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İnfluenza A virüs (IAV) alt tipleri, geçmişte birden fazla pandemiye neden olmasına rağmen, 

insanlık için pandemik bir tehdit olmaya devam ediyor. Halihazırda insanları enfekte eden tüm 

influenza A virüsleri (IAV'ler), farklı konakçılardan (insan dışı) kaynaklanmıştır, ancak 

mutasyon ve yeniden sınıflandırma dahil olmak üzere bir dizi çeşitlilik faktörü aracılığıyla 

insanları enfekte etme kabiliyetine ulaşmıştır. Dünya Sağlık Örgütü (WHO), insanları enfekte 

eden IAV'lerin yüksek çeşitliliğine ayak uydurmak için her yıl iki kez IAV aşılarını yeniden 

tasarlar. Halka açık veri tabanlarında IAV'lerin sekans verilerinin geniş mevcudiyeti, çeşitliliğin 

daha iyi anlaşılması için gerekli olan ve böylece IAV'lere karşı aşılar gibi etkili müdahalelerin 

tasarlanmasını kolaylaştıran mevcut insan enfekte IAV'lerin çeşitlilik çalışmalarını mümkün 

kılmaktadır. Alt türler arasında ve konakçı türler (kuş ve insan) arasında karşılaştırmalı analizler 

ile mevcut tüm verilerle çeşitliliğe nicel bir yaklaşıma çok ihtiyaç vardır. 

Bu tez, seçilen ve kategorize edilen üç (3) influenza A virüsü alt tipinin çeşitlilik dinamikleri 

üzerinde konaklar arası (insan ve kuş) kapsamlı bir çalışma yürütmeyi amaçlamaktadır. Üç (3) 

influenza A virüsü alt tipi şu şekilde kategorize edildi: Yerleşik insan (H3N2), Gelişen insan 

(H7N9) ve Yalnızca kuş (H4N6). Bu alt tiplerin protein dizilerinin varyasyonundaki eğilimler, 

Shannon entropisinin kullanımı yoluyla çeşitliliğin miktarının belirlenmesinin yanı sıra, 

INFLUENZA A VİRUSU ALT TİPLERİNİN KARŞILAŞTIRMALI 

ÇEŞİTLİLİK DİNAMİKLER 
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proteinlerin her bir hizalanmış üst üste binen nonamer (9-mer) pozisyonundaki farklı çeşitlilik 

motiflerinin insidanslarını (oluşmalarını) hesaplanarak karşılaştırmalı olarak incelenmiştir. 

Nonamerler (9-merler) immünolojik uygulamalar için seçildi ve 9-mer'in sonraki 9-mer ile 8 

amino asitle örtüşmesini sağlayan bir kayar pencere (sliding window) tekniği kullanılarak 

parçalandı, örneğin: 1-9, 2-10, 3-11, vs. 9-merlerin insidanslarının analizi için, her bir 9-mer'in 

insidansına göre (yüzde- % olarak) aşağıdaki kategorilere (diversity motifs) ayrıca 

gruplandırılmıştır: indeks, majör, minör ve benzersiz (index, major, minor, and unique). İndeks, 

pozisyonundaki baskın dizidir. İndeks diziden en az bir amino asit farklı olan tüm dizilere 

varyant denir. Majör varyant, en yaygın varyant sekansıdır, benzersiz varyantlar yalnızca bir 

kez meydana gelen tekillerdir ve minör varyantlar, çok sayıda farklı tekrarlanan olup da majör 

varyanttan daha az insidansı olan sekanslardır. 

Tüm alt tipler arasında, PB1-F2'nin kuş konakçı dizilerinde insan konakçı dizilerine göre sürekli 

olarak çeşitliliği daha yüksek (dengesizliği) olduğu bulundu. Başka bir deyişle, pb1-f2'nin insan 

konakçılarda, aynı alt tipteki kuş konakçı karşılıklarına göre nispeten daha fazla korunmuş 

(stabile) olduğu bulundu. Ayrıca, PB1 ve PB2 proteinlerinin tüm alt tipler ve konakçılar 

arasında en çok korunan proteinler olduğu bulundu. Ek olarak, en yüksek insidans/oluşma (en 

düşük entropi) olan 9-mer'in yanı sıra, neredeyse her 9-mer pozisyonunda bir 9-mer varyantı 

vardı. 9-mer pozisyonlarının entropi değerleri de tüm alt tiplerde 0.90'dan fazla yüksek bir 

pozitif korelasyon gösterdi. Son olarak, her bir varyant motifi (majör, minör ve benzersiz), artan 

toplam varyantlarla (9-mer konumunda varyant motiflerinin toplamı) benzersiz bir ilişkiye 

sahipti. Major varyantı, toplam varyantların %50'sinde bir tepe insidansına sahipti, bunun 

ötesinde sadece minor varyantı yükselmeye devam etti ve o noktadan sonra pozisyonların geri 

kalanı için baskın varyant haline geldi (minör varyantı). Neredeyse tüm pozisyonların unique 

varyantı (benzersiz varyantı: bir pozisyonda yalnızca bir kez gözlemlenen 9-mer) sahip 

olmasına rağmen benzersiz varyant motifi, toplam varyantlar arttıkça neredeyse düz bir eğri 

sergiledi. 

Aralık 2022, 76 sayfa. 

Anahtar kelimeler: İnfluenza A virüsü, çeşitlilik dinamikleri, entropi, H3N2, H7N9, H4N6 
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Influenza A virus subtypes continue to be a pandemic threat to humanity despite having caused 

multiple pandemics in the past. All influenza A viruses (IAVs) that currently infect humans 

originated from non-human hosts and achieved the ability to infect humans through 

diversification factors, such as mutation and reassortment. The World Health Organization 

redesigns the IAV vaccines twice every year in order to keep up with the high diversity of IAVs 

that infect humans. The large availability of sequence data of IAVs in public databases enable 

diversity studies of existing human infecting IAVs, which is necessary to gain better 

understanding of the diversity, thereby facilitating design of effective interventions, such as 

vaccines against the IAVs. A quantitative approach to the diversity with all available data, with 

comparative analyses across subtypes and between host species (avian and human) is much 

needed.  

The thesis herein aimed to conduct a comprehensive inter-host (human and avian) study on the 

diversity dynamics of three (3) influenza A virus subtypes selected and categorized as: (i) 

established human (H3N2), (ii) emerging human (H7N9) and (iii) only avian (H4N6). Trends 

in the variation of protein sequences of these subtypes were comparatively studied by 

quantifying the diversity through use of Shannon’s entropy, as well as calculating the incidences 

(occurrences) of distinct diversity motifs at each aligned overlapping nonamer (9-mer) position 

COMPARATIVE DIVERSITY DYNAMICS OF INFLUENZA A VIRUS 

SUBTYPES 
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of the proteins. Nonamers (9-mers) were selected for immunological applications and the 9-

mers were generated by use of a sliding-window approach, where each 9-mer overlapped eight 

amino acids with the next 9-mer, such as 1-9, 2-10, 3-11, etc. The diversity motifs comprised 

of index and its variants (major, minor and unique). The index is the predominant sequence at 

a nonamer position and all the other nonamers (at that position) are referred to as variants, with 

one or more amino acid difference from the index. The major variant is the variant nonamer 

sequence that occurred more than all other variant nonamer sequences, making it the most 

common variant nonamer, while the unique variants are singletons that occurred only once. The 

minor variants are those 9-mers that occurred more than once and yet with incidences not up to 

the incidence of the major variant. 

Across all the subtypes, the protein PB1-F2 was observed to be constantly more diverse 

(unstable) in the avian IAVs compared to the human IAVs. Furthermore, PB1 and PB2 proteins 

were found to be the most conserved proteins across all the subtypes and hosts. In addition, 

nearly every 9-mer position had a variant 9-mer, beside the 9-mer with the highest 

incidence/occurrence (index) at the same position. The entropy values of the 9-mer positions 

also showed a high positive correlation to total variants, with Pearson correlation coefficient (r) 

of greater than 0.90 across all the subtypes analysed. Further, each variant motif (major, minor, 

and unique) had a unique relationship with increasing total variants across the proteome. Major 

variant exhibited a peak incidence at 50% total variants, beyond which only the minor variants 

continued to rise and were collectively predominant. The unique variants were observed for 

nearly all positions, but were of low incidence and showed a uniform trend. 

December 2022, 76 pages. 

Keywords: Influenza A virus, diversity dynamics, entropy, H3N2, H7N9, H4N6     
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1. INTRODUCTION 

Each year, the World Health Organization (WHO) redesigns seasonal vaccines for the Influenza 

virus, and this is done twice in a year (CDC, 2020). This is done to maintain the effectiveness 

of the influenza vaccines available since the virus changes its “signatures” at a high rate. Despite 

all these efforts and the relative technological advancements in the health sector, influenza A 

virus (IAV) remains a huge public health problem and a serious pandemic threat (Eng et al., 

2014; Szewczyk et al., 2014). Although the IAV virus is mainly in avian hosts, its greater 

mutation ability and other variation processes have rapidly created strains that are able to infect 

humans and have caused both epidemics and serious worldwide pandemics (Tscherne & 

García-Sastre, 2011). As a result of this threat and the fact that more and new influenza A viral 

sequences are being deposited in databases, it calls for continuous effort in research to gain 

more and updated understanding of the diversity dynamics of the Influenza A virus (IAV). The 

2019 COVID virus (SARS-CoV-2) has demonstrated the need to not only research on vaccines 

and viruses that are already causing fatalities, but also viruses that have the potential of at least 

infecting humans. The SARS-CoV-2 caught the world unprepared against its infection and 

caused unprecedented casualties, made worse by the long process of manufacturing new 

vaccines. Also, more IAVs, which were previously known to only infect avian hosts are being 

reported as gradually adapting and beginning to infect humans too. As such, there is the need 

to conduct diversity studies comparatively for IAVs that have already adapted and gained 

stability in infecting humans, versus IAVs that are still regarded as mainly infecting avian hosts. 

This will help in both better vaccine design and to gain further understanding of this “jumping” 

mechanism from the diversity point of view, which may pave ways to the possibility of 

minimizing or controlling IAV infections. 

Research on IAVs is made rapidly obsolete by the presence of large amount of new data. Also, 

there is limited literature on the comparative analysis across subtypes between different hosts.  

One of the extensive comparative analysis studies on IAVs is the work of (Heiny et al., 2007), 

which analysed the diversity of major IAVs (human and avian hosts isolates) reported before 

and during the year 2007.   
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This thesis aims to conduct a comprehensive inter-host (human and avian) study on the diversity 

dynamics of three (3) influenza A virus subtypes selected and categorized as: established human 

(H3N2), emerging human (H7N9) and only avian (H4N6).  

1.1. INFLUENZA A VIRUS AND DIVERSITY 

Viruses are the most dominant biological entities on earth (Moelling & Broecker, 2019). This 

is exacerbated by the ability of viruses to change (due to mutation and other genetic diversity 

generating factors), which timelessly can give rise to even more unique viruses on the planet. 

It is important to understand that the increasing number of viruses does not necessarily mean 

an increasing number of human viral infections. This is because not all viruses are harmful to 

humans. In fact, some viruses are directly or indirectly necessary for the survival of humans. 

Within the human body system, the food and chemical engineering processes, and the 

environment as a whole, viruses play some essential roles to complement the survival of 

humans and animals. 

Viruses of RNA genomes, such as the Influenza A virus (IAV), are known to have high rates 

of mutation due to the lack of proofreading in the enzymes responsible for making copies of 

the genome (Scroggs et al., 2019), leading to increased diversity in such viruses. This mutation 

often occurs during replication and recombination or reassortment between genetic materials 

(Mumford, 2007; Alnaji et al., 2022). Several evidence indicate that mutation through 

reassortment is common in IAVs (Webster et al., 1992). For example, all past IAV pandemics 

of humans were caused by subtypes that resulted from reassortment occurring in avian subtypes 

(Diskin et al., 2020). Although, diversity of species increases the functioning and stability of an 

ecosystem (Jochum et al., 2020), in the case of the viruses that are deadly to humans, this 

stability means fatality to humans. Aside from being RNA based, the segmented nature of the 

IAV genome also contributes to the observed high diversity rates of IAVs (Piret & Boivin, 

2021a). 

Although diversity occurs in all gene segments of IAVs (Webster et al., 1992), the classification 

of IAVs is done by various combinations of only the surface glycoproteins hemagglutinin (HA) 

and neuraminidase (NA), which are among the most variable. In 1976, research led to the 
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discovery of waterfowl as the main reservoir of IAVs and since then about 96 combinations of 

HA and NA glycoproteins of IAVs have been recognised (Diskin et al., 2020).   

Diversity studies of IAVs is crucial to public health because the diversity complicates the design 

of vaccines against the virus (Abd Raman et al., 2020). IAV vaccines are prepared to trigger 

immunity against current circulating and predicted IAV strains (CDC, 2020). However, as those 

strains evolve over a period of time into new strains, the diversity of which is not captured by 

the existing vaccines, it rapidly renders such vaccines inefficient against infections caused by 

these new strains. 

1.1.1 Antigenic Shift and Antigenic Drift 

The surface glycoproteins of the IAVs (HA and NA proteins) are termed as “antigens” because 

they are detectable by the host immune system and they can cause an immune response to be 

triggered (CDC, 2021). Due to the absence of proofreading in making copies of the genome 

during replication, IAVs, just like other RNA virus, have high mutation rates. Sometimes, these 

mutations may cause changes in the amino acids of the antigens, HA and NA, causing them to 

have different signatures as opposed to what the current host immunity has of them. This 

effectively makes them potentially escape recognition by the immune system. Such minor 

changes occurring in the surface proteins (HA and NA) of IAVs is termed as antigenic drift 

(Taubenberger & Kash, 2010; CDC, 2021).  

The segmented genome nature of IAVs (7-8 segments of genes) makes them prone to 

reassortments when different IAV strains co-infect the same host cell (Piret & Boivin, 2021a). 

This results in exchange of gene segments leading to progenies that have gene segments from 

both parents that took part in the co-infection. When this process leads to exchange or complete 

change of HA or NA antigens (proteins), it is referred to as antigenic shift (Taubenberger & 

Kash, 2010). Antigenic shift constitutes a major change resulting in antigens that are not 

recognized by previous immunity of the host, and this can lead to pandemics; nevertheless, 

antigenic shift occurs less frequently as compared to antigenic drift (CDC, 2021).  

Both antigenic shift and antigenic drift play a major role in the viral diversity of IAVs. 

Antigenic shift instantly results in new subtypes when the strain involved gains a new HA or 

NA protein from another strain of a different subtype. While the diversity created by antigenic 

drift does not instantly result in a new IAV subtype, it continues to compound over time and 
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can eventually result in creating distinct strains (CDC, 2021), which can possibly lead to the 

creation of a new subtype. 

1.2 PANDEMICS OF IAV 

In 2010, during the time in which the H1N1 pandemic was happening, (Hughes et al., 2010) in 

their article made a profound statement that the then pandemic, plus the newly emerging viral 

strains like the SARS-coronavirus are a reminder to humanity about our vulnerability and 

inability to predict or prevent such pandemics and similar threats to human health. Since then 

(2010 to 2019), a lot of advancements and improvements in our health technologies have been 

achieved, such as improvements in CRISPR and next generation sequencing technologies. 

However, the current 2019 SARS-CoV-2 (coronavirus) pandemic is yet a reminder that the 

statement by the authors about our preparedness still holds.  

According to WHO, Influenza virus causes 290,000–650,000 deaths every year (Taheri et al., 

2021). This is only accounted for by the yearly epidemics of Influenza virus, contrary to over 

50 million deaths (Johnson & Mueller, 2002) that a single IAV pandemic, such as the Spanish 

flu (1918–1919) had caused.  

With the majority of IAV pandemics triggered by animal-to-human interhost crossing of viruses 

(Hughes et al., 2010), it is becoming apparent that this mechanism is the main route of the virus 

in causing pandemics. However, the journey of a virus from animal host to human host doesn’t 

happen at once, instead, it’s a multifactorial series of events (albeit not fully understood yet) 

that play out resulting in the strain to reach its destination host (Piret & Boivin, 2021a). There 

are five (5) stages involved in the process of crossing from one specie host to a different species 

host (Wolfe et al., 2007):  

(1) Due to natural factors, the animals get infected by the pathogen.  

(2) The pathogen diversifies until it can infect humans directly, but at this stage it cannot cause 

human-to-human infection.  

(3) The pathogen can cause human-to-human infection, but for only a few times.  

(4) The pathogen still causes disease in animals and at the same time it’s able to sustain several 

human-to-human infections.  
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(5) The pathogen causes the disease only in humans, thus, becoming fully human-hosted.  

Some of the external factors suggested to be playing a role in modulating cross-species 

transmission of pathogens include the manner and frequency with which humans come into 

contact with virus-reservoir animals, land use and climate change (White & Razgour, 2020; El-

Sayed & Kamel, 2020; Piret & Boivin, 2021a). Beside the recorded IAV pandemics (1889, 

1918, 1957, 1968, 1977 and 2009), IAV epidemics have likely occurred in ancient times 

(Taubenberger & Morens, 2009; Taubenberger & Kash, 2010). The IAV pandemic of 1889, 

named: “Russian flu” pandemic, was, till that time, the most well recorded and ‘tracked’ in real-

time (Taubenberger & Morens, 2009). The virus reached the entire globe in about 4 months’ 

time and claimed approximately 1 million lives worldwide (Valleron et al., 2010; Piret & 

Boivin, 2021b). According to epidemiologic and serologic data, the pandemic was suspected to 

have been caused by an A/H3N8 virus (Worobey et al., 2014). 

The 1918 (1918 - 1919) “Spanish flu” Influenza pandemic, often cited as the worst in recorded 

history, resulted in over 50 million deaths worldwide (Johnson & Mueller, 2002). The pandemic 

also uniquely identifies itself by preceding previous pandemics with three waves of appearances 

and featuring a peak of high mortality in healthy young adults (Morens & Taubenberger, 2018). 

In J.K. Taubenberger’s laboratory, reconstruction of the viral genome of the pandemic using 

tissues of several victims demonstrated that the causative agent was a descendant of an avian 

H1N1 virus, and this has been said to be the “mother” of all the IAV progeny circulating and 

killing today (Taubenberger et al., 2007; Morens & Taubenberger, 2018). The 1957 – 1958 

pandemic, “Asian Flu” was caused by a H2N2 IAV subtype, a descendant of the H1N1 which 

evolved by acquiring three novel genes (HA, NA and PBI) from an unknown avian virus 

through reassortment (Taubenberger & Kash, 2010). 
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Figure 1.1: Timeline of pandemics of influenza A virus (IAV). Taken from (Piret & Boivin, 2021b). 

 

During this reassortment, the HA, NA and PB1 gene segments of the H1N1 subtype were 

replaced by the HA, NA and PB1 gene segments of an avian-like subtype respectively (Piret & 

Boivin, 2021b). The 1968 (1968 – 1970) pandemic, named: “Hong Kong flu” killed about 2 

million people (Saunders-Hastings & Krewski, 2016). Continuing the lineage of the 1918 virus 

(H1N1), the Hong Kong flu pandemic was caused by an A/H3N2 virus, a reassortant of 

A/H2N2 virus, evolved through replacement of the HA and PB1 gene segments (Piret & Boivin, 

2021b). As shown in Figure 1.1, the 1977 pandemic (1977 – 1978.) was a “zombie” H1N1 

virus, remerging in 1977, 20 years after it had disappeared at the end of the 1918 pandemic. 

Since it is not very likely that a virus would remain in nature for 20 years without going through 

mutational changes, it has been suggested that the virus was a frozen strain dating back to the 

1950s (Taubenberger & Kash, 2010). As can be seen in Figure 1.1, at the time of this re-

emergence, the human H3N2 was still in circulation and thus, both H3N2 and the 1918 origin 

H1N1 co-circulated until the H1N1 was replaced by the swine-origin H1N1 2009 pandemic 

virus (Taubenberger & Morens, 2020). In 2009, a swine-origin human H1N1 IAV, sometimes 
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called H1N1pdm09, caused a pandemic that brought about lots of casualties and economic 

losses (Dawood et al., 2009).  The virus is reported to have first emerged in La Gloria, a village 

in Mexico, and by June 2009, it was declared by WHO as a pandemic (Moore et al., 2021). 

1.3 INFLUENZA VIRUS GENOMIC ARCHITECTURE 

The influenza virus is an enveloped virus of the Orthomyxoviridae family that contains a 

negative-sense single strand RNA genome, segmented into 7-8 genes (Taubenberger & Kash, 

2010; Becker et al., 2021). The genera of the Influenza Orthomyxoviridae family include 

thogotovirus, isavirus, influenza virus A, influenza virus B, influenza virus C (Taubenberger & 

Kash, 2010) and the most recent influenza virus D (Hause et al., 2014; Liu et al., 2020). Among 

all the influenza viruses, the most epidemiologically significant, associated with pandemics 

(Taubenberger & Kash, 2010), and most severe in disease manifestations is IAV (Vasin et al., 

2014). 

 The IAV genome of x segments encodes for at least 11 proteins, which includes the non-

structural proteins (NS1 and NS2), the matrix proteins (M1 and M2), the main surface 

glycoproteins hemagglutinin (HA) and neuraminidase (NA), the polymerase subunits (PA, PB1 

and PB2), the nucleocapsid protein (NP), and the quite recently discovered proteins (PB1-F2, 

N40, PA-X, and M42) (Taubenberger & Kash, 2010; Kumar et al., 2018; Sun et al., 2020).  NS2 

is also referred to as the nuclear export protein (NEP). The envelop of IAVs, derived from host 

cell lipid membrane, have three proteins protruding from it (HA, NA, and M2), which can be 

seen in Fig 3B. The HA functions both as a fusion and receptor binding protein (Taubenberger 

& Kash, 2010). M1 is the major component of the viral envelope. Found underlining the 

membrane, the envelope plays several roles in virion assembly and infection (Taubenberger & 

Kash, 2010; Vasin et al., 2014). It interacts with both the viral ribonucleoprotein (vRNP) 

complexes and the surface glycoproteins. NA has sialidase enzymatic activity, which is needed 

for the release of newly created virions and for cleavage off sialic acids (SAs)  on viral 

glycoproteins (to  prevent nascent viral particles from aggregating) and SAs of host cell 

(Taubenberger & Kash, 2010; Khanna et al., 2014). NP forms the main part of the viral RNP 

complex and has the function of controlling the nuclear cytoplasmic transport of RNA. The 

RNA segments in virions are wrapped around NP monomers, and, together with the polymerase 

proteins (PB1, PB2 and PA), they form the RNP complex (Taubenberger & Kash, 2010; Vasin 

et al., 2014). 

https://www.sciencedirect.com/topics/immunology-and-microbiology/enzyme-activity
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Figure 1.2: A: Schematic diagram of IAV envelope and B:  IAV gene segments’ length breakdown 

(lengths might vary from that of other strains). Taken from (Chauhan & Gordon, 2022). 

During virus entry, M2 facilitates genome unpacking. It forms a proton channel, which gets 

activated in low pH conditions (Vasin et al., 2014). PB1 interacts with PB2 and PA and acts as 

a catalyst to the viral RNA-dependent polymerase responsible for RNA chain elongation. It is 

also necessary for both RNA transcription and replication (Vasin et al., 2014). As depicted in 

Figure 1.2 A, the PB2, another direct component of the vRNP complex (accompanying PA and 

PB1), is the first and the longest segment along the IAV genome of 759 amino acids (Eisfeld et 

al., 2015; Chauhan & Gordon, 2022). More importantly, the PB2 has a major influence in 

determining viral pathogenicity and virulence of IAVs, although how it achieves this is poorly 

understood (Long & Fodor, 2016). The PA segment of the IAV genome encodes the PA protein. 

As can be seen in Fig 3A, the PA protein, which together with PB1 and PB2 forms the vRNP 

complex, has a mutual function of being a requirement for replication and transcription in the 

nucleus of host cells (Obayashi et al., 2008; Mehle et al., 2012). PA also functions in activities 

such as cap-binding, promoter-binding and endonuclease (Hara et al., 2006). NS1 plays 
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multiple roles in the interaction between the virus and its host cell. These include the regulation 

of host and viral gene expression as well as enabling the virus to escape antiviral mechanisms 

of the host (Vasin et al., 2014). Just like NS1, NS2 is also a multifunctional protein but has been 

identified to play a major role of mediating the binding of the M1 matrix proteins to vRNPs and 

also facilitates the exportation of vRNPs from the nucleus of host cells (Shimizu et al., 2011; 

Paterson & Fodor, 2012; Brunotte et al., 2014). Researchers have identified the NS3 protein, 

however, its function is yet to be well understood (Chauhan & Gordon, 2022). 

1.4 SIGNIFICANCE OF STUDYING SUBTYPES H7N9, H3N2, AND H4N6 

Since the first emergence of the H7N9 IAV subtype human infection in China, which caused 

human epidemic in the country (To et al., 2014; Rejmanek et al., 2015), there had been 

increasing human cases of H7N9 spanning five waves of human infections between 2013 and 

2017, with 49 deaths out of 159 cases in January 2014 (To et al., 2014), totalling 615 deaths 

out of 1568 cases from 2013 to 2017 (Yin et al., 2021). By applying an H7N9 vaccine in the 

poultry in China, further human infections of H7N9 were greatly brought under control since 

September 2017. However, H7N9 has not been eliminated in poultry, making it one of the 

lingering potential threats to human health that demands attention (Yin et al., 2021). 

Furthermore, despite the fact that H7N9 is not popularly known to sustain human-to-human 

transmission, it has been identified to have alarmingly high mortality rates in infected people 

(Rejmanek et al., 2015).  

The A/H3N2 virus, which killed approximately 2 million in the 1968 Hong Kong flu pandemic, 

is still around and keeps causing deaths in the form of seasonal cases. Over the years, it has 

been observed that influenza seasons, where H3N2 cases dominate are more severe, with higher 

number of deaths and hospitalizations than the seasons dominated by other subtypes (Vemula 

et al., 2016). For example, the influenza season that took place from the year 2017 to 2018 in 

the United States had A/H3N2 as the dominant circulating IAV subtype and was highly severe 

IAV season recording 80,000 deaths with 900,000 hospitalizations, registering it as the IAV 

season with the third most outpatient visits in the past 20 years for IAV-like illness (Allen & 

Ross, 2021). Just like other IAV viruses, with different lineages of A/H3N2 still living in avian 

hosts like the poultry, the world still stands a risk of having any of those lineages crossing over 

to the human host and causing pandemics. Guan et al. (2019) detected various lineages of H3N2 

avian viruses in live poultry markets in China and found that the avian H3N2 viruses have 
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distinct replication phenotypes in mice, binding to both human-type and avian-type receptors 

and spreads efficiently to guinea pigs in direct contacts. 

 Avian H4N6 poses a threat to human health due to its, aside from other factors, resemblance 

in characteristics with some avian IAV’s, which are currently established as causing fatalities 

in humans like the H3N2. Both avian H3N2 and avian H4N6 have been demonstrated to be able 

to bind to avian-type and human-type receptors, replicate efficiently in mammals (mice) 

without adaptation, and through direct contact spreads very easily to guinea pigs (Bui et al., 

2012; Guan et al., 2019; Liang et al., 2016; Shi et al., 2016). H4N6 was also found to be easily 

transmissible through water (VanDalen et al., 2010) and this poses a threat to agriculture as 

many flocks and other animals in the free-range often share the same source of water in open 

places. 

The above facts about the three IAV subtypes under study and the daily increase in data on the 

subtypes make it expedient to sustain a continuous study on these subtypes. Above all, while 

preventing viral infections through vaccines has shown great success in fighting against 

pandemics, we may achieve better results if we are able to prevent avian viruses from crossing 

from avian and other hosts to human hosts (zoonosis) through early detection of such a 

potential. IAVs have been hosted by waterfowls likely for many years before they were 

discovered (1976) to be mainly originating from waterfowls, and during all those years, they 

caused less to no casualties to their avian hosts. However, once they jumped and adopted to the 

human hosts, they became alarmingly fatal to humans. Therefore, preventing avian to human 

host crossing of IAVs should be considered as a complimentary approach to vaccination. This 

study herein aims to analyse sequence diversity patterns of these three subtypes, categorises 

into three host categories: i) established human host (H3N2), ii) emerging human host (H7N9), 

and iii) only avian/commonly avian host (H4N6). The objective is to gain a better understanding 

of the transition from avian to human. 
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2. MATERIALS AND METHODS 

2.1 DATA GATHERING AND PROCESSING 

Protein sequences of H7N9 and H3N2 subtypes of human and avian hosts, and protein 

sequences of H4N6 IAV subtype from only avian host were downloaded from the public 

repositories GISAID (https://www.gisaid.org; as of March 2022) (Elbe & Buckland-Merrett, 

2017; Shu & McCauley, 2017; Khare et al., 2021) and FluDB (https://www.fludb.org; as of 

March 2022) (Zhang et al., 2017). Both databases allow the download of sequences that are 

already classified into individual proteins. Based on the number of records (data) available for 

each protein, only 12 proteins were selected for download and further analyses (NS1, PB2, NA, 

PB1, M1, PB1-F2, NS2, PA, NP, HA, PA-X, M2). While IAV’s have more than 12 proteins, 

this thesis focused on only the above 12. This was because, the rest of the proteins had 

significantly less data in the databases and would not guarantee a fair analysis if used together 

with the 12 proteins selected.  

The three (3) subtypes were evaluated for their host specificity based on the available data ratio 

between human and avian host sequences. As per the notion from the literature, H3N2 has been 

documented as infecting both humans and avian, and thus was classified as “Established 

Human”. H7N9 was classified as “Emerging human” due to the gradual increase in reports of 

its presence in both human and avian hosts. H4N6 subtype was classified as “Only avian” 

because it is majorly reported as infecting mainly avian hosts. The ratio of available data 

between the hosts supported the classification. 

Because the data was downloaded host by host from two databases, for each subtype, human 

host data from GISAID was added to human host data from FluDB to form a single human host 

data for that subtype. The same was done with the avian host data. After which, filtering was 

done to each host data as follows: Sequences shorter than 50 amino acids (aa) and those 

containing unknown aa character “X” were removed to improve the ease and quality of multiple 

sequence alignment (MSA). Upon this filtering, each protein’s duplicated sequences were 

removed using the deduplication tool, CD-HIT (Li & Godzik, 2006; Fu et al., 2012) to get the 

non-redundant (NR) sequences. Default parameters of CD-HIT was used (Table 2.1). Before 

the resulting NR data was aligned, for the H3N2 and H7N9 subtypes, human host protein 

sequences of each subtype were appended to their counterpart protein sequences of avian host 
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in their respective subtypes, eventually resulting in 12 protein dataset per subtype instead of the 

previously separated datasets of 12 protein human host and 12 protein avian host dataset per 

each subtype (H3N2 and H7N9). This was done because the thesis is primarily studying the 

diversity (mutations) which occurred while the virus was transitioning from avian host to 

human hosts and thus, the multiple sequence alignment (MSA) tool will need data of both hosts 

sequences at a time to be able to indicate what changes occurred in the sequences of human 

hosts as compared to avian hosts and vice versa (hosts are separated later). This was not done 

to the H4N6 subtype since it had only avian host protein sequence data.  The resulting datasets 

of each protein were then aligned using the command line MUSCLE (Edgar, 2004) MSA tool. 

Default parameters of MUSCLE was used for this thesis (Table 2.1). MUSCLE was chosen for 

the MSA because it produced better alignment after trying the dataset with MUSCLE and two 

other MSA tools (MAFFT and Clustal Omega). After the alignment was done the protein 

dataset of each subtype was separated back into their respective human and avian host NR 

sequence data. The aligned NR datasets were then submitted to DIMA (Tharanga et al., 2022) 

to perform entropy calculation and carry out diversity motif analyses as carried out by (Hu et 

al., 2013) and (Abd Raman et al., 2020). Figure 2.1 provides an overview of the workflow 

employed. 
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Figure 2.1: Thesis workflow diagram. 

 

 

Table 2.1: Information on tools/software used in this thesis. 

Tool Version Parameters/Algorithms used Purpose of Use Citation 

Python3 3.8.1 N/A Main programming 

language used for all 

tasks. 

(Van 

Rossum & 

Drake, 

2009) 

Matplotlib 3.3.2 N/A Plotting of graphs (Hunter, 

2007) 

seaborn 0.11.0 N/A Plotting of graphs (Waskom et 

al., 2017) 



14 

 

 

 

MUSCLE  
3.8.1551 

Default parameters were 

used: 

Default Parameter: value     

-maxiters:16                             

- maxtrees: 1 

-diagonal optimization: 

disabled 

Default flags: 

-le                                          

(-le stands for the Log-

expectation score which is 

the default profile scoring 

function called) 

For performing 

multiple sequence 

alignment (MSA) 

(Edgar, 

2004) 

CD-HIT 4.8.1 Default parameters were 

used: 

For removing 

duplicate sequences. 

(Li & 

Godzik, 

2006; Fu et 

al., 2012) 

Biopython 1.79 N/A For 

programmatically 

processing fasta files  

(Cock et al., 

2009) 

DIMA 4.1 Default parameters were 

used: 

For analysing 

sequence diversity 

(Tharanga 

et al., 2022) 

 

 

2.2. NONAMER ENTROPY & DIVERSITY MOTIF ANALYSES  

Using a sliding k-mer window approach as utilized by (Abd Raman et al., 2020), DIMA 

(https://dima.bezmialem.edu.tr) chunks the aligned sequences into a user-specified k-mer 

length, in our case, nine (9; nonamer) for immunological applications. Nine (9) is the most 

common length of peptides or their binding cores that the human leukocyte antigens (HLAs) 

mostly recognize (Heiny et al., 2007; Rammensee, 1995). The sliding k-mer window approach 

is such that each 9-mer overlaps the subsequent 9-mer by 8 amino acids, for example: 1-9, 2-

10, 3-11, 4-12, 5-13 are five 9-mers chunked from a protein sequence with amino acids that fall 

within position 1 and 13. For the analysis of the 9-mer incidences, each 9-mer was further 

grouped into the following categories ( termed as diversity motifs) based on the incidence (in 
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percentage - %) of that 9-mer: index, major, minor, and unique (Figure 2.2.). DIMA then 

calculates the entropy of each nonamer using a modified Shannon’s entropy calculation formula 

(Khan et al., 2006). Nonamer positions (1-9, 2-10, 3-11, etc) that had less than 30 sequences 

were termed as positions of low statistical support. Such positions were evaluated for entropy 

but were not included in the eventual analysis. 

The entropy H(x) of a nonamer i at position x is calculated as below: 

  

                                             (2.1)          

 

2.2.1. Sequence Diversity Entropy Calculation Formula (Abd Raman et al., 2020). 

Where H equals the entropy at a position x, p (i, x) is the probability of a nonamer i at x, and 

n(x) is the number of distinct nonamers at x. An increase in the total number of distinct 

nonamers causes increase in the entropy value (H). The relative probability of the nonamers 

also affects the entropy value such that the nonamer position where one nonamer is largely 

predominant, the entropy value reduces, which may imply a complete conservation of that 

position. The lower the value of the entropy at a (nonamer) position, the higher the conservation 

of the position. Thus, in theory, a position with 0 entropy is regarded to be at the highest level 

of conservation (complete or 100% conservation), while a nonamer position with an entropy of 

39 is regarded to be at the lowest level of conservation. This is only achieved if all possible 

combinations of the nonamer at that position are observed with equal frequency (Abd Raman 

et al., 2020). It is a theoretical value given that sequences within a species exhibit a certain 

degree of conservation. Further, certain combinations of nonamer peptides are sterically not 

plausible, such a nonamer of only prolines.  The highest nonamer entropy value that has been 

observed thus far is 9.2 for Env protein of clade B human immunodeficiency viruses (HIV-1) 

(Hu et al., 2013). The total number of sequences in the alignment also influences the entropy 

calculation, whereby the larger the sample size the lesser the bias. As described by Khan et al. 

(2008), a size bias resulting from this influence is corrected by using a statistical adjustment. 
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DIMA was then used to classify the distinct sequences at each nonamer position into diversity 

motifs based on their frequencies (Figure 2.3): “index” and its total variants (“major”, “minor” 

and “unique”) (Tharanga et al., 2022) (these were defined in the introduction section).  

The index is the predominant sequence at a nonamer position and all other nonamers (at that 

position) with one or more amino acid difference from the index are referred to variants. The 

major variant is the variant nonamer sequence that occurred more than all other variant 

sequences, making it   the most common variant nonamer., while the unique variants are 

singletons that occurred only once, and the minor variants are those of incidences in-between 

the major and the unique (Figure 2.2). 
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Figure 2.2: Diversity motifs1. Taken from (Tharanga et al., 2022). 

 

 

 
1 The index is the predominant sequence at a nonamer position and all other nonamers (at that position) with one or more 

amino acid difference from the index are referred to variants. The major variant is the variant nonamer sequence that occurred 

more than all other variant sequences, making it   the most common variant nonamer, while the unique variants are singletons 

that occurred only once, and the minor variants are those of incidences in-between the major and the unique, that is, the minor 

variant is the second most common variant nonamer after the major variant. Distinct variants are the number of all the different 

variant nonamers at the position (excluding the index nonamer which is not considered a variant). In this figure there are 6 of 

them. Distinct variants are used to derive “Nonatypes”, which is basically the percentage of distinct variants at a position in 

this case it is 30% (6/20). 
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Figure 2.3: General workflow of DIMA in calculating entropy and performing the diversity motif 

analyses. Taken from (Tharanga et al., 2022). 

 

The resulting diversity motif data were further processed and analysed for protein specific and 

proteome-wide diversity patterns for each subtype and the corresponding host.  Visualisations 

were made by use of matplotlib, seaborn and pandas of python3. 

2.3. QUANTIFYING SEQUENCE CONSERVATİON ACROSS ALL THREE 

SUBTYPES 

The distribution of the sequence conservation across the proteomes of the avian and human (if 

applicable) hosts for each subtype was analysed by categorizing the index sequences into the 

following categories based on its incidence.  

i) Extremely diverse: this category contains index sequences with incidence less than 

10% (index incidence <10%).   

ii) Highly diverse: represents index sequences with incidence greater than or equal to 

10% and less than 20% (10% ≤ index incidence < 20%).  
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iii) Mixed variable: represents index sequence with incidence greater than or equal to 

20% and less than 90% (20% ≤ index incidence < 90%).  

iv) Highly conserved: represents index sequence with incidence greater than or equal 

to 90% and less than 100% (90% ≤ index incidence < 100%).  

v) Completely Conserved:  represents index sequence with incidence exactly equal to 

100% (index incidence = 100%).  

For each subtype, this distribution was visualized in the form of a bar chart using matplotlib 

python library. 
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3. RESULTS 

  

3.1. DATA 

A total of 907086 viral protein sequences (human and avian) were downloaded for the H3N2 

subtype, 35183  (human and avian) for H7N9 (human and avian) and 38303 (human and avian) 

for H4N6. The H3N2 subtype had the highest total number of sequences downloaded, while 

the H7N9 had the least total number of downloaded sequences. In terms of hosts, the H3N2 

subtype again had the highest number of downloaded sequences of the human host, while the 

H7N9 recorded the least number of downloaded sequences of the human host. As per the 

methodology, sequences of human hosts were not downloaded for the H4N6 subtype. In the 

case of avian host however, across all the subtypes, H4N6 had the highest number of 

downloaded avian host sequences with H3N2 subtype recording the lowest number. The avian-

to-human host ratio (A2H) of the number of downloaded sequences for H3N2 subtype was 0.01 

and that of the H7N9 subtype was 1.30. (Table 3.1). 

 

After the download, general filtering was done to remove sequences shorter than 50 amino acids 

(aa) as well as sequences containing unknown aa characters. This filtering was followed by 

deduplication of sequences eventually resulting in a relatively lower number of final sequences 

than the originally downloaded number of sequences. After filtering and deduplicating, the 

originally downloaded data (all subtypes and hosts inclusive) reduced by approximately 

98.87%. In the remaining data, H3N2 still had the highest number of sequences (94994) while 

the H4N6 subtype had the lowest total number of sequences (7436) ready for analysis (Table 

3.1). 
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 Table 3.1: Number of H3N2, H7N9, and H4N6 sequences analysed. 

 
Subtype 

Downloaded sequences After filtering After deduplication Total 

analysed Human Avian Total Human Avian Total Human Avian Total 

H3N2 896804 10282 907086 895636 10262 905898 91915 3079 94994 94994 

H7N9 15284 19899 35183 15261 19881 35142 4133 4010 8143 8143 

H4N6 N/A 38303 38303 N/A 38147 38147 N/A 7436 7436 7436 

 

Sequences shorter than 50 amino acids (aa) and those containing unknown aa character “X” were removed to 

improve the ease and quality of multiple sequence alignment (MSA). Shorter sequences could match segments of 

several full-length(longer) sequences during alignment therefore making it more difficult for the MSA tool to 

decide the correct position of such short sequences. This increases the chances of the sequences being placed at a 

wrong position during the alignment. Likewise, Unknown characters (“X”) are supposedly amino acids that were 

not able to be defined during sequencing of the samples in the laboratories. Because they are unknown to the MSA 

tool, they may end up introducing errors in the alignment process which could give wrong analysis results. Also, 

deduplication on the other hand removes duplicate sequences (sequences with exact same amino acids 

arrangements) from the data to ensure that all analysis efforts are not redundantly duplicated. 

 

 

3.2. H3N2 

The H3N2 proteome had a total of 1104 and 1120 9-mer positions of low support for viruses of 

human and avian hosts, respectively. The average (mean) entropy value ranged from ~ 0.28 

(PB1) to ~2.51 (PB1-F2), with a proteome-wide mean entropy of ~0.56 for the human host. 

Separately, the avian host exhibited average (mean) entropy starting from ~0.35 (PB2) to ~3.80 

(PB1-F2) and a proteome-wide average of ~0.67, relatively higher than viruses of the human 

host. The low average proteome entropy (< 1) indicated a high conservation level of H3N2. 

Correspondingly, the proteome-wide average total variants (summation of all diversity motifs 

except the index) was low of 9.12% (human host) and 12.05% (avian host) for the respective 

viruses. However, the incidences of the average individual protein total variants exhibited a 

broader spectrum, starting from as low as 3.96% (PB1) to 43.26% (PB1-F2) for the human host, 

while 5.47% (PB2) to 71.28% (PB1-F2) for the avian host.  

The highest absolute entropy across the H3N2 proteome of the human host was ~4.6 at position 

185 in the HA protein, having a high incidence of total variants as 81.99%. In contrast, the 
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highest absolute total variants incidence of 82.03% was at position 182, also in the HA protein, 

with an entropy of 4.53. The H3N2 viruses of the avian host exhibited a higher peak absolute 

entropy of ~5.41 at position 105 of the NA protein, with a much higher total variants incidence 

of 91.85%. Comparatively, the maximum absolute total variants incidence was 91.87% at 

position 106 in the same NA protein, with an entropy of 5.37. Using the Env protein of HIV-1 

clade B as a benchmark, the peak absolute entropy of 9.2 and total variants of 98% was observed 

in the Env protein (Hu et al., 2013). 

  

Figure 3.1: Shannon’s entropy and total variants incidence for the 9-mer positions of each protein of 

the H3N2 subtype, isolated from human (top) and avian (bottom) host populations. 

 

Proteomes of both hosts of the H3N2 subtype contained numerous positions with a total variants 

incidence of more than 40%. There were 30 positions with a total variants incidence of more 

than 60% in the human host (Figure 3.1 A), while 100 positions in viruses of the avian host 

(Figure 3.1B). As observed, highly diverse 9-mer positions (total variants of ≥ 80%) were 

almost non-existent in both the avian and human proteomes occurring only in the avian host at 

0.08 (human) and 0.38% (avian) of the positions. 
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The entropy and total variants showed a positive Pearson correlation coefficient (r) of 0.95 for 

the human host and 0.97 for the avian host (Figure 3.2). For both human and avian hosts of the 

H3N2 subtype, increase in the total variants causes direct increase in the range of entropies 

representing the diversity, this continued until a maximum of roughly 50% total variants was 

reached at which point the range of entropies began to fell although with a rising value. As 

observed, there were only 3 positions (human host) and 15 (avian host) with total variants higher 

than ~80%. 

 

Figure 3.2: The relationship between entropy and incidence of total variants for H3N2 viruses of 

human (left) and avian (right) hosts. 

 

Entropy of 1 was achieved at total variants as low as 11.72% (human host) and 12.04% (avian 

host). Entropy values of [0, 1, 2] and the highest of 4.6 were achieved for the human host at the 

total variants shown in Table 3.2, while entropy values of [0, 1, 2, 3] and the highest of 5.41 

were achieved for the avian host proteome at the total variants shown in the Table 3.2. 
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Table 3.2: Minimum and maximum total variants at each entropy boundary values observed in both 

hosts of the H3N2 subtype. 

Entropy (bits) Minimum total variants 

incidence (%) 

Maximum total variants 

incidence (%) 
Human Avian Human  Avian 

0 0.01 N/A 0.06 0.3 

1 11.72 12.04 28.6 23.44 

2 32.53 35.05 60.01 56.91 

3 N/A 59.6 N/A 63.84 

4.6 81.99 N/A 81.99 N/A 

5.41 N/A 91.85 N/A 91.85 

 

 

Following the diversity motifs’s definitions, in theory, each variant motif was expected to 

exhibit a characteristic pattern of incidence in relation to the total variants. Figures 3.3 and 3.4 

plot the relationship between the incidence of each of the diversity motifs against a backdrop 

of increasing total variants for the proteome and individual proteins, respectively. Figures 3.5 

and 3.6 provide frequency distribution of the diversity motifs incidence by use of violin plots 

for the proteome of both hosts and individual proteins, respectively. 

Throughout the entire proteome, the index nonamer (9-mer) in general was the dominant motif, 

recording the highest average incidence of approximately 90.88% (human) and 87.95% (avian). 

The index is the inverse of the total variants, which comprises of the major variant, minor 

variants and unique variants. The theoretical minimum and maximum index incidence is 0% 

(inversely total variants of 100%) and 100% (inversely total variants of 0%). 

By definition, ranking by the relative percentage incidence, the major variant is the motif that 

follows immediately after the index motif, and its incidence cannot go beyond the incidence of 

the index sequence, and thus, by taking the maximum incidence of the major variant into 

account, it is theoretically expected to exhibit an   incidence pattern that follows the shape of a 

pyramid Due to this limitation created by the incidence of the index motif, the maximum 

incidence attainable by the major variant occurs at 50% total variants.. Before reaching the peak 
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incidence, there can be continuous increase in the incidence of both the major and total variants 

motifs while the index incidence reduces, but, after the peak incidence, the incidence of the 

major variant begins to fall along with the already decreasing incidence of the index.. The H3N2 

major variant pattern for each host was near-pyramidal with a peak incidence of 49.37% 

(human) and 46.08% (avian) (Figure 3.3 A and B). 

Nonamer sequences that occur more than once but are not as prevalent as the major variants are 

termed as minor variants. That is, the minor variant is the third most common sequence at a 

nonamer position. The human host proteome’s minor variants motif represented a notable motif 

(Figure 3.3 C), comparable to the major variant for total variants less than 50%. In the avian 

proteome, the minor variants motif represented the dominant diversity motif, particularly for 

positions whose total variants is ≥ 50% (Figure 3.3 D). 

 Unique variants (Figure 3.3 C and D) is the category of sequences that form the remainder of 

the variant sequence population. They represent nonamers that occurred only once at a position 

in the entire recorded sequence population. For both hosts, as the total variants increased a 

progressive increase in the unique variant incidence was observed until it reached a maximum 

of, ~16.67% (human) and 14.98% (avian) incidence was reached for the subtype. 

These variant types (unique, minor, major) were mostly of low (<10%) incidence for both hosts, 

as illustrated in (Figure 3.3 A, B, C and D). However, the minor variant showed an extent of 

exception by exhibiting a continuous general increase in incidence and even going beyond the 

incidence of the index at positions where total variant incidence is more than 50%. Despite this 

observation the number of positions displaying this pattern of higher incidence beyond the 

index motif was minimal for the subtype. 

Nonatypes (Figure 3.3 E and F), is a percentage measure of how many variant nonamers 

occurred at a position assuming all duplicated nonamers were removed. Nonatypes were 

observed for almost all (~99.97%, human; ~91.01%, avian) positions of the H3N2 nonamers. 

The human host H3N2 viruses exhibited nonatypes (Figure 3.3E) of generally low incidence, 

with a proteome-wide average of 0.74% and the highest incidence was 25% at position 50, 

corresponding to a total variants incidence of 75.0% (principally consisted of unique and minor 

variants). Likewise, for the avian host proteome, nonatypes (Figure 3.3F), generally had low 

incidences, and the average nonatype incidence across the entire proteome was 2.92% while 
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the highest individual incidence was 26.72% at position 29, corresponding to a total variants 

incidence of 83.0% (also majorly consisted of different unique and minor variants). 

The diversity motif dynamics pattern at the proteome level (Figures 3.3 and 3.5) was generally 

consistent with that of the individual protein level (Figures 3.4 and 3.6), with distinctive features 

of each protein highlighted by the plots. The proteins with the closest proximity to the proteome 

pattern are the HA and NA in both hosts. These proteins showed the largest range of index 

incidence (Figures 3.4 and 3.6). On the other hand, a couple of proteins showed a relatively less 

resemblance to the general diversity dynamics pattern of their respective proteomes. These 

include M1, PA, PB1, PB2 for the human host and M1 for the avian host. However, the protein 

with the least resemblance to the proteome pattern is the avian PB1-F2, having data points only 

at a total variants range of ~55% to 84%. 

 

Figure 3.3: Proteome-based diversity motif patterns in the H3N2 IAV subtype of human(left) and 

avian (right) hosts. 
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Figure 3.4: Protein-based diversity motif patterns in the H3N2 IAV subtype of human (top) and avian 

(bottom) hosts. 
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Figure 3.5: Diversity motif frequency distribution for the H3N2 IAV proteome of viruses isolated 

from human (top) and avian (bottom) hosts. 
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The Figure 3.7 provide a distribution of index sequences across various conservation thresholds 

for H3N2 viruses of human host. None of the positions were completely conserved, although 
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majority (71.15%) of the positions were highly conserved (90% ≤ index incidence < 100%). 

The second largest percentage of the positions (28.78%) constituted the mixed variable category 

(20% ⩽ index incidence < 90%). Only 0.69% of the positions were highly diversed and this 

was contributed by just the HA protein. However, none of the positions in the H3N2 of human 

host were extremely diversed. Likewise, Figure 3.8 provides the conservation distribution for 

H3N2 viruses of the avian host. Unlike the human host proteome, the avian host proteome had 

some percentage of positions for all the five levels of conservation. These are: completely 

conserved (2.82%), highly conserved (63.38%), mixed variable (33.43%), highly diversed 

(0.23%) and extremely diversed (0.15%). In the case of extremely diversed, it was contributed 

by only one protein (NA, 2.14%). 

 

Figure 3.7: Distribution of index incidences across various conservation levels for all the nonamer 

positions of the H3N2 viruses of the human host. All (proteome) refers to the combined 

distributions of the individual proteins. 
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Figure 3.8: Distribution of index incidences across various conservation levels for all the nonamer 

positions of the H3N2 viruses of the avian host. All (proteome) refers to the combined 

distributions of the individual proteins. 

 

3.3. H7N9 

The H7N9 proteome had a total of 387 and 252 9-mer positions of low support viruses of human 

and avian hosts, respectively. The average (mean) entropy value ranged from ~0.29 (PA) to 

~1.95 (PB1-F2) having a proteome-wide mean entropy of ~0.43 for the human host. Separately, 

the avian host exhibited average (mean) entropy starting from ~0.37 (PB1) to ~2.77 (PB1-F2) 

and a proteome-wide mean of ~0.67, relatively higher than viruses of the human host. Like the 

H3N2 subtype, the low average proteome entropy (< 1) indicated a high conservation level of 

H7N9. 
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Figure 3.9: Shannon’s entropy and total variants incidence for the 9-mer positions of each protein of 

the H7N9 subtype isolated from human (top) and avian (bottom) host populations. 

 

Correspondingly, the proteome-wide average total variants (summation of all diversity motifs 

except the index) was low of 7.84% (human host) and 12.36% (avian host) for the respective 

viruses. However, the incidences of the average individual protein total variants exhibited a 

broader spectrum, starting from as low as 4.67% (PB1) to 34.07% (PB1-F2) for the human host, 

while 6.61% (PB1) to 46.77% (PB1-F2) for the avian host.  

The highest absolute entropy across the H7N9 proteome of the human host was ~3.57 at 

position 41 in the PB1-F2 protein, with a total variants incidence of 69.96%, and this (69.96%) 

was, as well, the highest total variant incidence for the H7N9 human host proteome. The H7N9 

viruses of the avian host recorded a relatively higher maximum absolute entropy of ~4.54 at 

position 42 in the PB1-F2 protein, and a total variants incidence of 80.33%. However, the avian 
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proteome’s highest absolute total variants incidence, 80.74% was at position 42 also in the PB1-

F2 protein, with an entropy of 4.47. Using the Env protein of HIV-1 clade B as a benchmark, 

the peak absolute entropy of 9.2 and total variants of 98% was observed in the Env protein (Hu 

et al., 2013). 

Proteomes of both hosts of the H7N9 subtype also had several positions with a total variants 

incidence of more than 40%, and 11 positions with a total variants incidence of more than 60% 

(Figure 3.9A) in the human host, while 37 positions in the viruses of the avian host (Figure 3.9 

B).  As observed, highly diverse 9-mer positions (total variants ≥ 80%) were nearly non-existent 

in both the avian and human proteomes occurring only in the avian host at 0.04% of the 

positions. 

 

Figure 3.10: Human (left) and Avian (right) host visualisations of the relationship between entropy 

and incidence of total variants for the H7N9 IAV. 
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The entropy and total variants showed a positive Pearson correlation coefficient (r) of 0.92 for 

the human host and 0.95 for the avian host (Figure 3.10). For both human and avian hosts of 

the H7N9 subtype, just like it was in the H3N2, increase in the total variants causes direct 

increase in the range of entropies representing the diversity, this continued until a maximum of 

roughly 50% total variants was reached at which point the range of entropies began to fell 

although with a rising value. As observed, there were no (0) positions (human host) and 2 

positions (avian host) with total variants incidence higher than ~80% in respective proteomes 

of both hosts.  

Entropy of 1 was achieved at total variants as low as 14.34 (human host) and 13.89 (avian host) 

in both hosts. Entropy values of [0, 1, 2] and the highest of 3.57 were achieved for the human 

host at the total variants as shown in Table 3.3 while entropy values of [0, 1, 2, 3, 4] and the 

highest of 4.54 were achieved for the avian host proteome at the total variants shown in Table 

3.3. 

 

Table 3.3:  Minimum and maximum total variants at each entropy boundary values observed in both 

hosts of the H7N9 subtype. 

Entropy (bits) Minimum total variant incidence 

(%) 

Maximum total variant incidence 

(%) 
Human Avian Human  Avian 

0 0.0 0.0 2.08 0.21 

1 14.34 13.89 42.64 42.4 

2 NA 39.83 36.14 58.29 

3.57 69.96 53.95 69.96 53.95 

4.54 NA 80.33 NA 80.33 

 

Again, Following the diversity motifs’s definitions, in theory, each variant motif was expected 

to exhibit a characteristic pattern of incidence in relation to the total variants. Figures 3.11 and 

3.12 plot the relationship between the incidence of each of the diversity motifs against a 

backdrop of increasing total variants for the proteome and individual proteins, respectively. By 
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use of violine plots, Figures 3.13 and 3.14 provide frequency distribution of the incidences of 

each diversity motif for the proteome of both host and individual proteins, respectively. 

Throughout the entire proteome, the index nonamer (9-mer) was the dominant motif, recording 

the highest average incidence of approximately 92.16% (human) and 87.64% (avian). By 

definition and ranking by the relative percentage incidence, the major variant is the motif that 

follows immediately after the index motif, and its incidence cannot go beyond the incidence of 

the index sequence, and thus, by taking the maximum incidence of the major variant into 

account, it is theoretically expected to exhibit an   incidence pattern that follows the shape of a 

pyramid. Due to this limitation created by the incidence of the index motif, the maximum 

incidence attainable by the major variant occurs at 50% total variants. Before reaching this peak 

incidence, there can be continuous increase in the incidence of both the major and total variants 

motifs while the index incidence reduces, but, after the peak incidence, the incidence of the 

major variant begins to fall along with the already reducing incidence of the index. The H7N9 

major variant pattern for each host was near-pyramidal with a peak incidence of 45.83% 

(human) and 48.98% (avian) (Figure 3.11 A and B). 

Nonamer sequences that occur more than once but are not as prevalent as the major variants are 

termed as minor variants. That is, the minor variant is the third most common sequence at a 

nonamer position. For positions with >= 50% total variants, the minor variants motif was 

relatively less significant in the human host proteome as compared to that of the avian host of 

the subtype (Figure 3.11 C and D) . Unique variants is the category of sequences that form the 

remainder of the variant sequence population. It represents nonamers that occurred only once 

at a position in the entire recorded sequence population. For both hosts, the incidence of unique 

variants (Figure 3.11 C and D) progressively increased, as total variants increased until it 

reached a maximum of ~12.78% and 14.75% for the subtype. 

These variant types (major, minor and unique) were mostly of low (<10%) incidence for both 

hosts, as illustrated in (Figure 3.11 A, B, C and D). However, the minor variant showed an 

extent of exception by exhibiting a continuous general increase in incidence and even going 

beyond the incidence of the index at positions where total variant incidence is more than 50%. 

Despite this observation the number of positions displaying this pattern of higher incidence 

beyond the index motif was minimal for the subtype. Nonatypes (Figure 3.11 E and F), is a 
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percentage measure of how many variant nonamers occurred at a position assuming all 

duplicated nonamers were removed. 

Nonatypes were observed for most (~88.04%, human; ~94.45%, avian) of the H7N9 nonamer 

positions. The human host H7N9 viruses exhibited nonatypes (Figure 3.11 E) of generally low 

incidence with a proteome-wide average of 1.72% with the highest incidence of 18.8% at 

position 20 corresponding to total variants of 45.11% (principally consisted of unique and minor 

variants). Likewise, for the avian host proteome, nonatypes (Figure 3.11 F generally had low 

incidences, and the average nonatype incidence across the entire proteome was 2.45% with the 

highest incidence of 25.41% at position 42, corresponding to total variants of 80.74% (also 

majorly comprised of different unique and minor variants). 

The diversity motif dynamics pattern at the proteome level (Figures 3.11 and 3.13) was 

generally consistent at the individual protein level (Figures 3.12 and 3.14), with distinctive 

features of each protein highlighted by the plots. The proteins in the closest proximity to its 

proteome patterns are the HA (human and avian hosts), and NA (avian host) of the H7N9 

subtype. These proteins showed the largest range of index incidence (Figures 3.12 and 3.14). 

On the other hand, a couple of proteins showed less proximity to the general diversity dynamics 

pattern of their respective proteomes. These include M1, NP, NS1, and PB1 for the human host 

and M1, NP, NS2, PA-X, PB1 for the avian host. However, the protein with the least 

resemblance to its proteome motif diversity dynamics pattern is the human host NS2 protein, 

having absolutely no data points at all. This protein had very few sequences for human and 

avian hosts in the databases used and thus all the positions had less than 30 support (default 

support threshold in DIMA) so they were automatically filtered out in this plot. 
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Figure 3.11: Proteome-based diversity motif patterns for the H7N9 IAV subtype of human (left) and 

avian (right) hosts. 

 

 

Figure 3.12: Protein-based diversity motif patterns in the H7N9 IAV subtype of human host (top) and 

avian host (bottom). 
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Figure 3.13: Diversity motif frequency distribution for the H7N9 IAV proteome of viruses isolated 

from human (top) and avian (bottom) hosts. 
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The 

Figure 3.15 provides a distribution of index sequences across various conservation thresholds 

for H7N9 viruses of human host. Although a greater percentage (~74.25%) of the positions 

were Highly conserved (90% ≤ index incidence < 100%) only a few (2.81%) of them were 

completely conserved (index incidence = 100%). The second largest percentage of the positions 

(22.94%) fell in the Mixed variable (20% ≤ index incidence < 90%) conservation level. 

However, none of the positions were highly diversed nor extremely diversed. Likewise, Figure 

3.16 provides the conservation distribution for H7N9 viruses of the avian host. the avian host 

proteome had a slightly different distribution of conservation levels as compared to the human 
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host. About half of the positions (57.79%) were highly conserved (Figure 3.16), and a bit below 

half of them (41.08%) fell in the mixed variable conservation level. There were 1.08% 

completely conserved positions coming from a couple of proteins, however, in the case of 

highly conserved positions, only one protein (PB1-F2) had positions in the highly conserved 

conservation level forming about 0.04 % of all the positions of the proteome. 

 

Figure 3.15: Distribution of index incidences across various conservation levels for all the nonamer 

positions of the H7N9 viruses of the human host. All (proteome) refers to the combined 

distributions of the individual proteins. 
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Figure 3.16: Distribution of index incidences across various conservation levels for all the nonamer 

positions of the H7N9 viruses of the avian host. All (proteome) refers to the combined 

distributions of the individual proteins. 

 

3.4. H4N6 

As explained earlier, the H4N6 subtype was classified as “Only avian”, and therefore only the 

H4N6 avian host proteome was analysed. The H4N6 avian host proteome had a total of 189 9-

mer positions of low support, with approximately low average (mean) entropy value starting 

from ~0.26 (PB1) to ~3.54 (PB1-F2), with a proteome-wide mean entropy of ~0.59. Similar to 

H3N2 and H7N9, the low average proteome entropy (< 1) indicated a high conservation level 

of H4N6. Correspondingly, the proteome-wide average total variants (summation of all 

diversity motifs except the index) was low of 11.87%. for viruses of H4N6 avian host. However, 

the incidences of the average individual protein total variants exhibited a broader spectrum, 

starting from as low as 4.05% (PB2) to 66.23% (PB1-F2). 

The highest absolute entropy across the H4N6 proteome of avian host was ~4.92 at position 36 

in the PB1-F2 protein, having a high incidence of total variants as 85.47%. In contrast, the 
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highest absolute total variants incidence of 86.45%, was at position 35 also in the PB1-F2 

protein, with an entropy of 4.9. Using the Env protein of HIV-1 clade B as a benchmark, the 

peak absolute entropy of 9.2 and total variants of 98% was observed in the protein (Hu et al., 

2013). 

 

Figure 3.17: Shannon’s entropy and total variants incidence for the 9-mer positions of each protein of 

the H4N6 subtype, isolated from human (top) and avian (bottom) host populations. 

 

The avian host H4N6 proteome contained, several positions with a total variants incidence of 

more than 40%. There were 97 positions   with a total variants incidence of more than 60% 

(Figure 3.17). As observed, highly diverse 9-mer positions (total variants of ≥ 80%) were nearly 

non-existent in the proteome (0.07% of the positions). 

The entropy and total variants showed a positive Pearson correlation coefficient (r) of 0.96 for 

the H4N6 avian host (Figure 3.18). As total variants increased, the range of possible entropy 

values describing the diversity of the proteome also increased, with an inflection at 

approximately 50% total variants, where the entropy range started decreasing, albeit with an 

increasing value. Notably, there were only 3 positions with total variants higher than ~80%. 
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Figure 3.18: The relationship between entropy and incidence of avian host total variants for H4N6 

subtype. 

 

Entropy of 1 was achieved at total variants as low as 13.73%. Entropy values of [1, 2, 3] and 

the highest of 4.92 were achieved for the H4N6 avian proteome at the total variants shown in 

Table 3.4. 
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Table 3.4:  Minimum and maximum total variants at each entropy boundary values observed in avian 

host of H4N6 subtype. 

Entropy (bits) Minimum Total 

Variants (%) 

Maximum Total 

Variants (%) 

1 13.73 28.7 

2 44.2 45.63 

3 62.63 62.63 

4.92 85.47 85.47 

 

 

Following the diversity motifs’s definitions, in theory, each variant motif was expected to 

exhibit a characteristic pattern of incidence in relation to the total variants. Figures 3.19 and 

3.20 plot the relationship between the incidence of each of the diversity motifs against a 

backdrop of increasing total variants for the proteome and individual proteins, respectively. By 

use of violine plots, Figures 3.21 and 3.22 provide frequency distribution of the incidences of 

each diversity motif for the proteome and individual proteins, respectively 

Just like the H3n2 and H7N9, throughout the entire proteome of the H4N6, the index nonamer 

(9-mer) was the dominant motif, recording the highest average incidence of approximately 

81.13% (avian). By definition and ranking by the relative percentage incidence, the major 

variant is the motif that follows immediately after the index motif, and its incidence cannot go 

beyond the incidence of the index sequence, and thus, by taking the maximum incidence of the 

major variant into account, it is theoretically expected to exhibit an   incidence pattern that 

follows the shape of a pyramid. The H4N6 major variant pattern for the avian host near-

pyramidal with a peak incidence of 47.31% (Figure 3.19 A) 

Nonamer sequences that occur more than once but are not as prevalent as the major variants are 

termed as minor variants. That is, the minor variant is the third most common sequence at a 

nonamer position. The minor variants motif of the avian host proteome represented the 
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dominant diversity motif, particularly for positions whose total variants was ≥ 50% (Figure 3.19 

B). 

Unique variants (Figure 3.19 B) is the nonamer category of sequences that form the remainder 

of the variant sequence population. They represent nonamers that occurred only once at a 

position in the entire recorded sequence population. For avian hosts, as the total variants 

increased a progressive increase in the unique variant incidence was observed until it reached 

a maximum of ~10.16% across the avian host proteome. 

These variant types (unique, minor, major), were mostly of low (<10%) incidence, as illustrated 

in (Figure 3.19 –A, B and C). However, the minor variant showed an extent of exception by 

exhibiting a continuous general increase in incidence and even going beyond the incidence of 

the index at positions where total variant incidence is more than 50%. Despite this observation 

the number of positions displaying this pattern of higher incidence beyond the index motif was 

minimal for the proteome. 

Nonatypes (Figure 3.19 C), is a percentage measure of how many variant nonamers occurred 

at a position assuming all duplicated nonamers were removed. Nonatypes were observed for 

almost all (~97.03%) of the H4N6 avian host nonamer positions. The proteome exhibited 

nonatypes (Figure 3.19 C) of generally low incidence, with a proteome-wide average of 

∼1.81% and the highest incidence of 15.71% at position 44 corresponding to total variants of 

79.83% (principally consisted of different unique and minor variants). 

The diversity motif dynamics pattern at the proteome level (Figures 3.19 and 3.21) was 

generally consistent at the individual protein level (Figures 3.20 and 3.22), with distinctive 

features of each protein highlighted by the plots. The proteins with the closest proximity to the 

proteome pattern are the HA and NA proteins. These proteins showed the largest range of index 

incidence (Figures 3.21 and Figure 3.22). On the other hand, a couple of proteins showed a 

relatively less resemblance to the general diversity dynamics pattern of their respective 

proteomes. These include M1, M2, NP, PB1 and PB2. However, the protein with the least 

resemblance to and relatively significant divergence from its proteome motif diversity 

dynamics pattern is the avian PB1-F2 protein, having data points only at a total variants range 

of ~48% to ~86% (Figure 3.20). 
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Figure 3.19: Proteome-based diversity motif patterns in the H4N6 IAV subtype of avian host. 
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Figure 3.20: Protein-based diversity motif patterns in the H4N6 IAV subtype of avian host. 

 

 

 

Figure 3.21: Diversity motif frequency distribution for the H4N6 IAV proteome of viruses isolated 

from avian hosts. 
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Figure 3.22: Diversity motif frequency distribution for the H4N6 IAV individual proteins of viruses 

isolated from avian hosts. 

 

The Figure 3.23 provides a distribution of index sequences across various conservation 

thresholds for the H4N6 viruses of the avian host. Although a greater percentage (~73.06%) of 

the positions of the proteome were highly conserved (90% ≤ index incidence < 100%) only a 

few (0.48%) of them were completely conserved (index incidence = 100%). The second largest 

percentage of the positions (26.39%) constituted the mixed variable (20% ≤ index incidence < 

90%) category. The least percentage of the positions (0.07%) were highly diversed occurring 

only in the PB1-F2 protein. 
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Figure 3.23: Distribution of index incidences across various conservation levels for all the nonamer 

positions of the H4N6 viruses of the avian host. All (proteome) refers to the combined 

distributions of the individual proteins. 

 

Table 3.5: Summary statistics of entropy and diversity motif distributions. 

 

IAV 

Subtype 

Proteome (Human host) 

Absolute 

entropy 

range 

(Bits) 

Average 

(mean) 

entropy 

(Bits) 

Average 

(mean) 

index 

incidence 

(%) 

Average 

(mean) 

total 

variants 

incidence 

(%) 

Average 

(mean) 

major 

variant 

incidence 

(%) 

Average 

(mean) 

minor 

variants 

incidence 

(%) 

Average 

(mean) 

unique 

variants 

incidence 

(%) 

Average 

(mean) 

nonatype 

incidence 

(%) 

H3N2 4.6 0.56 90.87 9.12 4.75 3.99 0.38 0.74 

H7N9 3.32 0.43 92.16 7.84 4.86 1.95 1.03 1.72 

IAV 

Subtype 

Proteome (Avian host) 

Absolute 

entropy 

range 

(Bits) 

Average 

(mean) 

entropy 

(Bits) 

Average 

(mean) 

index 

incidence 

(%) 

Average 

(mean) 

total 

variants 

incidence 

(%) 

Average 

(mean) 

major 

variant 

incidence 

(%) 

Average 

(mean) 

minor 

variants 

incidence 

(%) 

Average 

(mean) 

unique 

variants 

incidence 

(%) 

Average 

(mean) 

nonatype 

incidence 

(%) 

H3N2 5.36 0.66 87.95 12.05 5.93 4.39 1.73 2.91 

H7N9 4.52 0.67 87.64 12.36 6.87 4.12 1.38 2.45 

H4N6 4.92 0.60 88.13 11.87 6.98 3.86 1.03 1.81 
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4. DISCUSSION 

 Using in-silico methods, this thesis work evaluated the diversity of IAV protein sequences 

across three (3) IAV subtypes. The study worked on human and avian protein sequences of 

H3N2, H7N9 and the avian protein sequences of H4N6, resulting in evaluation of five (5) 

proteomes (Table 3.5), the data of which were retrieved from public databases, GISAID EpiFlu 

and FluDB. 

Across all the subtypes, the total concentration of mutations (total variants) was inversely 

proportional to the index sequence (which represents sequence conservation). Based on all the 

applied diversity metrics (entropy, total variants, nonatypes and conservation levels), the human 

H7N9 proteome proved to be the most conserved proteome across the 3 subtypes (5 proteomes). 

However, on the spectrum of diversity, the avian H3N2 proved to be the most diverse subtype. 

Specifically, the HA protein of both the human and avian H3N2 exhibited three (3) nonamer 

positions (human: 184 - 192, 185 - 193, and 186 - 194) and one (1) nonamer position (avian: 

109 - 117) in the highly diversed region, and more importantly the NA protein of the avian 

H3N2 had six (6) nonamer positions (103 - 111, 104 - 112, 105 - 113, 106 - 114, 107 - 115, and 

108 - 116) in the extremely diversed region. These proteins (HA and NA) define the subtype of 

an IAV (Diskin et al., 2020), and thus the more diverse they are, the more diverse the entire 

subtype. (Hu et al., 2013) pointed out that positions in the highly diversed/extremely diversed 

regions are likely to impact immune recognition by the host and may result in immune escape. 

Amidst other factors, this may partly explain why (Vemula et al. 2016) observed that IAV 

seasons that include H3N2 as one of the circulating variants are particularly more fatal than 

IAV seasons without H3N2. 

The proteins PB1 and PB2 were found to be the most conserved proteins across the five (5) 

proteomes (human and avian host proteomes of H3N2, H4N6 and avian proteome of H4N6). 

Amongst the five conservation levels (CC, HC, MV, HD, and ED), PB1 and PB2 maintained a 

relatively higher fraction of the combined upper conservation levels (CC + HC) as compared 

to the rest of the proteins; although PA, M1 and NP proteins had a good percentage of conserved 

sequences. This is also in line with the works of others (Heiny et al., 2007; P. T. Tan et al., 

2011) who also reported that along with other proteins, PB1 and PB2 to be highly conserved 

proteins. These proteins (PB1 and PB2) are non-structural in nature and although the immune 
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system recognizes structural proteins (Rawal et al., 2021), it has been shown that non-structural 

proteins can also trigger immune response and thus these proteins (PB1 and PB2) are potential 

candidates as vaccine targets. 

The least conserved (or the most diversed) protein was PB1-F2, with the highest fraction of the 

combined lower conservation levels (MV and HD) across all the five (5) proteomes. Therefore, 

PB1-F2 is not suitable as vaccine target. However, convention vaccines that use the whole virus 

would include this highly diverse protein and may negatively impact the duration of the 

immunity. 

While all other proteins nearly had similar diversity dynamics between the hosts, PB1-F2 was 

the only protein that showed significant change in diversity dynamics (difference) between 

avian and human subtypes. The PB1-F2 in the avian host had a higher diversity level (HD+ED) 

than those of the human host. This is in congruence with the observation by (Abd Raman et al., 

2020) that the avian PB1-F2 of H5N1 subtype was the only protein that had all its nonamers in 

the mixed variable (MV) conservation level, while other proteins, including the human PB1-F2 

had some of the nonamer positions in the highly conserved (HC) conservation level. It would 

be important to investigate what may have accounted for this significant difference between the 

PB1-F2 protein of the human and avian hosts. This may further shed light on the role of PB1-

F2 in viruses jumping from the avian host to the human host. 

As more avian subtypes are making their way into the human host and continuing to diversify 

within the human host, existing IAV vaccines against human infection become obsolete at high 

rate and in order to cope with this situation, IAV vaccines have to be continuously redesigned 

at the same rate at which the old vaccines become obsolete (Salzberg, 2008; Blanton et al., 

2015; CDC, 2020). This is obviously tedious, expensive and given the long process of vaccine 

design with our current technologies, it is possible that some vaccines could get obsolete before 

reaching the market based on how rapid IAV mutate. This has called for several efforts to come 

up with a universal IAV vaccine (Bangaru et al., 2018; J. Tan et al., 2018; Krammer & Palese, 

2019). The mitigation of the avian to human viral jump will require comprehensive 

understanding of the diversity dynamics of the virus as it journeys as a purely avian subtype, 

such as H4N6, to as a well-established human subtype, such as H3N2, and others that are in-

between these two extremes, such as H7N9. One of the key components of a successful 

universal vaccine is the identification of target proteins (sequences) that do not change (are 
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completely conserved) across all current and future IAV subtypes (Nachbagauer & Krammer, 

2017). Vaccines designed upon such proteins and their regions within are expected to be 

effective against a large number of IAV variants, if not all of them. Based on the results of this 

thesis and similar results of others, PB1 and PB2 are attractive as targets for a universal vaccine 

that aims to target the non-structural proteins (Thura et al., 2021) compared to existing vaccines 

that target the structural proteins, such as the HA and NA proteins, which are less conserved. 

This thesis has simultaneously studied and elucidated the diversity dynamics of a purely avian 

subtype (H4N6), a purely human subtype (H3N2), and that of a subtype that is in-between the 

two extremes (H7N9). Among the five (5) proteomes studied from these three subtypes, the 

most diverse was H3N2 subtype of avian host and the most conserved was H7N9 subtype of 

human host. The fact that nonatypes were observed for almost all the positions analysed shows 

that sequence change is spread out across the length of the proteome of each of the subtypes. 

This supports the notion of the general highly diversed nature of IAVs and for that matter 

requires continuous, real-time diversity analysis of IAV data deposited in public repositories. 

 

Notably, with about more than 96 different subtypes of IAV in existence (Diskin et al., 2020), 

this study on just three (3) IAV subtypes might not be representative enough for the entire 

population of the existing IAV subtypes. Thus, it will be beneficial for future work to include 

as many subtypes as possible in such a study. Also, due to time and resource limitations, the 

MSAs (Multiple Sequence Alignments) of the protein sequences were not manually checked, 

thoroughly for potential sites of misalignments. However, the MSA tools used are generally 

reliable and widely used, plus general checks indicated reliable alignment of the IAVs. 

Data redundance is noted to be a concern for public repositories. For example, there were nearly 

more than 60% duplicates in the downloaded sequences of all the three (3) subtype data. For 

example, the original number of sequences for the human host H3N2 subtype downloaded 

dropped from around 800,000 to just 91,000 sequences after the duplicates were removed. This 

duplicates unnecessarily overburden the databases and compute power needed to process the 

data. This could be a major bottleneck for real time sequence analysis. Thus, it may be useful 

if these online sequence repository platforms do a check on data that is uploaded and if they are 

duplicates, then only the metadata (country, ID, laboratory, etc) is saved in the database against 

the already existing reference sequence. The same can be done with the pre-existing data with  
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the metadata annotations made on a selected reference sequence. This will help optimize storage 

space, compute power, and eventually reduce data pre-processing time during research. 

 

 

 

 



54 

 

 

 

5. CONCLUSION AND RECOMMENDATIONS 

 This study provided an overview of the diversity dynamics of three IAV subtypes across two 

different hosts, avian and human. The subtypes were selected to evaluate the diversity 

difference in terms of adaptability to the host, with H3N2 being a well-established human virus 

and H4N6 mainly an avian virus, while H7N9 somewhat in between. The results provided 

insight into the difference in adaptation dynamics across the subtypes and the hosts. This study 

also classified the index sequences of each proteome according to five conservation levels. PB1 

and PB2 were the most conserved and are attractive as candidates for vaccine design, in 

particular as universal vaccine target. PB1-F2 was the most diverse and thus, should be 

excluded for vaccine design strategies. The approach reported herein is generic and can be 

utilised for the study of diversity dynamics of many other IAV subtypes. Future work may 

include characterisation of the highly conserved sequences identified as immune targets. 
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