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Abstract 

In April 2009, a novel influenza A virus was detected in Mexico and California. Thereafter, it 
spread globally to cause the first influenza pandemic of the 21st century. The virus was found 
to be antigenically unrelated to human seasonal influenza viruses but genetically related to 
viruses known to circulate in pigs. In view of its likely swine origin, it was initially referred 
to as ‘swine-origin influenza virus’ (S-OIV) A/H1N1, or pandemic influenza A (H1N1) 2009 
virus but was later renamed by the World Health Organization as influenza A(H1N1)pdm09 
virus. In its first year of circulation, the virus is estimated to have caused between 151,700 
and 575,400 deaths globally. In Kenya, the virus was first detected in late June 2009 and in 
the next one year was the dominant virus in circulation. However, no laboratory confirmed 
deaths occurred in the country. The emergence and subsequent rapid global spread of this 
influenza virus provided a unique opportunity to observe the evolutionary dynamics of a 
pandemic influenza virus in Kenya, a tropical region where the virus circulates throughout 
the year. Understanding  the  evolution  of  influenza A(H1N1)pdm09 virus within  the 
country is  essential  for  studying  global  diversification,  the  emergence,  spread  and  
resistance  of  the viruses  circulating  in  this  region  of  the  world,  as  well  as  determining  
the  genetic  relationships  among  the Kenyan  strains  and  vaccine  strains. The aim of this 
study therefore was to reconstruct the evolutionary dynamics of the A(H1N1)pdm09 
influenza virus in Kenya during its first year of circulation. To accomplish this, the study 
undertook whole genome Sanger sequencing of 40 influenza A(H1N1)pdm09 virus isolates 
sampled nationwide during the pandemic period. To understand the evolutionary dynamics of 
the local A(H1N1)pdm09 viruses, the study employed the Bayesian evolutionary framework 
to analyze the resulting 320 individual gene sequences and the 40 complete genomes and 
compared them with sequences from two African countries, UK, USA and China isolated 
during the same period. The phylogenetic analyses showed that all of the Kenyan sequences 
sampled in the pandemic period grouped into at least four highly significant clusters and were 
interspersed with isolates from other countries. Two global clades (2 and 7) were identifiable 
within the first two weeks of the pandemic in Kenya, with clade 7 undergoing further 
diversification while clade 2 was not detected beyond the introductory foci. The time of the 
most recent common ancestor of the strains circulating in Kenya was estimated to be between 
April and June 2009, two months before the first laboratory confirmed case. High 
evolutionary rates and fast population growths was also observed. Progressive drift away 
from the vaccine strain was observed at both the nucleotide and amino acid level, with 2010 
strains clustering separate from 2009 strains. A few unique clusters of amino acid changes 
were identified among all gene segments in the course of the pandemic, but no mutations 
previously associated with increased virulence were detected. The local strains were shown to 
be sensitive to neuraminidase inhibitors but resistant to adamantanes. Overall, results from 
this study indicate that two clades of influenza A(H1N1)pdm09 virus were introduced in 
Kenya and that the pandemic was sustained by multiple importations. They also indicate that 
clade 7 viruses dominated local transmission with an efficient community spread that was 
devoid of any spatial patterns but a progressive genetic drift was evident. In conclusion, 
adaptive evolution and viral migration seem to play a vital role in shaping the evolutionary 
dynamics of local A(H1N1)pdm09 viruses.  
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1.0: INTRODUCTION 

1.1 Background of the study 

Influenza is the paradigm of a viral disease in which continued evolution of the 

virus is of paramount importance for annual epidemics and occasional 

pandemics of the disease in humans (Webster et al., 1992). Of the 3 types of 

influenza viruses (A, B, and C), only influenza A viruses are established in 

animals other than humans (Neumann and Kawaoka, 2006). Influenza A 

(Family Orthomyxoviridae, Genus Influenzavirus A) is currently the greatest 

pandemic disease threat to humankind (Gatherer, 2009). Its rivals for this title 

(HIV-1, Ebola, SARS, and pneumonic plague) have higher mortality if 

untreated, but either lack influenza’s rapid inter-personal transmission (HIV-1) 

or its widespread seasonal distribution (Ebola, SARS, pneumonic plague). 

Although influenza A viruses are best known for the annual epidemics and 

occasional pandemics in humans, wild birds form their natural reservoir (Olsen 

et al., 2006; Webster et al., 1992). Whereas only 3 influenza A virus subtypes 

circulated in humans in the past century, all known subtypes have been isolated 

from wild birds. Numerous subtypes have also been detected in poultry, 

generally causing severe disease, mild disease or no disease at all (de Wit and 

Fouchier, 2008). Several mammals including pigs and horses are also known to 

be naturally infected by influenza A viruses. Pigs are susceptible to all 

subtypes of avian influenza viruses in experimental settings (Horimoto and 

Kawaoka, 2001) and this has led to their label as a ‘mixing vessel’ allowing 

for two-way transmission of viruses between birds and humans. Occasionally, 
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a new subtype of influenza A virus is introduced into the human population 

from swine or birds that is able to spread efficiently from human to human, 

causing a pandemic. This process is called antigenic shift and may be the result 

of a reassortment event of avian and human influenza A viruses (Scholtissek et 

al., 1978), or of adaptation of a fully avian virus to humans (Claas and 

Osterhaus, 1998; Tumpey et al., 2005).  

During the past century, three such pandemics occurred. The first of these is 

the so called ‘Spanish influenza’ which occurred in 1918 and which is 

considered as the greatest natural disaster of the 20th century. This pandemic 

occurred as a result of the introduction of an influenza A virus of the H1N1 

subtype probably derived from an unidentified avian-like precursor virus which 

became adapted to mammals (Morens et al., 2009). An estimated 50 million 

people died as a result (Patterson and Pyle, 1991). The second such pandemic 

occurred in 1957 due to the introduction of the H2N2 subtype causing the so 

called ‘Asian influenza’. This pandemic virus emerged by reassortment 

between the viruses in humans at that time, and the virus from some aquatic 

avian reservoir killing an estimated 2 million people world wide (Webster, 

1993). The last pandemic of the 20th century occurred in 1968 and was due to 

an influenza A H3N2 virus subtype derived from both human and avian 

viruses. This pandemic was relatively mild (de Wit and Fouchier, 2008). 

In March and early April 2009, a new swine-origin influenza A (H1N1) virus 

(S-OIV) emerged in Mexico and the United States (CDC, 2009c). Since then, 

the virus (later renamed influenza A(H1N1)pdm09 virus) spread rapidly across 
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the world by human-to-human transmission. On the 11th of June 2009, the 

World Health Organization declared a global pandemic of 2009 H1N1 

infection making it the first pandemic of the 21st century (WHO, 2009). By 

April 2010, there were 18,500 laboratory confirmed deaths with recent studies 

estimating a higher figure of 201,200 deaths (Viboud and Simonsen, 2012). 

The outbreak strain was identified as a swine origin influenza virus that 

resulted from a reassortment of two previously circulating strains. The new 

strain contains six segments (PB2, PB1, PA, HA, NP, and NS) that were 

similar to the ones previously found in triple-reassortant swine influenza 

viruses circulating in pigs in North America (Dawood et al., 2009). The PB1 

gene was itself seeded in swine from humans (Garten et al., 2009) and two 

segments (NA and M) from the Eurasian lineage (Dawood et al., 2009). The 

amino acid sequence divergence of the 2009 pandemic H1 from human 

seasonal influenza H1 is around 20–24% and for this reason, it is being 

considered as halfway towards a new serotype (Gatherer, 2009). 

The severity during the early 2009 pandemic was estimated to be less than that 

seen in the 1918 influenza pandemic and comparable to that seen in the 1957 

pandemic. However, there were concerns that due to the rapid evolutionary rate 

of influenza viruses, new variants could emerge leading to increased disease 

severity. Additionally, all the 20th century pandemics have occurred in 

successive waves.  
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1.2 Problem statement 

Estimates of case fatality rates of influenza A(H1N1)pdm09 virus have only 

been available from high-income locations but vary three to nine times 

between studies. Using a probabilistic multiplier approach, the estimated 

numbers of deaths associated with pandemic influenza A H1N1 was  201 200 

(range 105 700—395 600) for respiratory diseases and an additional 83 300 

(46 000—179 900) for cardiovascular diseases in the first year of virus 

circulation (Dawood et al., 2012). This approach suggests that the highest 

mortality occurred in Africa. 

Complete influenza virus genomes provide critical and deeper understanding of 

influenza genetic structure and provide insight into effective control options. 

Sequencing of the whole influenza virus genome facilitates comparison and 

understanding of the evolutionary dynamics of circulating viruses and the 

prediction of potential evolution events that are likely to result in new strains 

(Greninger et al., 2010). It also allows closer examination of the role played by 

all genes in influenza outbreaks and vaccine selection.  

In Sub-Saharan Africa, there is a paucity of complete influenza genomes in the 

public domain. Most influenza genome sequencing in these countries has 

focused on the HA1 domain of the hemagglutinin gene, where mutations 

usually have the greatest effect on antigenic structure (Webster et al., 1992). 

As such, it has not been possible to understand the contribution of Africa in the 

global ecology of influenza viruses. It is therefore clear that, complete 

understanding of influenza metapopulation dynamics is incomplete without 
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data from these regions (Viboud et al., 2013). Complete influenza genome 

analysis of influenza A (H1N1)pdm09 viruses from Africa have been at best 

scanty. The genomic signatures and characteristics of local 2009 pandemic 

H1N1 viruses are therefore not well understood.  

 

1.3 Justification of the study 

The 2009 influenza pandemic caused by influenza A (H1N1)pdm09 virus 

presented a unique opportunity to integrate molecular and epidemiological 

analyses of global and regional spread patterns and epidemic growth dynamics. 

Such methods were instrumental in tracking how the pandemic unfolded across 

the globe and in confirming the Mexican origin of the most recent common 

viral ancestor in January–February 2009 (Lemey et al., 2009). In Africa and 

Kenya in particular, there has been limited studies that has examined the 

molecular and epidemiological characteristics of influenza A (H1N1)pdm09 

virus. This has impeded the complete understanding of this virus in the region. 

Molecular study of Kenyan strains of influenza A (H1N1)pdm09 virus is 

anticipated therefore to give a preview of the direction of evolution of this 

virus. This is imperative so as to monitor the genetic make-up of this virus, to 

understand its adaptability and evolutionary dynamics in the country. This is  

essential  for  studying  global  diversification,  the  emergence,  spread  and  

drug resistance  of  influenza A (H1N1)pdm09 virus strains  circulating  in  the 

country. It is also of importance in  determining  the  genetic  relationships  
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among  Kenyan strains  and  vaccine  strains  included  in  the  recommended  

influenza vaccines. This may provide insights into disease trajectory for future 

influenza pandemic planning and could contribute to improving public health 

in Kenya. At the same time drug susceptibility of circulating influenza viruses 

is of utmost necessity particularly in a pandemic situation. 

 

1.4 Research questions 

1. Are there genetic differences between the Kenyan influenza (H1N1)pdm09 

viruses and others isolated elsewhere in the world? 

2. What is the evolutionary rate and time of most recent ancestor of the local 

circulating influenza A(H1N1)pdm09 viruses? 

3. Did genetic drift occur amongst the Kenyan influenza (H1N1)pdm09 

viruses and if so, did it increase the virulence of pandemic H1N1 strains? 

4. Were local pandemic strains sensitive to anti-influenza drugs that are in 

current use? 

 

1.5 Objectives of the study 

1.5.1 General objective 

To describe the molecular epidemiology and evolution of the influenza 

A(H1N1)pdm09 virus during the pandemic period in Kenya. 
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1.5.2 Specific objectives 

a) To isolate influenza A(H1N1)pdm09 viruses identified in the country and 

amplify their complete genomes using in vitro and molecular techniques. 

b) To determine full genome nucleotide sequences and infer phylogenetic 

relationships of the influenza A(H1N1)pdm09 viruses isolated in Kenya 

during the pandemic period relative to vaccine/reference strains using 

bioinformatics tools.  

c) To determine the evolutionary rate and ancestral time analyses of the 

Kenyan influenza A(H1N1)pdm09 viruses using Bayesian methods. 

d) To describe the genetic drift occurring in the eight genomic segments of 

influenza A(H1N1)pdm09 viruses in Kenya during the pandemic by using 

bioinformatics tools.. 

e) To determine neuraminidase inhibitors sensitivity and adamantane 

sensitivity in the isolated strains by examining known genotypic markers. 

 

1.6 Significance of the study 

Understanding  the  evolution  of  influenza A(H1N1)pdm09 virus within  the 

country  is  essential  for  studying  global  diversification,  the  emergence,  

spread  and  resistance  of  influenza A(H1N1)pdm09 strains circulating  in  

this  region  of  the  world. The current study lays the groundwork for future 

influenza pandemic and epidemic studies in the country. It is also of 

importance in  determining  the  genetic  relationships  among  Kenyan  strains  
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and  vaccine  strains  included  in  the  influenza vaccine recommended for the 

Southern Hemisphere. 
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2.0: LITERATURE REVIEW  

2.1 Classification and nomenclature 

The influenza viruses together with the Thogoto-like viruses (Thogoto, Batken 

and Dhori viruses) belong to the family Orthomyxoviridae (Cox, 2000). Myxo 

is the Greek word for mucus, which means that members of the family have a 

strong affinity for and posses an enzyme capable of removing chemical side 

chains from mucoproteins. These properties facilitate infection of cells of the 

mucous membranes in the respiratory tract (Metselaar and Simpson, 1982). 

The family Orthomyxoviridae is divided into five genera; Influenzavirus A, 

Influenzavirus B, Influenzavirus C, Isavirus and Thogotovirus, based on 

antigenic differences in two of the major structural proteins of the virus, the 

nucleoprotein (NP) and the matrix protein (M). Influenza A viruses are further 

classified into 16HA subtypes and 9NA subtypes based on the properties of 

their surface major membrane glycoproteins (Luke and Subbarao, 2006). 

Two glycoproteins on the surface of the virus particle, the Neuraminidase or 

NA protein and the Haemagglutinin or HA (Haemagglutinin-esterase in 

influenza C) protein are involved in the interaction between virus and host 

cells. Influenza A viruses are classified into subtypes based on the antigenic 

differences between these two glycoproteins. Currently there are 16 (H1-H16) 

distinct HA subtypes and 9 (N1-N9) NA subtypes (Luke and Subbarao, 2006) 

though several new subtypes have recently been described (Tong et al., 2013). 

Historically however, influenza A virus subtypes infecting humans have been 

limited to H1, H2, and H3 and in the past 100 years to N1 and N2. In recent 



10 

 

years, H5N1, H7N7 and H9N2 have sporadically infected humans and continue 

to pose a pandemic threat due to their possible interspecies transmission into 

humans. There is only one HA and one NA subtype that has been identified 

among type B influenza viruses (Nicholson et al., 2003). 

The World Health Organization (WHO) system of nomenclature includes the 

host of origin, geographical origin, strain number and year of isolation; then 

follows in parentheses the antigenic description of the haemagglutinin and the 

neuraminidase, e.g., A/Swine/Iowa/3/70(H1N1) was isolated from swine in 

Iowa in 1970. If from a human host, the origin is not given, e.g., 

A/Scotland/42/89(H3N2) was isolated from a human host in 1989 in Scotland 

(Nguyen-Van-Tam and Hampson, 2003). 

 

2.2 Influenza A virion structure 

Influenza A virions are spherical, 80-120nm in diameter, but may be 

filamentous, sometimes up to several micrometres in length as illustrated in 

Figure 1. Two distinct types of spikes (approximately 16nm in length), 

corresponding to the HA and NA molecules, reside on the surface of the 

virions. The HA spike appears rod shaped and protrudes from the envelope as a 

trimer (Wilson et al., 1981); the NA spike is a mushroom shaped tetramer 

(Colman et al., 1987). These two glycoproteins are anchored to the lipid 

enveloped derived from the plasma membrane of host cells by short sequences 

of hydrophobic amino acids (the transmembrane region).  
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Figure 1: Influenza virion 

Source: http://agrolink.moa.my/jph/epv/kertaskerja01.html 
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In addition to HA and NA, a limited number of M2 proteins are integrated into 

influenza A virions. The mRNA for M2 is transcribed from RNA segment 7 

and is an intergral membrane protein whose membrane-spanning domain also 

serves as a signal for transport to the cell surface (Webster et al., 1992). M2 

proteins form tetramers and have H+ ion channel activity. When activated by 

the low pH in endosomes, they acidify the inside of the virion, facilitating its 

uncoating (Pinto et al., 1992). M1 protein that lies within the envelope is also 

derived from the splicing of RNA segment 7. It is the most abundant protein in 

the influenza virus virion (Webster et al., 1992). M1 is thought to play an 

important role in assembly and budding.  

Eight segments of single stranded RNA molecules (negative sense, or 

complementary to mRNA) are contained within the viral envelope, in 

association with NP and three subunits of viral polymerase (PB1, PB2, and 

PA), which together form a ribonucleoprotein (RNP) complex that participates 

in RNA replication and transcription. NS2 and NS1 proteins are encoded in the 

RNA segment 8. NS2 protein is thought to play the role of export of RNP from 

the nucleus through interaction with M1 protein (Horimoto and Kawaoka, 

2001). NS1 protein, the only nonstructural protein of influenza viruses, has 

multiple functions, including regulation of splicing and nuclear export of 

cellular mRNAs as well as stimulation of translation. Its major function seems 

to be to counteract the interferon activity of the host (Hale et al., 2008). Also 

present in the virion is the viral RNA-dependent RNA polymerase PB1 and 

PB2 encoded by RNA segment 2 and 1 respectively. These two are important 
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for infectivity since the virion RNA is negative sense and therefore has to be 

transcribed to produce viral messenger RNA (mRNA). Nucleoprotein (NP) is 

encoded by RNA segment 5. It is transported into infected cell nucleus where it 

encapsidates viral RNA. In addition to its structural role, it is believed to play a 

role in the switching of viral RNA polymerase activity from mRNA synthesis 

to cRNA and vRNA synthesis (Webster et al., 1992). 

 

2.3 Genomic organization of Influenza A virus 

The influenza A virus genome contains eight negative sense RNA segments 

(Palese, 1977). The viral mRNAs from segments 1 to 6 are monocistronic 

while viral mRNAs derived from segments   7 or 8 are spliced to form mRNAs 

coding for two proteins (Lamb and Krug, 2001). The sizes of the viral RNA 

segments and the proteins encoded are summarized in Table 1. Of these 

proteins, only the NS1 protein from segment 8 (NS segment) is a non-structural 

protein. 
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Table 1: Influenza A virus genome RNA segments   

vRNA 

Segment 

Encoded polypeptide Abbreviation vRNA length 

(bps) 

mRNA length 

(bps) 

1 Polymerase Basic 2 PB2 2341 2320 

2 Polymerase Basic 1 PB1 2341 2320 

3 Polymerase Acid PA 2233 2211 

4 Haemagglutinin HA 1778 1757 

5 Nucleoprotein NP 1565 1540 

6 Neuraminidase NA 1413 1392 

7 Matrix MP 1027 1005 (M1) 

315 (M2) 

8 Nonstructural Protein NS 890 868 (NS1) 

395(NS2/NEP) 

 

Table adapted from (Lamb and Krug, 2001) 
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2.3.1 Segment 1 – Basic polymerase protein 2 (PB2)  

The first segment of influenza A viruses encodes a 2.3Kb protein that that 

forms part of the influenza viral polymerase subunit named PB2. Studies have 

shown that PB2, PB1, PA and NP form the minimum set of proteins required 

for viral transcription and replication (Honda et al., 2002; Perales and Ortin, 

1997). Like the other polymerase proteins, PB2 contains a nuclear localization 

signal (Mukaigawa and Nayak, 1991; Perales et al., 1996) and is transported 

into the nucleus of infected cells for viral transcription and replication (Jones et 

al., 1986). PB2 is an important protein for generating the cap structure for viral 

mRNAs. Studies of the influenza viral polymerase have demonstrated that the 

PB2 subunit is a cap binding protein (Braam et al., 1983). The PB2 protein 

specifically plays a role in generating 5′-capped RNA fragments from cellular 

pre-mRNA molecules that are used as primers for viral transcription (Guilligay 

et al., 2008).  

Several studies indicate that PB2, PB1 and PA interact to form a polymerase 

complex for viral transcription and replication. Immunoprecipitation assays on 

influenza viral polymerase have shown that PB2 is associated with the PB1 

subunit (Digard et al., 1989). Specifically, analysis of deletion mutants of PB2 

indicate that the amino-terminus of this protein is a binding site for PB1 

(Toyoda et al., 1996). Recently, functional analysis of PB2 protein has shown 

that this polymerase subunit contains a novel binding site for PB1 subunit and 

two regions for binding nucleoprotein (NP) with regulatory interactions 

potential (Poole et al., 2004). 
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The PB2 gene is reported to play a key role in the adaptation of a virus that 

infects birds to one that infects humans. In particular, it has been reported that 

the amino acid at position 627 is critical for this adaptation (Van Hoeven et al., 

2009). Viruses that infect birds typically have a glutamic acid (E) in this 

position. On the other hand, influenza A viruses that are fully adapted to 

humans usually have a lysine (K) at this position. This same position in PB2 

appears to be key in determining the lethality of flu viruses (Hatta et al., 2001). 

In the 1918 pandemic and in H5N1 viruses, a lysine in this position was 

associated with a higher level of lethality. The presence of a lysine at position 

627 appears to permit flu viruses to replicate in both the lungs and nose and 

thus spread more easily from person to person. 

 

2.3.2 Segment 2 – Basic polymerase protein 1 (PB1)  

The PB1 RNA polymerase subunit of influenza viruses is encoded by segment 

2. Several lines of evidence have indicated that PB1, itself, is an RNA 

polymerase. The central location of the polymerase domain is predicted from 

observing the presence of conserved motifs characteristic of segmented 

negative-strand RNA-dependent polymerases (Poch et al., 1989) and that 

mutations in these motifs abolished the polymerase activity. 

Several studies have described the functional domains of PB1 involved in 

interaction with the other polymerase subunits. Immunoprecipitation studies of 

the influenza virus RNA polymerase indicate that PB1 contains independent 
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binding sites for PB2 and PA (Digard et al., 1989) while deletion mutant 

analyses of PB1 suggest that the amino- and carboxyl-termini of PB1 are 

binding sites for the PA and PB2 polymerase subunits, respectively (Gonzalez 

et al., 1996; Toyoda et al., 1996). The nuclear localization signal of PB1 has 

been mapped to a region near the amino-terminus (Nath and Nayak, 1990). The 

PB1 subunit plays a key role in both the assembly of the three polymerase 

protein subunits and serves the catalytic function of RNA polymerization. It 

has been proposed that the catalytic specificity of PB1 subunit is modulated to 

the transcriptase by binding PB2 or the replicase by interaction with PA 

(Honda et al., 2002). 

 

2.3.3 Segment 3 – Acidic polymerase protein (PA) 

The PA protein is encoded by segment 3 and is the smallest subunit of the 

influenza RNA polymerase complex. Like the other influenza viral polymerase 

subunits, it contains nuclear localization signals (Nieto et al., 1994) required 

for transport into the nucleus (Jones et al., 1986). The PA subunit has no 

significant homology to other proteins, and for a long time, its function was 

unclear (Perales and Ortin, 1997; Webster et al., 1992). Various functions were 

proposed  including helicase and ATP binding activities (de la Luna et al., 

1989). It has also been suggested to be a protease (Sanz-Ezquerro et al., 1996) 

but this property is not related to any known viral function. 
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Recent studies however have shown that PA is separable by trypsinization into 

a large carboxy-terminal domain—the crystal structure of which has recently 

been reported (Obayashi et al., 2008) and a small N-terminal domain, which 

contains residues important for protein stability, promoter binding, cap-binding 

and endonuclease activity of the polymerase complex (Hara et al., 2006). The 

viral endonuclease activity which is critical for synthesizing viral messenger 

mRNA’s have previously been thought to reside in the PB2 (Shi et al., 1995) 

or PB1 (Li et al., 2001) subunits. However, recent biochemical and structural 

studies have shown that the amino-terminal 209 residues of the PA subunit 

contain the endonuclease active site and not PB2 (Dias et al., 2009). As such, 

during transcription, the PB2 subunit binds the 5′,7-methylguanosine cap of a 

host pre-mRNA molecule, which is subsequently cleaved 10–15 nucleotides 

downstream by the PA endonuclease. The resulting short capped RNA primer 

is used to initiate polymerization by the RNA-dependent RNA polymerase of 

the PB1 subunit using 5′- and 3′-bound vRNA as template, resulting in capped, 

polyadenylated, chimeric mRNA molecules that are exported to the cytoplasm 

for translation into viral proteins (Boivin et al., 2010). 

 

2.3.4 Segment 4 – Haemagglutinin (HA) 

HA plays an essential role in the early stages of infection and is responsible for 

the virus binding to its receptor, sialic acid, which is present on the host cell 

surface and  promotes  fusion of viral and endosomal membranes and 

eventually facilitates viral entry into the host cell (Webster et al., 1992). 
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During infection and vaccination, HA elicits neutralizing antibodies. It is 

therefore considered the most important target of antibody-mediated protection 

(Steinhauer and Wharton, 1998).  

The HA is synthesized as a precursor polypeptide, HA0 (Lamb and Krug, 

2001; Webster et al., 1992). This precursor polypeptide is post-translationally 

cleaved into two disulphide-linked subunits, HA1 and HA2. The cleavage of 

the HA0 is a prerequisite for viral infectivity. This process liberates the “fusion 

peptide” at the amino-terminus of HA2 required for membrane fusion. In 

addition, this cleavage also allows the native HA molecule to undergo a 

conformational change, a process which is triggered by an acidic environment 

and is essential for membrane fusion (Skehel et al., 1982). In general, the HA0 

is believed to be cleaved by trypsin-like proteases extracellularly. However, the 

presence of multiple basic amino acid residues within the cleavage site allow 

the protein to be cleaved by intracellular proteases, e.g. furin (Horimoto et al., 

1994), which are ubiquitously expressed in most tissues. Hence, influenza 

viruses containing HA with multiple basic amino acids near the cleavage site 

are often highly infectious and can infect a wide range of cells.  The generated 

HA1 surface subunit mediates the binding to cell surface sialic acid receptors 

and the HA2 transmembrane subunit that mediates membrane fusion between 

viral and endosomal membranes after endocytosis (Skehel and Wiley, 2000) 

The specificity of the interaction of HA with sialic acid (SIA), the cellular 

receptor, largely explains the host range of influenza A viruses (Taubenberger 

and Kash, 2010). Thus, viruses that infect humans bind preferentially to SIA 
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linked to the penultimate galactose via an α 2–6 configuration, whereas avian 

viruses prefer binding to SIA with α 2–3 linkages (Connor et al., 1994). The 

HA receptor binding site (RBS) is formed by three structural elements at the tip 

of the HA molecule, an α-helix composed of residues 190–198 (the 190-helix) 

and two loop structures formed by residues 133–138 (the 130-loop) and 220–

229 (the 220-loop). Four conserved residues, comprising Tyr98, Trp153, His183 

and Tyr195, form the base of the RBS (Skehel and Wiley, 2000). The amino 

acid residues in the RBS that are critical for the recognition of either avian or 

human receptors have been well characterized (Connor et al., 1994; 

Matrosovich et al., 2000). For H1, glutamic acid and glycine residues at 

positions 190 and 225, respectively, result in binding to avian SIA receptors, 

whereas H1 proteins that carry aspartic acid residues at these positions interact 

with human SIA receptors. For H2 and H3, mutations of glutamine and glycine 

residues at positions 226 and 228 to leucine and serine, respectively, correlate 

with a shift from avian to human receptor specificity (Matrosovich et al., 

2000). The same mutations also allow binding of H5 to human SIA receptors 

(Stevens et al., 2006). 

 

2.3.5 Segment 5 – Nucleoprotein (NP) 

NP protein which is an essential component for transcription and replication is 

encoded by segment 5 of influenza A viruses. NP is distinct among influenza 

A, B, and C viruses and is recognized as one of the type-specific viral antigens. 

It encodes a protein with approximately 500 amino acids; it plays an important 
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role in assembly and budding of influenza virus and has a putative role in host 

range (Ruigrok et al., 2010; Snyder et al., 1987). The primary function of NP is 

to form oligomers and bind with the viral RNA segments to form the 

nucleocapsid of a virus particle playing a pivotal role in the viral genome 

transcription machinery (Perales and Ortin, 1997).  

Like the other influenza viral polymerase subunits, it contains nuclear 

localization signals and has been shown to be important for vRNA nuclear 

transport (Whittaker et al., 1996). During the early stage of viral infection, the 

transport of incoming vRNPs from the viral particle into the nucleus is believed 

to be mediated by NP whereas, in the late infection stage, progeny vRNAs 

associated with NP, M1 and NS2 are exported to the cytoplasm for viral 

packaging (Whittaker et al., 1996). To achieve its biological functions, recent 

studies have revealed that the NP is capable of interacting with various host 

proteins (Taubenberger and Kash, 2010; Wang et al., 2009). 

 

2.3.6 Segment 6 – Neuraminidase (NA) 

The three-dimensional structure of the NA has revealed that the NA monomer 

is a homotetramer (Hausmann et al., 1997). It consists of a box-shaped 

globular head, a thin stalk, a transmembrane domain and a cytoplasmic domain 

(Varghese and Colman, 1991). The NA is a surface glycoprotein and the 

glycosylation of the NA might be an important determinant (but not the sole 

determinant) of the neurovirulence of influenza viruses (Li et al., 1993). It has 
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receptor-destroying activity to cleave the α–ketosidic linkage between a 

terminal sialic acid and an adjacent D-galactose or D-galactosamine residue 

(Colman, 1998). 

The NA is a type II intergral membrane protein. It is a sialidase that possesses 

an enzymatically active domain which cleaves sialic acids from host cells, 

leading to the release of progeny virions and preventing the aggregation of 

virion during the budding process (Palese and Schulman, 1976). Strong 

binding to receptor analogs on mucins, cilia, and cellular epithelia would 

inhibit virus access to functional receptors on surface membrane of target cells. 

Therefore, NA is important for releasing viruses from the decoy receptor and 

plays an essential role of virus entry in the early stage of infection (Couceiro et 

al., 1993; Matrosovich et al., 2004). It is for this reason that NA is a favorable 

target for antiviral drugs aiming at reducing its sialidase enzymatic activity and 

thus release of progeny virions (Suzuki et al., 2005). 

 

2.3.7 Segment 7 – Matrix proteins (M1 and M2) 

The segment 7 of influenza A virus encodes two proteins, M1 and M2, by 

differential splicing of mRNA. The M1 protein is the product of collinear 

transcript of the mRNA while differential splicing of the M gene RNA yields 

the M2 protein (Lamb and Choppin, 1981). M1 is recognized as another type 

specific antigen and constitutes the most abundant polypeptide in the virion 

which provides rigidity to the viral membrane and functions in the viral 
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assembly and budding during viral life cycle (Lamb and Choppin, 1981). It is 

found to interact with the viral surface glycoproteins and the RNP complex 

(Taubenberger and Kash, 2010).  

The M2 is an integral membrane protein (Lamb and Choppin, 1981) which  

forms an ion channel on the viral envelope. The M2 ion channel is known to 

control the pH across the Golgi apparatus during viral maturation which is 

essential for virus uncoating in the virus infection process. In the endosome of 

infected cells, the ion channel activity of M2 allows acidification of the interior 

of the incoming viral particle to enable uncoating. The acidification of the viral 

particle is believed to be essential for viral replication, because it allows 

incoming vRNPs to dissociate from M1 proteins for nuclear import (Martin 

and Helenius, 1991). The ion channel activity of M2 is also reported to 

maintain a high pH in the Golgi vesicles so as to stabilize the native 

conformation of newly synthesized HA during the intracellular transport for 

viral assembly (Takeuchi and Lamb, 1994). The M2 protein is also a target for 

anti-influenza drugs called amantadines. 

 

2.3.8 Segment 8 – Non-structural proteins (NS1 and NS2) 

The eighth vRNA segment of the influenza A virus directs the synthesis of two 

mRNAs. The first of these encodes the non-structural (NS) protein, NS1, while 

the other is derived from splicing of the NS1 mRNA is translated into a protein 

that localizes to the cell nucleus and which was originally named NS2 
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(Nemeroff et al., 1992) but which has now been renamed the nuclear export 

protein (NEP) (O'Neill et al., 1998). NS1 is the only non structural protein of 

influenza virus and is found mainly in the host cell nucleus. It is a 

multifunctional protein involved in nuclear exportation of mRNA, 

posttranscriptional regulation, and inhibition of cellular interferon response 

(Hale et al., 2008). Recently, NS1 protein was found to be  responsible for the 

unusual severity of H5N1 diseases by inducing exaggerated proinflammatory 

cytokine responses (Cheung et al., 2002). 

NS2 protein exists in low amounts and binds to M1 protein in virion. The 

protein may promote the formation of a stable export complex of new viral 

RNP (Neumann et al., 2000). In association with the matrix protein 1 (M1), it 

interacts with cellular export factor (CEF1) and mediates the nuclear export of 

viral ribonucleoprotein (vRNP) complexes by connecting the cellular export 

machinery with vRNPs (Neumann et al., 2000). 

 

2.4 Replication cycle of Influenza A viruses 

2.4.1 Attachment, endocytosis and uncoating of influenza A virus 

To infect host cells, the influenza viruses utilize their surface glycoprotein, HA, 

to bind to the sialic acid receptors which present on the host cell surface (Fig 

2). The HA protein exists as precursor, the HA0, which comprises the HA1 and 

HA2 peptides. The receptor-binding site is found on the HA1 while the HA2 

houses the fusion peptide (Webster et al., 1992). The HA molecules of 
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influenza viruses from different species have different specificity for sialic acid 

receptors. Influenza viruses from humans recognize α-(2, 6) linked sialic acid 

receptors and viruses from avian species preferably bind to the-(2, 3) linked 

receptors. In pigs both types are present (Greenwood, 2003) and for this reason 

they are considered as “mixing vessels” for avian and human influenza viruses.  

After attachment of the viral haemagglutinin to the specific receptors, the 

viruses enter cells by receptor-mediated endocytosis in clathrin-coated vesicles. 

The HA contains a fusion peptide which at a low pH, undergoes a 

conformational change which exposes the peptide. The low pH is achieved by 

the opening up of M2 ion channel leading to the influx of H+ ions. The acidic 

environment results in a conformational change of the HA in which the HA2 

fusion peptide is exposed causing the fusion between viral and endosomal 

membranes, which facilitates the subsequent release of vRNP into the 

cytoplasm of host cells. The M1 protein is also dissociated from the vRNP 

under the acidic pH (Lennette, 1995). 

 

2.4.2 Nuclear import of viral ribonucleoproteins in host cells  

The replication and transcription of the viral genome takes place inside the 

nucleus of host cells (Webster et al., 1992). It is therefore necessary to import 

the vRNP to the nucleus of infected cells to start the genome replication and 

transcription. The virus uses an active transport machinery to transport vRNP 

into the nucleus of host cells (Engelhardt and Fodor, 2006). Each of the subunit 
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of vRNP complex contains nuclear localization signals (NLS) which are 

recognized by importin α, also called karyopherin α (Watanabe et al., 2010). 

Likewise, many host factors are reported to be involved in the active transport 

of vRNP into the nucleus. RanBP5 is reported to interact with the PB1 subunit 

and facilitate transport of vRNP (Deng et al., 2006). 

 

2.4.3 Viral RNA replication and transcription 

Since the genome of the influenza A virus is organized in a negative sense 

manner, the viral RNAs have to be converted into positive sense before they 

can be transcribed into viral mRNAs for subsequent translation. Despite the 

fact that only 11 viral proteins are encoded, the influenza A viruses have 

evolved a sophisticated mechanism enabling itself to “hijack” host cell 

machinery for its viral RNA and mRNA synthesis (Nagata et al., 2008). 

The mechanism of viral RNA transcription is unique. The 5' cap from cellular 

mRNAs is cleaved by a viral endonuclease and used as a primer for 

transcription by the viral transcriptase. Six of eight RNA segments are 

transcribed into mRNAs in a monocistronic manner and translated into HA, 

NA, NP, PB1, PB2, and PA. By contrast, two RNA segments are each 

transcribed to two mRNAs by splicing. For both M and NS genes, these 

mRNAs are translated in different reading frames, generating M1 and M2 

proteins and NS1 and NS2 proteins, respectively (Webster et al., 1992).  
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The replication of viral RNA comprises two stages. Firstly, it involves the 

synthesis of full length viral RNAs which serve as template RNAs. These are 

positive sense complementary RNA (cRNA). Afterwards, exact copies of viral 

RNAs are generated by using the cRNAs as templates. This process is 

facilitated by the NP protein through interacting itself with the cRNAs during 

the production of nascent vRNA molecules (Engelhardt and Fodor, 2006). 

 

2.4.4 Viral ribonucleoprotein export from nucleus to cytoplasm in host 

cells 

The newly synthesized viral mRNAs are then exported to the cytoplasm of the 

infected cells in order for them to be translated into viral proteins. Since the 

viral mRNAs are incorporated with the polymerase complexes to form vRNPs, 

viral mRNAs are exported to the cytoplasm with the aid of the nuclear export 

machinery found on vRNPs (Ma et al., 2001). The nuclear export of vRNPs is 

mediated through the cellular Crm1/Exportin pathway and two viral proteins, 

M1 and NS2 have been reported involving in the nuclear export of vRNPs 

(Watanabe et al., 2010). 

The M1 protein mediates the nuclear export by forming complex with vRNP in 

the nucleus of host cells. Subsequently, the NS2 protein, which is also named 

as nuclear export protein (NEP) for the presence of nuclear export signal (NES) 

in the protein, would associate with the M1-vRNP complex and the cellular 

Crm1 to mediate the export of vRNP to the cytoplasm (Ma et al., 2001) 
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2.4.5 Virus assembly and budding 

Once the vRNPs and viral proteins are synthesized, they will be localized 

around the basal membrane, and the viral progeny particles are ready to be 

packaged and bud off from the host cell. Generally, a viral core of vRNPs 

becomes encapsidated in a layer of M1 proteins and buds outward through the 

cell membrane, enclosing itself within a bubble of membrane as its own 

envelope, complete with the viral surface glycoproteins (Webster et al., 1992). 

Interactions between M1 and the cytoplasmic domains of HA, NA or M2 have 

been proposed as signals for budding and NA activity of progeny virions 

releases them from the host cell (Webster et al., 1992).  

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 

(Colman et al., 1983; Varghese et al., 1983). 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, 

in order to enhance the viral infectivity (Palese et al., 1974).  
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Figure 2: An illustration of influenza A virus repl ication.  
(Neumann et al., 2009) 

 

2.5 Laboratory diagnosis of Influenza 

Diagnosis of influenza is important in order to prescribe the correct antivirals, 

for immunoprophylaxis, and for epidemiological reasons. Successful diagnosis 

depends on the timing and quality of specimens collected. Clinical specimens 

should be taken early, preferably within 3 days of onset of symptoms since this 

is the time maximum virus shedding occurs. Nasopharyngeal or throat swabs 

combined or alone, nasopharyngeal aspirates and nasal washes are optimal 

specimens for virus culture and for the direct detection of viral antigens or 

nucleic acids. Bronchoalveolar lavage fluid and trancheal aspirate specimens 

may be considered if clinically warranted during serious respiratory infections.       
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The specimens must be placed in a suitable transport medium to stabilize the 

infectivity of the influenza viruses. Tryptose phosphate broth, veal infusion 

broth, commercially available cell culture medium or Hanks balanced salt 

solution (HBSS), sucrose phosphate buffer, all supplemented with 0.5% bovine 

serum albumin or 0.1% gelatin, antibiotics and anti-mycotics are appropriate 

transport media (Johnson, 1990). Virus infectivity is relatively well preserved 

if the specimens are stored at 40C in these liquids for up to 4 days. After 

collection, specimens should be transported to the laboratory without delay and 

preferably refrigerated at -700C at all times until processing for virus isolation 

or nucleic acid detection (Cox and Ziegler, 2003). Multiple freeze-thawing of 

samples should be avoided since they greatly reduce the virus yield. 

 

2.5.1  Influenza virus isolation 

Although many cells have been shown to support the replication of influenza 

viruses, primary monkey kidney cells (PMK), and continous cell lines such as 

Madin Darby Canine Kidney (MDCK) and Rhesus monkey kidney (LLC-

MK2) cell lines are the most widely used. Of these, MDCK are the most 

commonly used (Bhatia and Ichhpujani, 1999). MDCK support the growth of 

influenza A, B, and C viruses when 1 to 2 µg of trypsin per ml is added to the 

maintenance medium to sustain multiple cycles of multiplication (Meguro et 

al., 1979). For standard virus isolation, cell culture tubes or flasks are seeded 

with MDCK cells in growth medium containing 5 to 10% fetal bovine serum. 

The tubes are incubated at 370C, and before the cells are completely confluent, 
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growth medium is removed, the cell sheet is washed with HBSS or serum-free 

medium to remove nonspecific inhibitors that are present in serum and then 

serum-free maintenance medium is added. For inoculation, the medium is 

removed, 100 to 300µl of specimen added and allowed to adsorb for one hour 

at 370C. The inoculum is aspirated and replaced with maintenance medium 

containing trypsin. Majority of influenza viruses destroy the cell sheet within a 

few days after inoculation. However, in the absence of cytopathic effect (CPE), 

cultures should be tested by haemadsorption or by haemagglutination at 2 to 3 

day intervals after 6 or 7 days (Cox and Ziegler, 2003).  

Isolation in embryonated eggs has been in the earlier years the standard method 

of virus recovery from clinical specimens. Embryonated eggs are inoculated in 

the allantoic and amnionic cavities with clinical specimens and the fluid 

collected from these cavities is tested for viral agglutination after three-day 

incubation (Bhatia and Ichhpujani, 1999). It has been found that 10 to 11 day 

old embryonated eggs are optimal for recovery of influenza A and B viruses 

while 7 to 8 day old embryonated eggs are preferred for the recovery of 

influenza C viruses. After inoculation, the eggs are incubated at 33 to 340C for 

2 to 3 days in case of influenza A and B viruses and approximately 5 days for 

influenza C virus. After one or two passages, most influenza A and B viruses 

will grow efficiently in the allantoic cavity but influenza C grows only in the 

amnionic cavity. The presence of influenza viruses in egg fluids is detected by 

the haemagglutination test (Cox and Ziegler, 2003). 
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2.5.2 Haemagglutination inhibition (HAI) test 

Typing, subtyping, and further antigenic characterization of influenza viruses 

that have been isolated is usually done by the HAI test. Influenza viruses 

generally agglutinate human type O, guinea pig, or chicken and turkey 

erythrocytes. When these red blood cells are mixed with influenza virus in the 

appropriate ratio, the virus bridges the red blood cells resulting in agglutination 

of the cells (haemagglutination) and a change in their settling behaviour. 

Antibodies specific to the viral haemagglutinin interfere with the 

haemagglutinating activity and this is the basis of the HAI test which allows 

the identification and the differentiation of the variant strains that frequently 

appear (Young, 2009). 

 

2.5.3 Fluorescent - antibody staining 

Detection of infected, exfoliated epithelial cells in respiratory specimens is a 

rapid and sensitive method for laboratory diagnosis of respiratory virus 

infections. Epithelial cells are washed free of mucus, fixed to microscope 

slides, and stained with specific, well-characterized monoclonal antibodies. 

When specimens are collected properly and refrigerated at all times, epithelial 

cells are handled carefully, and the slides are read by an experienced 

microscopist with a good fluorescent microscope, the sensitivity of this 

technique is 80 to 90% of that for standard virus isolation (Cox and Ziegler, 

2003). 
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2.5.4 Immunoassays 

Several laboratories have developed sensitive and specific radioimmunoassays, 

enzyme immunoassays (EIAs), and fluoroimmunoassays for the detection of 

respiratory virus antigens in clinical samples. These assays can produce a result 

within a few hours, but these tests have limited sensitivity and specificity 

compared with standard virus isolation. Rapid EIAs for influenza A and B 

which produce result in 15 to 20 minutes are commercially available. These are 

useful in clinical laboratories of hospitals and nursing homes for early 

detection of infection to help patient management as well as detection of 

nosocomial influenza outbreaks (Cox and Ziegler, 2003). Presence of false 

positive and false negative results is the major draw backs in the use of rapid 

tests. 

 

2.5.5 Molecular methods  

Molecular methods are now being applied more widely in the diagnosis of 

influenza virus infection as well as characterization of influenza virus isolates. 

These methods are likely to supplant virus culture as the "gold standard" for 

virus detection because they are more sensitive and fast. The genetic analysis 

of a large number of influenza viruses isolated throughout the world each year 

provides information for a timely update of vaccine strains and of molecular 

reagents for diagnosis. For reverse transcriptase polymerase chain reaction 

(RT-PCR), viral nucleic acids are extracted from clinical specimens, allantoic 

fluid of embryonated hen eggs, or cell culture material. Complementary DNA 
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(cDNA) is synthesized by in vitro reverse transcription of viral RNA primed 

either by synthetic oligonucleotides matching known nucleotide sequences on 

the viral genes or by random hexamers. This cDNA is amplified with specific 

primers and DNA polymerase. Finally the amplified product is detected by 

agarose gel electrophoresis in conventional RT-PCR or fluorescence dye in real 

time PCR. The first report of the use of RT-PCR amplification of influenza 

RNA to diagnose influenza was published in 1991 (Zhang and Evans, 1991). 

The superiority of RT-PCR over virus culture has thereafter been reported in 

several studies (Boivin et al., 2001; Zambon and Hayden, 2001).  

 

2.5.6 Serological tests 

Influenza virus infections can also be detected by measuring a fourfold or 

greater increase of specific antibody titers between serum samples collected at 

least 10 days apart during the acute and convalescent phases of illness. Thus, 

while serological methods are accurate, they rarely produce a result that would 

allow patient treatment with antivirals or timely prophylaxis of contacts. 

However, serodiagnosis is useful if virus detection and isolation fail and for 

surveillance and epidemiological studies. The complement fixation test, HAI, 

the neutralization test (NT), and EIA are the most widely used tests in 

serodiagnosis and seroepidemiological studies (Cox and Ziegler, 2003). 

Complement fixation detects type-specific antibodies to NP but is relatively 

insensitive in detecting diagnostic rises in titer between acute and convalescent 

phase sera. HAI and NT are type, subtype and strain specific. 



35 

 

2.6 Epidemiology 

Influenza occurs throughout the world and affects every person in society. All 

influenza A virus subtypes naturally infect shorebirds and waterfowl. Influenza 

infections in these hosts are generally assymptomatic and are limited to the 

gastrointestinal and/or the respiratory tract. In addition, poultry, pigs, maritime 

mammals, horses, and occasionally other mammals maybe infected by certain 

subtypes of influenza A viruses (Cox and Ziegler, 2003). Interspecies 

transmission of influenza A viruses occurs and may result in severe human 

illness, as the 1997 outbreak in Hong Kong caused by an H5N1 virus of avian 

origin amply demonstrated. H7 and H9 subtypes from birds have also been 

isolated in humans. Influenza B viruses appear to naturally infect only humans 

and cause annual seasonal influenza infections and epidemics; however, 

influenza B virus infection of seals in Netherlands has been reported 

(Osterhaus et al., 2000). Influenza C viruses infect humans and have also been 

isolated from pigs (Guo et al., 1983). Since the re-emergence of influenza A 

(H1N1) in 1977, this and A (H3N2) subtype viruses have co-circulated in 

seasonal influenza illness with influenza B in varying proportions and levels. 

Molecular evidence exists for the occasional infection of humans with avian 

viruses containing H5, H7 and H9 genes (Gatherer, 2009). 

 

2.7 Transmission and pathogenesis 

Transmission of influenza in humans probably involves both respiratory 

infection by aerosols and droplets together with some contact transmission 
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from contaminated surfaces. Unfortunately, there are insufficient solid data to 

determine which of these is the more important and to provide guidance in 

protection of front-line medical staff, particularly regarding the required 

porosity of facemasks, during a pandemic. Nevertheless, influenza virus is 

relatively short-lived on most surfaces, and clear examples of aerosol 

transmission have been described in the literature. In addition, early 

experiments indicated greater infectivity by small particle aerosol than by nasal 

instillation of virus. 

For many years, it was thought that for the efficient introduction of "novel" 

influenza viruses to humans, pigs were required to act as an intermediate host, 

or "mixing vessel". Since pigs are susceptible to both human and avian 

influenza viruses, the genomes of such viruses could reassort and/or adapt to 

this mammalian host, giving rise to new viruses with altered phenotypes that 

could more easily be transmitted to humans. Indeed, the pandemics of 1957 

and 1968 were both caused by reassortant influenza viruses that may have been 

generated in pigs (Fouchier et al., 2003). Moreover, several incidents of 

transmission of influenza viruses from pigs to humans have been described in 

the past decades. However, since 1996, the viruses H7N7, H5N1 and H9N2 

have been transmitted directly from birds to humans but have apparently failed 

to spread from human to human in the human population. Such incidents are 

rare but demonstrate the potential of avian viruses to be transmitted directly to 

humans. It cannot be excluded that upon dual infection of humans with avian 
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and human influenza A viruses, man himself may act as a "mixing vessel" for 

the generation of novel human-avian reassortant viruses.  

After transmission to pigs, horses, humans or birds, the method of spread of 

influenza within the population is mainly inhalation of respiratory droplets 

containing the virus. Less frequently, the virus is spread by person to person 

contact or contact with contaminated items. Pathogenicity of influenza viruses 

is multifaceted and may involve viral, host and environmental factors. Inhaled 

virus is deposited on the mucous membranes lining the respiratory tract or 

directly to the alveoli, the level depending on the size of the droplets inhaled. 

In the former state, it is exposed to mucoproteins containing sialic acid that can 

bind to the virus, thus blocking its attachment to the respiratory tract epithelial 

cells (Metselaar and Simpson, 1982).  However, the action of neuraminidase 

allows the virus to break this bond. Specific local secretory IgA antibodies, if 

present from a previous infection, may neutralize the virus before attachment 

occurs, provided the antibody corresponds to the infecting virus type. If not 

prevented by one of these mechanisms, the virus attaches to the surface of 

respiratory epithelial cells and the intracellular replication cycle is initiated. 

The major site of infection is the ciliated columnar epithelial cell. The first 

alteration is the disappearance of the elongated form of these cells which 

becomes round and swollen, the nucleus shrinks, becomes pyknotic and 

fragments. Vacuolization of the cytoplasm may occur. As the nucleus 

disintegrates, the cytoplasm shows inclusion bodies and the cilia are lost. 

Release of virus from the cell allows it to spread via the mucus blanket to other 
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areas of the respiratory tract. The cell damage initiates an acute inflammatory 

response with oedema and the attraction of phagocytic cells. The earliest 

response is the synthesis and release of interferons from the infected cells; 

these can diffuse to and protect both adjacent and more distant cells before the 

virus arrives. It appears that interferons released in this way cause many of the 

systemic features of the “flu like” syndrome that characterize the infection.  

While viral components are absorbed and trigger the immune system, the virus 

itself is confined to the epithelium of the respiratory tract. Specific antibody 

will help to limit the extra cellular spread of the virus, while T cell responses 

are directed against the viral glycoproteins on the surface of infected cells 

leading to their destruction by cytotoxic T cells and also by antibody dependent 

cell cytotoxicity (Greenwood, 2003). 

 

2.8 Antigenic variation 

The surface antigens of influenza viruses undergo two types of variations 

necessitating the replacement of vaccine strains every several years. The first 

kind of variation occurs as a result of accumulation of point mutations in the 

surface antigens driven by the immune response; this is referred to as antigenic 

drift (Metselaar and Simpson, 1982). Point mutations, substitutions in one or a 

few of the individual amino acids making up the H protein, occur randomly as 

the virus is copied in infected cells. The immune response takes care of some 

variants in the haemagglutinin, but variants emerge that are not neutralized by 
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the circulating antibodies that infected hosts make in response to the original 

infection and so the virions go on accumulating point mutations. Antigenic 

(genetic) drifts are the main cause of the annual influenza epidemics. Over a 

period of time and because the haemagglutinins of the new variants remain 

antigenically distantly relative to the original representative of the subtype, 

immunity in the population to the antigen broadens generated by the new 

variants, eventually making the epidemic variants less and less able to cause 

severe disease.  

The second kind of variation called antigenic shift, has only been observed in 

influenza A viruses. This has caused all the influenza pandemics of the 20th 

century, including the 1918"Spanish flu", the Asian flu (1957) and Hong Kong 

flu (1968). Antigenic shift is caused either by direct transmission of non-human 

influenza viruses to humans or the reassortment of genes from different 

influenza viruses that have infected a single cell. Theoretically, 256 different 

combinations of RNA are produced from the shuffling of the eight different 

genomic segments of the virus. Genomic reassortment is well documented both 

in vitro and in vivo under laboratory conditions (Webster and Laver, 1975). 

More importantly, mixed infections occur relatively frequently in nature and 

can lead to genetic reassortment. The result of this is the appearance and 

continued circulation in the human population of a new subtype of influenza A, 

of which either the haemagglutinin or the haemagglutinin and the 

neuraminidase differ completely or to a large extent in antigenic composition 

from the peplomers of the subtype that was circulating in the preceding years 
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(Metselaar and Simpson, 1982) as shown in Figure 3 below.  

  

Figure 3: Mechanism of reassortment in influenza A viruses 
(From: http://homepage.usask.ca/~vim458/advirol/SPCV/evolution/4.jpg) 

 

2.9 Antivirals used in treatment and control of influenza 

WHO estimates that seasonal influenza epidemics result in three to five million 

cases of severe illness and 250 000 to 500 000 deaths each year in the 

industrialized world alone (Stohr, 2003). Although vaccination remains the 

most important measure for reducing this sizeable public health burden, 

antiviral drugs have been welcomed as long awaited tools for treatment and 

prevention. Antiviral drugs are effective in treatment as well as prophylaxis, 

but in prophylaxis they must be administered daily throughout the period of 

risk of exposure. For this reason, they may be the only intervention available 
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during the early months of a pandemic when supplies of vaccines maybe 

severely limited (Monto, 2003). Currently, two classes of influenza antivirals 

are available to manage influenza. Each class inhibits a different step in the 

viral replication cycle. Type A but not type B influenza viruses contain an M2 

protein. This protein is responsible for uncoating the viral nucleoprotein during 

replication. It functions as an ion channel, preventing exposure of the viral 

haemagglutinin to low intracellular pH to which it is sensitive. Amantadine and 

rimantidine inhibit this activity and they are termed 'M2 inhibitors'. These 

drugs have no effect on type B influenza viruses because influenza B viruses 

do not posses an M2 protein (Monto, 2003).   

The viral neuraminidase of both type A and B viruses facilitates the release of 

virus from the infected cell after replication is complete and prevents the viral 

clumping before the next infectious cycle begins. Zanamivir (Relenza) and 

Oseltamivir (Tamiflu) are the “old” neuraminidase inhibitors (Nis) that have 

been widely used and continue to be used in influenza treatment (Barik, 2012). 

They have been specifically designed to interrupt the replication cycle by 

preventing virus release and allowing virus to clump. Zanamivir is 

administered by inhalation, while oseltamivir is taken orally. Both classes of 

influenza antivirals are approximately 70-90% efficacious when used as 

prophylaxis (Monto, 2003). Tamiflu has to be given within 48 hours of onset of 

clinical signs for maximum effect and is less effective if given thereafter. 

Recently, three new neuraminidase inhibitors have been developed and are in 

various stages of development. These include Laninamivir which has been 
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approved for use in Japan, Favipiravir and Peramivir. Both Favipiravir and 

Peramivir are in various stages of clinical trials (Barik, 2012). 

 

2.9.1 Resistance to antiviral drugs 

From the licensure of the neuraminidase inhibitors oseltamivir and zanamivir 

in 1999 until recently, resistance to these agents had remained at a low level, 

even in the countries responsible for most of their use worldwide (Monto, 

2006). Therapeutic use of anti influenza drugs is frequently associated with 

emergence of drug resistant variants. Resistance to M2 inhibitors is generally 

conferred by emergence of single amino acid substitutions in the trans-

membrane domain of the M2 protein at positions 26, 27, 30 or 31 (Hay, 1996). 

Common mutations associated with resistance include V27G, A/I27S/T, S31N 

and A30T. Resistance to neuraminidase inhibitors typically results from single 

amino acid changes in the NA protein active enzyme site that alters drug 

binding. Resistance to Oseltamivir is conferred by I117V, E119V, D198N, 

I222V, H274Y, R292K, N294S and I314V (N2 numbering) mutations. Double 

mutations with synergistic oseltamivir resistance phenotype have been noted as 

well. This includes the E119V+I222V double mutant, isolated from an 

immunocompromised child infected with H3N2 virus, and H247Y+I222V, 

from patients infected with influenza A(H1N1)pdm09 virus (Barik, 2012). 

Mutations related to zanamivir resistance include, V116A, R118K, 

E119G/A/D, Q136K, D151E, R152K, R224K, E276D, R292K and R371K (N2 

numbering). 
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Initial testing of the influenza A(H1N1)pdm09 virus found it susceptible to 

neuraminidase inhibitors (CDC, 2009b). However, sporadic cases of resistance 

to the neuraminidase inhibitors are increasingly being reported some with 

novel mutations besides the common H275Y mutation (CDC, 2009b; Hurt et 

al., 2009). The pandemic virus contains the M2 inhibitors resistance-conferring 

change S31N in the M2 protein and is thus resistant to the M2 inhibitor drugs 

(Dawood et al., 2009; Garten et al., 2009). 

 

2.10 Influenza A(H1N1)pdm09 virus 

Influenza A(H1N1)pdm09 virus has been described as a triple reassortant 

virus. The virus contains a combination of gene segments that previously have 

not been reported in swine or human influenza viruses anywhere in the world 

(Garten et al., 2009). The NA and M gene segments are from the Eurasian 

swine genetic lineage. Viruses with NA and M gene segments in this lineage 

were originally derived from a wholly avian influenza virus and thought to 

have entered the Eurasian swine population in 1979 (Pensaert et al., 1981), 

continue to circulate throughout Eurasia (Maldonado et al., 2006), and have not 

been previously reported outside Eurasia. The HA, NP, and NS gene segments 

are in the classical swine lineage. Viruses that seeded this lineage are thought 

to have entered swine around 1918 (Shope, 1931) and subsequently circulated 

in classical swine viruses and triple reassortant swine viruses (Olsen, 2002).  
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The PB2 and PA gene segments are in the swine triple reassortant lineage. 

Viruses that seeded this lineage, originally of avian origin, entered swine in 

North America around 1998 (Zhou et al., 1999). Finally, the PB1 gene segment 

is in the swine triple reassortant lineage. This lineage of PB1 was seeded in 

swine from humans at the time of the North American swine triple 

reassortment events (Zhou et al., 1999) and was itself seeded from birds around 

1968 (Kawaoka et al., 1989). This is shown in Fig 4. 

 
Figure 4: An illustration of the origin of influenza A(H1N1)pdm09 virus 
Yellow arrows reflect exportation of one or more genes from the avian 
influenza A virus gene pool. The dashed red arrow indicates a period without 
circulation. Solid red arrows indicate the evolutionary paths of human 
influenza virus lineages; solid blue arrows, of swine influenza virus lineages; 
and the blue-to-red arrow, of a swine-origin human influenza virus (Morens et 
al., 2009).  
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Clinically, infection with influenza A(H1N1)pdm09 virus  appears 

indistinguishable in severity and symptoms from seasonal H1N1 or H3N2 

influenza, with some notable exceptions (Dawood et al., 2009; Shinde et al., 

2009). First, a greater percentage of patients have complained of having 

gastrointestinal symptoms than what is usually reported for seasonal 

influenza (Dawood et al., 2009). Correspondingly, viral replication of S-

OIV within the intestinal tracts of inoculated ferrets has been documented 

(Maines et al., 2009). A second striking feature is the high rate of 

infection and severe disease in the younger population, rather than in the 

elderly, as normally seen in seasonal influenza. A putative explanation for 

this observation is the presence of cross-reactive antibodies generated 

during previous exposures to 1918-like viruses, which circulated between 

1918 and 1943, or H1N1 influenza vaccination in 1976, both of which 

were shown to confer protection to  influenza A(H1N1)pdm09 virus  in mice 

(Manicassamy et al., 2010). Structural data demonstrate that the virus lacks 

certain glycosylation sites in the HA head region that have been gradually 

acquired by human H1 HAs to mask neutralizing epitopes (Xu et al., 2010), 

making the virus antigenically similar to viruses that circulated after the 

1918 pandemic. These data suggest that HAs in swine viruses can remain 

antigenically frozen in time because of the lack of selection pressure in 

this host and can re-emerge in the future (Tscherne and Garcia-Sastre, 

2011). 
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3.0: MATERIALS AND METHODS 

3.1 Study site and design 

This study was carried out at the National Influenza Centre (NIC) laboratories 

located at the Centre for Virus research (CVR) within the Kenya Medical 

Research Institute (KEMRI). It was a cross sectional laboratory based 

retrospective study involving molecular characterization of influenza H1N1 

pandemic viruses obtained from isolates derived from the 2009 influenza 

pandemic surveillance around the country. However, in order to minimize 

founder effects, the isolates from this study were filtered such that not more 

than two isolates per week from a specific region were included. 

 

3.2 Ethical considerations and sample origin 

The specimens used in this study were from the pandemic outbreak 

surveillance of influenza at the NIC. The Kenyan NIC is part of the WHO 

Global Influenza Surveillance and Response System that is tasked with 

conducting national influenza surveillance to monitor circulating viruses by 

performing preliminary analysis (WHO, 2013). The samples for this study 

were therefore collected as part of the global influenza pandemic response, 

routine diagnostic treatment by hospital physicians and were also provided by 

sentinel hospitals and medical facilities around the country from the sites 

shown in Figure 5. However, ethical clearance to carry out this particular 

protocol (Protocol #1753) was sought and approval granted by both the 
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Scientific Steering Committee and Ethical Review Committee of KEMRI 

(Appendix 1). For the sake of this study, samples collected in July 2009 are 

considered ‘early’ pandemic samples; those collected between August and 

October 2009 are termed ‘peak’ pandemic samples while those collected 

between November 2009 and August 2010 when the pandemic was declared 

over are considered ‘late’ pandemic samples. 

 

Figure 5: Map of Kenya showing the sites where study samples originated 
from. 
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3.3 Collection of clinical samples  

Samples were collected from patients who met the WHO suspected case 

definition by the Ministry of Public Health and Sanitation/KEMRI/CDC 

surveillance team. A suspected case of influenza A(H1N1)pdm09 virus 

infection was defined as a person with acute febrile respiratory illness with 

onset:  

1. Within 7 days of close contact with a person who was a confirmed case of 

influenza  A(H1N1)pdm09 virus infection, or  

2. Within 7 days of travel to community internationally where there were one 

or more confirmed influenza  A(H1N1)pdm09 cases, or  

3. Resided in a community where there was one or more confirmed influenza 

A(H1N1)pdm09 cases.  

Duplicate nasopharyngeal samples were collected using a flocked Dacron swab 

and placed in cryovials containing 1 ml Virus Transport Medium (VTM), kept 

at 40C and stored in a liquid nitrogen dry shipper within 8 hrs of collection. All 

samples were transported immediately from the sites to the National Influenza 

Center (NIC) laboratory located within KEMRI, Nairobi Kenya, maintaining 

the cold chain throughout. 

 

3.4 RNA extraction 

The virus RNA was extracted from the clinical samples and isolates using the 

QIAamp® Viral RNA extraction kit (Qiagen, Germany) following the 
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manufacturer’s protocol. Briefly, 100µl of the virus was added to 500µl of lysis 

buffer per tube and allowed to incubate at room temperature for 10 min to 

allow for the lysis.  A 500µl aliquot of ethanol was added and pulse vortex 

performed for 15s to give a homogeneous solution.  A 630µl volume of the 

lysed solution was applied to the spin columns and centrifuged at 6000 xg for 1 

minute and column placed in a clean collection tube.  Then 500µl of Buffer 

AW1 (wash buffer 1) was added to the spin column and centrifuged at 12000 X 

g for 1min in a Eppendorff 5415R centrifuge (Eppendorf AG, Barkhausenweg, 

Hamburg, Germany) and the column placed in a clean collection tube.  Then 

the column was washed with 500µl of Buffer AW2 (wash buffer 2) and 

centrifuged at 13,000 rpm for 3 min in Eppendorf 5415R centrifuge.  The spin 

column was placed in a 1.5 ml micro centrifuge tube and 60µl of Buffer AVE 

(elution buffer) added to the column and allowed to incubate at room 

temperature for 1 min.  The column was centrifuged at 8,000 rpm in the 

Eppendorf centrifuge at room temperature for 1 minute and the filtrate (RNA) 

stored at -800C.  

 

3.5 Real time RT-PCR 

Real-time RT-PCR (rRT-PCR) amplification and detection was performed on 

an ABI 7500 (Applied Biosystems, CA, USA) using the AgPath-ID one-step 

RT-PCR kit (Applied Biosystems, Foster City, CA, USA). The 25µl reaction 

volume for each sample contained 5 µl of extracted RNA, 12·5 µl of AgPath 

Kit 2X buffer, 1 µl of AgPath 25X enzyme mix, 5 pmol of Taqman probe, 10 
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pmol of each of the forward and reverse primers, and 6 µl of RNase-free water. 

Each RNA sample was tested for four sets of genes namely: matrix protein 

gene segment for the identification of influenza A viruses, nucleoprotein gene 

segment for the identification of swine A influenza viruses, haemagglutinin 

gene segment for the subtyping of swine A H1 viruses and lastly RNP gene 

segment was amplified to test the RNA extraction procedure. Reverse 

transcription was achieved at 500C for 30 min and 950C for 15 min. PCR was 

achieved after 45 cycles of 940C for 15s and 550C for 30s. Cycle threshold ≤40 

was interpreted as positive in the early and peak phase of the pandemic but this 

was adjusted to ≤35 in the late phase. 

 

3.6 Virus Isolation 

All samples that were influenza A(H1N1)pdm09 positive by rRT-PCR were 

inoculated in Madin-Darby canine kidney (MDCK) cell in tissue culture tubes 

(Nunclon, Denmark). Influenza virus isolations were performed in MDCK 

cells followed by hemagglutination inhibition assay (HAI) using guinea pig red 

blood cells and reference antiserum in accordance with World Health 

Organization (WHO) protocols (WHO, 2002). Briefly, 100 µl of each sample 

was added onto 70-90% confluent MDCK cells in flat sided tubes after pre-

treatment with L-1-tosylamido-2-phenylethyl chloromethyl ketone (TPCK) 

trypsin in order to facilitate virus entry into the cells and allowed to adsorb for 

45 min. The cells were then overlaid with 1ml of Gibco® Dulbecco’s Modified 

Eagles Medium (Invitrogen Corporation, NY, USA). Inoculated cells were 
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incubated at 33°C with 5% CO2 and observed daily for 10 days for visual 

cytopathic effect (CPE) using an Olympus CKP inverted microscope (Olympus 

Corporation, Tokyo, Japan). When CPE was observed, the supernatant fluid 

was collected and the hemagglutination titer measured as described by the 

WHO (WHO, 2002). Positive isolates were confirmed using 1% guinea pig red 

blood cells as described previously (Ziegler et al., 1995) with post-infection 

ferret antisera obtained from CDC, Atlanta, Georgia. 

 

3.7 Conventional RT-PCR for genomic amplification 

The genes of the influenza A(H1N1)pdm09 viruses that were isolated were 

sequenced to study their molecular characteristics. Conventional PCR to 

amplify each of the 8 gene segments of the virus was done using M13 tagged 

primers (Primer sequences in Appendix 2). Complete NS, M and NP genes 

were amplified as one fragment while NA and HA were amplified as two 

overlapping fragments. The larger genes namely PA, PB1, and PB2 were 

amplified as four overlapping fragments.  The RT-PCR was performed using 

Superscript III One-Step RT-PCR system (Invitrogen Corporation, NY, USA).  

The reaction mix was prepared by mixing 12.5µl of the 2x reaction mix, 0.5 µl 

of the forward primer (20 µM), 0.5 µl the reverse primer (20 µM), 1.0 µl 

Superscript III RT/Platinum Taq mix and this mixture was then topped using 

7.5 µl of distilled water to make a total of 22 µl. 3 µl of the RNA template was 

then added. Thermocycling was carried out on a 9700 ABI Thermal Cycler 

(Applied Biosystems, CA, USA) using the following cycling conditions; 1 
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cycle of reverse transcription at 500C for 30 min followed by an initial 

denaturation of 940C for 2min. This was followed by 35 cycles of; denaturation 

at 940C for 30 s, annealing at 550C for 30 s and strand extension at 680C for 1 

min. Lastly, the reaction mixture was incubated at 680C for 1min to allow for 

extension of recessed ends of the amplicons. A final pause was set at 70 C. 

 

3.8 Agarose Gel electrophoresis and visualization of the amplicons  

A concentration of 1.5% agarose was prepared in 1x TBE buffer. The solution 

was mixed by swirling gently and then heating in a microwave until all the 

agarose was completely dissolved. The gel was then left to cool for a few min 

at room temperature and ethidium bromide was added to a final concentration 

of 0.5µg/ml. The gel was then poured onto an electrophoretic tank containing 

combs and left to set for 30 min at room temperature.   The combs were then 

carefully removed.  3µl of the PCR samples were mixed with the 2µl of the 

blue orange gel loading dye (Invitrogen, NY, USA) and then loaded onto the 

wells.  A 100bp or 1kb DNA ladder marker (Invitrogen, NY, USA) was loaded 

on the first lane of each of the wells.  The tank was then connected onto a 

PowerPac Universal Power Supply (Bio-Rad, CA, USA) and run at 150 volts 

for about 30-45 min. The gel was then visualized and the gel photo 

photographed using the AlphaImager gel documentation system (Alpha 

Innotech, CA, USA). 
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3.9   Clean-up of PCR products using Exosap-IT  

PCR product clean-up was conducted to remove any unconsumed dNTPs and 

primers remaining as they interfere with sequencing. PCR tubes containing 10 

µl of the PCR products to be purified were pulse-spun. 3 µl of the ExoSap-IT 

enzyme (U. S Biological, Swampscott, MA, USA) was added to each of the 

PCR tubes followed by a brief vortex using Vortex Genie 2 (USA Scientific, 

FL, USA) for 10s. They were then pulse spun for 30s. The PCR tubes were 

then placed into a 9700 ABI Thermal Cycler (Applied Biosystems, CA, USA) 

and incubated for 30 min at 370C. This was followed by inactivation of the 

ExoSap-IT enzyme by incubation for fifteen minutes at 800 C before storing 

the product at 40C.  

 

3.10  Cycle sequencing of the purified PCR products.  

PCR amplicons incorporating fluorescent-labeled dideoxy-chain terminators 

were synthesized using an ABI BigDye Terminator version 3.1 cycle 

sequencing Kit (Applied Biosystems, Forster City, USA). The reaction mixture 

for both the forward and reverse reactions were prepared by adding 2µl of 

BigDye to 2µl BigDye 5X buffer followed by addition of 1µl (4µM) of the 

M13R/F primers and 3µl of distilled water to make a total volume of 8µl.   

This reaction mixture was loaded into each annotated well on the 96-well plate 

followed by addition of 2µl of the purified PCR product.   The plates were 

covered with a sealing mat, vortexed briefly and pulse-spun.  The PCR was 

then run with the cycling conditions as follows: 1 cycle of initial denaturation 
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at 950C for 5 min, followed by 30 Cycles of denaturation at 950C for 15 s, 

annealing at 450C for 30 s and strand extension at 680C for 2 min and 30 s.  

This was followed by a final incubation at 680C for 3 min to allow for 

extension of recessed ends of the amplicons before storing the product at 40C. 

 

3.11   Purification of the cycle sequencing products using sephadex spin 

columns.   

Dry sephadex G-50 medium powder (Sigma - Aldrich Co Ltd, St. Louis, MO, 

USA) was loaded into unused wells of 96-well Column Loader (Millipore, 

MA, USA).  The 96 well Multi-Screen®-HV Plate (Millipore Ireland B.V., 

County Cork, Ireland) was then placed upside down on top of the column 

loader, and both the Multi-Screen Plate and the column loader were held 

together and inverted.  The top of the Column loader was tapped to release the 

resin.   300µl of Milli-Q water was  then  added  to each well  containing 

sephadex  to swell the resin  and  the setup allowed to  incubate  at  room 

temperature for 3 hours.   The MultiScreen HV plate was then placed on top of 

a standard 96-well microplate and spun at 910× g for 5 min on an Eppendorf 

5810R bench top centrifuge (Eppendorf, Hamburg, Germany) using a two-tray 

rotor to remove excess water from the columns. The excess water was then 

discarded.  The sequencing products were carefully added to the centre of each 

Sephadex well.  The 96-well plate with the excess water was replaced with a 

new 96-well microplate (USA Scientific, FL, USA), and centrifugation done at 

910× g for 5 min ensuring that approximately 10µl of product came through 
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the column. Then, 10µl of Hi-Di™ Formamide (Forster City, CA, USA) was 

added to ensure the sequencing fragments were maintained as single strands 

and to hydrate any dry (empty) wells to avoid destroying the capillaries.  

 

3.12   Genetic analyzer procedure   

The purified PCR products and the Hi-Di in the 96 well plate were placed into 

24-capillaries ABI 3500 XL Genetic Analyzer (Applied Biosystems).   These 

were left to run and nucleotide sequences were obtained using the sequence 

analysis software (Applied Biosystems).     

 

3.13 Contig assembly  

To generate contiguous nucleotide sequences (contigs) from the reverse and 

forward sequence runs for each amplified segment from the Genetic Analyzer, 

the sequences were uploaded into the contig assembly program (CAP) of DNA 

Baser Sequence Assembler v3 (Heracle BioSoft SRL Romania, 

http://www.DnaBaser) and run under default parameters. The generated contig 

was then visually inspected against individual chromatograms and any 

ambiguities corrected. 
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3.14 Similarity searches  

To determine whether the obtained nucleotide sequences were similar to 

influenza A(H1N1)pdm09 sequences deposited in genomic databases, a 

similarity search against sequences in the influenza virus resource (Bao et al., 

2008) and GenBank (Benson et al., 2006) databases was performed using the 

basic local alignment search tool (BLAST) (Altschul et al., 1997) with the 

default parameters of the program. 

 

3.15 Multiple sequence alignment  

The nucleotide sequences were put in a multiple sequence file in a fasta format 

before uploading them for alignment using the Multiple Sequence Comparison 

by Log-Expectation (MUSCLE) V3.8 (Edgar, 2004). To achieve this, the 

program defaults parameters were used according to the user guide. The output 

file was in the aligned fasta format. The same procedures were followed for 

generating protein multiple sequence alignments. 

 

3.16 Preliminary phylogenetic reconstruction  

The phylogenetic reconstruction was carried out utilizing the Bayesian method 

of tree inference using the MrBayes program v3.1.2 (Ronquist and 

Huelsenbeck, 2003). The nucleotide fasta data of individual gene segments 

were converted into the Nexus file format using the Concatenator program 
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(Pina-Martins and Paulo, 2008). To allow for comparison, representative 

nucleotide sequences of pandemic viruses isolated in England, China, Africa 

and America during the study period were downloaded from the NCBI H1N1 

Flu Influenza Resource database (Bao et al., 2008) and included in the nexus 

file. The gene segments of the vaccine strain A/California/7/2009 were 

similarly downloaded and incorporated in the analysis. For the complete 

genome analyses, the aligned coding region of each gene was concatenated in 

the following sequence; PB2, PB1, PA, HA, NP, NA, M and NS using the 

SequenceMatrix software (Gaurav et al., 2011) to produce a nexus file. In 

addition, the generalized time reversible (GTR) model parameters and priors 

were incorporated into the nexus file for execution of all analyses in MrBayes. 

The data in nexus format was then executed in MrBayes. After completion of 

the analysis, the probabilities values were summarized and the trees 

summarized to generate a consensus tree.  The tree was converted into a 

graphic and visualized using FigTree version 1.3.1 

(http://tree.bio.ed.ac.uk/software/figtree/). 

 

3.17 Evolutionary analysis.  

Evolutionary rates, molecular clock phylogenies and other evolutionary 

parameters were estimated from the full length concatenated genome of 

Kenyan influenza A(H1N1)pdm09 viruses and individual gene segments using 

the relaxed-clock Bayesian Markov chain Monte Carlo (MCMC) method as 
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implemented in Bayesian Evolutionary Analysis Sampling Trees (BEAST) 

v1.7.4 (Drummond and Rambaut, 2007). This approach has been validated 

extensively in the context of human influenza (Rambaut et al., 2008). The 

method allows variable nucleotide substitution rates among lineages and also 

incorporates phylogenetic uncertainty by sampling phylogenies and parameter 

estimates in proportion to their posterior probability (Drummond and Rambaut, 

2007).  

For the complete genome analyses, the aligned coding region of each gene was 

concatenated in the following sequence; PB2, PB1, PA, HA, NP, NA, M and 

NS using the SequenceMatrix software (Gaurav et al., 2011). The resulting 

nexus file was imported into BEAUti (Bayesian Evolutionary Analysis Utility) 

programe which is incorporated in BEAST package. BEAUti serves to set the 

evolutionary model and options for the MCMC analysis and also generate an 

XML file of the full length concatenated genome for use in the BEAST 

software. The XML file was then used in the BEAST analyses. For the 

individual gene segments, the above procedure was followed but without the 

concatenation step.  

Bayesian MCMC analysis for each gene sequence was run for 30 million states 

and 50 million states for the concatenated genome with sampling every 10,000 

states to ensure adequate sample size of all analysis parameters including the 

posterior, prior, nucleotide substitution rates, and likelihoods. Convergence 

was assessed on the basis of the effective sampling size (ESS) after a 10% 

burn-in using Tracer software version 1.5 (Rambaut and Drummond, 2009). 
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Only ESS’s of ≥ 200 were accepted. Statistical support for specific clades was 

obtained by calculating the posterior probability of each monophyletic clade. 

As coalescent priors, the four simple parametric demographic models (constant 

population size, and exponential, expansion and logistic population growth) 

and a piecewise-constant model, the Bayesian skyline plot (BSP) under a 

relaxed (uncorrelated log-normal) clock were compared. Uncertainty in the 

estimates was indicated by 95% highest posterior density (95% HPD) intervals, 

and the best-fitting models were selected using a Bayes factor (BF with using 

marginal likelihoods) implemented in BEAST. 

The resulting tree with the maximum product of posterior probabilities 

(maximum clade credibility tree) for analyzing the MCMC data set was 

annotated by TreeAnotator incorporated in the BEAST package. All trees 

generated were rooted using the prototype vaccine strain A/California/07/2009 

and visualized using FigTree version 1.3.1. In order to identify Kenya-specific 

transmission clusters, two criteria were used; (i) the cluster must be 

significantly supported, with a phylogenetic posterior probability of ≥90% and 

(ii) the cluster must contain more than two isolates (an exception was made for 

one cluster due to its uniqueness). Clusters were named to reflect their 

placement within global clades 1 to 7, defined previously (Nelson et al., 2009); 

hence, KENA-GC2 indicates Kenyan cluster A which falls within global clade 

2. 
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3.18 Analysis of genetic drift and antiviral drug associated mutations 

Analysis of antigenic drift was elucidated by analyzing and comparing changes 

in the amino acid signature patterns of each gene segment between the Kenyan 

viruses and the vaccine strain. To accomplish this, the translated protein 

alignments of the coding region of each gene (Kenyan samples and the vaccine 

strain) were entered in Molecular Evolutionary Genetics Analysis software 

(MEGA) version 5 (Tamura et al., 2011) and analyzed. The variable amino 

acid sites were then highlighted and exported to Microsoft Excel spreadsheet. 

In order to analyze amino acid changes associated with resistance to antiviral 

drugs, a multiple sequence alignment of the matrix 2 proteins was analyzed for 

adamantine sensitivity while the Neuraminidase protein was analyzed for 

neuramindase inhibitor sensitivity. This analysis included the 

A/California/07/2009 virus whose sensitivity to these drugs in known as a 

reference strain and known mutations associated with resistance examined. For 

neuramindase inhibitor sensitivity, all the sequences were examined for 

oseltamivir - (I117V, E119V, D198N, I222V, H274Y, R292K, N294S and 

I314V) and zanamivir-related mutations (V116A, R118K, E119G/A/D, 

Q136K, D151E, R152K, R224K, E276D, R292K and R371K) while in the M2, 

the S31N mutation conferring resistance to adamantanes was examined in the 

local isolates. 
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4.0: RESULTS 

4.1 Viral isolation, amplification and sequencing 

In total, 369 out of 2,519 samples (14.6%) collected during the study period 

(July 2009 and August 2010) were positive for influenza A(H1N1)pdm09 

using real time RT-PCR. Out of these samples, 55 were successfully cultured 

after the first passage. These were filtered to 40 isolates collected in all the 

provinces in the country and based on the criteria described in section 3.1.  The 

information regarding age, sex, nationality, date of collection and collection 

site for these isolates can be found in Appendix 3. A figure showing the RT-

PCR amplified gene segments is shown in Figure 6. The 40 complete genome 

sequences from this study have been deposited in the Global Initiative on 

Sharing All Influenza Data (GISAID) (http://platform.gisaid.org/) and 

Genbank (Benson et al., 2006) databases. The sequences together with their 

accession numbers can be found in Appendix 5.  
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Figure 6: Gel photo showing the PCR amplification of the eight influenza gene 
segments 

Lane 1, 1kb ladder marker., Lane 2, negative control., Lane 3, PB2 fragment 1, Lane 
4, PB2 fragment 2., Lane 5, PB2 fragment 3., Lane 6 PB2 fragment 4., Lane 7, PB1 
fragment 1., Lane 8, PB1 fragment 2., Lane 9, PB1 fragment 3., Lane 10, PB1 
fragment 4., Lane 11, PA fragment 1., Lane 12, PA fragment 2., Lane 13, PA fragment 
3., Lane 14, PA fragment 4., Lane 15, HA fragment 1., Lane 16, HA fragment 2, Lane 
17, NP segment., Lane 18, NA fragment 1., Lane 19, NA fragment 2., Lane 20, M 
segment., Lane 21, NS segment. 

 

4.2 Phylogenetic characterization 

Phylogenetic characterization of the nucleotide sequences of isolated local 

influenza A(H1N1)pdm09 viruses was carried out to compare local viruses 

with globally circulating viruses and also to estimate evolutionary relationships 

between them. The phylogenetic tree of each of the eight genes and of the 

concatenated genome showed similar topologies (Figs 7-15). All the trees were 
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rooted using the nucleotide sequences of the prototype vaccine strain 

A/California/07/2009. The phylogeny of each of the eight genes was relatively 

shallow, with large polytomies observed. The maximum depth of the tree (from 

root to furthest tip) being 5-9 nodes indicating close evolutionary relationships 

and subsequent lack of phylogenetic resolution.  

The phylogenetic analysis showed that Kenyan viruses were interspersed with 

sequences from other countries. It was observed that the four earliest Kenyan 

isolates grouped together in two clusters among all the genes (except NS). It 

was further observed that there was co-circulation of at least four distinct 

clusters (pp≥70%) in majority of the genes during the pandemic. These clusters 

were distributed in such a way that, there were more clusters co-circulating 

during the peak phase of the pandemic than in the early and late phases.  

Further, the trees do not show any evidence of spatial evolution. However, 

temporal evolution was evident during the late phase of the pandemic and 

isolates during this period clustered together in a well supported monophyletic 

clade in all the genes (except NP).  
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4.2.1 PB2 

The phylogeny of the PB2 nucleotide sequences shows that local isolates 

collected in the early and peak phases of the pandemic are dispersed within the 

phylogenetic tree with no clear patterns (Fig. 7). However, majority of the 

isolates from the late phase clustered together in a well supported cluster. At 

the same time, it was observed that local isolates in these early and peak phases 

are interspersed with PB2 sequences from other countries isolated in the same 

period. Some local isolates including A/Kisumu/61/2009 and 

A/Malindi/238/2009 were found to cluster together with isolates from the 

United Kingdom that were collected between April/May 2009 and October 

2009 respectively. The tree does not indicate any spatial evolutionary patterns 

except in the late pandemic phase. 
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Figure 7: Phylogenetic tree of PB2 gene segment of Kenyan samples.  

Phylogeny was inferred with representative PB2 sequences from Africa, 
Europe and America (black) using MrBayes software (version 3.1.2). The tree 
was rooted with the influenza A(H1N1)pdm09 reference strain 
A/California/07/2009 (red). Kenyan samples are shown in blue. The numbers 
on the internal nodes indicate posterior probabilities. 
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4.2.2 PB1 

The phylogenetic tree of the PB1 reveals a similar topology to that of the PB2 

tree (Fig. 8). The PB1 sequences of early and peak phase isolates are largely 

distributed throughout the tree with no discernable temporal or spatial patterns 

while the late phase isolates group together to form a well supported cluster. 

Majority of the local isolates were noted to form clusters that were interspersed 

with global isolates. The late phase isolates were shown to cluster together with 

one isolate from the United Kingdom (A/England/941/2009) which was 

collected in December 2009. None of the PB1 sequences from Kenyan isolates 

clustered with the PB1 sequences from the isolates from other African 

countries that are currently in the public databases. 
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Figure 8: Phylogenetic tree of PB1 gene segment of Kenyan samples.  

Phylogeny was inferred with representative PB1 sequences from Africa, 
Europe and America (black) using MrBayes software (version 3.1.2). The tree 
was rooted with the influenza A(H1N1)pdm09 reference strain 
A/California/07/2009 (red). Kenyan samples are shown in blue. The numbers 
on the internal nodes indicate posterior probabilities 
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4.2.3 PA 

The phylogeny of the PA nucleotide sequences does not show any discernable 

spatial and temporal patterns in the early and peak pandemic phases (Fig. 9). 

Like the PB2 and PB1 phylogenetic trees, the PA nucleotide sequences of local 

isolates are interspersed with PA sequences of isolates from other countries in 

the world collected at the same period. The tree showed that two of the early 

isolates from Kenya namely A/Kisumu/56/2009 and A/Kisumu/61/2009 

clustered with several isolates from the United Kingdom that were sampled 

between April and June 2009. The late pandemic phase isolates also clustered 

together. 
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Figure 9: Phylogenetic tree of PA gene segment of Kenyan samples.  

Phylogeny was inferred with representative PA sequences from Africa, Europe 
and America (black) using MrBayes software (version 3.1.2). The tree was 
rooted with the influenza A(H1N1)pdm09 reference strain 
A/California/07/2009 (red). Kenyan samples are shown in blue. The numbers 
on the internal nodes indicate posterior probabilities 
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4.2.4 HA 

The phylogenetic tree of the HA nucleotide sequences showed the maximum 

depth by having 9 nodes from the root (Fig. 10). The tree can easily be divided 

into two clades, one containing two of the earliest Kenyan isolates namely 

A/Kisumu/56/2009 and A/Kisumu/61/2009 while the second containing all the 

other isolates. The two isolates from Kisumu collected in July 2009 cluster 

closely with isolates from the United Kingdom collected between April and 

June 2009. Another local isolate A/Mombasa/27/2009 collected in October 

2009 clustered with A/England/634/2009 which was collected in July 2009. As 

in previous phylogenetic trees, the local HA sequences are interspersed with 

sequences from other influenza viruses isolated globally. The tree also showed 

no clear spatial evolutionary patterns but isolates from the late pandemic phase 

cluster together indicating temporal evolution in this phase. 
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Figure 10: Phylogenetic tree of HA gene segment of Kenyan samples.  

Phylogeny was inferred with representative HA sequences from Africa, Asia, 
Europe and America (black) using MrBayes software (version 3.1.2). The tree 
was rooted with the influenza A(H1N1)pdm09 reference strain 
A/California/07/2009 (red). Kenyan samples are shown in blue. The numbers 
on the internal nodes indicate posterior probabilities 
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4.2.5 NP 

The NP phylogenetic tree can also be divided into two clades, one comprising 

of the two earliest Kenyan isolates A/Kisumu/56/2009 and A/Kisumu/61/2009 

while the second comprising all the other isolates (Fig. 11). The two Kisumu 

isolates were shown to cluster together with isolates from the United Kingdom 

collected between April and June 2009. All the other local isolates did not 

show any spatial or temporal patterns. The NP nucleotide sequences of the 

local isolates were shown to be interspersed with NP sequences from other 

countries.  
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Figure 11: Phylogenetic tree of NP gene segment of Kenyan samples 

Phylogeny was inferred with representative NP sequences from Africa, Asia, 
Europe and America (black) using MrBayes software (version 3.1.2). The tree 
was rooted with the influenza A(H1N1)pdm09 reference strain 
A/California/07/2009 (red). Kenyan samples are shown in blue. The numbers 
on the internal nodes indicate posterior probabilities. 
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4.2.6 NA 

The NA phylogenetic tree showed that the local isolates clustered into two 

distinct clades (Fig. 12). One clade comprising two of the earliest Kenyan 

isolates A/Kisumu/56/2009 and A/Kisumu/61/2009 while the other comprising 

all the other isolates. As with the NP and HA sequences, the two Kisumu 

samples cluster together samples from the United Kingdom that were collected 

in June 2009. The Kenyan isolates are also shown to be interspersed with 

isolates from other countries globally. Majority of the 2010 isolates (55%) 

clustered together while all the other isolates were dispersed throughout the 

phylogenetic tree.  
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Figure 12: Phylogenetic tree of NA gene segment of Kenyan samples. 

Phylogeny was inferred with representative NA sequences from Africa, Asia, 
Europe and America (black) using MrBayes software (version 3.1.2). The tree 
was rooted with the influenza A(H1N1)pdm09 reference strain 
A/California/07/2009 (red). Kenyan samples are shown in blue. The numbers 
on the internal nodes indicate posterior probabilities 
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4.2.7 M 

The phylogeny of the M nucleotide sequences of local isolates was shown to be 

made up of two distinct clades (Fig. 13). The first comprising two of the 

earliest Kenyan isolates A/Kisumu/56/2009 and A/Kisumu/61/2009 and the 

second comprising of all the other isolates. The 2010 local isolates formed a 

well supported cluster which also had the maximum depth of 9 nodes from the 

root showing greater diversification in comparison with the other isolates. The 

local M nucleotide sequences were also interspersed with global sequences in 

the phylogenetic tree though this was not as explicit as in the other nucleotide 

sequences. 
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Figure 13: Phylogenetic tree of M gene segment of Kenyan samples. 

Phylogeny was inferred with representative M sequences from Africa, Asia, 
Europe and America (black) using MrBayes software (version 3.1.2). The tree 
was rooted with the influenza A(H1N1)pdm09 reference strain 
A/California/07/2009 (red). Kenyan samples are shown in blue. The numbers 
on the internal nodes indicate posterior probabilities 
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4.2.8 NS 

The phylogenetic tree of the NS nucleotide sequences of local isolates shows 

that they are interspersed with NS sequences from isolates from other countries 

(Fig 14). One cluster comprised of local isolates mostly from the peak phase 

also incorporates two isolates from the United Kingdom and China. The two 

foreign isolates namely A/England/941/2009 and A/Liaoning/1/2009 were 

collected in December and October 2009 respectively. Isolates from the early 

and peak phases of the pandemic do not show any clear clustering patterns. 

However, majority (67%) of the 2010 isolates cluster together to form a well 

supported cluster. None of the Kenyan isolates were found to cluster with 

isolates from other African countries. 
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Figure 14: Phylogenetic tree of NS gene segment of Kenyan samples. 

Phylogeny was inferred with representative NS sequences from Africa, Asia, 
Europe and America (black) using MrBayes software (version 3.1.2). The tree 
was rooted with the influenza A(H1N1)pdm09 reference strain 
A/California/07/2009 (red). Kenyan samples are shown in blue. The numbers 
on the internal nodes indicate posterior probabilities 
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4.2.9 Concatenated genome 

The phylogenetic tree of the concatenated genome which also included viral 

genomes isolated elsewhere whose clade identities are known is shown in Fig. 

15. It shows that 2(40%) of the earliest isolates from Kenya clustered with 

global clade II viruses while the other 3(60%) clustered with clade VII viruses. 

Throughout the pandemic, clade VII viruses were noted to dominate local 

transmission and no clade II viruses were observed after the initial 

introductions in the country (Fig 15). Of the seven clades of pandemic H1N1 

virus that has been shown to circulate globally, the Kenyan isolates belong to 

only two different clades. The other globally circulating influenza 

A(H1N1)pdm09 clades namely I, III, IV, V and V1 were not detected in the 

Kenyan population. Like in the individual gene segments, the concatenated 

genomes of the Kenyan isolates were interspersed with genomes of viruses 

from other countries. Majority of the Kenyan isolates also clustered often with 

isolates from the United Kingdom than with isolates from other countries. 

Majority (89%) of the Kenyan 2010 isolates were also shown to cluster 

together. 
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Figure 15: Bayesian phylogenetic tree of the concatenated influenza 
A(H1N1)pdm09 genome of Kenyan and selected global isolates. 

The 40 Kenyan isolates characterised in this study are highlighted in blue. The 
global influenza A(H1N1)pdm09 clades are indicated and also their branches 
are shown using different colours. 
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4.3 Evolutionary analysis  

 

4.3.1 Circulating Kenyan clusters and their divergence times 

The study sought to identify the Kenyan-specific circulating clusters and their 

divergence times based on the complete genome. The resulting temporal 

phylogeny of the complete genome of Kenyan influenza A(H1N1)pdm09 

viruses is shown in Figure 16. This phylogeny demonstrates the existence of 

multiple clusters during the early and peak pandemic phase. Isolates were 

considered to belong to one cluster if the branch supporting that cluster showed 

a Bayesian posterior probability (pp) of ≥ 85% among other criteria described 

previously.  The time of the most recent common ancestor (tMRCA) of each 

cluster, corresponding to the date at which they emerged was also estimated. 

The study identified six such Kenyan circulating clusters each containing 2 to 8 

Kenyan isolates.  

The viruses isolated during the early phase of the pandemic clustered in two 

different clusters namely KENA-GC2 and KENB-GC7 which were both well 

supported with posterior probabilities of ≥95%. KENA-GC2 which was made 

up of only two samples did not spread beyond the early pandemic period. 

However, KENE-GC7 continued to circulate into the peak pandemic phase. 

During the peak phase of the pandemic, four clusters namely KENB-GC7, 

KENC-GC7, KEND-GC7 and KENE-GC7 were co-circulating. KENF-GC7 

cluster which was well supported (pp=100%) dominated in the late phase of 

the pandemic.  
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Figure 16: Simplified time scaled maximum clade credibility tree showing 
distribution of circulating Kenyan clusters of influenza A(H1N1)pdm09.     

Identified Kenyan clusters are shown in blue and named to reflect their 
placement within global clades. The numbers on the internal nodes indicate 
posterior probabilities. Red colour shows the early phase, green the peak phase 
and blue the late pandemic phase 
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The mean time of the most recent common ancestor (tMRCA) of the Kenyan 

influenza A(H1N1)pdm09 viruses (corresponding to the tree root) was 

estimated to be 28th February 2009, with a 95% credibility interval of between 

October 2008 and May 2009. The tMRCAs and the most probable months in 

the calendar time scale of the main clusters are shown in Table 2. KENA-GC2 

which is one of the two earliest clusters in Kenya was shown to emerge on 19th 

April 2009 around the same time that the virus was first detected in the United 

Kingdom. The other earliest Kenyan cluster was shown to emerge in June 2009 

around the same time the pandemic was peaking in the UK. 

 

Table 2: Divergence times and detection ranges of Kenyan clusters 

 

*The Kenyan-specific circulating clusters are named to reflect their placement 
within global influenza A(H1N1)pdm09 clades 

 

 

Cluster* 

 

No of isolates 

 

TMRCA 

TMRCA 

Low 95% HPD High 95% HPD 

KENA-GC2 2 19th April 2009 27th Dec 2008 6th July 2009 

KENB-GC7 3 4th June 2009 16th April 2009 29th June 2009 

KENC-GC7 8 8th August 2009 19th May 2009 2nd October 2009 

KEND-GC7 4 7th August 2009 10th June 2009 17th Sept 2009 

KENE-GC7 4 4th August 2009 10th June 2009 2nd October 2009 

KENF-GC7 8 2ndOctober 2009 20th June 2009 10th Dec 2009 

root 40 28th Feb 2009 8th Oct 2008 19th May 2009 
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4.3.2 Substitution rate estimations and population dynamics 

The study estimated population dynamics of local influenza A(H1N1)pdm09 

virus throughout the pandemic period using the Bayesian Skyline Plot (BSP). 

The Bayesian skyline plot of the concatenated genome of the Kenyan viruses 

(Fig 17) indicated an exponential growth in the population size which occurred 

only during the first three months (July-September 2009) of the pandemic in 

the country. Thereafter, a slight decline was observed followed by a constant 

population demography which was maintained till the end of the study period. 

 

Figure 17: Bayesian skyline plot for the influenza A(H1N1)pdm09 isolates 
under the uncorrelated lognormal clock.  

X-axis indicates time and Y-axis indicates number of effective infections at 
time t (Ne(t)). The thick solid line represents the median value, and the blue 
area the 95% HPD of the Ne(t) estimates. 
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The complete genome of the Kenyan influenza A(H1N1)pdm09 viruses had an 

estimated rate of nucleotide substitution of 4.9 X 10-3 substitutions/site/year 

(95% confidence interval [CI], 2.6 X 10-3 – 7.2 X 10-3) as shown in Table 3 

below. Among the gene segments, the rate of nucleotide substitution was 

lowest in the Nucleoprotein gene at 0.8 X 10-3 substitutions/site/year and 

highest in the Matrix gene at 9.8 X 10-3 substitutions/site/year.  

 

 

Table 3: Mean nucleotide substitution rates for each of the Kenyan 
influenza A(H1N1)pdm09 virus genomic segments 

 

Gene Mean evolutionary rate X 10-3 (substitutions per site per 
year)* 

PB2 4.01 (1.47, 6.45) 

PB1 3.89 (1.29, 7.22) 

PA 1.86 (3.03, 6.19) 

HA 5.58 (2.75, 9.28) 

NP 0.80 (0.4, 2.04) 

NA 4.07 (1.47, 7.73) 

M 9.88 (5.58, 14.5) 

NS 5.22 (1.64, 9.17) 

Genome# 4.96 (2.65, 7.21) 

 

*The numbers in brackets indicate the 95% confidence interval estimates.  
# is the evolutionary rate for the concatenated genome. 
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4.4 Genetic drift and amino acid changes 

Genetic analysis of influenza A(H1N1)pdm09 viruses indicated that the amino 

acid sequences of all genes of the Kenyan samples were largely similar 

(sequence similarity of 99%-100%) to that of the pandemic prototype and 

vaccine strain, A/California/07/2009. The largest numbers of amino acid 

substitutions were observed during the peak period of the pandemic in all genes 

except in the Matrix gene. 

 

4.4.1 PB2 

The analysis of the 40 PB2 sequences from this study in comparison with the 

vaccine strain is shown in Table 4. It indicates that local isolates had a 99%-

100% similarity with the prototype and vaccine strain. In the early pandemic 

phase, a K526R substitution was seen among two of the earliest isolates in 

Kenya. An examination of 3,462 global A(H1N1)09pdm PB2 sequences 

deposited in Genebank showed that this substitution was prevalent between 

April and May 2009. This substitution was rarely detected globally after 

August 2009. All other local isolates had K526. No Amino acid substitutions 

were fixed in the early and peak phases of the pandemic. The most common 

amino acid substitutions seen during the peak of the pandemic in local isolates 

were R175K, P679S and S684C. In the late phase of the pandemic, the 

following substitutions generally became fixed; R299K, V344M, I354L and 

N456S. V344M and I354L and R299K and N456S seem to be parallel 

mutations appearing late in the pandemic.  
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Table 4: Amino acid sequence variations of PB2 protein of influenza 
A(H1N1)pdm09 strains from Kenya compared with the vaccine strain 

Virus isolate 

PB2 amino acid position 
1 
2 
7 

1 
5 
3 

1 
5 
7 

1 
7 
5 

2 
9 
9 

3 
4 
4 

3 
5 
4 

4 
1 
2 

4 
5 
6 

4 
8 
0 

4 
9 
0 

5 
2 
6 

5 
3 
3 

5 
3 
9 

5 
5 
1 

5 
6 
1 

6 
7 
9 

6 
8 
4 

6 
8 
6 

6 
9 
1 

7 
1 
0 

7 
3 
5 

7 
4 
1 

7 
4 
7 

A/California/07/2009 H D K R R V I K N V S K S I Q K P S V L I M S S 
A/Kisumu/56/2009 . . . . . . . . . . . R . . . . . . . . . . . . 
A/Kisumu/61/2009 . . . . . . . . . . . R . . . . . . . . . . . T 
A/Nairobi/64/2009 . . . . . . . . . L . . . T . . . . . . . K T T 
A/Garissa/78/2009 . . . . . . . . . . . . . . . . . . . . N . . . 
A/Keiyo/96/2009 . . . . . . . . . . . . . . . . . . . . . . . . 
A/Nairobi/58/2009 . . . K . . . . . . . . . . . . . . . . . . . . 
A/Nairobi/59/2009 . . . K . . . . . . . . . . . . . . . . . . . . 
A/Malindi/238/2009 . . . . . . . . . . . . . . . . . . . . . . T . 
A/Eldoret/119/2009 . . . . . . . . . . . . . . . . . . . . . . . . 
A/Eldoret/120/2009 . . . . . . . . . . . . . . . . . . . . . . . . 
A/Embu/169/2009 . . . . . . . . . . . . . . . . . . . . . . . . 
A/Nyeri/478/2009 . . . K . . . . . . . . . . . . . . . . . . . . 
A/Meru/467/2009 . . . K . . . . . . . . . . . . S . . . . . . . 
A/Kitale/531/2009 . . . . . . . . . . . . . . . . . . . . N . . . 
A/Kitale/532/2009 . . . K . . . . . . . . . . . . . . . . . . . . 
A/Mombasa/512/2009 . . . . . . . . . . . . . . . . . . . . . . . . 
A/Nakuru/192/2009 . . . . . . . . . . . . . . . . S C G . . . . . 
A/TransNzoia/168/2009 . . . . . . . . . . . . . . . . . . . . . . . . 
A/Mombasa/179/2009 . . . . . . . . . . . . . . . . . . . . . . . . 
A/Mombasa/148/2009 . . . K . . . . . L T . T . . . . . . . . . . . 
A/Mombasa/91/2009 . . . . . . . . . . . . . . . . . . . . . . . . 
A/Mombasa/27/2009 . . . . . . . . . . . . . . . . . . . . . . . . 
A/Nairobi/37/2009 . E . . . . . . . . . . . . . . S C G M . . . . 
A/Kakamega/215/2009 . . R K . . . . . . . . . . . . S . . . . . . . 
A/Kisii/205/2009 . . . . . . . N . . . . . F H . S C . . . . . . 
A/Kisii/143/2009 . E . K . . . . . . T . T . . . . . G M . . . . 
A/Kisii/115/2009 . . . . . . . . . . . . . . . . . . . . . . . . 
A/Kikuyu/184/2009 . . . . . . . N . . . . . F . . S C . . . . . . 
A/Kikuyu/185/2009 . . R . . . . . . . . . . F . . S C . . . . . . 
A/Nairobi/3/2009 . . . . . . . . . . . . . . . . . C G M . . . . 
A/Nairobi/16/2009 . . . . . . . . . . . . . . . . . . . . . . . . 
A/Nairobi/11/2010 . . . . . . . . . . . . . . . . . . . . . . . . 
A/Kijabe/16/2010 . . . . K M L . S . . . . . . . . . . . . . . . 
A/Nairobi/20/2010 Q . . . K M L . S . . . . . . . . . . . . . . . 
A/Nairobi/21/2010 Q . . . K M L . S . . . . . . . . . . . . . . . 
A/Nairobi/24/2010 . . . . K M L . S . . . . . . N . . . . . . . . 
A/Nairobi/25/2010 . . . . K M L . S . . . . . . . . . . . . L . . 
A/Nairobi/72/2010 . . . . K M L . S . . . . . . N . . . . . . . . 
A/Nairobi/80/2010 . . . . K M L . S . . . . . E . . . . . . . . . 
A/Nairobi/97/2010 . . . . . M L . . . . . . . . . . . . . . . . . 

Early pandemic samples are shown in red, peak pandemic samples in black and 
late pandemic samples in blue. The vaccine strain is shown in bold. 
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4.4.2 PB1 

A comparison of the PB1 protein of the study samples and the vaccine strain is 

shown in Table 5. The PB1 protein of the study samples exhibited an amino 

acid similarity of 98.4-100% to that of the vaccine strain. Two of the five 

earliest isolates from Kenya had T257A, V587A, S712C and A717G amino 

acid substitutions in comparison with A/California/07/2009. Of these, V587A 

has been observed in majority of clade 2 viruses isolated globally while T257A 

has been observed in some Asian isolates between June 2009 and May 2010.  

The substitutions S712C and A717G found in the early pandemic samples were 

unique to Kenyan samples. On the other hand, two of the other three early 

pandemic phase isolates had an E739K substitution which has been observed in 

some clade 7 viruses globally.  

There were no amino acid substitutions that became fixed in this protein during 

the pandemic. The amino acid substitutions Q268R, A717G and E739K were 

observed in all the phases of the pandemic in the Kenyan isolates. Q569H, 

S703N, R707T and V709D were observed in the peak and late phases of the 

pandemic only while S712C was observed during the early and peak phases of 

the pandemic in Kenya. All these mutations except Q269R and E739K were 

unique to the Kenyan samples and were not observed elsewhere.  
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Table 5: Amino acid sequence variations of PB1 protein of influenza 
A(H1N1)pdm09 strains from Kenya compared with the vaccine strain 
 

 

Early pandemic samples are shown in red, peak pandemic samples in black and 
late pandemic samples in blue. The vaccine strain is shown in bold. 

Virus isolate 
PB1 amino acid position 

257 268 289 569 587 678 703 707 709 712 717 739 
A/California/07/2009 T Q M Q V S S R V S A E 
A/Kisumu/56/2009 A . . . A . . . . C G . 
A/Kisumu/61/2009 A . . . A . . . . C G . 
A/Nairobi/64/2009 . . . . . . . . . . . K 
A/Garissa/78/2009 . R . . . . . . . . . K 
A/Keiyo/96/2009 . R K . . . . . . . . . 
A/Nairobi/58/2009 . . . . . . N . . . . . 
A/Nairobi/59/2009 . R . . . . . . . . . . 
A/Malindi/238/2009 . . . . . . N T D . G . 
A/Eldoret/119/2009 . R . . . . . . . . . . 
A/Eldoret/120/2009 . . . . . . . . . . . . 
A/Embu/169/2009 . . K . . . . . . . G . 
A/Nyeri/478/2009 . . . H . . . . . . . . 
A/Meru/467/2009 . . . H . . N . . . . . 
A/Kitale/531/2009 . . . . . . N T D C G . 
A/Kitale/532/2009 . . . . . . . . . . . . 
A/Mombasa/512/2009 . . . . . . . T D . . . 
A/Nakuru/192/2009 . . . . . . . . . . . . 
A/Trans-Nzoia/168/2009 . . . . . . . . . . . . 
A/Mombasa/179/2009 . . . . . . . . . . . . 
A/Mombasa/148/2009 . . . . . . . . . . . . 
A/Mombasa/91/2009 . . . . . . . . . . . . 
A/Mombasa/27/2009 . . . . . . . . . . . . 
A/Nairobi/37/2009 A . . . . . . . . . . . 
A/Kakamega/215/2009 . . . . . . . . . . . . 
A/Kisii/205/2009 . . . . . . . . . . . . 
A/Kisii/143/2009 . . . . . . . . . . . K 
A/Kisii/115/2009 . . . . . . . . . . . . 
A/Kikuyu/184/2009 . . . . . . . . . C G . 
A/Kikuyu/185/2009 . . . . . T . T D C G . 
A/Nairobi/3/2009 . R . . . . . . . . . . 
A/Nairobi/16/2009 . . . . . . . . . . . . 
A/Nairobi/11/2010 . . . . . . N T D . . . 
A/Kijabe/16/2010 . . . . . T . . . . G . 
A/Nairobi/20/2010 . . . . . . . . D . . K 
A/Nairobi/21/2010 . R . . . . . . . . . . 
A/Nairobi/24/2010 . . . . . . . . . . . . 
A/Nairobi/25/2010 . . . . . . . . . . . . 
A/Nairobi/72/2010 . . . H . . . . . . . . 
A/Nairobi/80/2010 . . . H . . . . . . . . 
A/Nairobi/97/2010 . . . H . . . . . . . . 
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4.4.3 PA 

The PA protein of the local isolates had 99.4-100% similarity with the 

prototype strain. Amino acid differences between the PA of the study samples 

and the vaccine strain is shown in Table 6. Two of the earliest isolates had an 

M581L substitution which is a clade 2 defining mutation. This mutation was 

not observed in any other Kenyan isolate during the pandemic. All Kenyan 

isolates shared a common signature in the P224S substitution. This substitution 

has been found worldwide in majority of non clade 1 influenza 

A(H1N1)pdm09 viruses. Three substitutions namely L425F, L589F and I690M 

arose during the peak phase of the pandemic but these replacements did not 

persist into the late phase of the pandemic. In the late phase of the pandemic, 

substitutions N321K and I330V which appeared as parallel mutations became 

dominant.  
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Table 6: Amino acid sequence variations of PA protein influenza 
A(H1N1)pdm09 strains from Kenya compared with the vaccine strain 

Virus isolate 
PA amino acid position 

5 224 321 330 425 581 589 690 
A/California/07/2009 V P N I L M L I 
A/Kisumu/56/2009 . S . . . L . . 
A/Kisumu/61/2009 L S . . . L . . 
A/Nairobi/64/2009 . S . . . . . . 
A/Garissa/78/2009 . S . . . . . . 
A/Keiyo/96/2009 . S . . . . . . 
A/Nairobi/58/2009 L S . . . . . . 
A/Nairobi/59/2009 . S . . . . . . 
A/Malindi/238/2009 . S . . . . . . 
A/Eldoret/119/2009 . S . . . . . . 
A/Eldoret/120/2009 . S . . . . . . 
A/Embu/169/2009 . S . . . . . . 
A/Meru/467/2009 . S . . . . . . 
A/Nyeri/478/2009 . S . . . . F M 
A/Kitale/531/2009 . S . . . . . . 
A/Kitale/532/2009 . S . . . . F M 
A/Nakuru/192/2009 . S . . F . . . 
A/Trans-Nzoia/168/2009 . S . . . . . M 
A/Mombasa/179/2009 . S . . . . . M 
A/Nairobi/37/2009 L S . . F . . . 
A/Mombasa/91/2009 . S . . . . . . 
A/Kisii/115/2009 . S . . F . . . 
A/Kisii/143/2009 . S . . . . . . 
A/Mombasa/148/2009 . S . . . . . . 
A/Mombasa/27/2009 . S . . . . . . 
A/Kikuyu/184/2009 . S . . . . . M 
A/Kikuyu/185/2009 . S . . . . . . 
A/Kisii/205/2009 . S . . F . . . 
A/Kakamega/215/2009 . S . . . . . . 
A/Mombasa/512/2009 . S . . . . F M 
A/Nairobi/16/2009 . S . . . . . M 
A/Nairobi/3/2009 . S . . . . . . 
A/Nairobi/20/2010 . S K V . . . . 
A/Nairobi/21/2010 . S K V . . . . 
A/Nairobi/24/2010 . S K V . . F . 
A/Nairobi/25/2010 . S K V . . F . 
A/Nairobi/72/2010 . S K V . . F . 
A/Nairobi/80/2010 . S K V . . . . 
A/Nairobi/97/2010 . S K . . . . . 
A/Nairobi/11/2010 L S . . . . . . 
A/Kijabe/16/2010 . S K V . . . . 

 

Early pandemic samples are shown in red, peak pandemic samples in black and 
late pandemic samples in blue. The vaccine strain is shown in bold. 
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4.4.4 HA 

The HA protein of local samples was compared with that of the vaccine strain 

(Table 7). The Kenyan samples had an HA amino acid similarity of 98.6-

99.5% in comparison to the vaccine strain . All the Kenyan samples had 100S 

and 338V both of which are non clade 1 amino acid signatures. At the same 

time, all Kenyan samples except two of the five earliest isolates had an S220T 

substitution. These three substitutions at positions 100, 220 and 338 are clade 7 

defining.  Furthermore, 100S and 338V were present at the beginning of the 

spread of the virus in Kenya and were maintained throughout the study period. 

Amino acid position 220 is located within antigenic site Ca1,  while the  

substitution  at  position  338  is  outside  the major defined  HA  antigenic  

epitopes. 

Several mutations were observed in varying proportions during the peak of the 

pandemic but these did not persist into the late phase. These include F12Y, 

H54P, A65S, W77R, N146D, D239E and F309I. Amino acid position 239 lies 

within antigenic site Ca2 of the HA1 protein. In the late phase of the pandemic, 

the frequency of D114N, S202T, E391K and S468N substitutions which had 

not been observed earlier increased. D114N and 202T seem to be parallel 

mutations. The amino acid position 202 is located within the HA1 antigenic 

site Sb.  
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Table 7: Amino acid sequence variations of HA protein of influenza 
A(H1N1)pdm09 strains from Kenya compared with the vaccine strain 

Virus isolate 

HA Amino acid position 

12 21 54 65 77 

1 
0 
0 

1 
1 
4 

1 
4 
6 

2 
0 
2 

2 
2 
0 

2 
3 
9 

2 
8 
1 

3 
0 
9 

3 
1 
4 

3 
3 
8 

3 
9 
1 

4 
6 
8 

A/California/07/2009 F C H A W P D N S S D G F P I E S 
A/Kisumu/56/2009 . . P . . S . . . . . . . . V . . 
A/Kisumu/61/2009 . . . . . S . . . . . . . . V . . 
A/Nairobi/64/2009 . . P S . S . . . T . . . . V . . 
A/Garissa/78/2009 . . P S . S . . . T . . . . V . . 
A/Keiyo/96/2009 . . . . . S . . . T . . . . V . . 
A/Nairobi/58/2009 . . P . . S . . . T . . . . V . . 
A/Nairobi/59/2009 . W . . . S . . . T . . . . V . . 
A/Malindi/238/2009 . . . . . S . . . T . . . . V . . 
A/Eldoret/119/2009 . . P . . S . . . T . . I . V . . 
A/Eldoret/120/2009 . . P . . S . . . T . . . . V . . 
A/Embu/169/2009 . . P S . S . . . T . . . . V . . 
A/Nyeri/478/2009 . . P . . S . . . T . . . . V . . 
A/Meru/467/2009 . W . . . S . . . T . . . . V . . 
A/Kitale/531/2009 Y . P . . S . . . T . . . . V . . 
A/Kitale/532/2009 Y . . S . S . D . T . . I . V . . 
A/Mombasa/512/2009 . . P . . S . . . T . . I . V . . 
A/Nakuru/192/2009 Y . P S . S . D . T . . . . V . . 
A/Transnzoia/168/2009 Y . . S . S . D . T . . . . V . . 
A/Mombasa/179/2009 . . . S R S . D . T . . . . V . . 
A/Mombasa/148/2009 Y . . S . S . D . T . . I . V . . 
A/Mombasa/91/2009 . . . . . S . . . T . . . . V . . 
A/Mombasa/27/2009 . . . . . S . . . T E . . . V . . 
A/Nairobi/37/2009 . . . S R S . D . T E . . . V . . 
A/Kakamega/215/2009 . . . . . S . . . T . . . . V . . 
A/Kisii/205/2009 . . . . . S . . . T . . . . V . . 
A/Kisii/143/2009 . W . . R S . . . T . . . . V . . 
A/Kisii/115/2009 . . . S . S . D . T . . . R V . . 
A/Kikuyu/184/2009 . . P . . S . . . T . . . . V . . 
A/Kikuyu/185/2009 . . . . . S . . . T . . . . V . . 
A/Nairobi/3/2009 . . . . . S . . . T . . . . V . . 
A/Nairobi/16/2009 . . P . . S . . . T . . . R V . . 
A/Kijabe/16/2010 . W . . . S . . . T . . . . V K . 
A/Nairobi/11/2010 . . . . . S . . . T . . . R V K . 
A/Nairobi/20/2010 . . . . . S N . T T . . . . V K N 
A/Nairobi/21/2010 . . . . . S . . . T . A . . V K N 
A/Nairobi/24/2010 . . . . . S N . T T . . . . V K N 
A/Nairobi/25/2010 . . . . . S N . T T . A . . V K N 
A/Nairobi/72/2010 . . . . . S N . T T . . C . V K N 
A/Nairobi/80/2010 C . . . . S N . T T . . . . V K N 
A/Nairobi/97/2010 . . . . . S N . T T . . . . V K N 

 

Early pandemic samples are shown in red, peak pandemic samples in black and 
late pandemic samples in blue. The vaccine strain is shown in bold. 
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4.4.5 NP 

Amino acid alignment of the NP of Kenyan isolates against the vaccine strain 

was performed, and the results are summarized in Table 8. The amino acid 

differences of the NP of Kenyan isolates were Y10F, E18D, I41N, V100I, 

Q149H, T373I, L381I, R416G, A423S, M426K, A428P, V444F, E454K and 

M481L. Among these amino acid differences, T373I observed in two of the 

earliest five isolates from Kenya is of significance since it is a clade II defining 

mutation. At the same time, the V100I which was found in 38 (95%) of all the 

Kenyan isolates is a clade IV-VII defining mutation. Besides V100I, no other 

mutation became fixed in this protein in the Kenyan isolates. Overall, the 

Kenyan isolates shared a 98.8-99.6% amino acid homology with the vaccine 

strain. 
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Table 8: Amino acid sequence variations of NP protein of influenza 
A(H1N1)pdm09 strains from Kenya compared with the vaccine strain 

 

Early pandemic samples are shown in red, peak pandemic samples in black and 
late pandemic samples in blue. The vaccine strain is shown in bold. 

Virus Isolate 
NP Amino acid position 

10 18 41 100 149 373 381 416 423 426 428 444 454 481 
A/California/07/2009 Y E I V Q T L R A M A V E M 
A/Kisumu/56/2009 . . . . . I . . . . . . . . 
A/Kisumu/61/2009 . . . . . I . . . . . . . . 
A/Nairobi/64/2009 . D . I . . . . . . . . . L 
A/Garissa/78/2009 . . . I . . . . . . . . . . 
A/Keiyo/96/2009 . . . I . . . . . . . . . . 
A/Nairobi/58/2009 . . . I . . . G . K . . . L 
A/Nairobi/59/2009 . . . I . . . . . . . . . . 
A/Malindi/238/2009 F D . I . . . . . . . . . L 
A/Eldoret/119/2009 . . . I . . . . . . . . . . 
A/Eldoret/120/2009 . . . I . . I . . . . . . . 
A/Trans-nzoia/168/2009 . . . I . . . G . . . . . . 
A/Embu/169/2009 . . . I . . . . . . . . . . 
A/Nakuru/192/2009 . . . I . . I . . . . . . L 
A/Nyeri/478/2009 F D . I . . . . . . . . . L 
A/Meru/467/2009 . . . I . . . . . . . . . . 
A/Kitale/531/2009 . . . I . . . . . . . . . . 
A/Kitale/532/2009 . . . I . . . . . . . . . L 
A/Mombasa/512/2009 . . . I . . . . S . . F . . 
A/Mombasa/179/2009 . . . I . . . . S . P . K . 
A/Mombasa/148/2009 . . . I . . . . . . . . . . 
A/Mombasa/91/2009 . . . I . . . . . . . . . . 
A/Mombasa/27/2009 . . . I . . . . . K . . . . 
A/Nairobi/37/2009 . . . I H . . . . . . . . . 
A/Kakamega/215/2009 . . . I . . . . . . . . K . 
A/Kisii/205/2009 . . . I . . . . S . P . K . 
A/Kisii/143/2009 . . . I . . . . . . . . . . 
A/Kisii/115/2009 . . . I . . . . . . . . . L 
A/Kikuyu/184/2009 . . . I . . . . . . . . . . 
A/Kikuyu/185/2009 . . . I . . . . . . . F K . 
A/Nairobi/3/2009 . . . I . . . . S . . F . . 
A/Nairobi/16/2009 . . N I H . . . . . . . . . 
A/Kijabe/16/2010 . . N I . . . . . . . . . L 
A/Nairobi/20/2010 . . . I . . . . . . . . . . 
A/Nairobi/21/2010 . . . I . . . . . . . . . . 
A/Nairobi/24/2010 . . . I . . . . . . . . . . 
A/Nairobi/25/2010 . . . I . . . . . . . . . . 
A/Nairobi/72/2010 . . . I . . . . . . . . . . 
A/Nairobi/80/2010 . . . I . . . . . . . . . . 
A/Nairobi/97/2010 . . . I . . . . . . . . . . 
A/Nairobi/11/2010 . . . I . . . . . . . . . . 
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4.4.6 NA 

The number of amino acid differences in NA between the Kenyan isolates and 

the vaccine strain (A/California/07/2007) ranged from 2 to 5. This is shown in 

Table 9. The frequency of isolates with cumulative numbers of amino acid 

differences (equal to and greater than 4) was generally higher in the late phase 

of the pandemic than during the earlier periods. The NA protein showed very 

few mutations in the transmembrane and linker region but the catalytic 

neuraminidase domain harbored certain mutations which have become fixed 

over the study period. Both V106I and N248D amino acid substitutions 

occurred early in the pandemic and persisted throughout the pandemic. The 

two together with V100I in the NP and S220T in the HA are clade VII defining 

mutations. The I396T substitution which appeared in several isolates during the 

pandemic peak phase was not observed during the late pandemic phase. G11V 

and N369K mutations were seen in increasing prevalence in the late pandemic 

phase and were the only ones that emerged during this phase.  
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Table 9: Amino acid sequence variations of NA protein of influenza 
A(H1N1)pdm09 strains from Kenya compared with the vaccine strain 

Virus isolate 
NA amino acid position 

8 11 25 106 248 262 277 329 369 386 396 460 461 463 
A/California/07/2009 I G Q V N K E N N N I G A L 
A/Kisumu/56/2009 . . . . . R . I . . . . . . 
A/Kisumu/61/2009 . . . . . . . I . . . . . . 
A/Nairobi/64/2009 . . L I D . Q . . . . V . . 
A/Garissa/78/2009 . . . I D R . . . . . . . . 
A/Keiyo/96/2009 . . . I D . . . . . . . . . 
A/Nairobi/58/2009 . . . I D . . . . . T . . . 
A/Nairobi/59/2009 . . . I D . . . . . T . . . 
A/Malindi/238/2009 L . L I D . . . . . . . . . 
A/Eldoret/119/2009 . . . I D . . . . . . . . F 
A/Eldoret/120/2009 L . . I D . Q . . . . . . . 
A/Embu/169/2009 . . . I D . . . . . . . . W 
A/Nyeri/478/2009 . . . I D . . . . . T . . . 
A/Meru/467/2009 . . . I D . . . . . T . . F 
A/Kitale/531/2009 . . . I D . . . . . . R . . 
A/Kitale/532/2009 . . . I D . . . . . . . . . 
A/Mombasa/512/2009 . . . I D . . . . . . . . . 
A/Nakuru/192/2009 . . . I D . . . . . T . . F 
A/Trans-
Nzoia/168/2009 . . . I D . . . . . . . . . 
A/Mombasa/179/2009 . . . I D . . . . . . . . . 
A/Mombasa/148/2009 . . . I D . . . . . . . . . 
A/Mombasa/91/2009 . . . I D . . . . . . . . . 
A/Mombasa/27/2009 . . . I D . . . . . . . P . 
A/Nairobi/37/2009 . . . I D . . . . . . . . . 
A/Kakamega/215/2009 . . . I D . . . . . T . . . 
A/Kisii/205/2009 . . . I D . . . . D . R . . 
A/Kisii/143/2009 . . . I D . . . . . T . . . 
A/Kisii/115/2009 . . . I D . . . . D . . . F 
A/Kikuyu/184/2009 V . . I D . . . . . . . P . 
A/Kikuyu/185/2009 . . . I D . . . . . . . . . 
A/Nairobi/3/2009 . . . I D . . . . . . . . . 
A/Nairobi/16/2009 . . . I D . . . . . . . . . 
A/Nairobi/11/2010 . . . I D . . . . . . . . . 
A/Kijabe/16/2010 . . . I D . . . . . . . . . 
A/Nairobi/20/2010 . . . I D . . . K . . . . . 
A/Nairobi/21/2010 . V . I D . . . K . . . . . 
A/Nairobi/24/2010 . V . I D . . . K . . . . . 
A/Nairobi/25/2010 . V . I D . . . K . . . . . 
A/Nairobi/72/2010 . V . I D . . . K . . . . . 
A/Nairobi/80/2010 . . . I D . . . . . . . . . 
A/Nairobi/97/2010 . . . I D . . . . . . . . . 

 

Early pandemic samples are shown in red, peak pandemic samples in black and 
late pandemic samples in blue. The vaccine strain is shown in bold. 
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4.4.7 M 

The two Matrix proteins were found to be highly conserved with amino acid 

homology of 98-100% with the vaccine strain. The M1 protein was generally 

more conserved (92-100%) than the M2 protein (77-100%). The M1 protein 

had amino acid substitutions at 7 sites while the shorter M2 protein had amino 

acid substitutions at 10 sites. These results are shown in Table 10. Isolates from 

the late phase of the pandemic generally had more cumulative number of 

amino acid differences to the vaccine strain than isolates from the early or peak 

phases of the pandemic.  

In the late phase of the pandemic, the substitution V80I in the M1 protein was 

the most common among the 2010 Kenyan samples. The other substitutions in 

this protein (R78P, Q191K, Q241H and M244R) were mainly transient and did 

not become fixed. Amino acids at positions 64 and 91 in the M2 located in the 

extracellular domain were most mutable.  
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Table 10: Amino acid sequence variations of M proteins of influenza 
A(H1N1)pdm09 strains from Kenya compared with the vaccine strain 

 

Early pandemic samples are shown in red, peak pandemic samples in black and 
late pandemic samples in blue. The vaccine strain is shown in bold. 

Virus Isolate 
M1 Amino acid position M2 Amino acid position 

43 78 80 191 233 241 244 
 

12 15 44 53 58 64 72 82 91 96 

A/California/07/2009 M R V Q L Q M R W D R G S M S F L 
A/Kisumu/56/2009 . . . . . . . . . . . . . . . . . 
A/Kisumu/61/2009 L . . . . . . . . . . . C . . . . 
A/Nairobi/64/2009 L . . . . . . 

 
. . . . . C . . . . 

A/Garissa/78/2009 . . . . . . . . . . . . C . . . . 
A/Keiyo/96/2009 . . . . . . . . . . . . . . . . . 
A/Nairobi/58/2009 . . . . . . . 

 
. . . . . . . . . . 

A/Nairobi/59/2009 . . . . . . . . . . . . C . . . . 
A/Malindi/238/2009 . . . . . . . 

 
. . . . . . . . . . 

A/Eldoret/119/2009 . . . . . . . . . . . . . . . . . 
A/Eldoret/120/2009 . . . . . . . . . . . . . . . . . 
A/Embu/169/2009 . . . . . . . 

 
. . . . . C . . . . 

A/Nyeri/478/2009 . P . . . . . . . . . . . . T . . 
A/Meru/467/2009 . . . . . . . . . . . . . . . . . 
A/Kitale/531/2009 . . . . . . . 

 
. . . . . . . . . . 

A/Kitale/532/2009 . . . . . . . . . . . . . . . . . 
A/Mombasa/512/2009 . . . . . . . 

 
. . . . . . . . . . 

A/Nakuru/192/2009 . . . . I . . . . . . . . . . . . 
A/Trans-nzoia/168/2009 . . . . . . . . . . . . . . . . . 
A/Mombasa/179/2009 . . . . . . . 

 
. . . G . C . . . . 

A/Mombasa/148/2009 . . . . . . . . . . G . . . . . . 
A/Mombasa/91/2009 . . . . I . . . . . G . C . . . . 
A/Mombasa/27/2009 . . . . . . . 

 
. . . . . . . . L . 

A/Nairobi/37/2009 . . . . . . . . . . . . C . . . . 
A/Kakamega/215/2009 . . . . . . . 

 
. . . . . . . . . . 

A/Kisii/205/2009 . . . . . H . T . . . . . . . . . 
A/Kisii/143/2009 . . . . . . . . . . . . . . . . . 
A/Kisii/115/2009 . . . . . . . 

 
. . . . . . . . . . 

A/Kikuyu/184/2009 . . . . . . . . . . . . . . . . . 
A/Kikuyu/185/2009 . . . . . . . . . . . . . . . . . 
A/Nairobi/3/2009 . . . . . . . 

 
. . . . . . . . L . 

A/Nairobi/16/2009 . . . . . . . . . . . . . . . . . 
A/Kijabe/16/2010 . . . . . . . 

 
. . . . . . . . . . 

A/Nairobi/11/2010 . . . . . . . . . . . . . . . . . 
A/Nairobi/20/2010 . . I K . . . . . H G V C L T L . 
A/Nairobi/21/2010 . P I . . H . 

 
T . H G V C L T L . 

A/Nairobi/24/2010 . . I K . . R . G . . V C L . . . 
A/Nairobi/25/2010 . P I . . . . . . . G V C . T L V 
A/Nairobi/80/2010 . . I K . . R 

 
. G H G V C L T L . 

A/Nairobi/72/2010 . . I . . H . T . . . . . L T L . 
A/Nairobi/97/2010 . . I K . . R 

 
. G . . . . . . L V 
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4.4.8 NS 

A comparison of the NS1 and NEP proteins of the Kenyan isolates from this 

study and the vaccine strain revealed that there were substitutions at 6 and 4 

amino acid positions in the NS1 and NS2/NEP proteins, respectively (Table 

11). The NS1 protein was found to be more conserved (98-100%) than the 

NS2/NEP (94-100%) protein. The only fixed amino acid substitution occurred 

at position 123 in the NS1. This position is located within the effector domain 

of this protein. This change occurred as a result of a non-synonymous 

substitution at the 367–369 codon from ATC to GTC causing an isoleucine to 

valine substitution. The only isolates lacking this mutation A/Kisumu/56/2009 

and A/Kisumu/61/2009 represent two of the five earliest isolates introduced in 

Kenya. The amino acid at position 77 of the NEP was the most mutable 

resulting in R77M and R77K mutants. Besides the I123V mutation, there were 

no other spatial or temporal specific mutations that were observed in this 

protein.  
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Table 11: Amino acid sequence variations of NS proteins influenza 
A(H1N1)pdm09 strains from Kenya compared with the vaccine strain 

Virus isolate NS1 amino acid position 
NEP amino acid 
position 

55 123 157 162 185 205 77 108 114 120 
A/California/07/2009 E I V P L N R E R L 
A/Kisumu/56/2009 . . . . . . . . . R 
A/Kisumu/61/2009 . . . . . . K . . . 
A/Nairobi/64/2009 . V . . . . M . . . 
A/Garissa/78/2009 . V . . . . K . G . 
A/Keiyo/96/2009 . V . . . . . . . . 
A/Nairobi/58/2009 . V . . . . . . . . 
A/Nairobi/59/2009 . V . . . . . . . . 
A/Malindi/238/2009 . V . . . . . . G . 
A/Eldoret/119/2009 . V . . . . . . . . 
A/Eldoret/120/2009 . V . . . . K . . . 
A/Embu/169/2009 . V . L . . . . . . 
A/Nyeri/478/2009 . V . . . . K . . R 
A/Meru/467/2009 . V . . . . M . . . 
A/Kitale/531/2009 . V . . . . . . . . 
A/Kitale/532/2009 . V . . . . M . . . 
A/Mombasa/512/2009 . V . . . D . . . . 
A/Nakuru/192/2009 . V . . . . . . . . 
A/Trans-
nzoia/168/2009 . V . . . . . . . R 
A/Mombasa/179/2009 . V . . . . . . . . 
A/Mombasa/148/2009 . V . L F . . D . . 
A/Mombasa/91/2009 . V . . . D . . . . 
A/Mombasa/27/2009 . V . . . D . . . . 
A/Nairobi/37/2009 . V I . . . . . . . 
A/Kakamega/215/2009 . V . . . . . . . . 
A/Kisii/205/2009 . V . L F . . . . . 
A/Kisii/143/2009 . V . . . . . . . . 
A/Kisii/115/2009 . V . . . . M . . . 
A/Kikuyu/184/2009 K V . . . . . D . . 
A/Kikuyu/185/2009 K V . . . . . D . . 
A/Nairobi/3/2009 . V I . . . M . . . 
A/Nairobi/16/2009 . V . . . . . . . . 
A/Nairobi/11/2010 . V . . . . . . . . 
A/Kijabe/16/2010 . V . . . . . . . . 
A/Nairobi/20/2010 . V . . . . . . . . 
A/Nairobi/21/2010 . V . . . . . . . . 
A/Nairobi/24/2010 . V . . . . . . . . 
A/Nairobi/25/2010 . V . . . . . . . . 
A/Nairobi/80/2010 . V . . . . . . . . 
A/Nairobi/72/2010 . V . . . . . . . . 
A/Nairobi/97/2010 . V . . . . . . . . 
 

Early pandemic samples are shown in red, peak pandemic samples in black and 
late pandemic samples in blue. The vaccine strain is shown in bold. 
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4.5 Analysis of antiviral drug-associated mutations 

The susceptibility of the Kenyan isolates to anti-influenza drugs in current use 

was determined. 

 

4.5.1 Sensitivity to neuraminidase inhibitors 

To determine the presence of genetic markers associated with susceptibility to 

neuramindase inhibitors, a multiple sequence alignment of the NA protein of 

Kenyan viruses and two NA proteins of a resistant and sensitive influenza 

A(H1N1)pdm09 virus was conducted.  A multiple protein sequence alignment 

of the Kenyan isolates from this study is shown in Figure 18. The alignment 

showed that amino acids that have been shown confer resistance to these drugs 

such as I117V, E119V, D198N, I222V, H274Y, R292K, N294S, I314V, 

V116A, R118K, E119G/A/D, Q136K, D151E, R152K, R224K, E276D, 

R292K and R371K [N2 numbering]) were found to be conserved among all the 

isolates except in two isolates that had an E277Q (N1 numbering) substitution. 

All the local isolates were therefore found to be sensitive to neuraminidase 

inhibitors. 
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Figure 18: A Multiple sequence alignment of the Neuraminidase protein 
amino acid positions 270-300.  

The alignment includes NA protein of A/California/07/2009 (highlighted in 
red) which is sensitive to Oseltamivir and A/Sydney/DD3-48/2010 
(highlighted in blue) which is resistant to Oseltamivir. Amino acid position 275 
associated with Oseltamivir resistance is shown in red. The Kenyan isolates are 
not highlighted and they lack the Oseltamivir resistance conferring mutation 
H275Y as shown. Other neuraminidase inhibitor resistance conferring 
mutations are also absent. 
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4.5.2 Sensitivity to Adamantanes 

To determine the presence of genetic markers associated with susceptibility to 

Adamantane drugs, a multiple sequence alignment of the M2 protein of 

Kenyan viruses and two M2 proteins of a resistant and sensitive virus was 

conducted (Figure 19).  Since there is currently no adamantine sensitive 

influenza A(H1N1)pdm09 virus, the M2 protein of an influenza A/H3N2 virus 

(A/New-York/32/2003) which is sensitive to adamantine drugs was used. 

Analysis of sensitivity to adamantanes showed that all the local isolates were 

resistant to these drugs. All the local virus strains had the amino acid 31N in 

their M2 protein which confers them with resistance to all M2 inhibitors. 

Amino acid positions 27 and 30 also involved in resistance were also 

conserved in the Kenyan viruses. 
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Figure 19: Multiple sequence alignment of the M2 protein amino acid 
positions 1-50.  

The alignment includes M2 protein of A/California/07/2009 (highlighted in 
red) which is adamantane resistant and A/New-York/32/2003 [H3N2] 
(highlighted in blue) which is adamantane sensitive. Amino acid position 31 
associated with adamantine resistance is shown in red. The Kenyan isolates are 
not highlighted and they possess the adamantane resistance conferring 
mutation S31N. 
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5.0: DISCUSSION 

 

Influenza A has the distinction of being an old disease, a recurring disease, and 

an ‘emerging’ disease thus presenting constant challenge to influenza 

scientists. This prompted the great influenza scientist Edwin Kilbourne to note 

that (the) "student of influenza is constantly looking back over his shoulder and 

asking 'what happened?' in the hope that understanding of past events will alert 

him to the catastrophes of the future" (Kilbourne, 1973). The current study 

attempts to accomplish this by employing a sophisticated Bayesian 

evolutionary framework to understand the molecular evolution of influenza 

A(H1N1)09pdm virus in Kenya. Molecular phylogenies can reveal many 

aspects of the transmission, epidemiology, and evolution of rapidly evolving 

pathogens (Pybus and Rambaut, 2009). Analysis of influenza virus genomes 

during the emergence of influenza A(H1N1)09pdm virus, causing the first 

influenza pandemic in 40 years therefore provides a unique opportunity to track 

the transmission dynamics of a new influenza virus in an immunologically 

naïve population (Baillie et al., 2012).  

The application of complete virus genome sequencing and analysis has already 

provided detailed insights into seasonal influenza virus infections (Ghedin et 

al., 2005; Rambaut et al., 2008). This analysis facilitates comparison and 

understanding of the evolutionary dynamics of circulating viruses and the 

prediction of potential evolution events that are likely to result in new strains 

(Greninger et al., 2010). It also allows closer examination of the importance of 
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other genes in influenza outbreaks and vaccine selection. However, despite the 

availability of complete influenza genome data from several developed 

countries, African countries still provide incomplete genomes into the public 

domain. Most influenza sequencing in these countries has focused on the HA1 

domain of the haemagglutinin gene where mutations have the greatest effect on 

the antigenic structure (Barr et al., 2010). In fact, by January 2013, there were 

only eight complete genomes of influenza A(H1N1)pdm09 virus from Africa 

that were publicly available in the Influenza Virus Resource database (Bao et 

al., 2008) 

This current study uses whole genome sequences combined with sophisticated 

Bayesian evolutionary framework for the molecular characterisation and 

reconstruction of the phylodynamics of the A(H1N1)09pdm influenza virus in 

Kenya during the pandemic period. In order to describe the Kenyan pandemic 

situation in the setting of the widespread diffusion of infection throughout the 

world, the study analysed full genomes of 40 newly characterised local virus 

isolates and a series of reference isolates from different countries globally 

retrieved from public databases. First, the individual gene segments and the 

concatenated genomes were analyzed to infer phylogenetic relationships. This 

was followed by a reconstruction of the Kenyan-specific transmission 

dynamics of the novel virus in the country. Lastly, the study analyzed amino 

acid polymorphisms in each of the virus proteins to determine the trends in 

genetic drift and antiviral sensitivity.  
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5.1 Phylogenetic relationships of Kenyan influenza A(H1N1)pdm09 

viruses  

Phylogenetic trees for each of the gene segments of the Kenyan and selected 

global influenza A(H1N1)pdm09 viruses were constructed using Bayesian 

inference and are shown in Figs 7-15. The topologies of these trees are 

generally similar. Even when the Neighbor Joining method was used, the 

observed topologies did not change. There was observed in most of the genes a 

clustering together of the 2010 samples which was not observed in samples 

from the early and peak phases of the pandemic. This is indicative of 

circulation of a distinct lineage of viruses during this phase. Such temporal 

evolution has been observed in several studies elsewhere (Mullick et al., 2011; 

Venter et al., 2012). The topology also did not show any spatial clustering in 

the local viruses. An earlier study however had shown global spatial 

diversification patterns (Nelson et al., 2009). This discordance may be 

attributed to the shorter sampling period used in the early studies and the fewer 

number of sequences available. 

An examination of the phylogeny of individual gene segments also showed that 

the Kenyan isolates sampled during the pandemic season were interspersed 

with sequences sampled from other countries. This is probably indicative of 

multiple independent introductions of the virus into the country as opposed to a 

single introduction (or a few introductions) followed by clonal expansion (in 

situ evolution). This observation is in agreement with recent studies aiming to 

understand short term evolution of influenza A viruses (Nelson et al., 2006; 
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Rambaut et al., 2008). These studies suggest that the evolution of influenza A 

viruses is maintained by continuous importation of viral lineages of the same 

subtype during the time course of the influenza season. The resultant effect of 

this viral immigration is to produce genetic diversity of influenza A viruses 

within season thus providing an abundant raw material for reassortment. This is 

important to ensure evasion of host immunity by the virus leading to 

continuous transmission. 

Extensive phylogenetic analysis based on concatenated whole genome 

sequences of representative influenza A(H1N1)pdm09 viruses sampled 

globally from different geographical regions revealed seven distinct clades 1-7 

(Nelson et al., 2009). The vaccine strain A/California/07/2009 belongs to clade 

1. Clade 2 is represented by A(H1N1)pdm09 viruses isolated from California, 

Canada, Netherlands, and United States. Clade 3 is represented by viruses 

isolated from England, Russia, China, and the United States. Clade 4 is 

represented by viruses isolated from two East Asian countries, Korea and 

Japan. Clade 5 is represented by viruses isolated from Canada, China, Japan, 

the United States (mainly Wisconsin isolates) along with India. Clade 6 is 

represented by viruses isolated from China, Japan with new additions from 

Taiwan, Thailand, India and United States. The clade 7, which is the largest 

clade is represented by viruses isolated from Japan, Mexico, China, Asia and 

several states of the USA (Sharma et al., 2013). 

Using global isolates whose clade identities are known, the phylogenetic 

analysis was able to show that the initial introductions of the influenza 
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A(H1N1)09pdm virus in the country belonged to two different global clades 

namely 2 and 7 (Fig. 15). Besides differences in geographical distribution, 

these two clades differ genetically in the mutations they harbour relative to the 

prototype A/California/7/09 strain.  Clade 2 viruses have the M581L and T373I 

mutations in the PA and NP proteins respectively while clade 7 viruses lack 

these mutations but possess the mutations S220T in their HA, V100I in their 

NP, V106I and N248D in their NA and I123V in their NS1 (Nelson et al., 

2009). In this study, clade 2 viruses were not isolated beyond the initial 

introduction cases. The absence of clade 2 viruses beyond the introduction 

cases is worth noting and this may mean that this particular clade did not 

acquire adequate fitness for sustenance.  

On the other hand, clade 7 viruses were isolated throughout the pandemic 

period in Kenya. This dominance of circulation of clade 7 viruses throughout 

the pandemic period and the disappearance of all other clades have been 

observed in other studies in United Kingdom, Argentina, India and United 

States of America (Baillie et al., 2012; Barrero et al., 2011; Mullick et al., 

2011; Nelson et al., 2011). While clade 7 viruses have dominated globally, 

they have also been the most diverse and their genetic diversity may have 

arisen from reassortment among clades considering that they have co-

circulated with all the other clades. This predominance of clade 7 viruses is 

hypothesized to be due to its fitness and adaptability and more efficient human 

transmissibility (Potdar et al., 2010). However, this requires further 
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investigation because currently there is no proof that clade 7 viruses are fitter 

or more adapted to humans than other clades. 

Why were clades 1, 3, 4, 5 and 6 not detected in the local influenza 

A(H1N1)09pdm virus transmission? This is more puzzling considering that the 

introduction of influenza A(H1N1)09pdm virus into the country was from the 

UK where it was observed that all these clades except clade 4 circulated 

(Baillie et al., 2012). While clade 1 viruses did not circulate globally beyond 

May 2009, it would have been expected that clades 3, 5 and 6 which were 

circulating in the UK at the same time that clade 2 and 7 viruses were imported 

into Kenya would also have been imported. It should however be noted that 

this finding is not unique to Kenya. Studies in several countries observed 

circulation of only one or two clades in their local transmission (Barrero et al., 

2011; Goni et al., 2012; Lycett et al., 2012).  Perhaps the earlier clades were 

not fit enough to allow sustained human to human transmission thus restricting 

their spread.  

 

5.2 Evolutionary rate and ancestral time analyses of local A(H1N1)pdm09 

viruses 

Using sequence data to infer population dynamics is playing an increasing role 

in the analysis of outbreaks such as the influenza A(H1N1)09pdm virus. With 

the growth of faster and more reliable sequencing technologies (and 

consequently the availability of genetic data), there have been a number of 
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statistical and computational innovations to analyse this proliferation of 

sequence data (de Silva et al., 2012). One successful application has been the 

analysis of epidemic trends using the so-called phylodynamic methods that use 

pathogen sequences to infer pathogen diversity, and the changing number of 

infected individuals as well as more subtle effects on pathogen selection and 

population structure (Grenfell et al., 2004). 

The pathogen diversity of viruses like influenza A which produces acute 

infections with partial cross-immunity is a result of an interplay between 

genotypic diversity and host immunity. Studies on evolutionary genetics of 

viral emergence of RNA viruses indicate that the most important driver of their 

evolution (and thus their genetic diversity) is their capacity for mutation 

(Holmes, 2010). The vast majority of estimates of mutation rates in RNA 

viruses are in the range of 0.1 to 1.0 mutations per genome, per replication. 

These rates are several orders of magnitude higher than those in most DNA-

based organisms (Duffy et al., 2008). Such remarkable error rates are largely 

due to replication using a low-fidelity RNA-dependent RNA polymerase 

(Holland et al., 1982). High mutation rates, coupled with rapid replication, are 

also the basis for the high rates of nucleotide substitution (fixation) recorded in 

RNA viruses (Holland et al., 1982; Holmes, 2010; Jenkins et al., 2002). Mean 

substitution rates in this case are usually in the realm of 10−3 to 10−4 nucleotide 

substitutions per site per year (subs/site/year) and hence some six orders of 

magnitude higher than those seen in eukaryotes (Jenkins et al., 2002). 

Consequently, evolutionary rates of this magnitude are a major reason 
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clinically important traits, such as drug resistance, escape from vaccine 

coverage, and host range expansion, appear so readily in some RNA viruses. 

They are therefore the main drivers of antigenic variation in influenza viruses. 

In order to reconstruct the population dynamics of the 2009 H1N1 pandemic in 

Kenya on a calendar time scale, the study first estimated the evolutionary rate 

of the Kenyan isolates using the relaxed (uncorrelated lognormal) clock 

implemented in the Bayesian framework. Using this framework, the complete 

genome of the local viruses had an estimated rate of nucleotide substitution of 

4.9 X 10-3 substitutions/site/year. In 2009 Smith analyzed evolutionary rates 

during the early phase of the pandemic and found that the rate for the complete 

genome to be 3.66 X 10-3 with a range of 0.61-6.58 X 10-3 (Smith et al., 2009). 

Therefore, the observed rate of substitution for the complete genome for the 

Kenyan viruses is similar to that estimated during the early phase of the 

pandemic. The rate of substitutions for the individual gene segments of the 

Kenyan viruses in this study ranged from 0.8 X 10-3 substitutions/site/year in 

the NP gene to 9.8 X 10-3 substitutions/site/year in the M gene (Table 3). These 

rates observed are generally higher than previous estimations performed during 

the initial spread of these pandemic viruses in all the genes except in the NP. In 

studies carried out early in the pandemic, the evolutionary rate for individual 

gene segments was estimated at 2.55–3.67 X 10-3 substitutions/site/year (Smith 

et al., 2009). However, it needs to be noted that the elapsed time since the 

emergence of this virus is too short (12 months of sampling from July 2009- 
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period to June 2010).  Thus this short period precludes confident prediction of 

evolutionary rate trends for this virus. 

The surface expressed gene segments (HA and NA), the transmembrane 

expressed segment (M) and the NS gene segment had the highest rates of 

evolution compared to internally expressed segments (PB2, PB1, PA, and NP). 

Thus, the study identified a major evolutionary rate difference between those 

segments expressed on the surface of the virion (high rates) and those that are 

expressed inside the virion (low rates). This observation has also been shown 

previously among seasonal influenza viruses (Rambaut et al., 2008).  

What was the cause of this phenomenon in Kenyan viruses whereby the surface 

expressed segments had higher substitution rates while the internally expressed 

segments had lower substitution rates? Genes that code for surface proteins 

(HA and NA) may be subject to strong selection pressure by neutralizing 

antibodies of host immune systems (Webster et al., 1992).  These two genes 

are therefore subject to strong positive selection to allow for antigenic variation 

and thus immune escape of the virus accounting for their high evolutionary 

rate. The extracellular domain of the M2 ion channel is a key target in the 

development of a ‘universal’ influenza vaccine (Gerhard et al., 2006), whereas 

the M1 protein is the major component of the viral capsid and a potential target 

of cellular immune responses (Berkhoff et al., 2005). Likewise, NS1 encodes a 

pleiotropic, nonstructural protein that down-regulates double-stranded-RNA-

induced antiviral responses (Krug et al., 2003). Therefore, immune-mediated 

selection may also explain the increased rates in M and NS gene segments. 
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In contrast, the three segments that constitute the viral polymerase (PB2, PB1, 

PA), as well as the RNA-binding NP, were shown to exhibit lower 

evolutionary rates revealing stronger selective constraints against amino acid 

variation. Previous studies have identified that the activity of influenza 

polymerase is highly host- and cell type-specific and that compatibility among 

viral ribonucleoprotein (vRNP) complex proteins is necessary for optimal 

genome replication and transcription, and can be restrictive in reassortant 

influenza viruses (Boivin et al., 2010; Gabriel et al., 2008; Naffakh et al., 

2008). As a consequence, the polymerase genes are therefore not expected to 

undergo significant host-specific adaptive evolution. 

To understand the population dynamics of this pandemic in the country, the 

study attempted to infer demographic changes during the pandemic from 

sequence data using the coalescent Bayesian Skyline Plot (BSP) using full 

genomic sequences. In common with all RNA viruses, influenza A viruses 

have a high mutation rate and short generation time such that genetic changes 

encode epidemiological information. The combination of these properties 

allow use of both sequence data and temporal information obtained early on in 

the pandemic to compute infection dynamics even while the pandemic is still 

progressing (de Silva et al., 2012). Inferring demographic history during a 

pandemic using BSP involves estimating the genealogy and inferring the 

effective population size at different points along the genealogical timescale. 

The effective population size reflects the number of individuals that contribute 

offspring to the descendent generation. 



117 

 

Analysis of the BSP showed that the growth of the effective number of 

infections was exponential only during the first four months (July to September 

2009) of the pandemic (Figure 17). Thereafter, constant population 

demography was maintained till the end of the study period. The exponentially 

growing effective population size suggests that the viral diversity was 

increasing before the peak of the pandemic (September 2009) in the country. 

These findings are consistent with surveillance data reported in the FluNet 

(http://www.who.int/influenza/gisrs_laboratory/flunet/en/), a global tool for 

influenza virological surveillance. FluNet surveillance data on Kenya shows 

that the number of infections with the pandemic virus peaked between 

September and October 2009 and thereafter declined. It has been hypothesized 

that the pandemic strain generated enough herd immunity through 

immunization by exposure in the first four months thereby suppressing its 

transmission. However, this immunity wanes with time allowing the virus to 

re-emerge. It is also possible for viruses to re-emerge if they have mutated 

enough to escape immunity generated against the ‘parent’ strain (Majanja et 

al., 2013). Again this is consistent with FluNet’s surveillance data that shows 

that the pandemic virus re-emerged in November 2010 and dominated for 

several months thereafter.  

To identify possible temporal or spatial discrete lineages in influenza 

A(H1N1)09pdm viruses  circulating  in  Kenya,  the study  conducted  a 

maximum  clade  credibility  tree  analysis  (i.e.  the  tree  sampled  from the  

Bayesian  MCMC  with  the  highest  product  of  individual  clade 
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probabilities). This aimed at seeking molecular insights into the trajectory of 

A/H1N1pdm following its introduction into the country. The chronological 

phylogeny for the Kenyan viruses revealed that six distinct A/H1N1pdm viral 

clusters co-circulated throughout the pandemic period. The tMRCA estimate of 

the tree root dating back to February 2009 is in line with the majority of the 

previous estimations, which place the origin of the pandemic H1N1 strain to 

January 2009 with intervals of credibility between late 2008 and March 2009 

(Fraser et al., 2009; Shiino et al., 2010; Smith et al., 2009). This pre-dates the 

first identification of A(H1N1)09pdm infections in Kenya and suggests that, 

the earliest Kenyan influenza A(H1N1)09pdm viruses were circulating 

elsewhere several months before their introduction and detection in Kenya. 

This observation has also been made in Italy and UK (Baillie et al., 2012; 

Zehender et al., 2012). 

Using contact tracing methods, it was shown that influenza A(H1N1)09pdm  

virus was introduced in Kenya at three points; the first 2 points were in 

Western Kenya while the third was in Nairobi and that all these initial 

introductions were from the UK. (CDC, 2009a). Using molecular data, this 

study shows that the two introductions in Western Kenya were due to both 

clade 2 and clade 7 viruses while the introductions in Nairobi was due to a 

clade 7 virus. In the UK, the first laboratory confirmed cases were detected in 

April 2009 and the first wave of infections peaked in June - July 2009 (Baillie 

et al., 2012).  In agreement with this observation, the tMRCA’s of the earliest 

clusters identified in Kenya was estimated to be between April and June 2009. 
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It is worth noting that the tMRCA of the Kenyan clade 2 viruses overlap with 

that of the UK clade 2 viruses (Baillie et al., 2012). At the same time, both 

local clade 2 and 7 two viruses are closely associated with UK isolates as 

shown in the time scaled MCC tree shown in Figure 16 and not with isolates 

from USA, Asia or Africa. Molecular data presented in this study therefore 

confirms previous classical epidemiological work while at the same time 

shedding light on the genetic characteristics of the viruses introduced into the 

country. 

The tMRCA’s of the four clusters that co-circulated in the country during the 

peak pandemic phase was dated between June and August 2009. These clusters 

are also more closely associated with UK isolates than isolates from other 

regions. Furthermore, the tMRCA’s of these clusters coincide and overlap with 

those of clusters identified in the UK (Baillie et al., 2012). Similar results were 

obtained with cluster KENE-GC7 which dominated during the late phase of the 

pandemic in Kenya. The tMRCA for this cluster was estimated at October 

2009. One UK isolate A/England/1116/2009 sampled on 21st October 2009 

was found to be closely related with this cluster. Further, the fact that during 

this period the second wave of pandemic H1N1 infections in UK peaked is 

noteworthy. Taken together, this information strongly suggests that not only 

was the pandemic virus introduced into the country from the UK, but it was 

also sustained via multiple importations from the same country. 

An interesting observation seen in this study is that though the introduction of 

influenza A(H1N1)09pdm virus occurred in June 2009, the pandemic peaked 
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in September/October. The reasons for this apparent lag between the 

introductions into the country and the peak of infections are not exactly known. 

However, what is clear is that the pandemic peaked in the country in 

September immediately after schools opened for their third term. This suggests 

that school closure for the August holiday and the movements associated with 

school holidays could have played a role in the intense circulation of the virus 

in the country. Similar observations have been made in the United States of 

America where elevated outpatient visits for influenza-like illness occurred an 

average of 14 days after schools opened in the fall of 2009 (Chao et al., 2010). 

Studies have also previously shown that school activities have been found to be 

significantly correlated with influenza transmission rates (Cauchemez et al., 

2008; Monto et al., 1985).   

No clear signal of the geographical spread of A(H1N1)09pdm influenza virus 

was detected in this study. The study observed that all the circulating clusters 

were geographically spread and were not restricted to one sampling location. 

This may be due to the small sample size utilized. At the same time, this 

finding may be indicative of efficient community spread of these clusters 

throughout the country. Genetic drift however was visible over time, with the 

2010 strains clustering separately from 2009 strains and further from the 

Mexico strain and the A/California/7/2009 vaccine strain forming a well 

supported clade. A recent study carried out in South Africa also showed rapid 

spread of circulating clusters throughout the country and also a progressive 

genetic drift among 2010 isolates (Venter et al., 2012). 
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5.3 Genetic drift in the proteins of local A(H1N1)09pdm viruses 

The most salient feature of influenza evolution in humans is its antigenic drift. 

This process is characterized by structural changes in the virus’s B-cell 

epitopes and ultimately results in the ability of the virus to evade immune 

recognition and thereby reinfect previously infected hosts (Yuan and Koelle, 

2013). Occasionally the degree of antigenic drift is sufficient that a very large 

proportion of the population is susceptible and severe epidemics occur in a 

proportion of the population that has become immunologically susceptible to 

the drift variants. In a pandemic situation if this was to happen, it would lead to 

repeated waves of infection some of which may be more virulent than others. It 

is for this reason that the study undertook surveillance of amino acid changes 

in local viruses over the pandemic period in all the genes. 

In the PB2 protein of influenza A viruses, E627K and D701N mutations are 

associated with increased virulence and adaptation of avian influenza viruses to 

the human host (Herfst et al., 2010). However, examination of the PB2 amino 

acid residues of the Kenyan A(H1N1)09pdm influenza viruses showed that 

these two mutations were absent during the study period. The polymerase 

complex of influenza A(H1N1)09pdm virus was derived from triple-reassortant 

swine viruses, the PB2 gene of which was of avian origin and entered pigs 

around 1998 (Garten et al., 2009). The fact that this avian-origin PB2 gene did 

not significantly benefit from the substitutions E627K and D701N (locally and 

globally) which allow for enhanced replication in mammals suggests that other 

mutations may have compensated for their absence. 
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The K526R substitution in the PB2 protein was observed in the local isolates in 

only two of the earliest Kenyan isolates. An analysis of over 1,000 global PB2 

protein sequences deposited in the Influenza Virus Resource database reveals 

that this substitution was only observed early in the pandemic. The absence of 

K526R substitution beyond the early phase suggests that K526 offers 

transmission or replication advantage over R526 in humans. This study 

hypothesizes that the acquisition of K526 could compensate for the absence of 

the E627K and D701N mutations associated with mammalian adaptation of 

avian influenza viruses. Using minireplicon and animal studies, a recent study 

on the mammalian adaptation of avian H5N1 viruses found that PB2 

possessing 591R supports efficient viral replication in mammals, so that there 

is no strong selective pressure to acquire the mammalian-type amino acids at 

position 627 and 701 (Yamada et al., 2010). These findings therefore support 

the hypothesis that a mutation in the C terminus of PB2 such as K526R could 

offer replication advantage in influenza A(H1N1)09pdm viruses. 

Interestingly, most of the substitutions observed in the PB2 during the peak 

phase of the pandemic in Kenya were not observed elsewhere in the world 

except K157R. None of these mutations also became fixed in the Kenyan 

isolates. As would be expected, the increased transmission during this phase 

coupled with the error-prone nature of influenza RNA polymerase created 

some variants that were not able to transmit effectively. This could account for 

the lack of any fixed amino acid mutations during this period. In the late phase 

of the pandemic, four dominant mutations were observed in the Kenyan 
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isolates. These included R299K, V344M, I354L and N456S. An examination 

of global PB2 protein sequences from influenza A(H1N1)09pdm viruses 

isolated elsewhere indicates that these four mutations were observed 

increasingly from late 2009 suggesting that they offered a selective advantage. 

It is therefore expected that these mutations will increase in subsequent seasons 

particularly as they tended to occur as parallel mutations implying that they are 

beneficial and characteristic of instances of convergent evolution (Bull et al., 

1997). 

PB1 is the core subunit for assembly of the virus RNA polymerase as the N-

terminal tip of PB1 binds to the C terminus of PA while the C terminus of PB1 

binds to the N terminus of PB2 (Toyoda et al., 1996). In the current study, no 

fixed amino acid substitutions were observed in the PB1 during the pandemic 

amongst the Kenyan isolates. The main observation in the PB1 protein of 

viruses from this study was that most of the sites (7/12) harboring amino acid 

substitutions are located towards the C-terminus of the protein which associate 

with the PB2 protein by binding to the N-terminal end of the PB2 protein 

during replication.  Mutations in each of the subunits comprising the influenza 

polymerase impact on the efficiency of viral replication by affecting RNA 

polymerase activity. It is therefore interesting to note that no mutations were 

observed in the N-terminal of PB2 in the local isolates implying that the higher 

rate of mutations seen in the C-terminal of PB1 may have been compensatory 

to allow for optimal RNA polymerase activity. This is more so as mutations at 
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the PB1-PB2 interface have been shown to inhibit RNA synthesis (Sugiyama et 

al., 2009). 

Like the PB2, the influenza A(H1N1)09pdm virus PA is also avian-like. It 

contains 7 avian virus unique residues (28P, 55D, 57R, 65S, 100V, 312K, and 

552T), and only 3 human virus residues (356R, 382D, and 409N). This is 

despite the fact that the gene was maintained in swine viruses for over a decade 

(Chen and Shih, 2009). The main observation in this study regarding genetic 

drift in the PA gene segment of local isolates was that all local isolates that 

circulated beyond the introduction cases had 224S and 581L changes. The 

study suggests that these two mutations were crucial in efficient replication of 

influenza A(H1N1)09pdm viruses. This is due to the fact that amino acid 224 

has been shown to significantly affect viral replication in H5N1 (Song et al., 

2011) while position 581 is located in the C terminal domain of the PA which 

bind to PB1 for complex formation and nuclear transport (Yuan et al., 2009). 

Late in the pandemic, N321K and I330V also located in the C terminal domain 

were increasingly seen to dominate in the Kenyan isolates. These two 

mutations have also been reported in Thailand and Taiwan from 2010 

(Makkoch et al., 2012; Yang et al., 2011). Their distribution suggests that they 

confer a selective advantage to the fitness of the virus and are thus expected to 

dominate in successive seasons. 

The influenza HA is involved in two major functions: recognition of target 

cells, by binding to their sialic acid-containing receptors, and fusion of the viral 

and the endosomal membranes succeeding endocytosis (Chiu et al., 1997). 
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Mutations in this protein therefore have implications in receptor specificity, 

host range and pathogenicity.  Mapping of the HA mutations observed in the 

Kenyan isolates  on to the known antigenic sites (Caton et al., 1982) and 

receptor binding sites (Skehel and Wiley, 2000) was carried out. Of the 14 

amino acid substitutions observed in the HA protein amongst the Kenyan 

isolates, 11 (78.5%) occurred in the HA1 domain while only 3 (21.5%) 

occurred in the HA2. Since HA1 is the most important in viral pathogenesis in 

initiating infection, the protein is a primary target for antibodies to neutralize 

the virus and is therefore more variable than HA2 (Skehel and Wiley, 2000). 

Thus these findings about amino acid changes in the HA are in agreement with 

our understanding of influenza biology.  Another important observation noted 

was that 3 of the 11 sites (i.e. at positions 202, 220 and 239 [H1 numbering]) 

that had amino acid changes in the HA1 are located within known antigenic 

sites. Of these, 2 (sites 202 and 239) are located at antigenic site Ca while the 

other (site 220) is located at site Sb (Caton et al., 1982). These results indicate 

a dominance of mutations within antigenic site Ca over mutations in other 

sites. Several studies on both A(H1N1)09pdm virus and seasonal influenza 

A/H1N1 viruses have suggested that sites Sb and Ca are of greatest 

significance in the immune escape and thus evolution of H1 viruses (Ding et 

al., 2010; Raymond et al., 1986). 

Regarding amino acid changes in the receptor binding site, only amino acid 

position 239 and 202 showed substitutions in two isolates. At position 239, two 

local isolates possessed 239E while all the remaining had 239D. At this 
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position among influenza A(H1N1)09pdm viruses, 239D is the wild type 

amino acid. Studies have shown that mutations at this position alter influenza 

virus receptor binding specificity (Abed et al., 2011). During the 2009 

pandemic, substitution at this position involving the change from D to G/E was 

shown to be associated with severe clinical outcome including fatalities in 

several studies (Galiano et al., 2011; Kilander et al., 2010; Mak et al., 2010). 

Considering that this substitution was not observed on other local isolates, it is 

possible that it did not offer a selective advantage to the virus. Late in the 

pandemic, S202T also located at the RBS emerged and seemed to dominate. 

Since this position is also an antigenic site, the study speculates that this 

mutation may offer selective advantage probably by favouring transmissibility 

of this new virus.  

In the late phase of the pandemic, the emergence of parallel mutations D114N, 

S202T, E391K and S468N in the HA protein was evident. The hemagglutinin 

position 391 corresponds to the HA2-subunit position 47. E391K mutation has 

been shown to occur simultaneously with D114N (Maurer-Stroh et al., 2010). 

This observation was also shown in this study. This (E391K) mutation has 

been shown to drastically alter the oligomerization interface of HA1 and HA2 

in a region that undergoes structural changes required for membrane fusion 

(Maurer-Stroh et al., 2010). Furthermore, this region was recently identified as 

a highly conserved epitope recognized by antibodies that neutralize the closely 

related 1918 H1N1 virus by blocking the structural changes associated with 

membrane fusion (Ekiert et al., 2009). It is possible that the substitution from S 
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to N at position 468, a residue also located in the HA2 domain, may cause 

structural changes associated with membrane fusion. We hypothesize that these 

parallel mutations offer selective advantage and that they are likely to dominate 

in the HA protein of isolates in consecutive seasons. 

The NP assembles with the three subunits of the polymerase into a 

ribonucleoprotein complex (RNP) which controls transcription and replication. 

In this complex, it regulates the balance between transcription and replication 

during the virus cycle (Portela and Digard, 2002). The most dominant amino 

acid change in this protein of local isolates was found to be the V100I 

substitution. Globally, in the pre-epidemic period only 10% of influenza 

A(H1N1)09pdm viruses had this valine to isoleucine change at position NP-

100, whereas about 57%, 80% and 93% of the virus isolates collected in the 

early, middle and late periods possessed this change, respectively (Pan et al., 

2010). Strikingly, the 1918 H1N1pdm virus also had the residue isoleucine at 

position NP-100, while other pandemic viruses and human IAVs display valine 

at this position. The local isolates were also noted to possess 373T except two 

of the earliest isolates that possessed 373I. In light of these observations, this 

study hypothesizes that the acquisition of 100I and 373T in the NP was 

necessary for adaptation of influenza A(H1N1)09pdm virus in humans and 

may have played a role in its increased transmissibility or replication.  

The influenza NA removes sialic acid from virus and cellular glycoproteins to 

facilitate virus progeny release and spread of infection to new cells.  In this 

protein among local influenza A(H1N1)09pdm virus isolates, two dominant 
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mutations were observed in all isolates except in two of the earliest isolates. 

First, the avian-like residue, valine at NA-106 mutated to the human-like 

residue isoleucine, which was present in the 1918 and 1977 H1N1 pandemic 

viruses. Secondly, the non-charged residue, asparagine at NA-248, mutated to a 

negatively charged residue, aspartic acid, which was only presented in the 1977 

H1N1 pandemic viruses. These two mutations, V106I and N248D, are non 

clade 1 defining mutations suggesting that no clade 1 viruses circulated in the 

country. Both these amino acid substitutions are located in previously defined 

or predicted B-cell antigenic regions.  In addition, position 248 is in the 

proximity of the catalytic NA pocket (Maurer-Stroh et al., 2009). These  results  

reveal that  the  novel  substitutions  found  in  influenza A(H1N1)09pdm 

viruses isolated in  Kenya  are  located  on  the  surface  of  the  protein  (since 

B-cell epitopes are located on the surface) and may  not  interfere  with  the  

active  site. This is in agreement with previous studies (Kao et al., 2012; 

Maurer-Stroh et al., 2009).  

Another mutation observed in the NA of local isolates is the N369K mutation, 

which was only observed during the late phase of the pandemic in Kenya. 

Studies have shown that this mutation observed in local isolates, if acquired 

together with V241I and N386S, could potentially facilitate accommodation of 

the H275Y substitution without loss of fitness (Hurt et al., 2012). This 

accommodation would lead to neuraminidase inhibitor resistant influenza 

viruses that are easily transmissible among humans. As a result, this mutation 

should be closely monitored in the successive seasons.  Mutations associated 
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with resistance to neuraminidase inhibitors located in the NA protein are 

discussed under section 5.4. 

The M protein gene of influenza A viruses encodes two proteins, M1 and M2, 

derived by splicing of mRNA. The Ml internal protein is a major component of 

the virus particle with an essential role in virus assembly and budding while the 

M2 has a proton-selective ion channel activity and is involved in virus 

assembly (Garcia-Robles et al., 2005). It has been indicated previously that M1 

is an interior virion protein (matrix) that lies just beneath the viral envelope 

(Garcia-Robles et al., 2005). On the other hand, the M2 is an integral 

membrane protein inserted into the viral envelope and projects from the surface 

of the virus as tetramers (Lamb et al., 1985). Consequently, infection of 

influenza A virus is known to induce the host's immune response to M2 

protein, especially to the extracellular domain (Gerhard et al., 1997).   

An examination of the amino acid polymorphisms seen in the M1 and M2 

proteins encoded by the M gene showed that there were more amino acid 

substitutions in the M2 (10/97) than in the M1 (7/252) protein of local 

influenza A(H1N1)09pdm viruses. As a result, the M1 protein was more 

conserved than the M2. The host's immune response seems to have exerted 

stronger selective pressure on the M2 than that on the M1 protein, accounting 

for the increased number of amino acid substitutions in this protein in a bid to 

evade immune pressure. Studies have shown that even minor mutations in the 

M1 protein such as the substitution of Lys with Asn at position 102 or 104 may 

cause restriction of virus replication (Furuse et al., 2009; Liu and Ye, 2002). 
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This could explain why M1 is under strong negative pressure to avoid creation 

of defective virions. It also could explain why the selective pressure on M1 is 

smaller than that on M2. It was however observed that isolates obtained during 

the late phase of the pandemic acquired more amino acid substitutions (3/7 in 

M1 and 5/10 in the M2). This indicates a progressive genetic drift in this gene 

segment. Mutations associated with resistance to Adamantanes which are 

normally located in the M2 protein are discussed under section 5.4 below. 

The NS gene segment of the influenza A virus encodes two proteins; the non-

structural protein 1 (NS1) and the nuclear export protein (NEP). NS1 is 

essential to inhibition of the host immune response as it suppresses the host 

type 1 interferon (IFN) (Hale et al., 2008). NEP on the other hand in 

association with M1, mediates the nuclear export of viral ribonucleoprotein 

(vRNP) complexes (Neumann et al., 2000). Deletions in the NS1 protein have 

been associated with increased influenza A virulence. Highly pathogenic H5N1 

viruses isolated from waterfowl, poultry, and humans in Southeast Asia since 

2000 possess a 15-nucleotide deletion from position 263–277 in the NS gene 

(Guan et al., 2004; Li et al., 2004) resulting in enhanced virulence in both 

chicken and mice (Long et al., 2008). Studies have also identified single 

mutations in the NS1 gene (S42P, D92E and V149A) as well as multiple 

mutations in the PDZ ligand domain that increase influenza pathogenicity (Jiao 

et al., 2008; Li et al., 2006; Seo et al., 2002). On the other hand, mutations in 

the nuclear export signal (12ILMRMSKMQL 21) in the NEP have been shown to 
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affect virulence and replication of influenza viruses (Iwatsuki-Horimoto et al., 

2004).      

In the current study, the known virulence markers in the NS1 including S42P, 

D92E and V149A mutations and the PDZ ligand domain are missing in the 

local isolates. A unique dominant mutation I123V occurred in the NS1 protein 

during the early pandemic phase in the local isolates. None of the influenza A 

viruses collected globally during the pre-epidemic period carried this mutation, 

while 29%, 40% and 78% of the influenza A(H1N1)09pdm viruses collected in 

the early, middle and late periods possessed this mutation, respectively (Pan et 

al., 2010). This mutation has not been observed in other viruses that caused 

previous pandemics. Since NS1 is a virulence factor responsible for 

suppressing antiviral interferon (IFN) induction during viral replication, and 

since this mutation is located in the effector domain of NS1, it is hypothesized 

here that this mutation had a beneficial role in replication.  

In the NEP, the nuclear export sequence was conserved in all the local isolates. 

The R77M and R77K substitution was the most common seen in the NEP 

during the early and peak phases of the pandemic. Of these two, the R77M 

substitution may have been more destabilizing to the NEP as it led to the 

replacement of a polar amino acid with a non polar one. The substitution at 

position 77 was noted to be adjacent to Trp 78 which mediates the binding of 

NEP and M1 to allow nuclear export of viral ribonucleoproteins (vRNPs) 

replicated in the nucleus to the cytoplasm (Garcia-Robles et al., 2005). A 

recent study has shown that mutations at this position may not affect the ability 
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of NEP to regulate viral RNA levels (Robb et al., 2009). However, this 

mutation was not observed beyond December 2009 in the local isolates which 

may indicate that it did not confer a selective advantage to the virus. 

In this study, the two proteins encoded by the NS gene also exhibited a 

different number of amino acid substitutions. Generally, the NS1 protein was 

more conserved than the NEP. This observation has been made previously (Qu 

et al., 2011). Perhaps this may be attributed to the fact that, functioning of NEP 

requires it to bind to M1, meaning that any mutation in the NEP could require 

compensatory mutations in the M1. On the other hand, this may not be required 

in the NS1 as it does not bind to other influenza virus proteins.  

 

5.4 Antiviral sensitivity of local influenza A(H1N1)09pdm viruses 

Two classes of antiviral drugs are currently in use for the treatment of 

influenza virus infections. These are the neuraminidase inhibitors and M2 

inhibitors (Adamantanes). These drugs inhibit influenza virus replication by 

binding to the NA and M2 proteins respectively. While these two classes are 

generally effective, the emergence of drug resistant is always a constant threat. 

This is much so considering the error prone nature of influenza polymerases. 

Monitoring the susceptibility of circulating influenza viruses is therefore of 

utmost necessity particularly in a pandemic situation. The study therefore 

determined the susceptibility of the Kenyan isolates by examining for known 

molecular markers of resistance in the NA and M2 proteins. 
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Resistance to M2 inhibitors can be achieved by a single substitution of any of 

the amino acid residues located at positions 26, 27, 30, 31, or 34 of the 

transmembrane domain of the M2 protein (Boivin et al., 2002). In the vast 

majority of cases, the basis for this resistance is a single serine to asparagine 

amino acid replacement (S31N) in the matrix M2 protein (Wang et al., 1993).  

This mutation weakens (M2) transmembrane helical packing and thereby 

disrupts the drug binding pocket (Pielak et al., 2009). None of the Kenyan 

isolates harboured mutations at positions 26, 27, 30, or 34.   However, all the 

Kenyan isolates during the pandemic period had the S31N mutation and were 

thus resistant to M2 inhibitors. This resistance has also been found in all 

currently circulating influenza A(H1N1)09pdm viruses isolated globally 

(Neumann et al., 2009). 

Resistance to neuraminidase inhibitors is conferred by any of the following 

mutations in the NA; I117V, E119V, D198N, I222V, H274Y, R292K, N294S, 

I314V, V116A, R118K, E119G/A/D, Q136K, D151E, R152K, R224K, E276D, 

R292K and R371K [N2 numbering] (Colman et al., 1983) These molecular 

markers associated with resistance to neuraminidase inhibitors are located in 

the active site of the NA protein at different positions depending on the virus 

subtype, thus altering its sensitivity to inhibition (Hayden et al., 2005). The 

study examined the local isolates for oseltamivir and zanamivir-related 

mutations. Majority of the local isolates did not carry the resistance conferring 

mutations indicating their sensitivity to neuraminidase inhibitors. However, 

two isolates possessed an E277Q (E276 in N2 numbering) mutation. It has 
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been shown previously that E277 is an oseltamivir-interacting residue (Li et 

al., 2012). Thus, the substitution of Glutamic acid with aspartic acid changes 

this interaction resulting in Oseltamivir resistant viruses. However, in the local 

isolates, though this mutation replaces an acidic amino acid residue with one 

that is basic, the study speculates that the negative charge of Glutamine under 

physiological conditions may alter the NA active site which in the wild-type is 

positively charged at physiological conditions. This may thus alter the binding 

of Oseltamivir to the NA active site. Phenotypic assays should therefore be 

carried out to determine the effect of this mutation on Oseltamivir activity. 

 

5.5 Mea culpa 

Although genetic analysis is important in informing our understanding of 

influenza virus evolution and antigenic changes, the lack of corresponding 

hemagglutination inhibition data of the Kenyan viruses is a limitation in this 

study. As such, it is not possible to correlate the observed mutations in the local 

isolates with antigenic drift. Also, the analysis in this study only involved the 

coding region of the gene segments. Although the non-coding regions are 

considered to be conserved, mutations that affect viral replication may occur 

and this information may have been lost in the current study. Additionally, 

since this study did not allow for follow up of the patients, it is not possible to 

associate any of the observed mutations with virulence. However, the strength 

of this study lies in the fact that it is among the first of its kind in Africa that 
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employs whole genome sequencing and phylodynamics in an attempt to 

understand the evolutionary dynamics of this novel virus in the region. 
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6.0: CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

a) On the basis of observations in this study, the study concludes that 

influenza A(H1N1)pdm09 virus was introduced into the country and 

sustained as a result of multiple importations by travellers coming from the 

UK. 

b) Two clades of influenza A(H1N1)pdm09 virus namely clade 2 and 7 were 

introduced into the country. Of these two, clade 2 died out and did not 

circulate beyond the introduction sites while clade 7 disseminated and was 

transmitted throughout the country.  

c) The surface expressed gene segments exhibited the highest rates of 

evolution while the internally expressed segments expressed lower 

evolutionary rates. 

d) The effective number of infections and hence the number of infected 

individuals increased exponentially in the first three months of the presence 

of the virus in the country and thereafter declined. 

e) The earliest clusters of influenza A(H1N1)pdm09 virus in the country are 

estimated to have emerged elsewhere between April – June 2009. This is 2-

3 months before the first laboratory confirmed case was detected and 

coincides with the time of the most recent common ancestor (tMRCA) of 

specific clusters in the UK. 
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f) Majority of circulating clusters of A(H1N1)pdm09 virus were 

geographically spread and did not exhibit any observable spatial patterns 

indicating efficient community spread. 

g) None of the previously described virulence markers were acquired by the 

local A(H1N1)pdm09 virus during its circulation in the pandemic period. 

h) While many of the mutations observed in the gene segments were transient, 

demonstrating how the viral genome has shaped dynamically, the study 

clearly showed that a progressive genetic drift away from the 

A/California/7/2009 vaccine strain is apparent in the PB2, PB1, PA, HA, 

NA, M and NS gene segments particularly in samples isolated in 2010. 

i) All the local influenza A(H1N1)pdm09 virus isolates during the pandemic 

period were found to be sensitive to neuraminidase inhibitors but resistant 

to adamantanes. 

 

6.2 Recommendations 

6.2.1 Application of research findings 

i) The research findings indicate that the effective number of infections 

increased exponentially in the first three months. Due to this, vaccination or 

any other public health measure (such as prophylactic antiviral therapy) 

should be instituted as soon as the pandemic emerges so as to slow down 

the rate of new infections. 
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ii)  The evolution of A(H1N1)pdm09 virus in the country was observed to be 

largely via progressive genetic drift. This may not have been clear if only 

one gene was sequenced. This finding therefore underscores the need for 

intensified surveillance applying whole genome data to monitor the 

diversity of influenza viruses. 

iii)  The study found out that local influenza A(H1N1)pdm09 viruses were 

sensitive to neuraminidase inhibitors but resistant to adamantanes. 

Neuraminidase inhibitors therefore offer the best option in the treatment of 

influenza A(H1N1)pdm09 virus infections in the country. 

 

6.2.2 Recommendations for further research 

a) Studies should be carried out to compare the transmissibility and 

replication kinetics of local clade 2 and clade 7 viruses’ in-order to 

understand the local and global dominance of clade 7 viruses. 

b) Antigenic cartography based on haemagglutination inhibition assays should 

be performed in-order to determine the effect of the genetic drift observed 

in local isolates on antigenic drift. 

c) Phenotypic in vitro antiviral resistance assays should be performed to 

investigate the role of mutations observed in the NA protein of local 

isolates on their susceptibility to Oseltamivir and Zanamivir. 
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d) Reverse genetics studies should be carried out to understand the role of the 

mutations observed in the local isolates on their replication, virulence and 

transmissibility in animal models. 
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Appendix 2: Primers used in this study 

Gene Fragment Primer name Primer sequence 5’- 3’*# 

 

 

 

 

 

PB2 

 

1 

PB2_F1 TGT AAA ACG ACG GCC AGT CTC GAG CAA AAG CAG GTC AA 

PB2_R2 CAG GAA ACA GCT ATG ACC GCT TTG RTC AAY ATC RTC ATT 

 

2 

PB2_F3 TGT AAA ACG ACG GCC AGT CCT GGT CAY GCA GAC CTC AG 

PB2_R4 CAG GAA ACA GCT ATG ACC CCT CTA ACT GCT TTT AYC ATG CAA T 

 

3 

PB2_F5 TGT AAA ACG ACG GCC AGT CCR ACW GAA GAA CAA GCT GT 

PB2_R6 CAG GAA ACA GCT ATG ACC CTG AGA CCA YTG AAT TTT RAC A 

 

4 

PB2_F7 TGT AAA ACG ACG GCC AGT CCA AGY ACM  GAG ATG TCA ATG AGA 

PB2_R8 CAG GAA ACA GCT ATG ACC AGT AGA AAC AAG GTC GTT TTT AAA C 

 

 

 

 

 

 

 

PB1 

 

1 

PB1_F1 TGT AAA ACG ACG GCC AGT AGC AAA AGC AGG CAA ACC AT 

PB1_R2 CAG GAA ACA GCT ATG ACC GTT CAA GCT TTT CRC AWA TG 

 

2 

PB1_F3 TGT AAA ACG ACG GCC AGT ACA AGR GTG GAC AAA TRA C 

PB1_R4 CAG GAA ACA GCT ATG ACC TTG AAC ATG CCC ATC ATC ATY CCA GG 

 

3 

PB1_F5 TGT AAA ACG ACG GCC AGT AAT CAA AAY CCT MGA ATG TT 

PB1_R6 CAG GAA ACA GCT ATG ACC CCA AGR TCA TTG TTT ATC AT 

 

4 

PB1_F7 TGT AAA ACG ACG GCC AGT ATG AGY AAA AAG AAG TCY TA 

PB1_R8 CAG GAA ACA GCT ATG ACC AGT AGA AAC AAG GCA TTT 

 

 

 

 

 

 

 

PA 

 

1 

PA_F1 TGT AAA ACG ACG GCC AGT AGC AAA AGC AGG TAC TGA T 

PA_R2 CAG GAA ACA GCT ATG ACC TGA GAA AGC TTG CCC TCA ATG 

 

2 

PA_F3 TGT AAA ACG ACG GCC AGT TAT GAY TAC AAR GAG AA 

PA_R4 CAG GAA ACA GCT ATG ACC TCR CAK  GCC TTG TTG AAC TCA TT 

 

3 

PA_F5 TGT AAA ACG ACG GCC AGT AAT TGA ACC ATT CTT GAG GAC GA 

PA_R6 CAG GAA ACA GCT ATG ACC TCC GAT TGG CCA TGT TTC CGA T 

 

4 

PA_F7 TGT AAA ACG ACG GCC AGT AAT GCA TCC TGT GCA GCA ATG GA 

PA_R8 CAG GAA ACA GCT ATG ACC AGT AGA AAC AAG GTA CCT TTT 

 

 

HA 

 

1 

SwHAIMI3F TGTAAAACGACGGCCAGTATGAAGGCAATACTAGTAG 

SwHAIMI3R CAGGAAACAGCTATGACCGATCGGATGTATATTCTGAAATGG 

 

2 

SwHAIIMI3F TGTAAAACGACGGCCAGTGATTGCAATACAACTTGTC 

SwHAIIMI3R CAGGAAACAGCTATGACCAATACATATTCTACACTGTAGAGACCCA 

  NP_F1 TGT AAA ACG ACG GCC AGT CAG GGT AGA TAA TCA CTC AC 
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NP NP_R5 CAG GAA ACA GCT ATG ACC AGT AGA AAC AAG GGT ATT TTT C 

 

 

NA 

 

1 

SwNAIMI3F TGTAAAACGACGGCCAGTATGAATCCAAAYCARAAGAT 

SwNAIMI3R CAGGAAACAGCTATGACCGTGATAATTAGGGGCATTC 

 

2 

SwNAIIMI3F TGTAAAACGACGGCCAGTGACAGGCCTCATACAAGATCTTC 

SwNAIIMI3R CAGGAAACAGCTATGACCTAAATGGMAACTCAGCACCG 

 

MP 

 A-MP-M13F TGTAAAACGACGGCCAGTAGCAAAAGCAGGTAG 

A-MP-M13R CAGGAAACAGCTATGACCAGTAGAAACAAGGTAGT 

 

NS 

 A-NS-M13F TGTAAAACGACGGCCAGTAGCAAAAGCAGGGTGACAAAGACA 

A-NS-M13R CAGGAAACAGCTATGACCAGTAGAAACAAGGGTGTTTTTTAT 

Sequencing M13F TGTAAAACGACGGCCAGT 

M13R CAGGAAACAGCTATGACC 

 

* All primers bore the M13 tag 

#Standard mixed oligonucleotide bases for primer sequences are listed in bold 
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Appendix 3: Epidemiological information about the cases and isolates used in this 
study 

Date of 
collection Sample name Site of collection Age Sex Nationality 

1. 02.07.2009 A/Kisumu/56/2009 CDC - Kisumu 18 Male Kenyan 

2. 02.07.2009 A/Kisumu/61/2009 CDC - Kisumu 22 Female British 

3. 03.07.2009 A/Nairobi/64/2009 Nairobi Hospital 5 Male British 

4. 05.07.2009 A/Garissa/78/2009 Garissa 8 Male British 

5. 11.08.2009 A/Keiyo/96/2009 Tabare 5 Male Kenyan 

6. 15.09.2009 A/Nairobi/58/2009 Kenya High - Female Kenyan 

7. 15.09.2009 A/Nairobi/59/2009 Kenya High 15 Female Kenyan 

8. 19.09.2009 A/Eldoret/119/2009 Sacred Heart Boys 15 Male Kenyan 

9. 19.09.2009 A/Eldoret/120/2009 Sacred Heart Boys 14 Male Kenyan 

10. 22.09.2009 A/Embu/169/2009 Mbeere District Hosp 13 Male Kenyan 

11. 24.09.2009 A/Malindi/238/2009 Malindi Dist Hospital 17 Male Kenyan 

12. 29.09.2009 A/Meru/467/2009 Materi Girls  18 Female Kenyan 

13. 29.09.2009 A/Nyeri/478/2009 Nyeri 13 Male Kenyan 

14. 29.09.2009 A/Mombasa/512/2009 Mombasa Hospital 12 Male Kenyan 

15. 30.09.2009 A/Kitale/531/2009 Weitaluu Sec Sch Kitale 20 Female Kenyan 

16. 30.09.2009 A/Kitale/532/2009 Bikere Pri-Kitale 15 Female Kenyan 

17. 02.10.2009 A/Mombasa/27/2009 AGH-Mombasa 11 Female Kenyan 

18. 03.10.2009 A/Nairobi/37/2009 Nairobi West 25 Male Kenyan 

19. 06.10.2009 A/Mombasa/91/2009 Mombasa 9 - Kenyan 

20. 12.10.2009 A/Kisii/115/2009 Kisii District Hospital 20 Female Kenyan 

21. 15.10.2009 A/Kisii/143/2009 Kisii District Hospital 11 Male Kenyan 

22. 14.10.2009 A/Mombasa/148/2009 Mombasa 6 Male Kenyan 

23. 22.10.2009 A/Transnzoia/168/2009 Kwanza Health Centre 16 Male Kenyan 

24. 27.10.2009 A/Mombasa/179/2009 Aga Khan Hospital Msa 10 Female Kenyan 

25. 27.10.2009 A/Kikuyu/184/2009 PCEA Kikuyu Hospital 12 Female Kenyan 

26. 27.10.2009 A/Kikuyu/185/2009 PCEA Kikuyu Hospital 11 Male Kenyan 

27. 27.10.2009 A/Nakuru/192/2009 Nakuru Prov Gen Hosp 19 Male Kenyan 

28. 29.10.2009 A/Kakamega/215/2009 Kakamega Prov G Hosp 16 Female Kenyan 

29. 29.10.2009 A/Kisii/205/2009 Kisii District Hospital 9 Female Kenyan 
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30. 04.11.2009 A/Nairobi/3/2009 Mater Hospital 21 Female Kenyan 

31. 09.12.2009 A/Nairobi/16/2009 Kemri Staff Clinic 3 Male American 

32. 21/01/2010 A/Kijabe/16/2010 Kijabe 11 Female - 

33. 12.03.2010 A/Nairobi/11/2010 Kijabe 34 Female - 

34. 20.03.2010 A/Nairobi/20/2010 Nairobi 6 Female Kenyan 

35. 20.03.2010 A/Nairobi/21/2010 Nairobi 14 Male Kenyan 

36. 25.03.2010 A/Nairobi/24/2010 Nairobi 3 Female Kenyan 

37. 25.03.2010 A/Nairobi/25/2010 Nairobi 5 Female Kenyan 

38. 04.06.2010 A/Nairobi/80/2010 Nairobi 35 Female Kenyan 

39. 04.06.2010 A/Nairobi/72/2010 Nairobi 3 Male Kenyan 

40. 12.06.2010 A/Nairobi/97/2010 Nairobi 6 Male Kenyan 

 

Early pandemic samples are written in red, peak pandemic samples in black 
and late pandemic samples in blue 
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Appendix 4: Preparation of reagents 

Virus transport medium (broth) 
1. To a 500ml bottle add: 

a) 10 gm veal infusion broth  (2.5% final conc.) 
b) 2.0 gm of BSA   (0.5%  “ ) 
c) 0.8 ml gentamicin sulfate  (100 µg/ml  “ ) 
d) 3.2 ml of Fungizone  (2 µg/ml      “ ) 
e) EASYpure water to 400 ml. 

 
2. Swirl gently to dissolve or let stand at 4°C for 1 hour. 
3. Sterile filter. 
4. Label as “virus transport medium”, with your name, today’s date, and an 

expiration date of 3 months from the date prepared.  Store at 4°C. 
 

Preparation of Guinea pig Blood  

1. Request 5 ml of guinea pig blood from animal resources at least 2 days 
before starting the assay. 

2. Immediately add to 40 ml of Alsever’s solution in a 50 ml sterile screw cap 
tube. 

3. Centrifuge at 800-x g for 10 min and aspirate to remove all the supernatant.  
Add 35 ml of Alsever’s and gently mix by inverting. 

4. Repeat step 3 two additional times, but end by adding exactly 9 volumes of 
Alsever’s to 1 volume of packed RBCs (to give a 10% solution). The 
volume of RBC can be checked by adding the RBCs to a 15 ml graduated 
centrifuge tube and centrifuging or allowing them to settle. 

5. Label as “10% guinea pig RBC” with the day’s date, name and an 
expiration date of 20 days. 

6. Store at 4°C. 
7. Before use, gently resuspend and add one ml of cells to nine ml of sterile 

PBS (to give a 1% final concentration).  If there is clotting, the cells can be 
filtered through sterile gauze before use. This gives a 1% suspension ready 
for use. 

 

1 % Agarose 
1. Weigh 1g of agarose and add it onto a 250ml flask 
2.  Add 1x TAE slowly to the flask until the 100ml mark. 
3. Microwave the flask for 1-2 min making sure that the mixture does not boil 

over.  
4. Stop the microwave every 30 s and swirl the flask.  Continue to heat until 

the agarose is completely dissolved 
5. Add 5 µl of ethidium bromide to the dissolved agarose and mix. 
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Appendix 5: Accession numbers of nucleotide sequences of Influenza 
A(H1N1)pdm09 viruses from this study 

POLYMERASE BASIC 2 (PB2) GENE 
Isolate Accession number 
A/Kisumu/56/2009   EPI443014 
A/Kisumu/61/2009   EPI443064 
A/Nairobi/64/2009  EPI443103 
A/Garissa/78/2009   EPI443156 
A/Keiyo/96/2009   EPI443166 
A/Nairobi/58/2009   EPI443173 
A/Nairobi/59/2009   EPI443181 
A/Malindi/238/2009   EPI443188 
A/Eldoret/119/2009   EPI443195 
A/Eldoret/120/2009   EPI443202 
A/Embu/169/2009   EPI443209 
A/Nyeri/478/2009   EPI443216 
A/Meru/467/2009   EPI443223 
A/Kitale/531/2009   EPI443230 
A/Kitale/532/2009  EPI443238 
A/Mombasa/512/2009   EPI443245 
A/Nakuru/192/2009   EPI443252 
A/Trans-Nzoia/168/2009   EPI443260 
A/Mombasa/179/2009   EPI443268 
A/Mombasa/148/2009   EPI443275 
A/Mombasa/91/2009   EPI443282 
A/Mombasa/27/2009   EPI446009 
A/Nairobi/37/2009   EPI446017 
A/Kakamega/215/2009   EPI446026 
A/Kisii/205/2009   EPI446033 
A/Kisii/143/2009   EPI446040 
A/Kisii/115/2009   EPI446047 
A/Kikuyu/184/2009   EPI446054 
A/Kikuyu/185/2009   EPI446061 
A/Nairobi/3/2009   EPI446068 
A/Nairobi/16/2009   EPI446075 
A/Nairobi/11/2010   EPI446083 
A/Kijabe/16/2010   EPI446091 
A/Nairobi/20/2010   EPI446099 
A/Nairobi/21/2010  EPI446107 
A/Nairobi/24/2010   EPI446115 
A/Nairobi/25/2010   EPI446123 
A/Nairobi/72/2010   EPI446131 
A/Nairobi/80/2010   EPI446139 
A/Nairobi/97/2010   EPI446152 
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POLYMERASE BASIC 1 (PB1) GENE 

 
Isolate Accession number 
A/Kisumu/56/2009   EPI443015 
A/Kisumu/61/2009   EPI443065 
A/Nairobi/64/2009  EPI443112 
A/Garissa/78/2009   EPI443157 
A/Keiyo/96/2009   EPI443167 
A/Nairobi/58/2009   EPI443174 
A/Nairobi/59/2009   EPI443182 
A/Malindi/238/2009   EPI443189 
A/Eldoret/119/2009   EPI443196 
A/Eldoret/120/2009   EPI443203 
A/Embu/169/2009   EPI443210 
A/Nyeri/478/2009   EPI443217 
A/Meru/467/2009   EPI443224 
A/Kitale/531/2009   EPI443231 
A/Kitale/532/2009  EPI443239 
A/Mombasa/512/2009   EPI443246 
A/Nakuru/192/2009   EPI443253 
A/Trans-Nzoia/168/2009   EPI443261 
A/Mombasa/179/2009   EPI443269 
A/Mombasa/148/2009   EPI443276 
A/Mombasa/91/2009   EPI443283 
A/Mombasa/27/2009   EPI446010 
A/Nairobi/37/2009   EPI446018 
A/Kakamega/215/2009   EPI446027 
A/Kisii/205/2009   EPI446034 
A/Kisii/143/2009   EPI446041 
A/Kisii/115/2009   EPI446048 
A/Kikuyu/184/2009   EPI446055 
A/Kikuyu/185/2009   EPI446062 
A/Nairobi/3/2009   EPI446069 
A/Nairobi/16/2009   EPI446076 
A/Nairobi/11/2010   EPI446084 
A/Kijabe/16/2010   EPI446092 
A/Nairobi/20/2010   EPI446100 
A/Nairobi/21/2010  EPI446108 
A/Nairobi/24/2010   EPI446116 
A/Nairobi/25/2010   EPI446124 
A/Nairobi/72/2010   EPI446132 
A/Nairobi/80/2010   EPI446140 
A/Nairobi/97/2010   EPI446153 
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POLYMERASE ACID (PA) GENE 

 
Isolate Accession number 
A/Kisumu/56/2009  EPI443016 
A/Kisumu/61/2009  EPI443066 
A/Nairobi/64/2009  EPI443113 
A/Garissa/78/2009   EPI443158 
A/Keiyo/96/2009  EPI443168 
A/Nairobi/58/2009   EPI443175 
A/Nairobi/59/2009   EPI443183 
A/Malindi/238/2009   EPI443190 
A/Eldoret/119/2009   EPI443197 
A/Eldoret/120/2009   EPI443204 
A/Embu/169/2009   EPI443211 
A/Meru/467/2009   EPI443225 
A/Nyeri/478/2009   EPI443218 
A/Kitale/531/2009   EPI443232 
A/Kitale/532/2009   EPI443240 
A/Nakuru/192/2009   EPI443254 
A/Trans-Nzoia/168/2009   EPI443262 
A/Mombasa/179/2009   EPI443270 
A/Nairobi/37/2009   EPI446019 
A/Mombasa/91/2009   EPI443284 
A/Kisii/115/2009   EPI446049 
A/Kisii/143/2009   EPI446042 
A/Mombasa/148/2009   EPI443277 
A/Mombasa/27/2009   EPI446011 
A/Kikuyu/184/2009   EPI446056 
A/Kikuyu/185/2009   EPI446063 
A/Kisii/205/2009   EPI446035 
A/Kakamega/215/2009   EPI446028 
A/Mombasa/512/2009   EPI443247 
A/Nairobi/16/2009   EPI446077 
A/Nairobi/3/2009   EPI446070 
A/Nairobi/20/2010   EPI446101 
A/Nairobi/21/2010   EPI446109 
A/Nairobi/24/2010   EPI446117 
A/Nairobi/25/2010   EPI446125 
A/Nairobi/72/2010   EPI446133 
A/Nairobi/80/2010   EPI446141 
A/Nairobi/97/2010   EPI446154 
A/Nairobi/11/2010   EPI446085 
A/Kijabe/16/2010    EPI446093 
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HAEMAGGLUTININ GENE 
 
Isolate Accession number 
A/Kisumu/56/2009   EPI443017 
A/Kisumu/61/2009   EPI443067 
A/Nairobi/64/2009   EPI443120 
A/Garissa/78/2009   EPI443159 
A/Keiyo/96/2009   EPI443169 
A/Nairobi/58/2009   EPI443176 
A/Nairobi/59/2009   EPI443184 
A/Malindi/238/2009  EPI443191 
A/Eldoret/119/2009   EPI443198 
A/Eldoret/120/2009   EPI443205 
A/Embu/169/2009   EPI443212 
A/Nyeri/478/2009   EPI443219 
A/Meru/467/2009   EPI443226 
A/Kitale/531/2009      EPI443233 
A/Kitale/532/2009   EPI443241 
A/Mombasa/512/2009   EPI443248 
A/Nakuru/192/2009           EPI443255  
A/Trans-Nzoia/168/2009   EPI443263 
A/Mombasa/179/2009   EPI443271 
A/Mombasa/148/2009   EPI443278 
A/Mombasa/91/2009           EPI443285 
A/Mombasa/27/2009       EPI446012 
A/Nairobi/37/2009          EPI446020 
A/Kakamega/215/2009   EPI446029 
A/Kisii/205/2009   EPI446036 
A/Kisii/143/2009   EPI446043 
A/Kisii/115/2009   EPI446050 
A/Kikuyu/184/2009   EPI446057 
A/Kikuyu/185/2009   EPI446064 
A/Nairobi/3/2009    EPI446071 
A/Nairobi/16/2009  EPI446078 
A/Kijabe/16/2010   EPI446094 
A/Nairobi/11/2010   EPI446086 
A/Nairobi/20/2010   EPI446102 
A/Nairobi/21/2010   EPI446110 
A/Nairobi/24/2010   EPI446118 
A/Nairobi/25/2010   EPI446126 
A/Nairobi/72/2010   EPI446134 
A/Nairobi/80/2010   EPI446142 
A/Nairobi/97/2010   EPI446155 
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NUCLEOPROTEIN GENE 
 

 Isolate  Accession number 
A/Kisumu/56/2009   EPI443018 
A/Kisumu/61/2009   EPI443068 
A/Nairobi/64/2009   EPI443131 
A/Garissa/78/2009   EPI443160 
A/Keiyo/96/2009   EPI443170 
A/Nairobi/58/2009   EPI443177 
A/Nairobi/59/2009   EPI443185 
A/Malindi/238/2009   EPI443192 
A/Eldoret/119/2009   EPI443199 
A/Eldoret/120/2009   EPI443206 
A/Trans-Nzoia/168/2009   EPI443264 
A/Embu/169/2009   EPI443213 
A/Nakuru/192/2009   EPI443256 
A/Nyeri/478/2009   EPI443220 
A/Meru/467/2009   EPI443227 
A/Kitale/531/2009   EPI443234 
A/Kitale/532/2009   EPI443242 
A/Mombasa/512/2009   EPI443249 
A/Mombasa/179/2009   EPI443272 
A/Mombasa/148/2009   EPI443279 
A/Mombasa/91/2009   EPI443286 
A/Mombasa/27/2009   EPI446013 
A/Nairobi/37/2009   EPI446021 
A/Kakamega/215/2009   EPI446030 
A/Kisii/205/2009   EPI446037 
A/Kisii/143/2009   EPI446044 
A/Kisii/115/2009   EPI446051 
A/Kikuyu/184/2009   EPI446058 
A/Kikuyu/185/2009   EPI446065 
A/Nairobi/3/2009   EPI446072 
A/Nairobi/16/2009   EPI446079 
A/Kijabe/16/2010   EPI446095 
A/Nairobi/20/2010   EPI446103 
A/Nairobi/21/2010   EPI446111 
A/Nairobi/24/2010   EPI446119 
A/Nairobi/25/2010   EPI446127 
A/Nairobi/72/2010   EPI446135 
A/Nairobi/80/2010   EPI446143 
A/Nairobi/97/2010   EPI446156 
A/Nairobi/11/2010   EPI446087 
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NEURAMINIDASE GENE 
 

 Isolate  Accession number 
A/Kisumu/56/2009   EPI443019 
A/Kisumu/61/2009   EPI443069 
A/Nairobi/64/2009   EPI443141 
A/Garissa/78/2009   EPI443161 
A/Keiyo/96/2009   EPI443171 
A/Nairobi/58/2009   EPI443178 
A/Nairobi/59/2009   EPI443186 
A/Malindi/238/2009   EPI443193 
A/Eldoret/119/2009   EPI443200 
A/Eldoret/120/2009   EPI443207 
A/Embu/169/2009   EPI443214 
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