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ABSTRACT

The influenza virus is one of the most infectious and contagious pathogens in the world.
The pathogens evolve rapidly causing regular seasonal epidemics in humans and other
mammalian species and also posing a challenge to effective vaccination. The study
sought to evaluate the evolutionary dynamics of the human influenza A viruses that
circulated in Kenya just before, during, and after the 2009 pandemic. A/H3NZ2,
A/sHIN1, and A/HIN1pdm09 HA1 nucleotide sequences, previously deposited in
GenBank and GISAID genetic databases were retrieved including those of
corresponding WHO influenza virus vaccine strain compositions. A total of A/H3N2
(N=122); A/sHIN1 (N=126) and A/HIN1pdmO09 (N=176) Kenyan and global reference
sequences Vvirus isolates the three datasets were analysed using bioinformatics
approaches. The Kenyan A/H3NZ2 viruses revealed mutations across the antigenic sites
(A-E) whereas the A/sH1N1displayed mutations at the antigenic site Cbh and Ca, and Sh.
However, the mutations revealed by A/HIN1pdmQ9 did not occur at any designated
antigenic site. Phylogenetic analysis showed that the A/H3N2- viruses clustered with
AJ/Brisbane 10/2007 like, with a drift to A/Perth/16/2009 (H3N2)-like viruses in 2013.
The majority of A/HIN1pdmQ09 (2009-2011) belonged to clade 7 while a minority of
clade 5 and 6A and the Kenyan A/sH1N1 belonged to clade B. Vis-a-vis N-linked
glycosylation all the isolates in the three categories retained all the potential N-linked
glycosylation sites. The Kenyan A/H3N2 evolved mainly through purifying selection
while the A/H1IN1pdm09, and A/sH1N1 evolved under negative selection. The Kenyan
A/H3N2, A/HIN1pdmO09 & A/sH1N1 isolates shared tMRCA at 7.5 (95% HPD = 6.4-
8.9), 5.9 (95% HPD = 4.7-7.1) and 2.7 (95% HPD = 2.3-3.2) years ago, respectively.
The A/H3N2 revealed modest vaccine efficaciousness during 2008, and 2010 influenza
seasons, whilst sub-optimal effectiveness was registered in 2007, 2009, 2012, and 2013.
The A/H1IN1pdmOQ9 estimates indicate 80% effectiveness for the years 2009-2011 and
the worst case for the subsequent year (below 40%,). Likewise, A/sHIN1
efficaciousness was modest in the 2008 season, declining in the following season
(below45%). The mean evolutionary rate of the Kenyan A/H3N2, A/H1N1pdmQ9 and
A/sSHIN1 isolates was 4.6x10 (95% HPD = 3.0x107 to 6.3x10®), 5.4x10° (95% HPD
= 4.0x10° to 7.2x10°%) and 5.1x10° (95% HPD = 3.3x10° to 7.0x10) nucleotide
substitutions per site per year, respectively.In conclusion, constant evolution and viral
amino acid changes at the HA1 domain play a vital role in vaccine efficaciousness
shaping the evolutionary dynamics of local influenza A viruses. Our findings underscore
the importance and need for consistent surveillance and molecular characterization of
influenza viruses, to inform decision-making and enhance early detection of strains with
epidemic/pandemic potential as well as benefit in guiding decisions regarding the
appropriate annual influenza vaccine formulation

XV



CHAPTER ONE
INTRODUCTION
1.1 Background Information

Influenza, commonly known as “the flu” is an infectious disease caused by the influenza
virus. This disease causes three to five million(3,000,000-5,000,000) morbidities and a
quarter to half a million (250,000 to 500,000) mortalities annually (Cauchemez et al.,
2012). The Influenza viruses are single-stranded, negative-sense RNA viruses belonging
to the family Orthomyxoviridae. The family has four genera: Influenzavirus A,
Influenzavirus B, Influenzavirus C, and Thogoto virus. Only the first three genera cause
illness in humans while the last genera cause infections in cattle (Kochs et al., 2000).
Among the genera causing infections in humans, Influenzavirus A exhibits the greatest
genetic diversity and can infect a great number of animals causing the most severe form
of the disease. This influenza A viruses have been characterized by some of the great
pandemics in humans, birds, and other mammalian species (Blackburne, Hay, &
Goldstein, 2008; Nelson & Holmes, 2007; Popova et al., 2012)

The segmented nature of the human influenza A virus genome and error-prone VRNA
trigger two or more subtypes to infect the same host cell resulting in the “mixing” of
disparate gene segments to constitute mosaic virus variants that have different
constellations of the gene segments, a process called genetic re-assortment resulting to
pandemics (Kilbourne, 2006). The first human influenza pandemic appeared in the 16th
century and since then, 31 other pandemics have been reported globally. Over the last
century, three influenzas A pandemics have occurred. These include the 1918 Spanish
flu, the 1957 Asian flu, and the 1968 Hong Kong flu. In this century, the first influenza
pandemic occurred in march 2009 (Dawood FS et al., 2009).



1.2 Human influenza pandemics

In the spring of 1918 Spanish flu pandemic appeared and caused an unusually severe
and deadly influenza disease. The pandemic killed at least 50 million people surpassing
by far those who died as a result of World War 1, making it the worst pandemic in
history(Taubenberger, K, Kash, & C, 2010). In recent years, the genetic material of the
1918 Spanish flu virus has been isolated from archived lung tissues fixed in formalin
from influenza victims. This genetic material confirms the influenza A /H1N1 subtype
was the cause of the deadly 1918 pandemic. Besides studies indicate that the A

/H1N1was entirely avian-like that adapted to humans (Xiao et al., 2013).

Influenza A/H2N2 subtype was the cause of the pandemic of 1957 Asian flu. It was
introduced by three antigenic shift events that involved the haemagglutinin gene (HA),
RNA polymerase PB1 gene, and neuraminidase gene (NA) (Viboud et al., 2016). The
pandemic was milder than the 1918 Spanish flu and it caused approximately 1-2 million
deaths globally. Amongst these deaths, the majority were children and the elderly
(Viboud et al., 2016).

The Hong Kong flu pandemic was caused by gene re-assortment. The reassortments lead
to novel viruses with hitherto un-encountered antigenic epitopes due to “antigenic shift”
In this process, two different influenza virus subtypes combined their surface antigens
forming a new subtype of influenza virus with novel antigenicity (Blackburne et al.,
2008; Daum et al., 2005; Kilbourne, 2006; Nelson & Holmes, 2007; Viboud et al.,
2016). This pandemic was characterized by antigenic shifts in the HA and PB1 genes of
A/H2N2 (Furuse et al., 2010). During this pandemic, it was observed that individuals
above 65 years old did not severely suffer from the disease, due to pre-existing
antibodies from the previous pandemic of 1957 (Furuse et al., 2010; J. K. Taubenberger
& Morens, 2006; Viboud et al., 2016)

In April 2009 a new influenza A virus was reported by CDC. The virus contains gene

segments from both North America and Eurasian swine lineages (Simonsen et al., 2013).



The 2009 H1IN1 pandemic strain resulted from antigenic shifts from the seasonal human
HIN1 subtype to the pandemic influenza A HIN1 2009 virus. This was the first
influenza pandemic in the millennium, affecting more than 214 countries(Dawood FS et
al., 2009; Hung, Yuen, Cheng, To, & Herman Tse, 2012). The centre for disease control
(CDC) estimated that 43 million people had been infected with the pandemic H1IN1 in
the period between April 2009 and April 2010 with an estimate of 18300 H1N1-related
deaths (Dawood FS et al., 2009; Furuse et al., 2010)

The adaptation behaviour of the viruses has been of great interest and genetic sequence
data of the viruses have been used to study the virus evolution mechanisms. (Furuse et
al., 2010). The influenza season in Kenya overlaps with the winter period in the
Southern hemisphere and as a consequence, the Kenyan government through its
Ministry of Health recommends the use of the Southern hemisphere WHO influenza
vaccine formulation for her citizens (Bulimo, Mukunzi, et al., 2012; Majanja et al.,
2013). However, the efficacy of the annually recommended WHO vaccines has been
seen to be in a decline due to high mutation interplays of the influenza virus resulting in
changes in the antigenic character of the major surface glycoprotein, the HA (Shao, Li,
Goraya, Wang, & Chen, 2017).

1.3 Evolutionary forces of influenza A viruses

Influenza A virus evolutionary studies have been attributed to the interplay between
natural selection, phylogeny, and epidemiology (Boni, 2008; Shao et al., 2017). In
antigenic drift, the changes in the HA1 antigens of the virus enable the virus to evade
host immunity and infect more hosts. In the antigenic shift, the HA1 antigens combine
through re-assortment to form a novel HA that is new to the host immunity and co-
infects the host cells. This type of evolution is the sole cause of human influenza
pandemics (Boni, 2008)

In Kenya, studies have shown that circulating influenza viruses continue to evolve

posing challenges to health by engendering pandemic potential. Previous studies have



concluded that the influenza A virus evolves by re-assortment leading to emergent and
re-emergent variants that continue to pose a serious health threat to the country(Bulimo,
Achilla, et al., 2012). This study will bridge this gap by analysing the evolution of
human influenza A s/HIN1, A/H3N2, and A/H1IN1/ pdm09 viruses that circulated in
Kenya between 2007 and 2013

1.4 Problem Statement

Influenza disease is predominantly an infection of the human upper respiratory tract
caused by a range of influenza viruses. Each year millions of people worldwide suffer
from this highly contagious disease. Studies have indicated that 28,000-111,500 children
below five years die from influenza-related illness globally, 99% of the deaths occur in
Africa(Emukule, Paget, Velden, & Mott, 2015). This high mortality and morbidities
have been a burden to Africa and developing countries. Influenza outbreaks are usually
sudden and then spread through the population sometimes creating an epidemic (Shao et
al., 2017). In Kenya, a tropical country, influenza is present throughout the year but with
exacerbations at some times of the year. Influenza incidence tends to be highest in
Kenya during the wet months: March-May, October-November, and the cold month of
July(Majanja et al., 2013). Whereas viruses are genetically stable, influenza viruses
evolve very rapidly and mutations in the HA1 gene through antigenic drift can lead to
vaccine mismatches necessitating changes in the formulation of vaccines (Tewawong et
al., 2015). The HA1 segment is the fastest evolving gene segment yet it plays a crucial
part in the infection of the host cells given its role in viral attachment and evasion from
host immunity rendering the vaccines less effective in protecting the population. The
ever-present danger of evolution of these viruses (mostly antigenic drifts and shifts),
necessitates routine monitoring and accurate understanding of these viruses to address
the mortality, morbidity, and economic losses. In Kenya Complete understanding of the
evolutionary dynamics of influenza viruses, HA1 has not been keenly analysed despite
great advancements in influenza surveillance. It is, therefore, necessary to study the
trends of the evolution of these viruses to understand them for preparedness regarding

epidemic and pandemic threats posed by these viruses.



1.5 Justification

Whereas influenza surveillance has been ongoing in Kenya for more than ten years now,
a comprehensive evolutionary analysis of influenza viruses identified has not been
undertaken. Yet, such analyses are essential to understanding molecular events that may
favour the pandemic potential of Kenyan influenza viruses, vaccine formulation
appropriateness for the country, as well as the uniqueness of the influenza virus in the
country. This information may be crucial to informing the provision of quality public
health across the country of Kenya. The findings of the study will be supportive of
healthcare stakeholders in understanding and devising appropriate public health policies
regarding response to influenza in Kenya. Likewise, the study will support decisions
involving the distribution and allocation of the limited resources for influenza programs
in the country. Finally, the information forms a critical pillar in pandemic preparedness
and the provision of health interventions such as vaccination to mitigate the effects of
influenza disease. It is on this basis that this study seeks to understand the evolutionary
changes of the viruses’ HA1 gene in this crucial period in history (2007-2013) when
three strains of influenza A viruses co-circulated in humans in Kenya. Furthermore, the
study contributes to capacity building in the field of Molecular Virology and

Bioinformatics in Kenya.
1.6 Research questions

i.  What are the phylogenetic links of Kenyan influenza A viruses in successive
seasons from the same geographical locations?

ii.  Are there any discernible selection pressure indications amongst the Kenyan
influenza A viruses? If so, what nature of selection pressure is observed over
time?

iii.  What is the nature of evolution amongst influenza A viruses circulating in

Kenya?



iv.  Were the WHO inactivated trivalent vaccines recommended for Kenya and the
southern region effective for strains that circulated in Kenya just before, during,

and post 2009 influenza pandemic?
1.7 Objectives
1.7.1 Main objective

To analyze the evolution and vaccine efficacy of human influenza A viruses that

circulated in Kenya between 2007 and 2013 focusing on the HA1 gene.
1.7.2 Specific objectives.

i.  To infer phylogenetic links of the Kenyan influenza A virus isolates against
world reference strains.
ii. To determine the molecular evolutionary forces (natural selection) of human
influenza A Kenyan virus.
iii. To evaluate the efficaciousness of the WHO-recommended vaccine for the
Kenyan strains
iv.  To estimate the evolutionary rates (tMRCA) of the Kenyan Human influenza A

viruses



CHAPTER TWO

LITERATURE REVIEW

2.1 Genome organization of influenza viruses

The influenza virus's genome is approximately 13 kilobases (kb). The segmented
genome consists of 8 separate RNA gene segments covered by the nucleo-capsid
protein. The segmented genome encodes up to 14 different viral proteins. Segments 1, 4,
5, and 6 each encode a single protein: PB2, HA, NP and NA respectively (Dawson,
Lazniewski, & Plewczynski, 2018), whereas segments 2, 3, 7, and 8 have the additional
protein-coding capacity. Segments 2 and 3 are responsible for protein polymerase PB1
and PA respectively. Segments 2 and 3 also produce PB1-F2, PB1-N40, and PA-X
proteins from a single mMRNA species by leaky ribosomal scanning and translation
termination- re-initiation (in the case of segment 2) and +1 ribosomal frameshifting (for
segment 3). The proteins, PB1, PB2, and PA, are the largest and form a trimeric
polymerase complex responsible for viral replication and transcription. The HA protein
functions as a receptor that binds to the sialic acid of the host cell and induces the
penetration of the virus particle by membrane fusion. NA cleaves sialic acid from the
HA molecule and enables penetration of the virus through the mucin layer of the
respiratory epithelium. In segments 7 and 8, protein-coding capacity is expanded by
differential mMRNA splicing (Shi, Lei, Zhu, Sievers, & Higgins, 2010; Wise et al., 2012).
For segment 8, a single spliced species produces NS2/NEP, while NS1 is produced from
the unspliced transcript. NS1 is responsible for exporting a poly-A containing mRNA
molecules from the nucleus whereas NS2 mediates the nuclear export of virus RNAs by
acting as an adaptor between viral ribonucleoprotein complexes and the nuclear export
machinery of the cell, In addition it is associated with the transport of newly synthesized
RNPs from the nucleus to the cytoplasm (O'Neill, Talon, & Palese, 1998). The Segment
7 mRNA splicing is highly complex, it contains three spliced transcripts denoted as
MRNAs 2-4 and an additional unspliced mMRNAL. The Unspliced mRNAL gives rise to
M1 protein while the spliced mMRNAZ2 encodes the M2 ion channel protein. The spliced



MRNAs use a common 39-splice acceptor (SA) site, but a different 59-splice donor (SD)
site. (Wise et al., 2011; Wise et al., 2012) A single mutation in the mRNA2 SD site
leads to a mMRNA4 which encodes M42 that functionally complements M2. The mMRNA3
is produced from the most 59-proximal SD and negatively regulates segment 7 protein
expression during early infection(Wise et al., 2012).

The surface glycoproteins hemagglutinin (HA) and neuraminidase (NA) are the most
functionally important and the most widely researched proteins (Shi et al., 2010).
Similarly, they form the basis of subtype classification on the antigenic properties.
Different HA/NA combinations allow viral subtype combinations (Freidl et al., 2015;
Latorre-Margalef et al., 2014). Currently, there are 18HA and 11NA gene variants of the
influenza A virus whose combinations can lead to numerous subtypes (Freidl et al.,
2015). The most common subtypes that infect humans include HIN1, H2N2, H3N2,
H5N1, H7N2, H7N3, H7N7, HON2, and H10N7. HIN1 and H3N2 have been the main
circulating influenza A virus subtypes infecting humans (Igbal, Yaqub, Reddy, &
McCauley, 2009; Jagger et al., 2012; Wise et al., 2012), However, a new strain of
influenza A /HIN1 viruses (the 2009 HIN1 pandemic ) (A/HIN1 pdmO09) emerged in
the human population and caused a global outbreak in the year 2009 (Dawood FS et al.,
2009). Since then, there’s been a continuous circulation of the A /HIN1 pdmOQ9
influenza strains displacing s/HLN1 influenza in many parts of the world (Majanja et al.,
2013).

The HA and NA on the surface glycoproteins of influenza viruses represent the main
immunogenic properties of the viruses. The former is the major target of neutralizing
antibodies that has two sub-units HA1 and HA2 (Fan et al., 2015). The most evolving
domain is the HAL1 of the molecule. The HAL subunit contains all the antigenic sites for
the H1 and H3 subtypes (Fan et al., 2015). The H1 antigenic sites are denoted as Sa, Sb,
and Ca whereas H3 antigenic sites are denoted as A, B, C, D, and E. The antigenic sites
of the HA molecule of the influenza B virus occur within loops 120,150,160 and 190
helix (Sun et al., 2019). Mutations occurring at these antigenic positions in the HAl

globular head allow the virus to evade the host immune response (Popova et al., 2012).



2.2 Replication cycle of influenza A viruses
2.2.1Attachment, endocytosis, and uncoating of influenza A virus.

The surface glycoprotein HAO is essential for virus infectivity. The glycoprotein binds
the sialic receptors on the host cell surface leading to the cleavage of HA to HA1 and
HA2 peptides. The cleaved HA1 habours the receptor binding sites while the HA2
harbours the fusion peptide(Dou, Revol, Ostbye, Wang, & Daniels, 2018). The
haemagglutinin(HA) of influenza viruses has different specificity for sialic acid
receptors. Human influenza recognizes the a-(2, 6 linked receptors and in avian species
preferably bind to the-(2, 3) linked receptor molecule. In pigs, both types of receptors
are extant (Greenwood, 2003) and for this cause, they are considered “mixing vessels”
for avian and human influenza viruses (Dou et al., 2018; Ma, Kahn, Richt, & research,
2009). After attachment of the viral HA to the specific receptors, the viruses enter the
host cells by receptor-mediated endocytosis. The virus HA contains a fusion peptide
which at a low pH, undergoes a conformational change to expose the peptide. The M2
ion channel then opens up and causes an influx of H+ ions. The acidic environment
triggers a conformational change of the HA in which the HA2 fusion peptide is exposed
causing endocytosis between viral and endosomal membranes resulting in to release of
VRNP into the cytoplasm of host cells. The acidic pH dissociates the M1 protein is also
from the vVRNP(Dou et al., 2018)

2.2.2 Nuclear import of viral ribonucleoproteins in host cells

The replication and transcription of viral ribonucleoproteins take place in the nucleus.
The VRNP transfer to the nucleus following the fusion event is vastly dependent on the
host cell machinery and transport pathways(Dou et al., 2018; Eisfeld, Neumann, &
Kawaoka, 2015). The newly released cytoplasmic VRNPs use the importin-o—importin-3
nuclear import pathway to gain entry to the host cell nucleoplasm. To engage this
pathway, the VRNPs use the surface exposed nuclear localization sequences from the

numerous NP molecules to recruit the adapter protein importin-a(Wang, Palese, &



O'Neill, 1997; Wu, Weaver, & Panté, 2007). Upon binding to the VRNP, importin-a is
recognized by the importin-f transport receptor, which directs the VRNP to the nuclear

pore complex, where it is transported into the nucleoplasm(Dou et al., 2018)
2.2.3 Viral RNA replication and transcription

In the nucleus, the heterotrimeric viral RNA-dependent RNA polymerase carries out the
transcription and replication of the VRNAs (York & Fodor, 2013). The genome of the
influenza A virus is organized in a negative sense manner, thus the viral RNAs have to
be converted into positive sense before they can be transcribed into viral mMRNAs. The
complementary RNA( cRNAs )are produced by an unprimed process that relies on the
correct complementation of free GTP and ATP (Dou et al., 2018; Eisfeld et al., 2015).
The mechanism of viral RNA transcription occurs uniquely. First, the 5' cap from
cellular mRNAs is cleaved by a viral endonuclease and used as a primer for transcription
by the viral transcriptase. This is followed by transcribing six of eight RNA segments
into MRNAs in a monocistronic manner followed by a translation into HA, NA, NP,
PB1, PB2, and PA. Contrarily two RNA segments are each transcribed to two mRNAS
by splicing. For the M and NS genes, mMRNAs are translated in dissimilar reading
frames, generating M1 and M2 proteins and NS1 and NS2 proteins, respectively
(Webster et al., 1992). (Dou et al., 2018)

2.2.4 Viral ribonucleoprotein export from the nucleus to cytoplasm in host cells

The synthesized viral mMRNAs are then exported to the cytoplasm of the infected cells
for them to be translated into viral proteins. Subsequently, the viral mRNAs are
incorporated with the polymerase complexes to form VRNPSs, viral mRNAs are exported
to the cytoplasm with the help of the nuclear export machinery found on vVRNPs (Dou et
al., 2018; York & Fodor, 2013). The nuclear export of VRNPs is mediated through the
cellular Crm1/Exportin pathway and two viral proteins, M1 and NS2 (Watanabe et al.,
2010). The M1 protein facilitates the nuclear export by forming a complex with vVRNP in

the nucleus of host cells. The NS2 protein, also known as nuclear export protein (NEP)
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for the presence of a nuclear export signal (NES) in the protein, associates with the M1-
VRNP complex and the cellular Crm1 to mediate the export of VRNP to the cytoplasm
(Eisfeld et al., 2015)

2.2.5 Virus assembly and budding

The VRNPs and viral proteins synthesized will be localized around the basal membrane,
and the viral progeny particles are ready to be packaged and bud off from the host cell.
Largely, a viral core of VRNPs becomes trapped in a layer of M1 proteins and buds
outward through the cell membrane (Eisfeld et al., 2015), enclosing itself within a
bubble of the membrane as its envelope, complete with the viral surface
glycoproteins(Eisfeld et al., 2015) Interactions between M1 and the cytoplasmic
domains of HA, NA or M2 have been projected as signals for budding and NA activity
of progeny virions releasing them from the host cell. When the budding process is
complete, HA still binds to the sialic acid on the cell surface until virus particles are
released by the sialidase activity of NA protein which is anchored to the viral envelope
by a transmembrane domain. NA cleaves the terminal sialic acid residues from cell-
surface glycoproteins and gangliosides to release progeny virus from the host cell. NA
could also remove sialic acid residues from the virus envelope itself, preventing viral

particles from self-aggregation, to enhance the viral infectivity (Dou et al., 2018)
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Figure 2.1: An illustration of influenza A virus replication (Neumann et al., 2009)

2.2.6 Transmission and pathogenesis

Transmission of influenza in humans involves both respiratory infections by aerosols

and droplets together with some contact transmission from contaminated surfaces.

Additionally, several incidents of transmission of influenza viruses from pigs to humans

have been described in the past years. After influenza viruses infect pigs, horses,

humans, or birds, the method of spread of influenza within the population is mainly

inhalation of respiratory droplets containing the virus. Less often, the virus is spread by

person-to-person contact or contact with contaminated items.

The pathogenicity of influenza viruses is complicated and may involve viral, host, and

environmental factors. Inhaled virus particles are deposited on the mucous membranes

lining the respiratory tract or directly to the alveoli. The major site of infection is the
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ciliated columnar epithelial cell. The first alteration is the disappearance of the elongated
form of these cells which becomes round and swollen. At this stage, the nucleus
becomes shrunk. A vacuole of the cytoplasm is formed and the nucleus starts to break.
The release of the virus from the cell allows it to spread via the mucus blanket to other
areas of the respiratory tract. The cell damage causes an acute inflammatory response
with edema and the attraction of phagocytic cells. The earliest response is the synthesis

and release of interferons from the infected cells.

2.3 Influenza vaccine; success and continuing challenges

Influenza vaccines have been available and used for over 80 years. These vaccines have
contributed greatly to reducing influenza morbidity and mortality. However, there are
shortcomings in their effectiveness and efficacy. The efficaciousness of the vaccines has
been affected due to the continuous antigenic evolution of seasonal influenza viruses.
The principal use of embryonated chicken eggs for vaccine production has restrained the
effectiveness of the vaccines(Becker, Elbahesh, Reperant, Rimmelzwaan, & Osterhaus,
2021).

It is estimated that 2%-10% of vaccinated healthy humans do not produce adequate
levels of antibodies following vaccination. This is due to their genetic characteristics for
instance human leukocyte antigen [HLA] type or single-nucleotide polymorphisms.
Vaccines efficacies can also be influenced negatively by lifestyle (eg, stress, nutritional
deficiency, obesity, and previous contact with closely related viruses (Osterholm,
Kelley, Sommer, & Belongia, 2012). Changes in the immune system triggered by
comorbidities like diabetes, immunosuppression, or medication can further weaken the

immune response to vaccines.

With these limitations, alternative approaches for vaccine design and production are
increasingly pursued with already licensed quadrivalent seasonal influenza vaccines
produced in cell cultures. Next-generation influenza vaccines aim at inducing broader

and longer-lasting immune responses to overcome seasonal influenza virus antigenic
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drift and to timely address the emergence of a new pandemic influenza virus (Becker et
al., 2021; Osterholm et al., 2012). The use of Adjuvants has been recorded to improve
the vaccine response by enhancing and modulating the immune response. Adjuvants act
through different mechanisms; they can create an antigen depot, activate the innate
Immune response, induce inflammasomes and cytokines, recruit immune cells, improve
antigen uptake, enhance immune cell maturation, or change the activation profile of

adaptive immune cells (Elbahesh, Gerlach, Saletti, & Rimmelzwaan, 2019).

Kinases are other modifiers that have been investigated for intervention strategies
against influenza viruses. Host kinases regulate influenza virus entry and replication and
form integral components of various antiviral and inflammatory pathways (Becker et al.,
2021; Meineke, Rimmelzwaan, & Elbahesh, 2019).

2.4 Phylogenetic Links between Viruses in Successive Seasons

The evolution of influenza viruses has become a big block in predicting the current and
future epidemics and pandemics. Phylogenetic trees have been used to establish the
molecular diversity characteristics of circulating strains of influenza viruses and how the
genetic diversity of an epidemic relates to the observed epidemiology each season
(Nelson et al., 2014). Antigenic drift is the mutation process that is responsible for the
epidemics whereby the virus undergoes point mutations so that it can evade the immune
response of the host. The strains of HIN1 and H3N2 influenza virus that have been in
circulation in the past few years have been mutating and they are responsible for the
seasonal flu epidemics. In contrast, pandemics of these viruses occur as a result of
antigenic shift that results from gene segment re-assortment within the virus to the form

to which the immune system of the host has not had exposure previously.

Influenza viruses undergo continuous evolution to form new strains that may not be
recognized by the immune system of the host. The application of phylogenetics has been
used to illustrate that related species are somehow ecologically similar. This has been

applied to influenza viruses from a distinct geographical region (Satheeshkumar, 2011).
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This is to say that viruses from a particular region may exhibit some phylogenetic
similarities under positive selection pressure. The phylogenetic analysis compares the
relationship that exists between strains from different seasons. Adaptive evolution has
become a topic of interest and has elicited awareness in Darwin’s work. Ecologists are
increasingly agreeing with Darwin that closely related species tend to be ecologically
similar. Sequencing of the HAL gene can be performed to analyse how strains from one
season are related to strains from the previous season thus knowing the link between the
seasons’ strains. This analysis can be done with data that is stored in GenBank

http://www.ncbi.nlm.nih.gov/genomes/FLU/aboutdatabase.html).

The sequencing of the HA gene from circulating strains has been used to show that the
changes that take place at the distinct antigenic sites result in the emergence of new
variant strains. These variants can cause severe outbreaks, especially in places where
there is reduced efficacy of the influenza vaccine(Michael W Deem, Pan, & Selection,
2009; Naumova, Lofgren, Fefferman, Naumov, & Gorski, 2007). The evolutionary rates
of the virus also happen at some consistent intervals in some particular regions. For
example, in temperate regions, the evolutionary rate of the virus is found to take place at
consistent intervals of 6 months. This is because the epidemics occur at an interval of 6
months. The case is however different for tropical regions which have a more variable
epidemic periodicity (Satheeshkumar, 2011). Influenza virus activities are found to peak
at similar times in regions at similar latitudes at particular seasons. This shows some
relatedness in viral behaviour. It has been established that as viruses evolve, they also
spread across geographical locations. In temperate regions, influenza epidemics usually
occur in winter, while in the tropical regions, influenza epidemics are witnessed all year
round (Rambaut et al., 2008) This has been used to imply that the environment plays a
role in the evolution of viruses. There is a possibility that the environment influences the

adaptive evolution of influenza viruses (Satheeshkumar, 2011).
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2.4 Selection Signatures acting on codons/amino acid residues

Detecting the selection type that may have acted on genes/polypeptides is an essential
step in the evolutionary analysis. Selection working on protein-encoding genes can be
investigated in terms of the nonsynonymous and synonymous substitution rates
occurring at the codon level (Duvvuri et al., 2009). The substitutions that induce
changes in the code residues are termed Nonsynonymous substitutions, whereas
synonymous substitutions do not induce any residue modifications. Selection pressures
shape the evolution of protein-encoding genes through purifying or conservative,
neutral, and positive or diversifying selections (Kryazhimskiy & Plotkin, 2008)
Determining the selection pressures that shape genetic variation is an integral part of
many studies involving molecular evolution. When the estimates of nonsynonymous
(dN) are significantly different from synonymous (dS), they provide convincing
evidence for non-neutral evolution. Thereby estimating the rates of dN and dS
substitution is attractive as it does not make any assumptions regarding the demographic

history of the population (Kosakovsky Pond, Frost, & evolution, 2005)

The nonsynonymous (dN) to synonymous substitution (dS) rate ratio o (=dN/dS) is used
to differentiate the three selection types. In Purifying selection the change of an amino
acid residue at a given position is prevented in multiple alignments, to favour an excess
of synonymous versus nonsynonymous substitutions. As a result, ® will have values <I;
the lower the value, the higher the purifying selection acting on the residue. In regards to
Neutral selection synonymous versus nonsynonymous substitutions gives a value o that
is approximately close to 1, this selection type is mainly driven by mutation and genetic
drifts. Positive selection is an excess of nonsynonymous Versus Synonymous
substitutions with a change of residue at a given position. This implies that @ will be >1;

the higher the values, the stronger the positive selection acting on the proteins.

During the antigenic drift process, the influenza virus undergoes positive selection to
select advantageous amino acids thus avoiding the host immune response. This positive

selection process is vital and influences the host in building up immunity. The host

16


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/codon
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/nonsynonymous-substitution
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/negative-selection-natural-selection

system builds specific antibodies to the surface of HA1 of the virus with the strongest
antibody build-up occurring at the first infection with the first variant. During the
replication of the HA gene, the RNA polymerase makes errors resulting in the mutation
of the antigens of HA (Bulimo, Achilla, et al., 2012; Ebranati et al., 2015; Kryazhimskiy
& Plotkin, 2008).

It is expected that dN and dS should occur at the same rate when there are no restrictions
on HA proteins such that at the codon positions where dN/dS (®) =1 indicates that there
is a neutral selection. At positions where amino acid alterations lead to lower fitness and
dN accumulates at a slower rate, the ratio will be less than one (o < 1) indicating
negative selection. In such cases, the purifying selection can be so strong that there is no
room for amino acid changes and the ratio stand at zero (o = 0). In positive selection, the
rate of dN is higher than dS making the ratio greater than one (® > 1). Therefore,
comparisons of fixation of the types of substitutions are important in understanding the
mechanisms of gene evolutions (Guéguen & Duret, 2017; Kryazhimskiy & Plotkin,
2008)

2.5 Seasonality of Influenza Viral Infections

Influenza viral infections are seasonal in temperate regions while they occur all year
round in the tropical regions. In temperate regions, influenza epidemics usually happen
in winter, from November to March in the northern hemisphere, and also between May
and September in the southern hemisphere (Nelson & Holmes, 2007). For some time,
influenza viruses have been considered to be “cold weather” pathogens. However, the
tropics are considered to be permanent mixing pools of viruses from around the world,;
southeast Asia is known as the epicenter for the emergence of 18 pandemic viruses
(Nelson, Simonsen, Viboud, Miller, & Holmes, 2007).

The reasons for the winter seasonality of the influenza virus in the temperate zones are
yet to be identified. However, some theories have been proposed to explain this

phenomenon. The first hypothesis is that the observed seasons of virus activities are due
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to decreased host immunity rather than an outbreak of infection sweeping through the
population (Satheeshkumar, 2011). Changes in biological factors contribute to decreased
immunity as well as behavioral changes like crowding and the tendency to stay indoors.
Tropical regions, on the other hand, are considered ideal source populations for selection
pressures due to extended periods of viral transmissions in this population (Rambaut et
al., 2008)

2.5 Vaccine efficacy Estimation

Influenza remains a serious respiratory disease despite the availability of antivirals and
inactivated quadrivalent vaccines. The influenza Vaccines have been recommended as
an effective approach to reducing morbidities and mortalities, however, these vaccines
need to be updated annually due to antigenic drift (Skowronski et al., 2014). The
selection of these vaccines depends on surveillance information, hemagglutinin
inhibition assays (HAI), and HA and NA gene sequence phylogeny (Michael W Deem et
al., 2009; Guéguen & Duret, 2017; Stanekova & Vareckova, 2010). Presently, the
WHO-recommended human influenza wvaccines contain HA components of
A(H1IN1)pdm09, A/H3N2, and one lineage of type B (trivalent vaccine) or both lineages
of type B viruses (quadrivalent vaccine) that match a great extent antigenic properties of
circulating influenza virus strains (Tewawong et al., 2015). However, high mutation
rates associated with these viruses necessitate not only annual vaccine re-formulation but
also limit influenza virus vaccine efficaciousness to about 50% to 60% (Tewawong et
al., 2015). Influenza A/H3N2 virus HA1 domain contains five major antigenic sites
(epitopes) designated A, B, C, D, and E against which host neutralizing antibodies are
directed (Michael W Deem et al., 2009)

There are several methods for estimating the antigenic distance between influenza
vaccine strains and the circulating viruses. The P epitope is one of the methods used to
carry out these estimates. The model predicts the differences in the second antigen, in
the epitope region after exposure to an original antigen by probability(Michael W Deem

et al., 2009; Munoz & Deem, 2005). The epitope regions are significantly involved in
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immune recognition, thus the percentage of the epitope that changes characterize the
antigenic drifts. The severity of seasonal flu is correlated with p.epitope rather than the
total number of amino acids in a protein ( P-sequencesy and is both logical and consistent
with the observed data to characterize antigenic drift by the number of mutations within
the epitope regions (Munoz & Deem, 2005). The P-gitope model quantifies the number of
amino acid changes in dominant epitopes of the vaccine strain and the circulating virus

strain, then estimates the antigenic distance (Tewawong et al., 2015).

The calculated antigenic distance linearly correlates well with the vaccine efficacy
(Michael W. Deem & Pan, 2009; Gupta, Earl, & Deem, 2006). This model is simple and
amenable thus it can be used to interrogate the vaccine efficacies of human influenza
AWHO-recommended vaccines for the southern and northern hemispheres in a given

influenza season.
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CHAPTER THREE
MATERIALS AND METHODS
3.1 Study site and Design

This study was carried out at the National Influenza (NIC) laboratories located within
Kenya Medical Research Institute (KEMRI). The study is based on human influenza A
virus sequence data previously obtained at the NIC laboratories within KEMRI and
deposited in genetic databases; the GeneBank and GSAID. It is a retrospective study
involving evolutionary analyses of influenza A virus isolates obtained in Kenya between
2007 and 2013, focusing on the HA1 domain of the hemagglutinin gene. The national
influenza centre is part of the Global influenza surveillance response tasked with the
responsibility of monitoring circulating viruses and reporting to WHO. The isolates used

in this study were collected from sites shown in figure 3.1.
3.2 Ethical considerations

The study did not involve human or animal subjects. Instead, it utilized nucleotide and
protein sequence data previously deposited by Professor Wallace Bulimo’s research
group in GenBank and GISAID databases. Permission to use the Kenyan human
influenza A virus gene sequences previously deposited in Gen Bank was sought and
granted by the Principal Investigator of the USAMRD-K FLU surveillance program
protocol (KEMRI SERU#981 WRAIR31267).

3.3 Sampling and Data collection

To understand the evolutionary changes occurring in the influenza virus strains that
circulated in Kenya during the study period, the amino acid HAL1 sequences of the
Kenyan strains were compared to reference vaccine strains recommended by the WHO
for the periods before, during, and just after the 2009 influenza pandemic. The Kenyan
isolates collected from sites based on geographical location and demographics were

20



retrieved from the databases (figure3.1). Noteworthy all the HA sequences of the local
A/H3N2, A/H1N1pdmQ9, and A/sH1Nlstrains that have been previously been
sequenced from viruses were obtained from clinical specimens collected from hospitals
constituting the human respiratory virus surveillance program, within the Kenya Medical
Research Institute (KEMRI). HA sequences of less than 987 nucleotides in size
including those not well-curated were left out. A total of fifty-two (n=52) representative
HA gene nucleotide sequences of Kenyan human influenza A /H3NZ2, fifty-six (n=63)
A/sHIN1, and ninety-seven (n=97) A/H1N1pdmQ9 virus isolates, previously deposited
in GenBank (http://www.ncbi.nIm.nih.gov/genbank) and GSAID

(http://platform.qgisaid.org/epi3/frontend) genetic databases were retrieved including

those of corresponding WHO influenza virus vaccine strain compositions for the
respective years. In addition, seventy (n=70) A/H3N2, sixty-three (n=63) A/HIN1 and
seventy-nine (n=79) A/H1N1pdmQ9 sequences of global reference strains were
downloaded bringing the whole sequence dataset for the study to A/H3N2 (N=122);
A/sHIN1 (N=126) and A/H1IN1pdmQ9 (N=176). The accession numbers of HA

sequences of the subtypes used in the study are given in (Appendix I1).
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Figure 3.1: Map of Kenya displaying the sites where the study isolate used in the

study originated from
3.4 Phylogenetic relationships

Phylogenetic and evolutionary analyses were carried out using Bayesian analysis
approaches to determine the evolution of the HA1 gene in the period of study (J.
Huelsenbeck & Ronquist, 2005; Ronquist, Huelsenbeck, & Teslenko, 2011).

The HA nucleotide sequences were aligned using the Multiple Sequence Comparison by
Log-Expectation (MUSCLE) V3.8 (Edgar, 2004). The alignment sequences were then
imported into Bioedit Sequence Alignment Editor software (Hall, Biosciences, &
Carlsbad, 2011) and trimmed, leaving only the region encoding the HA1 gene domain.
Translation of the HA1 domain nucleotide code into amino acid code was also carried

out using Bioedit software. Phylogenetic clustering was estimated using MrBayes, a
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Bayesian inference that uses Markov chain Monte Carlo (MCMC) methods to estimate
the posterior distribution of model parameters (J. P. Huelsenbeck & Ronquist, 2001).
The best-fit nucleotide substitution model for the tree reconstruction was predicted by
the jModel Test (Posada & evolution, 2008; Ronquist et al., 2011) implemented in
MEGA V. 6.0 (Kumar, Stecher, Li, Knyaz, & Tamura, 2018). The best-fit nucleotide

substitution model was found to be K2 + Gamma.
3.5 Natural Selection pressure Prediction

Among other methods of inferring selection pressure, the single likelihood ancestral
counting (SLAC) and fixed effects likelihood (FEL), have been mainly used to study the
molecular evolution of viruses by estimation of dN and dS rates per site between the
nucleotide sequence(Pond & Frost, 2005). The overall selection pressure underlying the
evolution of the HA1 domain of the hemagglutinin gene of Kenyan influenza A virus
strains, as well as that acting at individual codon sites encoding the HAL region of the
hemagglutinin protein was determined by the single likelihood ancestor counting
(SLAC) together with the fixed effects likelihood (FEL) methods implemented in the

online Datamonkey online tool (http://www.datamonkey.org). The online datamonkey

tool has been a vital tool in studying the selection types and studying evolutions in
influenza viruses. This tool employs the HyPhy package to compute the dN and dS at
each codon site and determine the nature of selection. The ratio of the nonsynonymous
substitution rate (dy) to the synonymous rate (ds) was read as follows: (dn/ds) >1=
positive selection, while (dn/ds) <1= negative selection and (dn/ds) = 1 neutral selection.

The selection analyses by both methods were assessed at a p-value <0.05.
3.6 N-glycosylation sites Prediction

The prediction of N-linked glycosylation sites (amino acids series: Asparagine-X-
Serine/Threonine, where X stands for any amino acid except Aspartate or Proline)

within the HA1 domain protein sequence was performed using the online NetNGlyc 1.0
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server (http://www.cbs.dtu.dk/services/NetNGlyc/). A score cut-off value of >0.5 was

considered suggestive of glycosylation.
3.7 Evolutionary Analyses

Molecular evolutionary rates, time to the most recent common ancestor (TMRCA), and
time-scaled phylogenetic estimation of the local strains was performed using the
Bayesian statistical inference approach implemented in the Bayesian Evolutionary
Analysis Sampling Trees (BEAST) v1.7.5 software package (Drummond & Rambaut,
2007). The analysis was performed using a relaxed molecular clock (uncorrelated
lognormal) and a Hasegawa-Kishino—Yano (HKY) + Gamma model of nucleotide
substitution. Aligned nucleotide sequence files were imported into the BEAULi
(Bayesian Evolutionary Analysis Utility) program, incorporated in the BEAST package
for calibration, to specify the evolutionary model and run options, generating an output
XML file for BEAST analyses. The BEAST program employs a Bayesian Markov
Chain Monte Carlo MCMC tree re-construction approach. Two independent chains were
run for 100 million states and sampling was performed at every 100,000 generation.
The successful convergence of the runs was assessed by the interpretation of generated
Jog txt files in Tracer v1.6 software (Drummond, Suchard, Xie, & Rambaut, 2012).
Convergence was established at Effective Sample Size (ESS) values >200 on various
statistical parameters estimated by the completed BEAST run. Subsequently, a
maximum credibility tree (MCC) was generated using the Tree Annotator v1.8.2
software, incorporated in the BEAST package, and next visualized and annotated

appropriately using the Fig tree v1.40 software (Rambaut, 2009)
3.8 Prediction of vaccine efficacy using the P_gpitope model

The vaccine efficacy of the Kenyan human influenza A/H3N2, A/HIN1/pdm09, and
s/HIN1 was estimated using the P-epitope method across the seven seasons of influenza
viruses. The antigenic distance was calculated based on the fraction of amino acid

substitutions in the dominant HAL epitope. This method assumes the principle that
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vaccine efficacy has a linear correlation with the antigenic distance between the vaccine

strain and the dominant strains in circulation.

p Number of substitutions in the dominant epitope

TePIOP®  Total number of amino acids in the dominant epitope

The association between the VE and the P-gpitope for A/H3NZ2 is given by the equation
VE = -2.47XPgpitope + 0.47, where VE is 47% when P-gjitope = 0, whereas E =—1.19 x P
epitope + 0.53 for influenza A/HLIN1/pdm09 and s/H1N1 viruses (Gupta et al., 2006).
The influenza A(H3N2) vaccine efficacy with P epitope = 0 is 47% as a perfect match
between vaccine and circulating viruses while for the influenza A/H1IN1/pdm09 and

s/H1IN1 viruses, the vaccine efficacy is 53% when P epitope =0
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CHAPTER FOUR

RESULTS

4.1 Amino Acid Sequence Substitution and Phylogenetic Analyses

4.1.1 H3N2 Viruses

For the year 2007, eight amino acid sequences of the HAL of the A/H3N2 Kenyan
isolates were analyzed in comparison to the WHO reference vaccine strains
[A/Wisconsin/67/2005] A/H3N2-like virus, they revealed the following amino acid
substitutions: G50E, D122N, S138A, V186G, 1223V, and K140l relative to the vaccine
strain (Table 4. I). Amino acid changes S138A and K140l affected antigenic site A
while V186G was at antigenic site B. Those obtained in the 2008 influenza season
differed from A/Brisbane/10/2007 at three amino acid residue positions V112I,
N144S/K, and K173E/Q, with substitutions N144S/K and K173E/Q affecting antigenic
sites A and D, respectively (Table I). Furthermore, the 2009 isolates contained five
amino acid variations: K158N, K173Q, N189K, T212A, and 1214S/T relative to
A/Brisbane/10/2007. The amino acid changes K158N and N189K affected antigenic
site B, and K173Q was at antigenic site D. The Kenyan 2010 isolates displayed five
amino acid differences: S45N, K62E, K144N, T212A, and S2141 relative to
A/Perth/16/2009 (Table 4.1). Accordingly, amino acid changes S45N affected antigenic
site C, K62E antigenic site E, while K144N was at antigenic site A. For the 2011
influenza season, no Kenyan A/H3N2 sequences were found in the genetic databases.
However, five isolates obtained in 2012 contained six amino acid changes relative to
A/Perth/16/2009 (Table 4.1). The S45N mutation affected antigenic site C, K62E
antigenic site E, while K144N was at antigenic site A. Furthermore, the Kenyan 2013
isolates harboured eleven amino acid differences relative to A/Victoria/361/2011
vaccine virus. These included Q33R, G78D, T128A, 1140R, R142G, N145S, R156H,
V186G, E190D, Y219S, and N278K (Table ). The G78D change occurred at antigenic

26



site E; 1140R, R140G, and N145S at antigenic site A; T128A, R156H, and V186G at
antigenic site B; and N278K antigenic site C.

Table 4.1: Mutation at the antigenic sites of influenza A/H3N2 circulating in Kenya
compared to the contemporaneous vaccine strain from 2007 to 2013

Influenza Year Vaccine strain Mutations in circulating Mutation at the antigenic
Subtype strains sites

Site Mutation

A/H3N2 2007  A/Wisconsin/67/2005 G50E, D122N, S138A, A S138A, K140l
V186G, 1223V, K140I

B V186G
2008 A/Brisbane/10/2007 V1121, N144S/K, A N144SKK
KI73E/Q D K173E/Q
B K158N, N189K
D K173Q
2010 A/Perth/16/2009 S45N, K62E, K144N, A KIL44N
T212A, S214l. c 45N
E K62E
2011 A/Perth/16/2009 NO Kenyan ISOLATES RETRIEVED
2012 A/Perth/16/2009 S45N, K62E, K144N, A KIL44N
V2241, T212A, S2141 c 45N
E K62E
2013 AlVictoria/361/2011  Q33R, G78D, T128A, A I140R, R140G,
I140R, R142G, N145S, N145S
R156H, V186G, E190D, B T128A, R156H,
Y2198, 278K. V186G
C N278K
G78D

Phylogenetic inference showed that Kenyan A/H3N2 isolates clustered into three
different clades/lineages, consistent with the year of isolation (Figure 4.1). Those
isolated in 2007/2008 fell into the A/Brisbane/10/2007-like virus cluster, while those
obtained in 2009/2012 clustered with A/Perth/16/2009-like viruses (Figure 4.1). The
Kenyan 2013 A/H3NZ2 isolates belonged to clade 3C.3 of the A/Samara/73/2013-like
viruses, divergent from clade 3C.1 of the A/Victoria/361/2011-like viruses (vaccine

strain for 2013 in the Southern Hemisphere) (Figure 4.1). All the Kenyan isolates

27



contained potential N-linked glycosylation motifs at HA1 residue positions 8, 22, 63,

133, 165, and 285. However, these were all present in the vaccine virus strains.

A bt T s S g

L

Figure 4.1: Phylogenetic analysis of influenza A/H3N2 virus HA1 amino acid

sequences.

The Kenyan viruses are indicated in blue colour. Those in purple represent reference
strains of known clades. Those in red represent WHO vaccine reference strains for the

southern hemisphere. Those in Black represent the global reference strains.
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4.1.2 AIHIN1pdm09

The Kenyan human influenza A/HIN1pdmO9 isolates displayed amino acid variations
P83S (all), D97E/N (2011-2013), V471 (among 2009 strains), S185T/R/K (2011-2012),
S203T (all), K283E (2012-2013), V2341 (2012-2013), D222E (among 2009 strains) and
1321V compared to the reference WHO vaccine strain A/California/7/2009 (H1IN1)-like
virus. However, none of these mutations detected in the HA1 domain of the Kenyan
A/HIN1pdmO09 isolates occurred at the predicted antigenic sites (Table 4.2).
Phylogenetic analysis revealed that the majority of A/HIN1pdmO09 strains detected in
Kenya between 2009-2011 belonged to clade 7 while a minority were in clades 5 and 6A
(Figured. 2). Those detected in 2013 belonged to clade 6C (Figure 4.2). The Kenyan
A/H1IN1pdmO09 strains were interspersed among the global strains used in the analysis.
All these viruses were characterized by P83S and S203T amino acid mutations
compared to the A/California/7/2009 vaccine strain. Furthermore, a proportion of the
Kenyan viruses isolated in 2009 had additional mutations that led to sub-clusters. Thus,
the first sub-cluster was characterized by a D232E mutation and the next sub-cluster by
three mutations, V47L, A48S, and N129D. Viruses isolated in 2012-2013 formed a sub-
cluster characterized by two mutations, D97N and K293E. Therefore, the Kenyan

viruses formed discrete clusters based on the collection/sampling year (Figure 4.2).
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Table 4.2: Mutation at the antigenic sites of Influenza A/HLIN1pdm2009 circulating
in Kenya compared to the contemporaneous vaccine strain from 2009-2013

Influenza  Year Vaccine strain Mutations in Mutation at the
Subtype circulating strains antigenic sites

seasonal 2009 A/California_07_2009  V30A, V4T7l, Sa NONE

A/HIN1 A482, P83S, Sh NONE

N128D, S203T, Ca, NONE

pdm2009 D222E. Sa/Sbx  NONE

2010 AJ/California_07_2009  P83S, D97E/N, Sa NONE

S185T, S203T, Sh NONE

1321V. Ca, NONE

Sa/Sbx  NONE

2011 A/California_07_2009  P83S, D97N, Sa NONE

S185T, S203T, Sb NONE

1321V Cay NONE

Sa/Sbx NONE

2012 A/California_07_2009  P83S, S84K, S85T, Sa NONE

D86N, G88R, Sh NONE

D97N, P182Q, Cay NONE

S183N, T184K,
si85K Dig7E.  S/Sbx NONE

S190T, L191P,
S203T, H228D,

V283E, 1321V

2013 AJ/California_07_2009  P83S, D97N, Sa NONE
S185R/T, S203l, Sh NONE
V2341, K283E, Ca, NONE
1321V

Sa/Sbx  NONE
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Figure 4.2: Phylogenetic analysis of influenza A/HIN1pdmQ9 virus HA1 amino
acid sequences.
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The Kenyan viruses are indicated in blue colour. Those in pink represent reference
strains of known clades. The one in red represents the WHO vaccine reference strain for
the southern hemisphere (2009-2013). Those in Black represent the global reference

strains

4.1.3 Seasonal A/H1IN1

The Kenyan A/sHIN1 isolate strains were compared to the WHO-recommended
contemporaneous vaccine reference strains A/New Caledonia/20/99(H1N1)-like virus,
A/Solomon Islands/3/2006 (H1N1)-like virus, and A/Brisbane/59/2007 (H1N1)-like
virus (Table 4.3). When, compared to the 2007 reference strain (A/New
Caledonia/20/99(H1N1)-like virus, the Kenyan viruses isolated in 2007 showed amino
acid substitutions/mutations at fifteen loci amongst the 20 isolates that were retrieved
from the GeneBank for the year of 2007. These mutations included; D35N, T82K,
Y94H, Q104H, S121N/R, K140E, V165A, R188K, R208K, W251R, T266N, E273K,
and D186N/G. Amongst these only five mutations occurred at antigenic sites. Thus, the
T82K mutation occurred at the antigenic site Cb, K140E at predicted antigenic site Cay,
V165A at the antigenic site Sa, R188K at the antigenic site Sb, and R208K at the
antigenic site Ca; (Table 4. 3). Noticeably, the mutation W251R and D186N/G occurred
close to the Sa and Sb antigenic sites respectively.

In the year 2008, A/Solomon Islands/3/2006 (HLN1)-like virus was used as the vaccine
strain. Twenty-six viruses isolated in Kenya during this year were compared to the
reference strain to predict the amino mutations. Ten mutations were predicted; D35N,
R73K, T128V, K145R, N183S, G185N, R188K, Al1l89T, R222Q, and E273K. The
mutation T128V occurred at the predicted antigenic site SA, K145R at the antigenic site
Cay and R188K & A189T at the predicted antigenic site Sb.

In the year 2009 sixteen Kenyan isolates were retrieved from the database and compared
against the vaccine A/Brisbane/59/2007 (H1N1)-like virus strain to check for the amino
acid substitution sites. The following mutations were observed; N183S, G185S/N/A,
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N186D/G, A189T, Q104H, S12IN/R, and D272G (Table 4.3). Out of the eleven
mutations observed, only one (A189T) was seen to be at a predicted antigenic site, viz.
site Sb. However, although the mutations N183S, G185S, and N186D did not occur at
antigenic sites, they are close to the antigenic site Sb and may affect antigenicity at this
site. Phylogenetic analysis showed that the A/SH1N1 strains that circulated in Kenya
between 2007-2009 belonged to clade B characterized by the E273K amino acid change
(Figure 4.3). They were interspersed among the foreign strains used in the analysis.
Overall, all mutations that occurred and were detected amongst Kenyan influenza A
viruses were also observed in the global strains used in the analysis, except V471 (in
A/H1IN1pdm09), 1140R (in A/H3N2), and Q104H (in seasonal A/sH1N1) (Appendix I,
& 11).

Table 4.3: Mutation at the antigenic sites of Influenza A/sSHIN1 circulating in

Kenya compared to the contemporaneous vaccine strain from 2007-2013

Influenza  Year Vaccine strain Mutations in circulating Mutation at the
Subtype strains antigenic sites
seasonal 2007  A/New D35N, T82K, Y94H, Cb T82K
A/HIN1 Caledonia/20/99 Q104H, Sh R188K
seasonal S12IN/R, K140E, V1esA, O KI40E
A/HIN1 Ca; R208K
R188K, 208K, W251R, Sa V165A
T266N, E273K, and
D186N/G.
2008 A/Solomon D35N, R73K, T128V, Sa T128V
Islands/3/2006 K145R, N183S, G185N, Sh R188K,
R188K, A189T, R2220Q, A189T
E273K Ca, K145R

Sh A189T
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The Kenyan viruses are indicated in blue colour. Those in pink represent reference
strains of known clades. The one in red represents the WHO vaccine reference strain for
the southern hemisphere. Those in Black represent global reference global reference

strains.
4.2 Prediction of vaccine efficacy using the P-epitope model
4.2.1 H3N2 vaccine efficacy estimation

The estimated vaccine efficacies of the 2007 - 2013 vaccine strains against the Kenyan
A/H3N2 isolates are summarized in Table 4.4. The P-gipe between
A/Wisconsin/67/2005 vaccine strain and Kenyan 2007 isolates was 0.1579 (dominant
epitope A; amino acid changes D122N, S138A, and K140I), suggesting a vaccine
efficacy (VE) of 17% (E=8% of 47%). The P-epitope between A/Brisbane/10/2007 and
Kenyan 2008/2009 isolates was 0.0526 (dominant epitope A; mutation N144S/K) and
0.0952 (dominant epitope B; mutation K158N and N189K) suggesting a VE of 72.36%
and 49.98%, respectively. A/Perth/16/2009 was the recommended WHO vaccine strain
for the 2010, 2011, and 2012 influenza seasons. The P-gitope Value between
A/Perth/16/2009 and Kenyan 2010 A/H3N2 isolates was 0.0526 (dominant epitope A,
mutation N144K), suggesting vaccine efficacy of 72.36%. No sequences for A/H3N2
viruses that circulated in Kenya during the 2011 influenza season were available in
GenBank/GSAID databases; thus, no analysis was carried out for this period. For the
2012 influenza season, 40% (2/5) of the analysed A/H3N2 isolates possessed 1140R,
R142G, K144N, N145S, and G186S amino acid changes at site A of the HA1 domain
relative to A/Perth/16/2009. These resulted in negative vaccine efficacy (Table 4.4). All
the Kenyan 2013 isolates contained three amino acid substitutions (T128A, R156H, and
V186G) affecting site A of the HAldomain. The estimated P_epitope Value between these
isolates and the vaccine strain A/Victoria/361/2011 was 0.1579 (Table 4.4), signifying a
worst-case (8%) vaccine efficacy.
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Table 4.4: Efficacy estimation among A/H3N2 vaccine strains and mutations found
on the dominant epitope of Influenza A(H3N2) viruses that circulated in Kenya
(2007-2013).

No. of Residue
No. of Dominan  mutation P- Efficacy
Year Vaccine strain strains t epitope S variations epitone (47%)
A/Wisconsin/67/
2007 D122N, S138A, 0.157
(N=8) 2005 7 A 3 K140l 9 8
T128A, 1157S, 0.190
1 B 4 V186G, 1192T 5 0
0.052
8 A 1 N144S 6 34
0.047
1 B 1 K158R 6 35
2008 2 C 1 T48A 0.037 38
(N=14) A/Brisbane/10/ 0048
2 D 1 K173C 8 35
2007 0.045
1 E 1 C57R 5 36
0.095
2009 4 B 2 K158N, N189K 2 24
(N=5) 0.097
1 D 2 K173C, R208K 6 23
0.052
2010 11 A 1 K144N 6 34
0.073
(N= 15) 2 D 1 D175E 2 29
A/Perth/16/ 2 E 2 K62E, G78D 0.091 25
1140R, R142G,
2012 2009 K144N, N145S, 0.210
2 A 5 (G186S 5 -5
0.074
(N=4) 1 c 2 S45N, D53N 1 29
1 D 1 D175E 0.073 29
2013 A/Victoria/361/
T128A, R156H, 0.190
(N=6) 2011 6 B 3 V186G 5 0
2013 A/Texas/50/
1140R,R142G,N145 0.157
(N=6) 2012 6 A 3 S 9 8

4.2.2 A/H1N1 pdm09 vaccine efficacy estimation

In studying the effect of accumulated mutations in the HA1 gene the estimated vaccine
efficacy was determined using the P epitope method (Table 4.5). When the A/HIN1
pdm09 was compared to the WHO-recommended vaccine A/California/07/2009, a P-
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epitope Value of 0.0882 was yielded. This is attributed to P83S, A48S, and V471 amino
acid changes in the dominant epitope E, this suggested a vaccine efficacy of 80% (42.5
% of 53%) of that of a perfect match (Table 4.5). In 2010, the vaccine efficacy using the
P-epitope Model was 87% (46% of 53%), characterized by mutations P83S, and S84R, in
the dominant E epitope. The year 2011 accumulated four mutations in epitopes B and E,
yielding a P-epitope Value of 0.090909 and 0.05882 respectively translating to 42% and
46% vaccine efficacies respectively. The year 2012, was characterized by a shift of
epitope from E to B, and a significant drop in vaccine efficacy, estimating a worst-case
vaccine efficacy of 39% (20.55% of 53%). In all, 87% of the strains obtained in the
study period between 2009-2013, contained a dominant mutation at the E epitope at
position 83. This gave a worst-case vaccine efficacy of 39%% (20.55% of 53%) for the
years 2012 and 2013 (Table 4.5).
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Table4.5: Vaccine efficacy estimation using the P-epitope model and the number of
mutations of human influenza A/pdm2009 circulating in Kenya compared with the
AJ/California/07/2009 vaccine strain.

Vaccine
Yea Vaccine No of epitop No.of Residue Efficacy
r Strain Strains e Mutations Differences P- epitope (53%)
200 67 E 3 P83S, A48S, V4TI 0.0882 425
9 1 A 2 TI120A, K142R 0.08333 425
N=6 0.02083
8 14 D 1 D222E 3 52.975
0.03030
1 C 2 D35N, T278I 3 49.394
201 2 E 3 P83S, S84R 0.05882 46
0 N129K, S143G,
N=3 1 A 3 R252K 0.125 38.125
P137S, D127E, S120P 0.04166
6 A 1 ,S128P 67 48.042
201 P83S, S71T, N260K,
1 27 E 4 S75P 0.05882 46
N=2 S183T, A186G, S185T  0.09090
9 26 B 4 ,S190G 91 42.18
0.04166
2 D 2 S204T, S164F, A215G 6 48.04
S183N, T184K,
S185K
, DI187E, S190T, 0.27272
201 1 B" 6 L191P 7 20.55
2 AlCaliforn P83S, S84K, S85T,
N=1 ia 1 E 4 D86N 0.11764 30
/07/2009
S183N, T184S, S185R 0.27272
6 B 5 ,Al86G, D187H 7 20.55
P83S, P84K, A48V,
S85T 0.14705
201 5 E 5 ,D86N 8 355
3 0.03030
N=9 1 C 1 K283E 3 49.394
0.02083
1 D 1 M2271 3 50.52

4.2.3 s/H1IN1 vaccine efficacy estimation

The estimated vaccine efficacies of the A/sHIN1 human influenza 2007-2009 vaccine
strain against the Kenyan A/sH1INL1 isolates are summarized in Table 4.6. The P-gpitope
between A/New Caledonia /20/1999 vaccine strain and Kenyan 2007 isolates was 0.25

(dominant epitope A; amino acid changes S121N, K140E, V165A), suggesting a vaccine
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efficacy (VE) of 44% (E=23.25% of 53%) (Table 4.6). The P-gpitope between the vaccine
strain A/Solomon Islands /3/2006 and Kenyan 2008 and 2009 isolates was 0.090909
(dominant epitope C; mutation D35N, R73K, E273K) and 0.272727 (dominant epitope
B; mutation G155C, N183S, 1184V, G185S, N186D, A189T) suggesting a VE of 80%
and 39%, respectively.

Table 4.6: Vaccine efficacy estimation using the P epitope model and the number of
mutations of human influenza A/sHIN1 circulating in Kenya compared with
WHO-recommended vaccine strain for the respective years.

No of Vacci
No. of ne
Ye  Vaccine Strai Epito Mutati Residue P- effica
ar Strains ns pe ons differences epitope cy
0.04166
13 D 2 Y94H, R208K 6 48.04
200
7 A/New/Caledonia 0.06060
N=  /20/1999 12 C 2 D35N, E273K 6 4579
20
19 A 3 S121N,K140E, V165A 0.25 2325
0.09090
23 C 3 D35N, R73K, E273K 9 4218
0.13636
8 B 3 N183S,G185N, A189T 3  36.77
200
8 A/Solomon 2 D 3 E169G,R222C, T210N 0.0625 45.56
N= Islands/3/2006
26
1 E 3 V571, R73K, G259S 0.08823 425
200
9
N= A/Brishane/59/200 G155C,N183S, 1184V, 0.27272
16 7 16 B 6 (G1855,N186D, A189T 7 20.5

4.3 Glycosylation analyses of the HAL sequences

All the Kenyan isolates contained potential N-linked glycosylation motifs (HAL residue
positions: 8, 22, 63, 133, 165, and 285). All the Kenyan isolates in the three subtypes
(i.e. A/HIN1pdmO09, seasonal A/sHIN1 & A/H3N2) had retained all the potential N-
linked glycosylation sites in the HA1 domain of the hemagglutinin protein, except
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seasonal A/sHIN1 strain designated A Kenya 4841 2007(Table 4.7, Table 4.8 and
Table 4.9). The Kenyan isolate (A _Kenya 4841 2007) exhibited a loss of N-linked
glycosylation site at amino acid residue position 159 of the HAldomain (Table 4.9).
The amino acid 159 is located at the antigenic site Sa and was expected to result in an

antigenically altered strain.

Table 4.7: N-linked glycosylation sites analyses in the HA1 domain of Kenyan
A/H3N2 isolate strains

Predicted N-linked glycosylation sites in the HA1

domain

Strains 8 22 63 133 165 285
A/Victoria/361/2011 (2013) * O O O O O O
A/Perth/16/2009 (2010-2012) * | [ O O O O O
A/Brisbane/10/2007 (2008-

2009) * 0 0 0 0 0 0
A/Wisconsin/67/2005 (2007) * | O 0 0 0 0 0
All Kenyan isolates (2007-

2013) 0O O 0 0 0 0

(*) = WHO vaccine reference strains; [ = present

Table 4.8: N-linked glycosylation sites analyses in the HA1 domain of Kenyan
A/H1IN1pdmO09 isolate strains

Predicted N-linked glycosylation sites in the HA1

domain
Strains 11 23 287
A/California* O O O
All Kenyan isolates
(2007-2013) 0 0 0

(*) = WHO vaccine reference strain; [J = present
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Table 4.9; N-linked glycosylation sites analyses in the HA1 domain of Kenyan
seasonal A/H1N1 isolate strains

Predicted N-linked glycosylation sites in the

HA1 domain
Strains 11 23 54 125 159
A/New Caledonia/20/99
(2007) * 0 0 0 0 0
A/Solomon Islands/3/2006
(2008) * 0 0 0 0 0
AJ/Brisbane/59/2007 (2009) * 0 0 0 0 0
All Kenyan isolates 2007-
2008 except - - - - -
A _Kenya_ 4841 2007 0 0 0 0 X

(*) = WHO vaccine reference strains; [1= present; X = absent

4.4 Selection Pressure and Molecular Evolutionary analyses

Overall selection pressures in the HAL domain of Kenyan human influenza A/H3N2,
A/HIN1pdmO09, and seasonal A/HIN1 were estimated to be 0.56, 0.44, and 0.41,
respectively. Both the SLAC and FEL methods detected a different number of amino
acid residue sites in the HA1 domain of influenza A/HIN1pdmQ9 and A/sH1NL1 virus
isolates as negatively selected (Table 4.10). The FEL method, however, detected a single
amino acid residue at codon position 183 as evolving under positive selection (p<0.05)
in the Kenyan A/H1IN1pdmO09 isolates (Table 4.10). Codon 183 is close to the Sa
antigenic site. The proximity to a major antigenic site could explain the positive
selection pressure exhibited at this site. Interestingly, no negatively or positively selected
sites were detected in the Kenyan A/H3N2 isolates by either the SLAC or FEL methods.
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Table 4.10: Natural selection analyses at specific codons of the HA1 region of

Kenyan human influenza A viruses

Residue Changes

From To
Subtype Analysis Method |Residue positions [Codon Amino acid|Codon Amino acid [Normalized dN-dS |P-values [Selection
175 GTG Val GTA Val -19.3791 0.037
LA
StAC 276 AAT  |Asn AAC - lAsn -44.79 0.0047
ACT Thr
50 TG Leu TTA Leu -35.6734 0.024 Negative
83 TCT Ser TCG Ser -32.9274 0.033
155 GGA Gly GGG Gly -38.5833 0.02
175 GTG Val GTA Val -36.075 0.013
A/HIN1pdm09 183 TCT Ser AAT Asn 46.4956 0.05 -
ACT Thr Positive
FEL
226 AGA Arg AGG Arg -54.8623 0.011
AGG AGA
235 GAG Glu GAA Glu -33.9819 0.025
276 AAT  |Asn AAC  |Asn -167.857 0.001
ACT Thr .
Negative
295 ATA lle ATT lle -40.0151 0.045
301 GGA Gly GGG Gly -39.1535 0.02
18 ACA Thr ACG Thr -154.59 0.021
A/H1IN1 (seasonal) FEL 64 AAC Asn AAT Asn -162.925 0.019
314 GTT Val GTC Val -117.96 0.03

4.5 Bayesian Time-scaled phylogenetic analyses

Time-scaled phylogenetic analyses of the local human influenza A virus strains based on
HAL domain nucleotide sequences of the hemagglutinin gene showed that the Kenyan
A/H3N2, A/HIN1pdm09 & seasonal A/sH1N1 isolates shared the most recent common
ancestor (tMRCA) at 7.5 (95% HPD = 6.4-8.9), 5.9 (95% HPD = 4.7-7.1) and 2.7 (95%
HPD = 2.3-3.2) years ago from present respectively. The inferred maximum clade
credibility (MCC) phylogenies are shown in Figure 4.6, Figure 4.7 & Figure 4.8.
Besides, evolutionary analyses revealed that the mean evolutionary rate of the Kenyan
A/H3N2, A/HIN1pdm09 and seasonal A/HIN1 isolates was 4.6x10° (95% HPD =
3.0x10° to 6.3x10%), 5.4x10™ (95% HPD = 4.0x10° to 7.2x10) and 5.1x10® (95%
HPD = 3.3x10° to 7.0x10®) nucleotide substitutions per site per year, respectively (
Table 4.11).
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Figure 4.5: Maximum clade credibility tree from Bayesian analysis of Kenyan
human influenza A/H1N1pdmQ9 virus isolate strains. The numbers at the nodes
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Table 4.11: Rates of nucleotide substitutions per site in the HA1 domain of Kenyan

human influenza A virus isolates

mean rate of 95% Highest Posterior Density
Influenza A .
Voo nucleotide (HPD)

P substitutions/site/year Lower Upper
A/H3N2 4.637x10°° 3.0436x10™° 6.3679x10™
A/HIN1pdm09  5.4x10° 4.7x107® 7.2x107®
A/HIN1
(seasonal) 5.088x10™° 3.2724x10° 7.0447x10°
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CHAPTER FIVE
DISCUSSION

This study sought to characterize the genetic, antigenic, and evolutionary patterns of
human influenza A viruses isolated in Kenya between 2007 and 2013 relative to WHO
vaccine reference strains and those detected elsewhere, focusing specifically on the HA1
protein. Genetic variations observed among influenza viruses are often attributed to the
virus-encoded non-proofreading, error-prone RNA-dependent RNA polymerase (RARP),
an enzyme involved in transcription and virus genome replication mechanisms (Manley,
2013; Samiji, 2008). The overall effect of the low-fidelity RdRP is the emergence of
influenza virus strains with the potential to evade host immunity due to accumulated
point mutations at the antigenic sites that are also the protective immunological epitopes
(Michael W. Deem & Pan, 2009; Gupta et al., 2006; Manley, 2013). The first
characterized human influenza A virus strains were detected in Kenya in 2006
(A/H3N2), 2007 (A/sH1N1), and 2009 (A/H1N1pdm09) (Bulimo et al., 2008; Bulimo,
Mukunzi, et al., 2012; Gachara, Symekher, Otieno, Magana, Opot, Bulimo, et al., 2016).
The period of 2007-2013 represents a unique time in history when once three subtypes
of influenza A virus co-circulated in the human population in Kenya as a result of the
introduction and eventual domestication of a zoonotic influenza A virus that caused a
pandemic between 2009-2010 (Majanja et al., 2013; Waiboci et al., 2011). Remarkably,
the emergence of the A/H1IN1/pdmQ9 virus marked the displacement of sS/HIN1 where
to date it continues to co-circulate with A/H3N2 in Kenya and the rest of the world
(Majanja et al., 2013)

Phylogenetic inference revealed that the Kenyan A/H3N2 virus strains clustered into
three genetic clades clustering together according to the three vaccine strains. Those
isolated in 2007 to 2008 influenza seasons clustered within the A/Brisbane/10/2007-like
virus clade; the 2009 to 2012 isolates clustered within the A/Victoria/361/2011-like
virus clade, whereas those obtained in 2013 belonged to clade 3C.3 of the of
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A/Samara/73/2013(H3N2)-like virus. Overall, these results show that the A/H3N2
Kenyan viruses evolved along the same trajectories as global strains. Findings in this
study are compatible with those of other studies that reported circulation of
A/Brisbane/10/2007, A/Victoria/361/2011, and clade 3C.3 of  the
A/Samara/73/2013(H3N2)-like viruses during 2008 - 2009 and 2013 seasons,
respectively (Dawood et al., 2014; Tewawong et al., 2015). Consistent with the findings
of a separate study (Agustiningsih et al., 2018), the majority of the virus strains clustered
based on the isolation year. Conversely, as indicated by Suwannakarn et al., 2010, the
Kenyan 2007 A/H3N2 viruses were drift variants of the vaccine strain. This was due to
additional amino acid changes in the HA1 absent in A/Wisconsin/67/2005 (Southern
Hemisphere 2007 and Northern Hemisphere 2007-2008) vaccine strain but present in
AJ/Brisbane/10/2007 (Southern Hemisphere 2008 and Northern Hemisphere and 2008-
2010 vaccine strain) and 2008 A/H3N2 isolates strains. Contrary to findings by Falchi
et al (Falchi et al., 2011). the A/H3NZ2 viruses circulating in Corsica highlands in 2007
were closely related to A/Wisconsin/67/2005. The Kenyan 2008 and 2009 isolates
shared T212A and N144S & K158N amino acid substitutions respectively, with those
that circulated in a neighbouring country in the same period (Dawood et al., 2014).
Consistent with findings by Tewawong et al (Tewawong et al., 2015). all the Kenyan
isolates obtained in 2013 belonged to clade 3C.3 and were characterized by T128A and
R142G amino acid substitutions among other mutations, relative to the vaccine strain
A/Victoria/361/2011.

Furthermore, apart from the Kenyan A/sH1NL1 strain designated A _Kenya 4841 2007,
which displayed a loss of N-linked glycosylation at amino acid residue position 159 of
the HA1 domain, the majority of the Kenyan influenza A viruses did not exhibit any loss
or gain of N-linked glycosylation despite the amino acid variations in the HA1 protein.
This supports the previous findings (Falchi et al., 2011; Skowronski et al., 2014)
whereby all potential N-glycosylation sites detected among the Kenyan A/H3N2 strains
were conserved among the vaccine strains. The gain or loss of N-linked glycosylation
can affect the antigenicity of the virus HA glycoprotein (Falchi et al., 2011; Korsun et
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al., 2017; Tewawong et al., 2015). Regarding natural selection, the estimated mean dn/ds
value of 0.56 revealed that the evolution of the HA1 domain of the Kenyan influenza A
virus was largely driven by purifying selection, signifying that a majority of the amino
acid changes in the HA1 domain did not favor virus adaptability to the host. These
findings are in agreement with those of previous studies (Nelson et al., 2014; Tewawong
et al., 2015). The mean evolutionary rate for the Kenyan A/H3N2 viruses was estimated
as 4.17x107 (95% HPD = 3.09x107 to 5.31x107%) (for A/H3N2); 5.4x10 [95% HPD =
4.0x107 to 7.2x107%] (for A/HIN1pdmO09) and 5.1x10° [95% HPD = 3.3x10 to 7.0x10°
%] (for A/sSH1N1); nucleotide substitutions per site per year. The estimate is similar to the
global nucleotide substitution rate for A/H3N2 viruses in the HA1 [4.84 x 10 (95%
HPD = 4.32 x 107 to 5.38 x 10°°)] for the period between 1968 and 2011 (Westgeest et
al., 2014). Besides, coalescent analyses showed that the time of circulation of the most
recent common ancestor (tMRCA) for A/H3N2 virus strains analysed in this study was
September 2001 (95% HPD = September 1998 to October 2003), for A/H1N1/pdm09,
25th October 2008 with intervals of credibility between 3rd January 2006 and 12th
August 2009; while for A/sH1N1, 19th March 2007 with intervals of credibility between
12th February 2006 and 12th August 2007. The estimation of October 2008 as tMRCA
for the Kenyan A/HIN1pdmO09 viruses is not surprising. The apparent inconsistency
with the findings of previous studies (Gachara, Symekher, Otieno, Magana, Opot, &
Bulimo, 2016) may be explained by the fact that different data sets were used in the
calculations. Whereas Gachara et al used full genomes for their estimation of tMRCA,
this study utilized a partial sequence of only one of the eight genes, namely the HA1
domain. Nevertheless, similar findings of the tMRCA to those of this study have been
reported elsewhere when the HA1 domain is used to calculate this parameter (Mugosa et
al., 2016; Smith et al., 2009).

A significant proportion of amino acid substitutions detected among the Kenyan
A/H3N2 isolates affected the antigenic sites. Accordingly, vaccine efficacies (antigenic
distance) against the A/H3N2 strains assessed for respective years, utilizing the in-silico
P-epitope Model (Gupta et al., 2006) revealed sub-optimal vaccine efficaciousness against
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the A/H3N2 strains that circulated in Kenya during 2007, 2009, 2012, and 2013
influenza seasons. The amino acid variations S138A, K140l (2007 isolates relative to
A/Wisconsin/67/2005); K158R, N189K (2009 isolates relative to A/Brisbane/10/2007);
K144N (2012 isolates relative to A/Perth/16/2009) and K140R, R140G, N145S (2013
isolates relative to A/Victoria/361/2011) on A epitopes of the HA1 domain of the
hemagglutinin gene were plausibly attributable for the decline in vaccine efficacy
against the virus strains. The N144D substitution was not unique to the strains that
circulated in Kenya, it was also seen in Thailand and Europe (Tewawong et al., 2015).
Conversely, the A/Brishane/10/2007 and A/Perth/16/2009 2008 vaccine strains exhibited
modest vaccine efficacy against the Kenyan A/H3NZ2 strains that circulated in the 2008
and 2010 influenza seasons, respectively. Overall, these results are compatible with
findings by Tewawong et al (Tewawong et al., 2015), Dawood et al (Dawood et al.,
2014), Eick-Cost et al (Eick-Cost et al., 2012), and Kittikraisak et al (Kittikraisak et al.,
2015) who in their separate works reported modest effectiveness of A/H3N2 vaccine
component against the circulating strains and influenza-associated illnesses in the same
period in different parts of the world. Moreover, as reported by Tewawong et al
(Tewawong et al., 2015) the change in the influenza virus vaccine component for
A/H3N2 to A/Victoria/361/2011-like strain for the Southern hemisphere in the 2013
season did not offer sufficient protection against the circulating A/H3N2 strains as the
latter had evolved away from A/Victoria/361/2011-like viruses belonging to genetic sub-
clade 3C.1 to 3C.3 of A/Samara/73/2013-like viruses.

Regarding the A/H1IN1pdmQ9 strains, disparate genetic divergence was displayed
compared to the reference vaccine strain A/California/07/2009 (H1N1)-like virus, none
of the amino acid variations affected antigenic receptor binding sites, suggesting
antigenic match. Mutations within epitopes of the HAL globular domain can affect its
structure leading to a change in antigenic properties (Korsun et al., 2017). Nonetheless,
all the Kenyan A/HIN1pdmO09 strains contained S203T and V3211 amino acid changes,
with post-pandemic strains exhibiting slightly higher genetic differences. However, none
of these mutations detected in the HA1 domain of the Kenyan A/H1IN1pdmO09 isolates
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occurred at the predicted antigenic sites. Hence, the A/H1IN1pdmO09 remained
antigenically stable throughout the study period and as such there was no change in
vaccine antigen formulation for this strain recommended by WHO. Moreover, the
A/HIN1pdmO09 viruses that circulated between 2009-2012 belonged to varied global
phylogenetic clades namely; clades 7, 5, and 6A, with the former being predominant.
The Kenyan A/H1IN1pdmO09 strains that circulated in 2013 belonged to clade 6C. These
findings mirror those of a previous study, reported elsewhere (Grudinin et al., 2015).
The estimated vaccine efficacy of A/California/07/2009 (H1IN1) was between, 21% and
46% against the A/HIN1 pdm09 Kenyan circulating strains displaying a vaccine
efficacy estimation of below 50%. This efficacy range has been reported in Cameroon
and Thailand, in the range of 24.55 and 35.77%, (Monamele et al., 2019). The P-gpitope
model, estimates have displayed how close the Kenyan circulating strains are close to
the vaccine strain and emphasize the significance of considering genetic data from the
globe for the selection and formulation of flu vaccine. The vaccine's perfect match for
the A/HLIN1pdmO09 ranges from 38.77% to 86.79%, indicating a higher efficaciousness

when compared with A/H3N2 Kenyan strains.

The antigenic distance of seasonal HIN1 Kenyan strains was estimated in silico against
the vaccine strains A/New Caledonia/20/1999, A/Solomon Islands/3/2006, and
A/Brisbane/59/2007 for the period 2007-2009 respectively. The year 2007 was
characterized by mutations S121N, K140E, and V165A (dominant epitope A), R73K,
and E273K for 2008 (dominant epitope B). In 2009, six mutations were observed in the
dominant epitope B, suggesting a worst-case VE of 38.68% (E=20.5% of 53%). The few
mutations in the A/sHIN1 during 2007- 2009 differentiating them from the WHO-
recommended vaccines indicate that non-synonymous changes in the HALl gene
especially at the antigenic region, have been more frequent in A/H3NZ2, than the
A/sH1N1. These findings are in agreement with the previous studies in France (Falchi et
al., 2011).

This study had a few shortcomings. First, most of the HA sequences available were of

partial lengths, necessitating the use of only the HA1 region of the HA gene for the
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analyses. Some of the sequence data lacked full information regarding collection dates,
limiting temporal- special analysis. Furthermore, since serologic assays more
particularly the hemagglutination inhibition assay (HAI) were not performed, it was not
possible to definitively determine that indeed this mutation resulted in an antigenically
distinct strain. The serological data would have served to confirm the net effect of
genetic variations noticed in the HA1 domain on vaccine efficacy calculated by the P-
epitope Method. Cognisant of the fact that the antigenic properties of the Kenya influenza
A subtypes and vaccine efficacy data reported in the present study were generated based
solely on genetic and in-silico P-gitope method, the findings should be interpreted with
caution since vaccine efficacy studies in the context of the antigenic distance between
the vaccine and circulating strains can be inaccurate due to mutations introduced to the
vaccinating virus during propagation in eggs (Skowronski et al., 2014). Despite the
limitations, the present study has outlined the genetic and evolutionary aspects of human
influenza A viruses that circulated in Kenya from 2007 to 2013 influenza seasons and

highlighted the discrepancy in vaccine efficaciousness.
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CHAPTER SIX
CONCLUSION AND RECOMMENDATIONS
6.1 Conclusion

A. Based on the observation of this study, the study concludes that the influenza A
viruses that circulated in Kenya during the study period were antigenically
similar to global strains but genetically distinct. The evolution patterns were in
the same trajectories as the global strains.

B. The A/H3N2 isolates clustered into three lineages consistent with the year of
isolation, while the sHIN1 were in clade B characterized mainly by E273K
amino acid change. The majority of A/HLIN1pdmO09 belonged to clade 7 while a
minority in clade 5 and 6A

C. The estimated dN/dS value estimates revealed a purifying selection among the
Kenyan isolates signifying the amino acid changes across the period of the study
did not favor the virus adaptability

D. Likewise, the study has shown that in the seven years from 2007-2013, the WHO
recommended influenza A vaccines for Kenya and the southern region just
before, during, and post 2009 influenza pandemic were variably effective. The
amino acid variations at the hemagglutinin gene are attributable to dominant

epitope shifts and vaccine efficacy decline
6.2 Recommendations

I.  The study findings underscore the importance of and need for consistent
surveillance and advanced molecular characterization of influenza viruses
globally. Information from surveillance programs such as the one instituted in

Kenya by DoD GEIS inform decision-making across the world and enhance
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global health security by guiding decisions regarding the appropriate annual
influenza vaccine formulations.

The evolution of the A/H3N2 virus in the country was observed to be largely via
progressive genetic drift. This may not have been clear if the analysis of HA1
was not performed. This finding, therefore, underscores the need for intensified
surveillance to monitor the diversity of influenza A viruses.

Further studies should be conducted to compare the clade 7 dominance and
adaptation to transmissibility among Kenyan and global strains

Regular vaccine studies are recommended using the P- epitope model and other
models available to determine the viruses' genetic and antigenic changes and to
be well prepared in the event of shifts and drifts that trigger human epidemics

and pandemics.
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APPENDICES

Appendix I: A/IH3N2 HA1 domain amino acid sequence comparison
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KP458092_Argentina_2010  ...cciivet viviiiiics voviiinies seveeeeins veees RN G...D....... AA.
KP457513_Germany_2010 .ccccccoes ceneiiiiin ceninniins seveeneien senee o G...D....... A..
KC882777_California_2010  ...cccoves coveiiiiis coiiiins neeeiiinn snnee - PO G...D....... Y. VRO
CY099722_Morocco_2010 ciiiiiiier veneirnin covrnniine saneeernen sonee o N G...D....... A..
KP456369_United Kingdom_2010 ......ccee coviiiiiis coininins suneeniinn senee H.... ... Vireee crvivnneas cees G...D....... A..
KP456824 Australia_2010  ........... Seuernn vennnns Set trrreneenn veens o G...D....... A..
HM628694 Brazil_2010 ...coovvee veeeenns - N Keooooo oo o P G...D....... A..
KM978061_A_Brisbane_10 2007 ....cceeer voviiiieie coviiiiins seeeieeees seees HK..cooveeen o | G G..ND ....... A..
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Kenya_0059_2009

Kenya_0060_2009

Kenya_0070_2009

Kenya_0072_2009

Kenya_0073_2009

CY069301_Senegal_2009

CY058780_New York_2009

) PR

CY062334_Egypt_2009

CY062335_Egypt_2009

CY061898_Australia_2009

CY087740_Uganda_2009

CY062331_Djibouti_2009

CY062347_Ghana_2009

Kenya_6515_2008

Kenya_6517_2008

Kenya_7568_2008

Kenya_7569_ 2008

ereeiasne ssseeieees sessaseees sesessnaee ssees N G...D....... A.. ... K..
............................................. RN C JRN b LU L
............................................. [ PR RIN C P b I | VR
............................................. [ PR RIN C P b Y | VR
............................................. RN C JN b LU L P
ereriane seeeeeeene sesieenes ses | G N G...D....... A..
ereeinae seeerrenns o D....... ... | G o P G..D....... A..
ereeiees seeeeienie sesiieetes sesenssies seses L N G..ND ....... A..
ereeianes seseeieeis cernsseies seseensane seees L 8 | G..ND ....... A..
............................................. [ PRI C FOY b IR . VR,
............................................. RN C 1N b [ L VO
................................. Sevveie vinndHein it s lGLLD L TLLA
ereriees eeeeeeens senineees aee Seeeeee vnne o e G..D....... A..
............................................. RN C O b I | PN
ereeranes seeerieens cesneseees seseeanane seees L N | U G..ND ....... A..

Ceieeieses seseseeis smsseseies sasssesees senes L T L, G..ND ....... A..
............................................. H.R.. cooveveees wEeeeeees it eGLND AL
.......... TR o 1 | SRR RN C 1 11 b RN | S
............................................. [ | GO 19 || » Iy | VOO
............................................. HK.o coiiiiiies ciiiiieins w0 GLND A e
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Kenya_7579_ 2008  ccevoires coreiiees sererenan seereneen e HoKee e e e G..ND ......AA.. ceoruuee.

Kenya_7534_2008 R Serveee vunne HKee o e e G..ND ....... A.. ...
Kenya_6528 2008  .cccciiier cniiiniis ceciiiine seeeieein ceeee HKee i ceiiieeees e G..ND ....... A VR
Kenya_7618_ 2008 B Seeveee vunee L T N G..ND ....... - W
Kenya_7593_2008 R Serveee vunee L T N G..ND ....... A.. ..........
Kenya_6551_2008 R Serveee vunne HKee o e e G..ND ....... A.. ...
Kenya_7621_2008 N Sevvie nenee HKee o v e G..ND ....... ) W
Kenya_7590_2008 B Seeeeee vunee L T G..ND ....... ) W
Kenya_6557_2008 B Seveeee vunee L T G..ND ....... ) W
Kenya_6549_2008 N Sevvin venee HKee o v e G..ND ....... ) W
CY032199_Maryland_2008 ...ccccver coviiiin ceeiiiiin seeeieeee e L I L . G..ND ....... A..
HQ844978_Ghana_2008 .icccccee viviiiiiis ceririiins saeeeneees seeee HK..ooovennen ot | [ G..ND ....... A..
CY088561_United Kingdom_2008 ........c. covcurrnie coviiiiinn seeeereian eeens HSK.. ccovveeees . [\ I G..ND

....... - VR

KP456778_New Zealand_2008  .......... coveerveis ciivenies seeiiinns conee HKee o eeiveeees e G..ND ....... A..
CY087652_Uganda_2008 ...occovesciriiiiiis cvinniies seciiinnn seeee HKee i ceeivneees e G..ND ....... A..
KP457573_Germany_2008 .ioiciiet cieiiiinie cevinieins seneiennen senee L N G..ND ....... A..
RN | S

CY087311_Uganda_2008 Leeieeee s v e e T G..ND ....... A..
CY087468_Uganda_2008 N T G..ND ....... A..
CY034499_Germany_2008 .ccccoiiet ciriiiiiis ceeiriiias s e L | G..ND ....... A..
EU103823_A_Wisconsin_67_2005 ........... [ SKuvooin e HK..oooveeee e | ND
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....... - VR

Kenya_5875_2007 ececcees ceererenin cereenine eennn e HoKev e Eeoverer v G..ND ......A.. cecueene.
Kenya_AF1057_2007 = ciicccees coreiiiis cevinnnees seeceeenn conne HK.ocoeenann Koeeroo cene G..ND ....... A..
Kenya_AF1058 2007 cicccceer coreiiiin covinnnees seeceeenn conne HK.ocoeenann Koeero cee G..ND ....... A..
Kenya_AF5618 2007 .iocccees cereiiiin ceviinnees seeceeeinn conne HK.ocoeenann Koeeroo ceee G..ND ....... A..
Kenya_AF5622_2007 = ciicccees ceeeiiiin ceiinnees seeceeenn cenne HK.ocoeennen Koeeoon e G..ND ....... A..
Kenya_AF4041_2007 cocccceer coneiiiin ceiineees seeceeenn cenne HK.ocoeennen Koeeoon e G..ND ....... A..
Kenya_AF1055_2007 ciicccees coreiiiis ceiiinees seeceeenn cenne HK.ocoeennen Koeeoon e G..ND ....... A..
Kenya_AF1056_2007  cccceceees coverenens cerenenes saeseseinn senes HoKev e e Keoverer e G..ND.......A..
Kenya_AF5617 2007  wecccvees ceveee . N K.Guoron e HSK.. eovvee . Ervverer v G..ND .T.....A
JX239588_Italy 2007  eeceeieees e e cveenene e HoKeu v (G G..ND ....... A.. oo,
CY088540_United Kingdom_2007 .....cccee cevviieiin covinnnees sneeeiicnn vonne HK..ooovrree ot | G, G..ND ....... A..
CY031829_South Africa_2007  ...cccceee coviinnn coviiiiins seeereeees eeee HK..oovnnenn o | G, G..ND ....... A..
CY031827_South Africa_2007  ....ccceur cnveevrcn cereee Set terriniins veens HK..oooveree e | G, G..ND ....... A..
EU659851 Canada_2007 ...ccoevee ceeenns . VR, K.Goooeear o HSK.. .......... .. | S G..ND ....... A..
EU100720_Florida_2007 .ieiiiiet civiiiinis v K.G.D...... ..... HK..coeeen | G G..ND ....... A..
CY022874_Germany_2007 .ccceiiier ceviiiiies ceeeeees | QR [ 19 | G Koweent eees G.YND........ A..

77



CY114413_Netherlands_2007  ...cccceet coviiinie coviiiiin seeerieees seee [ | G Keoorrrr e G..ND........ A..

KJ942680_A_Victoria_361_2011 QAVIPNIGYR PRIRNIPSRI SIYWTIVKPG DILLINSTGN LIAPRGYFKI
RSGKSSIMRS DAPIGKCNSE CITPNGSIPN DKPFQNVNRI TYGACPRYVK

Kenya_255_2013 ... S ittt riiens crreeea seeeecnies sesieeees seeenes Koo vrriiiies siiiiiiien e
Kenya_256_2013 ... S ittt riiens crreeea seeeecnies sesieeees seeenes Koo vrriiiies siiiiiiien e
Kenya_257_2013 ... S titetiien eerraees sereeeees saesereens seranessne seseene Koo s veriieien innaees
Kenya_253 2013 ... S titetiien eerraees sereeeees saesereens seranessne seseene Koo s veriieien innaees
Kenya_254 2013 ... S terereries cereresens seseenese shesessens seeseaeaes seesns Ker coeeecrens cveeeeine ceverens
Kenya_258 2013 ... S terereries cereresens seseenese shesessens seeseaeaes seesns Ker coeeecrens cveeeeine ceverens
KC999475_Tunisia_2013 ... S tettiities trrrrreees errerrees sesaeanes seesssaens sessns [ GO 2 S
KC814214 France_2013  ....... R N Keo v e ceaiaes
KM064025_Wisconsin_2013  ........ S etriiiis s rernies seaseees seeneeees seaene N
KT734915_Wisconsin_2013  ........ S tittiiiies trerrenne srrrrenees sessieees seessssens seseens Kot veiiiines vveiiiins ceiiines
KT889256_Ethiopia_2013  ........ S trtiies eriiens srrnreee sereseaees serseeeses seseses Ko toriiiiies eiieieins iiennees
KC535027_Canada_2013  ........ S retiiies terienees ereriees ceeaeres sareeesees sessses Koo veeiiiiees vvieenies cenenens
KF789535_California_2013  ........ S teeteerens trerrriee seeeeeeees sessssnnes secsesasen sesens N
KY925945_Brazil_2013  ....... S triiiin seeneeees eerreis sesseees seereesses sesaens Kee ceiiiees e v
KM064322_Washington_2013  ........ S triiiin e rrrene e saesees ) G |,
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KI144640_Spain_2013 ... St rttaees ceresaies saesastens saesaitns sesssesas sereres Kev coeeeees eeeevsses cevevaenas

KF790147_Texas_2013 ........ TS » TS Kev coreriees cvveenine cocienene
KY451443_S.Africa_2013  ........ S eteiies crrriens ssrreree e srreesees seseees Kev ceiiiees eeiiiins cineees
KY451452_S.Africa_2013  ........ S ereiies rrriens srreeree e srreesees seseees R
KY451445_S.Africa_2013 ... S tuerruees sereresens seseesens saesesenes sesesesens sereien Kev corerirens cveeein cecveneane
KF790482_Florida_2013  ........ S trritiiii e e seeereees seesaaees sesens R
CY163426_New York 2013  ........ S. turererens caereenens sresesears sesseseses eseseses seseses Kev ceeeriiens coeenine cvcveeans
GQ293081_A_Perth_16_2009  .T.S....5. ..Vuiiiiit tiiiiines snneiiiis coiiiiins sieccnies coveinaies snneceses sesennnes
Kenya_248_2012 ... Se Vet i e e Reee ieieeiis et e e
Kenya_245 2012 ... S titetiien eerraees sereeeees saesereens seranessne seseene Koo vt vrriiieien innaees
Kenya_250_2012 ... T N N
JX978755_Russia_2012 TarereSe ceniEies cevitiees ceveniaeas cenetiae saeaesene seesiseans essesenes sesessares sesenenias
KF598718_Canada_2012  ........ R o T N
JX262049_ltaly_2012 ....... S ettiiiiit creerees rereies seearens eereesias sesseneees seessissas sesssenens secseseaes
KC430918 Morocco_2012  ........ S tittetiite eeerrees sereessiee seesseeses serasssees sesscaness sesessssas eseresses seseesseen
JX978453_Tunisia_2012  ........ e titiitiie trrrrreees eererrees sessssanes seessssess sessissess seeseienes sassseeees sesssnneee
KT889235_Russia_2012  ........ S tittitiiee teereseie serreeenes sssereees sessssses seseissnss sesssesees sesesssees nseeenens
KY925954 Brazil_2011  ........ S..V...... V it trrreiens i seireeens seeeienes L N
KC883387_Wisconsin_2011  ........ T VN At e
JX978462_Tunisia_2011  ........ S ettt riiiiees seeereee seeiniaes ssseesens seesisases seeecenes seesssssns sseeseeas
KM821347_Australia_2011  ........ S ttetiiis eeriees saeeeeee seeiniaes seseesens seesissses seseeseses sesesssans sesseenens
Kenya_008_2010 ... SeeViiiiie it crrrnnes reeeieeen Notriiier crreiernee sosnreenes conesennes serrnnenes
Kenya_001_2010 ... VN
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Kenya_212_2010 ... T T T N
Kenya_003_2010 ... St iVttt ittt srinriiees eieieies sereaiies seseieenes sasseieees sesssssees seseeranes
Kenya_007_2010 ........ VN
Kenya_024_2010  ........ VN
Kenya_80_2010 ... ToSu ciVaiint ittt sriiniinis seiiiiies serenaiies seeeiennes sasseienes sessassies secearanes
Kenya_006_2010 ... St iVttt ittt srinriiees eieieies sereaiies seseieenes sasseieees sesssssees seseeranes
Kenya_016_2010 ... T N
Kenya_041_2010 = ....... VN
Kenya_049 2010 = ........ VY
Kenya_091_2010 ... T N
Kenya_198_2010 ... N
Kenya_201_2010 ... N
Kenya_206_2010 = ....... VN
CY114501_Netherlands_2010  ........5. .V.D..lV ceiiiiieet ceniiiiis ceviniiins eovnnennns eeenmnnes A e
KP458525 New Zealand_2010 ........ SeLVeeeiilV et et creerieiee cecerenees seeeeens At e
KC535302_Florida_2010  ........ S VitV ot i e e e Aot e e
KP458092_Argentina_2010  ........ L -
KP457513_Germany_2010  ........ ST | I
KC882777_California_2010  ........ T Y N N
CY099722_Morocco_2010  ........ (T R Eeooirriins criiiriee crirriines reeeinies cecreneees
KP456369_United Kingdom_2010 ........ Se iVt i e s s e [ C I
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KP456824_Australia_2010  ........ R

HM628694_Brazil_2010 VR
KM978061_A_Brisbane_10_2007 .T......S5. ..V uiiiies tiiiiiuns sneiiiis ceiiniins siaiernes ceveisnins sosnneeses sesecinnne
Kenya_0059_2009 O VN
Kenya_0060_2009 = ....... VR
Kenya_0070_2009 T
Kenya_0072_2009 B N
Kenya_0073_2009 VN
CY069301_Senegal_2009 1 VN
CY058780_New York_2009 1 N
CY062334_Egypt_2009 VN
GQ385918_Texas_2009 VP
CY062335_Egypt_2009 ... e iV eituier cetterens caearetens saesetens srebesesne seesebeses eseeteses sessasares sesenenia
CY061898_Australia_2009  ........ L VN
CY087740_Uganda_2009  ........ S iV i e Vot rrniiins seiniiias seainnens eeeiies seseeens seesaeen
CY087747_Uganda_2009  ........ £ R
CY062331_Djibouti_2009  ........ R
CY062347_Ghana_2009 ¥
GQ385876_Washington_2009 N R VN
Kenya_6515_2008 N VN
Kenya_6517_2008 N VN
Kenya_7568 2008 P R
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Kenya_7569_2008 P Y
Kenya_7579_2008 P Y
Kenya_7534_2008 T
Kenya_6528_2008 O
Kenya_7618_2008 P Y
Kenya_7593_2008 P N € T
Kenya_6551_2008 .
Kenya_7621_2008 T R
Kenya_7590_2008 L
Kenya_6557_2008 .
Kenya_6549 2008 .
CY032199_Maryland_2008 P N
HQ844978_Ghana_2008 R VN
CY088561_United Kingdom_2008 .T......S. ..V iiiies coiiiiinet sieeiiiis sriiiiies seiecisins sevsinnies sanecciees seeinnees
KP456778_New Zealand_2008  .T......S. ..V uiiiius ceiiiiines cermeiiiis ceveeieinn seceeeenes seeeianeee sereecenee aaeeenerns
CY087652_Uganda_2008 S
KP457573_Germany_2008 I S
CY087311_Uganda_2008 L S
CY087468_Uganda_2008 T
CY034499_Germany_2008 P Y
EU103823_A_WIisconSin_67_2005 .T......Su ceieiiiin coviurnnes cerriiiiis sennicins seiseiins sovacences sesseinnns svssecess
Kenya_5875_2007 P VRN
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Kenya_AF1057_2007 TeeeeeSu Vet cercienas seseesaes sesenasses sesasaeses sessssesss sessesasss sessesasss seesssene

Kenya_AF1058_2007 TareeSe turteueres sevesesess sesesenes saeseseses sesesesess sesissers saesesenen sesesesens sereerens
Kenya_AF5618_2007 VN
Kenya_AF5622_2007 1
Kenya_AF4041_2007 B R Voeee teveuenens saesesenis sesesisies sesesenses seesianses sesesisess sessesass seesesenen
Kenya_AF1055_2007 TrereSe tVotteien wevctesens sevesesis sessesns sesesesens seesisnses sessisess essssnses seesesesen
Kenya_AF1056_2007 TerieesS eVeitiien eterenes sereaienes seseaietes seresenses srseseneas sasssisens shesssnene sreseseaes
Kenya_AF5617_2007 VN
JX239588_lItaly_2007 R VN
CY088540_United Kingdom_2007 .T......S. ..V uiiies coiiiiines sieiieis sennnnecns secanmsnss senninnnes sevenmenne saeeececns
CY031829_South Africa_2007 = .T......S. ..Vuiciies ceiiiinnns venmneenns sevenceens o Wiiiiiee trrnienens sonnnennns sosennnens
CY031827_South Africa_2007  .T......S. ceVeiiiies ciiiiiines inniiiiis seaiiins seisiiiins sovsisnees seeecienes saseeseces coconnnnes
EU659851_Canada_2007 I 1 N
EU100720_Florida_2007 R VN
CY022874_Germany_2007 T...... TR N Sueree cerrrenens sereeenn
CY025843_New York_2007 R VN
CY114413_Netherlands_2007 = .T......S. caVeiiiies ciiiiiinns einiiiiis seiaiiins seisiiiis sereinnees sneeeceens svsnnneces
320
coee]eee]| o]

KJ942680_A_Victoria_361_2011 QSTLKLATGM RNVPE

Kenya_255 2013 e
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Kenya_256_2013 ...

Kenya_257_2013 ...

Kenya_253 2013 = .in e

Kenya_254 2013 e

Kenya_258 2013 ...l

KC999475_Tunisia_2013

KC814214 France_2013

KMO064025_Wisconsin_2013

KT734915_Wisconsin_2013

KT889256_Ethiopia_2013

KC535027_Canada_2013

KF789535_California_2013

KY925945_Brazil_2013 .

KM064322_Washington_2013

KJ144640_Spain_2013 .

KF790147_Texas_2013 .

KY451443_S.Africa_2013  ....ccceeeweeee

KY451452_S.Africa_2013 ... e

KY451445_S.Africa_2013  ....cccce weeee

KF790482_Florida_2013 .

CY163426_New York_2013

GQ293081_A_Perth_16_2009

Kenya_248 2012 .N..

Kenya_245 2012 .eiin e
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Kenya_250_2012

JX978755_Russia_2012

KF598718_Canada_2012

IX262049_ltaly_2012

KC430918_ Morocco_2012

JX978453_Tunisia_2012

KT889235_Russia_2012

KY925954_Brazil_2011

KC883387_Wisconsin_2011

JX978462_Tunisia_2011

|

| I

KM821347_Australia_2011  .............c.

Kenya_008_2010

Kenya_001_2010

Kenya_212_ 2010

Kenya_003_2010

Kenya_007_2010

Kenya_024_2010

Kenya_80_2010

Kenya_006_2010

Kenya_016_2010

Kenya_041_2010

Kenya_049_2010

Kenya_091_2010

Kenya_198 2010
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Kenya_201_2010 Noereen evee

Kenya_206_2010 N ||

CY114501_Netherlands_2010 .N.............

KP458525_ New Zealand_2010 .N.............

KC535302_Florida_2010 ||

KP458092_Argentina_2010 N || P

KP457513_Germany_2010 i N

KC882777_California_2010  .N........ .....

CY099722_Morocco_2010 cerrnneens Lls

KP456369_United Kingdom_2010 .......... .....

KP456824_Australia_2010  .......... .....

HM628694_Brazil_2010 N || P

KM978061_A_Brisbane_10_2007 .N........ .....

Kenya_0059_2009 N\ PO,
Kenya_0060_2009 || IO,
Kenya_0070_2009 || IO,
Kenya_0072_2009 || IO,
Kenya_0073_2009 N\ PO,
CY069301_Senegal_2009 | SR

CY058780_New York_2009 Nevoroan e

CY062334_Egypt_2009 Noereee vees
GQ385918_Texas_2009 Nevooores vene
CY062335_Egypt_2009 || P

CY061898_Australia_2009 ||



CY087740_Uganda_2009 ||

CY087747_Uganda_2009 ||

CY062331_Djibouti_2009  .N.............

CY062347_Ghana_2009 B |

GQ385876_Washington_2009  .N.............

Kenya_6515_2008 Neovren e
Kenya_6517_2008 B I
Kenya_7568_ 2008 N\ IO,
Kenya_7569_2008 N\ IO,
Kenya_7579_2008 B I
Kenya_7534_2008 B I
Kenya_6528_2008 Nevoonan e
Kenya_7618 2008 N\ PO,
Kenya_7593_2008 N\ PO,
Kenya_6551_2008 || IO,
Kenya_7621_2008 B
Kenya_7590_2008 || IO,
Kenya_6557_2008 N\ PO,
Kenya_6549 2008 N\ PO,

CY032199_Maryland_2008 N.oeeee weee

HQ844978_Ghana_2008 Neeereee viee

CY088561_United Kingdom_2008 .N........ .....

KP456778 New Zealand_2008 .N.............

CY087652_Uganda_2008 Noeoeeee s



KP457573_Germany_2008 B || O

CY087311_Uganda_2008 ||
CY087468_Uganda_2008 |
CY034499_Germany_2008 N\ PO

EU103823_A_Wisconsin_67_2005 .N........ .....

Kenya_5875_2007 N ||

Kenya_AF1057_2007 Neverre e
Kenya_AF1058_2007 | SO
Kenya_AF5618_ 2007 | SO
Kenya_AF5622_2007 B
Kenya_AF4041_2007 B
Kenya_AF1055_2007 B
Kenya_AF1056_2007 N\ P,
Kenya_AF5617_2007 N\ P,
JX239588_lItaly_2007 Nevioees e

CY088540_United Kingdom_2007 .N........ .....

CY031829_South Africa_2007 .N........ .....

CY031827_South Africa_2007 .N........ .....

EU659851 Canada_2007 Novooeerr e
EU100720_Florida_2007 B\
CY022874_Germany_2007 N\ PO

CY025843_New York_2007 Neeereee vine

CY114413_Netherlands_2007 .N.............
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Appendix Il: A/HLIN1pdm09 HA1 domain amino acid sequence comparison

A_California_07_2009 DTLCIGYHAN NSTDTVDTVL EKNVTVTHSV NLLEDKHNGK LCKLRGVAPL
HLGKCNIAGW ILGNPECESL STASSWSYIV ETPSSDNGTC YPGDFIDYEE

Kenya_262_2013 it s seieieiins ceniieeees seseeieees seiseieees sessanees sssseeiee o Seevrinn venens N...
Kenya_265_ 2013  cceeeies ceceeaeies ceeerenens ennnis caenene Vi cecverens caenenes sevesenens o SKTN.R.. ......N...
Kenya_261_ 2013 it iiiieeies srraeeies ceseraneis senesieren scssracis secenssnen snesrenses os Sireeenr veeees N...
Kenya_263_2013 i e srreeeis ceenaiies sareeeees seisnanes saneeesees ceesiinnne o SK.N.R.. ......N...
Kenya_260_2013 it ciiiiieies seraeeres cessraneis senesieren scssracis secenssnen snssrenses os Sireeenr veeees N...
Kenya_266_2013 it s seieieeins ceiiieeees seseeieees seiseieees sesnees sessseeien o Seevrinn venens N...
KENYA_267 2013 cooeeicies cececeien sevevenins eeenenis saeaeseaes seveserene esnanas ceeseneaen o Seeveree crene N...
Kenya_259 2013 it iiiiieies srraeeies cessraniis senesieien secesracis secesssern sserenses s Sireeenr vreens N...
Kenya_268 2013 it ciieieeies srraeieres cessranis senesieren secesrasis secesssnen snsesensas os Sireeenr vreens N...
KJ026398 Ivory Coast_2013  .iciiiir ciivirnies covenennn & Lieeeeies cerieranes corrneniee sacoennnes corenneeen o ST =S
KF761452_Canada_2013 .iiiiiiiis ciiiiiiins severeeies cosiunieis sosssinnns socssineis seceesnnes snreseeces oe Siieeees vrnne N...
CY141237_NeW YOrk_2013 coiiiiiiis ciiiiiiies seiriiiies rrerneies sossraces cocssinnes secesssnns soneensans on Siierens vrnee N...
KYA51418 S.Arica_2013 coiiiiiict ciiviiiies erriniies cnmaneeie sesiiaies seissinis seieessens sereenenes ae Serreees veenne N...
CY163421_Florida_2013 coccciiis ciiiiiiis seiiiies eeeeniis sesaieees cecenieis seansrees eeeeeeins o Serriee e N...
KF647953_Florida_2013 ...cccccet cveeeecns ceveinee N Seereie venne N...
KY801200_MexXico_2013  .ccciiiis ciiiiiins crininiies coviinins conmnceees cocesinnns sosneennee soreeinns s Sevveier crunne N...
KF648136_California_2013  ..cccciies tiiviiuiee surereiie coriiiiis snreciies coissinnee suneernees cocesinnns o L] T
KM409277_New Jersey_2013  ..iiciiiit tiiiiirinn sevrrnnes connnnnenn sons LN Seveeenn
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CY071359_Thailand_2010  .cccceeee cunvvvnne weee Dt et e e creaees seeees seereeeee seeeeeeene

IN603276_Philippines_2010  wuceecers woverennne . YO Ve s eeveenens

KF918703_China_2010 .cciicier ceriiiinns coviiniis cocinnies cosanesens sonneions suncosinns sessssses sosesnees sosnnesas

KP317224 India_2010 K et e eteeieie eteaeea eraetsas seassita saersians sresaetins sresenses aeseraeeas

CY071938_Maryland_2010 .ccccceer coviiiiins coiiiiiii ceriiniies caeeraiens sessiseeee sessisans sesssesins seeeeenies snnesecees

Kenya_0043_2009 = .oiriees cereniiinn ceeeee 5

Kenya_0016_2009 @ .iriees corieiinn ceeenee 5

Kenya_0037_2009  ceiiiiiees cirieiiien eeiiraeis coreiniees caeennens serasesiee sneeesenns sesanssies sasesranss sessnsiens

Kenya_0065 2009  eeeevees covreres e [ T

Kenya_0055 2009  veeeeores covreres e [ T

Kenya_0063_2009 @ .iriees coriniinn ceeee D i cerriines sesreenees sereeenes seserences sernsisees sesesanens

Kenya_0051_2009  coiiriiees cirieiiien ceeeiraiis coreineees caeennens serasesiee snsesaeans sesenseias sasesranss sessnsens

Kenya_0033_2009 oiiiiiees cirieiiien eeirniis coreineees caseinnens serasesire snsesacans sesensecas sasesranss sessnsens

Kenya_0046_2009  wveceeers ceuennn A cerecenen ceeesees Rioeeee ceeeeoeeee seeeeeiees seaetaess coeeseeee eerereies

Kenya_0009 2009 ceeoeoiues oot eteeeets et ceeeeeene seeeeeen seeeieias R

Kenya_0022_ 2000  ecoveees ceeceeeian ceeeteie eeeieees eaeteiees seeaeeets seaereens R

Kenya_0041_ 2009 = eeciiiiis cirieiiis ceieireiin eeiineees caeiiaies seseeeenes sseeeens 3 N

Kenya_0050_2009 = coiiiiiis ciriiiii siieiieiie ceeiiiees cereiaiis seeeceenes sessieeees seessssies seeeseanes sesseeees

Kenya_0002_2009 = coiiiiiees cirieiiinn ciiiraiis coreiniees caeeriens senniesire snseessans sessnseins sasesranes sessanens

Kenya_0054_2009 = .o cereee St ttteiirres cereranees creeeerene sesereeees srnsseiene esernsies senssennns sessensses

Kenya_0064_2009 coiiiiieis ciriiiiinn i coriiiees caseniens sersiesite snseessans sessnsiins sasssranes sessassns
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Kenya_0056_2009

Kenya_0048_2009

Kenya_0044_2009

Kenya_0007_2009

Kenya_0062_2009

Kenya_0039_2009

Kenya_0038_2009

Kenya_0025_2009

Kenya_0034_2009

Kenya_0029_2009

Kenya_0047_2009

Kenya_0012_2009

Kenya_0040_2009

Kenya_0058 2009

Kenya_0019_2009

Kenya_0069_2009

Kenya_0013_2009

Kenya_0001_2009

Kenya_0042_2009

Kenya_0035_2009

Kenya_0006_2009

Kenya_0067_2009

Kenya_0008_2009

Kenya_0031_2009
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Kenya_0005_2009 oot coririiins tirniiniis ceiiieiies cesiieiees seseiesies seseieiens sssssssies sssssieees snsssssses

Kenya_0024_2009 = .cccccit cerirniias tiiniiniis ceniienies cesiieiees sessiesies seseieiens sssssseies sssssieses snsssssses

Kenya_0014_2009 ceiiiiiees cirieiiinn eeeiraiis coreineees caeennens serasesire snseeseans sesanssins sasesranes sessasens

Kenya_0027_2009  coiiiiieet cirieiiinn ceeiiraiis coreiniees caeennens serasesire sneesseans sesanssins sasesranes sessanens

Kenya_0010_2009 oot corirniias toriiiniis coniinnies ceriiniees sessienies seseieiens sesssseies sssssssees nsssssses

T 10 o o< T

Kenya_0020 2009  wevouiiues ceveueeias ceeeeeies ceeseete caseiestas seseiesas sreesestas stesteias seeeteetan seeeieeas

Kenya_0049 2009 coiiiiiees cirieiiinn eeiraiis coreiniees aseennens serasesiee snseesenns sesanssins sasesranss sessnsens

Kenya_0004_2009  oiiiiiees corieiiinn eeiiraeis coreiniees caseennens serasesiee snseeseans sesanssins sasesranss sessnsiens

Kenya_0071_2009 oot cerirmiias corriiniis coniiniies cesiiriees sessiesies seseieiens sesssseies sesssieees nssessses

Kenya_0011_2009 = cccccct corirmiins coriiinies coniinnees coriinines sessienies seseieiens sesssseies sesssssees snsssssses

Kenya_0057_2009 oot cerirriias srrniiniis ceriienies ceniiniees sessiesies seseseiens sesssseies sesssieses snssessses

Kenya_0053_2009 coiiiiiees cirieiiien ceieiraiis coreiniees caseennens senasesiee sneseseans sesenseces sasesranss sessnniens

Kenya_0032_2009  coiiiiiees corieiiien crieeraiis coreineees caeeennens serasesire sneesaeans sesenseces sasesranss sessnsens

Kenya_0017_2009  oiiiiiies ciriiiiins i ceriiiees caesiniens seraiesire suseessans sessnssins sassranes sessanens

CY072006_NEW JEFSEY 2000  cuouvees coeiaries eeeeetaie ceueieses caeeeeses oeteceess seaeeaeeas sevaetesa seveersee seeieeies

CY063630_NeW YOrk_2009  .ccciiiiis oriiinns sunriiiiis coviiainns cantieiies sosecnnes snseecees sesessnes sosseeases sescsssnns

GQL60574_TeXaS_2000  cuveueies ceeeeeeien eeeeieeis seetoeses ceaeaiees ssesetees eeteeesns seestestes seseeeaees eeeeraees

CYO71826_ELhiopia_2009 eeiveves cevieies ceveeeesen caeeteses eveiases stentesas sessessaes sesesaeses ceesareess eeerenes

CY120723_Brazil_2009  .eiiciiit coiriiins ceriiiiiie ceiieeie ceeiinnes sesaieeies ceniieinns sessreeies ceseeenane sesteesies

CY121680_California_2009  ...cciiies eviiiiies ceriiiniis coriiiies careiriens sessinies sraeesiens sesssnres srreeieees seeinnees

KC781103_Washington_2009  .cciiiiiis iriiiiies ciiiiieiie ceriiniees caeeiniens sessieeees seseeseens sssssseiss sossssssss mmmsssses

CY050871_MEXICO_2000  oveives eteiees eeeeeee evasaes cevesiass esessss sessssans sestestses sessessass sessieieas

GQB894806_FIorida_2009 .iiicccis ciniiiiins e e ceriaiens seeeeiies seeeanaes sseeeiies seesennns sereeeias
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CY071910_Maryland_2009 = .cccciier coriiiiins criiiiiii ceriiriees carreeiens seseeeeee seseseans sesssseis seeeeenies snreseeees

GQ160605_WiscONSIN_2009  ..cccceet cemiuniuns cormiennes coriinnens cariianens ennceeies soacietens seeeeeeies eeseieees seseieiee

GQA21199 1Ay 2000 oveeveees ceueeeas ceetetes ceteaeees caetiesaes eeaeeetn sretestas sestestees eeeeeiseae seerieraas

GUOTAT72_JaPAN_20090  cevveiieis coveeeeias eeeeeee sevseeeees caeeaseas sosteesees eeaesssns sasssesies evseaees seeerieas

KU310626_India_2009  cceiiiis eriiiins coiiiniis coninries ceereiees snncieins seaeeeinns seessssies sesssinees sessneias

GU968908_China_2009 .cccccee cevuncene cennees Pt e e e s s e eeeeeeen

CY055242_Malaysia_2009 woveeveiee cevieeees ceeeeieeee ceeetesees ceeetesees oeaeeeess eaereeens seeaet e seeeeaeee oo V...

KT181027_Singapore_2009 ceiiciies corirmiins coeeirnnen commessees corernnsns sosscesnnn sonsessans sessnsssss cossssanns sossssens

A_California_07_2009 VGSSRYSKKF KPEIAIRPKV RDQEGRMNYY WTLVEPGDKI TFEATGNLVV
PRYAFAMERN AGSGIIISDT PVHDCNTTCQ TPKGAINTSL PFQNIHPITI

Kenya_262_2013 ) KE.D...D.. coileces vt crriiiiies ceviennees eeeneeees o S
Kenya_265_2013 N 3 R S
Kenya_261_2013 ) R..... ... L s e e e S
Kenya_263_2013 N e e s e e S
Kenya_260_2013 O RN Lieiee coriiiiee eieienes cerreiens saeseennes on |
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Kenya_266_2013 B S

Kenya_267_2013 A | Levieen crriiiins crrrrinnee e e o S
Kenya_259 2013 N Liviee corininne eiiinnes cerraniene seesernnes o0 T
Kenya_268_2013 N Lieies corininne eiiinnes corraeiene seesennnes o0
KJ026398_Ivory Coast_2013  ...iviieet viriiinies seiiinnies cirieeinns ciniines saeeeen Ko At s v v
KF761452_Canada_2013 T N Liviies i e i e Eeovrrer vevreeenee
CY141237_New York_2013 e ereees crererenes serereaene sereeseses sresersaen senes Turer ceerereren serenenene o Eevvover cveeenenes
KY451418_S.Africa_2013 N N Leieee e e e e Eeovrrre e
CY163421_Florida_2013 N Leree i crenees e e S
KF647953_Florida_2013 ) FOT Leviven cevevnene esesenes cresennses sessnenns oo Ervever veveneanas
KY801200_Mexico_2013 B P | Yooorone o S
KF648136_California_2013  ..T.i.iies ceeriiries svnineies coviiinns cosiiiias soeeeinnns coeiannnes sasenceres sosinnsane sossssnns
KM409277_New Jersey_2013 el etiees tereiines eeiraees cereesinen seesereens senes 1 E......
KF648172_Texas_2013 R Tever i rvviene e Eeovrrrr veeene
CY187372_Washington_2013 B N [ E.......
KJ144625_Spain_2013 T ) N S
KF746656_Russia_2013 N Liciee ceriiiiie cerrrinnes e s o S
KT181073_Singapore_2013 N N
KJ144651_Spain_2013 T ) N S
Kenya_264_2012 B . R N Eooreern s
JQ714072_Mexico_2012 S 0 N
KF598726_Canada_2012 B P D iiiriiies cinnnnies cesaians creineaes
KC891519_Texas_2012 Y D iiiirrries cinnnrnes cenaians creeeeaas
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CY176746_Bangkok_2012 B Le ceiiiienns ciriennnes cerrneenns sencennens sereaeeens

KJI026399_Ghana_2012 ...ccccees viiviiiies seeeineis cerreeiens eaneeeees seeeens L
JQ714075_Mexico_2012 O P 0 PP
KT181062_Singapore_2012 R L
KC891464_Texas_2012 e etetes cererees severesees sesssnes sresesenen seseseees > JS Serer crerrene srerennene
CY176746_Thailand_2012 I P Lu ceviieres ceriaenes cereneaees snerenens seenesene
KC891112_New York_2012 ) P L vereceees ceerenenes senenenene seeaeens D eovireren ceevereres crerenaes serenenens
Kenya_118 2011 Tl e G..... L
Kenya_137_2011 N
Kenya_131_2011 O N
Kenya_126_2011 O N
Kenya_125_2011 N
Kenya_127_ 2011 N
Kenya_130_2011 N
Kenya_147 2011 e eeees ceeteteses srveitees seseseiess sheseseses ssesesees sesesesess sueseseses sesssesese sesesenens
Kenya_148 2011 e eeees ceeteteses srveitees seseseiess sheseseses ssesesees sesesesess sueseseses sesssesese sesesenens
Kenya_136_2011 e eeees ceeteteses srveitees seseseiess sheseseses ssesesees sesesesess sueseseses sesssesese sesesenens
Kenya_132_2011 N
Kenya_1613_2011 N
Kenya_9470_2011 N
Kenya_9469_ 2011 N
Kenya_9455_ 2011 N
Kenya_134_2011 N N
Kenya_145 2011 F N G iiiiiiies creeeiies sesteesnes cessssrens seseeseses sasesenens sessansees sesssesane
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Kenya_146_2011 N
Kenya_151_2011 N
Kenya_122_ 2011 N
Kenya_120_2011 N
Kenya_119_2011 N
Kenya_129_2011 N
Kenya_128_2011 O N
Kenya_138_ 2011 B Eee orrriiies creiiinee cerirenes crrneeiree seserenies sernesenes
Kenya_149 2011 N
Kenya_143_2011 B N Koo criiiiiien s v,
Kenya_150_2011 O N
Kenya_139_2011 N
KF849785_Thailand_2011 B N
CY176578_Denmark_2011 S N
JX204749_Morocco_2011 N
CY129590_Germany_2011 S Seirrriens crnrrnees sereenens
CY176405_England_2011 N
KC881612_California_2011  ..T.eccies ciriiiiius somienies coriiiinns conieiines coieiinane cearersies cosesianns sonmeesaes sossnnnee
KC881615_California_2011  ..T.uccees ciriiiiius somienies coriiiiuns conieiines coieiiuune ceareesies cosesianns soameesaes sosininnee
KC882285_New Jersey 2011 N
KF041867_Brazil_2011 B N Dt ciiiiiiiis eereiiees seeiinnas ceeissns seeseeeees seneeniees sreseesans
KC881596_Florida_2011 T e Vicot cenienees eveneinns cenenee RN
LN846454_United Kingdom_2011 ..T.cceet veeiiiiins ceceineies cnniiins coneeeens A i i s e
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CY176658_Australia_2011 B

JF327373_Denmark_2011 R

CY176794_Hong Kong_2011 N

CY124508_Singapore_2011 N

CY124503_Singapore_2011 B L VN

LN867668_United KiNGAdOM_2011 ..T.cccee. tiriiiiins vereiniies cennniinns coniiines coeeiinnns corissenns seceneenns snseenens

Kenya_075_2010 I ) PR N eooPrveeee Koo v Livevres woveenaees coeee Q.s..

Kenya_029_2010 T o Y Livee covnrenens coneeenen seeenennes

Kenya_070_2010 N § [

IN613302_Turkey 2010 e Tetuees seuetseeas sastastass setussasts susssssss essssastn sissesssas sestssass sesssseses susssesens

CY096561_Thailand_ 2010 .. Teueiee: ceeieeies ceeiaeies ceveaaias coeseetas caesesas ooestaesas seessissas soessassas seesseeses

JX625662_United KINGAOM_2010 .. T i iiet viiiiinins seveinnies coveniinns coseeionns seesnonns snmssssss snmsssesss sonmonsnns

CY072074_Brazil_2010 T eeeeee eeueeueean cuetiseaes setesesen seesssssee seveesasen seaseastas sastassess seuesusees seemsenns

JX120566_China_2010 S

KC781303_Wisconsin_2010 N N

CY071375_Germany_2010 N N

GU576542_lItaly_2010 T eeeeee eeueeueean cuetiseaes setesesen seesssssee seveesasen seaseastas sastassess seuesusees seemsenns

LN867423_United KINGAOM_ 2010 ..Tev.ius oveieeia weieiaeies weveeieas woeeeseenn caetsases eeesesss ceeaeses eearearnae

CY071359_Thailand_2010 N

IN603276_Philippines_2010  ..T..cceet iiiiiiiis wictinnins riiiiiis ciiiiiines aeiiiias coainnnees seeesiiins sosisniees seeieeians

KF918703_China_2010 G T

KP317224_India_2010 T et e s s, e eeeereees sereseees sessasases seesessans sesenesens
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CY071938_Maryland_2010 N

Kenya_0043_2009 B N
Kenya_0016_2009 N
Kenya_0037_2009 S
Kenya_0065_2009 N
Kenya_0055_2009 B N
Kenya_0063_2009 R
Kenya_0051_2009 N
Kenya_0033_2009 N
Kenya_0046_2009 N N
Kenya_0009_2009 B Do crrininins erreiiies creciniaes ceeeeeeen
Kenya_0022_2009 B N D oeiiiiiies rrirrries caeenes e e
Kenya_0041_2009 N | ieriiiiine creiirnens cerrniiens ceeeereens sesenenne
Kenya_0050_2009 N
Kenya_0002_2009 N RN
Kenya_0054_2009 N RN
Kenya_0064_2009 N RN
Kenya_0056_2009 N
Kenya_0048 2009 B S...
Kenya_0044_2009 N
Kenya_0007_2009 N
Kenya_0062_2009 N
Kenya_0039_2009 N N
Kenya_0038 2009 N
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Kenya_0025_2009

Kenya_0034_2009

Kenya_0029_2009

Kenya_0047_2009

Kenya_0012_2009

Kenya_0040_2009

Kenya_0058_2009

Kenya_0019_2009

Kenya_0069_2009

Kenya_0013_2009

Kenya_0001_2009

Kenya_0042_2009

Kenya_0035_2009

Kenya_0006_2009

Kenya_0067_2009

Kenya_0008_2009

Kenya_0031_2009

Kenya_0005_2009

Kenya_0024_2009

Kenya_0014_2009

Kenya_0027_2009

Kenya_0010_2009

Kenya_0003_2009

Kenya_0020_2009
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Kenya_0049_2009 B N

Kenya_0004_2009 B N

Kenya_0071_2009 N

Kenya_0011_2009 N

Kenya_0057_2009 N

Kenya_0053_2009 B N

Kenya_0032_2009 e Tetrtas cueeeassas suesiasies sestaetas sistasses sbsessssts sisessesss stsssssts sebessses sesessases

Kenya_0017_2009 N

CY072006_New Jersey_2009 T L VR

CY063630_NEW YOrK_2009 . Teuies seeeeees eeeeieeees ooueeaiaes ooaesitas eeeesasan oeseseses sstesesne sonesseen soeersans

GQLE0574_TEXAS_2009  woooeoee woeeeeees seeeieeees ceeaeemee —eeeeees ceeeeeetes —eeeaeeis seeaeees et oo

CYO71826_EthiOpia_2000 oovvees coeiesies eeeeiaeses coaseeiens eoaeessees evesesssas eoessasses seessessns srarsaissn eesiesses

CY120723_Brazil_2009 .iirices ciriiiies ceiineii i cairiias areeians reieanes sessnanees sesinrees o H.......

CY121680_California_2009  ....cccoee eevcueee ot Reri e s criiees s e seerreeee seeneenen

KC781103_WaShiNGton_ 2000  ..Tuv.iues woviueius weveieeies coeeeteenn ceeesteen saeeestess eoesaeees eeseeaes eeaeareas eveeeeeas

CYD50871_MexXiCo_2009 .iiiiiiees suninnies seseinnnns somseiions sonieiines saeeeeanns srssnnnses sessssssns sosiissnnn sessesenns

GQ894806_Florida_2009 T eeees eeueeueeas setstss seteseeste suessssues sesestasen seeseseas sestessass sesssusees suesuerens

CY071910_Maryland_2009  ..Tueoue: werteiees eveceies cveseecaes weeesises eesetessas ceetssss oevessesas cenesesaes eevesraees

GQL160605_Wisconsin_2009  ..iiuciies teuiiinies sorrianeis conserians correiions saniernnns cosrassene sanseseens sensessere sesserenns

GQA21199 1Ay 2000  .oooeiiees sieeeeeias seetetees eteseeas seesesaes eeeesaene eractesta sestestens eeaeainen seereerans

CY062739_Germany_2009 N N
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CY115862_Netherlands_2009  ..T.iccce. cereiiries ereirnies comuniane coviiiaes coeeiisnns corinnenes ennneeens sosseanees sosssssnns

CY070199_United KingdomM_2009 ......ceet voumrrmes sevrisins torneeiins coriiiines saceeisens somsnnees cossssnsns soseosines
+H.......
GUO014772_Japan_2009 R
KU310626_India_2009 N N
GU968908_China_2009 N N T N
CY055242_Malaysia_2009 N N wF s e e
KT181027_SiNgAapore_2009  ..Tuccues veeviueres sevierns sereseiens cresesones sevssesens sesssesens sueseseses senisesene sesesesens
310 320
SRV VPR VRV IO IO
A_California_07_2009 KCPKYVKST KLRLATGLRN IPSIQSR
Kenya 262 2013  vceveeer e Voo
Kenya_265_2013 .eiees veveeeiens V......
Kenya_261_ 2013 = .cceiees veveeeiens V......
Kenya_263_2013 = .ceiiiet veveeeeens V......
Kenya_260_2013 = .cceiieit viieeeians V......
Kenya_266_2013 = .ccieet eieeiians V......
Kenya_267_2013 = .ccceiieit veieeeiens V......
Kenya_259 2013 = .ceiees veeeeeiens V......
Kenya_268 2013 it veveeeiens V......
KJ026398_Ivory Coast_2013  ...cccceet vevrenenns V......
KF761452_Canada_2013 .....cceee eeeeeeene V......
CY141237_New York_2013  ...cccevet veveninne V......
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KY451418_S.Africa_2013
CY163421_Florida_2013
KF647953_Florida_2013
KY801200_Mexico_2013
KF648136_California_2013
KM409277_New Jersey_2013
KF648172_Texas_2013
CY187372_Washington_2013
KJ144625_Spain_2013
KF746656_Russia_2013
KT181073_Singapore_2013

KJ144651 Spain_2013

Kenya_264_2012

1Q714072_Mexico_2012

KF598726_Canada_2012

KC891519_Texas_2012

CY176746_Bangkok_2012

KJ026399_Ghana_2012

JQ714075_Mexico_2012

KT181062_Singapore_2012

KC891464_Texas_2012

CY176746_Thailand_2012

KC891112_New York_2012

Kenya_118 2011
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Kenya_137_2011

Kenya_131_2011

Kenya_126_2011

Kenya_125_2011

Kenya_127_2011

Kenya_130_2011

Kenya_147_2011

Kenya_148 2011

Kenya_136_2011

Kenya_132_2011

Kenya_1613 2011

Kenya_9470_2011

Kenya_9469 2011

Kenya_9455_ 2011

Kenya_134_2011

Kenya_145_2011

Kenya_146_2011

Kenya_151_ 2011

Kenya_122 2011

Kenya_120_2011

Kenya_119 2011

Kenya_129 2011

Kenya_128 2011

Kenya_138 2011
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Kenya_149_2011 = ..eesviieiiine V......

Kenya_143_2011 = ..eeiviiiiiinne V......

Kenya_150_2011 = .ccceiivit veveeeenns V......

Kenya_139 2011 = .ccceiiiet veveeeinns V......

KF849785_Thailand_2011  .....cccce eeeeene V......

CY176578_Denmark_2011 ..cccevet veveeennn. V......

JX204749_Morocco_2011 ..eceven veeeeians V......

CY129590_Germany_2011  .cccoiveer veveenenns V......

CY176405_England_2011 eveveue vevereae V...

KC881612_California_2011  ....cccece voueeeenn. V......

KC881615_California_2011  eeveves veverree. V...

KC882285_New Jersey 2011  ueuivers veunenen. V......

KFO41867 Brazil 2011 ... Qe V......

KC881596_Florida_2011  eeveeues vevereae V......

LN846454_United Kingdom_2011 .....cccevt veveeenee V......

CY176658_Australia_2011  evocers covenrae. V...

JF327373_Denmark_2011 ..cceet veveiniee V......

CY176794_Hong Kong_2011  ..cceeer venennnnne V......

CY124508_Singapore_2011  ...cecves veveennnne V......

CY124503_Singapore_2011  ....... [\ PR V......

LN867668_United Kingdom_2011 .....cccce. veveeeeeee V......

Kenya_075_2010 @ .ccceiiven eveeeenns V......

Kenya_029 2010 = .ccceiiren veneeeinns V......

Kenya_070_2010 = .ccceiieer veveeeinns V......
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IN613302_Turkey 2010  eeoeceers cerene. Vi

CY096561_Thailand_2010  .....cccce eeeeeee V......

IX625662_United Kingdom_2010 ....couv. eveeeee. V......

CY072074_Brazil_2010  ..ceceet vevieen V......

IX120566_China_2010  evceveees veveeee. Vit

KC781303_Wisconsin_2010  ....ccceee veveeecene V......

CY071375_Germany_2010  .cccocveet veveeeenns V......

GU576542_Italy_2010  cveeveens e V......

LN867423_United Kingdom_2010 ..c.ccou.. vevec.ee. V......

CY071359_Thailand_2010  eecvceeer vveneae V......

JN603276_Philippines_2010  ....ccevee vereeeene V......

KF918703_China_2010  eeeeeveer coveeeen. V.o

KP317224_India_2010  ceeerure vereenan V...

CY071938_Maryland_2010  ..cceceeet veneeennne V......

Kenya_0043_2009 @ .eieees vereeennne V......

Kenya_0016_2009 @ .o vereeennne V......

Kenya_0037_2009 @ .ot vereeennne V......

Kenya_0065_2009 = .o vereeeinns V......

Kenya_0055_2009 @ .o vereeeinne V......

Kenya_0063_2009 @ . vereeennne V......

Kenya_0051_2009 @ .eieees vereeennne V......

Kenya_0033_2009 @ e vereeennne V......

Kenya_0046_2009 @ .o vereeeinns V......

Kenya_0009 2009 @ .t vereeennne V......
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Kenya_0022_2009

Kenya_0041_2009

Kenya_0050_2009

Kenya_0002_2009

Kenya_0054_2009

Kenya_0064_2009

Kenya_0056_2009

Kenya_0048_2009

Kenya_0044_2009

Kenya_0007_2009

Kenya_0062_2009

Kenya_0039_2009

Kenya_0038_2009

Kenya_0025_2009

Kenya_0034_2009

Kenya_0029_2009

Kenya_0047_2009

Kenya_0012_2009

Kenya_0040_2009

Kenya_0058_2009

Kenya_0019_2009

Kenya_0069_2009

Kenya_0013_2009

Kenya_0001_2009
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Kenya_0042_2009 @ .cceeeeer vereeeeene V......

Kenya_0035_2009 @ .cceeeeer vereeeeene V......
Kenya_0006_2009 @ .o vereeennne V......
Kenya_0067_2009 @ .eieees vereeennne V......
Kenya_0008_2009 @ .cceceeer vereeecne V......
Kenya_0031_2009 @ .cceeeeer voreeecee V......
Kenya_0005_2009 = .ccceeet veveininne V......
Kenya_0024_2009 @ .o vereeeinns V......
Kenya_0014_2009 @ e vereeennne V......
Kenya_0027_2009 @ .ceieees vneeeeens V......
Kenya_0010_2009 @ .ceeeeer vnececens V......
Kenya_0003_2009 .ccceeet veveeninne V......
Kenya_0020_2009 @ .eieee vereeeinns V......
Kenya_0049 2009 @ .eieeer vereeeinns V......
Kenya_0004_2009 @ .eieees vereeennns V......
Kenya_0071_2009 @ .o vereeennne V......
Kenya_0011_2009 @ .eieees vereeennne V......
Kenya_0057_2009 = e vereeeinns V......
Kenya_0053_2009 @ e vereeeinne V......
Kenya_0032_2009 @ .eieees vereeennne V......
Kenya_0017_2009 @ .eieees vereeennne V......
CY072006_New Jersey 2009  ..ccocvver vevreecnns V......
CY063630_New York_2009  ...ccceeet veveeneaee V......
GQ160574_Texas_2009 .eeees vevenenene V......
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CY071826_Ethiopia_2009  ecceeves ceveeee Vi

CY120723_Brazil_ 2009  eveeevres v, Vit

CY121680_California_2009  ....ccceee weeecines verens

KC781103_Washington_2009  ....ccccc. veeeeereee V......

CY050871_Mexico_2009 ..ceeeet veneceiene V......

GQ894806_Florida_2009 weevees v, V......

CY071910_Maryland_2009  ceecuvvucs veeern. V......

GQ160605_Wisconsin_2009  ...ccceeet venenennne V......

GQ421199_ltaly 2009 eecerevrs e, V...

CY062739_Germany_2009 ...ccoeeet vevreeinns V......

CY070589_United Kingdom_2009 ......cee. veveeenee V......

HM138501_Germany 2009  .wcceceees voveeece. V......

CY115862_Netherlands_2009  ......ccc. cceeeeenne V......

CY070199_United Kingdom_2009 ....ccceet veeeeneene V......

GU014772_Japan_2009  eceever vereean V......

KU310626_India_2009 ceeuvers eeenn. V......

GU968908_China_2009 ...cccvet veneeenne V...

CY055242_Malaysia_2009 ..t ceeeeeene V......

KT181027_Singapore_2009  ..ccccovee veeececnns V......
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Appendix I11: Seasonal A/HIN1 HA1 domain amino acid sequence comparison

JN899402_Brisbane_59_2007 DTICIGYHAN NSTDTVDTVL EKNVTVTHSV NLLENSHNGK LCLLKGIAPL
QLGNCSVAGW ILGNPECELL ISKESWSYIV EKPNPENGTC YPGHFADYEE

Kenya_04_2009 oiiiiiiit ciieieiies ereieiies ceeeiiiiie eeeeieies seieereies seiiienees seesieiees sesseetiee ceseeseies
Kenya_06_2009 oot ciieieiies ereieiies ceeeiieiie eereieies seieereiis seiiieeees seessieees sesseesiee ceseeseies
Kenya_08_ 2009 iiiiiiis ciieiieiee eerreiis cereniiiie sasssieses serenseie sacesranss sesansesne sassssenes secesnees
Kenya_13 2009 et cireiiiies eerreiis cornneiiie sasssiases sereaseie sasesranss sesansesne sasessenes secessses
Kenya_14 2009 it cireiieies eerreiis coreneiiie sasssiases serensseie sacessanss sesansesne sasessenes secessses
Kenya_15_2009 it ciieieiies cereieiies cereeiiiie eereieies seieerenes seiiieenes seeseiiees sesseesiee ceseeseies
KENYE_19 2009  eoceieees eeieis cacaeaiaes ceneresete seeneiens caisesenes sesesesene sesnereses sheseasinn eresenne
Kenya_21 2008 B C
Kenya_22 2008 = eeeeiiis ciieeieies seerreiis cereneeiie sasssianes secensseie saceesanss sesanseses sassesenes sesessens
Kenya_23 2008 it cireeieies seerenis cenneeniee sesencaies sernes Liee veiirenes cerreeiene raeeereies cerreeeens
KENYA_25 2009  eoceeieees eeieis cacaeaiaes cenereaete saeseienes caiesenes sesesenene sesneseses sheseasinn seresenine
Kenya_26_2009 teBreues werererees sereresess saseeseses sersesases sesenesess seessssaes sssssene sesesesess sessesssn
KENYA_30_ 2009  eoceiiees eeieis caeaeaeaes cerenenete saeseiens caiesenes sereseaene seanereses sheseasinn seresenine
KeNYa_35_2009 i i seieirriis ceieiis serraiei seieerenis saceseees seessssies seeseenian aseseenes
KeNYa_37_2009 e i seieiriies ceeieies serraieis seiearenis saceseees seessssies seessenian saseseeses
Kenya_39 2009 = i crreeniee eeneees P

Kenya_42_ 2009 i ciiiiiiies seeiriiis cernieiiie sasssraies seceansiis saiessanns sessnseene sasssssnas sesssanes

FR832684_Cameroon_2009 .ccceiiiet corrinnins venecernes connnenens sone Ruiin it teriiiinns i crriieeiee e
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CY064799_California_2009  .iicccceit ciiriiiies oiniies cenniiiiis sesiainies saiieieiis secinnnes sraeeieies secinniee seeeeieens

GQATE071_FIONIAA_ 2000  ooeeieee ceoeeeeies eeeeeeee ceeeteeeie seet e ee eeteeeeeee eaeaeeaee eeaetree seeeeesiee et

CY147691_MexiCo_2009 ciiiiiiiit ciiriinies ceiiiiiies ceneiiiiis serneieies ceiinieees seiiienens sesseeeees sesssssies sasessaies

KP456792_India_2009 .iiiiiiis tiiiiiies eieiiiis ceeinnies reeeiees seianaies eiiieees sesssiies aeeeeien sessnneees

CY099315_HoNg KONg_2009 .ciiiiiiis tiiuiiiien secsirnens conacrien sossnranss sornnssree sasssansss sonnssssan sesssnasss soressssen

KP457502_China_2009 = .ccciiiis ciiiiiuins sainreiies coveiniie sosseceie coiisiins soistenese sonsecinns shssreeise ceseeinnne

JX456132_SouUth KOrea_2009  .iiccccics coiiiiiie seiriiiies crrrceiiis sanenieres cociunnnes soiesssans sossesaens saeeessies suieseaies

CY173375_NeW YOrk_2009 .oeeiiiiis ciuiriies seiiaiies coneiiiiis sonssieies corennenes santeanens sossssnsns sesesssinn sooeesssas

JX456131 South Korea_2009 coieeiit coiiiiiien ceieeeiee coreniieis soeesiennn cnnssseres sorensssss seaserenns sessessees secenses

KPA56592_ChiNa_2000  wovueivis coeeieeeas caveeees ceveseess saseaieese etessaese seeesesas sessessien seeesarsas cereres

CY173423_NeW YOrk_2009 .oceiiiiis ciuiiiies soiianies corsiiiiin sonssieies covenneies sanseanens sosssnnsns sesssssinn soceesssas

GQ475852_WisCONSIN_2009 ciiiiiiiit coiiiiries serenniies conereniis sssssieies seinnseies secesnnnss sessseeenn sasssseies secesnnnes

KP458430_Australia_2009  ..cccciit ciiiiiiin soiiniins cnneiiiiin sennnieees eeieiiis ceinreees eeseens Fevriiiiiee veieeenes

KP459289 Australia_2009 .cceiiiiis ciiiieies cereiiiiis ceeereeeie nsseeeeee cereanaiis seeereennn snmseeeees seecnnsies seeereenns

KP457216 _Japan_2009 it ciiiienies crrainiien cessieniis sanssieren eiesnnies sesasasnnn sesssesies sasssesien secesenian

EU124137_Solomon Islands_3_ 200 .......... ceveceeeen cecereeenn cene 0 2N S
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Kenya_5933_2008

Kenya_5928_2008

Kenya_5923_2008

Kenya_5896_2008

Kenya_5890_2008

Kenya_5886_2008

Kenya_5883_2008

Kenya_5934_2008

Kenya_5880_2008

Kenya_7525_2008

Kenya_7611_2008

Kenya_7596_2008

Kenya_7577_2008

Kenya_7576_2008

Kenya_7570_2008

Kenya_7565_2008

Kenya_7562_2008

Kenya_7559_ 2008

Kenya_7554_2008

Kenya_7547_2008

Kenya_7543_2008

Kenya_7541_2008

Kenya_7535_2008

Kenya_7530_2008

....................................................................................................

....................................................................................................

....................................................................................................

....................................................................................................
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Kenya_7529_2008 ciiiiiiiis ciiiiiiies seieieiies s sassaieiis sasesseiis seiesssses sesssesses sesssssien ceceiienes

Kenya_6543_2008  ciiiiiiiis ciiiiiiies seieieiies seieiis sassaieiis sasesssiis sesesssses sesssesses secsessien seceiienes

FR832659_Cameroon_2008 .cceiiiit covrrnnies srmeenrens cosernnccs sonnscornn sncennnnes serenns 0

KMI112270_EYPt_2008 wooviiis ovieies caeeeeee etaieeein seetieias sestesses seeesassas seseastess sosessessa seessisias

EU914910_South Africa_2008  ..ccccccit tiiiiiiies ceiriiiies erriiiiis samraieees seaiaies seciiinies sereeeeies meeeeeies sesenneees

FI654307_Greece_2008 .iiiiiiiit ciiiiiiiee seiriiiies cenniiiiie seeneieies ceiieieies seieieeens seseeseies seeseseies sesesieies

KPAS6446_GErMany 2008  wooueives coeueees cueetesaes cesevsses sssessesas etessasss sevsesases sessessiss soesssisn seissisins

CY119314_Malaysia_2008 wooviieis ovieeies cueieeeee etaieeein svseetas sesteseees eeseeaseas seneastees seeessesen ceeesenas

JF701828_France_2008 .icccccit ciiviiiin crenneeies e T T

KP459229 Japan_2008  ceecoves oveveeias vevaerenns e DNovt cerveieies cactesans suessssens sesssesses sesssesses sesessses

JF701827_France_2008 ...t iiviinies ceinneeees e 0 N

CY034579_Maryland_2008  occuccvs coveieeis evecaiia ereaaies esaeises cssesaees saessaens sresaesiss seesseties sesersias

CY031525_Washington_2008 ...cciiiit ciiiieiee crimieiies cevereniin snsesceren commnssees socernnans sseseeeens snnmsscees cosemnnnes

GQA75752_TexXas_2008 ceiiiiiit corriunies seneirines corneaieie ansscares seieaneies sessserens sessensiss sansessenn secesensas

CY100892_Peru_2008 ciiiiiiiis ciiiiiiies serrirnies cerniiniis seeneienes seieeeeies seieeseens sesseeeies sesseseies sessennes

KP457987_Argentina_2008 ..iiiiiiit coiiiiiies soiiiiiies coiiiiiis sesaiaiin aiiuseiis sesisssses sesssesies sasssseien secesinnes

IN582063_New YOrk_2008 oottt tiiiiiins sitiniie covniiiis sosneceies ceiieianne santeneie sesecisnns sssireeies ceseeinnne

KPA57499 NOrway_2008 = ciiiiiiit corrienins saeeenenes connnenere sassscanes sorrasssre saseosnnss sonnessens sasssnnnss sosessnsne

CY099664_Canada_2008 .ciiiics ciiiiieies seieiiiis cesiniies sareeieies secasnies erieeeees sessssnies saseeeiies sesssanes

EU779632_California_2008  ...cccccce veveuneee vuveceicen cone DN.... eereieenn cerrnnneee Viiiiiiie reneeiins snnnnnies connnnnns

CY099718_Canada_2008 .ciiiies cocviunres sureriiies cossnnies sareeieis secisnies seteesses sessssneee saseeeeien secinnees
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AJ344014_New Caledonia_20_1999 .......... cocurreees vecenenen cene [ § IR
I ST

Kenya_AF_5623_2007 = .cceciiies coviies soennniies enneeniis senmaieies eieanniie seiieneens seneeieies sesseeiiee cecesinen

Kenya_4841 2007 eieeiiiit ceiiienies srrnesiiee seserenies senssieren secesnniis secassernn sesesenies sassseien seceseases

Kenya_4833_2007  ceeeiiiit cerrienies sreasiiee seserenies senssieren ecesnniis sesassernn seserenies sasseseren seceseases

Kenya_4831_ 2007  cieiiiiit ceirienies sreasiiee seserenies senssieren ecesnniis sesassennn sesesenies sasssseien secessases

Kenya_4830_2007 = ciiiiiiiis ciiiiiiins sriiieiies cisiiiiiis sasssieiis sesesseiis sesesssses sesssesses secssssins secesienes

Kenya_4827_2007 = ciiiiiiiis ciiiiiiies seiiiiiies ciseiiiiis ssssiaiis sasesseiis seiesssses sesssesses secssssins cereeienes

Kenya_4826_2007  sieeiiiit cerrienies srensiiee seserenies sennsieren ecesnniis secasssrnn sessrenses saessssien seceseases

Kenya_4825_ 2007  cieiiiiit ceirienies srenesiiee seserenies senssieren ecennniis secassennn sessrenses saessseeen secesenses

Kenya_4824 2007 cieiiiiit cerrienies srenesiiee seserenics sennsieren secesnniis secassernn sessrenses saessseeen secesenses

Kenya_4823_2007 ciiiiiiiis ciiiiiiies siiiieiies ciseiiiiis sasssiiiis sesesssiis sesesssses sesssesses secssssinn secesienes

Kenya_4822_2007 ciiiiiiiis ciiiiiiies seiiiiiies cisiiiiiis sasssiiiis sasesseiis sesesssses sesssesses secssssine secesienes

Kenya_4819 2007 eieiiiiit ceirienies saensiiee ceserenics sennsieren ecesnniis secassssnn sesssenses saeseseen seseseases

Kenya_4844 2007 eieeiiiit ceirienies saensiiee seserenics senssieren ecesnniis secassssnn sesssenies saesesien secesensas

Kenya_4840_ 2007 sieeiiiit ceirienies saeaeiiee seserenics senssieren secesnniis secasssenn sesssenses saessssien secesenses

T I E 1= I 1o o /%O

T I E X - T 1o o /RO

KENYA_ 4837 2007  ooevoeeis ceeeeeies ceceeeeie ceuetesaie saetaeaete seteetetie aeeetatane sretsaete setieaeiee sereriees

Kenya_4836_2007  ciieeiii ciiiiiiies ceieiieies cereiiaiis sesescecas caseseiis seceasses seeeseenas sssseesies secassies

Kenya_4835_2007 = coeeeii ciieiiiies et cereiaiiis sesesieias casieseiis seieasses seeeseenas ssssesies secasseies

Kenya_4834_ 2007 sieiiiiit ceirrinies srrnsiiee seseraniis senssieren secesnniis sesassesns sesssenies sassseien secessases
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CY031364_South Africa_20
FI654304_Norway_2007
CY065755_Canada_2007
EU551835_France_2007

KP457880_France_2007

CY099658_Canada_2007
CY026331_Texas_2007
EU716621_Florida_2007
KP458508_California_2007

CY172599_New York_2007
wYee

L

CY031362_New Zealand_2007  .ccceoeeet coiveeeees ceceeeeeen e [0 ] S PP Tt

A

KP456315_Peru_2007

IJN899402_Brisbane_59_2007 LREQLSSVSS FERFEIFPKE SSWPNHTVTG VSASCSHNGE SSFYRNLLWL
TGKNGLYPNL SKSYANNKEK EVLVLWGVHH PPNIGNQKAL YHTENAYVSV

Kenya_04_2009

.................................................................................. S.SD..T. ..ccuuuee
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Kenya_06_2009 ecciiiiis ceeieiiian cereiiiaes cerreeiiis cerieienns sieeieiees ceeiiiiees sesseeiees oo S.SD..T. cceuuuunns
Kenya_08_20090 .oiiiiiiit ceeiriiien ceriiiiies cerieeiiis ceereieans sieeieiees ceeiieiees sesseeiees oo S.SD..T. cceuuuenns
Kenya_13_ 2009 e cirreeiine i sereaiieis saeesranns sonenesere saseseans sessnsinne oo S.SD..T. ceervennns
Kenya_14 2009  ceeiiiies crrreeiine creiriees sereaiiers saeisranss soneneere sasesenns sessnsinne oo S.SD..T. ceereeenns
Kenya_15_2009 it ceeieiiien cereiiiees ceireeiiis ceereienns sieeieiees ceeiiiiees sessseiees oo S.SD..T. cceuuuunns
Kenya_19_2009 = .cccciiiet ceeiniiinn cereiiiees ceeeeeeein Nocoirris e seiinieeee eeeeniens o0 S.SD..T. .ccuuuunns
Kenya_21_2008 it ceeieiiies cereiiiies cerreiiiis ceerareans sieeieieee ceeiiiiaes seseeeiees sos ND.... ccceeeeeee
Kenya_22 2008  ceiiiiiees cerieiiins eeerenes sereneiin snenranss senenesere saseerenns sesansinne soss ND.... coovrennen
Kenya_23 2008  eeiiiees cerieeiins eerrees sereneeie snenranss senenesere saseerenns sesansiene soss ND.... coovrennen
Kenya_25_2009 = cccciiies ceeieeiins e ceeeeneeee e S.SD..T. cccuveenns
Kenya_26_2009 it ceeieiiien cereiiiaes ceireeiiis ceereieans sieeieiees ceeiiiiaes sessseiees s S.SD..T. cceueeenns
Kenya_30_2009 = ecciiiies ceeieeiies cereiiiees ceeeeneiis ceecanenes soee Coriet vveinrinnn cennccnes SVSD..T. ..cc.ccuut
Kenya_35_ 2009 e cirreiiine i sereaiieis saeesranns senenenere saseeseans sessnsiene oo S.SD..T. cecreeennn
Kenya_37_2009 e cirreiiine ceeireees sereaiieie saeesrasns senenenere saseeseans sesensieee oo SVSD..T. .....ccues
KENYa_39 2009  eeeeeeees eeaees ceeniieaes seteneaene eeesens cresiaeaes senereren sesanies s SVSD..T. e
KENYa_42_ 2009  eeceeeeees eceis ceeaiaeaes seteaetene seeesns cresiniaes serereren sesanies s S.SD..T. .ouenee.
FR832684_Cameroon_2009 .eciiiiet coriruiins crmeiirnns sovenneies srmnienne soseinnis sasacsinnn sesessiees sesniens T.

N\ P

KP456392_WIisCONSIN_2009 iiiiiiiies coviiiiies coriiiines serineeies cocinennes coniininnn seeeesinns sesseseens an S.SV..T.
GQA476049_Massachusetts_2009  ...ccceeee covieeiinn corriiines vrvineeies cevinieee Vit crriiiinns sennneines v VD..T.
B S

GQA475893_California_2009  .icccceees ceriiiiiis ceiiees reiris seariees reeieiis ceeeeaes seeseeias seas VX..T.

B S

GQA75979_Massachusetts_2009  .eicccieee ciriieiiae coriiiiees seiiriiiis ceririrees cereieiees ceeeeeeaes sesseeiees sees V...T.
B L S
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CY147683_MEXICO_2000  oveeeecs ceveeeeee ceeeieaes oevaesaiss oeviesaees ensessess cetesssess sevassrens eee VD..T. R........

CY053668_Russia_2009 .ccccciies coviins enniiiins seneniiiin seee Koverr ciniiiiiis criiiiines s e V.MT.

N | G

CY064799_California_2009  .iiceeiee cevireiins cvvieenes veinnnnne oeee K...... Eovovreer crreiiinn veveeeees o S.SD..T.
GQA76071_Florida_2009 icccciicr coriiiiin crrnieiee sereeeeees ceneneees R S.SX.T. e
CY147691_MeXiCO_2009  ciiiiiiee coririiies cerriiines seinnenies cociannnns soseisiies saeeeeisen sessesiens snne VD..T..R
KP456792_India_2009 I » TN Serree srrennnns seeesenns seseees O T, S.SD..T
CY099315_Hong Kong_2009  ..cceieee vivieviine coveinnees A......... Nt rrnienene cerrrnnnee ceennnens cene AD..T
KP457502_China_2009  eeceveees cueveuiaes cerereaens sennenis cvsessns seaesesese saesesenes seseerane seres D..T. .N........
JX456132_South Korea_2009  ..ccccccr coviviiinn ceveeiines seeeneees Notiriiie i eerreenns sreeneees s AD..T
CY173375_New YOrk_2009  ceeveees covverns weveienes cvcnennn Ruvivreee sonerenens caeresenes sesnenane oo D..D..T
JX456131_South Korea_2009  ..cccccer coviveiinn ceveeiines seeeeeees Norries cerriiinns sosneenes sensessans sone AD..T
KP456592_China_2009 .ccccieer coviinns ceviiies seeeneens Nuiriee erninins sonnnennes sosessnns sone AD..T. ..........
CY173423 _NeW YOrk_ 2009 .eeiiiiies coeineiine cociiinns seiiseeiis cereninnes caeeasers snsnmmmaes sessssinns soes VD..T.

B L S

GQA475852_Wisconsin_2009  .cciiiies corieiinn ceeiinens cereniinns Nociriies ereiernes sorneneses seeeerenns oee MAD..T
KP458430_Australia_2009 .iiiiiiees coriiriins criiiiees secininnis ceiininnnn seseieeees saeeeiines sneneiees see VD..T. .R
KP459289 Australia_2009 ..t iiviveiien ceriiiiees vevineeees Nttt rrrirrees crrrerrees sesnenenes oo AD..T
KP457216_Japan_2009 .iieiiee cerieiiins ereeeeens sinenes Notiriiin crrrrniees seneerens sessennans sone AD..T. ...c...u..
EU124137_Solomon Islands_3_200 ....ccccc. ceecencens ceneeee § IS Kooere cieiiiiiis criines s ceeee D.R..
Kenya_5933 2008 W ceciiiiit ceririiies criiiines seerriies cenieerenn eseranes sasaiieane sesssanens seee ND.R.. ..........
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Kenya_5928_2008

Kenya_5923_2008

Kenya_5896_2008

Kenya_5890_2008

Kenya_5886_2008

Kenya_5883_2008

Kenya_5934_2008

Kenya_5880_2008

Kenya_7525_2008

Kenya_7611_2008

Kenya_7596_2008

Kenya_7577_2008

Kenya_7576_2008

Kenya_7570_2008

Kenya_7565_2008

Kenya_7562_2008

Kenya_7559_2008

Kenya_7554_2008

Kenya_7547_2008

Kenya_7543_2008

Kenya_7541_2008

Kenya_7535_2008

Kenya_7530_2008

Kenya_7529 2008
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Kenya_6543_2008

FR832659_Cameroon_2008
N\ .

KM112270_Egypt_2008

EU914910_South Africa_2008

FJ654307_Greece_2008

KP456446_Germany_2008

CY119314_Malaysia_2008

JF701828_France_2008

KP459229 Japan_2008
K,

JF701827_France_2008

CY034579_Maryland_2008

CY031525_Washington_2008

GQA475752_Texas_2008

CY100892_Peru_2008

KP457987_Argentina_2008

JN582063_New York_2008

KP457499_Norway_2008

CY099664_Canada_2008

EU779632_California_2008
K.

CY099718_Canada_2008

AB510200_Japan_2008
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KP457153_China_2008  .eceveves covveviies covvcaens coceaenns oo Keuee coeeeeeen cveeeeiees seessesns coes X.MT. . K.......

KENYa_AF_5623_2007  eeeveees coueeaiias ceeteies eevesteees seeeaesais —eeeieesen saaeeeens seesesiens oo (> J

Kenya_ 4841 2007  ceeovoeees ceeeeeees eeeeieen seeeeeees eeeeeissen e ) PR D.R..coovoeee.

KENYa_ 4833 2007  ceevvvees ceeieiees eveeeees eeeeaseee etetees eeeeita seeeetans seressisee saes (> J I..

Kenya_4831_2007 I - I Novrives serersenes sersessnss sessensess saesssons ssessesens « LT > O

Kenya_4830_2007 ciiiiiiiis coriiiiins siiiiiiies siiis eeiaiiiis seasiasies sasssssess sesssssass secesssass seeeseenns

Kenya_4827_2007 N & PO, Noiirers crretiiiee seeenranss sonneesnes sossrennss soranesnen sesss [ I

Kenya_4826_2007 N o RS [ I

Kenya_4825_2007 N & PO, Noiiiees crreiiiiee sesinrasss sonnessnee sossrennss sernnssnes sessrennss serasssnen

Kenya_4824_2007 ciiiiiiiis ciriiiiins siiiiiines s eeiaiiis seasieieie sasesssaes sesssssnns seees D J

Kenya_4823_2007 = .ceieers connnnene U [0

Kenya_4822 2007 = ceciiiiee cerireiies creneines seeennnies cennseennn sisesanees sasssecann sssssesens sesaiesane sesesesnns

Kenya_4819 2007 ceciiiiie cerireiins crrnieines seiennnies sesneeenen sesecanens sassseennn sesesenens seras D R,

Kenya_4844 2007 N & PO, Noiirees crreiiiiee secenreens sorneesnes sossrennns seranecnen seses [ I

Kenya_4840_2007 B o

Kenya_4839_2007 I = IO Nouturrees covsseeses esssssse sesesssecs sassesasss sossssess ssues [>T

Kenya_4838 2007 ceeciiiiit cerireiies crriiiines eieriaies sesteienen seseesneis seseciinen sesssenens seras [ C T

Kenya_4837_2007  ceeieiiiit cieiieiies ceeiiiiies seereieiis ieeeees seasiaiees seseeeonns ssseseiees senas D JR

Kenya_4836_2007 = ceeieii citiiriien ceiiiiiies seiianiiis seeeeieans seasieeeie sarensies sessseeans ssssesace seeaseees

Kenya_4835_2007 T I Nouieuees sereeeee eveseesss sessesases sessssssen sesssssees suses > R

Kenya_4834_2007 T I Novieres seremareee eveseesss sessessses sostessses susssssees sessssease sesssssens

KP456278_South Korea_2007  .icceceees coveeeiins cveeennns sommnnennn veee LN MT.
K
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EU304355_Sou

CY031364_South Africa_2007  ........... Koo i s s e e e e Vo eeeeeenn,

FIB54304_NOTWAY 2007  eevveees covieeies covevesees eertaesas eevesassa soessasene sasesises seasseiee sesseesess cevessiees

CY065755_Canada_2007 .cccceeee cnennees D it trrrriiiis crrrerenes s cerreerees seseeeiees o S.N..T. ...

EUS51835_France_2007 = ceeceiiues comienienn coriiiinns serinnnies sorinienes soneiniees sesseesnns sessesiens soses [ I
KP457880_France_2007 = ciiiiciees coriviiies crriieiees soiinnneie cosiinnns soseieiens seeeeeines seeeeecene snns [ T

AB451164_Japan_2007  eeeeoveee ceeeeeen e e oo Kivee coaiaeeen ceeeeiees eeveesens coes D.MT.
K,

KP456315_Peru_2007  weeeves everian e ) PR Kevee coereeees cvevaeiees ceeaesaes oo D.R.. covrnne

IJN899402_Brisbane_59_2007  VSSHYSRKFT PEIAKRPKVR DQEGRINYYW TLLEPGDTII FEANGNLIAP
RYAFALSRGF GSGIINSNAP MDKCDAKCQT PQGAINSSLP FQNVHPVTIG
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Kenya_04_2009 = cociiiies ceeieniees creieniiis cereeiaies ceriiienes seeeieeans ceieeeeees o TN

Kenya_06_2009 = .ccciieet cercnninns ceeinneenn Viiiies teiriinnes seiiinees cevennneen [ TR
Kenya_08_ 2009 oiiiieis cirieiinne seinriiis coreniennn aeeiranns serenesnre sacserenes o
Kenya_13_ 2009 e cerieeinne sreinreeis coreniennn aeeiranns serenesnre sacssrenes o €
Kenya_14_ 2009 = cccciiies ceeieniees creieniiis cereeiaies cereiienns seeeieeans ceieeeeees o TN
Kenya_15_2009 i ceeieniees reieniiis cereeieies ceeeiieais seiererans ceirrieees seeseieens sesissenes ceseesanes
Kenya_19_2009 it ceeieniees creieniiis cereeiaies ceeeiieans seeeieraes ceieeeeees o N
Kenya_21 2008 = oiiiieeis cerieiinee sreinreiis coreniennn caseiraens sesenssaie cacssrenes sesanssane secissenes seseessans
Kenya_22 2008 = oiiiieeis cerieienee seeinreiis coreniernn caseiranns sesenesaie cacssrenes sesanssane secissanes sesesssans
Kenya_23_2008 i ceeiesiees ceeieeiies cereeiaies ceeeiienis seiererans ceirreeees seessieans sesieseeee sesseseees
Kenya_25_2009 it ceeieeiees creieniiis cereeiaies ceeriieaes seeeierans ceieeeeees o N
Kenya_26_2009 oot ceeieeiees creieniiis cereeiaies ceeriieans seeeienans ceieeeeees o N
Kenya_30_2009 @ .eees cerienns Yotittees crnnecinne seserennes sennssenes sessnnnnen o [
Kenya_35 2009 ... Nouit crriiinen serirnnees crrnecenes sossrenes sensssenes sessnnnnes o [
Kenya_37_2009 et e seeinniies caeieees cereiiens seeeienane ssenenes s € TN
Kenya_39_2009 ... Srrrns trririen serreinis crreeerees sereerenes sessnsnees o N
Kenya_42_2009 ... Nuer ceerereees srerereses seasssaese sursessass sreseseses sesesesese o Gurrerene erevevene sevevenens
FR832684_Cameroon_2009  .i.iiiieet corienenns srncoriens cosnnienes tonniennns seeirnsncs cocaserens sessasnses senssesenn seessnnsns
KP456392_Wisconsin_2009  ............ V ittt torinniins enseinnes corenennee seseneans cecansesee sassscanes seseaseses sessrenes
GQ476049_Massachusetts_2009  ......ccc. ceveeeeees Notieeriee crrriirees cerrirneee ceeeernnes coseenenes sesesennes o R........
GQA75893_California_2009 .iiiiieis coririiies eeiaiis eneeiaies eneiiaeis seeeinnnis cerennanen sesasnanne seceasnnnn cesesenens
GQA475979_Massachusetts_2009 M .ccvuie ciriirieee corieriies coreeieies coreiennes seceiaenes coiesesees sonsssnses snnssssses
CY147683_Mexico_2009 .ccccveis orivinne sonrnriie coneinine cireennee seeeennnne saineseeen Gurvrrees snnnenens sosensenes
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CY053668_Russia_2009 e ... Votoes eveesies evaecains setsssanes sesssssss evesssass o [

CY064799_California_2009  ..iiiiviis cerirriies sininriies siriianns ceiiiiiis seeeisiee cereneiies smesceees seisssnne cessesnens

GQA76071_FIorida_2009  coiiiiieis ceiieriiee ceeieeeies ceeeeiaees ceeeieeees seeeeeeeee caiesieees smssssses smisssssss cenmmmeses

CY147691_Mexico_2009 ciiiiiiii rriinines srrinennes eeenianes cesiianns seeeienees ceeneenene s L

KPA56792_INAIa_2000  cooovuees ceueaees eoaeaees seaessesas ceeeessees seeieaeess ceeerieses stasssents eteeeiesee ceeeseies

CY099315_Hong KONG_2009  .iiiiiiiit tiviiiiees cirinniies coveiinies coiiiiiees sussssiais asssssses sassssssss sossssanss sosessnnes

KPA57502_ChiNa_2009  .oovoiues wevieius weeiaeies weeteieas —eeteetae seetessas srtaieas sossaisas sersasess serreseea.

IX456132_South Korea_2009  ...ciiees ceeieernne ceeieniies coreeieene covereenee seeeeens 0 R

CY173375_NeW YOrk_2009 .icccvees corieriins seririiis reeiiains ceieinnes seeineeis coianeees soneessas soseesens seeessnnne

JXA56131_South KOrea_2009 ..cciceecs cerienmuns coeianiine cormeiernn coreimnnee sereiannns cotaneeees sosnsennes sosesesnns cossssnnns

KPA56592_ChiNa_2009  .oovoiuei wovvaeias weeiaeies woeteisees —eveeetae seetessas srtaieas sossaisas sersassss serrasena.

CY173423_NeW YOrK_2009  coovuiuecs ceuiueias ceuecies ceversens evssenas sevessnss covaeranes s [

GQA75852_Wisconsin_2009 .oiiiieeis creiiiinnn seeirniies crnniienne seeerennes sesnesann cesennnees Virtrrees crvveinins eeeennnn.

KP458430_Australia_2009  ..cccivit coririiues reiniies crriinees ceeiieies serreies caseeeeans sresseanes eeisinres cessanenes

KP459289_Australia_2009 ..ccccceet ceriiiiin conimniiis cirniiiins ceiiieens seeiieiis cesrreees seeseesans cesnneens ceceeinn

KPAS57216_JAPAN_20090  coooieus ceeeuies woeeteees seeeeseee ceeeeeete et eiere et eee ereeeenes e rteetes ereeeeea:

EU124137_Solomon Islands_3_200 .....ccec. ceeeenennn & 5 Eeevennr vevveeenns

KENYA_ 5933 2008  coooooeeis ceeeuies weeeeeeen seeaeteea et eeete eeeeeieee et eee ereeeenaes eeeetesiee eteeeeea:

Kenya_5928 2008 = ........ N

Kenya_5923 2008 oot ceiiiiiiee e cereeiaiis seeeireeis sesaeeaes ceresnasis sesescesns saseeseres seeasseses

Kenya_5896_2008 it ceiirriies creieniiie sereriaies cenniienen seceranes corasieren sessssnnss seseieran ssssanes

Kenya_5890_2008 it ceiireies sreieniiee eeeriaies cenniienes secesaneis corasseren sessssnnss sereieran sassssanes

Kenya_5886_2008 it ceiirriies crrieniiie sereriaies cenniienes secesaneis corasieren sessssnnns serseseran assssanes
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Kenya_5883_2008 it ciiiiiiens s s aeiiis seseeaiaie eiesssies sessssssss seceassens serereenes
Kenya_5934_2008 = ........ N
Kenya_5880_2008 it cerireiies creieniiee seseriaies ceneiennen seserannis corasseren sesssensss seresesnnn secesenses
Kenya_7525_2008 W .ciiiiit ceeirries crriaeien ceeees N
Kenya_7611_2008  ciiiiiiiis ciiiiiinns seiiieiies seieies aiiiieis sesssasaie seiesssies sessssssss seseassens ceceseenas
Kenya_7596_2008  ciiiiiiiis ciiiiiiens s s aeiiis seseeaiais eiesseies sesssessss seceassens cecereenas
Kenya_7577_2008  coiiiiiiis ciiiiiiees s seiie aeeiiis sesesuseis sesesssies sessssnsss seceassens sereeeenas
Kenya_7576_2008 it cerireiies sreieniiee sessriaies cennienees sesesaneis ceraseeren sesssenses sesesesenn sesesenses
Kenya_7570_2008 it cerireiies sreieniiee seseriaes cenniennes sesesaneis cerasseren sesssenses seseesenn sesssenses
Kenya_7565_2008  ciiiiiiiis ciiiiiiees s s e seseeaieis seresssiis sessssnsss seceassens sereeeenas
Kenya_7562_2008 = ciiiiiiiis ciiieiiees s siiies aeeiiis sessiaseie seresssiis sesssissss seceassens seceseenas
Kenya_7559_2008 oo ciiiiiiees s e e seseiaieis seresssiis sesssessss seceassens sereeeenas
Kenya_7554 2008 coiiiiiit ceiireiies creieniies seeeeiaies cennienans seeesanns ceraseeren sesssenss sereesenn nesesenses
Kenya_7547 2008 it ceiireiies creieniiee seeseiaies cenniennen seeesannis ceraseeren sesssenss serssesenn nesesenses
Kenya_7543_2008 ciiiiiiees cerisiiees crrieeiees cereeieens caenianees seesaane ceiesieies senssesees seceareens sasasenees
Kenya_7541_ 2008 coiiiiiies ceriniinns serieeiees cereeieens caiaianees seeessane ceiesieies sesssesees seceariens sarasenees
Kenya_7535_2008  coiciciees ceeinnis seeienee cerneieens cannieeees seseenns Se ittt e seereenees ssassaeee
Kenya_7530_2008 it ceiireeies creieniiee seseniaies cennienenn seeesaneis ceraseeren sesssenses sersesenn sesesenses
Kenya_7529 2008 it ceiireiies creieniies seseriaies ceneiennen seeesanes ceraseeren sesssensns sesssesenn sesesenses
Kenya_6543_2008 it cerireiies creieniiie seesriaies ceniiennnn sesesanes corasseren sesesenss sessessan sessssnses
FR832659_Cameroon_2008 = ...ciiieit cerirnnes srnisnrins comnniones tommennne seeirnencs corasersns sessssasss sensessnn sesssnnses
KM112270_Egypt_2008 = .iiiccoeie crreriien covinniins sunreieies cosennnee sereensnes cosenanne S s s e
EU914910_South Africa_2008  .....cec ceecueees eeirecns e R

FI654307_Greece_2008 .iiiiciiis ceriniiins seeiniiins annniines sesiisanes seeeissans seissieies seasecenes sasseseees sssasssee
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KP456446_Germany_2008 .iiiiiiiit ciiiiminns cirinniiis coniiinies ceiiiinnes seiiieiees seisseeies sssssinees ssssiiins sesssssses

CY119314 Malaysia_2008 .iiccceecs teririiies ceeieiiees srnrrieies ceeiinnns seiais ceresieiis sesseiaees snesereees sesnsane

JF701828_France_2008 ..icccveit cevivvinns seeieeeee senneieee O RS

KP459229 Japan_2008  .ocoveves coevueees oo cveeeian oo Srees eererrees ceserenae o Earereee ceeeeeeens coveaenens

JF701827_France_2008 iiiiiieit iiiiiiiis coniniiins sineeinies ceieiinees siiiieiees seasiis sassssases sesesssses sessssnses

CY034579_Maryland_2008 .oiiiiiiis ceiiiiiiis eirriies siiaiee ceeeies seeeieiee cereeeeies ssssareees seisnnes sessesnaes

CY031525_Washington_2008 .....cceci cevivvrene coviniiin tomneinins coreiinnes snmeeenacs cocssnnnne sosssossas sooessssns cesassnns

GQA75752_Texas_2008 .iiiiiiii ceiireinns rrineiies sreeianes cesieaens seeeinens ceeeeenens s LN

CY100892_Peru_2008 = ciiiiiiii eeieeines rninniies ceseiianes seieiinens sesiiniee sereeeeees saasscanes sesssssnns sessessnes

KP457987_Argentina_2008 ..iiiiiiit coiiiiines siviiiiiis stiiiuis ciiiiuiis seeiiuinis cerasseiis sesssiases sessasenes sesessnnes

IN582063_NeW YOrk_2008 iiiiiiiit ciriiiinis ceririiiis cinnnieies ceiiians seeeisinis cornnriees sennecanes seisnennen cessesnans

KP457499 NOrway_2008 .iiiiieeit corimeians crrinniies orniieies oriiinnes seriiannee coieneeies sesseianes seiiesenns sesssssens

CY099664_Canada_2008  ............ N E....... Y

EU779632_California_2008  .....cccce ceeivvnes eviiuiies coviiinies ceieinnis sneeeiis seresenne a Eeorrrer e e

CY099718_Canada_2008 ..iiiivecs ceviminee sieiriiiis sessiinnes sheeiiies sesinraes sererieiis sessssnees eseeseens cocnraees

AB510200 Japan_2008  ceooeovus evieriens eeateeias sestsaes eetestetas seetietaes evesises saestesas esieraens eeseraeea:

KP457153_China_2008 ..cciviet tiiiiinne sreieniiis covninnes saneiinees socinnnnne seeesiees o Eevrrrer riieieies i

AJ344014_New Caledonia_20_1999 ....... Re ciriiiien eiiriis crveeiniee caeirenes W.iiiiee eens Teeer e SR

Kenya_AF_5623_ 2007 = coiiiiuiis coiiriiees craiuiies crrreiaiis seeeiieans seasiaeais ceieanaeis sesessesss sassseesee sesessenes

Kenya_4841 2007 coiiiiu ceeiiriees comiaiies cereeiaiis seeeieeens sesasseaie ceiesnaiis sessscesns sssssseees sesasseses

Kenya_4833 2007 ciiiiieie cerirniies sraieniiie sessniaies coneiennne sesesnnees cesaseennn s €

Kenya_4831_ 2007 = eeiiiirie ceeirnies sreiesiien seseriaies conniennen sesesanes corasseren sessssnnss seseseran snssssanes

Kenya_4830_2007  eeiiiiiiie cerirnies sreieniien seseriaies cosniienen sesesnneis corasseren sessssnnss serseseran sasessanes
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Kenya_4827_2007 = ciiiiiieis coiiiiines sieiniiies s aeeiiaeis sesssaseis cerssssess sessssasss seceassens terereenes
Kenya_4826_2007 = ciiiiiiiis coiiiiines seeiiiiies s aeeiiueis sessisseis cerasssess sessssasss seseassens terereenes
Kenya_4825_ 2007  eeiiiiiie ceeirniees sreieniiee seseriaes connisenes sesesanes corasieren sessecanss sereeieran snsesranes
Kenya_4824 2007 ceiiiiiiie cerirniees sreiesiien seseriaies cesnisenes sesesanes coraseeren sesescnnss sereieran snssssanes
Kenya_4823_2007 = .cieeir cevnninne Gluiierteee tennniiens sortnnenss sssesneens sesessenes sesensenss sessseanes sasssssene
Kenya_4822_2007 = ciiiiiieis ceiiiiines sieiiiiies s assiiaeis sessiaseis ceresssess sessssasss seieassens terereenes
Kenya_4819_2007 = ciiiiiieis coiiiiinns siiiniiies s aeeiiaiis sessseseis cerasssiss sessssasss seceassens serereenes
Kenya_4844 2007 ceciiiiie ceeireiees sreiesiiee seseriaies cesniennen sesesaneie coraseeren sessscnsss sereieran snseseases
Kenya_4840_ 2007 siciiiiee ceeireies sreiesiiee seseriaes cesniennee sesesaneis corasseren sessscnsss sereieran snseseanes
Kenya_4839_2007 = ciiiiiieis ceiiiiines s s aeeiiaeis seseieseis cerasssses sessssanss secisssens sereeeenes
Kenya_4838_2007 ciiiiiiiis ceiiiiines sieieiiies s aeeiiaiis seseiaseis cerasssiss sessssasss tecesssens sereeeenes
Kenya_4837_2007 = .iieees cevnnnene Gluiieetiee tennniiens corennenss sssenneens tesessenns sesensenss sessseanes sasssssene
Kenya_4836_2007 eiiiiiiiie ceeireies sreiesiiee seseriaies cesniennen sesesaneis corasseren sessscnnns sereieran snsessanes
Kenya_4835_ 2007  eiiiiiiiie ceeireiees sreiesiiee sesssiaies cesniennen sesesannis coraseeren sessscnnss sereieran snsesennes

KENYA_4834 2007  eoooooeeis eeeeueees eeeeeee eeaeteea ettt et eieee et eee etaeeenaee et etereeea:

CY031364_South Africa_2007  .ccccevis coviiiiuee stireiie corriiiins coiiiinnes seeiinais cineieies serssinnns sesieeeses ceeeiianne
FJI654304_NOrway_2007 = oiiiieuis cieiirines coriuniies sorreianes seieeinees seotiaiaes cereesanis sesssiaens soeseseens sesesnanes
CY065755_Canada_2007 = .ciiivees cocinines sieirniis sesiiinnes sheeiiies sesenraes seresieins sessssnees eeeeieens cessnraees
EUS51835_France_2007 = .icccceeee corirriens sovimmiies suneeinins cociinnnes sieeisenis cocsnnnnes saasessses secisnnees sesesesens

KPA57880_France_2007 = .iiiiieeis teriennnns sorinniies tonneinnes coreiinnes sesiinnans sesssssees sessssanes sssesseses nsssseses
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CY099658_Canada_2007 = ..cccceeet cerivines cosinniiis sonniieins ceniiinins sereieians eieeianes sessenees seiineees sesnreens
CY026331_Texas_2007 ....... Rut s v v e | PPN T..... Eevrreer vieiiens e

EU716621_Florida_2007 ...cccoeee vevinnenn Ruiii i e e s e e ceeenee

KP458508_California_2007 e U

CY172599_New York_2007 Y Pl I C | N

CY031362_New Zealand_2007  ....... Rt i v i e Fevovreer nees T...... T

KP456315_Peru_2007 = ciiiiiiiis coviinines seniniiees s sneeiennns seeee [\ S R
310 320

JN899402_Brisbane_59_2007 ECPKYVRSAK LRMVTGLRNI PSIQS

Kenya_04_2009 @ it cereiinnen ceees

Kenya_06_2009 O TN

Kenya_08 2009 = .iiieies cereninnen ceees

Kenya_13_2009 = ........ Vi correines veeee

Kenya_14 2009 = ceeiis cereiienen ceees

Kenya_15 2009 = .rveis cereiiinen ceees

Kenya_19 2009 ... 3 [N

Kenya_21 2008 @ .eeeis cereeienes ceees

Kenya_22 2008 = .ieiis cereeienen ceees
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Kenya_23_ 2008 ...

Kenya_25 2009 ... T ceeeeees ceeee
Kenya_26_2009 = .eiis crreeinnen ceees
Kenya_30_2009 = .reies crreeinnen ceees
Kenya_35_2009 i v e
Kenya_37_2009 ... TR
Kenya_39_2009 @ .ecceeer ceiines e
Kenya_42_2009 O N
FR832684_Cameroon_2009 .ccccieeer covenienee venee
KP456392_Wisconsin_2009 ...cccccct vevevienen venee
GQ476049_Massachusetts_2009  .....ceeee vevereenen
GQ475893_California_2009  ...cceee veveeeenes weee
GQ475979_Massachusetts_ 2009  ....cecev ceveeeenen «

CY147683_Mexico_2009

CY053668_Russia_2009

CY064799_California_2009

GQ476071_Florida_2009

CY147691_Mexico_2009

KP456792_India_2009

CY099315_Hong Kong_2009

KP457502_China_2009

JX456132_South Korea_2009

CY173375_New York_2009

JX456131 South Korea_2009
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KP456592_China_2009

CY173423_New York_2009

GQ475852_Wisconsin_2009

KP458430_Australia_2009

KP459289_Australia_2009

KP457216_Japan_2009

EU124137_Solomon Islands_3_200 .....cc.c. ceceeennee

Kenya_5933_2008

Kenya_5928 2008

Kenya_5923_2008

Kenya_5896_2008

Kenya_5890_2008

Kenya_5886_2008

Kenya_5883_2008

Kenya_5934_2008

Kenya_5880_2008

Kenya_7525_2008

Kenya_7611_2008

Kenya_7596_2008

Kenya_7577_2008

Kenya_7576_2008

Kenya_7570_2008

Kenya_7565_2008

Kenya_7562_2008
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Kenya_7559_2008

Kenya_7554_2008

Kenya_7547_2008

Kenya_7543_2008

Kenya_7541_2008

Kenya_7535_2008

Kenya_7530_2008

Kenya_7529 2008

Kenya_6543_2008

FR832659_Cameroon_2008

KM112270_Egypt_2008

EU914910_South Africa_2008

FJ654307_Greece_2008

KP456446_Germany_2008

CY119314_Malaysia_2008

JF701828_France_2008

KP459229 Japan_2008

JF701827_France_2008

CY034579_Maryland_2008

CY031525_Washington_2008

GQA475752_Texas_2008

CY100892_Peru_2008

KP457987_Argentina_2008

JN582063_New York 2008
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KP457499 Norway_2008

CY099664_Canada_2008

EU779632_California_2008

CY099718_Canada_2008

AB510200_Japan_2008

KP457153_China_2008

AJ344014_New Caledonia_20_1999

Kenya_AF_5623_2007

Kenya_4841_ 2007

Kenya_4833_2007

Kenya_4831_2007

Kenya_4830_2007

Kenya_4827_2007

Kenya_4826_2007

Kenya_4825_2007

Kenya_4824_2007

Kenya_4823_2007

Kenya_4822 2007

Kenya_4819 2007

Kenya_4844 2007

Kenya_4840_2007

Kenya_4839_2007

Kenya_4838 2007

Kenya_4837_2007
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Kenya_4836_2007 = .eiieeer cvveeinnes ceeee

Kenya_4835_2007 = ceiieiit cveeeienes v

Kenya_4834_2007 = cccviirier cevreinnes cenee

KP456278_South Korea_2007  .ccoceeeee ceveenn ceee

EU304355_South Korea_2007 = ..cccceees vveecence e

EU624318_United Kingdom_2007  ....ccccee veveinnen venee

CY031364_South Africa_2007  .c.ccceeee vevrennee unee

FI654304_Norway 2007  ecoeeves voveeiene e

CY065755_Canada_2007 .cccecee cnenienns ceeee

EU551835_France_2007 = .ccocvvier covreinnes cenee

KP457880_France_2007 .ccccoveer veveeienes cenee

AB451164 Japan_2007  eeecerees cevereas e

KP458190_United Kingdom_2007  ....cceeee veveeinnen ceees

CY099658_Canada_2007  weoeeere voveeienee e

CY026331_Texas_2007 ........ | [,

EU716621_Florida_2007 .icccovie veeeciece cne

KP458508_California_2007  ........ | I,

CY172599 New York_2007  eovvevers cveees e

CY031362_New Zealand_2007  .cccceeeer ceveeinnee cennn

KP456315_Peru_2007 .viiviis veieninnes e
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Genetic analysis of HA1 domain of influenza A/[H3N2 viruses

isolated in Kenya during the 2007-2013 seasons reveal significant

divergence from WHO-recommended vaccine strains

Edward M. Nyang'au®, Wallace D. Bulimo"“, Victor Mobegi‘, Silvanos Opanda”,

Esther Magiri*

 College of Heaith Sciences (COHES}, Jomo Kenyatte University of Agriculture ard Techmalogy (JKUAT) Nairobi, Kemya

" Department of Emerging Infectious Diseases, US Army Medical Research Directorate ~ Africa, Nairodd, Kenya

< Department of Biochemistry, School of Medicine, Uiversity of Nairobi, Nuirobi, Kerys

ARTICLE INFO ABSTRACT

Article history: Background: Influenza viruses evolve rapidly and cause regular seasonal epidemics in humans

Received 25 January 2020 challenging effective vaccination, The virus surface HA glycoprotein is the primary target for the host

Received in revised form 28 March 2020 immune response. Here, we investigated the vaccine efficacy and evolution patterns of human influenza

Accepted:1:hagl 2000 AJH3N2 viruses that circulated in Kenyan in the period before and after the 2009 A/HINT pandemic,

targeting the HA1 domain.
:{;:’:’“ Materfals and methods: A hundred and fifteen HA sequences of Kenyan virus viruses were analyzed

relative to the corresponding WHO vaccine reference strains using bioinformatics approaches.

c::g:‘ e Results: Our analyses revealed varied amino acid substitutions at all the five antigenic sites (A-E) of the
Hemagglutinin HA1 domain, with a majority the changes occurring at sites A and B. The Kenyan A/H3N2 viruses isolated
Kenya during 2007/2008 seasons belonged to A/Brisbane/10/2007-like viruses lineage, while those circulating
Pogrepe in 2009-2012 belonged to the lineage of A/Victoria/361/2011-like viruses. The 2013 viruses clustered in

clade 3C.3 of the A/Samara/73/2013-like viruses. The mean evolutionary rate of the A/H3N2 viruses
analyzed in the study was at 4.17 « 10~* (95% HPD = 3.09 » 10*-5.31 « 10 ) nucleotide substitutions per
site per year, whereas the TMRCA was estimated at 1118 (95% HPD = 9.00-14.12) years ago from 2013. The
prediction of vaccine efficacy revealed modest vaccine efficaciousness during 2008, and 2010 influenza
seasons, whilst sub-optimal effectiveness was registered in 2007, 2009, 2012 and 2013, Further, the
overall selective pressure acting on the HA1 domain was estimated at 0.56 (w<1), suggesting that a
majority of codon sites in the HA1 epitopes were evolving under purifying selection,
Conclusions: Generally, our results highlight the genetic plasticity of A/H3N2 viruses and reveal
considerable disparity in vaccine efficaciousness against the A/H3N2 viruses that circulated in Kenya,
specifically during 2007, 2009, 2012, and 2013 influenza seasons. Our findings underscore the importance
and need for consistent surveillance and molecular characterization of influenza viruses, to inform
decision making and enhance early of detection of strains with epidemic/pandemic potential as well as
benefit in guiding decisions regarding the appropriate annual influenza vaccine formulations.
© 2020 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.
This isan open access article under the CCBY-NC-ND license ( http:/ [creativecommons.org/licenses/by-ne-
nd/4.0/).
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Appendix V: Accession numbers in GenBank and GISAID of HA influenza
A/H3N2, s/HIN1, and A/H1IN1pdmO09 gene sequences used in the study.

Name Accession No.

A/H3N2-Kenyan EU204965, EU204967-68, EU221476, FJ265663, FJ662957,

strains (2007-20113)  FJ662960, FJ662961 -64, FJ662966, FJ662972, FJ662988 -93,
FJ663007-8, HM347425 -29, HQ185195, HQ185200 -01,
HQ185204, HQ185207, HQ185211, HQ229614, HQ229626,
HQ229636, JQ396182 -3, KF451872, KF451875, KF451877,
KF451880 -85, KX431187 -88, KX431191, KX431195,
CY022909 -12

A/H1IN1-Kenyan AJ344014, ABW34452, ACE81955-73, EU124137, ACI41211-
strains (2007-2009) 19, ACMA45837-53, JIN899402, ADHS59464, ADH59508,
ADH59494, ADH59522, ADH59530, ADH59529, ADH59467,
ADH59496, ADH59513, ADH59469, DH59524, ADH59479,

ADH59518,

ADH59491, ADH59499,
A/HIN1pdmO09- ADH59491-95, DH59466-79, ADH59513-29, ADN23950,
Kenyan strains
(2009-2013) ADH59480-511, ADH59530-31, AFB77616-20, AFB77623-27,

AFB77628-33, KJ680526-29, AFB77634-43, AGT18734-35,
AGT18718-25,

A/H3N2  reference KF598718, KF789535, KF790147, KJ144640, KJ942680,

and vaccine strains KM064322, KM978061, KM978061, KP456778,KP456824,
KP456369, KP457611, KP458092, KT734915, KT889256,
JQ655463, JX239588, JX978453, KC430918, KC535027,
KC882777, KC999475, HM628694, GQ293081, GQ385918,
FJ445770, EU659851, KY925954, CY031827, CY031829,
CY032199, CY032557, CY034499, CY061898, CY062331,
CY062334, CY062335, CY062347, CY062347, CY069301,
CY087311, CY087468, CY087652, CY087747, CY088540,
CY099722, CY114413, EPI301374, EPI305337, EPI316191,
EPI335734, EP1335854, EP1346607, EPI352716, EPI1356601,
EPI1381901, EPI1407060, EP1460558, EP1556816, EP1606448,
EP1607276, EP1684747, EPI684771, EU100720, EU103823,
HQ844978, CY0558780, KT889256, KF789535, KT735915

A/HIN1 reference AJ344014, CY172599, EPI139098, CY031362, KP457153,
and vaccine strains EU124137, EU521840, KP456315, CY099664, CY031364,
KM112270, JN899402, FJ654304, EU914910, EU716621,
EPI1171440, KP458190, CY031525, KP457499, FJ654307,
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CY034579, KP456446, CY099658, EU551835, EPI314471,
JF701827, EPI314484, JF701828, FR832659, CY173375,
CY100892, JN582063, KP458430, GQ475893, GQ475852,
AB510200, KP456952, KP457216, KP459289, CY065755,
KP456792, GQ476071, CY064799, KP456392

A/HIN1pdmO09- CY064799, CY050871, GQ169382, GQ160574, GQ160605,

referenceand vaccine GQ421199, CY120723, CY070199, CY071826, KJ026398-99,

strains (2009-2013) EP1319447, EPI280343, CY070589, CY080331, JN603276,
KF041867, LN846454, CY055242, KC781103, CY072074,

CY071910, CY071375, EPI302574, GQ894806, CY063630,
GU576542, CY062739, CY057039, LN867423, CY115862,
GU014772, KF918703, KT181027, KC882285, CY129590,
JF327373,

CY176405, JX204749, KCB881612, KC781303, CY071938,
EP1352290, KC881596, CY176746, KP317224, GU968908,
JX120566, EPI1320141, KT181062, KC881615, HM138501,
KJ144651, KP941689, EPI1539470, KF761452, KF746656,
KY451418, CY163421, KF647953, KM408913
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