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Abstract 

Arthropod-borne viruses (arboviruses) cause diseases of significant consequence to human and 

animal health. The aspect of the lifecycle that distinguishes an arbovirus from another viral 

group, is the requirement for replication in an arthropod vector and vertebrate host. Culicoides 

midges (order: Diptera; family: Ceratopogonidae) transmit several arboviral diseases of 

economic importance including bluetongue virus (BTV), a double-stranded RNA virus within 

the genus Orbivirus (family: Reoviridae).  

 

The ability of an arbovirus, such as BTV, to replicate, disseminate and be transmitted to a 

susceptible host is determined by the interaction between extrinsic factors, such as the titre of 

ingested virus, and intrinsic factors such as the particular viral and vector genotype. This 

process is poorly understood. Here, data are presented to address this, describing BTV infection 

and replication in a model species, Culicoides sonorensis. 

 

The percentages of infected cells were objectively determined in insect tissues using automated 

image classification. BTV infected cells of the posterior midgut and the number of cells 

infected were viral strain and dose-dependent and correlated with infection rate. Virus 

replicated to high levels in the compound eyes, fat body and epithelial cells. The brain and 

other neural tissues were infected at later times tested, coinciding with the expected time of 

BTV transmission. Viral RNA and antigen were undetectable in the salivary glands and 

oocytes, but were detected at high prevalence in the mouthparts.  

 

These data show, for the first time, that Culicoides-borne arboviruses may exploit an alternative 

mechanism for transmission to a host than that used by mosquito-borne arboviruses. BTV may 

be transmitted directly from the mouthparts, without requiring the ability to replicate in the 

salivary glands. 
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1.1. Introduction to Bluetongue virus 

 

Bluetongue virus (BTV) (genus: Orbivirus; family: Reoviridae) is a globally distributed 

arbovirus capable of infecting ruminants (taxa: Ruminantia; sub-order: Tylopoda) as well as 

carnivorous species, specifically canines and felines (Alexander et al., 1994). The resulting 

bluetongue disease in cattle and sheep is of major economic and veterinary importance. 

Since BTV was first described by Hutcheon (Hutcheon, 1881, Hutcheon, 1902) and Spreull  

(Spreull, 1905) in South Africa, 27 serotypes of BTV (BTV-1 to BTV-27) have been 

identified and formally recognised (Jenckel et al., 2015, Maan et al., 2011). Several other 

strains that represent additional serotypes are currently under analysis. Most BTV serotypes 

are endemic to regions between latitudes approximately 40°N and 35°S (Wilson and Mellor, 

2009), correlating with the presence of species of Culicoides biting midges (order: Diptera; 

family: Ceratopogonidae) competent to transmit BTV (Foster et al., 1963, Du Toit, 1944). 

Possible exceptions to this rule include strains of BTV-25, 26 and 27, which may be spread 

by direct contact transmission (Maan et al., 2011, Batten et al., 2013, Pullinger et al., 2016, 

Schulz et al., 2016). 

 

BTV is the causative agent of Bluetongue (BT) disease (Theiler, 1904), a highly pathogenic 

disease of sheep and, less frequently, cattle (which serve as a reservoir host) (Bekker et al., 

1934, Luedke et al., 1967). The duration of viraemia infectious to C. sonorensis can last up 

to 21 days post-infection (dpi) in sheep and cattle (Bonneau et al., 2002). However, viral 

RNA in blood can be isolated as early as 3 days dpi in sheep (Darpel et al., 2007). Clinical 

manifestations of BT correspond with high levels of viral RNA (Worwa et al., 2010) and 

include: cyanosis of the tongue, pyrexia, hyperaemia, oedema and eventual death (Erasmus, 

1975, Darpel et al., 2007, Worwa et al., 2010). The frequency and severity of such clinical 

signs depends on the breed, age and immune status of the affected animal, as well as on the 

serotype/strain.  

 

Although severe outbreaks of BT can occur in endemic regions, recently seen in southern 

India (Rao et al., 2016). BT is predominantly sub-clinical in endemic regions, including the 

Americas, northern Australia, Africa, the Iberian Peninsula of Europe and southern Asia 

(MacLachlan, 2004, Kahn and Anon, 2005), largely due to high levels of acquired immunity, 

protection from infection by vaccination with live-attenuated BTV strains, inactivated tissue 

culture derived vaccines and the use of BT-resistant livestock breeds. BT causes substantial 

economic losses, with global costs resulting from high mortality and morbidity levels, 
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reduced reproductive performance, growth rates and milk yields, as well as costs associated 

with control of animal movements, trade, vaccination programmes and enhanced 

surveillance (MacLachlan and Osburn, 2006). The global costs due to incidence of BT is 

estimated to amount to $3 billion per annum (Tabachnick, 1996).  

 

In areas outside of endemic regions, such as northern Europe, substantial losses can result 

from direct mortality and morbidity in European sheep breeds (Bekker et al., 1934). Since 

1998, outbreaks of BT caused by seven serotypes (BTV-1, 2, 4, 8, 9, 16 and 27) have 

occurred in over 12 European countries (Purse et al., 2005), resulting in the death of over 

1.5 million sheep (Carpenter et al., 2006). Infections associated with mild or unapparent 

clinical signs have also been detected, caused by vaccine derived strains of BTV-6, 11 and 

14 (Batten et al., 2008), or a ‘novel’ serotype, BTV-25 (Hofmann et al., 2008). BTV poses 

an increasing risk to the economies in northern temperate climes due to recent changes in 

climate, specifically temperatures exceeding 12.5°C for 7 months per annum (Sellers and 

Mellor, 1993). Such climate changes have enabled, or facilitated, the overwintering of BTV 

as well as transmission of the virus during warmer winter months (Purse et al., 2005).  

 

In 2006, BTV serotype 8 (BTV-8) was detected in several countries in northern Europe and 

reached the UK in 2007 (Wilson and Mellor, 2009). The outbreak provided the first report 

of BTV beyond latitude 52°N (OIE, 2006) and was likely caused by a strain originating from 

sub-Saharan Africa (Maan et al., 2008). The recrudescence of BTV-8 in France during 2015, 

shows that the threat of BTV to the UK is still present. A qualitative risk assessment 

predicted a 60 to 80% risk of incursion of BTV-8 into the UK in late summer 2016 

(Carpenter et al., 2016). Although this did not happen, the restriction zones spread to the 

north coastal regions of France in 2016 (OIE, 2016). It is therefore of topical and 

socioeconomic importance to understand the mechanisms of transmission and the biology 

of BTV. 

 

 

1.1.1. Structure of the BTV particle 

Although there are twenty-two arboviruses within the non-enveloped genus Orbivirus 

(Casals, 1973), BTV is the type species (Mertens et al., 2005) and is the best characterised 

structurally. The 10 segments of linear dsRNA which form the ~19.2 kbp genome of BTV 

(Grimes et al., 1998, Gouet et al., 1999, Roy, 1989) encode 7 structural proteins (VP1 to 

VP7) and 4 non-structural proteins. The non-structural proteins encoded by BTV are NS1, 
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NS2, NS3 (Fukusho et al., 1989, Van Dijk and Huismans, 1988, Mertens et al., 1984) and 

NS4 (Ratinier et al., 2011, Belhouchet et al., 2011). Recently, a possible fifth non-structural 

protein (S10-ORF2) was identified (Stewart et al., 2015) (table 1.1).  

 

 

Table 1.1: Bluetongue virus genomic segments, the proteins encoded and protein functions 

(Boyce et al., 2012a, Chauveau et al., 2013, Mertens et al., 2004, Mertens and Diprose, 2004, 

Ratinier et al., 2011, Roy, 2005, Roy, 2008a, Roy, 2008b, Stewart et al., 2015) 

 

Genomic 

segment 

Length 

(bp)* 

Protein 

(size KDa**) 
Protein function 

1 3944 VP1 (1302) RNA-dependent RNA-polymerase 

2 2940 VP2 (961) 
Outer-capsid protein. Receptor binding; 

cell entry 

3 2772 VP3 (901) Sub-core shell protein. Cell exit 

4 1981 VP4 (644) RNA-capping enzyme 

5 1772 NS1 (552) 
Molecular chaperone in assembly; 

regulation of BTV protein expression 

6 1635 VP5 (526) 
Outer-capsid protein. Cell entry; 

endosome membrane penetration 

7 1156 VP7 (349) Binding of core particles to insect cells 

8 1125 NS2 (354) 
VIB formation; ssRNA binding and 

packaging 

9 1049 
NS4 (77) 

VP6 (329) 

IFN antagonist 

Helicase 

10 822 
NS3/NS3a (229) 

S10ORF2 (NS5) (50) 

Viral egress; IFN antagonist 

Vector or host infection 

 

* Correspond to BTV-1 RSArrrr/01 (GenBank accession numbers: JX680457 to 66). 

** Correspond to BTV-1 (GenBank accession numbers: AFV68261 to 71). 
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Every 86 nm BTV virion (Figure 1.1) contains one copy of each genome segment (Gouet et 

al., 1999, Grimes et al., 1998, Prasad et al., 1992), enclosed within the three-concentric 

protein layers of the capsid. Each genome segment usually encodes a separate protein, with 

the exception of segment 9, which encodes both NS4 and VP6 (Belhouchet et al., 2011, 

Ratinier et al., 2011, Stauber et al., 1997) and segment 10, which encodes both S10-ORF2 

(NS5) and NS3 (Bansal et al., 1998, Stewart et al., 2015). The protein layers forming the 

virion includes an inner most ‘sub-core’, composed of 120 copies of VP3, containing the 

genome segments associated with the transcription complexes, comprising VP6, VP1 and 

VP4, which are located at the inner surface of VP3 (T2) shell (Gouet et al., 1999). The outer 

layer of the 700 angstrom (Å) diameter core is composed of 780 copies of VP7 arranged in 

trimers (T13) (Grimes et al., 1998) and provides the basis for attachment of the outer capsid 

layer, comprised of 360 copies of VP5 and 180 copies of VP2 (Grimes et al., 1995). VP2 is 

arranged in 60 trimeric sub-units that are responsible for haemaglutination (Cowley and 

Gorman, 1987), serotype specificity (as assessed by serum neutralisation assay, (Mertens et 

al., 1989) or PCR, (Mertens et al., 2007)), cell attachment and receptor binding (Zhang et 

al., 2010b).  

 

Figure 1.1 

 

 

Figure 1.1: Structure of a Bluetongue virus particle (adapted from (Mertens et al., 2005)). 
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1.1.2. The BTV replication cycle 

The lifecycle of BTV is relatively well characterised in mammalian cell culture (Figure 1.2). 

BTV particles can attach to a host cell as intact particles, or as core particles (CPs) lacking 

the outer VP2-VP5 capsid layer. CPs bind to an insect cell membrane via the arginine-

glycine-aspartate (RGD) tripeptide on VP7 (Tan et al., 2001). CPs are much less infectious 

for BHK cells than intact particles, but have a 1000-fold higher infectivity for Culicoides 

sonorensis (KC) cells as compared to BHK-21 cells (Mertens et al., 1996b). In view of the 

high sequence diversity detected in VP2 of BTV, it is possible that different serotypes use 

different entry pathways. Indeed, entry of intact BTV particles may arise either via clathrin-

mediated endocytosis (CME), shown for BTV-10 (Forzan et al., 2007), or a 

macropinocytosis-like pathway, demonstrated for BTV-1 (Gold et al., 2010, Stevens, 2016). 

VP5 of intact BTV particles penetrates the cellular membrane (Hassan et al., 2001) and may 

penetrate the lysosome of late endosomes by interacting with host lipid factor, 2,2-dioleoyl 

lysobisphosphatidic acid (LBPA) (Patel et al., 2016). Particles are uncoated by the low pH 

of early endosomes upon CME (Forzan et al., 2007). Uncoating involves initial cleavage of 

VP2 and release of the 69 nm core particle into the cytosol (Prasad et al., 1992, Forzan et 

al., 2004, Zhang et al., 2010b).  

 

Within the transcriptionally active core, VP6 acts as a helicase to separate the negative and 

positive strands of the genomic dsRNA (Stauber et al., 1997). The non-proofreading RNA-

dependent RNA-polymerase, VP1, transcribes viral mRNA copies (vmRNA) from the 

negative strand of each genomic dsRNA (Urakawa et al., 1989, Boyce et al., 2004). Newly 

synthesised transcripts are capped at their 5’ termini by VP4 (Martinez-Costas et al., 1998, 

Ramadevi and Roy, 1998, Ramadevi et al., 1998, Fukusho et al., 1989), prior to release into 

the cytosol through Mg2+-dependent pores at the 5-fold axis of the VP3 (Diprose et al., 2001).  

 

Cytosolic vmRNAs are recruited to viral inclusion bodies (VIBs). VIBs are primarily formed 

by phosphorylated NS2, which binds ssRNAs (Modrof et al., 2005, Thomas et al., 1990). 

VIBs are rich in viral RNA, but also contain the viral structural proteins, with the exception 

of VP2 (Brookes et al., 1993). Within the VIBs, vmRNAs are used as the template for 

negative strand synthesis (Boyce et al., 2004). Specific RNA-RNA base pairing between 

motifs on interacting segments forms a packaging complex which is packaged into 

assembling core particles (Boyce et al., 2016).  
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In mammalian cells, newly assembled BTV particles are trafficked to the plasma membrane 

which involves interaction of NS3 with cellular p11 (calpaxin light chain) and VP2 (Beaton 

et al., 2002). Highly abundant cytosolic NS1 may also act to facilitate virus release from 

infected cells (Owens et al., 2004). 

 

A minor fraction of virus particles may transmit cell-to-cell (Bhattacharya and Roy, 2008) 

without inducing lysis. Non-lytic budding is a common form of BTV release from insect 

cells, although can occur in mammalian cells (Fu, 1995). Budding and direct membrane 

penetration involve the interaction of NS3, whose expression is upregulated in insect cells 

(Guirakhoo et al., 1995), with endosomal sorting complexes required for transport-I 

(ESCRT-I) complex, Tsg101 (Wirblich et al., 2006, Celma and Roy, 2009, Beaton et al., 

2002). Budding enables BTV infection to persist in cells without inducing CPE for the 

remainder of the life span of the vector (Mellor, 1990). The mechanisms responsible for 

arbovirus persistence in insect cells remain poorly characterised. Studies in Drosophila 

melanogaster revealed that infection with positive strand RNA viruses persists through 

synthesis of endogenous dsRNA by the host cell, homologous to viral RNA, which is then 

targeted by RNA interference (RNAi) reducing virus replication efficiency (reviewed in 

section 1.3.2) in preference to viral replication intermediates (Goic et al., 2013).  
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Figure 1.2 

 

 

Figure 1.2: Replication cycle of bluetongue virus. Core particles enter insect cells via 

interaction of the RGD motif of VP7 with the cell membrane (shown in red), whereas intact 

BTV particles likely enter by clathrin-mediated endocytosis (CME) or macropinocytosis. 

During CME, VP2 is degraded in early endosomes. VP5 triggers the release of 

transcriptionally active core particles into the cytosol. VP1 synthesises vmRNAs, which are 

recruited to viral inclusion bodies (VIBs) where genomic segments are packaged into 

assembling core particles, via interactions with NS2. BTV protein synthesis is upregulated 

by NS1, which forms cytosolic tubules (Huismans, 1979, Huismans and Els, 1979b, 

Urakawa and Roy, 1988b). NS4 accumulates in the nucleus and suppresses host cell 

interferon induction (Ratinier et al., 2011). VP2 and VP5 are added and intact virus particles 

are trafficked to the cell membrane. Egress arises either by cell lysis, budding, or by direct 

membrane penetration and involves association of NS3 with VP2 and interaction with 

Tsg101 (shown in red).  
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1.2. Culicoides species as insect vectors 

Culicoides (Diptera: Ceratopogonidae) is a genus of small, biting flies, measuring 1 to 4 mm 

in body length (Mullens, 1987, Mellor et al., 2000). Culicoides belong to the family 

Ceratopogonidae, which contains 6267 extant and 283 extinct species (Borkent, 2016), 

grouped into 125 genera (Downes and Wirth, 1981, Remm, 1988). There are 1357 species 

of Culicoides (Borkent, 2014), distinguished from other genera by their characteristic wing 

pigmentation (Munoz-Munoz et al., 2011). Culicoides date back in the fossil record 120 to 

122 million years (Borkent, 2000) and today, are highly abundant, colonising all large land 

masses except New Zealand, Patagonia, the Hawaiian Islands, extreme polar regions and 

altitudes 4000 m or more above sea level (Mellor et al., 2000).  

 

Females of approximately 96% of Culicoides species are hematophagous (Meiswinkel et al., 

2004) and blood-feed on a vertebrate host to sequester protein for egg development 

(Campbell and Kettle, 1975, Lavoipierre, 1965). Culicoides females feed by retracting their 

mandibles to lacerate the superficial tissue of the host then ingest the resulting dermal pool 

of blood. Blood feeding and the resulting immune responses to Culicoides salivary proteins 

(Darpel et al., 2011), can cause dermatitis (O'Toole et al., 2003, Yeruham et al., 2004, Correa 

et al., 2007). Adult Culicoides are capable of transmitting a variety of blood-borne 

pathogens, including, filarial nematodes such as Onchocerca cervicalis, (Mellor, 1971), 

bacteria including Enterobacteriaceae spp. (Parker et al., 1978), viruses, and protozoa, such 

as Haemoproteus spp. (Atkinson, 1988, Bukauskaite et al., 2015, Ziegyte et al., 2016), 

including the protozoan Leishmania spp. (Seblova et al., 2015).  

 

Over 50 viruses have been isolated from Culicoides, including representatives of the family 

Bunyaviridae (20 species), Reoviridae (19 species) and Rhabdoviridae (11 species). Despite 

the ability of Culicoides to transmit viruses and other pathogens of international significance, 

including African Horse Sickness virus (AHSV), BTV and human febrile illness-inducing 

Oropouche virus (OROV), Culicoides have attracted little research interest compared with 

other dipteran vector groups. Consequently, many of the factors which determine their 

competence as arboviral vectors remain unknown. This is partly due to lack of methods for 

the study of viral infection within individual insects, which provides the focus for studies 

described in Chapters 3 and 4 of this thesis.  
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1.2.1. Life cycle 

Partly due to their small size, the diversity of breeding sites (Kettle, 1977) and the 

vulnerability of life stages to physical damage during collection (Veronesi et al., 2009), the 

life cycle of Culicoides has been poorly studied in the field. The Culicoides life cycle is 

summarised in figure 1.3 and consists of four distinct life stages: egg, larva, pupa and adult.  

 

Adult Culicoides are crepuscular and most active at dawn and dusk (Nelson and Bellamy, 

1971, Mullens et al., 1995), during times when solar intensities and wind velocities are under 

200 Wm-2 and 3 ms-1, respectively (Blackwell, 1997, Carpenter et al., 2008). Males form 

mating swarms close to a swarm marker, such as a vertebrate host or larval development site 

(Downes, 1955, Gerry and Mullens, 1998). Upon mating and completion of the 

gonadotrophic cycle, which ranges from 10 days after blood meal acquisition at 13°C to 2 

days at 30°C in C. sonorensis (Mullens and Holbrook, 1991), gravid female Culicoides 

oviposit batches of 30 to 450 (Russell et al., 2013) mature elongate convex eggs (Cribb and 

Chitra, 1998) onto substrate, such as mosses. Females seek oviposition sites in moisture-rich 

habitats, including irrigation pipe leaks, marshes, streams, tree holes, animal dung and 

rotting vegetation (Wirth, 1989, Dyce and Marshall, 1989, Harrup et al., 2013, Foxi and 

Delrio, 2010). The site of oviposition provides the location of development of the motile 

larval life stages (Kettle, 1977).  

 

Larvae reside in the surface of mud (Vaughan and Turner, 1987, Barnard and Jones, 1980) 

and predominantly feed on particulate vegetable matter, nematodes, small invertebrates, 

rotifers and protists (Vaughan and Turner, 1987, Barnard and Jones, 1980, Meiswinkel et 

al., 1994). At the third or fourth instar, larvae in cooler regions burrow into substrate 

submerged by up to 50 cm of water, where they overwinter in diapause (Mullens and Rutz, 

1983, Jones, 1967). The timing of onset and cessation of diapause is determined by 

environmental thermal and photoperiodic cues (Isaev, 1974). 

 

Each life stage is susceptible to desiccation and is influenced by local meteorological 

conditions (McDermott and Mullens, 2014). Culicoides are poikilothermic ectotherms, and 

their body temperature is therefore determined by ambient temperature, which also affects 

their rate of development and mortality levels (Wittmann et al., 2002). Temperature 

increases can result in an extreme reduction in development time, for instance, the 

development rate of the North American vector, C. sonorensis, can range from 7 weeks at 

17°C to 2 weeks at 30°C (Russell et al., 2013). Longevity of the adult life stage is dependent 
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on ambient temperature and in C. sonorensis ranges from 19 days at 10ºC to 9 days at 30ºC 

(Lysyk and Danyk, 2007). 

 

In cooler temperate climes, most Culicoides species are univoltine, developing through a 

single generation per year (Foxi and Delrio, 2010) and activity is seasonal with low or absent 

populations during winter. In the UK, there is a peak of emergence in April to May (Mellor 

et al., 2000) that is triggered by rising temperatures (Luhken et al., 2015). The thermal 

tolerance of life stages to low ambient temperatures over winter determines the population 

abundance, distribution and geographic limits of a given species of Culicoides, which in turn 

can restrict the global incidence of Culicoides-borne pathogens including BTV (Wilson and 

Mellor, 2009).  
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Figure 1.3 

 

Figure 1.3: Lifecycle of a Culicoides midge. (A) Upon mating and completion of the 

gonadotrophic cycle, gravid female Culicoides oviposit batches of 30 to 450 eggs (Russell 

et al., 2013) (B) Semi-aquatic, vermiform shaped larvae usually hatch within a few days of 

oviposition and moult through four instars (L1 to L4). (C) Once larval development is 

complete, upon final ecdysis, larvae pupate into a short-lived, motile, non-feeding pupa. (D) 

Pupae are usually buried in substrate, upon completion of metamorphosis (usually within 

three days of pupation), caudal spines enable pupae to move to the surface of the substrate 

(Russell et al., 2013) prior to eclosion into a sexually mature adult Culicoides. Scale bars 

show the approximate body size of each life stage.   
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1.2.2. Morphology 

Few accounts exist describing the morphology of Culicoides which is characterised in 

Chapter 4 of this thesis. The structure of the alimentary tract was described in studies of 

dissected C. nubeculosus (Megahed, 1956), which is comprised of an anterior oesophageal 

diverticulum (the crop), the oesophagus, foregut, midgut, Malpighian tubules and hindgut.  

 

Despite the availability of limited information on the anatomy of Culicoides, several 

investigators have described the structure of the mouthparts of female Culicoides in detail 

(Blackwell, 2004, Sutcliffe and Deepan, 1988, Mckeever et al., 1994). Interest in 

characterising the mouthparts is fuelled partly due to the relevance of features, such as the 

size and number of mandibular teeth, in species identification (Mckeever et al., 1988). The 

mouthparts of Culicoides are summarised in figure 1.4 and are composed of the maxillary 

palps, labium, toothed labrum and the cuticular, toothed mandibles, which are located 

between the cuticular hypopharynx and, additionally to the labrum, function in tissue 

incision (Sutcliffe and Deepan, 1988). The hypopharynx contains the cuticular salivary duct 

and, additionally to the labrum, is inserted into the bite site during blood feeding (Blackwell, 

2004, Sutcliffe and Deepan, 1988). 

 

Figure 1.4 

 

 

Figure 1.4: Morphology of the mouthparts of female Culicoides (adapted from (Jobling, 

1928)).  
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1.2.3. Epidemiology 

Two geographically distinct clades of BTV exist based on a phylogenetic analysis of genome 

segments which group strains into eastern and western ‘topotypes’. Western topotypes 

circulate in the Americas and Africa, whereas eastern topotypes are located in the Middle 

East, Asia and Australia, respectively (Bonneau and MacLachlan, 2004, Balasuriya et al., 

2008). Topotypes are identified by geographic region-specific multiple point mutations 

(Maan et al., 2012) and are evident for all BTV genome segments.  

 

The considerable genetic diversity of BTVs has been generated through high rates of 

mutation, typical of RNA viruses, in addition to high progeny yield, short generation times 

(reviewed by (Domingo and Holland, 1997)) and low or high frequency reassortment during 

mixed infection of a ruminant host or Culicoides vector (Samal et al., 1987a, Samal et al., 

1987b, el Hussein et al., 1989, Nomikou et al., 2015).  

 

The global distribution of BTV strains and serotypes is constantly changing and incursions 

into non-endemic regions often occur. After the first reports of BT disease in Africa and 

Cyprus in the early 1900s (Hutcheon, 1881, Hutcheon, 1902, Spreull, 1905), BT outbreaks 

were reported across several countries between 1951 and 1979 including, Israel, the USA, 

India, Spain and Portugal (BTV-10), Australia (St George et al., 1978) and Greece (BTV-4) 

(Wilson and Mellor, 2009). Since 1998, multiple BTV serotypes have been detected and in 

many cases have spread within Europe (BTV-1, 2, 4, 6, 8, 9, 11, 14, 16, 25 and 27) 

(Carpenter et al., 2009, Purse et al., 2005, Schulz et al., 2016), the south-eastern states of 

America (BTV-1, 3, 5, 6, 9, 12, 14, 19, 22 and 24) and novel serotypes have emerged in 

Australia and the Middle East (Maclachlan, 2011, Maan et al., 2011). 

 

Thirty species of Culicoides have been associated with BTV transmission (Meiswinkel et 

al., 2004). However, C. imicola, C. brevitarsis, C. bolitinos, C. obsoletus, C. scoticus, C. 

pulicaris, C. sonorensis and C. insignis are widely accepted as the main vector species. In 

Afro-asiatic regions C. imicola is thought to be responsible for over 90% of BT transmission 

and has recently expanded its range into southern Europe (Wittman et al., 2001). Range 

expansion, in addition to the involvement of indigenous Culicoides species such as the C. 

pulicaris and C. obsoletus groups (Wilson and Mellor, 2009, Purse et al., 2005), has 

facilitated a northward expansion in the range of BT epidemics. Figure 1.5 shows the current 

distribution of BTV serotypes and primary vector species.  
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Figure 1.5 

 

 

Figure 1.5: Projected global distribution of BTV serotypes and primary vector species 

of Culicoides. Endemic regions prior to 1998 are shown in dark grey (Wilson and Mellor, 

2009, Tabachnick, 2004, Walton, 2004) and areas outside of endemic regions in light grey. 

Arrows indicate the main Culicoides vector species and serotypes circulating in the endemic 

region of each continent. 
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1.3. Arbovirus infection and factors affecting vector competence 

Arboviruses must be capable of replicating in both invertebrate vector and vertebrate host 

cells for propagation and transmission. The transmission potential of an arbovirus is 

determined by the number of infected vectors generated from a single host (which in turn is 

influenced by the number of vectors feeding on the host), the efficiency of arbovirus 

infection within individual vectors, the duration and level of host viraemia and the efficiency 

of transmission from an infected vector to a susceptible host.  

 

An understanding of the events that occur when an arbovirus infects and successfully 

replicates in multiple tissues within an arthropod vector, is lacking in sufficient detail to 

predict which tissues are likely to become infected and when. This is particularly true for 

Culicoides, as current knowledge of the infection process is based only on a single study (Fu 

et al., 1999) and early observational studies of excised salivary glands, or detection of 

infectious virus or viral RNA in body compartments, such as the head. An understanding of 

viral dissemination between tissues is needed to model and predict the series and sequence 

of events that need to occur for a vector to successfully transmit virus. The current model to 

explain how BTV infects Culicoides is summarised in figure 1.6.  
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Figure 1.6 

 

 

 

Figure 1.6: Model of bluetongue virus infection of Culicoides. (A) Virions are ingested 

with an infectious blood meal and enter midgut cells through the posterior midgut epithelium 

(Weaver et al., 1991, Fu et al., 1999). (B) Virus particles undergo initial replication and cell-

to-cell spread in the midgut epithelial cells (red arrows) or disseminate without replicating 

in midgut cells (‘leaky gut phenomena’) (black arrow). (C) Virus disseminates from the 

midgut cells to infect and replicate in multiple tissues, most commonly the fat body, 

ommatidia of the compound eyes, the brain and epithelium (indicated by red arrows) (Fu et 

al., 1999, Fu, 1995). (D) Infection and replication in the salivary gland occurs (Bowne and 

Jones, 1966). Infectious viral particles, secreted in the saliva (Fu et al., 1999), are capable of 

infecting a susceptible host upon blood feeding (black arrows). 
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1.3.1. Pattern of arbovirus infection in arthropods   

The general process of arbovirus infection within an arthropod vector is discussed in the 

following section and a summary is provided in table 1.2 

 

 

Table 1.2: Summary of the stages involved during arbovirus infection of an arthropod 

vector. Processes that have not been shown during BTV infection of Culicoides are 

underlined and stages that may be bypassed by direct dissemination of virus into the 

haemocoel (Mellor et al., 2000) are shown in grey. 

 

Infection stage 
Time post-

feeding 
Description 

1 Blood meal 

ingestion 
0 h 

Erythrocytes are lysed and VP2 is cleaved by gut 

proteases. 

2 Infection of 

midgut epithelial 

cells 

1 h 

Virions (or core particles) bind to cell-surface 

receptors and enter midgut cells by CME, 

macropinocytosis or another mechanism. The location 

and timing and mechanism of entry may vary. 

3 Replication in 

midgut cells 
3 d 

Virus particles spread cell-to-cell and replicate to a 

threshold titre prior to disseminating. 

4 Dissemination 

into the 

haemocoel 

Variable 

Virus particles disseminate through the cardia, 

tracheal system, neural system or a combination of 

routes and are transported by haemocytes. 

5 Infection of 

secondary target 

tissues 

Variable 

Virus infects and replicates in neural tissues, the 

foregut, malphigian tubules, ommatidia of the 

compound eyes, the fat body, antennae, oocytes and 

epithelial cells. 

6 Infection and 

replication in 

salivary glands 

>2 d 

Virus particles enter the distal lateral lobes, replicate 

and bud from acinar cells entering the saliva. 0.32 to 

7.79 TCID50 of BTV is transmitted to a successive host 

during blood feeding. 
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During blood feeding, viruses and other pathogens circulating in the peripheral blood supply 

of the infected host are ingested concurrently with a blood meal (figure 1.6A). BTV particles 

aggregate in invaginations on erythrocytes (Sieburth et al., 1991, Brewer and Maclachlan, 

1992, Brewer and Maclachlan, 1994) via NANA- and NGNA alpha 2-6GalNAc residues of 

glycophorins (Eaton and Crameri, 1989). The blood meal is directed to the posterior midgut 

by contraction of the diverticulum sphincter (Chamberlain and Sudia, 1961), where cell lysis 

and digestion are mediated by secreted hydrolytic proteases (table 1.2, infection stage 1), 

chiefly late (LT and 5GI) and early (ET) trypsins (Felix et al., 1991, Briegel and Lea, 1975), 

aminopeptidases (α-glucosidase) (Billingsley and Hecker, 1991, Billingsley, 1990, Graf and 

Briegel, 1989) and possibly by bacteria present in the posterior midgut, as shown for Ae. 

aegypti (Gaio et al., 2011). Gut proteases (e.g. trypsin or chymotrypsin) cleave VP2 of BTV 

into short polypeptides (Mertens et al., 1989), resulting in infectious sub-viral particles 

(ISVP) with approximately 10 to 100-fold higher infectivity for C. sonorensis (KC) cells, 

compared to intact BTV particles (Mertens et al., 1996b, Darpel et al., 2011).  

 

The midgut lacks the cuticular lining, which is present in the foregut and hindgut (Richards 

and Richards, 1971, Maddrell and Gardiner, 1980, Billingsley and Lehane, 1996a). In the 

majority of cases, virus particles must infect midgut cells (table 1.2, infection stage 2), prior 

to inactivation in the lumen, formation of the peritrophic membrane (discussed in section 

1.3.2) or excretion 3 to 4 days after feeding (Filimonova, 2005).  

 

The mechanism of BTV entry is unknown and could depend on the viral strain and target 

cell type (mammalian or insect) (Stevens, 2016), which has made identification of receptors 

and entry mechanisms more complex. Other arboviruses bind to and enter microvilli via cell-

surface receptors in a mechanism previously shown for Cx. tarsalis during western equine 

encephalitis virus (WEEV) entry and Ae. aegypti (Houk et al., 1990) during entry of 

chikungunya virus (CHIKV) (Mourya et al., 1998) and dengue virus (DENV) particles 

(Munoz et al., 1998, Mercado-Curiel et al., 2006, Mercado-Curiel et al., 2008). Entry of 

CHIKV arises by CME in Ae. albopictus C6/36 cells (Lee et al., 2013), prior to replication 

in midgut epithelial cells (figure 1.6B). The receptors targeted by most arboviruses for entry 

are not definitively known, however proteins, including prohibitin (Kuadkitkan et al., 2010), 

tubulin (Chee and AbuBakar, 2004), heat shock proteins (Salas-Benito et al., 2007), heparan 

sulphates (Chen et al., 1997) and LPS/CD14-associated binding proteins (Chen et al., 1999) 

have been implicated as putative cellular receptors for DENV and CHIKV.  
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Cell types in the midgut are heterologous (Filimonova, 2005) and covered with surface 

carbohydrate, which in Ae. aegypti may have an undefined role in pathogen entry (Zieler et 

al., 2000). Infrequently, dissemination may arise without replication in midgut cells, termed 

the ‘leaky gut phenomenon’, which was shown by limited studies during dissemination of 

Semliki forest virus (SFV) in Ae. aegypti (Boorman, 1960), Whataroa virus in Ae. australis 

(Miles et al., 1973), AHSV in C. imicola (Mellor et al., 1998) and eastern equine encephalitis 

virus (EEEV) in Culiseta melanura (Weaver et al., 1991) (figure 1.6B), but is not known to 

arise during BTV infection of Culicoides.  

 

Ingested eastern equine encephalitis virus (EEEV) (Weaver et al., 1991) and BTV virions 

(Fu et al., 1999) can enter midgut cells present in the posterior midgut epithelium of C. 

sonorensis. The events during infection and replication of BTV in the midgut of Culicoides 

are not known. In other arboviruses, entry usually arises within an hour of ingestion (Smith 

et al., 2008, Weaver, 1986) (figure 1.6B). In some cases, infection can also occur through 

the proventriculus (the junction between the foregut and midgut), as shown for Rift valley 

fever virus (RVFV) (Romoser et al., 1987) and WEEV (Oviedo et al., 2011), and may depend 

on the site of contact between ingested viral particles and gut cells (Nuckols et al., 2013). 

Infection can initiate from as few as 1 to 5 (Smith et al., 2008) or 15 midgut cells (Scholle 

et al., 2004) in studies utilising VEEV and WNV VLPs, respectively. Isolated replication 

foci of O’nyong’nyong virus (ONNV) expressing GFP in the posterior midgut of Anopheles 

gambiae (Brault et al., 2004a) and DENV-2 in Ae. aegypti (Salazar et al., 2007) indicate that 

virus enters cells in a series of separate infection events. Replicating virus spreads cell-to-

cell within the midgut (table 1.2, infection stage 3), usually by 3 days after feeding for 

DENV-2 in Ae. aegypti (Salazar et al., 2007). This period may be sufficient to reach a 

threshold titre required for dissemination (Hardy et al., 1983, Kramer et al., 1981).  

   

At varying times post-infection, depending on the individual vector (Faran et al., 1988), virus 

particles can disseminate rapidly from the midgut epithelia into the haemocoel (Romoser et 

al., 1992) (table 1.2, infection stage 4). Dissemination may arise through the cardia (anterior 

end of the midgut at the proventriculus), shown for RVFV in Cx. pipiens (Lerdthusnee et al., 

1995, Romoser et al., 1992), the tracheal system, demonstrated for SINV (Bowers et al., 

1995), LACV (Chandler et al., 1998), DENV-2 (Salazar et al., 2007) and VEEV (Romoser 

et al., 2004), neural system (Hardy et al., 1983), via the haemolymph, or by a combination 

of these routes, shown for WEEV in Cx. tarsalis (Oviedo et al., 2011). These mechanisms 

enable virus particles to bypass the basal lamina, which may perhaps be facilitated by 
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structural alterations (Derksen and Granados, 1988, Weaver et al., 1988). The route by which 

BTV disseminates from infected midgut cells is unknown.  

 

Within 6 hours of entering the haemocoel by IT inoculation, studies of a SINV clone 

expressing GFP (TE/592J/GFP) indicate that virions may be transported to non-midgut 

tissues by over 90% of haemocytes, predominantly by abundant granulocytes (Parikh et al., 

2009, Castillo et al., 2006). Virions circulating in the haemolymph can infect multiple tissues 

within the insect (figure 1.6C). 

 

The tissues infected and the timing of infection differ between studies e.g. DENV-2 in Ae. 

albopictus (Sriurairatna and Bhamarapravati, 1977) and Ae.aegytpi (Salazar et al., 2007), 

SLEV (Whitfield et al., 1973), WNV (Girard et al., 2004) and WEEV in Cx. pipiens (Wang 

et al., 2010). Infection of C. sonorensis with BTV and VSV involves: the neural tissues, 

(including the thoracic and oesophageal ganglia), ommatidia of the compound eyes, salivary 

glands, foregut, the fat body (Fu et al., 1999, Drolet et al., 2005) and the cardial epithelial 

cells (Fu et al., 1999). In other arboviruses, instances of infection of the Malpighian tubules 

(Salazar et al., 2007) and antennae (olfactory organs) were recorded , in which DENV is 

expressed at high levels (Sim et al., 2012).  

 

Some arboviruses, including BTV-1 (Fu et al., 1999), are unable to infect oocytes, nurse 

cells, mature eggs (Romoser et al., 1992, Kuberski, 1979) or skeletal and smooth muscle 

(Salazar et al., 2007, Linthicum et al., 1996). In contrast, WEEV (Wang et al., 2010), VSV 

(Drolet et al., 2005) and La Crosse virus (LACV) (Chandler et al., 1998) were detected in 

chorionated eggs and ovaries of Cx.tarsalis, C. sonorensis and Ae. triseriatus, respectively, 

indicating that some arboviruses have the potential for vertical, transovarian transmission. If 

BTV is transovarially transmitted to progeny, the virus could remain dormant in 

overwintering larvae in temperate regions (Nevill, 1971) and might potentially cause an 

outbreak the subsequent year. Although VP7 was detected at 10% (3/319) and 30% (15/56) 

prevalence by RT-PCR in field collected C. sonorensis pupae and larvae (White et al., 2005), 

studies of laboratory reared C. sonorensis failed to isolate infectious BTV by plaque assay, 

or detect viral RNA by real-time PCR in first generation progeny (Nunamaker et al., 1990, 

Osborne et al., 2015). Hence, vertical transmission of BTV by Culicoides sp. is regarded as 

being improbable. 

 

BTV infection of the salivary glands has been recorded in C. sonorensis by studies 

employing Transmisssion electron microscopy (TEM) (Bowne and Jones, 1966) and 
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immunohistochemistry (IHC) (Fu et al., 1999). Incidences of salivary gland infection 

(Janzen et al., 1970, Bergold et al., 1968) and replication are well documented in other 

arboviruses by studies using TEM, confocal imaging e.g. of EEEV in Ae. triseriatus 

(Whitfield et al., 1971), VEEV, SINV (Gaidamovich et al., 1973) and DENV-2 (Salazar et 

al., 2007) in Ae. aegypti and in situ hybridisation e.g. VSV in C. sonorensis (Drolet et al., 

2005). Infection of the salivary glands has been considered a prerequisite for virus 

transmission upon blood feeding (figure 1.6D) and can arise as early as 2 days after virus 

ingestion for CHIKV in Ae. aegypti (Dubrulle et al., 2009).  

 

Despite the suggested importance of the salivary gland for virus transmission, the means by 

which a virus can infect the salivary glands and enters the saliva are unknown for BTV and 

poorly characterised in other arboviruses (table 1.2, infection stage 6). The distal lateral lobes 

of the salivary gland are proposed as the site of entry for a number of mosquito-borne viruses, 

including DENV (Salazar et al., 2007), CHIKV (Janzen et al., 1970, Bowers et al., 1995) 

and VEEV (Gaidamovich et al., 1973).  

 

Following replication, EEEV virions bud from the apical plasma membrane of acinar cells 

(Whitfield et al., 1971), entering luminal saliva and pass into a host upon blood feeding in 

conjunction with other salivary components. Salivary anti-hemostatic apryrase and purine 

nucleosidase (deLeon and Tabachnick, 1996) and immunomodulatory agents (Schneider and 

Higgs, 2008, Bishop et al., 2006) are secreted by C. sonorensis and may be capable of 

suppressing type II interferon (IFN-γ) production, which has been shown during SINV 

infection of Ae. aegypti (Schneider et al., 2004). During feeding, a small number of virions 

are transmitted to the host, averaging 0.5 to 3.2 potato virus Y particles (Moury et al., 2007). 

A titre of 0.32 to 7.79 TCID50 (Foster et al., 1968) or 1.79 TCID50 (Fu et al., 1999) of BTV 

is transmitted by C. sonorensis during blood feeding on a ruminant host. 

 

Although no behavioural alterations during BTV infection of Culicoides have been proven. 

Mosquito-borne arboviruses can promote transmission-favourable activities, such as 

increased probing rate on a host (Grimstad et al., 1980, Platt et al., 1997b), enhanced 

locomotor activity (Lima-Camara et al., 2011a, Maciel-de-Freitas et al., 2013) and host-

seeking behaviour (Sim et al., 2012). In some mosquito species, infection may increase 

overwinter survival, indicated by the overexpression of a salivary antifreeze protein during 

CHIKV infection of Ae. aegypti (Tchankouo-Nguetcheu et al., 2012).  
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1.3.2. Intrinsic within-vector ‘barriers’ inhibiting virus infection 

 

The events during virus infection and dissemination within an insect vector are described in 

the previous section (1.3.1.). Key components of an insect’s role in pathogen transmission 

can be described by equation 1.1, including vectorial capacity (V) (Garrett-Jones, 1964).  

 

Equation 1.1 

𝑉 =  
𝑚𝑎22𝑝𝑛𝑏

−𝑙𝑛(𝑝)
 

Where: m is the vector density per host, a is the daily probability of a vector biting a host, p 

is the daily probability of vector survival, n is the number of days of pathogen extrinsic 

incubation period (EIP) in the vector and b is vector competence.  

 

Vector competence describes the ability of an arthropod vector to become infected and 

biologically transmit an arbovirus to a susceptible host (Gerry et al., 2001, Carpenter et al., 

2015). Competence varies between different virus and vector combinations and vector 

species belonging to the same family can transmit pathogens with vastly different lifecycles, 

for instance An. gambiae are refractory to all arboviral infections, except ONNV. In contrast, 

Ae. aegypti can transmit a number of arboviruses, including DENV and CHIKV 

(Lambrechts, 2011). Even within a single vector species, such as C. sonorensis, only a 

proportion of individuals are susceptible to oral infection by a given virus, including BTV 

(Foster and Jones, 1973, Jennings and Mellor, 1987). The determinants of vector competence 

are poorly understood, despite their importance in enabling predictions of the likelihood of 

arbovirus transmission, its epidemic potential and ‘risk’. 

 

Intrinsic ‘barriers’, which include heritable, genetically determined immunological and 

physiological factors (Tabachnick, 1991), are one of the factors that underlie variation in 

vector competence. These barriers can be subdivided, depending on the stage of viral 

infection where they act, and are summarised in figure 1.7. The first organ that virions 

contact following ingestion is the midgut, which is arguably the most important organ in 

determining vector competence and may provide the sole determinant of infection of 

Culicoides spp. by BTV (Fu et al., 1999). Inhibition of virus entry or replication, during the 

early stages of midgut infection (e.g. receptor binding, viral genome transcription or 

translation), is considered to represent a ‘midgut infection barrier’ (MIB) and may be present 

in individuals that remain uninfected. If virions are unable to disseminate into the haemocoel 

file:///N:/Integrative%20Entomology/private/Staff%20folders/Alice/04_Writeup/02_Thesis/AM%20thesis%20Ch1%20introduction%20V5-0FINAL_AW_AS_PM.docx%23_Pattern_of_arbovirus
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or establish infection in secondary target tissues, replicating virus remains non-disseminated 

in midgut cells, this is regarded as a ‘dissemination barrier’ (DB) or ‘midgut escape barrier’ 

(MEB). The existence of midgut barriers is confirmed by the failure of whole body titres less 

than 102.5 to 103.0 TCID50 of infectious BTV or AHSV to infect orally dosed, non-

transmissible C. sonorensis (Fu et al., 1999, Jennings and Mellor, 1987, Mellor et al., 2000). 

Non-transmissible individuals with a disseminated infection may possess a ‘salivary gland 

infection or escape barrier’ (SGIB or SGEB) which is absent in C. sonorensis (BTV-1) (Fu 

et al., 1999). Transmissible individuals, unable to vertically transmit virus to progeny 

possess a ‘transovarial transmission barrier’ (TOTB), as indicated by the absence of BTV-1 

antigen in the oocytes or nurse cells of C. sonorensis (Fu et al., 1999).  
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Figure 1.7: Depiction of the theoretical ‘barriers’ known to inhibit infection of an 

arbovirus within an arthropod vector (adapted from (Mellor et al., 2000, Hardy et al., 

1983)). Uninfected individuals (No infection, white) may possess a midgut infection barrier 

(MIB). Virus is restricted to the midgut of individuals with a midgut escape barrier (MEB) 

(Non-disseminated infection, grey) (Fu et al., 1999, Paulson et al., 1989). If virus 

disseminates but fails to infect secondary target tissues, salivary glands or ovaries 

(Disseminated non-transmissible infection, brown), a dissemination barrier (DB), 

transovarial transmission barrier (TOTB) (Fu et al., 1999), salivary gland infection (SGIB) 

or, salivary gland escape barrier (SGEB) (Paulson et al., 1989, Grimstad et al., 1985) operate, 

respectively. Transmissible vectors (orange) possess no barriers or either a salivary gland 

barrier or TOTB, depending on the route of transmission. Where: black font shows events 

during BTV infection of Culicoides, brown font shows events during arbovirus infection of 

mosquitos, arrow thickness indicates the likelihood of the infection route arising, with a thick 

arrow indicating a more likely outcome and infected regions are indicated in red. 
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Figure 1.7 
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 Infection barriers 

Infection barriers operate within a vector to inhibit virus entry into target cells. Mechanisms 

include: inactivation of virions by gut proteases, as demonstrated in Ae. aegypti by silencing 

of 5G1 (late trypsin), which resulted in a 25% increase in DENV-2 infection rate (Brackney 

et al., 2008). Additionally, physical infection barriers have been proposed as MIBs, including 

redirection of viraemic blood into the cuticular ventral diverticulum (Hardy et al., 1983) and, 

in non-Culicoides species (Filimonova, 2005), immobilisation of virions by thrombosis 

formation (Hardy et al., 1983), although there is poor evidentiary support for these 

mechanisms. 

    

Basal laminae and the peritrophic membrane 

Almost every tissue within an insect, with the exception of haemocytes, is separated from 

the haemolymph by a non-cellular basal lamina (BL) (Filimonova, 2004, Richards and 

Richards, 1971) which varies in thickness (Reddy and Locke, 1990). The BL is the primary 

barrier limiting movement of macromolecules between tissues and the haemolymph, 

depending on their size (Reddy and Locke, 1990, Houk et al., 1981) and molecular charge 

(Brac, 1983).  

 

The BL forms during metamorphosis of Cx. pipiens (Romoser et al., 2005) and surrounds 

the midgut and salivary gland, posing a potential barrier to viral midgut escape (MEB) and 

salivary gland infection (SGIB). The mechanism enabling Culicoides and mosquito-borne 

arboviruses to bypass the BL is unknown. However, structural disruption of the BL (Houk 

et al., 1981, Weaver et al., 1988), formation of proteinaceous (P1-7) tubules containing virus 

particles (Jia et al., 2014) and infection of structures such as trachea, which intercept the BL 

of the midgut (Romoser et al., 2004), are proposed as mechanisms of evading the BL. 

 

Most dipterans possess a proteinaceous type I peritrophic membrane (PM) (Richards and 

Richards, 1971) composed of chitin and heterologous layers of lamellae (Megahed, 1956) 

that is secreted on the basolateral surface of posterior midgut epithelial cells (Yurchenco and 

Orear, 1994) between 12 and 60 h after feeding (Megahed, 1956, Filimonova, 2005) in 

response to distension of the midgut epithelium (Freyvogel and Staeubli, 1965). The PM 

may function in haem detoxification in mosquitoes (Pascoa et al., 2002, Magalhaes, 2014) 

and provides a physical barrier against abrasive particles (Richards and Richards, 1977), 

separating blood from epithelial cells for up to 72 h after feeding in Culicoides spp. 

(Megahed, 1956, Sieburth et al., 1991). This spatial separation is presumed to prevent 
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contact of pathogens with epithelial cells and inhibit infection, which has been shown for 

Cx.tarsalis (Houk et al., 1979), An. stephensi (Orihel, 1975) and Ae.aegytpi (Villalon et al., 

2003). However, the role of the PM as a MIB is not reinforced by experimental evidence in 

the case of Glossina morsitans infection by Trypanosoma sp. and Enterobacter sp. (Weiss 

et al., 2014). Indeed, the DENV infection rate was unaffected by silencing of chitin synthase 

and inhibition in PM formation in Ae.aegypti (Kato et al., 2008) and the presence of the PM 

did not prevent BTV infection of C. sonorensis midgut cells (Sieburth et al., 1991). Virus 

infection may arise prior to or after formation of the PM, as shown for DENV in Ae.aegypti 

(Suwanmanee et al., 2009) or, less likely, virus particles may structurally modify the PM to 

associate with epithelial cell receptors (Derksen and Granados, 1988).  

 

Virus-specific cell receptors 

Insect cells, namely C6/36 cells, possess multiple virus-specific receptors on their cell 

surface, which are utilised by arboviruses, such as WNV (Lee et al., 2006, Chu et al., 2006) 

and CHIKV (Lee et al., 2013), for entry in receptor-mediated endocytosis. A higher density 

of viral receptors on microvilli may increase the chance of virus infection, as midguts of 

susceptible mosquitoes, Cx. tarsalis and Ae. aegypti, bound more VEEV particles (Houk et 

al., 1990) and possessed a greater number of DENV binding proteins (R67/R64) than 

refractory strains, respectively (Mercado-Curiel et al., 2008). The absence of compatible 

receptors may prevent viral infection. Indeed, prohibitin, a 35 KDa DENV-2 receptor protein 

in Ae. aegypti C6/36 cells, is undetectable in the membrane proteins of non-DENV vector 

species (Kuadkitkan et al., 2010), or C. quinquefasciatus (Huang et al., 1992), implicating 

viral receptors as a determinant of competence. A 45 KDa protein which forms part of the 

DENV-4 receptor complex (Salas-Benito et al., 2007) was detected by western blot in 

excised midguts, ovaries and salivary glands of Ae. aegypti (Yazi Mendoza et al., 2002), 

indicating the role of virus-receptor interactions in infection of the salivary glands and 

ovaries(Cao-Lormeau, 2009). 

 

The affinity with which virions bind to specific receptors may be dependent on virus 

genotype. Since the serotype of BTV and cell attachment by virions are both mediated by 

the highly variable outer-capsid protein, VP2, binding affinity may also vary with BTV 

serotype, or VP2 nucleotype. These variations could partially underlie vector compatibility 

for a specific viral strain. Indeed, midgut infection rate was 57% lower in O. taeniorhynchus 

orally infected with VEEV possessing a Ser  Asn substitution in the putative cell-binding 

domain of the E2 envelope protein (Brault et al., 2004b). Similarly, deletion of a 90 bp region 
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of the 3’ terminus of SINV E2 conferred a 69% reduction in detection rate of E1 antigen in 

excised Ae. aegypti midguts (Myles et al., 2003), indicating that mutations in putative cell-

binding domains impaired the ability of virions to bind to and/or enter midgut cells to initiate 

infection. However, strain-specific variation in viral-receptor binding affinity may not 

operate in the field as eight American and southeast Asian DENV-2 strains bound to midguts 

excised from two Ae. aegypti populations (Mexico and Texas) at the same rate when tested 

by real-time PCR, despite different competence rates (Cox et al., 2011). Differences in vector 

infection rate between viral strains may be due to variability in replication efficiency, 

perhaps associated with the antiviral immune response. 

 

 

The antiviral immune response 

Arthropods possess only an innate immune system, summarised in figure 1.8, which has 

been well characterised in Drosophila and mosquitoes. Conversely, little is known about the 

immune response of Culicoides, partly due to the lack of an openly available annotated 

genome. The publication of the C. sonorensis genome, which is currently under analysis at 

The Pirbright Institute, will facilitate these studies. Information presented here mostly 

derives from studies of mosquitos.  
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Figure 1.8: Summary of pathways implicated in the anti-viral immune response in arthropods (adapted from (Kingsolver et al., 2013, Barnard et al., 

2012)).  

(A) The Toll pathway (shown for Drosophila) is activated by pattern recognition receptors (PRRs), which recognise fungi or gram-positive bacteria, leading 

to activation of Toll ligand, Spätzle (Arnot et al., 2010). ‘Spätzle’ binds to the Toll receptor and induces the Toll-induced-signalling complex, consisting 

of MyD88, Tube and Pelle. Cactus is phosphorylated and cleaved from Dif. Dif translocates into the nucleus to upregulate antimicrobial peptide (AMP) 

production (Meng et al., 1999). The point at which viruses are recognised by the Toll pathway is unknown (Sanders et al., 2005, Xi et al., 2008).  

(B) The immune deficiency (IMD) pathway (shown for Drosophila) is activated in response to detection of gram-negative bacteria (Lemaitre et al., 1995) 

and can inhibit viral infection by an unknown mechanism (Avadhanula et al., 2009). Death protein, dFADD, associates with the IMD protein (Naitza et al., 

2002). A mitogen-activated protein (MAP) kinase, homologous to TGF-β-activated kinase 1 (dTAK1) (Vidal et al., 2001), triggers phosphorylation of 

Relish, which following proteolytic cleavage, translocates to the nucleus and upregulates antiviral gene expression.  

(C) The Jak-STAT pathway is activated in response to viral infection (Souza-Neto et al., 2009, Dostert et al., 2005) by binding of Vago to an uncharacterised 

specific receptor (Paradkar et al., 2012). Ligand binding induces receptor dimerization, which allows for the trans-phosphorylation of the Janus kinase 

Hopscotch (hop), and recruitment of trans-phosphorylated ‘signal transducer and activator of transcription’ (STAT). Phosphorylated STATs dimerise and 

are transported to the nucleus, where they regulate the expression of anti-viral genes.  

(D) The RNA interference (RNAi) response is elicited in response to dsRNA detection (Sanchez-Vargas et al., 2009, Kemp and Imler, 2009, Hoffmann, 

2003). Viral-derived dsRNA is recognised by Dicer proteins and processed into 21 bp siRNAs, which are loaded onto pre-RNA induced silencing complexes 

(RISC). During recognition by Dicer2, Vago expression is induced, providing crosstalk with the Jak-STAT pathway (Paradkar et al., 2012). Double-

stranded siRNAs are cleaved to generate a guide strand, which base pairs to complementary mRNA. Hybridised mRNA is degraded thus specifically 

downregulating viral protein synthesis. 
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Arthropod immunity against fungal and bacterial pathogens is mediated by the Toll (figure 

1.8A) and immune deficiency (IMD) pathways (figure 1.8B) (reviewed by (Hoffmann, 

2003)). Activation by reactive oxygen species (ROS) (Beutler, 2004, Iwanaga and Lee, 

2005) triggers nuclear translocation of NF-kB transcription factors, resulting in the 

production of structurally diverse antimicrobial peptides (AMPs), including defensins and 

cecropins, which are upregulated during blood feeding in C. sonorensis (Nayduch et al., 

2015). Bacterial infection can also activate the Janus Kinase, Signal Transducer and 

Activator of Transcription (JAK-STAT) pathway (figure 1.8C). The IMD, JAK-STAT and 

Toll pathways may also function in part as an anti-viral response e.g. in Drosophila and 

Ae.aegypti (Dostert et al., 2005, Xi et al., 2008, Avadhanula et al., 2009), as upregulation of 

Toll pathway genes, Rel-1 and putative Pattern Recognition Receptors (PPRs), corresponds 

with a reduction in infectious DENV titre in Ae. aegypti (Xi et al., 2008). Similarly, defensins 

and cecropins which normally act against gram positive and gram negative bacteria 

(Hoffmann, 2003), respectively, also inhibit DENV proliferation in Ae. aegypti (Pan et al., 

2012).  

 

ROS expression is upregulated during CHIKV infection, and in Ae. aegypti experimentally 

infected with certain species of symbiotic bacteria, Wolbachia (Pan et al., 2012, Tchankouo-

Nguetcheu et al., 2010). Upregulation of ROS is proposed to indicate that a pre-existing 

infection could activate Toll-mediated antiviral immunity and suppress subsequent viral 

replication (Luplertlop et al., 2011). Although the mechanisms responsible for reduced viral 

replication in pre-infected individuals are unknown, many incidences have been 

demonstrated. Indeed, Cx. pipiens with a pre-existing SLEV infection had a lower WNV 

infection and dissemination rate than uninfected Cx. pipiens (Pesko and Mores, 2009). 

Similarly, DENV replication may be suppressed in Wolbachia-infected Ae. aegypti (Bian et 

al., 2010). The inhibitory effect on DENV replication only occurred when Wolbachia 

reached a density above that occurring in Ae. albopictus tissues in the field (Bian et al., 2010, 

Lu et al., 2012), indicating that Wolbachia-mediated inhibition in viral replication may only 

hold relevance for DENV control strategies, rather than as a naturally occurring MIB. 

Removal of endogenous bacteria increased DENV titre in the midgut of Ae. aegypti, 

suggesting that commensal bacteria of some arthropods may also upregulate antiviral 

responses and act as a MIB (Xi et al., 2008, Ramirez et al., 2012). However, the effect of 

commensal midgut bacteria on arboviral infection may vary between arthropod species as 

ONNV load was reduced in antibiotic treated An. gambiae (Carissimo et al., 2015). The 

influence of midgut bacteria on BTV infection rate of C. sonorensis is examined in detail in 

Chapter 5. 
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Evolutionary-conserved RNAi-mediated gene silencing is considered the major anti-viral 

response in arthropods (figure 1.8D) (Sanchez-Vargas et al., 2009, Kemp and Imler, 2009, 

Hoffmann, 2003) and has been demonstrated to act in Culicoides (KC) cells during BTV 

infection (Schnettler et al., 2013). RNAi-related genes were not upregulated during DENV 

infection of Ae. aegypti, suggesting that components of the RNAi pathway may be 

constitutively expressed in arthropod cells (Xi et al., 2008, Campbell et al., 2008). RNAi is 

triggered in the presence of intracellular dsRNA and encompasses the micro RNA (miRNA), 

Piwi-interacting RNA (piRNA) and small-interfering RNA (siRNA) pathways. The 

exogenous siRNA pathway (figure 1.7D) is activated in response to long intracellular 

dsRNA, formed by the virus genome or viral replication intermediates such as RNA stem-

loop structures (Flynt et al., 2009, Sabin et al., 2013), and results in degradation of mRNA 

complimentary to the dsRNA target sequence, thereby downregulating viral protein 

synthesis. The siRNA pathway limits initial infection of midgut epithelial cells of the small 

brown plant hopper by Southern rice black-streaked dwarf virus (SRBSDV) infection (Lan 

et al., 2016). The systemic spread of the target sequence specific RNAi signal, shown in 

mosquitoes (Attarzadeh-Yazdi et al., 2009), likely restricts virus dissemination to contacting 

secondary target tissues, providing a barrier inhibiting viral dissemination, predominantly in 

the midgut and fat body (DB and MEB) (Deddouche et al., 2008). The role of the siRNA 

pathway during arboviral infection of Culicoides requires further investigation. 

 

In contrast to vertebrates, where type I IFN-β synthesis upregulates proapoptotic genes 

(Chawla-Sarkar et al., 2003, Chen et al., 2001); arboviral infections are generally considered 

as non-pathogenic and persistent in arthropods. Apoptotic changes in midgut (Vaidyanathan 

and Scott, 2006) and salivary gland cells (e.g. Cx. pipiens (Girard et al., 2007) and Ae. 

albopictus (Kelly et al., 2012)) and downregulation of inhibitor of apoptosis gene (IAP-1) 

during SINV and WNV infection, indicate that arboviral infections can also induce apoptosis 

and elevated vector mortality (Lambrechts and Scott, 2009). Apoptosis of insect cells could 

act as a potent anti-viral response e.g. during SINV and WNV infection (O'Neill et al., 2015, 

Wang et al., 2012, Vaidyanathan and Scott, 2006). Indeed, replication and salivary viral titre 

were lowered and infection of the midgut was delayed in a SINV clone expressing the 

proapoptotic gene, reaper (MRE/Rpr), compared to parental SINV in Ae. aegypti (O'Neill et 

al., 2015), indicating that apoptosis can act as midgut and salivary gland escape barriers.  
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1.3.3. Factors affecting intrinsic ‘barriers’ 

Barrier efficiency, and hence vector competence rates, are altered by a number of genetic 

and extrinsic environmental conditions (Richards et al., 2009, Oviedo et al., 2011). These 

factors include: viral strain, which was shown to alter competence of C. sonorensis, C. 

imicola and C. bolitinos to infection with BTV (Wittmann et al., 2002, Venter et al., 1998) 

and CHIKV in Ae. albopictus (Vazeille et al., 2007); ambient temperature, (shown for BTV-

1 in C.imicola (Paweska et al., 2002b)); viral dose ingested; vector species; body size and 

nutritional status (Pesko et al., 2009, Grimstad and Haramis, 1984, Grimstad and Walker, 

1991). Interplay between these factors determines the length of the extrinsic incubation 

period (EIP) of a virus, the earliest time at which a virus is released into the saliva and is 

transmissible, which ranges from 4 days for BTV-9 (Carpenter et al., 2011) to 15 days after 

ingestion for BTV-10 in C. sonorensis maintained at 25ºC (Wittmann et al., 2002).  

 

Vector physiology and genetics 

Most of the barriers underlying differences in competence discussed in the previous section 

are genetically controlled (Bosio et al., 2000, Bennett et al., 2005). Susceptibility to arboviral 

infection is encoded by multiple, heritable genes in Ae. aegypti (Miller and Mitchell, 1991, 

Bosio et al., 1998) which vary between different field populations within a vector species 

(Pongsiri et al., 2014a) and are transcriptionally upregulated in response to blood feeding 

(Shin et al., 2014). Many studies have employed mating strategies to select for increased 

vector competence, identifying a maternally inherited recessive allele, blu(s), responsible for 

susceptibility to BTV infection in cross-bred C. sonorensis (Tabachnick, 1991). Genetic 

mapping of refractory and susceptible vector stains has revealed multiple ‘quantitative trait 

loci’ (QTL) involved in susceptibility (Bosio et al., 2000, Gomez-Machorro et al., 2004), 

including two QTL for a MIB on chromosomes II and III, accounting for about 30% of 

phenotypic variance and 44 to 56% of overall genetic variance between DENV-2 susceptible 

and refractory Ae. aegypti (Bosio et al., 2000).  

 

Many of the genes underlying vector competence are still uncharacterised (Bosio et al., 

1998). The availability of a growing number of arthropod vector genomes and increasing 

affordability of high throughput sequencing technologies, will help to identify novel genes 

associated with susceptibility to arboviral infection. A transcriptomics study of two Cx. 

pipiens populations with different WNV competence rates, revealed differential expression 

of 118 gene transcripts, involved in catalysis (including trypsins) and vitellogenesis, in 

response to blood feeding on WNV (Shin et al., 2014). This indicates that these genes may 
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play a role in determining refractory or susceptible phenotypes. Similarly, the basal level of 

immune gene expression was higher, but vascular ATPase subunit G (vATPase) expression 

was downregulated in midgut and carcass transcriptomes of DENV refractory Ae. aegypti, 

compared to susceptible strains. This indicates the involvement of immune genes (including 

components of Toll, IMD, RNAi and JAK-STAT pathways) and vATPase during DENV 

entry and egress, respectively (Sim et al., 2013).   

 

Non-genetically determined physiological traits, including adult age, condition and body 

size, act additively to alter competence (Richards et al., 2009, Richards et al., 2007). Younger 

vectors are more likely to survive to completion of the EIP and obtain a second blood meal 

and are more susceptible to infection than older vectors (e.g. WNV in Cx. tritaeniorhynchus  

(Richards et al., 2009) and SLEV in Cx. pipiens (Baqar et al., 1980)). The influence of age 

on vector competence is less likely to hold much relevance for arbovirus transmission in 

field populations (Richards et al., 2009) due to a mixed, temporally and environmentally 

variable age demographic (Walker, 2001).  

 

A smaller adult body size can be caused by high ambient temperatures during larval 

development and a high level of larval competition for resources (Grimstad and Walker, 

1991, Bara et al., 2015). Body size has long been suspected as an important factor 

contributing to vectorial capacity (Grimstad and Haramis, 1984), but this is not definitively 

proven. The ‘leaky gut phenomenon’ may be more prevalent in smaller individuals, as BL 

thickness is body size-dependent and shown to be 10 µm thinner in smaller, nutritionally 

deprived female Ae. triseriatus (Grimstad and Walker, 1991), enabling virions to bypass the 

BL. Indeed, some studies indicated that Ae. agypti and Ae. albopictus with a smaller body 

size, fed on DENV, were more likely to become infected than larger mosquitoes, 

independent of vector species (Alto et al., 2008). However, other studies have found no 

association between dissemination rate and body size (Bosio et al., 1998, Schneider et al., 

2007, Dodson et al., 2011), or even a reduced dissemination rate in smaller individuals (Bara 

et al., 2015, Sumanochitrapon et al., 1998).  

 

Age and determinants of body size, including larval rearing temperature and nutrition, are 

standardised in experiments presented in Chapters 4 and 5. 
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Ambient temperature  

Incidence, seasonal variation and global distribution of vector-borne viruses, such as BTV 

(briefly discussed in Section 1.2.2.) are influenced by climate and are likely to alter with 

climate warming (Wittmann and Baylis, 2000). Ambient temperature is a major element of 

vectorial capacity and has been the subject of numerous reviews (Mullens et al., 2004, Hardy 

et al., 1983). Host biting rate, adult survival, development time and duration of the EIP of 

many vector-borne pathogens, are temperature dependent. High ambient temperatures, 

within the range above the minimum threshold for Orbivirus replication of 11 to 13ºC 

(Carpenter et al., 2011), can reduce vector survival rates (Hunt et al., 1989), EIP (Wittmann 

et al., 2002, Mullens et al., 1995) and, in most instances increase vector competence (Turell 

and Lundstrom, 1990), depending on viral strain (Wittmann et al., 2002), as shown for BTV-

1 in C. sonorensis (Paweska et al., 2002b).  

 

Indeed, susceptibility of adult female C. sonorensis to AHSV increased from 15% when 

maintained at 15ºC throughout development, to between 70 and 80% at 25ºC (Mellor et al., 

1998). Exposure of immature life stages to elevated temperatures is a contentious 

determinant of vector competence and is considered likely to depend on vector species, with 

studies concluding no effect (e.g. WNV in Cx. tarsalis (Dodson et al., 2012)), an increase 

(e.g. AHSV-9 in C. nubeculosus (Mellor et al., 1998)) or a reduction in viral dissemination 

and infection rate (e.g. CHIKV in Ae. albopictus (Westbrook et al., 2010)). 

 

In nature, vectors are subjected to temperature variations throughout the day. Large 

temperature fluctuations (Carrington et al., 2013) and variation in daily temperature range 

of 16 and 20ºC, have been shown to reduce infection rate at temperatures above 21ºC for 

Plasmodium sp. and 18ºC for DENV, respectively, but at temperatures below 18ºC and 21ºC 

EIP is reduced and predicted transmission rates increase (Paaijmans et al., 2010, Paaijmans 

et al., 2009, Lambrechts et al., 2011). Clearly the influence of temperature on vectorial 

capacity of field vector populations is complex. Seasonal and annual stability in BTV-1 

infection rate (17 to 23%) of field populations of C. sonorensis (Gerry et al., 2001) could 

result from an averaging effect of stochastic environmental conditions. 

 

Ingested viral dose 

It is assumed with some empirical evidence (Lord et al., 2006) that threshold host viremias 

are needed to infect different insect vector species in nature (Reisen et al., 2005, Turell et 

al., 2005, Mertens et al., 1996b) and that the infectious titre varies between vector 
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populations (Bennett et al., 2002, Pesko et al., 2009), depending on vector genotype. If this 

is the case, low host viremias could reduce vector-borne transmission rate in the field (Lord 

et al., 2006).  

 

Correlation between the number of vectors infected and viral dose ingested is well 

established and has been demonstrated for DENV-2 in Ae. aegypti (Pongsiri et al., 2014b, 

Bennett et al., 2002); WEEV in Cx. tarsalis (Mahmood et al., 2006); C. sonorensis and C. 

nubeculosus (Mertens et al., 1996b). Vectors ingesting a higher dose are more likely to 

become infected, reflecting the independent action hypothesis (IAH). In the IAH each virion 

acts independently and has a probability of infection (Furumoto and Mickey, 1967, Zwart et 

al., 2009, Druett, 1952). The effective population size (Zwart et al., 2011), and therefore 

probability of viable virions entering to midgut epithelial cells, increases with dose (Houk et 

al., 1990, Cox et al., 2011) and at low doses the mean number of virions causing infection 

approaches 1 (Zwart et al., 2011) and many blood meals may contain no infectious virus 

particles.  

 

Generally, EIP is shortened and more vectors develop a disseminated infection after 

ingesting a higher viral titre (Anderson et al., 2010, Richards et al., 2009, Mahmood et al., 

2006). It may be that entry of a greater number of virus particles, i.e. a higher initial MOI, 

may enable the minimum threshold titre for dissemination from the midgut to be reached 

more rapidly (Mahmood et al., 2006). However, the influence of ingested viral dose on 

disseminated infection rate varies between studies (Bennett et al., 2002, Richards et al., 2007, 

Kramer et al., 1981), as MOI does not always reflect initial dose and changes at different 

stages of infection (Gutierrez et al., 2015) or in different organs and varies between virus 

genotypes e.g. VEEV (Weaver et al., 1984, Smith et al., 2007).  

 

Although infection rate and potentially dissemination rate are lower at low doses, 

baculovirus infectivity (White et al., 2012) and genetic diversity are higher during infections 

initiating from low doses e.g. Helicoverpa armigera nucleopolyhedrovirus (Baillie and 

Bouwer, 2013). Taken together, this may mean that fewer, but more highly infectious vectors 

could result from a blood meal containing a lower viral dose. Dose-dependent changes in 

virus infectiousness warrant further investigation in arbovirus-vector systems. The influence 

of viral dose ingested during blood feeding on within-vector infection dynamics provides 

the focus of studies in Chapter 5. 
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1.3.4. Approaches to modelling virus infection within insects 

 

A multicellular organism is a complex, spatially organised environment, offering challenges 

and opportunities for viral evolution and proliferation. Barriers that inhibit arbovirus 

transmission (discussed in Section 1.3.2) are vector or virus specific and may be modified 

by complex interactions between factors such as ambient temperature, viral dose, other 

bacterial or viral infections and, controversially, vector physiology including age (reviewed 

in Section 1.3.3). Modelling is an important tool in assessing how processes within an 

organism can affect pathogen transmission dynamics and behaviour under stochastic 

interacting factors.  

 

Although, pathogen spread at population and at cellular levels has been documented 

empirically (Power et al., 1992, Lord and Day, 2001), the dynamics of within-host pathogen 

infection remain poorly understood (White et al., 2012). During the last decade, several 

studies have examined changes in viral genetic diversity to estimate the size of within-host 

population bottlenecks, by quantifying the number of viral genotypes, or cells that become 

infected by a given genotype in mammalian or invertebrate host tissues (Kuss et al., 2008, 

Miyashita and Kishino, 2010, Moury et al., 2007). Only a few, recent studies have 

empirically determined the rate of cellular, within-host, viral spread and localisation 

(Gutierrez et al., 2015, Tromas et al., 2014). A study of TEV replication in Nicotiana 

tabacum fitted a ‘susceptible-infectious’ (SI) meta-population dynamics model to flow 

cytometry TEV-fluorescent cell counts, showing that TEV growth ranged from 1.342 

cells/cell/d at 3 dpi, to 0.196 cells/cell/d, 7 dpi and depended on the leaf type (Tromas et al., 

2014). Current models of within-arthropod host growth have concerned fitness of pathogenic 

baculoviruses (Ebert and Weisser, 1997, White et al., 2012) and hold little relevance to non-

pathogenic arboviruses.  

 

Viral quantity and localisation have not been directly compared at cellular resolution within 

tissues of individual insects, partly due to the lack of suitable techniques to generate 

quantitative and qualitative data. Techniques including imaging of labelled virions e.g. 

[3H]uridine-labelled EEEV (Weaver et al., 1991), real-time PCR e.g. DENV-2 (Zhang et al., 

2003), virus isolation, immunofluorescence and in situ hybridisation e.g. VSV (Drolet et al., 

2005), YFV (McElroy et al., 2008) and DENV-3 (Linthicum et al., 1996), have been applied 

separately to determine temporal changes in arboviral growth within whole insects, or viral 
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presence in excised organs e.g. for RVFV (Faran et al., 1988) and EEEV (Scott et al., 1984, 

Weaver et al., 1991). Studies that have indirectly related virus quantity to localisation e.g. 

DENV-2 (Salazar et al., 2007), LACV (Chandler et al., 1998) and EEEV (Scott et al., 1984), 

applied techniques at different resolution, for instance comparing whole-insect viral titre 

with viral antigen localisation in sectioned organs, shown for BTV-1 (Fu et al., 1999).  

 

The recent development of fluorescent reporter viruses (Pierson et al., 2005), have included 

a replication-competent BTV (Shaw et al., 2012) (reviewed in Chapter 3), and hold promise 

for future efforts to quantitatively and map dissemination of arboviruses within the tissues 

of hosts (Palha et al., 2013) and insect vectors (McGee et al., 2010) at accurate, cellular 

resolution. Such data could provide a foundation for the first empirically-based, quantitative 

model of pathogen growth within an arthropod vector.  
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1.4. Summary and project objectives 

Infection of an insect with an arbovirus, the dissemination of the infecting viral particles and 

virus replication through susceptible tissues is complex and, presently, very poorly 

understood. In nature, environmentally determined factors, such as ingested dose and 

ambient temperature, operate with varying magnitude at each stage of the infection process 

to either promote or inhibit viral infection and replication. These factors act additively with 

polygenic traits, determined by virus stain, to control the overall competence of the vector 

for a specific arbovirus. Predicting the probability of a vector developing a transmissible 

infection within an individual arthropod vector,  is central to forecasting shifts in arboviral 

epidemiology with projected climate change, or changes in the distribution of the virus, or 

of known vector species, and involves first understanding the events that occur within the 

arthropod vector prior to transmission. This is particularly important for targeting control 

strategies for non-endemic or emerging arboviruses, such as BTV and Zika virus, 

respectively. 

 

The importance of a quantitative description of pathogen infection within an individual 

arthropod vector, for control of socioeconomically significant pathogens has fuelled interests 

in modelling ‘within-vector’ pathogen replication. Currently, the infection process within an 

arthropod vector has only been described qualitatively, the timing and approximate order of 

tissue infection is crudely known and factors influencing vector competence have mostly 

been examined in terms of their effect on whole-insect infection rate. There are no 

quantitative empirically-based studies of pathogen growth within an arthropod vector under 

fixed, or varying conditions that would enable investigators to model the infection process. 

Quantitative studies have been constrained by lack of high-throughput, accurate means of 

localising virus with cellular resolution in individual insects, which would enable viral 

quantity to be compared between and within tissues.  

 

The overarching purpose of studies presented in this thesis is to describe the replication of 

an arbovirus within an arthropod vector. Specifically, studies aim to determine temporal 

changes in viral quantity within individual insect tissues and examine the influence of viral 

strain and initial viral dose on within and between tissue virus localisation and quantity. 

These studies use the BTV-C. sonorensis interaction as a model arbovirus-vector system.  
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The individual objectives of studies presented in this thesis are as follows: 

 

I. Develop a precise and reproducible means of localising BTV within tissues of C. 

sonorensis, which is robust to changes in intrinsic conditions including BTV strain and 

ingested viral dose. 

II. Develop an accurate and reproducible method of quantifying BTV infection, including 

the quantity of viral particles and/or viral gene expression, at cellular resolution in tissues 

of interest. 

III. Analyse the infection process, including viral quantity and temporal changes in the 

tissues of C. sonorensis that have been infected with BTV under standard laboratory 

conditions. 

IV. Examine the influence of altering BTV strain on a standardised infection process, 

including any characterising temporal changes and viral quantity within the infected 

tissues. 

V. Determine the effect of removing endogenous midgut bacteria on the infection rate of C. 

sonorensis with BTV. 

VI. Determine the outcome of ingestion of a blood meal containing a high or low dose of 

BTV, on the infection rate and disseminated infection rate of C. sonorensis. Then 

compare differences in BTV localisation and quantity within and between tissues. 
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2.1 Cell lines 

 

BSR cells, a clone of BHK-21 cells known to exhibit severe cytopathic effect (CPE) during 

BTV infection (Shaw et al., 2012), were cultured in Dulbecco’s Modified Eagle’s Medium 

(DMEM) supplemented with 10% heat inactivated Fetal Bovine Serum (FBS), 100 U/ ml 

penicillin and 100 mg/ml streptomycin (P/S) (Gibco®). CPT-Tert cells (Arnaud et al., 2010), 

sheep choroid plexus cells immortalised with the simian virus 40 T antigen and human 

telomerase reverse transcriptase (hTERT), were grown in Iscove’s modified Dulbecco’s 

medium (IMDM) (Gibco®), supplemented with 10% FBS and P/S as above. Both cell lines 

were incubated at 37°C and 5% CO2.  

 

KC cells were originally derived from Culicoides sonorensis pupae (Wechsler et al., 1989) 

and were grown in Schneider’s Drosophila medium (Gibco®), supplemented with 15% FBS 

and P/S as previously described in this section. KC cells were maintained at 28°C and 5% 

CO2 for the duration of the study. 

 

2.2 Virus isolates 

 

An isolate of the South African reference strain of BTV-1 (P2 CE, P9 BHK) (ICTVdb isolate 

accession number [RSArrrr/01]), termed BTV-1 SA, and BTV-11 (EC 1, P3 BHK, P2 KC) 

(ICTVdb isolate accession number [USA2005/01]), which was originally isolated from an 

outbreak in deer in South Dakota and referred to here as BTV-11 USA, were kindly provided 

by Dr Gillian Pullinger and Dr Kyriaki Nombiou (The Pirbright Institute, UK) from the 

Orbivirus Reference Collection at the Pirbright Institute (available at 

www.iah.bbsrc.ac.uk/dsRNA virus proteins/ReoID/orbiviruses.htm) for use in studies 

presented in Chapters 4 and 5 of this thesis.  

 

Virus stocks were generated by infecting BSR cells at an MOI of 0.05 and harvesting cell-

free supernatant at 72 h post-infection. Stocks for infecting C. sonorensis were generated by 

harvesting the cell layer at ~80% CPE and lysing cells by freeze-thawing twice on dry ice, 

to maximise titre. Viruses were passaged twice in BSR cells (P2 BSR) prior to storage at 

4°C. Mammalian cells were selected to avoid prior adaption to KC cells (Stevens, 2016), 

and more closely mimic transmission from mammal to arthropod. The titre of virus stocks 

was assessed by end-point dilution assay described in section 2.5. 
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2.3 Experimental oral infection of Culicoides 

 

Adults of the North American BTV vector species, C. sonorensis (PIRB-s-3 strain), which 

was selected for susceptibility to BTV infection (Tabachnick, 1991), were kindly provided 

by Mr Eric Denisen (The Pirbright Institute, UK) and maintained with ad lib access to 10% 

sucrose (Sigma-Aldrich) at 25±2°C and 70 to 80% relative humidity in card pill boxes. C. 

sonorensis were starved overnight prior to feeding on defibrinated horse blood (TCS 

Biosciences), as previously described (Mellor, 1971) with substitution of chick skin for 

Parafilm® M (Sigma-Aldrich). Blood was supplemented with a specified dose of BTV-1 or 

BTV-11, generated as above. A mock infected control was included, fed on blood containing 

DMEM with 5% FBS Immediately after feeding, C. sonorensis were anaesthetised with CO2 

and engorged females were identified by their swollen red abdomen, counted, transferred to 

a fresh card box and maintained as previously. Blood inoculum was retained at 4°C and 

engorged C. sonorensis (n = 8) were stored individually in nuclease free H2O at -80°C, then 

processed for quantitative reverse transcription PCR to determine the number of copies of 

BTV ingested, in accordance with methods described in section 2.15. 

 

At stated times after feeding, C. sonorensis were anaesthetised under CO2 on a ‘Fly Pad’ 

(Fisher Scientific) overlain with AeraSeal™ film (Excel Scientific). Live C. sonorensis were 

identified by movement in response to a physical stimulus, counted and processed for 

imaging as described in 2.18.2, or stored individually in nuclease free H2O at -80ºC for 

quantitative reverse transcription PCR, as described in section 2.14. Prior to sorting C. 

sonorensis for quantitative reverse transcription PCR, equipment was treated with 

DNAZap™ PCR DNA Degradation Solutions, followed by RNaseZap® RNase 

Decontamination Solution (Ambion™). To assess disseminated and non-disseminated 

infection rates by quantitative reverse transcription PCR under various BTV-1 SA blood 

meal doses (see section 5.2.3, Chapter 5), C. sonorensis were decapitated on a Superfrost™ 

slide (SLS Scientific) using separate BD PrecisionGlide™ Needles (BD Biosciences). 

Excised heads and bodies were stored individually in nuclease free H2O at -80ºC.  

 

The survival rate was calculated by expressing the number of surviving C. sonorensis as a 

percentage of the number of C. sonorensis sorted immediately after blood feeding and 

plotted using Microsoft Excel software (Microsoft Office 2013).  
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2.3.1 Antibiotic treatment 

Recently emerged C. sonorensis were maintained as described above (section 2.3) with ad 

lib access to 10% sucrose (Sigma-Aldrich) supplemented with 15 mg/ml of Gentamicin 

(Gibco™), 100 mg/ml of streptomycin and 100 U/ml of penicillin (Sigma-Aldrich), 

respectively. An untreated control group were supplied ad lib with 10% sucrose (Sigma-

Aldrich). At stated times after treatment, C. sonorensis (n ≈ 60) were euthanised at -20ºC, 

females were identified and sterilised by submerging in 70% ethanol, followed by sterile 

PBS. Midguts (n = 40) were removed on a Superfrost™ slide (SLS Scientific) using 25 

gauge BD PrecisionGlide™ Needles (BD Biosciences).  

 

Midguts were homogenised in groups of ten in Super Optimal Broth with Catabolite 

repression (S.O.C ) medium (Invitrogen™) using a sterile 5 mm steel bead (QIAGEN) at 25 

Hz for 1 min with a TissueLyser II disruption system (QIAGEN) (Veronesi et al., 2008). A 

control of S.O.C medium was included to test for contamination. Homogenates were 

incubated with shaking at 25±1ºC for 1h, diluted in a 10-fold series and plated onto LB agar 

plates. Plates were incubated overnight at 25±1ºC; colonies were counted and expressed as 

Colony Forming Units (CFU/ml) using equation 2.1. 

 

Equation 2.1 

CFU/ml =
𝑛 x d 

𝑣
  

 

Where: d = log10 of the dilution factor, n = the number of colonies, v = volume of culture 

plate.  
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Molecular methods 

 

2.4 Reverse genetics 

 

2.4.1 Plasmids for virus rescue 

Plasmids containing cDNA copies, one of each of the 10 segments of BTV-1 (ICTVdb 

isolate accession number [RSArrrr/01]) were as described previously (Ratinier et al., 2011, 

Boyce et al., 2008). Copies of each BTV genome segment were cloned into a pUC57 

backbone (Fermentas) immediately downstream of a T7 promoter and upstream of a BsaI 

restriction site, permitting linearisation. Plasmids were kindly provided by Dr Andrew Shaw 

(University of Glasgow, UK).  

 

The coding sequence of eGFP, possessing P64L and S65T polymorphisms shown to enhance 

fluorescence intensity (Cinelli et al., 2000), was amplified from 50 ng of plasmid DNA using 

primers listed in Table 2.1 and PfuUltra™ II Fusion HotStart  DNA polymerase (Agilent 

Technologies), according to the manufacturer’s instructions. The PCR product was purified 

following agarose gel electrophoresis using the QIAquick gel extraction and PCR 

purification kits (QIAGEN).  

 

The eGFP gene was introduced at either of two sites on the cDNA copy of segment 5: 

immediately upstream of the 3’ UTR, generating a C-terminal NS1 polyprotein (NS1-eGFP). 

Alternatively, eGFP, possessing the segment 5 UTR, was fused to the 3’ terminus of segment 

5 (NS1/eGFP), creating a dimeric segment with separate ORFs encoding NS1 and eGFP 

(figure 2.1).  
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Figure 2.1 

 

 

Figure 2.1: Plasmids for rescue of BTV-1 viruses expressing eGFP.  

Schematic representation of plasmids (pUC57) possessing segment 5 of BTV-1 

incorporating eGFP as a separate ORF to NS1 (NS1/eGFP) in the top panel, or eGFP fused 

to the C-terminus of NS1 (NS1-eGFP), shown in the bottom panel. Grey shaded regions 

represent the 5’ and 3’ UTRs of segment-5, arrows denote the T7 promoter and the size of 

each genomic segment is shown to the right of the figure. Restriction sites are shown in 

italics. 

 

 

Prior to the commencement of this study, XhoI and BamHI restriction sites were introduced 

after nt 1689 of segment 5 of BTV-1 by Dr Andrew Shaw (University of Glasgow, UK). 

Digestion of the introduced restriction sites enabled insertion of the eGFP gene into the 

pUC57 expression cassette using the Rapid DNA Ligation Kit (Roche Diagnostics GmbH) 

in accordance with manufacturer’s recommendations (Table 2.1).  

 

To introduce eGFP at the second site, the segment 5 ORF was removed from pUC57 by 

digestion with XhoI and BamHI (New England Biolabs), according to the manufacturer’s 

protocol and gel purified as described above. The eGFP open reading frame was amplified 

from 50 ng of the pUC57 DNA (possessing segment 5 and eGFP) using primers possessing 

    Seg-5 eGFP 

XhoI       BamHI 

pUC57 

Segment 5 5’ 3’ 

    Seg-5 eGFP 

             BamHI 

Segment 5 5’ 3’ 5’ 3’ 

SmaI 

3 kb 

 

 

2.58 kb 

BsaI 

BsaI 

NS1/eGFP 

 

 

NS1-eGFP 



Chapter 2: Materials and methods 

 

62 

the XhoI and BamHI restriction sites (Table 2.1) and purified using the QIAquick PCR 

purification kit (QIAGEN). The purified PCR product was ligated as before, next to the 

segment 5 UTRs on the linearised plasmid, then amplified using primers with SmaI and BsaI 

restriction sites (Table 2.1) and gel purified as detailed above in the current section. To 

enable insertion of the modified eGFP, a SmaI site was introduced by mutagenesis after ntp 

2040 of the 3’ terminus of segment 5, using the QuickChange Lightening Site-Directed 

Mutagenesis Kit (Stratagene) (Table 2.1). The mutagenesis reaction was subsequently used 

to transform XL-10 Gold ultracompetent E. coli cells (Agilent Technologies) according to 

manufacturer’s instructions, with substitution of NZY+ broth for S.O.C medium. The 

resulting colonies were screened for the SmaI site.  

 

Following ligation of eGFP possessing the Seg-5 UTRs, the SmaI site was removed by 

mutagenesis, as described previously using 3’TermMutF2 primer pair (table 2.1). Colonies 

were then screened for the absence of the SmaI site. Each ligation reaction was used to 

transform One Shot® TOP10 chemically competent E. coli (Invitrogen™) according to the 

manufacturer’s protocol. Minipreps of plasmid DNA were performed using the QIAprep 

spin kit (QIAGEN) protocol, with an additional wash step with PE buffer. Insert size was 

assessed by XhoI and BsaI restriction enzyme digestion followed by agarose gel 

electrophoresis, and sequences were confirmed (Source Biosciences, Dundee, UK) using 

primers shown in Table 2.2. Raw reads were assembled using CLC Genomics Workbench 

7.5 (QIAGEN). 

 

Mutagenesis to introduce the A207K (GCC  AAA) mutation at nt 619 to 621 of eGFP in 

both constructs, was performed as already described using the GFPa207k_F2 and 

GFPa207k_R2 primer pair listed in Table 2.1, ensuring its monomeric state (von Stetten et 

al., 2012). Colonies were sequenced as described above. Plasmids possessing the confirmed 

sequences were used to transform Sub-cloning Efficiency™ DH5α E. coli (Invitrogen™). A 

miniprep (QIAGEN) was performed on a sample of a starter culture for sequencing. The 

remaining culture was added to 200 ml LB supplemented with ampicillin and incubated 

overnight at 37°C with shaking. Plasmids were purified using the HiSpeed Plasmid 

Maxiprep purification kit (QIAGEN).  
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Table 2.1: Primers used to insert eGFP at two sites in segment 5. 

 

Primer name Nucleotide sequence (5’  3’) 

Mutagenesis of eGFP: 

GFPa207k_F2 ACTACCTGAGCACCCAGTCCAAACTGAGCAAAGACCCCAACGA 

GFPa207k_R2 TCGTTGGGGTCTTTGCTCAGTTTGGACTGGGTGCTCAGGTAGT 

 
Amplification of eGFP: 

eGFP_R ACTAAGGATCCCTTATACAGCTCGTCCATGC 

eGFP_F TATCTCGAGATGGTGAGCAAGGGCGAGGAG 

SmaIS5_F TATACCCGGGTTAAAAAAGTTCTCAGTTGCAAC 

SalIBsaIS5_R TATAGTCGACGGTCTCTGTAAGTTGAAAAGTTCTAGTAGAGTGCT 

Addition of SmaI in segment 5: 

3’TermMutF
1 

CTAGAACTTTTCAACTTACCCGGGCCCGTCGACTGCAGAGGCC 

3’TermMutF
1 

GGCCTCGCAGTCGACGGGCCCGGGGTAAGTTGAAAAGTTCTAG 

 
Deletion of SmaI in segment 5 after eGFP ligation: 

3’TermMutF
2 

CTAGAACTTTTCAACTTACTTACGTTAAAAAAGTTCTCTAGTTGGC 

3’TermMutF
2 

GCCAACTAGAGAACTTTTTTAACGTAAGTAAGTTGAAAAGTTCTAG 

a Restriction sites are underlined and mutated nucleotides are italicised.  

 

Table 2.2: Primers used to sequence segment 5 and eGFP. 

Primer name Nucleotide sequence (5’  3’) 

M13F GTAAAACGACGGCCAGTG 

M13R GGAAACAGCTATGACCATG 

PucF TGTGCTGCAAGGCGATTAAG 

NS1TMUNIF GGATTGGAATAACCTTGGAAG 

F_BTV1_NS1_MEGFP AGATCCCGACCTGTGGTGT 

R_BTV1_NS1_MEGFP ATCTCCGATCCTGCCAATTTG 

F_BTV8_S5_560 GCTGATGATTGGATCGATCCAAACT 

F_BTV8_S5_1120 GGGGTGCTCGCCATTCAAG 

NS1EGFP_R2454 CTGGGTGCTCAGGTAGTGGT 
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2.4.2 Virus rescue 

Rescue of unmodified BTV-1 and recombinant BTVs was performed using reverse genetics 

as previously described (Boyce et al., 2008). Briefly, 20 µg of each plasmid was fully 

digested with BsaI and non-cut plasmid was checked by confirmation of a single band of 

expected size by electrophoresis. The digested product was purified twice by 

phenol/isoamylalcohol then chlorophorm/isoamylalcohol extraction. DNA was precipitated 

with isopropanol and 3M sodium acetate overnight at -20ºC. Precipitated DNA was washed 

twice with 70% ethanol and resuspended in nuclease free water. 2 µg of purified, linearised 

plasmid provided the template for in vitro synthesis of BTV-like 5’ capped single stranded 

RNA transcripts using the mMESSAGE mMACHINE® T7 Ultra Kit (Ambion®), according 

to the manufacturer’s protocol, with addition of 20U of T7 polymerase (Ambion®). 

Following a RNA synthesis during a 2h incubation at 37ºC, plasmid DNA was digested with 

2 U of TURBO DNase (Ambion®) and transcripts extracted with acidic 

phenol/isoamylalcohol, then purified with chlorophorm/isoamylalcohol and Illustra™ 

Microspin™ G-25 Columns, according to advised protocol (GE Healthcare). The integrity 

of the single stranded BTV RNA transcripts was assessed by agarose gel electrophoresis.  

 

BSR cells were grown to ~80% confluency in 12 well microtitre plates in DMEM 

supplemented with 5% FBS. Purified ssRNA transcripts encoding BTV-1 segments 1, 3, 4, 

5, 8 and 9 were diluted to 2x1011 copies/µl in Opti-MEM® I Reduced Serum  

 

Medium (Gibco®) supplemented with 0.5 U/µL RNAsin plus (Promega). The transcripts 

were mixed with Lipofectamine 2000 reagent (Invitrogen™), diluted in Opti-

MEM®/RNAsin mixture for approximately 30 minutes prior to dropwise addition to BSR 

cells and overnight incubation. The medium was replaced with fresh DMEM and purified 

single stranded RNA transcripts encoding all ten of the BTV-1 segments were transfected as 

previously described. A negative control mix lacking Seg-9 was included. The medium was 

replaced 4 h after transfection. The transfected BSR cells were incubated at 35°C and 5% 

CO2 and monitored for CPE and eGFP fluorescence every 24 h for up to 4 days post 

transfection using an AMG EVOS fl Digital Inverted Fluorescence Microscope (Fisher® 

Scientific). Supernatant was harvested upon completion of CPE and used to infect BSR cells 

to generate virus stocks. Stocks (P1 BSR) were titrated by plaque assay in CPT-Tert cells as 

described in section 2.6.  
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2.5 End-point dilution assay 

 

Virus inoculum was diluted in quadruplicate in a 10-fold series in 100 µl of DMEM 

supplemented with 5% FBS and P/S in a 96 well assay plate. 1.5 x 104 BSR cells, diluted in 

DMEM, were added to each well and incubated at 37°C and 5% CO2 for 4 days. CPE in 

each well was assessed and the end-point dilution was calculated using the Spearman-

Kärber formula (equation 2.2) (Spearman, 1908) and expressed as (TCID50/ml).   

 

Equation 2.2 

log10 50% end point dilution = {𝑥0 −
𝑑

2
+ 𝑑 ∑

𝑟𝑖

𝑛𝑖
} 

 

Where: x0 = log10 of the reciprocal of the highest dilution at which all wells are infected, d 

= log10 of the dilution factor, ni = number of wells used in each individual dilution, ri = 

number of infected wells. 

  

 

2.6 Plaque assay 

 

CPT-Tert cells were seeded at 1.5 x 105/ml into a 12 well microtitre plate to give ~80% 

confluency at time of infection. Virus inoculum was diluted in triplicate in a 10-fold series 

in IMDM supplemented with 10% FBS and P/S. Each dilution was added to a separate well 

of CPT-Tert cells and incubated for 1 h at 37°C. Cells were washed twice with Mg2+ and 

Ca2+ free DPBS, then overlain with 2 ml of semi-solid 1.4% Avicel® PH-101 (Sigma-

Aldrich) overlay and incubated for 3 d at 37°C. Cells were washed twice with DPBS, fixed 

for 1 h in 4% PFA, then stained with 0.5% crystal violet solution (Sigma-Aldrich) and 

washed as before. Individual plaques were counted and the mean number of plaques was 

used to calculate virus titre, expressed as PFU/ml.    

 

2.7 Plaque purification 

  

BSR cells were seeded at 2 x 105/ml in 1 ml into a 12 well microtitre plate. At ~90% 

confluency (24 h after seeding), cells were infected at an MOI of 0.01 with BTV-1 NS1-

eGFP (P1 BSR) and incubated for 1 h at 35°C. Inoculum was removed and cells were washed 
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twice with Mg2+ and Ca2+ free DPBS, then a solid 1% agarose/1x DMEM overlay was added 

and cells were incubated at 35°C for 3 d. eGFP fluorescent plaques were identified using 

JuLI™ Smart Cell Analyser (Ruskinn Technology) and selected through the overlay. 

Plaques were stored at 4°C in DMEM. Stocks of plaque purified NS1-eGFP-BTV-1 were 

generated in BSR cells.  

 

2.8 Growth curves 

 

Growth curves were performed in KC cells and CPT-Tert cells in a 12 well assay plate. Cells 

were infected at ~80% confluency as described in Chapter 3 (section 3.2.2), then incubated 

at the required temperature (see section 2.1). Inoculum was discarded after 2 h and a sample 

was retained for titration as described in section 2.5. Cells were washed twice with Mg2+ and 

Ca2+ free DPBS and 1ml of fresh culture media was added to each well, then cells were 

incubated for 96 h at the appropriate temperature. At 0, 8, 24, 48, 72 and 96 h pi, supernatants 

were harvested and centrifuged at 500xg to remove cell debris. Virus titre in cell free 

supernatants was determined by titration and expressed as TCID50/ml, as described in section 

2.5.   

 

2.9 Isolation of dsRNA 

 

Cell pellets were harvested and stored in RNAlater (Sigma-Aldrich). Total RNA was 

extracted from cell pellets using TRIzol (Ambion), according to manufacturer’s protocol. 

Total RNA was precipitated in isopropanol, washed twice with 70% ethanol. ssRNA was 

precipitated in 3M lithium chloride and discarded. dsRNA was harvested from the 

supernatant by precipitation in isopropanol supplemented with 7.5M ammonium acetate, 

then resuspended in nuclease free H2O.   

 

2.10 Polyacrylamide gel electrophoresis (PAGE) of dsRNA 

 

Monolayers of KC cells were grown to ~80% confluency in a 6 well assay plate and were 

infected as described in Chapter 3 (section 3.2.4). Supernatant was retained for end point 

dilution (as described in section 2.5). dsRNA, extracted as described before (section 2.9), 

was diluted to 100 ng/µl in nuclease free H2O, then 10 µl was loaded on an 11% 

polyacrylamide gel (final composition 11% acrylamide, 1.5M Tris [pH 8.8], 1% SDS, 1% 
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APS, TEMED, dH2O). A separate gel was loaded for each independent replicate. dsRNA 

species were separated by electrophoresis at 150 V for 5.5 h in running buffer (1% SDS, 

25mM Tris base and 142 mM glycine), then stained using 1 x SYBR® Gold Nucleic Acid 

Gel Stain (Molecular Probes). Images were captured using a Gel Doc™ XR+ system (Bio-

Rad).  

 

2.11 Sequencing of passaged viruses 

 

PCR products were generated using SuperScript® III One-Step RT-PCR System with 

Platinum® Taq DNA Polymerase (Invitrogen™) from a heat denatured dsRNA template, 

according to advised protocol using F_TF (1-21) and R_TR (2479-2502) primers listed in 

Table 2.3. A control lacking RNA was included. PCR products were purified and product 

sizes confirmed by electrophoresis as already described (section 2.4.1) (QIAGEN). The PCR 

products (50 ng) provided a template for Sanger sequencing using BigDye Terminator v3.1 

Cycle Sequencing Kit, with an ABI Prism 377 DNA sequencer (Applied Biosystems), 

according to recommended protocols, with primers listed in tables 2.2 and 2.3, with the 

exception of M13F, M13R and PucF. Reads were aligned to the nucleotide sequence of Seg-

5 of the BTV-1 reference strain and eGFP (GenBank accession numbers: JX680461 and 

JQ394986) in SeqMan Pro software (DNASTAR® Inc.). A BLASTn search was performed 

on unknown sequences (available at https://blast.ncbi.nlm.nih.gov/Blast). Sequencing was 

repeated twice for each independent replicate. 

 

2.12 TA cloning of passaged viruses 

 

Viral  dsRNA was heat denatured  and PCR products were generated as described in section 

2.10, with P3KC_F (1820-1850) and R_TR (2479-2502) primers listed in Table 2.3, then 

gel purified as previously described (QIAGEN). Purified cDNA products were incubated 

with 0.2 mM dATP (Invitrogen™) and 5U Taq polymerase (New England Biolabs) at 70°C 

for 30 min, then ligated into a pGEM-T vector using the Rapid ligation kit (Promega), 

according to the recommended protocol. Each ligation reaction was used to transform XL-

10 Gold ultracompetent E. coli cells (Agilent Technologies) as outlined in section 2.4.1. 20 

to 40 colonies from each replicate were selected for sequencing. Following miniprep 

(QIAGEN), 150 to 300 ng of plasmid were used as the template for Sanger sequencing, as 

described in section 2.10, using P3KC_F (1820-1850) and R_TR (2479-2502) primers listed 
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in Table 2.3. The sequence reads were assembled in BioEdit V7.0.5.3 (available at 

http://www.mbio.ncsu.edu/bioedit/page2.html). Reads with mixed traces, were presumed to 

originate from multiple or mixed colonies and were eliminated. The selected reads were 

aligned to the known sequence of segment 5 of the BTV-1 reference strain and eGFP using 

ClustalW multiple sequence alignment (Higgins and Sharp, 1988). Intramolecular base 

pairing of single stranded segment 5 RNA species of all sequenced clones were predicted by 

minimum free energy in Mfold (available at http://unafold.rna.albany.edu/?q=mfold) 

(Zuker, 2003). 

 

Table 2.3: Primers used to amplify and sequence segment 5 of passaged viruses. 

Primer name Nucleotide sequence (5’  3’) 

TA cloning of partial segment 5: 

P3KC_F (1820-1850) GTTCACTTCGCTGGGTTCGCGGCACCTGCGT 

R_TR (2479-2502) GTAAGTTGWAAAGTTCTAGTAGAG 

Amplification of Segment 5: 

F_TF (1-21) GTTAAAAAGTTCTCTAGTTGG 

R_TR (2479-2502) GTAAGTTGWAAAGTTCTAGTAGAG 

 

 

2.13 Western blotting and SDS-polyacrylamide gel electrophoresis 

(SDS-PAGE) of proteins 

 

Monolayers of BSR cells at ~80% confluency in 25cm2 flasks, were infected in triplicate as 

described in Chapter 3 (section 3.2.5). Supernatant and cell pellets were treated with 1x 

Halt™ Protease Inhibitor (Thermo Scientific) and resuspended in dissociation buffer 

(200mM Tris-HCl [pH6.8], 8% β ME, 20% sucrose, 10% SDS, 0.01% bromophenol blue) 

then denatured at 95°C for 5 minutes.  

 

Proteins were separated by SDS-PAGE in a 10% polyacrylamide gel (resolving gel: 10% 

Bis-acrylamide, 1.5M Tris-HCl [pH 8.8], 1% SDS, 1% APS, TEMED, dH2O, with a stacking 

gel: 10% Bis-acrylamide, 0.5M Tris-HCl [pH 6.8], 1% SDS, 1% APS, TEMED, dH2O). 

PAGE analyses were repeated in duplicate on separate gels and a Novex® Sharp Pre-stained 

Protein Standard (Novex™) was included as a size reference. Separated proteins were 
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transferred to Hybond P membranes (Amersham) and blocked for 1 h in 5% Oxoid™ dried 

skimmed milk (Thermo Scientific™) in PBS with 0.1% TWEEN®-20 (Sigma-Aldrich). 

BTV proteins were probed in blocking buffer with a 1:1000 dilution of a guinea pig antibody 

against purified BTV-1 (ORAB279) at 4°C overnight, after which the membrane was 

washed three times with blocking buffer and incubated with a 1:5000 dilution of HRP 

conjugated goat anti-guinea pig antibody (Thermo Scientific™), diluted in blocking buffer 

as before. Blots were washed three times with PBS, supplemented with 0.1% TWEEN®-20 

(Sigma-Aldrich) and visualised using Pierce™ ECL Western Blotting Substrate (Thermo 

Scientific™), according to manufacturer’s protocol, on G BOX Chemi XR5 (Syngene) gel 

detection system.  

 

The protein blots were blocked as above and probed with a 1:40 dilution of a rabbit antibody 

against β-actin (Abcam), then a 1:5000 dilution of HRP conjugated goat anti-rabbit antibody 

(Sigma-Aldrich) as previously described. Proteins were visualised, identified by size and 

densitometry analysis was conducted. Each protein was quantified by measuring pixel 

intensity of corresponding bands in each lane using the ‘selection’ and ‘measure’ tools in 

Fiji software (available at http://imagej.net/Fiji) (Image J, (Rasband, 2002)). Pixel intensity 

was subtracted from background and normalised against β-actin intensity. Normalised 

intensity was averaged across replicates to give the mean ± standard error (SE). The intensity 

of each BTV protein in the supernatant and cell fraction was expressed as a percentage of 

total BTV protein intensity. Two-way analysis of variance (ANOVA) was applied to identify 

differences in the percentage of each protein at p = 0.05 level of significance, and a post-hoc 

Tukey’s test was conducted in Minitab 17 statistical software (Minitab Inc.). 

 

   

2.14 Quantitative (real-time) reverse transcription PCR (RT-qPCR)  

 

2.14.1 Amplification of Culicoides homogenate 

 

The quantity of BTV RNA was assessed in C. sonorensis by real-time RT-qPCR as described 

previously (Veronesi et al., 2013), with some modifications. Briefly, C. sonorensis were 

homogenised in nuclease free H2O by shaking with 5 mm steel beads (QIAGEN) treated 

with RNase ZAP® decontamination solution (Ambion™) at 25 Hz for 1 min using a 

TissueLyser II disruption system (QIAGEN) (Veronesi et al., 2008). Nucleic acid was 

extracted from homogenate and blood meals using the KingFisher™ Purification System 
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Flex with 96 deep well head and LSI MagVet Express Isolation kit (Thermo Scientific) 

according to the advised protocol.  

 

For each sample, 6 µl of nucleic acid was denatured by heating to 99ºC for 5 min, then 

amplified by RT-qPCR using BTVuni 291-311F and BTVuni 381-357R primers and BTV 

348-323 probe for BTV Seg-1 (Table 2.5) with the Superscript® III Platinum® Taq one-step 

qRT-PCR kit (Invitrogen™) and Mx3005P qPCR machine (Agilent), according to 

conditions described previously (Shaw et al., 2007b) and listed in Appendix 1, with 40 

amplification cycles. The EF1bCson265_F and EF1bCson467_R primer pair and EF1b-

Cson354 probe for amplifying Elongation factor 1β (eF1β), used as a normalising gene 

(Mills et al., 2015), were designed according to TaqMan® specifications using Primer3 

(available at http://simgene.com/Primer3) to amplify a 202 bp region of eF1β (Table 2.5). 

RT-qPCR was conducted using the same conditions as for Seg-1 (see Appendix 1).  

 

Standard curves presented in Appendix 2 were generated by amplifying known RNA 

concentrations diluted as described below. Segment 1 and eF1β copy numbers in cell lysate 

or homogenate were expressed as log10 copies per ml or normalised per C. sonorensis, 

respectively. Average copies of Seg-1 (µ + 1σ) in engorged C. sonorensis within 4 h 

following the initial blood meal, provided a baseline for calculating infection rate. Infection 

rate was expressed as a percentage of total C. sonorensis analysed. Differences in infection 

rates were examined using Pearson’s chi-square test. A Mann-Whitney U test was applied 

to compare differences in normalised BTV copy numbers. Tests were performed using 

Minitab 17.0 statistical software (Minitab Inc.) at p = 0.05 significance. 

 

2.14.2 Generation of qPCR standards 

 

Batches of ten C. sonorensis were homogenised in quadruplicate (as described above) and 

RNA was isolated using TRIzol (Ambion), according to the manufacturer’s protocol, with 

modifications. Total RNA was precipitated in isopropanol with 3 M sodium acetate, washed 

twice with 70% ethanol, then resuspended in nuclease free H2O and quantified using the 

Qubit® RNA BR Assay Kit with the Qubit® 2.0 Fluorometer (Invitrogen™). PCR products 

were generated from RNA templates using the SuperScript® III One-Step RT-PCR System 

with Platinum® Taq DNA Polymerase (Invitrogen™) and further amplified with KOD Hot 

Start Master Mix (Novagen), according to the advised protocol, using EF1β 211-232 F and 

EF1β 532-554 R primers in Table 2.4. Amplification was assessed by electrophoresis, 
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sequencing was performed as described in section 2.11 and sequence identity was compared 

to eF1β transcript (GenBank accession number GAWM01010754) (Nayduch et al., 2014) as 

described previously (see section 2.11).  

 

A T7 promoter and XbaI restriction site were introduced at the 5’ terminus, and a BamHI 

restriction site at the 3’ terminus using EF1b+T7XbaI211-232F and EF1b-BamHI532-554R 

primers, listed in Table 2.4. PCR was conducted with a KOD Hot Start Master Mix 

(Novagen), according to the advised protocol. The PCR products were gel purified and 

ligated into a pUC57 backbone (Fermentas), as described in section 2.4.1. Miniprep 

(QIAGEN – see section 2.4.1) and sequencing were performed as described before (section 

2.10). The purified plasmid was linearised by SmaI digestion and single stranded eF1β and 

Seg-1 RNA transcripts were generated from purified plasmids as described in section 2.4.2. 

RNA transcripts representing eF1β and Seg-1 were quantified and diluted to a starting 

concentration of 11 log10 copies/µl, then diluted in triplicate as a 10-fold dilution series, 

down to 1 copy/ µl in nuclease free H2O, to provide standard curves. 

 

To determine the specificity of primers for C. sonorensis, RNA was extracted from 

homogenised C. sonorensis, treated twice with 2 U of TURBO DNase (Ambion®) and 

provided a template for cDNA synthesis and amplification, performed as before (see current 

section) with EF1bCson265_F and EF1bCson467_R primers listed in Table 2.5. Self-

priming and amplification controls were included whereby reactions lacked RNA or reverse 

transcriptase respectively. Template RNA was removed by treating with 5U of Ribonuclease 

H (New England Biolabs). cDNA was precipitated in isopropanol, washed twice with 70% 

ethanol and amplification was assessed after electrophoresis (as described in section.2.4.1).  
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Table 2.4: Primers for amplifying and cloning eF1β. 

Primer 

name 
Nucleotide sequence (5’  3’) 

Amplification of eF1β: 

EF1b 211-232 F CGTATCACGGTGCCAAGAATTC 

EF1b 532-554 R GGTGCATCAAAAACTGCAGTTTC 

Addition of the T7 promoter, XhoI and BamHI restriction sites: 

EF1b+T7XbaI211-232F GTAAAACGACGGCCAGTGTCTAGATAATACGACTCACTATAGGGCGTA

TCACGGTGCCAAGAATTC 

EF1b-BamHI532-554R GGAAACAGCTATGACCATGGGATCCGGTGCATCAAAAACTGCAGTTTC 

a Restriction sites are underlined.  

 

 

 

Table 2.5: Primers and probes for segment 1 and elongation factor 1β real-time PCR 

assays. 

Primer name Nucleotide sequence (5’  3’) 

Segment 1 assay+: 

BTV 348-323 [6FAM]TCCTCCGGATCAAAGTTCACTCCAC[TAM] 

BTVuni 291-311F GCTTTTGAGGTGTACGTGAAC 

BTVuni 381-357R TCTCCCTTGAAACTCTATCCTTACG 

Elongation factor 1β assay: 

EF1b-Cson354 [HEX]TCGAGGARATTATGGGACTTGGMGC[TAM] 

EF1bCson265_F AAACGCGATTCATTTTCACC 

EF1bCson467_R GGCAATGGCAAATCTTTTGT 

a probe labels are shown in brackets.  

+(Shaw et al., 2007b) 
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Imaging methods 

 

2.15 Immunofluorescence (IF) labelling of cells 

 

BSR, CPT-Tert or KC cells were seeded onto 15 mm coverslips (SLS Scientific) in a 24 well 

assay plate. Cells were infected (or mock infected) at ~80% confluency, then washed twice 

with Mg2+ and Ca2+ free DPBS 2 h after infection. Fresh media was added and cells were 

incubated for various times after infection, as indicated in relevant chapters. 

 

 Following incubation, samples of cells were washed twice with Mg2+ and Ca2+ free DPBS. 

Cells were fixed with 4% PFA, washed three times with PBS and permeabilised with 0.1% 

Triton X100 (Sigma-Aldrich). Permeabilised cells were washed as described before, then 

labelled with a 1:2000 dilution of a polyclonal rabbit antibody against NS2 (ORAB1) or 

NS1. Cells were washed three times with PBS, then labelled with Alexa Fluor 594 or Alexa 

Fluor 568 Goat anti-Rabbit IgG Secondary Antibody (Invitrogen™), diluted to 1:200 in PBS 

supplemented with 0.5% BSA (Sigma-Aldrich). Nuclei were stained with a 1:10 000 dilution 

of 4',6-diamidino-2-phenylindole (DAPI) (Invitrogen™) and cells were mounted onto 

Superfrost™ slides (SLS Scientific) using Vectashield mounting medium (Vector 

Laboratories Ltd.). A Leica SP2 Confocal Microscope or SP8 TCS confocal microscope 

(Leica Microsystems Ltd.) was used to image cells and images were analysed using Fiji 

software (ImageJ). 

 

2.16 Fluorescence activated cell sorting (FACS) 

 

KC cells were plated in 25cm2 flasks at 1.5 x 106/ml and infected at ~80% confluency as 

specified in Chapter 3 (section 3.2.3). Cell pellets were harvested and resuspended in fresh 

culture media at uniform suspensions containing single cells. Cells were fixed with 4% PFA, 

washed with PBS and permeabilised with PBS supplemented with 0.2% Saponin and 1% 

BSA (Sigma-Aldrich). NS1 was then labelled using rabbit polyclonal NS1 antibodies diluted 

1:2000 in permeabilisation buffer, followed by three washes with permeabilisation buffer, 

then Alexafluor 647 goat anti-rabbit (Invitrogen™) secondary antibodies, which were 

diluted to 1:200 in permeabilisation buffer. The cells were then washed three times with 

permeabilisation buffer and FACS analysis was performed using BD LSRFortessa™ cell 
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analyser (Becton Dickinson). Unlabelled and no primary antibody controls were included. 

The numbers of eGFP and NS1 positive cells were analysed by Dr Katie Lloyd-Jones (The 

Pirbright Institute, UK) using FlowJo single cell analysis software (FlowJo). Single cells 

were gated and BTV-1 infected cells were used as a threshold for NS1 and eGFP detection 

(figure 2.2). The percentage of unlabelled cells and cells expressing eGFP and NS1 were 

determined and plotted in Microsoft Excel software (Microsoft 2013).  
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Figure 2.2 

A       B  

  

 

C 

 

 

 

Figure 2.2: Gating for detection of NS1 and GFP.  

(A) Single KC cells infected with BTV-1-NS1-eGFP and labelled for NS1 were gated (black 

line) using cell density plots and (B) unlabelled BTV-1 infected KC cells were used as a 

background control to set thresholds for detection of NS1 and eGFP. Where: forward scatter 

= FSC and side scatter = SSC. (C) eGFP and NS1 were detected in BTV-1-NS1-eGFP 

infected KC cells. 
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2.17 Transmission electron microscopic imaging (TEM) 

 

‘Tubules’ composed of the BTV NS1 protein are characteristically generated within the 

cytoplasm of BTV infected cells (Huismans and Els, 1979b). To visualise tubules during 

NS1-eGFP BTV-1 infection, KC cells were plated at 2x106/ml in 0.5 ml onto Nunc™ 

Thermanox™ Coverslips (Thermo Scientific™) in 24 well plates, to give ~80% confluency 

at time of infection. These cells were infected as described in Chapter 3 (section 3.2.2). At 

2 h pi, cells were washed twice with Mg2+ and Ca2+ free DPBS, and fresh culture media was 

added. After incubation for 4 d, EM fix (kindly supplied by the Bioimaging Department - 

The Pirbright Institute, UK), was added and the fixed cells were processed for TEM imaging 

by Miss Jennifer Simpson (The Pirbright Institute, UK).  

 

2.18 Fluorescence in situ hybridisation (FISH) 

 

2.18.1 Probe design and detection of segment 5 RNA 

 

Custom Stellaris® FISH Probes, abbreviated to TAM_S5, incorporating 5’ 5-

Carboxytetramethylrhodamine (TAMRA) (Table 1) were designed targeting the positive 

strand of Seg-5 of the South African reference strain of BTV-1 (GenBank accession number 

JX680461) using the Stellaris® FISH Probe Designer (LGC Biosearch Technologies) 

(available at www.biosearchtech.com/stellarisdesigner) (Table 2.6).  

 

The cDNA template for transcription of negative ssRNA was generated previously (see 

section 2.4.1) by PCR using the KOD Hot Start Master Mix (Novagen) from 50 ng of 

purified plasmid containing a cDNA copy of Seg-5 of BTV-1. The T7 promoter sequence 

was incorporated downstream of Seg-5 using Seg5_1 F and Seg5+T7_1773 R primers listed 

in Table 2.7. The PCR products were gel purified (QIAGEN) as before (see section 2.4.1). 

Positive and negative Seg-5 ssRNA transcripts were generated as described in section 2.4.2 

from 200 ng of purified PCR product. RNA was precipitated in isopropanol with the addition 

of 3M sodium acetate, washed twice with 70% ethanol, then resuspended in nuclease free 

H2O. Synthetic Seg-5 dsRNA was generated by denaturing and annealing the negative and 

positive ssRNA transcripts by heating to 95°C for 2 min, then reducing the temperature every 

5 min in 10°C decrements over 1 h. Double stranded RNA was gel purified (QIAquick, 
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QIAGEN). The amount of RNA generated was quantified as previously described (section 

2.14) and the quality assessed by agarose gel electrophoresis (section 2.4.1) after 

denaturation in formaldehyde loading buffer (Ambion®). 

 

To determine the specificity of the TAM_S5 probes for positive strand Seg-5 RNA, BSR 

cell monolayers were grown to ~90% confluency on coverslips (SLS Scientific) in a 12 well 

assay plate. Cells were mock transfected (without RNA) or were transfected with 1 µg of 

positive strand, negative strand or 0.5 µg of double-stranded segment 5 RNA in triplicate, as 

described in section 2.3.2. 2 h after transfection, the cells were washed twice with Mg2+ and 

Ca2+ free DPBS, fixed with 4% PFA, permeabilised in nuclease free 70% ethanol overnight 

at 4°C, then labelled with 12.5 nM TAM_S5, according to the manufacturer’s protocol (LGC 

Biosearch Technologies). Nuclei were stained with DAPI and cells were mounted as before. 

Labelled cells were imaged as previously described (section 2.15).  

 

To determine whether probes were able to detect segment 5 RNA during infection, KC and 

BSR cells were grown to ~90% confluency on coverslips (SLS Scientific) in a 24 well plate. 

Cells were mock infected by the addition of fresh media or were infected at an MOI of 0.01 

with BTV-1 or BTV-11, washed twice with Mg2+ and Ca2+ free DPBS 2 h pi and replenished 

with fresh media. At 24 h pi, BSR and KC cells were washed twice with Mg2+ and Ca2+ free 

DPBS and fixed with 4% PFA. Cells were labelled with 12.5 nM TAM_S5 and a 1:500 

dilution of a polyclonal guinea pig antibody against purified BTV-1 (ORAB279), then a 

1:200 dilution of Alexa Fluor 488 Goat anti-Guinea Pig IgG Secondary Antibody 

(Invitrogen™), according to manufacturer’s protocol (LGC Biosearch Technologies). A 

background control, lacking the secondary antibody, was included. Nuclei were stained with 

DAPI and cells were mounted and imaged as described in section 2.15.  

 

The intensity of TEM_S5 and ORAB279 labelling was measured in individual BSR cells 

mock infected or infected with BTV-1 or BTV-11 using Fiji software (Image J). Cells were 

analysed in quadruplicate in three separate images of a single coverslip. A student’s t-test 

and Mann-Whitney U test were performed in Minitab 17.0 Statistical software (Minitab Inc.) 

to compare differences between BTV-1 and BTV-11 in +Seg-5 and VP5 labelling intensity, 

respectively. 
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Table 2.6: Probes specific to the sense (+ve) strand of segment-5 RNAs of BTV-1 (pS5-

BTV1_TAM). 

 

  
Nucleotide sequence (5’  3’) 

CCCACTGATGTTGTATTTTC GCCAAAAAAGTTCTCGTGGC 

GCAAGTCCATTGTGGTGAAA TTTGTTTAACACACATCCCA 

CGCAATCATTGCTCTCTCAA AATTTATATGCTTTCGCCGG 

TTTTGAAGCATTGGAGCCAG CTCTTCGTATGGTTGGGAAA 

CGGTAATCTTCGAGCAGTTG TAACCAATGCGGATTGCTTC 

TCCAATCTAACTCTTTCCGA TGGCACATAGATGTAAGGCA 

GTTGGATTCACGATTTGACC GCATCCGGGTTGTAGAAATA 

GCATCCGGGTTGTAGAAATA GCATCCGGGTTGTAGAAATA 

AGTTTGGATCGATCCAATCA TCTCAACCTCACGTTTGATT 

CAGTGTAGGGACATGTGTTA TCACTTGAAATACTCTGCCT 

GATCAGCTGAATCGGCAAGA TCGCAAAATCATCCATCCTT 

AATATTGCTGTATCGCCATC ATCTGACCTCTTCAGCATAA 

CCTTCCAAAAAGTTGTTGCA TAATGGAAATTCGCCCGTTG 

GTTGGGAAATCGCGTCTTAT TAATCATAGGTAGCAGCCAG 

TGATCCAATCCTTCACGAAC AATCAATAAGCCATTCCCAC 

GCTGACATGTATGCTTTCTA GATCTGCTTTGAGTGTTTCA 

CGTACATCAATCACACCACA AACACCCAGTTAGTTCTGAT 

ATCTTCACCGTCTTGAATGG GAATCATTTCCCACATGTTC 

CCAATTTGTTCATCGCGAAC CCCCAGTGTAACAATTTGTA 

ATCGCAGTTGTAATCAAGGC CTCTAATCCAGCGGTGAATG 

CGCGTCCGAGCATGAAAATA AGAATAACCTGAGCAGAGCG 

AGAATAACCTGAGCAGAGCG GCATATCCGTAGCACACAAA 

AAGGTTATTCCAATCCGGTA TCCGGTCCTTTCAAAATGAT 

AAACATCGTAGCATAAGCCC GGGTGATAATGCATCGAACC 

CAGCGAAGTGAACCTTTTCT CATACGAGCAGCGAGATTGA 

AATACTCCATCCACATCTGA  
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Table 2.7 Primers used to add a T7 promoter to segment-5 

Primer name Nucleotide sequence (5’  3’) 

Seg5_1 F GTTAAAAAAGTTCTCTAGTTGGCAAC 

Seg5+T7_1773 R GGATTCTAATACGACTCACTATAGTAAGTTG 

a the T7 promoter sequence is italicised 

 

 

2.18.2 Labelling of Culicoides sections 

Insects were anaesthetised with CO2 and transferred to nuclease free H2O supplemented with 

0.1% TWEEN®-20 (Sigma-Aldrich), washed twice with nuclease free H2O, then fixed in 4% 

PFA. The fixed insects were washed twice with nuclease free H2O and incubated overnight 

at 4°C in 12% sucrose supplemented with 40 U per ml of RNAsin RNase inhibitor 

(Invitrogen™) and treated with DEPC (Sigma-Aldrich) according to manufacturer’s 

recommended protocol. Groups of fifteen to fifty C. sonorensis were laterally mounted at 

uniform depth in Peel-A-Way® Embedding Moulds (Sigma-Aldrich) with Tissue-Tek® 

O.C.T compound (Sakura® Finetek USA Inc.), frozen on dry ice and stored at -80°C. 

 

Mounted C. sonorensis were warmed to -15±2°C and serial sections were taken, with 15 µm 

intervals between sections, using a Leica CM3050 S Research Cryostat (Leica Microsystems 

Ltd.) with Feather S22 Microtome Blades (CellPath Ltd.). Each section was dried onto a 

Superfrost™ plus slide (SLS Scientific), fixed in 4% PFA, washed twice in nuclease free 

PBS, and dehydrated for 1 h in nuclease free 70% ethanol. Slides were rehydrated in 50% 

and 30% nuclease free ethanol. An ImmEdge™ hydrophobic barrier pen (Vector 

Laboratories) was used to draw around the boarder of each slide. Slides were submerged in 

wash buffer A (Biosearch technologies Ltd.), then were incubated at 37ºC for ~4 h with 12.5 

nM TAM_S5 probes and a polyclonal guinea pig antibody against BTV-1 (ORAB279), 

diluted 1:500 in hybridisation buffer (100mg/ml Dextran sulphate (MP Biomedicals), 10% 

deionised formamide, 2x saline-sodium citrate (SSC) (Ambion™), nuclease free H2O). 

Labelled slides were submerged in wash buffer A, then incubated with Alexa Fluor 488 Goat 

anti-Guinea Pig IgG Secondary Antibody (Invitrogen™), diluted 1:200 in wash buffer A. 

Background controls lacking secondary antibody or primary antibody and probe were 

included. Nuclei were stained with DAPI (Sigma-Aldrich), diluted 1:10 000 in wash buffer 

A. Slides were washed twice in wash buffer B (Biosearch technologies Ltd.) Coverslips (SLS 

Scientific) were mounted and slides were imaged as before (section 2.15). Images of 1023 x 
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1023 pixels were captured at 20 x objective. To reduce autofluorescence, the gain for red 

and green channels was adjusted above levels detected in mock infected C. sonorensis.  

 

2.19 Imaging of Culicoides tissues 

 

Tissues were identified in labelled C. sonorensis sections (see section 2.18.2) using the 

following methods. Newly emerged C. sonorensis were sectioned as described in section 

2.17.2. Nuclei were stained with a 1:10 000 dilution of DAPI, or cytoplasm was stained with 

0.1% Fast Green FCF (Sigma-Aldrich), shown to stain salivary glands and fat body tissues 

(Hershberger, 1946). DAPI stained sections were captured by confocal microscopy as 

described previously (section 2.15). A Leica DM IL LED microscope (Leica Biosystems 

Ltd) with sCCD Camera (OLYMPUS) was used to capture images of Fast Green stained 

sections at 40x objective. Images were analysed using Fiji software (ImageJ). 

 

2.19.1  X-ray microtomography (microCT) of adult Culicoides 

 

Newly emerged adult C. sonorensis were killed by freezing at -20ºC then fixed in 70% 

ethanol. Whole-volume microCT imaging was performed on fixed C. sonorensis and three-

dimensional reconstructions were provided by Dr Orestis Katsamenis at the µ-VIS X-Ray 

Imaging Centre (University of Southampton, UK).  

 

 

2.20 Sample size calculations 

 

Sample sizes for experiments described in Chapter 5 assumed a medium effect size and were 

calculated by N ≥ 50+8m (Green, 1991), where N is the number of subjects and m is the 

number of predictors. A large effect size with N ≥ 35 was assumed for experiments in 

Chapter 4. 
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2.21 Statistical analyses 

 

Descriptive analyses were performed in Microsoft Excel software (Microsoft Office 2013). 

Heatmap plots were obtained using the ‘imagesc’ function of MATLAB® software 

(Mathworks Ltd.). Minitab 17.0 statistical software (Minitab Inc.) was used to implement 

statistical analyses outlined in Chapter 5, with p = 0.05 level of significance.  

 

The ‘binofit’ function of the Statistics and Machine Learning Toolbox of MATLAB® 

(Mathworks Ltd.) was used to calculate confidence intervals (CI) of estimates of the ‘true’ 

population mean, with a 95% level of confidence, and assumed a binomial distribution. 
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3.1. Introduction 

 

Recent advances in microscopic imaging and the development and expression of genetically 

encoded fluorescent tagged ‘reporter’ proteins, and use of antibodies or fluorescent tagged 

nucleic acid probes have helped to reveal details of the complex interactions between host 

and pathogen. Studies have included observing the host’s immune response at a new level 

of spatial and temporal resolution by direct visualisation of these molecules in infected cells 

and tissues (Peters et al., 2008, Palha et al., 2013, Coombes and Robey, 2010, Melzi et al., 

2016). The data generated provide the foundation for a systems-level understanding and 

multiscale models of within-host pathogen infection, replication and dissemination 

mechanisms (Kumberger et al., 2016), explored in Chapter 5. The purpose of the studies 

described in the current chapter is to develop a means of visualising BTV in vivo, during 

infection. 

 

Genetically encoded fluorescent proteins, such as green fluorescent protein (GFP), its 

spectral variants and GFP-related proteins (Matz et al., 2002), are perhaps the most widely 

used reporters as they can be imaged non-invasively in living cells without requiring a co-

factor (other than oxygen) to synthesise the chromophore (Tsien, 1998). The suitability of a 

fluorescent reporter protein for studies of protein localisation depends on its photostability, 

signal level above autofluorescence, potential for oligomerisation, if expressed as a fusion 

protein, and its emission spectrum when used in multiplexing (Shaner et al., 2005).  

 

The genome of some viruses can be extended to incorporate additional ‘reporter’ genes, 

enabling viral replication and dissemination to be precisely monitored, not only in cell 

cultures, but also in host plants, animals, or arthropod vectors (Manicassamy et al., 2010, 

Palha et al., 2013, Fukuyama et al., 2015, Shaw et al., 2012, Ziegler et al., 2011). Whether 

extension of the viral genome is possible, depends on: the requirements for assembly and 

packaging of the progeny viruses; the existence of a reverse genetics system to ‘rescue’ wild-

type or modified viral/reporter nucleic acids as part of a functional virion; the targeted 

insertion site within the viral genome segment (Wertz et al., 2002); the insert size and 

specific nucleotide or amino acid sequence of the insert (Teterina et al., 2010).  

 

Several studies have reported the ‘rescue’ of non-segmented viruses that express a 

fluorescent ‘reporter’ as part of a viral ‘fusion’ protein, including: poliovirus (PV) (Teterina 

et al., 2010, Mueller and Wimmer, 1998); Sindbis virus (SINV) (Frolova et al., 2006, 
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Atasheva et al., 2007); Chikungunya virus (CHIKV) (Kummerer et al., 2012) and Semliki 

Forest virus (SFV) (Tamberg et al., 2007). Influenza A viruses, which have a segmented 

ssRNA genome, have also been successfully rescued, expressing variants of GFP (Perez et 

al., 2013, Manicassamy et al., 2010, Li et al., 2010). 

 

Rescuing a recombinant BTV that expresses a viral-reporter fusion protein and is also 

replication competent, is complicated by the nature of its ten segmented dsRNA genome, 

which requires cells to uptake at least  one copy of  each genome segment, usually in the 

form of functional ssRNAs (Boyce and Roy, 2007, Boyce et al., 2008).  

 

Recombinant strains of BTV-1 and 10 were successfully generated, expressing the red 

fluorescent mCherry reporter protein as a fusion with the transmembrane domain of 

NS3/NS3A (Shaw et al., 2012).  These viruses exhibit reduced growth in BFAE and KC 

cells.  A recombinant strain of BTV-1 was also engineered expressing a short, 6 amino acid, 

tetracysteine tag incorporated into VP2 (Du et al., 2014), that is suitable for live cell 

labelling. Additionally, reverse genetics systems were recently been published for rotavirus 

(Desselberger, 2017). These studies prove that the rescue of segmented dsRNA viruses is 

achievable. 

 

The studies presented in this Chapter expand previous work by the Shaw group (Shaw et al. 

2012) and were intended to rescue a BTV strain that stably expresses a fluorescent reporter 

protein over multiple replication cycles in KC cells, with a similar growth profile to the 

parental virus. To achieve this, the open reading frame (ORF) of enhanced GFP (eGFP) was 

inserted into segment 5  (Seg-5) of BTV-1, upstream of the 3’ non-coding sequence, enabling 

expression of either an eGFP-NS1 fusion polypeptide, or independent expression of 

unmodified NS1 and eGFP proteins, from ‘concatemeric’ but distinct open reading frames 

(Eaton and Gould, 1987, Gould and Hyatt, 1994).  

 

The 64 kDa NS1 protein provides a suitable candidate for integration of a reporter protein 

as it is dispensable in primary BTV replication (Matsuo and Roy, 2013) and maintains 

normal function and targeting upon incorporation of a 16 or 116 foreign amino acid sequence 

at its C-terminus (Monastyrskaya et al., 1994, Mikhailov et al., 1996), indicating that eGFP 

addition is unlikely to impair NS1 functionality. Additionally, NS1 is expressed at high 

levels in both insect and mammalian cells (Urakawa and Roy, 1988a), prior to the formation 

of progeny virus. The tubular NS1 polyprotein assemblies are closely associated with mature 
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virus particles (Huismans and Els, 1979a). Hence NS1 is a relatively precise, early and 

abundant indicator of BTV infection and intracellular particle localisation.  
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3.2. Results 

 

3.2.1. Rescue of recombinant BTV-1 viruses 

 

Seg-5 of BTV encodes a single 552 aa protein, NS1, which forms abundant and characteristic 

cytoplasmic tubules in infected cells (Urakawa and Roy, 1988a, Huismans and Els, 1979a). 

The NS1 coding sequence was modified by insertion of the coding sequence for green 

fluorescent protein, eGFP, which had been selected in order to express a detectable 

fluorescence signal in C. sonorensis tissues, which naturally exhibit strong red-violet 

autofluorescence, notably around the oocytes and cuticle (data not shown). 

  

Initially, three different plasmids were developed containing either the unmodified Seg-5 

sequence from BTV-1 as a control, which was developed by Dr Andrew Shaw (University 

of Glasgow, UK) prior to the start of the project. The remaining plasmids possessed the 

eGFP coding sequence integrated at the C-terminus of the NS1 ORF (NS1-eGFP), or Seg-5 

incorporating the eGFP coding sequence as a separate ORF downstream of the 3’ terminal 

sequence (NS1/eGFP) were developed during the project. Recombination occurred at nt 687 

to 1624 during initial attempts to clone eGFP into the ORF of NS1, inserted sequences 

corresponded to E. coli DNA. Reduced colony size indicated that the inserted eGFP and Seg-

5 sequences were toxic to E. coli. 

 

An unmodified BTV-1, genetically identical to the BTV-1 reference strain (ICTVdb isolate 

accession number [RSArrrr/01]) was rescued from synthetic RNA transcripts using standard 

procedures (Boyce et al., 2008) as described previously (Chapter 2, section 2.4). Two 

additional modified BTV-1 strains, expressing NS1 and eGFP either as separate proteins 

(NS1/eGFP), or as a single 793 aa fusion-protein that includes eGFP (NS1-eGFP) at the C-

terminal of NS1, were also both rescued successfully (figures 3.1A and C). Fluorescent 

plaques of >50 BSR cells, that were expressing eGFP, were visible at 48 h post-transfection 

(pt) with the ten in vitro RNA transcripts that included either NS1-eGFP (figure 3.1B) or 

NS1/eGFP transcripts. However, by 96 h pt eGFP fluorescence was undetectable in the cells 

transfected with ssRNAs that included NS1/eGFP, (data not shown), indicating that eGFP 

was not retained over multiple rounds of replication of BTV-1 NS1/eGFP. The BTV-1 

NS1/eGFP strain was therefore eliminated from further analyses. Fluorescence due to 

transient expression of eGFP was detected in single cells in wells transfected as a mock 

control with the NS1-eGFP (figure 3.1B – Mock) or NS1/eGFP transcript (data not shown), 
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in the absence of Seg-9. eGFP expression in control wells was distinguishable from wells 

transfected with all ten BTV segments including modified Seg-5, indicating that NS1-eGFP 

and NS1/eGFP were incorporated into progeny virus, rather than transiently expressed.  

  

Stocks of the rescued BTV-1 NS1-eGFP were generated in BSR cells and titrated as 

described before (Chapter 2, sections 2.4.2 and 2.5).  At 24 h pi with the rescued BTV-1 

NS1-eGFP strain, eGFP fluorescence was localised as large aggregates in the cytoplasm of 

BSR cells and co-localised with NS1 expression (figure 3.1E), indicating that eGFP was 

expressed as an NS1 fusion protein. BTV-1 NS1-eGFP produced smaller plaques and grew 

to a lower titre of 2.53 x 10-5 PFU/mL, compared to unmodified BTV-1 which replicated to 

a titre of 4.27 x 10-6 PFU/mL in CPT-Tert cells (figure 3.1C), indicating that extension of 

the NS1 ORF to incorporate eGFP resulted in growth deficiency relative to the parental/wild-

type  BTV-1.  
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Figure 3.1: Rescue and initial characterisation of a BTV-1 expressing eGFP.  

(A) Schematic representation of ‘constructs’ used for the rescue of BTV-1 viruses expressing 

eGFP. Segment 5 (Seg-5) of unmodified parental BTV-1 (WT) and modified BTV-1 viruses 

incorporating eGFP fused to the C-terminus of NS1 (NS1-eGFP), or as a separate ORF are 

shown. Arrows represent the start of the ORF and the size of each genome segment is shown 

to the right of the figure. (B) Fluorescence of BSR cells 48 h after transfection with RNA 

transcripts of the BTV-1 reference strain genome segments, synthesised in vitro, but 

including a modified Seg-5 incorporating eGFP (NS1-eGFP); by replacing the modified Seg-

5 with the parental / wild type version (WT), or lacking the Seg-9 transcript (Mock). (C) 

Crystal violet staining of the CPT-Tert cell monolayer showing plaque formation 96 h pi 

with a 10-4 dilution of unmodified BTV-1 (WT), BTV-1 NS1/eGFP or BTV-1 NS1-eGFP. 

 (D) Profile of segments 1 to 10 of unmodified BTV-1 (WT) and BTV-1 NS1-eGFP. The 

location of Seg-5 incorporating eGFP is denoted by a black arrow. The orange arrow denotes 

the location of parental Seg-5 at position 6. dsRNA was isolated from KC cells 48 h pi at an 

MOI of 0.01 and segments were separated by polyacrylamide gel electrophoresis. (E) NS1 

expression and eGFP fluorescence (shown in green) in BSR cells 24 h pi with BTV-1 NS1-

eGFP at an MOI of 0.1. The same cells were also fixed and NS1 was labelled with a 

polyclonal rabbit anti-NS1 antibody, shown in red (scale = 20 µm). 
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3.2.2. Growth of BTV-1 NS1-eGFP is reduced and tubule aggregation 

is increased in vitro 

  

The growth rate of BTV-1 NS1-eGFP was compared with the unmodified BTV-1 over 

multiple replication cycles in ovine and Culicoides cells. CPT-Tert and KC cells were 

infected in triplicate in two independent experiments at an MOI of 0.01 with NS1-eGFP, 

parental BTV-1, or were mock infected. Viral titres in supernatant were quantified at various 

time points after infection by end-point dilution (see sections 2.5 and 2.8 of Chapter 2). The 

modified BTV-1 NS1-eGFP strain, replicated only slowly for the first 24 h pi in mammalian 

cells, while the wild type BTV-1 showed little initial delay. As a result, the growth curve of 

BTV-1 NS1-eGFP, although showing a similar slope, was delayed relative to the unmodified 

BTV-1 in CPT-Tert cells, to the extent that it produced approximately 2.5 log10 lower 

TCID50/ml between 24 to 48 h pi.  Although both viruses generated a titre of approximately 

6.00 log TCID50/ml (6.09 log10 ± 0.18(SE)) by 72 to 96 h pi, wild type BTV-1 reached this 

plateau by 48 h pi, 24 h earlier than BTV-1 NS1-eGFP (figure 3.2A).  

 

In contrast replication of the wild type virus showed a small initial delay for 8h pi in the KC 

cells, while the modified BTV-1 NS1-eGFP showed a rapid initial rise in replication in these 

cells and achieved higher titres than in the mammalian cells for the first 48 h pi (figure 3.2A).  

Despite this more rapid start in replication, the modified virus was slightly delayed in KC 

cells compared to the unmodified BTV-1, generating ~10 fold lower virus titres between 8 

h and 96 h pi, and reaching a similar final titre (~6.50 log10
 TCID50/ml) 24 hours later at 96 

h pi (figure 3.2B). There was no virus growth in the mock infected control over the time 

course (figure 3.2A, B). 

 

To determine whether delayed replication could result from impaired ability of NS1-eGFP 

to form tubules, KC cells were mock infected, or infected at an MOI of 0.1 with the 

unmodified BTV-1 or BTV-1 NS1-eGFP and tubules were observed by TEM 4 dpi. As 

expected, no tubules were detected in the cytoplasm of mock infected cells (figure 3.3). 

Although NS1 tubules were formed during both BTV-1 NS1-eGFP and parental BTV-1 

infections and were morphologically similar. The tubules generated by BTV-1 NS1-eGFP 

appeared to be more densely packed in large cytosolic aggregates in close proximity to VIBs 

(figure 3.3). Increased aggregation of NS1 tubules during BTV-1 NS1-eGFP infection was 

consistent with confocal microscopic observations of NS1 in BSR cells (figure 3.1D) which 

showed aggregation of NS1. 
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Figure 3.2  

A 
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Figure 3.2: Growth of BTV-1 NS1-eGFP is delayed in vitro. (A) Mean titre (log10 

TCID50/ml) of unmodified BTV-1 (WT), uninfected control (Mock) and BTV-1 NS1-eGFP 

(N1-eGFP) in C. sonorensis (KC) cells and (B) sheep (CPT-Tert) cells and at 0, 8, 24, 48, 

72 and 96 h pi with an MOI of 0.01. Inoculum was titrated to ensure initial titre did not differ 

between viruses or cell lines (data not shown). Bars represent the standard error of the mean 

and the dashed line represents the assay detection limit.   
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Figure 3.3 

   

   

    

 

Figure 3.3 BTV-1 NS1-eGFP forms dense aggregates of NS1 tubules during infection. 

KC cells were infected at an MOI of 0.1 with BTV-1 NS1-eGFP (NS1-eGFP), unmodified 

BTV-1 (WT), or were mock infected (Mock). At 96 h pi, cells were fixed and tubules were 

observed by TEM. Cell nuclei (N) and cytoplasmic viral inclusion bodies (VIB) are labelled 

(scale = 500 nm). Arrows indicate the NS1 tubules. 
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3.2.3. Loss of eGFP fluorescence during multiple passages of BTV-1 

NS1-eGFP  

 

The level of eGFP fluorescence was assayed over multiple replication cycles to assess the 

potential of BTV-1 NS1-eGFP as a reporter for in vivo studies of BTV replication and 

localisation. Unmodified BTV-1 and BTV-1 NS1-eGFP in supernatant were independently 

passaged in triplicate at an initial MOI of 0.01, for 48 h, over 7 passages in KC or CPT-Tert 

cells. Passaging was repeated in two independent experiments. At each passage, NS2 was 

detected by labelling with polyclonal rabbit anti-NS2 antibodies (Orab1) (see Chapter 2, 

section 2.15 for methods), to identify infected cells. The percentage of cells singly or co-

expressing eGFP and/or NS2 were calculated from confocal images. To ensure that titre did 

not vary between passages, endpoint dilution assays of supernatant from each passage were 

performed on BSR cells (not shown).  

 

At passages 1, 3 and 6, eGFP fluorescence was undetectable in between 63 to 91% of 

infected (NS2 positive) KC cells (figure 3.4A, B). Partial co-localisation of eGFP with NS2 

at KC cell passage 3 (figure 3.4A) was consistent with aggregation of NS1 tubules in close 

proximity to VIBs. FACS analysis confirmed that eGFP fluorescence was lost early after 

infection with only 7% of KC cells expressing both NS1 and eGFP fluorescence at 24 h pi, 

despite detection of NS1 in 64% of cells. The percentage of infected cells detected by FACs 

24 h after BTV-1 NS1-eGFP infection at an MOI of 0.01 was lower than with the unmodified 

BTV-1 (figure 3.4C), consistent with a reduction or delay in growth. The longevity of eGFP 

fluorescence during serial passage in KC cells was not increased after three rounds of plaque 

purification, indicating that the eGFP-negative BTV population arose during serial infection 

and may have been absent in the initial rescue supernatant (data not shown).  

 

eGFP fluorescence was undetectable following 6 passages in KC cells (data not shown in 

figure) or 4 passages in CPT-Tert cells (figure 3.4A).  This difference may reflect the greater 

similarity in growth rates of the wild type and modified viruses in KC cells (figure 3.2A) 

and therefore less selective pressure for a ‘wild type strain’ during serial passages in these 

cells. The majority (81 to 95%) of infected CPT-Tert cells expressed eGFP at passage 1, 

while eGFP fluorescence was only detectable in 6 to 21% of infected cells at passage 3, and 

at passage 6 eGFP fluorescence was undetectable in all infected CPT-Tert cells (figure 3.4A, 

C). 
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 In both KC and CPT-Tert cell lines, a minority of infected cells (0.4 to 6%) expressed eGFP 

in the absence of NS2 (figure 3.4B, C). 
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Figure 3.4: Loss of eGFP fluorescence during serial passage of BTV-1 NS1-eGFP.  

(A)  The stablity of eGFP (green) expression in KC cells or CPT-Tert cells infected with BTV-1 NS1-eGFP was examined. BTV-1 NS1-eGFP was serially 

passaged to produce passages 1, 3 and 6, shown. NS2 was labelled after each passage with polyclonal rabbit anti-NS2 antibody (red), and confocal images 

were captured (see Chapter 2, section 2.15). White arrows indicate eGFP negative infected cells and sites of NS2 and eGFP partial co-localisation are 

shown by the orange arrows (scale = 20 µm).  
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Figure 3.4  

B 

          

C 

 

 

Figure 3.4: Loss of  eGFP fluorescence during serial passage of BTV-1 NS1-eGFP.  

(B) The number of KC or CPT-Tert cells expressing NS2 and eGFP were counted in confocal 

images at passage level 1, 3 and 6. The average percentage of cells expressing both NS2 and 

eGFP was determined in confocal images of each independent replicate for every passage 

shown. Bars represent the standard error of the mean. (C) The percentage of KC cells 

expressing eGFP and NS1 during early infection was determined. KC cells were mock 

infected, or infected at an MOI of 0.01 with unmodified BTV-1 (WT) or BTV-1 NS1-eGFP. 

Cells were fixed at 24 h pi, eGFP was detected by direct fluorescence, NS1 was labelled 

using polyclonal rabbit NS1 antibodies and the uninfected cells remained  unlabelled.  Cells 

were sorted by FACs (for methods see section 2.16 of Chapter 2).  

 

0

20

40

60

80

100

1 3 6

In
fe

c
te

d
 c

e
ll
s 

e
x
p
re

ss
in

g
 

e
G

F
P
 (

%
)

Passage

KC

CPT

0

20

40

60

80

100

NS1-eGFP WT Mock

K
C
 c

e
ll
s 

(%
)

eGFP and NS2

NS2

eGFP

Unlabelled



Chapter 3: Construction and detection of recombinant bluetongue viruses  

98 

 

3.2.4. Genetic changes in Seg-5-eGFP that correspond to loss of eGFP 

fluorescence 

 

The genetic mechanisms underlying loss of eGFP fluorescence early during BTV-1 NS1-

eGFP infection and maintenance in a minority of infected KC cells (demonstrated above) 

are unknown, but may have significance in understanding the requirements for NS1 during 

BTV replication. To test whether deletions in the full length Seg-5 that also incorporated 

eGFP, could be responsible for loss of the eGFP fluorescence during serial passage of BTV-

1 NS1-eGFP, KC cells from each replicate were harvested after every passage, until passage 

6, and dsRNA was isolated and analysed. 

 

Initially, the size of each genomic segment (kb) was assessed by polyacrylamide gel 

electrophoresis, to identify any gross rearrangments in the viral genome-segments during 

passaging. The size of unmodified segments 1 to 4 and 6 to 10 of BTV-1 NS1-eGFP were 

indistinguishable from the parental BTV-1, as expected. A band of 1.7 kb, corresponding to 

parental Seg-5, was present in the unmodified BTV-1 at all passages analysed (figure 3.5A, 

B).  

 

BTV-1 NS1-eGFP possessed a 2.6 kb band, corresponding to the predicted size of Seg-5 

incorporating eGFP at passage levels 1 to 5 in KC cells (figure 3.5A, B). However, the 

intensity of the 2.6 kb band reduced with increasing passage, indicating a reduction in the 

percentage of virus particles possessing Seg-5 with full length eGFP. A smaller segment of 

unknown sequence identity, at approximately 1.6 kb was visible in BTV-1 NS1-eGFP at 

passage levels 4 to 6 in KC cells. The intensity of the smaller segment increased with 

increasing passage (figure 3.5A, B), suggesting that it was replacing the larger full-length 

‘fusion’ segment. Results were consistent between three independent replicates tested. 
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Figure 3.5: Deletion of the eGFP ORF sequence from the genome of BTV-1 NS1-eGFP 

during serial passage.  

The profile of genomic segments 1 to 10 from unmodified BTV-1 (WT) and BTV-1 NS1-

eGFP (NS1-eGFP) after (A) 1, 3 and 6 C. sonorensis (KC) cell passages, and (B) 4, 5 and 6 

passages in KC cells. The profile of a mock infected control is included following 6 passages 

in KC cells (Mock) to demonstrate the absense of cross-infection between wells during serial 

passaging. KC cells were harvested after each passage, genomic dsRNA was isolated and 

BTV segments were separated by polyacrylamide gel electrophoresis. Data shown is 

representative of the three independent replicates of each passage. Arrows indicate the 

location of the novel small segment at approximately 1.6 kb. The location of the full length 

Seg-5 possessing eGFP is shown by the orange arrows. 
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To genetically characterise the novel 1.6 kb segment, cDNA was reverse transcribed from 

dsRNA isolated as above, using primers targeting the 3’ and 5’ termini, to generate the full 

length Seg-5 of BTV-1 NS1-eGFP viruses in KC cell passages 1, 3 and 6. The size of 

amplified cDNA was assessed on an agarose gel, then Sanger sequenced, as described in 

Chapter 2 (section 2.11).  

 

Although Seg-5 isolated at passage 1 of BTV-1 NS1-eGFP appeared to be the ‘correct’ size 

predicted for Seg-5 possessing the eGFP coding sequence, at approximately 2.6 kb (figure 

3.6A), deletion of the existing stop codon at the 3’ terminus of the eGFP ORF had resulted 

in a Glycine and Serine amino acid extension to the C-terminus of the eGFP ORF.  

 

In all three replicates tested, Seg-5 isolated from BTV-1 NS1-eGFP at passage 3, ranged in 

size from approximately 1.6 to 2.6 kb (figure 3.6A). A 45 bp sequence of heterologous 

sequences was identified between the NS1 and eGFP ORFs, indicating a mixed BTV 

population. The consensus sequence of this region was found to be analogous to the 3’UTR 

sequence of Seg-5 (figure 3.6B), indicating that population of BTVs exist which are lacking 

the eGFP ORF. Seg-5 isolated from passage 6 was approximately 1.7 kb in size and lacked 

the GFP coding sequence, but possessed a full length 3’UTR analogous to the BTV-1 

reference strain. Indicating that Seg-5 had reverted to ‘wild-type’ (figure 3.6A, B). 

 

To characterise individual variants within the heterologous BTV-1 NS1-eGFP population at 

passage 3, the sequence of the variable intergenic region between Seg-5 and eGFP ORFs 

was determined. A total of 90 independent cDNA clones were produced by amplifying a 

region from the genomic dsRNA isolated from three independent replicate passages (figure 

3.6 A, a to c), spanning Seg-5 nt 1820 (NS1 aa 523) through to nt 2502 of the 3’UTR of Seg-

5 (figure 3.6C). Amplified sequences were cloned into a pGEM-T vector, as described 

previously (see Chapter 2, section 2.12 ), clones were sequenced and the resulting nucleotide 

and amino acid sequences covering the length of the intergenic region were compared with 

Seg-5 of the BTV-1 reference strain and full length eGFP. High quality variable sequence 

data were obtained from 84.4% (76/90) of cDNA clones. Only 1.3% of successfully 

sequenced clones (1/76 clones) possessed eGFP with no deletions, whereas the remaining 

clones possessed full length deletions in the eGFP ORF. Between 79.4 to 93.9% of clones 

analysed were homologous to Seg-5 of the BTV-1 reference strain (replicate: a = 26/28, b = 

13/14, c = 27/34 clones).  
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A clone was identified possessing a 21 bp deletion at the terminus of the Seg-5 ORF, which 

extended into the initial 29 bp of the 3’UTR. This deleted sequence corresponded to a 4 

amino acid C-terminal extension to NS1 (NS1_552-LPIF).  A second clone was identified, 

with a 22 amino acid truncation to NS1 (NS1Δ530-FSSSIFS), resulting from a 42 bp deletion 

at the terminus of the Seg-5 ORF which extended into the initial 38 bp of the 3’UTR. The 

NS1_552-LPIF and NS1Δ530-FSSSIFS deletion mutants represented a small proportion of 

the virus population and were detected in 1.3% (1/76 clones) to 2.6% (2/76 clones) of cDNA 

clones analysed, respectively (figure 3.6D). These data indicate that the heterologous 

sequence between the NS1 and eGFP ORFs (described above) was likely to represent a 

mixed population of BTVs possessing the full length eGFP or deleted eGFP. 

 

To effectively package their genome, NS1-eGFP variants are predicted to maintain the 

structure of the unpaired loop formed between 5’ and 3’ termini, required for intermolecular 

base pairing between Seg-10 (Boyce et al., 2016). Secondary structure predictions based on 

minimum free energy calculations of the variant sequences (Zuker, 2003) showed no 

differences in the 5’ and 3’ termini of Seg-5 of NS1-eGFP, NS1Δ530-FSSSIFS and 

NS1_552-LPIF with the BTV-1 reference strain (figure 3.6E), indicating that the sequence 

differences conferred no alteration in RNA folding between segment termini. 
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Figure 3.6: Sequence characterisation of Seg-5 of BTV-1 NS1-eGFP variants from 

different passages.  

(A) Profile of full length Seg-5 from cDNA isolated from three independent replicates (a to 

c) of NS1-eGFP passaged 1, 3 and 6 times in KC cells. Mock infected (Mock) and 

unmodified BTV-1 (WT) controls were included and the expected size of unmodified Seg-

5 (black arrow) and Seg-5 possessing eGFP (red arrow) are shown. (B) Full length Seg-5 

was sequenced and consensus sequences from passages 3 and 6 are illustrated, showing a 

partial or full-length ‘upstream’ 3’UTR at the intergenic region of NS1 and eGFP. Numbers 

indicate the size of each genomic segment (kb). (C) cDNA clones of Seg-5 from passage 3 

of BTV-1 NS1-eGFP were amplified using primers flanking the intergenic region. (D) 

Amino acid sequences at the C-terminus of NS1 (black shaded area) in cDNA clones 

possessing NS1, NS1Δ530-FSSSIFS or NS1_552-LPIF. Amino acids that are absent in 

unmodified NS1 are underlined and numbers indicate amino acid positions. (E) 

Representative free minimum energy secondary structure prediction of the 5’ and 3’ termini 

of Seg-5 from cDNA clones generated in Mfold (Zuker, 2003). Numbers indicate the base 

position within unmodified segment 5 and bases of an unpaired loop predicted to interact 

with Seg-10 are shown (red) (Boyce et al., 2016). 
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Figure 3.6 
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3.2.5. Fluorescence labelling of BTV in infected KC cells  

 

It was concluded that expression of eGFP is unlikely to provide an accurate indicator of 

BTV-1 NS1-eGFP localisation in whole Culicoides due to early loss of eGFP fluorescence. 

Simultaneous fluorescence labelling of BTV protein and non-genomic BTV RNA were 

therefore tested as alternative means of detecting BTV and BTV replication in vivo.  

 

To determine which proteins were detected by antisera against purified BTV (Orab 279), 

BSR cells were infected in triplicate at an MOI of 0.1 with BTV-1 SA (P1 BSR), or were 

mock infected. Viral proteins were detected in cell lysate and supernatant by western blot 

analysis with polyclonal Guinea pig antiserum against purified BTV-1 virus particles (Orab 

279), which was generated prior to the project by Professor Peter Mertens (The Pirbright 

Institute, UK). β–actin was used as a loading control. BTV proteins were only detected in 

infected cells (figure 3.7A). 

 

 VP5 was detected at high levels in cell lysate by western blotting compared to VP7 and VP2 

or VP3 (ANOVA: r2 = 87%, f5 = 16, p<0.001) and constituted a mean of 54±1.67(SE)% of 

BTV protein detected. Similarly, VP5 in supernatant accounted for 40±4.40% of the detected 

BTV protein, whereas VP2 and VP3 were less readily detected and constituted only a minor 

fraction of between 19±3.71(SE)% to 24±2.65(SE)% of the protein detected using this 

antiserum (figure 3.7B), indicating that Orab 279 antibodies primarily detect denatured VP5 

protein.  

 

To test the specificity of probes designed targeting Seg-5 of BTV-1, BSR cells were 

transfected without RNA (mock) or with transcripts of the positive strand (+Seg-5), negative 

strand (-Seg-5) (generated as described in Chapter 2, section 2.18.1) or duplexed strands of 

Seg-5 of the BTV-1 reference strain. At 2 h pt, cells were incubated with BTV-specific 

probes, each possessing a 5’ TAMRA label. Fluorescence was detected in BSR cells 

transfected with +Seg-5 (figure 3.8) but was undetectable in cells transfected with –Seg-5, 

duplexed strands or without RNA, indicating that probes detect +Seg-5.  
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Figure 3.7: Staining and detection of VP5 at high levels in BTV-1 SA infected cells.  

BSR cells were mock infected (uninfected) or infected in triplicate (replicates A to C) at an 

MOI of 0.1 with BTV-1 SA (P1 BSR). At 48 h pi, supernatant and cell pellets were 

harvested. (A) Cell and supernatant protein extracts were analysed by western blotting with 

polyclonal rabbit antisera against β-actin and Guinea pig antisera against purified BTV-1 

(Orab 279). BTV VP5, VP7, VP2 and VP3 (VP2/VP3) were detected. (B) The intensity of 

each BTV protein was expressed as a percentage of total BTV protein intensity in cell lysate 

or supernatant, normalised against β-actin and background (** = p<0.001 by ANOVA with 

post-hoc Tukey’s test). Bars represent the mean ± standard deviation of triplicate samples. 
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Figure 3.7 

 A  

   

 

 

 

 

 

 

 

 

 

 

 

B 

 

  

0

10

20

30

40

50

60

P
e
rc

e
n
ta

g
e
 o

f 
B
T
V
 p

ro
te

in VP5

VP5

: Replicate A     B         C 

β-actin (42 kDa) 

 
VP5 (70 kDa)  
VP7 (50 kDa) 

VP2/3 (110 kDa) 

 Uninfected         BTV-1 

C
e
ll
 l
y
sa

te
 

Cell lysate 
 

Supernatant 

S
u
p
e
rn

a
ta

n
t 

S
u
p
e
rn

a
ta

n
t 

S
u
p
e
rn

a
ta

n
t 

S
u
p
e
rn

a
ta

n
t 

C
e
ll
 l
y
sa

te
 

C
e
ll
 l
y
sa

te
 

C
e
ll
 l
y
sa

te
 

** 



Chapter 3: Construction and detection of recombinant bluetongue viruses  

108 

 

Figure 3.8 

  

          

 

 

             

 

 

 

 

 

 

Figure 3.8: Detection of single-strand positive sense Seg-5 RNA of BTV-1 SA. 

 BSR cells were transfected with either single-stranded negative sense (-Seg-5), single-

stranded positive-sense (+Seg-5) or double-stranded RNA (ds Seg-5) of BTV-1 Seg-5 

generated from annealed transcripts. A negative control was included, transfected without 

RNA (Mock). Cells were hybridised with probes designed against the positive strand of Seg-

5 of the BTV-1 reference strain (pS5_TAM). Each probe was tagged at the 5’ by TAMRA, 

shown in red (scale = 20 µm). 
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Since +Seg-5 RNAs are only expressed in detectable, single-stranded form during BTV 

replication, expression indicates cells in which BTV mRNAs are expressed. Whereas, BTV 

protein (mostly, VP5) indicates presence of protein synthesis or viral particles. BTV proteins 

and +Seg-5 were both detected in the cytoplasm of KC cells (figure 3.9A) and BSR cells 

(figure 3.8B) at 48  h pi at an MOI of 0.01 with BTV-1 SA or BTV-11 USA (P2 BSR), but 

were undetectable in mock infected cells (figure 3.9A, B). Indicating that BTV strains used 

in the studies described in Chapter 5 are detectable with +Seg-5 probes and polyclonal 

antisera. 

 

Intensity of +Seg-5 (t-test: t21 = 0.77, p = 0.449) and protein (Mann-Whitney U: W12 = 125.0, 

p = 0.157) labelling did not differ between BSR cells infected with BTV-1 or BTV-11, 

indicating that BTV-1 and BTV-11 are detectable with +Seg-5 probes and antivirus antisera. 

Intensity of +Seg-5 and protein was close to background levels in mock infected control 

BSR cells, which is as expected and indicates minimal non-specific binding (figure 3.8C). 

 

3.2.6.  Fluorescence labelling of BTV in infected adult Culicoides  

  

C. sonorensis sections (see Chapter 2, Section 2.18.2) were co-incubated with Orab 279 

antisera and +Seg-5 probes. BTV proteins and +Seg-5 were both expressed in cells of 35% 

(n = 12/34) of C. sonorensis, 5 days after feeding on blood supplemented with 6.3 log10 

TCID50/ml of unmodified BTV-1 (P2 KC). Cells expressing BTV proteins and +Seg-5 were 

detected in the midgut or multiple tissues, including epithelial cells. BTV proteins and +Seg-

5 were undetectable in mock infected C. sonorensis (figure 3.10A, B), indicating that signal 

was below the intensity of autofluorescence in these ‘negative’ controls. These data indicate 

that cells expressing BTV proteins and +Seg-5 can be visualised in Culicoides tissues.  
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Figure 3.9: Detection of BTV-1 SA and BTV-11 USA in KC cells. 

 (A) KC cells and (B) BSR cells were mock infected (Mock), or infected at an MOI of 0.01 with BTV-1 SA or BTV-11 USA (P2 BSR). At 24 h pi, cells 

were co-labelled with polyclonal Guinea pig antisera against purified BTV-1 virus particles (Orab 279, VP), shown in green, and oligonucleotide probes 

against the positive strand of Seg-5 (+Seg-5), shown in red. Nuclei were counterstained with DAPI, shown in blue (scale = 20 µm). (C) The intensity of 

+Seg-5 and viral protein (VP) labelling in BSR cells mock infected (Mock) or infected with BTV-1 or BTV-11 was normalised against background. Bars 

show the standard error of the mean intensity of individual cells measured in quadruplicate in three images (ns = non-significant difference using a Student’s 

t-test (+Seg-5) or a Mann-Whitney U test (VP)). 
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Figure 3.9 A 
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Figure 3.9 B               C 
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Figure 3.10: BTV-1 SA detection in Culicoides.  

(A) Diagrammatic representation of the tissues of C. sonorensis as described in section 4.3.1 

of Chapter 4. Showing the locations of the thorax and abdomen. The crop, ovaries and 

mouthparts are also illustrated (scale = 200 µm).  

 

(B) C. sonorensis were fed on blood containing 6.3 log10 TCID50/ml of unmodified BTV-1 

(P2 KC). An uninfected control group was included that had been fed on blood supplemented 

with DMEM (Uninfected). At 5 days post-blood meal (PBM), C. sonorensis were sectioned 

(see Chapter 2, Section 2.18.2). Sections were incubated with polyclonal Guinea pig antisera 

against BTV protein (VP), shown in green, and oligonucleotide probes against positive sense 

Seg-5 (+Seg-5), shown in red. Cells expressing +Seg-5 and BTV protein were identified in 

the midgut (and were classified as a non-disseminated infection) or in multiple tissues 

(termed a disseminated infection). Selected infected areas (including the midgut) are 

outlined and shown enlarged right of the corresponding image (scale = 75 µm).   
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3.3. Discussion 

 

Integration of a reporter gene into the viral genome enables virus localisation to be 

determined at precise, cellular resolution, as a fluorescence signal will only be detectable in 

cells in which viral protein has been synthesised. The current chapter describes the rescue 

and characterisation of a replication competent BTV-1 expressing an eGFP reporter (NS1-

eGFP), designed to enable visualisation of NS1 within infected cells. The eGFP reporter was 

expressed at high levels in mammalian cells during initial replication and may be exploited 

as an indicator of BTV entry or localisation during early infection. The application of BTV-

1 NS1-eGFP as a model of BTV-1 localisation within whole Culicoides, was assessed by 

assaying growth and eGFP expression in KC cells. However, the results obtained 

demonstrate that genomic insertions are removed through deletions during successive BTV 

replication cycles, which result in loss of eGFP expression and fluorescence while 

maintaining the structure and function of NS1 in Culicoides cells. Given that loss of eGFP 

expression arose during early stages of BTV infection, quantitative fluorescence imaging 

studies of BTV-1 NS1-eGFP would not be an accurate model of parental viral quantity and 

precise localisation within tissues of whole Culicoides. These data generated highlight a need 

for an in depth understanding of BTV packaging and structural analyses of targeted proteins 

for future attempts to construct BTVs encoding reporter proteins. Studies should also 

consider the effects of incorporating foreign genes on the protein’s ability to form essential 

contacts with molecular partners, which may be essential to protein function. 

 

The eGFP reporter was introduced after the C-terminus of NS1, producing a BTV-1 

expressing a viral NS1-eGFP fusion protein (NS1-eGFP). Many studies have developed 

viruses expressing reporter proteins fused to either terminus of a viral polypeptide (Kittel et 

al., 2004, Kummerer et al., 2012, Perez et al., 2013, Tran et al., 2013), including Influenza 

A viruses expressing GFP variants, eCFP, eGFP, mCherry and Venus fused to the C-

terminus of NS1; and BTV-10 expressing mCherry in the predicted transmembrane domain 

of NS3/NS3A (Shaw et al., 2012, Fukuyama et al., 2015). Such reporter viruses frequently 

exhibit attenuated growth and reduced pathogenicity (Fukuyama et al., 2015, Kittel et al., 

2004) compared to parental ‘wild-type’ viruses. Indeed, incorporation of a 26.9 KDa protein 

at the C-terminus of NS1 in studies presented here resulted in a delay in growth and increased 

tubule aggregation close to VIBs.  
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BTV NS1 promotes translation of viral mRNAs which lack a 3’ poly(A) sequence (Boyce 

et al., 2012b). Therefore, aggregation of tubules could impair interactions of NS1 with the 

UTRs that is needed to upregulate protein synthesis (Boyce et al., 2012b), which may result 

in the delayed growth phenotype observed for BTV-1 NS1-eGFP in both cell lines tested. 

Additionally, NS1 is involved in BTV morphogenesis (Boyce and Roy, 2007, Roy, 2008b). 

Localisation of enlarged tubule clusters to VIBs, rather than in an ordered configuration 

across the cytoplasm (Huismans and Els, 1979a, Urakawa and Roy, 1988a), may inhibit 

cellular pathogenicity of BTV-1 NS1-eGFP and delay virus replication. This reduced growth 

profile of BTV-1 NS1-eGFP would therefore inhibit CPE in mammalian cells compared to 

unmodified BTV-1. A reduction in CPE would account for smaller plaque formation and a 

lower observable growth of BTV-1 NS1-eGFP, as infectious viral titre was assayed by 

observing CPE formation.  

 

An increase in tubule agglomeration and inhibition in growth caused by polypeptide 

extension could be due, in part, to the presence of a sequence insert, as addition of a small 

insert of 19 amino acids to the C-terminus of NS1 of BTV-10 prevented tubule formation 

(Monastyrskaya et al., 1995), but may also be caused by the site of insertion (Wertz et al., 

2002) and specific amino acid sequence of the insert (Teterina et al., 2010), shown to affect 

vesicular stomatitis virus (VSV) and poliovirus (PV) replication potential. 

 

 Sequences extending into the 5’ and 3’ termini of the NS2 ORF (Seg-8) were previously 

shown to be essential for replication (Burkhardt et al., 2014) and uncharacterised cis-acting 

elements are present in the coding sequence of at least one other BTV segment (Boyce et al., 

2016). The insertion site and polypeptide sequence need to be carefully considered in future 

attempts to generate reporter BTVs possessing a functional parental-strain growth 

phenotype. Potential reporter gene insertion sites may be identified by generating a library 

of transposon-induced random insertions in NS1; previously employed to generate PV 

(Teterina et al., 2010), hepatitis C virus replicons (Moradpour et al., 2004) and Sindbis virus 

(Frolova et al., 2006, Atasheva et al., 2007) with GFP inserted into non-structural proteins.  

 

We subsequently investigated whether expressing eGFP and NS1 as single proteins would 

overcome growth defects associated with expressing eGFP as an NS1 polyprotein. In an 

approach applicable to the dsRNA orbiviruses, which are capable of head-to-tail segment 

duplications (Eaton and Gould, 1987, Anthony et al., 2011, Navarro et al., 2013), eGFP was 

incorporated as an ORF downstream of NS1 (NS1/eGFP), but enabled only transient 

expression of unmodified eGFP. Loss of eGFP fluorescence during rescue of BTV-1 
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NS1/eGFP may be due in part to size constraints on the BTV genome caused by subcore 

formation (Grimes et al., 1998), which could restrict efficient packaging to dimeric 

concatemers formed by only the smallest genomic segments 9 and 10 (Eaton and Gould, 

1987, Gould and Hyatt, 1994, Anthony et al., 2011). Concatemers form naturally from 

segment dimerisation, rather than insertion of foreign sequences and stability of an insert 

within the viral genome may also depend on specific sequence, as shown in rotaviruses 

(Navarro et al., 2013). 

 

RNA viruses, such as BTV are thought to replicate rapidly with low fidelity and accumulate 

mutations at high frequency (Domingo and Holland, 1997, Smith et al., 2014), especially 

under population bottlenecks (Clarke et al., 1993), imposed on a mammalian host-adapted 

virus (Cooper and Scott, 2001) by replication in insect cells (Novella et al., 1999, Forrester 

et al., 2014). Despite this, several strains of BTV have shown very high levels of sequence 

conservation in the field over several decades.  However, deletion events in the eGFP ORF 

did occur during low MOI passage in KC cells generating heterologous BTV-1 NS1-eGFP 

viruses that had lost the ability to express eGFP. The complete eGFP coding sequence was 

deleted in a single event at passage 3, at which time most sequences were comparable to 

parental Seg-5. 

 

Recombination events between related molecules or distinct virus strains can occur with high 

frequency in Foot and Mouth Disease viruses (Seago et al., 2013) or PV (Mueller and 

Wimmer, 1998, Teterina et al., 2010) expressing a viral protein-GFP polyprotein. Further 

evidence is needed to conclude that events leading to the reconstruction of the 3’UTR, noted 

here, occur due to intragenic recombination, which may arise at low frequency in BTV 

genome segments (He et al., 2010). The 7 nt deletion in the 3’ terminus of eGFP presumably 

accounted for loss of eGFP fluorescence in 78% of infected KC cells after initial passage 

and conferred a replication advantage to BTV-1 NS1-eGFP, when compared to reduced 

growth and increased eGFP expression in CPT-Tert cells. Further studies are needed to 

determine the prevalence of this sequence and confirm its origin from a deletion event, rather 

than an artefact of sequencing or cDNA synthesis. Loss of eGFP fluorescence in 64% of KC 

cells within 24 h after infection is consistent with emergence of deletion variants within the 

first round of replication, as demonstrated previously with human immunodeficiency virus 

(HIV) and picornaviruses (Lu et al., 1995a, Lu et al., 1995b). Hence, even during early KC 

cell infection, eGFP expression is likely to prove an inaccurate indictor of BTV-1 NS1-eGFP 

localisation.  
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Directly labelling BTV-1 using anti-virus antisera and +Seg-5-specific probes provided a 

means of visualising BTV proteins (predominantly, VP5) and non-genomic RNA in 

individual cells of C. sonorensis tissues. Anti-BTV-1-virion antisera and +Seg-5-specific 

probes could detect both BTV-1 SA and BTV-11 USA strains in BSR and KC cells. Since 

the intensity of BTV-1 SA labelling was comparable to BTV-11 USA in BSR cells, the 

affinity of antibodies and probes for target protein and RNA, respectively, is unlikely to 

differ between viral strains, despite variation in amino acid and nucleotide sequences. 

Application of fluorescence labelling for quantifying BTV in C. sonorensis tissues provides 

the focus of studies in Chapter 4.  

 

Despite the presence of deletion variants, eGFP is expressed in approximately 9 to 37% of 

infected KC cells over multiple passages, indicating that BTV-1 NS1-eGFP replicates 

sufficiently well to remain in a population that contains variants possessing shorter inserts 

or the ‘wild-type’ segment. BTV-1 NS1-eGFP represented only 1.3% of sequenced BTV 

variants at passage 3, but eGFP fluorescence was detected in approximately 30% of infected 

cells at this time. The surprisingly low prevalence of BTV-1 NS1-eGFP in viral genotypes, 

likely reflects the high sensitivity of eGFP fluorescence detection or the frequent selection 

and sequencing of cDNA clones possessing shorter inserts, as the cloned insert possessing 

eGFP showed deficient growth in E. coli during cloning to generate a plasmid containing 

NS1-eGFP and reduced PCR amplification efficiency possibly due to its longer size.  

 

Deletion events were generally conserved between replicates and favoured specific 

genotypes, as previously demonstrated for PVs (Lu et al., 1995a). Variant diversity could be 

limited by requirements for replication of the BTV genome, as genome segments retained 

stem-loop base pairing between the 5’ and 3’ ends of the molecule, required for packaging 

(Burkhardt et al., 2014, Boyce et al., 2016).  

 

Characterisation of NS1-eGFP variants, NS1Δ530-FSSSIFS and NS1_552-LPIF, indicated 

that their Seg-5 ssRNAs possessed a deleted region in 3’UTR and 3’ ORF of segment 5. 

Deletion of this region indicates that sequences within the terminus of the NS1 ORF and 

upstream 3’UTR are not essential for genome packaging, unlike Seg-9, (encoding VP6), 

where sequences extending into the 5’ and 3’ ORF were essential for packaging (Burkhardt 

et al., 2014). However cis-acting functional RNA elements and elements involved in 

upregulation and efficiency of protein translation that may exist within the deleted regions 

could be involved in optimising efficiency of genome sorting and packaging. The role of the 
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upstream 3’UTR and ORF of Seg-5 in packaging requires further investigation, beyond the 

scope of this thesis. 
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4.1 Introduction 

In order to become transmissible, an arbovirus must successfully infect, replicate in and 

disseminate between tissues of its arthropod vector. The ability of an arthropod to become 

infected and biologically transmit an arbovirus is described as its ‘vector competence’ 

(Carpenter et al., 2015, Gerry et al., 2001). Vector competence is controlled by multiple 

genes (Bosio et al., 1998, Miller and Mitchell, 1991) and extrinsic factors (Richards et al., 

2009, Oviedo et al., 2011), including the dose of ingested virus (Pongsiri et al., 2014a, 

Bennett et al., 2002, Mahmood et al., 2006) (see Chapter 5). The effects of these factors are 

conventionally measured by calculating the changes that they cause in the average infection 

rate of a vector population (Paweska et al., 2002b, Vazeille et al., 2007, Pesko et al., 2009). 

However, this approach can mask heterogeneity within a population, regarding an individual 

vector’s response to viral infection. Events during infection of an individual arthropod vector 

are poorly characterised, in part due to insufficient knowledge concerning the anatomy for 

some groups of vector insects (such as Culicoides) where only early descriptions of the 

mouthparts (Jobling, 1928) and alimentary canal exist (Sutcliffe and Deepan, 1988, 

Megahed, 1956) (reviewed in section 1.2.2 of Chapter 1). The aim of the current chapter is 

to develop a method of automated image analysis to detect BTV in Culicoides midges.  

 

A number of studies have identified temporal changes in the amount of virus present in 

whole insects, or in excised organs. The methods used include: imaging of radiolabelled 

virions (Weaver et al., 1991), real-time PCR (Dubrulle et al., 2009, Zhang et al., 2010a), 

virus isolation (Fu et al., 1999, McGee et al., 2010), immunofluorescence, in situ 

hybridisation (Drolet et al., 2005, McElroy et al., 2008, Linthicum et al., 1996) and imaging 

of fluorescently labelled virus particles (McGee et al., 2010). A combination of these 

methods was applied to compare the amount of virus and viral antigen in whole insects 

relative to levels in excised tissues: for dengue virus (DENV) (Salazar et al., 2007), la Crosse 

virus (LACV) (Chandler et al., 1998) and western equine encephalitis virus (WEEV) (Scott 

et al., 1984). 

 

Recent advances in quantitative imaging have revealed the complexities of the pathogen 

lifecycle and the intricacies of pathogen spread through infected tissues with greater spatial 

resolution (Amino et al., 2006, Frischknecht et al., 2004, Palha et al., 2013). Evaluation of 

such image data, which is typically conducted manually, is time consuming, subjective, 

requires a high level of experience and is frequently error prone (Wahlby et al., 2004, Zhou 

and Wong, 2006). Numerous image analysis algorithms have been developed over the last 
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decade, which have increased the amount of data that can be obtained from digital images, 

allowing large image datasets to be analysed and manipulated (Carpenter et al., 2012). 

Despite this, many commercially available programs are expensive and are not specifically 

developed for the analysis of tissue datasets. A procedure was therefore developed to 

measure the amount of virus present in insect tissues by automated image analysis.  

 

Previously, a recombinant BTV expressing eGFP as a C-terminal polypeptide of NS1 was 

rescued (see Chapter 3). However, it was concluded that the resulting virus strain was 

unlikely to provide an accurate indicator of NS1-eGFP-BTV-1 localisation in vivo, due to 

the rapid loss of eGFP signal after even a small number of replication cycles. Alternative 

methods were therefore developed to detect and visualise BTV Seg-5 positive sense ssRNA 

(+Seg-5) and proteins (predominantly VP5) (see Chapter 3, section 3.2.5) in C. sonorensis 

sections by confocal imaging. Algorithms (which we have called ‘the Automated Infected 

Cell Counter’ (AICC)) were developed in a meta-language (MATLAB®) to calculate the 

number of nuclei in imaged tissues and assign them to either infected or uninfected cells, 

based on viral protein (VP) and +Seg-5 detection. The AICC was used to analyse a set of 

confocal images of tissues from BTV infected C. sonorensis, in order to detect and quantify 

infected cells. The counts obtained were directly comparable to those acquired by manual 

counting and are therefore thought to be accurate, while allowing more rapid assessment of 

BTV loads in these tissues.  
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4.2 Methods 

The AICC method, (shown in figure 4.1) was developed in MATLAB® 6.0 with the Image 

Processing Toolbox (Mathworks Ltd.). Scripts are available in the Appendix (section A.3). 

The AICC was tested using a dataset of confocal images of C. sonorensis (n = 54), captured 

at 7 and 12 days after blood feeding on 6.2 or 7.0 log10 TCID50/ml of BTV-1 SA (P2 BSR) 

(see Chapter 2, section 2.3 for methods).  The dataset was obtained by labelling serial 

sections of Culicoides with antisera against purified BTV-1 (Orab279) and the +Seg-5 

probes, as described in Chapter 2 section 2.18.2. Confocal image tiles of each section were 

captured at 1024 x 1024 pixels in size and were saved using Tagged Image File Format 

(TIFF). The tiles were ‘stitched’ with the ImageJ ‘Pairwise Stitching’ tool (Preibisch et al., 

2009).  Stitched images, from the same Culicoides, were z-stacked, to combine multiple 

images at different focal depths, using Fiji software (Image J). 

 

A user-defined ‘region of interest’ (ROI) was created for every tissue, in each image slice in 

a given z-stack, using the ‘roipoly’ function (figure 4.1A). The abdominal and thoracic 

epithelium, thoracic muscle, fat body, salivary glands, thoracic ganglia, optic lobe (including 

the central brain), compound eyes, midgut, foregut, hindgut and axillary apparatus were 

analysed. The analysis was divided into two main stages: stage 1 entailed the identification 

and summation of cell nuclei, while stage 2 classified nuclei as belonging to uninfected or 

infected cells, depending on the proximity to pixels with a green or red intensity above a 

certain specified threshold. Both stages are described in full detail below.  
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Figure 4.1: Illustration of the Automated Infected Cell Counter (AICC).  

(A) Original RGB image showing a user-specified ‘Region Of Interest’ (ROI) of known 

area, outlined in red. (B) Binarization of the ROI and application of distance transform and 

watershed algorithms. (C) Close contacting nuclei were separated and the number of 

binarized clusters provides a count of nuclei. (D) A Voronoi diagram was applied to the ROI. 

The number of infected cells was defined as the number of Voronoi polygons containing 

pixels above the specified threshold value. The infected area was also counted. Shaded areas 

represent individual polygons; white lines show polygonal boundaries; red and green pixels 

above threshold are shown (red; green). 
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4.2.1 Stage 1: Identification and summation of cell nuclei 

 

In a TIFF-format image, the red, green and blue colour channels are each represented by an 

array of pixels, with 8-bit integer intensity values between 0 and 255. In confocal images 

fluorescence intensity was ‘normalised’ so that a value of 255 represents maximum intensity. 

Initially, the area of each ROI was measured by the number of pixels, P, with non-zero 

intensities in the blue colour channel (representing DAPI stained nuclei) of image g(x, y) 

(where, x is the image row, y is the column and g is the greyscale image). This value was 

converted to an area in µm2 using equation 4.1, where 1 pixel = 1.76 µm at 20x objective. 

This provided a measure of the area of the syncytial salivary glands (Bowne and Jones, 1966) 

and neural tissues (thoracic ganglia and optic lobe), which exhibit dense cell clustering 

(shown in figure 4.7 of the results section). 

 

Equation 4.1 

Area (µm2) = ∑ 𝑃𝑔(𝑥,𝑦)  × (
1

1.76
)

2

 

 

Cell nuclei were detected as clusters of pixels above a defined intensity threshold, as 

described previously (Al-Khazraji et al., 2011). Nuclei were identified by converting the 

image g(x, y) to a binary image b(x, y) by ‘thresholding’ using the ‘graythresh’ function 

(figure 4.1B). Pixel intensities in the image g(x, y) were assumed to be bimodal; grouped 

into a ‘background pixels’ with low intensities, and of ‘foreground pixels’ with high 

intensities. A value for the threshold (T) was estimated using Otsu’s method (Otsu, 1975), 

which minimises the weighted within-class variance (σ2Wg(x, y)) of background and 

foreground pixel intensities in the image g(x, y). The weight applied to filter the foreground 

(fWg(x, y)) from the background pixels (bWg(x, y)) in the image, was defined by the sum of 

pixel intensities (Ipix) divided by the number of pixels (Npix) (equation 4.2). The aim was to 

remove low intensity background fluorescence and nuclei outside of the focal plane. 

 

Equation 4.2 

bWg(x, y) =  ∑
𝑏𝐼𝑝𝑖𝑥

𝑏𝑁𝑝𝑖𝑥
 

fWg(x, y) =   ∑
𝑓𝐼𝑝𝑖𝑥

𝑓𝑁𝑝𝑖𝑥
 

T ~ σ2Wg(x, y) =  𝑏𝑤𝑔(𝑥,𝑦) 𝑏𝜎2
𝑔(𝑥,𝑦) +  𝑓𝑤𝑔(𝑥,𝑦) 𝑓𝜎2

𝑔(𝑥,𝑦)  
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If the intensity of a given pixel in image g(x, y), is above the defined threshold (T), the value 

of the pixel in b(x, y) is set as equal to one, otherwise the pixel value equals zero, enabling 

labelled regions to be separated from unlabelled regions. 

 

Clustered pixels in some cases represented contacting cell nuclei. Nuclei were segmented by 

partitioning pixels into groups by applying a Euclidean distance transform and watershed 

segmentation to the binary image b(x, y) using the ‘bwdist’ and ‘watershed’ functions, 

respectively (figure 4.1C). The watershed algorithm is commonly applied to segment nuclei 

(Malpica et al., 1997, Liempi et al., 2015, Gudla et al., 2008). The segmentation methods 

compared each pixel in the image with adjacent pixels in the 8-adjacent pixel positions 

(figure 4.2). Each pixel was labelled with the distance between that pixel and the nearest 

non-zero pixel (equation 4.3).  

 

Equation 4.3 

b(x, y) = {
0                                                                          𝑏(𝑥, 𝑦) ∍ 𝑏𝑔

min(‖𝑥 − 𝑥0, 𝑦 − 𝑦0‖, ∀𝑏(𝑥0, 𝑦0) ∍ 𝑓𝑔) 𝑏(𝑥, 𝑦) ∍ 𝑓𝑔
 

Where Euclidean distance, ‖𝑥, 𝑦‖𝐿2
=  √𝑥2 +  𝑦2 

 

A gradient image b(x, y) was created where the numerical value of each pixel indicates the 

number of pixels from the nearest non-zero value pixel. This enabled the watershed 

algorithm (Roerdink and Meijster, 2001) to identify pixel clusters (connected components) 

in the image (figure 4.2B).  
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Figure 4.2 

A         B 

 

  

Figure 4.2: Segmentation of neighbouring pixels and clustering.  

(A) Detection of 8-adjacent pixels. The central pixel at position (x,y) is compared with 

neighbouring pixels (grey) and is itself compared by neighbouring pixels (white). Arrows 

indicate the straight line Euclidian distance, which was applied as the distance metric.  

(B) The binary image is shown in the left panel and corresponding distance transform, in the 

right panel. 

 

 

The location of the centre mass of clustered pixels in image c(x, y) was calculated using the 

‘regionprops’ function. The number of ‘centre points’ provided a measure of the number of 

cells.  

4.2.2 Stage 2: Assignment of cell nuclei to infected or uninfected cells 

A threshold (Tmin) was applied to the greyscale image g(x, y) of the red or green colour 

channel. If the intensity of a given pixel in image g(x, y) was greater than the threshold, the 

value of the pixel in the binarised image b(x, y) was set equal to one, else zero. Values of 40, 

60, 100 and 150 for Tmin were tested. Red and green pixel numbers in five randomly selected 

images, after applying Tmin, were compared with pixel numbers after applying a visually 

defined threshold in Fiji software (ImageJ) (figure 4.3). This, manually defined, threshold 

removed background pixel intensities in the segmented image. The Tmin value which 

resulted in pixel counts closest to numbers generated after manual segmentation was applied 

to images. A Tmin of 100 was selected for the green colour channel, which removed the 

lowest 39.22% of pixels, and 60 for the red colour channel, which eliminated the lowest 

23.53% of pixels.  
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The number of pixels with intensities > Tmin in image b(x, y) provided a measure of the 

infected area in the salivary glands, thoracic ganglia and optic lobe; this was converted to 

µm2 as before (see equation 4.1).  

 

A Voronoi diagram was plotted using the coordinates of the centre-mass of clustered pixels 

in the image c(x, y) (figure 4.1D). The location of pixels > Tmin in c(x, y) were defined 

separately for the red and green colour channels. Voronoi polygons (VP) overlapping with 

pixel locations were assigned a value of one (VP(x, y) =1), else zero (VP(x, y) = 0). The 

number of polygons VP(x, y) = 1 in an image was considered equivalent to the number of 

infected cells, as each cell was considered to have a single nucleus (Liempi et al., 2015).  
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Figure 4.3 

A             

       

 

 

 

 

Figure 4.3: Selection of the minimum pixel intensity threshold (Tmin).  

A threshold was applied visually using Fiji software (ImageJ) to segment labelled pixels in 

the red or green colour channel of five randomly selected images of the midgut, foregut, fat 

body, optic lobe and compound eyes. (A) The number of red (R) and green (G) pixels in 

manually segmented images were counted using Fiji software. These pixel numbers 

(Manual) were expressed as a ratio of the number of pixels counted after applying a Tmin of 

40, 60, 100 or 150 using MATLAB® software (Mathworks Ltd.). Bars show the standard 

error of the mean of the five images. The dashed line indicates a ratio of 1:1 between pixel 

counts. (B) A representative RGB image of the midgut is shown after segmentation using 

(C) a Tmin of 100 or (D) a manual threshold to remove background pixel intensities in the 

green colour channel. Pixels remaining in the segmented image are shown in white.   
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4.2.3 Validation of automated image analysis for counting and 
classifying nuclei 

Results obtained from the automated analysis were tested by separately comparing the 

number of counted and classified nuclei, with nuclei numbers obtained manually (figure 

4.4). A single ROI of every tissue, excluding the salivary glands, thoracic ganglia and optic 

lobe, was selected for each of the fifty-four Culicoides analysed, as described in the previous 

sections 4.2.1 and 4.2.2. The multipoint’ tool in Fiji (ImageJ) was used to count nuclei in 

each image. Cell nuclei in close proximity to red or green pixels were counted as positive 

for BTV +Seg-5 RNA or viral protein labelling, respectively.  

 

The number of cells co-expressing red and green pixels were counted (see section A.5 of the 

Appendix) and differences in the number of co-infected and singly infected cells were 

compared using Friedman test (Friedman, 1937), for non-parametric, repeated measures, and 

post-hoc multiple comparisons test (Hochberg and Tamhane, 1987) with the Statistics and 

Machine Learning Toolbox of MATLAB® 6.0 software (Mathworks Ltd.). 

  

file:///N:/Integrative%20Entomology/private/Staff%20folders/Alice/04_Writeup/02_Thesis/AM%20thesis%20Ch4%20Model_validation_V6-0_AW-AS-PM.docx%23_Stage_1_counting:
file:///N:/Integrative%20Entomology/private/Staff%20folders/Alice/04_Writeup/02_Thesis/AM%20thesis%20Ch4%20Model_validation_V6-0_AW-AS-PM.docx%23_Stage_1_counting:
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Figure 4.4 

 

 

 

 

Figure 4.4: Manual cell count in tissues of Culicoides.  

A representative image of a single region of the midgut of BTV-1 infected Culicoides at 4 

days after feeding on a blood-virus mixture containing 6.2 or 7.0 log10 TCID50/ml of BTV-

1 SA (P2 BSR) is shown in the left image. Cell nuclei are shown (white) in the middle image, 

whereas nuclei in close proximity to BTV +Seg-5 (red) or structural protein (VP, green) are 

shown in the right image by the red and green points, respectively. Each point represents a 

single cell nucleus (scale = 40 µm). 

 

 

Separate generalised linear mixed effects models (GLMM) were applied to compare the 

automated nuclei count to a manual count, using the Statistics and Machine Learning 

Toolbox of MATLAB® 6.0 software (Mathworks Ltd.). Scripts for GLMMs are available in 

the Appendix section A.4. The models consisted of a Poisson distribution and log link 

function. A Poisson distribution was selected, as the response (automated nuclei count) was 

a count variable. Tissue type was included as a fixed categorical factor.  A unique identifier 

was assigned to each C. sonorensis and included as a ‘random categorical effect’. Residuals 

were tested for normality and a White’s test (White, 1980) was performed to test 

homoscedasticity. Outliers, with a Cook’s Distance >4 /N, where N is the same size (Bollen, 

1990), were identified. A deviance test was performed to compare the model fit to a constant 

model. The number of infected cells was correlated with total cell counts using Spearman’s 

correlation coefficient. Correlation in the percentage of overestimated, or underestimated 

nuclei, and the number of nuclei counted, were determined as described before. Tests were 

performed using the Statistics and Machine Learning Toolbox of MATLAB® 6.0 software 

(Mathworks Ltd.).  

DAPI +Seg-5 VP 

40 µm 
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4.2.4 Validation of red and green channel intensity thresholds 

To ensure that the minimum pixel intensity threshold (Tmin) for the red and green colour 

channels was below the level of labelling and above autofluorescence, images of the salivary 

glands, thoracic ganglia and optic lobe were analysed. A value of one was assigned to a 

binarized image, b(x, y), with pixel intensities > Tmin (b(x, y) =1) and zero for images with 

pixels ≤ Tmin (b(x, y) = 0). Labelling intensity was visualised and images were categorised 

as unlabelled, weakly, intermediately or strongly labelled, as shown in figure 4.5 and as 

described previously (Harvey et al., 1999, Hatanaka et al., 2003). Intensity ranks were 

compared with binary values assigned for Tmin using a Chi-squared test with p = 0.05 

statistical significance in the Minitab 17 statistical software (Minitab Inc.). 
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Figure 4.5: Representation of methods for calculating intensity scores.  

Labelling intensity was visually observed in an image and images were categorised as unlabelled, weakly, intermediately and strongly labelled. Labelled 

cells are represented by red shaded areas and unlabelled cells by white shading in the upper panel. Brighter shading indicates an increased labelling intensity. 

The lower panel shows representative images corresponding to the labelling intensity shown above, in a region of the thoracic ganglia. Arrows indicate 

regions of BTV protein (VP, green) and +Seg-5 RNA (red) expression. Nuclei are shown in blue (scale = 20 µm). 
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4.3 Results 

 

4.3.1 Morphology of Culicoides  

The different tissues visible in sectioned Culicoides were first identified. The spatial 

arrangement and morphology of the different tissues were examined visually by comparing 

sections to three-dimensional reconstructions of C. sonorensis, generated by whole-volume 

microCT (see Chapter 2, sections 2.19 and 2.19.1). The tissues identified include: the 

compound eye, the midgut, foregut and hindgut, the axillary apparatus (which forms the 

connective tissues of the wings), the optic lobe (including the central brain) and thoracic 

ganglia (which form the central nervous system), salivary glands, fat body and thoracic 

muscle (which comprised a large portion of the thorax). Additionally the outer epithelial 

layer, including the hardened cuticle, of the thorax and abdomen was identified (figure 4.6). 

The salivary glands are situated in the anterior thorax, dorsal of the foregut, and are 

surrounded by the fat body. The morphology of the cell nuclei varied between and within 

the tissues analysed. Variation in nucleus size was especially notable in the hindgut (figure 

4.6). The fat body, axillary apparatus, abdominal epithelium and the inner region of the 

compound eye consisted of spherical lipid droplets, which were distinguishable by dark 

cytoplasmic staining (figure 4.7A to D). The elongate thoracic ganglion was situated ventral 

of the foregut. Nuclei of the thoracic ganglia and optic lobes were notably small and highly 

clustered (figure 4.8A, B).  
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Figure 4.6: Identification of tissues within Culicoides.  

Uninfected Culicoides were cryosectioned (see Chapter 2, section 2.19) and nuclei were counterstained (blue), cytoplasm was stained using Fast Green 

(grey). Images were captured and tissues, including the midgut (mg), foregut (fg), hindgut (hg), salivary and accessory glands (sg, ag), fat body (fb), 

compound eye (ce), axillary apparatus (ax), thoracic ganglia (tg), thoracic muscle (tm), epithelium (ep) and optical lobe and brain (ol) were identified. Blue 

lines indicate the locations of tissues within a three-dimensional reconstruction of the body of C. sonorensis, shown in black and white. The viewing angle 

is laterally positioned and locations of the abdomen and thorax are indicated (scale = 200 µm).  
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Figure 4.7 

 

 

 

Figure 4.7: The morphology of the axillary apparatus, fat body, epithelium and 

compound eyes are comparable.  

Showing sections of (A) the axillary apparatus, (B) the fat body, (C) the abdominal 

epithelium and (D) compound eye of Culicoides, stained with Fast Green cytoplasmic stain. 

Arrows denote the location of lipid droplets, with darker plasma membrane staining, which 

are comparable across different tissues (scale = 20µm). 

 

  

A           B 

C     D 
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Figure 4.8 

 

    

 

Figure 4.8: Nuclei are small and closely associated in the thoracic ganglia and optic 

lobe.  

Representative image of counterstained cell nuclei in a section of (A) the thoracic ganglia 

and (B) the optic lobe, which includes the central brain, of Culicoides (scale = 20µm). 

 

 

4.3.2 Validation of stage 1 counting: accuracy of cell nuclei counts 

A automated image analysis procedure (the Automated Infected Cell Counter (AICC)), was 

used to assess the quantity of BTV in Culicoides tissues. The AICC ruleset was tested on 

images from 54 adult C. sonorensis. Single images of the midgut, foregut, hindgut, thoracic 

muscle, fat body, abdominal and thoracic epithelium, compound eyes and the axillary 

apparatus were analysed for every Culicoides, giving a total of 486 images. Computation 

time was approximately 8 to 12 seconds per an image, depending on the number of pixel 

clusters identified. The number of pixel clusters, corresponding to nuclei (figure 4.9), 

identified per image was variable and ranged from 2 to 583 clusters.  

 

Nuclei counts obtained using the AICC were validated by comparing each image separately 

with manual nuclei count, which was considered to represent true nuclei numbers. The 

numbers of overestimated (OE) and underestimated nuclei (UE), were counted in each image 

by subtracting the manual count (MC) from automated nuclei count (AC) for a given image 

(table 4.1). Subtraction of overestimated nuclei from automated count gave the number of 

DAPI 

20 µm 
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correctly identified nuclei. The performance of the AICC was evaluated by calculating count 

precision and sensitivity using equation 4.4. 

 

 

Equation 4.4  

Precision =  
(AC−OE)

AC
 

 

Sensitivity =  
(AC − OE)

(AC − OE) + UE
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Figure 4.9  

 

Midgut      Fat body             Thoracic muscle 

 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

   Figure 4.9: Manual and automatic detection of cell nuclei.  

Cell nuclei were identified automatically (Auto) and manually (Manual) in images of the 

midgut, foregut, hindgut, thoracic muscle, fat body, abdominal and thoracic epithelium, 

compound eyes and the axillary apparatus of Culicoides sections. Representative images of 

the midgut, fat body and thoracic muscle are shown. Each white point shows an identified 

counterstained nucleus (blue). BTV protein (VP, green) and +Seg-5 RNA (red) are shown 

(scale = 40 µm). 
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Table 4.1: Number of nuclei counted in each tissue.  

 
Tissue 

Manual 
count 

Auto 
count 

Over- 
estimated 

nuclei  

Under-
estimated 

nuclei  

Correctly 
identified 

nuclei 
Sens Prec 

   (% Auto Count)    

Thoracic 
muscle 

14061 14638 1299  
(8.87%) 

722  
(4.93%) 

13339 0.95 0.91 

Midgut 7113 6691 481  
(7.19%) 

903 
(13.49%) 

6210 0.87 0.93 

Compound 
eyes 

4745 3734 309 
(8.27%) 

1320 
(35.35%) 

3425 0.72 0.92 

Abdominal 
epithelium 

3778 3959 494  
(12.48%) 

313  
(7.91%) 

3465 0.92 0.88 

Thoracic 
epithelium 

2396 1821 110  
(6.04%) 

685 
(37.62%) 

1711 0.71 0.94 

Axillary 
apparatus 

1425 1190 61 
(5.13%) 

296 
(24.87%) 

1129 0.79 0.95 

Fat body 2100 1822 33  
(1.81%) 

311 
(17.07%) 

1789 0.85 0.98 

Foregut 5307 4210 133  
(3.16%) 

1230 
(29.22%) 

4077 0.77 0.97 

Hindgut 1614 1442 65  
(4.51%) 

237 
(16.43%) 

1377 0.85 0.96 

Total 42539 39507 2985  
(7.56%) 

6017 
(15.23%) 

30505 0.86 0.92 

 

 

The number of nuclei counted varied with tissue type and was greatest in the thoracic muscle 

(table 4.1). Cell counts in the thoracic muscle were between 4.1 to 84.1% greater than other 

tissues analysed (p<0.001), except the thoracic epithelium (p = 0.117) (table 4.2). 

Overestimated nuclei ranged from 1.81% (33/1182) to 12.48% (494/3959) of automated 

count and were lowest in the fat body, where only 33 of 1822 nuclei were falsely identified. 

The percentage of overestimated nuclei increased with the number of automatically counted 

nuclei (rho = 0.389, p<0.001), indicating that imprecision in identifying cell nuclei increases 

with the number of nuclei counted. 

 

 Automated counting gave lower totals than manual counting in most tissues and the 

percentage of unidentified nuclei between images ranged from 4.93% (722/14638) to 

37.62% (685/1821) of the total obtained by automated counting. The percentage of 

underestimated nuclei was greater when smaller numbers of nuclei were counted (rho = -

0.462, p<0.001), indicating a reduction in precision of the AICC for counting fewer cell 

nuclei. The relatively high number of unidentified nuclei in tissues including the thoracic 
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epithelium, resulted in a reduction in count sensitivity. Despite this, sensitivity was high 

when considering nuclei numbers in all images analysed and ranged from 0.71 to 0.95. 

Nuclei counts obtained automatically were precise in the tissues analysed, particularly in the 

fat body where precision was 0.98 (table 4.1). The accuracy of the AICC was assessed by 

calculating the F1-score of the weighted average of precision (Prec) and sensitivity (Sens) 

(Mech et al., 2011, Powers, 2011) (equation 4.5), where an F1-score of 0.5 would denote a 

random classifier. The overall F1-score was 0.89, demonstrating a high performance for 

nuclei identification.  

 

Equation 4.5 

F1 = 2  
Prec.Sens

Prec+Sens
 

 

The automated nuclei count was 0.6% lower (which corresponded to a difference of between 

1 to 2 cells) than manual count (p<0.001). Nuclei counts obtained using both methods were 

linearly correlated (Manual count x Auto count). There was approximately 20% variation (β 

= 0.199) between individual C. sonorensis in the number of automatically counted nuclei 

(Table 4.2). This likely reflected variation in the size of image regions. 
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Table 4.2: Parameter estimates for the number of nuclei counted automatically with 

manual count. 

Parameter  
x Auto count 

Slope β (95% CI) SE 

Intercept 3.881 (3.807, 3.955)** 0.038 

Manual count 0.006 (0.005, 0.006)** 0.000 

Thoracic muscle Baseline  

Midgut 0.096 (0.057, 0.134)** 0.020 

Compound eye -0.212 (-0.260, -0.163)** 0.025 

Abdominal epithelium -0.041 (-0.092, 0.010)** 0.026 

Thoracic epithelium -0.614 (-0.677, -0.550)ns 0.032 

Axillary apparatus -0.841 (-0.915, -0.767)** 0.038 

Fat body -0.555( -0.619, -0.481)** 0.033 

Foregut -0.148 (-0.192, -0.103)** 0.023 

Hindgut -0.701 (-0.770, -0.632)** 0.035 

**= p<0.001 

ns = non-significant 

 

4.3.3 Validation of stage 2: accuracy of assigning cell nuclei to infected 
cells 

Nuclei counted as described in the previous section, were automatically assigned to one of 

four classes of cells, based on the detection of pixel intensities > Tmin within a polygonal 

area defined in sections 4.2.2:  

- Cells expressing +Seg-5 RNA, were identified by red pixel intensities > Tmin.  

- Cells expressing BTV protein (predominantly VP5), were characterised by green pixel 

intensities > Tmin. 

- Cells co-expressing BTV protein and +Seg-5 RNA, were identified by red and green 

pixels > Tmin. 

- Uninfected cells, were identified by red and green pixel intensities ≤ Tmin.  

The number of nuclei assigned to cells expressing both +Seg-5 and VP were compared to 

manually classified nuclei and, represented only 24.23% (576/2377) of automatically 

classified nuclei (X2
2 = 24.50, p<0.001) and 28.08% (886/3155) of manually classified 

nuclei (X2
2 = 20.74, p<0.001). Whereas cells expressing VP represented 42.74% 

(1016/2377) and 44.60% (1407/3155) of automatically and manually classified nuclei, 
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respectively. Due to a low incidence of co-expression, the accuracy of assigning nuclei to 

cells expressing +Seg-5 or VP using the AICC ruleset were examined separately.  

 

Numbers of correctly classified nuclei were estimated in each image by subtracting the 

number of nuclei classified by manual observation (Manual count) from numbers obtained 

by automatic classification (Auto count). Nuclei that were incorrectly classified into cells 

expressing either +Seg-5 or VP (false positive nuclei, FP) were calculated. False positive 

nuclei may have arisen, from detection of autofluorescence > Tmin, which is distinguishable 

by manual observation as low intensity pixels over a large area. Other nuclei may have been 

incorrectly classified as uninfected (False negative nuclei) if, for example, the polygonal 

area was imprecisely defined. The numbers of false positive and false negative nuclei were 

expressed as a percentage of automated count. Precision (Prec) and sensitivity (Sens) were 

estimated as described before (equation 4.4), with substitution of UE for false negative (FN) 

and OE for false positive (FP) nuclei (tables 4.3, 4.4). 

 

Table 4.3: Classification of nuclei into cells expressing BTV +Seg-5 RNA.  

 
Tissue 

Manual 
count 

Auto 
count 

False positive 
nuclei 

False 
negative 
nuclei  

Correctly 
classified 

nuclei 
Sens Prec 

   (% Auto Count)   

Thoracic 
muscle 

59 103 54  
(52.43%) 

10  
(9.71%) 

49 
 

0.83 0.48 

Midgut 353 390 74 
(18.97%) 

37 
(9.49%) 

316 
 

0.90 0.81 

Compound 
eyes 

818 647 56  
(8.66%) 

227 
(35.09%) 

591 
 

0.72 0.91 

Abdominal 
epithelium 

599 440 87  
(19.77%) 

246 
(55.91%) 

353 
 

0.59 0.80 

Thoracic 
epithelium 

56 56 8  
(14.29%) 

8  
(14.29%) 

48 
 

0.86 0.86 

Axillary 
apparatus 

222 225 61  
(27.11%) 

58 
(25.78%) 

164 
 

0.74 0.73 

Fat body 448 347 35 
 (2.79%) 

136 
(53.55%) 

312 
 

0.65 0.97 

Foregut 55 85 36  
(42.35%)  

6  
(7.06%) 

49 
 

0.89 0.58 

Hindgut 92 196 105  
(53.57%) 

1  
(0.51%) 

91 0.99 0.46 

Total 2702 2489 516 
(20.73%) 

729 
(29.29%) 

1973 0.73 0.79 
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Table 4.4: Classification of nuclei into cells expressing BTV structural protein.  

 
Tissue 

Manual 
count 

Auto 
count 

False positive 
nuclei 

False 
negative 
nuclei  

Correctly 
classified 

nuclei 
Sens Prec 

   (% Auto Count)    

Thoracic 
muscle 

92 113 32 
(28.32%) 

11 
(9.73%) 

81 0.88 0.72 

Midgut 391 298 21 
(7.05%) 

114 
(38.26%) 

277 0.71 0.93 

Compound 
eyes 

795 518 32  
(6.95%) 

313 
(60.42%) 

482 0.61 0.93 

Abdominal 
epithelium 

627 471 33  
(7.01%) 

189 
(40.13%) 

438 0.70 0.93 

Thoracic 
epithelium 

96 71 12  
(16.90%) 

37  
(52.11%) 

59 0.61 0.83 

Axillary 
apparatus 

452 296 19  
(6.42%) 

175 
(59.12%) 

277 0.61 0.94 

Fat body 594 394 35  
(10.09%) 

136 
(39.19%) 

312 0.70 0.90 

Foregut 147 103 9  
(8.74%) 

53 
 (51.46%) 

94 0.64 0.91 

Hindgut 89 71 9  
(12.68%) 

27  
(38.03%) 

62 0.70 0.87 

Total 3283 2335 182  
(7.79%) 

1130 
(48.39%) 

2153 0.66 0.92 

 

 

The number of nuclei classified varied between the different tissue types for both VP (Table 

4.3) and +Seg-5 (Table 4.4), indicating that the number of infected cells varies between 

tissues. Indeed, nuclei numbers in the thoracic muscle differed significantly from all tissues 

analysed (p<0.001), except the foregut (+Seg-5 RNA, p = 0.410; VP, p = 0.601). The number 

of nuclei assigned to cells expressing +Seg-5 (Manual count: rho = 0.08, p = 0.06; Auto 

count: rho = 0.08, p = 0.07) and VP (Manual count: rho = 0.04, p = 0.36; Auto count: rho = 

0.14, r2 = 4%, p<0.05) were uncorrelated or weakly correlated with the number of nuclei 

identified. Indicating that the number of infected cells within a tissue depends on factors 

other than the number of cells available. Indeed, only 49 and 81 nuclei, respectively, were 

correctly classified into cells expressing +Seg-5 and VP in the thoracic muscle (tables 4.3, 

4.4), despite detection of 13339 nuclei (table 4.1).  

 

The precision of grouping nuclei based on +Seg-5 expression in most tissues was lower than 

by detection of VP, while the sensitivity was greater. This was particularly notable in the 

foregut, where the precision of +Seg-5 classification was 0.58 and sensitivity was 0.89 
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(Table 4.3), compared with 0.91 and 0.64, respectively, for VP (Table 4.4). The F1-score, 

which was calculated as before (equation 4.5), was 0.78 for +Seg-5 and 0.76 for VP 

classification, demonstrating a good performance of classification based on Tmin and 

polygonal area, compared to a random classifier.  

 

The number of nuclei assigned manually to uninfected cells (true negative nuclei, TN) was 

calculated. The quality of classification of nuclei into uninfected or infected cell groups was 

further assessed using Matthew’s correlation coefficient (MCC), which includes an 

additional term for TN (equation 4.6). MCC gives the direction of correlation (Powers, 

2011), denoted by a value between -1 and +1, where +1 indicates perfect classification, 0 a 

random classification and -1, disagreement in nuclei grouping between in manual and 

automated methods (Mech et al., 2011, Baldi et al., 2000, Matthews, 1975).  

 

Equation 4.6 

MCC(cn) = 
(𝑇𝑃𝑖 𝑇𝑁𝑖)−(𝐹𝑃𝑖 𝐹𝑁𝑖 )

√𝑇𝑃𝑖+𝐹𝑃𝑖.√𝑇𝑃𝑖+𝐹𝑁𝑖.√𝑇𝑁𝑖+𝐹𝑃𝑖.√𝑇𝑁𝑖+𝐹𝑁𝑖
 

 

MCC was 0.72 for nuclei classified into cells expressing +Seg-5 and 0.64 for classification 

based on VP expression, indicating that assigning nuclei to cells using the AICC was non-

random and of acceptable quality relative to a random classifier of value 0.  

 

Counts of classified nuclei obtained using both manual and automated methods were 

correlated (Auto count x Manual count), but differed significantly (p<0.001). 4.3% and 4.0% 

fewer nuclei were classified automatically into cells expressing +Seg-5 RNA and VP, 

respectively, than manually. The number of nuclei automatically assigned to cells expressing 

+Seg-5 and VP differed by 94.2% (β = 0.942) and 65.0% (β = 0.650), respectively, between 

individual C. sonorensis; indicating that +Seg-5 and VP were expressed in a greater number 

of cells in some C. sonorensis than in others (tables 4.5, 4.6). This difference in expression 

between individual C. sonorensis, could reflect differences in the level of infection. 
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Table 4.5: Parameter estimates for the number of nuclei classified into cells expressing 

BTV +Seg-5 RNA with manual classification.  

 
Parameter  

x Auto count 
Slope β (95% CI) SE 

Intercept 0.299 (-0.023, 0.622)ns 0.164 

Manual count 0.043 (0.042, 0.045)** 0.002 

Thoracic muscle Baseline  

Midgut 0.955 (0.734, 1.176)** 0.112 

Compound eye 0.669 (0.442, 0.895)** 0.115 

Abdominal epithelium 0.595 (0.366, 0.823)** 0.116 

Thoracic epithelium -0.578 (-0.905, -0.252)** 0.166 

Axillary apparatus 0.650 (0.415, 0.886)** 0.120 

Fat body 0.505 (0.273, 0.737)** 0.118 

Foregut -0.121 (-0.409, 0.167)ns 0.147 

Hindgut 0.657 (0.417, 0.897)** 0.122 

** = p<0.001 

ns = non-significant 

 

Table 4.6: Parameter estimates for the number of nuclei classified into cells expressing 

BTV protein with manual classification.  

 

Parameter  
x Auto count 

Slope β (95% CI) SE 

Intercept 0.503 (0.247, 0.760)** 0.130 

Manual count 0.040 (0.037, 0.043)** 0.001 

Thoracic muscle Baseline  

Midgut 0.635 (0.415, 0.855)** 0.112 

Compound eye 0.527 (0.305, 0.748)** 0.113 

Abdominal epithelium 0.415 (0.189, 0.641)** 0.115 

Thoracic epithelium -0.458 (-0.755, -0.159)* 0.152 

Axillary apparatus 0.625 (0.405, 0.845)** 0.112 

Fat body 0.604 (0.387, 0.821)** 0.110 

Foregut -0.072 (-0.340, 0.197)ns 0.136 

Hindgut -0.349 (-0.647, -0.05)* 0.152 

* =  p<0.05 

** = p<0.001 

ns = non-significant 
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To assess whether the minimum pixel intensity threshold (Tmin) detected low intensity 

labelling and effectively removed autofluorescence, the intensity ranking of images of the 

optic lobe, thoracic ganglia and salivary glands was compared to the presence of pixel 

intensities > Tmin (positive image) or ≤ Tmin (negative image) for +Seg-5 and VP. A total 

of 151 images were analysed.  

 

The number of positive images was significantly greater for higher staining intensities for 

+Seg-5 (X2
3 = 109.32, p<0.001) and VP (X2

3 = 112.15, p<0.001), than for lower staining 

intensities (data not shown in figure). The number of positive images categorised as 

‘unlabelled’ (false positive images) (figure 4.10A) and ‘negative images’ ranked as ‘weakly’ 

to ‘strongly’ labelled (false negative images) were calculated (figure 4.10B). False positive 

images accounted for ≤2% of images analysed, indicating a good performance of Tmin for 

detecting unlabelled images. Between 0 to 9.80% (4/51) of images analysed were incorrectly 

classified as negative. The false negative rate was highest for images with weak VP labelling 

(figure 4.10A), indicating, that in a minority of cases, the AICC may fail to detect low level 

green pixel intensities.  

 

The numbers of images correctly classified as negative (true negative images, TN) or 

positive (true positive images, TP) were used to calculate MCC as described before (see 

equation 4.6). MCC was 0.88 for images that were classified, based on +Seg-5 and 0.81 for 

classification based on VP expression, indicating that grouping of images by detecting pixels 

> Tmin or ≤ Tmin was of very high quality compared with a random classifier. This provided 

further justification for the selected Tmin values (see section 4.2.2). 
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Figure 4.10  
A  
   +Seg-5 RNA         VP  

 

    
     

   
B 

 
 
 

Figure 4.10: The percentage of false positive and false negative images.  

Labelling intensity in images of the salivary glands (n = 49), optic lobe (n = 51) and thoracic 

ganglia (n = 51) was visually observed. Each image was categorised as exhibiting no 

labelling, weak, intermediate or strong labelling. (A) Images with red or green pixel 

intensities below the minimum threshold assigned by the AICC (≤Tmin) with weak to strong 

labelling (false negative images) were counted. (B) The number of images with no labelling, 

with red or green pixel intensities >Tmin (false positive images) were estimated. Red pixels 

represented BTV +Seg-5 RNA and green, structural protein (VP). The number of images 

were expressed as a percentage of the total images analysed for each tissue. 
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4.4 Discussion 

A tissue-level understanding of insect morphology and a means of determining viral 

localisation and load, at precise cellular resolution, are needed to model viral replication 

within an individual arthropod vector. In Chapter 3, +Seg-5 RNA and protein (VP), of BTV-

1 were localised in cells of sectioned C. sonorensis. The current Chapter describes the 

morphology of C. sonorensis tissues and presents an automated ruleset, enabling 

quantification of +Seg-5 and VP in confocal images of whole Culicoides. The developed 

ruleset, termed the AICC, accurately detects and identifies nuclei in a user-defined region, 

which can include as few as two cells. The AICC accurately identifies labelled pixels using 

a minimum intensity threshold and ultimately groups nuclei into individual polygonal areas.  

The number of polygons with pixel intensities above threshold identifies infected cells with 

high precision. The results obtained demonstrate that the AICC ruleset operates with 

comparable accuracy to manual observation in the tissues analysed and within a fraction of 

the time taken to manually count and classify nuclei. The data generated validate the use of 

the AICC to measure viral quantity and localisation within Culicoides, in Chapter 5. The 

AICC is also applicable to a wide range of invertebrate and mammalian systems. 

 

A number of studies have applied automated algorithms to count infected cells (Zhang et al., 

1998, Mech et al., 2011, Liempi et al., 2015), including macrophages infected with conidia 

of Aspergillus fumigatus (Mech et al., 2011, Kraibooj et al., 2015), CD4+ T-cells in 

sectioned HIV-1 infected lymphoid tissues (Zhang et al., 1998) and Trypanosoma cruzi in 

BeWo cells (Liempi et al., 2015). Such studies involved a degree of inaccuracy when 

assessed using an alternative cell count method, including FACs (Zhang et al., 1998) and 

manual observation (Mech et al., 2011), as used here.  

 

The accuracy of counting using the AICC depended on tissue type and was lower when 

assigning nuclei to cells based on area and pixel intensity, than by identifying nuclei. 

Counting errors between images, given by the numbers of false positive or negative nuclei, 

was generally greater than levels in previous studies (Mech et al., 2011), although this varied 

(Theera-Umpon and Dhompongsa, 2007), possibly reflecting the complexity of tissue 

datasets, compared with those derived for cultured cells. Indeed, the number of CD4+ T 

cells/mg of lymphoid tissue counted by FACS and quantitative image analysis were within 

50 to 75% (Zhang et al., 1998), which is comparable to or below ranges reported here of 88 

to 98% and 46 to 97% precision for identifying and categorising nuclei, respectively.  
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The morphology of cell nuclei varied between and often within tissues, which imposed 

complications when manually identifying nuclei. Indeed, nuclei were frequently visually 

indistinguishable in the compound eyes. In such instances, automated counting may 

outperform manual observation, as the AICC empirically detected pixel clusters, without a 

shape parameter. Additional complexity arises due to the analysis of insect tissues, which 

exhibit autofluorescence (Koga et al., 2009, Thimm and Tebbe, 2003, Fukatsu et al., 1998) 

that can increase false positive detection rate. Although detection of unlabelled pixels only 

arose in up to 2% of images analysed, the use of clearing agents during labelling and 

alternative fixatives, such as Carnoy’s solution (Koga et al., 2009), may be applied in future 

studies to quench autofluorescence, which was notably high in the hindgut (data not shown), 

to reduce incidence of false positive detection.  

 

A reduced number of cells expressing +Seg-5 RNA, compared with those containing viral 

protein, in the tissues analysed could be due to suppression of translation of the viral mRNA 

by anti-viral immune pathways (reviewed in Chapter 1, section 1.3.2). Indeed, bunyamwera 

virus (BUNV) and la crosse virus (LACV) mRNA was severely reduced or undetectable 72 

h after infection of C6/36 cells (Newton et al., 1981, Rossier et al., 1988) and positive strand 

S-RNA of Germiston bunyavirus remained at lower levels than genomic (negative strand) 

RNA during persistent infection of C6/36 cells (Delord et al., 1990). Translation is restricted 

during late-stage, persistent BUNV and LACV infection of C6/36 cells (Newton et al., 1981, 

Rossier et al., 1988).  

 

A persistent state of infection is known to arise in C. sonorensis during BTV infection 

(Mellor, 1990, Fu et al., 1999), which may also be characterised by reduced replication. To 

avoid issues associated with detection of BTV during late-stage infection, as previously 

shown for DENV in Ae. aegypti (Salazar et al., 2007), antisera detecting BTV protein (see 

Chapter 3, section 3.2.5 ) was selected for use in studies in this thesis. A low incidence of 

viral protein and +Seg-5 RNA co-localisation was noted using both counting methods, that 

could reflect a difference in the timing of expression, or the sensitivity of immunofluorescent 

labelling, compared with FISH. Due to the absence of co-localisation, VP and +Seg-5 were 

analysed separately in studies presented in Chapter 5. Labelling with antibodies is subject to 

a varying degree of background signal, which could account for the increased accuracy of 

the AICC for counting cells expressing +Seg-5, than VP.  

 

Overall, the accuracy of cell counts obtained using the AICC was substantially above levels 

expected of a random classifier and highly correlated with nuclei numbers obtained 
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manually. Additionally, the AICC was not subject to observer bias associated with manual 

counting, as applied objective, knowledge-based algorithms, which were consistent between 

tissues and individual insects. Identification of cell nuclei using the AICC was robust and 

reduced numerical variations caused by variation in staining intensity between images. 

Given these advantages, the AICC was applied to quantify BTV in studies presented in the 

subsequent chapter, Chapter 5.  



 

 

 

Chapter 5 

 

Tissue tropism of bluetongue virus in 

Culicoides sonorensis 
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5.1 Introduction 

 

Vector competence describes the intrinsic ability of a vector to become infected and 

subsequently transmit a virus to a susceptible host (Gerry et al., 2001, Carpenter et al., 2015). 

An insect’s vector competence is influenced by numerous environmental, ecological, 

genetic, and molecular factors (reviewed in Chapter 1, section 1.3); an aspect of vector 

competence which is relatively poorly described is the intrinsic process by which virus 

particles, present in ingested blood, infect, replicate in and disseminate between susceptible 

tissues and organs of the insect.  

 

Despite variation in the tissues infected and the relative timing of their infection between 

studies of different arboviruses, which have included dengue virus (DENV) (Salazar et al., 

2007, Sriurairatna and Bhamarapravati, 1977), St-Louis encephalitis virus (SLEV) 

(Whitfield et al., 1973) and West Nile virus (WNV)(Girard et al., 2004). Secretion of 

infectious virus particles in the saliva is usually considered essential for transmission of 

infectious virus to a vertebrate host. Transmissible virus particles are assumed to enter the 

saliva by replicating in the salivary glands; a process which is relatively well established for 

mosquito-borne arboviruses and has been demonstrated by a number of studies, including, 

eastern equine encephalitis virus (EEEV) in Ae. triseriatus (Whitfield et al., 1971), 

Venezulean equine encephalitis virus (VEEV), sindbis virus (SINV) (Gaidamovich et al., 

1973) and DENV-2 (Salazar et al., 2007) in Ae. aegypti. Compared with mosquitoes, events 

during infection of other arthropod vector species, including Culicoides, are poorly 

understood.  

 

The likelihood of BTV midgut infection, which can be an essential initial step towards vector 

competence of Culicoides (Fu et al., 1999), increases with the size of the infectious viral 

dose in the blood meal (Mertens et al., 1996a). As a result, Culicoides that ingest a higher 

dose of BTV are more likely to become infected. Correlation between the number of vectors 

infected and viral dose ingested is well established for a number of mosquito-borne 

arboviruses, including DENV-2 in Ae. aegypti (Pongsiri et al., 2014b, Bennett et al., 2002) 

and western equine encephalitis virus (WEEV) in Cx. tarsalis (Mahmood et al., 2006). 

However, the influence of the size of the infectious viral dose in the blood meal on 

disseminated infection rate varies between studies of different species of virus and mosquito 

(Bennett et al., 2002, Richards et al., 2007, Kramer et al., 1981), as MOI does not always 

reflect initial dose and changes at different stages of infection (Gutierrez et al., 2015) or in 
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different organs and varies between virus genotypes, shown for VEEV (Weaver et al., 1984, 

Smith et al., 2007).  

 

A number of factors in addition to viral dose and genotype, influence vector competence of 

an insect. Laboratory reared and field caught C. sonorensis possess bacteria in their gut, 

belonging to genera that are known to inhibit viral infection, in other vector species (Ramirez 

and Dimopoulos, 2010, Campbell et al., 2004). Certain species of the bacterial symbiont, 

Wolbachia, can inhibit infection with a number of arboviruses in a density-dependent 

manner (Lu et al., 2012, Pan et al., 2012, van den Hurk et al., 2012) and were previously 

shown to inhibit replication of BTV-1/NS3-mCherry in Drosophila (Shaw et al., 2012). 

However, the overall influence of these commensal bacteria, on vector competence of 

Culicoides remain uncertain. If a high abundance of commensal bacteria is found to inhibit 

BTV infection and/or replication, employing strategies to manipulate midgut bacterial load, 

may provide a novel means of controlling transmission of BTV in the field. 

 

This chapter aims to present a model of infection of an arbovirus in tissues of an insect 

vector, using BTV infection of laboratory colonised, North American C. sonorensis as a 

model system. A mammalian cell culture adapted BTV-1 from South Africa (BTV-1 SA, 

ICTVdb isolate accession number [RSArrrr/01]) was selected for these studies in order to 

enable a comparison of the data with previously published studies (Fu et al., 1999, Fu, 1995, 

Paweska et al., 2002a). Infection with BTV-1 SA was compared to a strain of BTV-11. The 

BTV-11 strain (BTV-11 USA, ICTVdb isolate accession number [USA2005/01]) was 

isolated from South Dakota where field populations of C. sonorensis occur (Schmidtmann 

et al., 2011) and had undergone few passages in cell culture. Hence, comparison of the 

selected BTV strains, could reveal key differences in the ability of viruses, isolated from 

different geographic regions, with different passage histories, to infect and replicate in 

Culicoides.  
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5.2 Results 

 

5.2.1 Validation of a house-keeping gene for Culicoides 

 

A ‘house-keeping gene’ for Culicoides was experimentally validated in order to facilitate 

the quantification of BTV RNA in the insect vector (see Chapter 2, section 2.14.2). A 

candidate house-keeping gene must maintain a constant level of expression under various 

experimental conditions (especially those used in this Chapter) in order to be used as a 

standard for normalising ‘target’ gene expression (Kozera and Rapacz, 2013). We focused 

on elongation factor 1 β (eF1β), which was previously used as a house-keeping gene for C. 

sonorensis (Mills et al., 2015). In order to determine whether the level of expression of eF1β 

varies under the experimental conditions described in this chapter, Culicoides were fed blood 

or sucrose and maintained for 7 days on sucrose, as described in Chapter 2 (section 2.3). 

RNA levels of eF1β were determined in eight Culicoides per group either immediately 

following or 7 days after treatment with blood or sucrose (see Chapter 2, section 2.14.1). 

Estimated copy numbers of eF1β ranged from 7.70 ± 0.23(SE) to 8.31 ± 0.12(SE) log10 per 

Culicoides (figure 5.1A). However, within a given insect they did not differ between blood 

and sucrose fed Culicoides at the time points tested (t-test: 0 days after treatment: t7 = 2.32, 

p = 0.05; 7 days after treatment: t10 = 1.13, p = 0.287).  

 

In a similar experiment, in order to determine whether the levels of expression of eF1β varied 

with the infection status, copies of BTV Seg-1 (as an indicator of BTV infection) and eF1β 

were determined 7 days after feeding on horse blood containing 7.0 log10 TCID50/ml BTV-

1 (P2 BSR) (for methods see Chapter 2, section 2.3). Infected Culicoides were identified as 

described before (Chapter 2, section 2.14.1) and eF1β copy numbers did not differ between 

BTV infected (n = 17) and uninfected (n = 17) individuals (t-test: t22 = 0.32, p = 0.755) 

(figure 5.1B), indicating that eF1β is suitable as a standard ‘reference-gene’ for these studies.  
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Figure 5.1 

A       

 

B 

 

Figure 5.1: Copies of Culicoides gene ef1β do not alter with diet or BTV infection status.  

RNA levels of eF1β were determined in whole Culicoides carcasses by qPCR (A) after 

feeding on sucrose for 7 days or feeding on uninfected blood and maintained on sucrose for 

7 days (Blood). Copies per an individual Culicoides carcase, tested within 4 h after blood or 

sugar feeding (0 days post-treatment) are shown. Eight individuals were tested for each 

group. Bars show the standard error of the mean. (B) Copies of eF1β in BTV infected (n = 

17) and uninfected (n = 17) Culicoides, at 7 days after feeding on blood supplemented with 

7.0 log10 TCID50/ml of BTV-1 SA (P2 BSR). Bars show the standard error of the mean 

copies per an individual insect carcase (‘ns’ = non-significant difference using a Student’s 

t-test). 
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5.2.2 The effect of removing midgut bacteria on BTV-1 infection rates 

 

The effect of the midgut bacteria of Culicoides on the capacity of BTV-1 to establish 

infection in the vector was investigated by treating some vectors to remove their midgut 

bacteria as described before (Chapter 2, section 2.3.1). Briefly, antibiotics were administered 

ad lib in the sucrose solution. The mean bacterial load of homogenate from four groups of 

ten Culicoides midguts was measured by preparing a 10-fold dilution series of midgut 

homogenate, observing colony formation on culture plates, and calculating the colony-

forming units (CFU/ml) (Chapter 2, equation 2.1).  

 

The mean load of cultural bacteria was 6.99 log10 CFU/ml prior to antibiotic treatment (data 

not shown). The mean midgut bacterial load of untreated Culicoides maintained on sucrose 

for 7 days was 5.92 log10 CFU/ml, whereas those fed blood then maintained on sucrose for 

7 days without antibiotic was 6.08 log10 CFU/ml (figure 5.2A). This unexpected reduction 

in CFU/ml in untreated individuals could reflect a decline in bacterial load with age, or 

differences in the sterility of the rearing environment of adults and pupae. No colonies were 

detected in Culicoides treated with antibiotics and in the control culture treated with Super 

Optimal broth with Catabolite repression (S.O.C) medium (data not shown). 

 

The impact of bacteria upon the infection rate was tested by feeding Culicoides with blood 

containing 7.0 log10 TCID50/ml of BTV-1. A control group was included, which was fed on 

blood containing DMEM (see methods Chapter 2, section 2.3). Antibiotic treated (n = 8) and 

untreated Culicoides (n = 8) ingested a mean of 9.96±0.05 and 9.88±0.05(SE) log10 copies 

of BTV Seg-1 per an insect, respectively, following blood feeding, which did not differ 

significantly (t-test: t29 = 1.07, p = 0.30) (data not shown). Removal of midgut bacteria 

through antibiotic treatment did not impact the RNA level of Seg-1 in carcasses of whole 

Culicoides (t-test: t137 = 0.09, p =0.92) or the infection rate of Culicoides relative to the 

untreated control group (chi-square test: X2
1 = 0.10, p = 0.76) when sampled by qPCR at 7 

days after blood feeding (figure 5.2B). Because the removal of midgut bacteria appeared to 

have no effect on infection rate with BTV, no further studies were conducted in this area.  
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Figure 5.2: Antibiotic treatment eliminates bacterial load in the midguts of Culicoides, 

but does not alter infection with BTV-1.  

(A) Bacterial colony formation (left panel) and bacterial loads (right panel) are shown, from 

homogenate of midguts (n = 10) from antibiotic treated or untreated Culicoides that were 

fed on sucrose or uninfected blood. Sucrose (with or without antibiotics) was provided ad 

lib for 7 days. Bars represent the standard error of the mean of four independent replicates. 

(B) Culicoides were fed blood containing 7.0 log10 TCID50/ml of BTV-1. The number of 

BTV infected Culicoides that were treated with (n = 77) or without (n = 64) antibiotics were 

calculated 7 days post-blood meal and expressed as a percentage of Culicoides sampled (left 

panel). The level of Seg-1 RNA in each Culicoides, is shown (right panel), which was 

normalised to eF1β. Significance in Seg-1 RNA level was determined using a Student’s t-

test and percentage infection rates were tested using a Pearson’s chi-squared test (‘ns’ = a 

non-significant difference). Each point represents copies in an individual Culicoides. Bars 

show the standard error of the mean (right panel) or the 95% confidence interval (left panel).
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Figure 5.2  
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5.2.3 The infection rate of Culicoides with BTV-1 is directly 

proportional to viral dose 

 

Culicoides were fed blood supplemented with a low dose (4.2 log10
 TCID50/ml), mid-dose 

(6.2 log10
 TCID50/ml) or high dose (7.0 log10 TCID50/ml) of BTV-1 in order to determine 

which viral blood meal dose would maximise infection rate, without inducing changes in 

BTV localisation. The viral doses selected were within the range of BTV-1 titres observed 

during peak viraemia in experimentally infected Dorset Poll sheep (Baylis et al., 2008, 

Hamblin et al., 1998). Engorged Culicoides fed a high dose (n = 8) ingested 9.37±0.03 (SE) 

log10 copies of Seg-1 of BTV-1. Whereas, 8.37±0.06 and 5.17±0.34 log10 copies were 

ingested per an insect after feeding on mid (n = 8) or low dose blood meal (n = 8), 

respectively. As expected, these differences in ingested Seg-1 copy numbers were significant 

(ANOVA: F2 = 162.71, R2 = 90.79% =, p<0.001), which confirmed that Culicoides in the 

respective treatment groups ingested different BTV doses. 

 

The infection rate was assayed by detecting BTV copies by qPCR in bodies and heads at 7 

days post-blood meal (PBM), respectively, as described in Chapter 2 (sections 2.3 and 

2.14.1). 15.48% of Culicoides became infected with BTV-1 after feeding on a high viral 

dose, compared with 12.41% fed on a mid-dose (chi-square: X2
1 = 0.338, p = 0.561). No 

infected Culicoides were detected after feeding on the low dose of BTV-1 (figure 5.3A). 

Culicoides fed a high viral titre possessed 1.45  more normalised copies of Seg-1 in their 

bodies than Culicoides infected with a mid-titre of BTV-1, respectively, which differed 

significantly (Mann-Whitney U: W = 19705, p<0.05) (figure 5.3A). The low dose group was 

eliminated from further analysis as infection was not detected. 

 

The disseminated infection rate was high. After 7 days post blood-meal, BTV was detected 

in the heads of 88.89% and 87.50% of those Culicoides that became infected after ingesting 

blood supplemented with a mid and high BTV-1 dose, respectively. These values were not 

statistically significant (chi-square: X2
1 = 0.01, p = 0.917). The level of Seg-1 RNA in the 

heads of infected Culicoides did not differ with the ingested viral dose (Mann-Whitney U: 

W = 399, p = 0.896) (figure 5.3B), confirming that the size of viral dose ingested in the blood 

meal acts to increase overall infection rate, as shown previously for BTV-1 (Mertens et al., 

1996a).  
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Figure 5.3: Infection rate increases with BTV-1 dose.  

Groups of Culicoides were fed on a low dose (4.2 log10 TCID50/ml; Low) (n = 59), mid dose 

(6.2 log10 TCID50/ml; Mid) (n = 145) or a high dose (7.0 log10 TCID50/ml; High) (n = 155) 

of BTV-1. (A) The percentage of infected Culicoides and (B) viral load, which was 

expressed as copies of Seg-1 in Culicoides bodies (normalised against eF1β copy number), 

were calculated. (C) The percentage of infected Culicoides with a disseminated infection 

(Seg-1 copies in the head) and (D) normalised copies of Seg-1 in Culicoides heads were 

calculated. Significance in percentage infection rates was determined using Pearson’s chi-

square test. Mann-Whitney U tests were applied to test significance in Seg-1 copies in heads 

and bodies (‘ns’ = non-significant; * = p<0.05). Each point in B and D represents copies in 

an individual Culicoides and bars show the standard error of the mean. Bars in A and C show 

the 95% confidence intervals. 
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Figure 5.3 
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5.2.4 Ingestion of a higher viral dose does not alter the tissues infected 

by BTV-1 

 

Next, we determined the levels of BTV RNA and protein in infected tissues. Culicoides were 

first fed blood containing a high dose (7.0 log10 TCID50/ml) or a mid-dose (6.2 log10 

TCID50/ml) of BTV-1 (see Chapter 2, section 2.3). The BTV proteins (VP) and +Seg-5 RNA 

were dual-labelled in sections of Culicoides at 7 and 12 days PBM, as detailed in Chapter 2 

(section 2.18.2).  

 

Levels of Seg-1 RNA were tested in engorged Culicoides (n = 8) to confirm the viral dose 

administered in the blood-virus mixture. Culicoides fed with a high dose ingested a 

significantly higher level of Seg-1 RNA (9.76 ± 0.02(SE) log10 copies), than a mid-dose 

(8.87 ± 0.02 log10 copies) (t-test: t15 = 20.51, p<0.001). BTV-1 RNA was not detected in a 

control group of mock infected C. sonorensis after feeding on blood containing DMEM. 

 

The number of C. sonorensis with a BTV infection localised to the midgut (a ‘non-

disseminated’ infection) or a ‘disseminated’ infection (expression of VP and +Seg-5 in non-

midgut tissues) are shown in table 5.1. Only 10.71% (6/56) of infected Culicoides remained 

with an infection localised to the midgut. The percentage of Culicoides becoming infected 

after ingesting a high-viral dose was almost double that of the group fed a mid-dose, 

consistent with previous findings (see section 5.2.3). The infection rate increased by 30.00% 

and 26.09% between 7 and 12 days PBM for Culicoides fed a mid or high viral dose, 

respectively. 
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Table 5.1: The number of BTV-1 infected C. sonorensis midges is directly correlated to 

the viral dose.  

BTV dose  
(log10TCID50/ml) 

Days 
post-
blood 
meal 

Number 
sampled 

Number 
infected 

(%) 

Number of 
infected with 
disseminated 
infection (%) 

Number of 
infected with 

non-
disseminated 
infection (%) 

6.2 

7 80 
7  

(9.0) 
7  

(100.0) 
0  

(0.0) 

12 73 
10 

(14.0) 
7  

(70.0) 
3  

(30.0) 

7.0 

7 126 
21 

(17.0) 
18  

(85.7) 
3  

(14.3) 

12 79 
18  

(23.0) 
18  

(100.0) 
0  

(0.0) 

 

 

The percentage of cells expressing BTV-1 VP and +Seg-5 RNA were calculated from 

confocal images of Culicoides tissues using methods described previously (see Chapter 4, 

sections 4.2.1 and 4.2.2). The type of tissues infected with BTV-1 did not differ between the 

groups infected with high or medium viral doses, with the exception of the thoracic muscle. 

BTV +Seg-5 RNA and VP were detected in ≥1% of cells in the midgut, foregut, hindgut, 

compound eyes, thoracic ganglia, optic lobe, axillary apparatus, fat body, mouthparts, 

abdominal and thoracic epithelium. In addition, in <15% of individuals fed with a high viral 

dose, BTV-1 was also detected in the thoracic muscle at the latest time sampled. Importantly, 

+Seg-5 and VP were not detected at any stage in the salivary glands (figure 5.4).  

 

In general, most tissues with the exception of the optic lobe, hindgut and thoracic epithelium, 

were infected more frequently after ingestion of a high viral dose. This was particularly 

noticeable in the foregut, where 83.33% (chi-square: X2
1 = 83.33, p<0.001) more individuals 

showed infection in this tissue, after ingesting a high-viral dose than a mid-dose at 12 days 

PBM (figure 5.4). This could indicate an increased time required for viral dissemination 

during a BTV infection resulting from the lower dose. However, the percentage of cells 

expressing +Seg-5 in infected tissues did not differ significantly between doses tested (figure 

5.7). Similar results were obtained for VP (data not shown). A comparable level of infection 

(figure 5.6), indicates that infection with the higher viral dose tested progresses at a similar 

rate within infected tissues, compared to individuals infected with the lower dose. As 

expected, VP and +Seg-5 were undetectable in uninfected control Culicoides (figure 5.5). 
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Figure 5.4 

 

 

 

 

 

  

 

Figure 5.4: Infection rate of tissues of Culicoides midges after ingesting different BTV-

1 doses.  

The percentage of Culicoides expressing BTV +Seg-5 RNA and protein (VP) in ≥1% cells 

(or area for the salivary glands and neural tissues) were calculated for each tissue at 7 and 

12 days after feeding on blood containing a mid-dose of 6.2 log10 TCID50/ml or high dose of 

7.0 log10 TCID50/ml of BTV-1. To avoid biases associated with differences in sample size, 

six individuals were randomly sampled for each group of Culicoides confirmed as infected.  

Days post-blood meal:           7      12   
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Figure 5.5   

A   Thorax   Abdomen 
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Figure 5.5: BTV is undetectable in mock infected Culicoides.  

(A) Schematic diagram of a lateral section through Culicoides showing the location of tissues 

of interest. (B) Representative composite confocal image of a mock-infected Culicoides at 7 

days after feeding on blood containing DMEM. BTV +Seg-5 RNA (red), protein (VP, green) 

and counterstained nuclei (blue) are shown (scale = 75 µm).  
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Figure 5.6: Progression of BTV infection in Culicoides fed with different BTV-1 doses. 

Representative composite confocal images of infected Culicoides at 7 and 12 days after feeding on blood containing a mid-dose of 6.2 log10 TCID50/ml or 

a high dose of 7.0 log10 TCID50/ml of BTV-1. BTV +Seg-5 RNA (red), viral protein (VP, green) and nuclei (blue) are shown (scale = 75 µm).  
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Figure 5.6            

BTV-1 (log10 TCID50/ml):   6.2        7.0        
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Figure 5.7: The percentage of cells expressing +Seg-5 RNA in tissues of Culicoides fed 

different BTV-1 doses.  

Culicoides were fed blood containing a high dose of 7.0 log10 TCID50/ml or mid-dose of 6.2 

log10 TCID50/ml of BTV-1. At (A) 7 days (7.0: n = 20; 6.2: n = 6) and (B) 12 days post-

blood meal (7.0: n = 18; 6.2: n = 10), the percentage of cells (or area for the salivary glands, 

optic lobe and thoracic ganglion) expressing +Seg-5 RNA were determined in infected 

tissues (which expressed viral protein and +Seg-5 RNA in ≥1% of cells). Bars show the 

standard error of the mean. 
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Figure 5.7 

A 

Days post-blood meal:     7 
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5.2.5 A greater number of midgut cells are infected after ingestion of a 

higher BTV-1 dose 

 

Next, the effect of viral doses on the ability of BTV-1 to infect the midgut was determined. 

The number of infected midgut cells in Culicoides with a recently disseminated infection 

were calculated. A recently disseminated infection was defined as VP and +Seg-5 expression 

in ≤15% of cells in every non-midgut tissue analysed in the previous section (figure 5.8). A 

significant difference (t-test: t8 = 2.81, p<0.05) was observed in the extent of infection of the 

midgut as indicated by a single focus of viral protein labelling in 3.39 ± 0.79 (SE)% and 1.01 

± 0.28% of midgut cells following ingestion of a high or mid-viral dose respectively (table 

5.2). Similar results were obtained for +Seg-5 RNA (data not shown), indicating that BTV-

1 infects a greater number of midgut cells following ingestion of a higher viral dose.  

 

 

Table 5.2: Initial midgut infection of BTV-1 under varying blood meal viral doses. 

 

BTV-1  
(log10TCID50/ml) 

Number  of 
midguts 
sampled 

Number of 
midguts 
infected 

(%) 

Number of 
cells 

sampled 
(mean) 

Number of 
cells 

expressing 
VP5 (%) 

Mean cells 
expressing 

VP5 (%) 

6.2 3 
3 

(100) 
868 - 1355 

(1052) 
4 - 19 

(0.46 – 1.40) 
11  

(1.01)* 

7.0 8 
8 

(100) 
925 - 5395 

(2603) 
23 – 196 

(0.80 – 6.92) 
81  

(3.39)* 

* =  p<0.05, student’s t-test 
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Figure 5.8 

 

BTV-1 (log10 TCID50/ml): 6.2        7.0 

 

 

 

Figure 5.8: BTV-1 infects a greater number of midgut cells in Culicoides fed a blood 

meal containing a higher viral dose.  

Representative images of sections of the midgut of Culicoides with a recently disseminated 

BTV infection (defined as ≤ 15% of cells of non-midgut tissues) at 7 and 12 days post-

ingestion of a blood meal (d PBM) containing either a mid-dose of 6.2 log10 TCID50/ml (Mid 

titre), or a high dose of 7.0 log10 TCID50/ml (High titre) of BTV-1. Arrows indicate the 

location of cells expressing BTV protein (VP, green) and +Seg-5 RNA (red). Nuclei are 

shown in blue (scale = 40 µm).  
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5.2.6 Infection rate of BTV-11 in Culicoides is higher than BTV-1  

 

The previous section indicates that ingestion of a higher BTV dose did not alter the tissues 

infected within individual insects, compared with a lower viral dose. Studies in the following 

sections were therefore conducted using the high viral dose of 7.0 log10 TCID50/ml.  

 

Culicoides were fed blood containing an equal viral load (7.0 log10 TCID50/ml) of BTV-1 or 

BTV-11 in order to compare the relative abilities a South African and North American BTV 

strain to infect Culicoides. Culicoides (n per group = 8) ingested a mean of 9.92±0.06(SE) 

log10 copies of BTV-1 and 9.77±0.03 log10 copies of BTV-11 Seg-1 RNA (t-test: t9 = 2.32, 

p = 0.05). Despite a low level of significance in ingested viral RNA level, levels of Seg-1 

RNA in the blood meal did not differ between viruses and were for 11.86±0.09 log10 for 

BTV-1, and 11.90±0.01 log10 RNA copies per ml of blood-virus mixture for BTV-11 (t-test: 

t1 = 0.48, p = 0.72).  

 

Infection rate was assayed 7 days PBM using qPCR to detect Seg-1 RNA levels in whole 

insects as described in Chapter 2 (section 2.14.1). The primers and probe set used in the 

qPCR were complimentary to Seg-1 of both BTV stains tested (Shaw et al., 2007a) (for 

sequences see Chapter 2, table 2.5). BTV-11 infected 23.53% of Culicoides, whereas only 

11.81% of Culicoides developed a BTV-1 infection (chi-square: X2
1 = 3.88, p<0.05) (figure 

5.9). This difference in infection rate was reflected by an increase in the level of Seg-1 RNA 

when Culicoides were fed on BTV-11 compared to BTV-1 (t-test: t259 = 7.28, p <0.001) 

(figure 5.9).  
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Figure 5.9 

A       B 

 

   

 

Figure 5.9: Higher infection rate of BTV-11 in Culicoides compared to BTV-1.  

Culicoides were fed on blood supplemented with 7.0 log10 TCID50/ml of BTV-1 (n = 144) 

or BTV-11 (n = 136). (A) The percentage of infected Culicoides was determined by the 

detection of BTV Seg-1 RNA and (B) the levels of Seg-1 in each Culicoides are shown 7 

days after blood feeding. The significance of percentage infection rates was determined 

using a Pearson’s chi-squared test and BTV Seg-1 RNA levels, using a Student’s t-test (* = 

p<0.05 and ** = p<0.001). Each point in panel B represents BTV copies in an individual 

Culicoides. Bars in panel B represent the standard error of the mean and, in panel A, the 95% 

confidence interval. 
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5.2.7 BTV-11 disseminates in a greater number of Culicoides than 

BTV-1 

 

We next assessed the differences in the dissemination rate of BTV-1 and BTV-11 in infected 

Culicoides. In a series of four (BTV-11) or five (BTV-1) independent experiments, 

Culicoides were fed on blood containing 7.0 log10 TCID50/ml of BTV-1 or BTV-11. BTV 

dissemination was monitored by confocal microscopy in sections of Culicoides sacrificed at 

4, 6, 7 and 12 days PBM, as detailed in Chapter 2 (section 2.18.2). Sections were co-labelled 

for both viral protein (VP) and +Seg-5 RNA. The engorged Culicoides had ingested mean 

Seg-1 RNA levels of 9.36 ± 0.05(SE) log10 of BTV-1 and 9.55 ± 0.04 log10 of BTV-11 (t-

test: t56 = 2.43, p<0.05). Despite the low significance of ingested RNA level, the blood-virus 

mixture contained 11.98±0.10 log10 copies of BTV-1 or 11.99±0.03 log10 copies of BTV-11 

Seg-1 RNA, which did not differ significantly (t-test: t13 = 0.18, p = 0.857). A control group 

of uninfected Culicoides were fed blood supplemented with DMEM and did not ingest any 

BTV copies (data not shown).  

 

Survival plots are shown in figure 5.10 (see Chapter 2, section 2.3 for methods). The number 

of Culicoides surviving, relative to day 0, generally decreased over the time course. 

However, mortality did not differ between the mock-infected or groups of Culicoides fed 

blood supplemented with BTV-1 or BTV-11 at 4 (chi-square test: X2
2 = 5.14, p = 0.77), 6 

(X2
2 = 2.59, p = 0.273) and 7 days PBM (X2

2 = 4.87, p = 0.09). The survival rate of Culicoides 

12 days PBM containing BTV-11 was significantly lower than that of the uninfected 

Culicoides (chi-square test: X2
2 = 12.40, p<0.05).  
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Figure 5.10 

 

Figure 5.10: Survival of Culicoides fed BTV-1 or BTV-11 is comparable to mock 

infected Culicoides.  

The percentage of Culicoides surviving after 4, 6, 7 and 12 days following feeding on blood 

supplemented with 7.0 log10 TCID50/ml of BTV-11 or BTV-1 were calculated. A mock-

infected control group was included, which were fed blood supplemented with DMEM. Bars 

show the standard error of the mean of four (BTV-11, Uninfected) or five (BTV-1) 

independent replicates. Each value used to calculate the mean represents the survival rate of 

a separate pot of Culicoides at time of sacrifice. Significance was determined using a 

Pearson’s chi-squared test (* = p<0.05). 

 

 

The number of Culicoides with an infection restricted to the midgut (a ‘non-disseminated’ 

infection) and disseminated infection (expression of VP and +Seg-5 in non-midgut tissues) 

are shown in table 5.3. At 4 days PBM, 66.7% and 12.5% of infected Culicoides had a non-

disseminated BTV-1 or BTV-11 infection, respectively. The number of Culicoides with an 

infection restricted to the midgut, subsequently decreased to undetectable levels by 12 and 

7 days PBM for BTV-1 and BTV-11, respectively. Conversely, the number of Culicoides 

with a disseminated infection increased with time PBM, reaching 23% for BTV-1 and 64% 

for BTV-11 by 12 days PBM (chi-square test: X2
1 = 19.32, p<0.001). At this time point, 

BTV had disseminated in all infected Culicoides. The observed overall infection rate 

increased by 3.2 fold for BTV-1 (7 to 23%) and 1.6 fold (40 to 64%) for BTV-11 over the 

time course (table 5.3).  

 

* 



Chapter 5: Tropism of bluetongue virus in Culicoides 

180 

 

Table 5.3: Infection rates and dissemination of BTV-1 and BTV-11 in Culicoides.   

 Days after 
blood meal 

Number 
sampled 

Number 
infected 

(%) 

Number with 
disseminated 
infection (%) 

Number with  
non-disseminated 

infection (%) 

BTV-1 

4 44 
3  

(7.0) 
1  

(33.3) 
2 

(66.7) 

6 50 
6  

(12.0) 
3  

(50.0) 
3 

 (50.0) 

7 126 
21  

(17.0) 
18  

(85.7) 
3  

(14.3) 

12 79 
18  

(23.0) 
18  

(100.0) 
0  

(0.0) 

BTV-11 

4 40 
16  

(40.0) 
14  

(87.5) 
2  

(12.5) 

6 45 
24  

(53.0) 
23 

(95.8) 
1  

(4.2) 

7 48 
27  

(56.0) 
27  

(100.0) 
0  

(0.0) 

12 14 
9  

(64.0) 
9  

(100.0) 
0  

(0.0) 
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5.2.8 BTV-1 infection of the midgut in Culicoides  

 

Previous studies have indicated that arboviruses, including BTV, replicate in midgut cells to 

a threshold titre prior to disseminating into the haemolymph (Hardy et al., 1983, Kramer et 

al., 1981). To test this in more detail, the number of midgut cells expressing VP were 

determined in Culicoides with a BTV-1 infection restricted to the midgut (n = 8) between 4 

and 12 days PBM. BTV-11 was omitted from this analysis due to detection of only three 

infected Culicoides with an infection restricted to midgut cells (see table 5.3).  

 

VP expression was compared between Culicoides with a recently disseminated BTV-1 

infection (n = 8, characterised by expression of +Seg-5 RNA and VP in ≤15% of cells in all 

non-midgut tissues) (figure 5.11) and an infection restricted to the midgut (a non-

disseminated infection). 2.79 ± 0.85(SE)% of midgut cells in infected but non-disseminated 

Culicoides and 3.14 ± 0.74% of midgut cells of Culicoides with a recently disseminated 

infection, expressed viral protein (t-test: t12 = 0.31, p = 0.760) (table 5.4). These data suggest 

that there is unlikely to be a threshold titre of BTV required for viral dissemination. Similar 

results were obtained for +Seg-5 (data not shown). 

 

 

Table 5.4: Midgut infection of Culicoides with a non-disseminated or recently 

disseminated BTV-1 infection.  

 

 
Number  of 

midguts 
sampled 

Number of 
midguts 

infected (%) 

Total cells 
sampled 
(mean) 

Number of 
cells 

expressing 
VP5 (%) 

Mean cells 
expressing 

VP5 (%) 

Non-
disseminated 

8 
8 

(100) 
749 - 2615 

(1704) 
25 - 114 

(1.26 – 6.92) 
45  

(2.79)ns 

Disseminated 7 
6 

(86) 
 394 - 3518 

(2169) 
15 – 153 

(0.80 – 6.12) 
75 

(3.14) ns 

ns = non-significant difference by Mann-Whitney U tests   



Chapter 5: Tropism of bluetongue virus in Culicoides 

182 

 

Figure 5.11 

 

  Non-disseminated             Recently disseminated 
         infection           infection 

 

 

    

 

Figure 5.11: The number of infected midgut cells does not differ between Culicoides 

midges with a non-disseminated or a recently disseminated BTV-1 infection.  

Representative sections of Culicoides midguts with either a non-disseminated or recently 

disseminated BTV infection at 6 and 4 days (respectively), after feeding on blood containing 

7.0 log10 TCID50/ml of BTV-1. A recently disseminated infection was characterised by 

detection of +Seg-5 RNA and VP in ≤15% of cells in all non-midgut tissues. Arrows indicate 

cells expressing BTV +Seg-5 (red) and protein, VP (green). Nuclei are shown in blue (scale 

= 40 µm).  

 

 

 

  

DAPI +Seg-5 VP 

40 µm 
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5.2.10 BTV-11 infects a greater number of midgut cells than  

BTV-1 

 

BTV-11 was previously shown to infect almost double the number of Culicoides compared 

with BTV-1 at the time points studied (see section 5.5.6). In order to understand the bases 

of these differences, VP expression was examined in midgut sections of Culicoides with a 

disseminated BTV-1 or BTV-11 infection (see table 5.3 for sample sizes). A single region 

of the posterior midgut cells of most infected Culicoides expressed VP and +Seg-5 RNA of 

BTV-1. As few as 0.88% (12/2267) of the midgut cells expressed VP in the Culicoides with 

a disseminated BTV-1 infection at 4 days PBM, indicating that dissemination can arise 

following infection of relatively few midgut cells.  

 

The percentage of midgut cells that were detected expressing VP of BTV-1 and BTV-11 

increased with time PBM. +Seg-5 and VP were expressed in a greater number of midgut 

cells in Culicoides infected with BTV-11 compared to BTV-1 (figure 5.12A). Between 15.46 

to 47.78% more midgut cells (of the percentage of infected cells shown in figure 5.12B) 

expressed VP of BTV-11 than BTV-1 at the time points analysed. This difference in BTV 

VP expression was especially notable 7 days PBM, where VP of BTV-11 was expressed in 

11.34 ± 2.30(SE)% of midgut cells, compared with 4.01 ± 0.57% of midgut cells for BTV-

1 (Mann-Whitney U: W = 298.0, p<0.05). 
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Figure 5.12: BTV-11 infects a greater percentage of midgut cells than BTV-1.  

(A) Representative images of a section of the midgut of an individual Culicoides between 4 and 12 days after feeding on blood (d PBM) supplemented 

with 7.0 log10 TCID50/ml of BTV-11 or BTV-1. BTV protein (VP, green), +Seg-5 RNA (red) and nuclei (blue) are shown (scale = 40 µm).  

(B) The percentage of midgut cells expressing viral protein (VP) were calculated at 4 days (BTV-1: n = 12, BTV-11:  n = 14), 6 days (BTV-1: n = 7, BTV-

11: n = 17), 7 days (BTV-1: n = 20, BTV-11: n = 16) and 12 days post-blood meal (BTV-1: n = 18, BTV-11: n =6) for each Culicoides. Bars represent the 

standard error of the mean. (* = p<0.05 by a Mann-Whitney U test).  
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5.2.11 Tissue tropism of BTV-1 in Culicoides 

 

Next, the percentage of cells expressing BTV +Seg-5 RNA were calculated in tissues of 

Culicoides that had been successfully infected with BTV-1 at 4, 6, 7 and 12 days PBM (see 

table 5.3). Results are presented in figure 5.13, which shows the percentage of cells 

expressing +Seg-5 RNA in each tissue, and figure 5.14, which displays representative 

images of Culicoides from each time point. Comparable results were obtained for VP 

detection.  

 

Since +Seg-5 RNAs are only expressed in detectable, single-stranded form (see section 3.2.5 

of Chapter 3) following viral mRNA synthesis, detection may indicate cells in which BTV 

is actively replicating. +Seg-5 was detected in cells of the axillary apparatus, abdominal 

epithelium, fat body, thoracic epithelium, compound eyes and at low levels in midgut cells 

of 91.7% (11/12) of infected Culicoides tested at 4 days PBM. Only 41.7% (5/12) of infected 

Culicoides expressed +Seg-5 in cells of the thoracic epithelium and 55.6% (5/9) in the 

hindgut at this time point (figure 5.13). +Seg-5 was expressed in <1% of foregut cells 

(including cells of the proventriculus) until 6 days PBM (figures 5.13 and 5.14E), at which 

time +Seg-5 was expressed in ≥1% of foregut cells of 25.0% of Culicoides. The low 

prevalence of foregut infection indicates that the initial site of BTV-1 entry likely occurs in 

the midgut, consistent with previous observations (see section 5.2.5) (Fu, 1995, Fu et al., 

1999).  

 

The identity of the tissues infected by BTV-1 varied over time and between individuals 

(figures 5.13 and 5.14A). However, the abdominal epithelium, fat body, mouthparts, midgut, 

axillary apparatus and compound eyes were infected in the majority of Culicoides analysed 

(figures 5.13, 5.14B and 5.14F). The percentage of cells expressing +Seg-5 in infected 

tissues generally increased with time PBM (figures 5.13 and 15.14). BTV-1 replicated to its 

highest levels in the axillary apparatus over the time course of the experiment, infecting 

27.69 ± 6.09(SE)% of cells by 12 days PBM (figure 5.13). Infection of the thoracic muscle 

was relatively rare. In this tissue, +Seg-5 was expressed in up to 3.07% (10/326) of thoracic 

muscle cells in 9.26% (5/54) of C. sonorensis sampled (figures 5.13 and 5.14D).  

 

Neural tissues were infected as early as 7 days PBM, with the exception of a single individual 

at 6 days PBM (figures 5.11 and 5.14B to C), following viral replication in infected non-

midgut tissues. Indeed, +Seg-5 was expressed in the optic lobe (including the central brain) 

of 16.67% (1/6) of C. sonorensis at 6 days PBM, increasing to 50.00% (9/18) by 12 days 

file:///N:/Integrative%20Entomology/private/Staff%20folders/Alice/04_Writeup/02_Thesis/AM%20thesis%20Ch5%20tissue%20tropism%20V7-1_AS.docx%23_A_greater_number
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PBM. Infection of the thoracic ganglia arose in 5.26% (1/19) of C. sonorensis at 7 days and 

38.89% (7/18) by 12 days PBM (figures 5.13 and 5.14G). The area of the salivary glands 

expressing +Seg-5 remained below 0.2% in all Culicoides (figure 5.13).  
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Figure 5.13 

 

Days post-blood meal:         4         6            7        12 

  

 Number of Culicoides:      12         6          20        18  

 

 

Figure 5.13: Progression of BTV-1 infection in Culicoides.  

Heatmap representing cells expressing BTV + Seg-5 RNA, which were calculated as a 

percentage of the number of cells sampled for each tissue in individual Culicoides at 4 days 

(n = 12), 6 days (n = 6), 7 days (n = 20) and 12 days (n = 18) after feeding on blood 

supplemented with 7.0 log10 TCID50/ml of BTV-1. Values are stated as a percentage area for 

the salivary glands, optic lobe and thoracic ganglia. Each column represents an individual 

Culicoides. Missing values are shown by the grey shaded areas.  
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Figure 5.14: BTV-1 replication in tissues of Culicoides.  

(A) Reconstructed composite images of Culicoides are shown to cover the whole body. 

Representative images were captured at 4, 7 and 12 days post-blood meal (PBM) containing 

7.0 log10 TCID50/ml BTV-1 or 7 days after feeding on mock infected blood, which was 

supplemented with DMEM (Mock). BTV +Seg-5 RNA (red), BTV protein (VP, green) and 

nuclei (blue) are shown (scale = 75 µm). 



Chapter 5: Tropism of bluetongue virus in Culicoides 

190 

Figure 5.14 
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Figure 5.14: BTV-1 replication in tissues of Culicoides.  

Representative images of confocal microscopy of Culicoides, showing BTV-1 +Seg-5 RNA (red) and protein (VP, green) at 7 and 12 days post-blood meal 

(d PBM), supplemented as described in figure 5.14A. (B) The optic lobe (white arrow), compound eyes (orange arrow), fat body (purple arrow), (C) 

thoracic ganglia (arrow), (D) thoracic muscle and epithelium (arrow), (E) foregut (arrow), (F) midgut, abdominal epithelium (arrow), (G) hindgut (white 

arrow) and oocytes (square). Nuclei are shown (blue) (scale = 40 µm). 
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Figure 5.14 
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5.2.12 BTV-1 and BTV-11 are undetectable in the salivary glands and 

oocytes of infected Culicoides 

 

Many arboviruses replicate in the reproductive organs (ovaries and egg chambers) (Wang et 

al., 2010, Chandler et al., 1998) and salivary glands of a transmissible insect vector prior to 

vertical transmission to progeny or direct transmission to a host, respectively (Drolet et al., 

2005, Salazar et al., 2007, Romoser et al., 1992). Previous studies described the detection of 

BTV-1 (Fu, 1995) and BTV-8 in the salivary glands of IT inoculated Culicoides by TEM 

(Bowne and Jones, 1966). The previous section (see sections 5.2.4 and 5.2.11) failed to 

detect +Seg-5 RNA, indicating lack of Seg-5 RNA in the salivary glands of Culicoides 

infected with BTV-1.  

 

To further assess whether BTV-1 and BTV-11 can infect the salivary glands of Culicoides, 

+Seg-5 RNA and VP were examined in the salivary gland sections of Culicoides with a 

disseminated BTV infection (BTV-1: n = 46, BTV-11: n = 36) (figure 5.15A to C). Both 

viral strains failed to replicate to detectable levels of either VP or +Seg-5 in the salivary 

glands of Culicoides (values not shown). Similarly, VP and +Seg-5 of BTV-1 and BTV-11 

were undetectable in the nurse cells and oocytes of all Culicoides at the time points sampled 

(figure 5.16) (values not shown) (see table 5.3 for sample sizes). 

  

  



 

 

 

C
h
ap

ter 5
: T

ro
p

ism
 o

f b
lu

eto
n

g
u
e v

iru
s in

 C
u

lico
id

es 

1
9

4
 

 

Figure 5.15: BTV-1 and BTV-11 are undetectable in the salivary glands of Culicoides.  

(A) Representative images of a section of the anterior thorax and head of Culicoides with a disseminated infection at 6 or 7 days (d PBM) after feeding on 

blood supplemented with 7.0 log10 TCID50/ml of BTV-11 or BTV-1. Arrows indicate the location of the salivary glands (sg). BTV protein (VP) (green), 

+Seg-5 RNA (red) and nuclei (blue) are shown (scale = 40 µm). (B) Light micrographs of a section of anterior thorax and head (upper panel) and whole 

salivary glands (lower panel) of an uninfected Culicoides. The salivary glands are outlined in red in the upper panel (scale = 40 µm). 
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Figure 5.15 
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Figure 5.16 

     BTV-1     BTV-11 

      

 

 

Figure 5.16: BTV-1 and BTV-11 are undetectable in the egg chambers of Culicoides.  

Representative images of abdominal sections of Culicoides with a disseminated infection 

showing the nurse cells (upper panel) and oocytes (lower panel) at 12 and 6 days after 

feeding on blood supplemented with 7.0 log10 TCID50/ml of BTV-11 or BTV-1, respectively. 

The location of nurse cell nuclei (white arrows), follicular cells (red arrows), oocytes 

(squares) and the abdominal epithelium (orange arrow) are indicated. BTV protein (VP, 

green), +Seg-5 RNA (red) and nuclei (blue) are shown (scale = 40 µm).  

  

Nurse 

cells 

 

 

 

 

 

 

 

 

 

 

Oocytes 

DAPI +Seg-5 VP 

40 µm 



Chapter 5: Tropism of bluetongue virus in Culicoides 

197 

Whilst no BTV was detected in the salivary glands, labelling was evident in the mouthparts. 

BTV protein (VP) and +Seg-5 RNA were observed in cells of the labium (the inner 

mouthparts) and mandibles (involved in mastication of host tissue) (figure 5.17A) between 

4 and 12 days PBM.  

 

Between 71.42% to 100% of Culicoides with a disseminated BTV-1 infection expressed VP 

or +Seg-5 in ≥1% of cells of the mouthparts. These individuals were considered to have 

infected mouthparts. BTV-11 infected the mouthparts of 66.67% to 100% of infected 

Culicoides at time points examined (figure 5.17B). There was no difference in the percentage 

of cells infected by BTV-1 or BTV-11 in the mouthparts (figure 5.17B; 4 days PBM: W = 

68.0, p = 0.325; 6 days PBM: t7 = 0.70, p = 0.506; 7 days PBM: t14 = 2.05, p = 0.06; 12 days 

PBM: t3 = 1.47, p = 0.238).  

 

Infection levels in the mouthparts of infected insects were high, and increased with time. 

Indeed, up to 38.50±4.99(SE)% (BTV-1) and 28.34±5.98% (BTV-11) of cells expressed VP 

in the mouthparts at 12 days PBM, which was the latest time point analysed (figure 5.17C).   
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Figure 5.17: BTV-1 and BTV-11 replicate in the mouthparts of Culicoides.  

(A)  Representative images of a section of the head and anterior thorax of Culicoides 7 and 

6 days after feeding on blood containing 7.0 log10
 TCID50/ml of BTV-1 or BTV-11, 

respectively. The proboscis is outlined and shown also in the right inset of each image. White 

arrows indicate infection of the labium. The ‘food channel’ is shown by the purple arrow 

and labrum by the red arrow. BTV protein (VP, green), +Seg-5 RNA (red) and nuclei (blue) 

are shown (scale = 40 µm).  

(B) The percentage of Culicoides with infected mouthparts (expressing VP or +Seg-5 in ≥1% 

of cells) were calculated 4 days (BTV-1: n = 6, BTV-11: n = 12), 6 days (BTV-1: n = 5, 

BTV-11: n = 11), 7 days (BTV-1: n = 12, BTV-11: n = 6) and 12 days (BTV-1: n = 14, BTV-

11: n = 4) post-feeding on blood supplemented with BTV-1 or BTV-11 as described in figure 

5.16A. Only individuals with a disseminated BTV infection were analysed. Bars show the 

95% confidence interval.  

(C) The percentage of mouthpart cells expressing viral protein (VP) was calculated at times 

analysed for each infected Culicoides (shown in figure 5.16B). Bars show the standard error 

of the mean.
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Figure 5.17 
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5.3 Discussion 

 

A tissue-level understanding of the processes arising during replication of an arbovirus 

within an arthropod vector is required to better understand vector competence and inform 

models that help predict the transmission and incidence of vector-borne viral diseases. 

Studies in this Chapter used powerful imaging techniques in BTV-infected Culicoides in 

order to demonstrate temporal changes in the infection and replication of two distinct BTV 

strains in tissues of an arthropod vector. The overall course of viral infection and spread 

within the insect vector was similar to previously observed, including similar target tissues 

(Fu, 1995, Fu et al., 1999), following viral dose and strain-dependent infection of midgut 

cells (as previously demonstrated in mosquitoes) (Smith et al., 2008, Kenney et al., 2012, 

Veronesi et al., 2008). However, a key difference in the tropism of BTV in C. sonorensis, 

compared with mosquito-borne arboviruses, was that virus could not be detected in the 

salivary glands. Data in this chapter present convincing evidence for the existence of an 

alternative mechanism of BTV transmission by means of the mouthparts. This is a new 

paradigm for arbovirus transmission by an insect vector. 

 

A localised infection of the midgut in Culicoides inevitably progresses to dissemination in 

various tissues, contrary to previous suggestions (Jennings and Mellor, 1987). Indeed, 66.7% 

and 12.5% of Culicoides sampled showed a localised BTV-1 or BTV-11 midgut infection 

respectively at 4 days PBM, but this number declined to negligible levels by the latest time 

point analysed. The theory that arboviruses replicate to a threshold titre in midgut cells prior 

to disseminating (Girard et al., 2004) appears unlikely to be true of BTV-1 in C. sonorensis, 

as the number of infected midgut cells increased with time and did not reflect the 

dissemination status of infection.   

 

BTV infected the foregut (which included the proventriculus), compound eyes, thoracic 

ganglia, optic lobe, fat body and epithelial cells following dissemination, also consistent with 

previous studies (Fu, 1995, Fu et al., 1999). BTV was also detected in the hindgut, as shown 

previously for Venezuelan equine encephalitis (Smith et al., 2008) and DENV-2 viruses 

(Salazar et al., 2007). The variation in BTV-1 titre in individual C. sonorensis shown before 

(Jennings and Mellor, 1987, Fu et al., 1999) could reflect differences in the timing of 

infection of tissues, as demonstrated here. BTV replicated in the axillary apparatus, 

abdominal epithelium, fat body, thoracic epithelium and compound eyes at 4 days PBM, the 

earliest time point examined, consistent with previous studies (Fu, 1995, Fu et al., 1999). 
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Infection of the majority of the fat body indicates, that adipocytes, which are rounded cells 

present in the fat body (Cohen, 2009) are susceptible to BTV replication, consistent with 

observations described in this thesis (see Chapter 4, section 4.3.1). Further studies are needed 

to confirm exactly which cell types are most susceptible to BTV infection in different tissues.  

 

The number of cells expressing BTV ssRNA increased over time in susceptible tissues, 

consistent with previous studies showing an increase in infectious virus (Foster and Jones, 

1979) and viral antigen (Mullens et al., 1995) with time in whole C. sonorensis. The fat body 

was infected in most Culicoides tested, which may reflect its direct contact with the 

haemolymph (Cohen, 2009). RVFV (Romoser et al., 1992) and SINV (Bowers et al., 2003) 

infect skeletal muscles, however only ≤3.07% of thoracic muscle cells were infected with 

BTV in 9.26% of the infected Culicoides analysed. This result is compatible with previous 

studies of C. sonorensis, which failed to detect BTV-1 in the thoracic muscle by IHC (Fu, 

1995, Fu et al., 1999). Moreover, limited infection of the thoracic muscle is consistent with 

studies of EEEV in Culiseta melanura (Weaver et al., 1990) and DENV-2 in Ae. aegypti 

(Salazar et al., 2007). The thoracic muscles are involved in flight, which imposes a high 

metabolic cost (Davis and Fraenkel, 1940). Viral replication in flight muscle cells may 

inhibit flight activity (and consequently reduce transmission efficiency), as shown during 

EEEV infection of Cx. tarsalis (Lee et al., 2000), perhaps by inducing energetically costly 

antiviral immune pathways (Schmid-Hempel, 2005) or apoptosis (Vaidyanathan and Scott, 

2006, Girard et al., 2007, Girard et al., 2005). Such mechanisms may account for increased 

mortality 12 days after ingestion of BTV-11, as suggested previously (Romoser et al., 1992). 

Low level BTV replication in flight muscle cells could represent a fitness trade-off, however 

further empirical evidence, beyond studies in this thesis, is needed to support this hypothesis.   

 

BTV-11 infected a greater number of C. sonorensis than BTV-1, but maintained a similar 

disseminated infection rate as a percentage of those individuals infected. The increase in 

infection rate over time, noted for both viruses, could reflect limitations of the methods used 

for detecting low levels of infection. In line with experiments using different viral doses, the 

ability of BTV to infect the posterior midgut could underlie the different infection rates noted 

between BTV isolates. Indeed, rates of replication in Culicoides are comparable between 

multiple orbiviruses (Carpenter et al., 2011) and no differences in the identity of the tissues 

infected were noted between BTV strains or doses tested here. Midgut infection, involved 

as few as four cells, depending on BTV dose and strain. Similarly low numbers of initially 

infected midgut cells were shown for VEEV replicons in Cx. taeniopus (Forrester et al., 

2010, Kenney et al., 2012). A disseminated BTV infection in the field could arise from 
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infection of a comparable number of midgut cells as estimated here, as the viral doses tested 

reflected titres detected during peak viraemia in sheep (Hamblin et al., 1998). Given the 

small number of susceptible cells, midgut infection may impose a substantial, dose and 

strain-dependent bottleneck on BTV, similarly to VEEV (Forrester et al., 2010). Further 

examination of midgut infection with a wider range of BTV doses and strains is needed to 

determine the minimum viral dose required for infection.  

 

Contrary to studies showing DENV-2 and RVFV infection in multiple, irregularly 

distributed Ae. aegypti (Salazar et al., 2007) and Cx. pipiens (Romoser et al., 1992) midgut 

cells, BTV infected cells were clustered in a single region of the posterior midgut. This 

infected region was larger for BTV-11, which is transmitted by C. sonorensis in the field 

(Schmidtmann et al., 2011), than the highly cell culture adapted, South African strain of 

BTV-1. Different strains of BTV circulate in regions inhabited by different populations of 

Culicoides. Hence, inherent differences could exist in the susceptibility of midgut cells of 

specific vector species, to infection with different BTV strains, and may have an important 

effect on transmission of different BTV strains/serotypes in different geographic regions. 

Proving such strain-dependent differences in midgut infection, would involve testing 

multiple BTV strains with comparable passage histories and, if possible, field caught insects.  

 

The insect midgut is composed of several heterologous cell types (Filimonova, 2005, 

Billingsley and Lehane, 1996b, Zieler et al., 2000). A small/restricted population of cells 

may be susceptible to BTV-1 infection, whereas the BTV-11 tested may be able to infect 

additional cell types. However, a temporal increase in the number of infected midgut cells 

was demonstrated here and may negate this hypothesis. It is perhaps more likely that the 

mechanisms and/or cell types used by different BTVs for entry into midgut cells may differ. 

Indeed, both clathrin-mediated endocytosis (CME) (Forzan et al., 2007) and 

macropinocytosis pathways (Gold et al., 2010, Stevens, 2016) have been implicated in BTV 

entry. Further studies are needed to investigate the entry mechanisms of multiple BTV 

strains. 

 

Immune pathways, including the Toll pathway (reviewed in Chapter 1, section 1.3.3) are 

elicited by commensal gut bacteria and have been shown to inhibit species of Plasmodium 

in A. gambiae (Dong et al., 2006, Dong et al., 2009) and DENV replication in Ae. aegypti 

(Xi et al., 2008, Ramirez and Dimopoulos, 2010). Bacteria may also act directly, for instance 

by generating ROS (Cirimotich et al., 2011a), promoting viral infectivity (Carissimo et al., 

2015), or inhibiting virion binding to midgut cells (Cirimotich et al., 2011b). Antibiotic 
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treatment eliminated LB cultural bacteria from Culicoides midguts, relative to controls 

which were maintained on sucrose in the absence of antibiotic. This removal of endogenous 

midgut bacteria did not alter infection rate with BTV-1, contrary to findings of DENV-2 in 

Ae. aegypti (Xi et al., 2008), indicating that the presence of commensal midgut bacteria 

(which are eliminated by antibiotic treatment) are not associated with an increased or 

reduced susceptibility of Culicoides to BTV infection. Although KC cells were shown to 

possess an antiviral RNAi response (Schnettler et al., 2013), the Toll and IMD pathways 

have yet to be identified in Culicoides and studies of the antiviral responses in Culicoides 

are still in their infancy, partly due to lack of a published genome. An improved 

understanding of the anti-BTV immune response in this species is needed in order to fully 

understand vector competence and the role of gut bacteria. 

 

The neural optic lobe (which included the central brain) and thoracic ganglia became 

infected following dissemination, at 6 to 7 days PBM, which was later than previously 

estimated by IHC (Fu et al., 1999). The Culicoides nervous system is therefore unlikely to 

provide the route of BTV dissemination from the midgut to the other tissues, as was 

previously shown for WNV in Cx. quinquefasciatus (Girard et al., 2004) and Whataroa virus 

in Ae. australis (Miles et al., 1973). Infection of the neural tissues at 6 to 7 days PBM 

corresponded to the time of expected BTV transmission (Fu et al., 1999). Behavioural 

changes in mosquitoes, that promote virus transmission, are associated with arbovirus 

infection of neural tissues (Grimstad et al., 1980, Platt et al., 1997a, Lima-Camara et al., 

2011b). Although BTV infection of the compound eyes of field-caught C. sonorensis was 

suggested to induce light adversity (McDermott et al., 2015), a direct association between 

BTV infection and behavioural traits has yet to be proven.  

 

Certain arboviruses can persist in the vector population by a transovarial transmission route 

(Rosen et al., 1983, Watts et al., 1973, Rosen et al., 1978) (reviewed in Chapter 1, section 

1.3.1). However, an absence of viral RNA or protein in the oocytes and nurse cells 

compliments previous studies indicating that transovarial transmission of BTV is unlikely 

(Fu et al., 1999, Nunamaker et al., 1990, Jones and Foster, 1971), despite previous detection 

of BTV RNA in field-caught larvae (White et al., 2005). It was previously speculated that 

transmission of BTV virions in the saliva is the sole means of BTV passage to a new host 

(Mellor, 2000, Muller, 1987). To access the saliva, mosquito-borne arboviruses replicate in 

the insect salivary glands (Salazar et al., 2007, Drolet et al., 2005, Romoser et al., 1992). 

However, an absence of viral ssRNA or protein in the salivary glands of Culicoides, 

indicated that this may not be true for the BTV strains tested, despite previous observation 
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of BTV-1 SA (which was used in studies in this thesis) and BTV-8 particles in the salivary 

glands by early IHC and TEM studies (Bowne and Jones, 1966, Fu, 1995). Such differences 

could reflect limitations associated with previous methodologies, which tested IT inoculated 

Culicoides (Bowne and Jones, 1966, Fu, 1995) and only presented a single image, which 

failed to correctly identify the salivary glands (Fu, 1995). Further evidence for the role of 

the salivary glands in transmission of BTV by Culicoides is needed. 

 

Viruses can be mechanically transmitted by the cuticular lining of the insect mouthparts 

(Buxton et al., 1985), indicating that transfer of virus particles from the mouthparts is 

possible. BTV-1 and BTV-11 strains tested were detected in the mouthparts of Culicoides at 

4 days PBM, which is the expected time of BTV-1 transmission at 25ºC by C. sonorensis 

(Carpenter et al., 2011). Both BTV strains infected approximately 30% to 40% of cells in 

the mouthparts by 12 days PBM, including cells lining the labium, which indents into the 

skin of a host during blood feeding (Sutcliffe and Deepan, 1988). Other infected areas 

included the mandibles, which are involved in mastication of host tissue (Sutcliffe and 

Deepan, 1988). A high prevalence of mouthpart infection in Culicoides noted here with a 

disseminated infection, is consistent with the very high efficiency of BTV transmission by 

these (full disseminated) insects, and an absence of post-dissemination mechanisms 

inhibiting BTV oral transmission (Fu et al., 1999). Since the salivary duct is separated from 

the labium (Sutcliffe and Deepan, 1988), virus particles may be directly transferred directly, 

without contacting the saliva. Further studies are needed in order to determine how virions 

enter the host during blood feeding. It is not known how widespread transmission of virus 

particles from the mouthparts is, or whether the process is characteristic in the transmission 

of other Culicoides-borne viruses (including non-orbiviruses) or specific to the transmission 

of BTV by Culicoides species. Despite these caveats, the studies described in this chapter 

have revealed a new paradigm and a novel route of transmission for arboviruses. By 

quantifying the extent of viral infection in different tissues, we have unveiled a mechanism 

whereby an arbovirus can be transmitted via an insect bite without needing to first replicate 

within the salivary glands. 
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Conclusions and future work 
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Arboviruses are taxonomically diverse (Theiler and Downes, 1973) and many arboviruses 

are of international socioeconomic importance. It is imperative to understand the biology of 

these viruses in order to develop novel and effective strategies for controlling the spread of 

epizootic vector-borne diseases, such as bluetongue. An aspect of their lifecycle that 

distinguishes arboviruses from other viral groups is the requirement for replication in an 

arthropod vector, specifically, a mosquito, tick, sandfly, blackfly or midge. Most studies of 

the ability of an insect to become infected and transmit an arbovirus, which is described as 

an insect’s ‘vector competence’ (Gerry et al., 2001, Carpenter et al., 2015), consider only 

population level infection rates (Bennett et al., 2002, Venter et al., 1998, Paweska et al., 

2002b). Such approaches do not fully explain what causes the observed variations in the 

transmission potential of individual insects.  

 

Infection with an arbovirus and dissemination of infecting viral particles through susceptible 

arthropod tissues is complex and, at present, is poorly understood at the level of the 

individual insect for most vector groups. Much of our current understanding of the processes 

involved is based on studies of mosquitoes under constant laboratory conditions (Salazar et 

al., 2007, Miller et al., 1989, Faran et al., 1988) and overlook realistic changes in 

environmental conditions and variation between viral strains that can have an impact on 

vector-virus interactions. The work described in this thesis is intended to explore the 

replication of an arbovirus in its arthropod vector. To achieve this, the interaction of BTV 

with the North American vector, C. sonorensis, was studied as a model virus-vector system. 

Figure 6.1 illustrates the proposed model, based on data generated in this thesis, by which 

BTV infects Culicoides.  
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Figure 6.1  
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Figure 6.1: Schematic model of BTV infection of Culicoides.  

(A) Virus particles are ingested during blood feeding on a viraemic host. (B) BTV particles 

infect and replicate in a region of posterior midgut cells of a susceptible vector. The number 

of cells infected is viral strain and dose-dependent. (C) Virus particles randomly infect cells 

of the abdominal and thoracic epithelium, fat body, axillary apparatus and compound eyes. 

(D) The foregut and limited thoracic muscle cells become infected in a few individuals (not 

shown on diagram). BTV replicates in the hindgut and mouthparts, at which stage, virions 

can be transmitted directly from the mouthparts to a host during biting. (E) BTV infects the 

neural tissues, including the brain. The salivary glands and oocytes remain uninfected. 

Infected tissues are highlighted (red). 
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Reporter viruses can provide a direct means of observing viral localisation and replication 

in insect tissues, reducing both time and costs, as previously shown (Shaw et al., 2012). 

Given these advantages, a genetically engineered, recombinant BTV-1, which expressed 

eGFP as a fusion with the C-terminus of NS1, was designed and rescued in the studies 

described in Chapter 3. Although this ‘reporter’ BTV enabled observation of NS1-eGFP 

protein in KC cells, growth was reduced compared with the parental BTV-1. Furthermore, 

non-fluorescent variants were isolated even after a small number of passages in KC cells, 

which were subsequently found to contain deletions in the eGFP coding sequence. 

Optimising a reporter BTV to enhance the stability of the reporter gene would involve 

identifying an insertion strategy or site in a genome segment that would maintain ‘wild-type’ 

protein function and expression, whilst being tolerated during the virus lifecycle. The 

development of an alternative and stable reporter virus was considered to be beyond the 

scope of this project.  

 

As an alternative for the detection of BTV replication, BTV Seg-5 +RNA and viral proteins 

were fluorescently co-labelled in sections of whole-Culicoides. The application of 

immunolabelling and FISH (to detect viral protein and nucleic acid, respectively) supports 

the use of ‘unmodified’ field strains of BTV. The use of whole-insect sections minimises the 

issue of cross-contamination, associated with qPCR analysis of excised tissues, as well as 

providing a direct comparison of different tissues within the same insect, thereby eliminating 

any subjectivity as to which tissues could potentially be infected by BTV.  

 

The localisation of a mammalian cell adapted BTV-1 isolate (ICTVdb isolate accession 

number [RSArrrr/01]), which forms the basis of much of our understanding of BTV biology, 

was compared to that of a field strain of BTV-11 (ICTVdb isolate accession number 

[USA2005/01]) that was isolated from an area known to support populations of C. 

sonorensis (Schmidtmann et al., 2011).  

 

In the published literature, virus localisation in insects is often detected by confocal imaging, 

and traditionally quantitative approaches, such as qPCR (Salazar et al., 2007) or virus 

titration (Dong et al., 2016), are used to measure viral load. However, these methods do not 

allow viral quantity to be directly correlated with localisation, as separate samples are 

processed for the different methodologies.  
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Image-based quantification has revolutionised studies of pathogen invasion and replication 

within a single host organism (Amino et al., 2006, Palha et al., 2013). Current image analysis 

software is costly, optimised for evaluation of cultured cells, or low-throughput tasks. High-

throughput, objective algorithms were therefore developed in Chapter 4 for counting cells in 

confocal image datasets from tissue samples and are ‘termed’ the ‘Automated Infected Cell 

Counter’ (AICC). The AICC can be used to rapidly quantify cells expressing an intracellular 

fluorescence label in a variety of host organisms, and could have applications in various 

fields of histopathology, including diagnostics (Han et al., 2012). In this thesis, BTV infected 

cells were counted using the AICC, giving an accuracy comparable to manual counting in 

the selected Culicoides tissues. 

 

The BTV-1 infection rate in adult Culicoides (which depends on the dose of virus ingested 

(Mertens et al., 1996b)) was lower than that of BTV-11. It was therefore hypothesised in 

Chapter 5 that the characteristics of midgut infection by BTV-11 would be inherently 

different from those of BTV-1. Indeed previous studies of cell entry suggest that different 

BTV strains / serotypes, with different passage histories, can use different cell attachment 

and entry mechanisms (Stevens, 2016, Forzan et al., 2007, Gold et al., 2010). Chapter 5 

demonstrated that BTV-1 and BTV-11 both infect the posterior midgut, which has 

previously been identified as a site of BTV-1 entry (Fu et al., 1999). The studies described 

in this thesis show that BTV-1 infected fewer posterior midgut cells than BTV-11, 

suggesting that variation could exist in the ability of different viral strains, or viruses with 

different passage histories, to infect the midgut. The genetic determinants for the enhanced 

growth phenotype of BTV-11 could be identified by generating chimeric viruses from the 

BTV-1 and BTV-11 strains, co-infecting Culicoides, then recovering viral populations from 

the peripheral tissues, enabling abundant viral genotypes to be identified.  

 

An obvious increase in the number of infected midgut cells was observed at higher BTV-1 

doses and may be attributed to a dose-dependent entry mechanism. A greater abundance of 

infectious BTV particles at higher doses would increase the probability of a BTV particle 

binding to and entering a midgut cell at higher doses. However, further studies would be 

needed to test a wider range of BTV doses and confirm the existence of such a mechanism.  

The finding that BTV dose and strain can alter infection efficiency of midgut cells and 

infection rates in C. sonorensis, illustrates that multiple factors, associated with the initial 

virus attachment and entry steps, are fundamentally important in determining the 

susceptibility of Culicoides to BTV infection in the field. 
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Prior to the studies conducted in this thesis, two permanent states of BTV infection were 

thought to occur in Culicoides, a non-disseminated infection, where virus remains restricted 

to the midgut cells (Jennings and Mellor, 1987, Fu et al., 1999), or a disseminated infection, 

where virus particles replicate to a threshold titre in the midgut (Hardy et al., 1983, Kramer 

et al., 1981), then infect and replicate in non-midgut tissues. Studies in Chapter 5 indicate 

that, contrary to this theory, a non-disseminated infection represents an early, temporary 

phase during infection, as BTV-1 and 11 were both observed in non-midgut tissues in every 

infected C. sonorensis by the latest sampling point. Additionally, data showed that BTV-1 

infected a comparable number of midgut cells of C. sonorensis prior to and shortly after 

dissemination and the number of infected cells increased with time. These data indicate that 

dissemination eventually occurs in all infected C. sonorensis, but at variable times after 

midgut infection. Given this finding, any factors that can inhibit or enhance virus attachment 

and entry in the midgut cells can impose important limitations, or can enhance BTV 

transmission by Culicoides.  

 

In light of the fact that BTV replication proceeded at different rates in different individuals, 

it is conceivable that mortality could limit transmission by individuals with a slower 

replication rate. Such differences in the rates of replication likely accounted for the variation 

between individual Culicoides in BTV copy number in Chapter 5 and viral titre, noted in 

previous studies (Fu et al., 1999). The cause of these differences in replication rate is not 

known, but could reflect differences in the efficiency of the antiviral immune responses 

between individuals. Further work is needed to identify the genes and characterise the 

pathways, such as RNAi (Schnettler et al., 2013), involved in the antiviral response of 

Culicoides. Publication of the Culicoides genome would greatly facilitate such studies. 

 

BTV was unable to replicate in the oocytes, or to high levels in thoracic muscle cells, 

indicating that different cell types exhibit differential permissibility for BTV infection and 

replication. The reasons for this cell or tissue type restriction upon BTV replication are not 

known, but could reflect the degree of contact of the tissue with the haemolymph, limitations 

associated with the requirements for BTV entry and replication, or the availability of 

different cell surface receptors, which have mostly been studied in mammalian cell culture.  

 

A common feature of all arboviruses, including BTV (Fu, 1995, Bowne and Jones, 1966), is 

thought to be their ability to infect and replicate in the salivary glands of an arthropod vector 

(Gaidamovich et al., 1973, Mellor, 2000, Nuttall et al., 1994). However, the confocal 

microscopy studies described in Chapter 5 of this thesis failed to detect BTV-1 or BTV-11 
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RNA or protein in the salivary glands of infected C. sonorensis. These data provide strong 

evidence to indicate that BTV does not infect or replicate to detectable levels in the salivary 

glands of Culicoides. This is the first time that an arbovirus has not been shown to infect the 

salivary glands of a vector, and has considerable implications for our current understanding 

of vector-borne transmission of a pathogen by these insects. Given the significance of this 

finding, it is important to examine the salivary glands of infected insects using another 

method, such as immunolabelling of whole salivary glands. 

 

Absence of viral replication in the salivary glands could provide numerous fitness 

advantages for the virus and the vector by avoiding apoptosis (Kelly et al., 2012, Girard et 

al., 2007, Dong et al., 2016), and thus disruption to salivary gland function (Girard et al., 

2005, Kaufman et al., 2001), which have been demonstrated in mosquitoes. Since salivary 

molecules are known to suppress the host’s immune response and promote arboviral 

infection of a host (Schneider and Higgs, 2008, Schneider et al., 2004, Styer et al., 2011), 

the lack of disruption to salivary protease production could promote viral transmission.  

 

The finding that BTV strains tested in this thesis may not infect the salivary glands of 

Culicoides, raises the fundamentally important question of how BTV particles are 

transmitted to the mammalian host. This thesis proposes an alternative mechanism of 

transmission by which BTV particles can directly enter the host from the infected cells of an 

insect’s mandibles or labium during probing and blood feeding. However, further proof of 

concept studies are needed to provide a model of this process. 

 

It is not known how widespread transmission of arbovirus particles from the mouthparts is, 

or whether this process is characteristic in the transmission of other orbiviruses or specific 

to the transmission of BTV by Culicoides midges. Studies of the infection of mosquito-borne 

orbiviruses, such as Peruvian horse sickness virus or Yunnan virus (Attoui et al., 2009), and 

Culicoides-borne viruses, such as Schmallenberg virus (SBV), African horse sickness virus 

(AHSV) and Epizootic hemorrhagic disease virus (EHDV), would be useful in answering 

this question. Despite these cravats, based on studies presented in Chapter 5 of this thesis, 

the widely accepted view that transmission of an arbovirus invariably occurs by replication 

in the salivary glands is untrue and diversity between virus-vector systems in the means of 

transmission exists.  
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In summary, the findings described here, suggest that arbovirologists and entomologists may 

need to reassess the existing models of infection of arthropod vectors and subsequent virus 

transmission.  
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A1. Conditions for real-time PCR 

 

 

55°C for 30 minutes.          : Reverse transcription. 

95°C for 10 minutes.          : Reverse transcriptase inactivation and Taq activation. 

95°C for 15 seconds.          : PCR amplification. 

60°C for 1 minute. 

  

40 cycles 



Appendix 

215 

 

A2. RNA standards  

 

Figure A.1 

 

A       B

 

 

 

Figure A.1: RNA standards for calculating copies of Seg-1 and eF1β.   

In vitro transcribed (A) BTV Seg-1 RNA and (B) C. sonorensis eF1β RNA were diluted 

from 9 log10 copies to 1 copy and amplified using primers listed in Chapter 2 (table 2.5, 

section 2.13). Amplification was performed in two independent experiments to determine 

the cycle threshold (Ct) of each dilution. Efficiency of amplification, given by R2 was 99% 

for Seg-1 and 98% for eF1β. Bars represent the standard error of the mean of three 

independent replicate dilutions. 
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A3. MATLAB script for the ‘Automated Infected Cell Counter’ 

 

The ‘Automated Infected Cell Counter’ scripts are detailed in the following section. 

Processes described in sections A.3.3 to A.3.5 are grouped into two distinct stages. Stage 1 

involves the calculation of total cells in an image and stage 2, grouping of nuclei (identified 

in stage 1) into infected or uninfected cells (see section 4.2 of Chapter 4 for further details). 

 

A3.1 Generation of image regions of interest (ROIs) 

% change directory 

startdr = cd; 

cd('N:\\Integrative Entomology\\private\\Staff 

folders\\Alice\\02_Analyses\\01_Matlab\\02_Data\\2016-12-29 Time course experiment 

results\\BTV11 D4PF\\Stacks'); 

tifflist = dir('*.tif'); % load all TIFF files in directory 

 

if isempty(tifflist), 

    error('No tiffs in folder'); 

end; % give error if no files in directory 

 

for tiff_id = 1: length(tifflist); % for all TIFF files 

    disp(['working with file: ', char(tifflist(tiff_id).name),'.']); % display file name 

    layers_struct = imfinfo(tifflist(tiff_id).name); % layer information for specified image 

     

    for layer_id = 1: length(layers_struct); % for all layers in image tiff_id 

        disp(['layer: ' num2str(layer_id)]); % display layer id 

        layer = imread(tifflist(tiff_id).name, layer_id); % load in layer 'layer_id' of image     

'tiff_id' 

        figure, imshow(layer); % display loaded image 

        pause(1) % pause for 1 second 

        decision = input('Make ROI? (y/n/x)(case-sensitive)', 's'); % choose to create a ROI 

        if decision == 'y' 

            mask = roipoly(layer); % manually define ROI for layer 'layer_id' of image 'tiff_id' 

            pause(1)  % pause for 1 second. 
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            roi = bsxfun(@times, layer, cast(mask, class(layer)));% apply ROI mask to image layer 

            masktissue = input('what tissue is this?', 's'); % manually define tissue in ROI 

             

            if sum(strcmp(masktissue, {'sg', 'ep(a)', 'ep(t)', 'mg', 'b', 'oo', 'fg', 'hg', 'ax', 'tg', 'ce', 'fb', 

'tm', 'mp', 'crop'}) == 1); 

                pause(); % pause script 

                tiffname = sprintf('%02d', tiff_id); % define full name of TIFF 

                fname = [('Midge_') num2str(tiffname) ('layer_') num2str(layer_id) ('tissue_') 

num2str(masktissue)]; 

                 

                fname % debug check file name is correct 

                path = sprintf(['N:\\Integrative Entomology\\private\\Staff 

folders\\Alice\\02_Analyses\\01_Matlab\\02_Data\\2016-12-29 Time course experiment 

results\\BTV11 D4PF\\ROIs\\',fname,'.tif']); % specify path for saving ROIs 

                imwrite(roi, path) % save ROI to unique file name 

                 

            else display('this is not a valid selection. Valid = mg sg oo hg fg b ce ep(a) tm mp ep(t) 

fb tm crop ax') % display an error if incorrect tissue name defined 

            end 

        elseif decision == 'n' % return to beginning of loop 

            continue 

        else %decision == 'x' % exit loop 

            break 

        end 

    end 

end  
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A3.2 Load ROI and create variables for saving data 

% ------------- user-modified section ---------------------- 

TIFFpath = 'N:\\Integrative Entomology\\private\\Staff 

folders\\Alice\\02_Analyses\\01_Matlab\\02_Data\\2016-12-29 Time course experiment 

results\\BTV11 D4PF\\ROIs\\b'; % specify file location 

 

n_midges = 15; % define the number of midges in the folder 

% -------------------------------------------------------------- 

startdr = cd; % save previous directory 

cd(TIFFpath); % change directory to user specified path 

 

tifflist = dir('*tif'); % give error if directory contains no TIFF files 

if isempty(tifflist), 

    error('No tiffs in folder'); 

end; 

 

% Create list of sheets already in the output Excel file (cell array called 'sheets') 

sheets = {}; 

if length(dir('pos_cells.xls')) == 1 

    [status,sheets] = xlsfinfo('pos_cells.xls'); 

elseif length(dir('pos_cells.xls')) > 1 

    error('more than one file containing string POS_CELLS.XLS'); 

end 

row = 0; % variable for saving data 

for m = 1:length(n_midges) % for each midge... 

    rownum = 0; % variables for saving data 

    totarea_uM = 0; 

    NND_centroids = []; % create empty cells 

    NND = []; 

    centroid_diameters = [];  

     

    % Initialise variables that store nuclei counts for each midge 

    totnuc_allROI = 0;                    

    Tot_nuc = zeros(length(tifflist),1);     
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    midgeTIFFs = dir(['Midge_*tif']); 

    R_areaum = [];  

    G_areaum = []; 

    pos_Rcells = []; 

    pos_Gcells = []; 

        

    for TIFFnum = 1:length(midgeTIFFs) % for each TIFF 

        disp(['working with file: ', char(midgeTIFFs(TIFFnum).name),'.']); % display the file name 

        InfRtotal = 0; % assign 0 create variable for accumulating values 

        InfGtotal = 0; % need to 0 for each tiff 

         

        tissue_roi = imread(midgeTIFFs(TIFFnum).name); % load in image 

        midgeID = ['Midge_', num2str(m)]; % define an identifier for each midge 

        if length(strmatch(midgeID, sheets)) > 0 % if an excel sheet already exisits… 

            choice = input('Data already exist for this midge. Press a to append or any other key 

to abort. Case sensitive','s'); % choose to append data to file or not 

            switch choice 

                case 'a' 

                    [num,txt,raw] = xlsread('pos_cells.xls',midgeID); 

                    if size(num,1) ~= size(txt,1) % give error if missing data 

                        error('numerical and text data lengths do not match - missing data detected'); 

                    else 

                        rownum = size(num,1); % start writing in row after the last entry 

                    end 

                otherwise 

                    return % terminate script if you do not wish to append data 

            end 

        end 

 

A3.3 Stage 1. Calculate the total number of nuclei (cells) 

     B = tissue_roi(:, :, 3); % select blue colour channel of greyscale image and remove 0 pixel 

values 

         

        Blue = B; test = sum(Blue); Blue(:,test==0)=[]; test = sum(Blue,2); Blue(test==0,:)=[]; 
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        total = numel(Blue); % gives number of pixels 

        B4 = im2bw(Blue, graythresh(Blue(total*0.1:end))); % convert greyscale to binary image 

        B5 = imfill(B4,'holes'); % fill image from boarders 

        B6 = bwareaopen(B5, 1); % 

        clear B4; % clear variables that are no longer needed 

        clear B5; 

        D = bwdist(~B6); % apply inverse distance transform 

        D = -D; 

        D(~B6) = -Inf;         

        L = watershed(D); % apply watershed transform to segment nuclei from image 

        rgb_nuclei = label2rgb(L, 'jet', [.5 .5 .5]); 

         

        % obtain centre points of clustered blue pixels (nuclei) in the binarised image 

        centroidxy = regionprops('Table', L, 'Centroid', 'MajorAxisLength', 'MinorAxisLength'); 

        centroidxy(1,:)=[]; % delete row with centre point of image 

        centroids = centroidxy.Centroid; % assign centre points to a variable 

        Tot_nuc = size(centroidxy,1); % create empty cell vector to store the number of nuclei 

        x = centroids(:,1); 

        y = centroids(:,2); 

        if ((size(x,1)) > 2) 

            x_seg = centroids(:,1); % determine the coordinates of centroids for ROI 

            y_seg = centroids(:,2); 

            [v,c] = voronoin([x_seg(:) y_seg(:)]); % apply voronoi diagram 

            xx1 = v(:,1); % determine x y from voronoi points 

            yy1 = v(:,2); 

            MaskV1 = voronoi2mask(x_seg(:), y_seg(:),size(Blue)); % create a voronoi diagram 

 

A3.4 Stage 2. Apply a minimum pixel intensity threshold (Tmin) to the red 

and green channels and calculate fluorescent area 

            Red = tissue_roi(:, :, 1); % define channels and remove 0 pixel intensity values 

            R = Red; test = sum(R); R(:,test==0)=[]; test = sum(R,2); R(test==0,:)=[];             

            Green = tissue_roi(:, :, 2); 

          G = Green; test = sum(G); G(:,test==0)=[]; test = sum(G,2); G(test==0,:)=[];  
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% specify values for Tmin 

R(R<60) = 0; % remove lowest 23.53% of pixel intensities from red channel. 

G(G<100) = 0; % Remove lowest 39.22% of pixel intensities from green channel. 

                         

              rt = table2array(regionprops('Table',R,'Area'));% obtain number of red pixels 

              R_areaum = sum(rt);R_areaum = R_areaum.*(1/1.76^2); % convert to µm2 

               gt = table2array(regionprops('Table',G,'Area')); % obtain number of green pixels 

              G_areaum = sum(gt);G_areaum = G_areaum.*(1/1.76^2); % convert to µm2 

              bt = table2array(regionprops('Table',B,'Area')); % obtain number of blue pixels 

              B_areaum = sum(bt);B_areaum = B_areaum.*(1/1.76^2); % convert to µm2 

            [xG yG] = find(G); % find pixels over threshold and list coordinates 

            [xR yR] = find(R); 

             

            GpixN = size(xG); % determine number G pixels with intensities greater than Tmin 

            RpixN = size(xR); % determine number R pixels with intensities greater than Tmin. 

             

A3.5 Stage 2. Assign nuclei to cells expressing red or green pixel 

intensities above Tmin (infected cells) 

 

        if ((size(x,1)) > 2)     

            for i = 1:length(c) % for each polygon fill with colour 

                if all(c{i}~=1) % if all values 1 

                    patch(v(c{i},1),v(c{i},2),i); % fill polygons 

                    ind = c{i}'; 

                    %v(1,:)=[]; % remove infinity 

                    poly_area(i,1) = polyarea(v(ind,1),v(ind,2)); % determine area of polygons 

                end 

                if RpixN == 0 

                    InR =0; 

                    disp('No seg-5 positive cells'); 

                else 

                    InR = inpolygon(xR,yR,xx1(c{i}),yy1(c{i})); 

                    InR = sum(InR); 

                    if InR>0 
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                        InR = 1; % assign value 1 to n pixels that are in polygon 

                    end 

                    InfRtotal = InfRtotal + InR; % total polygons containing pixels 

                end 

                InfRtotal % debug display nuclei grouped into cells with red pixel intensities >Tmin 

                 

                if GpixN == 0 

                    InG = 0; % no cells 

                    disp('No VP5/7 positive cells'); 

                else 

                    InG = inpolygon(xG,yG,xx1(c{i}),yy1(c{i})); 

                    InG = sum(InG); 

                    if InG>0 

                        InG = 1; % assign value 1 to n pixels that are in polygon 

                    end 

                end 

              InfGtotal = InfGtotal + InG; % total polygons containing pixels 

              InfGtotal % debug display nuclei grouped into cells with green pixel intensities >Tmin 

            end 

        end 

        % save data to excel files 

        xlswrite('pos_cells.xls',[m, {tifflist(TIFFnum).name}, {size(centroidxy,1)}, {InfRtotal}, 

{InfGtotal},{R_areaum},{G_areaum},{B_areaum}], 

[sprintf('A%d',rownum+1),':',sprintf('H%d',rownum+1)]); 

        rownum = rownum+1;        

        end 

    end 

    end 

    save('ROI_debug'); % debug 
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A4. MATLAB script for generalised linear mixed effects models 

(GLMMs) of automated and manual cell counts 

 

% select directory containing data file. 

d = cd('\\IAHP-FAS1A\\common\\Integrative Entomology\\private\\Staff 

folders\\Alice\\02_Analyses\\01_Matlab\\02_Data\\01_Cell_Count Model validation'); 

 

filename = '2016-11-01 Automatic vs manual cell count.xls'; 

sheet = 3; 

range = '(A3:A455):(L3:L455)'; 

count = xlsread(filename, sheet,range); % load in data from excel file excluding headers 

 

a = count(:,1); % define variable for auto total cell count 

b = count(:,2); % define variable for manual total cell count 

x = count(:,3); % define variable for manual red cell count 

y = count(:,4); % define variable for auto red cell count 

d = count(:,5) % define variable for manual green cell count 

e = count(:,6); % define variable for auto green cell count 

z = count(:,7); % define variable for midge identity 

c = count(:,8); % define variable for tissue identity 

 

% convert variables into table for generalised linear mixed effects model (GLMM) analysis 

tabcount = 

array2table(count,'VariableNames',{'tota','totm','Rm','Ra','Gm','Ga','midgeid','tissueid','expi

d','var1','var2','var3'}); 

 

tabcount.midgeid = categorical(tabcount.midgeid); % specify categorical variables. 

tabcount.tissueid = categorical(tabcount.tissueid); 
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A4.1 Total nuclei cell counts 

histogram(a,20); % plot a histogram to determine which distribution best describes the data 

kstest(a)% test for normality of the dependent variable 

 

tot_glmm = 

fitglme(tabcount,'tota~1+totm+tissueid+(1|midgeid)','Distribution','poisson','link','log','Du

mmyVarCoding','reference'); % fit GLMM with automated cell count as a response. 

ciR = coefCI(tot_glmm); % determine the confidence intervals 

 

plotResiduals(tot_glmm,'fitted'); % test homoscedasticity by plotting residuals against fitted 

values 

plotResiduals(tot_glmm,'probability') % test residuals for normality 

res = table2array(tot_glmm.Residuals); 

res_White = TestHet(res(:,1),[y,z,c],'-W') % perform White’s test for homoscedasticity 

devtest = devianceTest(tot_glmm); % perform deviance test to determine whether the 

model differs from a constant model 

 

% analysis of outlying values 

N = length(a); % define the sample size 

plotDiagnostics(tot_glmm,'cookd') % determine change in vector coefficients due to 

deletion of given value using Cook’s distance 

outliers = find((tot_glmm.Diagnostics.CooksDistance)>(4/N)) % identify outlying values 

 

A4.2 Infected cell numbers  

histogram(y,20); % plot histograms to determine which distribution best describes data 

histogram(e,20); 

kstest(y)% test for normality of dependent variable 

kstest(e); 

% fit GLMM to counts of cells expressing BTV +Seg-5 RNA (red channel). 

R_glmm = 

fitglme(tabcount,'Ra~1+Rm+tissueid+(1|midgeid)','Distribution','poisson','link','log','Dumm

yVarCoding','reference'); % fit GLMM using automatic cell count as a response 
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% fit GLMM to counts of cells expressing BTV capsid protein (VP5, green channel). 

G_glmm = 

fitglme(tabcount,'Ga~1+Gm+tissueid+(1|midgeid)','Distribution','poisson','link','log','Dumm

yVarCoding','reference'); 

 

% test homoscedasticity by plotting residuals against fitted values  

plotResiduals(R_glmm,'fitted'); 

plotResiduals(G_glmm,'fitted'); 

 

resR = table2array(R_glmm.Residuals); % assign residuals to a variable 

resG = table2array(G_glmm.Residuals); 

res_White = TestHet(resR(:,1),[y,z,c],'-W') % White’s test for homoscedasticity. 

resG_White = TestHet(resG(:,1),[yG,z,c],'-W') 

 

plotResiduals(R_glmm,'probability') % test normality of residuals. 

plotResiduals(G_glmm,'probability') 

 

ciR = coefCI(R_glmm); % determine confidence intervals 

ciG = coefCI(G_glmm);  

 

devtest = devianceTest(R_glmm); % perform deviance tests. 

devtest = devianceTest(G_glmm); 

 

plotDiagnostics(R_glmm,'cookd') % identify outlying values. 

plotDiagnostics(G_glmm,'cookd') 

outliers = find((R_glmm.Diagnostics.CooksDistance)>(4/N))  

outliers = find((G_glmm.Diagnostics.CooksDistance)>(4/N))  
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A5. Comparison of the number of co-infected and singly infected 

cells 

 

The script detailed in the following section continues from scripts listed in Appendix sections 

A3.2 to A3.3. 

 

A5.1 Calculation of the number of infected cells. 

if ((size(x_seg,1)) > 2) % if more than 2 centroids (nuclei) in image 

    [v,c] = voronoin([x_seg(:) y_seg(:)]); % apply voronoi diagram 

    xx1 = v(:,1); % coordinates of polygons 

    yy1 = v(:,2); 

    R = tissue_roi(:, :, 1); % define red channel 

    G = tissue_roi(:, :, 2); % define green channel 

    R(R<60) = 0; % remove lowest 23.53% pixels 

    G(G<100) = 0; % Remove lowest 39.22% pixels 

    [xG yG] = find(G); % find pixels over threshold and list coordinates 

    [xR yR] = find(R); 

    for i = 1:length(c) % for each polygon fill with colour 

        if all(c{i}~=1) % if all values 1 

            patch(v(c{i},1),v(c{i},2),i); % fill polygons 

            ind = c{i}'; 

            InG = inpolygon(xG,yG,xx1(c{i}),yy1(c{i})); %  polygon green pixels 

            InG = sum(InG); 

            InR = inpolygon(xR,yR,xx1(c{i}),yy1(c{i})); %  polygon red pixels 

            InR = sum(InR); 

        end 

         

        if InR+InG == 0 % no R or G pixels 

            InR =0; 

            InG =0; 

            InRG = 0; % 0 value for polygon 
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            disp('No seg-5 or VP5 positive cells in polygon'); 

             

        elseif InR == 0 

            InG = 1; % assign value 1 to n pixels that are in polygon 

            InR = 0; 

            InRG = 0; 

             

        elseif InG == 0 

            InG = 0; % assign value 1 to n pixels that are in polygon 

            InR = 1; 

            InRG = 0; 

             

        else InRG = 1; 

            InG = 0; 

            InR = 0; 

        end 

        InfRtotal = InfRtotal + InR; % total polygons containing pixels 

        InfGtotal = InfGtotal + InG; 

        InfRGtotal = InfRGtotal + InRG; 

    end 

end 

xlswrite('pos_cells.xls',[m, {tifflist(TIFFnum).name}, {size(centroidxy,1)}, {InfRtotal}, 

{InfGtotal},{InfRGtotal}], [sprintf('A%d',rownum+1),':',sprintf('F%d',rownum+1)]); 

rownum = rownum+1; % save number of R, G or R and G cells. 

end 

end  
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A5.2 Test for differences in the number of co-infected and singly 

infected cells 

% specify file location and load data 

path = 'N:\\Integrative Entomology\\private\\Staff 

folders\\Alice\\02_Analyses\\01_Matlab\\02_Data\\2016-07-12 Dose experiment 

results\\Analyses\\02_NND analysis'; 

cd(path); 

filename = '2017-02-05 Validation of colabeled cells V1-0.xls';  

sheet = 3; 

range = '(A2:A282):(J2:J282)'; 

count = xlsread(filename, sheet,range); % load data excluding headers 

 

Ra = count(:,5); % define variables for red and green automated cell count 

Ga = count(:,6); 

RGa = count(:,7); % define variable for co-infected automated cell count 

 

countRG = [Ra,Ga,RGa] % create array containing all values 

 

[p,t, stats] = friedman(countRG,1) % apply friedman's test to differences between groups  

sum(countRG)  

[c,m,h,nms] = multcompare(stats) % use a multiple comparison test to determine where the 

differences lie 

 

Rm = count(:,8); % define variables for red and green manual cell count 

Gm = count(:,9); 

RGm = count(:,10); % define variable for co-infected manual cell count 

 

countRGm = [Rm,Gm,RGm] % create array containing all values 

[p,t, stats] = friedman(countRGm,1) % apply friedman's test 

[c,m,h,nms] = multcompare(stats) % apply a multiple comparison test   
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