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SUMMARY 
 

Monitoring the African horsesickness virus life cycle by real-time RT-PCR of viral 
dsRNA 

 

by  

 

Tamlyn Cramer 
 

 

Supervisor:  Dr Vida van Staden 

   Department of Genetics 

   University of Pretoria 

 

Co-supervisor:  Prof. Henk Huismans 

   Department of Genetics 

   University of Pretoria 

 

African horsesickness (AHS), caused by African horsesickness virus (AHSV), is an infectious, non-

contagious, insect-borne viral disease that affects members of the Equidae family. AHSV is a non-

enveloped virus, consisting of 10 segments of double stranded RNA (dsRNA) encoding seven 

structural and four non-structural proteins. Infection of mammalian cell cultures with AHSV leads to 

severe cellular pathogenesis effects (CPE), whereas insect cells show no noticeable CPE. 

Differences are also apparent between different serotypes of AHSV with regards to viral 

production, viral release, membrane permeabilisation and CPE. In this study we investigated 

different aspects of the AHSV life cycle in cell culture.  

  

The first aim of this study was the development of a real-time RT-PCR assay to quantify and 

monitor dsRNA from AHSV-infected cells. The dsRNA was used to quantify viral production, as 

dsRNA (one copy of each segment) is found only within viral particles and is not free within the 

cytoplasm of infected cells, thus giving a true representation of the amount of virus. This was 

achieved by cloning genome segment 5, optimising the extraction and purification of dsRNA, 

optimising the cDNA synthesis reaction, as well as the establishment and standardisation of the 

real-time PCR reaction.  

 

The second part of the study investigated and compared viral production and viral release between 

three different serotypes of AHSV in either mammalian or insect cell lines. The amount of dsRNA, 

which represented cell associated virus from AHSV-3- and AHSV-4-infected BHK cells over a 48 hr 
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time period, was monitored by real-time RT-PCR and revealed a second wave of dsRNA 

production. These findings possibly suggest that a second round of infection of released viruses is 

re-entering previously uninfected or infected cells to replicate further. AHSV production was 

monitored in KC cells and indicated no production of progeny virions. However, an improvement 

was obtained when AHSV was first passaged on KC cells before being used for infections. The 

results from this study are in agreement with the fact that for a particular virus to replicate efficiently 

in a specific cell line, it should first be adapted to those cells.  

 

The dsRNA was quantified from samples representing equivalent amounts of infectious virus (i.e. 

same titre values) of AHSV serotypes 2, 3 or 4. The amount of dsRNA was approximately four-fold 

higher from serotype 2 than from serotypes 3 and 4. When the percentage of viral entry into cells 

was analysed, the majority (approximately 90%) of virus from serotypes 3 and 4 entered the cells, 

whereas serotype 2 showed viral entry of only about 50%. These findings suggested that a large 

amount of virus from serotype 2 was non-infectious, while the majority of virus from serotypes 3 

and 4 was infectious. However, serotype 2 was a great deal more cytotoxic to cells (e.g. earlier 

onset and severity of CPE) when compared to cells infected with either serotypes 3 or 4.  
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CHAPTER 1 
 

LITERATURE REVIEW 
 

1.1 INTRODUCTION  
 

African horsesickness virus (AHSV) is an economically important insect-transmitted orbivirus 

(Family: Reoviridae) that causes one of the most lethal diseases in horses, African horsesickness 

(AHS). Other closely related orbiviruses are bluetongue virus (BTV) and epizootic haemorrhagic 

disease virus (EHDV) (Borden et al., 1971; Holmes, 1991). To date, nine serotypes of AHSV have 

been identified in Africa (Howell, 1962; McIntosh, 1958). AHS was previously on the OIE (Office 

International des Epizooties) list A of notifiable diseases, due to its severity and rapid spread. The 

disease is transmitted to susceptible animals by biting midges of the Culicoides genus, the primary 

insect vector species for AHSV in Africa is Culicoides imicola (Baylis et al., 1998; Meiswinkel, 

1998). AHS is an infectious, non-contagious, insect-borne viral disease that affects members of the 

Equidae family (including horses, zebras and donkeys), horses being the most susceptible 

members with a mortality exceeding 95%, while donkeys and mules show less severe symptoms 

(Roy, 2001). AHS is endemic to eastern and central Africa, occurring regularly throughout sub-

Saharan Africa, as well as being reported in North Africa, Middle East and Spain. Early and heavy 

rainfalls followed by warm and dry weather, seem to favor the occurrence of outbreaks (Howell, 

1962; McIntosh, 1958; Mellor & Hamblin, 2004).  

 

This investigation will focus on monitoring the life cycle of AHSV in mammalian and insect cell 

cultures. The literature review will be used to summarise previous research on AHSV and related 

viruses, with specific focus on the life cycle and transmission of the virus, the molecular details of 

the viral replication cycle and approaches used to monitor different aspects of the life cycle. The 

use of real-time reverse-transcriptase polymerase chain reaction (RT-PCR) in this context will also 

be discussed. 

 

1.2 TRANSMISSION OF ORBIVIRUSES   
 
1.2.1 Vectors 
Culicoides (Family: Ceratopogonidae) are the main vector for arboviruses and more than 50 

viruses have been isolated from these species, including viruses within the family Bunyaviridae 

and Rhabdoviridae. These insects are small in size, ranging from 1 to 3 mm in length, of which the 

female of the species is shown in Fig 1.1. There are more than 1400 species of Culicoides, and 

they are found on virtually all land, except on the extreme cold lands. It is for this reason and the 
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fact that they transmit viruses that cause diseases in humans and animals that they are of major 

international importance (Mellor & Leake, 2000). 

 

 
Fig 1.1. The biting midge of the Culicoides genus, from left to right, C. variipennis (photograph by E. 

Schmidtmann, ARS), C. obsoletus (photo © Steven Archibald & Eric Denison, IAH Pribright) and C. imicola 

(photograph from Wilson et al., 2008).   

 

The Culicoides life cycle consists of four main stages, once the adult produces eggs, the eggs will 

develop into larvae, followed by transformation into a nymph and finally into an adult. The adult 

female feeds on blood, which is required for the development of eggs and usually one blood meal 

is sufficient for one batch of eggs (Wittmann & Baylis, 2000). The sites where growth and 

development of Culicoides occur are predominantly where moisture can be found, namely; in 

pools, streams, swamps, animal dung, moist soil and spoilt fruit (Meiswinkel & Paweska, 2003). 

The duration of the life cycle is dependent on the species and environmental conditions, but range 

from between 7 days to 7 months (Braverman, 1994). The life span of adults are typically less than 

20 days, but occasionally may live up to 90 days (Mellor & Leake, 2000).  

 

1.2.2 Viral life cycle within vector  
Culicoides are biological vectors of AHSV and BTV, this means that viral replication takes place 

within the Culicoides before the successful transmission of the virus. Culicoides require two blood 

meals in order to transmit a virus; the initial bite to ingest the blood containing virus from an 

infected host, which will allow for the replication of the virus within the vector, and the second bite 

will pass the progeny virus to a susceptible host. The female midges are the biters and the 

transmitters of disease, whereas the males have never been shown to blood feed (Mellor & Leake, 

2000).   

 

If female Culicoides feed on the blood of an infected animal, the virus is ingested within the blood 

meal, which is then deposited into the Culicoides midgut. The virus will attach itself to the luminal 

surface of the gut cells and enter either through direct penetration or receptor-mediated 

endocyctosis (Eaton et al., 1990). Replication of the virus takes place within the gut cells and 

progeny viruses are released from the basolateral membrane into the hemocoel, where it has 

access to many organs. The newly formed viruses will infect secondary organs, including the 
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salivary glands, where they enter the cells the same way as mentioned above. The viruses that 

replicate within the cells of the salivary glands, produce progeny viruses that are released into the 

salivary ducts, here they accumulate until the Culicoides take another blood meal. Once the blood 

meal occurs the virus is transmitted through the saliva into the blood of the host (Chandler et al., 

1985; Fu et al., 1999; Mellor, 1990). The time period between the initial viral ingestion and the 

ability to transmit the virus (the appearance of progeny viruses within the salivary ducts) is known 

as the extrinsic incubation period (EIP) and is usually about 10 days (Mullens et al., 1995).     

 
1.2.3 Viral life cycle within host  
BTV that is injected into the blood of a susceptible host is transported from the skin to the draining 

lymph nodes via dendritic cells (Hemati et al., 2009). Once the virus gains access to the lymph 

nodes, it will undergo an initial replication, thereafter viraemia can be detected within the blood of 

the host (Parsonson, 1990), see Fig 1.2.  Progeny viruses are then transported via efferent lymph 

and blood to infect secondary organs (e.g. spleen and lungs) (Barratt-Boyes & MacLachlan, 1994). 

Red blood cells and monocytes aid in the transmission of the virus to secondary organs, as an 

association exists between these cells and infectious virus (Whetter et al., 1989). Within the 

secondary organs a second replication event occurs, producing a second and more intense 

viraemia, which may persist for four to eight days. The virus spreads quickly and two days after 

infection the virus can be isolated from the spleen, lungs, caecum, pharynx, choroid plexus and 

most lymph nodes (Parsonson, 1990).  AHSV has a similar infection cycle in horses, with two 

rounds of viraemia  (Coetzer & Guthrie, 2004). 

 

 

 
Fig 1.2. The life cycle of BTV in the host (Barratt-Boyes & MacLachlan, 1995) 
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1.2.4 Factors affecting vectors and viral transmission   
The geographical distribution of AHSV and BTV is however limited by the presence of Culicoides 

and the ability of Culicoides to transmit a virus is influenced by many factors, such as population 

size, climate, dispersal, vector competency, host preference and feeding rate. When the vector is 

rarely found or absent and the host has exceeded the viraemia period, the spread of the disease is 

usually stopped. The spread of a virus is reliant on the vector population size, as the more 

abundant the vector, the more successful the virus could be. To be effective transmitters of 

disease the Culicoides population size needs to be large, as few midges are transmitters of 

disease and few feed on infected hosts. Culicoides are most abundant at the end of the summer 

and when rainfall is high, and are rarely found in the cold, rainy weather months (Mellor & Leake, 

2000). However, exceptions were found in Nigeria (Mellor & Leake, 2000) and in Gambia 

(Rawlings et al., 1998).  

 

The rate of infection of AHSV and BTV is influenced by temperature. At higher external 

temperatures, rate of infection is higher and transmission is early, possibly associated with the 

decreased time of the life cycle of the midges at higher temperatures. The passage of the virus 

through the vector is essential for transmission. However, barriers can hinder the spread of the 

disease. Some species of Culicoides are unable to transmit a virus due to the inability of the virus 

to enter the cells of the midgut or salivary glands (Fu et al., 1999; Venter et al., 2007). However, 

with increased temperatures non-vector species could become competent to transmit viruses 

(Mellor et al., 1998; Wittmann & Baylis, 2000) possibly due to a malfunction of the midgut, whereby 

viruses are able to bypass the midgut barriers and enter the haemocoel to replicate and 

subsequently transmit the virus (Mellor et al., 1998).    

 

Overwintering of BTV in the vertebrate host or the vector could explain the reappearance of the 

virus after cold seasons in which the adult vectors die off. There are a number of possible 

explanations as to how overwintering takes place. BTV could persist within the vertebrate host 

either by continual infection in host (Purse et al., 2006), by transplacental transmission or 

horizontal transmission during sexual intercourse (Wilson et al., 2008) or within the T-cells of the 

host (Takamatsu et al., 2003). The other possibility of overwintering involves the vector, whereby 

either adult vectors could survive for longer periods in mild winter conditions or through trans-

ovarial transmission, whereby the virus can be passed onto the progeny of the Culicoides (Fu et 

al., 1999; Losson et al., 2007). BTV RNA was shown to be present in the larvae of Culicoides, but 

no infectious virus was found (Wilson et al., 2008). Alternative means by which the virus could 

persist include oral transmission, through a reservoir host or a novel vector (White et al., 2005; 

Wilson et al., 2008). 
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Prior to 1998, only two outbreaks of BTV had occurred in Europe. However, within the last 10 

years the virus has become established in southern Europe and since 2006 specifically BTV-8 has 

emerged in and spread across Northern Europe. This rapid spread of BTV could possibly have 

been as a result of either the movement of viraemic hosts or animal products from endemic areas, 

or the range of the vector had expanded or that native Culicoides could have become transmitters 

of the virus. An alternative explanation could have been because of climate changes due to global 

warming. Europe is experiencing warmer weather, which could prolong the lifespan of the midges 

and could possibly be contributing to the fact that non-vector species are becoming vector species 

(Carpenter et al., 2009; Gould & Higgs, 2009; Wilson & Mellor, 2008).  Based on this, it is clear that 

there exists a similar potential for the emergence of AHS in regions previously not considered to be 

at risk. 

 
1.3 PATHOGENESIS OF ORBIVIRUS INFECTION 

 

The pathogenesis of bluetongue involves injury to small blood vessels in target tissues, leading to 

the characteristic lesion of haemorrhage and ulcers.  At this stage it is not clear whether this 

endothelial injury is the result of virus-induced cytolysis or host-derived vasoactive mediators or 

both (reviewed in MacLachlan et al., 2009).   

 

The clinical symptoms of AHS disease varies, and depends on the virulence phenotype of the 

virus. Four recognized forms of the disease have been identified, namely the pulmonary form, the 

cardiac form, the mixed form and African horsesickness fever (Erasmus, 1973). The pulmonary 

form is characterised by an incubation period of 3 days and the occurrence of death within 2 to 4 

days after initial symptoms. Clinical signs include increased body temperature, dyspnoea, 

coughing, frothy, and serofibrinous fluid discharge from the nostrils. Only 5% of horses recover 

from the pulmonary form of the disease. The cardiac or sub-acute form has a mortality rate of 50%. 

The initial symptoms of this form are mild fever, dyspnoea, cyanosis and oedema of the neck, 

head, eyelids, lips, cervical regions, sternal regions and ventral abdomen. The mixed form, which 

is the most common form found, has a mortality rate of 70% and represents a mixture of the 

pulmonary form and cardiac form. African horsesickness fever is the least severe of the four 

recognized forms of the disease, with an incubation period of 10 days and total recovery of the 

animal is possible (Coetzer & Guthrie, 2004; Erasmus, 1973; Mellor, 1993).  The key pathological 

features of AHS are effusion, oedema and haemorrhage, which could be due to loss of endothelial 

cell barrier function (Skowronek et al., 1995). 

 

Infection of mammalian cell cultures with either BTV or AHSV leads to severe cellular 

pathogenesis effects (CPE), which is evident by cell rounding, apoptosis and lytic release of 

viruses (Coetzer & Guthrie, 2004). In the case of BTV the viral proteins NS3, VP2 and VP5 
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contribute to the apoptotic effect observed in mammalian cells (Mortola et al., 2004; Stoltz et al., 

1996). In BTV infected mammalian cells, the majority of virions are found within the cytoplasm of 

the cell (Mertens et al., 1987; Owens et al., 2004). However, insect cells show no noticeable CPE 

(Martin et al., 1998), with the majority of the virions being located within the culture medium as they 

bud from the plasma membrane (Eaton et al., 1990). The relative levels of specific viral proteins 

produced within these cells could possibly contribute to the observed differences, as NS3 is 

produced in larger amounts in insect cells (Guirakhoo et al., 1995).  

 
1.4 STRUCTURAL CHARACTERISTICS OF ORBIVIRUSES     
 

Much of the knowledge on the characterisation of orbiviruses comes from work done on BTV, the 

prototype member of the genus. However AHSV is similar to BTV in many aspects relating to its 

structure and replication cycle. Orbiviruses are non-enveloped viruses, consisting of 7 structural 

proteins and a genome of 10 double stranded (ds) RNA segments (Huismans & Verwoerd, 1973; 

Martin & Zweerink, 1972; Verwoerd et al., 1972). The virion of AHSV consists of a double protein 

shell, the outer shell (or outer capsid) is composed of proteins VP2 and VP5, and the inner shell (or 

core) consisting of proteins VP3 and VP7. The core encloses 3 minor proteins (VP1, VP4 and VP6) 

together with the 10 linear segments of dsRNA (Oellermann et al., 1970; Verwoerd et al., 1979). 

Three distinct BTV particles, namely virions, cores and subcores, have been identified in infected 

cells. These particles have been obtained by the stepwise removal of specific structural proteins of 

the virus (Huismans & Van Dijk, 1990). In addition, core-like particles (CLP) and virus-like particles 

(VLP) containing no nuclei acid have been produced by the co-expressed of the relevant BTV and 

AHSV viral structural proteins in expression systems (Belyaev & Roy, 1993; Maree et al., 1998). 

CLP and VLP are similar in size and morphology when compared to their native core and virus 

particles (Maree et al., 1998).  A diagram depicting the general structure of BTV is shown in Fig 

1.3. 

 

 
Fig 1.3. Schematic diagram of the structure of BTV (Mertens & Diprose, 2004). 
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1.4.1 The genome  
Gel electrophoretic studies of the genome of AHSV and BTV identified 10 dsRNA segments, of 

distinct size differences (Bremer, 1976). The segments are numbered 1 to 10 in order of migration 

and are grouped as large, medium and small segments (L1-L3, M4-M6 and S7-S10). The genome 

of AHSV encodes for seven structural proteins (VP1 to VP7) and four non-structural proteins (NS1, 

NS2, NS3 and NS3A), as shown in Table 1.1. These proteins are synthesized in virus-infected 

cells, where the structural proteins are used to synthesize progeny virions with the aid of the non-

structural proteins (Grubman & Lewis, 1992; Mertens et al., 1984). All segments encode for one 

viral protein, except for the smallest RNA segment (S10), which encode for two related proteins 

due to two in-phase ATG translation initiation codons (Mertens et al., 1984; Van Dijk & Huismans, 

1988; Van Staden & Huismans, 1991). Sequencing and hybridization analysis revealed that the 

dsRNA segments that code for the core proteins (VP1, VP3, VP4, VP6 and VP7) and non-

structural proteins (NS1 and NS2) are highly conserved among the different serotypes of AHSV. 

However, the dsRNA segments that code for the non-structural proteins NS3 and NS3A, as well as 

the segments encoding the outer capsid proteins, VP2 and VP5, are less conserved among the 

various serotypes (Potgieter et al., 2003; Roy et al., 1994). Sequence analysis of dsRNA viruses 

with segmented genomes was typically done by sequencing individually cloned genome segments. 

Recently a technique was described for sequencing of complete viral segmented dsRNA genomes 

without previous sequence information on the viral dsRNA  (Potgieter et al., 2009), which will allow 

detailed future investigations of genetic diversity of these viruses.      

 
Table 1.1. The genome of AHSV, indicating the linear dsRNA segments and encoded proteins, based 
on either serotype 4 (*) or 1(**). 

Segment 

number  

Segment size 

(bp) 

Encoded 

protein 

Protein size 

(amino acids) 

1** 3965 VP1 1305 

2* 3229 VP2 1060 

3* 2789 VP3 904 

4* 1978 VP4 642 

5* 1751 NS1 548 

6* 1566 VP5 505 

7* 1179 VP7 353 

8** 1166 NS2 365 

9** 1169 VP6 369 

10* 758 NS3 

NS3A 

217 

206 

 
 
 



 8 

1.4.2 Structural proteins 
The three-dimensional structure of the mature virion of BTV was determined through electron cryo-

microscopy and image-processing techniques. However, structural studies of the virion were 

difficult due to the outer capsid being labile in nature (Martin & Zweerink, 1972; Verwoerd et al., 

1972). Although there are many similarities between the members of the Reoviridae family with 

regard to their structure, differences are apparent. The outer capsid of BTV appears fuzzy and not 

as structured when compared to that of reovirus and rotavirus (Palmer & Martin, 1977; Verwoerd et 

al., 1972). VP2 of BTV is situated on the outer surface of the virion, and each virus consists of 180 

VP2 molecules, arranged into 60 spike-like, sail-shaped structures. VP5 is found closer to the core 

proteins and each virus contains 360 VP5 molecules, forming 120 globular structures (Eaton & 

Hyatt, 1989; Forzan et al., 2007; Nason et al., 2004; Roy, 1996).  

 

Sequence analysis of VP2 of the 24 serotypes of BTV revealed a 22,7% to 72,9% variation 

between the serotypes, with some features being conserved, and therefore suggesting that the 

structure and function of VP2 amongst the different serotypes could be similar (Maan et al., 2007). 

VP5 of AHSV, BTV and EHDV have some sequence variability, but the protein shares strong 

sequence homology between the serogroups. VP5 has structural features (two amino-terminal 

amphipathic helices) that induce membrane destabilisation and permeabilisation (Forzan et al., 

2004; Hassan et al., 2001; Roy, 2001). VP2 is the main antigen that determines serotype 

specificity (Huismans & Erasmus, 1981) and in combination with VP5 it is the major target for 

eliciting neutralizing antibodies (Martinez-Torrecuadrada et al., 2001). BTV VP5 on its own does 

not elicit an immune response, but seems to enhance the response to VP2. However, VP5 of 

AHSV seems to contain neutralizing epitopes that can elicit an immune response (Roy, 2001).  

 

The three-dimensional structure of the BTV core was determined using X-ray crystallography at a 

resolution of 3.5 Å (Grimes et al., 1998). The core is spherical showing icosahedral symmetry and 

has a diameter of 54 nm to 58 nm (Els & Verwoerd, 1969; Mertens et al., 1987), with small 

protrusions extending outwards, termed capsomeres.  The capsomeres consist entirely of VP7 

(Huismans et al., 1987; Hyatt & Eaton, 1988). Each core is composed of 260 trimers of VP7 that 

are structured into pentameric and hexameric rings (Grimes et al., 1995; Grimes et al., 1998; 

Prasad et al., 1992; Roy, 1996). The top domain (-sandwich domain) of VP7 is more hydrophobic 

and the bottom domain (-helices) is more hydrophilic. Interactions occur between the proteins of 

the core and the outer capsid, as VP2 molecules interact with the top surface of the -barrel 

domains of VP7 trimers, while the VP5 molecules interact with the -helical side regions of the 

VP7 trimers (Nason et al., 2004). The top domain of BTV and AHSV VP7 possess an RGD motif 

(Arg-Gly-Asp) that is thought to be involved in cell attachment (Basak et al., 1996). The core 

particle contains numerous channels that allow for the entry of molecules and exit of by-products 

(Grimes et al., 1997). The channels at the five-fold axis are the largest of the portals and allow the 
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exit of mRNA transcripts from the core (Diprose et al., 2001; Mertens & Diprose, 2004). The 

subcore of BTV consists of 120 VP3 molecules, which are arranged into 12 decamers to enclose 

the genome and the three minor proteins (i.e. transcription complexes) (Burroughs et al., 1995). 

The VP3 subcore forms an inner scaffold upon which VP7 capsomeres assemble. VP3 also 

interacts with the transcription complexes on its internal surface (Grimes et al., 1998; Kar et al., 

2004).  

 

The three minor enzymatic core proteins (VP1, VP4 and VP6) transcribe the 10 viral genome 

segments, through a step-wise process of unwinding the dsRNA, followed by synthesizing and 

modifying the mRNA transcripts (Van Dijk & Huismans, 1982). The three minor proteins are highly 

conserved within the serogroups of orbiviruses. VP1 is the largest viral protein, with a composition 

that is highly basic (Urakawa et al., 1989). VP1 of BTV is the RNA dependent RNA polymerases 

(RdRp), being responsible for the replication of the viral genome (Boyce et al., 2004; Wehrfritz et 

al., 2007). The initial evidence of VP1 polymerase activity came from sequence analysis whereby 

comparisons were done against known polymerase sequences (Fukusho et al., 1989). Structural 

and mutational analysis further iterated that VP1 is an RdRp, containing 3 main domains (N-

terminal, C-terminal and central polymerase domain) which function together as a unit for its 

polymerase activity (Wehrfritz et al., 2007). VP4 of BTV is mainly made up of charged amino acid 

residues and possesses a leucine zipper that functions in the dimerization of the protein. VP4 has 

enzymatic activity and is responsible for the 5’ capping and methylation of mRNA during 

transcription (Ramadevi et al., 1998; Sutton et al., 2007). VP6 of BTV has a composition that is 

hydrophobic and rich in positively charged amino acids, with a motif that is representative of a 

helicase (Stauber et al., 1997). Helicases have two main properties in common, namely ATP 

hydrolysis and the ability to bind nucleic acids (Lohman et al., 1998). VP6 of BTV was shown to 

possess these properties. VP6 binds both ssRNA and dsRNA, this binding ability along with the 

helicase capability, indicates that VP6 is possibly involved in unwinding dsRNA segments for 

mRNA transcription (De Waal & Huismans, 2005; Kar & Roy, 2003; Roy et al., 1994). 

 

In the past assigning function to viral proteins for members of the Orbivirus genus has mainly been 

based on recombinant protein expression. However, with the recent development of a reverse 

genetic system for BTV (Boyce & Roy, 2007) it will be possible to determine the role of viral 

components responsible for replication and pathogenesis using novel approaches.  For example 

by mutating the VP6 transcript and transfecting it into cells, along with the transcripts of the other 

segments, it was shown that VP6 is required for viral replication, as in its absence no virus was 

recovered. Further analysis showed that VP6 was active in the early stages of replication, 

suggesting its an essential component of the transcriptase and packaging complex (Matsuo & Roy, 

2009).          
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1.4.3 Non-structural proteins  
Apart from the structural proteins, four non-structural proteins (NS1, NS2, NS3 and NS3A) are 

synthesized in BTV- and AHSV-infected cells, as reviewed in Huismans & Van Dijk (1990) and Roy 

et al. (1994). NS1 and NS2 are the two major non-structural proteins that are synthesized in large 

quantities, whereas NS3 and NS3A are the two minor non-structural proteins synthesized in very 

small amounts (Huismans, 1979; Van Dijk & Huismans, 1988; Van Staden et al., 1995).  

 

When BTV, AHSV and EHDV replicate in the host cells, characteristic tubular structures are 

formed, which are distinct from microtubules and filaments found within uninfected host cells. The 

composition of the tubules is of a single viral polypeptide, namely NS1. NS1 of BTV and AHSV not 

only assemble into tubular structures in virus-infected cells, but also in insect cells when expressed 

in a baculovirus expression system, proving that no other viral gene product is required for tubule 

formation (Maree & Huismans, 1997; Nel & Huismans, 1991; Urakawa & Roy, 1988). BTV and 

EHDV tubules have a diameter of 68 nm and 54 nm, respectively. Morphologically these tubules 

have a fine structure with a ladder-like appearance. However, AHSV tubules have a much smaller 

diameter of 18 nm to 23 nm, with no defined surface structure (i.e. ladder-like appearance), but 

possess an internal structure with a fine reticular cross-weave appearance (Huismans, 1979; 

Maree & Huismans, 1997; Van Staden et al., 1998). Sequence analysis of segment 5, encoding for 

NS1 of AHSV-4, BTV-10 and BTV-17 revealed little similarity, with high variation at the C-

terminals, which could explain the morphological differences in the tubular structures (Mizukoshi et 

al., 1992). Sequence comparisons between AHSV and BTV identified nine conserved cysteine 

residues, with NS1 of BTV-10 having 16 conserved cysteine residues within the serotypes of BTV 

(Hwang et al., 1993; Mizukoshi et al., 1992). Two cysteine residues, as well as both the amino and 

carboxy termini, are essential for tubular formation (Monastyrskaya et al., 1994).  

 

It was proposed that soluble NS1 plays a role in the infection cycle of the virus. However, labelled 

NS1 of EHDV in the early and late infectious periods is insoluble and newly synthesized NS1 is 

rapidly incorporated into tubular structures (Nel & Huismans, 1991). If NS1 functions in its soluble 

form then it has a very short active half-life, but could explain the large amounts of NS1 that is 

synthesized in virus-infected cells. The function of NS1 is still unclear but it possibly plays a role in 

viral morphogenesis, as monoclonal antibodies for NS1 revealed its association with virus and core 

particles, as well as fibrillar material associated with virions that leave the virus inclusion bodies 

(VIBs) (Eaton et al., 1988). The original proposed function of NS1 tubules was in the transport of 

newly formed virions to the plasma membrane (as reviewed by Owens et al. (2004)). However, 

when the formation of BTV NS1 tubules was inhibited, a decrease in CPE was observed, with an 

increase in viral release and a shift in the release from lysis to budding. These findings confirm that 

NS1 is a determinant of pathogenicity and involved in augmenting virus-cell association (Owens et 

al., 2004).   
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NS2 of BTV is synthesized abundantly in infected cells and coincides with the appearance of VIBs, 

which are large multimeric complexes found within the cytoplasm of infected cells (Huismans & 

Cloete, 1987; Hyatt & Eaton, 1988; Kar et al., 2007; Modrof et al., 2005). As the infection 

progresses the size and number of the VIBs increase (Brookes et al., 1993). Core particles, viral 

proteins (VP1, VP3, VP4, VP6 and VP7) and ssRNA are all associated with VIBs, suggesting that 

virions are synthesized, assembled and released from the periphery of VIBs (Brookes et al., 1993; 

Eaton et al., 1990; Eaton et al., 1987; Hyatt & Eaton, 1988; Modrof et al., 2005; Uitenweerde et al., 

1995). Recombinant baculovirus expressing NS2 in insect cells lead to the formation of inclusion 

bodies (IBs), which are similar to VIBs found within BTV-infected cells. These IBs form in the 

absence of other viral proteins, giving strong evidence that NS2 is the main constituent of VIBs 

(Kar et al., 2007; Thomas et al., 1990). Co-expression of viral proteins revealed that VP1, VP3, 

VP4 and VP6 are all individually associated with IBs, whereas VP7 only co-localized with the IB in 

the presence of VP3, possibly due to the fact that VP3 acts as the scaffold for the assembly of VP7 

(Kar et al., 2007; Modrof et al., 2005). A proposed function of NS2 is the recruitment of mRNA into 

VIBs during the assembly of progeny virions, for NS2 binds viral ssRNA (Eaton et al., 1987; 

Uitenweerde et al., 1995). This binding takes place at specific hairpin-loop secondary structures, 

which are located at different sites on each viral ssRNA. These structures are possibly in place to 

discriminate between the different viral ssRNA molecules and to aid in the recruitment of only one 

copy of each viral segment in the assembly of the progeny virion (Lymperopoulos et al., 2006; 

Lymperopoulos et al., 2003).  

 

The two smallest non-structural proteins (NS3 and NS3A) are encoded on segment 10 from 

alternative in-frame translation initiation sites (Van Staden & Huismans, 1991). When segment 10 

of BTV is expressed in a baculovirus system, NS3 is synthesized in larger quantities than NS3A 

(Hwang et al., 1992).  NS3 and NS3A of BTV-10 are modified to form N-linked glycoproteins (Wu 

et al., 1992). Potential glycosylation sites on AHSV NS3 were identified in some serotypes but not 

in all (Laviada et al., 1995).  

 

Baculovirus expression of AHSV NS3 caused a steep decline in the number of viable cells after 24 

hr post-infection due to the disruption of plasma membrane permeability (Van Niekerk et al., 2001; 

Van Staden et al., 1995). The cellular pathogenesis effect could explain the low amount of NS3 

synthesized late in the infectious cycle in both virus-infected cells and in cells expressing 

recombinant baculoviruses (French et al., 1989; Stoltz et al., 1996; Van Staden et al., 1995). NS3 

is localized in the plasma membrane of infected cells at sites where virus are exiting the host cell, 

either through budding or lysis, proving that NS3 plays a role in virus release (Hyatt et al., 1991; 

Stoltz et al., 1996; Van Staden et al., 1995), see Fig 1.4.   
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Fig 1.4. A transmission electron micrograph of AHSV-infected Vero cells containing immunolabelled anti-

NS3. The localization of NS3 (gold labelled) in perturbed regions of the plasma membrane (M), where newly 

formed viruses (V) are being released. C - cytoplasm  (Stoltz et al., 1996). 

 

NS3 of AHSV and BTV is undetected on the surface of intact infected cells, indicating that either 

NS3 may not be exposed on the extracellular side or possibly is exposed but not its antigenic 

epitopes (Hyatt et al., 1991; Hyatt et al., 1993; Stoltz et al., 1996).  In the model proposed for the 

orientation of AHSV NS3 in the plasma membrane, both the N- and C-terminal domains are 

situated on the cytoplasmic side of the membrane, with the two hydrophobic regions spanning the 

membrane (Van Staden et al., 1995). The two hydrophobic domains of AHSV NS3 are essential for 

its integration into the plasma membrane, as mutation of either of the domains prevents its 

incorporation and abolished its cytotoxic effect on Sf9 (Spodoptera frugiperda) cells (Van Niekerk 

et al., 2001). 

 

1.5 ORBIVIRUS ABSORPTION, REPLICATION AND RELEASE   
 

Orbiviruses are composed of a double protein shell (Roy et al., 1994), where the outer proteins of 

the viral shell are essential for attachment and viral penetration of the host cell (Roy, 2005). Upon 

receptor binding, the virion is internalized into a vesicle and converted into a core particle 

(Cromack et al., 1971; Huismans et al., 1987). The core is released into the cytoplasm of the host 

cell and becomes transcriptionally active (Forzan et al., 2007). Viral assembly occurs at VIBs and 

virions are released from infected cells with the aid of viral protein, NS3 (Eaton et al., 1990; Hyatt 

et al., 1989; Stoltz et al., 1996). A schematic representation of the BTV life cycle is given in Fig 1.5 

(Mertens, 2002), and will be discussed below. Rotavirus and reovirus replicate in much the same 

way as orbiviruses, but their cell penetration and release mechanisms are more complex (Kaljot et 

al., 1988).   
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Fig 1.5. A diagram representing the replication cycle of BTV within a host cell (Mertens, 2002). 

 

1.5.1 Absorption  
The initial step in the process of absorption is recognition, whereby the virus needs to be 

recognised by the cell via receptors in order to be internalised. VP2 and VP5 are both essential for 

the absorption and penetration of the virion into the host cell (Cowley & Gorman, 1987; Huismans 

& Van Dijk, 1990). VP2 contains binding domains for the receptors on the surface of susceptible 

cells, and therefore signals the process of endocytosis (Hassan & Roy, 1999). Once VP2 binds to 

a receptor, the virion is rapidly internalised through clathrin-mediated endocytosis (Forzan et al., 

2007; Roy, 2005). The membrane forms a coated pit that surrounds the virion to form a vesicle, 

which is transformed into an endosome when the clathrin coat of the vesicle is lost. The acidic 

environment of the endosome converts the complete virion into a core particle through the rapid 

degradation of VP2 and the majority of VP5 (Cromack et al., 1971; Huismans et al., 1987). The 

core particle is released from the endosome via VP5, as VP5 interacts with the membrane and has 

permeabilisation properties, but only after it is subjected to a low pH. The low pH possibly causes 

the protein to undergo a conformational change, which is required for the protein to perform its 

function (Bhattacharya & Roy, 2008; Forzan et al., 2004). The transcriptionally active core is 

released into the cytoplasm of the cell and becomes associated with VIBs (Eaton et al., 1990; 

Forzan et al., 2007). It is fundamental that both VP2 and VP5 are present on the outer coat of the 

virus, as both proteins are required for the virus to enter and penetrate the cell. The rapid 

internalization of the virus and uncoating of VP2 and VP5 could be due to the fact that these 

proteins, once bound to the cell surface, trigger apoptosis in mammalian cells (Mortola et al., 

2004).  

 

Rotavirus cell entry involves a multi-step process and is more complex than BTV. It involves both 

the outer coat proteins, VP4 or its cleavage products VP5 and VP8, and VP7 (Lopez & Arias, 
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2004).  Apart from the multi-step process, rotavirus is able to directly penetrate the plasma 

membrane in the presence of trysin, making use of the VP5 outer coat protein (Kaljot et al., 1988).   

 

1.5.2 Transcription   
The viral genome is contained within the viral core and is never exposed to the cytoplasm of the 

host cell, for if exposed, the cell would launch an immune response resulting in the death of the 

cell, thereby inhibiting viral replication. It is required that the virus possess its own transcription 

mechanism to transcribe its genome, producing mRNA that is released from the core, to enter the 

cytoplasm to be either translated into proteins by the cells’ ribosomes or used as a template for the 

synthesis of dsRNA. The mRNA that is used as the template for the synthesis of dsRNA is the only 

means whereby genetic information is transferred to progeny virions (Roy, 2008a).  

 

The removal of the outer coat proteins, VP2 and VP5, is required for the viral core to become 

transcriptionally active. The factors influencing the activation of the transcription process is not 

known for certain, but could be the result of either the removal of the outer coat proteins or the fact 

that nucleotide triphosphates (NTPs) have gained access to the viral genome, or a combination of 

both these factors (Cromack et al., 1971; Huismans et al., 1987). Rotavirus, like BTV, requires that 

the outer coat proteins be removed for the activation of transcription (Jayaram et al., 2004).   

 

The transcription complex of BTV is made up of three viral proteins, VP1, VP4 and VP6. VP1 of 

BTV, AHSV and rotavirus is the RdRp and has a dual function, to synthesis mRNA from the 

segmented genome and to replicate dsRNA from mRNA (Patton & Spencer, 2000; Urakawa et al., 

1989). The two strands of the dsRNA need to be separated for transcription to take place and VP6 

is responsible for the unwinding of the dsRNA. VP6 has multiple functions, including binding ATP 

and RNA, as well as the ability to unwind RNA and hydrolyze ATP (Kar & Roy, 2003; Stauber et 

al., 1997). Newly synthesized mRNA acquires the presence of a cap structure, which functions not 

only as an important factor at the start of translation, but also for the stability and the protection of 

the mRNA. The process of capping involves a number of enzymatic reactions and in the case of 

BTV, one protein (VP4) has the ability to perform all the reactions (Ramadevi et al., 1998).  

 

The transcription complex of rotavirus consists of VP1 (the polymerase) and VP3 (the capping 

enzyme) anchored to the inner surface of VP2 (inner most layer of the virus) at the five-fold axis. 

VP2 of rotavirus not only has structural properties but also has the ability to bind RNA and possibly 

plays a role in aiding transcription and replication of the viral genome and mRNA, respectively 

(Mansell & Patton, 1990; Prasad et al., 1996). The above mentioned proteins of rotavirus are 

essential for viral replication, when either of these proteins are silenced in rotavirus-infected cells a 

small amount of mRNA is synthesized (Ayala-Breton et al., 2009). In rotavirus infected cells a 

characteristic trend is observed when analysing the production of viral transcripts. A small linear 
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increase of mRNA and dsRNA can be seen during the first 4 hr post infection, followed by a 

logarithmic increase. This pattern was suggested to represent the initial parental virions 

synthesizing a small amount of mRNA and dsRNA, with the logarithmic increase corresponding to 

a second round of transcription of mRNA and dsRNA being produced from progeny double layered 

particles (DLPs) (Ayala-Breton et al., 2009).  

 

The 5’ and 3’- terminal sequences of the mRNA transcripts of BTV, AHSV and EHDV show partial 

inverted complementarity, which could form secondary structures that may play a role in protection 

of the mRNA from exonuclease digestion and could possibly aid in the extrusion of the mRNA from 

the viral core (Cowley, 1992; Roy, 2001). Viral mRNA of reoviruses contains 5’ and 3’- untranslated 

regions (UTRs) with consensus sequences that are of importance in the synthesis of dsRNA. 

Mutation of either the 5’ or the 3’ UTR, results in the inhibition of dsRNA synthesis (as reviewed by 

Patton & Spencer (2000)). The mRNA transcripts of rotavirus possess secondary structures in the 

form of panhandle and stem-loop structures, along with a 3’-essential replication signal. These 

structures appear to play a role in the synthesis of dsRNA and the translation of transcripts (Chen 

& Patton, 1998; 2000; Roy, 2001).  

 

The core experiences steric and energetic problems during transcription as the dsRNA need to 

occupy a small space, knocking into each other and the surrounding walls of the core. The current 

model for the topological changes which take place within the core while transcription is occurring 

includes the unwinding, rewinding, looping and repositioning of each of the dsRNA templates. The 

relative stability of the RNA complex of reovirus was investigated by treatment of viral cores with 

either molecules that stabilize (spermidine and spermine) or destabilize (dimethyl sulfoxide and 

trimethylglycine) the RNA complex. The stabilizing molecules resulted in the inhibition of viral 

transcription, whereas the destabilizing molecules stimulated transcription. The relative stability of 

the RNA complex is therefore essential for transcription and regulatory mechanisms are in place to 

control the level of mRNA synthesis (Demidenko & Nibert, 2009). 

 

1.5.3 Translation and assembly  
Viral mRNA transcripts are translated into their respective proteins with the use of the host cells’ 

ribosomes and then make their way to their respective areas within the cytoplasm, may it be to the 

plasma membrane or to VIBs. Protein synthesis occurs at a relative rate comparable to that of their 

corresponding mRNA. A few exceptions occur, as with VP1 that is translated at a lower rate than 

predicted (Huismans, 1979). VIBs initially produce the core of the virus which contains one positive 

strand of each of the 10 viral RNA segments and it is within the core where the negative strand is 

synthesized. NS2 has the ability to bind non-specifically to ssRNA, suggesting that this protein 

plays a role in the selection and condensation of mRNA into progeny cores for their replication 

(Uitenweerde et al., 1995). Core-like and virus-like particles can be observed within and at the 
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periphery of VIBs, respectively. However, VP2 is found at the periphery of the VIB and not within 

the matrix, suggesting that the final assembly of the outer capsid is at the periphery and that virus-

like particles within the matrix could have been trapped there during earlier replication before the 

expansion of the VIB (Brookes et al., 1993; Thomas et al., 1990). The appearance of dsRNA 

relates to the production of progeny virions, as an increase in dsRNA would result in an increase in 

viral yield (Thomas et al., 1990).  For AHSV it has been observed the amount of dsRNA 

synthesized in infected cells far exceeds the number of viruses estimated from titration (H. 

Huismans, personal communication) 

 

In rotavirus, assembly into double-layered particles occurs in viroplasms within the cytoplasm of 

the host cell, these structures contain VP2, NSP2, NSP5 and NSP6. VP4 and VP6 are localized to 

the area between the periphery of the viroplasm and the exterior of the ER. Double-layered 

particles leaving the viroplasm enter this space and then bud through the membrane of the ER, 

containing a temporary envelop. As the maturing virion moves through the ER it loses the envelope 

and acquires the outer capsid. VP7 and NSP4 are localized in the ER membrane due to the 

presence of signal sequences within the N-terminal of the proteins (Roy, 2001).    

 

1.5.4 Release  
Newly formed virions are released from infected cells in one of two ways; budding, whereby 

progeny viruses temporarily acquire a part of the plasma membrane when leaving the host cell, or 

by extrusion, exiting the cell without any association with the plasma membrane. In the early 

stages of BTV-infected cells, viruses are released from the cells by budding, as virus can be 

detected in the medium before cell lysis. Released viruses bind gold-labelled anti-VP2 antibody 

less intensely than intracellular viruses, suggesting that conformational changes take place within 

the proteins of the outer capsid, before they are destined to leave the host cell (Hyatt et al., 1989). 

 

The presence of NS3 in perturbed regions of the membrane of cells infected with BTV or AHSV, 

suggest an association between NS3 and virus release (Stoltz et al., 1996). The use of 

recombinant baculoviruses has contributed in assigning functions to non-structural proteins, as in 

the case of NS3, where VLPs are released from cells only in the presence of NS3. CLPs, on the 

other hand are not released even in the presence of NS3, possibly due to the fact that VP2 and 

VP5 are needed to form a stable interaction with the cytoskeleton (Hyatt et al., 1993). This was 

confirmed when disruption of the vimentin intermediate filaments resulted in the inhibition of viral 

release (Bhattacharya et al., 2007).  

 

NS3 of BTV, in particularly the cytoplasmic amino terminal residues, interacts with a cellular protein 

called p11, a protein that forms part of larger complex (Annexin II) and is involved in the process of 

exocytosis. NS3 is said to be a “bridging-molecule” that indirectly brings the virus and export 
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protein complex together, whereby the C- and N-terminus of NS3 interact with VP2 of the virus and 

cellular protein p11, respectively (Beaton et al., 2002). NS3 of BTV and AHSV also bind to cellular 

protein Tsg101, a component of the ESCRT-I complex (endosomal complex required for transport), 

as the silencing of Tsg101 resulted in the inhibition of viral release. This interaction was found to 

be mediated by a conserved PSAP motif present on the NS3 sequence. The interactions of NS3 

with both p11 and Tsg101, seem to affect the virions which are budding from the plasma 

membrane of infected cells (Wirblich et al., 2006). The ability of NS3 to recruit components of 

cellular complexes for trafficking within mammalian cells is essential for viral release. To 

investigate the cellular proteins involved in viral release within insect cells, could possibly 

contribute to the understanding of the differences observed between mammalian and insect cell 

lines (Roy, 2008b; Wirblich et al., 2006).        

 

It was originally thought that newly formed BTV virions stayed within the cell and remained 

transcriptionally active (Huismans & Verwoerd, 1973), as late in infection the number and size of 

VIBs increase greatly. However, this can not be the case as VP2 and VP5 can only be removed 

within the endocytosis process. Superinfection was shown to occur whereby progeny viruses that 

were released from infected cells were able to re-enter the cells that they have exited, resulting in 

an increase in infection and a higher yield in BTV replication (Hyatt et al., 1989). On the other 

hand, similarly to rotavirus, BTV core particles could remain within the cytoplasm and be 

transcriptionally active, leading to a second round of transcription (Ayala-Breton et al., 2009).    

 

1.6 MONITORING THE VIRAL LIFE CYCLE   
 

The orbivirus life cycle has been monitored in a number of ways. These include analysing the 

morphological changes that take place within infected cells, the infectivity of different viral particles, 

the amount of infectious virus produced and released, and the levels of mRNA and protein 

synthesized in infected cells. BTV and AHSV infect and replicate within both mammalian and 

insect cells. However, when comparing the effects these viruses have on cells, differences are 

apparent.  

 

1.6.1 Viral life cycle as monitored in cell culture 
The initial studies of BTV proved to be difficult, due to the inability to purify large quantities of virus, 

as viral particles were unstable after isolation and were bound to cellular material within infected 

cells. Purification of virus was first achieved by Verwoerd in 1969, although not very satisfactory 

due to instability (Verwoerd, 1969). Modifications where then made on the earlier purification 

methods, which resulted in better virus yields of higher purity and no host material contamination 

(Mertens et al., 1987; Verwoerd et al., 1970). Burroughs et al. (1994) anticipated that the 

purification of AHSV from infected cells, using the previously known purification methods 
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(fluorocarbon extraction with sucrose and CsCl gradient centrifugations) would have outcomes 

similar to that of the purification for BTV, which were still considered to give poor yields. Instead 

they developed methods that gave high yields of AHSV from BHK-21 cells by using different 

detergents followed by either sucrose density or CsCl gradients.     

 

Baby hamster kidney (BHK-21) cells are routinely used in the studies of BTV (Aguero et al., 2002; 

Clavijo et al., 2000; Mertens et al., 1984; Modrof et al., 2005) and AHSV (Burroughs et al., 1994; 

Uitenweerde et al., 1995) as they are susceptible to virus infection, yielding high viral titers, but 

these cells deteriorate quickly due to overcrowding and so need frequent monitoring. BHK-21 cells 

show higher TCID50 (50% tissue culture infectious dose per ml) titers than most other cell types, 

proving to be the cells best suited for the study of BTV and AHSV. Apart from BHK cells, Vero cells 

are frequently used for long-term assays as they don’t deteriorate as quickly and take longer to 

show CPE (Wechsler & McHolland, 1988). 

   

Early electron microscopy studies showed that BTV enters BHK-21 cells within the first 5 to 10 min 

post infection (p.i), with the appearance of dense bodies within the cytoplasm after 30 min p.i and 

the swelling of the ER at 2 hr p.i. Tubular structures could be seen at 8 hr p.i, with an increase in 

the number of fine filaments present within the cytoplasm. Virus particles were observed near the 

nucleus at 12 hr p.i and at 16 hr p.i viruses were seen to be leaving the cells, with released viruses 

not possessing an envelope (Lecatsas, 1968). BHK-21 cells infected with AHSV showed similar 

results, with the swelling of the ER after 2 hr p.i and an increase of fine filaments. Mature virus 

particles were present at 20 hr p.i, and at 28 hr p.i viral particles were exiting the cells, with the 

majority possessing an envelop obtained from the plasma membrane (Lecatsas & Erasmus, 1967). 

When BTV infects Madin Darby bovine kidney cells, mature viruses appeared within 6 hr p.i and 

viral release occurred at 13 hr p.i, much earlier than the time reported for BHK-21 cells (Cromack 

et al., 1971).  

 

The ability of intact viral particles, infectious subviral particles (ISVP) and core particles of BTV to 

infect either mammalian (BHK-21) or insect (KC – Culicoides variipennis and C6/36 – Aedes 

albopictus) cells was investigated by Mertens et al. in 1996. The viral particles all contain the 10 

dsRNA segments and are characterised according to their structural proteins. The core particle 

consists of an inner capsid (VP3 and VP7), along with three minor proteins (VP1, VP4 and VP6) 

and the dsRNA genome. The intact viral particle contains the same components as the core with 

the addition of an outer capsid (VP2 and VP5). When intact viral particles are treated with 

proteolytic enzymes, VP2 of the outer capsid is cleaved, resulting in an ISVP. Viral particles were 

shown to have relatively the same infectivity across the three cell lines. Whereas, ISVP showed to 

have a higher infectivity for insect cells than for mammalian cells, and when compared to complete 

viral particles, had an infectivity that was greater. When core particles were used to infect the cells, 
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they had an infectivity that was higher for insect cells than for mammalian cells, in fact core 

particles did not infect BHK-21 cells (Mertens et al., 1996). KC cells were more susceptible to BTV 

core infection than C6/36 cells, which is not surprising as KC cells are derived from the insect that 

transmits the virus. Core particles could possibly enter KC cells either through the use of an 

endosome or directly into the cytoplasm of the cell (Mertens et al., 1996; Verwoerd et al., 1972; 

Wechsler & McHolland, 1988). Viral production was monitored in both BHK and KC cells infected 

with either viral particles, ISVP or core particles. BTV production increased greatly between 7 and 

28 hr p.i in insect (KC) and mammalian (BHK-21) cells. Virus produced in BHK-21 cells remained 

at a constant level after 28 hr p.i, however in KC cells, viral production was still on the incline and 

by 48 hr p.i the titers were the same as for BTV-infected BHK cells, see Fig 1.6 (Mertens et al., 

1996). Viral production was more efficient within BHK cells, as the maximum titer was reached 

within 28 hr p.i, whereas the same titer in KC cells was only reached at 48 hr p.i.   

 

 
Fig 1.6. BHK-21 cells or KC cells infected with BTV-1 virus particles (light squares), ISVP (dark squares), or 

cores (circles), at a concentration of 106 particles/ml. At certain time intervals the amount of viral particles 

present within the culture medium was measured by titration in BHK-21 cells (Mertens et al., 1996).  

 

When viral replication and release of BTV and BTV-C6/36 (BTV passaged and adapted on C6/36 

cells) was monitored in mammalian (Vero) and insect (C6/36) cells, BTV replicated efficiently in 

Vero cells and gave a titer of >1000-fold higher than BTV-C6/36. On the other hand, C6/36 cells 

infected with BTV-C6/36 gave a >2500-fold higher titer in comparison to C6/36 cells infected with 

BTV. It is evident that viral titers are influenced by viral adaptation on a specific cell line. Virus 

particles purified from C6/36 cells infected with BTV-C6/36 revealed that only 10% of viral particles 
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were recovered from the cytoplasmic extract and 90% obtained from the supernatant. The opposite 

was true for BHK-21 and Vero cells infected with BTV (Guirakhoo et al., 1995).  

 

AHSV is structurally similar to BTV, but when comparing the effects these viruses have on cultured 

cells, distinct differences are noted. AHSV appears to induce more CPE than BTV, as at the same 

times post-infection there are more dead cells. However AHSV produce lower titers than BTV in 

BHK cells, suggesting that AHSV produce lower amounts of infectious viruses (F. Wege, personal 

communication). There are not only distinct differences between AHSV and BTV, but differences 

exist between the different serotypes of AHSV, including differences in the degree of CPE and 

membrane permeability changes of infected cells induced by serotypes 2, 3 and 4. Recently work 

was done on virus release and membrane permeability from AHSV-infected mammalian and insect 

cells. Higher amounts of membrane permeabilisation, viral release and CPE was recorded for 

mammalian cells infected with AHSV-2, than compared to cells infected with either AHSV-3 or 

AHSV-4. When KC cells were infected the reverse was observed, as AHSV-4-infected cells 

showed the highest amounts of viral release (Meiring et al., 2009). One possible reason for this 

difference could be related to NS3 of AHSV-3 and AHSV-4, which differs from AHSV-2 by 35%, 

this could possibly contribute to the clinical or pathological features (Van Niekerk et al., 2001). To 

investigate if NS3 plays a role in membrane permeability and viral release, reassortants were 

generated using serotypes 2, 3 and 4 of AHSV, which contain NS3 of different phylogenetic 

groups, namely γ, β and α, respectively. A reassortant containing genome segment 10 of AHSV-2 

and the other genome segments of AHSV-4 resulted in increased levels of membrane permeability 

and virus release, with little to no CPE. This suggested that increased membrane permeability 

does not result in increased CPE and NS3 could possibly contribute towards cytotoxicity, but is not 

the only determinant (Meiring et al., 2009).  

 

Not a lot of work has been done on the viral production and viral release of AHSV from cultured 

insect cells. The only other available study on insect cells infected with AHSV deals with NS3 and 

the influence this protein has on the time of virus release. S10 has an influence on the timing of 

virus release, as observed when KC cells were infected with AHSV 3att (virulent in mice) or AHSV # 

A90 (a reassortant containing segments 1 to 8 of AHSV 8wt and segment 9 to 10 of AHSV 3att) 

virus release occurred earlier in comparison to cells infected with AHSV 8wt (avirulent in mice) 

(Martin et al., 1998). 

 

1.6.2 Orbivirus gene expression   
A number of studies have been done to monitor specific aspects of the life cycle of orbiviruses, 

including timing and levels of both viral mRNA and protein synthesis from infected cells. 

Expression of the viral genome segments show variations from one study to the next, due to 
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different serotypes of a particular virus and different types of host cells used between these 

studies. 

 

1.6.2.1 Transcription   

Early hybridization experiments revealed that the 10 discrete segments of ssRNA isolated from 

infected cells, were actually derived from the 10 genome segments, suggesting that these ssRNA 

segments are mRNA transcribed from the segmented genome (Verwoerd & Huismans, 1969). 

Further investigations revealed that each of the different mRNAs isolated from infected cells had 

different lengths that hybridised to the same lengths of their respective dsRNA (Verwoerd & 

Huismans, 1972). The different transcripts of the BTV segments are not synthesized in equimolar 

amounts, suggesting that transcription is in some way controlled. The size of the segment 

influences the rate of transcription, as smaller segments are transcribed at a higher rate than larger 

segments, except for segment 5 and 10. Segment 5 of BTV is transcribed at about twice its 

predicted rate and segment 10 is transcribed at less than half its predicted rate (Huismans & 

Verwoerd, 1973).  

 

The mRNA extracted from BTV-infected cells (BHK and L cells), showed that 5 hr p.i the rate of 

mRNA synthesis is relatively high, with the highest rate between 11 and 13 hr p.i (Huismans, 

1970). The maximum rate of transcription (11 and 13 hr p.i) was proposed to be the result of 

parental and progeny viruses being transcribed and not just the initial parental virus (Huismans & 

Verwoerd, 1973). The genome segments of equine encephalosis virus (EEV), EHDV and BTV are 

transcribed at different times post infection as observed by the detection of their ssRNA within 

infected cells. Genomic probes can be used for the detection of RNA and in turn can detect viral 

production. Different genomic probes, targeting different segments, were used in order to detect 

RNA in orbivirus-infected cells, with the most sensitive probe being derived from segment 5 as this 

segment is transcribed at a higher rate than other segments (Venter et al., 1995). RNA from 

segment 5 of EEV could be detected within 2 hr p.i., with segment 8 being detected within 4 hr p.i. 

and all other segments detected within 6 hr p.i. The RNA from segments 5, 6 and 8 of EHDV was 

detected by 3 hr p.i., segments 1, 2 and 7 at 8 hr p.i. and segments 3 and 4 at 12 hr p.i. In BTV-

infected cells, RNA of segment 5 was detected at 4 hr p.i. and the signal increased progressively 

until 24 hr p.i. Segment 8 was observed at 8 hr p.i. and segments 1, 3, 4 and 10 was observed 

between 8 and 12 hr p.i. In the case of the non-structural proteins it’s possible that a regulatory 

mechanism is in place, as segments 5 and 8 are transcribed at a higher rate and segment 10 at a 

lower rate than the other genome segments (Van Dijk & Huismans, 1988; Venter et al., 1991).  

 
1.6.2.2 Translation   

The mRNA that is transcribed within the viral core is released into the cytoplasm of the host cell 

and now relies on the translational mechanism of the host to convert its mRNA into its viral 
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proteins. Viral ssRNA has previously been isolated from polysomes of cells infected with BTV, 

indicating that the ssRNA transcripts are being translated through the use of the host ribosomes 

(Huismans, 1970). Viral-specific proteins in BTV-infected cells appear within 2 to 4 hr p.i, but until 8 

hr p.i. the viral protein synthesis is obscured by proteins of the host cell. The rate of synthesis in 

BTV-infected cells (BHK and mouse fibroblast L cells) is at its highest between 10 and 26 hr p.i, 

followed by a decline after 32 hr p.i (Huismans, 1979; Van Dijk & Huismans, 1988). The first 

protein that could be detected in BTV-infected Vero cells by immunofluorescence after 3 hr p.i. was 

VP7, followed by the appearance of NS1 and NS2 that appeared after 5 hr p.i and VP2 after 8 hr 

p.i. (Whetter et al., 1990). 

 

The two non-structural proteins, NS1 and NS3, appear to be of importance in the pathogenesis of 

BTV-infected cells. NS1 is synthesized at much higher rates within infected cells than any of the 

other proteins and with the exception of VP1, the translation frequency matches the transcription 

frequency, suggesting translational regulation is not present (Huismans, 1979; Van Dijk & 

Huismans, 1988). When AHSV infects Vero cells, NS3 can be detected between 10 to 13 hr p.i. 

and between 13 and 24 hr p.i NS3 and NS3A are synthesized in equimolar amounts (Van Staden 

et al., 1995). The level of NS3 and NS3A expression was higher in BTV-C6/36-infected Vero or 

C6/36 cells than for BTV-infected Vero cells, suggesting that the increased level of viral particles 

present within the culture medium of BTV-C6/37- or C6/36-infected cells were related to the 

increased levels of NS3 expression (Guirakhoo et al., 1995).  

 

1.6.3  Rotavirus gene expression   
The genome segments of rotavirus are transcribed soon after entry into host cells and have 

detrimental effects on these cells, as they inhibit or dramatically decrease the synthesis of cellular 

proteins. However, for rotavirus studies this is advantageous as viral proteins can be easily 

detected (Ericson et al., 1982). The rate of mRNA synthesis is the highest between 9 and 12 hr 

post-infection (Stacy-Phipps & Patton, 1987) and the mRNA transcripts are not synthesized in 

equimolar amounts, suggesting that transcription of the viral genome segments are in some way 

regulated (Johnson & McCrae, 1989; Patton, 1990; Stacy-Phipps & Patton, 1987). Viral transcripts 

are not only translated into proteins but also undergo replication for their incorporation into mature 

progeny viruses, both replication of viral transcripts and mature viral particles can be detected by 3 

hr post-infection. (McCrae & Faulkner-Valle, 1981; Stacy-Phipps & Patton, 1987). An elegant 

technique was developed to quantify viral mRNA and dsRNA of rotavirus using real-time 

quantitative reverse transcription-PCR. The kinetics of viral transcripts from segments 1, 6, and 10 

was analysed, revealing that the mRNA of these segments were not synthesized in equimolar 

amounts, but the dsRNA was synthesized in equimolar amounts.  The assembly of infectious viral 

particles (estimated from an immunoperoxidase focus forming assay) paralleled the replication of 

the viral genome (quantified by qRT-PCR of dsRNA) (Ayala-Breton et al., 2009).     
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The highest rate of rotavirus protein expression, as monitored in infected cells, was between 3 and 

5 hr p.i, with 12 polypeptides of viral origin being detected (Ericson et al., 1982). Proteins NSP1 

(S5) and VP6 (S6) are detected early in infected cells with the expression of VP6 being greater 

than NSP1, even though the number of their mRNA transcripts are relatively equal with respect to 

each other, as is predicted by the similar ORF size (Mitzel et al., 2003). In rotavirus infected cells 

the rate of transcription and translation for a particular genome segment is not equal, suggesting 

that gene regulation occurs not only at a level of transcription but also at a level of translation 

(Johnson & McCrae, 1989). The viral proteins which form the double-layered particle (VP1, VP2, 

VP3 and VP6) were investigated by silencing their expression in rotavirus-infected cells. When 

either of these proteins were silenced, a decrease in mRNA synthesis was observed, likewise a 

decrease in protein synthesis of VP2 and VP6, with little to no change in the protein synthesis of 

VP1 and VP3 (Ayala-Breton et al., 2009).  

 

The factors that contribute to the regulation of rotavirus gene expression, both at a transcriptional 

and translational level, are still under investigation. Piron et al. (1998) reported that an interaction 

occurs between NSP3 and eIF4GI (a cellular translation initiation factor). This interaction is 

important as NSP3 binds mRNA at its 3’ termini (Poncet et al., 1994) and eIF4GI forms part of a 

larger complex (eIF4F) that recognizes mRNA and initiates translation. This interaction could 

possibly enhance translation through the circularization of viral transcripts (Piron et al., 1998; 

Vende et al., 2000).  Post-translational modifications (glycosylation and proteolytic cleavage) of 

certain proteins are evident, and are thought to occur co-translationally rather than post-

translationally (Ericson et al., 1982; Mattion et al., 1991). 

    

1.6.4 Reovirus gene expression   
The genome of reovirus consists of 10 dsRNA segments that are transcribed into 10 mRNA 

species (Gaillard & Joklik, 1985). Unlike BTV, all of the mRNA transcripts of reovirus are 

transcribed at a frequency inversely proportional to their genome segment size. The rate of gene 

expression (mRNAs and proteins) of reovirus serotypes 1, 2 and 3, in L-cells was maintained at a 

constant level throughout the replication cycle (Gaillard & Joklik, 1985; Zweerink & Joklik, 1970). 

However, this conflicts with results from monkey COS cells infected with reovirus, where the rate of 

protein expression of s1 and s4 increased greatly between the period 24 to 48 hr p.i and 

decreased dramatically between 48 and 72 hr p.i (Atwater et al., 1987). The different mRNA 

molecules vary greatly with respect to translational efficiencies, with s4 (encodes capsid protein 

3) being the transcript that is the most efficiently translated. In fact, s4 is translated approximately 

5 to 7 times more efficiently than s1 (encodes minor capsid protein 1 and non-structural protein 

1NS). The 5- to 7-fold difference between these two proteins cannot be explained by the relative 

difference in their mRNA transcripts, as only a 2-fold difference was found between the mRNA of 

s4 and s1 (Atwater et al., 1987; Gaillard & Joklik, 1985; Zweerink & Joklik, 1970).  
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Different mechanisms are possibly responsible for controlling the translational efficiency of the 

different genome segments. It is evident that reovirus gene expression is regulated at a level of 

translation and a few parameters for the efficiency of regulation have been identified. However, 

these do not apply to all of the mRNA species and not a single parameter on its own can influence 

translational efficiencies but a combination of factors (Gaillard & Joklik, 1985). The nucleotide 

sequence (either a G or an A at the –3 and +4 positions relative to the AUG start codon) is 

important for translation efficiency (Kozak, 1981). Ribosomes may interfere with one another when 

reading different ORF from the same mRNA species, due to a difference in codon usage (Fajardo 

& Shatkin, 1990). Ribosome pausing occurs several times on s1 as compared to s4, possibly 

contributing to the efficient translation of s4 (Doohan & Samuel, 1992). Present within the host cell 

is a cellular RNA-dependent P1/eIF-2 protein kinase that phosphorylates and inactivates the 

protein synthesis initiation factor eIF-2, of which this kinase was shown to activate the s1 mRNA 

(Bischoff & Samuel, 1989; Samuel & Brody, 1990). Message-discriminatory protein synthesis 

factors are present in reovirus-infected cells, but in limited amounts and mRNAs compete for these 

factors (Ray et al., 1983; Walden et al., 1981). Intrinsic structural properties are also features of the 

different mRNAs (Atwater et al., 1987). The 5’-upstream UTR of the mRNA transcripts must be 

accessible. Secondary structures within this region seem to have a negative effect on translational 

efficiency, probably due to ribosomal subunits and initiation factors being hampered in their 

movement due to these structures (Roner et al., 1989). However, the 5’-upstream UTR sequence 

is important, as when the upstream sequence of s1 mRNA was replaced with that of the s4, a 4-

fold increase in the translational efficiency was observed (Roner et al., 1989).  

 

The different reovirus serotypes differ in terms of their cytopathic effect on cells, including the time 

and levels of protein expression. Proteins that are synthesized in reovirus-infected cells, serotype 1 

and 3, are in excess of the proteins that were produced when reovirus serotype 2 was used to 

infect cells. Cytolysis was at a minimum when serotype 2 infected cells, with serotype 3 having a 

harsh effect on cells (Gaillard & Joklik, 1985). Reovirus serotype 2 was shown to inhibit cellular 

mRNA and protein production quicker than serotype 3 (Fields, 1982). Serotype 3 produces more 

viral proteins and has a more severe cytolytic effect than serotype 2, but yet it is not as efficient in 

inhibiting cellular gene expression, as is serotype 2 (Gaillard & Joklik, 1985).         

 

Detection and quantification of viral RNA is currently often done by RT-PCR, rather than by 

conventional methods (e.g. Northern blotting) that required radioactive labeling. 

 
1.7 REAL-TIME PCR  
 

The polymerase chain reaction (PCR) is a valuable technique in molecular diagnostics and has 

become an essential tool in research laboratories. This method entails the amplification of a single 
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or a few copies of a DNA fragment and does so through thermal cycling, whereby the initial DNA 

fragments are denatured, primers are hybridised and followed by elongation to synthesize the 

complementary DNA strand (Kubista et al., 2006). After PCR is completed, the amplified products 

are then analysed in a separate procedure, usually by gel electrophoresis with the use of a 

fluorescent dye (e.g. ethidium bromide) and visualized as bands after irradiation by ultraviolet light. 

PCR is most suited for qualitative analysis (to test for the presence or absence of a particular 

product) and not quantitative analysis, as the results are obtained from the ‘plateau phase’ of the 

PCR reaction and therefore it is not possible to determine the initial amount of template material 

(Bartlett & Stirling, 2003). 

 

The monitoring of accumulating PCR product in real-time (real-time PCR) has become an 

established scientific tool for the detection of RNA, DNA and cDNA. This technique allows for 

simultaneous amplification and quantification of sequence specific nucleic acids, with the aid of 

fluorescent dyes. The fluorescent signal of the PCR product is collected after every cycle and is 

displayed as an amplification curve, when plotted as fluorescence intensity against the cycle 

number (Bustin, 2000; Mackay et al., 2002). A PCR reaction consists of three phases: the early 

background phase, the exponential growth phase and the plateau phase. The early background 

phase occurs when the fluorescence is to low to be distinguished from the background. The 

exponential or log phase occurs when an adequate amount of PCR product is present and its 

fluorescent signal is detected above the background signal. The plateau phase is often referred to 

as the ‘end-point’ of the reaction and occurs as a result of the depletion of the reaction components 

(Mackay et al., 2002; Wilhelm & Pingoud, 2003).  

 

Quantification of target molecules is achieved by determining the number of amplification cycles 

required to produce a fluorescent signal (corresponding to amplified product) greater than the 

background signal, of which this is called the crossing point (Cp). The Cp value is obtained at the 

beginning of the exponential phase of the PCR reaction and in contrast with conventional PCR, 

where detection occurs in the plateau phase, Cp values can be correlated to the initial amount of 

target molecules (Kubista et al., 2006). The concentration of target molecules can be determined 

and expressed as an absolute value (e.g. copies/l, g/l), of which this is achieved by utilizing an 

external standard of known concentration (e.g. a serial dilution of plasmid). A standard curve can 

therefore be generated, of the log of initial target concentration plotted against the respective Cp 

(Wilhelm & Pingoud, 2003).    

 

The fluorescent signal which correlates to the amount of PCR product is generated from 

fluorescent dyes which either bind directly to the amplified DNA or are coupled to an 

oligonucleotide probe which would hybridize to the amplified DNA. SYBR Green I is the most 

frequently used intercalating dye in real-time PCR (Wilhelm & Pingoud, 2003). When SYBR Green 
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I binds to dsDNA it fluoresces upon excitation by a light source with a specific wavelength, which is 

monitored from cycle to cycle at the end of each elongation step and as the PCR reaction 

progresses the signal increases as a result of the increased amount of PCR product. The 

advantages of SYBR Green I are the relative ease of optimising the amplification efficiency and 

specificity, and only one set of primers needs to be designed. The disadvantage is that SYBR 

Green I binds to all and any dsDNA molecules, and therefore will not discriminate between the 

product of interests, non-specific products and primer-dimers. To compensate for this problem a 

melting curve analysis can be used to differentiate specific from non-specific PCR products (Helps 

et al., 2002; Ririe et al., 1997). 

 

Melting curve analysis entails the monitoring of fluorescent changes during temperature transitions. 

In a melting curve run, the sample is slowly heated, while fluorescence is continuously monitored. 

At a certain temperature a sharp decrease in the fluorescence will occur which represents the 

melting temperature (Tm) of the product. The Tm of a product is the temperature at which 50% of 

the DNA is double stranded and 50% is single stranded. The data is displayed on a melting curve 

graph of fluorescence (F) plotted against temperature (T). The Tm of a PCR product can be 

determined from the inflection point on the graph, and can be identified as a peak on the derivative 

melting curve (-dF/dT), of which the centre of the melting peak corresponds to the point of 

inflection (Mackay et al., 2002; Wilhelm & Pingoud, 2003). A melting curve analysis is used to 

discriminate between specific and non-specific PCR products, as each dsDNA molecule has its 

own characteristic melting temperature. If the PCR reaction amplified only the desired fragment 

then the melting curve analysis will show only one melting peak. If additional melting peaks are 

present, it would be as a result of either non-specific amplification or primer-dimers. Primer-dimers 

are most likely to form in the negative control and in samples containing low template 

concentrations (Ririe et al., 1997). To assess further the amplification reaction and the melting 

curve analysis, samples can be analysed by gel electrophoresis.                                 

 

The advantages of real-time PCR are high reliability, throughput, sensitivity, specificity and 

reduced risk of cross-contamination. Typical applications of real-time PCR would include pathogen 

detection, analysis of gene expression, studies of genetic disease and single nucleotide 

polymorphism analysis. (Kubista et al., 2006; Mackay et al., 2002).   

 

1.7.1 Applications of real-time PCR in virology  
Real-time PCR has contributed greatly to the study of viral agents of infectious diseases from 

diverse virus families with DNA genomes and RNA genomes, the latter through real-time reverse 

transcription PCR (real-time RT-PCR). The applications range from confirming the presence of 

absence of the virus, discrimination between multiple viral genotypes, monitoring the levels of viral 

gene expression, linking viral replication to the expression of cellular host genes, and improving the 
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speed and scope of epidemiological studies (reviewed in Mackay et al. (2002)). In each case the 

development, optimisation and applications will be unique to the virus under study.  Examples of 

recent reviews highlight the use of real-time PCR in research on different viruses, e.g. dengue 

virus (Conceição et al., 2010), enterovirus (Piqueur et al., 2009), hepatitis C virus (Le Guillou-

Guillemette & Lunel-Fabiani, 2009), avian influenza virus (Pasick, 2008) and HIV-1 (Rouet et al., 

2008).  The use of real-time PCR in members of the Reoviridae family has been mostly for 

developing accurate and sensitive detection methods.   

 

Detection methods commonly used for AHSV and BTV are antigen enzyme-linked immunosorbent 

assay (ELISA) (du Plessis et al., 1990; Hamblin et al., 1990; Kweon et al., 2003; Laviada et al., 

1992; Mecham, 1993; Naresh & Prasad, 1995; Stanislawek et al., 1996; Thevasagayam et al., 

1996), agar-gel immunodiffusion (AGID) (Shringi & Shringi, 2005; Singer et al., 1998; Ward et al., 

1995) and reverse transcription polymerase chain reaction (RT-PCR) (Anthony et al., 2007; 

Aradaib et al., 2003; Billinis et al., 2001; Bremer & Viljoen, 1998; Koekemoer & Dijk, 2004; Mertens 

et al., 2007; Mizukoshi et al., 1994; Monaco et al., 2006; Sailleau et al., 2000; Sakamoto et al., 

1994; Stone-Marschat et al., 1994; Zientara et al., 1994), with the disadvantage that these 

methods are often labour intensive with possible risks for cross-contamination.  

 

Real-time PCR has also been used for the detection of BTV, utilizing different technologies and 

targeting different virus genes and enabling high-throughput detection (reviewed in Hoffmann et al., 

2009)  Assays were developed for example, to differentiate between wild-type and vaccine strains 

by targeting segment 2 or 10 (Elia et al., 2008; Orru et al., 2004), for the detection of either certain 

serotypes (Batten et al., 2008; Orru et al., 2006) or all serotypes, including different topotypes 

within individual serotypes (Shaw et al., 2007; Toussaint et al., 2007). The use of real-time RT-

PCR for the detection of AHSV is still within the initial developmental stages, and has been used 

as a diagnostic tool to identify the presence of the virus as well as to distinguish between the 9 

serotypes (Aguero et al., 2008; Fernandez-Pinero et al., 2008; 2009; Koekemoer, 2008; 

Rodriguez-Sanchez et al., 2008). A comparison between conventional RT-PCR and real-time RT-

PCR showed that the latter had a 1000-fold higher sensitivity for detecting AHSV (Aguero et al., 

2008). The disadvantage of using real-time RT-PCR probes is that it is highly sensitive to probe-

target mismatches and even with a few base pair differences a shift can be observed when 

analysing the melting peaks (Jimenez-Clavero et al., 2006; Koekemoer, 2008).  To our knowledge 

real-time PCR has not been used as a tool to study viral gene expression in the life cycle of 

members of the Orbivirus genus. 

 

Avian reovirus (ARV) and infectious bursal disease virus (IBDV) cause disease in poultry resulting 

in significant losses. Traditional methods for the identification of these viruses include northern 

blotting and RT-PCR. Quantification and detection of IBDV and ARV was achieved with a high 
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sensitivity using real-time RT-PCR (Ke et al., 2006; Li et al., 2006).  A real-time RT-PCR assay 

was also developed to detect mammalian orthoreovirus in biosolids (Gallagher & Margolin, 2007). 

 

Rotaviruses are the most common cause of diarrhea in infants and young children and early 

detection of this virus is essential for treatment and eradication of the virus. Sensitive qRT-PCR 

methods were developed to detect and quantify rotavirus load, detecting as few as 10 RNA 

molecules per reaction (Fenaux et al., 2006; Schwarz et al., 2002).  Real-time RT-PCR was shown 

to be more sensitive than ELISA, nested PCR or latex agglutination antigen detection of rotavirus 

(Zhao et al., 2005).  Accurate quantification of viral loads will contribute greatly to the knowledge of 

the epidemiology and ecology of rotavirus, and the relationship between the viral load and clinical 

features of the disease (Meleg et al., 2008; Min et al., 2006; Zhao et al., 2005).  Recently an 

experiment was described for rotavirus where a qRT-PCR protocol was used to differentially 

quantify positive and negative viral RNA strands  (Ayala-Breton et al., 2009), allowing monitoring of 

the kinetics of both transcription and replication of the rotaviral genome during the virus replication 

cycle. 

 
1.8 AIMS  
 

AHS is a serious disease of equids, which presents a major social and economic burden to society. 

The pathogenesis of the disease is not well understood, and probably involves complex 

interactions between a range of viral and host factors. In the long term, understanding the 

replication mechanisms of AHSV would allow for the improved development of control measures, 

for both intervention and prevention. Different serotypes of AHSV show large differences in terms 

of their effects on mammalian cells in cell culture, and differ in terms of their virus release profiles 

from either mammalian or insect cell lines.  There are also indications that determining the virus 

titre of an AHSV sample does not necessarily correspond to the amount of virus one would 

estimate based on the quantity of viral dsRNA present. The goal of this investigation was to further 

the understanding of the replication cycle of AHSV, as many aspects of its life cycle in cell culture 

still remains to be investigated, by monitoring and comparing virus production of three AHSV 

serotypes  in mammalian and insect cells. 

 

To this end, the following specific aims were therefore addressed in this study: 

o To conduct a comparative sequence analysis of segment 5 of AHSV serotypes 2, 3 and 4. 

o To investigate viral production and release from infected cells at different times post 

infection by assaying both viral dsRNA and infectious particles.  

o To monitor the effects of AHSV on mammalian and insect cells by analysing the timing and 

severity of CPE at different times post infection.  
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CHAPTER 2 

 

Monitoring the African horsesickness virus life cycle by real-time RT-PCR of viral 
dsRNA 

 

 

2.1 INTRODUCTION   

 
Previously, when AHSV was used to infect either mammalian or insect cells, differences in viral 

replication, viral release and CPE were identified. When analysing cell-associated or released viral 

particles, a larger amount of virus was released from insect cells than from mammalian cells 

(Meiring et al., 2009). Insect cells that are infected with AHSV show no CPE, whereas CPE is 

evident in mammalian cells (Coetzer & Guthrie, 2004; Martin et al., 1998). The difference in the 

CPE results observed between the different cell lines could possibly be due to the fact that AHSV 

is transmitted by Culicoides (of which KC cells are derived) and infects mammals (of which BHK 

cells are derived). If the virus was to have a negative effect on its transmitter, the spread of the 

virus would be hindered. Apoptosis caused by the virus on mammalian cells is possibly a 

prerequisite for the virus, in order for the majority of the virus to be released and to further the 

spread of infection. There are not only distinct differences between mammalian and insect cells 

when infected with AHSV, but differences are apparent between the serotypes of AHSV. These 

differences include variation in the degree of CPE and membrane permeability changes of infected 

cells. When comparisons were made between AHSV-2, AHSV-3 and AHSV-4, it was shown that 

AHSV-2 induces a larger amount of membrane permeability, viral release and CPE on mammalian 

cells (particularly Vero cells) than serotypes 3 and 4. However, the reverse was observed when 

using insect cells (KC cells), as AHSV-4 showed higher levels of viral release than serotypes 2 and 

3 (Meiring et al., 2009).  

 

To gain insight into the replication of AHSV, we set out to monitor viral production in mammalian 

and insect cells. The aspects that were investigated included total viral yields and cell-associated 

viruses. An investigation was performed to observe if AHSV replicates differently in mammalian 

cells compared to insect cells. It was also of interest to identify if there were differences between 

three different serotypes of AHSV with respect to viral production in mammalian and insect cells.  

 

A titration assay is commonly used to determine the amount of virus present in a sample. However, 

this technique only identifies infectious virus and can therefore underestimate the number of viral 

particles present in a sample. It was therefore decided that the technique to be used in this study 

would be real-time RT-PCR and the material used to monitor viral production would be dsRNA. 

The rationale for using dsRNA was for the fact that dsRNA is found only within core particles, 
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defective viruses and complete virions, and is never exposed to the cytoplasm of the host cell. 

Thus, the synthesis of dsRNA would be an indication of viral production, which could be compared 

to titration results.     

 

The first part of the study aimed to clone and sequence PCR copies of segment 5 of AHVS-2, 

AHSV-3 and AHSV-4, followed by nucleotide and amino acid sequence analyses and comparisons 

of the obtained sequences. Segment 5 is highly conserved between different AHSV serotypes 

(Maree & Huismans, 1997) and therefore the sequence information would allow the design of a 

single set of primers able to amplify a region of segment 5 of all three serotypes under 

investigation in a real-time RT-PCR assay.  The next aim of this study was to develop a real-time 

RT-PCR assay for the quantification and monitoring of dsRNA from AHSV-infected cells. In order 

to achieve this, the extraction and purification of dsRNA from AHSV infected cells was optimised, 

followed by the optimisation of the cDNA synthesis and real-time PCR reaction. This was 

subsequently used to investigate and compare viral production between different serotypes of 

AHSV in mammalian (BHK) and insect (KC) cell lines. Quantification of AHSV was obtained using 

different techniques (e.g. real-time RT-PCR, a hybridization assay (using a labelled probe) and by 

titration) and the results were compared.  

 
2.2 MATERIALS AND METHODS 
 

2.2.1 Cells and viruses 
Monolayer cultures of BHK and Vero cells were propagated in minimal essential medium with non 

essential amino acids (Highveld Biological) supplemented with 5% fetal calf serum (FCS) (Highveld 

Biological), fungizone (2.5 g/ml), penicillin (100 U/ml) and streptomycin (100 g/ml) (Highveld 

Biological). All cells were maintained at 37°C in the presence of 5% CO2. The cells were grown to 

100% confluency and infected with AHSV-2, AHSV-3 or AHSV-4 at a multiplicity of infection (MOI) 

of 1, 5 or 10. AHSV-infected BHK cells were harvested at 48 to 72 hr post infection, the time at 

which the cells showed 80 to 100% CPE, and stored at 4°C.   

 

Monolayer cultures of KC (Culicodes variipennis) cells were propagated in Schneider’s Drosophila 

medium with glutathione (6 mg/L), L-asparagine (30 mg/L), insulin (4.5 mU/ml), L-glutamine (2 

mM) (Highveld Biological) supplemented with 10% fetal calf serum (Highveld Biological), fungizone 

(2.5 g/ml), penicillin (100 U/ml) and streptomycin (100 g/ml) (Highveld Biological). Cells were 

maintained at 25°C. The cells were grown to 80 to 100% confluency and infected with AHSV-2, 

AHSV-3 or AHSV-4 at a MOI of 1 or 5. AHSV-infected KC cells were harvested at 7 to 10 days 

post infection and stored at 4°C.  
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2.2.2 Titrations and plaque purification 
Titrations were performed to quantify the amount of virus present within virus stocks or virus 

samples. Six well plates were seeded with Vero cells and infected when at approximately 90 to 

100% confluency with 200 l aliquots of virus stocks / samples (diluted at a range of 10-1 to 10-5 in 

2 mM Tris) and 200 l of supplemented medium (2.2.1). The virus was allowed to attach and enter 

the cells by incubating for 1 hr at room temperature (RT) with occasional gentle rotations. Excess 

medium was removed and replaced with 2 ml 0.7% low melting agarose (Promega) prepared in 

double strength supplemented medium (2.2.1). The plates were left at RT until the agarose had 

solidified and then incubated at 37C in the presence of 5% CO2 for 5 to 10 days. The cells were 

monitored every day for the presence of plaques. When plaques were clearly visible the cells were 

stained with 1 ml 0.1% neutral red solution (Fluke) prepared in double distilled H2O (ddH2O). The 

cells were incubated at 37C for 2 hr, the excess neutral red solution removed and plaques were 

counted. 

 

Plaque purification was done for AHSV-4, whereby a single plaque was chosen from the titration to 

generate a single viral population. Picked plaques were resuspended separately in 1 ml of minimal 

essential medium, amplified on a 6-well plate seeded with BHK cells at 90 to 100% confluency and 

incubated at 37C in the presence of 5% CO2. When the infection had reached 80 to 100% CPE, 

the infections were transferred to a 25 cm2 flask seeded with BHK cells at 90 to 100% confluency 

and harvested when the infection reached 80 to 100% CPE.  

 

2.2.3 RNA extractions  
2.2.3.1 Cell lysis and sucrose cushion 

Infected cells were harvested by dislodging them from the tissue culture dish, by using a cell 

scraper, and collected by centrifugation at 3000 rpm for 5 min. The cell pellet was resuspended in 

either 1 ml of 2 mM Tris or 1 ml of 2 mM Tris containing 0.5% Triton X-100 (TX-100). The cell 

suspension was incubated on ice for 30 min and cells were mechanically lysed by 35 strokes of a 

dounce homogeniser. The nuclei were removed by centrifugation at 1500 rpm for 2 min, the 

supernatant (1 ml) was layered onto a 1 ml 40% sucrose cushion and viral particles collected by 

centrifugation at 30000 rpm for 1 hr at 4ºC in a Beckman ultracentrifuge using a SW55Ti rotor. The 

pellet was collected, resuspended in 100 l of 2 mM Tris and stored at -20°C.  

 

2.2.3.2 Extraction of dsRNA  

Total RNA was extracted using TRIZOL reagent (Invitrogen), according to the manufacturers’ 

recommendations. The harvested cells or semi-purified viral pellet was incubated at RT for 5 min in 

the presence of TRIZOL™. Chloroform was added and incubated for a further 3 min. After 

centrifugation at 12000xg for 15 min at 4C, the aqueous top phase was removed and incubated in 

isopropyl alcohol for 10 min. The pellet, containing total RNA, was collected by centrifugation at 
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12000xg for 10 min, washed with 75% EtOH (prepared in diethylpyrocarbonate ((DEPC)-ddH2O) 

and centrifuged at 7500xg for 5 min. The pellet was dried, resuspended in DEPC-ddH2O and 

incubated for 10 min at 58C. The ssRNA was precipitated from the total RNA by the addition of 

Lithium Chloride (LiCl). The total RNA was incubated at 4C for either 1 hr or overnight in a final 

concentration of 2 M LiCl and the ssRNA was removed by centrifugation at 15000 rpm for 30 min 

at 4C. The dsRNA in the aqueous phase was re-precipitated using two volumes 96% EtOH and a 

final concentration of 0.2 M NaCl, the sample was incubated for 1 hr at  -20C and centrifuged at 

15000 rpm for 15 min at 4C. The dsRNA pellet was washed using either 96% or 75% EtOH, 

centrifuged at 15000 rpm for 20 min at 4C, dried, resuspended in 15 l DEPC-ddH2O and stored 

at -20°C. 

 

2.2.3.3 Sucrose density gradient purification 

To obtain highly purified dsRNA, samples were purified by sucrose density gradients. Solutions of 

10%, 20%, 30% and 40% sucrose in 2 mM Tris, were prepared and 1 ml of each were layered into 

a 5 ml Beckman centrifuge tube, with the least dense solution at the top. The samples were placed 

on top of the sucrose density gradient and centrifuged at 38000 rpm for 16 hr at 4C. The gradient 

was fractionated into 8 drops per fraction and the dsRNA was precipitated in an equal volume of 

H2O, addition of NaAc to a final concentration of 0.3 M and two volumes 96% EtOH. The dsRNA 

was pelleted by centrifugation at 15000 rpm for 30 min at 4C, washed in 70% EtOH (prepared in 

DEPC-ddH2O) and centrifuged at 15000 rpm for 15 min at 4C. The dsRNA containing pellet was 

dried, resuspended in 100 l DEPC-ddH2O and stored at -20C. The dsRNA was purified through a 

second sucrose gradient to ensure removal of all ssRNA. Samples were analysed by 10% PAGE 

(250 V for 3 hr) and visualized using silver staining. 

 

2.2.4 Complementary DNA synthesis    
2.2.4.1 Denaturation of dsRNA 

Total dsRNA (approximately 250 to 500 ng) was denatured with an equal volume of 10 mM methyl 

mercuric hydroxide (MMOH) for 10 min at RT as previously described (Wade-Evans et al., 1990). 

The MMOH was reduced by the addition of 2 l 0.7 M -mercaptoethanol in the presence of 159 U 

RNAse Inhibitor (Promega) and incubated at RT for 5 min. Samples were further incubated at 95°C 

for 5 min, to ensure that the dsRNA was denatured. 

 

2.2.4.2 Reverse transcription    

The denatured RNA was added to a cDNA reaction mixture containing 100 pmol of each primer 

(AHSV4NS1BamFP and AHSV4NS1EcoRP), 2 l of 10 mM dNTP mix, 2.4 l of 5x reaction buffer 

and 5 U AMV reverse transcriptase (Promega). The cDNA synthesis reaction occurred at 42 for 

90 min.  
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An alternative cDNA synthesis method used was the RevertAidTM H Minus First Strand cDNA 

Synthesis Kit (Fermentas Life Sciences). 1 l of random hexamer primer (0.2 g/l) was added to 

the denatured RNA, followed by incubation at 70°C for 5 min and chilled on ice. To the denatured 

RNA-primer mix, 4 l of 5x reaction buffer, 1 l of RiboLockTM Ribonuclease Inhibitor (20 /l)  and 

2 l of dNTP mix (10 mM) was added and incubated at 25°C for 5 min. A final volume of 20 l was 

achieved by the addition of 1 l of RevertAidTM minus M-MuLV Reverse Transcriptase (200 /l). 

The cDNA synthesis reaction mixture was incubated at 25°C for 10 min, 42°C for 60 min and 70°C 

for 10 min.     

 

2.2.5 Polymerase chain reaction (PCR) 
The cDNA of segment 5 was amplified through a polymerase chain reaction. The reactions were 

set up to a final volume of 50 l, containing 4 l of cDNA, 10x reaction buffer, 1 mM dNTPs, 4 l of 

each S5 specific primer (100 ng/l), 25 mM MgCl2 and 1 U of Taq polymerase (Promega). The 

reaction conditions were as follows; an initial denaturation step of 5 min at 94C, followed by 30 

cycles of 45 sec at 95C, 1.3 min at 57C and 1 min at 72C, and a final elongation step of 5 min at 

72C.  

 

2.2.6 Cloning  
2.2.6.1 DNA purification 

DNA fragments were purified from agarose by using the GenecleanTM II reaction kit. Three 

volumes of sodium iodide (NaI) was added to the excised agarose band containing DNA, in order 

to dissolve the agarose and aid in the binding of the DNA to the insoluble silica matrix stock. The 

mixture was incubated for 5 min at 50C, followed by the addition of 5 l insoluble silica matrix 

stock (glassmilk) per 5 g of DNA. The contents was mixed, placed on ice for 5 min and agitated 

for 30 min at RT. The NaI was removed by centrifugation (benchtop centrifuge) at maximum speed 

for 30 seconds. The pellet was washed 3 times with 500 l of NEW wash solution (NaCl, EDTA, 

and EtOH). The DNA was separated from the glassmilk by resuspending the white pellet in 20 l 

ddH2O, incubation at 50C for 3 min and centrifugation at maximum speed for 1 min. The aqueous 

layer containing the DNA was carefully removed, which resulted in the recovery of approximately 

80% of the DNA.  

 

2.2.6.2 Ligation and transformation  

The pGEM-T Easy Vector System (Promega) was used for the cloning of segment 5 of AHSV-2, 

AHSV-3 and AHSV-4. The pGEM-T Easy vector is designed for cloning of PCR products, without 

the need to digest either vector or insert. Ligations and transformations were performed as per 

manufacturers’ recommendations. Briefly, the PCR product was added to a ligation reaction 

containing 2x Rapid ligation buffer, 50 ng of pGEM-T Easy Vector and 3 Weiss units/l of T4 
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DNA Ligase, in a total reaction volume of 10 l and was incubated overnight at 16C. The ligation 

reaction was added to 50 l of competent JM109 cells and incubated on ice for 20 min, this 

allowed for the DNA to bind to the cell surface. Cells with bound DNA were subjected to heat shock 

for 45 seconds at 42C followed by 2 min on ice, for transformation to take place. Cells were 

allowed to grow in 950 l of prewarmed SOC medium at 37C for 90 min with shaking and 100 µl 

volumes of culture were plated out onto LB-agar plates (1.2% agar in LB-Broth containing 100 

mg/ml ampicillin) containing 20 l of 50 mg/ml X-Gal (5-bromo-4-chloro-3-indolyl--D-galactoside), 

100 l of 100 mM IPTG (isopropyl--D-thiogalactopyranoside) and 20 l LB-Broth. Plates were 

incubated at 37C for 20 min, inverted and incubated overnight at 37C. The following day the 

white colonies were picked and placed into 3 ml of LB-Broth containing 100 mg/ml ampicillin and 

allowed to grow overnight at 37C.  

 

2.2.6.3 Plasmid extractions 

Plasmids were extracted based on the alkaline-lysis method of Birnboim and Doly (1979). Cells 

were collected from 3 ml cultures by centrifugation at 15000 rpm for 5 min, resuspended in 200 l 

solution I (50 mM glucose, 10 mM EDTA-Na2.2H2O, 25 mM Tris, pH 8.0) and kept on ice for 5 min. 

An amount of 400 l of solution 2 (0.2 N NaOH, 1% SDS) was added, mixed gently and incubated 

on ice for no more than 5 min. Following this, 300 l of solution 3 (3 M NaAc, pH 4.8) was added 

and incubated on ice for 5 min, followed by centrifugation at 15000 rpm for 10 min. The 

supernatant containing the DNA was transferred and precipitated by incubation on ice with 500 l 

of isopropanol for 20 min. The DNA was collected by centrifugation at 15000 rpm for 10 min, the 

pellets were washed with 500 l of 70% EtOH, centrifuged at 15000 rpm for 5 min, allowed to dry 

and resuspended in 30 l of ddH2O. Large scale plasmid extractions were performed using the 

Genopure Plasmid Maxi kit (Roche) as per manufacturers’ recommendations. Briefly, cells were 

collected from 100 ml culture by centrifugation at 3000 rpm for 5 min and resuspended in 12 ml 

suspension buffer containing RNAse, 12 ml lysis buffer and incubated for 3 min at RT. To this, 12 

ml chilled neutralization buffer was added and incubated for 5 min on ice. The mixture was filtered 

and placed onto a column, which was then washed twice with 16 ml wash buffer. The plasmid was 

eluted from the column by the addition of 15 ml prewarmed elution buffer. The plasmid was 

precipitated from the large volume of elution buffer with 11 ml isopropanol, centrifuged at 15000xg 

for 30 min, washed with 4 ml 70% EtOH, centrifuged for 15000xg, dried and resuspended in 100 l 

DEPC-ddH2O.   

 
2.2.6.4 Restriction enzyme digestion 

Restriction enzyme digestions were performed to confirm the presence of the insert (segment 5) in 

the pGEM-T Easy vector. Approximately 1 g of recombinant plasmid was digested with 10 U 

Bam HI and/or 10 U Eco RI (the restriction enzyme sites on either side of insert) in the appropriate 
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1x restriction buffer for 3 hr at 37C and the RNA was digested by the addition of 0.5 l RNAse A 

(Promega).  

 

2.2.6.5 Agarose gel electrophoresis 

DNA samples were analysed by their separation on a 35 ml horizontal slab gel of a 1% (v/w) 

agarose in 1x TAE buffer containing 1.5 l of 10 mg/ml ethidium bromide. Electrophoresis was 

performed at 100 V in 1x TAE buffer in a Biorad Mini Sub™ agarose gel electrophoresis unit and 

visualized on a UV transilluminator. The sizes of the DNA bands were estimated by comparing 

them to DNA markers of known molecular weight i.e. O’RangeRuler 100 bp + 500 bp DNA ladder 

(Fermentas). 

 

2.2.7 DNA sequencing and analysis  

The sequencing reaction mixture contained 400 to 600 ng of DNA, 2 l of BigDye, 2 l of 5x buffer 

and 1 l of primer (10 pmol). The reaction conditions were as follows; 25 cycles of 96C for 10 sec, 

50 to 58C for 5 sec and 60C for 4 min. The sequenced fragments were precipitated by the 

addition of 10 l ddH2O, 2 l 3 M NaOAc (pH 4.6) and 50 l 96% EtOH, centrifuged at 15000 rpm 

for 20 min, washed with 70% EtOH, centrifuged at 15000 rpm for 5 min and dried. The sequenced 

fragments were analysed using an ABI PRISM 3130xl Genetic Analyser (Perkin Elmer). The 

sequences were aligned and further analysed using AlignX, Vector NTI (Invitrogen).    

   

2.2.8 RNA PAGE  
RNA samples were separated by 10% polyacrylamide gel electrophoresis (PAGE). Samples were 

concentrated in a stacking gel containing 3% acrylamide, 0.08% N, N’ methylene bis-acrylamide, 

64 mM Tris pH 6.7, 0.15% ammoniumperoxydisulphate and 0.15% TEMED. The RNA was then 

separated in a resolving gel containing 10% acrylamide, 0.27% N, N’ methylene bis-acrylamide, 

375 mM Tris pH 8.9, 0.0625 N HCl, 0.15% ammoniumperoxydisulphate and 0.05% TEMED. 

Electrophoresis was performed at 250 V in 1x Tris-glycine running buffer (25 mM Tris, 250 mM 

glycine) for 5 hr. The RNA separation was visualized by staining with Tris-glycine buffer containing 

either SYBR gold nuclei acid gel stain (Molecular Probes) and viewed under a UV transilluminator 

or silver nitrate solution (Merck). When staining with silver nitrate solution, the gel was incubated in 

fixing solution I (40% (v/v) ethanol, 5% (v/v) acetic acid) for 30 min, followed by 30 min in fixing 

solution II (10% (v/v) ethanol, 0.5% (v/v) acetic acid). The gel was stained by 11 mM AgNO3 for 30 

min and rinsed twice in H2O for 2 min. The black precipitate was removed by the addition of 50 ml 

of the developing solution (0.75 M NaOH, 0.1 M Formaldehyde) for 30 seconds, removed and 

followed by 200 ml of developing solution for 5 min for the developing process to take place. To 

prevent further colouring, stop solution (5% (v/v) acetic acid) was added.   
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2.2.9 Hybridisation analysis 
2.2.9.1 Probe labelling   

The DIG DNA labeling and detection kit (Roche) was used for the hybridisation analysis, as per 

manufacturer’s recommendations. Segment 5 within the pGEM-T Easy vector was amplified by 

PCR, purified from an agarose gel (2.2.6.1), labelled and was used as the probe. Approximately 

1000 ng of DNA was made up to a final volume of 15 l with ddH2O, incubated at 95°C for 10 min 

to denature the dsDNA and chilled on ice. The probe labeling mixture contained the denatured 

DNA, 2 l 10x Hexanucleotide reaction mix, 2 l 10x dNTP labeling mix and 2 U Klenow enzyme, 

was incubated overnight at 37°C. The reaction was stopped by incubating at 65°C for 10 min.  

 

The labeling efficiency was determined by comparing colour intensities of a dilution series of the 

labelled probe to the control DNA (pBR328) provided in the kit. Volumes of 1 l of serial diluted 

probe and control DNA was spotted onto a nylon membrane (Hybond N, Amersham). The DNA 

was fixed to the nylon membrane by UV-cross linking with a UV-light (UV transilluminator) for 5 min 

on each side. The membrane was incubated in maleic acid buffer (0.1 M maleic acid, 0.15 M NaCl, 

pH 7.5) for 2 min at RT, followed by 30 min in 1x blocking solution (10% blocking reagent dissolved 

in maleic acid buffer), 30 min in antibody solution (150 mU/ml Anti-Digoxigenin-AP conjugate in 

blocking solution) and washed twice for 15 min in washing buffer (0.1 M maleic acid, 0.15 M NaCl, 

0.3% Tween 20, pH 7.5). The membrane was placed in detection buffer (0.1 M Tris-HCl, 0.1 M 

NaCl, pH 9.5) for 5 min, followed by colour substrate solution (40 l of NBT/BCIP in 2 ml detection 

buffer), until appropriate coloured spots were achieved. The reaction was stopped by washing the 

membrane in TE-buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0). The probe concentration was then 

determined by comparison to the known control. 

 
2.2.9.2 Target detection  

The DNA/RNA samples were denatured by incubation at 95°C for 5 min and blotted onto a nylon 

membrane using a Bio-Dot® SF Microfiltration apparatus (Bio-Rad). The denatured DNA/RNA 

samples were fixed to a nylon membrane once blotted, by UV-cross linking with a UV-light (UV 

transilluminator) for 5 min on each side and incubated for 30 min in 1x blocking solution (10% 

blocking reagent dissolved in maleic acid buffer). The probe was denatured, to enable the probe to 

anneal to the denatured DNA/RNA samples, by boiling for 5 min and placed on ice. An amount of 

25 ng/ml denatured probe was added to pre-heated (42°C) hybridisation buffer (50% formamide, 

5x SSC, 1% blocking solution, 0.1% SDS), added to the membrane and incubated overnight with 

gentle agitation at 42°C. The membrane was washed twice for 5 min in 2x SSC (0.3 M NaCl, 30 

mM sodium citrate, pH 7.0) and 0.1% SDS at RT, and twice for 15 min in 0.5x SSC (0.75 M NaCl, 

7.5 mM Sodium Citrate, pH 7.0) and 0.1% SDS at 65 to 68°C, with constant agitation. The 

membrane was rinsed for 2 min in washing buffer (see 2.2.9.1), followed by 30 min in 1x blocking 

solution. The membrane was further incubated in antibody solution for 30 min, washed twice in 
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washing buffer for 15 min and incubated with detection buffer for 2–5 min. The membrane was 

placed in freshly prepared colour substrate solution (200 l of NBT/BCIP in 10 ml detection buffer) 

and incubated overnight in the dark. The reaction was stopped by washing the membrane in 1x 

TE. Images were captured using the VersaDoc (Bio-Rad) imaging system.      

 

2.2.10 Real-time polymerase chain reaction (real-time PCR) 
Real-time PCR was performed using the LightCycler® 480 SYBR Green I Master (Roche) on the 

LightCycler® 480 instrument (Roche). Each DNA standard reaction mixture contained 4 l of 

plasmid DNA, 10 l Master mix (2x conc.), 1 l of each primer (10 pmol/l) and made up to a final 

volume of 20 l with PCR-grade water. Each cDNA sample reaction mixture contained 1 to 4 l 

cDNA, 5 l Master mix (2x conc.), 0.5 l each primer (10 pmol/l), to a final volume of 10 l with 

PCR-grade water. The reaction conditions were as follows; an activation step for 1 cycle, 95C for 

10 min, an amplification program for 45 cycles, 95C for 5 sec, 63C for 5 sec, 72C for 14 sec. 

Melting curve analysis was performed after the PCR by heating to 95C for 10 sec, cooling to 65C 

for 5 sec, and then increasing the temperature in a continuous mode with 12 SYBR Green signal 

acquisition per °C. The results were analysed using the LightCycler® 480 software (Roche). 

 
2.3 RESULTS  
 

2.3.1 Cloning and analysis of segment 5 of three different AHSV serotypes 
This part of the study was aimed at cloning and analysing genome segment 5 of AHSV-2, AHSV-3 

and AHSV-4. Segment 5 was chosen as the segment of interest as it is transcribed at a higher 

frequency than the other segments and the encoding NS1 protein is one of the major virus-induced 

proteins synthesized in infected cells (Grubman & Lewis, 1992; Laviada et al., 1993). The reason 

for cloning segment 5 was for comparative sequence analysis and for the use as an external 

standard in real-time RT-PCR. As segment 5 is highly conserved between different serotypes 

(Maree & Huismans, 1997) it would be possible to design one set of primers to amplify a region of 

segment 5 of all analysed serotypes when performing a real-time RT-PCR assay. 

  

Total dsRNA was extracted from AHSV-infected BHK cells and further purified. Upon investigation 

of the dsRNA genome profile it was observed that an extra band was present within the genome of 

AHSV-4. A plaque purification step was therefore initially required before the cloning of AHSV-4 

segment 5 could commence.  The full-length segment 5 of AHSV-2, AHSV-3 and AHSV-4 was 

converted into cDNA from dsRNA, amplified and cloned into a vector.  
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2.3.1.1 Plaque purification of AHSV-4 

The genome of AHSV consists of 10 dsRNA segments, which can be visualised when 

electrophoresed on a RNA PAGE gel. Upon investigation it was observed that an extra band 

(marked X in Fig 2.1) was present within the genome of AHSV-4. It is a possibility that this extra 

band could be the result of a truncation of one of the larger segments, namely S1, S2, S3, S4, S5 

or S6, as it was found below these segments when separated on a RNA PAGE gel. An alternative 

explanation could be the result of either an insertion or duplication of segments 7, 8, 9 or 10, as 

these segments are below the extra band on a RNA PAGE gel. The extra band is viable within the 

population, being replicated and introduced into new progeny virions, as when passaged through 

cells, it remains within the population. However, with this extra band it is not a true representation 

of the genome and could share identity with the segment of interest (segment 5) and therefore 

would interfere with the results. To eradicate this problem a process of plaque purification was 

required to propagate a new single population of virus for AHSV-4. 

 

The viral stock of AHSV-4 was titrated to obtain single virus containing plaques, of which 6 were 

picked and used to infect BHK cells. When the cells reached a CPE of between 80 to 100%, they 

were harvested and the dsRNA was extracted from the cells as described in section 2.2.3. The 

dsRNA profile was analysed by a RNA PAGE gel, for the presence of the extra band, by 

comparing the original viral stock to the plaque purified sample, of which only one of the six plaque 

purified samples is shown in Fig 2.1. 

 

                                                                         
Fig 2.1. A RNA PAGE gel representing the dsRNA profile (segments 1 to 10) of AHSV-4. The dsRNA from 

the original virus stock (lane1), with the extra segment (marked with an X) and the dsRNA from cells infected 

with plaque purified virus (lane 2). 

 

The results showed the dsRNA profile of AHSV-4 from segments 1 to 10 being separated by a 

10% RNA PAGE gel, with segments 5 and 6, and segments 8 and 9 co-migrating respectively. 
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However, these segments can be separated using different percentage gels (data not shown). In 

lane 1 of Fig 2.1, an extra band (marked X) was observed below segment 6 when the total dsRNA 

was extracted from the original viral stocks. When the total dsRNA was extracted from cells that 

had been infected with plaque purified virus, lane 2 of Fig 2.1, the extra band was no longer 

present. The 6 plaques that were picked for plaque purification showed that 4 out of the 6 had the 

original 10 dsRNA segments with no extra band, and the remaining 2 revealed the presence of the 

extra band. The viral stock possibly represented a mixed population, consisting of virions that 

either contained the original 10 dsRNA segments or contained the 10 dsRNA segments with the 

extra band. Viral stocks of AHSV-4 were then prepared from the plaque purified virus and were 

used for all further experiments.  

  

2.3.1.2 Purification of total dsRNA 

Total RNA was extracted from AHSV-infected BHK cells by the TRIZOL reagent (Invitrogen) 

method, as described in section 2.2.3. The ssRNA was selectively precipitated from the dsRNA 

genome through the use of lithium chloride (LiCl). The dsRNA was further purified by centrifugation 

through a sucrose density gradient, this would ensure that the sample contained only dsRNA and 

would eliminate the presence of trace amounts of ssRNA. The purified dsRNA was analysed by a 

1% agarose gel stained with ethidium bromide, see Fig 2.2 A, and a 10% RNA PAGE gel stained 

with SYBR gold, as shown in Fig 2.2 B. 

   
                                                                                          

                                        
Fig 2.2. The dsRNA profiles of AHSV-2, AHSV-3 and AHSV-4. The dsRNA was extracted from infected BHK 

cells and analysed by a 1% agarose gel stained with ethidium bromide (A), or a 10% RNA PAGE gel stained 

with SYBR gold (B).  

 

When the dsRNA segments of AHSV-2, AHSV-3 and AHSV-4 were separated by an agarose gel, 

only 8 bands were visible as S7, S8 and S9 co-migrate, whereas with the PAGE gel, segments 8 

and 9 co-migrate with clear separation from segment 7. The dsRNA profiles of the different 
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serotypes can not be compared to each other when separated by an agarose gel (Fig 2.2 A) for all 

equivalent segments migrate at the same rate. However, one can clearly see the separation 

differences with a 10% RNA PAGE gel (Fig 2.2 B) e.g. S10 of serotype 4 and S2 of serotype 2 

migrate slower than the corresponding segments for serotype 2 and 3, and S5 and S6 are 

separated for AHSV-2 and AHSV-3, but co-migrate for AHSV-4.  

 

The quantity of dsRNA that can be visualized on the gels are different. On an agarose gel all ten 

dsRNA segments can be visualized when loading a total of 400 ng, whereas on a RNA PAGE gel, 

all the segments can be visualized when loading a total of 150 ng. RNA PAGE gels are more 

sensitive and produce a better separation of dsRNA segments. The dsRNA was highly purified and 

could now be used to clone segment 5 of AHSV-2, AHSV-3 and AHSV-4 into a vector.  

 

2.3.1.3 Cloning of segment 5  

The initial stages of cloning required that the dsRNA be converted into cDNA and then cloned into 

a vector of choice. Segment 5 of AHSV-2, AHSV-3 and AHSV-4 was reverse transcribed (using 

AMV reverse transcriptase method) from the total dsRNA into cDNA using primers that annealed 

specifically to the terminal non-coding regions, namely AHSV4NS1BamFP (5’ 

gcggatccgttaaagaacctaggcgg 3’) and AHSV4NS1EcoRP (5’ cggaattcgtaagtttgtgaaaccaggggg 3’), 

based on the sequence of AHSV-4 segment 5 (Mizukoshi et al., 1992, GenBank no. D11390). 

These primers were then further used to amplify the segment 5 cDNA in a PCR reaction as 

described in section 2.2.5. The PCR reaction was successful and produced a fragment of 

approximately 1700 bp, see Fig 2.3. No non-specific amplification could be seen on the gel and 

therefore these primers, at the chosen annealing temperature, are highly specific to the desired 

regions on segment 5. A band did appear below the 100 bp marker of each PCR reaction, which 

was as a result of primer-dimers. The PCR amplified segment 5 was subsequently purified from 

the agarose gel.  

 
Fig 2.3. The full-length fragment of segment 5 for AHSV-2 (lane 2), AHSV-3 (lane 3) and AHSV-4 (lane 4), 

amplified by PCR from the respective cDNA and analysed by a 1% agarose gel. A 100 bp + 500 bp DNA 

marker (lane 1) was included as a size marker. A negative control for the PCR reaction (lane 5). 
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The amplified cDNA fragments of segment 5 of AHSV-2, AHSV-3 and AHSV-4 was cloned into the 

pGEM-T Easy vector and transformed into JM109 cells, as described in section 2.2.6. The 

transformations were plated out and on the following day they were screened for recombinant 

plasmids using blue white screening. White colonies were present, which represented the cells that 

had recombinant plasmids, indicating that recombination and transformation was successful. Blue 

colonies were also observed, representing successful transformation but failure in the 

recombination of vector and insert. Plasmids were extracted from a number of selected white 

colonies and analysed by an agarose gel, as shown in Fig 2.4. The extracted plasmids from the 

different colonies showed varying sizes and from these results one could conclude that not all 

white colonies represent the desired recombinant plasmid. The size differences could be as a 

result of a double insert. To identify if the recombinants contained the segment 5 insert, a 

restriction enzyme (RE) digestion was performed.    

 

 
Fig 2.4. A 1% agarose gel representing plasmids potentially containing the S5 insert of either AHSV-2 (lanes 

1 to 6), AHSV-3 (lanes 7 to 12) or AHSV-4 (lanes 13 to 20). 

  

Recombinant plasmids were screened for the presence of the S5 insert through the use of 

restriction enzyme digests. The restriction enzymes used were Bam HI and Eco RI, as the primers 

used for cloning were designed to incorporate these RE sites on either side of segment 5. The 

pGEM-T Easy cloning kit was shown to be very successful, as most colonies screened contained 

recombinant plasmids (not shown). One recombinant representing segment 5 of each serotype 

was selected and compared against an undigested recombinant on an agarose gel, as shown in 

Fig 2.5. The results showed a fragment of 1700 bp (the S5 insert) and a fragment of 3000 bp (the 

pGEM-T Easy vector). The plasmids containing the S5 insert were designated pGEM-AHSV2S5, 

pGEM-AHSV3S5 and pGEM-AHSV4S5. The cloned S5 segments were then further analysed 

through sequence analysis.      
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Fig 2.5. A 1% agarose gel representing the restriction enzyme digests (Bam HI and Eco RI) of recombinant 

plasmids containing segment 5 of AHSV-2 (lane 3), AHSV-3 (lane 4), AHSV-4 (lane 5) and undigested 

plasmid (lane 2). A 100 bp + 500 bp DNA marker (lane 1) was included as a size marker.   

 
2.3.1.4 Sequence analysis of segment 5 

The aim of this part of the study was to obtain the segment 5 sequence for AHSV-2, AHSV-3 and 

AHSV-4, to compare the nucleotide and derived amino acid sequences with each other and to 

those of published segment 5 sequences, and to use this to design primers specific to segment 5, 

which could then be used in a real-time RT-PCR assay for the detection of all serotypes of AHSV. 

 

Sequencing was performed on the plasmids containing the S5 insert, namely; pGEM-AHSV2S5, 

pGEM-AHSV3S5 and pGEM-AHSV4S5, as described in section 2.2.7. The complete nucleotide 

sequences were subsequently determined using different overlapping sequences derived from the 

full-length cDNA copy. All regions were sequenced at least three times and in both orientations, 

using a range of different primers, as shown in Fig 2.6. These included internal segment 5 primers: 

NS1-627-F (5’ gaagggcgattgcccgtttg) and NS1-627-R (5’ gcaaacgggcaatcgcccttc), terminal 

segment 5 primers: AHSV4NS1BamFP and AHSV4NS1EcoRP, and external primers for the 

pGEM-T easy vector: M13F (5’ gtaaaacgacggccagt) and M13R (5’ gagcggataacaatttcacacagg). 

Sequence analyses of segment 5 and the derived amino acid sequence were done with the 

ClustalW program using BioEdit 7.0.8 software (http://www.mbio.ncsu.edu/BioEdit/bioedit.html).  

 
                                                                     NS1-627-F 

 
                M13F       AHSV4NS1BamFP            NS1-627-R                    AHSV4NS1EcoRP      M13R 

 

Fig 2.6. The sites where the individual primers (arrowed lines and direction of sequencing) bound to 

segment 5 (thick line) or to the pGEM-T easy vector (thin line). Internal S5 primers (NS1-627-F and NS1-

627-R), terminal S5 primers (AHSV4NS1BamFP and AHSV4NS1EcoRP) and vector primers (M13F and 

M13R) were used in different combinations to obtain the full-length sequence of segment 5.     
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The S5 sequences for AHSV-2, AHSV-3 and AHSV-4 were compared to each other and to known 

S5 sequences of AHSV-1 (Potgieter et al., 2009), AHSV-4 (Mizukoshi et al., 1992), AHSV-6 

(Maree & Huismans, 1997) and AHSV-9 (Nel, 1993 GenBank no U01069) as shown in Appendix 

1A. Segment 5 of AHSV-2, AHSV-3 and AHSV-4 (will be referred to as AHSV-4(N)) from this study 

were all found to be 1749 nucleotides in length, with a single open reading frame (ORF) containing 

1647 nucleotides. The ORF begins at position 36 to 38 with an ATG and terminates at position 

1680 to 1682 with a TAG. The 5’ and 3’ non-coding regions contain 35 and 67 nucleotides 

respectively. The ORF encodes for the NS1 protein of 548 amino acids, given in Appendix 1B.  

 

A comparison of the S5 nucleotide sequences for AHSV-2, AHSV-3 and AHSV-4 revealed 97.5%, 

96.3% and 97.2% identity between serotypes 2 and 3, 2 and 4 and 3 and 4, respectively (Table 

2.1, diagonally to the upper right). The 5’ non-coding regions showed 100% identity, with the 3’ 

non-coding region of serotypes 3 and 4 being 100% identical. When AHSV-4(N) was compared to 

previously sequenced AHSV-4, a 97.3% identity was observed, with a difference of 44 nucleotides 

within the ORF and two nucleotides extra on the 3’ non-coding region of the previously sequenced 

AHSV-4 (Mizukoshi et al., 1992).  

 
Table 2.1. The percentage identity of compared sequences of segment 5. The nucleotide (diagonally 
to the upper right) and deduced amino acid (diagonally to the lower left) sequence identity for 
serotypes 1, 2, 3, 4, 6, and 9 of AHSV.   

 AHSV-1 AHSV-2 AHSV-3 AHSV-4(N) AHSV-4 AHSV-6 AHSV-9 

AHSV-1 - 97.3% 98.4% 98.6% 98.5% 95.5% 91.3% 
AHSV-2 99.2% - 97.5% 96.3% 97.3% 93.6% 90.2% 
AHSV-3 98.9% 98.5% - 97.2% 98.4% 94.4% 91.3% 

AHSV-4(N) 99.8% 99.0% 99.0% - 97.3% 94.5% 90.7% 

AHSV-4 98.9% 98.9% 98.1% 98.7% - 94.6% 91.3% 
AHSV-6 95.6% 95.0% 94.7% 95.4% 94.8% - 93.9% 
AHSV-9 92.3% 92.3% 91.6% 92.1% 91.9% 95.8% - 

 

 

The ORF of the NS1 encoding gene of serotype 2, 3 and 4 from this study and serotypes 1 

(Potgieter et al., 2009), 4 (Mizukoshi et al., 1992), 6 (Maree & Huismans, 1997) and 9 (Nel, 1993 

GenBank no U01069) from previous studies, encode a polypeptide that is 548 amino acids in 

length, as shown in appendix 1B. The polypeptides of serotypes 1, 2, 3, 4, 6 and 9 are highly 

comparable and are rich in cysteine residues, with 14 of the 16 cysteine residues being conserved 

between these serotypes, of which all 16 residues are conserved for serotypes 1, 2, 3 and 4. A 

comparison between the amino acids of AHSV serotypes 2, 3 and 4 (Table 2.1, diagonally to the 

lower left) revealed an identity of between 98.5% and 99% for these serotypes.  
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The purpose of sequencing segment 5 of AHSV was to identify a region that was identical between 

the serotypes and to design one set of primers that could amplify the same region of all serotypes 

by real-time RT-PCR. A conserved area was identified at the 5’ region, from nucleotides 47 to 70 

and 363 to 386, which would produce a fragment of 340 bp when amplified through PCR, as 

depicted in appendix 1A.  

 

2.3.2 Optimisation of extraction protocols for viral dsRNA 
The dsRNA of AHSV is present only within viral particles (i.e. core particles, defective viruses and 

complete virions) and is never free in the cytoplasm of the infected host cell, but present within the 

cytoplasm is viral ssRNA. If only the dsRNA is quantified one could obtain an approximate amount 

of virus present. However, the dsRNA must be free of viral ssRNA, as the ssRNA would over-

estimate the quantification results. The aim of this part of the study was therefore to optimise the 

extraction protocols for viral dsRNA, to obtain pure dsRNA free of ssRNA. The dsRNA was to be 

used as the template for quantifying the amount of virus present by real-time RT-PCR.  

 

2.3.2.1 RNA extractions by TRIZOL™ from viral pellet or directly from cells 

Two different variations of a protocol to extract dsRNA from AHSV-infected cells was investigated 

and compared, to determine which procedure would provide better yields of pure dsRNA. Initial 

studies were done by infecting one 75 cm2 flask with AHSV-4 at a MOI of 10. The infected cells 

were harvested at 50 hr post infection and divided into three equal volumes. In one approach (cell 

lysis method), infected cells were collected by centrifugation and either mechanically lysed using a 

dounce homogeniser in a hypotonic buffer or chemically lysed by the addition of a non-ionic 

detergent, TX-100 (see section 2.2.3). The cell lysate was then separated, by centrifugation 

through a sucrose cushion, into a particulate fraction (which would include virions containing 

dsRNA) and a soluble fraction (which would include cytoplasmic ssRNA), followed by the 

purification of dsRNA, from the virion containing pellet, using TRIZOL™. As an alternative 

approach (direct TRIZOL™ on cell extraction method), infected cells were collected by 

centrifugation and total RNA (cytoplasmic and viral) was purified from the cell pellet using 

TRIZOL™. Samples were analysed by a 10% RNA PAGE gel, as depicted in Fig 2.7. The 

experiment was repeated multiple times to confirm its reproducibility and essentially similar results 

to those shown in Fig 2.7 were obtained.  

 

When comparing the cell lysis method (Fig 2.7, lanes 1 to 6) to the direct TRIZOL™ on cells 

extraction method (Fig 2.7, lanes 7 to 9), a considerable difference was observed. Although, both 

methods revealed the presence of the individual segments of dsRNA, the latter method showed 

the presence of ssRNA (as a background smear) to a greater degree than for the cell lysis method. 

The cell lysis method proved to be the preferred method, as the majority of the ssRNA was 

eliminated. When comparing mechanical and chemical lysis, the quantity of dsRNA and 

 
 
 



 45 

background ssRNA showed similar amounts when analysed by a RNA PAGE gel (Fig 2.7, lanes 1 

to 6) and no noticeable difference could be observed. Thus, dsRNA was quantified using a 

spectrophotometer in order to determine the amounts of RNA present (Table 2.2). The 

concentration values obtained were very similar, proving that either of the lysis methods could be 

used. 

 

Fig 2.7. A 10% RNA PAGE gel representing total RNA extracted by TRIZOL™ from a pellet obtained by 

either dounce homogenisation (mechanical) and a sucrose cushion (lanes 1 to 3) or detergent lysis 

(chemical) and a sucrose cushion (lanes 4 to 6) or directly from cell pellet (lanes 7 to 9) from AHSV-4-

infected cells (lanes 1, 2, 4, 5, 7, and 8) or uninfected cells (lanes 3, 6 and 9). 
 
Table 2.2. Concentration values of total RNA extracted by TRIZOL™ from a pellet obtained by 
mechanical lysis (dounce homogeniser) or chemical lysis (non-ionic detergent, TX-100) from AHSV-
4-infected BHK cells. 

Cell lysis method Sample repeats  Concentration (ng/µl)  

Sample 1 268 Dounce homogeniser 

Sample 2 305 

Sample 1 323 Detergent treatment 

Sample 2 262 

 

   

The results obtained from the two variations of the protocol to extract dsRNA from virus infected 

cells revealed the presence of background smears (in varying amounts), due to the presence of 

ssRNA. As the purpose of this study was to quantify dsRNA, the presence of viral ssRNA would 

interfere with this quantification. The next step was to confirm that the background smears were 

indeed ssRNA. 

 

 
 

 
 
 



 46 

2.3.2.2 Hybridisation assay to test for the presence of ssRNA  

A hybridisation assay was performed on the extracted dsRNA, with the use of a DIG-labelled NS1 

gene probe, as shown in Fig 2.8. RNA was purified from pelleted virions following the above 

mentioned cell lysis method (section 2.3.2.1). Triplicate RNA extractions were tested in an 

undiluted format (Fig 2.8; row C and D, sample 1, lane 1; sample 2, lane 3 and sample 3, lane 5) 

and a ten-fold dilution (Fig 2.8, row C and D, sample 1, lane 2, sample 2, lane 4 and sample 3, 

lane 6). Each sample was divided into equal volumes, and then either not denatured (Fig 2.8, row 

C) or denatured by incubation at 95°C for 5 min (Fig 2.8, row D). When total RNA was denatured 

the probe would bind to complementary sequences of either ssRNA or dsRNA origin. When the 

total RNA was not denatured, the probe would only bind to complementary sequences of ssRNA 

and not dsRNA. The control DNA consisted of a PCR product of the full-length NS1 (Fig 2.8, row 

A) and a plasmid (pGEM-AHSV4S5) containing NS1 (Fig 2.8, row B), each was serially diluted (10-

fold) from an initial concentration of 100 ng to a final concentration of 0.001 ng. The RNA samples 

and control DNA were blotted onto a membrane and the DIG-labelled NS1 gene probe was added 

and incubated overnight.            

                               

 
Fig 2.8. A hybridisation assay of a DIG-labelled segment 5 specific probe against not denatured (C) or 

denatured (D) total RNA extracted from AHSV-4-infected cells. Control DNA representing full-length NS1 

gene amplified by PCR (A) and a plasmid (pGEM-AHSV4S5) containing the full-length NS1 gene (B).  

 

The results showed that sample number 1 had no visible bands on the membrane in either the 

denatured or the not denatured sample (Fig 2.8, row C and D, lanes 1 and 2) as possibly the 

amount of RNA was too low for detection. The assay revealed the presence of ssRNA within 

samples 2 and 3, as the not denatured RNA sample bound the probe and could be visualized as a 

band on the membrane (Fig 2.8, row C, lanes 3 to 6). However, there was a difference in the 

amount of ssRNA and dsRNA present within the samples as the band intensities for the not 

denatured samples were less than for the denatured samples (Fig 2.8, row C and D, lanes 3 and 

5). The positive controls (PCR amplified NS1 and plasmid, pGEM-AHSV4S5) were specific and 

bound the probe with a sensitivity of 0.01ng. 

  

The ssRNA present within the samples could be due to viral mRNA associated with organelles 

(e.g. ribosomes) that had been pelleted through the sucrose cushion. Due to these findings, it was 

deemed necessary to remove the ssRNA from the total RNA sample. 

 

A. PCR NS1 

B. Plasmid NS1 

C. Not denatured 

D. Denatured 

 1           2           3            4           5           6 
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2.3.2.3 Removal of ssRNA by LiCl precipitation  

The hybridisation assay revealed the presence of ssRNA within the test samples and it was 

therefore decided that an additional step was to be included, to remove the ssRNA. RNA 

extractions were done as previously described, followed by a LiCl precipitation of ssRNA and 

subsequent re-precipitation of the dsRNA, and analysed by a 10% RNA PAGE gel, see Fig 2.9.   

 

The results showed a moderate to significant improvement on the background, but not the total 

removal of ssRNA. When comparing samples without the LiCl precipitation, as observed in Fig 2.7, 

to samples with the LiCl precipitation step, shown in Fig 2.9, it was clear that a large amount of 

ssRNA had been removed from samples in lanes 3, 6, 7, 8 and 9 of Fig 2.9. Based on all these 

results, it was decided that the extraction protocol to be used for all further experiments was as 

follows; infected cells were lysed using a non-ionic detergent, then centrifuged through a sucrose 

cushion, followed by the extraction of RNA from the viral pellet using TRIZOL™ and finally ssRNA 

precipitated by LiCl.  

         

 
Fig 2.9. A 10% RNA PAGE gel representing RNA after a LiCl precipitation which had previously been 

extracted by TRIZOL™ from a pellet obtained by either dounce homogenisation and a sucrose cushion 

(lanes 1 to 3) or detergent lysis and a sucrose cushion (lanes 4 to 6) or directly from the cell pellet (lanes 7 to 

9) from AHSV-4-infected cells (lanes 1, 2, 4, 5, 7, 8) or uninfected cells (lanes 3, 6 and 9). 

 

To test the reproducibility of the chosen RNA extraction method between different starting 

materials and to test that an adequate amount of dsRNA could be extracted from a smaller volume 

of infected cells, extractions were done using 6-well plates. BHK cells were seeded onto 6-well 

plates and infected with AHSV-4 at a MOI of either 5 or 10 and harvested at either 24 or 48 hr post 

infection. The cells were collected by centrifugation, lysed in 2 mM Tris and TX-100, followed by 

centrifugation through a sucrose cushion. The RNA was extracted from the viral pellet using 

TRIZOL™ and the ssRNA was precipitated in 2 M LiCl. The samples containing the extracted RNA 

and the LiCl precipitate was analysed by a 10% RNA PAGE gel, as shown in Fig 2.10 and Fig 

2.11, respectively.  

 

 

         1      2     3      4      5      6      7      8      9        
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Fig 2.10. A 10% RNA PAGE gel showing the RNA that has been extracted from cells infected with either 

AHSV-4 at a MOI of 10 (lanes 2 to 4 and 6 to 8) or uninfected (lanes 1 and 5) and harvested at either 24 hr 

(lanes 1 to 4) or 48 hr p.i (lanes 5 to 8). Each lane represents an extraction from a separate well.  

 

The results from the total RNA extractions from the individual 6-wells showed high-quality yields of 

dsRNA and reproducibility between different wells. The amount of RNA in each sample was 

subsequently quantified using a spectrophotometer (Table 2.3). Quantities obtained showed 

concentration values that were similar between repeats on the same day and between different 

days (data not shown). 

 
Table 2.3. Concentration values of total RNA extracted from 6-well plates containing BHK cells 
infected with AHSV-4 at a MOI of either 5 or 10 and harvested at either 24 or 48 hr p.i.  

Sample repeat Harvest time (hr) MOI Concentration (ng/l) 

S 1.1 24 5 29 

S 1.2 24 5 30 

S 1.3 24 5 34 

S 2.1 24 10 18 

S 2.2 24 10 22 

S 2.3 24 10 23 

S 3.1 48 5 33 

S 3.2 48 5 27 

S 3.3 48 5 42 

S 4.1 48 10 35 

S 4.2 48 10 39 

S 4.3 48 10 40 

 
The LiCl precipitate was analysed to observe the presence of ssRNA and the effectiveness of the 

LiCl precipitation. The LiCl precipitate from the above 6-well experiment was loaded and run on a 

10% RNA PAGE, shown in Fig 2.11. A surprising result was observed when the LiCl precipitate 

was analysed, trace amounts of the dsRNA was being precipitated in the process. It is important, 

        1     2       3      4       5       6       7       8 
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for quantification purposes that most, if not all, of the dsRNA remains within the sample and not be 

precipitated.  

 

 
Fig 2.11. A 10% RNA PAGE gel representing the RNA from the LiCl precipitate. The total RNA had been 

extracted from a 6-well plate containing BHK cells infected with either AHSV-4 at a MOI of 10 (lanes 2 to 7) 

or uninfected (lane 1) and harvested at either 24 hr (lanes 2 to 4) or 48 hr p.i (lanes 5 to 7). 

 

The LiCl precipitation protocol was then investigated, to improve on the removal of ssRNA from 

total RNA samples and to minimize the precipitation of the dsRNA. The RNA was extracted from 

AHSV-4-infected BHK cells using the cell lysis, sucrose cushion and TRIZOL™ on viral pellet 

method. The LiCl precipitation protocol was altered in different ways, either the molar concentration 

of the LiCl, the incubation time within the LiCl or the total precipitation volume. The LiCl 

concentration was tested by using the normal 2 M concentration compared to a 1 M concentration, 

see Fig 2.12, the molar concentration was decreased as an increase above 2 M would cause an 

increase in the precipitation of dsRNA. The original time of incubation within the LiCl was 

overnight, this incubation time was tested and compared to an incubation time of 1 hr, as observed 

in Fig 2.12. The total precipitation volume may have an effect on the results, as within a larger 

volume the dsRNA is more diluted. The total precipitation volume was tested by comparing results 

obtained from samples in a total precipitation volume of either 100 l or 500 l, as depicted in Fig 

2.12. 

 

The results showed that at a concentration of 2 M LiCl, less dsRNA and more ssRNA was 

precipitated than the 1 M LiCl concentration, as per the original protocol. The incubation time did 

not effect the precipitation. However, when the precipitation volume was 500 l, less dsRNA was 

being precipitated compared to the 100 l volume. The overall results showed that the optimal 

conditions for LiCl precipitation were a 2 M LiCl concentration, in a larger precipitation volume. As 

the procedure for purifying dsRNA from AHSV infected cells had been optimised, we could 

proceed to the real-time PCR experiments.   

 

         1         2        3        4        5         6         7         
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Fig 2.12. 10% RNA PAGE gels showing the RNA from a LiCl precipitate. The precipitation was done at 2M 

LiCl in either 100µl (lane 1) or 500µl (lane 3), an incubation period of either overnight (lane 1) or 1 hr (lane 2), 

or in 100µl overnight at either 1M LiCl (lane 4) or 2M LiCl (lane 5). 

 

2.3.3 Quantitative real-time RT-PCR 
The aim of this part of the study was to develop a real-time RT-PCR assay for the quantification 

and monitoring of dsRNA from AHSV-infected cells. Segment 5 of AHSV-2, AHSV-3 and AHSV-4 

had been sequenced, and primers were designed (AHSVNS1FP47 5’ cttgacttatttccaggtacgagg 3’; 

AHSVNS1RP363 5’ ctcgtcccgctctggagatagac 3’) which were fully complementary to the S5 

sequences of all the serotypes. The forward primer and reverse primer annealed to base pair 47 to 

70 and 363 to 386, respectively. In a real-time PCR reaction the length of the amplicon size should 

not exceed 1 kb, with the optimal size fragment being 700 bp or less. Using these primers, a 

fragment of 340 bp would be amplified, thus falling within the optimal size range. These primers 

could now be used in a real-time PCR reaction to amplify cDNA, derived from the dsRNA, for the 

purpose of quantification. 

 
2.3.3.1 Conventional PCR 

A conventional PCR was initially performed to amplify the specific region of interest. The templates 

used were the plasmids, pGEM-AHSV2S5, pGEM-AHSV3S5 and pGEM-AHSV4S5, which 

contained segment 5 of AHSV-2, AHSV-3 and AHSV-4 respectively. The PCR reaction was 

performed as described in section 2.2.5, using the designed primers. It was necessary to 

determine the PCR conditions (e.g. annealing temperature) using conventional PCR, before 

proceeding onto real-time PCR, as the latter procedure was costly. A range of annealing 

temperatures was investigated from 52°C to 63°C. At the lower temperatures non-specific 

amplification occurred and therefore the temperature subsequently used was 63°C as then only 

             
 100µl  100µl  500µl            100µl   100µl  
  2M      2M     2M                  1M      2M 
  O/N     1h     O/N                 O/N   O/N      
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the fragment of interest was amplified, see Fig 2.13. The negative control showed the presence of 

primers, with no amplification as a result of contamination.      

 

 
Fig 2.13. A 1% agarose gel representing the 340 bp region of S5 amplified from the plasmids pGEM-

AHSV2S5 (lane 2), pGEM-AHSV3S5 (lane 3) and pGEM-AHSV4S5 (lane 4). A 100 bp + 500 bp DNA ladder 

(lane 1) was included as a marker and a negative control for the PCR reaction (lane 5).  

 

The annealing temperature of the PCR reaction had been determined and the next step was to 

proceed onto real-time RT-PCR. In order to make comparisons and to quantify samples by real-

time RT-PCR, an external standard was required, which would enable samples of unknown 

concentrations to be determined.  

 

2.3.3.2 Generation of an external standard curve using plasmid DNA   

The first aim of this part of the study was to generate an external standard curve from known 

concentrations of plasmid DNA. The standard curve could then be used to obtain concentration 

values of test samples. The standard curve was generated by using plasmid DNA (S5 cloned into 

the pGEM-T Easy Vector) as the template material. In retrospect a better alternative was to have 

used a dilution series of dsRNA, transcribed into cDNA, for the generation of the standard curve.  

  

A serial dilution was made from a known concentration of plasmid (pGEM-AHSV4S5), ranging from 

1x1010 to 1x102 copies. To calculate copy numbers the following formula was used: 

 

Copies/µl = 6x1023 (copies/mol) X Concentration (g/l) 

MW (g/mol) 

MW = basepairs X 6.58 x 102 

 

Each dilution series was added in quadruplicate in the LightCycler® 480 multiwell plate 384 

(Roche), run on the LightCycler® 480 instrument (Roche) and analysed using the LightCycler® 

       1           2           3           4           5       
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480 software, see section 2.2.10. The results showed that all four repeats (or at least 3 of the 4 

repeats) within the higher range of dilutions, produced similar Cp values, as shown by the sharp, 

upward curve on the graph of fluorescence plotted against cycle number, see Fig 2.14. This 

suggested that the template was being amplified at the same rate between the different wells 

containing the same starting material and that pipetting errors were negligible. The lower level copy 

numbers (103 and 102) were producing different Cp values (data not shown) and were therefore not 

incorporated when the standard curve was constructed. The negative controls (containing no 

template) showed amplification after cycle number 34, which represented the florescence of the 

primer-dimers which were formed during the PCR reaction. 

 

 

 
Fig 2.14. Real-time PCR fluorescence curves derived from serially diluted standard (plasmid pGEM-

AHSV4S5) as obtained using the LightCycler® 480 software. Each plot corresponds to a particular input 

target ranging from 1010 to 104 copies/l. Negative controls (C) containing no template were also analysed. 

The curve represents the PCR cycle number (x-axis) and the fluorescence intensity (y-axis) of an amplified 

region of segment 5.  

 

A standard curve was generated using the 1x1010 to 1x104 copies/l standard dilution samples, 

see Table 2.4 and Fig 2.15. The standard curve is the linear regression line through the data points 

on a plot of cycle number (= crossing point) versus logarithm of standard sample concentration.  

The PCR efficiency was 1.8, and the error was 0.02 (acceptable, as less than 0.2). The error value 

is a measure of how well the points fit on a straight line, indicating the accuracy of the dilution 

series. 
 

 
 
 

            1010    109   108      107    106     105   104        C 
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Table 2.4. The mean crossing point (Cp) values of the serially diluted plasmid (pGEM-AHSV4S5) 
standard as obtained using the LightCycler® 480 software.                                                   

                

 

 
Fig 2.15. Standard curve of serially diluted plasmid (pGEM-AHSV4S5) as obtained using the LightCycler® 

480 software. The crossing point values (the cycle number at detection threshold) were plotted against the 

initial log concentration of plasmid DNA.  

 

A melting curve analysis was added to the end of the PCR reaction to distinguish between the 

fragment of interest, non-specific products and primer-dimers, see Fig 2.16 which represents a 

typical melting curve graph. The plasmid standards and negative control reactions showed different 

melting curves, with peak Tm values of 80.5°C and 77.1°C respectively, indicating the amplification 

of the 340 bp fragment in the case of the standards and the formation of some primer-dimers in the 

negative control. In some instances no amplification took place in the negative control.   

 

To further assess the amplification reaction and the melting curve analysis, the standard samples 

and the negative control was analysed by an agarose gel. A typical agarose gel is shown in Fig 

2.17, showing the amplification of the 340 bp fragment of interest, with a decrease in the band 

intensities from 1x1010 to 1x103 copies/l, which corresponded to the initial amount of template. 

The results obtained from the analysis of the agarose gel reflected what was observed when 

analysing the melting curve graph. The negative control contained no amplification of the target 

DNA, when analysed by an agarose gel (Fig 2.17), and therefore reiterating that the observed Cp 

and Tm (on the graph of amplification and melting curves) was as a result of primer-dimers.     

Plasmid dilution 

(copies/l) 

Mean Cp 

(± standard 

deviation) 

  1x1010 7.80 (±0.22) 

1x109 11.73 (±0.22) 

1x108 15.28 (±0.18) 

1x107 18.95 (±0.02) 

1x106 23.47 (±0.08) 

1x105 27.39 (±0.16) 

1x104 30.56 (±0.11) 
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Fig 2.16. The melting curve analysis obtained from a serial dilution of plasmid (pGEM-AHSV4S5) and the 

negative control, as obtained using the LightCycler® 480 software. The melting curves (A) and melting peaks 

(B) of the plasmid standards (1) and negative control (2).   

 

 

 

 
Fig 2.17. The amplified 340 bp product of serially diluted standard (plasmid pGEM-AHSV4S5) as obtained 

by a real-time PCR reaction, corresponding to an input target range from 1010 to 103 copies/l, were 

analysed by a 1% agarose gel (M = marker, C = negative control).   
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2.3.3.3 Real-time PCR of cDNA from highly purified dsRNA 

The next step was to test the efficiency of a real-time PCR reaction with the use of cDNA as the 

template material. Total dsRNA from AHSV-4 infected BHK cells was extracted and purified 

through a sucrose density gradient, see section 2.2.3. The dsRNA was denatured and segment 5 

reverse transcribed into cDNA, using the AMV reverse transcriptase method, with the use of the 

designed primers (AHSVNS1FP47 and AHSVNS1RP363) specific for segment 5, see section 

2.2.4. The cDNA was serially diluted and amplified in a real-time PCR reaction.  

 

For this study the cDNA concentration could not be accurately quantified using a 

spectrophotometer, as the chemicals/reagents present (e.g. MMOH, -ME, enzyme and primers) 

from the cDNA reaction obscured the readings. Purifying the cDNA, using column purification or 

EtOH precipitation, presented a problem as the reaction volume of the cDNA was very small, and 

would probably result in the loss of the majority of cDNA. A total of 475 ng dsRNA was denatured 

in a volume of 13 l (36.5 ng/l), of which 4,6 l (168 ng) was used for the cDNA synthesis in a 

total volume of 12 l (14 ng/l). The resulting cDNA was then serially diluted ten-fold from 10-1 to 

10-5, of which 1 l was used as template in real-time PCR. Each cDNA reaction was done in 

duplicate, to test pipetting accuracy and cDNA synthesis reliability. Each dilution was assayed in 

triplicate and run on the LightCycler.  

 

The results showed that the repeats for a particular dilution had similar Cp values, thus implying 

that amplification occurred at a similar rate between the repeats of a dilution, refer to Fig 2.18. The 

dilutions of higher concentrations proved to be reliable as all of the repeats produced the same 

results (Cp values). The dilutions of lower concentration (10-5) were less reliable as only two out of 

three repeats were consistent and gave similar Cp values.  

 

 
Fig 2.18. Real-time PCR florescence curves derived from serially diluted cDNA (representing dsRNA of 

AHSV-4) as obtained using the LightCycler® 480 software. Each plot corresponds to a particular input target 

ranging from undiluted cDNA to a 10-5 dilution. The curve represents the PCR cycle number (x-axis) and the 

fluorescence intensity (y-axis) of an amplified region of segment 5.  

     Undiluted  10-1    10-2  10-3    10-4    10-5 
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A melting curve analysis was done at the end of the PCR reaction, see Fig 2.19A. All amplicons 

showed a single melting peak at a Tm of 79.6°C (Fig 2.19B). There was no cross-contamination 

within the negative control, as only one peak was evident and at a different melting temperature 

(77.1°C) to that of the amplified product, representing the presence of primer-dimers (data not 

shown).  

 

 
Fig 2.19. The melting curve analysis obtained from the serial dilution of cDNA synthesized from dsRNA as 

obtained using the LightCycler® 480 software. The melting curves (A) and melting peaks (B) of the 340 bp 

fragment, with a Tm of 79.6°C. 
 

To further asses the PCR reaction and the melting curve analysis, the dilution series samples were 

analysed by gel electrophoresis, see Fig 2.20. The results showed the correct size fragment (340 

bp) was amplified, with a decrease in amplification from higher to lower concentrations, 

corresponding to the initial amount of input template. The reason for analysing a cDNA dilution 

series by real-time PCR was to investigate if the dilution series would perform equally well as what 

was observed when analysing plasmid DNA. The PCR efficiency was 1.8 and the error was 0.02 

for the cDNA dilution series, which was the same as that obtained for the plasmid DNA. Therefore 

the efficiencies of the PCR reactions were the same when either plasmid DNA or cDNA was used 

as the input template.   

 

 

 

 

 
 A 

 B 
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Fig 2.20. The amplified 340 bp product of serially diluted cDNA (obtained from dsRNA of AHSV-4) as 

obtained by real-time PCR, corresponding to an input target range from undiluted cDNA to a 10-5 dilution, 

were analysed by a 1% agarose gel (M = marker).   

 
2.3.3.4 Real-time PCR of cDNA from semi-purified dsRNA 

The next step was to optimise conditions for analysing dsRNA purified from infected cells. Test 

samples of unknown concentrations were obtained by harvesting AHSV-4-infected BHK cells at 24 

or 48 hr post infection, extracting the total dsRNA with TRIZOL™ followed by LiCl precipitation of 

ssRNA, converting S5 into cDNA (using segment 5 specific primers), followed by amplification of a 

340 bp region of segment 5 by real-time PCR. 

 

Test samples that were initially run, showed poor amplification results (data not shown). It was 

thought that the MMOH, the primer concentration or contaminants (e.g. salts) from either the 

dsRNA extractions or the cDNA synthesis reaction, could be influencing the negative results. A test 

was performed to identify if contaminates were present within samples after dsRNA extractions. 

The dsRNA from a sample was divided into equal volumes and subsequently washed with either 

96% (requirement of original protocol) or 75% EtOH. When the amplification curves were analysed, 

the samples produced similar Cp values. However, a difference was observed in the melting curve 

analysis. Samples that had been washed with 75% EtOH had two peaks present on the melting 

peak graph, one at 79.6°C (340 bp fragment) and another at 85°C (non-specific amplification). The 

samples which received the 96% EtOH wash showed a peak at 85°C, indicating that only non-

specific amplification took place. When the samples were analysed by a 1% agarose gel (data not 

shown), the results obtained from the melting curve analysis was confirmed. The dsRNA extraction 

protocol was adjusted from a 96% EtOH wash to a 75% EtOH wash, which would aid in the 

elimination of any contaminants (e.g. salts). The results obtained showed an improvement in the 

amplification of the 340 bp fragment, but optimisation was further required to improve on this 

amplification. The next step was to alter the primer concentration of the cDNA synthesis reaction 

and observe if amplification could be improved.   

      M                 10-1       10-2        10-3       10-4      10-5  un
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The original protocol for the cDNA synthesis reaction (AMV reverse transcriptase method) required 

the addition of 100 pmol/l of each primer (S5 specific), of which this concentration was altered. 

The dsRNA of S5 was converted into cDNA using specific S5 primers at different primer 

concentrations of either 10, 20 or 50 pmol/l, followed by amplification by real-time PCR. The 

results from the melting curve analysis, showed that when the primer concentration was either 20 

or 50 pmol/l, no amplification of the desired fragment occurred (no melting peak at 79.6°C), with 

the presence of non-specific amplification with a Tm in the range of 83°C to 85°C (data not shown). 

However, when the primer concentration was 10 pmol/l, the 340 bp fragment was amplified (Tm 

of 79.6°C), along with the amplification of non-specific products (Tm ranging from 83°C to 85°C). 

Although an improvement in the amplification of the desired fragment was achieved, results were 

still not satisfactory. The next step was to consider an alternative method of cDNA synthesis, to 

this end the RevertAid H Minus first strand cDNA synthesis kit was investigated.     

 

When the two cDNA synthesis reactions were compared, an improvement was observed when 

using the RevertAid H Minus first strand cDNA synthesis kit, labelled 2 in Fig 2.21 A. The melting 

curve analysis revealed the presence of a double peak, one being the amplified 340 bp fragment 

and other representing non-specific products. When using the kit, amplification occurred to a 

greater degree (Cp value of 23.63) in comparison to the AMV reverse transcriptase method, which 

showed amplification to a lesser extent (Cp value of 25.82), with the majority of the samples having 

amplified non-specific products, as shown in Fig 2.21 B. The positive control consisted of the 

plasmid, pGEM-AHSV4S5, and successfully amplified with a melting peak at a temperature of 

80.5°C, labelled 1 in Fig 2.21. A negative control, containing no template, was included in the real-

time PCR assay and showed a melting peak at a temperature of 85°C (labelled 3 in Fig 2.21), 

representing non-specific amplification.   

 

Further analysis was done by gel electrophoresis, see Fig 2.22, with the amplified plasmid DNA 

standard as a marker, it was observed that amplification of the 340 bp fragment occurred when the 

dsRNA was converted to cDNA with the use of the RevertAid H Minus first strand cDNA synthesis 

method, see Fig 2.22 lanes 2 to 5. Smears were also present on the gel and occurred above the 

fragment of interest, due to the amplification of non-specific products. The cDNA used from the 

AMV reverse transcriptase method, produced smears when analysed on an agarose gel (Fig 2.22, 

lanes 12 to 19), as a result of non-specific amplification, thus confirming what was shown on the 

melting curve graph (peaks that were in the range of 83°C to 85°C). When analysing the melting 

curve graphs, the amplified product of the plasmid DNA standard had a sharp decrease in the 

fluorescence when the melting temperature was reached. However, for the test samples a gradual 

decrease in fluorescence was observed, reiterating that the smears are non-specific products of 

possibly different lengths. For the negative control, smears were observed that were larger than 

the 340 bp fragment and would therefore explain why a melting temperature of 85°C was observed 
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in the negative control sample (Fig 2.22, lanes 10, 11, 20 and 21). A possible explanation for the 

smears, within both test samples and negative control, would be for the fact that the primers from 

the cDNA preparation were not removed and therefore took part in the PCR reaction.      
 

 
Fig 2.21. The melting curve analysis of amplicons from 1l undiluted to a 10-3 dilution of cDNA prepared 

from dsRNA (labelled 2) using either the RevertAid H Minus first strand cDNA synthesis kit (A) or the AMV 

reverse transcriptase method (B), obtained using the LightCycler® 480 software. Controls included plasmid 

standard (labelled 1) and negative control (labelled 3). 
 

 

 

Fig 2.22. A 1% agarose gel showing the amplified products from 1l undiluted cDNA to a 10-3 dilution in 

duplicate, prepared from dsRNA with either the RevertAid H Minus first strand cDNA synthesis kit (lanes 2 to 

9) or the AMV reverse transcriptase method (lanes 12 to 19). Controls included plasmid DNA (lane 1) and 

negative control (lanes 10, 11, 20 and 21).    
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Based on the above, it was decided to subsequently use the RevertAid H minus first strand cDNA 

synthesis kit. The next step was to optimise the amount of input cDNA in a real-time PCR reaction. 

BHK cells infected with AHSV-4 were harvested at 43 hr p.i, followed by the extraction of total 

dsRNA and cDNA synthesis. The amount of cDNA that was used in the real-time PCR 

amplification was either 1 l, 2 l or 4 l of the undiluted cDNA reaction mixture. When analysing 

the results from the melting curve assay, the 1 l undiluted cDNA sample showed amplification of 

the correct amplicon, with a Tm of 79.6°C, labelled 2 in Fig 2.23. When analysing the 2 l undiluted 

cDNA sample the melting curve analysis showed the amplification of the amplicon and non-specific 

products, as identified by two melting peaks, labelled 3 in Fig 2.23. The 4 l undiluted cDNA 

sample showed only non-specific amplification, as could be observed by the gradual decrease in 

the fluorescence, labelled 4 in Fig 2.23. The cDNA concentration therefore had an effect on the 

real-time PCR reaction, as a higher input concentration caused an inhibitory effect. The positive 

control consisted of the plasmid, pGEM-AHSV4S5, amplified successfully, with a Tm of 80.5°C and 

is labelled 1 in Fig 2.23.       

 

 
Fig 2.23. The melting curve analysis obtained from cDNA test samples (labelled 2 to 4) prepared from 

dsRNA with the RevertAid H Minus first strand cDNA synthesis kit. Varying amounts of input cDNA in the 

real-time PCR assay was analysed using either 1 l (2), 2 l (3) or 4 l (4) of the undiluted cDNA reaction 

mixture and compared to the plasmid standard (labelled 1), as observed using the LightCycler® 480 

software.  
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Samples were further analysed by a 1% agarose gel, with the plasmid DNA standard used as a 

marker. The 1 l undiluted cDNA sample gave the correct size band (Fig 2.24, lanes 2 and 3). An 

additional band could be observed in the plasmid DNA standard and in this sample, just above the 

340 bp fragment, but this additional band did not interfere with the results as the melting curve 

analysis showed only one peak. For the 2 l undiluted cDNA sample a band could be seen 

corresponding to the 340 bp fragment as well as smears above the fragment of interest, (Fig 2.24, 

lanes 4 and 5). For the 4 l undiluted cDNA sample showed smears of non-specific amplification 

(Fig 2.24, lanes 6 and 7). The smears observed were possibly as a result of the random hexamer 

primers from the cDNA preparation that were not removed before the PCR reaction and therefore 

would explain why better results were obtained when the amount of input cDNA was low.     
 

 

 
Fig 2.24. A 1% agarose gel showing the amplified products from cDNA test samples from varying amounts 

of input cDNA in the real-time PCR assay was analysed using either 1 l (2), 2 l (3) or 4 l (4) of the 

undiluted cDNA reaction mixture and compared to the plasmid standard (lane 1).   

 

It was required that optimisation of the amount of input cDNA in a real-time PCR assay be 

repeated, to observe if different dsRNA samples could reliably be amplified and therefore 

analysed. This was verified by multiple repeats of the procedure. All further investigations were 

performed as follows; total dsRNA extracted from infected cells was reverse transcribed using the 

RevertAid H Minus first strand cDNA synthesis kit with random primers, followed by the 

amplification of the 340 bp fragment (S5 specific primers) of S5 by real-time PCR using 1 l of 

undiluted cDNA. In all further analyses, the Cp values were used only when the melting curve 

analysis showed one melting peak at the correct Tm of 79.6°C. 

 

2.3.4. Monitoring the life cycle of AHSV in BHK cells 
The aim of this part of the study was to monitor viral production and release of AHSV from 

mammalian cells, in order to gain knowledge of the life cycle of the virus in cell culture. The 
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conditions for the real-time PCR assay had been optimised and dsRNA samples (extracted from 

infected cells over a certain time period) could now be analysed.  

 
2.3.4.1 Quantification of dsRNA from cell-associated virions  

BHK cells were infected with either AHSV-2, AHSV-3 or AHSV-4 at a MOI of 10, with the virus 

inoculum being retained on the cells for the entire infectious period, and harvested at different 

times post infection over 48 hr, of which timing began the instant the virus was placed onto the 

cells. Samples were done in triplicate for each serotype and time interval. The total dsRNA was 

extracted from the infected cells only, as described in section 2.2.3, and represented virus that was 

cell associated. The total dsRNA was initially denatured and subsequently converted into cDNA by 

the use of the RevertAid H Minus first strand cDNA synthesis kit. The cDNA, 1 l of the undiluted 

cDNA reaction mixture, was used as the template within a real-time PCR reaction and each cDNA 

sample was analysed in triplicate. The cDNA of S5 was targeted by using specific primers to 

amplify a 340 bp region. The results were analysed using the LightCycler® 480 software and 

dsRNA samples were assigned estimated concentration values based on the standard curve 

generated from plasmid DNA (pGEM-AHSV4S5). If the standards are not within the same run as 

the cDNA samples, the amplification efficiencies of the standards and the cDNA samples must be 

identical. To compensate for this, one dilution sample from the standard was included in each real-

time PCR assay to compare the amplification efficiencies between the standards and the cDNA 

samples. When the efficiencies were identical the standard curve was imported and used to assign 

estimated concentration values to the cDNA samples. A plasmid standard was utilized in this 

study, as concentration values (in copy numbers) of input template in a real-time PCR reaction 

could be determined accurately. Even though the same fragment was amplified for the plasmid 

standard and the cDNA samples, the concept of obtaining “copy numbers” can not be interpreted 

literally as copies of cDNA, but was used as a comparative quantification measure.     

 

The crossing point values for the cDNA samples extracted from AHSV-infected BHK cells and their 

respective estimated concentrations were obtained, see Table 2.5. The table represents the 

average of the values (crossing point and estimated concentrations) obtained from the repeats. 

When analysis was done on the repeats at least two of the three repeats showed similar values 

and was used to obtain the average values for the crossing points and estimated concentrations. 

The estimated concentration values of the cDNA were subsequently used to generate a graph of 

estimated concentration value versus harvest time, as shown in Fig 2.25.   

 

The data in Table 2.5 and Fig 2.25 represents dsRNA from virions that were cell associated, as 

extractions were done from infected cells only and did not include the supernatant. A larger amount 

of dsRNA was extracted from AHSV-3-infected BHK cells as compared to the dsRNA extracted 

from cells infected with either AHSV-2 or AHSV-4, see Table 2.5, e.g. at 24 hr p.i. an estimated 
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concentration of 7.55x109 copies/l for AHSV-3 was obtained in comparison to 9.38x107 and 

1.42x108 copies/l for AHSV-2 and AHSV-4, respectively. However, viral production was greater 

within cells infected with either AHSV-2 or AHSV-4, as when comparing the estimated 

concentration obtained for the 18 hr p.i. time to that of the 3 hr time interval, dsRNA from AHSV-2- 

and AHSV-4-infected cells had increased by approximately 14- and 88-fold, respectively, with only 

an approximate 5-fold increase from cells infected with AHSV-3. When BHK cells were infected 

with AHSV-2, as observed in Fig 2.25, an increase of dsRNA occurred from 3 to 18 hr p.i, followed 

by a decrease to 36 hr p.i and a final increase from 36 to 48 hr p.i. BHK cells infected with either 

AHSV-3 or AHSV-4, showed an initial increase in dsRNA from 3 to 12 hr p.i and 3 to 18 hr p.i, 

respectively (see Fig 2.25). Serotypes 3 and 4 showed a similar pattern after 18 hr p.i, with a 

decrease in the amount of dsRNA between 18 to 24 hr p.i, followed by an increase from 24 to 36 hr 

p.i and a decrease after 36 hr p.i.  

 

 
Table 2.5. The crossing point (Cp) and estimated concentration values of cDNA, representing the 
mean of three identical experiments (± the standard deviation), of dsRNA extracted from AHSV-
infected BHK cells and indicating cell associated virions.  

AHSV-2 AHSV-3 AHSV-4 Harvest time 

(hr p.i.) Cp Estimated 

concentration 

(copies/l) 

Cp Estimated 

concentration 

(copies/l) 

Cp Estimated 

concentration 

(copies/l) 

3 17.12   

(±0.18) 

7.15E07 

(±7.88E06) 

13.29 

(±0.48) 

3.06E09 

(±8.72E08) 

20.08 

(±0.12) 

1.65E07 

(±1.16E06) 

6 16.16 

(±0.10) 

1.25E08 

(±7.07E06) 

11.17 

(±0.22) 

1.04E10 

(±1.30E09) 

17.40 

(±0.60) 

8.37E07 

(±2.91E07) 

12 13.68 

(±0.62) 

5.69E08 

(±1.99E08) 

10.14 

(±0.32) 

1.92E10 

(±3.60E09) 

14.64 

(±0.36) 

4.12E08 

(±8.84E07) 

18 12.68 

(±0.28) 

9.83E08 

(±1.66E08) 

10.58 

(±0.08) 

1.46E10 

(±7.20E08) 

12.51 

(±0.36) 

1.45E09 

(±3.00E08) 

24 17.28 

(±1.71) 

9.38E07 

(±7.44E07) 

11.70 

(±0.19) 

7.55E09 

(±7.09E08) 

16.45 

(±0.34) 

1.42E08 

(±2.79E07) 

30 17.62 

(±0.25) 

5.35E07 

(±7.99E06) 

11.06 

(±0.30) 

1.11E10 

(±1.78E09) 

16.09 

(±0.28) 

1.74E08 

(±2.85E07) 

36 20.61 

(±1.24) 

1.12E07 

(±7.22E06) 

10.56 

(±0.49) 

1.53E10 

(±4.33E09) 

12.95 

(±0.24) 

1.10E09 

(±1.64E08) 

48 17.50 

(±0.12) 

5.71E07 

(±4.02E06) 

15.24 

(±0.87) 

1.04E09 

(±5.03E08) 

14.80 

(±0.29) 

3.72E08 

(±6.64E07) 
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Fig 2.25. Estimated concentration values of cDNA, representing cell associated virus at different times post 

infection. The dsRNA extracted from either AHSV-2-, AHSV-3- or AHSV-4-infected BHK cells was converted 

into cDNA, amplified through real-time PCR and analysed using the LightCycler® 480 software. 

 

When analysing the estimated concentration values verse harvest times of the three serotypes, 

see Fig 2.25, it was observed that the values obtained at the 3 hr p.i. time were very different 

between the serotypes. To compare the serotypes to one another the data from Table 2.5 was 

therefore normalised to a percentage of the total cDNA, see Table 2.6 and Fig 2.26. Each 

estimated concentration value for a particular time interval was divided by the sum of the estimated 

concentration values for that serotype at all time intervals, and expressed as a percentage.   

  

 
Table 2.6. Estimated concentration values of cDNA expressed as a percentage of total cDNA, 
representing cell-associated virions at different times post infection.   

Harvest 

time 

(hr p.i.) 

Percentage of total cDNA 

for AHSV-2 

Percentage of total cDNA 

for AHSV-3 

Percentage of total cDNA 

for AHSV-4 

3 3.64 3.72 0.44 

6 6.36 12.64 2.23 

12 28.97 23.34 10.99 

18 50.05 17.75 38.66 

24 4.78 9.18 3.79 

30 2.72 13.50 4.64 

36 0.57 18.60 29.33 

48 2.91 1.26 9.92 
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Fig 2.26. The estimated concentration values of cDNA expressed as a percentage of total cDNA, 

representing cell-associated virions, at different times post infection.  

 

When analysing the estimated concentration values expressed as a percentage of total cDNA 

(representing dsRNA) from AHSV-2-infected cells an initial increase was observed from 3 to 18 hr 

p.i. (Fig 2.26), followed by no further production of dsRNA after 18 hr p.i. AHSV-3-infected cells 

showed an initial peak at 12 hr p.i, with a subsequent decline in dsRNA to 24 hr p.i, with a 

secondary peak at 36 hr p.i. and a further decrease after 36 hr p.i. When cells are infected with 

AHSV-4 viral production initially increased from 3 to 18 hr p.i, followed by a decrease in dsRNA to 

24 hr p.i, with a second increase to 36 hr p.i. and a finial decrease after 36 hr p.i. The first and 

second peaks observed for either AHSV-3 or AHSV-4 were not of similar viral production, as the 

second peak was lower. However, viral production for AHSV-2 in BHK cells was the greatest for 

the first 18 hr only, revealing that the majority of dsRNA was produced within the initial stages of 

infection, or at least observed when analysing the cell associated virions.  

 

The studies just described were done on infected cells harvested from 3 hr post infection, and did 

not include a sample taken directly after infection.  It was therefore not known if the dsRNA present 

at 3 hr still originated from parental virions, or represented newly synthesized dsRNA. To test this, 

dsRNA was extracted at 10 min, 1 hr, 2 hr and 3 hr post infection, converted into cDNA and 1l of 

the undiluted cDNA reaction mixture was quantified by real-time PCR. The average estimated 

concentration values of the sample repeats are shown in Table 2.7, and were plotted against 

harvest time on a graph (Fig 2.27).   
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Table 2.7. The estimated concentration values of cDNA, representing the mean of 3 identical 
experiments (± the standard deviation), dsRNA was extracted from BHK cells infected with either 
AHSV-2, AHSV-3 or AHSV-4, and indicating cell associated virions.  

Harvest 

times  

(hr p.i.) 

Estimated concentration 

(copies/l) from AHSV-2-

infected BHK cells 

Estimated concentration 

(copies/l) from AHSV-3-

infected BHK cells 

Estimated concentration 

(copies/l) from AHSV-4-

infected BHK cells 

0,17 2,73E08 (±1.81E07) 2.78E07 (±1.27E06) 8,07E07 (±9.85E06) 

1 6,46E08 (±6.67E07) 1.82E08 (±4.62E07) 4.86E07 (±7.33E06) 

2 3.45E08 (±2.05E08) 1.73E08 (±2.23E07) 2,16E08 (±1.44E07) 

3 5.24E08 (±7.09E07) 1.26E08 (±1.35E07) 3.14E08 (±2.12E07) 
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Fig 2.27. Estimated concentration values of cDNA, representing cell associated virus at different times post 

infection. The dsRNA extracted from either AHSV-2-, AHSV-3- or AHSV-4-infected BHK cells was converted 

into cDNA, amplified through real-time PCR and analysed using the LightCycler® 480 software. 

 

The estimated concentration values obtained from the earlier harvest times showed that when BHK 

cells were infected with either AHSV-2, AHSV-3 or AHSV-4, the levels of dsRNA remained 

relatively constant from 0 to 3 hr p.i, as shown in Fig 2.27. The virions that were present within 

infected cells, before the 3 hr harvest time, were of parental origin and the time subsequent to 3 hr 

p.i. was the presence of progeny virions.  

 

2.3.4.2 Quantification of dsRNA from cell-associated and released virions 

The previous studies were done by investigating only cell associated virus, and therefore the next 

step was to investigate the total viral yields, including cell associated and released virus. BHK cells 

were infected with either AHSV-2, AHSV-3 or AHSV-4 at a MOI of 5, with the virus inoculum 

retained on the cells for the entire infectious period. Infected cells were harvested at different time 

intervals post infection over a 48 hr period, followed by the extraction of dsRNA from both the cells 

and the supernatant. The dsRNA was pooled, converted into cDNA and 1l of the undiluted cDNA 

reaction mixture was analysed by real-time PCR. The estimated concentration values of the cDNA 
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samples (Table 2.8 and Fig 2.28) were estimated by the use of a plasmid DNA (pGEM-AHSV4S5) 

standard and results analysed using the LightCycler® 480 software.  

 

When investigating the total yields of dsRNA from AHSV-infected BHK cells, each cDNA sample 

and each harvest time, for a specific serotype, was analysed in triplicate. The results obtained from 

the real-time PCR assay showed that the repeats for a particular harvest time and serotype were 

significantly similar, as observed by the standard deviations. The average of the repeats were 

calculated, as shown in Table 2.8, and used to construct a graph of estimated concentration value 

versus harvest time, see Fig 2.28.     
 
Table 2.8. The crossing point (Cp) and estimated concentration values of cDNA, representing the 
mean of three identical experiments (± the standard deviation), of total yields of dsRNA from cell 
associated and released virions, at different times post infection.  

AHSV-2 AHSV-3 AHSV-4    Harvest 

time 

(hr p.i.) 
Cp Estimated 

concentration 

(copies/l) 

Cp Estimated 

concentration 

(copies/l) 

Cp Estimated 

concentration 

(copies/l) 

0.5 13.21 

(±0.30) 

1.39E09 

(±2.41E08) 

16.26 

(±0.13) 

5.16E08 

(±3.94E07) 

16.59 

(±0.11) 

1.89E08 

(±1.21E07) 

12 10.48 

(±0.28) 

6.93E09 

(±1.08E09) 

12.65 

(±0.07) 

4.30E09 

(±1.76E08) 

11.64 

(±0.14) 

3.48E09  

(±2.83E08) 

24 10.09 

(±0.14) 

8.99E09 

(±7.43E08) 

11.03 

(±0.08) 

1.12E10 

(±5.29E08) 

11.13 

(±0.17) 

4.70E09 

(±4.55E08) 

36 9.80   

(±0.15) 

1.03E10 

(±8.73E08) 

10.83 

(±0.12) 

1.26E10 

(±8.39E08) 

11.07 

(±0.15) 

4.87E09 

(±4.37E08) 

48 10.73 

(±0.16) 

5.93E09 

(±5.36E08) 

10.94 

(±0.04) 

1.18E10 

(±3.21E08) 

10.51 

(±0.19) 

6.77E09 

(±7.99E08) 
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Fig 2.28. Estimated concentration values of cDNA, representing total yields of dsRNA from cell associated 

and released virions, at different times post infection.  
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As observed from Fig 2.28, it can be seen that cells that were infected with AHSV-2, showed a 

steady increase in dsRNA from 0.5 to 12 hr p.i, followed by only a gradual increase to 36 hr p.i and 

a slight decrease to 48 hr p.i. When AHSV-3 was used to infect cells a steady increase could be 

seen from 0.5 to 24 hr p.i and after 24 hr p.i only a slight increase was noticed. The dsRNA from 

AHSV-4-infected cells revealed a steady increase from 0.5 to 12 hr p.i, followed by a moderate 

increase after 12 hr p.i. 

 

Similar trends were observed for cells infected with AHSV-3 and AHSV-4, refer to Table 2.8 and 

Fig 2.28, as a fold increase of greater than 20 was obtained from 0.5 to 24 hr p.i. A substantial 

amount of dsRNA was produced between the time period of 0.5 to 12 hr p.i. and 0.5 to 24 hr p.i. for 

AHSV-4 and AHSV-3, respectively. However, dsRNA extracted from AHSV-2-infected BHK cells 

showed only a slight increase in dsRNA production over the time period of 0.5 to 48 hr p.i. To 

compare the serotypes to one another the data was normalised to a percentage of the total cDNA 

(representing dsRNA), see Table 2.9 and Fig 2.29.  

 
Table 2.9. Estimated concentration values of cDNA expressed as a percentage of total cDNA, 
representing total yields of dsRNA from cell-associated and released virions, at different time post 
infection.    

Harvest 

time 

(hr p.i.) 

Percentage of total cDNA 

for AHSV-2 

Percentage of total cDNA 

for AHSV-3 

Percentage of total cDNA 

for AHSV-4 

0.5 4.19 1.28 0.94 

12 20.87 10.64 17.39 

24 26.08 27.71 23.49 

36 31.01 31.18 24.34 

48 17.86 29.20 33.83 
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Fig 2.29. The estimated concentration values of cDNA expressed as a percentage of total cDNA, 

representing total yields of dsRNA from cell associated and released virions, at different times post infection.  
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When analysing the estimated concentration values expressed as a percentage of total cDNA (Fig 

2.29) from AHSV-infected cells, the three serotypes showed an increase in dsRNA production (and 

therefore increase in viral production) from 0.5 to 24 hr p.i, with AHSV-2 and AHSV-4 being similar 

with regard to the trend. However, dsRNA production from AHSV-4-infected cells stayed constant 

from 24 to 36 hr p.i. and after 36 hr p.i. continued to increase. AHSV-2 on the other hand, 

proceeded to increase to 36 hr p.i, followed by a decrease after 36 hr p.i. This decease was 

unexpected as it is highly unlikely that the amount of accumulated dsRNA could decrease, and 

could be as a result of experimental error. When analysing the data for AHSV-3 it was observed 

that a steady increase occurred from 0.5 to 24 hr p.i., followed by a moderate increase to 36 hr p.i.      

 
2.3.4.3 Estimating infectious versus non-infectious viruses 

In the above experiments, the virus inoculum was not removed from the infected cells, but kept on 

the cells for the entire period until harvest, which was probably not the correct approach. An 

experiment was therefore done to determine what percentage of virus attaches to the cells within 

the first 3 hr of infection, taking the time from the moment the virus comes into contact with the 

cells, as the majority of the virus was thought to attach and enter the cells within the initial 3 hr. If 

the majority of virus entered the cells, then monitoring viral production would not have been 

influenced by the fact that the viral inoculum was retained on the cells. However, if the majority of 

virus did not enter the cells then quantification of viral production would be hampered by the 

presence of parental virions. BHK cells were infected with either AHSV-2, AHSV-3 or AHSV-4 at a 

MOI of 10. The virus inoculum was left on the cells for 3 hr, followed by the removal of the 

supernatant (medium). The cells were harvested immediately and the dsRNA was extracted from 

both the supernatant and the harvested cells, as described in section 2.2.3. In the case of the 

supernatant it was not initially pelleted by centrifugation, but first diluted 1:1 in 2 mM Tris 

(containing 0.5% TX-100), disrupted by dounce homogenisation and the virions were collected by 

centrifuged through a 40% sucrose cushion. The dsRNA was converted into cDNA and analysed 

by real-time PCR. The results from the real-time PCR assay were obtained using the LightCycler® 

480 software, see Table 2.10 where the average of the duplicate repeats are given. 

 
Table 2.10. The estimated concentration values of cDNA, from dsRNA extracted from virions found 
either within the supernatant or within the cells of AHSV-infected BHK cells. 

Serotype cDNA concentration 

(copies/l) from 

virions within the 

supernatant 

Percentage of cDNA 

from virions present 

within the  

supernatant 

cDNA concentration 

(copies/l) from 

virions which were 

cell associated 

Percentage of cDNA 

from virions  

associated with cells 

AHSV-2 7.68E08 48.0% 8.31E08 52.0% 

AHSV-3 2.92E07 13.2% 1.93E08 86.8% 

AHSV-4 4.99E07 10.5% 4.26E08 89.5% 
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The results from the real-time PCR assay of dsRNA extracted from virions found either within the 

medium (supernatant) or cells, showed an interesting outcome. It was originally hypothesized that 

the majority of virus becomes attached to the cells within the first 3 hr of infection, which was 

shown to be true for AHSV-3 and AHSV-4, see Table 2.10, with 87 to 90% of virus being cell 

associated. However, cells infected with AHSV-2 showed that an average of 52% of the virus 

attached to or entered the cells while the remainder of the virus was still within the supernatant.  

 

AHSV-2 showed only approximately 50% of virus entered cells and therefore it was of interest to 

determine the reason for the low infectivity. Similarly, when comparing the cDNA estimated 

concentration values (representing dsRNA) from the 0.5 or 3 hr p.i. time, variations were obtained 

between the different serotypes, as could be observed in Fig 2.25, 2.27 and 2.28. Even though the 

infections of the three serotypes were all done at the same MOI of 10, the cDNA estimated 

concentration values were very different. An investigation was subsequently done to determine the 

amount of dsRNA present within a viral stock of a specific titre. Viral stocks of AHSV-2, AHSV-3 or 

AHSV-4 were titrated to estimate the amount of infectious virus present within each viral stock. The 

appropriate amount from the viral stock, which reflected 1.8x107 infectious viruses, was subjected 

to a dsRNA extraction, followed by cDNA synthesis and analysed by real-time PCR. The estimated 

concentration values were obtained and processed using the LightCycler® 480 software, see 

Table 2.11, representing averages of triplicate repeats. 
 
Table 2.11. Estimated concentration values of cDNA, dsRNA was extracted from the viral stock of 
either AHSV-2, AHSV-3 or AHSV-4 (representing 1.8x107 infectious virus), converted into cDNA and 
assayed by real-time PCR.  

 

  

 

 

 

The estimated concentration of cDNA in the three viral stocks (AHSV-2, AHSV-3 or AHSV-4), each 

representing 1.8x107 infectious viruses, showed some interesting differences. Both serotypes 3 

and 4 had similar estimates of copies of cDNA. However, the values for serotype 2 were 

approximately four-fold higher than that of the other serotypes. The titres of any viral stock, only 

estimates the number of viruses that result in plaque formation, and therefore represent the 

amount of infectious virus. The use of a real-time PCR assay allows for the detection of both 

infectious and non-infectious virus (e.g. core particles or incomplete or otherwise defective viral 

particles). While the three viral inoculums contained equivalent numbers of infectious viruses, the 

AHSV-2 stock also contained a significant number of non-infectious viruses detected only as the 

presence of dsRNA. These findings could explain the difference observed in efficiency of infectivity 

Estimated concentration values (copies/l) of cDNA from viral stocks of AHSV 

AHSV-2 AHSV-3 AHSV-4 

1.70E09 3.67E08 3.74E08 
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as shown in Table 2.10, where only approximately 50% of viruses in the AHSV-2 inoculum enter 

cells.   

 

2.3.5 Monitoring the life cycle of AHSV in KC cells 
The aim of this part of the study was to quantify the amount of viral dsRNA from AHSV-infected KC 

cells. KC cells were used in this investigation to monitor viral production in these cells, as these 

cells are derived from the species, Culicoides variipennis, which is known to transmit AHSV. 

 

KC cells were infected with either AHSV-2, AHSV-3 or AHSV-4 at a MOI of 5, of which the viral 

stocks had previously been passaged on BHK cells. The viral inoculum was incubated on the cells 

for 3 hr and removed, of which timing began the moment the virus came into contact with the cells. 

Infected cells were harvested at different time intervals post infection over a 48 hr period and the 

dsRNA was extracted from both the cells and the supernatant. The dsRNA was pooled and 

subsequently converted into cDNA (as described in sections 2.2.3 and 2.2.4), analysed by real-

time PCR and estimated concentration values assigned by comparison with the plasmid standard 

(pGEM-AHSV4S5). The results were obtained using the LightCycler® 480 software. 

 

The estimated concentration values of the cDNA samples from the real-time PCR assay showed 

that for a particular time interval and serotype at least two of the three repeats were significantly 

similar. However, a few exceptions were noticed for the repeats of the same harvest time, as seen 

with the 24 hr and 36 hr time intervals for AHSV-4 and AHSV-2, respectively, see Table 2.12. The 

average of the repeats were calculated, as shown in Table 2.12, and used to construct a graph of 

estimated concentration value verse harvest time, refer to Fig 2.30. 

 

The initial cDNA estimated concentration values, of time interval 0.5 hr p.i, for cells infected with 

either AHSV-2, AHSV-3 or AHSV-4 were higher than estimated concentration values obtained from 

subsequent time intervals, as shown in Fig 2.30. The viral inoculum was incubated on the cells for 

3 hr and due to the fact that timing began the instant the virus came into contact with the cells, as a 

result the 0.5 hr time interval fell within the 3 hr period, of which the viral inoculum was still present 

and therefore the dsRNA from the parental virions were assayed. After this period the viral 

inoculum was removed, therefore subsequent time points after 3 hr would represent the production 

of progeny viruses. Throughout the infection (12 – 48 hr) there was no viral production, as the 

cDNA estimated concentrations remained fairly constant. The infections were done using virus that 

had been passaged through BHK cells, which could possibly have been the reason for no viral 

production as the virus could be affected by the medium in which the KC cells were propagated.  
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Table 2.12. The crossing point (Cp) and estimated concentration values of cDNA, representing the 
mean of three identical experiments (± standard deviations), of total yields of dsRNA from cell-
associated and released virions, at different times post infection. The dsRNA was extracted from KC 
cells infected with either AHSV-2, AHSV-3 or AHSV-4. ND = not done.   

AHSV-2 AHSV-3 AHSV-4 Harvest time 

(hr p.i.) Cp Estimated 

concentration 

(copies/l) 

Cp Estimated 

concentration 

(copies/l) 

Cp Estimated 

concentration 

(copies/l) 

0.5 10.37 

(±0.19) 

7.38E09 

(±8.64E08) 

14.45 

(±0.03) 

1.49E09 

(±2.89E07) 

11.29 

(±0.31) 

4.31E09 

(±7.82E08) 

12 15.06 

(±0.11) 

4.65E08 

(±3.01E07) 

15.83 

(±0.46) 

6.82E08 

(±1.84E08) 

15.29 

(±0.32) 

4.12E08 

(±7.62E07) 

24 16.05 

(±0.12) 

2.60E08 

(±1.85E07) 

16.30 

(±0.21) 

5.04E08 

(±5.93E07) 

15.81 

(±0.85) 

3.30E08 

(±1.55E08) 

36 17.18 

(±0.59) 

1.39E08 

(±4.43E07) 

ND ND 15.82 

(±0.39) 

3.02E08 

(±6.95E07) 

48 16.05 

(±0.39) 

2.64E08 

(±6.11E07) 

15.87 

(±0.03) 

6.47E08 

(±8.62E06) 

15.71 

(±0.14) 

3.18E08 

(±2.65E07) 
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Fig 2.30. Estimated concentration values of cDNA, representing dsRNA from cell-associated and released 

virions, at different times post infection.  

 

The above results showed that when KC cells were infected with AHSV-3, which had previously 

been passaged on BHK cells, the synthesis of new progeny virions did not take place. An 

investigation was done whereby AHSV-3 was passaged on KC cells and subsequently used for 

infections, to determine if it is required that the virus initially be adapted to the cells in which it 

infects in order to reproduce successfully. AHVS-3 was passaged once on KC cells and titrated, as 

detailed in section 2.2.2, and subsequently used to infect KC cells. The Cp values were obtained 

by comparison with the plasmid standard, pGEM-AHSV4S5, and estimated concentration values 

determined by the LightCycler® 480 software. The repeats within each sample and between 
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different samples of the same harvest time showed values that were significantly similar, as 

representative of the standard deviations, and therefore the averages were obtained, as shown in 

Table 2.13.       

 
Table 2.13. The crossing point (Cp) and estimated concentration values of cDNA extracted from 
AHSV-3-infected KC cells, representing total yields of dsRNA from cell-associated and released 
virions, at different times post infection, of which the virus had previously been passaged on KC 
cells.  

Harvest 

time    

(hr p.i.) 

Cp Estimated concentration 

(copies/l) 

0.5 11.77 (±0.29) 7.29E09 (±1.32E09) 

12 10.79 (±0.07) 1.29E10 (±5.31E08) 

24 10.70 (±0.13) 1.36E10 (±9.71E08) 

48 10.45 (±0.38) 1.61E10 (±3.59E09) 

  

 

At the time interval of 0.5 hr, the estimated concentration of cDNA was of parental origin as the 

virus inoculum was still present on the cells. A slight increase was observed from 0.5 to 48 hr p.i, 

showing that viral dsRNA was being produced within the KC cells. To compare viral production 

within KC cells using virus that had been passaged on either BHK or KC cells, a graph was 

constructed using the information from Table 2.12 (estimated concentration values for AHSV-3) 

and Table 2.13, see Fig 2.31.  
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Fig 2.31. Estimated concentration values of cDNA, from KC cells infected with AHSV-3 which had been 

passaged either on BHK or KC cells, representing dsRNA from cell-associated and released virions, at 

different times post infection.  

 

The results obtained from the comparison between viral production within KC cells infected with 

AHSV-3 that had been passaged on either BHK or KC cells showed a log-fold difference, see Fig 
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2.31. Indicating that viral production had improved when AHSV-3 had been passaged on KC cells.  

The virus had only been passaged once on KC cells and could possibly improve if passaged for 

more generations. In the previous investigation whereby viral production was monitored in BHK 

cells, refer to Table 2.10 and Fig 2.28, a steady increase occurred in the initial stages of infection 

and could have possibly been due to the fact that the virus had been passaged on these cells for 

many generations and had become adapted extensively to the cells.      

 
2.3.6 Titration analysis  
To determine the amount of infectious virions present within a sample, a titration analysis was 

performed. The results would then be compared with those obtained from the real-time PCR 

assay. BHK cells were infected with either AHSV-2, AHSV-3 or AHSV-4 at a MOI of 10, of which 

the viral inoculum was kept on the cells for the entire infectious period, and timing began the 

instant the virus came into contact with the cells. Infected cells were harvested at different time 

intervals over a period of 48 hr. The harvested cells were collected by centrifugation and the 

supernatant (medium) and cells were analysed separately by titrations. The titrations were done 

using Vero cells as mentioned in section 2.2.2. Over a period of days plaques were formed that 

represented individual infectious virus, as shown in Fig 2.32.   

       

                
Fig 2.32. The plaques which can be visualized from a titration analysis from infections of either AHSV-2 (A), 

AHSV-3(B) or AHSV-4 (C) on BHK cells. 

 

It was observed, from the titration analysis, that the sizes of the plaques were different between the 

serotypes. The plaques that were formed from the titration of AHSV-2 were smaller than the 

plaques obtained from either AHSV-3 or AHSV-4. The plaques from AHSV-4 showed a mixed 

population of small and large plaques. 

 

Total viral yields and release of infectious viral particles from AHSV-infected BHK cells were 

assayed by titrations. Each infection was titrated in duplicate and the averages of the duplicates for 

both the cellular fraction and supernatant was used for analysis, see Table 2.14. The titre values 

for both the cellular fraction and the supernatant were added to obtain the total number of 

infectious virus for a particular time interval post infection and were plotted onto a graph 

 A                                           B                                           C 
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corresponding to the harvest time, see Fig 2.33. Virus release was calculated by expressing the 

titres obtained from the supernatant as a percentage of the total titre for the 24 and 48 hr p.i. time 

intervals, shown in Fig 2.34. 

   
Table 2.14. Titre values obtained from AHSV-infected BHK cells over a 48 hr period and representing 
total viral yields (T) from both the cells (C) and supernatant (S).     

AHSV-2 AHSV-3 AHSV-4 Harvest 

time  

(hr p.i.) 

 

C 

 

S 

 

T 

 

C 

 

S 

 

T 

 

C 

 

S 

 

T 

3 3.80E06 3.20E06 7.00E06 2.40E06 5.40E06 7.80E06 4.30E06 4.00E06 8.30E06 

12 9.80E06 3.60E06 1.34E07 1.20E07 5.80E06 1.78E07 4.30E07 3.00E07 7.30E07 

24 1.44E07 9.00E06 2.34E07 1.50E07 6.50E06 2.15E07 3.50E07 2.50E07 6.00E07 

36 7.00E06 3.10E06 1.01E07 1.20E07 1.00E07 2.20E07 2.80E07 3.00E07 5.80E07 

48 9.80E06 8.70E06 1.85E07 8.50E06 6.40E06 1.49E07 1.80E07 2.00E07 3.80E07 
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Fig 2.33. The titre values from BHK cells infected with either AHSV-2, AHSV-3 or AHSV-4 and representing 

total viral yields from harvested cells and supernatant.   
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Fig 2.34. The percentage of viral release from AHSV-infected BHK cells at 24 and 48 hr p.i.   
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The results from the titration analysis showed that for all three serotypes the initial 3 hr harvest 

time were similar in their titre values, representing parental virions and viral inoculum, as shown in 

Fig 2.33. An increase was observed after 3 hr p.i. in the amount of infectious virus and a 

subsequent decrease after 12 hr p.i. (AHSV-4), 24 hr p.i. (AHSV-2) and 36 hr p.i. (AHSV-3). The 

time period between 36 to 48 hr p.i, showed that the amount of infectious virus had either 

increased for AHSV-2 or further decreased for AHSV-3 and AHSV-4. AHSV-2 and AHSV-3 

produced similar levels of total infectious viral yields of progeny virions, e.g. at 24 hr p.i. viral yields 

were 2.34 x 107 and 2,15 x 107 pfu/ml, respectively, see Table 2.14. AHSV-4 produced the highest 

yields of infectious virus at all times post-infection compared to AHSV-2 and AHSV-3. The 

decrease of infectious virions observed on the graph (Fig 2.33) could be as a result of lose of 

infectivity. 

 

The viral release profiles showed that a larger percentage of viruses remained cell-associated for 

cells infected with AHSV-2 and AHSV-3, with a nearly equal ratio of released to cell-associated 

virions for AHVS-4-infected cells, as observed in Fig 2.34. All serotypes used in this study, showed 

that as the infection progressed the overall number of virus release increased.           

 

The next step was to determine the amount of infectious virus produced from KC cells infected with 

either AHSV-2, AHSV-3 or AHSV-4, using the titration method. The procedure was performed as 

the above, except the infections were done using KC cells and the viral inoculum was removed 

from cells after 3 hr p.i. Each infection was titrated in duplicate, the averages of the duplicates for 

both the cellular fraction and supernatant was used for analysis, see Table 2.15. The total titre (of 

both the cellular fraction and the supernatant) were plotted onto a graph corresponding to the 

harvest time, see Fig 2.35, and the percentage of released viruses were calculated for 24 and 48 

hr p.i. and plotted on a graph, see Fig 2.36. 

 
Table 2.15. Titre values obtained from AHSV-infected KC cells over a 48 hr period and representing 
total viral yields (T) form harvest cells (C) and supernatant (S). ND = not done. 

AHSV-2 AHSV-3 AHSV-4 Harvest 

time 

(hr p.i.) 

 

C 

 

S 

 

T 

 

C 

 

S 

 

T 

 

C 

 

S 

 

T 

0 9.80E06 1.41E07 2.39E07 3.70E06 5.60E06 9.30E06 9.40E06 8.80E06 1.82E07 

12 1.30E06 2.25E05 1.53E06 8.90E05 5.80E04 9.48E05 2.20E06 2.10E05 2.41E06 

24 1.08E06 3.60E05 1.44E06 7.20E05 1.01E05 8.21E05 1.20E06 2.40E05 1.44E06 

36 3.80E05 3.80E04 4.18E05 ND ND ND 2.00E06 5.20E04 2.05E06 

48 5.50E05 5.00E04 6.00E05 9.5E05 7.00E05 1.65E06 1.02E06 2.25E05 1.25E06 
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Fig 2.35. The titre values from KC cells infected with either AHSV-2, AHSV-3 or AHSV-4 and representing 

total viral yields from harvested cells and supernatant.   
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Fig 2.36. The percentage of viral release from AHSV-infected KC cells at 24 and 48 hr p.i. 

 

The titre values from AHSV-infected KC cells showed no significant production of infectious virus, 

except for AHSV-3-infected KC cells from 24 to 48 hr p.i, see Fig 2.35. All serotypes showed an 

initial decease from 0 to 12 hr p.i, due to parental virions being present and therefore counted at 0 

hr p.i, as viral inoculum was only removed after 3 hr p.i. The virus that was used to infect the KC 

cells had been previously passaged in BHK cells and it could be for this reason that no production 

occurred, for the medium within the viral stock could have had a negative effect on the KC cells. 

When comparing the percentage of viral release from KC cells, as shown in Fig 2.36, the majority 

of viral particles were cell-associated for all serotypes at 24 hr p.i. Viral particles remained cell-

associated at 48 hr p.i. for serotypes 2 and 4, with 42% viral release for serotype 3.    

 

2.3.7 Hybridisation  
Hybridisation assays were done as an alternative and comparative method to the real-time PCR 

assay. Test samples that were used for the real-time PCR analysis, were assayed using the 

hybridisation method. BHK cells infected with either AHSV-2, AHSV-3 or AHSV-4, were harvested 

at different time intervals over a 48 hr period, and the total dsRNA was extracted using the method 

as described in section 2.2.3.1 and 2.2.3.2. Amounts of 1:4 and 1:20 dilutions of the total volume of 
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dsRNA, were blotted onto a membrane, hybridised with the DIG-labelled NS1 gene probe and 

visualized using a colour substrate (see section 2.2.9), as depicted in Fig 2.37. 

 

   

                           

                           
Fig 2.37. Hybridisation assays using an NS1 labelled probe for the detection of the NS1 gene. Total dsRNA 

extracted from BHK cells infected with either AHSV-2 (rows C to F), AHSV-3 (rows G to H and K to L) or 

AHSV-4 (rows M to P) at different time intervals over a 48 hr period. The standard controls used was a full-

length PCR product of NS1 (rows A and I) and the pGEM-AHSV4S5 plasmid (rows B and J). 

 

The controls consisted of a PCR product of the full-length NS1 (row A and I) and the plasmid 

(pGEM-AHSV4S5) containing NS1 (row B and J) each serially diluted (10-fold) from an initial 

concentration of 100 ng to a final concentration of 0.001 ng. The samples that were blotted 

consisted of dsRNA which had been extracted from BHK cells infected with either AHSV-2 (rows C 

to F), AHSV-3 (rows G to H and K to L) or AHSV-4 (rows M to P) of which infections were done in 

duplicate (sample 1 and 2). The dsRNA was blotted using either a 1:4 or 1:20 dilution of the 

extracted dsRNA volume, e.g. for AHSV-2 at 0 hr p.i. represented in lanes 1 (1:4) and 2 (1:20) of 

row C, respectively. Infected cells were harvested at different times post infection at 0 hr (lanes 1 

and 2 of rows C, E, G, K, M and O), 3 hr (lanes 3 and 4 of rows C, E, G, K, M and O), 12 hr (lanes 
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5 and 6 of rows C, E, G, K, M and O), 24 hr (lanes 1 and 2 of rows D, F, H, L, N and P), 36 hr 

(lanes 3 and 4 of rows D, F, H, L, N and P) and 48 hr (lanes 5 and 6 of rows D, F, H, L, N and P).   

The hybridisation assay showed sensitivity due to the fact that a difference was observed when 

analysing the 1:4 and 1:20 dilutions of the same sample. It was further observed that from 0 to 48 

hr p.i, for BHK cells infected with either AHSV-2 or AHSV-4, the intensities of the bands became 

darker as the infection progressed, due to more dsRNA (virus) being produced. However, with 

BHK cells infected with AHSV-3 the bands representing the times of 36 and 48 hr p.i. were not 

visible or were less intense than that of the bands for the 24 hr p.i. When comparing the reliability 

of the assay, the PCR control was compared to on the same membrane and between the two 

membranes. It showed different band intensities between the same dilution series (a decrease in 

band intensities) which should of occurred due to the 10-fold difference in dilution. However, when 

comparing the same dilution on the different membranes (Fig 2.37, row A and I, lanes 4 or 5) the 

band intensity were not similar. The hybridisation assay could not be used for quantification 

purposes, due to the appearance of background, as this could either overestimate or 

underestimate the true readings.    

 

2.3.8 CPE analysis  
The effects of AHSV on mammalian and insect cells were investigated by monitoring the timing 

and severity of CPE under a phase contrast microscope. BHK cells were infected with either 

AHSV-2, AHSV-3 or AHSV-4 at a MOI of 10 and photographed at different time intervals over a 48 

hr period, as shown in Fig 2.38. CPE was scored by evaluating the percentage of dead cells, see 

Table 2.16. Dead cells were detached from the surface of the culture plate and drifted into the 

culture medium, and were dark and round in appearance. Cell death of approximately 1 to 30% 

scored +1, 30 to 70% cell death scored +2 and 70 to 100% cell death scored +3.       

 

Cells that were infected with AHSV-2 and monitored over a 48 hr period, revealed that as early as 

3 hr p.i. a CPE of +1 was observed, with a CPE of +2  between the times of 6 to 12 hr p.i., followed 

by a CPE score of +3 from 15 hr p.i. At 9 hr p.i. an estimated 50% of the cells were dead and at 27 

hr p.i the majority of the cells showed complete CPE. AHSV-2-infected BHK cells show an early 

onset of CPE and cell death occurred rapidly. BHK cells that were infected with AHSV-3, showed a 

CPE of +1 between the times 3 to 18 hr p.i., a CPE of +2 at 21 hr p.i and a CPE score of +3 from 

24 to 48 hr p.i. Remarkably at 21 hr p.i an estimated 50% of cell death occurred, with 90% of cell 

death between 21 to 24 hr p.i. Cells infected with AHSV-3 showed a later onset of CPE than for 

AHSV-2, with a drastic decline in the number of viable cells after 21 hr p.i. Cells infected with 

AHSV-4 showed a CPE of +1 from 3 hr to 15 hr p.i, followed by a score of +2 between 18 to 21 hr 

p.i and a +3 score from 24 hr p.i. At 21 hr p.i approximately 50% of cell death was observed and 

only by 36 hr p.i. the majority of the cells were dead. BHK cells that were infected with AHSV-4 

showed a gradual increase in CPE over the 48 hr period. 
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Fig 2.38. Photographic images capturing the cytopathic effect of either AHSV-2-, AHSV-3- or AHSV-4-

infected BHK cells compared to uninfected cells. Cells were examined at different time intervals post 

infection under a phase microscope.  
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Table 2.16. Cytopathic effect seen on BHK cells infected with AHSV at an MOI of 10, showing the CPE 
score and percentage of dead cells after a certain time post infection.  

AHSV-2 AHSV-3 AHSV-4 Time (hr p.i.) 

CPE score % cell death CPE score % cell death CPE score % cell death 

3 +1 30 0 0 0 0 

6 +2 40 +1 <10 +1 10 

9 +2 50-60 +1 10 +1 10 

12 +2 60-70 +1 10-20 +1 10-20 

15 +3 70 +1 20 +1 20-30 

18 +3 70-80 +1 30 +2 30-40 

21 +3 80-90 +2 40-50 +2 50 

24 +3 80-90 +3 >90 +3 70 

27 +3 >90 +3 >90 +3 70-80 

30 +3 >90 +3 >90 +3 80-85 

33 +3 >90 +3 >90 +3 85-90 

36 +3 >90 +3 >90 +3 90 

39 +3 >90 +3 >90 +3 >90 

42 +3 >90 +3 >90 +3 >90 

45 +3 >90 +3 >90 +3 >90 

48 +3 >90 +3 >90 +3 >90 

 

 

To observe if AHSV would have an effect on insect cells, as that observed with mammalian cells, 

KC cells were infected with either AHSV-2, AHSV-3 or AHSV-4 at a MOI of 5. Photographic 

images were captured at different times post infection over a 48 hr period, as shown in Fig 2.39. 

KC cells that had been infected with either AHSV-2, AHSV-3 or AHSV-4, showed no visible signs 

of CPE. The only visible difference observed as the infections progressed with time, was the 

increase in the number of cells due to their replication.  
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Fig 2.39. Photographic images capturing the cytopathic effect of either AHSV-2-, AHSV-3- or AHSV-4-

infected KC cells or uninfected (mock) cells. Cells were examined at different time intervals post infection 

under a phase contrast microscope.   
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2.4 DISCUSSION  
 

Information gained about the life cycle of the AHSV within different cells and between different 

serotypes could aid in the better understanding of the virus. The first aim of this study was to 

complete comparative sequence analysis of segment 5 of AHSV serotypes 1, 2, 3, 4, 6 and 9. 

Segment 5 is highly conserved between the different serotypes and therefore it was possible to 

design one set of primers to amplify (by real-time PCR) a region on segment 5 of all analysed 

serotypes. The second aim of this study focused on developing a real-time RT-PCR assay to 

quantify and monitor dsRNA production from AHSV-infected cells. Monitoring viral dsRNA would 

reflect viral production, as dsRNA is found only within viral particles and not free within the 

cytoplasm of the host cell. When the real-time RT-PCR assay was optimised, several 

investigations were performed, which involved monitoring and comparing viral production of 

different serotypes in mammalian and insect cells. Quantification of AHSV was obtained using 

different techniques (e.g. real-time RT-PCR, a hybridization assay and by titration) and the 

sensitivity of these techniques were compared.  

 

To obtain more information on the characteristic of the NS1-gene of AHSV and in order to 

determine sequence conservation and divergence of this gene, segment 5 was sequenced and 

analysed. Prior to this study the sequences of serotypes 1 (Potgieter et al., 2009), 4 (Mizukoshi et 

al., 1992), 6 (Maree & Huismans, 1997) and 9 (L. Nel, GenBank no U01069) had been determined. 

When this study commenced, segment 5 of serotypes 2 and 3 had not been sequenced before. 

However, AHSV-4 had previously been sequenced, but due to different strains within a serotype, it 

was decided that serotype 4, from this study, should be sequenced.  

 

The full-length segment 5 sequences of AHSV serotypes 2, 3 and 4 were obtained and were 

compared to previously sequenced S5 segments of serotypes 1, 4, 6 and 9, as shown in appendix 

A1 and A2. The flanking sequence of the AUG codon (CAAACATGG) is a conserved sequence, 

identified previously as a translational initiation sequence (CXA/GXCAUGG) (Kozak, 1981) and was 

present in all analysed sequences of this study. A conserved region rich in A+T residues (of 

approximately 80 to 82%) was previously identified on segments 5 and 6 of BTV in the 3’ non-

coding region and thought to aid the viral transcriptase in the separation of the dsRNA segments 

(Gould et al., 1988). When the 3’ non-coding terminal of AHSV S5, was analysed from this study, a 

conserved A+T rich region of approximately 61 to 64% was recognized. Identified on the amino 

acid sequences were 16 conserved cysteine residues between serotypes 1, 2, 3 and 4 of AHSV. 

AHSV-6 and AHSV-9 have 15 and 17 cysteine residues, respectively, of which 14 are conserved 

with serotypes 1, 2, 3 and 4. Conservation of these residues could be found in the NS1 gene of 

BTV-10, as when previously compared with AHSV-6 showed to have 7 conserved cysteine 

residues (Maree & Huismans, 1997) and a comparison between BTV-10 and EHDV-2 showed 13 
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conserved cysteine residues (Nel et al., 1991). Cysteine residues of NS1 of BTV have shown to be 

important for the formation of NS1 into tubular structures (Monastyrskaya et al., 1994), of which 

these residues could possibly share the same attribute for AHSV. Previous reports identified areas 

with high conservation are predominantly hydrophobic and these regions contain the majority of 

the conserved cysteine residues, suggesting that the hydrophobic areas along with the cysteine 

residues are essential for the correct folding of the NS1 into its tertiary and quaternary structure 

(Maree & Huismans, 1997; Nel et al., 1991). 

 

When a sequence identity matrix was performed on the nucleotide and deduced amino acid 

sequences, as generated by BioEdit Sequence Alignment Editor, see Table 2.1 of results, AHSV-1 

showed the highest percentage amino acid identity, excluding the AHSV-6 and AHSV-9 

sequences, ranging from 98.9% for AHSV-3 and AHSV-4 to 99.8% for AHSV-4(N). AHSV-6 and 

AHSV-9 showed the lowest percentage amino acid identity when compared to all analysed 

sequences, ranging from 94.7% to 95.8% for AHSV-6 and 91.6% to 95.8% for AHSV-9. The high 

conservation of nucleotides and amino acids between these analysed serotypes was previously 

identified for serotypes 4, 6 and 9 (Maree & Huismans, 1997) and similar homologies were found 

for five United States BTV serotypes, as their segment 6 encoding NS1 showed a nucleotide 

sequence identity of over 92% (Hwang et al., 1993). Interestingly, a more substantial difference 

was observed between two isolates of the same serotype, namely AHSV-4 with 97.3% and 98.7% 

identity in nucleotide and amino acid sequence, respectively, than between two different serotypes, 

as AHSV-1 and AHSV-4(N) showed the highest percentage identity from all analysed sequences in 

this study. When comparing the sequences it was noted that NS1 was more similar in their amino 

acid sequences than their segment 5 nucleotide sequences, due to the degeneracy of the genetic 

code.  

 

When analysing the aligned amino acid sequences of serotypes 1, 2, 3, 4, 6 and 9, a region of 21 

amino acids from position 335 to 355 was identified, which had very little similarity and was as a 

result of serotypes 6 (Maree & Huismans, 1997) and 9 (L. Nel, GenBank no U01069) as all other 

serotypes had similar or identical amino acids for this region, see appendix 1B. Upon investigation 

of the nucleotide sequence it was noticed that a frame shift had occurred within the exact same 

position for both serotypes. This event (a frame shift at the same position within two different 

serotypes) could be a common event in the evolution of both these serotypes or could be as a 

result of manual sequencing error. Having sequenced and analysed AHSV segment 5 of serotypes 

1, 2, 3, 4, 6 and 9 a region homologous for all sequences was identified, see appendix 1A, and 

primers specific to segment 5 of AHSV were designed. These primers were then used to amplify a 

region on segment 5 when performing a real-time RT-PCR assay.  
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In order to quantify the amount of virus present within any given sample, a titration assay would 

normally be performed. However, a titre value does not necessarily represent the total amount of 

virus present, but instead only the amount of infectious virus. What could be quantified to give a 

better representation of the amount of virus, is the dsRNA, as either parental or progeny virions 

(including viral cores, defective viruses and complete virions) contain only one copy of each of the 

10 dsRNA segments. Quantifying the amount of dsRNA would therefore identify all viral particles 

and not only the infectious viruses, this would enable a more accurate measure of viral production, 

release and ultimately a better understanding of the life cycle of AHSV in a particular host cell. In 

order to quantify dsRNA the procedure of real-time PCR was investigated. However, before this 

procedure could be successfully utilised, several elements had to be addressed, namely extraction 

of dsRNA, cDNA synthesis and generation of a standard curve.  

 

Firstly, dsRNA had to be extracted from infected cells without the presence of ssRNA, as this 

would elevate the readings and would therefore not be a true representation of viral production. 

Once ssRNA is transcribed within the viral core, it enters the cytoplasm of the host cell to be either 

translated into proteins or used as a template for the synthesis of dsRNA, and therefore ssRNA 

would be in larger quantities than its respective dsRNA. To extract dsRNA, two different variations 

of a protocol was examined, either by centrifuging the cell lysate through a sucrose cushion to 

obtain virions which were then subjected to TRIZOL™ to extract their dsRNA or by the direct 

TRIZOL™ on harvested cells to obtain the dsRNA. Both methods proved successful in extracting 

both dsRNA and ssRNA, which meant that further manipulation would have to be done in order to 

purify the dsRNA. The results obtained from the above mentioned extraction protocols, showed 

that the cell lysate through a sucrose cushion was the better of the two protocols, as less ssRNA 

was present and was therefore chosen as the extraction protocol for further studies. Even though 

less ssRNA was present, a LiCl precipitation was included as the final step in the dsRNA extraction 

protocol, in order to remove the majority if not all of the ssRNA.  

 

The cDNA synthesis reaction was examined, of which the primer concentration was lowered, as 

poor amplification of cDNA by real-time PCR was occurring. An improvement on the amplification 

of cDNA was achieved, suggesting a high primer concentration had a negative effect on the cDNA 

amplification. When changes were made to the cDNA synthesis reaction, improvements were not 

substantial and therefore an alternative protocol for the cDNA synthesis reaction was investigated. 

The RevertAid H minus first strand cDNA synthesis kit proved to be the superior cDNA synthesis 

protocol, as amplification occurred that was considerable better than the previously altered 

protocol. When analysing the amplification, using the RevertAid H minus first strand cDNA 

synthesis reaction of dsRNA, it was noticed that non-specific products were present, which 

possibly originated as a result of not removing the random hexamer primers from the cDNA 

preparation before the PCR reaction. However, this was overcome by adjusting the amount of 
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input cDNA within the real-time PCR reaction, as to high of a template concentration resulted in 

little to no amplification of the desired product, with amplification of non-specific products.  

 

The use of real-time RT-PCR for the detection of AHSV has its advantages of being highly reliable, 

more sensitive and specific, and lower risks of cross-contamination in comparison to the 

techniques (ELISA and RT-PCR) which are commonly used to detect AHSV (Bremer & Viljoen, 

1998; du Plessis et al., 1990; Hamblin et al., 1990; Koekemoer & Dijk, 2004; Kweon et al., 2003; 

Laviada et al., 1992; Mizukoshi et al., 1994; Sailleau et al., 2000; Sakamoto et al., 1994; Stone-

Marschat et al., 1994; Zientara et al., 1994). Detection of AHSV by real-time RT-PCR has 

previously been done by targeting either total RNA (Aguero et al., 2008; Fernandez-Pinero et al., 

2009; Rodriguez-Sanchez et al., 2008) or dsRNA (Koekemoer, 2008). Real-time PCR can also be 

used to quantify viral loads and has previously been done for viruses consisting of a genome of 

dsRNA (rotavirus), ssRNA (HIV-1 & SARS-coronavirus) and dsDNA (MDV & HVT), whereby 

external standard curves were used to determine copy numbers of unknown samples (Gibellini et 

al., 2004; Islam et al., 2006; Keyaerts et al., 2005; Min et al., 2006). Quantification of AHSV by 

real-time RT-PCR using dsRNA to monitor the life cycle of the virus within cultured cells has not to 

my knowledge been done.  

 

When performing an absolute quantification by real-time PCR an external standard of known 

concentration values is used to determine the concentration values of test samples, as was done in 

this study. However, the absolute concentration values obtained for the cDNA samples could not 

be interpreted literally as copies of cDNA, as the standard curve was generated using plasmid 

DNA and therefore the values that were obtained were used for comparative studies between the 

three serotypes. To obtain true absolute quantification values, a dsRNA standard should have 

been utilised by either the isolation of segment 5 dsRNA from an agarose gel or the construction of 

a dsRNA template from transcripts of the two strands (Quan et al., 2010). The use of just an 

external standard, whether it may be DNA or RNA, still has its disadvantages with regard to having 

no internal controls. The use of internal controls ensures the adequate efficiency of the RNA 

extraction and the reverse transcription step, as well as confirming the absence of PCR inhibitors. 

Internal controls can either be an endogenous gene (housekeeping gene) or an exogenous 

transcript, plasmid or virus (Bustin, 2004; Hoffmann et al., 2009). The experimental design of this 

study could have been improved by spiking test samples with a known amount of AHSV prior to 

extractions, as this would ultimately have contributed to the reliability of the results. 

 

When a comparison between the levels of plasmid DNA or cDNA is required from different PCR 

runs, either the amplification efficiencies of the amplified products are to be same or an external 

standard is required to compensate for any differences (Bustin, 2004). In this study, one dilution 

sample from the standard was included in each real-time PCR assay to compare the amplification 
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efficiencies between the standards and the cDNA samples. When the efficiencies were identical 

the standard curve was imported and used to assign concentration values to the cDNA samples.   

When monitoring either total yields (cell-associated or released virions) or cell-associated virus of 

AHSV in BHK cells by real-time PCR, it was noted that the concentration values obtained at the 3 

hr p.i. time of the three serotypes were very different and therefore the absolute concentration 

values were not accurate for comparative studies of the three serotypes. To compare the 

serotypes to one another the data was normalised to a percentage of the total cDNA (representing 

dsRNA).  

 

Monitoring cell associated virus of AHSV-3- and AHSV-4-infected BHK cells over a 48 hr time 

period by real-time PCR, resulted in an initial increase in viral production after 3 hr p.i. to between 

12 and 18 hr p.i, followed by the release of virus from cells into the supernatant (to 24 hrs p.i.). A 

second increase in viral production was observed from 24 to 36 hr p.i, with a subsequent release of 

virus after 36 hr p.i. These findings possibly suggest that a second round of infection of released 

viruses were re-entering previously uninfected or infected cells to replicate further, as previously 

been suggested for BTV-infected cells, where super-infection was shown to occur (Hyatt et al., 

1989). A second wave of infection from core particles within the infected cells, could not be the 

reason for the observed result, as the second increase occurred after 24 hr p.i, which was much 

later then predicted and previously shown for rotavirus, where DLPs remained within the cells and 

were transcriptionally active early in infection and before 12 hr p.i. (Ayala-Breton et al., 2009). 

AHSV-2-infected cells showed an initial increase in viral production after 3 hr p.i. to 18 hr p.i, 

followed by the release of virus after 18 hr p.i. to 24 hr p.i. A second increase in viral production did 

not take place and after 24 hr p.i. the amount of virus which was cell associated was less than that 

at 3 hr p.i. When the CPE results were analysed for AHSV-2, the majority of cells at 24 hr p.i. were 

detached from the culture plate and were no longer viable, which would explain why a second 

round of infection did not take place. When comparisons were made between the different 

serotypes used in this study, with regard to cell-associated virus, viral production for AHSV-2 was 

the greatest for the first 18 hr only, revealing that the majority of dsRNA was produced within the 

initial stages of infection. BHK cells infected with either AHSV-3 or AHSV-4 showed an overall 

growth or increase in dsRNA (viral production), as the concentration values between the time 

periods, 6 – 36 hr p.i. and 6 – 48 hr p.i, respectively, were larger than the 3 hr p.i. concentration 

value. 

 

When assaying the viral stocks of the three serotypes, of which they all represented the same 

amount of infectious virus, the amount of dsRNA was approximately four-fold higher from serotype 

2 compared to serotypes 3 and 4. When analysis was done on the percentage of virus entry into 

cells within the first 3 hr after infection, the majority (over 80%) of virus from serotypes 3 and 4 

entered the cells within the first hour and two hours, respectively. AHSV-2 showed only 
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approximately 50% of virus entered cells and did so within the first hour after infection. AHSV-2 

showed to contain the highest amounts of dsRNA compared to serotypes 3 and 4 (extracted from 

the viral stocks), but only had an approximately 50% viral entry into cells, suggesting that a large 

amount of virus was non-infectious. Cells undergoing apoptosis as a result of infection could 

possibly be releasing harmful substances or toxins, which could be affecting the infectivity of the 

virus. Another reason could be that the infectivity of AHSV-2 is dependant on the cell line, from this 

study AHSV-2 could have been more infectious in Vero cells than in BHK cells. The amount of 

dsRNA from AHSV-3 and AHSV-4 viral stocks, were similar in value and percentage of viral entry, 

signifying that the majority of virus was infectious. When monitoring viral production of AHSV in 

mammalian cells, the viral inoculum should have been removed, to ensure that the quantification 

values obtained were from progeny and not parental virions.  

 

Viral production of AHSV was monitored in KC cells by real-time PCR and revealed no production 

of progeny virions. Previously, BTV was shown to replicate in KC cells (Mertens et al., 1996), so 

there was no reason why AHSV couldn’t replicate in the cells, unless the medium of the viral stock 

(as passaged on BHK cells) had a negative effect on the KC cells. An alternative explanation could 

be due to the fact that AHSV (used in this study) was adapted to BHK cells, as had been passaged 

many times through these cells. If the latter explanation was the reason for no viral production, 

than AHSV needed to be passaged on the KC cells in order to replicate efficiently, as was 

previously observed with C6/36 cells infected with BTV (Guirakhoo et al., 1995). AHSV-3 was then 

subsequently passaged on KC cells and then used to infect KC cells. An improvement in viral 

production occurred when AHSV-3 was first passaged on the KC cells. The results from this study 

were in agreement with the fact that for a particular virus to replicate efficiently in a specific cell 

line, it should first be adapted to those cells, when used in cell culture. AHSV was passaged only 

once on KC cells and in order to perform a comparative study on the viral production of AHSV in 

BHK and KC cells, further analysis needs to be done with regard to monitoring viral yields from KC 

cells, utilising AHSV which has been passaged numerous times on KC cells.   

 

Total viral yields and viral release profiles from AHSV-infected BHK cells were done by titration 

assays. When total viral yields were analysed, similar levels of viral production was observed for 

AHSV-2 and AHSV-3 ranging from between 2.15 – 2.34 x 107 pfu/ml at 24 hr p.i. and 1.49 – 1.85 x 

107 pfu/ml at 48 hr p.i. Similarly, when viral production was previously compared in Vero cells 

infected with either AHSV-2 or AHSV-3 similar titre values were obtained of between 0.7 – 1.1 x 

107 pfu/ml (Meiring et al., 2009). Viral production within AHSV-4-infected cells was approximately 

two-fold higher than that for AHSV-2 or AHSV-3. The production of infectious virus from cells 

infected with AHSV serotypes 2 and 3 were two-fold higher in BHK cells than in Vero cells, and 

approximately six-fold higher for AHSV-4-infected BHK cells compared to AHSV-4-infected Vero 

cells (Meiring et al., 2009). The serotypes analysed in this study showed a decrease in the amount 
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of infectious virus at 48 hr p.i., this possibly was due to the fact that either the medium became 

acidic or toxins were released from the cells as a result of infection, which could have resulted in 

the conformational change of the outer coat proteins and therefore would of affected their infectivity 

when analysed by titrations. When viral release of AHSV from BHK cells was monitored, the 

majority of virus was found to be cell-associated, at least within the first 24 hr p.i. A higher 

percentage of virus was released from AHSV-4-infected BHK cells than from cells infected with 

either AHSV-2 or AHSV-3, for at 48 hr p.i. 53% of virus was released from AHSV-4-infected cells 

compared to 47% and 43% from AHSV-2 and AHSV-3, respectively. Previously shown, AHSV-2-

infected Vero cells had the largest percentage of viral release in comparison to serotypes 3 and 4 

(Meiring et al., 2009).  

 

Viral production of AHSV within KC cells was minimal, for at 24 hr p.i. titres values were between 

8.21 x 105 pfu/ml to 1.44 x 106 pfu/ml for serotypes 2, 3 and 4. The majority of virus (over 80%) for 

serotypes 2 and 4 was cell associated over the 48 hr period, with the exception of AHSV-3, which 

showed 42% of virus being released from cells. Previously, AHSV-3-infected KC cells showed viral 

release of 43.5%, which was similar to what was obtained in this study. However, AHSV-2 and 

AHSV-4 showed a different amount of viral release of 35.6% and 72.5%, respectively (Meiring et 

al., 2009).    

 

When AHSV infects mammalian cells which are grown in cell culture, characteristic changes occur 

with regard to the morphology of the cell. These changes, classified as CPE, include cell rounding, 

detachment of cells from cell culture plate, as well as from neighbouring cells, apoptosis and lytic 

release of virus (Meiring et al., 2009; Mertens et al., 1987; Owens et al., 2004). Previously, CPE 

has been monitored in AHSV-infected mammalian and insect cells, showing that CPE occurs in 

mammalian cells, but not in insect cells (Coetzer & Guthrie, 2004; Meiring et al., 2009). In this 

study, BHK cells were infected with either AHSV-2, AHSV-3 or AHSV-4 and were visually 

monitored to observe the timing and severity of CPE. In the case of AHSV-2, the onset of CPE was 

relatively early at 3 hr p.i, with the majority of cells being detached from the cell culture plate by 27 

hr p.i. AHSV-3- and AHSV-4-infected BHK cells showed an onset of CPE at 6 hr p.i. However, 

AHSV-4 had less of a cytotoxic effect on cells compared to AHSV-2 and AHSV-3, as the severity of 

CPE increased gradually over the infectious period, with very few cells still attached by 30 hr p.i. 

AHSV-3-infected cells showed a steady increase in CPE from 6 to 21 hr p.i, followed by a steep 

increase in a relatively short period of time (between 21 and 24 hr p.i.), with the majority of cells 

detached at 24 hr p.i, earlier than what was observed with AHSV-2. These findings were similar to 

what was previously reported for AHSV-infected Vero cells, as AHSV-2 showed an earlier onset to 

CPE and was a great deal more cytotoxic then serotypes 3 and 4, whereas AHSV-4 showed a later 

onset and was less cytotoxic (Meiring et al., 2009). A difference was noted between the different 

cell lines, as BHK cells were affected to a greater degree (earlier onset to CPE) than Vero cells. 
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When either of the serotypes of AHSV, within this study, was used to infect KC cells, no difference 

was observed in regard to morphological changes to the cells, which was in agreement with 

previous studies (Martin et al., 1998).   

 

The results obtained from the three assays, namely real-time RT-PCR, titration and hybridisation, 

were compared to each other with regard to the intracellular trends. When the results were 

examined from the total viral yields of AHSV-infected BHK cells, dsRNA production increased to a 

certain point and then stayed relatively constant when analysed by real-time PCR. However, when 

total viral yields were titrated, an increase in viral production occurred, followed by a decrease. The 

main difference between the two procedures deals with what is being quantified, real-time RT-PCR 

quantifies the amount of dsRNA (and therefore viral production) present within a given sample, 

whereas the titration assay quantifies the amount of infectious virus. Real-time RT-PCR has its 

advantages as it quantifies not only infectious virus, but includes non-infectious and core particles. 

The hybridisation assay could not be compared with that of real-time RT-PCR, as the results 

obtained from the hybridisation assay were not of a good standard due to background interference. 

To compare these two techniques correctly, the hybridisation assay should not contain background 

interference and further analysis is required before any conclusions can be drawn.     

 

These findings may provide preliminary information that could direct future studies in the better 

understanding of the life cycle of AHSV in mammalian and insect cells. This study focused on the 

production of viral dsRNA, and could be extended to monitoring production of viral mRNA. 

Information gained in regard to the production and processing of viral mRNA and dsRNA could aid 

in the better understanding of the virus. The monitoring of viral yields and release profiles could aid 

in our understanding of the differences observed between mammalian and insect cells. The use of 

real-time RT-PCR has the potential to successfully monitor the life cycle of AHSV. However, 

internal controls are needed in order to evaluate dsRNA extraction, cDNA synthesis and PCR 

efficiency.  

 

2.5 CONCLUDING REMARKS 
 

AHSV infects both mammalian and insect cells, but the effect this virus has on these cells are very 

different. Mammalian cells infected with AHSV show CPE and the majority of virions are found 

within the cytoplasm of the cell (Meiring et al., 2009; Coetzer & Guthrie, 2004; Martin et al., 1998). 

However, insect cells show no noticeable CPE (Martin et al., 1998), with the majority of the virions 

being located within the culture medium (Meiring et al., 2009). There are not only distinct 

differences between mammalian and insect cells when infected with AHSV, but differences are 

apparent between the serotypes of AHSV. AHSV-2 induces a larger amount of membrane 

permeability, viral release and CPE on mammalian cells than serotypes 3 and 4 (Meiring et al., 
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2009). Many aspects of the AHSV life cycle in cell culture still remain to be investigated and 

therefore this study was aimed at investigating the replication cycle of the virus in mammalian and 

insect cell lines. The first aim of this study was to complete comparative sequence analysis of 

segment 5 of AHSV serotypes 1, 2, 3, 4, 6 and 9. Once this was achieved one set of primers was 

designed to amplify a region on segment 5 of all analysed serotypes. 

 

A titration assay is commonly performed when quantifying the amount of virus present within any 

given sample. However, a titre value represents the amount of infectious virus and does not 

necessarily represent the total amount of virus present. What could be quantified to give a better 

representation of the amount of virus, is the dsRNA, as parental or progeny virions (including viral 

cores, defective viruses and complete virions) contain only one copy of each of the 10 dsRNA 

segments. Quantifying the amount of dsRNA would therefore identify all viral particles and not only 

the infectious viruses, this would enable a more accurate measure of viral production, release and 

ultimately a better understanding of the life cycle of AHSV in a particular host cell. The second part 

of this study focused on developing a real-time RT-PCR assay to quantify and monitor dsRNA 

production from AHSV-infected cells. Once the assay was optimised, viral production was 

monitored in mammalian and insect cells using different AHSV serotypes.  

 

When monitoring cell-associated virus (mammalian cells infected with either AHSV-2, AHSV-3 or 

AHSV-4) a second round of infection of released viruses for serotypes 3 and 4 were re-entering 

previously uninfected or infected cells to replicate further. This had previously been suggested for 

BTV-infected cells, where super-infection was shown to occur (Hyatt et al., 1989). A second round 

of infection did not take place in AHSV-2 infected cells, which could have been as the result of the 

decrease in the number of viable cells, for at 24 hr p.i. the majority of cells were detached from the 

culture plate. Viral production (cell-associated and released) in mammalian cells showed an early 

increase from 0.5 to 12 hr p.i. followed by a moderate increase after 12 hr p.i. On the other hand, 

insect cells infected with AHSV initially showed no viral production when the virus used for 

infections were propagated on mammalian cells. The virus was therefore passaged on the insect 

cells and then subsequently used for infections, which resulted in an improvement in viral 

production. These findings suggest that for a virus to successfully replicate in a specific cell line, it 

should first be adapted to those cells, when used in cell culture.  

 

When monitoring viral production in mammalian cells the viral inoculum was retained on the cells 

for the entire period until harvest, which was probably not the correct approach. It was therefore 

decided that an investigation should be performed to determine what percentage of virus attaches 

to the cells within the first 3 hr of infection. If the majority of virus entered the cells, quantification of 

viral production would not be influenced by the fact that the viral inoculum was retained on the 

cells. However, if the majority of virus did not enter the cells then results would be influenced by 
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the presence of parental virions. Cells infected with serotypes 3 and 4 showed that the majority 

(over 80%) of virus entered the cells, with only approximately 50% viral entry being recorded for 

serotype 2. It was interest to determine the reason for the low infectivity and therefore an 

investigation was done to determine the amount of dsRNA present within samples representing 

equivalent amounts of infectious virus (i.e. same titre values) of AHSV serotypes 2, 3 or 4. The 

estimated concentration values were approximately four-fold higher from serotype 2 than from 

serotypes 3 and 4. AHSV-2 contained a significant number of non-infectious viruses detected only 

as the presence of dsRNA. The results obtained for serotypes 3 and 4 showed that the majority of 

virus was infectious. When monitoring viral production of AHSV in mammalian cells, the viral 

inoculum should have been removed, to ensure that the quantification values obtained were from 

progeny and not parental virions. In conclusion, titres only estimate the number of viruses that 

result in plaque formation, and therefore represent the amount of infectious virus. The use of a 

real-time PCR assay allows for the detection of both infectious and non-infectious virus.   

 

This study failed to quantify absolute concentration values of dsRNA from viral particles, as the 

standard used originated from plasmid DNA and should have been from dsRNA. The segment 5 

dsRNA could of been either isolated from an agarose gel or a dsRNA template could have been 

constructed from transcripts of the two strands (Quan et al., 2010). However, the results obtained 

were utilised as a comparative quantification measure. This study also lacked the presence of 

internal controls, which would have ensured the adequate efficiency of the RNA extraction and 

reverse transcription step, as well as to ensure the absence of PCR inhibitors.   

 

Additional knowledge is still required on the replication mechanisms and life cycle of AHSV, which 

might lead to the better control of the virus. The importance of developing better controls could be 

more urgent than we think as climate change due to global warming could prolong the lifespan of 

the midges and could possibly be contributing to the fact that non-vector species are becoming 

vector species.     
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 APPENDIX 1A 
The aligned sequences of S5 of AHSV-1, AHSV-2, AHSV-3, AHSV-4, AHSV-6 and AHSV-9. The lanes that are marked AHSV2, AHSV3 and AHSV4(N) are the 
S5 segments sequenced during this study, while the lanes marked AHSV-1 (Potgieter et al., 2009, GenBank no. AM883168), AHSV-4 (Mizukoshi et al., 
1992, GenBank no. D11390), AHSV-6 (Maree & Huismans, 1997, GenBank no. NC_006020) and AHSV-9 (Nel., 1993, GenBank no. U01069) are the 
sequences obtain from GenBank. The start and stop codons are indicated in bold and underlined. The AHVSNS1FP47 and AHSVNS1RP363 primers 
annealed to S5 at bp 47 to 70 and 363 to 386, respectively, as shown underlined.   
                                                                           
AHSV-1    GTTAAAGAACCTAGGCGGTTTGGCAACACACAAACATGGATAGGTTCTTGACTTATTTCCAGGTACGAGGAGAGAGAGCAAACGCTGTTCGGCTGTTTGG 
AHSV-2              GTTAAAGAACCTAGGCGGTTTGGCAACACACAAACATGGATAGATTCTTGACTTATTTCCAGGTACGAGGAGAGAGAGCAAACGCTGTTCGGCTGTTTGG 
AHSV-3              GTTAAAGAACCTAGGCGGTTTGGCAACACACAAACATGGATAGGTTCTTGACTTATTTCCAGGTACGAGGAGAGAGAGCAAACGCTGTTCGGCTGTTTGG 
AHSV-4(N)           GTTAAAGAACCTAGGCGGTTTGGCAACACACAAACATGGATAGGTTCTTGACTTATTTCCAGGTACGAGGAGAGAGAGCAAACGCTGTTCGGTTGTTTGG 
AHSV-4              GTTAAAGAACCTAGGCGGTTTGGCAACACACAAACATGGATAAGTTCTTGACTTATTTCCAGGTACGAGGAGAGAGAGCAAACGCTGTTCGGCTGTTTGG 
AHSV-6              GTTAAAGAACCTAGGCGGTTTGGCAACACACAAACATGGATAGGTTCTTGACTTATTTCCAGGTACGAGGAGAGAGAGCAAACGCTGTTCGGCTGTTTGG 
AHSV-9              GTTAAAGAACCTAGGCGGTTTGGCAACACACAAACATGGATAGGCTCTTGACTTATTTCCAGGTACGAGGGGAGAGAGCAAACGCTGTTCGGCTGTTTGG 
Clustal Consensus   ******************************************   ************************* ********************* ******* 
              
 
AHSV-1    AGAGATTTCCGAACAAATAGATTGCTCACATCTCAAACGAGATTGCTTTGTAAATGGAATATGTGCAAGGCAACACTTTAAAGAATGCTGTAATATTGCT 
AHSV-2              AGAGATTTCCGAACAAATAGATTGCTCACATCTCAAACGAGATTGCTTTGTAAATGGAATATGTGCAAGACAACACTTTAAAGAATGCTGTAATATTGCT 
AHSV-3              AGAGATTTCCGAACAAATAGATTGCTCACTTCTCAAACGAGATTGCTTTGTAAATGGAATATGTGCAAGACAACACTTTAAAGAATGCTGTAATATTGCT 
AHSV-4(N)           AGAGATTTCTGAACAAATAGATTGCTCACATCTCAAACGAGATTGCTTTGTAAATGGAATATGTGCAAGACAACACTTTAAAGAATGCTGTAACATTGCT 
AHSV-4              AGAGATTTCCGAACAAATAGATTGCTCACATCTCAAACGAGATTGCTTTGTAAATGGAATATGTGCAAGACAACACTTTAAAGAATGCTGTAATATTGCT 
AHSV-6              AGAGATTTCCGAACAAATAGATTGCTCACATCTCAAACGAGATTGCTTTGTAAATGGAATATGTGCAAGACAACACTTTAAAGAATGCTGTAATATTGCT 
AHSV-9              AGAGATTTCCGAACAAATAGATTGCTCACATCTCAAACGAGATTGCTTTGTAAATGGAATATGTGCAAGACAACACTTTAAAGAATGCTGTAATATTGCT 
Clustal Consensus   ********* ******************* *************************************** *********************** ****** 
 
 
AHSV-1    ACAGATAATGGCTCACGCACAAATGCAGATAAATTAGTGGCTTTAGCTTTGCGAGCACTTTTAGATAGACAAACTATTTGGACTTGTGTCATCAAAAATG 
AHSV-2              ACAGATAATGGCTCACGCACAAATGCAGATAAATTAGTGGCTTTAGCTTTGCGAGCACTTTTAGATAGACAAACTATTTGGACTTGTGTCATCAAAAATG 
AHSV-3              ACAGATAATGGCTCACGCACAAACGCAGATAAATTAGTGGCTTTAGCTTTGCGAGCACTTTTAGATAGACAAACTATTTGGACTTGTGTCATCAAAAATG 
AHSV-4(N)           ACAGATAATGGCTCACGCACAAATGCAGATAAATTAGTGGCTTTAGCTTTGCGAGCGCTTTTAGATAGACAAACTATTTGGACTTGTGTCATCAAAAATG 
AHSV-4              ACAGATAATGGCTCACGCACAAACGCAGATAAATTAGTGGCTTTAGCTTTGCGAGCACTTTTAGATAGACAAACTATTTGGACTTGTGTCATCAAAAATG 
AHSV-6              ACAGATAATGGCTCACGCACAAATGCAGATAAACTAGTGGCTTTAGCTTTGCGAGCACTTTTAGATAGACAAACTATTTGGACTTGTGTCATCAAAAATG  
AHSV-9              ACAGATAATGGCTCACGCACGAACGCAGATAAATTAGTAGCTTTAGCTATGCGAGCGCTTTTAGATAGACAAACTATTTGGGCTTGTGTCATCAAGAATG 
Clustal Consensus   ******************** ** ********* **** ********* ******* ************************ ************* **** 
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AHSV-1    CGGATTACGTTAGTCAATATGCTGATGAACAGATGGAGGAAGAAGTTAATAAGCTGTATGATGTCTATCTCCAGAGCGGGACGAGAGAGGAATTTGAAGG 
AHSV-2              CGGATTATGTTAGTCAATATGCTGATGAACAGATGGAGGAAGAAGTTAATAAGCTGTATGATGTCTATCTCCAGAGCGGGACGAGAGAGGAATTTGAAGG  
AHSV-3              CGGATTACGTTAGTCAATATGCTGATGAACAGATGGAGGAAGAAGTTAATAAGCTGTATGATGTCTATCTCCAGAGCGGGACGAGAGAGGAATTTGAAGG 
AHSV-4(N)           CAGATTACGTTAGTCAATATGCTGATGAACAGATGGAGGAAGAAGTTAATAAGCTGTATGATGTCTATCTCCAGAGCGGGACGAGAGAGGAATTTGAAGG 
AHSV-4              CGGATTACGTTAGTCAATATGCTGATGAACAGATGGAGGAAGAAGTTAATAAGCTGTATGATGTCTATCTCCAGAGCGGGACGAGAGAGGAATTTGAAGG  
AHSV-6              CGGATTACGTTAGTCAATATGCTGATGAGCAGATGGAGGAAGAAGTTAATAAGCTGTATGATGTCTATCTCCAGAGCGGGACGAGAGAGGAATTTGAAGG 
AHSV-9              CGGATTACGTTAGTCAATATGCTGATGAGCAGATGGAGGAAGAAGTTAATAAACTGTATGATGTCTATCTCCAGAGCGGGACGAGAGAGGAATTTGAAGG 
Clustal Consensus   * ***** ******************** *********************** *********************************************** 
 
 
AHSV-1    ATTTAGACAGAGGAATAGACCAAGTAGAGTTGTGATGGATGATAGCTGCTCAATGCTCTCATATTTTTACATTCCAATGAATCAAGGGAATCCAGCTCCA 
AHSV-2              ATTTAGACAGAGGAATAGACCAAGTAGAGTTGTGATGGATGATAGCTGCTCAATGCTCTCATATTTTTACATTCCAATGAATCAAGGGAATCCAGCTCCA 
AHSV-3              ATTTAGACAGAGGAATAGACCAAGTAGAGTTGTGATGGATGATAGCTGCTCAATGCTCTCATATTTTTACATTCCAATGAATCAAGGGAATCCAGCTCCA 
AHSV-4(N)           ATTTAGACAGAGGAATAGACCAAGTAGAGTTGTGATGGATGATAGCTGCTCAATGCTCTCATATTTTTACATTCCAATGAATCAAGGGAATCCAGCTCCA 
AHSV-4              ATTTAGACAGAGGAATAGACCAAGTAGAGTTGTGATGGATGATAGCTGCTCAATGCTCTCATATTTTTACATTCCAATGAATCAAGGGAATCCAGCTCCA 
AHSV-6              ATTTAGACAGAGGAATAGACCGAGTAGAGTTGTGATGGATGATAGCTGCTCAATGCTCTCATATTTTTACATTCCAATGAATCAAGGGAATCCAGCTCCA 
AHSV-9              ATTTAGACAGAGAAGTAGACCAAGTAGAGTCGTGATGGATGATAGTTGTTCAATGCTCTCATATTTTTACATTCCAATGAATCAAGGAAATCCAGCTCCA 
Clustal Consensus   ************ * ****** ******** ************** ** ************************************** ************ 
 
 
AHSV-1    GTTGCGAAGCTTAGCCGATGGGGTCAATTTGGAATTTGTTACTATGATAGAACAAATGTTGATGGATTGATTCCGTATGATGAGATCGGTTTAGCTCAAG 
AHSV-2              GTTGCGAAGCTTAGCCGATGGGGTCAATTTGGAATTTGTTACTATGACAGAACAAATGTTGATGGATTGATTCCGTATGATGAGATCGGTTTAGCTCAAG 
AHSV-3              GTTGCGAAGCTTAGCCGATGGGGTCAATTTGGAATTTGTTACTATGACAGAACAAATGTTGATGGATTGATTCCGTATGATGAGATCGGTTTAGCTCAAG 
AHSV-4(N)           GTTGCGAAGCTTAGCCGATGGGGTCAATTTGGAATTTGTTACTATGATAGAACAAATGTTGATGGATTGATTCCATATGATGAGATCGGTTTAGCTCAAG 
AHSV-4              GTTGCGAAGCTTAGCCGATGGGGTCAATTTGGAATTTGTTACTATGACAGAACAAATGTTGATGGATTGATTCCGTATGATGAGATCGGTTTAGCTCAAG 
AHSV-6              GTTGCCAAGCTTAGCCGATGGGGTCAATTTGGAATTTGTTACTATGATAGAACAAATGTTGATGGATTGATTCCGTATGATGAGATCGGTTTAGCTCAAG 
AHSV-9              GTTGCAAAGCTTAGCCGATGGGGTCAATTTGGAATTTGTTACTATGATAGGACAAATGTTGATGGATTGATTCCATATGATGAAATCGGTTTAGCTCAAG 
Clustal Consensus   ***** ***************************************** ** *********************** ******** **************** 
 
 
AHSV-1    CTATAGATGGCTTAAAGGATCTGATTGAAGGGCGATTGCCCGTTTGCCCTTATACTGGAGCGAATGGCAGGATTAATGCTGTTTTACATCTACCATTAGA 
AHSV-2              CTATTGATGGCTTAAAGGATCTGATTGAAGGACGATTGCCCGTTTGCCCTTATACTGGAGCGAATGGCAGAATTAACGCTGTATTACATCTACCATTAGA 
AHSV-3              CTATAGATGGTTTAAAGGATTTGATTGAAAGGCGATTGCCCGTTTGCCCTTATACTGGAGCGAATGGCAGGATTAATGCTGTTTTACATCTACCATTAGA 
AHSV-4(N)           CTATAGATGGCTTAAAGGATCTGATTGAAGGGCGATTGCCCGTTTGCCCTTACACTGGAGCGAATGGCAGGATTAATGCTGTTCTGCATTTACCATTAGA 
AHSV-4              CTATAGATGGTTTAAAGGATCTGATCGAAGGGCGATTGCCCGTTTGCCCTTATACTGGAGCGAATGGCAGGATTAATGCTGTTTTACATCTACCATTAGA 
AHSV-6              CTATAGACGGCCTAAAGGATCTGATTGAAGGGCGATTGCCCGTTTGCCCTTATACTGGAGCGAATGGTAGAATTAATGCTGTTTTACATTTACCATTAGA 
AHSV-9              CTATAGATGGTCTAAAAGATTTGATTGAAGGGCGATTGCCTGTTTGCCCTTATACTGGAGTGAATAGCAGGATTAATGCTGTTTTACATCTACCGTTAGA 
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AHSV-1    GATGGAGGTGATTATGGCGGTGCAGGAAAATGCAACACAATTAATGCGTAGAGCGGCACAGGATTTCAAATTCATCACACACGCTGGATGGAGGCTATAT 
AHSV-2              AATGGAAGTGATTATGGCGGTACAGGAAAACGCAACACAATTAATGCGTAGAGCGGCACAGGATTTCAAATTCATCACACACGCTGGATGGAAGCTATAC 
AHSV-3              GATGGAAGTGATTATGGCGGTACAGGAAAATGCAACGCAATTAATGCGTAGAGCGGCACAGGATTTCAAATTCATCACACACGCTGGATGGAAGCTATAC 
AHSV-4(N)           AATGGAGGTGATTATGGCAGTGCAGGAAAATGCAACACAATTAATGCGTAGAGCGGCACAGGATTTCAAATTCATCACACACGCTGGATGGAGGCTATAT 
AHSV-4              GATGGAAGTGATTATGGCGGTGCAGGAAAATGCGACACAATTAATGCGTAGAGCGGCACAGGATTTCAAATTCATTACACATGCTGGATGGAAGTTATAC 
AHSV-6              GATGGAGGTGATTATGGCGGTGCAGGAAAATGCAACACAATTAATGCGTAGAGCGGCACAGGATTTCAAATTCATCACACATGCTGGATGGAGGCTATAT 
AHSV-9              AATGGAAGTGATAATGGCAGTGCAGGAAAATGCTACACAATTAATGCGCAGAGCAGCACAGGATTTCAAATTCATCACACACGCTGGATGGAAGCTATAC 
Clustal Consensus    ***** ***** ***** ** ******** ** ** *********** ***** ******************** ***** ********** * ****  
 
 
AHSV-1    CCAAGATTGTTGCGACAACGGTTCGCGATCGAGGACGCTACGGAAGGGGTGATTCATCATGTGATGCTAGGCCATTTAAGATATTATGATGAAGATACAA 
AHSV-2              CCAAGATTATTGCGACAACGGTTCGCGATCGAGGACGCAACGCAAGGGGTGATTCATCATGTGATGCTAGGCCATTTAAGATATTATGATGAAGATACGA 
AHSV-3              CCAAGATTGTTGCGACAACGGTTCGCGATCGAGGACGCTACGGAAGGGGTGATTCATCATGTGATGCTAGGCCATTTAAGATATTATGATGAAGATACAA 
AHSV-4(N)           CCAAGATTGTTGCGACAACGGTTCGCGATCGAGGACGCTACGGAAGGGGTGATTCATCATGTGATGCTAGGCCATTTAAGATATTATGATGAAGATACAA 
AHSV-4              CCAAGATTGTTGCGACAACGGTTCGCGATCGAGGACGCAACGGAAGGGGTGATTCATCATGTGATGCTAGGCCATTTAAGATATTATGATGAAGATACAA 
AHSV-6              CCAAGATTGTTGCGACAACGGTTCGCGATCGAGGACGCTACGGAGGGGGTGATTCATCATGTGATGCTAGGCCATTTAAGATATTATGATGAAGATACAA 
AHSV-9              CCAAGATTGTTGCGACAACGTTTTGCGATCGGAGACGCTTGCGGAGGGGTGATTCATCATGTGATGCTTGGCCATTTAAGATATTATGATGGAGATACGA  
Clustal Consensus   ******** *********** ** *******  *****       *********************** ********************** ****** * 
 
AHSV-1    GTATCGTGAAGTATCGCTTCCTTAACGATGGATCTTTAGATTGGAGGACTTGGACAATTCCTTTACATCTGATGCGGACAGCAAGGTTGGGACATCTGCA 
AHSV-2              GTATCGTGAAGTATCGCTTCCTTAACGATGGATCTTTAGATTGGAGGACTTGGACAATTCCTTTACATCTGATGCGGACAGCAAGGTTGGGACATCTGCA 
AHSV-3              GTATCGTGAAGTATCGCTTCCTTAACGATGGATCTTTAGATTGGAGGACTTGGACAATTCCTTTACATCTGATGCGGACAGCAAGGTTGGGACATCTGCA  
AHSV-4(N)           GTATCGTGAAGTATCGCTTCCTTAACGATGGATCTTTAGATTGGAGGACTTGGACAATTCCTTTACATCTGATGCGGACAGCAAGGTTGGGACATCTGCA  
AHSV-4              GTATCGTGAAGTATCGCTTCCTTAACGATGGATCTTTAGATTGGAGGACTTGGACAATTCCTTTACATCTGATGCGGACAGCAAGGTTGGGACATCTGCA  
AHSV-6              GTATCGTGAAGTATCGCTTCCTTAACGATGGATCTTTAGATTGGAGGACTTGGACAATTCCTTTACATCTGATGCGGACAGCAAGGTTGGGACATCTGCA  
AHSV-9              GTATCGTAAAGTATTGCTTCCTTTACGATGGATCTCTAGATTGGAGGACTTGGACAGTTCCTTTACACCTGATGAGGACAGCGAGGTTGGGACATCTGCA  
Clustal Consensus   ******* ****** ******** *********** ******************** ********** ****** ******* ***************** 
 
 
AHSV-1    ACCGGAATCAATTTTAGTCTTTATGCATAAAAAACTCACATGTCAGGTATGTTTTATGGTTGACCTCGCTCTGCTTGACACAATCCCAGTGGTTGATTCA 
AHSV-2              ACCAGAATCAATTTTAGTCTTCATGCATAAAAAGCTTACATGTCAGGTATGTTTTATGGTTGACCTCGCTATGCTTGACACGATTCCAGTGGTTGATTCA  
AHSV-3              ACCAGAATCAATTTTAGTCTTCATGCATAAAAAGCTCACGTGTCAGGTATGTTTTATGGTTGACCTCGCTCTGCTTGACACAATCCCAGTGGTTGATTCA  
AHSV-4(N)           ACCGGAATCAATTTTAGTCTTTATGCATAAAAAACTCACATGTCAGGTATGTTTTATGGTTGACCTCGCTCTGCTTGACACAATCCCAGTGGTTGATTCA  
AHSV-4              ACCGGAATCAATTTTAGTCTTTATGCATAAAAAGCTCACATGTCAGGTATGTTTTATGGTTGACCTCGCTATGCTTGACACAATCCCAGTGGTTGATTCA  
AHSV-6              ACCGGAATCAATTTTAGTCTTTATGCATAAAAG-CCTACATGTCAGGTATGCTTTATGGTTGACCTCGCTCTGCTTGACACAATCCCGGTGGTTGATTCA  
AHSV-9              ACCGGAATCAATTTTGTTCTTTATGCATAAAAG-CTTACGTGTCAGGTATGTTTTATGGTTGACCTCGCTCTGCTTGACACAATCCCAGTGGTTGATTCA  
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AHSV-1    AAAATTGC-TGAACTAACAGGAGGCACAGATGTATTTTATACACGTGCGTATGTACATGCGGACAATCACAAAGTGCCAAATGTCAGAGATTTGATGATG 
AHSV-2              AAAATTGC-TGAACTAACGGGAGGCACAGATGTATTTTATACACGTGCGTATGTACATGCGGACAACCACAAAGCGCCAAATGTCAGAGATTTGATGATG  
AHSV-3              AAAATTGC-TGAACTAACAGGAGGCATAGATGTATCTTATACACGTGCGTATGTACATGCGGACAATCACAAAGTGCCAAATGTCAGAGATTTGATGATG  
AHSV-4(N)           AAAATCGC-TGAACTAACAGGAGGCACGGATGTATTTTATACACGTGCGTATGTACATGCGGACAATCACAAAGTGCCAAATGTCAGAGATTTGATGATG  
AHSV-4              AAAGTTGC-TGAACTAACAGGAGGCACAGATGTATTTTATACACGTGCGTATGTACATGCGGACAATCACAAAGTGCCAAATGTCAGAGATTTGATGATG  
AHSV-6              AAAGTTGCCTGAACTAACAGGAGGCACAGATGTACTTTATACACGTGCGTATGTACATGCGGACAATCACAAAGTGCCAAATGTCAGAGATTTGATGATG  
AHSV-9              AAAATTGCCTGAACTAACAGGGGGCACAGATGTGTTCTATACACGCGCGTATGTACATGCGGAGAATCACAAAGTGCCAAATGACAGAGATTTGATGATG  
Clustal Consensus   *** * ** ********* ** ****  *****    ******** ***************** ** ******* ******** **************** 
 
 
AHSV-1    AATGAAGTCTTCAGGAAGATCGATGATCATTGGGTGATTCAGAAGTGTCATACAACGAAGGAAGCGATTACTGTAACTGCAATTCAGATTCAGAGGTCGA 
AHSV-2              AATGAAGTCTTCAGGAAGATTGATGATCATTGGGTGATTCAGAAGTGTCATACAACGAAGGAAGCGATTACCGTAACTGCAATTCAAATCCAGAGGTCGA  
AHSV-3              AATGAAGTCTTCAGGAAGATCGATGATCATTGGGTGATTCAGAAGTGTCATACAACGAAGGAAGCGATTACCGTAACTGCAATTCAGATCCAGAGGTCGA  
AHSV-4(N)           AATGAAGTCTTCAGGAAGATTGATGATCATTGGGTGATTCAGAAGTGTCATACCACGAAGGAAGCGATTACTGTAACTGCAATTCAGATTCAGAGGTCGA  
AHSV-4              AATGAAGTCTTCAGGAAGATCGATGATCATTGGGTGATTCAGAAGTGTCATACAACGAAGGAAGCGATTACTGTAACTGCAATTCAGATCCAGAGGTCGA  
AHSV-6              AATGAAGTCTTCAGGAAGATCGATGATCATTGGGTGATTCAGAAGTGTCATACAACGAAGGAAGCGATTACTGTAACTGCAATTCAGATTCAGAGGTCGA  
AHSV-9              AATGAAGTTTTCAGGAAGATCGATGATCATTGGGTGATCCAGAAGTGTCATACAACGAAGGAAGCGATTACTGTAACCGCAATTCAGATCCAGAGGTCAA  
Clustal Consensus   ******** *********** ***************** ************** ***************** ***** ******** ** ******** * 
 
 
AHSV-1    TCAGAGGTGATGGGCAGTGGGATACTCCGATGTTTCACCAATCAATGGCTCTGTTAACACGATTGATTGTTTATTGGTTAACGGATGTGACTGAGAGAAG 
AHSV-2              TCAGAGGTGATGGACAGTGGGATACTCCGATGTTTCACCAATCAATGGCTCTGTTGACACGATTGATTGTTTATTGGTTAACGGATGTGACTGAGAGAAG  
AHSV-3              TCAGAGGTGATGGGCAGTGGGATACTCCGATGTTTCACCAATCAATGGCTCTGTTAACACGATTGATTGTTTATTGGTTAACGGATGTGACTGAGAGAAG  
AHSV-4(N)           TCAGAGGTGATGGGCAGTGGGATACTCCGATGTTTCACCAATCAATGGCTCTGTTAACACGATTGATTGTTTATTGGTTAACGGATGTGACTGAGAGAAG  
AHSV-4              TCAGAGGTGATGGGCAGTGGGATACTCCGATGTTTCACCAATCAATGGCTCTGTTAACACGATTGATTGTTTATTGGTTAACGGATGTGACAGAGAGAAG  
AHSV-6              TCAGAGGTGATGGGCAGTGGGATACTCCGATGTTTCACCAATCAATGGCTCTGTTAACACGATTGATTGTTTATTGGTTAACGGATGTGACTGAGAGAAG  
AHSV-9              TCAGAGGTGATGGGCAGTGGGATACTCCGATGTTTCACCAATCAATGGCTCTGTTAACACGATTGATTGTTTATTGGTTAACAGATGTGACTGAGAGAAG  
Clustal Consensus   ************* ***************************************** ************************** ******** ******** 
 
 
AHSV-1    TGCTATCTTTCGGCTGACTTGTTTCGCAATCTTCGGATGTAAGCCAACGGCTCGAGGTAGATATATTGATTGGGATGATCTTGGAACATTCATGAAGAAT 
AHSV-2              CGCTATCTTTCGGCTGACTTGTTTCGCAATCTTCGGATGTAAGCCAACAGCTCGAGGTAGATATATTGATTGGGACGATCTTGGAACATTCATGAAGAAC  
AHSV-3              CGCTATCTTTCGGCTGACTTGTTTCGCAATCTTCGGATGTAAGCCAACAGCTCGAGGTAGATATATTGACTGGGATGATCTTGGAACATTCATGAAGAAT  
AHSV-4(N)           TGCTATCTTTCGGCTGACTTGTTTCGCGATCTTCGGATGTAAGCCGACGGCTCGAGGTAGATATATTGATTGGGATGATCTTGGAACATTCATGAAGAAT  
AHSV-4              CGCTATCTTTCGGCTGACTTGTTTCGCAATCTTCGGATGTAAGCCAACAGCTCGAGGTAGATATATTGATTGGGATGATCTTGGAACATTCTTGAAGAAT  
AHSV-6              TGCTATCTTTCGGCTGACTTGTTTCGCAATCTTCGGATGTAAGCCAACGGCTCGAGGTAGATATATTGATTGGGATGATCTTGGAACATTCATGAAGAAT  
AHSV-9              CGCTATCTTTCGGCTGACTTGTTATGCAATCTTTGGATGTAAGCCAACAGCTCGAGGTAGATATATTGATTGGGACGATCTTGGAACGTTCATGAAAAAT  
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AHSV-1    GTGTTGGATGGAAGAGATTTGACCGTTTTGGAAGATGAAACATGTTTTATTTCGATGATGAGGATGGCGATGTTGCATGTGCAGAGATCCAAGGTAGTGT 
AHSV-2              GTATTGGATGGAAGAGATTTGACTGTTTTGGAAGATGAAACATGTTTTATTTCGATGATGAGGATGGCGATGCTACATGTGCAGAGATCCAAGGTAGTGT  
AHSV-3              GTGTTGGATGGAAGAGATTTGACTGTTTTGGAAGATGAAACATGTTTTATTTCGATGATGAGGATGGCGATGTTGCATGTGCAGAGATCCAAGGTAGTGT  
AHSV-4(N)           GTGTTGGATGGAAGAGATTTGACCGTTTTGGAAGATGAAACATGTTTTATTTCGATGATGAGGATGGCGATGTTGCATGTGCAGAGATCTAAAGTAGTGT  
AHSV-4              GTGTTGGATGGAAGAGATTTGACTGTTTTGGAAGATGAAACATGTTTTATTTCGATGATGAGGATGGCGATGTTGCATGTGCAGAGATCCAAGGCAGTGT  
AHSV-6              GTCTTGGATGGAAGAGATTTGACTGTTTTGGAAGATGAGACATGTTTTATTTCGATGATGAGGATGGCGATGTTGCATGTGCAGAGATCCAAGGTAGTGT  
AHSV-9              GTGTTAGATGGAAGAGACTTGACTGTTTTGGAAGATGAGACATGTTTTATTTCGATGATGAGGATGGCGATGTTGCATGTGCGGAGATCCAAGGTAGTGT  
Clustal Consensus   ** ** *********** ***** ************** ********************************* * ******* ****** ** * ***** 
 
 
AHSV-1    GCGCAACTGTGTTGGAGGCGCCATTGGAAATACAACAGGTTGGCCAGATCGTTGAAGTACCCTTTGATTTCATGCATAATTAGATCAAATTTAAAAGTTT 
AHSV-2              GCGCAACTGTGTTGGAGGCGCCATTAGAAATACAACAGGTTGGCCAGATCGTTGAAGTACCCTTTGATTTCATGCATAATTAGATCAGATTTAAAAGTTT  
AHSV-3              GCGCAACTGTGTTGGAGGCGCCATTGGAAATACAACAGGTTGGCCAGATCCTTGAAGTACCCTTTGATTTCATGCATAATTAGATCAAATTTAAAAGTTT  
AHSV-4(N)           GCGCAACTGTGTTGGAGGCGCCATTGGAAATACAACAGGTTGGCCAGATCGTTGAAGTACCCTTTGATTTCATGCATAGTTAGATCAAATTTAAAAGTTT  
AHSV-4              GCGCAACTGTGTTGGAGGCGCCATTGGAAATACAACAGGTTGGCCAGATCGTTGAAGTACCCTTTGATTTCATGCATAATTAGATCAAATTTAAAAGTTT  
AHSV-6              GCGCAACTGTGTTGGAGGCGCCATTAGAAATACAACAGGTTGGCCAGATCGTTGAAGTACCCTTTGATTTTATGCATAATTAGATTAAATTTAAAAGTTT  
AHSV-9              GCGCAACTGTGTTGGAGGCGCCATTGGAAATACAACAGGTTGGTCAGATCGTTGAGGTACCCTTTGATTTCATGCATAATTAGATCAAATTTAAAAGTTT  
Clustal Consensus   ************************* ***************** ****** **** ************** ******* ****** * ************ 
 
 
AHSV-1    G-TACCCGGGAAGTAGGTTAAG-ATCATATCCCCCTGGTT-CACAAACTTAC 
AHSV-2              G-TACCCGGGAAGTAGGTTAAG-ATCATATCCCCCTGGTTTCACAAACTTAC 
AHSV-3              G-TACCCGGGAAGTAGGTTAAG-ATCATATCCCCCTGGTTTCACAAACTTAC 
AHSV-4(N)           G-TACCCGGGAAGTAGGTTAAG-ATCATATCCCCCTGGTTTCACAAACTTAC 
AHSV-4              GGTACCCGGGAAGTAGGTTAAGGATCATATCCCCCTGGTTTCACAAACTTAC 
AHSV-6              G-TACCCGGGAAGTAGGTTAAG-ATCATATCCCCCTGGTT-CACAAACTTAC 
AHSV-9              G-TACCCGGGAAGTAGGTTAAA-ATCATATCCCCCTGGTT-CACAAACTTAC 
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APPENDIX 1B 
Deduced amino acid sequence of segment 5 of AHSV-1, -2, -3, -4, -6 and -9, aligned using ClustalW within BioEdit 7.0.8. A consensus line is displayed 
below the alignment with the following symbols denoting the degree of conservation observed in each column: ‘ * ‘ (identical residues in all sequences), ‘ 
: ‘  (highly conserved column) and ‘ . ‘ (weakly conserved column).  

 
AHSV-1    MDRFLTYFQVRGERANAVRLFGEISEQIDCSHLKRDCFVNGICARQHFKECCNIATDNGSRTNADKLVALALRALLDRQTIWTCVIKNADYVSQYADEQM 
AHSV-2              MDRFLTYFQVRGERANAVRLFGEISEQIDCSHLKRDCFVNGICARQHFKECCNIATDNGSRTNADKLVALALRALLDRQTIWTCVIKNADYVSQYADEQM  
AHSV-3              MDRFLTYFQVRGERANAVRLFGEISEQIDCSLLKRDCFVNGICARQHFKECCNIATDNGSRTNADKLVALALRALLDRQTIWTCVIKNADYVSQYADEQM  
AHVS-4(N)           MDRFLTYFQVRGERANAVRLFGEISEQIDCSHLKRDCFVNGICARQHFKECCNIATDNGSRTNADKLVALALRALLDRQTIWTCVIKNADYVSQYADEQM  
AHSV-4              MDKFLTYFQVRGERANAVRLFGEISEQIDCSHLKRDCFVNGICARQHFKECCNIATDNGSRTNADKLVALALRALLDRQTIWTCVIKNADYVSQYADEQM  
AHSV-6              MDRFLTYFQVRGERANAVRLFGEISEQIDCSHLKRDCFVNGICARQHFKECCNIATDNGSRTNADKLVALALRALLDRQTIWTCVIKNADYVSQYADEQM  
AHSV-9              MDRLLTYFQVRGERANAVRLFGEISEQIDCSHLKRDCFVNGICARQHFKECCNIATDNGSRTNADKLVALAMRALLDRQTIWACVIKNADYVSQYADEQM  
Clustal Consensus   **::*************************** ***************************************:**********:***************** 
 
 
AHSV-1    EEEVNKLYDVYLQSGTREEFEGFRQRNRPSRVVMDDSCSMLSYFYIPMNQGNPAPVAKLSRWGQFGICYYDRTNVDGLIPYDEIGLAQAIDGLKDLIEGR 
AHSV-2              EEEVNKLYDVYLQSGTREEFEGFRQRNRPSRVVMDDSCSMLSYFYIPMNQGNPAPVAKLSRWGQFGICYYDRTNVDGLIPYDEIGLAQAIDGLKDLIEGR  
AHSV-3              EEEVNKLYDVYLQSGTREEFEGFRQRNRPSRVVMDDSCSMLSYFYIPMNQGNPAPVAKLSRWGQFGICYYDRTNVDGLIPYDEIGLAQAIDGLKDLIERR  
AHVS-4(N)           EEEVNKLYDVYLQSGTREEFEGFRQRNRPSRVVMDDSCSMLSYFYIPMNQGNPAPVAKLSRWGQFGICYYDRTNVDGLIPYDEIGLAQAIDGLKDLIEGR  
AHSV-4              EEEVNKLYDVYLQSGTREEFEGFRQRNRPSRVVMDDSCSMLSYFYIPMNQGNPAPVAKLSRWGQFGICYYDRTNVDGLIPYDEIGLAQAIDGLKDLIEGR  
AHSV-6              EEEVNKLYDVYLQSGTREEFEGFRQRNRPSRVVMDDSCSMLSYFYIPMNQGNPAPVAKLSRWGQFGICYYDRTNVDGLIPYDEIGLAQAIDGLKDLIEGR  
AHSV-9              EEEVNKLYDVYLQSGTREEFEGFRQRSRPSRVVMDDSCSMLSYFYIPMNQGNPAPVAKLSRWGQFGICYYDRTNVDGLIPYDEIGLAQAIDGLKDLIEGR  
Clustal Consensus   **************************.*********************************************************************** * 
 
 
AHSV-1    LPVCPYTGANGRINAVLHLPLEMEVIMAVQENATQLMRRAAQDFKFITHAGWRLYPRLLRQRFAIEDATEGVIHHVMLGHLRYYDEDTSIVKYRFLNDGS 
AHSV-2              LPVCPYTGANGRINAVLHLPLEMEVIMAVQENATQLMRRAAQDFKFITHAGWKLYPRLLRQRFAIEDATQGVIHHVMLGHLRYYDEDTSIVKYRFLNDGS  
AHSV-3              LPVCPYTGANGRINAVLHLPLEMEVIMAVQENATQLMRRAAQDFKFITHAGWKLYPRLLRQRFAIEDATEGVIHHVMLGHLRYYDEDTSIVKYRFLNDGS  
AHVS-4(N)           LPVCPYTGANGRINAVLHLPLEMEVIMAVQENATQLMRRAAQDFKFITHAGWRLYPRLLRQRFAIEDATEGVIHHVMLGHLRYYDEDTSIVKYRFLNDGS  
AHSV-4              LPVCPYTGANGRINAVLHLPLEMEVIMAVQENATQLMRRAAQDFKFITHAGWKLYPRLLRQRFAIEDATEGVIHHVMLGHLRYYDEDTSIVKYRFLNDGS  
AHSV-6              LPVCPYTGANGRINAVLHLPLEMEVIMAVQENATQLMRRAAQDFKFITHAGWRLYPRLLRQRFAIEDATEGVIHHVMLGHLRYYDEDTSIVKYRFLNDGS  
AHSV-9              LPVCPYTGVNSRINAVLHLPLEMEVIMAVQENATQLMRRAAQDFKFITHAGWKLYPRLLRQRFAIGDACGGVIHHVMLGHLRYYDGDTSIVKYCFLYDGS  
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AHSV-1    LDWRTWTIPLHLMRTARLGHLQPESILVFMHKKLTCQVCFMVDLALLDTIPVVDSKIAELTGGTDVFYTRAYVHADNHKVPNVRDLMMNEVFRKIDDHWV 
AHSV-2              LDWRTWTIPLHLMRTARLGHLQPESILVFMHKKLTCQVCFMVDLAMLDTIPVVDSKIAELTGGTDVFYTRAYVHADNHKAPNVRDLMMNEVFRKIDDHWV  
AHSV-3              LDWRTWTIPLHLMRTARLGHLQPESILVFMHKKLTCQVCFMVDLALLDTIPVVDSKIAELTGGIDVSYTRAYVHADNHKVPNVRDLMMNEVFRKIDDHWV  
AHVS-4(N)           LDWRTWTIPLHLMRTARLGHLQPESILVFMHKKLTCQVCFMVDLALLDTIPVVDSKIAELTGGTDVFYTRAYVHADNHKVPNVRDLMMNEVFRKIDDHWV  
AHSV-4              LDWRTWTIPLHLMRTARLGHLQPESILVFMHKKLTCQVCFMVDLAMLDTIPVVDSKVAELTGGTDVFYTRAYVHADNHKVPNVRDLMMNEVFRKIDDHWV  
AHSV-6              LDWRTWTIPLHLMRTARLGHLQPESILVFMHKSLHVRYALWLTSLCLTQSRWLIQKLPELTGGTDVLYTRAYVHADNHKVPNVRDLMMNEVFRKIDDHWV  
AHSV-9              LDWRTWTVPLHLMRTARLGHLQPESILFFMHKSLRVRYVLWLTSLCLTQSQWLIQKLPELTGGTDVFYTRAYVHAENHKVPNDRDLMMNEVFRKIDDHWV  
Clustal Consensus   *******:*******************.****.*  :  : :    *     : .*:.***** ** ********:***.** ***************** 
 
 
 
 
AHSV-1    IQKCHTTKEAITVTAIQIQRSIRGDGQWDTPMFHQSMALLTRLIVYWLTDVTERSAIFRLTCFAIFGCKPTARGRYIDWDDLGTFMKNVLDGRDLTVLED 
AHSV-2              IQKCHTTKEAITVTAIQIQRSIRGDGQWDTPMFHQSMALLTRLIVYWLTDVTERSAIFRLTCFAIFGCKPTARGRYIDWDDLGTFMKNVLDGRDLTVLED  
AHSV-3              IQKCHTTKEAITVTAIQIQRSIRGDGQWDTPMFHQSMALLTRLIVYWLTDVTERSAIFRLTCFAIFGCKPTARGRYIDWDDLGTFMKNVLDGRDLTVLED  
AHVS-4(N)           IQKCHTTKEAITVTAIQIQRSIRGDGQWDTPMFHQSMALLTRLIVYWLTDVTERSAIFRLTCFAIFGCKPTARGRYIDWDDLGTFMKNVLDGRDLTVLED  
AHSV-4              IQKCHTTKEAITVTAIQIQRSIRGDGQWDTPMFHQSMALLTRLIVYWLTDVTERSAIFRLTCFAIFGCKPTARGRYIDWDDLGTFLKNVLDGRDLTVLED  
AHSV-6              IQKCHTTKEAITVTAIQIQRSIRGDGQWDTPMFHQSMALLTRLIVYWLTDVTERSAIFRLTCFAIFGCKPTARGRYIDWDDLGTFMKNVLDGRDLTVLED  
AHSV-9              IQKCHTTKEAITVTAIQIQRSIRGDGQWDTPMFHQSMALLTRLIVYWLTDVTERSAIFRLTCYAIFGCKPTARGRYIDWDDLGTFMKNVLDGRDLTVLED  
Clustal Consensus   **************************************************************:**********************:************** 
 
 
AHSV-1    ETCFISMMRMAMLHVQRSKVVCATVLEAPLEIQQVGQIVEVPFDFMHN 
AHSV-2              ETCFISMMRMAMLHVQRSKVVCATVLEAPLEIQQVGQIVEVPFDFMHN 
AHSV-3              ETCFISMMRMAMLHVQRSKVVCATVLEAPLEIQQVGQILEVPFDFMHN 
AHVS-4(N)           ETCFISMMRMAMLHVQRSKVVCATVLEAPLEIQQVGQIVEVPFDFMHS 
AHSV-4              ETCFISMMRMAMLHVQRSKAVCATVLEAPLEIQQVGQIVEVPFDFMHN 
AHSV-6              ETCFISMMRMAMLHVQRSKVVCATVLEAPLEIQQVGQIVEVPFDFMHN 
AHSV-9              ETCFISMMRMAMLHVRRSKVVCATVLEAPLEIQQVGQIVEVPFDFMHN 
Clustal Consensus   ***************:***.******************:********. 
 
 

 
 
 




