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ABSTRACT
Background. InfluenzaA (H5N1) virus is a global concernwith potential as a pandemic
threat. High sequence variability of influenza A viruses is a major challenge for effective
vaccine design. A continuing goal towards this is a greater understanding of influenza
A (H5N1) proteome sequence diversity in the context of the immune system (antigenic
diversity), the dynamics of mutation, and effective strategies to overcome the diversity
for vaccine design.
Methods. Herein, we report a comprehensive study of the dynamics ofH5N1mutations
by analysis of the aligned overlapping nonamer positions (1–9, 2–10, etc.) of more than
13,000 protein sequences of avian and human influenza A (H5N1) viruses, reported
over at least 50 years. Entropy calculations were performed on 9,408 overlapping
nonamer position of the proteome to study the diversity in the context of immune
system. The nonamers represent the predominant length of the binding cores for
peptides recognized by the cellular immune system. To further dissect the sequence
diversity, each overlapping nonamer position was quantitatively analyzed for four
patterns of sequence diversity motifs: index, major, minor and unique.
Results. Almost all of the aligned overlapping nonamer positions of each viral proteome
exhibited variants (major, minor, and unique) to the predominant index sequence.
Each variant motif displayed a characteristic pattern of incidence change in relation to
increased total variants. The major variant exhibited a restrictive pyramidal incidence
pattern, with peak incidence at 50% total variants. Post this peak incidence, the minor
variants became the predominant motif for majority of the positions. Unique variants,
each sequence observed only once, were present at nearly all of the nonamer positions.
The diversity motifs (index and variants) demonstrated complex inter-relationships,
with motif switching being a common phenomenon. Additionally, 25 highly conserved
sequences were identified to be shared across viruses of both hosts, with half conserved
to several other influenza A subtypes.
Discussion. The presence of distinct sequences (nonatypes) at nearly all nonamer
positions represents a large repertoire of reported viral variants in the proteome, which
influence the variability dynamics of the viral population. This work elucidated and
provided important insights on the components that make up the viral diversity,
delineating inherent patterns in the organization of sequence changes that function
in the viral fitness-selection. Additionally, it provides a catalogue of all the mutational
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changes involved in the dynamics of H5N1 viral diversity for both avian and human
host populations. This work provides data relevant for the design of prophylactics and
therapeutics that overcome the diversity of the virus, and can aid in the surveillance of
existing and future strains of influenza viruses.

Subjects Bioinformatics, Computational Biology, Virology, Infectious Diseases, Computational
Science
Keywords H5N1, Influenza virus, Sequence diversity, Variants, Fitness-selection, Dynamics

INTRODUCTION
Influenza A viruses are a major public health problem worldwide (Szewczyk, Bieńkowska-
szewczyk & Król, 2014). Infections of humans commonly occur every year (Webster, 1998;
Fiers et al., 2004), sometimes as a fatal illness. A major concern is the emergence of highly
infectious subtype strains that lead to global pandemics. Major influenza pandemics have
been recorded in the past, starting with the deadly ‘‘Spanish Flu’’ of 1918 that was caused by
the H1N1 subtype, with an estimated 50 million fatalities (Taubenberger & Morens, 2006).
The H2N2 subtype ‘‘Asian influenza’’ in 1957, H3N2 subtype ‘‘Hong Kong Flu’’ in 1968
and H1N1 ‘‘swine flu’’ in 2009, were less severe but estimated to have resulted in 100,000
fatalities (Cox, Tamblyn & Tam, 2003; Uyeki, 2008; Shrestha et al., 2011). Without effective
means to prevent or control influenza infection by new strains, there is the looming threat
of the next influenza pandemic (Chaturvedi, 2009).

H5N1 subtype of influenza A virus (H5N1 IAV) is a global concern with pandemic
potential (classified as phase 3 alert by the World Health Organization; World Health
Organization, 2013). A series of outbreaks of the virus have been reported, the first of which
emerged in 1997 in Hong Kong and infected 18 patients, six of whom died (Neumann
et al., 2005; World Health Organization, 2014). There were 860 confirmed human cases
of avian H5N1 IAV and 454 deaths reported by WHO as of December 13, 2018 (World
Health Organization, 2018). The annual influenza vaccine formulation is not designed for
prevention of H5N1 infection (World Health Organization, 2012) and currently, there is
no effective vaccine against the virus that is ready for widespread use.

The genome of IAV comprises of eight negative-sense, single-stranded RNA segments.
Segments 1, and 4 to 6 encode for a single protein each (PB2, HA,NP, andNA, respectively);
Segments 2, 3 and 7 encode for two proteins each (PB1 and PB1-F2, PA and PA-X, M1 and
M2, respectively), while segment 8 encodes for two non-structural proteins (NS1 and NS2).
Each RNA segment of the genome is wrapped around nucleoprotein (NP) monomers and
is associated with polymerase acidic protein (PA) and polymerase basic proteins (PB1
and PB2), forming a ribonucleoprotein (RNP) complex, which is important for viral
transcription and replication (Taubenberger & Kash, 2010; Noda & Kawaoka, 2010). The
RNP complexes are contained in a spherical lipid envelope lined by M1 proteins and
embedded with surface glycoproteins, hemagglutinin (HA) and neuraminidase (NA), and
the ion-channel protein, M2. HA protein is key for the entry of the virus through binding
to the sialic acid receptor of the host, while NA protein functions in releasing the virus
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progeny out of the host cell (Khanna et al., 2014). The high sequence diversity exhibited
by the virus makes vaccine development a challenging task (Dunston, Herbert & Griffiths,
2015). The diversity is achieved through the accumulation of point mutations (antigenic
drift) across the segmented genome of the RNA virus, which encodes for 12 proteins, and
the exchange of gene segments between two different strains (antigenic shift). The gradual
antigenic drift is caused by the lack of proofreading fidelity by the viral polymerase, thus
resulting in a high rate of mutation, approximately one per genome per replication (Drake
et al., 1998). Antigenic drift can lead to the establishment of viral variants that escape
immune recognition and is associated with frequent epidemics (Potter, 2001). Antigenic
shift, in contrast, occurs abruptly, producing new ‘‘immune-escape’’ viral variant strains
that can potentially give rise to pandemics (Szewczyk, Bieńkowska-szewczyk & Król, 2014).
The ongoing evolution and diversification of the H5N1 IAV challenges the conventional
method of vaccine formulation, which is time-consuming, of limited production and
strain-specific. Thus, it is crucial to understand the diversity and the dynamics of viral
sequence change to aid in the design of vaccine or development of therapeutics against the
virus.

Heiny et al. (2007) had performed a large-scale analyses on the evolutionary diversity of
several influenza A virus subtypes in the context of the immune system and reported that
H5N1 has a high mutational variability for proteins of both avian and human strains. A
continuing goal is a greater understanding of H5N1 IAV proteome sequence diversity, the
dynamics of mutation, and effective strategies to overcome the diversity for vaccine design.
Thus, a more detailed, quantitative analyses of H5N1 IAV sequence changes is necessary.

Herein, we address the issue through a comprehensive quantitative bioinformatics
analyses of both avian and human H5N1 IAV protein sequences reported in public
databases. Influenza A virus sequence data is publicly available in specialized repositories,
such as the Influenza Research Database (http://www.fludb.org) (Squires et al., 2012).
Bioinformatics methodologies are necessary to manage and mine large and complex
biological datasets. In order to analyze the diversity in the context of the immune system
(antigenic diversity), the bioinformatics analyses were performed on aligned nonamer
sequences, overlapping by eight residues (1–9, 2–10, etc.), where each of the sequences
at the nonamer positions represents a potential ligand of human leukocyte antigens
(HLAs) and T-cell receptors (TCRs) (Hu et al., 2013). This proteome-wide, quantitative
characterization of H5N1 IAV sequence change provides data relevant to the design of
therapeutics that overcome the diversity of the virus, besides additional possible utility of
the data for diagnostics and surveillance purposes.

MATERIALS & METHODS
Proteome sequence data collection and processing
Avian and human H5N1 IAV protein sequences, both partial and full-length, and the
corresponding metadata were retrieved from the publicly available Influenza Research
Database (http://www.fludb.org; as of January 2013) (Squires et al., 2012). Partial sequences
were included for a comprehensive collection of the virus sequence data. The collected data
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were classified according to the 12 influenza A proteins (PB2, PB1, PB1-F2, PA, PA-X, HA,
NP, NA, M1, M2, NS2, NS1) for each host, avian and human. These hosts were chosen
because they cover the majority of the reported influenza A virus sequences. The classified
data were manually checked and cleaned of any irrelevant sequences.

The viral protein sequences of each host were deduplicated by use of JalView (Waterhouse
et al., 2009) to minimize bias and then aligned by use of the multiple sequence alignment
program Clustal Omega (Sievers et al., 2011). All alignments were manually checked and
corrected for any inconsistencies, empty columns, gaps and misalignments. Alignment
positions that contained 95% or more gaps (insertions or deletions) were removed from
the dataset as they had reduced statistical support and can result in artificial diversity
measures (Khan et al., 2008). Alignment positions described in this manuscript are based
on the alignment generated from the data used herein.

Mapping the proteome sequence diversity
Shannon’s entropy (Shannon, 1948) was used to provide an overview of the H5N1 IAV
proteome sequence diversity. A sliding k-mer window approach was utilized to assess the
diversity in the context of cellular immune response. A k-mer size of nine was chosen
because it represents the predominant length of peptides recognized by human leukocyte
antigens (HLAs) and T-cell receptor (TCR) binding domains (Rammensee, 1995; Heiny
et al., 2007). The diversity at each of the overlapping 9-mer (nonamer) positions across
the length of the protein alignments was measured by use of Shannon’s entropy formula
(Shannon, 1948), modified for nonamers (Khan et al., 2006; Khan et al., 2008; Heiny et al.,
2007;Koo et al., 2009;Miotto et al., 2010;Hu et al., 2013). Entropy,H(x) at a given nonamer
position x in the alignment was calculated as follows:

H (x)=−
n(x)∑
i=1

p(i,x)log2p(i,x)

where p(i,x) is the probability of a given nonamer sequence i at nonamer position x. The
entropy value, H at a given position increases with an increase in total number of distinct
nonamer sequences, n(x). It is also affected by the relative probability of the sequences,
such that it decreases when one sequence is significantly dominant at the position (i.e., the
position is conserved). The entropy value represents the diversity of the sequences at a
given nonamer position, ranging from 0, a completely conserved position, to a theoretical
maximum of 39, where all possible nonamer combinations are observed.

Entropy measure is also dependent on the number of sequences in the alignment. Thus,
the entropy value was corrected for size bias through a statistical adjustment as described
in Khan et al. (2008). Any nonamer sequence with a gap (-) or an ambiguous character (B,
asparagine or aspartic acid; J, leucine or isoleucine; X, unspecified or unknown amino acid;
and Z, glutamine or glutamic acid) was removed from the analyses.

Quantifying the dynamics of sequence change
All sequences at each of the nonamer positions in the protein alignments were quantified
and ranked based on the incidences of distinct sequences (as part of diversity motifs)
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present at the position, as described in Hu et al. (2013) (Fig. S1) by use of an in-house Perl
program. The patterns of the dynamics of sequence change and the frequency distribution
of each of the diversity motifs for the avian and the human viruses were plotted using the
Ggplot2 package (Wickham, 2016) or R (R Core Team, 2017) and studied in relation to
increased total variants. The occurrence of motif switching as previously indicated by Hu
et al. (2013), where fitness change of amino acids resulted in a motif change, was evaluated
for both the human and avian viral proteomes.

Immune relevance of motif switching
Motif switching positions were studied for their immune-relevance by use of T-cell
epitope and B-cell antigenicity prediction tools (Dhanda et al., 2017; Hasan et al., 2019).
Only index switching positions were analyzed for this, given the relevance of the index
sequence for vaccine target selection. There were only a total of nine such positions across
both the avian and human viral proteomes; one was not analyzed due to low sequence
number support. The index sequence at a given index switching position was the major
variant in the preceding position, while the major variant at the given position was the
preceding index sequence. Thus, predicting the immune relevance of the index and the
major variant at the index switching position alone would be indicative of a loss or gain
of an epitope, relative to each other. NetCTL (Larsen et al., 2007) was used for prediction
of HLA class I supertype-restricted T-cell epitopes (12 supertypes). NetMHCII (Jensen
et al., 2018) was used for class II DR supertypes by predicting for 15 representative HLA
alleles (DRB1_0101, DRB1_0701, DRB1_0901, DRB1_1101, DRB1_1201, DRB1_1501,
DRB5_0101, DRB1_0401, DRB1_0405, DRB1_0802, DRB1_0301, DRB1_1301,
DRB3_0101, DRB3_0202, DRB4_0103, DRB4_0101); a peptide was considered as putative
epitope if predictionwas positive for at least half of the alleles of the respectiveDR supertype.
Bepipred 2.0 (Jespersen et al., 2017), accessed through Immune Epitope Database (IEDB),
and LBtope (Singh, Ansari & Raghava, 2013) were used for prediction of linear B-cell
epitopes because they were among the latest benchmarked tools available. The respective
default thresholds of these two tools were used to evaluate the antigenicity of the nonamer
peptides (index and major) at the index switching positions.

Distribution of conserved and variable nonamer positions in avian and
human influenza A (H5N1) and immune relevance
The index sequence incidences across all the nonamer positions were categorized into
three levels of conservation, to study the proteome distribution of conserved and variable
sequences: 1)Highly conserved (index incidence≥ 90%), 2)Highly diverse (index incidence
≤ 20%), and 3) Mixed-variable (index incidence between 90% and 20%). The dynamics of
T-cell epitopes for both avian and human H5N1 IAV were studied by randomly selecting
three nonamer positions for each conservation level, which corresponded to both hosts
–highly conserved (PA: 297–305, PB1: 673–681, and PA: 244–252), highly diverse (only
one position qualified for this level; HA: 170–178) and mixed-variable (PB2: 361–369,
PA: 59–67, HA: 497–505). The immune relevance of all the unique nonamer sequences
(nonatypes) at the selected positions were studied by use of NetCTL (Larsen et al., 2007) for
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prediction of HLA class I supertype-restricted T-cell epitopes (12 supertypes). The pattern
of the predictions was compared between the corresponding positions of the two hosts.

Identification of highly conserved sequences
Highly conserved sequences, with extremely low entropy, are attractive candidates for
vaccine target selection as they are evolutionarily robust. Nonamer positions of index
incidences ≥ 99% in avian viruses and those completely conserved in human viruses
(index incidence of 100%) were selected. Such sequences that overlapped at least one
amino acid or were immediately adjacent to each other (not separated by one or more
amino acid position) were concatenated. The index sequence incidence criteria of ≥
99% in avian was chosen because no sequences of at least nine amino acid length were
shared between the two viral hosts at 100% incidence. It should be noted that within the
concatenated sequences, the starting amino acid of the joined index nonamer sequences are
shown in small case. An implication of this is that not all amino acids of the concatenated
sequence may meet the incidence criteria set for the index nonamer sequence. Index
sequences that were common to viruses of both hosts were further selected for assessment
of immunogenicity by searching against reported human T-cell epitopes in the Immune
Epitope Database (IEDB) (Vita et al., 2018). Such sequences with nine or more amino acid
matches to reported epitopes, with positive T-cell assay results in human were obtained
and recommended as vaccine target candidates.

RESULTS
Avian and human influenza A (H5N1) protein sequences
Comprehensive collections of protein sequence data were retrieved from the public
repository Influenza Research Database for the analyses. The collected and processed
H5N1 IAV protein sequence datasets comprised a total of 13,145 full-length and partial
sequences for the 12 proteins, with 11,326 avian and 1,819 human H5N1 sequences (Table
1). The six-fold lower number of human H5N1 protein sequences reflects the shorter
history and incomplete adaptation of the human virus (Finkelstein et al., 2007). The
earliest avian and human H5N1 sequences reported in the database were from 1959 and
1997, respectively, and the viruses originated from a diverse range of geographical areas
(Table S1).

Dissecting the proteome sequence diversity: scope of the analysis
Shannon’s entropy was used as a measure to quantify the diversity, considering the total
number of distinct sequences and their relative probabilities at each aligned overlapping
nonamer (nine amino acids) position (1–9, 2–10, etc.) of the proteome. Entropy provided
an overview of the diversity, which was then characterized for its components that made up
the diversity. All sequences at each of the nonamer positions in the protein alignments were
analyzed and classified as characteristic diversity motifs based on the incidences of distinct
sequences present at the position, as described in Hu et al. (2013) (Fig. S1). The sequence
with the highest incidence (most common) is referred to as the ‘‘index’’ nonamer, while the
others are grouped as variants (referred to as total variants), defined as sequences that are at
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Table 1 H5N1 avian and human sequences analysed. Data were retrieved from Influenza Research Database (http://www.fludb.org/).

Protein Avian H5N1 HumanH5N1

Total sequence
collecteda

Non-redundantb Total sequence
analysedc

Total sequence
collecteda

Non-redundantb Total sequence
analysedc

PB1 1845 1026 1026 245 159 159
PB2 1858 1235 1235 249 186 186
PB1-F2 833 250 250 152 52 52
PA 1822 1201 1201 256 256 256
PA-X 1598 725 725 240 118 118
NA 2689 1590 1590 381 249 249
NP 1860 709 709 265 130 130
HA 3987 2410 2410 417 308 308
M1 2015 352 341 264 67 67
M2 1757 427 427 261 83 81
NS1 2072 975 968 251 134 134
NS2 1791 447 444 243 80 79
TOTAL 24127 11347 11326 3224 1822 1819

Notes.
aNumber of protein sequences collected before removing duplicate sequences.
bNumber of protein sequences after removing duplicate sequences (nr dataset).
cNumber of protein sequences analysed after alignment quality check, which includes possible removal of irrelevant sequence.

least one amino acid different from the index nonamer. The ‘‘major’’ variant is the second
highest incidence nonamer at the position, and thus, the most common variant, while
‘‘minor’’ variants are sequences that occur more than once in the aligned viruses, but each
with an incidence less than or occasionally equal to the major variant. ‘‘Unique’’ variants
are singletons, each observed only once in the alignment. Additionally, the incidence
of all distinct variant nonamer sequences (nonatypes) at a given nonamer position was
determined. These diversity motifs were then analyzed to quantify the dynamics of H5N1
IAV proteome sequence change.

Avian and human H5N1 IAV proteome diversity
The overall diversity of the aligned overlapping nonamer sequences for each protein of avian
and human H5N1 IAV was measured by use of Shannon’s entropy (Fig. 1). The avian virus
proteome had a low average (mean) individual protein entropy, with values ranging from
∼0.4 (PB1) to∼2.3 (PB1-F2), and a proteome-wide average of∼0.8. Correspondingly, the
percentage of conservation (index incidence) was generally high, with an average individual
protein total variants incidence (cumulative of major variant, minor variants and unique
variants) ranging from as low as ∼6% (PB1) to ∼39% (PB1-F2), and a proteome-wide
average of ∼14%. Half of the proteins had an average entropy value of less than one. The
highest absolute entropy value was ∼4.4 for the NS1 protein at position 205–213, with a
total variants incidence of ∼73%. However, the highest absolute total variants incidence
(∼82%) was for the HA protein at position 170–178, with an entropy of ∼4.1.

The viral proteome in the human host also exhibited a low average individual protein
entropy, with values ranging from ∼0.4 (PB1) to ∼1.5 (PB1-F2), and a proteome-wide
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Figure 1 H5N1 entropy and incidence of total variants for each aligned nonamer positions of H5N1
avian (A) and human (B) viral sequences. Entropy (black) and incidence of total variants (red) were mea-
sured for each aligned nonamer (nine amino acids) position (1–9, 2–10, etc.) of the proteins. The entropy
values indicate the level of variability at the corresponding nonamer positions, with zero representing
completely conserved positions (0% total variants incidence) and entropies of∼4.4 and∼4.1 were ob-
served to be the highest for viruses of avian and human hosts, respectively.

Full-size DOI: 10.7717/peerj.7954/fig-1

average of ∼0.7. Correspondingly, akin to the avian viral proteome, the percentage of
conservation was generally high, with average individual protein total variants ranging
from as low as ∼6% (PB1) to ∼31% (PB1-F2), and a proteome-wide average of ∼14%.
However, compared to the avian viral proteome, more than half (∼67%) of the proteins
had an average entropy value of less than one. Even in the human viral proteome, PB1
was the most conserved viral protein, with an average entropy of ∼0.4 and an average
total variants incidence of ∼6%. There were as many as 320 nonamer positions that were
completely conserved amongst the human viruses, versus three for the avian viruses, all of
which were in PB1. Themaximum absolute entropy for viruses of the human host was∼4.1
in the NA protein at position 38-46, which also happened to exhibit the highest absolute
total variants (∼79%).

Each of the H5N1 IAV proteins was found to contain at least a position with a total
variants incidence ofmore than 40%, and a few proteins were with a total variants incidence
of more than 60% (Fig. 1). The entropy and total variants showed a positive correlation
and a similar pattern between avian and human viruses (Fig. 2). Entropy was zero at
all positions that were completely conserved, characterized by the presence of only one
distinct sequence at the position (0% total variants). As total variants increased, the range
of possible entropy values describing the diversity also increased, with an inflection at
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Figure 2 Relationship between entropy and incidence of total variants for (A) avian and (B) human
H5N1 influenza A virus proteome nonamer positions. The entropy value for each aligned nonamer po-
sition of the avian and human viral proteomes were plotted against the corresponding total variants inci-
dence. A positive correlation was observed for viruses of each host, with a distribution pattern similar be-
tween the two. The plot does not show the density of data points.

Full-size DOI: 10.7717/peerj.7954/fig-2

approximately 50% total variants, where the entropy range started decreasing, albeit with
an increasing value. Notably, there were no positions with total variants higher than 83%
in avian viruses and 80% in human viruses, respectively.

Entropy of one was achieved at total variants as low as ∼12% for avian viruses and
∼14% for human viruses. Entropy values of 2.0, 3.0, 4.0 and the maximum of ∼4.4 were
achieved for avian viruses at total variants of∼29%,∼46%,∼63% and∼73%, respectively.
Likewise, it was at∼35% (entropy of 2.0),∼58% (entropy of 3.0),∼78% (entropy of 4.0),
and ∼79% (maximum entropy of ∼4.1) total variants for human viruses.

Quantitative analysis of avian and human H5N1 IAV: Characterization
of diversity motifs
The protein sequence diversity of H5N1 IAV was further examined by quantitative analysis
of characteristic diversity motifs at each of the aligned nonamer positions of the two viral
proteomes. There were 19 nonamer-position deletions in human viruses compared to one
amongst avian viruses) (Tables S2; S3). An example of the quantitative analysis is shown
with 13 aligned nonamer positions of HA (158–178) (Table 2). The dataset for each of the
13 aligned nonamer positions contained 2,349 to 2,353 sequences. The first position, HA
(158-166) was the most conserved with an entropy of ∼0.6, and index nonamer incidence
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Table 2 A sample of the quantitative diversity analysis for HA protein of avian Influenza A (H5N1) subtype. The full data is available in Table
S2.1

Protein Aligned nonamers H(x)c Indexd Variantse Nonatypesi

Positiona No.b Sequence [%] Total Majorf Minorg Uniqueh

%

# 158–166 2353 0.6 SFFRNVVWL 92 8 5 2 <1 1
& 159–167 2352 1.1 FFRNVVWLI 83 17 8 9 1 1
& 160–168 2353 1.1 FRNVVWLIK 83 17 7 9 1 1
& 161–169 2352 0.9 RNVVWLIKK 88 12 7 4 1 1
& 162–170 2351 1.7 NVVWLIKKN 64 36 23 12 1 2
& 163–171 2351 2.8 VVWLIKKNS 30 70 26 43 1 2
& 164–172 2350 3.5 VWLIKKDNA 21 79 20 57 1 3
& 165–173 2350 3.4 WLIKKDNAY 21 79 21 57 1 3
& 166–174 2350 3.4 LIKKDNAYP 21 79 21 57 1 3
& 167–175 2349 3.5 IKKDNAYPT 21 79 21 57 2 4
& 168–176 2349 3.2 KKDNAYPTI 24 76 21 54 1 3
& 169–177 2349 3.2 KDNAYPTIK 24 77 21 54 1 3

HA

+ 170–178 2350 4.1 NSTYPTIKR 18 82 14 66 2 4

Notes.
1All percentages are shown to the nearest whole number.
aAmino acid number at the start and end of the nonamer position in the protein alignment. The symbol # denotes a highly conserved nonamer position (index incidence ≥ 90%),
& denotes a mixed-variable position (index incidence between 90% & 20%), and + denotes a highly diverse nonamer position (index incidence ≤ 20%). See Fig. S1 for the defi-
nition of diversity motifs.

bTotal number of protein sequences analysed at the aligned nonamer position; the difference in number between the nonamer positions was due to the inclusion of both partial
and full-length sequences in the alignment.

cShannon’s nonamer entropy, which indicates the level of diversity of the nonamer sequences at the position (H(x); see Fig. 1 for details).
dThe index nonamer is the most prevalent sequence at the position.
eVariants are nonamer sequences that differ by one or more amino acids from the index sequence.
fThe major variant is the second most common sequence at the position.
gMinor variants are multiple different repeated nonamer sequences, each occurring more than once and with an incidence of less than or occasionally equal to the major variant.
hUnique variants are nonamer sequences that are observed only once at the position.
iNonatypes are distinct sequences among the variants for a given position; for example, the position 170–178 had 103 distinct nonamer sequences (Data S1; from a total of 2,350
sequences), therefore the percentage of nonatypes for this position is∼ 4.4% ((103/2,350)×100%).

of ∼92%. The remaining, small fraction (∼8%) of the aligned sequences at this position
consisted of a major variant (∼5%), minor variants (∼2%), and unique variants (<1%).
The incidence of the distinct variant nonamer sequences (nonatypes) at this position was
approximately 1%, represented by the single major variant and different minor and unique
variants. In contrast, the last position, HA (170–178), of the selected 13 nonamer positions
was highly diverse, with a high entropy of ∼4.1 and a low index incidence of ∼18%. The
total variants (∼82%) of the aligned nonamers at this position comprised of∼14% major,
∼66% minor, and ∼2% unique, with a nonatypes incidence of ∼4%. The remaining HA
nonamer positions (159–177) were of mixed-variability, with index incidences of between
20–90%.

Dynamics of protein sequence diversity
Based on the definitions of the diversity motifs, each individual variant motif had a
distinctive pattern of incidence in relation to increased total variants (Fig. 3). These
patterns were generally similar between the avian and human viruses (Figs. 3A–3F). The
major variant, the second most prevalent sequence of the aligned population, was transient
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with a pyramidal peak incidence of ∼46% for avian viruses and ∼49% for human viruses.
Themultiple different minor variants, each with an incidence lower or occasionally equal to
that of the major variant, represented the principal variant motif, particularly for positions
with total mutations (variants) of ≥ 50%. The unique variants were enigmatic as they
were present for nearly all of the positions with non-zero total variants, albeit with a
low proteome-wide average incidence of ∼1% for viruses of both avian and human hosts
(maximum incidence of∼11% and∼14%, respectively). Nonatypes, a measure of multiple
distinct variant sequences, occurred at nearly all of the positions (∼99% and ∼93% for
viruses of avian and human, respectively), with a proteome-wide average incidence of∼2%
for distinct variants amongst avian viruses and ∼3% amongst human viruses. Notably,
highly diverse nonamer positions (total variants of ≥ 80%) were almost non-existent
in the H5N1 IAV proteomes of both avian and human viruses (one position and none,
respectively).

The distinctive character of the dynamics of the individual variant motifs for the H5N1
IAV proteomes from avian and human hosts is demonstrated by the relationship between
motif concentration and increased mutations (Figs. 3A–3F). The decrease in conservation,
represented by decline of index sequence incidences from 100% to ∼18%, was inversely
proportional to the increase in total variants incidences, 0% to ∼82%. This inverse
relationship appeared to be in a continuum for positions with total variants of less than
50%, but became sparsely distributed closer to the maximum observed total variants.

Each of the three variant motifs (major, minor, and unique) displayed a characteristic
pattern of incidence change in relation to increased total variants. The major variant, which
by definition does not exceed the incidence of the index sequence, exhibited a restrictive
pyramidal incidence pattern. As such, the major variant can have a maximum incidence
at 50% total variants, limited by the incidence of the index. Prior to the peak incidence,
the major variant increases in incidence with increased total variants and reducing index
incidence. However, a reverse is observed for the major variant after the peak incidence;
its incidence starts decreasing with the continued decrease in index incidence.

The minor variants, defined as sequences less prevalent than the major variant but
occurred more than once, were collectively the predominant variant motif for majority
of the positions with index incidence of <50%. Unique variants comprised the remaining
population of variant sequences. They represent viral strains observed only once in the
recorded virus population. They were characteristically distinctive for being present at
nearly all of the positions with non-zero total variants, including the highly conserved
positions. The incidence of unique variants progressively increased, with a maximum
incidence of ∼11–14% for viruses of avian and human hosts, respectively, as total variants
inceased; this was despite the presence of other variant motifs. The fact that the unique
variants were present at nearly all of the nonamer positions, including highly conserved,
of every protein (Tables S2 and S3), indicates that they are not artifacts of sequencing
or premature sequences. Nonatypes, a measure of different variant sequences at a given
position, were generally of low incidence (proteome-wide average: ∼2% and ∼3%) with
the highest incidence of ∼21% and ∼22% at positions corresponding to total variants of
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Figure 3 Dynamics of diversity motifs for avian (A, C, E, G) and human (B. D, F, H) H5N1 influenza A
virus proteomes. (A–F) Motif incidence (index, major, minor, unique, and nonatypes) in relation to in-
creased total variants incidence. (G–H) Violin plot depicting the frequency distribution of the incidences
for the various motifs. The colours for panels A–F follow the labels in panels G–H. The width of the plot
(x-axis) represents the frequency distribution of a given incidence of the indicated motif. The wider the
plot, the higher the frequency.

Full-size DOI: 10.7717/peerj.7954/fig-3

∼79% and∼64% (avian and human viruses, respectively), which principally comprised of
different minor and unique variants.

Frequency distribution of the diversity motifs incidences for H5N1 IAV proteomes of
avian and human viruses were studied by the use of violin plots (Figs. 3G–3H). Overall, the
index nonamer was the principal motif, with a proteome-wide average incidence of about
86%. The proteome-wide, predominantmutation of the index was themajor variant, with a
greater incidence than any of the other variant motifs for∼51% and∼77% of the avian and
human proteome nonamer positions, respectively. All the variant motifs (major, minor,
unique) were predominantly of low (<10%) incidence, as illustrated in Fig. 3, with the
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Figure 4 Dynamics of diversity motifs for avian (A–L) and human (M–X) H5N1 influenza A virus pro-
teins.Motif incidence (index, major, minor, unique, and nonatypes) in relation to increased total variants
incidence at the protein level.

Full-size DOI: 10.7717/peerj.7954/fig-4

exception of minor variants showing a collective increase in incidence, even surpassing the
index, at positions of more than 50% total variants. Nonetheless, the fraction of positions
showing this increasing trend of minor variants incidence greater than that of the index was
minimal (<2%) for both avian and human viruses. The nonatypes, which typically would
comprise of a single major variant, multiple different minor variants, and all the unique
variants, were also mainly of low incidence (proteome-wide average: ∼2–3%), similar to
the incidences of unique variants (proteome-wide average of ∼1%).

Collectively, the dynamics of the diversity motifs for the individual proteins were
generally in agreement with the proteome patterns for both the avian and human viruses
(Figs. 4 and 5). This was particularly so for avian viral proteins, HA, NA, PA-X, and NS1,
and human viral proteins, HA, NA andNS1; all of which are generally diverse and exhibited
at least one position with a total variants incidence of ≥ 70%. However, a number of the
avian viral proteins, such as M1 and PB1 did not have any data points for some ranges
of total variants, starting from as low as ∼40%. In contrast, the relatively diverse protein,
avian PB1-F2 did not have any data points for total variants below ∼18%. Additionally,
there was a distinction in the dynamics of the diversity motifs for majority of the individual
proteins between avian and human viruses, such as, in particular PA, PB1-F2, and M1.
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Figure 5 Frequency distribution violin plots of the diversity motifs for H5N1 influenza A virus pro-
teins.Violin plot depicting the frequency distribution of the incidences for the various sequence motifs
at the protein level. The width of the plot (x-axis) represents the frequency distribution of a given inci-
dence of the indicated motif. The wider the plot, the higher the frequency. The red ‘‘x’’ mark represents
the mean incidence value.

Full-size DOI: 10.7717/peerj.7954/fig-5

Motif switching
Motif switching, another relevant finding, revealed that there were a significant number
of nonamer positions in the proteome where fitness change of one or more amino acids,
such as through mutations, changed the incidence of a given nonamer sequence across
its overlapping positions, resulting in a sequence rank change, and thus, a motif change.
Although, this was observed for all the motifs (index, major, minor or unique), index
switching was noteworthy, where a major variant replaced the prevalent index sequence.
An example illustrating motif change is provided in Fig. 6.

Motif switching appeared to be common across the avian viral proteome as exemplified
by both avian PB2 and PA-X proteins (∼88% and∼89%of the protein nonamer positions).
The occurrences of motif switching in these two proteins for the human viral proteome
were also common, but relatively less (∼50% and ∼53% of the positions). Although the
data studied was for PB2 and PA-X, we expect a similar observation for all the other
proteins.

Index switching, though noteworthy, was not omnipresent; it was only observed at three
positions of the avian viral proteome (two in HA and one in PA-X) and six positions of
the human viral proteome (one in HA, four in NA, and one in PB1). Switching between
the other motifs were more common.
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Figure 6 Motif switching. An example of motif switching events observed in avian HA protein. The
alignment region shown is from position 168 to 179, comprising of four overlapping nonamer positions.
At the nonamer position 168–176 (with 2,349 protein sequences aligned at the position), the nonatype
KKDNAYPTI containing the amino acid (aa) ‘‘A’’ at position 172 (172A) is the predominant sequence,
and thus, the index, while the nonatype KKNSTYPTI containing the aa ‘‘T’’ at the corresponding position
(172T) is the second most predominant sequence, and thus, the major variant. The nonamer position also
included multiple nonatypes of minor and unique variants (two nonatypes shown: a minor and a unique
variant; the remaining 67 nonatypes not shown). In the subsequent nonamer position (169–177), the non-
amer containing aa 172A remained as the index, but with a reduced incidence because a small fraction
(five sequences) of the index (from the preceding position 168–176) split into four different nonatypes be-
cause of a variant amino acid in each, as a result of the position shift, which contributed to the occurrence
of one new minor and three new unique variants at the current focal nonamer position (169–177). Mean-
while, the nonamer containing aa 172T, which was the major variant at the preceding position, remained
as major variant at the current focal nonamer position, but with an increase in its incidence because two
nonatypes (a minor variant of two copies and a unique variant) from the preceding nonamer position
(168–176) merged with the major variant at the current focal position 169–177. Nonetheless, the major
variant of the preceding position also underwent a split, where one copy became a new unique variant at
the current focal position. In the next nonamer position (170–178), an index switching event is observed,
where the nonamer containing aa 172A has significantly dropped in incidence to be downgraded from the
previous index rank to now as a major variant, and replaced by the nonamer containing aa 172T (previ-
ously the major variant) as the new index. As many as 217 copies (552− 335;∼39%) of the former index
sequence were split into different variant motifs, thus decreasing the incidence of the sequence. Although
the nonamer containing aa 172T also split into other variants, the incidence drop was less (∼16%), leav-
ing it as the sequence with the highest incidence and thus the predominant index. In the subsequent non-
amer position (171–179), another index switching event occurred, which witnesses a reversal of the pre-
vious switch, where now the nonamer containing aa 172A is back as the index and the nonamer contain-
ing aa 172T is back as the major variant. This was due to the merger of a significant copy number of dif-
ferent minor and unique variants with the major variant (nonamer containing aa 172A), and thus, result-
ing in an increase in its incidence at the current focal position 171–179 and becoming the predominant
index. At the current focal position, it was also observed that variants can be gained from a motif classi-
fied as ‘‘None’’ (due to indel) at the preceding position. Similarly variants can become loss, classified as
‘‘None’’ if the position shift introduced an indel.

Full-size DOI: 10.7717/peerj.7954/fig-6

Nonamer positions that exhibited index switching were observed to be generally non-
immune relevant (Table S4). Six of the eight positions were predicted to be non-immune
relevant for both the index and the major variant; and thus, no epitope gain. One position
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had both the index (94 YIVEKINPA 102 in HA of the human viral proteome) and the
major variant (YIVEKINPV) predicted to be HLA class I supertype-restricted epitope (A2
and A26 for each); and thus, no epitope loss. The other one position (214 KKSYLIRAL 222
in PB1 of the human viral proteome) only had the major variant (KRSYLIRAL) predicted
as a supertype-restricted epitope (B27 and B39), with the dominant index as non-epitope
(epitope loss). Thus, in summary, seven positions showed no change between the preceding
and the index switching position; with only one exhibiting a putative T-cell epitope loss.
Similarly, none of the eight positions were predicted to be immune-relevant for HLA Class
II DR supertype and linear B-cell epitope; and thus, no change for all the positions. On a
separate note, of the eight index switching positions, only one was highly conserved with a
∼82% intra-subtype (H5N1) incidence, and the remaining were of higher variability with
intra-subtype (H5N1) incidence of below 55%, to as low as ∼18% (Table S4).

Distribution of conserved and variable nonamer positions in avian
and human H5N1 IAV proteomes
Nearly all of the nonamer positions of the avian and human H5N1 IAV proteomes were
classified as highly conserved (index incidence ≥ 90%) or mixed-variable (index incidence
between 90% and 20%) (Fig. 7). Highly conserved positions, defined as those with index
sequence incidence of 90% or more among the aligned viruses, represented ∼62% and
∼57% of the avian and human H5N1 IAV proteomes, respectively. Seven percent (∼7%;
320 positions) of the human H5N1 IAV proteome was completely conserved (index of
100% incidence), and 264 of these 320 can be considered evolutionarily conserved given
the relatively larger sample size (≥100 sequences) in the alignment. In contrast, a smaller
fraction (<1%; 3 positions) of the avian viral proteome was completely conserved, observed
only in the PB1. Given that less than 7% of the human and avian viral proteomes were
completely conserved, nearly all nonamer positions of the aligned viral proteins of both
proteomes contained variants with one or more mutations to the index sequence. Notably,
only one position (170–178 of HA) in the avian H5N1 IAV proteome was classified as
highly diverse (index incidence ≤ 20%) with total variants of ∼82%, and there were none
in the human viral proteome.

Randomly selected nonamer positions corresponding to H5N1 IAV of both avian and
human hosts were analyzed for effects of sequence change to T-cell epitopes at the three
conservation levels (Table S5). Number of nonatypes for the avian viruses ranged from eight
to 104 at these positions (highly conserved: three (3); mixed-variable: three (3); and highly
diverse: only one such position). Nonatypes for the human viruses ranged from eight to
24. Index sequences were shared between viruses of the two viral hosts for all the positions
studied. Similarly, for all these positions, majority of the nonatypes for the human viruses
were shared with the avian viruses. The shared sequences were generally non-epitopic. The
humanH5N1 IAVnon-shared sequences were generally also non-epitopic. The avianH5N1
IAV non-shared sequences were generally also non-epitopic, sans for one mixed-variable
position 497-505.
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Figure 7 Distribution of conservation level of nonamer positions. The nonamer positions of the pro-
teome and the individual proteins were defined as highly conserved (red, index incidence ≥ 90%), mixed-
variable (blue, index incidence < 90% & > 20%), and highly diverse (green, index incidence ≤ 20%). Ma-
jority of the nonamer positions were highly conserved, representing∼62% and∼57% of avian (A) and
human (B) H5N1 proteomes, respectively. Only one position was identified as highly diverse, which rep-
resented less than 1% (avian, HA protein), while mixed-variable positions represented∼38% of the avian
H5N1 proteome and∼43% of the human H5N1 proteome. The M1, NP, PA, PB1 and PB2 proteins were
observed to have a higher percentage of highly conserved positions in both avian and human H5N1 pro-
teomes.

Full-size DOI: 10.7717/peerj.7954/fig-7
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Identification of highly conserved, immunogenic sequences as
potential vaccine targets
A total of 302 and 320 nonamer index sequences were identified to meet the conservation
criteria of≥ 99% incidence and 100% incidence for avian and human viruses, respectively.
Concatenation of these sequences resulted in 52 and 69 highly conserved, distinct sequences
for avian and human H5N1 viruses, respectively. These sequences were found in each of
the viral proteins of both hosts, except in M2. Twenty-five (25) of these sequences were
shared between viruses of the two hosts, with a match of at least nine consecutive amino
acids. Twelve (12) of these shared sequences were found to match at least nine consecutive
amino acids of 30 reported human T-cell epitopes in IEDB (Table 3), many of which
were restricted to multiple HLA alleles, thus relevant to a larger proportion of the human
population. Additionally, 12 of the 25 shared sequences were pan-subtype conserved as
they matched at least nine consecutive amino acids of sequences reported by Heiny et al.
(2007) that were conserved across H1N1, H3N2, and H1N2 subtypes (≥80% incidence
in each subtype). Eight (8) of these 12 were also those that matched the reported T-cell
epitopes (Table 3).

DISCUSSION
In this study, we applied a bioinformatics approach to characterize the diversity of avian
and human H5N1 IAV protein sequences as different viral variant motif populations and
illustrate the dynamic interplay between them. The publicly available protein sequence
data, with reported viral isolate date range of at least 53 years (1959-2012), provides a
compendium of the known sequence variants of H5N1 IAV. A similar study for HIV-1
clade B viruses, evaluating the amino acid make-up and incidence of the distinct sequence
changes, in the context of antigenic diversity, had been reported by Hu et al. (2013).

Mutations of influenza and other viruses are manifsted in the interrelated dynamics of
the proteome-wide distribution and the population-wide incidence of the sequence change.
The index sequence, with an incidence range of 100% to ∼18%, had an inverse, linear
relationship to the total concentration of mutations (total variants: 0% to∼82%). Notably,
highly diverse (index incidence ≤ 20%) positions were non-existent, except for the single
nonamer position HA 170-178 of the avian viruses. This suggests a functional constraint
(Saakian et al., 2006) preventing the virus population from exploring a hypothetical peak
fitness in the highly diverse region. This is in contrast to HIV-1 clade B viruses, which
exhibited a large fraction of positions within the highly diverse range; such positions are
thought to contribute to the general collapse of the early immunity to the virus (Hu et al.,
2013). In keeping with the quasispecies model, the progeny viruses of H5N1, thus, do not
seem to be capable of sequence plasticity as observed for certain positions of the HIV-1
genome (Hu et al., 2013); perhaps this restriction for H5N1 is imposed by the need for the
virus to survive in a diverse range of host species. Nonetheless, the observed patterns of
H5N1 IAV sequence change seem sufficient in providing a spectrum of viral variants that
enable the virus population to utilize changes in selection pressure and aid in the long-term
evolutionary stability and versatility of the virus within the repertoire of the hosts. This
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Table 3 Reported human T-cell epitopes in the H5N1 highly conserved sequences.

Protein H5N1 highly conserved
sequence a

Immunogenic T-cell epitopeb

Epitope IDc Sequenced T subset HLA Allele

M1 175 HENRMVLAS 183 65389 TNPLIRHENRMVLASTTAKA CD4+ HLA-DRB1*01:03, HLA-DRB1*15:01, HLA-
DRB5*01:01, HLA-DRB1*07:01, HLA-
DRB1*11:01, HLA-DRB1*15:02, HLA-
DRB1*03:01

148697 NPLIRHENRMVLAST CD4+ HLA-DR
79948 NPLIRHENRMVLAS CD4+ HLA DRA*01:01/DRB1*07:01
113695 PLIRHENRMVLAST CD4+ HLA-DRB1*03:01
97403 IRHENRMVLASTTAKAM CD4+ –
97395 IKHENRMVLASTTAKAM CD4+ –

NP 68 LSAFDERRN 76 54595 RLIQNSLTIERMVLSAFDERRNK – –
97689 TIEKMVLSAFDERRNKYL – –
54955 RMVLSAFDERRNRYLEEHPS CD4+ HLA-DRB1*01:01
164364 RMVLSAFDERRNKYLEEH CD4+ –

137 MIWHSNLND 145 41793 MIWHSNLNDATYQRTRALVR CD4+ HLA-DRB1*07:01, HLA-DRB5*01:01
218 AYERMCNILKGK 229 18366 FWRGENGRKTRSAYERMCNILKGK CD4+ HLA-DR1, HLA-DR2

97621 RRTRIAYERMCNILKGKF CD4+ –
97607 RKTRSAYERMCNILKGKF CD4+ –
145824 IAYERMCNILKGKFQTAA CD8+ HLA-B*15:01
181251 YERMCNILKG CD8+ HLA-B44, HLA-B*18:01

271 AHKSCLPACVYG 282 4255 ARSALILRGSVAHKSCLPACVYGP – –
27284 ILRGSVAHKSCLPACVYGLA CD4+ HLA-DRB1*07:01
33285 KSCLPACVY CD8+ HLA-A*01:01, HLA-A*30:02

PA 583 RCLLQSLQQ 591 129181 KWGMEMRRCLLQSLQQI – –

(continued on next page)
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Table 3 (continued)

Protein H5N1 highly conserved
sequence a

Immunogenic T-cell epitopeb

Epitope IDc Sequenced T subset HLA Allele

PB1 26 GDPPYSHGTGTGY 38 97682 TFPYTGDPPYSHGTGTGY CD8+ –
75755 YSHGTGTGY CD8+ HLA-A*01:01, HLA-A*26:01HLA-A*30:02,

HLA-A*29:02
337 LSIAPIMFS 345 236661 YITRNQPEWFRNVLSIAPIMFS

NKMARLGKGYMFE
– –

483463 QPEWFRNVLSIAPIMFSNK – HLA-DR
148616 FRNVLSIAPIMFSNKM CD4+ HLA-DR

401 ASLSPGMMMGMFNMLSt 417 42143 MMMGMFNML – HLA-A2
500 GFVANFSMELPS 511 97627 RYGFVANFSMELPSFGV CD8+ –

97314 FVANFSMEL – HLA-A2, HLA-A*02:01
537 NDLGPATaqMAlqlfiK 553 21574 GPATAQMAL CD8+ HLA-B7

555 YRYTYRCHRGD 565 1960900 DYRYTYRCHRGDTQIQT CD4+ HLA-DRB1*03:01

Notes.
aAmino acids are numbered according to the sequence alignment of the respective protein. Positions that do not satisfy the concatenating criteria are indicated as small letter case. Sequences that matched
with Heiny et al. (2007) data are underlined.

bReported T-cell epitopes from the Immune Epitope Database (IEDB). Dashes, not determined.
cEpitope ID based on IEDB (http://www.iedb.org/).
dImmunogenic sequences in IEDB that matched the highly conserved sequences are bold in red.

A
bd

R
am

an
etal.(2020),PeerJ,D

O
I10.7717/peerj.7954

20/31

https://peerj.com
http://www.iedb.org/
http://dx.doi.org/10.7717/peerj.7954


pattern of sequence change supports the notion of a Darwinian dominant replicator (index)
and a ‘‘clan’’ of variant molecules that can also have maximum reproductive fitness (Eigen
& Schuster, 1977).

The major mutation, which by definition must have an incidence of less than that of
the index, is limited to a maximum incidence of 50% and must decrease with decreasing
incidence of the index. In general, a large proportion (∼93% for both avian and human
viruses) of the major variants had an incidence of <25%, with some of the remaining nearly
matching the incidence of the index as total variants increased to more than 50%. The
dominance of an index that is an antigenic epitope is challenged by the major variant with
increasing total variants, alluding to the possibility of an index switch (Hu et al., 2013),
where fitness increase of one or more amino acid mutations may result in a dominance
switch between the major variant and the prevailing index.

As there can only be a singlemajormutation at a variant nonamer position, by definition,
therefore, the scope of different sequences of this motif is strictly limited. Thus, sequence
diversity of influenza is embodied in minor and unique mutations, which can exist as many
different sequences at the variant nonamer positions. This is particularly for positions
with more than 50% total variants, where the minor variants, each with an individual
incidence less than or equal to the major variant, were collectively the dominant variant
population for most of the positions. Notably, for a small fraction of the positions (<2%),
the combined incidence of the minor variants was greater than the predominant index.
Minor variants are, thus, a highly dynamic variant population of the proteome; they are
a product of the interplay between fitness-selection and continued mutation of the index
sequences and major variants. The different sequences of the minor variants alone present
a spectrum of sequences that could escape immune recognition or act as altered peptide
ligands, affecting the recall of pre-existing immunity (Evavold, Sloan-Lancaster & Allen,
1993; Sloan-Lancaster & Allen, 1996; Zinkernagel & Klenerman, 1998; Kim et al., 2009; Pan
& Deem, 2012; Park et al., 2016).

Notably, there was no significant change in the incidence of the unique variants at
the positions with more than 50% total variants, unlike in the case of HIV-1 clade B
viruses (Hu et al., 2013), where it increased dramatically for the hyper-variable positions
(≥90% total variants); these positions do not exist for H5N1 IAV. Although the average
proteome-wide incidence of the unique variants was about 1%, thus, posing questions
on their validity, they were observed at the majority of the proteome nonamer positions
and, for some, attained a higher incidence (maximum ∼14%) as total variants increased.
Similarly, nonatypes, a measure of distinct variant sequences, was chiefly of low incidence
(proteome-wide average: ∼2% and ∼3% for avian and human viruses), with increase
in incidence (to a maximum of ∼21% and ∼22%, respectively) nearing positions with
total variants of ∼79% and ∼64%, respectively. Such positions, which comprised largely
of different minor and unique variants, represent selected hotspots for mutation, with
implications for viral immune evasion. Notably, the lack of highly diverse positions, where
the difference in incidence between the different motifs, including the index, is almost
negligible and that switch of motif prevalence is possible, suggests a relatively dominant
role of the index sequences for H5N1 viruses.
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Index switching was previously described by Hu et al. (2013), and that it can effect a
fitness change. However, we observed that this was uncommon across the avian and human
viral proteomes. In contrast, switching between the other motifs was more common and
collectively may have a larger role in contributing to the fitness selection of the virus. The
motif switching phenomenon, also alluded by Hu et al. (2013), was not only observed for
both the proteomes, but was extensive and complex; it is thought to be a contributor to
fitness selection in other viruses as well, in particular those of quasispecies nature. The
dynamic nature of motif switching can be attributed to merging, splitting, and gain/loss
of nonatypes between the nonamer positions. Nonatype merging is observed when two or
more distinct nonamers of a given incidence at a position combined/merged to become
one in the subsequent position. Conversely, nonatype splitting is when a distinct variant
nonamer separates into two or more distinct variant nonamers in the subsequent position.
As for nonatype gain, it occurred when a motif was not present in the previous position
but appeared in the subsequent position, and vice versa for the loss; this was largely due
to indels and in some cases because of our filtering of nonamers with ambiguous amino
acids. Motif switching was common at all the three conservation levels (highly conserved,
mixed-variable, and highly diverse) for both the avian and human viral proteomes.
Positions of motif switch are hotspots for sequence change. Among the motif switch, index
switching can be disruptive and is of concern for selection of vaccine target candidates.
Positions that do not exhibit index switching may be considered as additional criteria for
vaccine target selection.

The consequence of index switching to the immune-relevance of the affected nonamers
was evaluated. The index and the major variants of the affected positions, generally, did not
appear to be immune relevant, for both humoral and cellular responses; only one position
demonstrated epitope loss due to index switching. Also, index switching positions (or the
preceding positions) appeared unlikely important for preservation of viral function because
they were generally of low intra-subtype (H5N1) incidence, below 55%. This suggests that
the index switching positions may be of structural in nature, providing fitness benefit to
the virus.

Vaccines against influenza have been developed empirically (Siegrist, 2013), comprising
of H1N1, H3N2, and influenza B strains that are predicted to be circulating in the
subsequent season, and are not inclusive and protective against pandemic potential viruses,
such as H5N1 and the most recent H7N9 (Meng et al., 2014). The lengthy process of
vaccine strain selection is multifaceted at every stage, and it takes almost four months to
select candidate vaccine strains (World Health Organization, 2007). Moreover, sequence
variability poses a significant problem in vaccine design against viruses. For example, a study
by Park et al. (2004) to assess the effect of strain heterology showed increased risk of disease
for heterologously compared to homologously vaccinated animals. Hence, highly conserved
sequences are thought as a solution in selecting vaccine targets that are representative of the
majority of influenza viruses. Several studies (Assarsson et al., 2008; Cassone & Rappuoli,
2010; Steel et al., 2010; Pica & Palese, 2013; Lee et al., 2014; Deng et al., 2015; Huber et al.,
2015) have provided evidence supporting the notion of conserved sequences as universal
vaccine targets. Steel et al. (2010) demonstrated that a vaccine based on the highly conserved
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HA stalk region was broadly protective in amurine influenzamodel. Other studies (Cassone
& Rappuoli, 2010) identified human antibodies that bound to highly conserved epitopes
of the HA, NP or the M2 for generation of cross-protective antibodies and cell-mediated
immunity. Huber et al. (2015) constructed a peptide-based vaccine of conserved parts
(HA, M2, NP, PB1, and M1) of influenza A virus, containing B and T-cell epitopes, which
showed promising results in both mice and ferrets. Assarsson et al. (2008) identified 54
conserved IAV epitopes tested against peripheral blood mononuclear cells (PBMC) from
44 healthy human blood donors. A few studies have evaluated conserved sequences of the
M2e as vaccines in early stage clinical trials (Deng et al., 2015). Adjuvants may be used
to boost the low immunogenicity of conserved sequences (Kang, Kim & Compans, 2012;
Lee et al., 2014). Our analysis has shown that H5N1 IAV is highly conserved and contains
immune targets that are attractive for vaccine design. Notably, we identified 25 sequences
that were highly conserved across both avian and human viruses (≥99% incidence), with
half (12) universally conserved to several other subtypes (Heiny et al., 2007); and 12 of the
25 (of which, eight were both pan-subtype conserved and immune-relevant) matched with
30 reported immunogenic human T-cell epitopes, including many that were promiscuous
to multiple HLA alleles allowing for greater population coverage. Although, our selection
did not result in any targets of HA and NA sequences, which are important for protective
immune response (Heiny et al., 2007), the data suggests that they can be selected at a
slightly lower, but still highly conserved incidence threshold, such as ≥90%. For example,
a reduction of the conservation level to 90% incidence returned nine highly conserved
sequences forHA, shared across viruses of both hosts. Further reduction in the conservation
threshold (i.e to ≥ 80%) is expected to provide even more candidates from HA, which
may extend to multiple influenza subtypes, though at a lower conservation level. Careful
selection of vaccine targets that protect against a broad spectrum of viral variants and are
applicable at the human population is an important first step that is critical for the success
of the subsequent steps. This work supports the need for knowledge-based approaches
towards the design of universal influenza vaccines (Gillim-Ross & Subbarao, 2007).

The study herein also provides data useful for the development of therapeutics and
diagnostics, and can aid in the surveillance of existing and future strains of influenza viruses.
Highly conserved sequences shortlisted in our analysis could be tested for inhibitory drug
design and used as diagnostic tool. There were 68 completely conserved human H5N1 IAV
virus sequences (Table S6) that could be used to design targets that are sensitive to detect
the presence of H5N1 virus strains. However, these sequences would need to be further
evaluated for specificity to the subtype. The high propensity for influenza A virus to develop
resistance against drugs has been a major problem for the development of therapeutics
against the virus. Rapid viral resistance against current antivirals, M2 ion channel inhibitors
(amantadine and rimantadine) and NA inhibitors (oseltamivir, zanamivir, peramivir, and
lanimivir) have been reported, with side effects and low efficacy (Yuan, Wen & Zhou, 2018;
Zhou et al., 2018). Major research efforts are now focusing on the polymerase protein (such
as favipiravir and pimovidir) because they are highly conserved and important machinery
in viral replication and transcription (Zhou et al., 2018). Our analyses have shown that
there are a number of highly conserved sequences, of non-polymerase protein origin,
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such as nucleoprotein, neuraminidase and haemaglutinin, which were conserved only in
avian viruses. These sequences can be further studied on their presence in other subtypes
of H5N1 so that the drug target will have broad effectiveness. Additionally, the diversity
motifs can be further assessed by studying the transmission pathway between avian and
human virus populations for adaptation patterns. In particular, by assessing for sequences
of low incidence motifs (unique, minor or major motifs) in the reservoir that are selected
as index in human. For example, a major motif of PB1 (I525V) in avian H7N9 viruses
was selected as the index in human viruses (manuscript submitted). The bioinformatics
approaches applied herein to study the dynamics of influenza A virus protein sequence
diversity can offer a roadmap for a practical, systematic analyses for rationalized vaccine,
drug, and diagnostic targets discovery.

CONCLUSIONS
Being an RNA virus, H5N1 IAV is prone to a highmutation rate resulting in a population of
related yet distinct viruses, which pose a challenge in vaccine design. This work elucidates
and provides important insights on avian and human H5N1 IAV antigenic sequence
diversity. Nearly all of the nonamer positions of each viral protein for the two viral hosts
had at least one variant sequence; significant variability was observed at certain nonamer
positions across both the viral proteomes. Despite the marked variability in the proteome,
the majority of the nonamer positions had a highly conserved sequence each, with ≥90%
incidence, and the pattern of conservation was grossly similar between the proteins of the
avian and human viruses. Consequently, the effects of sequence change to T-cell epitopes
were grossly similar between the two viral hosts. Chiefly, analysed nonatypes of both viral
hosts were predicted as non-epitopes, indicating that they may escape immune recognition,
possibly leading to pathogenesis. Sequence variants of both host populations appear to
further support immune evasion with continued sequence change. However, based on
our observation, select positions indicate conservation of immune recognition despite
significant sequence change, including non-conserved substitutions. Such positions merit
further investigation to better understand the pressures that may be subverting immune
escape. This study provides a catalogue of all the mutational changes involved in the
dynamics of H5N1 IAV diversity for both avian and human host populations. Each of
the diversity motifs exhibited a distinctive pattern and together they represented intrinsic
patterns in the structure-function organization of the different sequences in H5N1 IAV
quasispecies fitness-selection.

Development of an effective vaccine that is able to keep pace with the diversity of the
virus is exceptionally challenging. A subtle mutational change may have adverse effect on
vaccine efficacy. Hence, highly conserved sequences are thought as a solution in selecting
vaccine targets that are representative of the majority of influenza viruses, and raise hope
for the possibility of a universal vaccine. Index switching raises concern on the usability
of conserved sequences for this purpose. However, only one index switching position
was observed for H5N1 IAV among the highly conserved sequences (defined as positions
with incidence of ≥80%), and thus, the conserved sequence at this single position can
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be excluded for vaccine target selection. We expect a similar observation for other IAV
subtypes and possibly other viruses, given the constraints to maintain function at highly
conserved positions. In summary, this study has demonstrated the presence of H5N1 IAV
sequences that are conserved within and between the viruses of the host populations, with
some reported as immune targets and exhibiting conservation that goes beyondH5N1 IAV,
covering several major subtypes. The selected highly conserved sequences merit further
investigation as vaccine targets.

The emergence of newpathogens is alarming. The very recent outbreak (November 2016)
of H5N8 (Samuel, Smith & Brown Professor, 2016), H5N6 (World Health Organization,
2016) and H9N2 (World Health Organization, 2019) in many European countries and Asia
reminds us of the imminent threat that continued diversification of influenza A viruses
poses. Although not every mutation will result in an epidemic or a pandemic, the potential
for it to do so should not be underestimated. The key to circumventing this threat is to
fully understand the host-pathogen interaction (i.e. immunome). This work is a small step
towards that direction.
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