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Abstract

A novel avian origin influenza H7N9 virus emerged in March 2013 in China and caused severe
disease in humans. The high human death rate has caused public health concern and attracted
global attention. The influenza viruses have two surface proteins: hemagglutinin (HA) and neura-
minidase (NA), with HA facilitating viral entry into a host cell and NA helping new viral particles
leave a host cell to infect more host cells. In a previous study published in May 2003, we applied
computational analysis to the HA sequences of this new virus. Our findings suggested that the HA
of this virus had avian type receptors as its primary binding and human types as secondary bind-
ing, which was verified by several subsequent wet lab experiments in later months of 2013. We
also showed that the human H7N9 and avian H7N9 in China in 2013 shared the same HA receptor
binding patterns. The NA protein of this new virus has a stalk deletion that is associated with
virulence and host adaptation. In the present study, we wanted to understand the biological ef-
fects of this NA deletion on the HA receptor binding preference of this virus. However, the NA pro-
teins of human H7N9 in China in 2013 all carry a stalk deletion so we lack the NA proteins with no
stalk deletion as a control. In this study, we chose instead the NA proteins of avian H7N9 in China
in 2013-14 and those of avian H7N7 in Netherlands in 2003 as some of them had a NA stalk dele-
tion and some did not. We sought to employ a computational approach to revealing the impact of
this NA stalk deletion on HA receptor binding preference of this virus. Our analysis implied that
this deletion in the stalk region of NA enhanced the human receptor binding of avian H7N9 in
China in 2013-14 and avian H7N7 in the Netherlands in 2003.
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1. Introduction

One common pathway of influenza transmission is from wild aquatic birds to poultry, and then to humans. The
two viral surface proteins hemagglutinin (HA) and neuraminidase (NA) are critical in the interspecies transmis-
sion and adaptation of influenza to a new host. They play complementary roles in virus infection. The HA pro-
tein is involved in the viral binding of the sialic acid receptors present on the host cell surface, and the NA pro-
tein helps the newly born viruses leave the host cell to infect more other host cells, i.e., it cleaves terminally
linked sialic acid from various glycoconjugates on the host cell surface to facilitate the release of progeny viri-
ons. The HAs of human influenza tent to bind oligosaccharides that terminate with sialic acid linked to galactose
by «2,6-linkages (human type receptors), while the HAs of avian influenza favor those by a2,3-linkages (avian
type receptors).

Some avian viruses such as H5N1 and H7N7 were found to infect humans, no human infections with H7N9
viruses were reported until reports from China in March 2013. When avian influenza viruses cross the species
boundary to infect humans, they undergo genetic modifications that lead to broader host range. One such com-
mon genetic change is deletions in the stalk region of the NA protein and additions of glycosylation sites on the
HA protein [1]. Therefore, to understand the deletion in the NA stalk region (positions 30 to 90 for amino acids)
and its impact on HA features are important.

Originated from multiple reassortment events, a novel avian influenza A virus of H7N9 subtype emerged in
March of 2013 in China and had infected 163 people as of 10 January 2014, of whom 50 died of the severe res-
piratory infection caused by these viruses [2]. The HA gene this new virus is from an avian virus of duck origin
and the NA gene from migratory birds [3]. On 28 February 2003, a highly pathogenic avian influenza A virus
subtype H7N7 was isolated in the Netherlands. In the following week, this virus infected 89 humans, of whom
78 had conjunctivitis. A Dutch veterinarian infected by this virus died a week later from respiratory distress [4].

The 2013 human H7N9 viruses in China all carry a deletion in the stalk region of the NA protein whereas the
2003 human H7N7 viruses in the Netherlands do not. The stalk is a structure in the NA protein that separates the
enzymatically and antigenically head domain from the hydrophobic domain embedded in the viral membrane.
Such deletions in multiple subtypes of NA are known as an indicator of aquatic bird viruses that become adapted
to terrestrial poultry and are associated with high virulence [1] [5] [6]. It was demonstrated that NA stalk length
affects the biological properties of influenza. NA stalk deletion enhances replication and virulence of influenza
virus in eggs, chickens and mice, compared to their equivalents with a long stalk [7]. Therefore, it is desirable to
study the advantages conferred by stalk deletion in NA.

However, the NA proteins of human H7N9 in China in 2013-14 all contain this deletion so they cannot be
used for this study for lack of a control to serve as a baseline. In this study, we selected instead the NA se-
quences from avian H7N9 in China in 2013-14 and avian H7N7 in Netherlands in 2003, as some of them con-
tained this deletion but some did not. A computational method was employed to analyze the impact of NA stalk
deletion on the HA receptor binding specificity of these viruses.

2. Materials and Methods

2.1. Sequence Data

The HA and NA protein sequences of avian H7N9 in China from 2013 to 2014 and avian H7N7 in the Nether-
lands in 2003 were retrieved from the EpiFlu Database (http://platform.qgisaid.org of GISAID). We only selected
the paired HA and NA sequences that came from the same isolate so the relationship between the two could be
used in this study.

2.2. Informational Spectrum Method

The informational spectrum method (ISM) is a bioinformatics approach to analyzing protein sequences [8]-[10].
The first step of this technique is to transform the protein sequences into numerical sequences based on elec-
tron-ion interaction potential (EIIP) of each amino acid. Then the Discrete Fourier Transform (DFT) is applied
to these numerical sequences, and the resulting DFT coefficients are used to produce the energy density spec-
trum. The informational spectrum (IS) comprises the frequencies and the amplitudes of this energy density spec-
trum. According to the ISM theory, the peak frequencies of IS of a protein sequence reflect its biological or
biochemical functions. The ISM was successfully applied to analyze the receptor binding preference of the HA
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protein in [11]-[13].

In[11] [12] ISM was applied to study the novel H7N9 of avian origin in China in 2013, which discovered that
the primary IS frequency is F(0.285) for avian receptor binding and the secondary is F(0.326) for human recep-
tor binding. We also demonstrated that human H7N9 and avian H7N9 in China in 2013 share the same HA re-
ceptor binding patterns. Furthermore, mutations that could alter the HA binding preference of this new virus
were also found and analyzed. Our findings published in May 2013 were later confirmed by several wet lab ex-
periments in [14]-[20].

3. Results

The NA sequences of avian H7N9 in China from 2013 to 2014 and avian H7N7 in 2003 in the Netherlands were
divided into two groups respectively: one has the stalk deletion and the other has not. Then we found the match-
ing HA sequence from the same isolate as the NA sequence. In total, there were 54 NA sequences with stalk de-
letion from avian H7N9 and 26 with no deletion. Also we had 15 NA sequences with stalk deletion from avian
H7N7 and 218 with no deletion. As a result of the NA sequence grouping, the HA sequences were grouped ac-
cordingly.

The ISM analysis on these HA sequences of avian H7N9 and avian H7N7 is shown in Figure 1. It appeared
that the NA stalk deletion had different effects on these two viruses. It reduced the avian binding of avian H7N9
while kept the human binding level intact. But this deletion enhanced human binding of avian H7N7 while
maintained its avian binding level. So the consequence of this NA stalk deletion reduced the gap of IS between
the primary and secondary frequencies for both avian H7N9 and avian H7N7: from 1.3 to 0.6 in the first case
and from 0.14 to 0.05 in the second (Table 1). Thus the NA stalk deletion increased the human binding in both
viruses as a net result.

The NA proteins of avian H7N9 carrying the stalk deletion are mostly from chicken with only a few from
duck, pigeon, and sparrow, and those in avian H7N7 are all from chicken [21] [22], which implied that chicken
viruses are under more pressure to adapt to human hosts than the viruses from other birds. The H7N9 chicken
and human isolates all carry a NA stalk deletion, but in the H7N7 case, only part of the chicken isolates have
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IS of avian H7N7 HA with stalk deletionin NA in 2003 at top two frequencies
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Figure 1. IS of HA at top two frequencies from avian H7N9 in China in 2013-14 and avian H7N7 from Netherlands in 2003
(The scales in the H7N9 or H7N7 plots were the same in order to show the comparison of IS amplitudes between the HAs
with NA stalk deletion and those without).

Table 1. Impact of NA stalk deletion on the IS of HA at primary and secondary frequencies.

Avian H7N9 HA Avian H7TN7 HA

With NA stalk deletion No NA stalk deletion With NA stalk deletion No NA stalk deletion

Average IS at F(0.285) 7 7.8 8 7.9
Average IS at F(0.326) 6.4 6.5 7.95 7.76
Difference of average 1S 0.6 13 0.05 0.14

this deletion. So in this sense, the comparison of HA binding preferences is more direct in avian H7N7 (chicken
to chicken) than in avian H7N9 (chicken to other birds). Just looking at the NA stalk deletion, the 2013 H7N9
human viruses in China are more adapted to human hosts than the 2003 human H7N7 in the Netherlands. At the
same time, this deletion may also have caused 2013 H7N9 having a higher virulence than 2003 H7N7 as shown
in the clinical symptoms [2] [4].

4. Conclusions

It is well known that the two surface proteins HA and NA of influenza viruses are key determinants in viral in-
terspecies transmission and host adaptation, during which changes in HA and NA are necessary. One such nota-
ble change is the deletion in the stalk region of NA, serving as a genotypic marker of host adaptation. The novel
avian origin H7N9 virus discovered in March in China in 2013 has its NA protein containing this deletion. We
desired to elucidate the possible effects on the HA receptor binding preference caused by this deletion. However,
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the NA sequences of human H7N9 in China in 2013-14 all have this deletion making them unsuitable for this
study as we lack a control.

In this work, we chose instead the NA proteins of avian human H7N9 in China in 2013-14 and avian H7N7 in
Netherlands in 2003 as some of them had this NA deletion while some did not. We applied a computational
method to study the impact on the HA receptor binding preference caused by the NA stalk deletion. Our findings
suggested that the stalk deletion in NA reduced the avian receptor binding in avian H7N9 in China in 2013-14
while keeping its human binding level the same. And the deletion increased the human receptor binding in avian
H7N7 in Netherlands in 2003 while maintaining its avian binding level. Taken together, this NA stalk deletion
enhanced the human binding of these two avian viruses.
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