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ABSTRACT

A broad range of naturally occurring antigenic variants of the influenza virus is caused by its rapid evolutionary variability. The
survival of viable influenza virus variants occurs through natural selection. The treatment of influenza infection with modern
antiviral drugs — neuraminidase (NA) inhibitors — leads to the occurrence of mutations in the NA gene, which thereby result in
the emergence of virus resistance to these drugs. The goal of this study was to determine the selection pressure on the NA protein
of influenza viruses isolated in Ukraine from 2009 to 2015. The main method for assessing the selection pressure on proteins is
to quantify the ratio of substitution rates at nonsynonymous (dN) and synonymous (dS) sites. With the help of this method, we
showed that only a few codons in the NA gene were under positive selection resulting in mutations at the following sites: for in-
fluenza A viruses of the A(HIN1)pdm09 subtype - site 40, for viruses of the A(H3N2) subtype - sites 93 and 402, for Influenza B vi-
ruses of the B/Yamagata lineage — sites 74, 99, and 268, and for the viruses of the B/Victoria lineage - sites 358, 288, and 455. These
sites are not associated with the NA active site, transmembrane domain, or the antigenic sites of this protein. We concluded that
NA inhibitors are not a significant factor in the process of selection of the influenza viruses in Ukraine because the sites associated
with the resistance of influenza viruses to NA inhibitors were not affected by positive selection. This finding could be explained by

the limited use of NA inhibitors for the treatment of influenza infections in Ukraine.

INTRODUCTION

Annual seasonal circulations of influenza virus cause
diseases in people that can account for significant mor-
tality — from 290,000 to 650,000 people — in the world
population according to the estimates of the World
Health Organization (WHO) [1, 2]. There are four known
types of the influenza virus - A, B, C, and D, of which only
type A and B viruses cause seasonal epidemics. Influenza
A viruses in turn are divided into subtypes depending on
the type of the main surface glycoproteins of the virus —
hemagglutinin (HA) and neuraminidase (NA). Currently,
18 subtypes of HA (HA1 - HA18) and 11 of NA (N1 -N11)
are known. The two subtypes — A(HIN1) and A(H3N2) —
are responsible for the seasonal influenza epidemics. For
influenza B virus, two main lineages B/Yamagata and B/
Victoria are known. A broad variety of existing antigenic
variants of the influenza virus is caused by its rapid evo-
lutionary variability [2, 3]. The high frequency of muta-
tions that occur in the genome of the influenza virus,
represented by negative-sense single-stranded segment-
ed RNA, and the lack of proofreading activity of the viral
RNA polymerase lead to the emergence of a large num-
ber of mutations that eventually cause the formation of
new antigenic variants. This phenomenon is known as
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antigenic drift. The segmented structure of the influenza
virus genome determines the ability to exchange frag-
ments between the strains of the same virus type, which
leads to the emergence of new viruses and is called an-
tigenic shift. The survival of viable viral mutants is con-
trolled by natural selection.

The main licensed drugs that are currently used for
the prevention and treatment of influenza A and influ-
enza B infections are the NA inhibitors — zanamivir, os-
eltamivir, laninamivir, and peramivir [4]. The mechanism
of action of these drugs is based on blocking the function
of viral NA and that leads to the limited spreading of the
virus in the respiratory tract [5]. Peramivir and laninami-
vir inhibit NA activation for a much longer period of time
than oseltamivir or zanamivir [6, 7]. However, the treat-
ment of patients with these drugs causes mutations in
the NA gene and that leads to the formation and spread
of drug resistant viruses.

The analysis of the nucleotide sequences of HA and
NA genes of the viruses isolated from patients in differ-
ent parts of the globe is widely used to predict the evo-
lutionary variability of the influenza virus as well as to
predict the emergence of new epidemic strains using
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bioinformatics methods, in particular by phylogenetic
analysis [8]. In recent years, phylogenetic analysis has
become one of the main components of epidemiological
surveillance, which is used to determine the relation-
ship and evolution of influenza viruses [9]. Despite the
fact that many research projects devoted to the study of
the selection pressure on the genes of human influenza
viruses have already been performed, the relationship
between positively selected sites, antigenic variability
of the virus, and sensitivity to NA inhibitors are still not
fully understood [10-12].

The goal of the present study was to explore the ef-
fect of selection pressure on the NA gene of the influ-
enza viruses isolated in Ukraine in 2009-2015 as well as
the identification of specific mutations in the NA gene of
influenza virus isolates associated with resistance to NA
inhibitors.

The most common approach used to determine the
selection pressure on proteins is the comparison of the
nonsynonymous (dN) and synonymous (dS) substitu-
tion rates at the sites that are undergoing selection [13,
14]. The dN/dS ratio quantifies the selection pressure
by comparing the rate of these substitutions. If natural
selection contributes to the fixing of the changes in the
protein sequence, the value of the dN/dS ratio is greater
than 1, while if natural selection inhibits changes in the
protein, the value of this ratio is less than 1. If the value
of the dN/dS ratio is close to 1, the selection pressure is
absent. We applied this method to study the selection
pressure on the NA gene of human influenza A viruses of
A(HIN1)pdmO09 and A(H3N2) subtypes as well as influ-
enza viruses of type B of both main lineages B/Yamagata
and B/Victoria isolated in Ukraine in 2009-2015. The
study of the effect of selection pressure on the HA gene
was not a part of this project.

MATERIALS AND METHODS

Viruses

The influenza viruses isolated in epidemic seasons 2009-
2015 were used in this study. Samples were obtained from
patients with influenza-like illness (ILI) and severe acute
respiratory infections (SARI) in the form of nasal swabs,
nasopharynx, or oropharynx. In addition, influenza vi-
rus isolates obtained from the sentinel centers in Kiev,
Odessa, Dnipro, and Khmelnitsky were also included in
this study. The diagnostics of SARI and ILI in patients
was accomplished according to the WHO criteria [15].

Cell lines

The cell line of Madin-Darby canine kidney (MDCK),
which was used in this study, was obtained from the
Smorodintsev Research Institute of Influenza (St. Peters-
burg, Russian Federation). Influenza A(H3N2) viruses
were isolated on a genetically modified MDCK-SIAT1
cells obtained from the Centers for Disease Control and
Prevention (CDC, Atlanta, USA) [16].
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Real-time RT-PCR

Isolation of RNA from the influenza viruses was carried
out using the QIAamp® Viral RNA Mini Kit (QIAGEN,
Germany) according to the manufacturer’s instructions.
The reaction mixture for PCR was prepared according
to the method for the detection of swine and seasonal
A(HIN1)pdmO9 influenza viruses as recommended by
the CDC (Atlanta, USA) [17]. For the PCR, the Ambion
AgPath-IDTM One-Step RT-PCR Kit and a set of primers
and probes (Thermo Fisher Scientific, USA) were used.
The reaction was carried out in a real-time PCR system
Applied Biosystems real-time PCR 7500 (Thermo Fisher
Scientific, USA).

Gene sequencing of influenza viruses

Gene sequencing of the isolated influenza A viruses of
A(H3N2) and A(HIN1)pdmO09 subtypes and type B influ-
enza viruses was carried out at the WHO Influenza Cen-
ter in London (National Institute for Medical Research,
NIMR, London, UK) and at the CDC (Atlanta, USA) ac-
cording to the standard protocol [18]. All of the obtained
nucleotide sequences were deposited to the international
database — Global Initiative on Sharing Avian Influenza
Data (GISAID, http://platform.gisaid.org/).

Phylogenetic analysis

The sequences of the NA genes obtained from influenza
viruses isolated in the 2009-2015 epidemic seasons were
used in this study. A total of 375 Ukrainian influenza
virus isolates were examined. Of these, 142 sequences
belong to influenza A type A(HIN1)pdmO9 subtype,
110 sequences belong to influenza A(H3N2) subtype,
123 sequences — to type B influenza viruses (94 sequences
to the B/Yamagata genetic lineage and 29 sequences to
the B/Victoria genetic lineage). For the identification of
mutations, the comparison of the obtained sequences
was carried out using BLAST analysis (https://blast.ncbi.
nlm.nih.gov/Blast.cgi). For phylogenetic analysis, we se-
lected Ukrainian and European isolates obtained in the
course of the study period as well as vaccine and refer-
ence strains. Multiple sequencing alignment was per-
formed using the ClustalW software [19]. Phylogenetic
analysis was performed by means of the ML (maximum
likelihood) method using the Tamura 92 (T92) model
with an approximation of individual site frequencies by
gamma distribution with bootstrap 1,000 replications.
The construction of phylogenetic trees was carried out
with MEGAG6 software [20, 21]. The final trees were visu-
alized using FigTree 1.4.2 software [22].

The amino acid substitutions leading to resistance
to NA inhibitors were identified: E1191 (V/D), Q136K,
D151E/V 1222L, R224K, E276D, R292K, N294S, R371K -
for influenza A viruses of A(H3N2) subtype; 1117V,
E119G/V, Q136K, Y155H, D198G, 1222K/R/V, S246N/G,
H274Y, N294S - for viruses of A(HIN1)pdm09 subtype;
E119A (G, V, A/D), R152K, D198E (N/Y), 1222T (V/I),
H274Y, R292K, N294S, R371K, G402S - for type B influ-
enza viruses. Numbering was carried out according to N2
[23].
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Study of selection pressure

The study of the NA gene sequences of influenza viruses
was carried out using the Datamonkey server [24, 25] and
the following methods: SLAC (single-likelihood ances-
tor), FEL (fixed-effects likelihood), IFEL (internal branch
fixed-effects likelihood), included in the software pack-
age HyPhy of the Datamonkey server. Furthermore, the
method FUBAR (fast unconstrained Bayesian approxima-
tion) and MEME (mixed-effects model of evolution) were
used. The ratio dN/dS was determined using HyPhy.

RESULTS

Influenza A(H1IN1)pdmO09 viruses

One site (40) that is under positive selection pressure
was detected in NA protein of the influenza A(HIN1)
pdmQ9 viruses: the L40V mutation was found in four
isolates from the 2012-2013 season, and L40I mutation
in viruses circulating in the 2013-2014 and 2014-2015
seasons (Table 1, Fig. 1). A modest effect of positive se-
lection pressure on pandemic influenza viruses was also
recorded by other authors, although they revealed muta-
tions at different sites [12].

Phylogenetic analysis of influenza viruses of the
A(HIN1)pdmO9 subtype revealed a high level of identity,
99%. All Ukrainian influenza viruses were similar to the
A/California/07/2009 virus that was used for the vaccine
strain preparation.

Although Ukrainian isolates of the A(HIN1)pdm09
subtype acquired unique mutations, the majority of sub-
stitutions were located in the same sites as in the isolates
from the neighboring countries [26-31]. For example, all
the Ukrainian isolates of the 2014-2015 epidemic season
contained the typical [117M substitution and were simi-
lar to the strains from European countries such as Italy,
Latvia, Poland, Slovakia, France, Estonia, etc. Similar vi-
ruses were isolated in New Zealand [32]. These results
suggest that mutations in the NA gene did not lead to

significant changes of the NA antigenic properties of the
influenza viruses of this subtype.

Influenza A(H3N2) viruses

Two sites that are under positive selection pressure — 93
and 402 — were detected in influenza viruses of A(H3N2)
subtype using at least one of the following methods -
FEL, IFEL, and FUBAR (Table 1).

The Ukrainian isolate A/Ukraine/175/2011 acquired
mutations D93E and D402N and was similar to the iso-
lates from Belarus and Estonia as well as to the Ukrainian
isolates from the next epidemic season. D93E mutation
was observed only in one isolate A/Ukraine/5381/2012
in the next season. However, in the 2012-2013 season, a
group of viruses with D93G mutation was isolated again.
Therefore, the D93E mutation appeared in the popula-
tion of Ukrainian influenza viruses in the 2010-2011 sea-
son, and in the next season (2011-2012) amino acid 93G
was observed at this position, and the D93G mutation
was still present in the population of Ukrainian viruses
in the 2012-2013 season (Fig. 2). Belanov et al. consider
the D93G mutation as one of the evolutionary markers of
influenza viruses of A(H3N2) subtype [33]. Starting from
the 2012-2013 season, the virus used for the preparation
of the vaccine strain also contained this mutation.

The analysis of the sequences of viruses from accessible
databases (Influenza Virus Resource (IVR) and GISAID)
revealed substitution T267K that is considered to be an
evolutionary marker, which was observed in some Ukrai-
nian isolates from the 2014-2015 season.

Phylogenetic analysis of influenza A(H3N2) viruses
revealed a high level of genetic identity of these viruses,
98.3%.

It is noteworthy that in the 2013-2014 season, the two
viruses A/Ukraine/710/2013 and A/Ukraine/728/2013,
which only differed by one substitution G401D in the NA
protein, were isolated from the same person within a few
days. The amino acid at this position is the part of the NA
antigenic site [34].

Table 1. The results of the assessment of selection pressure on the NA of influenza viruses isolated in Ukraine

Type/subtype of | dN/dS Sites under the selection pressure
the virus positive negative
Site Mutation | Season, years | Total number of sites | Sites, studied by 4 methods *
AHIN1)pdm 0.261 40 L40V 2012-2013 27 2 sites: 395,439
L401 2013-2015
A(H3N2) 0.205 93 D93E 2010-2011 58 10 sites: 106, 107, 128, 182, 296,
D93G 2011-2012 306, 364,427, 432,449
402 N402D 2010-2011
B/Yamagata 0.226 74 L74P 2014-2015 52 7 sites: 64, 83, 114, 173, 272,
99 S991 329,428
268 T268K L83P
B/Victoria 0.292 358 A358K 2011-2012 17 1 site: 371
288 E288Q 2010-2011
455 L4551
*Sites were studied by SLAC, FEL, IFEL, and FUBAR methods
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Fig. 1. Phylogenetic tree of NA gene of A(HIN1)pdmO9 viruses.
Viruses isolated in Ukraine are marked in blue (viruses of the 2010-2011 season are highlighted in yellow, viruses isolated in 2013-2014 are

highlighted in light green); the vaccine strain is marked in red; the reference strains are marked in green.
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Fig. 2. Phylogenetic tree of NA gene of A(H3N2) viruses.
Viruses isolated in Ukraine are marked in blue (viruses of the 2010-2011 season are highlighted in yellow, viruses of 2013-2014 are high-
lighted in light green); the vaccine strains are marked in red; the reference strains are marked in green.
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Type B influenza viruses of the B/Yamagata lineage

The study of influenza B viruses of the B/Yamagata ge-
netic lineage showed the presence of three sites — 74, 99,
and 268 — under the positive selection pressure (Table 1).
Substitutions T268K, S991, and L74P were observed only
in the isolates of 2014-2015 season. At the same time, the
isolates with L74P mutation form a separate group on a
phylogenetic tree (Fig. 3).

Phylogenetic analysis of the NA gene of influenza
B/Yamagata viruses during the studied period showed
high genetic identity, 97.5%. Influenza viruses isolated
in Ukraine during the studied period were similar to the
viruses recommended for the preparation of vaccine
strains in the same epidemic season.

Some of the found substitutions theoretically can af-
fect the conformation of the NA protein. Some Ukrainian
isolates contained substitutions at potential glycosyl-
ation sites (A465T, R65H) or NA stem region (R65H). In
addition, substitutions at the T125K and V71L (loop-120)
were found. The amino acid substitutions T125K, E148G
(loop-150), and D235N (helix-190) were found in some
viruses isolated in the 2013-2014 season [26]. According
to the data of the Influenza Center in London [27], the
influenza viruses isolated in this season contained indi-
vidual substitutions that were atypical for the Ukrainian
isolates, namely: T46I, A55T, G70R, E77A, 1262T, R295H,
A358T, and K382R.

Type B influenza viruses of the B/Victoria lineage

For influenza viruses of type B of the genetic lineage B/
Victoria, the following sites under the positive selection
pressure were found: 358, 288, and 455 (IFEL, MEME)
(Table 1). In some cases, only the single mutations
E288Q and L4551 were found in Ukrainian isolates cir-
culated during the 2010-2011 epidemic season (Fig. 4).
However, the A358K mutation, which appeared in viruses
circulated in the 2011-2012 season, was observed in all
the isolates of the B/Victoria lineage. This result shows
that the above-mentioned substitution has been fixed in
the influenza virus population as a result of positive se-
lection pressure. A phylogenetic comparison of the NA
genes of the B/Victoria lineage isolates revealed a high
level of genetic identity of 98.4%.

DISCUSSION

The gradual accumulation of mutations in the gene leads
to a change in the structure of the encoded protein, which
in turn can lead to a change in the biological properties
of the virus, such as the rate of virus spreading, the se-
verity of the disease caused by the virus, contagiousness,
sensitivity to drugs, etc. [2]. The study of mechanisms of
molecular adaptation of influenza viruses is one of the
fundamental goals of evolutionary biology. Nonsynony-
mous mutations are fixed in the population more often
than synonymous ones. This is usually observed when
new mutations provide certain advantages for the pro-
tein (virus); then, they have a greater chance of fixation.
This phenomenon is regularly observed in the course
of the evolution of RNA-containing viruses leading to
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changes of surface antigens HA and NA in the case of in-
fluenza virus.

The present paper presents the results of the first
study of the selection pressure effect on the variability
of the NA protein of human influenza viruses and the
emergence of resistance to NA inhibitors conducted in
Ukraine. The analysis results of the NA sequences of vi-
ruses isolated in Ukraine in the period from 2009 to 2015
are as follows: the dN/dS ratio was 0.261 for NA of the
influenza A viruses of A(HIN1)pdm0Q9 subtype, 0.205 for
NA of viruses of A(H3N2) subtype, 0.226 for NA of type
B viruses of B/Yamagata lineage, and 0.292 for NA of
B/Victoria lineage viruses. The obtained data show that
the number of synonymous substitutions prevails over
the number of nonsynonymous ones for each site of NA
protein. This means that for most of the substitutions in
the NA gene, the selection pressure is absent.

The values of the dN/dS ratio determined in this study
for the NA of the influenza viruses of different types and
subtypes are in good agreement with the data reported
by other authors. Therefore, Mostafa et al. reported a dN/
dS ratio equal to 0.22 for the NA of the influenza A(H3N2)
subtype viruses isolated in Germany in 2015 [35], and a
similar value for this ratio was reported by Li et al. who
studied 1,397 viruses of the A(HIN1)pdm09 subtype in
China [12]. In the course of analysis of 98 sequences of
NA of the influenza B type viruses of B/Yamagata lineage
by Horthongkham et al. in Bangkok [36], the dN/dS ratio
was found to be 0.20.

We found that only some sites in the NA turned out to
be under positive selection pressure: site 40 for viruses
of A(HIN1)pdmOQ9 subtype, sites 93 and 402 for influ-
enza A(H3N2) viruses, sites 74, 99, and 268 for influenza
B viruses of the B/Yamagata lineage, and sites 358, 288,
and 455 for the viruses of the B/Victoria lineage. These
sites do not belong to the active center, transmembrane
domain, or antigenic sites of NA. However, as a result of
the selection pressure, mutations at these positions were
fixed in the influenza virus population and these virus-
es often formed a separate branch on the phylogenetic
tree. These results were proved by analyzing a number
of selected sites by all four methods (SLAC, IFEL, FEL,
and FUBAR). In one of the isolates of the B/Yamagata
lineage — B/Odessa /389/2015 - the L83P mutation was
detected. Since this mutation was not found in the influ-
enza virus population in the 2017-2018 season, it was not
a fixed mutation.

The treatment of influenza with NA inhibitors can
create selective pressure on the emergence of virus re-
sistance to these drugs, which can in turn affect the ge-
netic diversity of the viral population. The emergence of
the viral resistance to the antiviral drugs is an important
problem of public health care. However, in the course of
our study, no positive selection pressure was found on
the sites associated with resistance to NA inhibitors.
Therefore, in Ukraine, NA inhibitors are not a significant
factor in the process of selection of the influenza viruses.
Apparently, this is due to the fact that NA inhibitors are
not widely used for the treatment of influenza infections
in Ukraine. However, these studies should be continued.
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Fig. 3. Phylogenetic tree of the NA gene of influenza viruses of B/Yamagata lineage.
Viruses isolated in Ukraine are marked in blue; the vaccine strains are marked in red; the reference strains are marked in green.
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Fig. 4. Phylogenetic tree of the NA gene of influenza viruses of B/Victoria lineage.
Viruses isolated in Ukraine are marked in blue; the vaccine strain is marked in red. The strains of 2009-2010 are highlighted in blue.

Volume 6 Number1 2019 67

mir-journal.org



Selection pressure on the NA gene

ACKNOWLEDGEMENTS

The study was performed in cooperation with and sup-
ported by the WHO Influenza Center in London (Na-
tional Institute for Medical Research, NIMR, London, UK)
and the US Centers for Disease Control and Prevention
(CDC, Atlanta, USA), where influenza viruses isolated in
Ukraine were sequenced.

CONFLICT OF INTEREST

The authors do not pursue commercial or financial in-
terests.

REFERENCES

1. World Health Organization. Influenza Burden of dis-
ease. Available: https://www.who.int/influenza/sur-
veillance_monitoring/bod/en/

2. Chow EJ, Doyle JD, Uyeki TM. Influenza virus-relat-
ed critical illness: prevention, diagnosis, treatment.
Crit Care. 2019; 23(1), 214. doi: 10.1186/s13054-019-
2491-9.

3. Lazniewski M, Dawson WK, Szczepinska T, Plewc-
zynski D. The structural variability of the influenza
A hemagglutinin receptor-binding site. Brief Funct
Genomics. 2018; 17(6), 415-27. doi: 10.1093/bfgp/
elx042.

4. Shie J], Fang JM. Development of effective anti-in-
fluenza drugs: congeners and conjugates — a review.
] Biomed Sci. 2019; 26(1), 84. doi: 10.1186/512929-
019-0567-0.

5. Moscona A. Neuraminidase inhibitors for influenza.
N Engl ] Med. 2005; 353(13), 1363-73. doi: 10.1056/
NEJMra050740.

6. Bantia S, Arnold CS, Parker CD, Upshaw R, Chand P.
Anti-influenza virus activity of peramivir in mice with
single intramuscular injection. Antiviral Res. 2006;
69(1), 39-45. doi: 10.1016/j.antiviral.2005.10.002.

7. Ishizuka H, Yoshiba S, Okabe H, Yoshihara K. Clinical
pharmacokinetics of laninamivir, a novel long-acting
neuraminidase inhibitor, after single and multiple in-
haled doses of its prodrug, CS-8958, in healthy male
volunteers. ] Clin Pharmacol. 2010; 50(11), 1319-29.
doi: 10.1177/0091270009356297.

8. Timofeeva TA, Asatryan MN, Altstein AD, Narodis-
ky BS, Gintsburg AL, Kaverin NV. Predicting the Evo-
lutionary Variability of the Influenza A Virus. Acta
Naturae. 2017; 9(3), 48-54. PubMed PMID: 29104775.

9. Sunagawa S, Tha Y, Taira K, Okano S, Kinjo T, Higa F,
et al. An Epidemiological Analysis of Summer Influ-
enza Epidemics in Okinawa. Intern Med. 2016; 55(24),
3579-84. doi: 10.2169/internalmedicine.55.7107.

mir-journal.org

CITATION

Babii SV, Leibenko LV, Radchenko LV, Golubka OS, Te-
teriuk NV, Mironenko AP. The selection pressure on
the neuraminidase gene of influenza viruses isolated in
Ukraine from 2009 to 2015. MIR ] 2019; 6(1), 60-69. doi:
10.18527/2500-2236-2019-6-1-60-69.

COPYRIGHT

© 2019 Leibenko et al. This is an open access article dis-
tributed under the terms of the Creative Commons At-
tribution-NonCommercial-ShareAlike 4.0 International
Public License (CC BY-NC-SA), which permits unrestrict-
ed use, distribution, and reproduction in any medium, as
long as the material is not used for commercial purposes,
provided the original author and source are cited.

10. Shen J, Ma J, Wang Q. Evolutionary trends of
A(HIN1) influenza virus hemagglutinin since 1918.
PLoS One. 2009; 4(11), €7789. doi: 10.1371/journal.
pone.0007789.

Janies DA, Voronkin IO, Studer J, Hardman J, Alexan-
drov BB, Treseder TW, et al. Selection for resistance
to oseltamivir in seasonal and pandemic HIN1 influ-
enza and widespread co-circulation of the lineages.
Int ] Health Geogr. 2010; 9, 13. doi: 10.1186/1476-
072X-9-13.

Li W, Shi W, Qiao H, Ho SY, Luo A, Zhang Y, et al. Posi-
tive selection on hemagglutinin and neuraminidase
genes of HIN1 influenza viruses. Virol J. 2011; 8, 183.
doi: 10.1186/1743-422X-8-183.

Yang Z, Bielawski JP. Statistical methods for detect-
ing molecular adaptation. Trends Ecol Evol. 2000;
15(12), 496-503. doi: 10.1016/50169-5347(00)01994-
7.

Poon AF, Frost SD, Pond SL. Detecting signatures
of selection from DNA sequences using Datamon-
key. Methods Mol Biol. 2009; 537, 163-83. doi:
10.1007/978-1-59745-251-9 8.

Kalil AC, Thomas PG. Influenza virus-related critical
illness: pathophysiology and epidemiology. Crit Care.
2019; 23(1), 258. doi: 10.1186/s13054-019-2539-x.
Zholobak NM, Mironenko AP, Shcherbakov AB, Shy-
dlovska OA, Spivak MY, Radchenko LV, et al. Cerium
dioxide nanoparticles increase immunogenicity of
the influenza vaccine. Antiviral Res. 2016; 127, 1-9.
doi: 10.1016/j.antiviral.2015.12.013.
Baselga-Moreno V, Trushakova S, McNeil S, Somini-
na A, Nunes MC, Draganescu A, et al. Influenza epi-
demiology and influenza vaccine effectiveness dur-
ing the 2016-2017 season in the Global Influenza
Hospital Surveillance Network (GIHSN). BMC Public
Health. 2019; 19(1), 487. doi: 10.1186/s12889-019-
6713-5.

11.

12.

13.

14.

15.

16.

17.

68 Volume 6 Number1 2019


https://www.who.int/influenza/surveillance_monitoring/bod/en
https://www.who.int/influenza/surveillance_monitoring/bod/en
10.1093/bfgp/elx
10.1093/bfgp/elx

Selection pressure on the NA gene

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Volume 6 Number 1

Shu B, Wu KH, Emery S, Villanueva ], Johnson R,
Guthrie E, et al. Design and performance of the CDC
real-time reverse transcriptase PCR swine flu panel
for detection of 2009 A (HIN1) pandemic influen-
za virus. ] Clin Microbiol. 2011; 49(7), 2614-9. doi:
10.1128/JCM.02636-10.

Tamura K, Peterson D, Peterson N, Stecher G, Nei M,
Kumar S. MEGAS5: molecular evolutionary genetics
analysis using maximum likelihood, evolutionary
distance, and maximum parsimony methods. Mol
Biol Evol. 2011; 28(10), 2731-9. doi: 10.1093/molbev/
msri121.

Tamura K, Stecher G, Peterson D, Filipski A, Kumar S.
MEGAG6: Molecular Evolutionary Genetics Analysis
version 6.0. Mol Biol Evol. 2013; 30(12), 2725-9. doi:
10.1093/molbev/mst197.

Saitou N, Nei M. The neighbor-joining method: a new
method for reconstructing phylogenetic trees. Mol
Biol Evol. 1987; 4(4), 406-25. doi: 10.1093/oxford-
journals.molbev.a040454.

Rambaut A. FigTree. 2014. v.1.4.2: tree drawing tool.
[Accessed 16 Jun 2015]. Available: http://tree.bio.
ed.ac.uk/software/figtree/

Nguyen HT, Fry AM, Gubareva LV. Neuraminidase in-
hibitor resistance in influenza viruses and laboratory
testing methods. Antivir Ther. 2012; 17, 159-73. doi:
10.3851/IMP2067.

Delport W, Poon AF, Frost SD, Kosakovsky Pond SL.
Datamonkey 2010: a suite of phylogenetic analysis
tools for evolutionary biology. Bioinformatics. 2010;
26(19), 2455-7. doi: 10.1093/bioinformatics/btq429.
Kosakovsky Pond SL, Frost SD. Not so different after
all: a comparison of methods for detecting amino
acid sites under selection. Mol Biol Evol. 2005; 22(5),
1208-22. doi: 10.1093/molbev/msi105.

Report prepared for the WHO annual consultation on
the composition of influenza vaccine for the South-
ern Hemisphere, 23rd — 25th September 2013 // WHO
Influenza Centre, London. Available: https://www.
crick.ac.uk/sites/default/files/2018-07/nimr-report-
sep2013final.pdf

Report prepared for the WHO annual consultation
on the composition of influenza vaccine for the
Northern Hemisphere 2015/16, 23rd — 25th February
2015 // WHO Influenza Centre, London. Available:
https://www.crick.ac.uk/sites/default/files/2018-07/
nimr-report-feb2015-web.pdf

Report prepared for the WHO annual consulta-
tion on the composition of influenza vaccine for
the Southern Hemisphere, 22 - 24 September
2014 // WHO Influenza Centre, London. Available:

2019

69

29.

30.

31.

32.

33.

34.

35.

36.

https://www.crick.ac.uk/sites/default/files/2018-07/
nimr-vem-report-sep-14-web.pdf

Report prepared for the WHO annual consultation on
the composition of influenza vaccine for the South-
ern Hemisphere, September 2010 // WHO Influenza
Centre, London. Available: https://www.crick.ac.uk/
partnerships/worldwide-influenza-centre/annual-
and-interim-reports

Report prepared for the WHO annual consulta-
tion on the composition of influenza vaccine for
the Southern Hemisphere, 26th — 30th September
2011 // WHO Influenza Centre, London. Available:
https://www.crick.ac.uk/sites/default/files/2018-07/
interim-report-sep-2011.pdf

Report prepared for the WHO annual consulta-
tion on the composition of influenza vaccine for
the Southern Hemisphere, 17th — 19th September
2012 // WHO Influenza Centre, London. Available:
https://www.crick.ac.uk/sites/default/files/2018-07/
interim_report_september 2012 2.pdf

Influenza Surveillance in New Zealand 2014 // In-
stitute of Environmental Science and Research Ltd
(ESR): Wellington, New Zealand, 18 June 2015, p. 95.
Available: https://surv.esr.cri.nz/PDF_surveillance/
Virology/FluAnnRpt/InfluenzaAnn2014.pdf

Belanov SS, Bychkov D, Benner C, Ripatti S, Ojala T,
Kankainen M, et al. Genome-Wide Analysis of Evolu-
tionary Markers of Human Influenza A(HIN1)pdm09
and A(H3N2) Viruses May Guide Selection of Vaccine
Strain Candidates. Genome Biol Evol. 2015; 7(12),
3472-83. doi: 10.1093/gbe/evv240.

Agrawal AS, Sarkar M, Ghosh S, Roy T, Chakrabarti S,
Lal R, et al. Genetic characterization of circulating
seasonal Influenza A viruses (2005-2009) revealed
introduction of oseltamivir resistant HIN1 strains
during 2009 in eastern India. Infect Genet Evol. 2010;
10(8), 1188-98. doi: 10.1016/j.meegid.2010.07.019.
Mostafa A, Abdelwhab el SM, Slanina H, Hussein MA,
Kuznetsova I, Schuttler CG, et al. Phylogenetic anal-
ysis of human influenza A/H3N2 viruses isolated in
2015 in Germany indicates significant genetic diver-
gence from vaccine strains. Arch Virol. 2016; 161(6),
1505-15. doi: 10.1007/s00705-016-2815-x.
Horthongkham N, Athipanyasilp N, Pattama A,
Kaewnapan B, Sornprasert S, Srisurapanont S, et al.
Epidemiological, Clinical and Virological Character-
istics of Influenza B Virus from Patients at the Hospi-
tal Tertiary Care Units in Bangkok during 2011-2014.
PLoS One. 2016; 11(7), e0158244. doi: 10.1371/jour-
nal.pone.0158244.

mir-journal.org


https://www.crick.ac.uk/sites/default/files/2018-07/nimr-report-sep2013final.pdf
https://www.crick.ac.uk/sites/default/files/2018-07/nimr-report-sep2013final.pdf
https://www.crick.ac.uk/sites/default/files/2018-07/nimr-report-sep2013final.pdf
https://www.crick.ac.uk/sites/default/files/2018-07/nimr-report-feb2015-web.pdf
https://www.crick.ac.uk/sites/default/files/2018-07/nimr-report-feb2015-web.pdf
https://www.crick.ac.uk/sites/default/files/2018-07/nimr-vcm-report-sep-14-web.pdf
https://www.crick.ac.uk/sites/default/files/2018-07/nimr-vcm-report-sep-14-web.pdf
https://www.crick.ac.uk/sites/default/files/2018-07/interim-report-sep-2011.pdf
https://www.crick.ac.uk/sites/default/files/2018-07/interim-report-sep-2011.pdf
https://www.crick.ac.uk/sites/default/files/2018-07/interim_report_september_2012_2.pdf
https://www.crick.ac.uk/sites/default/files/2018-07/interim_report_september_2012_2.pdf
https://surv.esr.cri.nz/PDF_surveillance/Virology/FluAnnRpt/InfluenzaAnn2014.pdf
https://surv.esr.cri.nz/PDF_surveillance/Virology/FluAnnRpt/InfluenzaAnn2014.pdf
http://tree.bio.ed.ac.uk/software/ figtree/
http://tree.bio.ed.ac.uk/software/ figtree/
https://www.crick.ac.uk/partnerships/worldwide-influenza-centre/annual-and-interim-reports
https://www.crick.ac.uk/partnerships/worldwide-influenza-centre/annual-and-interim-reports
https://www.crick.ac.uk/partnerships/worldwide-influenza-centre/annual-and-interim-reports

