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Summary 

 

Molecular and Antigenic Characterization of H6N2 Avian Influenza 

Viruses Isolated in South Africa 

 

By:   Dionne Lynda Rauff (BSc Hons) 

Supervisor:  Professor Celia Abolnik 

Department:  Veterinary Tropical Diseases 

Degree:  MSc 

 

"Does the current H6N2 vaccine still offer sufficient protection?" is a fundamental 

question asked by the poultry industry in South Africa today. In this study we advanced 

our understanding of the genetic drift of the H6N2 virus in poultry in South Africa, by 

phylogenetic analyses of gene segments and antigenic characterization of the virus, 

and determined the efficacy of the current vaccine. 

Using isolates collected between 2002 and 2013, full genome sequencing was 

performed to determine whether genetic re-assortment had occurred over the past 

decade. Vaccine batches were made from these isolates and with the use of antigenic 

cartography the haemagglutination inhibition (HI) data was visualized to determine 

antigenic similarities or differences between the viruses. From this research, information 

about the evolution of the H6N2 virus was revealed. 

The findings show that although extensive genetic drift has occurred over the last ten 

years and two distinct sub-lineages have developed, the current vaccine will still offer 

sufficient protection for both sub-lineages of H6N2 viruses. 

Keywords: avian influenza virus, poultry, H6N2, genetic drift 
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Chapter 1 

Introduction 

 

Avian influenza (AI) is a viral infection of birds, which infects most species of birds and 

can in some cases cross the species barrier and infect humans. The influenza virus is 

part of the Orthomyxovirus group and there are three types of influenza viruses 

namely A, B and C. Orthomyxoviruses are enveloped, single-stranded, negative-

sense, ribonucleic acid (RNA) viruses with a segmented genome (Cheung, Poon 

2007). Influenza C viruses have been isolated from humans and swine while influenza 

B viruses have been found in humans and seals. Influenza A viruses can infect 

humans, other mammals and a variety of avian species (Baigent, McCauley 2003).  

 

Type A influenza viruses are divided into serotypes based on two surface 

glycoproteins: haemagglutinin – HA (H1-H17) and neuraminidase – NA (N1 – N10); all 

combinations of NA and HA proteins are possible and all of these can infect birds 

except H17N10 which has only been found in bats (CDC, 2013, Tong et al 2012). 

Type A viruses have been responsible for the human influenza pandemics in the past, 

where it has been shown that they resulted from the introduction of either HA or NA 

genes from mammalian or avian viruses (Baigent, McCauley 2003). 

 

Influenza A type viruses that infect birds can be divided into low pathogenic (LPAI) 

and high pathogenic (HPAI) viruses. Whereas the highly pathogenic viruses can 

cause up to 100% mortality in poultry (Alexander 2000), the low pathogenic viruses do 

not often cause mortality. 

 

Prior to 1990, most outbreaks of avian influenza in chickens were attributable to H5 

and H7 viral serotypes and very few cases of viruses that had produced stable 

lineages in chickens were observed. By 2000 this had changed and H6N2 had 

developed stable lineages in chickens in California (Liu, Guan et al. 2003), while H9N2 

had become endemic in China (Bi, Lu et al 2011). More than 94% of the H9N2 viruses 
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in the National Center for Biotechnology Information (NCBI) database were isolated in 

Asia with approximately 60% being isolated from chickens. The phylogenetic analysis 

of H9N2 viruses isolated from poultry in China showed that these H9N2 influenza 

viruses evolved quickly and new genotypes were frequently generated in the chicken 

flocks. It was shown that at least two stable lineages have developed and this 

combined with the evolution of the H9N2 viruses may represent a threat to human 

health (Bi, Lu et al 2011). The first recorded incidence of H6N2 in South Africa was in 

2002 in the KwaZulu-Natal (KZN) province where it was identified by 

haemagglutination inhibition (HI) and NA typing as H6N2, and it was typed as a LPAI 

strain at the Veterinary Laboratories Agency (VLA) Weybridge laboratory. There have 

been sporadic incidences of H6N2 infection until the present, affecting a large number 

of poultry operations all over South Africa. Two distinct genetic H6N2 sub-lineages 

circulated in the Camperdown area of the KZN Province and these later spread to 

other regions of South Africa. It was shown that these viruses probably shared a 

common ancestor and that this virus arose from a reassortment between closely 

related viruses that were circulating in ostriches just prior to the emergence of the 

chicken strains (Abolnik 2007; Abolnik, Bisschop et al. 2007a, Abolnik et al. in press). 

Previous research has shown that ostriches and waterfowl can act as mixing vessels 

for new Avian Influenza virus (AIV) strains (Abolnik, Bisschop et al. 2007b, Pfitzer, 

Verwoerd et al. 2000, Zhang, Kong et al. 2011). With LPAI outbreaks recorded over 

the same period in ostriches have being attributed to H6N8, H1N8, H4N2, H10N1, 

H9N2 and the influenza viruses H10N7, H11N2 and H3N8 being isolated from wild 

ducks between 2009 and 2013, it is evident that extensive reassortment has and can 

still take place (Abolnik, Gerdes et al. 2010, Abolnik 2010, Abolnik et al, in press).  

 

In April 2013 an outbreak of LPAI H7N9 influenza virus in humans in China occurred 

that originated from poultry (FAO, 2013; Gao, Cao et al. 2013). Despite the 

aforementioned exception, the low pathogenic viruses are not generally considered to 

cause severe disease and H6N2 is not thought to infect humans (Baigent, McCauley 

2003).  This does not mean that LPAI is not a problem as it can still spread rapidly 

through poultry flocks and cause either asymptomatic disease with a drop in egg 

production, or a mild respiratory disease with a low mortality (CDC, 2013). The poultry 

industry in South Africa is reliant on healthy breeding birds that can produce the 
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optimum amount of eggs and even a low pathogenic viral infection can have huge 

economic implications. The presence of a stable lineage of H6N2 within the poultry 

industry is of concern as this virus could provide the backbone for the reassortment of 

H5 or H7 should H6N2 AI infected poultry come into contact with birds infected with 

other AI viruses. In order to monitor the situation in South Africa there is currently 

compulsory surveillance for avian influenza that all poultry farmers are required to 

conduct every 6 months. The birds are screened for avian influenza antibodies using 

an Enzyme Linked Immunosorbent Assay (ELISA) screening test and any positive 

samples are then tested using haemagglutination inhibition (HI) tests for H5, H7 & H6 

to determine the serotype (Horner and Pienaar, 2009). 

 

The aim of this project was to achieve a better understanding of the genetic drift of the 

H6N2 virus in poultry in South Africa and to determine if the current LPAI vaccine used 

still offers sufficient protection against field strains. Full genome sequencing and 

phylogenetic analyses of gene segments was used to assess antigenic drift and to 

determine whether genetic re-assortment has occurred over the past decade. Since 

some of the strains are characterised by a loss of HA activity, the differences in HA 

activity between the viruses and their ability to produce an immune response was 

compared by using haemagglutination inhibition tests. The efficacy of the current 

H6N2 vaccine used in South Africa was examined by using immune responses to the 

isolates and vaccine, where these were plotted using antigenic cartography to 

determine the similarities or differences between the viruses.  
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Chapter 2 

Literature Review 

 

The genome of the Influenza A virus has eight single stranded RNA segments (vRNA) 

which produce at least 10 viral proteins, and are bound to the nucleoproteins (NP) and 

the influenza virus RNA polymerases inside the virion to form ribonucleoprotein 

complexes. The viral proteins can be divided into three main groups – the non-

packaged protein, surface proteins and internal proteins. The surface proteins on the 

virus particle are the two glycoproteins mentioned before - the HA and the NA which 

are encoded by the fourth and sixth viral segments respectively whilst the third surface 

protein, the matrix protein 2 (M2) is encoded by segment seven of the genome. The 

three polymerase proteins – polymerase A protein (PA), polymerase B1 protein (PB1) 

and polymerase B2 protein (PB2), the matrix 1 protein (M1) as well as the non-

structural internal protein 2 (NS2) are classified as the internal proteins. M1 is 

encoded by RNA segment seven, NS2 is located on segment eight, whereas PA, PB1, 

PB2 are encoded by the three largest segments of the genome segments three, two 

and one respectively (Neumann, Hatta et al. 2003). The only protein that is not 

packaged into the virus particle is the non-structural protein 1 (NS1) and this protein is 

coded by segment eight of the viral genome (Suarez, Schultz-Cherry 2000, Cheung, 

Poon 2007). The RNA segment, corresponding encoded protein and its size in 

nucleotides (nt) are shown in Table 1. 

 

Table 1: RNA segments of the AI virus and the corresponding encoded proteins 

RNA Segment Encoded protein Size (nt) 

1 PB2 2341  

2 PB1 2341 

3 PA 2233 

4 HA1, HA2 1778 

5 NP 1565 

6 NA 1413 

7 M1, M2 1027 

8 NS1, NS2 890 
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The HA protein is of particular importance to this study. This glycoprotein is 

responsible for the attachment of the virus to cellular receptors in the host which 

contain sialic-acid, it is then involved in the virus penetration by the fusion of the viral 

envelope with the cellular membranes. In order for the HA to acquire fusion activity the 

uncleaved form – HA0 – has to be proteolytically cleaved by a cellular enzyme which 

breaks the disulphide bonds and separates the HA into the HA1 and HA2 proteins, 

thus cleavage is a precondition for the virus to be infectious (Figure 1). This protein is 

also the major viral antigen against which neutralising antibodies are formed. For 

Influenza A viruses, the most important determinant of pathogenicity is the cleavage 

site structure of the HA precursor. It has been shown that pathogenicity for chickens 

directly correlates with the ability of the viruses to produce cleaved HA in infected cells 

in culture and to form plaques on various cell types in the absence of exogenously 

added trypsin, while analysis of the HA1 and HA2 junctional regions confirmed that 

pathogenic strains invariably contain multiple basic residues at the cleavage site 

(Steinhauer 1999). Highly pathogenic viruses have an HA which is cleavable by furin-

like proteases that are present in a variety of host tissues whereas LPAI viruses have 

an HA with cleavability restricted to trypsin-like enzymes, that are excreted by 

epithelial cells of the respiratory and gastrointestinal tracts. Consequently, LPAI 

replication is restricted to these tissues, whereas HPAI viruses cause systemic 

infections (Rott 1992). It has been shown using phylogenetic analysis that the HA 

genes of H5 and H7 viruses that cause severe disease in domestic birds do not form 

unique lineages but share common ancestors with non-pathogenic H5 and H7 viruses, 

this means that LPAI viruses have the potential to become HPAI and spread into 

mammalian hosts (Röhm, Horimoto et al. 1995).  

 

Cleavage of HA produces a new amino (N)-terminal end of HA2 which contains a 

sequence of hydrophobic amino acids called a fusion peptide. During entry of 

influenza A virus into cells, the fusion peptide inserts into the endosomal membrane of 

the cell and causes fusion of the viral and cell membranes, this then allows the 

influenza viral RNA to enter the cytoplasm. Most influenza A viruses replicate 

efficiently in embryonated chicken eggs because of the presence of a protease in 

allantoic fluid that can cleave the HA protein (Rott 1992). 
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Figure 1: Ribbon diagram of uncleaved and cleaved HA (Chen, Lee et al 1998). 

The cleavage sites are shown, where HA1 is shown in blue, HA2 is shown in red, and 

the residues that are displaced after cleavage are shown in yellow. The arrow 

indicates the site of cleavage in the loop of uncleaved HA. The location of the 

disulphide bond that links HA1 and HA2 is also indicated. 

 

Host restriction is an important factor in the transmission of avian influenza viruses to 

mammals, especially humans and involves multiple genetic determinants. Among the 

determinants of host range restriction, the genes coding for the nucleoprotein and 

polymerase proteins have been identified as key determinants, which together with the 

viral RNA segments, form the ribonucleoproteins (Naffakh, Tomoiu et al 2008). Of the 

internal proteins that can determine the host restriction, the most documented protein 

is the amino acid at 627 (Lysine (K) in human viruses, Glutamic acid (E) in avian 

viruses) on PB2. A substitution of E to K changed the host range of an avian PB2 

single-gene reassortant so that it replicated in mammalian cells. However, it was also 

observed that multiple combinations of genetic features, involving several genomic 

segments can determine pathogenicity in mammals (Labadie, Dos Santos et al. 2007). 

Avian influenza viruses bind to α2,3-linked sialic acid, whereas human influenza 
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viruses recognise α2,6-linked sialic acid as receptors for their binding and entry into 

cells, and it can be argued that if a virus was to switch its binding site it could cross 

species and infect humans. Ha et al reported in 2001 that HA receptor-binding sites 

favouring α2,6 linkages (H9 swine, H3 human) are “wider” than the site in the avian 

HA (H5 avian) that favours α2,3 linkages, and where avian H5 HA hydrogen bonds 

through E-226, the swine H9 HA uses K-226.  

 

Influenza A viruses bind to polysaccharides on the cell surfaces of erythrocytes of 

chickens causing haemagglutination. The haemagglutinating activity of AI resides in 

the HA1 protein (Khurana, Verma et al. 2011) and which is the property on which 

haemagglutination (HA) and haemagglutination inhibition (HI) diagnostic tests are 

based. The HA test indicates the presence of agglutinating viruses or bacteria in the 

allantoic fluid. Orthomyxoviruses, paramyxoviruses, a few strains of reovirus, egg drop 

syndrome 76 adenovirus, infectious bronchitis virus (if treated with neuraminidase) 

and some bacteria have this haemagglutinating ability. The HI test is used to detect 

the presence of specific circulating antibodies. For AI each H type is determined by 

testing the sera with a monospecific antisera to that H type. However, nonspecific 

inhibition of agglutination can be caused by steric inhibition when the H antigen and 

serum in the HI test have the same N subtype. This steric inhibition reaction results in 

red blood cells agglutinating in the bottom of the plate or streaming at the same rate 

as the control. The N type is only identified by means of a neuraminidase inhibition 

test (OIE 2015). 

 

It was shown that a mutation on the HA gene at position 190 from glutamic acid (E) to 

aspartic acid (D) decreased the ability of the virus designated as influenza 

A/Aichi/51/92 (H3N2) to agglutinate chicken red blood cells and increased recognition 

of α2,6 (Nobusawa, Ishihara et al. 2000). The HA1 protein of influenza viruses has 

been expressed in bacterial systems and HA activity was retained (Khurana, Verma et 

al. 2010, Khurana, Verma et al. 2011).  
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A humoral immune response to vaccination or infection by AI in chickens is measured 

using ELISA and HI tests. The results of HI tests have been used to identify variants 

among circulating influenza strains in order to select appropriate vaccines for use in 

human influenza control. Human vaccine selection is aided by the use of antigenic 

cartography, which provides a graphical overview of the antigenic properties of 

isolates or vaccine candidates as revealed by haemagglutination inhibition assay data. 

For example, a change in a single amino acid may cause a disproportionately large 

change in the binding properties of a virus strain. Antigenic maps can reveal large 

movements in the antigenic space that may be due to minimal amino acid changes. In 

this process the distances between the points on an antigenic map represent the 

similarities or differences between viruses. Using this data, information about the 

antigenic evolution of a pathogen is revealed. It is thus possible, when using this 

technology to predict when a vaccine update is necessary, since viruses drifting away 

from vaccine strains will indicate the start of antigenic diversity. (Cai et al 2010, 

Foucher and Smith, 2010). This technology has to date, not been widely applied for 

poultry vaccines and only a few studies exist where the antigenic difference of 

challenge AI viruses was compared in order to select viruses for vaccine efficacy 

(Beato, Xu et al 2014). 

 

Antigenic diversity of AIV can be divided into two phenomenon, that is, antigenic shift 

and antigenic drift. Antigenic shift occurs when a host is co-infected with two or more 

different AIVs and acts as a mixing vessel, where gene segments are interchanged 

during virion packing. This is termed reassortment and is defined by the exchange of 

intact segments between two differing influenza A viruses. Antigenic drift is normally 

due to the high mutational rate of the polymerase, where the lack of proofreading of 

the RNA polymerases contribute to a mutation rate and the selective pressure of the 

immune system of the host favours this substitution which leads to the development of 

an antigenically different virus strain (Brown, 2000, Treanor, 2004).   

 

Vaccination for the control of AI was first used during the 1970’s in the USA where 

inactivated influenza A vaccines were used primarily in turkeys against H1N1, H1N2 

and H3N2. Other examples of the use of inactivated AI vaccine to control LPAI are 
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South Africa (H6N2), Italy (H7N1, H7N3) and the Middle East (H9N2). AI vaccines 

have also been used to vaccinate against HPAI following outbreaks in Mexico (H5N2) 

and Pakistan (H7N3). In Pakistan HPAI viruses genetically close to the original HPAI 

virus were still being isolated in 2004, while in Mexico the HPAI virus was eradicated, 

but LPAI virus H5N2 continued to circulate. Vaccination was maintained as one of the 

control tools for these H5N2 LPAI strains, however, within a few years, multiple 

lineages of antigenically variant H5N2 LPAI field viruses were isolated that escaped. 

From the immunity induced by the original 1994 vaccine seed strain used in the 

inactivated vaccine, it is not clear whether the emergence of these antigenic variants 

was related to the use of vaccines or the improper use of vaccines. It was concluded 

that the use of AI vaccines to eradicate AI should not be considered as the only 

solution, but should be used as part of a control program. If a good quality-controlled 

vaccine is used as part of an integrated strategy where adequate safeguards are in 

place to detect low-level circulation of virus in infected flocks or the emergence of 

antigenic variants, vaccination may be successful in controlling the spread of AI. 

Without the application of monitoring systems, such as unvaccinated sentinel birds 

within vaccinated flocks, strict biosecurity and depopulation in the face of infection, 

there is the possibility that long-term circulation and the development of stable 

lineages of LPAI viruses in vaccinated poultry populations could result in both 

antigenic and genetic changes in the viruses (OIE, 2015; Swayne, Perdue et al 2000, 

Swayne, 2012). 

 

In South Africa a H6N2 (™Avivac) vaccine is used to control the LPAI that first 

occurred in 2002. This whole virus AI vaccine is inactivated which reduces the risk of 

reassortment with other circulating AI viruses. The vaccine is prepared from infective 

allantoic fluid which has been inactivated by adding binary ethylenimine (BEI) and 

emulsified with white oil. The use of this vaccine is only allowed under strictly 

controlled conditions. These include the following restrictions - only serologically 

negative birds may be vaccinated, while unvaccinated sentinels are placed with these 

birds and are monitored serologically on a monthly basis for H6N2. 
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Chapter 3 

Materials and Methods 

 

3.1. Viral propagation in embryonated eggs 

0.1mℓ of each virus (Table 2) was inoculated into the allantoic cavity of five 8 – 10 day 

old embryonated specific-pathogen-free (SPF) eggs obtained from Avifarms (Pty) Ltd. 

After incubation for 7 days at 37°C or immediately after the embryos died, the allantoic 

fluid was harvested by hand in a Biohazard class 2 cabinet (Airvolution Class II) and 

tested for haemagglutination activity.  

Table 2: H6N2 viral isolates and source of viruses used in the study 

Collection date Strain Region Laboratory 

2002, July A/chicken/South 

Africa/W-04/2002 

KZN* Deltamune (Pty) Ltd 

2002, July A/chicken/South 

Africa/AL19/2002 

Botha's Hill, 

KZN* 

Allerton Provincial 

Veterinary Laboratory 

2002, October A/chicken/South 

Africa/AL25/2002 

Verulam, KZN* Allerton Provincial 

Veterinary Laboratory 

2012, March A/chicken/South 

Africa/BKP/2012 

Eastern Pretoria, 

GAU* 

Deltamune (Pty) Ltd 

2012, March A/chicken/South 

Africa/BKR2/2012 

Eastern Pretoria, 

GAU* 

Deltamune (Pty) Ltd 

2012, March A/chicken/South 

Africa/BKR4/2012 

Eastern Pretoria, 

GAU* 

Deltamune (Pty) Ltd 

2012, October A/chicken/South 

Africa/NWY/2012 

Eastern Pretoria, 

GAU* 

Deltamune (Pty) Ltd 

2013, May A/chicken/South 

Africa/MAS/2013 

Alberton, GAU* Deltamune (Pty) Ltd 

 KZN = Zwazulu-Natal, GAU = Gauteng 
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3.2. Haemagglutination assay 

The HA activity of the isolates was determined using the haemagglutination test which 

uses chicken red blood cells (CRBC) obtained from SPF blood donor birds purchased 

from Avifarms (Pty) Ltd and housed at the Deltamune Animal Facility. The CRBC were 

washed with Phosphate Buffered Saline (PBS) followed by the addition of 25µl of a 

1% CRBC to serial dilutions of the viral isolates in a V-bottom 96 well plate (total 

volume 50µl). Agglutination was read after 40 minutes of incubation at room 

temperature. HA negative results were where a sharp button of red blood cells was 

seen at the bottom of the V-bottom well, while HA positive samples showed a diffuse 

film of red blood cells, no button or a very a small button of red blood cells at the 

bottom of the V-bottom well. One HA unit in the haemagglutinin titration is the 

minimum amount of virus that will cause complete agglutination of the CRBC. The last 

well that shows complete agglutination is the well that contains one HA unit (HAU). 

The HA titre was calculated as the reciprocal of the dilution that produces one HAU. 

For example if the dilution at 1/128 contained 1 HAU, the HA titre is the reciprocal of 

1/128 = 128 = 27(Figure 2) 

Agglutination 

  

 

 

 

No reaction – CRBC only 

 

Figure 2: Haemagglutination assay showing agglutination of CRBC (Kanagarajan 

et al 2012) 

 

3.3. Extraction of RNA 

The Deltamune laboratory procedure for extracting RNA from allantoic fluid was 

followed whereby the avian influenza (AI) RNA was extracted from the harvested 
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allantoic fluid using TRIzol® reagent (Invitrogen). Briefly, 900μl of TRIzol® reagent 

was added to 200μl of allantoic fluid and allowed to stand for 10 minutes. 200μl of 

chloroform was added and the sample was vortexed for 15 seconds and allowed to 

stand for 3 minutes. The sample was centrifuged at 5000 rpm (Beckman Microfuge) 

for 30 seconds and the upper aqueous phase was transferred into a new marked 

microtube. 500μl Isopropyl alcohol was added to the tube and it was mixed by 

vortexing. The sample was allowed to stand at room temperature for 10 minutes. The 

tube was centrifuged at 12 000 rpm for 10 minutes and the supernatant was 

discarded.  The RNA pellet was washed with 1mℓ 75% Ethanol and centrifuged at 12 

000 rpm for 5 minutes after which the supernatant was discarded and the RNA was 

air-dried.  

 

3.4. rRT-PCR 

Identification of the presence of avian influenza virus in the allantoic fluid was done by 

performing real time reverse transcriptase polymerase chain reaction (rRT-PCR) 

where the primers are based on the conserved region of the Matrix gene. A master-

mix was prepared where the following was pipetted in a tube: 4.3 μl H2O PCR grade, 

2.0 μl 5X concentrated mix, 0.5 μl 20x Primer/Probe Mix, 0.2 μl Enzyme Mix (Real 

Time Ready Roche). The reagents were mixed by carefully pipetting up and down. 

The tube containing the master mix was centrifuged for several seconds in a 

Spectrafuge mini centrifuge. 7μl of the master mix was placed into the plastic reservoir 

at the top the glass capillary and 3μl of the sample RNA was added. The glass 

capillary was centrifuged inside the centrifuge adapters at 1500 rpm for 1 minute in the 

Beckman Microfuge centrifuge. The glass capillary was placed into the sample 

carousel, and while keeping the capillaries in the upright position, the carousel was 

placed in the Roche 1.5 LightCycler. The run was programmed into the lightcycler and 

analysis of the results was performed by the software. All samples with no Crossing 

point (Cp) value on the graph were interpreted as not detected, while Cp values less 

than 40 together with a steep amplification curve were interpreted as detected.  
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3.5. Preparation of transcriptome libraries 

The transcriptome libraries were prepared as described by Abolnik, de Castro et al. 

2012, using a TransPlex transcriptome amplification kit (Sigma-Aldrich). 

Complementary deoxyribose nucleic acids (cDNAs) were generated from the influenza 

virus RNA and the DNA was quantified on a Thermo Scientific Nanodrop 

spectrophotometer. 200ng of DNA was used as an input.    

 

3.6. Sequencing 

Nextera library preparations were performed at Inqaba Biotech and analysed on an 

Illumina MiSeq apparatus.  

 

3.7. Genome assembly 

Illumina data was imported into CLC Genomics Workbench v6. Paired-end reads were 

trimmed and gene segments were assembled de novo.  

 

3.8. Bioinformatic analyses 

Multiple sequence alignments were prepared in BioEdit (Hall, 1999). Phylogenetic 

trees of full gene sequences were constructed using the Maximum likelihood 

interference and MEGA v5.2.2 software, with 1000 bootstrap replices to assign 

confidence levels to branches (Tamura, Peterson et al. 2011). 

 

3.9. Antigen preparation 

The harvested allantoic fluid was centrifuged at 2000 rpm for 20 minutes to remove 

debris and the supernatant was decanted into sterile containers. A 0.2M concentration 

of binary ethylenimine (BEI) was added to each of the antigen bottles to obtain a final 

concentration of 2% BEI in each bottle (20mℓ BEI / 1ℓ antigen). The bottles were mixed 

well and incubated for 26 hours (±2 h) at 37 (±1) °C, to inactivate the virus. The 
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inactivation was stopped by aseptically adding the required volume of 20% sodium 

thiosulphate so that each bottle had a final concentration of 0.4% sodium thiosulphate. 

 

3.10. Vaccine preparation 

The inactivated antigens were used to make small batches of oil-based AI vaccines, 

where 20% antigen, 72% white oil, 6% Arlacel and 2% Tween 80 was used. The white 

oil was added to the emulsifiers and dissolved by swirling. An ultra-turrex was inserted 

into the oil phase and mixing was initiated at low speed, the antigen was added 

gradually by means of a syringe and the speed of the ultra-turrax was gradually 

increased to maximum and the vaccine was mixed for 2 min and bottled. 

 

3.11. Approval to use animals for experimental purposes 

As the use of experimental animals for this study was necessary, the number of 

animals in the study was kept at a minimum. An application for the approval to use a 

total of 16 chickens aged >17w was submitted to the Deltamune Ethics committee 

prior to the start of the study (Appendix B). It was decided at the time of the application 

that four chickens per group would be an option instead of two per group as there was 

sufficient space to house all birds comfortably, while two birds were dedicated as 

control animals. In total 34 birds were approved to be used in this study (Appendix C). 

The chickens were housed under normal conditions for poultry at the Deltamune 

Animal Studies Unit. 

 

3.12. Preparation of positive AI sera  

Eight vaccines prepared from each of the isolates were administered to eight 

individual groups of chickens with four chickens per group, where 0.5 mℓ of vaccine 

was injected into the pectoral muscle of each bird. A total of 34 chickens were used, 

where two birds were not vaccinated and were used as sentinel controls. The birds 

were marked with coloured tags and numbers ensuring that the study was from this 

point blind. Thus the identity of the vaccine group was withheld when the testing was 
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performed. The birds were all bled from a brachial vein prior to the first vaccination to 

determine a baseline antibody level. Four weeks after the initial vaccination the birds 

were bled from a brachial vein and 2mℓ of sera per bird was collected. Thereafter a 

booster injection was given to each bird. Four weeks after the booster vaccination, a 

terminal bled was conducted under anaesthesia where 20mℓ of sera was collected 

from each bird. The birds were monitored daily for clinical signs of disease or mortality 

over the eight week period.  

 

3.13. Haemagglutination inhibition assay 

The isolates that demonstrated a positive HA result were subjected to a 

haemagglutination inhibition test (HI) where 4HAU of the virus was tested against 

serial dilutions of the sera from all birds from the 2nd and the terminal bleeds. 25µl of 

phosphate buffered saline (PBS) was placed in all the wells except the first row where 

50µl of the sera was placed. Two-fold serial dilutions of the sera were made in a V-

bottom 96 well plate (total volume 50µl). Next 25ul of CRBC was added to all wells of 

the V-bottom plate (total volume 75µl). Inhibition was read after incubation at room 

temperature for 45 minutes. The end-point of the titration was the highest dilution of 

the serum in which haemagglutination was completely inhibited (where streaming of 

CRBCs was visible).  

 

3.14. Enzyme Linked Immunosorbent Assay (ELISA) 

3.14.1. Idexx Influenza A multispecies ELISA 

Sera from all birds from the 2nd and the terminal bleeds was subjected to the Idexx 

Influenza A multispecies ELISA to determine the presence of antibodies to Influenza 

A. The ELISA was performed in a microtiter well coated with Influenza A Virus. Sera 

was diluted 1:10 with sample diluent and 100µl of diluted sample was dispensed into 

the microtiter plates. During the first incubation at room temperature for 60 minutes, 

Influenza A antibodies present in the sample reacted with immobilised antigens 

(matrix and nucleoprotein). After a wash step, an anti-influenza A monoclonal antibody 

enzyme conjugate was added to the microwell and the samples were further 
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incubated at room temperature for 30 minutes. If no anti-Influenza A antibodies were 

present in the sample, the enzyme-conjugated monoclonal antibodies were blocked 

from reacting with the antigen. Following this incubation period, the excess conjugate 

was removed by washing and a substrate/ chromogen solution was added. In the 

presence of enzyme, the substrate was converted to a product which reacted with the 

chromophore to generate a blue colour. The absorbance was read at 620nm using a 

Thermo Scientific Multiskan 355 microtitre plate spectrophotometer. Results were 

calculated by dividing the optical density (OD) value of the sample by the mean OD of 

the negative control, resulting in a sample to negative (S/N) value. The quantity of 

antibodies to Influenza A is inversely proportional to the OD value, and thus, to the 

S/N value, where for chickens a S/N value of ≥0.5 was negative. 

 

3.14.2. H6N2 chicken specific ELISA 

Sera from all birds from the 2nd and the terminal bleeds was subjected to the 

Deltamune H6N2 ELISA to determine the presence of antibodies to AI. The ELISA 

was performed in a microtiter well coated with whole inactivated AI H6N2 virus. The 

H6N2 ELISA has a diagnostic sensitivity of 99.47% and a diagnostic specificity of 

99.05% (unpublished data). Sera was diluted 1:500 with sample diluent and 100µl of 

diluted sample was dispensed into the microtiter plates. During the first incubation at 

room temperature for 30 minutes, AI H6N2 antibodies present in the sample reacted 

with immobilised antigen. After a wash step, 50µl of a whole molecule anti-chicken 

immunoglobulin G (IgG) peroxidase conjugate developed in rabbits (Sigma Aldrich) 

was added to the microwells and the samples were further incubated at room 

temperature for 30 minutes. If no AI H6N2 antibodies were present in the sample, the 

conjugate was blocked from reacting with the antigen. Following this incubation 

period, the excess conjugate was removed by washing and 100µl of o-

Phenylenediamine dihydrochloride (OPD) (Sigma Aldrich) was added. In the presence 

of peroxidase, the substrate was converted to an end product that was orange-brown 

in color. The OPD reaction was stopped by adding 100µl of 1.88M H2SO4 to each well 

and the absorbance was read at 492nm using a Thermo Scientific Multiskan 355 

microtitre plate spectrophotometer. Results were calculated by dividing the OD value 

of the sample by the mean OD of the positive control, resulting in a sample to positive 
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(S/P) value. The titre of each sera was calculated using the formula Log10Titer = 

x(Log10S/P) + y, where x = 1.27 and y = 3.81. Positive results have been determined 

to have titre value of ≥900.   

 

3.15. Antigenic cartography 

Using AntigenMap, an online resource developed specifically for antigenic cartography 

construction, a low rank matrix completion algorithm was applied to fill in the entries of 

the HI matrix. Then a temporal multiple dimensional scaling (MDS) algorithm was 

utilized to map the antigens (and similarly, antibodies) into a two and three dimensional 

space for visualization (Barnett et al 2012). The scale bar on the maps represents one 

unit of antigenic distance, corresponding to a two-fold difference in the HI assay. 
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Chapter 4 

Results 

 

4.1. HA and rRT-PCR Results 

After the isolates were re-passaged in the SPF eggs, AI rRT-PCRs were performed on 

the harvested allantoic fluid and a positive result was obtained for all isolates 

confirming that all the isolates did replicate in the eggs. HA activity of the isolates was 

tested and an HA titre was determined (Table 3). Isolates A/chicken/South 

Africa/BKR2/2012 and A/chicken/South Africa/NWY/2012 did not cause embryo 

mortality nor was there a discernible HA titre (Table 3). Isolates A/chicken/South 

Africa/BKR4/2012 and A/chicken/South Africa/BKP/2012 did not have any HA activity 

although they did cause embryo mortality. Original isolation records show that all the 

isolates except A/chicken/South Africa/NWY/2012 showed HA activity. The rapid 

replication of the AI virus in the egg could have contributed to the lack of HA activity 

where the spikes on the HA protein have not had sufficient time to form. It has also 

been suggested that interference by sialic acids on HA could also be the reason that 

HA activity was not observed (Nobusawa et al 2000).   

 

  



 

20 
 

Table 3: HA, rRT-PCR and embryo mortality results of isolate propagation 

Isolate Embryo 
mortality 

HA (log 2) 
Titre 

rRT-PCR result 

A/chicken/South 
Africa/NWY/2012 

0/6 Negative Positive 

A/chicken/South 
Africa/BKR2/2012 

0/6 Negative Positive 

A/chicken/South 
Africa/BKR4/2012 

6/6 Negative Positive 

A/chicken/South 
Africa/BKP/2012 

4/6 Negative Positive 

A/chicken/South 
Africa/MAS/2013 

4/6 2 Positive 

A/chicken/South Africa/W-
04/2002 

6/6 5 Positive 

A/chicken/South 
Africa/AL19/2002 

6/6 4 Positive 

A/chicken/South 
Africa/AL25/2002 

4/6 6 Positive 

 

4.2.  HI results 

Mini vaccine batches were made with each of the eight isolates and the eight groups 

of birds and controls were bled prior to vaccination as well as 4w and 8w post 

inoculation. The birds were primed with the vaccines at the start of the trial and a 

booster was given at 4w. Isolate - A/chicken/South Africa/W-04/2002 is the current 

antigen used in the H6N2 vaccines prepared for poultry in South Africa and has been 

in use since the start of the outbreak. The sera was tested against 4HAU of antigen of 

the four isolates that showed HA activity. All birds were determined to be AI negative 

prior to vaccination. The control group (unvaccinated birds) remained negative 

throughout the 8w trial. HI titres were considered positive if they had a log2 titre of four 

or greater (Table 4a, Table 4b). The identity of the vaccine groups was withheld while 
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the testing occurred. One bird (Blue 39) was euthanized midway through the trial – the 

necropsy report is included as Appendix D.  

 

Table 4 a: HI log2 titres at 4 weeks post vaccination. 
 

A
n

ti
s

e
ra

 

Vaccine group Bird ID 
Antigen 

MAS W04 AL19 AL25 

A/chicken/South 

Africa/BKR2/2012 

Purple 4 0 0 0 0 

Purple 43 0 0 0 0 

Purple 45 0 0 0 0 

Purple 50 0 5 2 0 

A/chicken/South 

Africa/BKR4/2012 

Yellow 20 0 0 0 0 

Yellow 31 0 2 1 0 

Yellow 34 0 1 1 0 

Yellow 46 0 0 0 0 

A/chicken/South 

Africa/MAS/2013 

Orange 24 5 1 1 0 

Orange 41 5 2 2 0 

Orange 45 2 1 0 0 

Orange 46 1 0 0 0 

A/chicken/South 
Africa/W-04/2002 
 

Red 2 3 6 6 1 

Red 19 4 7 7 1 

Red 38 5 8 8 1 

Red 41 4 7 7 1 

A/chicken/South 
Africa/AL19/2002 
 

Green 13 0 4 3 0 

Green 17 3 5 5 0 

Green 37 0 1 1 0 

Green 38 3 6 6 3 

A/chicken/South 
Africa/AL25/2002 
 

Gray 10 6 8 8 6 

Gray 34 1 3 3 1 

Gray 36 2 3 3 1 

Gray 41 4 5 5 5 

A/chicken/South 

Africa/NWY/2012 

Blue 12 6 5 5 0 

Blue 19 5 4 3 0 

Blue 33 0 0 0 0 

Blue 39 1 1 0 0 

A/chicken/South 

Africa/BKP/2012 

White 10 0 0 0 0 

White 22 0 1 2 0 

White 51 1 1 1 0 

SPF Black 129 0 0 0 0 

Black 147 0 0 0 0 

 

Homologous antisera-antigen reactions are shaded and positive reactions are indicated 

in bold. 

 



 

22 
 

 

 

Table 4 b: HI log2 titres at 8 weeks post vaccination with a booster vaccination at 
4 weeks. 

 

A
n

ti
s

e
ra

 

Vaccine group Bird ID 
Antigen 

MAS W04 AL19 AL25 

A/chicken/South 

Africa/BKR2/2012 

Purple 4 1 4 5 4 

Purple 43 2 3 3 1 

Purple 45 3 5 5 4 

Purple 50 0 1 1 1 

A/chicken/South 

Africa/BKR4/2012 

Yellow 20 4 5 5 3 

Yellow 31 2 5 5 4 

Yellow 34 0 3 4 1 

Yellow 46 4 6 9 0 

A/chicken/South 

Africa/MAS/2013 

Orange 24 8 5 9 2 

Orange 41 8 7 10 4 

Orange 45 7 7 9 4 

Orange 46 6 6 8 3 

A/chicken/South 
Africa/W-04/2002 
 

Red 2 8 10 9 7 

Red 19 8 10 5 7 

Red 38 7 9 6 6 

Red 41 6 8 6 0 

A/chicken/South 
Africa/AL19/2002 
 

Green 13 8 9 5 7 

Green 17 8 10 7 7 

Green 37 8 9 6 7 

Green 38 7 9 6 5 

A/chicken/South 
Africa/AL25/2002 
 

Gray 10 6 8 9 7 

Gray 34 3 5 9 4 

Gray 36 5 6 8 5 

Gray 41 6 7 8 6 

A/chicken/South 

Africa/NWY/2012 

Blue 12 7 7 7 4 

Blue 19 4 3 3 3 

Blue 33 7 7 7 4 

A/chicken/South 

Africa/BKP/2012 

White 10 4 5 5 4 

White 22 5 7 6 6 

White 51 5 6 5 5 

SPF Black 129 0 0 0 0 

Black 147 0 0 0 0 

Homologous antisera-antigen reactions are shaded and positive reactions are indicated 

in bold. 
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4.3. Antigenic cartography 

The 2D and 3D antigenic maps were constructed using AntigenMap, with an HI titre of 

1:16 as the threshold for a low reactor (Figure 3, Figure 4 and Figure 5). The antigen 

maps utilized low-rank matrix completion to minimise the noises in the HI data and 

multiple dimension scaling to generate the maps reflecting the antigenic distances 

embedded in the HI data. Each block on the 2D antigenic maps corresponded to a 

log2 unit in the HI test.  

 

Figure 3: 2D antigenic cartography of the HI titres.  

Each vaccine group’s HI reactions are denoted by a colour and an amorphous shape, 

whereas the corresponding antigen is represented by the same colour smaller circle 

as indicated. A/chicken/South Africa/BKR2/2012 = purple, A/chicken/South 

Africa/BKR4/2012 = yellow, A/chicken/South Africa/MAS/2013 = orange, 

A/chicken/South Africa/W-04/2002 = red, A/chicken/South Africa/AL19/2002 = green, 

A/chicken/South Africa/AL19/2002 

A/chicken/South Africa/W-04/2002 

 

A/chicken/South Africa/MAS/2013 

 

A/chicken/South Africa/AL25/2002 
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A/chicken/South Africa/AL25/2002 = grey, A/chicken/South Africa/NWY/2012 = blue,  

A/chicken/South Africa/BKP/2012 = white. 

 

 

Figure 4: 2D antigenic cartography of the antigens 

HA titre representation of the antigens where one block on the graph represents a log2 

titre. A/chicken/South Africa/AL19/2002 = green, A/chicken/South Africa/AL25/2002 = 

grey, A/chicken/South Africa/W-04/2002 = red, A/chicken/South Africa/MAS/2013 = 

orange. 
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Figure 5: 3D antigenic cartography of the HI titres. HA titre representation of the 

antigens in 3D where one unit on the graph represents a log2 titre. A/chicken/South 

Africa/AL19/2002 = green, A/chicken/South Africa/AL25/2002 = grey, A/chicken/South 

Africa/W-04/2002 = red, A/chicken/South Africa/MAS/2013 = orange. 

 

4.4. Influenza A multispecies ELISA 

Prior to vaccination, all the birds tested negative for AI when the sera was screened 

using the Idexx Influenza A multispecies ELISA kit. Results were calculated by 

dividing the optical density (OD) value of the sample by the mean OD of the negative 

control, resulting in a sample to negative (S/N) value and a sample was considered as 

positive where a S/N ratio of <0.500 was obtained. At the first bleed 4 weeks after 

vaccination, 41% of the birds (13/31) already had antibodies to the vaccines while the 

control birds remained negative. All of the birds in the groups vaccinated with 

A/chicken/South Africa/AL25/2002 and A/chicken/South Africa/W-04/2002 had already 

seroconverted at 4 weeks post vaccination, a second booster vaccination was given at 

this stage. At the terminal bleed 4 weeks later, all birds except the control birds and 

those vaccinated with A/chicken/South Africa/BKP/2012 had developed antibodies 

(90%) when screened with the Idexx ELISA (Figure 6). One bird (Blue 39) was 

euthanized midway through the trial – the necropsy report is included as Appendix D.  
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Figure 7a shows the average optical densities (OD) per vaccinated group at 4w. In this 

figure the lower the OD the more positive the sample is, thus showing that all the birds 

in vaccine group A/chicken/South Africa/AL25/2002  were positive, while all the other 

groups still had birds that had not seroconverted. A booster vaccination was given a 

4w post initial vaccination and 4w later all vaccine groups, excluding A/chicken/South 

Africa/BKP/2012 had seroconverted (Figure 7b). 

  

 

 

Figure 6: Idexx Influenza A ELISA S/N ratios. The average S/N values of each 

vaccinated group depicted at the bleeding intervals of pre-vaccination (0w), 4w and 8w 

post vaccination, where all values below the cut-off line on the graph are considered 

positive. 
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Figure 7a: Idexx influenza A ELISA - Average optical densities (OD) per 

vaccinated group at 4w.  The bars on the graph indicate the range of values per 

group with the average OD within the group being indicated by , while the all the 

values below the predetermined cut-off line are considered positive.  

 

 

 

Figure 7b: Idexx influenza A ELISA - Average optical densities (OD) per 

vaccinated group at 8w.  The bars on the graph indicate the range of values per 

group with the average OD within the group being indicated by , while the all the 

values below the predetermined cut-off line are considered positive. 
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4.5. H6N2 ELISA 

As with the Idexx kit, prior to inoculation all the birds tested negative for AI when the 

sera was screened using the H6N2 Avian Influenza ELISA kit (Deltamune). At the first 

bleed 4 weeks after vaccination, 54% of the birds (17/31) had already developed 

antibodies to the vaccines while the control birds remained negative (Figure 8), where 

a titre value of >900 was considered positive. All the birds in the group vaccinated with 

A/chicken/South Africa/W-04/2002 had already seroconverted at 4 weeks post 

vaccination, while 75% of those vaccinated with A/chicken/South Africa/AL25/2002, 

A/chicken/South Africa/BKR2/2012 and A/chicken/South Africa/AL19/2002 had also 

seroconverted (Figure 9a). A booster vaccination was given at this stage and at the 

terminal bleed, 8 weeks after initial vaccination and 4 weeks post booster vaccination, 

all birds except the control birds had developed antibodies when screened with the 

H6N2 ELISA. One bird (Blue 39) was euthanized midway through the trial – the 

necropsy report is included as Appendix D.  The average titres for all groups except 

MAS and BKP were above or at the cut-off value for positive results (Figure 8 and 

Table 8).  When tested at 8 weeks post initial vaccination (and 4 weeks after the 

booster vaccination) with the H6N2 ELISA all birds had seroconverted, with the 

biggest standard deviation (SD) being for group A/chicken/South Africa/AL25/2002 

with an SD value of 0.407 (Figure 9b).  
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Figure 8: H6N2 ELISA Titres The average titre values of each vaccinated group 

depicted at the bleeding intervals of pre-vaccination (0w), 4w and 8w post vaccination, 

where all values above the cut-off line on the graph are considered positive. 

 

 

 

Figure 9a: Average optical densities at 4w – H6N2 ELISA. The bars on the graph 

indicate the range of values per group with the average OD within the group being 

indicated by , while the all the values above the predetermined cut-off line are 

considered positive. 
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Figure 9b: Average optical densities at 8w – H6N2 ELISA. The bars on the graph 

indicate the range of values per group with the average OD within the group being 

indicated by , while the all the values above the predetermined cut-off line are 

considered positive. 

 

 

4.6. Molecular characterization 

Full gene sequences of the H6N2 virus strains were compared to each other and to 

two ostrich virus strains A/ostrich/South Africa/KK98/1998 (H6N8) and A/ostrich/South 

Africa/9508103/1995 (H9N2). Analysis of amino-acid sequences at HA0 was 

performed to determine the cleavage site motif. Although 2 isolates have atypical 

sequences there is no insertion of basic amino acids thus confirming that all isolates 

are LPAI (Table 5).  
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Table 5: Amino acid sequences at HA0 

Collection date Strain HA0  

1998 A/ostrich/South Africa/KK98/1998 (H6N8) PQIETR*GLF 

2002, July A/chicken/South Africa/W-04/2002 PQIETR*GLF 

2002, July A/chicken/South Africa/AL19/2002 PQIETR*GLF 

2002, October A/chicken/South Africa/AL25/2002 PQIETR*GLF 

2012, March A/chicken/South Africa/BKP/2012 PQIETR*GLF 

2012, March A/chicken/South Africa/BKR2/2012 PQIETR*GLF 

2012, March A/chicken/South Africa/BKR4/2012 PQIETR*GLF 

2012, October A/chicken/South Africa/NWY/2012 PQVETR*GLF 

2013, May A/chicken/South Africa/MAS/2013 PQVETR*GLF 

 

The aligned nucleotide (nt) sequences for the H6 haemagglutinin genes and N2 

neuraminidase genes were compared by calculating pairwise percentage identities 

(Table 6). The multiple sequence alignment for the HA genes is represented in Figure 

18, and were examined for similarities and differences observed across the entire 

sequence. Once the phylogenic trees were constructed the differences were discussed 

(Section 4.7).  
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Table 6: Comparison of pairwise identities in the haemagglutinin (H6) proteins 

where 1720 bp sequences were aligned.  

 
KK98 

H6N8 

W-04 

H6N2 

AL19 

H6N2 

AL25 

H6N2 

BKP 

H6N2 

BKR2 

H6N2 

BKR4 

H6N2 

NWY 

H6N2 

MAS 

H6N2 

KK98 

H6N8 
         

W-04 

H6N2 
95.68         

AL19 

H6N2 
95.49 99.02        

AL25 

H6N2 
94.04 94.39 93.81       

BKP 

H6N2 
92.74 93.49 92.74 93.76      

BKR2 

H6N2 
92.37 95.57 92.49 93.13 98.90     

BKR4 

H6N2 
92.49 92.68 92.61 93.24 99.02 99.88    

NWY 

H6N2 
90.25 93.20 93.66 89.29 88.71 88.12 88.24   

MAS 

H6N2 
90.36 92.74 93.30 88.89 88.36 87.88 87.99 98.96  

Strains that show a >90% homology with the vaccine strain are indicated in blue in the 

table, while the lowest homology between strains is indicated in red. 

The pairwise identities of the base pairs (bp) showed the highest homology between 

A/chicken/South Africa/BKR2/2012 and A/chicken/South Africa/BKR4/2012 and the 

second highest homology between A/chicken/South Africa/W-04/2002 and 

A/chicken/South Africa/AL19/2002 with a pairwise identity of 99.02%. The first two 

isolates were not tested against each other in the HI testing, however the latter two 

were tested and these last two isolates showed the highest HI titres when tested 

against each other. A/chicken/South Africa/MAS/2013 had pairwise identities of 

88.89% to A/chicken/South Africa/AL25/2002, 92.74% to A/chicken/South Africa/W-

04/2002 and 93.30% to A/chicken/South Africa/AL19/2002. When comparing the 

pairwise identities to the average HI score for each isolate, there was a log2 HI titre of 

5 or less when the pairwise identity was less than 90%.  
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Table 7: Comparison of pairwise identities in the neuraminidase (N2) proteins.  

 9508103 

H9N2 

W-04 

H6N2 

AL19 

H6N2 

AL25 

H6N2 

BKP 

H6N2 

BKR2 

H6N2 

BKR4 

H6N2 

NWY 

H6N2 

MAS 

H6N2 

9508103 

H9N2 
         

W-04 

H6N2 
80.17         

AL19 

H6N2 
87.67 84.23        

AL25 

H6N2 
92.28 85.15 90.28       

BKP 

H6N2 
84.87 88.42 83.37 89.92      

BKR2 

H6N2 
89.69 83.31 88.10 94.92 94.63     

BKR4 

H6N2 
88.71 83.77 87.13 93.91 95.01 98.91    

NWY 

H6N2 
80.76 88.42 84.21 89.92 74.65 83.79 83.17   

MAS 

H6N2 
76.69 94.06 80.03 81.28 85.00 79.76 80.22 93.84  

The lowest homology is indicated in red, while genes with homology >90% are indicated 

in bold. 

 

4.7.  Phylogenetic analyses 

De novo assembly of trimmed, paired-end reads was applied to assemble full genomic 

segments for the PB2, PB1, PA, NS, NP, NA, M and HA genes. Sequences were 

compared in multiple sequence alignments and phylogenetically, using as references 

the two South Africa viruses isolated from ostriches A/ostrich/South Africa/KK98/1998 

(H6N8) and A/ostrich/South Africa/9508103/1995 (H9N2). The general phylogenetic 

relationships of the South African H6N2 viruses to other viruses isolated from 1992 to 

2014 are published elsewhere (Abolnik et al, in press). The full gene sequences of the 

South African H6N2 viruses in this study were compared to each other and 

phylogenetic trees were constructed for each of the internal genes (Figures 10 – 17). 
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Bootstrapping is a method for assessing confidence in a phylogenetic analysis, where 

bootstrap proportions in majority-rule consensus trees provide biased but highly 

conservative estimates of the probability of correctly inferring the corresponding 

clades. Bootstrap proportions of ≥70% usually correspond to a probability of ≥95% that 

the corresponding clade is real. When constructing the maximum likelihood tree of HA 

gene sequences it was rooted with A/ostrich/South Africa/KK98/1998 and two distinct 

sub-lineages indicated as I and II became apparent (Figure 16a). Sub-lineage I 

contained - A/chicken/South Africa/NWY/2012, A/chicken/South Africa/MAS/2013, 

A/chicken/South Africa/W-04/2002 and A/chicken/South Africa/AL19/2002; while sub-

lineage II contained A/chicken/South Africa/AL25/2002, A/chicken/South 

Africa/BKP/2012, A/chicken/South Africa/BKR2/2012 and A/chicken/South 

Africa/BKR4/2012.  

 

 

Figure 10: Maximum likelihood tree of Polymerase B2 (PB2) gene sequences 

(2341bp). Horizontal distances are proportional to genetic distance and the tree is 

rooted with A/ostrich/South Africa/9508103/1995 (H9N2).  
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Figure 11: Maximum likelihood tree of Polymerase B1 (PB1) gene sequences 

(2341 bp). Horizontal distances are proportional to genetic distance and the tree is 

rooted with A/ostrich/South Africa/9508103/1995 (H9N2).   

 

Figure 12: Maximum likelihood tree of Polymerase A (PA) gene sequences (2233 

bp). Horizontal distances are proportional to genetic distance and the tree is rooted 

with A/ostrich/South Africa/9508103/1995 (H9N2).   
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Figure 13: Maximum likelihood tree of Non-structural (NS) gene sequences (890 

bp). Horizontal distances are proportional to genetic distance and the tree is rooted 

with A/ostrich/South Africa/9508103/1995 (H9N2).   

 

Figure 14: Maximum likelihood tree of Nucleoprotein (NP) gene sequences (1565 

bp). Horizontal distances are proportional to genetic distance and the tree is rooted 

with A/ostrich/South Africa/9508103/1995 (H9N2).   
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Figure 15: Maximum likelihood tree of Matrix (M) gene sequences (1027 bp). 

Horizontal distances are proportional to genetic distance and the tree is rooted with 

A/ostrich/South Africa/9508103/1995 (H9N2).   

 

 

 

Figure 16a: Maximum likelihood tree of Haemagglutinin (HA) gene sequences 

(1778 bp). Horizontal distances are proportional to genetic distance and the tree was 

rooted with A/ostrich/South Africa/KK98/1998 and two distinct sub-lineages indicated 

as I and II.   

 

 

When constructing the radial trees the evolutionary history was inferred using the 

Maximum likelihood method, which is a clustering method to group pairwise distances. 

II 

I 
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The reason that this was the favoured method when working with influenza virus was 

because AI viruses have different evolutionary rates in different hosts and sequences 

from both ostriches and poultry were compared. The trees were drawn to scale, with 

branch lengths in the same units as those of the evolutionary distances used to infer 

the phylogenetic trees. Branches corresponding to partitions reproduced in less than 

50% bootstrap replicates were collapsed, while the evolutionary distances were 

computed using the Poisson correction method and are in the units of the number of 

amino acid substitutions per site. This analysis involved nine virus sequences and all 

positions containing gaps and missing data were eliminated. There were a total of 

1717 positions in the final HA dataset and a total of 1258 positions in the final NA 

dataset. When the radial phylogram of the H6 HA genes (Figure 16b) was constructed 

it was rooted with A/ostrich/South Africa/KK98/1998 and the same two distinct sub-

lineages circled I and II became apparent that were shown with the maximum 

likelihood tree (Figure 16a).  When the maximum likelihood tree (Figure 17a) and the 

radial phylogram of the N2 NA genes was constructed (Figure 17b), the tree was 

rooted with A/ostrich/South Africa/9508103/1995 and two distinct sub-lineages 

indicated as I and II became apparent. Sub-lineage I contained - A/chicken/South 

Africa/NWY/2012, A/chicken/South Africa/MAS/2013, A/chicken/South Africa/W-

04/2002 and A/chicken/South Africa/AL19/2002; while sub-lineage II contained 

A/chicken/South Africa/AL25/2002, A/chicken/South Africa/BKP/2012, 

A/chicken/South Africa/BKR2/2012 and A/chicken/South Africa/BKR4/2012.  
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Figure 16b: Radial phylogram of H6 HA genes evolutionary relationships of H6 

genes (1778 bp). The tree was rooted with A/ostrich/South Africa/KK98/1998 and two 

distinct sub-lineages indicated as I and II.   
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Examination of the alignment of the HA genes (Figure 18) revealed that sub-lineage I 

showed the same single point mutations at position 13 where the Alanine (A) present 

in the ostrich isolate and the other 4 isolates (sub-lineage II) changed to Threonine 

(T). This same pattern was apparent at positions 147 where Valine (V) was substituted 

with Isoleucine (I), 152 where Proline (P) was substituted with Serine (S), 268 where 

Tryptophan (W) was substituted with R, 272 where Lysine (K) was substituted with R, 

274 V was substituted with Phenylalanine (F) and at 523 where Glutamic acid (E) was 

substituted with Aspartic acid (D).  

 

Sub-lineage II as a group when compared to A/ostrich/South Africa/KK98/1998 

(H6N8) showed single point mutations at positions 69 where R was substituted with 

Glycine (G), 135 where K was substituted with R, 139 where T was substituted with R, 

293 where D was substituted with Histidine (H), 299 where T was substituted with A, 

308 where T was substituted with R, 400 where I was substituted with V and 422 

where D was substituted with G.   

 

Both sub-lineages differs from the ostrich isolate at positions 110 and 144, where at 

100 A has been substituted for P for sub-lineage I, while sub-lineage II isolates have V 

at this position. Position 144 is a potential glycosylation site and S in the ostrich isolate 

has been substituted with D in sub-lineage I and Asparagine (N) in sub-lineage II.  

 

Position 190 showed a change for isolates A/chicken/South Africa/NWY/2012, 

A/chicken/South Africa/MAS/2013 in sub-lineage I, where Leucine (L) was been 

substituted with I.   
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Figure 17a: Maximum likelihood tree of Neuraminidase (NA) gene sequences 

(1413 bp). Horizontal distances are proportional to genetic distance and the tree was 

rooted with A/ostrich/South Africa/9508103/1995 and two distinct sub-lineages 

indicated as I and II. 

 

 

 

 

I 

II 
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Figure 17b: Evolutionary relationship of N2 neuraminidase genes (1413 bp). The 

tree was rooted with A/ostrich/South Africa/9508103/1995 and two distinct sub-

lineages indicated as I and II.  

 

I 

II 
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Chapter 5 

Discussion 

 

Initial isolation records showed that isolate A/chicken/South Africa/NWY/2012 

displayed no HA activity nor did it cause embryo mortality. The presence of this isolate 

in the allantoic fluid was confirmed by means of electron microscopy (data not shown) 

and AI rRT PCR. The re-inoculation of this isolate confirmed these results. Re-

inoculation of a further three isolates, namely A/chicken/South Africa/BKR2/2012, 

A/chicken/South Africa/BKR4/2012 and A/chicken/South Africa/BKP/2012 also 

showed a lack of HA activity. Although changes on the HA gene at one of the following 

positions - 138, 190, 103, 194 and 226 are thought to correlate with the ability of AIV 

to agglutinate erythrocytes, Kumari et al, showed that agglutination of CRBC does not 

correlate with altered binding to any oligosaccharide on the glycan array, and the 

density of HA due to replication processes may be the critical factor in the ability of 

viruses to agglutinate CRBC. This is confirmed by the data generated where no 

changes are apparent at these positions (Figure 18) except for position 190 which 

shows a change from leucine (L) to isoleucine (I) for isolates A/chicken/South 

Africa/NWY/2012 and A/chicken/South Africa/MAS/2013, however the latter isolate 

agglutinated CRBC.  

 

The HI results at four weeks post vaccination (Table 4a) show that the group 

vaccinated with strain A/chicken/South Africa/W-04/2002 had developed the highest 

HI titres. As this was the current vaccine strain, and is well adapted for growth in 

chickens it produced a high initial HA titre (Table 3), thus most likely stimulating the 

immune response strongly. The negative HA values for the isolates A/chicken/South 

Africa/BKR2/2012, A/chicken/South Africa/BKR4/2012 and A/chicken/South 

Africa/BKP/2012 are most likely responsible for the low immune response at 4 weeks 

post inoculation. The quality of the humoral immune response could also be 

influenced by the way vaccine antigen uptake by dendritic cells takes place and by the 

more or less efficient presentation to immune effector cells. The nuclear transport of 

NP and PB2 genes allows AI to replicate efficiently by entering the nucleus of an 

infected cell (Gabriel et al 2008), thus if these 3 viruses were blocked from entering 
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the cell in some way, there would be a lower HA titre, due to lower numbers of virus 

particles present.  

 

At 8 weeks post inoculation (Table 4b), it was shown that all vaccine groups had 

induced an immune response and HI titres had increased from 4 weeks prior. 

Although the lack of an initial HA positive result in four of the vaccine group viruses 

had resulted in lower titres on the HI test, there was still seroconversion, although 

immunity was not tested. The homologous antigens did not produce the highest titres 

except in the case of A/chicken/South Africa/W-04/2002, this could be as a result in 

the similarity of the HA gene with the lack of introduction of new genetic material. In 

other studies where there were antigenically distinct groups these were also 

determined to be separate genotypes where a re-assortment of viruses occurred (Kim 

et al 2010). HI titres can be linked to levels of replication of the virus and is crucial 

when determining the efficacy of a vaccine, as the best protection is produced by the 

humoral response against the HA protein (Swayne 2009). The efficacy of inactivated 

vaccines against H5N1 avian influenza infection in ducks and poultry were tested in 

challenge experiments and it was shown that lower HI titres were as a result of the 

lack of homology between the HA antigen and the vaccine the birds were vaccinated 

with; while a higher HI titre showed a close genetic relationship between vaccine and 

challenge viruses and in turn the antigenic match equated into to adequate protection 

by the vaccine (Middleton et al 2007, Swayne et al 2015).  

 

There was a distinct grouping of the HI titres into the respective genetic sub-lineages 

where sub-lineage I which contained viruses - A/chicken/South Africa/NWY/2012, 

A/chicken/South Africa/MAS/2013, A/chicken/South Africa/W-04/2002 and 

A/chicken/South Africa/AL19/2002, and had a higher average HI titre; while sub-

lineage II which contained A/chicken/South Africa/AL25/2002, A/chicken/South 

Africa/BKP/2012, A/chicken/South Africa/BKR2/2012 and A/chicken/South 

Africa/BKR4/2012 had lower HI titres. The HI titres of the current vaccine strain when 

tested against the isolates from sub-lineage I gave an average HI response of 7, while 

those in sub-lineage II had an HI titre of 5. The homology of the isolates as shown by 

their pair wise identity comparison of the HA gene (Table 6), was comparable to their 
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HI titres where isolates that had a homology of <90% had a lower average log2 HI titre 

of less than 5. Only isolates A/chicken/South Africa/W-04/2002 and A/chicken/South 

Africa/AL19/2002 had pairwise identities of >90% with all other isolates, thus 

eliminating other isolates as potential vaccine seed candidates.  

 

When looking at the antigenic characteristics an HI titre gives information about the 

affinity of an antiserum for a virus strain as well as the level of antibodies produced by 

the virus. The HI titre value can be interpreted as a rough measure of distance 

between the antiserum and the virus, thus when looking at the 2D and 3D antigenic 

maps which are a graphic representation of the HI data (Figure 3, Figure 4, Figure 5) 

the antigen A/chicken/South Africa/W-04/2002 which is the basis of the current H6N2 

vaccine is most centrally located and should give the most consistent immune 

response. 

 

Less variation between antigen groups could be seen with the ELISAs than with the HI 

data. The HI test relied on a homologous binding of the surface haemagglutination 

antigens to the antisera, and this result was read in serially diluted wells, whereas the 

ELISAs produced a signal read by a spectrophotometer in a single well per sample. 

ELISAs produce a signal that is read in nanometres and should therefore be more 

sensitive, however, there could also be higher background signal thus reducing net 

specific signal levels. 

 

At 4 weeks post inoculation only A/chicken/South Africa/AL25/2002 and 

A/chicken/South Africa/W-04/2002 had seroconverted when the Idexx influenza A 

ELISA was used, however at the same time when testing the sera using the H6N2 

specific ELISA only two groups remained negative - A/chicken/South Africa/MAS/2013 

and A/chicken/South Africa/BKP/2012. As the Idexx ELISA was prepared with 

conserved anti-influenza A virus nucleoproteins, the increase in detection capability of 

the H6N2 ELISA which was prepared using the whole virus from the homologous 

serotype; could have been as a result of there being more binding sites available for 

the H6N2 antibodies to bind.  
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The molecular characterization findings show that extensive genetic drift has occurred 

over the last ten years and the five new isolates sequenced can be divided into two 

distinct sub-lineages which appear to have developed independently of each other. 

This can be observed when examining the phylogenetic trees of each gene (Figures 

10 – 17) and is especially clear in both the haemagglutinin (Figure 16b) and 

neuraminidase radial trees (Figure 17b). Two distinct sub-lineages (I and II) of H6 

AIVs circulated during the South African outbreak in chickens in 2002, where 

A/chicken/South Africa/AL19/2002 was part of sub-lineage I and A/chicken/South 

Africa/AL25/2002 was part of sub-lineage II (Abolnik, 2007). No reassortment was 

observed in the isolates analysed which suggests that there was no introduction of 

new genetic material and these two clades seem to have developed in isolation, with 

sustained transmission within chicken flocks over the time period. This is supported by 

the pairwise identity comparison of the HA gene (Table 6), where all strains show a 

>90% homology with the vaccine strain, with a 92.99% homology and the lowest 

comparative identity being 87.88% between 2 viruses in the two sub-lineages - 

A/chicken/South Africa/MAS/2013 and A/chicken/South Africa/BKR2/2012. Further 

supporting evidence is that the recent isolates from sub-lineage II were all from one 

geographic area and were directly descended from A/chicken/South Africa/AL25/2002.  

 

When comparing the amino acid differences between the two sub-lineages on the HA 

protein (Figure 18), there are distinct differences at positions 13, 69, 110, 135, 139, 

144, 147, 152, 268, 272, 274, 293, 299, 308, 400, 422 and 523.   Seven potential 

glycosylation sites at positions 26, 27, 39, 182, 306, 498, and 557 within the HA were 

conserved. Sub-lineage I has an aspartic amino acid residue (D) at position 144 and 

although D144 on the HA is thought to be reliable terrestrial marker sub-lineage II has 

asparagine (N) (Abolnik, 2007). This site is also a known glycosylation site where the 

HA can undergo co-translational or post-translational glycosylation modification by 

attaching oligosaccharides to the N side chain. The glycosylation of the HA is 

essential for protein folding and transport to the cell surface as well as biological 

functions like receptor binding activity, evasion of host immunity and HA cleavability. 

For the H1N1 subtype, a study showed that A/Brazil/11/78 virus containing potential 
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HA glycosylation sites at N144 became less sensitive to murine lung surfactant protein 

(SP-D) neutralization and more virulent in mice when the glycosylation site at 144 was 

removed. It was suggested that the glycan at 144 of the H1 HA was responsible 

mainly for SP-D binding and decreased susceptibility to SP-D inhibition resulting in 

enhanced virulence (Sun et al 2013). With this in mind the potential exists for the sub-

lineage II viruses to be more virulent than the sub-lineage I viruses.   

 

There is a 25-amino acid deletion in the stalk region of the NA gene (positions 56 – 

80), for virus A/chicken/South Africa/AL19/2002, which is considered a typical marker 

of chicken adaptation. Some of the Californian H6N2 chicken viruses from 2000 to 

2001 also contained a deletion in the stalk region (Webby et al 2002). Chickens that 

were infected with H2N2 viruses with and without the stalk deletion, and the viruses 

with the stalk deletion had better viral transmission and extended shedding periods. 

Thus it was concluded that the deletion in the stalk region of NA supports the viral 

replication in the respiratory tract of chickens. (Sorrell et al 2010). Other studies have 

shown that the NA stalk deletion is a major but non-essential virulence determinant 

which, together with an HA carrying a polybasic cleavage site, can confer high 

virulence (Stech, Veits et al 2015). This suggests that the transmission of the isolates 

in South Africa which do not contain the deletions could have been slower and less 

effective, thus explaining the low incidences of AI detected over the last 10 years.   

 

Control programs for AI are designed to achieve at least one of the following three 

outcomes: prevention, management or eradication of the virus. Various essential 

components need to be incorporated in order to achieve these outcomes including 

biosecurity practices, diagnostics and surveillance, elimination of infected animals and 

increasing host resistance. Vaccination can be used as a single component in a 

control program whereby increasing host resistance to AI virus infection and 

decreasing environmental contamination. In Mexico after the H5N2 HPAI outbreak in 

1995 an inactivated vaccine was used and has continued to be used to control H5N2 

LPAI in Mexico, Guatemala and El-Salvador (Swayne, 2009). Further studies 

performed on this vaccine have shown that it provided protection against a variety of 

H5 AI viruses from other continents and conclusions were drawn that frequent 
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changing of the AI virus strain in the vaccine was not needed. Unfortunately in Mexico 

while the HPAI virus was eradicated the LPAI virus H5N2 continued to circulate and 

within a few years, multiple lineages of antigenically variant H5N2 LPAI field viruses 

were isolated that escaped from the immunity induced by the original 1994 vaccine 

seed strain used in the inactivated vaccine. This underlies the need for more than one 

control strategy, as vaccination alone is not sufficient, and that other safeguards to 

detect low-level circulation of virus in vaccinated flocks are needed, such as 

unvaccinated sentinel birds. Vaccination does not eradicate virus replication, it only 

decreases the shedding of the virus in the respiratory and digestive tracts of AI 

exposed chickens, while viruses with <90% homology at the haemagglutinin protein 

between vaccine and challenge virus might not result in consistent reductions in AI 

challenge or field virus shedding from the respiratory tract  (Swayne, et al 2000). 

When considering the effectiveness of a vaccine for use in poultry, the World 

Organization for Animal Health (OIE) terrestrial manual suggests that a log2 HI titre 

response of 5 to a vaccine offers protection from mortality and that a response of 7 

offers protection from virus shedding in vaccinated birds (OIE 2015).  

 

The poultry industry in South Africa has vaccinated affected flocks with an inactivated 

H6N2 vaccine since 2002 when the first outbreak occurred. Monthly serological 

monitoring of sentinel flocks has shown that the virus is still circulating within the 

vaccinated flocks. In Gauteng between September 2012 and August 2013, 11 farms 

were quarantined for H6 infections, however, only three out of the 11 outbreaks were 

associated with drops in production or decreased feed consumption or respiratory 

symptoms and in all cases the clinical picture was relatively mild. In the majority of 

cases H6 was detected as an incidental finding when routine AI serology screening 

occurred and in most cases the virus itself was not isolated. This is most likely due to 

the serological monitoring occurring after shedding of the virus had stopped (Petty et 

al 2013). In challenge experiments with LPAI it was shown that the virus was 

detectable in infected birds 2 days post inoculation, and the virus continued to shed for 

1 week, it was however only detectable in cloacal swabs until 3 days post inoculation 

at the same time a measurable immune response was detectable as early as 1 week 

after exposure. It was also found that the spread of the virus from bird to bird in 

adjoining cages of layers was variable and depended on the strain of virus (Lu, Castro, 
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2004). These findings could explain the reasons behind the few isolations made over 

the last 10 years even though the virus has continued to circulate.  

 

The use of the vaccine in isolation as a control for H6 is obviously not sufficient and 

biosecurity practices, diagnostics and surveillance remain important. As LPAI viruses 

are usually shed by clinically normal chickens or birds showing minimal clinical signs, 

monitoring serologically for AI only every six months is not sufficient to detect the 

circulating virus and increased monitoring is to be recommended. The use of 

unvaccinated sentinel birds to detect circulating virus, remains strongly recommended; 

as serological tests do not distinguish between the vaccine currently used and 

infection with AI.  

 

With the data gained from both the antigenic and molecular characterization of the 

Avian Influenza viruses isolated over the past 10 years, it can be concluded that the 

current vaccine should still offer sufficient protection for both groups of H6N2 viruses. 

This was backed up by the results of the pairwise percentage identities in the HA 

proteins, where the homology of HA protein and the latest isolates is greater than 

90%. It is however, recommended that serological monitoring and genotypic analysis 

of any isolated viruses continue, and in order provide ultimate proof of vaccine efficacy 

the vaccine should be tested in a vaccination-challenge experiment with the latest 

isolated viruses. 

  



 

50 
 

Chapter 6 

References 

 

ABOLNIK, C., 2007. Molecular epidemiology of Newcastle disease and avian 

influenza in South Africa. PhD Thesis, reviewed by D Alexander and D Senne. 

Accessible at http://repository.up.ac.za/handle/2263/25689?show=full 

ABOLNIK, C., 2010. Avian influenza in South Africa: a review. Proceedings of the 9th 

annual congress of the Southern African Society for Veterinary Epidemiology and 

Preventative medicine 

ABOLNIK, C., BISSCHOP, S., GERDES, T., OLIVIER, A. and HORNER, R., 2007. 

Outbreaks of avian influenza H6N2 viruses in chickens arose by a reassortment of 

H6N8 and H9N2 ostrich viruses. Virus genes, 34(1), pp. 37-45. 

ABOLNIK, C., BISSCHOP, S.P., GERDES, G.H., OLIVIER, A.J. and HORNER, R.F., 

2007. Phylogenetic analysis of low-pathogenicity avian influenza H6N2 viruses from 

chicken outbreaks (2001-2005) suggest that they are reassortants of historic ostrich 

low-pathogenicity avian influenza H9N2 and H6N8 viruses. Avian Diseases, 51(1 

Suppl), pp. 279-284. 

ABOLNIK, C., DE CASTRO, M. and REES, J., 2012. Full genomic sequence of an 

African Avian Paramyxovirus Type 4 strain isolated from a wild duck. Virus genes, 

45(3), pp. 537-541. 

ABOLNIK, C., GERDES, G.H., SINCLAIR, M., GANZEVOORT, B.W., KITCHING, J.P., 

BURGER, C.E., ROMITO, M., DREYER, M., SWANEPOEL, S., CUMMING, G.S. and 

OLIVIER, A.J., 2010. Phylogenetic Analysis of Influenza A Viruses (H6N8, H1N8, 

H4N2, H9N2, and H10N7) Isolated from Wild Birds, Ducks, and Ostriches in South 

Africa from 2007 to 2009. Avian Diseases, 54(1), pp. 313-322. 

ABOLNIK C, OLIVIER A, REYNOLDS C, HENRY D, CUMMING G, RAUFF D, 

ROMITO E, PETTY D, FALCH C. Susceptibility and status of avian influenza in 

ostriches. Avian Diseases, In press  

http://repository.up.ac.za/handle/2263/25689?show=full


 

51 
 

ALEXANDER, D.J., 2000. A review of avian influenza in different bird species. 

Veterinary microbiology, 74(1–2), pp. 3-13. 

BAIGENT, S.J. and MCCAULEY, J.W., 2003. Influenza type A in humans, mammals 

and birds: Determinants of virus virulence, host-range and interspecies transmission. 

BioEssays, 25(7), pp. 657-671. 

BARNETT, J. L., YANG, J., CAI, Z., XAN, X.-F., 2012. AntigenMap 3D: an online 

antigenic cartography resource. Bioinformatics 28: 1292-1293 

BEATO, M.S., XU, Y., LONG, L-P., CAPUA, I., and WAN, X-F. 2014. Antigenic and 

Genetic Evolution of Low-Pathogenicity Avian Influenza Viruses of Subtype H7N3 

following Heterologous Vaccination. Clinical and Vaccine Immunology : CVI, 21(5), pp. 

603–612. doi:10.1128/CVI.00647-13. 

BI, Y., LU, L., LI, J., YIN, Y., ZHANG, Y., GAO, H., QIN, Z., ZESHAN, B., LIU, J., SUN, 

L. and LIU, W., 2011. Novel genetic reassortants in H9N2 influenza A viruses and their 

diverse pathogenicity to mice. Virology Journal 8:505. doi:10.1186/1743-422X-8-505  

BROWN, E.G., 2000. Influenza virus genetics. Biomed. Pharmacother. 54, pp. 196-

209. 

CAI, Z, ZHANG, T., WANG, X-F., 2010. A Computational Framework for Influenza 

Antigenic Cartography. PLoS Comput Biol 6(10): e10000949, 

doi:10.1471/jourbal.pcbi.1000949. 

CDC, 2013. Influenza Type A Viruses and Subtypes. [Online] Available at: 

http://www.cdc.gov/flu/avianflu/influenza-a-virus-subtypes.htm. [Accessed 6 April 

2013]. 

CHEN, J., LEE, K.H., STEINHAUER, D. A., STEVENS, D. J., SKEHEL, J.J., WILEY, 

D.C., 1998. Structure of the Haemagglutinin Precursor Cleavage Site, a Determinant 

of Influenza Pathogenicity and the Origin of the Labile Conformation. Cell 95 (3), pp 

409–417. 

CHEUNG, T.K. and POON, L.L., 2007. Biology of influenza a virus. Annals of the New 

York Academy of Sciences, 1102, pp. 1-25. 



 

52 
 

FAO, 2013. Media Centre. [Online] Available at: 

http://www.fao.org/news/story/en/item/173704/icode/[Accessed 6 April 2013]. 

FOUCHER, R.A.M. and SMITH, D, J., 2010. Use of Antigenic Cartography in Vaccine 

Seed Strain Selection. Avian Diseases, 54, pp. 220-223. 

GABRIEL, G., HERWIG, A., and KLENK, H-D. 2008. Interaction of Polymerase 

Subunit PB2 and NP with Importin α1 Is a Determinant of Host Range of Influenza A 

Virus. PLoS Pathog. 4(2): e11. doi:  10.1371/journal.ppat.0040011 

GAO, R., CAO, B., HU, Y., FENG, Z., WANG, D., HU, W.,CHEN, J., JIE, Z.,QIU,H., 

XU, K., XU, X., LU, H., ZHU, W., GAO, Z., XIANG, N., SHEN, Y., HE, Z., GU, Y., 

ZHANG, Z., YANG, Y., ZHAO, X., ZHOU, L., LI, X., ZOU, S., ZHANG, Y., LI, X., 

YANG, L., GUO, J., DONG, J., LI, Q., DONG, L., ZHU, Y., BAI, T., WANG, S., HAO, 

P., YANG, W., ZHANG, Y., HAN, J., YU, H., LI, D., GAO, G., WU, G., WANG, Y., 

YUAN, Z., and SHU, Y., 2013. Human Infection with a Novel Avian-Origin Influenza A 

(H7N9) Virus. New England Journal of Medicine, 368, pp.1888-1897. 

HA, Y., STEVENS, D.J., SKEHEL, J.J., and WILEY, D.C., 2001. X-ray structures of H5 

avian and H9 swine influenza virus hemagglutinins bound to avian and human 

receptor analogs. Proc Natl Acad Sci U S A. 98(20), pp.11181–11186.  

HALL, T.A. 1999. BioEdit: a user-friendly biological sequence alignment editor and 

analysis program for Windows 95/98/NT.  Nucl. Acids. Symp. Ser. 41, pp. 95-98.  

HORNER, R.F., PIENAAR, A.C.E., 2009. Contingency Plan in Case of an Outbreak of 

Notifiable Avian Influenza (NAI) in Poultry in South Africa. 3rd Edition. 

KANAGARAJAN, S., TOLF, C., LUNDGREN, A., WALDENSTRÖM, J., BRODELIUS, 

P.E., 2012. Transient Expression of Hemagglutinin Antigen from Low Pathogenic 

Avian Influenza A (H7N7) in Nicotiana benthamiana PLoS One. 7(3):e33010. doi: 

10.1371/journal.pone.0033010. 

KHURANA, S., VERMA, S., VERMA, N., CREVAR, C.J., CARTER, D.M., 

MANISCHEWITZ, J., KING, L.R., ROSS, T.M. and GOLDING, H., 2010. Properly 

folded bacterially expressed H1N1 hemagglutinin globular head and ectodomain 

vaccines protect ferrets against H1N1 pandemic influenza virus. PloS one, 

5(7):e11548. 

http://www.ncbi.nlm.nih.gov/pubmed/22442675


 

53 
 

KHURANA, S., VERMA, S., VERMA, N., CREVAR, C.J., CARTER, D.M., 

MANISCHEWITZ, J., KING, L.R., ROSS, T.M. and GOLDING, H., 2011. Bacterial HA1 

vaccine against pandemic H5N1 influenza virus: evidence of oligomerization, 

hemagglutination, and cross-protective immunity in ferrets. Journal of virology, 85(3), 

pp. 1246-1256. 

KIM, H-E., LEE, Y-J., LEE, K-K., OEM, J-K., KIM, S-H., LEE, M-H., LEE, O-S and 

PARK, C-K., 2010. Genetic relatedness of H6 subtype avian influenza viruses isolated 

from wild birds and domestic ducks in Korea and their pathogenicity in animals. 

Journal of General Virology, 91, pp. 208-219. 

KUMARI, K., GULATI, S., SMITH, D.F., GULATI, U., CUMMINGS, R.D. and AIR, 

G.M., 2007. Receptor binding specificity of recent human H3N2 influenza viruses.  

Virology Journal. 4:42. doi: 10.1186/1743-422X-4-42. 

LABADIE, K., DOS SANTOS AFONSO, E., RAMEIX-WELTI, M-A., VAN DER WERF, 

S., NAFFAKH, N., 2007. Host-range determinants on the PB2 protein of influenza A 

viruses control the interaction between the viral polymerase and nucleoprotein in 

human cells. Virology, 362, pp. 271–282 

LEE, C-W, SENNE, D.A., LINARES, J.A., WOOLCOCK, P.R., STALLKNECHT, D.E., 

SPACKMAN, E., SWAYNE, D.E and SUAREZ, D.L. 2004. Characterization of recent 

H5 subtype avian influenza viruses from US poultry, Avian Pathology, 33:3, pp. 288-

297, DOI: 10.1080/0307945042000203407 

LIU, M., GUAN, Y., PEIRIS, M., HE, S., WEBBY, R.J., PEREZ, D. and WEBSTER, 

R.G., 2003. The quest of influenza A viruses for new hosts. Avian Diseases, 47(3 

Suppl), pp. 849-856. 

MIDDLETON D, BINGHAM J, SELLECK P, LOWTHER S, GLEESON L, LEHRBACH 

P, 2007. Efficacy of inactivated vaccines against H5N1 avian influenza infection in 

ducks. Virology. 359(1) pp.66-71. 

NAFFAKH, N., TOMOIU, A., RAMEIX-WELTI, A-M., and VAN DER WERF, S., 2008. 

Host Restriction of Avian Influenza Viruses at the Level of the ribonucleoproteins. 

Annual Review of Microbiology, 62, pp 403-424  



 

54 
 

NEUMANN, G., HATTA, M. and KAWAOKA, Y., 2003. Reverse genetics for the 

control of avian influenza. Avian Diseases, 47, pp. 882-887. 

NOBUSAWA, E., ISHIHARA, H., MORISHITA, T., SATO, K. and NAKAJIMA, K., 2000. 

Change in Receptor-Binding Specificity of Recent Human Influenza A Viruses (H3N2): 

A Single Amino Acid Change in Hemagglutinin Altered Its Recognition of 

Sialyloligosaccharides. Virology, 278(2), pp. 587-596. 

PETTY, D., ABOLNIK, C., RAUFF, D. and GEERTSMA, P. 2013. H6 Avian Influenza 

outbreaks in 2012/2103 in Gauteng. Proceedings of the 11th annual congress of the 

Southern African Society for Veterinary Epidemiology and Preventive Medicine.  

PFITZER, S., VERWOERD, D.J., GERDES, G.H., LABUSCHAGNE, A.E., ERASMUS, 

A., MANVELL, R.J. and GRUND, C., 2000. Newcastle Disease and Avian Influenza A 

Virus in Wild Waterfowl in South Africa. Avian Diseases, 44(3), pp. 655-660. 

RÖHM, C., HORIMOTO, T., KAWAOKA, Y., SÜSS, J. and WEBSTER, R.G., 1995. Do 

Hemagglutinin Genes of Highly Pathogenic Avian influenza Viruses Constitute Unique 

Phylogenetic Lineages? Virology, 209(2), pp. 664-670. 

ROTT, R., 1992. The Pathogenic Determinants of Influenza-Virus. Veterinary 

microbiology, 34(4), pp. 398-398. 

SORRELL, E.M., SONG, H., PENA, L. and PEREZ, D.R. 2010. A 27-Amino-Acid 

Deletion in the Neuraminidase Stalk Supports Replication of an Avian H2N2 Influenza 

A Virus in the Respiratory Tract of Chickens. J. Virol. 84(22), p. 11831–11840 

STECH, O., VEITS, J., ABDELWHAB, E-S., M., WESSELS, U., METTENLEITER, 

T.C., and STECH, J. 2015. The Neuraminidase Stalk Deletion Serves as Major 

Virulence Determinant of H5N1 Highly Pathogenic Avian Influenza Viruses in Chicken. 

Sci Rep. 5 p13493. doi:10.1038/srep13493  

STEINHAUER, D.A., 1999.  Role of Hemagglutinin Cleavage for the Pathogenicity of 

Influenza Virus. Virology 258 pp. 1-20. 

SUAREZ, D.L. and SCHULTZ-CHERRY, S., 2000. Immunology of avian influenza 

virus: a review. Developmental & Comparative Immunology, 24(2–3), pp. 269-283. 



 

55 
 

SUN, X., JAYARAMAN, A., MANIPRASAD, P., RAMAN, R., HOUSER, K.V., PAPPAS, 

C., ZENG, H., SASISEKHARAN, R., KATZ, J.M., and TUMPEY, T.M., 2013. N-Linked 

Glycosylation of the Hemagglutinin Protein Influences Virulence and Antigenicity of the 

1918 Pandemic and Seasonal H1N1 Influenza A Viruses. J Virol. 87(15) pp 8756–

8766.  

SUPTAWIWAT, O., KONGCHANAGUL, A., CHAN-IT, W., THITITHANYANONT, A., 

WIRIYARAT, W., CHAICHUEN, K., SONGSERM, T., SUZUKI, Y., PUTHAVATHANA, 

P. and AUEWARAKUL, P., 2008. A simple screening assay for receptor switching of 

avian influenza viruses. Journal of Clinical Virology, 42(2), pp. 186-189. 

SWAYNE, D.E., 2009. Avian influenza vaccines and therapies for poultry. 

Comparative Immunology, Microbiology and Infectious Diseases. 32, pp. 351-363. 

SWAYNE, D.E., PERDUE, M.L., BECK, J.R., GARCIA, M, SUAREZ, D.L. 2000. 

Vaccines protect chickens against H5 highly pathogenic avian influenza in the face of 

genetic changes in field viruses over multiple years. Veterinary Microbiology, 74, pp 

165-172. 

SWAYNE, D.E., SUAREZ, D.L. SPACKMAN, E., JADHAO, S., DAUPHIN, G., KIM-

TORCHETTI, M., MCGRANE, J., WEAVER, J., DANIELS, P., WONG, F., SELLECK, 

P., WIYONO, A., INDRIANI, R., YUPIANA, Y., SAWITRI SIREGAR, E., PRAJITNO, 

T., SMITH, D. and FOUCHIER R. 2015. Antibody Titer Has Positive Predictive Value 

for Vaccine Protection against Challenge with Natural Antigenic-Drift Variants of H5N1 

High-Pathogenicity Avian Influenza Viruses from Indonesia. J Virol. 89(7) pp 3746–

3762. 

TAMURA, K., PETERSON, D., PETERSON, N., STECHER, G., NEI, M., and 

SUDHIR, K. 2011. MEGA5: Molecular Evolutionary Genetics Analysis Using Maximum 

Likelihood, Evolutionary Distance, and Maximum Parsimony Method. Molecular 

Biology and Evolution 28, pp. 2731-2739. 

TAMURA K, STECHER G, PETERSON D, FILIPSKI A, AND KUMAR S. 2013. 

MEGA6: Molecular Evolutionary Genetics Analysis Version 6.0. Molecular Biology and 

Evolution 30, pp. 2725-2729. 



 

56 
 

TREANOR, J., 2004. Influenza Vaccine — Outmaneuvering Antigenic Shift and Drift. 

N Engl J Med, 350 pp. 218-220. 

TONG, S., LI, Y., RIVAILLER, P., CONRARDY, C., CASTILLO, D. A., CHEN, L. M., 

RECUENCO, S., ELLISON, J. A., DAVIS, C. T., YORK, I. A.,  TURMELLE, A. S., 

MORAN, D., ROGERS, S., SHI, M., TAO, Y., WEIL, M. R., TANG, K., ROWE, L. A., 

SAMMONS, S., XU, X., FRACE, M., LINDBLADE, K. A., COX, N. J., ANDERSON, L. 

J., RUPPRECHT, C. E. and DONIS, R. O. 2012. A distinct lineage of influenza A virus 

from bats. Proc. Natl. Acad. Sci. U.S.A. 109, pp. 4269–4274. 

WEBBY, R.J., WOOLCOCK, P.R., KRAUSS, S.L., and WEBSTER, R.G., 2002. 

Reassortment and Interspecies Transmission of North American H6N2 Influenza 

Viruses. Virology, 295, pp. 44–53. 

WORLD ORGANISATION FOR ANIMAL HEALTH (OIE) (2015). Manual of Diagnostic 

Tests and Vaccines for Terrestrial Animals. Chapter 2.3.4 Avian influenza. www.oie.int 

ZHANG, G., KONG, W., QI, W., LONG, L., CAO, Z., HUANG, L., QI, H., CAO, N., 

WANG, W., ZHAO, F., NING, Z., LIAO, M. and WAN, X., 2011. Identification of an 

H6N6 swine influenza virus in southern China. Infection, Genetics and Evolution, 

11(5), pp. 1174-1177. 

 

  



 

57 
 

 

Appendix A 

Table 8: Idexx multiscreen and H6N2 ELISA data. 

The raw OD values are averaged per vaccine group with positive values indicated in 

red. Standard deviation (SD) and Coefficient of variation (CV) of each group is also 

indicated. S/N values for the Idexx multiscreen ELISA and the titre values for the 

H6N2 ELISA are displayed. 

  Idexx multiscreen H6N2 ELISA 

Antigen Group   Bleed 
Avg 
OD 

S/N 
ratio SD CV% 

Avg 
OD 

Titre Value 
SD CV% 

A/chicken/South Africa/BKR2/2012 0w 1.317 1.125 0.097 7 0.155 142.130 0.016 10 

A/chicken/South Africa/BKR4/2012 0w 1.349 1.157 0.024 2 0.153 111.471 0.006 4 

A/chicken/South Africa/MAS/2013 0w 1.359 1.167 0.104 8 0.172 279.267 0.026 15 

A/chicken/South Africa/W-04/2002 0w 1.341 1.149 0.060 4 0.185 403.243 0.022 12 

A/chicken/South Africa/AL19/2002 0w 1.318 1.126 0.058 4 0.159 159.090 0.014 9 

A/chicken/South Africa/AL25/2002 0w 1.295 1.103 0.030 2 0.170 258.762 0.024 14 

A/chicken/South Africa/NWY/2012 0w 1.277 1.085 0.070 5 0.155 124.191 0.011 7 

A/chicken/South Africa/BKP/2012 0w 1.197 1.005 0.057 5 0.153 105.391 0.005 3 

SPF 0w 1.235 1.043 0.008 1 0.155 123.520 0.012 8 

A/chicken/South Africa/BKR2/2012 4w 1.126 0.934 0.062 5 0.268 1228.748 0.072 27 

A/chicken/South Africa/BKR4/2012 4w 0.801 0.608 0.376 47 0.234 903.682 0.098 42 

A/chicken/South Africa/MAS/2013 4w 0.810 0.618 0.559 69 0.206 530.730 0.022 11 

A/chicken/South Africa/W-04/2002 4w 0.526 0.333 0.422 80 0.832 10007.305 0.272 33 

A/chicken/South Africa/AL19/2002 4w 0.929 0.737 0.434 47 0.413 3233.941 0.188 46 

A/chicken/South Africa/AL25/2002 4w 0.345 0.152 0.053 16 0.421 3379.630 0.215 51 

A/chicken/South Africa/NWY/2012 4w 0.815 0.622 0.312 38 0.236 903.450 0.079 33 

A/chicken/South Africa/BKP/2012 4w 0.796 0.604 0.388 49 0.207 636.726 0.088 43 

SPF 4w 1.172 1.172 0.001 0 0.178 273.934 0.006 3 

A/chicken/South Africa/BKR2/2012 8w 0.340 0.083 0.237 70 0.458 3483.440 0.217 47 

A/chicken/South Africa/BKR4/2012 8w 0.169 -0.070 0.019 11 0.808 8919.770 0.243 30 

A/chicken/South Africa/MAS/2013 8w 0.258 0.009 0.157 61 0.846 9538.689 0.216 25 

A/chicken/South Africa/W-04/ 8w 0.317 0.061 0.296 94 1.477 21562.829 0.017 1 

A/chicken/South Africa/AL19/2002 8w 0.207 -0.037 0.087 42 1.403 20049.802 0.051 4 

A/chicken/South Africa/AL25/2002 8w 0.181 -0.060 0.045 25 1.104 14489.743 0.407 37 

A/chicken/South Africa/NWY/2012 8w 0.323 0.067 0.229 71 0.847 9820.601 0.360 42 

A/chicken/South Africa/BKP/2012 8w 1.300 0.941 0.164 13 0.735 7692.881 0.253 34 

SPF 8w 1.485 1.106 0.033 2 0.236 577.021 0.010 4 

Positive results are indicated in red.    
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Figure 18: Multiple sequence alignment of the H6 haemagglutinin genes 
The first sequence is used as a consensus and the similarities are plotted as a dot, the respective amino acid residue is indicated where differences occur. The HA0 fusion site is 
indicated in yellow. Amino acid residues at positions 138, 190, 103, 194 and 226 are indicated in green. Sub-lineage differences in the amino acids are indicated in blue.  
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A/chicken/South Africa/NWY/2012 S . . . . . . . . . . . . . . . . . . . . . . . . . . . . F . . . R . . . R . F . T . K . . V I . . . . . . . . D . . . Q . . . . S . . . . . . . . . . . .

A/chicken/South Africa/MAS/2013 S . . . . . . . . . . . . . . . . . . . . . . . . . . . . F . . . R . . . R . F . . . K . . V I . . . . . . . . . . . . K . . . . S . . . . . . . . . . . .

A/chicken/South Africa/AL19/2002 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . R . . . R . F . T . . . . . . . . . . . . . . . . . . L . . . . . . . . . . . . . . . . .

A/chicken/South Africa/BKR4/2012 . . . . . . . . . . . . . . . . K . . . . . . . . . . . . . . . . . . . . . . . . T S . . . . . . . . . . . V . D . H . . . . . A . . . . . V . . R . . . .

A/chicken/South Africa/BKR2/2012 . . . . . . . . . . . . . . . . K . . . . . . . . . . . . . . . . . . . . . . . . T S . . . . . . . . . . . V . D . H . . . . . A . . . . . V . . R . . . .

A/chicken/South Africa/BKP/2012 . . . . . . . . . . . . . . . . K . . . . . . . . . . . . . . . . . . . . . . . . T S . . . . . . . . . . . V . D . H . . . . . A . . . . . V . . R . . . .

A/chicken/South Africa/AL25/2002 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . T . . . . . . . . . . . . . . D . H . T . . . A . . . . K I . . R . . . .
313 339 347 390

A/ostrich/South Africa/KK98/1998 (H6N8) S P L W I G E C P K Y V K S E S L R L A T G L R N V P Q I E T R G L F G A I A G F I E G G W T G M I D G W Y G Y H H E N S Q G S G Y A A D R E S T Q K A I D

A/chicken/South Africa/W-04/2002 . . . . . . . . . . . . . . K . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

A/chicken/South Africa/NWY/2012 . . Q . . . . . . . . . . . K . . . . . . . . . . . . . V . . . . I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . D . . . . . . .

A/chicken/South Africa/MAS/2013 . . Q . . . . . . . . . . . K . . . . . . . . . . . . . V . . . . I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . D . . . . . . .

A/chicken/South Africa/AL19/2002 . . . . . . . . . . . . . . K . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

A/chicken/South Africa/BKR4/2012 . . . . . . . . . . . . . . K . . . . . . . P . . . . . . . . . . . . . . . . . . . . . . . . . L . . . . . . . . . . . . . . . . . . . . . . . . . . . V .

A/chicken/South Africa/BKR2/2012 . . . . . . . . . . . . . . K . . . . . . . P . . . . . . . . . . . . . . . . . . . . . . . . . L . . . . . . . . . . . . . . . . . . . . . . . . . . . V .

A/chicken/South Africa/BKP/2012 . . . . . . . . . . . . . . K . . . . . . . P . . . . . . . . . . . . . . . . . . . . . . . . . L . . . . . . . . . . . . . . . . . . . . . . . . . . . V .

A/chicken/South Africa/AL25/2002 . . . . . . . . . . . . . . K . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
391 468

A/ostrich/South Africa/KK98/1998 (H6N8) G I T N K V N S I I D K M N T Q F E A V D H E F S N L E R R I D N L N K R M E D G F L D V W T Y N A E L L V L L E N E R T L D L H D A N V K N L Y E K V K S

A/chicken/South Africa/W-04/2002 . . . . . . . A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

A/chicken/South Africa/NWY/2012 . . . . . . . T . . . . . . . . . . . . G . . . . . . . . . . . . . . . . . . . . L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

A/chicken/South Africa/MAS/2013 . . . . . . . T . . . . . . . . . . . . G . . . . . . . . . . . . . . . . . . . . L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

A/chicken/South Africa/AL19/2002 . . . . . . . A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

A/chicken/South Africa/BKR4/2012 . . . . . . . A . V . . . . . . . . . . . . . . . . . . . . . G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . F . . . . .

A/chicken/South Africa/BKR2/2012 . . . . . . . A . V . . . . . . . . . . . . . . . . . . . . . G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . F . . . . .

A/chicken/South Africa/BKP/2012 . . . . . . . A . V . . . . . . . . . . . . . . . . . . . . . G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . F . . . . .

A/chicken/South Africa/AL25/2002 . . . . . . . A . V . . . . . . . . . . . . . . . . . . . . . G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
469 546

A/ostrich/South Africa/KK98/1998 (H6N8) Q L R D N A N D L G N G C F E F W H K C D N E C I E S V K N G T Y D Y P K Y Q D E S K L N R Q E I E S V K L E N L G V Y Q I L A I Y S T V S S S L V L V G L

A/chicken/South Africa/W-04/2002 . . . . . . . . . . . . . . . . . . . . . . D . M . . . . . . . . . . . . . . . . . . . . . . . . . . . . . D . . . . . . . . . . . . . . . . . . . . . . .

A/chicken/South Africa/NWY/2012 . . . . . . . . . . . . . . . . . . . . . . D . M . . . . . . . . . . . . . . . . . . . . . . K . . . . . . D . . . . . . . . . . . . . . . . . . . . . . .

A/chicken/South Africa/MAS/2013 . . . . . . . . . . . . . . . . . . . . . . D . M . . . . . . . . . . . . . . . . . . . . . . K . . . . . . D . . . . . . . . . . . . . . . . . . . . . . .

A/chicken/South Africa/AL19/2002 . . . . . . . . . . . . . . . . . . . . . . D . M . . . . . . . . . . . . H . . . . . . . . . K . . . . . . D . . . . . . . . . . . . . . . . . . . . . . .

A/chicken/South Africa/BKR4/2012 . . . . . . . . . . . . . . . . . . . . . . D . M . . . . . . . . . . . N H . E . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

A/chicken/South Africa/BKR2/2012 . . . . . . . . . . . . . . . . . . . . . . D . M . . . . . . . . . . . N H . E . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

A/chicken/South Africa/BKP/2012 . . . . . . . . . . . . . . . . . . . . . . D . M . . . . . . . . . . . . . . E . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

A/chicken/South Africa/AL25/2002 . . . . . . . . . . . . . . . . . . . . . . D . . . . . . . . . . . . . . . . . . . R . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
547 572

A/ostrich/South Africa/KK98/1998 (H6N8) I I A M G L W M C S N G S M Q C R I C I * L R K T P

A/chicken/South Africa/W-04/2002 . . . . . . . . . . . . . . . . . . . . . . . . . .

A/chicken/South Africa/NWY/2012 . . . . . . . . . . . . . . . . . . . . . . . . . .

A/chicken/South Africa/MAS/2013 V . . . . . . . . . . . . . . . . . . . . . . . . .

A/chicken/South Africa/AL19/2002 . . . . . . . . . . . . . . . . . . . . . . . . . .

A/chicken/South Africa/BKR4/2012 . . . I . . . . . . . . . . . . . . . . . . . . . .

A/chicken/South Africa/BKR2/2012 . . . I . . . . . . . . . . . . . . . . . . . . . .

A/chicken/South Africa/BKP/2012 . . . I . . . . . . . . . . . . . . . . . . . . . .

A/chicken/South Africa/AL25/2002 . . . . . . . . . . . . . . . . . . . . . C S * . .



 

59 
 

 
Figure 19: Multiple sequence alignment of the N2 neuraminidase genes 
The first sequence is used as a consensus and the similarities are plotted as a dot, the respective amino acid residue is indicated where differences occur. The red shaded area 
(amino acid 56 to 80) indicates a deletion in the NA gene. 
  

A/ostrich/South Africa/9508103/1995 (H9N2)  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - M N P N Q K I I T I G S V S L T I A T I C F L M Q I A I L A T T V T L H F K Q N G C S I P S N N Q V V

A/chicken/South Africa/AL19/2002  - - - - - - - - - - - - - - - - - - - - - - - - - - - - K . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . M . . . . . . . . . . . . T . . . . . . .

A/chicken/South Africa/W-04/2002  E S V F F * G A Q W C F G E K T P D L G V K S G F V V V K . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . I . . - - - - - - - - - - - - - - - -

A/chicken/South Africa/NWY/2012  - - - - - - - - - - - - - - - - - - - - - - - - - - - V K . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - - - - - - - - - - - - - - - -

A/chicken/South Africa/MAS/2013  E S V F F * G A Q W C F G E K - S D L G V K S G F V V V K . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - - - - - - - - - - - - - - - -

A/chicken/South Africa/AL25/2002  - - - - - - - - - - - - - - - - - - - - - - - - - - - V K . . . . . . . . . . . . . . . I . . . . . . . . . . . . . . . . . . . . . . . . . . . . S . . . . . .

A/chicken/South Africa/BKP/2012  E S V F F * G A Q W C F G E K - S D L G V K S G F V V G K . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . G . . . . . V . . . . .

A/chicken/South Africa/BKR4/2012  - - - - - - - - - - - - - - - - - - - - - - - V F W G E K . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . G . . . . . V . . . . .

A/chicken/South Africa/BKR2/2012  - - - - - - - - - - - - - - - - - - - - - - - - - - - - K . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . G . . . . . V . . . . .

52 56 80

A/ostrich/South Africa/9508103/1995 (H9N2)  P C E P I I V E R N I T E I V - F E * Y H N R K R T L S * S I R I Q G L V E T T V P N Y R V C S F L Q G Q L N P A F C W W G H L D N K R A I C V M Q P R * M L S

A/chicken/South Africa/AL19/2002  . . . . T ? ? ? ? ? ? ? ? ? ? - ? ? ? ? ? ? ? ? ? ? ? ? ? ? . . . . . . . . . . . . . . . . . . . . . . . . D Q . . . . . R . . G . . G . . . . . . S . E . . .

A/chicken/South Africa/W-04/2002  - - - - - - F K Q . G C S . P - E Q S S S A M * T N Q P Q G . . . . . . . . . . . . . . . . . . . . . . . . . Q . . . . . R . . G . . G . . . . . . S . E . . .

A/chicken/South Africa/NWY/2012  - - - - - - F K Q . G Y S . P - K Q S S S A L R A N - T Q D . . . . E . . K . . M . . H . . . . . . . . . . . Q . . R . . . . . G D . G . . R . . . S . E . . P

A/chicken/South Africa/MAS/2013  - - - - - - F K Q . G Y S . P - K Q S S S A L R A N - P Q D . . . . E . . K . . M . . H . . . . . . . . . . . Q . . R . . . . . G D . G . . R . . . S . E . . P

A/chicken/South Africa/AL25/2002  . . . . . . I . . . . . . . . - . . . . . . . . . I . . Q G . G . . . . . . . A . . . . . . . . . . . . . . . . . . . . . . . . G . . . . . . . . . S . E . . .

A/chicken/South Africa/BKP/2012  . . . . V . I . K . . . K . . - . . . . . . . . . I . P Q G . . . . E . . . . A . S . . . . . . . . . R . . . . . . . . . . . . G . . . . . . . . . S . E . . .

A/chicken/South Africa/BKR4/2012  . . . . V . I . K . . . K . . - . . . . . . . . . I . P Q G . . . . E . . . . A . S . . . . . . . . . R . . . . . . . . . . . . G . . . . . . . . . S . E . . .

A/chicken/South Africa/BKR2/2012  . . . . V . I . K . . . K . . - . . . . . . . . . I . P Q G . . . . E . . . . A . S . . . . . . . . . R . . . . . . . . . . . . G . . . . . . . . . S . E . . .

A/ostrich/South Africa/9508103/1995 (H9N2)  I C T W A G N H V G Q Q A L K W H N T * * D S S S N P F D E R V G C P V S F G - D Q T S V H S M V Q L K L P * W E S M V T C L C H W G * * K C N C * F H L * W G

A/chicken/South Africa/AL19/2002  . . . . T . . . . . . P T . * . . . . . . . P . . . . . . . . . . . . . P . . - N . . G . . . L . . . . . . . . . . . A . . . . . . . . . . . . . . . . . Q . .

A/chicken/South Africa/W-04/2002  L . . . T . . . . . . P T . * . . . . . . . P . . . . . . . . . . . . . P . . - N . . G . . . V . . . . . . . . . . . A . . . . . . . . . . . . . . . . . Q . .

A/chicken/South Africa/NWY/2012  . . . R . . S . I . K P T F * . . . . . . . P . . . T . . . . I . H . . P L . - N . . G . . R L . . . . . S . . . . . A . . . . . . . . . . . . . . . . . Q . S

A/chicken/South Africa/MAS/2013  . . . R . . S . I . K P T . * . . . . . . . P . . . T . . . . I . H . . P L . - N . . G . . R L . . . . . S . . . . . A . . . . . . . . Q . . . . . . . . Q . S

A/chicken/South Africa/AL25/2002  . . . . T . . . . . . . T . . . . . . . . . P . . . . . . . . I . . . . P . . - N . . . . . . . . . . . . . . . . . . A . . . . . . . . . . . . . . . . . . . V

A/chicken/South Africa/BKP/2012  . . . . P . . . I A . . T . . . . . . . . G P . . . . L . . . . . . . F P . . - N . . . . . . . . . . . . . . . . . . A A . . . . . . . W . . . . . . . . . . .

A/chicken/South Africa/BKR4/2012  . . . . P . . . I A . . T . . . . . . . . G P . . . . L . . . . . . . F P . . - N . . . . . . . . . . . . . . . . . . A A . . . . . . . W . . . . . . . . . . .

A/chicken/South Africa/BKR2/2012  . . . . P . . . I A . . T . . . . . . . . G P . . . . L . . . . . . . F P . . - N . . . . . . . . . . . . . . . . . . A A . . . . . . . W . . . . . . . . . . .

A/ostrich/South Africa/9508103/1995 (H9N2)  A C * Q Y W F M V S K H S Q N S G V R M R L H Q W D L C S S N D * R K C I R K G * Y * N I I H * R G E N C P C Q P I I R - S A Q H I E E C S C Y P R Y P D V K C

A/chicken/South Africa/AL19/2002  . . . . . . . . . . . . . E D . . . . . . . . . . N . Y . . . . . W E . . . . . . . . . . . . . . . . S . . Y . . . . . - G . . . T . . . . . . . . . . . . R .

A/chicken/South Africa/W-04/2002  . . . . . . . . . . . . . K D . . . . . . . . . . N . Y . . . . . W E . . . . . . . . . . . . . . . . . . . Y . . . . . - G . . . T . . . . . . . . . . . . R .

A/chicken/South Africa/NWY/2012  . . . * C R . . . . . . . K D T R . . V . . . . R . . H R . . . . W E . L . . S R . . . . V . . . . . . Y S Y . S . . . - G . . . . . . . . . . . . . . . . R .

A/chicken/South Africa/MAS/2013  . . . * C R . . . . . . . K D T R . . V . . . . R . . H R . . . . W E . L . . S R . . . . V . . . . . . Y S Y . S . . . - G . . . . . . . . . . . . . . . . R .

A/chicken/South Africa/AL25/2002  . . . . . . . . . . . . . K . . . . . . . . . . . N . Y . . . . . W E . . . . . . . . . . . . . . . . . . . Y . . . V . - . . . . . . . . . . . . . . . . . R .

A/chicken/South Africa/BKP/2012  . . . . . . L . . * . . . K . . . . . . C . . . . N . Y . . . . . W E . . . E . . . . D T . . . . . K . . . Y . . F . . - . . . . . . . . . . . . H . . N . R .

A/chicken/South Africa/BKR4/2012  . . . . . . L . . * . . . K . . . . . . C . . . . N . Y . . . . . W E . . . E . . . . D T . . . . . K . . . Y . . F . . - . . . . . . . . . . . . H . . N . R .

A/chicken/South Africa/BKR2/2012  . . . . . . L . . * . . . K . . . . . . C . . . . N . Y . . . . . W E . . . E . . . . D T . . . . . K . . . Y . . F . . - . . . . . . . . . . . . H . . N . R .

292 312

A/ostrich/South Africa/9508103/1995 (H9N2)  V C R D N W K G S N R P I I D I N V A D Y S I D S S Y V C S G L V G D T P R N D D S S S N S N C K D P N N E R G N P G V K G W A F D Y G N D V W M G R T I S K D

A/chicken/South Africa/AL19/2002  . . . . . . . . . . . . . . . . . M . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . R . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

A/chicken/South Africa/W-04/2002  . . . . . . . . . . . . . . . . . M . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . R . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

A/chicken/South Africa/NWY/2012  . . . . . . . . . . . . . . . . . M . N . . . N . . . . . . . . . . . . . . . . . . . . . . . . R . . . . . K . . . . . . . . . . . . E D . . . . . . . . . . .

A/chicken/South Africa/MAS/2013  . . . . . . . . . . . . . . . . . M . N . . . N . . . . . . . . . . . . . . . . . . . . . . . . R . . . . . K . . . . . . . . . . . . E D . . . . . . . . . . .

A/chicken/South Africa/AL25/2002  . . . . . . . . . . . . . . . . . M . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . R . . . . . . . . . . . . . . . . . . . S . . . . . . . . . . .

A/chicken/South Africa/BKP/2012  . . . . . . . . . . . . . V . . . M . . . . . . . . . . . . . . . . . . . . . . . . T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

A/chicken/South Africa/BKR4/2012  . . . . . . . . . . . . . V . . . M . . . . . . . . . . . . . . . . . . . . . . . . T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

A/chicken/South Africa/BKR2/2012  . . . . . . . . . . . . . V . . . M . . . . . . . . . . . . . . . . . . . . . . . . T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

A/ostrich/South Africa/9508103/1995 (H9N2)  S R S G Y E T F R V I G G W T T A N S K S Q V N R Q V I V D N N N W S G Y S G I F S - - - - L K A K - C I N R C F Y V E L I R G R P Q E T R V W W T S N S I V V

A/chicken/South Africa/AL19/2002  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - - - - . . . . - . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

A/chicken/South Africa/W-04/2002  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - - - - . . . . - . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

A/chicken/South Africa/NWY/2012  . . . . . . . . K . . . . . I . . . . . . . . . . . . . . . . . . . . . . . . V . . - - - - . N . . - . . . . . . . . . . . . . . . R . . . . . . . . . . . . .

A/chicken/South Africa/MAS/2013  . . . . . . . . K . . . . . I . . . . . . . . . . . . . . . . . . . . . . . . V . . - - - - . N . . - . . . . . . . . . . . . . . . R . . . . . . . . . . . . .

A/chicken/South Africa/AL25/2002  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - - - - . . . . - . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

A/chicken/South Africa/BKP/2012  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - - - - . . . . - . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

A/chicken/South Africa/BKR4/2012  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - - - - . . . . - . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

A/chicken/South Africa/BKR2/2012  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - - - - . . . . - . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

A/ostrich/South Africa/9508103/1995 (H9N2)  F C - - L Q V L M E Q A H G L M G R I S - - - - - - - - - - - - - - - -

A/chicken/South Africa/AL19/2002  . . - - . . . P T G . . . . . . . . T . I S C L Y K L S Q F * - - - - -

A/chicken/South Africa/W-04/2002  . . - - . . . P . G . . . . . . . . T . I S C L Y K L S Q F * K K K K K

A/chicken/South Africa/NWY/2012  . . - - . . . P T . . . . . . . . . T . T S C L Y K L S Q F * K K K K K

A/chicken/South Africa/MAS/2013  . . - - . . . P T . . . . . . . . . T . T S C L Y K L S Q F * K K K K K

A/chicken/South Africa/AL25/2002  . . - - . . . P . . . . . . . . . . . . I S C L Y K L S Q F * K K K K K

A/chicken/South Africa/BKP/2012  . . - - R . . P . . . . . . . . E . . . I S C L Y K L S Q F * K K K K K

A/chicken/South Africa/BKR4/2012  . . - - R . . P . . . . . . . . E . . . I S C L Y K L S Q F * K K K K K

A/chicken/South Africa/BKR2/2012  . . - - R . . P . . . . . . . . E . . . I S C L Y K L S Q F * K K K K K
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