains have been proposed to be
the appropriate vaccine candidates; since, these have passed relevant
safety testing and two-way HA inhibition tests [53]. In addition, the
A/Anhui/1/2013 strain is found to be growing well in eggs [13]. The
anti-viral drug NA inhibitors including Oseltamivir and Zanamivir are
fairly effective in treating an early infection of the novel A/H7N9 virus
[54].

The low pathogenic avian-origin A/H7N9 virus can more possibly
become highly pathogenic in humans [28]. A single positively selected
site of the A/H7N9 virus involved in TCE is supported by a statistical
BF value of 4059.3 and a posterior probability of 0.94 (Tables 3, 4). The
success rate of human antibody protection against viruses highly de-
pends on how the antibodies can recognize the conserved BCEs and
TCEs of viruses [41]. Amino acid mutations in many TCEs are expected
to be advantageous, since, the haplotype of HLA restricts T-cells to rec-
ognize TCEs whereas it fails to restrict B-cells to recognize BCEs [3,55].
But, in the present study, one positively selected site and 23 negatively
selected sites are identified to be involved in TCEs indicating that the
majority of the amino acid mutations in A/H7N9 virus are deleterious.
In support of this issue, a majority of the sites under negative selection
are found to be involved in TCEs than in BCEs. Markedly, negatively se-
lected sites are involved only in TCEs (p values 0.006-0.05; BFs
19246.7-1.44E+-08) are efficient when compared to the sites involved
in both BCEs and TCEs (p values 0.03-0.05; BFs 17541.5-24927.7)
(Table 4). It apparently indicates that both humoral and cellular im-
mune responses are engaged in the elimination of the A/H7N9 viruses
in humans [56]. The present results reported are consistent with earlier
reports [10,56,57], where they also observed both types of immune re-
sponses against hepatitis C viruses and influenza A viruses. Vaccines are
available to induce immune responses against BCEs of influenza viruses
[58]. Almost all the negatively selected sites of polio viruses were appar-
ently involved in BCEs, and the vaccine based on these sites was known
to be tremendously successful [59]. In the present study, 7 amino acid
sites, which include a single site of NP, two sites of PA and four sites of
M1 (p 0.03-0.05) under negative selection are found to be involved in
both BCEs and TCEs (Table 4). Conspicuously, these negatively selected
sites most likely have no potential to generate immune-escape variants,
mainly due to the strong functional constraints operating them. Purify-
ing selected sites under strong functional constraints will be considered
as suitable targets for developing candidate vaccines and drugs, as most
of the substitutions at these amino acid sites are probably intolerable
[59-61]. Developing vaccines and drugs for multiple targets would
be preferable due to its less susceptibility to make escape mutants
[3,62-64]. Thus, amino acid sites engaged in both BCEs and TCEs are
measured as highly suitable targets, as these sites would play a principal
role in inducing strong humoral and cellular immune responses against
targets. In the context of these findings, developing a successful vaccine

against A/H7N9 viruses would require further experimental study to
validate the accurate role of these sites in developing candidate vaccine.

3. Materials and methods
3.1. Sequence selection

The entire protein-coding regions of the avian-origin human influ-
enza A/H7N9 viruses, which caused the recent outbreak in China,
were extracted from the NCBI Influenza Virus Resource [65]. Among
the eight gene segments, the five segments PB2, PA, HA, NP and NA
encode a single protein whereas the rest of the three segments PB1,
MP and NS encode two proteins, namely, PB1 and PB1-F2, M1 and M2,
and, NS1 and NS2, respectively. Nucleotide positions 95-367 of PB1
and the entire region (positions 1-273) of PB1-F2, positions 1-27 of
both M1 and M2 and positions 1-30 of both NS1 and NS2 overlapped
in different reading frames. [ have retrieved (dated 31-05-2013) all
the available PB2, PB1, PB1-F2, PA, HA, NP, NA, M1, M2, NS1 and NS2
gene sequences of novel A/H7N9 viruses. In order to finalize the
sequences for natural selection analysis, the following circumstances
were taken into consideration for elimination, i) sequences which are
bemused (different virus species and/or segments selected), ii) se-
quences derived from the same strains as others, iii) laboratory and
vaccine strains, and iv) shorter sequences. The A/H7N9 viral strains
names and their databank accession numbers employed in the present
study are listed in Supplementary Table 1.

3.2. Natural selection analysis

Natural selection pressures operating on individual codon sites of A/
H7N9 viruses were detected by computing ‘e, the ratio between non-
synonymous (dN) and synonymous (dS) substitutions. In general, the
ratio (o = dN / dS) has a straightforward measurement of selective
pressure at each codon of protein-coding genes with ‘©’ values of >1,
1 and <1 indicating diversifying, neutral and purifying selection, respec-
tively [10,35,66]. For selection analysis, the CML, HB and BS methods
under different substitution models were employed from Datamonkey
[23], to estimate the ‘®’ value for each codon of the A/H7N9 virus
protein-coding genes. The methods are well described in detail [10,22,
67-69]. In brief, the selection analyses were made with four indepen-
dent CML methods namely SLAC, FEL, REL [67] and IFEL [22], one HB
method namely FUBAR [69], and one BS evolutionary method namely
MEME [68]. Interestingly, for detecting the selection pressures, the
SLAC method estimates the number of non-synonymous and synony-
mous changes at each codon based on the evolutionary history of the
sequences. The FEL method estimates the non-synonymous and synon-
ymous substitution rates at each site directly, whereas, IFEL estimates
the selection pressure at each codon of the sequences sampled from a
population (i.e. along internal branches) [22]. The REL method works
based on the predefined distribution in terms of selection pressure at
each amino acid site inferred by using empirical Bayes approach. The
FUBAR method uses a MCMC approach, but it ensures sturdiness against
model misspecification by averaging over a large number of predefined
site classes. This leaves the distribution of selection parameters basically
unconstrained [69]. The MEME method used to find out the variation
over branches (not just sites) is described in the REL framework [68].
Apart from the diverse or slightly diverse principles, the aforemen-
tioned methods are working based on the principle of underlying
phylogeny and codon substitution model that allow for a reasonable
comparison between different approaches. In this way, [ have employed
these six independent approaches on novel A/H7N9 virus coding genes
to perform a series of simulations to evaluate the statistical properties of
each approach.

The coding regions of A/H7N9 viruses were used as input in
Datamonkey; consequently this server automatically translated the
protein-coding genes into respective protein sequences. The best
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model was identified among the 203 nucleotide substitution models for
each method for each gene/protein via a model selection test (Table 1).
The differential test significance levels were given as 0.1 for SLAC, FEL,
MEME and IFEL analyses, 0.9 for FUBAR and the empirical Bayes factor
(BF) was given as 50 for REL. The ‘o’ ratio of amino acid sites under
selection pressures either with p-values < 0.05 or posterior probabili-
ty > 0.9 or Bayes factors > 20 were considered statistically significant.
The location of the amino acid sites under the positive and negative se-
lection pressures in the entire protein sequences of the novel A/H7N9
virus were highlighted with red and blue colors, respectively, using
BioEdit v7.1.3 (http://www.mbio.ncsu.edu/BioEdit/bioedit.html)
(Supplementary Fig. 1). Moreover, in order to understand the functions
of amino acid sites under strong positive and purifying selection pres-
sures, | have annotated these sites with functionally known amino
acid sites, which are involved in immune epitopes, growth in eggs and
anti-viral drug resistance. The IEDB [52] was used as a source to retrieve
the functionally verified immune epitopes, whereas, for growth in eggs
and anti-viral drug resistance, the findings of earlier reports [3,44-46]
were used as a source for annotations.
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