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Abstract

Rotaviruses are dsRNA viruses and are the leading causative agent of severe gastroenteri-

tis. All current licenced rotavirus vaccines contain live-attenuated strains and are capable

of reassorting their genome segments with those of co-circulating field strains. This re-

quires elucidation of the determinants of reassortment to produce vaccine seed strains that

incorporate novel safety features. Rotavirus GS6(VP6) and GS10(NSP4) are possible can-

didates. Analyses of circulating field strains have shown that GS6(VP6) and GS10(NSP4)

co-reassort and that VP6 subgroup and NSP4 genotype is often associated. Reverse ge-

netics can be used to interrogate the functions of specific amino acids in protein-protein

interactions. A NWU SA11-N5 pSMART reverse genetics system was developed previ-

ously, but it has not been reproducible due to plasmid instability. To start to elucidate

the mechanism of GS6(VP6)/GS10(NSP4) reassortment, the stability of the SA11-N5

pSMART plasmid set needed to be improved.

Previous single plasmid NGS and Sanger sequencing data of the SA11-N5 pSMART

plasmid set was reanalysed and showed that the plasmids containing GS7(NSP3) and

GS9(VP7) did not contain ribozymes, and could be traced back to the original glycerol

stocks. It was decided to reorientate the transcription cassettes to determine whether this

improved plasmid stability by avoiding collisions between the transcription and replication

machinery. All 11 plasmids were reorientated successfully. Sanger sequencing and NGS

showed that they were still stable even when the NGS was repeated a year later from

plasmids that were extracted from archived glycerol stocks. Rescue was attempted using

the original protocol without success. Rescue was then attempted using seven different

transfection reagents, five different transfection and infection cell lines, and an expression

plasmid approach. Rescue could not be achieved in any attempt. Eventuallly, PCR test-

ing of our transfection and infection cell lines showed that our MA104 and ST cells were

heavily contaminated with mycoplasma. The cell lines were exchanged with uncontami-

nated ones, but rescue could not be attempted extensively. This resulted in the use of the

SA11-L2 pT7 system for the remainder of this project.

Reverse genetics showed that NSP4 amino acids 169 and 174 may be important in deter-

mining its receptor interaction with VP6. Random NGS-generated sequences of 36 RVA

VP6 and 38 NSP4s from Genbank were analysed. For DS-1-like strains NSP4 amino acids

169K/S and 174A/S were observed. For Wa-like strains, 169I/S and 174S were observed.

For VP6 DS-1-like strains (SGI, I2), strains had 172A, 305A, and 306A at their subgroup

determining epitopes. Whereas, the Wa-like strains (SGII. I1) had 172M, 306N, and 306A.
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VP6s from a Wa-like Moz0060a and Moz308 strain, an SA11 NSP4 with the Moz0060a

binding domain, and two SA11 NSP4s, SA11 NSP4 R169I and SA11 NSP4 A174S were

tested. Only rSA11 Moz308

VP6, rSA11 NSP4 0060a DLP-BD, rSA11 NSP4 R169I were rescued. rSA11 Moz0060a VP6,

rSA11 Moz0060a VP6 DLP-BD, and rSA11 NSP4 A174S could not be rescued. Growth

kinetics showed rSA11 Moz308 VP6 replicated to a titre nearly 2 logs lower than rSA11.

A single amino acid difference in the VP6/VP2 contact may destabilise the DLP. Alhough

VP4 and VP7 also contact VP6, no significant amino acids changes were seen in the con-

tacts been SA11 and the Moz308 strain. rSA11 NSP4 R169I replicated to a titre similar

to rSA11. Non - rescue of rSA11 NSP4 A174S may show that this amino acid is essential

to the interaction and that a non-polar/polar 169/174 pair is required in an SA11 back-

ground. This result was confirmed by the growth curve of rSA11 NSP4 0060a DLP-BD,

a virus that contains a non-polar/ polar 169/174 NSP4 DLP-BD pair. Taken together

this provides new insights into a rotavirus protein-protein interaction that requires further

investigation. Also, additional work is required to determine the reasons for non-rescue of

the SA11-N5 pSMART reverse genetics system.

Keywords: Rotavirus; Reverse genetics; Rotavirus VP6; Rotavirus NSP4; Reassortment
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Chapter 1

Introduction and literature review

1.1 Introduction

The current SARS-CoV-2 pandemic is the clearest example, since the 1918 influenza pan-

demic, of the worldwide devastation that a pandemic can cause. The SARS-CoV-2 pan-

demic also highlights the importance of new vaccine development technologies that allow

rapid vaccine development during pandemic situations. For SARS-CoV-2, unprecedented

development, clinical testing, licensure, and implementation occurred in 18 months. It was

achieved by applying mRNA vaccine technology, a technology that had never been seen

in an approved viral vaccine prior to the pandemic. This shows the utility of applying

alternative vaccine technologies when rapid development of a vaccine is required. Cur-

rently, approved COVID-19 vaccines are based either on mRNA, viral vector, subunit, or

inactivated vaccine technologies. However, in the future, the availability of fully tractable

reverse genetics systems for coronaviruses is anticipated to allow the development of ratio-

nally designed live-attenuated vaccines by removing determinants of pathogenesis (Thao

et al., 2020; Amarilla et al., 2021).

Existing reverse genetics for influenza virus has already been developed for strains that

have either resulted in pandemics or have high pandemic potential (Bridgen, 2012). During

the 2009 H1N1 pandemic and the 2005 H5N1 outbreak, seed viruses for vaccine production

were generated by plasmid-based reverse genetics (Desheva et al., 2006; Chen Zhongying

et al., 2010). This means that viruses with the required HA and NA genes can be gener-

ated and isolated directly. This shows the utility of reverse genetics in the generation of

reassortants, which is the platform technology of this MSc. Currently, seasonal influenza

vaccine seed strains are produced by co-infecting a strain that has a high growth rate in

embryonated chicken eggs with a strain that contains the required hemagglutinin and neu-

raminidase genes for that season to reassort those genes into the high growth background

(O’Neill & Donis, 2009). However, the time it takes for passage (up to seven passages,

five to six months) and isolating reassortant viruses makes this approach unsuitable for

the rapid production of vaccines during a pandemic.

Rotavirus is the causative agent of rotavirus gastroenteritis and was responsible for large-

scale epidemics prior to the introduction of vaccines (Tate et al., 2012). Rotaviruses
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remain an important area of study due to the lack of sufficient efficacy of vaccines in

Africa. For rotaviruses, reverse genetics can be used for vaccine development, as well as

for studying many basic research questions, including determinants of reassortment. An

important question in rotavirus biology is what determines whether a genome segment or

segments are compatible with each other, both on a genetic and functional level. Reverse

genetics can be used to rationally modify genome segments to study how this affects virus

replication and fitness. This can then give insight into whether genome segments reassort

based purely on genetic compatibility, or whether the function of the proteins they encode

has a mechanistic effect. This is especially important in elucidating the mechanisms of

documented wild-type co-reassortment, such as that of GS6(VP6)/GS10(NSP4), which is

of particular interest to this MSc. A better understanding of the underlying mechanisms

of reassortment will allow the improvement of the safety profile of current live attenuated

vaccines by rationally altering the determinants of reassortment to prevent reassortment

between vaccine strains and wild-type strains.

1.2 Rotavirus burden of disease

Rotavirus A primarily affect children under five years of age. Before the introduction of

vaccines, it was estimated that rotaviruses caused up to 1 million deaths per year (Tate

et al., 2016). The introduction of two vaccines, Rotarix (GlaxoSmithKline Biologicals SA,

Rixensart, Belgium) and RotaTeq (Merck & Co., Inc., West Point, PA, USA) in 2006

resulted in a decline to about 128 500 deaths per year and 260 000 episodes of diarrhoea

in 2016 (Troeger et al., 2018). Half of these deaths occurred in four countries in Africa

and South-East Asia. These countries were India, Pakistan, the Democratic Republic of

the Congo, and Nigeria.

Rotavirus infections also cause an economic and agricultural burden due to treatment costs

and subtarget weight animals suffering from calf-related diarrhoea, which causes significant

losses during the first four weeks of life (Martella et al., 2010). Porcine rotavirus infections

affect one to eight-week-old piglets and cause economic losses in commercial piggeries.

Equine rotaviruses cause severe morbidity and mortality in foals aged up to three months

of age (Martella et al., 2010).

There are no clear correlates of protection against rotavirus diarrhoea. Rotavirus vaccines

have reduced efficacy in developing countries in sub-Saharan Africa and Asia, for reasons

that are unclear (Henschke et al., 2022). Altough multiple factors have been suggested

for reduced vaccine effectiveness, reasons for reduced efficacy are less clear (Desselberger,

2017a; Madhi et al., 2010). The circulating field strains in Africa are also different from

those contained in the vaccine formulation, this is discussed in Section 1.9 (Page et al.,

2018; Jere et al., 2018). This results in less optimal protection, especially if the dosing

schedule is not completed. There are also some issues regarding vaccine safety. Vaccine

strains are able to reassort with circulating field strains, which necessitates the investi-

gation of reassortment mechanisms to allow the development of safe, rationally designed

live-attenuated vaccine candidates that contain regional strains, as discussed in Section

2
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1.10.3 (Donato et al., 2012; Rose et al., 2013).

The reassortment of the two genome segments encoding the outer capsid proteins of ro-

tavirus, GS4(VP4) and GS9(VP7), has been extensively documented (Greenberg et al.,

1982; Jere et al., 2018; Matsuno et al., 1980). These proteins are responsible for cell

attachment and entry and are the primary immunological target (Estes & Greenberg,

2013). The reassortment of these two genome segments into other genetic backgrounds

occurs quite readily and does not appear to reduce viral fitness (Martella et al., 2010).

Reassortment of other genome segments has been less well documented, especially for the

genome segments that co-reassort, such as GS6(VP6) and GS10(NSP4) (Iturriza-Gomara

et al., 2003). Further investigation is required to ascertain whether these other, less fre-

quent reassorments have an impact on vaccine safety, especially since rotavirus VP6 is

highly immunogenic and is an attractive target for next-generation vaccines, as discussed

in section 1.9 (Desselberger & Huppertz, 2011).

1.3 Reovirales overview

The Reovirales is an order of viruses that possess a segmented dsRNA genome encap-

sidated by one, two, or three concentric capsids. Viruses from this order are typically

double-layered particles, apart from the triple-layered Rotavirus and the single-layered

Cypovirus (Matthijnssens et al., 2022).The Reoviriales are divided into two families, the

Sedoreoviridae and the Spinareoviridae. The two families are divided into 15 genera con-

taining 97 species. The Sedoreoviridae, viruses whose core has a smooth non-turreted mor-

phology, contain 6 genera, containing Orbivirus (containing the type species for this sub-

family, Bluetongue virus), Cardoreovirus, Mimoreovirus, Phytoreovirus, Seadornavirus,

and Rotavirus. The Spinareoviridae, viruses whose core particles have turrets or spikes,

contain Aquareovirus, Coltivirus, Cypovirus, Dinovernavirus, Fijivirus, Idnoreovirus, My-

coreovirus, Orthoreovirus (containing the type species, Mammalian orthoreovirus), and

Oryzavirus. Mature virions lack a lipid envelope (Estes & Greenberg, 2013).

1.4 Rotavirus discovery

Rotaviruses (RVs) were discovered in 1958 by Dr. Hubert Malherbe at the National In-

stitute of Virology in Johannesburg, during routine monitoring of vervet monkeys used in

the production of poliovirus vaccines. Dr. Malherbe took a rectal swab from an overtly

healthy monkey and isolated a virus after passage in African green monkey kidney cells

(Malherbe & Harwin, 1963; Malherbe & Strickland-Cholmley, 1967). This virus initially

caused small inclusions in the cytoplasm of infected cells, which progressed to larger cy-

toplasmic inclusions and finally to cytoplasmic shrinkage and cell death. The virus was

most likely an RNA virus, based on the fact that incubation with 5-bromodeoxyuridine did

not inhibit replication. When the virus was inoculated intraperitoneally, subcutaneously,

and intracerebrally into 24-hour-old mice, there were no observable symptoms. This virus

was then designated Simian Agent 11 (SA11), with the specific strain in use named H-96.

SA11 was not initially recognised as a rotavirus. SA11 is widely used in research labora-

3
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tories today, due to the fact that it is nonpathogenic to humans and replicates well in cell

culture, and is used as the prototype for studies in rotavirus biology (Estes et al., 1979).

In 1973 in Melbourne, Australia, Ruth Bishop, Ian Holmes and colleagues selected nine

neonates, aged 9 to 31 months, who had acute gastroenteritis (Bishop et al., 1973). They

performed duodenal biopsies, stained samples, and imaged them using electron microscopy.

They saw virus particles in six of the nine patients. The particles had electron-dense cores

and had a diameter of 67-87 nm. They concluded that this virus had a morphology

similar to orbiviruses, including the bluetongue virus (BTV) and African horsesickness

virus (AHSV), viruses that form part of the Reoviridiae.

A year later, in 1974 in Birmingham, United Kingdom, Flewett et al. used serology and

electron microscopy to characterise viruses isolated from calves and young children, based

on the work of Ruth Bishop and Ian Holmes (Flewett et al., 1974). Serum from affected

patients was used to perform agglutination tests on both sets of viruses. This serum

caused agglutination of both the calf and human viruses. Furthermore, electron microscopy

showed that the viruses were indistinguishable based on both size and morphology. They

did further work to show that these viruses were not related to reoviruses or bluetongue

virus, as Ruth Bishop believed. Human and calf viruses exhibited a distinct appearance

of spokes attached to a wide hub. Flewett et al. suggested the name rotavirus, where rota

is Latin for wheel, based on this wheel-like appearance (Flewett et al., 1974).

1.5 Rotavirus classification

Rotaviruses are classified on both a serological and a genetic basis. Classical serological

classification has been used to classify rotaviruses into 10 serogroups, designated A, B, C,

E, F, G, H, I, and J (Matthijnssens et al., 2022). This was done using monoclonal antibod-

ies (mAbs) against VP6, primarily using enzyme-linked immunosorbent assay (ELISA).

This is still commonly used for RVA, as VP6 is highly immunogenic and represents the

largest mass of the particle. However, there are problems with this approach, since some

mAbs can cross-react with groups they were not raised against (Estes & Greenberg, 2013).

Rotavirus VP6 is used to divide rotavirus group A into four subgroups based on mAb

binding (Greenberg et al., 1983, 1982). These are designated subgroup I, subgroup II, non-

subgroup I, and non-subgroup II. Amino acids 172 or 305 affect subgroup I monoclonal

antibody binding, double mutations in amino acids 305 and 306 affect subgroup II antibody

binding (Lopez et al., 1994).

Group A rotaviruses (RVAs) are also classified into serotypes known as G- (based on

the VP7 glycoprotein) and P-typing (based on the VP4 protease sensitive protein), using

neutralization assays by using hyperimmune serum prepared in antibody-negative animals

and more recently, genotyping (Estes & Greenberg, 2013). This has resulted in 42 G(VP7)

types (Matthijnssens et al., 2022).

Sequence-based typing is also used for both GS6(VP6) and GS4(VP4)/GS9(VP7) using
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PCR and then comparing nucleotide sequences. This has been used to classify novel RVs

into serotypes. Many antibodies cross-neutralise different VP4 serotypes, resulting in mis-

typing using serology, so P-typing has been done by sequence analysis of GS4. This has

resulted in the classification of different 58 P types (Matthijnssens et al., 2022)f.

In 2008, a complete nucleic acid sequence-based genome classification system was suggested

(Matthijnssens et al., 2008). This system utilises whole genome sequencing to classify each

genome segment into a genotype based on the primary protein function using the designa-

tion of Gx-P[x]-Ix-Rx-Cx-Mx-Ax-Nx-Tx-Ex-Hx where x is an Arabic number. For a list

of the genome segment to genotype designation, see Table 1.1. In 2011, a uniform system

for sequence classification of strains was accepted, which designates the rotavirus strains

in the following manner: RV group/species of origin/country of identification/common

name/year of identification/G and P type (Matthijnssens et al., 2011). The strain used in

this project is classified as RVA/Simian-tc/ZAF/SA11-H96/1958-N5/G3P5B[2].

Three main genetic backbones exist, representing the common genetic backbones present

in circulating strains, Figure 1.1. These are classified according to the prototypic strains

that were initially identified to contain these genetic backbones (Matthijnssens et al.,

2008; Matthijnssens & Van Ranst, 2012). The first is known as the Wa-like backbone,

classified as G1-P[8]-I1-R1-C1-M1-A1-N1-T1-E1-H1. The second are DS1-like backbones,

classified as G2-P[4]-I2-R2-C2-M2-A2-N2-T2-E2-H2. These two backbones represent the

most common genetic backbones in circulation. A third, rarer backbone is known as

the AU-1-like backbone and is classified G3-P[9]-I3-R3-C3-M3-A3-N3-T3-E3-H3. These

backbones are used to classify rotavirus genome segment reassortants, where one or more

of a genome segment of a specific genotype can reassort into a backbone (Matthijnssens

et al., 2008).
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Figure 1.1: Rotavirus genome constellations. The three main genetic backbones are illus-

trated. Wa-like genotypes are coloured in green, DS-1 in red and AU-1 in orange. Genotypes that do

not classify according to these three strains are each coloured separately. Note the multiple reassortments

that have occured between genetic backbones. Used with permission Matthijnssens et al. 2008.

1.6 Rotavirus genome structure, coding assignment, and capsid struc-

ture

1.6.1 Genome structure and coding assignment

The rotavirus genome consists of 11 double-stranded (dsRNA) genome segments (GSs),

Figure 1.2. The 11 genome segments encode 12 proteins. Ten genome segments are mono-

cistronic, and one, genome segment 11, contains two overlapping open reading frames

(ORFs) encoding NSP5 and NSP6. Genome segments are numbered from largest to small-

est. For SA11-H96 the genome segments range from GS1 at 3300bp to GS11 at 660 bp

(Mlera et al., 2013). The 11 GSs encode 6 structural proteins, namely VP1-4 and VP6

(VP5* and VP8* are products of trypsin cleavage of VP4) and 6 non-structural proteins,

numbered NSP1-6, Figure 1.2. The structural proteins form the architecture of the ma-

ture virion, whereas the non-structural proteins perform essential functions of the virus

replication cycle, but do not form part of the capsid.
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Figure 1.2: Rotavirus genome segments, coding assignment and capsid structure. (A) SDS-

PAGE gel of the rotavirus dsRNA genome and corresponding genome segment coding assignment. Genome

segments are numbered from largest to smallest. The protein products of each genome segment are listed

next to its respective genome segment. (B) Rotavirus TLP structure showing the VP4 spike and VP7

trimer. (C) Cut-away of TLP showing VP6, which forms the middle protein layer known as the DLP and

the core consisting of the replication complex, VP1 and VP3, and VP2 which forms the core structure. (D)

Rotavirus core showing a theoretical genome organisation as well as the VP1/VP3 replication complex.

Used with permission Jayaram et al. 2004
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Each rotavirus genome segment contains an ORF flanked by non-coding untranslated re-

gions (UTRs), designated the 5’ and 3’ UTRs, which vary in length from 9-48bp for the

5’-UTR and 17-182bp for the 3’-UTRs, Figure 1.3. During (+)ssRNA synthesis, tran-

scripts are 5’ – capped (5‘-m7GpppG(m)), but not 3’-polyadenylated (Estes & Greenberg,

2013). It is thought that the UTRs contain cis-regulatory elements, which are essential

for genome segment packaging. This is more fully discussed in Section 1.7.4.2.

Figure 1.3: Rotavirus genome segment structure Note the 5’and 3’-UTRs that are required for

genome segment selection, dsRNA genome replication from (+)ssRNA, and (+)ssRNA synthesis from (-

)ssRNA during transcription. Each genome segment also contains an ORF encoding one, or in the case of

GS11 2 proteins. Used with permission Estes & Greenberg 2013.

1.6.2 Capsid structure

The rotavirus dsRNA genome is encapsidated by three protein layers, Figure 1.2. Three

particles are differentiated. Infectious particles are known as virions or triple-layered par-

ticles (TLPs), which are approximately 100 nm in diameter. Double-layered particles

(DLPs) lack the outer capsid and are found only in the cytoplasm following virus inter-

nalisation and uncoating. Single-layered particles (SLPs), also known as cores, are only

found immediately after genome packaging.

1.6.2.1 SLP structure

SLPs are composed of VP1, 2, and 3. 120 monomers of VP2 arranged into 60 dimers,

giving the SLP a T=1 symmetry (McClain et al., 2010). Two isoforms of VP2 exist. VP2A

forms a star-like structure around the five-fold hubs where VP1 and the (+)ssRNA exit

channels are found (Ding et al., 2019; McClain et al., 2010). VP2B fills the space between

the VP2A subunits, forming a decameric structure around the five-fold hub. Twelve of

the VP2A/VP2B complexes exist in the SLP, in complex with VP1 and possibly VP3

(Ding et al., 2019). Both rotaviruses and orbiviruses perform all of their polymerisation

and capping inside the inner shell.
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1.6.2.2 DLP structure

The DLP is composed of the SLP proteins VP1, 2, 3, and 260 VP6 trimers attached to

the core particle, Figure 1.4 (Mathieu, 2001). Rotavirus VP6 contains two domains, a

head domain and a base domain, and contacts both the inner and outer capsids. VP6

is essential for cell entry and (+)ssRNA transcription (Chen et al., 2009; Lawton et al.,

1997).

Rotavirus VP6 is a 48 kDa, 398 amino acid monomer encoded by GS6. VP6 serves a

vital purpose both in the capsid structure and in the replication cycle. VP6 forms the

inner capsid of rotaviruses and contacts both the core, consisting of VP2 and the outer

capsid consisting of VP4 and VP7, performing an important architectural function in the

virion (Mathieu, 2001). VP6 monomers consist of two domains, designated the head and

base domains. Both of these domains participate in trimer formation with hydrophobic

residues contacting the H domain and hydrophilic residues contacting the base domain,

forming a large water-filled cavity in the trimer base (Mathieu, 2001). The head domain

is essential for trimer formation and contains a Zn2+ ion coordinated to His153 of each

subunit.

The base (B) domain consists of 8 consecutive α-helices designated αa-αh, formed by two

polypeptide chains (Mathieu, 2001). α-αe (the first 150 N-terminal amino acids) form the

first bundle, with the second bundle, αf-αh, being formed by amino acids 335-397. The

head (H) domain (aa 151-334) is formed by a β-sandwich (2 β-sheets) folding into a jelly

roll. The first β-sheet (CHEF) is found on the exposed side of VP6, while the second BIDG

is found on the interior. The loop formed at positions 172, and 305/306 is responsible for

determining the subgroup in RVAs (Lopez et al., 1994). Figure 1.4 illustrates the monomer

and trimer structure.
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1.6.2.3 TLP structure

Sixty trimers of VP4 extend from the VP6 layer (Crawford et al., 2001). VP4 is a spike

protein that projects about 120Å from the outer layer (Settembre et al., 2011). VP4

contains a globular head domain, a symmetrical stalk domain, and a globular foot domain.

Proteolysis cleaves VP4 into VP8* and VP5*, which are non-covalently associated. The

spike is held in place by interactions with both VP7 and VP6. VP4 must first be attached

to DLPs before VP7 is added during assembly, Figure 1.5 (Trask & Dormitzer, 2006).

The outer capsid is then formed by 260 trimers of glycoprotein VP7, which consists of two

domains: domain I with a disulphide bridge exhibits a Rossmann fold and domain II with

three disulphide bridges which exhibits a jelly-roll β-sandwich fold. Three Ca2+ ions are

bound on the surface of each subunit interface (Aoki et al., 2009). Three VP7 subunits

interact to form a plate-like trimer that interacts with VP6, with the N-terminal arms

contacting the VP6 trimers (Chen et al., 2009).

Figure 1.5: Rotavirus VP7, VP6, and VP2 position in the TLP. Cut-away view showing uncleaved

VP4 (VP8* and VP5*) with the foot domain. VP7 is attached around the foot domain anchoring it in VP6.

VP6 trimers attach to VP2 dimers via each monomer’s base domain. Used with permission Settembre

et al. 2011

1.7 Rotavirus replication cycle

The rotavirus replication cycle consists of five steps. These are attachment, penetration,

and uncoating, (+)ssRNA synthesis and translation, viroplasm formation (including RNA

packaging, (-)ssRNA synthesis and DLP formation), and virus particle maturation and

release. Figure 1.6 and the following subsections describe each step in detail.
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Figure 1.6: Rotavirus replication cycle. 1. Attachment of rotavirus to cell surface via interactions

between VP8 and sialic acids. 2. Interaction of various integrin motifs in VP5 and VP7 with integrins

α2β1, αvβ3 and αxβ2 enabling viral attachment and initiation of viral entry via endocytosis. Interaction

with hsp70 is also illustrated. 3. Viral entry via endocytosis and formation of endosome. Uncoating of

the outer VP4 and VP7 layer exposing the transcriptionally active DLP to the cytoplasm.4. Transcription

of the viral genome.5. Translation of the viral (+)ssRNA resulting in viral protein synthesis. Formation

of the viroplasm. NSP2 and NSP5 are essential to its formation.6. Transcription of viral mRNA for

incorporation into cores.7. Recruitment of lipid droplets for the formation of the viroplasm. VP1, 2, 3 and

6 are also associated with the viroplasm.8. Formation of cores during which one of each of the 11 genome

segments are encased in the core particle in association with VP1, VP3 and VP2.9. Attachment of VP6 to

the core, forming the DLP and dsRNA synthesis within the core from VP1.10. Transport of DLP to ER

for attachment of VP7 and VP4, particle is transiently enveloped.11. During initial uncoating and later

maturation of the TLP, Ca2+ ion concentrations play a critical role in the stabilization of VP7 trimers.

Low concentrations of Ca2+ (such as those found in the endosome) destabilize VP7 trimers and initiate

uncoating. Increased concentrations of Ca2+ (facilitated through NSP4 activity) are required for proper

coating of the DLP and maturation of the TLP.12. Maturation of TLP following the disassociation of the

envelope and non-vesicle transport of virions to cell surface for viral egress. This process is independent of

the Golgi apparatus and is not fully understood.13. Final release of matured viral particles through cell

lysis or viral budding. Matured TLPs are now deemed infectious and spread to adjacent cells. Used with

permission Desselberger 2014.

1.7.1 Attachment and entry

Attachment of rotavirus to cells is mediated by the protease-sensitive spike protein, VP4

(Ludert et al., 1996). It is believed that initial attachment occurs via common receptors,

since rotavirus can infect multiple cell types, but with varying levels of efficiency (Estes

et al., 1979). Post-attachment receptors may be essential for entry. The attachment is
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probably mediated by the VP8* subunit of VP4, but cleavage of VP4 is required for entry.

Sialic acid receptors play a role in virus attachment since some rotaviruses, such as Rhesus

rotavirus (RRV), hemagglutinate red blood cells, and neuraminidase treatment of cultured

cells reduce the infectivity of hemagglutinin positive cells (Guerrero et al., 2000). This

led to a classification scheme in which viruses are classified as neuraminidase sensitive

and neuraminidase insensitive and the suggestion that the entry pathway is either sialic

acid moiety dependent or independent (Ciarlet & Estes, 1999). Subsequent studies chal-

lenged this idea, showing that insensitivity to neuraminidase does not necessarily mean

that binding is sialic acid independent (Haselhorst et al., 2009). However, neuraminidase

sensitive strains bind to terminal sialic acid moieties and neuraminidase insensitive strains

bind to sialic acid moieties in gangliosides, which are neuraminidase resistant (Haselhorst

et al., 2009). It is clear that the VP8 * domain of both classes binds to sialic acid moieties

in gangliosides (Dormitzer, 2002). Work by Ciarlet and collegues in 2002 showed that the

mechanism of infection between the two classes was markedly different. Neuraminidase-

sensitive strains enter on the apical side of the cell, whereas insensitive strains enter via

both the apical and basolateral surfaces (Ciarlet et al., 2002).

After attachment, entry occurs via co-receptors. For this to occur, proteolytic cleavage of

VP4 is required, which produces the N-terminal VP8* and C-terminal VP5* fragments.

VP5* then binds to integrin co-receptors. Several integrins have been implicated in entry,

namely α2β1, α4β1, αxβ1, αvβ1 (Coulson et al., 1997; Guerrero et al., 2000). The expression

of these integrins in non-permissive cell lines increases binding and infectivity, but not to

the same extent as fully permissible cell lines, showing that integrins may function as

internalisation receptors (Ciarlet & Estes, 1999; Hewish et al., 2000).

1.7.2 Uncoating

Internalisation occurs via one of two mechanisms, through direct membrane penetration

or clathrin-mediated endocytosis, both of which are under debate. Regardless of the mech-

anism, entry requires membrane permeabilisation (Cuadras et al., 1997; Falconer et al.,

1995). A sequence motif in VP5* that bears homology to the fusion peptide sequence

observed in enveloped viruses such as alphaviruses and influenza viruses has been impli-

cated in the membrane permeabilisation activity of rotavirus cell entry (Denisova et al.,

1999). The exact mechanism of uncoating is unclear, but it seems that the outer capsid

(VP4 and VP7) is lost soon after entry, most probably in an endocytic vesicle at low Ca2+

concentrations (Ludert et al., 1987). DLPs are then transferred to the cytoplasm.

1.7.3 (+)ssRNA synthesis and translation

It is believed that conformational changes that occur upon loss of the outer capsid proteins,

VP4 and VP7, activate transcription via VP6 interacting with VP2 (Sandino et al., 1986).

DLPs are transcriptionally active in the cytoplasm. DLPs synthesise (+)ssRNAs from

the dsRNA genome. Transcripts are detectable from one hour post infection (Ayala-
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Breton et al., 2009). The (+)ssRNAs serve as templates for translation and are packaged

for dsRNA synthesis. Rotavirus RNA-dependent RNA polymerase (VP1) performs both

transcription (+)ssRNA synthesis and replication (-)ssRNA synthesis (Patton J T et al.,

1997). (+)ssRNA from each genome segment is synthesised by a specific polymerase at

the five-fold axes and transported from DLPs via type I channels that traverse the core

and intermediate capsid. VP6 is essential for this function, as it is believed to cause a

transcriptional change in VP2 in the core that results in transcription and (+)ssRNA

extrusion from the DLP (Charpilienne et al., 2002). The transcripts exit at the five-fold

axes of the DLP, Figure 1.7 (Chen et al., 2009; Lawton et al., 1997; Jayaram et al., 2004).

Figure 1.7: Rotavirus (+)ssRNA synthesis. (+)ssRNA exit from channels transversing the SLP and

DLP. Note (+)ssRNA only exits at the five-fold axes. Used with permission Jayaram et al. 2004

The (+)ssRNA transcripts are not synthesised in equimolar amounts. The (+)ssRNAs of

the larger genome segments are synthesised at a lower rate than the smaller ones, as shown

in experiments carried out using RNA interference (RNAi) (Ayala-Breton et al., 2009).

Rotavirus NSP3 binds to the 3’ ends of (+)ssRNAs of the genome segments and interacts

with the eukaryotic translation initiation factor eIF4GI and functions as an analogue for

Poly(A) binding protein that would normally bind poly(A) tails, causing circularisation

of viral (+)ssRNA genome segments, up regulating their translation (Piron, 1998; Piron

et al., 1999). This then produces the required proteins for genome packaging and capsid

assembly.

1.7.4 Viroplasm formation, genome packaging, and DLP assembly

1.7.4.1 Viroplasm formation

Rotavirus genome packaging and assembly of progeny DLPs occur in electron-dense cy-

toplasmic inclusion bodies, known as viroplasms. The formation of viroplasms requires

three non-structural proteins, NSP2, NSP5, and NSP4. NSP4 co-localises with viroplasms.

NSP4 is believed to direct NSP5 to viroplasms for viroplasm formation (Berkova et al.,

2006). Proteins required for DLP assembly (VP1,2,3, and 6), as well as TLP assembly,

VP4, and VP7 have also been found in proximity to viroplasms. (Garcés Suárez et al.,

2019). Viroplasms appear 2 hours post infection (Eichwald et al., 2004). The number
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of viroplasms peak and then decrease with time, but the surface area of viroplasms in-

creases with time post-infection, suggesting fusion of viroplasms. Viroplasms associate

with lipid droplets (Cheung et al., 2010). The components of lipid droplets are lipids, per-

ilipin, adipocyte differentiation related protein (ADRP). Blocking of these components,

thus interfering with lipid droplet formation, results in fewer functional viroplasms and a

reduction in infectivity (Cheung et al., 2010).

NSP2 and NSP5 are essential for genome replication and packaging. NSP2 is a multifunc-

tional octamer that possesses NTPase, NDP kinase, RNA triphosphatase(RTPase), and

nucleic acid helix destabilizing activities (Bravo et al., 2018; Jiang et al., 2006; Kumar

et al., 2007). Each monomer has two domains separated by a catalytic cleft. Monomers

associate to form a doughnut-shaped octamer with a central hole along the fourfold axes.

Each monomer has two domains separated by a catalytic cleft. The catalytic grooves are

lined with basic residues and run across the two-fold axes (Jayaram et al., 2002). RNA

binding activity of NSP2 requires formation of the octamer. RNA and NSP5 compete

for the same binding site (Jiang et al., 2006). NSP2 octamers are essential for genome

assortment prior to packaging (Borodavka et al., 2017; Bravo et al., 2018). NSP5 is a

Ser/Thr rich phosphoprotein dimer. The biologically relevant form of NSP5 is a decamer

(Martin et al., 2011). Although NSP2 binds to NSP5, it is hypothesised that some NSP2

remains free to bind RNA (Martin et al., 2011).

1.7.4.2 Genome packaging

A fundamental problem in rotavirus biology is how a set of eleven (+)ssRNAs of the

genome segments are selected and packaged into the viral core. Genome packaging is

poorly characterised for rotaviruses but better elucidated for two other dsRNA viruses,

namely bluetongue virus (BTV), a 10 segmented dsRNA virus from the Reoviridae re-

sponsible for disease in livestock and φ6, the tri-segmented dsRNA bacteriophage from

the Cystoviridae which infects Pseudomonas species.

Bacteriophage φ6 shares many similarities with members of the Reoviridae, such as a

segmented genome that serves as template for (+)ssRNA synthesis. A major difference

is that the three viral φ6 (+)ssRNAs are translocated into pre-assembled procapsids that

lack the RNA-dependent RNA polymerase (RdRp) P2, showing that the role of the RdRp

is limited in genome packaging (Borodavka et al., 2018; Juuti & Bamford, 1995). The φ6

(+)ssRNAs (referred to as s+, m , and l+ ) are sequentially packaged from the smallest to

the largest segments (Borodavka et al., 2018). Fundamental to this process is the presence

of packaging signals (pac) in the 5’ ends of the (+)ssRNAs. The pac signal consists of 2

regions, an 18 nucleotide stretch in the 5’ end, and a 200 nucleotide downstream stretch

that forms a unique secondary structure, that binds to a recognition site on the capsid

(Gottlieb et al., 1994; Pirttimaa & Bamford, 2000). Packaging of the s+ and m+ segments

causes a conformational change in the pro-capsid, which exposes the l+ recognition site,

allowing the packaging of the l+ segment (Poranen et al., 2001).
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For the Reoviridae, (+)ssRNA selection and packaging occurs in viral inclusion bodies,

known as viral factories or viroplasms. The viral (+)ssRNAs are divided into complexes

that are then packaged into cores (Borodavka et al., 2018). For bluetongue virus (BTV),

experiments indicate that (+)ssRNAs assemble into complexes prior to packaging into

cores (Lourenco & Roy, 2011; Sung & Roy, 2014). In the case of genome segment 9 of

BTV the 276 nucleotides in the 5’ terminus and 393 nucleotides of the 3’ terminus are

important for packaging, suggesting that the 5’ and 3’-UTRs along with adjacent segment-

specific regions are required for packaging a specific segment (Matsuo & Roy, 2009) Figure

1.8.

Figure 1.8: Current model of BTV genome packaging. Recruitment cascade of BTV virus (+)ss-

RNAs of genome segments, showing initial interaction of the small(+)ssRNA of the genome segments with

the eventual recruitment of the larger (+)ssRNAs to form the complete set of (+)ssRNAs for packaging.

Used with permission Roy 2017

Much less is known about (+)ssRNA packaging in rotaviruses. Specific intersegment

interactions between (+ssRNA) of the genome segments are orchestrated by NSP2, which

forms the viroplasm together with NSP5 (Borodavka et al., 2017; Bravo et al., 2018).

Octameric NSP2 promotes the formation of sequence-specific intersegment interactions by

remodelling the secondary structure of the (+)ssRNA, in the presence of a large molar

excess of NSP2, a state that NSP2 may occur in, in viroplasms (Borodavka et al., 2018).

This seems to suggest that intersegment interactions within coding regions of the individual

(+)ssRNAs of genome segments are involved in the selection of genome segments, while

packaging selectivity is determined by the UTRs, but this must still be experimentally

proven, Figure 1.9. RNA-RNA interactions may also be a driver of reassortment between

rotaviruses. What remains unclear for rotaviruses is how the (+)ssRNAs are selected for

packaging into cores (McDonald & Patton, 2011). A prevailing idea is by binding the

(+)ssRNAs to their respective RdRPs, which have a high affinity for the 3’-terminus of

(+)ssRNAs. However, packaging signals have not been identified in rotavirus (+)ssRNAs,

and it is difficult to explain why genome segments with sequence duplications outcompete

wild-type segments during packaging (Troupin et al., 2011; Desselberger, 2020).
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Figure 1.9: Model of the possible mechanism of rotavirus (+)ssRNA recruitment. VP1 binds

to the 3’-UTR consensus sequence. NSP2 then binds and remodels the secondary structure. This exposes

complementary sequences between the (+)ssRNA, which allows the formation of stable intersegment in-

teractions. The resulting ribonucleoprotein complex may cause the formation of VP2 cores around the

complex, after which NSP2 may be evicted prior to (-)ssRNA synthesis. Used with permission Borodavka

et al. 2018.

1.7.4.3 Assembly of rotavirus DLPs

After (+)ssRNA packaging, VP6 is assembled onto SLPs to form progeny DLPs, which in-

volves the attachment of VP6 onto packaged cores consisting of VP2 and VP1/3 complexes

(Desselberger et al., 2013).

Assembly of VP6 onto rotavirus SLPs is highly regulated. Baculovirus-expressed rotavirus

VP2 and VP6 are able to spontaneously form into DLP-like strucures (Zeng et al., 1994).

Since rotavirus particle assembly is orchestrated in viroplasms containing NSP2/NSP5,

it was assumed that NSP2 or NSP5 regulates both genome packing (as discussed in Sec-

tion 1.7.4.2) and capsid assembly. Work by Berois and collegues showed that NSP5 co-

immunprecipitates with VP2 (Berois et al., 2003). NSP5 was also shown to affect the

cellular localisation of VP2. Fewer, but larger inclusions form when only VP2 is expressed

in cells. Further pull-down experiments showed that NSP5 is capable of interacting with

native SLPs, VP2/6 and VP1/2/3/6 VLPs, but not native DLPs (Berois et al., 2003).

NSP5 is able to displace VP6 from VP2/6 VLPs, but not native DLPs. VP2 and VP6

interactions are stronger in native DLPs, than in VLPs, explaining why the effect of NSP5

eviction of VP6 is not seen in native DLPs. This shows that NSP5 competes for VP6

binding onto VP2 and modulates VP6 transcapsidation onto VP2, thereby regulating

DLP assembly, and is thus necessary for DLP formation (Contin et al., 2010).

1.7.5 DLP Transport

Up to 2019, it was believed that DLPs transport from viroplasms to the ER by budding

through the ER membrane (Dubois-Dalcq et al., 1984). The first identified function of

NSP4 was that it acts as an intracellular receptor for DLPs. Using in vitro binding

assays, it was shown that it most likely binds VP6 trimers (Au et al., 1989). The final

C-terminal methionine 175Met of NSP4 was identified as essential for binding to DLPs,

since its deletion completely abolishes DLP binding (Taylor et al., 1992). The binding
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domain was mapped to the C-terminal, specifically to amino acids 161-175 by two separate

groups using antibody binding experiments and protein truncations, Figure 1.10 (Au et al.,

1993; Taylor et al., 1993). The cytoplasmic domain was then identified as consisting of

a coiled-coil domain and a virus binding C-terminal, and it was hypothesised as essential

for the structure of the DLP binding domain (O’Brien et al., 2000). During this, the

budding DLPs gain an envelope that is lost as the DLPs reach the interior of the ER.

It is important to note that all of this work was done without a fully tractable reverse

genetics system, leaving important questions open regarding co-reassortment of GS6(VP6)

and GS10(NSP4) that can now be investigated with the advent of rotavirus plasmid-based

reverse genetics (Iturriza-Gomara et al., 2003).

Figure 1.10: Rotavirus A NSP4 N and C-terminals, with various functional domains illus-

trated. H1-H3 comprises the hydrophobic domains that contain the membrane destabilising and viroporin

domains. The C-terminal is hydrophilic and contains the coiled-coiled and flexible regions. The coiled-

coil region contains the Integrin-binding domain, the signal transducing domain, the extracellular matrix

protein binding domain, the VP4 binding domain, the caveolin binding domain, the Ca2+ binding and

enterotoxin domains. The flexible region contains the tubulin binding and DLP domains. Used with per-

mission Hu et al. 2012

However, there is new work that suggests that DLPs bud through autophagosome vesicles

and not the ER as previously believed (Crawford et al., 2019). The authors showed that

NSP4 is transported from the ER to viroplasms in COPII vesicles, a cellular transport

mechanism that normally transports proteins from the ER to the Golgi apparatus, Figure

1.11. Using immunoprecipitation and confocal microscopy, it was shown that NSP4 exits

the ER in COPII vesicles. Assembly of these vesicles depends on Sar1-GDP. Phospho-

rylation leads to the insertion of Sar1-GTP into the ER membrane and recruitment of

Sec23 and Sec24 around the NSP4 cargo. Sar1 interacts with Sec23, allowing Sec24 to

bind to the cargo protein. Following this, Sec13 and Sec31 form around the vesicle, Sec31

is phosphorylated by casein kinase II (CK2), and the vesicle leaves the ER. Following exit,

the vesicle interacts with the autophagy protein LC3. These vesicles are then hijacked by

the cellular autophagy machinery to transport NSP4 to viroplasms. The authors postulate

that the membranes surrounding viroplasms are not endoplasmic reticulum as previously
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believed, but are autophagy isolation membranes derived from COPII transport, since

the ER marker proteins SERCA and calnexin were not found in membranes surrounding

viroplasms. In addition, VP7 was shown to transport with NSP4 to viroplasms. This may

present an alternative mechanism for DLP transport and particle maturation.

Figure 1.11: Proposed model of NSP4 transport in COPII vesicles. Sar1-GDP is phosphorylated

to Sar1-GTP. Sar1-GTP interacts with Sec23, with Sec23 inturn interacting with Sec24, allowing binding

of NSP4. This forms the inner coat of the vesicle. The Sec31/Sec13 heterotetramer then forms the outer

coat around the vesicle. Phosphorylation of Sec31 by CK2 results in transport from the ER. These vesicles

are then hijacked by the cellular autophagy machinery, where at some point LC3 interacts with NSP4. It

is believed that autophagy isolation membranes then form around viroplasms, which allows transport of

DLPs from viroplasms. Used with permission Crawford et al. 2019

1.7.6 Virus particle maturation and release

After DLP transport, nascent DLPs are coated with VP4 and VP7. It is believed that

VP4 attaches to DLPs followed by VP7 which anchors VP4 in place (Trask & Dormitzer,

2006). TLP assembly is a calcium-dependent process, since VP7 forms calcium-dependent

trimers (Chen et al., 2009). The N-termini of VP7 interact with VP6 trimers, Figure 1.5.

Particle maturation is mediated by NSP4, which releases calcium from the calcium stores

from the ER (Hyser et al., 2010). NSP4 is localised in the membranes surrounding the

viroplasm and binds both VP6 and VP4. The function of NSP4 is more fully discussed

in Section 1.8. The current model for outer capsid assembly has been suggested by Trask

et al. (Trask et al., 2012). In this model, NSP4 recruits DLPs and VP4 to the cytosolic

side of the ER. Interaction of DLPs with NSP4 tetramers results in deformation of the

ER membrane and budding of NSP4, VP4 and DLPs into the ER. With VP4 assembled

onto DLPs the transient envelope is lost and VP7 assembles into the capsid (Trask et al.,

2012). Mature TLPs then exit the cell either by cell lysis of non-polarised cells, seen in

work done in MA104 cells (McNulty et al., 1976). Rotaviruses exit polarised cells via a

different budding mechanism that is not well understood (Gardet et al., 2006).
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1.8 Rotavirus pathogenesis

The main symptom of rotavirus gastroenteritis is diarrhoea with little intestinal inflam-

mation, a hallmark that distinguishes it from bacterial gastroenteritis (Greenberg & Estes,

2009). Rotavirus infects intestinal enterocytes, resulting in destruction of these cells, down-

regulation of absorptive enzymes, and changes in tight junctions between cells that lead

to paracellular leakage. Rotavirus pathogenesis is orchestrated by non-structural protein

NSP4.

Rotavirus NSP4 is a 28 kDa, 175 amino acid glycoprotein encoded by genome segment 10.

It is synthesised as an ER transmembrane protein, that functionally exists as a tetramer.

Figure 1.10 shows the various NSP4 domains and their respective functions. The N-

terminal contains three hydrophobic domains (Bergmann et al., 1989; Chan et al., 1988).

The H1 domain contains two N-linked glycosylation sites that are orientated towards the

luminal side of the ER (Bergmann et al., 1989). H2 is an uncleaved signal peptide that

inserts into the ER membrane, with H3 serving as a viroporin that causes calcium efflux

from the ER (Hyser et al., 2010). The N-terminal is followed by an extended cytoplas-

mic domain, that includes multiple functional domains, having diverse functions such as

transcription modulation, VP4 binding, integrin binding, plasma membrane binding, viro-

plasm formation, (Berkova et al., 2006; Boshuizen et al., 2004; Lopez et al., 2005; Silvestri

et al., 2005) and caveolin binding (Hyser et al., 2008; Parr et al., 2006; Seo et al., 2008).

Importantly, as discussed in Section 1.7.5, rotavirus NSP4 serves as a receptor for DLPs

transporting from the viroplasm for virus maturation (Taylor et al., 1996). Rotavirus

NSP4 is central in many functional aspects of the replication cycle. The following is a

discussion of some of the functional aspects.

In 1996, NSP4 was first identified as an enterotoxin (a toxin that affects the intestinal

tract), when Judith Ball and colleagues expressed NSP4, and purified it for use in the

production of anti-NSP4 serum (Ball et al., 1996). They discovered that intraperitoneal

delivery of purified NSP4 induced diarrhoea in neonatal mice. This occurred in both an

age-dependent and dose-dependent manner, since 0.1 nmol of NSP4 only affected 6-7-day-

old mouse pups, and not 8-9-day-old mouse pups. Higher doses affected 8-9 day old mice,

but not 17-18 day old mice. This was the first identification of a non-bacterial enterotoxin.

Enterotoxin activity is mediated by amino acids 114-135 by activating Ca2+-activated Cl-

channel TMEM16A, and inhibiting Na+ absorption via SGLT2, a Na+/glucose transporter

(Ousingsawat et al., 2011). Furthermore, this domain induces Ca2+ secretion by binding

to phospholipase C and inducing transient inositol 1,4,5-trisphosphate (IP3) secretion.

Viroporin activity was identified in NSP4 in 2010 (Hyser et al., 2010). The authors

identified a domain (aa 47-90) that inserts into the ER membrane. This domain consists of

two subdomains, a pentalysine domain and an amphipathic helix domain. The pentalysine

domain is believed to interact with negatively charged phospholipids in the ER membrane.

Viroporin activity is mediated by the amphipathic helix subdomain, which is believed to
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form a pore in the ER membrane upon tetramerization. This domain has also been

found to activate calcium release from the ER store through activation of STIM1, a ER

calcium sensor (Hyser et al., 2013). The authors showed that this interaction is required

for rotavirus replication, since deletion of STIM1 significantly reduces virus yield. Figure

1.12 shows the proposed viroporin mechanism. Much of the pathogenesis of rotavirus is

due to viroporin activity, which causes calcium efflux from the cell.

Figure 1.12: NSP4 viroporin activity proposed mechanism. The H2 signal domain inserts into

the ER membrane, which in turn allows the insertion of the pentalysine domain into the ER membrane

followed by the amphipathic helix domain, creating a 3- pass membrane topology. NSP4 tetramerises to

forms a functional viroporin. Used with permission Hyser et al. 2010

The mechanism of rotavirus pathogenesis has been extensively characterised. Rotavirus

infection in the ileum results in the expression of NSP4, during which NSP4 induces

Ca2+ release from the ER. Virions exit the cell together with NSP4, Figure 1.13. Tight

junctions are disrupted, allowing paracellular leakage of water and electrolytes (Greenberg

& Estes, 2009). Extracellular NSP4 can then bind to neighbouring enterocytes and bind

an unknown receptor, likely integrin α2β1 since this integrin has been shown to bind

NSP4 and elicit diarrhoea in neonatal mice (Seo et al., 2008). This causes a signalling

cascade through phospholipase C (PLC) and inositol phosphatase (IP3) that results in

both Ca2+ release and an increase in intracellular Ca2+. Intestinal crypt cells can be

acted upon directly by NSP4 or NSP4 can stimulate the enteric nervous system which

signals intracellular Ca2+ release and stimulation of Cl- secretion, which causes water loss

(Lundgren, 2000).
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Figure 1.13: Mechanism of pathogenesis in rotaviruses. Cells are infected, resulting in expression

of NSP4. NSP4 disrupts tight junctions of neighbouring cells. The extracellular form of NSP4 can interact

with integrins which causes a signal cascade IP3 that causes calcium efflux from the cell. NSP4 also causes

chloride ion loss from intestinal crypt cells, which causes water loss, the primary causes of dehydrating

diarrhoea seen in rotavirus gastroenteritis. Used with permission Greenberg & Estes 2009

1.9 Rotavirus Vaccines

Currently, seven rotavirus vaccines are used in national immunisation programmes, Table

1.2. In 2006, two vaccines, Rotarix (GlaxoSmithKline Biologicals SA, Rixensart, Belgium)

and RotaTeq (Merck & Co., Inc., West Point, PA, USA) were prequalified by the WHO

and included in national immunisation programmes (Burke et al., 2019). This was followed

in 2018 by Rotavac (Bharat Biotech, Hyderabad, India), and ROTASIIL (Serum Institute

of India PVT. LTD., Pune, India). Two WHO-pre-qualified vaccines are currently in use

in India and Palestine (Nair et al., 2019; Burke et al., 2019). The Rotavin-M1 and Lanzhou

Lamb vaccines are not WHO-prequalified, but are currently in use in Vietnam and China,

respectively. Vaccine strains can undergo ressortment with field strains, which impacts

vaccine safety and efficacy (Rose et al., 2013). This will be discussed in detail in Section

1.10.3.

Table 1.2: Globally and locally licensed rotavirus vaccines (adapted from Burke et al. (2019))

Name Manufacturer Doses Composition

Rotarix GSK 3 G1P[8]

RotaTeq Merck 2 G1,G2,G3,G4, P[8]

Rotavac Bharat Biologicals 3 G9P[11]

ROTASIL Serum Institute of

India

3 G1,G2,G3,G9, P[5]

Rotavin-M1 POLYVAC 3 G1P[8]

Lanzhou Lamb

rotavirus vaccine

Lanzhou Institute

of Biological prod-

ucts

1 G10P[15]
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Rotavirus vaccines are highly effective in developed countries, with up to 90% efficacy.

RotaTeq (RV5), introduced in 2006, was shown to have an efficacy of 74% (Block et al.,

2007; Vesikari et al., 2007). Rotarix (RV1) was tested in two separate phase III trials in

Europe and the United States (Ruiz-Palacios et al., 2006; Vesikari et al., 2007). They

are less effective in developing countries, such as those in Africa. Efficacy in South Africa

after two doses of Rotarix was originally reported at 72% in the phase III clinical trial, but

was later reported at 54% after follow-up surveillance (Groome et al., 2014; Madhi et al.,

2010; Henschke et al., 2022). The reasons for low efficacy are unclear, but differences in

circulating field strains compared to those in vaccine formulations could be a reason for

poor vaccine efficacy, especially since it is not clear to what extent rotavirus vaccines exert

heterotypic (cross-reactive) immunity (Desselberger & Huppertz, 2011; Page et al., 2018;

Jere et al., 2018).

Correlates of protection for rotavirus are not well defined, altough antibodies against VP6

and VP5* may have a role (Angel et al., 2012; Nair et al., 2016, 2017). Animal models

have shown that humoral immunity is most probably associated with protection and that

it is mediated by both neutralising (mediated by the outer capsid proteins VP4 and VP7)

and non-neutralising antibodies (mediated by the inner capsid protein VP6) (Desselberger

& Huppertz, 2011). There are some indications that high titres of gut IgA (also known as

copro-antibodies) directed against VP6 correlate with protection, but this has not been

definitively proven.

1.9.1 Live-attenuated vaccines

Rotarix is a monovalent vaccine containing a G1P[8] strain. This vaccine is derived from

the rotavirus strain 89-12, which was obtained from a symptomatic neonate in 1988 (Bern-

stein et al., 1990; Ward et al., 1997, 2009). It was attenuated by passaging 26 times in

primary African Green Monkey cells, followed by 7 passages in Vero cells. The initial

material showed some residual virulence, but was improved during subsequent plaque

purification and passaging by GlaxoSmithKline. The molecular basis for attenuation is

unknown, but was speculated to be due to GS10(NSP4) mutations, which was found not

to be the case when comparing virulent and passage gene sequences (Ward et al., 1997).

This strain was shown to provide protection G1, G3, G4, and G9 strains that contained a

P[8] GS4(VP4) (Ward et al., 2009).

RotaTeq is a live-attenuated pentavalent human-bovine reassortant vaccine that contains

five pairs of human VP4/VP7s on a bovine backbone with G1-G4 for GS9(VP7) and a

P[8] for GS4(VP4). The genetic backbone for these strains is the bovine WC3 strain, a

naturally attenuated cell culture-adapted bovine strain (Heaton et al., 2005). The G1-4

strains express the VP7s from the WI78, SC2, WI78 and Bricout B strains together with

a P7[5] VP4 from the WC3 strain. The P[8] strain expresses the VP4 for the WI79 strain

and a G6 VP7 form the WC3 strain (Heaton et al., 2005).

Rotavac contains a naturally attenuated G9P[11] strain isolated in India that was shown
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to be asymptomatic in neonates and was not previously identified in humans (Bhan et al.,

1993). This strain was isolated after a 1986 outbreak of rotavirus in a New Delhi neonatal

ward. Infection did not result in diarrhoea and elicited a strong salivary antibody titre

(Jayashree et al., 1988). Rotasiil is a human-bovine reassortant vaccine that contains G1-4

and a G9 strain on the Bovine UK strain backbone (Kulkarni et al., 2017). This vaccine

has a 60.5% efficacy against severe disease.

Other nationally licenced vaccines are in use in Vietnam and China. The first is known as

Rotavin-M1 (Centre for Research and Production of Vaccines and Biologicals (POLYVAC,

Hanoi, Vietnam) and is a naturally attenuated G1P[8] strain isolated from an infant (Anh

et al., 2012). The second is the Lanzhou Lamb rotavirus vaccine ( Lanzhou Institute of

Biological Products Co., Ltd., Lanzhou, China) that contains a G11P[15] strain isolated

in 1985 and is exclusively licensed in China (Fu et al., 2007). The third is based on

the asymptomatic Australian RV3 neonatal strain, known as RV3-BB (PT BioFarma,

Bandung, Indonesia), and is undergoing clinical trials in Indonesia (Bines et al., 2018).

This vaccine was originally developed in Australia and contains an asymptomatic G3P[6]

strain. This vaccine is aimed at being used as a neonatal vaccine, since this strain has

the ability to replicate in the neonatal gut, even in the presence of maternal antibodies

(Chen et al., 2017). Maternal serum IgG and breast milk IgA are more prevalent in

mothers from developing countries than developed countries, the hypothesis being that

repeated reinfection occurs more often in developing countries due to poor sanitation and

living conditions (Moon et al., 2010). Maternal antibodies function by crossing both the

placenta during pregnancy and are transferred to breast milk and are believed to reduce

the efficacy of commercial vaccines by neutralising them after administration (Chan et al.,

2011).

1.9.2 Non-replicating and dead-subunit vaccines

Non-replicating vaccines will be able to bridge the gap in live-attenuated vaccine efficacy

by acting as a booster vaccine because live-attenuated boosters will not be effective due

to varying levels of partial immunity. One such vaccine, currently in clincial trial, is

known as P2-VP8-P[8] a rotavirus VP8 subunit fused to a P2 epitope of tetanus toxin

(Groome et al., 2017). Norovirus virus-like particle (VLPs) together with a rotavirus VP6

has been trialled as a vaccine candidate that acts as a norovirus-rotavirus combination

vaccine (Blazevic et al., 2011).

Non-live rotavirus VLPs have been suggested as a booster vaccine, to improve poor live-

attenuated vaccine efficacy (Jere et al., 2014). VLPs only contain the structural com-

ponents of the virus without genetic material, eliminating the risk of reassortment and

avoiding inhibition from partial immunity. Rotavirus VLPs did confer complete protec-

tion in a mouse model, but did not protect when used alone in gnotobiotic pigs (Azevedo

et al., 2013; O’Neal et al., 1997). VLPs can then elicit a cellular and humoral immune re-

sponse but are non-replicating, meaning that repeated doses will be required for long-term

immunity.
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1.10 Reassortment in segmented RNA viruses

Segmented RNA viruses are unique in their characteristic of maintaining their genomes

as distinct RNA molecules referred to as genome segments (McDonald et al., 2016). Cur-

rently, 11 segmented RNA virus families have been identified that infect a wide variety

of hosts (Marshall et al., 2013; Ramig, 1997). These viruses differ in their virion struc-

ture, genome architecture, and host tropism, but share the ability to exchange genome

segments during co-infection of the same cell with two parent viruses. This is known as

reassortment (McDonald et al., 2016). Recombinant progeny particles with single-genome

segment reassortments are most common.

Reassortment in segmented RNA virus families that package their genomes into a single

capsid, families such as the Cystoviridae (φ6 bacteriophage), Orthomyxoviridae, and the

Reoviridae require packaging signals in the form of RNA-RNA and/or RNA-protein inter-

actions as discussed in Section 1.7.4.2. Therefore, strain- and species-specific differences in

RNAs and packaging proteins can severely restrict, completely prohibit the generation of

reassortant progeny, or prevent observation in the population due to a reduction in fitness.

Initially, it was postulated that reassortment is a means of purging deleterious mutations.

McDonald et al. believed that reassortment is not a driver of evolutionary fitness, but an

artefact of segmented genome replication, since it is not required to maintain fitness for

non-segmented RNA viruses (McDonald et al., 2016).

1.10.1 Orthomyxoviridae genome reassortment

The 8 segmented (-)ssRNA influenza viruses appear to require specific RNA-RNA inter-

actions for reassortment to occur. Using reverse genetics, influenza A and B (two distinct

species) have been reassorted in vivo by exchanging the hemagglutinin (HA) encoding

genome segment of influenza A with that of influenza B (Baker et al., 2014). This was

done by swapping the packaging signals of the influenza B segment with those of the in-

fluenza A segment. This, however, does not represent a possible wild-type reassortment,

since using a reverse genetics system does not take into account the competition between

homologous segments. With reverse genetics, reassortants can be produced that cannot be

produced by co-infection, such as the work done for influenza A/avian influenza reassort-

ment (Essere et al., 2013). For influenza viruses, it has also been shown that there are few

barriers to genome segment exchange when genome segments are genetically compatible

(Marshall et al., 2013).

1.10.2 Cystoviridae genome reassortment

Viruses from the tri-segmented dsRNA genome Cystoviridae have less specific determi-

nants for reassortment. Genome segments with highly divergent sequence similarity can

reassort both in vitro and in nature (Diaz-Muñoz et al., 2013). However, bacteriophage

φ13 has been shown to package the bacteriophage φ6 medium (+)ssRNA, but the reverse,

where the φ13 medium (+)ssRNA is used to package into φ6 procapsids, is not possible,
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showing that some level of RNA-RNA complementarity is required (Qiao et al., 2000).

1.10.3 Reoviridae genome reassortment

Viruses from the Reoviridae, which contain 10-12 dsRNA genome segments, cannot reas-

sort between species. Even some closely related Rotavirus A (RVA) strains are not capable

of reassorting (Ramig, 1997). This has also been observed for mammalian orthoreoviruses

and bluetongue viruses (Nibert et al., 1996; Ramig et al., 1989). The Reoviridae have

RNA-RNA complementarity when (+)ssRNAs are first packaged into capsids (Section

1.7.4.2) as well as protein-RNA compatibility during genome replication, where (+)ssR-

NAs are used as templates for dsRNA production (Lu et al., 2008).

1.10.3.1 Rotavirus genome reassortment

The 3’-terminal(+)ssRNA terminal of rotavirus genome segments contains a consensus

recognition sequence. This sequence is inserted into the polymerase and serves as a recog-

nition sequence for the polymerase to begin transcription, Figure 1.14. Phylogenetically,

this sequence segregates into two clades. Clade A contains RVA, RVC, RVD, and RVF and

Clade B, RVB, RVG, and RVH. The 3’-terminal sequence for clade A is 5’- UGUGACC -

3’ or 5’- UGUGGCU- 3’, and for clade B is 5’- AAAACCC -3’, 5’ - AAGACCC - 3’ or 5’-

UAUACCC - 3’, Table 1.3 (Ogden et al., 2012). (+)ssRNAs are bound via their 5’-cap

and the 3’-end of the (+)ssRNA insert into the RNA polymerase VP1. A three-amino

acid insertion in the template entrance tunnel of VP1 of the RVB/RVG/RVH clade re-

duced entrance tunnel width, Figure 1.15. This insertion appears to be responsible for

this difference in 3’-CS length. This means that a further restriction, based on narrowing

of the template entrance tunnel may be a determinant of reassortment.

Figure 1.15: Insertion of 3 amino acids in RVG 03V0567 as compared to RVA SA11. This

is believed to narrow the template entrance tunnel width, which is linked with the different 3’ consensus

sequence in clade B. Used with permission Ogden et al. 2012

1.10.3.2 The effect of rotavirus genetic complementarity on reassortment

Multiple field reassortments of rotavirus strains have been documented that seem to sug-

gest that reassortment might be due to intergenome segment complementarity and whether

the interactions occurring are compatible. These reassortments show that protein struc-

ture or function within RVAs is probably not a restriction of reassortment because viruses

with incompatible proteins would be replication incompetent.
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Figure 1.14: Rotavirus VP1 structure showing the template entrance tunnel, the

dsRNA/(+)ssRNA exit tunnel, the (+)ssRNA exit tunnel, and the NTP entrance tun-

nel. The template entrance tunnel is pictured with an RNA encoding the 3’-consensus sequence bound

to the tunnel. The 3’-CS inserts into the template entrance tunnel and is required for transcription to be

initiated. Used with permission Steger et al. 2019

Table 1.3: Ogden et al. terminal sequences of of RV (+)RNA GS1(VP1)a.

Clade Species Strain 5’ endb 3’ endb

A RVA SA11 GGCUAUUAAA AGAUGUGACC

A RVA RRV GGCUAUUAAA AGAUGUGACC

A RVA UK GGCUAUUAAA AGAUGUGACC

A RVA ETD GGCUAUUAAA CGAUGUGACC

A RVA PO-13 GGCUAUUAAA AGAUAUGACC

A RVA 02V0002G3 GGCUAUUAAA CGAUGUGACC

A RVC Bristol GGCUAAAAAA UAUUGUGGCU

A RVD 05V0049 GGCAAUUAAA ACUUGUGACC

A RVF 03V0568 GGCAAUUAAU UAAUGUGACC

B RVB Bang373 GGCACAAUAU AUAAAAACCC

B RVB DB176 GGCAAUAAUG GUAAAAACCC

B RVG 03V0567 GGCAUAUAUU AUAAAGACCC

B RVH B219 GGCACUAUGG UAAUAUACCC

B RVH J19 GGCACUAUGG UAAUAUACCC

a reproduced with permission Ogden et al. (2012) b Sequences are written 5’ to 3’.

In Malawi, strains were monitored pre- and post- Rotarix vaccine introduction (Jere et al.,

2018). The predominant strains before vaccine introduction possessed Wa-like genetic

backbones (I1-R1-C1-M1-A1-N1-T1-E1-H1) with either G1P[8], G3P[8], G4P[8],G9P[8] or

G12P[8] as G- and P-type combination. After vaccine introduction, this reverted to a DS-1

like backbone (I2-R2-C2-M2-A2-N2-T2-E2-H2) with a G1P[8] G- and P-type, classifying
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these as double reasssortants. Triple reassortants were also detected with a Wa-like VP1

(R1) or a Wa-like NSP3 (T1) reassorted with the Wa-like VP4/7 into this DS-1 genetic

backbone. This suggests an intrinsic compatibility between the Wa-like and DS-1-like

backbones. The authors speculate that the generation of these novel double reassortments

occurred due to the positive selection of these novel strains in response to herd immunity

(Jere et al., 2018). In South-East Asia, where vaccination is less prevalent, novel Wa-like /

DS-1-like reassortments have been observed (Komoto et al., 2016, 2015; Nakagomi et al.,

2017). This presents a problem for rotavirus vaccination, and it is possible for vaccine

strains to reassort with circulating field strains (Donato et al., 2012; Rose et al., 2013).

VP4 reassortment between RotaTeq and a G6P[8] as well as G1P[8]has been identified

(Donato et al., 2012). Work in Brazil also identified a reassortment between Rotarix and

an AU-1 strain, generating a GS7(NSP3) reassortant (Rose et al., 2013).

Two different reassortments have been documented between the bovine rotavirus O-agent

and SA11. These are a GS8(NSP2) reassortment between SA11-H96 and O-agent and

GS4(VP4) reassortment in the SA11-4F with O-agent. The rotavirus O agent was iso-

lated in 1965 from abattoir waste in the same laboratory where SA11-H96 was isolated

(Malherbe & Strickland-Cholmley, 1967). The determination of a consensus sequence for

SA11 revealed two viruses in an SA11 sample of unknown passage history (Mlera et al.,

2013). It contained two strains, SA11-N5, which is a close derivative of SA11-H96, and

a second strain, SA11-N2, which was found to be a GS8(NSP2) monoreassortant with

the bovine virus O-agent. Reassortment between SA11-4F-like viruses and the O-agent

has also been detected (Small et al., 2007). Sequencing of multiple SA11 strains found

that the SA11-4F GS4(VP4) to be unrelated to the SA11-H96 GS4(VP4). It possessed a

GS4(VP4) from O-agent, most probably due to contamination of the original cell culture

aliquot. Furthermore, they found that SA11-Both has an N2 GS8 (NSP2), showing an-

other SA11 able to reassort GS8(NSP2)s. Taken together, this shows that SA11 and the

O-agent possesses substantial sequence complementarity, since these two strains were able

to reassort two different genome segments.

Determinants of GS8(NSP2) reassortment were investigated in 2017 using a helper-virus

based reverse genetics system (Mingo et al., 2017). The authors were able to reassort

Wa-like and DS-1 like GS8(NSP2)s into SA11 but not the AU-1 like GS8(NSP2). They

then exchanged regions of the SA11 GS8 until they were able to map the restriction of

AU-1/SA11 reassortment to a 36-nucleotide region at nucleotides 784-820 near the 3’-end

of the genome segment that was designated as the sub-region. The rescued reassortant

only rescued with 15% efficiency. If this is a real reduction in fitness or poor rescue effi-

ciency of the helper-based reverse genetics system could not be ascertained. The authors

speculated between whether this region is important for RNA-RNA complementary dur-

ing packaging or represents a functional change to NSP2, see Figure 1.16. This opens

up exciting possibilities for testing the role of genome segments and their mutations in

reassortment using the recent plasmid-only reverse genetics systems, see Section 1.11.4.
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Figure 1.16: Mingo et al. mapping of GS(NSP2) sub-region. Full length AU-1 GS8(NSP2) could

not be reassorted into the SA11 genetic background using reverse genetics. A construct was then used

which only contained the ORF for NSP2, which also could not be rescued. Two constructs were then

tested where the first 440 bp of the SA11 ORF was used to replace the AU-1 genome segment, which could

not be rescued or the second where bp 482 to 1000 of the SA11 genome segment was placed in the AU-1

ORF, which could be rescued. The sub-region was then mapped to position 784-820. Used with permission

under a Creative Commons Attribution 4.0 International License.

1.10.3.3 Protein function considerations affecting reassortment

As discussed in Section 1.10.3 RNA-RNA and RNA-protein interactions determine reas-

sortment capacity, but unfavourable protein-protein interactions can also restrict reassort-

ment. This has been documented in two cases. In 2003, 78 RVA GS6 (VP6) and GS10

(NSP4) sequences were sequenced (Iturriza-Gomara et al., 2003). As discussed in Section

1.7.5 NSP4 functions as an intracellular receptor to mediate DLP transport from viro-

plasms to what was thought up to 2019 to be the ER. The authors found that specific

genotypes of GS10(NSP4) also cluster with specific subtypes of VP6, see Section 1.5 for

a discussion on subtypes. This implied that specific sets of GS6(VP6)/GS10(NSP4) can

co-reassort. It was hypothesised that this may be due to a required complementarity of

NSP4 to VP6 to be able to bind DLPs, showing functional complementarity driving re-

assortment instead of RNA-RNA complementarity. This is a hypothesis that can only be

investigated using reverse genetics.
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Figure 1.17: NSP4 amino acid sequences clustering into distinct Wa-like and DS-1-like groups

designated as NSP4-B and NSP4-A respectively. The box indicates the DLP binding domain. These

genotypes were found to be linked to a specific VP6 subgroup. Used with permission Iturriza-Gomara et al.

2003.

Using genome segment-specific RT-PCR, co-reassortment of GS6(VP6)/GS10(NSP4) was

also observed in a 2019 study of 74 RVA strains from Pakistan. A marked incidence

of these double reassortants with clustering of specific VP6 and NSP4 genotypes was

detected, Figure 1.4 (Tamim et al., 2019). Whether this is due to functional comple-

mentarity remains to be determined and is of interest to the present study. Although a

small sample size was used, the authors showed that an I2 GS6(VP6) can reassort into a

Wa-like backbone containing an E1 GS10(NSP4), but not a E2 GS10(NSP4) into a Wa-

like backbone (containing an I1 GS6(VP6)). A GS6(VP6)/GS10(NSP4) I2/E2 reassortant

possessing a Wa-like backbone was also detected, suggesting that GS6(VP6)/GS10(NSP4)

co-reassortment may be required in certain cases to maintain viral fitness. Other studies

have shown mono-reassortment of either GS6(VP6) or GS10(NSP4) or dual reassortment

GS6(VP6)/GS10(NSP4) (Benati et al., 2010; Chaimongkol et al., 2012; Khamrin et al.,

2010; Phan et al., 2020; Tatte & Chitambar, 2012; Tatte et al., 2010). Only one field

strain has been detected that possesses an I1/E2 reassortment, however this E2 NSP4 has

a mutation at amino acid 174 that is usually found in E1 NSP4, suggesting that without

compensatory mutations this genome segment combination is incompatible (Zeng et al.,

2020). GS6(VP6)/GS10(NSP4) amino acid conservation is more fully discussed in Chapter

3.

31



Chapter 1 – Introduction and literature review

Table 1.4: GS6 and GS10 genotypes showing reassortments documented in Pakistan. Adapted, used with

permission Tamim et al. 2019

Strain No. strains with the indicated combination VP6 genotype NSP4 genotype

G1P[8] 18 I1 E1

1 I2 E1

G1P[8] 3 I1 E1

6 I2 E2

G2P[4] 13 I2 E2

1 I2 E1

1.11 Overview of Reoviridae reverse genetics

Classical genetics is defined by the observation of a specific phenotype, for example, an

enzyme possessing an altered activity such as seen in inborn errors of metabolism, and

trying to deduce which gene or genes are responsible for this phenotype. Reverse genetics

is the exact opposite, where changes are made to a gene sequence to deduce its function

by observing its phenotype (Bridgen, 2012). In viral reverse genetics, specifically RNA

virus reverse genetics, this occurs by making changes to the cDNA copies of the viral gene.

Fundamentally, reverse genetics of RNA viruses refers to the generation of an RNA virus

directly from cDNA copies of its genome. RNA viruses have double-stranded, or single-

stranded positive or negative sense genomes and are either segmented or non-segmented

(Bridgen, 2012).

Most RNA virus reverse genetics systems started out as helper virus and/or transcript-

based systems where cells are transfected with either a set of transcripts, a set of transcripts

together with a helper virus, or cells are infected with a helper virus and transfected with

the cDNA for a genome segment that is to be modified. This was followed by plasmid-

based systems using a plasmid or plasmids that contain the viral genome in cDNA form,

which can then be transfected into cells. The first mammalian RNA virus reverse genetics

system was published in 1981 for poliovirus, a (+)ssRNA virus (Racaniello & Baltimore,

1981). This was followed by rabies virus, a negative-sense RNA virus, in 1993. Reverse

genetics for segmented RNA viruses proved to be more difficult. Reverse genetics for

Bunyamwera virus, a negative-sense tri-segmented virus, was reported in 1996 (Bridgen &

Elliott, 1996). Influenza virus, with a (-)ssRNA segmented genome, was initially rescued

using a helper virus and transfecting single modified RNA segments. This was followed

by a 12 component cDNA plasmid set. Today, a single plasmid, containing the complete

influenza virus cDNA genome, is used for transfection (Fodor et al., 1999; Zhang et al.,

2009).

Viruses that were especially difficult to rescue are those with segmented dsRNA genomes.

The first dsRNA virus to be rescued was bacteriophage φ6 (Olkkonen et al., 1990). This

was followed by the first animal dsRNA virus to be rescued, infectious bursal disease virus

(IBDV) in 1996 using a transcript-based system (Mundt & Vakharia, 1996). Members of

the Reoviridae proved especially difficult to rescue, with the first plasmid-based systems
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only being reported in 2007 (Kobayashi et al., 2007). The Reoviridae reverse genetics

systems were either first designed as transcript-based systems or helper-virus-based sys-

tems, and all were finally moved to plasmid-only systems. Various optimisations were

subsequently applied to the plasmid-only systems.

1.11.1 Reovirus reverse genetics

The first reverse genetics system for the Reoviridae was developed for reovirus (Roner

et al., 1990). This system involved transfecting a complete set of (+)ssRNA or dsRNA

from the reovirus strain ST3 and using strain ST2 as a helper virus. This system had

extremely poor efficiency, with virus only being harvested from 4% of cells. This system

could generate a chimeric virus, with a CAT gene inserted into one of the genome segments

(Roner & Joklik, 2001).

In 2007 the first plasmid-only reverse genetics system for reovirus was developed

(Kobayashi et al., 2007). This was the first reverse genetics system for mammalian

dsRNA viruses. This system used cDNA transcription cassettes of each of the 10 dsRNA

genome segments that generates (+)ssRNAs with exact 5’- and 3’-termini. The viral

cDNA was flanked by a T7 promoter at the 5’ end and a antigenomic hepatitis delta virus

(HDV) ribozyme at the 3’ end, Figure 1.18. All reovirus genome segments (+)ssRNAs

have a guanosine at their 5’end. T7 RNA polymerase prefers to initiate transcription

from a guanosine (Milligan et al., 1987). The ribozyme was used to generate a precise

(+)ssRNA 3’ end, which is essential for Reoviridae genome packaging. A T7 terminator

was placed downstream of the ribozyme. This transcription cassette was then cloned into

a pT7 plasmid backbone. The cell line to be transfected was infected with a vaccinia

virus expressing T7 RNA polymerase and the 10-plasmid set, representing the 10 genome

segments, was then transfected into L929 murine fibroblast cells. After 5 days, virus

was harvested by freeze-thaw of the cells and rescued viruses were isolated by plaque

assay. This system was later improved by cloning the 10 cDNAs into four plasmids, with

3 of the plasmids carrying two cDNAs and one carrying four (Kobayashi et al., 2010).

The authors, however, reported in 2011 that rescue was not consistent with this system,

attesting to the fact that Reoviridae reverse genetics systems are complex and require

substantial optimisation (Boehme et al., 2011).
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Figure 1.18: Reovirus plasmid-based reverse genetics. (A) cDNAs of each genome segment is

flanked by a T7 promoter and a HDV ribozyme. (B) The 10 plasmid set is transfected into L929 cells, and

the cells are infected with a vaccinia virus expressing T7 RNA polymerase. (C) Schematic of the reovirus 4

plasmid system showing each cDNA genome segment flanked by a T7 promoter and HDV ribozyme. Used

with permission from Kobayashi et al. 2007 and Boehme et al. 2011

1.11.2 Bluetongue and African horsesickness reverse genetics

Two other members of the Reoviridae that have been rescued using both transcript and

plasmid-based systems are from the genus Orbivirus. These are bluetongue virus (BTV),

which causes substantial losses in the sheep industry, and African horsesickness virus

(AHSV), which can lead to the death of more than 90% of unvaccinated horses (MacLach-

lan, 1994; Erasmus, 1972). The BTV and AHSV reverse genetics systems are very similar.

Both started out as transcripts derived from active open cores, then followed by synthetic

transcripts derived from cDNAs, followed by the transfection of expression plasmids to-

gether with run-off transcripts and finally plasmid-only systems (Boyce & Roy, 2007; Boyce

et al., 2008; Matsuo et al., 2010; Van Gennip et al., 2012; Pretorius et al., 2015; Conradie

et al., 2016). The evolution of the BTV and AHSV reverse genetics systems are impor-

tant, since much of the rationale behind the rotavirus SA11-N5 system developed in our

laboratory at the NWU was derived from the plasmid-only systems of these two viruses, as

discussed in Section 1.11.3.3. Further, these systems have shown the application of a fully

tractable reverse genetics system in the context of rational vaccine design and optimising

vaccine safety. This will be more fully discussed in Section 1.11.4.

1.11.2.1 Bluetongue virus reverse genetics

BTV was initially rescued by transfecting transcripts derived from open cores (Boyce &

Roy, 2007; van Dijk & Huismans, 1980; Verwoerd & Huismans, 1972). This was followed

by cloning cDNAs of the 10 genome segments into plasmids and synthesising transcripts

in vitro using T7 RNA polymerase. Using BTV serotype 1 (BTV-1) as a backbone, It

was possible to exchange two genome segments (GS2(VP2) and GS5(VP5)) of BTV-10 by

using synthetic transcripts (Boyce et al., 2008). Using a kit-based method to introduce a
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cap analogue on the 5’ end of the (+)ssRNAs of the genome segment, the authors were

also able to rescue viable virus by transfecting 10 synthetic transcripts derived from the

cDNA plasmids. This system was used in 2012 to rescue both virulent and avirulent BTV

strains (Van Gennip et al., 2012).

The original synthetic transcript BTV system was improved in 2015 (van de Water et al.,

2015). Rescue could not be achieved repeatably by only using synthetic transcripts. The

ORFs for BTV VP1,VP3,VP4,VP6,VP7,NS1, and NS2 were cloned into pSMART-HC or

pSMART-LC under control of a CMV promoter for mammalian expression. This contruct

was designated phCMVDream (Prof. P.A. van Rijn, personal communication). The ra-

tionale behind this was to have formation of viral factories (NS2) (the rotavirus viroplasm

analogue), the replication complex (VP1, VP4, VP6), the core (VP3), the intermediate

capid (VP7), as well as the interferon antagonist NS1 prior to transfection of the synthetic

capped RNAs. In subsequent work, it was shown that transfection of these expression

plasmids prior to the transcripts encoding the viral genome segments are essential for

rescue (van Rijn et al., 2016). When transcripts were capped prior to transfection, rescue

was not possible if the VP1 or NS2 plasmids, or the complete set of expression plasmids

were left out. When transcripts were not capped, rescue was not possible if VP3 was left

out. Rescue was also not possible if only the plasmids encoding VP1 and NS2 or VP1,

VP3, NS2 were transfected prior to transfection of uncapped transcripts.

In 2015 a complete plasmid-only reverse genetics system for BTV was developed (Pretorius

et al., 2015). This system is similar to the reovirus system in that a cDNA copy of a

genome segment is flanked by a T7 promoter and an anti-genomic HDV ribozyme. These

ten plasmids were transfected into BSR-T7/5 cells (BSR cells are a clone of baby hamster

kidney cells, known as BHK cells) and viruses were harvested 3-5 days later (Figure 1.19).
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Figure 1.19: Bluetongue virus plasmid-based reverse genetics. (A) A transcription cassette,

consisting of a BTV genome segment cDNA flanked by a T7 promoter and an HDV ribozyme, is cloned

into a pRG15 backbone. (B) The 10 plasmid set is transfected into BSR5-T7 cells and virus is rescued.

Used with permission Pretorius et al. 2015.

1.11.2.2 African horsesickness virus reverse genetics

Reverse genetics for AHSV followed in 2010, two years after BTV, by also using a com-

bination of core-derived and in vitro capped synthetic transcripts (Matsuo et al., 2010).

This was followed by transfecting expression plasmids (containing VP1, VP3, VP4, VP6,

VP7, NS1, and NS2) 24 hours before transfecting 10 capped run-off transcripts (van de

Water et al., 2015). The expression combination that facilitates rescue was determined in

the same manner as discussed in Section 1.11.2.1 (van Rijn et al., 2016).

The transcript-based systems were later replaced by transcription plasmids using the same

design as for the BTV system with an initially ten-plasmid set, with the cDNA flanked

by a T7 promoter and an antigenomic HDV ribozyme and transfecting into BSR-T7/5

cells (Conradie et al., 2016). Figure 1.20 shows the AHSV reverse genetics system. The

plasmid backbone for this system was derived from pSMART-HC.

1.11.3 Rotavirus reverse genetics

To develop a robust and effective rotavirus reverse genetics system proved to be espe-

cially challenging. Initially, helper-virus-based systems were developed and implemented.

Transcript-based systems were attempted in our laboratory and elsewhere, but did not

yield any results. Finally, multiple plasmid-based systems were developed between 2017

and 2019.

Rotavirus plasmid-based reverse genetics systems based on the original design developed in
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Figure 1.20: AHSV plasmid-based reverse genetics. (A) pJAD1 has a StuI restriction enzyme site

flanking the T7Te terminators, whereas pJAD2 has PmeI sites. (B) A transcription cassette, consisting

of an AHSV genome segment cDNA flanked by a T7 promoter and an HDV ribozyme, is cloned into a

pRG15 backbone. (C) The 10 plasmid set is transfected into BSR-T7/5 cells and virus is rescued. Used

with permission Conradie et al. 2016.

2017 by Kanai et al. have been implemented around the world, allowing the construction

of chimeric viruses and novel studies in virus biology (Criglar et al., 2020; Falkenhagen

et al., 2019; Kanai et al., 2020; Song et al., 2020; Sanchez-Tacuba et al., 2020).

The following sections describe the successive rotavirus helper virus and plasmid-based

reverse genetics systems with their optimisations.

1.11.3.1 Helper-virus-based rotavirus reverse genetics

In 2006, a reverse genetics system for rotavirus was developed using the rotavirus strain

KU as a helper virus and a strong selection system in the form of a neutralising monoclonal

antibody raised against VP4 of strain KU (Komoto et al., 2006). This system employed

plasmids with transcription cassettes where the genome segment to be reassorted was

flanked by a T7 RNA polymerase promoter and a hepatitis delta virus ribozyme, followed

by a T7 RNA polymerase terminator to allow production of (+)ssRNA transcripts pos-

sessing the correct rotavirus genome segment 5’ and 3’ termini, as in the reovirus, BTV,

and AHSV RG systems, Figure 1.21. Cells were transfected with the plasmid and then

infected with the helper virus a day later.

Another helper virus-based genetics system was developed using a dual selection strategy

by employing a temperature-sensitive mutant which only grows at 31 °C and RNAi degra-

dation of GS8(NSP2) (+)ssRNA, with an engineered RNAi target site that is resistant

to degradation (Trask et al., 2010). This allowed the selection of recombinant virus at a

higher (39 °C) temperature. In conjunction, an MA104 cell line was transduced to express

an SA11 GS8 shRNA, thus engineering a cell line that silences RV strains that possess a

GS8 targeted by RNAi. This allowed rescue of recombinant viruses after two rounds of

selection, with a population that is nearly 100% recombinant.
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Figure 1.21: Komoto et al. helper virus system. Cos-7 cells are infected with a vaccinia virus

expressing T7 RNA polymerase. transfection with a plasmid containing a recombinant genome segment

flanked by a T7 promoter and HDV ribozyme. After transfection, the cells are infected with a rotavirus

KU helper virus. Used with permission Taniguchi & Komoto 2012

1.11.3.2 Transcript-based rotavirus reverse genetics

Two successive rotavirus transcript-based systems were attempted by PhD students in our

laboratory. The first was by Dr. L. Mlera in 2012 (Mlera, 2012). This entailed sequencing

the SA11-N5 genome and using consensus sequence to generate a transcription plasmid

set. This was then used to synthesise in vitro transcripts that were transfected into cells.

Rescue was not achieved with this system, since the transcripts elicited a very strong

innate immune response, the cDNAs generated in L. Mlera’s project were the basis for all

our subsequent RV RG work.

Dr. J.F. Wentzel attempted to reduce using DLP-derived transcripts. He designed expres-

sion plasmids containing the MA104 codon-optimised ORFs for VP1, VP2, VP3, VP6,

NSP1, NSP2, NSP5, and NSP6 for transfection 24 hours before the DLP-derived tran-

scripts (Wentzel et al., 2013). The expression plasmids were designed to result in the

expression of the viroplasm proteins (NSP2, NSP5, NSP6), as well as the replication com-

plex (VP1 and VP3), core (VP2), and DLP (VP6). J.F. Wentzel also took a multigenome

segment plasmid approach in 2014 by designing and constructing four transcription plas-

mids (Wentzel, 2014). pAlpha contained GS1(VP1), GS8(NSP2) and GS11(NSP5/6).

pBeta contained GS2(VP2) and GS3(VP3). pDelta contained GS7(NSP3), GS10(NSP4),

and GS9(VP7). pGamma contained GS4(VP4), GS6(VP6) and GS5(NSP1). Each genome

segment was flanked by a T7 promoter and HDV ribozyme. This system did not result

in rescue due to a design error which resulted in an extra guanosine being incorporated

in the extreme 5’ end of each cDNA genome segment. Protein expression was, however

observed. The transcription plasmids he constructed were used to construct the 11 pS-

MART SA11-N5 cDNA plasmids for the NWU SA11-N5 pSMART plasmid-only reverse

genetics system (Geldenhuys, 2018; Huyzers, 2020).
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1.11.3.3 Plasmid-based RV reverse genetics

The advent of a plasmid-only reverse genetics system for SA11-L2 was a major break-

through in the field (Kanai et al., 2017). It opened a major bottleneck in technology

that prevented progress in rotavirus research for two decades. It is now possible to start

to investigate many aspects of the rotavirus replication cycle, including what determines

reassortment of certain genome segments, and to rationally design live attenuated vaccine

candidates.

This system was based on the plasmid-based system for reovirus, but had two additional

features provided by three helper plasmids. A set of 11 transcription plasmids was used

for the 11 rotavirus genome segments flanked by a T7 promoter and the genomic HDV

ribozyme, using pT7 as plasmid backbone, Figure 1.22. The system requires three helper

plasmids, that are not encoded by the rotavirus genome, but are required for efficient

virus rescue from plasmids. One contained the ORF for a fusion-associated small trans-

membrane protein (FAST) to allow cell to cell fusion, which ensures that the complete

plasmid set is present in a one large fused cell. The other two contained ORFs encod-

ing the subunits (D12L and D1R) of a vaccinia virus capping enzyme to produce a 5’

cap on transcripts. This 14-plasmid set was transfected in an equimicrogram ratio into

BHK/T7-9 cells. After 48 hours, the transfection cell line was co-seeded with MA104 cells

and incubated until cytopathic effect (CPE) was visible. The culture was freeze-thawed

three times, passaged in MA104 cells again, and then visualised using an in vitro imaging

system. In 2019 genes encoding fluorescent reporter proteins were incorporated into this

system in GS5(NSP1) (Kanai et al., 2019). This system has been widely implemented in

laboratories around the world and was patented in 2019 (Kobayashi & Kanai, 2019).

Figure 1.22: The Kanai et al. plasmid-only reverse genetics system. The first plasmid-only

rotavirus reverse genetics system consisting of 14 plasmids. 11 cDNA plasmids encoding the 11 genome

segments, 2 plasmids for the subunits of the vaccinia virus capping enzyme and 1 for the FAST protein.

The 14 plasmid set is then transfected into BHK-T7 cells. Used with permission Kanai et al. 2017
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In 2018 another Japanese group showed that the capping and FAST proteins are not

essential for rescue, Figure 1.23. They achieved rescue by using only the 11 cDNA plasmids

encoding the rotavirus genome, but increasing the amount of plasmids that encode NSP2

and 5 three-fold, Figure 1.23 (Komoto et al., 2018). They were also able to incorporate

eGFP and mCherry fluorescent reporters into GS5(NSP1), with native GS5(NSP1) being

supplied in the form of an expression plasmid added to the transfection mix. Komoto and

colleagues also replaced the MA104 co-seeding cell line with CV-1 cells, which are also

derived from African green monkeys.

Figure 1.23: Komoto et al. adaptations. As in the original Kanai et al. system, cDNAs of each

genome segment is flanked by a T7 polymerase and HDV ribozyme. only the 11 cDNA plasmid set

is transfected into BHK-T7 cells, with 3x the amount of the GS8(NSP2) and GS11(NSP5/6). This is

followed by co-seeding with CV-1 cells 48 hours after transfection. Viruses are rescued following passage

on MA104 cells. Used with permission Komoto et al. 2018

In 2019, the same group succeeded in developing the first RV RG system for the human

strain KU, Figure 1.24 (Komoto et al., 2019). This was significant, since human rotaviruses

replicate at a much lower rate than the SA11 strains. They were also able to exchange

the KU VP4 with an SA11 VP4, this will be discussed at length in Section 1.11.4.
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Figure 1.24: Rotavirus human strain KU reverse genetics system. Note exchange of plasmid

containing the KU GS4 cDNA replaced with an SA11 GS4. The design is identical to the Komoto et al.

adaptations published in 2018. Used with permission Komoto et al. 2019.

As part of his MSc M.GJ. Huyzers developed a plasmid-only reverse genetics for SA11-N5

in our laboratory (Huyzers, 2020). He used pSMART-T7 as plasmid backbone for the 11

cDNAs. As discussed in Section 1.19 this backbone was originally used as an expression

plasmid backbone in the BTV reverse genetics system. This plasmid backbone is 1000 bp

smaller than the pT7 backbone used for the SA11-L2 reverse genetics system. This reduced

plasmid load by almost 10 000 bp and should theoretically increase rescue efficiency. This

system used a antigenomic HDV ribozyme. He exchanged the VV capping enzyme with an

African swine fever virus (ASFV) capping enzyme and constructed a fusion protein with

the ASFV capping enzyme and a T7 RNA polymerase, separated by a glycine-serine-

glycine linker in a phCMVDream backbone (Eaton et al., 2017). He also replaced the

transfection cell line with BSR-T7/5 cells (as in the BTV and AHSV systems) and the

co-seeding cell line with swine testicular (ST) cells (Welter et al., 1991). The 13-plasmid

set was transfected in an equimolar ratio into the BSR-T7/5 cells, co-seeded with ST cells,

incubated until 100% CPE and was then passaged in MA104 cells. Figure 1.25 shows the

rationale behind this system.
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Figure 1.25: SA11-N5 plasmid-based reverse genetics system developed by M.GJ Huyzers.

The 11 SA11-N5 cDNAs are cloned into pSmart. C3P3 and FAST are cloned on phDream. The 13 plasmid

set is transfected in an equimolar ration into BSR5-T7 cells, co-seeded with ST cells 48 hours later and

incubated until CPE. The whole lysate is passage on ST cells and rescue is confirmed via IFMA. Used

with permission Huyzers 2020

Unfortunately, the NWU SA11-N5 pSMART reverse genetics system has not been re-

peatable. Soon after starting to use this system, M.J. Visser discovered that most of the

plasmids had deletions or mutations (M.J. Visser, personal communication). M.J. Visser

and I tested multiple bacterial cell lines in an attempt at improved plasmid stability. These

attempts were not successful. This led to the rationale to reorientate the transcription

cassettes of the SA11-N5 plasmid set.

Plasmids contain origins of replication, which are required to replicate the plasmid. There

are multiple types of origins of replication, that result in different mechanisms of repli-

cation (Lilly & Camps, 2015). The one of interest to this project is known as a pMB1

origin of replication, which is derived from the pBR322 origin of replication, and results

in about 500-700 plasmid copies per cell (Lilly & Camps, 2015; Wu & Liu, 2010). This

origin of replication results in the plasmid being replicated unidirectionally, instead of bi-

directionally as in the Escherichia coli genome, known as class B theta replication, Figure

1.26 (Lilly & Camps, 2015; Nakasu & Tomizawa, 1992) . Since antibiotic resistance and

other genes are transcribed in the plasmid, run-on transcription of the insert can occur,

resulting in a toxic protein product. This causes deletions in the insert by the bacterium

42



Chapter 1 – Introduction and literature review

in order to alleviate the toxicity (Kimelman et al., 2012). Furthermore, constitutive tran-

scription of inserts in plasmids can occur, even when placed under a strongly selective

promoter, due to the presence of bacterial promotor-like sequences. Inserts can be orien-

tated in the same direction or in the opposing direction that replication of the plasmid

would occur, Figure 1.26 (Brewer, 1988). It has been documented that E. coli prefers

to have genes in the same direction as replication would occur, whether in its genome or

plasmids (Brewer, 1988; Hamperl & Cimprich, 2016).

Figure 1.26: Schematic showing plasmid replication and transcription. This shows the possible

scenarios arising from the different orientations of the transcription cassette. Replication and transcription

can occur either in the same direction, or different directions. Used with permission Hamperl & Cimprich

2016

In 2020, Sanchez-Tacuba and colleagues generated both a new murine D6/2 rotavirus

reverse genetics system and a Rhesus rotavirus reverse genetics system (Sanchez-Tacuba

et al., 2020). This allows modification of determinants of pathogenesis and reassortment

to study the effects in vivo in a relevant animal model, This reverse genetics system has

already been used to identify that NSP1 contributes to host range and pathogenesis, a

previously unknown role (Hou et al., 2021). The authors also generated a MA104 cell line

that expresses the V protein of parainfluenza 5 (PIV5) and the Npro protein of bovine

viral diarrhoea virus (BVDV). This prevents expression of IRF3 and STAT1. Finally,

the authors showed that by including C3P3 rescue of rhesus rotavirus (RRV) could be

achieved, a strain that was not previously able to rescue.

1.11.4 Applications of the rotavirus and orbivirus RG systems

The BTV and AHSV RG systems have demonstrated the utility of having a fully tractable

plasmid-based RG system. Both systems have been used in developing rationally-designed,

safer vaccine candidates. Following is a discussion of what has been achieved with the BTV

and AHSV systems and what so far has been applied in the rotavirus system.

Non-structural protein 3 (NS3) of both BTV and AHSV was long believed to be associated

with virulence. Its knockout in BTV led to strongly reduced viremia and avirulence in

sheep (Feenstra et al., 2014). NS3 is required for egress from cells, which is required for
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replication in the Cullicoides midges that serves as a vector for both BTV and AHSV, and

causes CPE in infected mammalian cells. Disabled Infectious Single Animal (DISA) candi-

date vaccines have been developed for both BTV and AHSV by deleting GS10 (NS3/NS3a)

and exchanging outer capsid proteins consisting of VP2 (Feenstra et al., 2014; van de Wa-

ter et al., 2015). DISA vaccines improved the safety of vaccine candidates since viruses

cannot spread between hosts via the insect vector since virus cannot egress from insect

cells. These vaccine candidates have shown good efficacy in sheep studies (Feenstra et al.,

2015; van Rijn et al., 2018; Van Rijn et al., 2017).

BTV VP6 serves as a helicase and is essential for the replication cycle (Matsuo & Roy,

2011). This fact has led to the design of Disabled Single Cell vaccine (DISC) candidates

(van Rijn, 2019). These viruses are replication incompetent, meaning that they cannot

replicate in cells, and can thus not leave cells that are infected. They were produced in a

trans-complementing cell line expressing BTV VP6. The BTV DISC vaccine candidates

evoke a full immune response in sheep (Matsuo et al., 2011).

Using reverse genetics, it has been shown that deletion of AHSV GS9(VP6/NS4) results

in virus attenuation in horses. AHSV NS4 antagonises the host immune response. Its

ORF encodes two forms, designated NS4-I and NS4-II (Zwart et al., 2015). NS4-II lo-

calises proportionally higher to the cytoplasm (Boughan et al., 2020). Work on BTV

NS4 has shown that nuclear localisation is related to its virulence and that it antagonises

the host interferon response by down-regulating the type I IFN transcripts as well as in-

terferon stimulated genes (Ratinier et al., 2016) A modified NS4 provided an attenuated

vaccine strain which could be used to construct a DISC AHSV vaccine candidate. Boughan

and colleagues showed that NS4 co-localises with promyelocytic leukaemia nuclear bodies

(PML-NBs), which have a role in the host interferon response. AHSV-5 with a mutation

that abolishes NS4 expression was rescued (Boughan et al., 2020). Absence of AHSV NS4

expression resulted in elongated PML-NBs. Subsequent work using rAHSV-5 NS4 deletion

mutants showed that knockdown of NS4 had no effect on replication in cell culture. In

horses, however, it results in viral attenuation(Wall et al., 2021).

Reverse genetics has also been used to exchange the BTV and AHSV outer capsid proteins,

VP2 and VP5, by using a universal BTV-1 core particle (Nunes et al., 2014; van de Water

et al., 2015). The authors constructed a panel of all VP2/VP5 reassortant viruses 16

serotypes of BTV that either contained a universal BTV-1 backbone. They also rescued

chimeric viruses containing the VP2 of BTV-14 and the VP5 of BTV-6 or the VP2 of

BTV-24 and the VP5 of BTV-4. Finally, they rescued the outer capsid proteins of BTV-

5, BTV-7, BTV-10, BTV-12,BTV-15, BTV-16, BTV-18, and BTV-19 including the use

of Seg-2 with the UTRs of BTV-1 and the use of VP2, VP5, and VP7 from the strain

being rescued. They showed that sheep inoculated with the BTV-8 VP2/VP5 reassortant

were protected against BTV-8. They were able to construct a chimeric VP2 that contains

regions from both BTV-1 and BTV-8, and rescued a chimeric virus containing this chimeric

VP2. This virus is neutralised by both BTV-1 and BTV-8 antisera. This might allow the

construction of multi-serotype vaccines.
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Some applications have already been reported for rotaviruses. Another human strain

reverse genetics system was generated for the rotavirus strain Odelia, similar to that

discussed in Section 1.11.3.3. This was used to design a panel of mono-reassortant viruses

(Kawagishi et al., 2020). Using SA11-L2 as a universal backbone, each of the 11 genome

segments were exchanged one at a time with that of rotavirus Odelia, to develop an 11-

member panel of monoreassortant viruses. This shows that reassortants between human

and simian strains can be generated and has extensive application in rational vaccine

design.

Outer capsid VP4/VP7 reassortants have also been generated for SA11. Using SA11-L2

DLPs as a backbone, viruses containing VP4s or VP7s from porcine, bovine, bat, pheasant,

and chicken rotavirus As have been rescued (Falkenhagen et al., 2019). Further work in

rescuing SA11 with VP4s and VP7s from African human strains showed that human

GS7(VP7) has a high reassortment capability but that human VP4s may be limiting as

human VP4 reassortment results in markedly lower virus titre (Falkenhagen et al., 2020).

Chimeric human VP4s have been rescued in two separate studies. The first has shown the

utility of using reverse genetics to generate candidate vaccine seed strains. The authors

showed that the VP8* fragment directly affects replication efficiency in MA104s when

rescuing an SA11 expressing a human VP4. By replacing the human VP8* with SA11

VP8* they were able to improve viral titre in MA104s (Kanai et al., 2020). This shows

that the immunogenic proteins (VP4,VP7, and VP6) can be reassorted into SA11 and

used as a live-attenuated vaccine candidates, since there are no documented cases of SA11

pathogenicity in humans.

The above-mentioned applications show some of the first examples of the wide range

of applications in rational vaccine design that a plasmid-based reverse genetics system

offers. It will allow us to not only investigate the mechanisms of reassortment, but also

construct tailor-made reassortant viruses as vaccine candidates for specific regions. Reverse

genetics can further be applied in this project to investigate the observed co-reassortment

of VP6/NSP4, as it allows rapid testing of constructs.

1.12 Problem statement

Rescue of rotaviruses with the SA11-N5 rotavirus reverse genetics system could not yet be

repeated in our laboratory, since the plasmid set is unstable in bacterial cell lines. To be

able to use reverse genetics to investigate reassortment, this problem must be alleviated.

Reassortment between vaccine strains and field strains have been documented. Rotavirus

A readily reassorts the outer capsid protein-encoding genome segments GS4(VP4) and

GS9(VP7) in the field and has been investigated using reverse genetics. Field reassort-

ment of other genome segments have been documented, but the capacity of other genome

segments to reassort has not been investigated using reverse genetics. Co-reassortment

of GS6(VP6)/GS10(NSP4) in field strains has been documented in two separate stud-

ies. For this project, the particular focus was to investigate co-reassortment of GS6(VP6)

and GS10(NSP4) using plasmid-based rotavirus reverse genetics. The knowledge gained
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from this study should be useful to improve vaccine safety by introducing restrictions of

reassortment to prevent vaccine strain/field strain reassortment.

1.13 Aims and Objectives

This project had two main aims:

1. To reorientate the transcription cassettes in the NWU SA11-N5 RV RG system so

that the transcription cassettes are transcribed in the same direction that plasmid

replication occurs, for improved plasmid stability.

2. To reassort GS6(VP6) from a RV strain that does not readily reassort GS6(VP6)

into SA11 by using the SA11-N5 based reverse genetics system and exchanging the

SA11 GS10(NSP4) DLP binding domain with that from an E1 strain.

The objectives for Aim 2 were as follows:

2.1 To design and order plasmids containing full-length GS6(VP6) open-reading

frames (ORFs) for use in the reverse genetics system.

2.2 To attempt to rescue a Wa-like (I1) VP6 in an SA11 E2 background to show

whether this combination is unable to rescue or has reduced fitness.

2.3 To use a separate DS-1 like (I2) VP6 to show whether a VP6 of the same

genotype as SA11 can be rescued in an SA11 background.

2.4 To use a SA11 NSP4 with an exchanged DLP-binding domain to determine if

rescue is possible with the VP6 constructs that did not rescue with the SA11

NSP4 and whether rescue of the exchanged DLP-binding domain NSP4 with a

SA11 VP6 is possible.

2.5 To perform mutagenesis to mutate the amino acids 169 and 174 in the DLP

binding domain of SA11 NSP4 to determine if this has an effect on the

NSP4/VP6 interaction.
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Chapter 2

Troubleshooting the NWU pSMART SA11-N5 re-

verse genetics system

2.1 Introduction

As discussed in Chapter 1, Kanai and colleagues achieved plasmid-only reverse genetics in

2017, this system is known as the pT7 SA11-L2 reverse genetics system. This was followed

by multiple optimisations, both by other groups and our laboratory, which resulted in a

marked improvement in rescue efficiency. M. GJ. Huyzers designed and constructed a

plasmid-only reverse genetics system using another SA11 strain, known as the pSMART

SA11-N5 system; in parallel to the SA11-L2 system. The pSMART SA11-N5 system gave

a theoretical 6 log TCID50 improvement over the original SA11-L2 system, at initial rescue

(Huyzers, 2020). This was achieved with the inclusion of the C3P3 plasmid, exchange of

the transfection and co-seeding cell lines and increasing the amounts of the plasmids that

encode NSP2 and NSP5. This uniquely positions this system to rescue reassortant and

chimeric viruses, which normally rescue less efficiently than SA11.

However, both our laboratory and our collaborators at the University of the Free-State

have detected mutations in the pSMART SA11-N5 plasmid set following growing up of

overnight cultures (Prof. H.G. O’Neill, UFS, personal communication). Prior to this

project, a single base insertion was detected in pSMART-T7 RV-SA11 GS2 VP2 that re-

sults in a frame-shift causing a 30 amino acid truncation of the VP2 C-terminal (M.J.

Visser, personal communication). Mutations in GS8(NSP2) and GS10(NSP4) were also

detected by our collaborators (S.S. van der Schyff and Prof. H.G O’Neill, personal com-

munication). pSmart-T7 RV-SA11 GS2(VP2) was subsequently recloned with the correct

SA11 GS2(VP2) (S.S. van der Schyff, University of the Free State, personal communica-

tion). New transcription cassettes containing SA11 GS8(NSP2) and SA11 GS10(NSP4)

were synthesised by Genscript and cloned into pUC57 (M.J. Visser, personal communica-

tion).

Currently, we hypothesise that the instability observed in the plasmid set may be due to

the orientation of the insert in the plasmids of the pSMART SA11-N5 system. The pT7

SA11-L2 system has the inserts in the same direction as the origin of replication, and thus
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far no instability has been reported.

The aims of the experiments described in this chapter were: To reanalyse previously

generated Sanger and NGS sequencing data to determine which genome segments were

commonly problematic. Secondly, to design primers that would allow the use of In-Fusion

and NEBuilder seamless cloning to sub-clone the 11 transcription cassettes in the reverse

orientation, to determine whether this would result in improved plasmid stability, and to

test multiple different transfection and infection cell lines to evaluate whether exchange of

the commonly used cell lines could contribute to rescue or improve rescue efficiency.

2.2 Materials and Methods

2.2.1 Design and construction of the pSMART-T7 SA11-N5 inline plasmid

set

To construct the plasmids described in this project, seamless cloning was used to remove

the transcription cassettes from the pSMART backbone and re-clone them in the new

orientation. Two different methods were used, namely In-Fusion and NEBuilder seamless

cloning.

In-Fusion cloning (Takara Bio, Shiga, Japan) is a commercialisation of a method that

was published as FastCloning (Li et al., 2011). In-Fusion cloning is completely ligation

and sequence independent. It involves generating 15bp ends that are complementary to

the ends of the linearised vector when amplifying the insert. It uses vaccinia virus DNA

polymerase 3’→5’ exonuclease activity to create single-strand ends that can then base pair

with the ends of the vector. The mixture is transformed into competent cells, and ligated

by the bacteria.

NEBuilder (New England Biolabs, Ipswich, USA) utilises a different approach. 15 bp

complementary overhangs are also added to the insert or vector during amplification, but

NEBuilder utilises a three-enzyme system. A 3’-exonuclease to generate single-strand ends

to allow spontaneous base pairing of the vector and insert, a DNA polymerase to fill any

gaps, and a ligase to repair the sugar-phosphate backbone. NEBuilder can assemble lower

concentrations of vectors and insert than In-Fusion.

To determine, the amount, in picomoles (pmol) of vector and insert, gel extracted vec-

tor and insert were quantified using Nanodrop spectrophotometry. Both In-Fusion and

NEBuilder require a vector:insert ratio of 1:2. Amounts of DNA was determined using the

following equation:

pmolDNA =
weight in ng × 1000

size in bp× 650Da

The In-Fusion reaction set-up is shown in Table 2.1 and NEBuilder reaction set-up in

Table 2.2. Each system has a range of DNA amount that results in successful cloning.
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For In-Fusion, the EcoDry kit (which contains the reaction components in a lyophilised

pellet(Takara Bio, Shiga, Japan) was used due to better reagent stability of this kit (Prof.

A.C. Potgieter, personal communication).

Table 2.1: In-Fusion HD reaction composition

Component 10μl reaction

Purified PCR fragment (insert) 100-200 ng

Linearised vector 50-200 ng

Nuclease-free water to 10 μl

Table 2.2: NEBuilder reaction composition

Component 20μl reaction

Total amount of fragments (vector and insert) in reaction 0.03-0.2 pmol

Master mix (2x) 10μ l

Nuclease-free water to 20 μl

For In-Fusion cloning, vector and insert were mixed in a 1:2 molar ratio, made up to 10μl

using nuclease-free water and added to the lyophilised pellet. The mixture was pipetted

up and down to mix. The reaction was then placed in a T100 thermocycler (Biorad,

California, USA) and incubated at 37°C for 15 minutes followed by 50°C for 15 minutes.

The reaction was then kept at 4°C until transformed.

For NEBuilder cloning, vector and insert were also mixed in a 1:2 molar ratio, 10μl NEB-

uilder HiFi DNA Assembly Master Mix (2x) was added, and the reaction made up to

20μl (New England Biolabs, Ipswich, USA). Incubation was then carried out in a T100

thermocycler at 50°C for 15 minutes.

As mentioned in Chapter 1 the SA11-N5 genome segments are flanked by a T7 promoter at

the 5’-end and a ribozyme at the 3’-end. Downstream of the ribozyme is a T7 terminator.

This means that the transcription cassette is configured as 5’- T7 promoter - RV genome

segment – ribozyme-T7 terminator-3’. The transcription cassette was re-orientated using

In-Fusion and NEBuilder seamless cloning, See Figure 2.1 and Figures S1-S3.
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2.2.1.1 Primer design for seamless cloning

Two primer sets were designed that would allow re-orientation of the transcription cassette

using InFusion (Takara Bio, Shiga, Japan) and NEBuilder seamless cloning. Both methods

require 15 bp overhangs between the vector and insert for ligation to occur. It was decided

that 15 bp overhangs would be created on the pSMART backbone that are complementary

to the T7 promoter and T7 terminator. Primers pSMART-BB-T7p and pSMART-BB-

T7t were used to amplify the plasmid backbone and generate the complementary ends

that would allow the transcription cassettes to be ligated in the opposing orientation.

Primers T7-ins-p and T7-ins-t were used to amplify the transcription cassettes (from

promoter to terminator) from the 11 plasmids. Table 2.1 gives the primer names, annealing

temperatures, sequence, and length.

Table 2.3: Primers used for seamless cloning of transcription cassettes.

Primer name Sequence Tm Length

pSMART-BB-T7p 5’-cctatagtgagtcgtattaggatatcgctcaatactgacc-3’ 47°C 40-mer

pSMART-BB-T7t 5’-gtcttgaggggttttttgatatcattcaggacgagc-3’ 49°C 36-mer

T7-ins-p 5’-ctaatacgactcactatagg-3’ 54°C 20-mer

T7-ins-t 5’-caaaaaacccctcaagac-3’ 52°C 18-mer

SA11corGS7F 5’-taatacgactcactataggcatttaatgc-3’ 56°C 29-mer

SA11GS7iNR 5’-gggaccatgccggccggccacataacgccc-3’ 54°C 30-mer

SA11corGS9F 5’- taatacgactcactataggctttaaaaagag-3’ 52°C 31-mer

SA11GS9iNR 5’- gggaccatgccggccggtcacatcatacaattc-3’ 54°C 33-mer

2.2.1.2 Thermal gradient polymerase chain reaction

PCR was used to amplify and create overhangs on the vector backbone from pSMART-

T7 RV-SA11 VP1 plasmid to remove the insert and to amplify the transcription cassette

from each RG plasmid. Templates were selected that were previously endotoxin-free pu-

rified and verified with next-generation sequencing. The templates for GS8 and GS10

were purchased from Genscript, and these plasmids were verified using Sanger sequencing.

Templates that were used for PCR are shown in Table 2.4. Q5 HF DNA polymerase (New

England Biolabs, Ipswich, USA) together with its 5X Q5 reaction buffer was used. The

master mix was set up as shown in Table 2.5. Generally, templates were diluted to 100

ng/μl, with primer concentrations being 10μM as working stock concentration. PCRs were

set up as follows: a cycle of initial denaturation was run for 1 minute at 98°C, followed by

19 cycles of a 10 second 98°C denaturation step, an annealing step for 30 seconds set up

as thermal gradients (44.9°C, 49°C, 52.6°C, and 55.1°C) and an elongation step at 72°C
for 2 minutes. This was followed by a final extension at 72°C for 10 minutes and was then

held at 4°C. Four reactions were run for each plasmid.
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Table 2.4: PCR template designations for seamless cloning

Template name Use

pSMART-T7 RV-SA11 VP1 Vector and insert

pSMART-T7 RV-SA11 VP2 Insert

pSMART-T7 RV-SA11 VP3 Insert

pSMART-T7 RV-SA11 VP4 Insert

pSMART-T7 RV-SA11 NSP1 Insert

pSMART-T7 RV-SA11 VP6 ) Insert

pDelta or pSMART-T7 RV-SA11 NSP3 Insert

pUC57-T7 RV-SA11 NSP2 Insert

pDelta or pSMART-T7 RV-SA11 VP7 Insert

pUC57-T7 RV-SA11 NSP4 Insert

pSMART-T7 RV-SA11 NSP5/6 Insert

Table 2.5: Q5 DNA polymerase PCR master mix components:

Component Volume for 50 μl reaction Final concentration

5X Q5 reaction buffer1 10 μl 1X

10 mM dNTPs 1 μl 200 μM

10 μM Forward primer 2.5 μl 0.5 μM

10 μM Reverse primer 2.5 μl 0.5 μM

Template DNA 1 μl ≤1000 ng

Q5 HF DNA polymerase (2000 U/μl) 0.5 μl 0.02 U/μl

Nuclease-free water 32.5 μl -

2.2.1.3 Agarose gel electrophoresis

The principle underlying gel electrophoresis is using agarose dissolved in a buffer to con-

struct a gel matrix with holes of uniform size to resolve DNA or RNA fragments of different

sizes (Feinstein, 1968; Aaij & Borst, 1972). This is done by placing a gel in a buffer and

applying an electrical current across it. Since DNA and RNA is negatively charged, frag-

ments will travel from the cathode to the anode. Resistance provided by the gel matrix

will result in fragments interacting with the matrix to varying degrees, with large frag-

ments experiencing greater interaction, and small fragments experiencing less interaction.

This separates fragments based on size, with smaller fragments moving faster, and large

fragments slower. The resolving capacity can be varied by varying the concentration of

agarose, with lower concentrations (≤ 1%) able to resolve fragments of between 1000 and

10 000 bp, whereas higher concentrations (≥ 2%) resolve fragments of less than 1000 bp.

All gels were 1% w/v agarose gels, using either tris-borate EDTA (TBE) or tris acetic

acid EDTA (TAE) as a buffer. TBE has both greater buffering capacity and provides

higher resolution than TAE, and was used for RNA work (Rio et al., 2010a; Sambrook &

Russell, 2001). 0.5 g-2.0 g Agarose were dissolved in 50-200 mL TAE or TBE depending

on mould size and heated in a microwave until the solution was clear. The solution was

allowed to cool to about 45 °C and ethidium bromide (0.25 μg/μl final concentration) was
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added, the solution mixed, and the gel was cast in a 10x7x0.5 cm or 22x15x0.5 cm mould

and allowed to set. Ethidium bromide intercalates with DNA and fluoresces when excited

with UV light. For all moulds, the appropriate comb was used to form wells (normally

10-12 wells or 52 wells for a large gel two comb configuration). Gels were allowed to set

for at least 1 hour at 23 °C and a further 30 minutes at 4 °C. 1 μl GeneRuler 1Kb ladder

(ThermoFisher scientific. Waltham, USA) was loaded in the first and last wells. Samples

were loaded as follows: For PCR amplicons, 4 μl amplicons and 1 μl Qiagen GelPilot 5X

loading dye; for restriction enzyme digestion: 8 μl restriction enzyme digestion mixture

mixed 1μl NEB purple 5X loading dye. Gels were run at 70 V for 60 minutes (7V per cm)

and 130V for 90 minutes for large gels, and imaged on a ChemiDoc XRS+ system, using

the manufacturer’s software.

2.2.1.4 Restriction enzyme digestion to eliminate plasmid templates from

PCR amplicons

To eliminate plasmid templates that may still be present after amplification and result in

colonies growing under antibiotic resistance but not containing the intended engineered

plasmid, a double endonuclease digestion strategy was devised using BsaI and DpnI. DpnI

cleaves dsDNA only when its recognition site is methylated, allowing the selective removal

of the PCR template since PCR amplicons are not methylated, whereas plasmid templates

are methylated as part of bacterial mismatch repair following DNA replication (Fukui,

2010). BsaI is used additionally, since previous work in our laboratory has shown that

DpnI is unable to completely eliminate PCR template. BsaI cleaves 10 of the 11 plasmids

once, in the plasmid β-galactosidase gene, linearising the plasmid and virtually reducing

parent plasmid background and preventing its transformation following cloning. Reactions

components are shown in Table 2.6.

Table 2.6: Overnight restriction endonuclease digestion composition

Component Volume for 50 μl reaction Final concentration

5X CutSmart buffer (NEB, Ipswich, USA) 5 μl 1X

DpnI (NEB, Ipswich, USA) 1 μl 0.4 U/μl

BsaI (NEB, Ipswich, USA) 2 μl 0.4 U/μl

PCR amplicon 43 μl Unknown

2.2.1.5 Gel extraction of vector and insert for seamless cloning

44 μl of the overnight restriction enzyme digested PCR amplicon was mixed with 10 μL

loading dye and run on 8 well gels. To prevent DNA damage such as thymine dimers, which

is caused by exposure to UV light, a dark reader (Clare Chemical Research, Dolores, USA)

was used to visualise DNA. To perform gel extraction, a Qiagen QIAquick Gel Extraction

kit was used (Qiagen, Hilden, Germany). Bands with the correct size in base pairs were

excised from the gel by cutting out the band with a scalpel and leaving as little residual

gel as possible. 2.0 ml microcentrifuge tubes were pre-weighed, to determine the mass of
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gel for each band, which determines the volume of buffer QC needed. In addition of buffer

QC, the samples were placed in a heat block at 60°C for 1 hour, with vortexing at 15-

minute intervals to allow complete mixing. One gel volume of isopropanol was then added

and mixed by up-and-down pipetting. Separate 800 μl volumes were applied one at a time

to a spin column and centrifuged at 17 900 x g for 1 minute until the complete volume was

applied to the column, with flow-through being discarded after each centrifugation. The

columns were then washed with 750 μl of buffer PE and centrifuged. Products were eluted

using 60 μL nuclease-free water (pre-warmed to 70°C) into new 1.5 ml microcentrifuge

tubes.

2.2.1.6 Transformation of commercial chemically competent cells with InFu-

sion and NEBuilder cloning reactions

Transformation refers to the introduction of exogenous DNA, into bacterial cells. For this

project EPI400 CopyCutter™ (Lucigen, Wisconsin, USA) E. coli cells were used to more

readily clone unstable DNA sequences. JM109 cells (Zymo Research, Irvine, USA) cells

were also selected as the chemically competent cell lines for the expression plasmids used

in this project. EPI400 CopyCutter™ cells were selected because they contain a modified

pcnB gene under an inducible promoter. This allows plasmids that are normally high copy

number, up to 500-700 copies per cell, to be kept at low copy number (approximately 9

copies). In EPI400 cells induction of pcnB, results in the formation of poly(A) polymerase

polyadenylates RNAI, which is an antisense primer that binds RNAII, the primer required

for plasmid replication (Masters et al., 1993). This prevents RNAI binding and increases

plasmid copy number. This allows plasmids that contain toxic cDNA sequences (AT

and GC rich sequences, and sequences that have strong secondary structure) to be kept

at low copy number following transformation, when bacterial cells are under substantial

stress. In EPI400s, plasmids can be induced to high copy number for plasmid extraction

or endotoxin-free plasmid purification, where high plasmids yields are required. E. coli

JM109 cells have a mutation in their RecA gene, termed RecA1. This results in a lower

rate of recombination.

Incubation on ice followed by a 45-second heat shock at 42°C has two purposes. Firstly, it

produces a temperature imbalance between the cell interior and exterior, allowing Brow-

nian motion to push plasmids into the cell. Secondly, incubation on ice is believed to

result in protein loss from the exterior of the cell, with the heat shock causing lipid loss,

enlarging the pores formed during induction of competency (Panja et al., 2008).

Competent EPI400 or JM109 cells were retrieved from -80°C storage and allowed to thaw

on ice. This protocol does not require transformation tubes and is performed in the

supplied tubes. When the ice crystals have just disappeared, 2.5 μl of each cloning reaction

was added to the tubes and incubated on ice for 30 minutes. Following this, cells were

heat shocked at 42 °C for 30 seconds and immediately replaced on ice for 2 minutes. 250

μl SOC medium, warmed to 37 °C, was then added to bring up the final volume to 500 μl,

after which the cells were incubated for 1 hour at 37 °C while shaking horizontally at 350
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rpm. Serial dilutions (100 to 10-2) of cells were prepared using SOC medium and spread

on LB agar plates containing carbenicillin (50 μg/ml) and incubated for 16 hours at 37

°C.

Individual colonies were picked to verify their plasmids using a 10 μl tip and streaked onto

a master plate. This master plate was then also used for archiving glycerol stocks of the

individual plasmids after confirming the plasmid sequences.

2.2.1.7 Plasmid extraction

The Qiaprep spin miniprep kit (Qiagen, Hilden, Germany) was used to perform small

scale plasmid purification for sequence verification, restriction endonuclease digestion and

to have a stock of plasmids for further use. The Qiaprep miniprep plasmid extraction

protocol is based on the method of Birnboim and Doly (Birnboim & Doly, 1979). This

method uses selective denaturation of the genomic DNA by utilising an alkaline buffer.

It exploits the fact that DNA denatures at between pH 10 - 12, resulting in the genomic

DNA and plasmid DNA denaturing but remaining in the supernatant. Due to topologi-

cal constraints, plasmid dsDNA can be held together at neutralisation and be renatured.

At neutralisation, the genomic DNA cannot renature due to its size, causing large in-

soluble aggregates to form. These are then pelleted by centrifugation. This allows the

plasmid DNA to remain in the supernatant, which is applied to a silica column at high

salt concentration, allowing DNA binding to the column, washed and eluted at low salt

concentration.

If using EPI400 cells, the OD600 of 5 mL overnight cultures (prepared in LB containing 50

μg/ml carbenicillin) was measured and used to determine the amount of overnight culture

and induction solution to be added to fresh LB-carbenicillin to a final volume of 5 ml.

Induction was performed at 37 °C with 350 rpm shaking for four hours. Cultures were then

centrifuged at, 6800 x g for 5 minutes to pellet the cells. The supernatant was discarded,

and the pellets allowed to dry upside down for 5-10 minutes. Cells were resuspended in

250 μl buffer P1, which contains LyseBlue a pH indicator, and RNaseH to digest RNA

released by cell lysis, which would also bind to the silica column and contaminate the

plasmid extracts. Buffer P1 also contains EDTA and Tris-Cl. The EDTA functions by

chelating divalent ions required for DNase function, and Tris-Cl acts as a buffer.

The homogenised cells were then transferred to new 2 ml microcentrifuge tubes and 250

μl of the lysis buffer P2, was added turning the solution blue, giving an indication of when

the buffer has been mixed completely. Buffer P2 contains sodium dodecyl sulphate (SDS)

and NaOH. SDS is a detergent that solubilises the bacterial cell wall, NaOH denatures

genomic DNA, and cellular proteins. These reactions should not proceed for more than 5

minutes

Adding 350 μl of buffer N3 then neutralised the alkaline lysis buffer, precipitating the

genomic DNA and SDS. Buffer N3 contains potassium acetate, which lowers the pH of

the solution and provides a high-salt environment for binding of the plasmid DNA to the
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silica column. The samples were then centrifuged for 10 minutes at 17900 x g. A volume

of 800 μl of the supernatant was applied to the column, centrifuged for 1 minutes at 17900

x g, and the flow-through discarded. The column was then washed with 750 μl buffer PE,

centrifuged for 1 minute at 17900 x gand the flow-through discarded and then centrifuged

again to remove residual buffer. Elution was done into a new 1.5 ml microcentrifuge tube

by applying 60 μl of nuclease-free water (pre-warmed to 70 °C) to the centre of the column

and centrifuging at 17900 x g for 1 minute.

2.2.1.8 Endotoxin-free plasmid purification

Bacterial lipopolysaccharides(LPS) form the outer leaflet of the outer membrane of Gram-

negative bacteria (Wang & Quinn, 2010). LPS have of a hydrophilic polysaccharide do-

main and a hydrophobic lipid A domain. Lipid A is known as the bacterial endotoxin

and is responsible for bacterial virulence. Transfection of plasmids contaminated with

endotoxins results in changes to cell morphology, cell death, and severely reduces trans-

fection efficiency of mammalian cells; which directly impacts the efficiency of rescue when

performing reverse genetics (Butash et al., 2000; Reitmeyer & Peterson, 1988). This neces-

sitates removal of endotoxins before transfection. The Qiagen EndoFree plasmid maxi kit

is based on the same principles as the Birnboim & Doly method for the Qiagen miniprep

kit, but binds DNA at a low salt concentration and elutes DNA at high salt concentration,

the inverse to the miniprep technique. Plasmids are bound using an anion exchange resin

consisting of diethylaminoetheyl (DEAE) on a silica support, instead of a silica based col-

umn. The positive DEAE groups interact with the negatively charged backbone of DNA

at low salt concentration to allow washing and removal of RNA and proteins at medium

salt concentration, while plasmid DNA remains bound at a broad range of salt concentra-

tions. Plasmid DNA is eluted at high salt concentration and de-salted using isopropanol

precipitation.

Colonies were picked from a master plate and inoculated into 5 ml LB broth containing

carbenicillin (50 μg/ml) and incubated for 16 hours at 37°C and 250 rpm. Cells were

then induced as indicated in the protocol of the manufacturer. The amount of overnight

culture required is determined by the OD600. The determined volume of overnight culture

was added to fresh LB-carbenicillin broth and CopyCutter induction solution in a 1:1000

dilution was added to a final volume of 100 ml. Cultures were incubated at 350 rpm for 4

hours. The cells were then pelleted at 6800 x g for 10 minutes and resuspended in 10 ml

buffer P1. 10 ml buffer P2 was then added and mixed by inverting, followed by incubation

at room temperature for 5 minutes. 10 ml of chilled buffer P3 was added and mixed by

inverting 4-6 times. The lysate was then poured into the prepared filter cartridge and

incubated for 10 minutes. The plunger was then inserted into the cartridge and the nozzle

cap removed. The lysate was then filtered by pressing the plunger down slowly. 2.5 ml

of buffer ER was added to the lysate, mixed by inverting, and incubated on ice for 30

minutes. A Qiagen-tip 500 was then prepared by equilibrating with 10 ml of buffer QBT.

After equilibration, the lysate was applied to the tip and allowed to enter the resin. The

resin was then washed twice with buffer QC and DNA was then eluted with 15 ml buffer
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QN. DNA was precipitated using 0.7 volumes of isopropanol and then centrifuged at 15

000 x g for 30 minutes, after which the supernatant was decanted. The DNA pellet was

then washed with 5 ml 70% ethanol. Centrifugation was then performed at 15 000 x g for

10 minutes, and the supernatant decanted. The pellet was then air dried for 5-10 minutes

and resuspended using 100 μl nuclease-free water, pre-warmed to 70 °C.

2.2.1.9 Spectrophotometric determination of DNA purity and quantity

DNA from gel extractions, plasmid purifications, and endotoxin-free plasmid purifications

was evaluated with a Nanodrop spectrophotometer (ThermoFisher Scientific, Waltham,

USA). The stage was cleaned using nuclease-free water and then blanked using either

nuclease-free water or buffer, depending on which the DNA was stored in. DNA absorbs

maximally at 260 nm, whereas RNA absorbs maximally at 280 nm. A260/A280 ratios

of between 1.7 to 1.9 were indicative of high-quality DNA. Values lower than this was

indicative of protein contamination, whereas values high than this was indicative of RNA

contamination. DNA yield for plasmid extractions were commonly between 50 ng/μl and

400 ng/μl. Endotoxin-free plasmid purification yielded DNA of between 700 ng/μl and

8000 ng/μl.

2.2.1.10 Sequencing

Sanger Sequencing: To verify plasmids following cloning and plasmid extraction, Sanger

sequencing was used. Plasmids for sequencing were prepared by diluting to 100 ng/μl.

Upstream pSMART and Downstream pSMART primers were used for sequencing to verify

that the transcription cassette has been orientated in the correct direction, Table 2.7. All

Sanger sequencing was done by the Central Analytical Facilities DNA sequencing core at

Stellenbosch University. After sequencing, correct sequences were verified by aligning to

the designed reference sequences using MEGA7 (Kumar et al., 2020).

Table 2.7: Primers used to verify succesful cloning using Sanger sequencing

Primer name Sequence T m Length

Upstream pSMART 5’-ggcaaacaaaccaccgctggc-3’ 61°C 20-mer

Downstream pSMART 5’-ggcatcttttactttcaccagcgtttctgc-3’ 60°C 28-mer

NGS: After endotoxin purification, plasmids that were to be used for reverse genetics

transfection were verified by next generation sequencing. This was done at the Next gen-

eration sequencing core facility at the National Institute of Communicable Diseases (San-

dringham, Johannesburg) using an Illumina NextSeq. Samples were sent as transcription

plasmid mixes. Files were received as FASTQ files.
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2.2.1.11 De novo assembly and read alignment of NGS data

All FASTQ read files were trimmed at the NICD sequencing core by the in-house bioinfor-

matitian. These files were then used to construct a de novo assemmbly of the 11 plasmids

and align the contigs to in silico references of the plasmids.

De novo assembly was performed using ABySS (Jackman et al., 2017). ABySS employs a

probalistic Bloom filter to encode a de Bruijn graph. Bloom filters are probabilistic data

structures use to represent a set of elements, allowing insertion of a new element into the

set and querying the presence of that element within a set. de Bruijn graphs use k -mers,

where k-mers are defined as k length subsequences of a specific length, to determine overlap

between reads and so construct a contiguous sequence (contig). ABySS then stores reads

in a de Bruijn graph by dividing them into a defined k -mer length, and then determining

which k -mers overlap. Assemblies are performed from paired end FASTQ read files and

the contigs are written to a FASTA file. For this project, k -mer size was set to 96, which

is standard practice for 150 bp Illumina paired-end sequencing reads, giving substantial

overlap between reads.

Alignment was performed using the graph-based sequence aligner HiSAT2 (Kim et al.,

2019). Genome graphs are created by taking a linear reference sequence and storing each

base as a string. These are then indexed, assigning a hierarchy to each base. Since

each base has a hierarchy if single nucleotide polymorhisms (SNPs) or insertion/deletions

(indels) are present reads that differ substantially from the reference sequence can still be

mapped since the areas of the read that still map to the reference are aligned non-linearly

using the hierarchy assignment made to each base in the reference. HiSAT outputs the

alignment as a SAM file. SAMtools was used to convert the SAM file to a BAM file (Li,

2011). The BAM file was then sorted and indexed. Integrated Genomics Viewer (IGV)

was used to visualise alignments (Robinson et al., 2011)

2.2.2 Reverse genetics

2.2.2.1 Cell-culture

For rotavirus reverse genetics, transfection and viral propagation cell lines had to be pre-

pared. For transfection, different clones of baby hamster kidney epithelial cells, BSR-T7/5,

BHK-C3P3 clone 8, BSR-C3P3 clone 4, and African Green Monkey kidney eppithelial

Vero-E6-C3P3 clone 5 cells were selected (all transfection cell lines were kindly provided

by Prof. A.C. Potgieter). A transfection cell line is required, since rotavirus does not

replicate well in either BSR-T7/5 or BHK-T7 cells. However, these cell lines are highly

transfectable. For infection, African Green Monkey kidney epithelial MA104, Swine testis

ST, and African Green Monkey CV-1 cells were selected. MA104 cells were provided by

Prof. H.G. O’ Neill, University of the Free State, and ST and CV-1 cells were provided

by Prof. A.C. Potgieter. Most Rotavirus A viruses (including SA11) reaches the highest

titre in MA104 cells and MA104 cells are as such the cell line of choice for rotavirus A
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infection (Desselberger, 2017b; Estes et al., 1979; Whitaker & Hayward, 1985).

BSR-T7/5, BSR-C3P3 clone 4, BHK-C3P3 clone 8, Vero-E6-C3P3 clone 5, CV-1 and

MA104 cells were propagated in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco,

Waltham, USA) supplemented with 5% foetal bovine serum for Vero-E6-C3P3 clone 5 and

10% foetal bovine serum (FBS) for CV-1 (Gibco, Waltham, USA). ST cells were cultured

in Minimal Essential Medium (MEM) (Gibco, Waltham, USA) with 10% FBS. All cell

lines were supplemented with 1% non-essential amino acids (NEAA) (Gibco, Waltham,

USA) and 100 units/ml penicillin, 100 μg/ml streptomycin and 0.25 μg/ml amphotericin

B (Anti-Anti) (Gibco, Waltham, USA).

All cell lines were retrieved from liquid nitrogen or - 80°C storage and thawed in a 37°C
water bath. Once thawed, the cells were mixed by pipetting up and down and transferred

to a 25 cm3 Nunc flask containing 5 ml growth medium supplemented with 20% FBS,

1% Anti-Anti, and 1% NEAAs. For BSR-T7/5, BSR-C3P3 clone 4, BHK-C3P3 clone 8,

Vero-E6-C3P3 clone 5 cells, geneticin was added to a final concentration of 1 mg/ml, to

select for the T7 polymerase or C3P3 expression plasmid. The flasks were then incubated

for 1 hour at 37°C and 5% CO2 to allow cell attachment.

All cell-lines were cultured in either 25 cm3 or 75 cm3 cell culture flasks. Cells were sub-

cultured after reaching 90% confluence. Cells were sub-cultured by removing the medium

and washing the monolayer twice with 2 ml phosphate-buffered saline (PBS, Gibco/her).

After discarding the PBS, 2 ml 0.05% trypsin-EDTA for 25 cm3 flask was added to the

monolayer and placed in a 37°C humidified incubator. Trypsinisation was generally 2-

3 minutes. The trypsin was then discarded and 1 ml FBS was used to initially detach

the monolayer. Depending on the sub-cultivation ratio, the FBS was divided among the

required number of flasks and FBS added, giving 5% or 10% v/v and 4.75 ml of sub-

culturing medium. Before transfection, monolayers from 25 cm3 flasks were detached as

discussed above and seeded into 6 well plates using 5% FBS and 1.8 ml sub-culturing

medium per well. For 75 cm3 flasks, cells were sub-cultured in the same manner with a

final medium volume of 15 ml.

2.2.2.2 Mycoplasma testing

Mycoplasma is a genus of pleomorphic bacteria that do not possess a cell wall (Young et al.,

2010). Mycoplasma is relevant in cell culture, since contamination with Mycoplasma can

cause a reduction of protein expression and an activated interferon state (Rottem & Naot,

1998). In this project, a PCR-based method was used to test for contamination of cell-

lines with different Mycoplasma species. The LookOut PCR Mycoplasma testing kit tests

for 20 different species of Mycoplasma by using primers that are specific for Mycoplasma

16S rRNA genes (Sigma-Aldrich, St-Louis, USA). 2 μl of medium from actively growing

cells are boiled at 95 °C for 5 minutes. During this time, a master mix of 25 μl per

reaction rehydration buffer and 0.5 μl per reaction JumpStart Taq DNA Polymerase is

prepared. PCR tubes are provided with a lyophilised pellet that contains the primers and
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the reaction internal control. 23 μl of master mix is added to a PCR tube together with 2

μl of the boiled medium. Mixing is done by pipetting up and down to dissolve the pellet.

Cycling conditions for PCR were as follows 94 °C for 2 minutes, followed by 40 cycles of

94 °C for 30 seconds, 55 °C for 30 seconds, and 72 °C for 40 seconds. The reactions are

then cooled down to 4 °C and 8 μl of amplicon is run on a 2% agarose gel.

2.2.2.3 Preparation of plasmid transfection mixture

Prior to transfection, the concentrations of all endotoxin-free purified plasmids were veri-

fied using Nanodrop spectrophotometry, Section 2.2.1.9. Plasmid mixtures for transfection

were prepared in one of two ways, either an equimicrogram or an equimolar mixture. The

total amount of DNA in the mixture for both methods was 4μg per well in a 6 well plate.

Equimicrogram mixtures were prepared by mixing equal μg amounts of plasmids. Due to

the large variation of rotavirus genome segment size (3300 bp-660 bp) the plasmids vary

in size. This results in the number of copies of plasmids in the mixture of the smaller

plasmids being greater than that of the larger plasmids.

Equimolar mixtures were prepared by determining the molecular mass (MW) of each

plasmid and then mixing molar amounts of plasmids, to result in an equal number of

copies of the plasmids in the plasmid set. This mirrors what is present in rotavirus

virions and leads to the large genome segment (GS1-4) plasmids contributing more to

the total DNA amount for transfection. MWs of each plasmid was calculated in silico

using DNAMAN (Lynnon Biosoft, USA). Equations 2.1 and 2.2 illustrate the rationale of

preparing a plasmid mixture, (Huyzers, 2020).

For an equimicrogram plasmid mixture:

For a final mixture mass of 4μg and selecting 250 ng per plasmid

Where [DNA] is the concentration of DNA in ng/μl and V is the volume of DNA required

to obtain the required ng of DNA in relation to the plasmid mixture.

Plasmid volume required =
250 ng plasmid

[DNA]
(2.1)

For an equimolar mixture: For a mixture of mass 4μg the molar mass (PMr) of each

plasmid in kDa is determined

This is then used to calculate the mass required to keep each plasmid in an equimolar

mixture.

The molar mass of the mixture is defined as: MMr

Mass of plasmid required = 4(
PMr

MMr
) (2.2)

Mixtures are then measured using NanoDrop spectrophotometry to determine their con-

centration. This is then used to calculate the volume of mixture required to transfect 4μg

per well. The required volume was then pipetted into opti-MEM, an FBS-free medium,
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buffered with HEPES and sodium bicarbonate, and supplemented with hypoxanthine,

thymidine, sodium pyruvate, L-glutamine, and growth factors (Gibco). This medium was

used since it is specifically designed for lipid-mediated transfections.

2.2.2.4 Rescue protocol for rotavirus reverse genetics

All transfections were performed in 6 well plates. Transfection was performed on 80-90%

confluent monolayers, since more confluent monolayers have reduced transfection efficiency,

metabolic activity, and viral yield. Prior to transfection, the media was discarded, and the

monolayer was washed twice with 2 ml 1x PBS to remove FBS and accumulated cellular

waste products prior to transfection. 2 ml fresh complete medium was then placed on the

cells, containing 5% FBS, 1% Anti-anti, and 1% NEAA.

The monolayers were then transfected with the desired plasmid mixture, using TransIT-

LT1 (Mirius Bio, Madison, USA) as the main transfection reagent of choice. TransIT-LT1

functions by forming a cationic lipid complex with DNA, which is able to bind to the

phospholipid membrane and be internalised into cells (Montier et al., 2008; Hoekstra,

2001).

Transfection mixtures were prepared in an equimicrogram or equimolar ratio, as indicated.

Final mixtures did not exceed a total 4 μg DNA. This mixture was then added to 250 μl

opti-MEM in a 2 ml Eppendorf lo-bind tube and mixed by pipetting. Following this, the

TransIT-LT1 was mixed by gentle flicking and added to the diluted DNA in a ratio of 2.5

μl to 1 μg DNA. For this project, 10 μl transfection reagent was added to the diluted DNA

by breaking the meniscus of the medium and gentle pipetting the transfection reagent

into the mixture, while being careful to not touch the side of the tube. This was then

mixed by vortexing for 2 seconds. The mixture was then incubated for 30 minutes. The

monolayers were transfected by holding the plate to expose the monolayer and adding the

transfection mixture dropwise to the monolayer, to ensure that the complete monolayer

was transfected and incubated at 37 °C and 5% CO2. After 16-18 hours the medium was

removed, the monolayers washed twice with PBS and growth medium without FBS placed

on the monolayers, since it has been observed that the transfection reagent damages cells

and negatively impacts rescue (Prof. A.C. Potgieter, personal communication). Cells were

incubated for a total 48 hours in a humidified incubator at 37 °C and 5% CO2.

Two days after transfection, the co-seeding cell line was detached using trypsin and FBS

as described. Cells were the pelleted at 100 x g and the pellet resuspended in 1 ml

growth medium warmed to 37 °C twice to remove residual FBS. Cells were then counted

using a stage haemocytometer. The amount of cells per ml were calculated and between

2 x 105 and 5 x 105 cells were seeded into each well by pipetting the cells under the

meniscus. Porcine trypsin type IX (Sigma-Aldrich, St.Louis, Missouri) was added to a

final concentration of 0.5 μg/ml to each well and incubated for a further 3 days. Cells

were then freeze-thawed by placing flasks in a -20°C freezer and allowing the monolayer

to freeze. Flasks were removed, allowed to thaw and homogenised by pipetting. This was
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done three times. The whole lysate was then transferred to a 2 ml tube, labelled and

stored at 4°C until passage.

When other transfection reagents were used conditions were as follows: For jetOPTIMUS

(Polyplus, Illkirch-Graffenstaden, France) a 1:1 μl transfection reagent to μg DNA ratio was

used, XtremeGene-360 (Sigma-Aldrich, St.Louis, USA) 2:1, and for Lipofectamine 2000

(ThermoFisher Scientific, Waltham, USA) (, jetPRIME (Polyplus, Illkirch-Graffenstaden,

France) and jetPEI (Polyplus, Illkirch-Graffenstaden, France) 2.5:1. For Lipofectamine

2000 the 250 μl opti-MEM was divided into two 125 μl volumes, and transfection reagent

was added to one and DNA to the other. Following a 2 second vortexing of each, the DNA

was added to the diluted lipofectamine and vortexed for 10 seconds. Prior to transfection

with Lipofectamine opti-MEM was warmed to 37 °C and 1 ml placed on the cells 30

minutes prior to transfection after washing twice with PBS. This was exchanged with

37 °C pre-warmed opti-MEM immediately prior to transfection. The following morning,

the monolayer was washed with 37 °C FBS-free medium and replaced with 37 °C pre-

warmed FBS-free DMEM. jetPEI was prepared as for Lipofectamine 2000, but in a 10

mM NaCl buffer, diluted transfection reagent was added to the DNA. jetOPTIMUS and

jetPRIME transfection reagents were prepared as with TransIT-LT1, but in their own

respective buffers. XtremeGene-360 was prepared in opti-MEM, in the same manner as

TransIT-LT1.

2.2.2.5 Viral propagation

Prior to infection using lysates from transfected cells or viral stocks, rotaviruses need to

be activated using porcine trypsin. This is done to cleave the VP8* subunit from VP4

to allow VP5* interaction with cellular integrins. To activate the inoclulum, the whole

lysate from the co-seeded cells is removed, and 1 mg/ml Porcine trypsin type IX (Sigma,

St Louis, USA) was then added in a final concentration of 10 ug/ml. After addition of

trypsin, the stock was incubated for 30 minutes at 37°C. For viral stocks, the required

volume of stock is removed and place in a separate tube. The viral stock is then activated

in the

To propagate rescued virus on 80-100% confluent monolayers of the infection cell lines,

MA104, ST, or CV-1 cells, were prepared in 25 cm3 or 75 cm3 flasks. At infection, the

growth medium was removed, and the monolayer washed twice with PBS. The activated

lysate was then added to the monolayer and allowed to incubate for 1 hour at 37°C
with agitation. After 1 hour, the activated lysate was removed, stored, and replaced with

propagation medium. Propagation medium is FBS-free and contains 0.3-0.5 μg/ml porcine

trypsin. Incubation was then for 3-5 days until 80%-100% CPE is visible. The medium

was then removed as a first passage (P0) supernatant and the monolayer was used for

immunofluorescent monolayer assay (IFMA) if 80% CPE had occured. If CPE was 100%

the cell debris was pelleted at 2500 x g and used for dsRNA extraction.
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2.2.3 Rescue verification

2.2.3.1 Immunofluorescence monolayer assay

One of the methods used to verify rescue, is known as immunofluorescence monolayer

assay (IFMA). Primary rabbit polyclonal serum against SA11 DLPs, NSP2 and NSP4

was provided by Prof. A.C Potgieter and Prof. H.G. O’ Neill. A fluorophore-conjugated

secondary antibody was then used against the primary antibodies to visualise rescue.

This principle of this method is to fix infected cells grown as monolayers to the flask using

methanol:acetone. This also precipitates cellular proteins and virus particles and perme-

abilises cell membranes to allow interaction of antibodies with the virus particles. For

this method, the permeabilisation step is not necessary, since organic solvent is sufficient

to solubilise cellular lipids and dehydrate cells (Jamur & Oliver, 2010a,b). The cells are

then incubated with primary polyclonal antibody serum, washed, and incubated with a

secondary antibody raised against the constant region of the primary antibody.

After passaging, cell lysates from infected MA104 or ST cells were removed and 5 ml

ice cold 50:50 methanol:acetone was added, and the cells incubated at -20°C in order to

fix the monolayer. The methanol:acetone was then removed and 5 ml blocking buffer

(containing 1x PBS, 0.05% Tween-20 and 1% (w/v) tryptone ) was added and incubated

for 30 minutes at 37°C. The anti-SA11 DLP rabbit, rabbit anti-SA11 NSP2, or rabbit anti-

SA11 NSP4 serum provided by Prof. A.C. Potgieter, Deltamune, RSA and Prof. H.G.

O’Neill, University of the Free State, RSA) were diluted 1:2000 in 5 ml blocking buffer,

added to the cells and incubated for 1 hour at 37 °C. The primary antibodies were then

removed, and the fixed cells washed three times with washing buffer (containing 1x PBS,

0.05% Tween-20). Alexa Fluor 488 goat anti-rabbit IgG (Invitrogen, Waltham, USA) was

then diluted 1:2000 as for the primary antibodies, added to the cells and incubated for 1

hour at 37°C. Alex Fluor 488 has an excitation range of Ex: 495 nm and emission range

of Em: 519 nm. The secondary antibody was then removed, and the fixed cells washed

twice with 5 ml PBS, and then visualised on a Nikon Eclipse TE-2000-S microscope with

the appropriate filter to verify rescue.

2.2.3.2 dsRNA extraction

The dsRNA extraction protocol used for this project was developed by Potgieter and

colleagues (Potgieter et al., 2009). After 100% CPE was visualised in a 25 cm3 flask,

normally 3-5 days after infection, any remaining cells were manually detached by scraping

or pipetting. The complete content of the flask was emptied into a 15 ml Falcon tube and

cells were pelleted at 2500 x g for 10 minutes. The supernatant was then decanted and

used as a virus stock for subsequent passage if required. The pelleted cells were used for

dsRNA extraction using TRIzol using the manufacturer’s instructions.

TRIzol is a monophasic solution of guanidinium chloride and phenol that both solubilises

63



Chapter 2 – Troubleshooting the NWU pSMART SA11-N5 reverse genetics system

biological material (cell membranes and lipids) and denatures proteins (virus particles).

It is particularly useful for preserving RNAs when endogenous RNases are present (Rio

et al., 2010b). This is combined with phenol to provide an organic phase for organic

phase:aqueous phase extraction where proteins enter the organic phase, DNA is found at

the organic phase: aqueous phase interface and all RNA remains in the aqueous phase.

Extraction was done by adding 750 μl of TRIzol to the pellet and resuspending by pipetting

up and down and incubated on the bench for 10 minutes (Invitrogen, Waltham,USA).The

complete contents of the tube were then transferred to a 2 ml microcentrifuge tube. Then

250 μl chloroform was added, the sample vortexed, and incubated on the bench for 2

minutes. The sample was centrifuged at 16 000 x g for 30 minutes. The aqueous phase

(containing RNA) was then removed and a 1:1 volume of isopropanol added, mixed and

incubated at room temperature for 10 minutes to facilitate RNA precipitation.

Following this, RNA was pelleted at 16 000 x g for 30 minutes and the supernatant

discarded. The pellet was then resuspended in 30μl LiChrosolv HPLC water (Merck,

Darmstadt, Germany) at room temperature.

To remove ssRNA lithium chloride (LiCl) was added to a final concentration of 2M and in-

cubated overnight at 4°C. The following morning ssRNA was pelleted using centrifugation

at 16 000 g for 30 minutes and the supernatant was transferred to a new microcentrifuge

tube. LiCl was removed using a MEGAclear kit (Invitrogen, Waltham, USA) since it

distorts agarose gels.

The LiCl containing dsRNA sample was brought up to 100μl using the elution buffer. 350

μl binding solution was added to the sample and mixed by pipetting. This was followed by

250 μl of ethanol. The solution was then transferred to a binding column and the column

placed into the provided collection tube. The column was then centrifuged at 13 000 x g

for 1 minute to allow RNA to bind to the membrane. Flow-through was discarded and the

membrane washed twice with washing solution by centrifuging for 1 minute at 13 000 x

g. The column was centrifuged to dry and remove residual wash buffer. The column was

then placed into a new 1.5 ml microcentrifuge tube and dsRNA eluted using 50 μl of 95°C
nuclease-free water twice, by adding 50 μl and centrifuging to elute the RNA. This yielded

a final volume of 100 μl. dsRNA was visualised through agarose gel electrophoresis.

2.3 Results and Discussion

2.3.1 Sequence analysis of the original pSMART SA11-N5 reverse genetics

plasmids

Due to the failure to repeat the rescue of the NWU SA11-N5 pSMART reverse genetics

system and reports of instability of various plasmids, both in our laboratory and by our

collaborators at the University of the Free-State it was decided that original and more

recently generated Sanger sequencing data as well as previously generated NGS data be
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reanalysed to determine which genome segments were most prone to deletions and muta-

tions.

Sanger sequencing of the transcription cassette of pSMART-T7 RV-SA11 GS7 NSP3 that

was extracted from glycerol stocks generated by L. Geldenhuys was compared to Sanger

sequencing of the transcription cassette of pSMART-T7 RV-SA11 GS7 NSP3 performed

by in this project in 2020 (Geldenhuys, 2018). Previous Sanger sequencing data generated

by M.J. Visser for pSMART-T7 RV-SA11 GS9 VP7 was also analysed.

Multiple glycerol stocks of pSMART-T7 RV-SA11 NSP3 generated during L. Geldenhuys’s

MSc were grown up overnight and plasmid extracted. The extracted plasmids were sent

for Sanger sequencing at Central Analytical Facilities, Stellenbosch University. M.J. Visser

provided pSMART-T7 RV-SA11 VP7 sequencing data generated previously. Alignment of

the sequences obtained with GS7(NSP3) and GS9(VP7) reference sequences showed that

both the HDV ribozyme and T7 terminator sequences of both constructs were deleted,

Figures 2.2 and 2.3. These same glycerol stocks were used by M.GJ. Huyzers in his MSc

to generate the complete plasmid set for reverse genetics. This implies that any sub-

sequent plasmids extracted for pSMART-T7 RV-SA11 GS7 NSP3 and pSMART-T7 RV-

SA11 GS9 VP7 most probably did not contain a ribozyme, since the master glycerol stocks

used by both M.GJ. Huyzers and L. Geldenhuys did not contain the ribozyme.
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During both M. GJ. Huyzers’s and L.Geldenhuys’s MSc projects plasmids were not verified

using Sanger sequencing after cloning (Huyzers, 2020; Geldenhuys, 2018). Plasmids were

most often sent as mixtures for NGS as a single library. This has both positive and

negative implications. NGS allows sequencing depth, which allows the identification of

sub-populations of mutations that may be present in the sequence that will only show as a

double peak on a Sanger sequencing chromatogram. The negative result is that often large

deletions are not immediately verifiable, especially if endotoxin-free plasmid preparations

mixtures are directly sent for NGS. Further, the way in which the alignments of reads

were performed, by mapping directly to a reference using CLC Genomics Workbench

that aligns reads linearly, resulted in reads being forcibly aligned to the ribozyme and

terminator locations in these plasmids from plasmids in the mixture that did contain a

ribozyme and T7 terminator. Reads were also not aligned as paired-end libraries. Paired-

end technology allows the use of two reads that are paired to each other, with a known

specific distance between the reads. If one of the reads cannot align to the reference, both

reads will not be aligned to the reference. This would have made it impossible to visualise

the ribozyme deletion. This makes NGS sequencing of plasmids as a mixture and then

aligning with CLC Genomics Workbench, a poor choice to verify sequence. Plasmids were

also not verified with Sanger sequencing to confirm elements that are common between all

plasmids.

During his MSc, M. GJ. Huyzers also sequenced each individual plasmids of the pSMART

SA11-N5 reverse genetics plasmid set as separate libraries. This allows the analysis of the

complete plasmid, including the plasmid backbone. The single plasmid NGS data was

reanalysed as this would allow a complete and accurate picture of the complete transcrip-

tion cassette, since there are no contaminating reads that could align with the ribozyme

sequence if it is not present in a specific plasmid. NGS was reanalysed by performing a

de novo assembly to show whether any reads contained the ribozyme sequence.

In this project, de novo assemblies of M. Huyzers’ single plasmid sequence data were

performed using AbySS (Jackman et al., 2017). This is a Linux-based de novo assembler

that has been shown to produce high N50 values, a measure of the shortest contig for

which equal or longer contigs cover at least 50% of the assembly (Castro & Ng, 2017).

The N50 value can be seen as the midpoint of read length distribution across the sequence

being analysed. This results in very robust assemblies. The de novo assemblies were

then mapped to the plasmid references using HiSAT2, a graph-based sequence aligner

which uses a genome graph to align reads more accurately. To verify that the assemblies

were performed correctly, assembly was performed of the pSMART-T7 RV-SA11 GS1 VP1

library. This plasmid was previously verified using Sanger sequencing and has been shown

to contain the correct T7 promoter, ribozyme, and T7 terminator sequences, and has

had no reported stability problems, Figure 2.4a. Of the eleven reverse genetics plasmids

only two, pSMART-T7 RV-SA11 NSP3 and pSMART-T7 RV-SA11 VP7 did not contain

ribozyme sequences, Figures 2.4b and 2.5a.
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There was substantially higher coverage of the pSMART backbone (600x) than the tran-

scription cassettes (40x). This may be due to multiple reasons. Firstly, it is possible that

a sub-population of plasmids exists that only consist of the plasmid backbone. Secondly,

the way in which the libraries were prepared has a substantial influence on how reads are

generated for specific genes (Sun et al., 2013). This can influence the alignment rate, how

many genes are detected, and how many reads are mapped to specific locations in genomes.

In the case of this study, the ribozyme deletions were verified by Sanger sequencing. Fur-

ther, although there was substantially reduced coverage for the transcription cassette, the

transcription cassette still has an average 40x coverage. Therefore, since Sanger sequenc-

ing confirmed the absence of a ribozyme, lower coverage does not account for the lack of

a ribozyme in the NGS data.

These results imply that L. Geldenhuys’s rescue attempts were unsuccessful due to both

pSMART-T7 RV-SA11 NSP3 and pSMART-T7 RV-SA11 VP7 not possessing a ribozyme.

In Reoviridae reverse genetics, the HDV ribozyme ensures a native and precise 3’-end on

each (+)ssRNA genome segment. This ensures that the required terminal 5’-UGUGACC-

3’ consensus sequence that is required for genome packing is present (Kobayashi et al.,

2007). Since the rescue results from M. GJ. Huyzers’s MSc were not reproducible, it is also

probable that virus was never rescued during that project. With the deletions of the ri-

bozymes in pSMART-T7 RV-SA11 GS7 NSP3 and pSMART-T7 RV-SA11 GS9 VP7 res-

cue would not have been possible, since correct 3’ (+)ssRNA genome segment ends for

those genome segments would not have been generated during transcription. Wild-type

SA11-N2 was used in M. GJ. Huyzers’ project as a positive control for IFMA and dsRNA

extraction. As discussed in Chapter 1, SA11-N2 is a GS8(NSP2) reassortant that pos-

sesses the GS8(NSP2) from the bovine O-Agent. It is plausible that what was seen as

rescue was most probably never rescue, but contamination from the wild-type SA11-N2.

The sequence of the GS8(NSP2) from the rescued virus was never compared to SA11-N2

GS8(NSP2) in the MSc of M.GJ Huyzers.

Instability of an RNA virus genome in cDNA form has been experienced in (+)ssRNA

viruses (Almazán et al., 2000; Jo et al., 2021; Rice et al., 1989). In the reverse genetics

system for transmissible gastroenteritis coronavirus the cDNA viral genome was unstable

when cloned into a bacterial artificial chromosome (BAC), unless a fragment of the genome

that was identified as toxic to bacteria was only introduced in the final cloning step

(Almazán et al., 2000). In the next-generation respiratory syncitial virus (RSV) reverse

genetics system, a low-copy number pSMART-BAC was used as a backbone, together with

incubation at room temperature for several days to select positive clones (Jo et al., 2021).

In the original yellow-fever virus (YFV) reverse genetics system, cDNA fragments had to

be ligated in vitro (Rice et al., 1989). The ligated fragments were then used to generate

in vitro transcripts. The main drawback of (+)ssRNA reverse genetics systems is that the

genomes are often in excess of 30Kb, which makes them inherently difficult to clone. Size

is not a problem in the rotavirus reverse genetics system, which has a 18Kb genome, that

is divided into genome segments that are not larger than 3.5Kb.
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It is important to note that the 2017 Kanai et al. pT7 SA11-L2 plasmid set is stable,

whereas the NWU SA11-N5 pSMART plasmid set is not. There have been no published

reports of the plasmids from the Kanai et al. system being unstable, and our laboratory

has no problems in growing up the glycerol stocks for plasmid extraction. As discussed

in Chapter 1, a survey of the literature on bacterial plasmid replication showed that E.

coli prefers to have the replication and transcription of its genes in such an order to allow

these processes occur in the same direction. Since both myself and M.J. Visser previously

attempted different bacterial cell lines and incubation conditions for growing up overnight

cultures for plasmid extraction, it was decided that reorientating the complete NWU SA11-

N5 pSMART reverse genetics plasmid set had to be investigated as a means to improve

plasmid stability.

2.3.2 PCR amplification of pSmart backbone and SA11-N5 transcription cas-

settes for reorientation

To improve the stability of the pSMART SA11-N5 reverse genetics plasmid set, the di-

rection of the transcription cassette needed to be changed in the plasmid backbone using

seamless cloning. For seamless cloning, PCR is required to generate vector and transcrip-

tion cassette amplicons to be used for cloning. Initially, all eleven plasmids used by M.

GJ. Huyzers were used to amplify each respective plasmid’s transcription cassette. This

was done for completeness’ sake to confirm the results obtained for pSMART-T7 RV-

SA11 NSP3 and pSMART-T7 RV-SA11 VP7 using the previously generated NGS data.

Following this PCR, the GS7(NSP3) and GS9(VP7) transcription cassettes were ampli-

fied from the previously generated multi-genome segment transcription plasmid, pDelta

(Wentzel, 2014).

Both In-Fusion and NEBuilder require an insert with 15 bp overhangs flanking the insert

that are complementary to the vector to allow insert-vector annealing and subsequent

ligation. The newly designed pSmart-BB-T7p and pSmart-BB-T7t primers were used to

amplify the pSmart backbone. T7-ins-p, and T7-ins-t were used to amplify the transcrip-

tion cassette from each plasmid containing the cDNAs of the 11 genome segments, Figure

2.1. The 15 bp overhangs were generated on the vector using the pSmart-BB-T7p and

pSmart-BB-T7t primers, that are complementary to the T7 promoter and T7 terminator

on the transcription cassette.

First, the primers were used to generate amplicons for a pSmart backbone and a GS1(VP1)

transcription cassette to assess the specificity of the primers. This was done to test the

newly purchased primers and to show that cloning could be successfully performed using

the procedure developed. The primer annealing step was run as a thermal gradient to

determine the optimal primer set annealing temperature for both the primer sets. The

theoretical primer Tm are shown in Table 2.3. To find the optimal primer annealing tem-

perature, temperatures above and below the theoretical annealing temperatures (44.9°C,
49°C, 52.6°C, and 55.1°C) were selected. After amplification, amplicons were run on a

1% agarose gel. Figure 2.6 illustrates the four reactions each for the backbone and GS1
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amplification. Amplicons of the correct size were generated, 1806 bp for the pSMART

backbone amplicon and 3516 bp for the GS1(VP1) transcription cassette amplicon. No

non-specific amplicons were visible on the gel, although some ladder spillover was visible

in the 44.9°C pSMART backbone lane.

Figure 2.6: 1% agarose gel of amplicons from a thermal-gradient PCR of the pSMART

backbone and GS1 transcription cassette. The pSmart backbone amplicon has a size of 1800 bp, the

correct size for the backbone without the T7 promoter and T7 terminator. The GS1 amplicon has a size

of 3500 bp, equating to a size of 3300 bp for the genome segment and 200 bp for the T7 promoter and T7

terminator.

Following the initial thermal gradient for pSMART and GS1(VP1) amplicon generation

the same thermal gradients were run for the plasmids carrying the cDNA of the other

genome segments and amplicons were run on a 1% gel, Figure 2.7. Amplicons of the

following size were obtained for each transcription cassette: GS2 = 3000 bp, GS3 = 2900

bp, GS4 = 2500 bp, GS5 = 1700 bp. GS11 amplicon size = 800 bp GS10 = 1000 bp, GS6

= 1500 bp, GS7 = 1500 bp, GS8 = 1200 bp, GS9 = 1200 bp. Non-specific amplicons were

detected for each reaction, except for the GS8 and GS10 reactions.
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Amplicons of the expected size were obtained for the transcription cassettes of nine of

the eleven genome segments, Figures 2.6-2.7. This was not obtained for GS7(NSP3) and

GS9(VP7). The wide range of temperatures used in the thermal gradient gave similar

yields during amplification, which was unexpected, since the expectation would be for

amplification yield to decrease as the annealing temperature increases. Further, substantial

non-specific amplification was seen in all reactions except for the GS8 and GS10, which

have substantially less non-specific amplification. InFusion primers often result in non-

specific amplification during PCR, since the primers are localised to a specific location,

and this location is fixed because of the amplicon that needs to be generated for cloning.

The relative sizes of the non-specific amplicons are the same. This might be attributed to

random primer binding, resulting in random backbone amplification, generating the large

amount of non-specific amplicons seen. Addition of MgCl2 and further optimisation of the

PCR might have reduced the amount of non-specific bands.

This result also showed that none of the available pSMART GS7 and GS9 plasmids from

L. Geldenhuys and M. GJ. Huyzers could be used as templates for recloning. GS7(NSP3)

gave amplicons that were 200 bp (1400 bp) and 400 bp larger (1600 bp) than the excpected

size (1400 bp) and GS9(VP7) gave three amplicons (1200 bp, 1400 bp, and 1600 bp),

with the 1200 bp amplicon being of the correct size. The yield of the GS7(NSP3) and

GS9(VP7) amplicons were also poor. During his PhD J.F. Wentzel constructed four

plasmids that were designed to be multicistronic transcription plasmids to rescue SA11-

N5. These plasmids were not suitable to rescue SA11-N5, due to an extra guanosine

incorporated in the 5’- GGC consensus sequence. This results in a 5’-GGGC. These

plasmids were designated pAlpha, pBeta, pGamma, and pDelta. pDelta contains GS7,

GS9, and GS10 and was subsequently used as a template for GS7 and GS9, Figure 2.8.

Full length transcription cassettes could not be amplified due to two reasons. Firstly, the

plasmid pDelta contains three transcription cassettes and primers for the T7 promoter

and T7 terminator would amplify all three. Secondly, the GGGC consensus needed to

be corrected prior to cloning. It was decided to use the primers L. Geldenhuys used to

prepare amplicons to clone the transcription cassettes from the pDelta into the pSMART

backbone, Figure 2.8. The forward primer in this set removes the extra guanosine via site

directed mutagenesis.
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Figure 2.8: 1% agarose gel of pSMART backbone, GS7, and GS9 PCR amplicons. pSMART

backbone amplicon size= 2018 bp GS7= and GS9 = GS11 amplicon size = 800 bp. All amplicons have

equal amplification efficiency.

The correct size amplicons were obtained for both GS7(NSP3) and GS9(VP7) at 1100 bp

and no non-specific amplicons visualised. The generation of backbone generated multiple

non-specific amplicons. These primers were designed during L. Geldenhuys’ MSc, these

primers were not designed optimally and have substantially different annealing tempera-

tures.

2.3.3 Seamless cloning of the SA11-N5 RG transcription cassettes in the same

orientation as the origin of replication

To clone the eleven transcription cassettes into the pSMART backbone, the PCR ampli-

cons generated in Section 2.3.2 needed to be purified prior to the cloning reactions. The

aim was to use the purified amplicons in InFusion and NEBuilder cloning to re-orientate

the transcription cassettes into the pSMART backbone. Following transformation, colonies

were selected, plasmid extracted, and Sanger sequenced to assess the clones generated.

Plasmid templates are still present after PCR. To eliminate these templates, the amplicons

were digested with restriction enzymes overnight. Following digestion, all amplicons of the

correct size amplicons were purified by gel extraction as described in Section 2.2.1.5. This

provided pure vector and insert amplicons. Seamless cloning of the transcription cassettes

of eleven genome segments was performed over multiple weeks using both Infusion and

NEBuilder kits and transformed into competent EPI400 cells. Reactions were set up

as described in Section 2.2.1. Cloning reactions were immediately cooled to 4°C during

thawing of the competent EPI400 cells. 2.5 μl of each cloning reaction was transformed

into cells and plated onto LB-carbenicillin agar plates and incubated for 16 hours at 37

°C as described in Section 2.2.1.6.

To assess the success of seamless cloning, plasmids were purified from distinct bacterial
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colonies generated following transformation of the cloning reaction. Plasmids from the

selected colonies were purified as described in Section 2.2.1.7 by inoculating a colony in

5 ml overnight LB-carbenicillin cultures and inducing for higher plasmid copy number

the following day. After plasmid extraction, DNA quality as well as concentration were

assessed using Nanodrop spectrophotometry. DNA concentrations varied between 100 and

400 ng/μl.

Sanger sequencing was performed on the purified plasmids using the pSmart Upstream

and pSmart Downstream primers, Figure 2.9. For GS1(VP1)-4(GS4), sequencing was

initially performed at the Central Analytical Facilities at Stellenbosch University on an

ABI 3500 sequencer. Sequencing for the GS5(NSP1)-GS11(VP7) of the plasmid set was

performed on an ABI 3730XL. The limitation of Sanger sequencing is length. This meant

that for GS1-GS4, the sequence of the complete transcription cassette could not be verified.

These primers bind upstream and downstream of the transcription cassette and allows the

assessment of both sequence and orientation of the transcription cassette. All transcription

cassettes sequenced were found to be in the correct inline orientation and showed the

correct sequence. Figures 2.10-2.20 plasmid sequence from one colony per genome segment

as an example. Sequencing results were of high quality for all plasmids except those of

pSMART-T7 RV SA11 GS11, where a sequence from the Upstream primer could not be

obtained. The figure shows a reverse complement from the Downstream primer, which

shows that the sequence across the 5’-UTR and T7 promoter is correct. For each genome

segment, the colony with the plasmid that was confirmed to be correct by sequencing was

used for endotoxin-free plasmid purification for transfection into mammalian cell culture.

77



Chapter 2 – Troubleshooting the NWU pSMART SA11-N5 reverse genetics system

F
ig
u
re

2
.9
:
S
ch

e
m
a
ti
c
sh

o
w
in
g
th

e
o
ri
e
n
ta

ti
o
n

o
f
se

q
u
e
n
c
in
g
p
ri
m
e
rs

w
it
h

re
sp

e
c
t
to

th
e
tr
a
n
sc
ri
p
ti
o
n

c
a
ss
e
tt
e
.

N
o
te

th
a
t
in

th
e
p
re
v
io
u
s
o
ri
en

ta
ti
o
n
,
S
a
n
g
er

se
q
u
en

ci
n
g
fr
o
m

th
e
p
S
M
A
R
T

D
ow

n
st
re
a
m

w
o
u
ld

h
av
e
se
q
u
en

ce
d
th
e
T
7
te
rm

in
a
to
r
a
n
d
H
D
V

ri
b
o
zy
m
e.

In
th
e
n
ew

o
ri
en
ta
ti
o
n
,
it

se
q
u
en

ce
s
a
cr
o
ss

th
e
T
7
p
ro
m
o
te
r
a
n
d

5
’-
en

d
o
f
th
e
g
en

o
m
e
se
g
m
en

t.
T
h
e
U
p
st
re
a
m

p
ri
m
er

p
re
v
io
u
sl
y
se
q
u
en

ce
d
a
cr
o
ss

th
e
T
7
p
ro
m
o
te
r,

it
n
ow

se
q
u
en

ce
s
a
cr
o
ss

th
e
T
7
te
rm

in
a
to
r,

H
D
V

ri
b
o
zy
m
e,

a
n
d
3
’-
en

d
o
f

th
e
cD

N
A

g
en

o
m
e
se
g
m
en

t.
S
el
ec
te
d
se
q
u
en

ce
s
o
f
ea
ch

el
em

en
t
in

th
e
p
la
sm

id
a
re

sh
ow

n
to

il
lu
st
ra
te

h
ow

th
e
se
q
u
en

ce
d
ch
a
n
g
ed

w
it
h
re
sp

ec
t
to

th
e
se
q
u
en

ci
n
g
p
ri
m
er
s.

78



Chapter 2 – Troubleshooting the NWU pSMART SA11-N5 reverse genetics system

(a
)
p
S
M
A
R
T
-T

7
R
V
-S
A
1
1
G
S
1
(V

P
1
)
in
li
n
e
S
a
n
g
er

se
q
u
en

ci
n
g
u
si
n
g
p
S
M
A
R
T

U
p
st
re
a
m

p
ri
m
er

(b
)
p
S
M
A
R
T
-T

7
R
V
-S
A
1
1
G
S
1
(V

P
1
)
in
li
n
e
S
a
n
g
er

se
q
u
en

ci
n
g
u
si
n
g
p
S
M
A
R
T

D
o
w
n
st
re
a
m

p
ri
m
er

F
ig
u
re

2
.1
0
:
S
a
n
g
e
r
se

q
u
e
n
c
in
g

o
f
th

e
p
S
M

A
R
T
-T

7
R
V
-S

A
1
1

G
S
1
(V

P
1
)
in
li
n
e
tr
a
n
sc
ri
p
ti
o
n

c
a
ss
e
tt
e
u
si
n
g

th
e
p
S
M

A
R
T

U
p
st
re

a
m

a
n
d

D
o
w
n
st
re

a
m

p
ri
m
e
rs
.
T
h
is

sh
ow

s
th
a
t
th
e
o
ri
en

ta
ti
o
n
o
f
th
e
ca
ss
et
te

w
a
s
su
cc
es
sf
u
ll
y
ch
a
n
g
ed

a
n
d
th
a
t
th
e
T
7
p
ro
m
o
te
r,

cD
N
A

g
en

o
m
e
se
g
m
en
t,

H
D
V

ri
b
o
zy
m
e,

a
n
d
T
7
te
rm

in
a
to
r
a
re

p
re
se
n
t.

79



Chapter 2 – Troubleshooting the NWU pSMART SA11-N5 reverse genetics system
(a

)
p
S
M
A
R
T
-T

7
R
V
-S
A
1
1
G
S
2
(V

P
2
)
in
li
n
e
S
a
n
g
er

se
q
u
en

ci
n
g
u
si
n
g
p
S
M
A
R
T

U
p
st
re
a
m

p
ri
m
er

(b
)
p
S
M
A
R
T
-T

7
R
V
-S
A
1
1
G
S
2
(V

P
2
)
in
li
n
e
S
a
n
g
er

se
q
u
en

ci
n
g
u
si
n
g
p
S
M
A
R
T

D
o
w
n
st
re
a
m

p
ri
m
er

F
ig
u
re

2
.1
1
:
S
a
n
g
e
r
se

q
u
e
n
c
in
g

o
f
th

e
p
S
M

A
R
T
-T

7
R
V
-S

A
1
1

G
S
2
(V

P
2
)
in
li
n
e
tr
a
n
sc
ri
p
ti
o
n

c
a
ss
e
tt
e
u
si
n
g

th
e
p
S
M

A
R
T

U
p
st
re

a
m

a
n
d

D
o
w
n
st
re

a
m

p
ri
m
e
rs
.
T
h
is

sh
ow

s
th
a
t
th
e
o
ri
en

ta
ti
o
n
o
f
th
e
ca
ss
et
te

w
a
s
su
cc
es
sf
u
ll
y
ch
a
n
g
ed

a
n
d
th
a
t
th
e
T
7
p
ro
m
o
te
r,

cD
N
A

g
en

o
m
e
se
g
m
en
t,

H
D
V

ri
b
o
zy
m
e,

a
n
d
T
7
te
rm

in
a
to
r
a
re

p
re
se
n
t.

80



Chapter 2 – Troubleshooting the NWU pSMART SA11-N5 reverse genetics system
(a

)
p
S
M
A
R
T
-T

7
R
V
-S
A
1
1
G
S
3
(V

P
3
)
in
li
n
e
S
a
n
g
er

se
q
u
en

ci
n
g
u
si
n
g
p
S
M
A
R
T

U
p
st
re
a
m

p
ri
m
er

(b
)
p
S
M
A
R
T
-T

7
R
V
-S
A
1
1
G
S
2
(V

P
2
)
in
li
n
e
S
a
n
g
er

se
q
u
en

ci
n
g
u
si
n
g
p
S
M
A
R
T

D
o
w
n
st
re
a
m

p
ri
m
er

F
ig
u
re

2
.1
2
:
S
a
n
g
e
r
se

q
u
e
n
c
in
g

o
f
th

e
p
S
M

A
R
T
-T

7
R
V
-S

A
1
1

G
S
3
(V

P
3
)
in
li
n
e
tr
a
n
sc
ri
p
ti
o
n

c
a
ss
e
tt
e
u
si
n
g

th
e
p
S
M

A
R
T

U
p
st
re

a
m

a
n
d

D
o
w
n
st
re

a
m

p
ri
m
e
rs
.
T
h
is

sh
ow

s
th
a
t
th
e
o
ri
en

ta
ti
o
n
o
f
th
e
ca
ss
et
te

w
a
s
su
cc
es
sf
u
ll
y
ch
a
n
g
ed

a
n
d
th
a
t
th
e
T
7
p
ro
m
o
te
r,

cD
N
A

g
en

o
m
e
se
g
m
en
t,

H
D
V

ri
b
o
zy
m
e,

a
n
d
T
7
te
rm

in
a
to
r
a
re

p
re
se
n
t.

81



Chapter 2 – Troubleshooting the NWU pSMART SA11-N5 reverse genetics system
(a

)
p
S
M
A
R
T
-T

7
R
V
-S
A
1
1
G
S
4
(V

P
4
)
in
li
n
e
S
a
n
g
er

se
q
u
en

ci
n
g
u
si
n
g
p
S
M
A
R
T

U
p
st
re
a
m

p
ri
m
er

(b
)
p
S
M
A
R
T
-T

7
R
V
-S
A
1
1
G
S
4
(V

P
4
)
in
li
n
e
S
a
n
g
er

se
q
u
en

ci
n
g
u
si
n
g
p
S
M
A
R
T

D
o
w
n
st
re
a
m

p
ri
m
er

F
ig
u
re

2
.1
3
:
S
a
n
g
e
r
se

q
u
e
n
c
in
g

o
f
th

e
p
S
M

A
R
T
-T

7
R
V
-S

A
1
1

G
S
4
(V

P
4
)
in
li
n
e
tr
a
n
sc
ri
p
ti
o
n

c
a
ss
e
tt
e
u
si
n
g

th
e
p
S
M

A
R
T

U
p
st
re

a
m

a
n
d

D
o
w
n
st
re

a
m

p
ri
m
e
rs
.
T
h
is

sh
ow

s
th
a
t
th
e
o
ri
en

ta
ti
o
n
o
f
th
e
ca
ss
et
te

w
a
s
su
cc
es
sf
u
ll
y
ch
a
n
g
ed

a
n
d
th
a
t
th
e
T
7
p
ro
m
o
te
r,

cD
N
A

g
en

o
m
e
se
g
m
en
t,

H
D
V

ri
b
o
zy
m
e,

a
n
d
T
7
te
rm

in
a
to
r
a
re

p
re
se
n
t.

82



Chapter 2 – Troubleshooting the NWU pSMART SA11-N5 reverse genetics system
(a

)
p
S
M
A
R
T
-T

7
R
V
-S
A
1
1
G
S
5
(N

S
P
1
)
in
li
n
e
S
a
n
g
er

se
q
u
en

ci
n
g
u
si
n
g
p
S
M
A
R
T

U
p
st
re
a
m

p
ri
m
er

(b
)
p
S
M
A
R
T
-T

7
R
V
-S
A
1
1
G
S
5
(N

S
P
1
)
in
li
n
e
S
a
n
g
er

se
q
u
en

ci
n
g
u
si
n
g
p
S
M
A
R
T

D
o
w
n
st
re
a
m

p
ri
m
er

F
ig
u
re

2
.1
4
:
S
a
n
g
e
r
se

q
u
e
n
c
in
g
o
f
th

e
p
S
M

A
R
T
-T

7
R
V
-S

A
1
1

G
S
5
(N

S
P
1
)
in
li
n
e
tr
a
n
sc
ri
p
ti
o
n

c
a
ss
e
tt
e
u
si
n
g
th

e
p
S
M

A
R
T

U
p
st
re

a
m

a
n
d

D
o
w
n
st
re

a
m

p
ri
m
e
rs
.
T
h
is

sh
ow

s
th
a
t
th
e
o
ri
en
ta
ti
o
n
o
f
th
e
ca
ss
et
te

w
a
s
su
cc
es
sf
u
ll
y
ch
a
n
g
ed

a
n
d
th
a
t
th
e
T
7
p
ro
m
o
te
r,

cD
N
A

g
en

o
m
e
se
g
m
en
t,

H
D
V

ri
b
o
zy
m
e,

a
n
d
T
7
te
rm

in
a
to
r
a
re

p
re
se
n
t.

83



Chapter 2 – Troubleshooting the NWU pSMART SA11-N5 reverse genetics system
(a

)
p
S
M
A
R
T
-T

7
R
V
-S
A
1
1
G
S
5
(N

S
P
1
)
in
li
n
e
S
a
n
g
er

se
q
u
en

ci
n
g
u
si
n
g
p
S
M
A
R
T

U
p
st
re
a
m

p
ri
m
er

(b
)
p
S
M
A
R
T
-T

7
R
V
-S
A
1
1
G
S
5
(N

S
P
1
)
in
li
n
e
S
a
n
g
er

se
q
u
en

ci
n
g
u
si
n
g
p
S
M
A
R
T

D
o
w
n
st
re
a
m

p
ri
m
er

F
ig
u
re

2
.1
5
:
S
a
n
g
e
r
se

q
u
e
n
c
in
g

o
f
th

e
p
S
M

A
R
T
-T

7
R
V
-S

A
1
1

G
S
6
(V

P
6
)
in
li
n
e
tr
a
n
sc
ri
p
ti
o
n

c
a
ss
e
tt
e
u
si
n
g

th
e
p
S
M

A
R
T

U
p
st
re

a
m

a
n
d

D
o
w
n
st
re

a
m

p
ri
m
e
rs
.
T
h
is

sh
ow

s
th
a
t
th
e
o
ri
en

ta
ti
o
n
o
f
th
e
ca
ss
et
te

w
a
s
su
cc
es
sf
u
ll
y
ch
a
n
g
ed

a
n
d
th
a
t
th
e
T
7
p
ro
m
o
te
r,

cD
N
A

g
en

o
m
e
se
g
m
en
t,

H
D
V

ri
b
o
zy
m
e,

a
n
d
T
7
te
rm

in
a
to
r
a
re

p
re
se
n
t.

84



Chapter 2 – Troubleshooting the NWU pSMART SA11-N5 reverse genetics system
(a

)
p
S
M
A
R
T
-T

7
R
V
-S
A
1
1
G
S
7
(N

S
P
3
)
in
li
n
e
S
a
n
g
er

se
q
u
en

ci
n
g
u
si
n
g
p
S
M
A
R
T

U
p
st
re
a
m

p
ri
m
er

(b
)
p
S
M
A
R
T
-T

7
R
V
-S
A
1
1
G
S
7
(N

S
P
3
)
in
li
n
e
S
a
n
g
er

se
q
u
en

ci
n
g
u
si
n
g
p
S
M
A
R
T

D
o
w
n
st
re
a
m

p
ri
m
er

F
ig
u
re

2
.1
6
:
S
a
n
g
e
r
se

q
u
e
n
c
in
g
o
f
th

e
p
S
M

A
R
T
-T

7
R
V
-S

A
1
1

G
S
7
(N

S
P
3
)
in
li
n
e
tr
a
n
sc
ri
p
ti
o
n

c
a
ss
e
tt
e
u
si
n
g
th

e
p
S
M

A
R
T

U
p
st
re

a
m

a
n
d

D
o
w
n
st
re

a
m

p
ri
m
e
rs
.
T
h
is

sh
ow

s
th
a
t
th
e
o
ri
en

ta
ti
o
n
o
f
th
e
ca
ss
et
te

w
a
s
su
cc
es
sf
u
ll
y
ch
a
n
g
ed

a
n
d
th
a
t
th
e
T
7
p
ro
m
o
te
r,

cD
N
A

g
en

o
m
e
se
g
m
en
t,

H
D
V

ri
b
o
zy
m
e,

a
n
d
T
7
te
rm

in
a
to
r
a
re

p
re
se
n
t.

85



Chapter 2 – Troubleshooting the NWU pSMART SA11-N5 reverse genetics system
(a

)
p
S
M
A
R
T
-T

7
R
V
-S
A
1
1
G
S
8
(N

S
P
2
)
in
li
n
e
S
a
n
g
er

se
q
u
en

ci
n
g
u
si
n
g
p
S
M
A
R
T

U
p
st
re
a
m

p
ri
m
er

(b
)
p
S
M
A
R
T
-T

7
R
V
-S
A
1
1
G
S
7
(N

S
P
3
)
in
li
n
e
S
a
n
g
er

se
q
u
en

ci
n
g
u
si
n
g
p
S
M
A
R
T

D
o
w
n
st
re
a
m

p
ri
m
er

F
ig
u
re

2
.1
7
:
S
a
n
g
e
r
se

q
u
e
n
c
in
g
o
f
th

e
p
S
M

A
R
T
-T

7
R
V
-S

A
1
1

G
S
8
(N

S
P
2
)
in
li
n
e
tr
a
n
sc
ri
p
ti
o
n

c
a
ss
e
tt
e
u
si
n
g
th

e
p
S
M

A
R
T

U
p
st
re

a
m

a
n
d

D
o
w
n
st
re

a
m

p
ri
m
e
rs
.
T
h
is

sh
ow

s
th
a
t
th
e
o
ri
en

ta
ti
o
n
o
f
th
e
ca
ss
et
te

w
a
s
su
cc
es
sf
u
ll
y
ch
a
n
g
ed

a
n
d
th
a
t
th
e
T
7
p
ro
m
o
te
r,

cD
N
A

g
en

o
m
e
se
g
m
en
t,

H
D
V

ri
b
o
zy
m
e,

a
n
d
T
7
te
rm

in
a
to
r
a
re

p
re
se
n
t.

86



Chapter 2 – Troubleshooting the NWU pSMART SA11-N5 reverse genetics system
(a

)
p
S
M
A
R
T
-T

7
R
V
-S
A
1
1
G
S
9
(V

P
7
)
in
li
n
e
S
a
n
g
er

se
q
u
en

ci
n
g
u
si
n
g
p
S
M
A
R
T

U
p
st
re
a
m

p
ri
m
er

(b
)
p
S
M
A
R
T
-T

7
R
V
-S
A
1
1
G
S
9
(V

P
7
)
in
li
n
e
S
a
n
g
er

se
q
u
en

ci
n
g
u
si
n
g
p
S
M
A
R
T

D
o
w
n
st
re
a
m

p
ri
m
er

F
ig
u
re

2
.1
8
:
S
a
n
g
e
r
se

q
u
e
n
c
in
g

o
f
th

e
p
S
M

A
R
T
-T

7
R
V
-S

A
1
1

G
S
9
(V

P
7
)
in
li
n
e
tr
a
n
sc
ri
p
ti
o
n

c
a
ss
e
tt
e
u
si
n
g

th
e
p
S
M

A
R
T

U
p
st
re

a
m

a
n
d

D
o
w
n
st
re

a
m

p
ri
m
e
rs
.
T
h
is

sh
ow

s
th
a
t
th
e
o
ri
en

ta
ti
o
n
o
f
th
e
ca
ss
et
te

w
a
s
su
cc
es
sf
u
ll
y
ch
a
n
g
ed

a
n
d
th
a
t
th
e
T
7
p
ro
m
o
te
r,

cD
N
A

g
en

o
m
e
se
g
m
en
t,

H
D
V

ri
b
o
zy
m
e,

a
n
d
T
7
te
rm

in
a
to
r
a
re

p
re
se
n
t.

87



Chapter 2 – Troubleshooting the NWU pSMART SA11-N5 reverse genetics system
(a

)
p
S
M
A
R
T
-T

7
R
V
-S
A
1
1
G
S
1
0
(N

S
P
4
)
in
li
n
e
S
a
n
g
er

se
q
u
en

ci
n
g
u
si
n
g
p
S
M
A
R
T

U
p
st
re
a
m

p
ri
m
er

(b
)
p
S
M
A
R
T
-T

7
R
V
-S
A
1
1
G
S
1
0
(N

S
P
4
)
in
li
n
e
S
a
n
g
er

se
q
u
en

ci
n
g
u
si
n
g
p
S
M
A
R
T

D
o
w
n
st
re
a
m

p
ri
m
er

F
ig
u
re

2
.1
9
:
S
a
n
g
e
r
se

q
u
e
n
c
in
g
o
f
th

e
p
S
M

A
R
T
-T

7
R
V
-S

A
1
1

G
S
1
0
(N

S
P
4
)
in
li
n
e
tr
a
n
sc
ri
p
ti
o
n

c
a
ss
e
tt
e
u
si
n
g
th

e
p
S
M

A
R
T

U
p
st
re

a
m

a
n
d

D
o
w
n
st
re

a
m

p
ri
m
e
rs
.
T
h
is

sh
ow

s
th
a
t
th
e
o
ri
en
ta
ti
o
n
o
f
th
e
ca
ss
et
te

w
a
s
su
cc
es
sf
u
ll
y
ch
a
n
g
ed

a
n
d
th
a
t
th
e
T
7
p
ro
m
o
te
r,

cD
N
A

g
en

o
m
e
se
g
m
en
t,

H
D
V

ri
b
o
zy
m
e,

a
n
d
T
7
te
rm

in
a
to
r
a
re

p
re
se
n
t.

88



Chapter 2 – Troubleshooting the NWU pSMART SA11-N5 reverse genetics system

(a
)
p
S
M
A
R
T
-T

7
R
V
-S
A
1
1
G
S
1
1
(N

S
P
5
/
6
)
in
li
n
e
S
a
n
g
er

se
q
u
en

ci
n
g
u
si
n
g
p
S
M
A
R
T

U
p
st
re
a
m

p
ri
m
er

(b
)
p
S
M
A
R
T
-T

7
R
V
-S
A
1
1
G
S
1
1
(N

S
P
5
/
6
)
in
li
n
e
S
a
n
g
er

se
q
u
en

ci
n
g
u
si
n
g
p
S
M
A
R
T

D
o
w
n
st
re
a
m

p
ri
m
er

F
ig
u
re

2
.2
0
:

S
a
n
g
e
r
se

q
u
e
n
c
in
g

o
f
th

e
p
S
M

A
R
T
-T

7
R
V
-S

A
1
1

G
S
1
1
(N

S
P
5
/
6
)
in
li
n
e

tr
a
n
sc
ri
p
ti
o
n

c
a
ss
e
tt
e

u
si
n
g

th
e

p
S
M

A
R
T

U
p
st
re

a
m

a
n
d

D
o
w
n
-

st
re

a
m

p
ri
m
e
rs
.

T
h
is

sh
ow

s
th
a
t
th
e
o
ri
en
ta
ti
o
n

o
f
th
e
ca
ss
et
te

w
a
s
su
cc
es
sf
u
ll
y
ch
a
n
g
ed

a
n
d

th
a
t
th
e
T
7
p
ro
m
o
te
r,

cD
N
A

g
en

o
m
e
se
g
m
en
t,

H
D
V

ri
b
o
zy
m
e,

a
n
d

T
7

te
rm

in
a
to
r
is

p
re
se
n
t.

N
o
te

th
a
t
th
e
D
ow

n
st
re
a
m

se
q
u
en

ce
w
a
s
g
en

er
a
te
d
fr
o
m

th
e
re
v
er
se

co
m
p
le
m
en
t
o
f
th
e
U
p
st
re
a
m

se
q
u
en

ce
,
d
u
e
to

a
te
ch
n
ic
a
l
er
ro
r
w
it
h
th
e
U
p
st
re
a
m

se
q
u
en

ci
n
g
.

89



Chapter 2 – Troubleshooting the NWU pSMART SA11-N5 reverse genetics system

2.3.4 Endotoxin-free plasmid purification for transfection and sequence ver-

ification using Next-Generation sequencing

As discussed in Section 2.2.1.8 endotoxins severely inhibit transfection and impact viral

rescue efficiency. This required that a Sanger sequence verified plasmid for each genome

segment be endotoxin-free purified for transfection into mammalian cell culture. Further,

prior to use in reverse genetics, all complete reverse genetics plasmids needed to be verified

using NGS to provide higher sequencing depth and allow identification of sub-populations.

From each set of colonies, one was selected for each genome segment for endotoxin-free

purification and transfection into mammalian cell culture. 15 ml overnight cultures were

prepared. Induction for plasmid replication was performed the following morning on

overnight cultures. Plasmids were then extracted and endotoxin-free purified according to

the manufacturer’s instructions. Nanodrop spectrophotometry showed that concentrations

generally ranged between 500 and 3500 ng/μl.

To verify that the plasmids did not contain large deletions prior to next-generation se-

quencing, BsaI was selected for the digestion, since this enzyme cuts the pSmart backbone

in the β-lactamase gene, except for the GS6(VP6) plasmid, where the enzyme cuts in the

GS6(VP6) ORF as well. This allows linearisation of the plasmid containing the transcrip-

tion cassette, Figure 2.21. Table 2.8 shows the expected fragment sizes for each digestion,

All plasmids digested and were of the correct size. No large deletions were detectable

by restriction digestion. Between 100-500 ng was loaded for digestion of plasmids carry-

ing the transcription cassettes of GS1-GS10. For the GS11 plasmid, less than 50 ng was

loaded for pSMART-T7 RV-SA11 GS11 NSP5-6 inline ori. This was due to low yield of

the plasmid after endotoxin-free plasmid purification. DNA amounts less than 50 ng result

in low signal intensity on the gel. Although signal intensity was low, successful digestion

of pSMART-T7 RV-SA11 GS11 NSP5-6 inline ori could be verified.

Figure 2.21: 1% Agarose gel of BsaI restriction enzyme digestion of the pSmart SA11-

N5 inline ori reverse genetics plasmid set. This shows correct plasmid size following recloning of the

transcription cassettes in the new orientation. U = Undigested. D = Digested.
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Aliquots of the complete plasmid set were then pooled as one library for NGS at the

National Institute of Communicable diseases. Sequencing was done in this way to reduce

costs, as this allows the preparation of a single library for the complete plasmid set,

instead of individual libraries for each plasmid. The concentration was 100 ng/μl and was

delivered to the NICD sequencing core for 2 x 150 bp whole genome sequencing on the

Illumina NextSeq with a required minimum 1000x read depth. This approach only allowed

the verification of individual transcription cassettes and not the plasmid backbones, since

reads for the plasmid backbones are not specific to a single plasmid. Because the backbone

sequence is found in every plasmid, it does not allow construction of contigs in the de novo

assembly that are a complete contig for each plasmid since the backbone is not unique,

meaning backbone reads will not form a contig that includes each separate transcription

cassette. Even though the promoter and ribozyme occur in each plasmid, paired-end

sequencing technology allows de novo assembly of the promoter and ribozyme. A read that

is generated in the cDNA genome segment will be part of a pair. The second member of the

pair can then be successfully assembled that arose from the ribozyme or promoter, since

the distance between the pair is known and there is read overlap between the ribozyme

and genome segment. De novo assembly as well as alignment with HiSAT2 was performed

in order to ensure that an accurate alignment was obtained of the transcription cassettes,

with no reads for the T7 promoter, T7 terminator, or ribozyme being mapped to a plasmid

that has a deletion of once of these components because of reads being generated from

another plasmid in the mixture. The trimmed reads from the sequenced library were de

novo assembled using AbySS and the contigs were then aligned to their in silico designs,

Figure 2.22 - Figure 2.27.

Figures 2.22 - 2.27 show that all the 11 transcription cassettes were successfully re-

orientated. Reads were mapped to each in silico construct, showing that the 11 transcrip-

tion cassettes were present in the plasmid mixture sent for sequencing, Figures S6-S16. No

reads aligned with the backbone, as was expected. Reorientation resulted in the sequence

that was previously 5’-3’ on the positive strand, now being 5’-3’ on the negative strand.

Table 2.8: Expected fragments and size of the SA11-N5 pSMART inline ori plasmid set after BsaI

digestion

Plasmid name Expected fragment size

pSMART-T7 RV-SA11 GS1 VP1 inline ori 5320 bp

pSMART-T7 RV-SA11 GS2 VP2 inline ori 4711 bp

pSMART-T7 RV-SA11 GS3 VP3 inline ori 4609 bp

pSMART-T7 RV-SA11 GS4 VP4 inline ori 4380 bp

pSMART-T7 RV-SA11 GS5 NSP1 inline ori 3632 bp

pSMART-T7 RV-SA11 GS6 VP6 inline ori 1832 and 1542 bp

pSMART-T7 RV-SA11 GS7 NSP3 inline ori 3123 bp

pSMART-T7 RV-SA11 GS8 NSP2 inline ori 3077 bp

pSMART-T7 RV-SA11 GS9 VP7 inline ori 3081 bp

pSMART-T7 RV-SA11 GS10 NSP4 inline ori 2769 bp

pSMART-T7 RV-SA11 GS11 NSP5/6 inline ori 2685 bp
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Reads were created from the positive strand in a 5’-3’ direction. The sequence was thus the

complement of the coding sequence on the negative strand. A mixture of the 11 plasmids

were sequenced as a single library. This resulted in the amount of reads in the library

being much higher for the backbone, than for the transcription cassettes, since there is

more backbone present. Since Illumina paired-end sequencing technology was used and

aligning to a single reference for each plasmid, only read pairs that have a mapped to be

the backbone and the transcription cassette will show in the alignment. This is because

we are defined that we only want to see reads that were mapped to a single plasmid as

pairs.
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The stability substantially improved for the pSMART inline ori plasmid set. What was

especially apparent during the recloning of the plasmid set was that the cloning efficiency

improved, with almost 100% of colonies screened containing the correct construct. This

was especially evidenced for what were previously seen as difficult or problem genome

segments, such as GS7(NSP3), GS9(VP7), and GS10(NSP4), and for the ribozyme region,

which had previously been undergoing deletions in many of the plasmids, Section 2.3.1.All

the plasmids were stable after cloning with no large deletions or mutations seen during

the course of this project, even when working from glycerol stocks. Glycerol stocks were

shown to be stable for more than a year, where previously glycerol stocks were unusable

after 3 months, with large deletions occurring when retrieved from -80°C storage (data

not shown).

2.3.5 Attempted viral rescue with the SA11-N5 pSMART inline plasmid set

To assess whether the new plasmid set could be used for rescue and whether rescue was

repeatable, transfection mixes needed to be prepared for transfection. Rescue of SA11-N5

was attempted using both an equimolar and equimicrogram approach.

BSR-T7/5 stat(-) clone 16, ST, MA104 cells were in use in our laboratory at this stage.

BSR-T7/5 stat(-) clone 16 cells were chosen to replace the BSR-T7/5 cells used by M.GJ

Huyzers, since rescue could be achieved with these cells for AHSV and BTV, and they

have STAT1 knocked out (Prof. A.C. Potgieter, personal communication). The approach

was that these cells may generate a higher titre at initial rescue, since they cannot mount

an interferon response.

One day prior to transfection, BSR-T7/5 stat(-) clone 16 cells were seeded into 6 well

plates. Plasmids were measured using Nanodrop spectrophotometry and equimolar or

equimicrogram mixes prepared. Mixes were measured prior to transfection in order to

transfect the correct mass of DNA. BSR-T7/5 stat(-) clone 16 cells were transfected using

4 μg of DNA as described in Section 2.2.2.4. The medium was changed the following day

and transfections incubated for 5 days. The BSR-T7/5 stat(-) clone 16 cells were then

freeze-thawed three times, porcine trypsin activated and passaged on ST cells, this was

designated as the P0 passage. After complete cell death, freeze-thaw and activation was

again performed, and the clarified supernatant passaged on ST cells again. The P1 lysate

was then used to infect MA104 cells.

What appeared as cytopathic effect (CPE) was visualised in ST cells, Figure 2.28. A

negative control was included, where untransfected BSR-T7/5 cellls from the same plate

was passaged in the same manner as the rescue attempts. There was a clear progression

from a monolayer that appears uninfected to a monolayer that presented 90% CPE. CPE

was also observed in the subsequent passaging in MA104 cells. At 80% CPE cells were

fixed for immunofluorescence and the supernatant kept for further passaging. IFMA

was then performed as described in Section 2.2.3.1 and the monolayers visualised using

a Nikon TE-2000S epifluorescence microscope (data not shown). No fluorescence was
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(a) 24h (b) 72 h (c) Unifected

Figure 2.28: Cytopathic effect in ST cells (a) Cell morphology 24 hours post infections (b) Cell

morphology 72 hours post infection. Note that the monolayer progressed from 80 % confluent 24 hours

post-infection to 10% confluent 48 hours later, with amorphic patches of cells forming. (c) Infection of

transfection negative control (No serum, 0.3 μg/ml trypsin) in ST cells, 72 hours post infection

observed on the IFMA. Despite signs of CPE being observed, it was often difficult to

differentiate actual viral infection from a monolayer that is reacting poorly to the medium

conditions required for infection. Since the negative control showed no signs of CPE,

it is probable that there additional toxcicity from the transfected BSR-T7/5 cells, that

resulted in cell death in the ST cells. In the future a mock-transfected negative control

may be a more valid comparison. Rescue of SA11-N5 was not successful, despite multiple

attempts.

The utility of a fluorescent reporter virus is that fluorescence is usually visible 24-48 hours

after infection. This would allow us to rapidly transfect, passage, and visualise rescue,

allowing more attempts at rescue in the same space of time. This also eliminates the need

to passage blind and the use of CPE as an indicator of infection. pSMART-T7 SA11-

N5 NSP1-ZsGreen was generated previously during my honours project. The construct

design was based on that of Kanai et al. (Kanai et al., 2019). This plasmid was still

available for use, and it was decided to attempt the rescue of SA11-N5 NSP1-ZsGreen

using the re-orientated plasmid set in parallel to the rescue of SA11-N5.

Rescue was attempted for SA11-N5 NSP1-ZsGreen by exchanging the NSP1 plasmid with

pSMART-T7 RV SA11 NSP1-ZsGreen and transfecting the rescue plasmid mixture in

BSR-T7/5 stat(-) cells as for SA11-N5. Transfections were incubated for 5 days, whole

lysates passaged on ST cells, and then passaged on MA104 cells. Fluorescence was visu-

alised in single cells 48 hours post infection in the P1 passage, a result that was taken to

be indicative of infection. ”r”SA11-N5 NSP1-ZsGreen1 initially propagated very poorly,

with no visible cytopathic effect after five passages, in infection or plaque assay.

Due to how the infection progressed, with what appeared as single cells being infected, but

with no viral spread to neighbouring cells, it was postulated that the porcine trypsin was

not effective and viral activation may not have been occurring prior to infection. Fresh

porcine trypsin was purchased. The substitution with fresh porcine trypsin had no effect
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on ”r”SA11-N5 NSP1-ZsGreen propagation.

As a separate experiment to assess whether reduced trypsin cleavage efficacy or lack of

expression of NSP1, which inhibits the cellular interferon response, prevented efficient viral

spread, the ”r”SA11-N5 NSP1-ZsGreen viral stock was only infected in ST cells, since they

are more susceptible to infection (Prof. A.C. Potgieter, personal communication).

”r”SA11-N5 NSP1-ZsGreen passage 4 was infected in ST cells and fixed after 72 hours for

IFMA. Fig 2.29 shows immunofluorescence using Alexa Fluor 555, co-localising with the

ZsGreen signal. No CPE was visible, but immunofluoresence overlays with the ZsGreen

signal, seemed to show that infection, but not viral spread occurred. Signal intensity

was extremely low. This was initially taken to be rescue, but is now believed to be

background. Firstly, it is common for secondary antibodies to bind to clusters of cell debris.

Secondly, cell debris also fluoresces when blue light is used for excitation, resulting in green

fluorescence. After multiple blind passages, a dsRNA genome could not be isolated. This

result showed that the NWU SA11-N5 pSMART system did not support rescue, even after

plasmid stability was improved by reorientating the transcription cassettes.

Figure 2.29: Immunofluorecence showing ZsGreen1 and Alexa555 fluorescence in the green

and red channels during epifluorescence. Both green and red fluorescence can be visualised on their

respective channels. Overlaying of the channels shows exact overlap between the two signals

2.3.6 Various modifications applied to facilitate rescue with the SA11-

N5 inline pSMART system

The lack of success of the NWU SA11-N5 pSMART reverse genetics system in the present

study led to three hypotheses. The first was that there was a fundamental problem in the

mammalian cell lines we were using. The second was that there was a problem with both

the cell lines and/or transfection reagents, and the the third that there was a fundamental

problem with the pSMART inline plasmid set.

The main transfection cell line in use at this time was BSR-T7/5 stat(-) clone 16. This cell

line is a STAT1 knockout selected for its high transfection efficiency (prepared by Prof.

A.C. Potgieter, personal communication). Since we could not rescue with this cell line,

other cell lines were selected to test whether the transfection cell line or infection cell line
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we were using was not allowing rescue. Many of the transfection cell lines we were using

were clones of transfection cell lines used for AHSV and BTV reverse genetics. Since

the plasmid design of the AHSV, BTV and RV pSMART reverse genetics systems are

similar, transfection reagent efficiency for each cell line was tested by Prof. A.C Potgieter

(data not shown, personal communication). This showed that TransIT-LT1, jetPEI, and

jetPRIME worked most effectively for BSR-T7/5 stat(-) clone 16 and BSR-C3P3 clone 4.

XtremeGene 360 and jetOPTIMUS worked most effectively for BHK-C3P3 clone 8 and

Vero-E6-C3P3 clone 5. ST cell transfection efficiency was tested in this project, which

showed that Lipofectamine 2000 was most effective.

Replacing of MA104 with CV-1 cells and ST cells were also attempted as a method to

facilitate rescue and were each used as the co-seeding and infection cell line. ST cells

were chosen because they are more susceptible to infection and are believed to express

a larger amount of the receptors required for viral attachment and internalisation (Prof.

A.C. Potgieter, personal communication). CV-1 cells were chosen since they have been

previously shown to be susceptible to rotavirus infection (Komoto et al., 2018; Estes et al.,

1979).

Table 2.9 shows the rescue attempts made with each transfection reagent/transfection

reagent/infection cell line combination. A total of 7 transfection reagents (TransIT-LT1,

XtremeGene 360, jetPEI, jetPrime, jetOptimus, Lipofectamine 2000, and FuGene HD, 5

transfection cell lines (BSR-T7/5 stat(-) clone 16, BSR-C3P3 clone 4, BHK-C3P3 clone 8,

Vero-E6-C3P3 clone 5, and ST cells, and 3 infection cell lines (MA104, ST, and CV-1) were

tested. Different transfection reagent/cell line combinations were also tested to determine

whether rescue was possible if a specfic transfection reagent was used. The rationale of

using cell lines expressing C3P3 was to further reduce the plasmid load during transfec-

tion by omitting this plasmid in the transfection mixture, since the phCMVDream C3P3

plasmid is large ( 9Kb). The rationale of using both the vaccinia virus (VV) and African

Swine Fever Virus (ASFV) capping enzyme was to test whether capping was possibly

happening sub-optimally with one of the two capping enzymes. ST cells do not contain a

T7 polymerase and phCMWDream C3P3 was co-transfected in a 1:1 ratio to provide T7

polymerase.

Rescue was not achieved in any attempt.
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Table 2.9: Variations applied to the basic rescue protocol to facilitate rescue with the SA11-N5 inline

pSMART reverse genetics system

Transfection reagent Transfection cell line
Capping

enzyme

Infection

cell line
Rescue

TransIT-LT1 BSR-T7/5 stat(-) clone 16 C3P3 MA104 No

ST No

CV-1 No

ASFV MA104 No

ST No

CV-1 No

BSR-C3P3 clone 4 C3P3 MA104 No

ST No

CV-1 No

ASFV MA104 No

ST No

CV-1 No

VV MA104 No

ST No

CV-1 No

Lipofectamine

2000

BSR-T7/5 clone 16 stat (-) C3P3 MA104 No

ASFV MA104 No

BSR-C3P3 clone 4 C3P3 MA104 No

ST No

CV-1 No

ASFV MA104 No

ST No

CV-1 No

ST C3P3 ST No

XtremeGene-360 BHK-C3P3

clone 8

C3P3 MA104 No

ASFV MA104 No

Vero-E6-C3P3 clone 5 C3P3 MA104 No

jetPEI BSR-T7/5 clone 16 stat(-) C3P3 MA104 No

ST No

CV-1 No

ASFV MA104 No

ST No

CV-1 No

BSR-C3P3 clone 4 C3P3 MA104 No

ST No

CV-1 No

ASFV MA104 No
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Table 2.9 – continued from previous page

Transfection reagent Transfection cell line
Capping

enzyme

Infection

cell line
Rescue

ST No

CV-1 No

jetPrime BSR-T7/5 clone 16 stat(-) C3P3 MA104 No

ST No

CV-1 No

ASFV MA104 No

ST No

CV-1 No

BSR-C3P3 clone 4 C3P3 MA104 No

ST No

CV-1 No

ASFV MA104 No

ST No

CV-1 No

jetOptimus Vero-E6-C3P3 clone 5 C3P3 MA104 No

FuGene HD Vero-E6-C3P3 clone 5 C3P3 MA104 No

Since no virus could be rescued using these optimisations, it was hypothesised that a

previously undetected mutation in one of the plasmids may be abrogating rescue.

During the experiments summarised in Table 2.9 NGS for the SA11-N5 inline pSMART

plasmid set was repeated to confirm that the plasmid set was correct. A plasmid mixture

was sent as a single library to Inqaba biotec and sequenced on an Illumina NextSeq.

Analysis was done as in Section 2.3.4. No mutations were detected (data not shown).

After the cell-line/transfection reagent variations gave no rescue, it was tested whether

a transcription plasmid/expression plasmid combination could facilitate rescue. A 2-step

transfection procedure was developed for AHSV where six expression plasmids expressing

the AHSV replication complex (VP1, VP3, VP4, VP6) as well as NS1, the interferon

antagonist, and NS2 which participates in the formation of viral factories were transfected

first (Kaname et al., 2013). Transfection resulted in the expression of the replication

complex, the viral factories, and interferon antagonist prior to the transfection of capped

(+)ssRNA synthetic transcripts in step 2, 18 hours later. The 2-step transfection approach

was also used in 2016 to optimise BTV and AHSV transcript-based reverse genetics (van

Rijn et al., 2016). J.F. Wentzel also used this approach to attempt rescue of SA11-N5

using DLP-derived transcripts (Wentzel, 2014).

For this MSc project, the addition of an MA104 codon optimised expression plasmid set

was used in conjunction with the transcription plasmid set. The idea was to test whether

co-transfection with the 11 transcription plasmids or a two-transfecion rationale where

the expression plasmids were transfected 18 hours before the transcription plasmids could
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facilitate rescue of SA11-N5. Either the plasmids encoding the viroplasm (NSP2, NSP5,

and NSP6), or the complete set encoding the replication complex, the core, DLP, the

innate immune antagonist, and viroplasm (VP1, VP2, VP3, VP6, NSP1, NSP2, NSP5,

and NSP6) were transfected. Table 2.10 shows the rescue attempts using the expression

plasmid set. No rescue could be achieved using any of the described variations.

Table 2.10: Use of transcription and expression plasmid co-transfection to facilitate rescue

Expression

mix composition

Expression mix

transfection

reagent

Expression mix

transfection time

point

Ratioa

Tr:Ex

Rescue

phCMVDream VP1,2,3, 6

and NSP1,2,5,6

TransIT-LT1 18h before 1:3 No

2:2 No

3:1 No

Lipofectamine 2000 18h before 1:3 No

2:2 No

3:1 No

TransIT-LT1 co-transfection 2:2 No

phCMVDream NSP1,2,5,6 TransIT-LT1 18h before 1:3 No

2:2 No

3:1 No

Lipofectamine 2000 18h before 1:3 No

2:2 No

3:1 No

TransIT-LT1 co-transfection 2:2 No

a Tr = Transcription plasmid mixture mass in μg, Ex = Expression plasmid mixture mass in μg

2.3.7 Mycoplasma contamination in cell lines

In 2020 a paper was published detailing the authors’ rotavirus reverse genetics protocol

(Philip et al., 2020). They discussed factors that impact rescue. The first factor was the

transfection cell line being allowed to grow to over confluence. This was believed to cause

cells to enter senescence and the cell line could not recover, even after multiple passages.

The second was the presence of mycoplasma in the BHK-T7 cells being used. The authors

stated that mycoplasma was most often associated with their transfection cell line, and

they were unable to rescue in the presence of mycoplasma.

Mycoplasma Spp. are round or filamentous bacteria that are characteristic due to their

lack of a cell wall and small size (Young et al., 2010). Mycoplasma is commonly found in

the human respiratory and urogenital tracts (Rottem & Naot, 1998). Mycoplasmas con-

taminate up to 35% of cell cultures, and contamination completely alters cell physiology.

Mycoplasma Spp. do not possess the genes necessary for amino acid biosynthesis, and

compete with the host for amino acids (Himmelreich et al., 1997). Most importantly, My-

coplasma use the arginine dihydrolase pathway for generating ATP (Pollack et al., 1997).

This depletes cellular arginine and impacts protein synthesis, and thereby cell growth and
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division. Further, this results in chromosomal aberrations in the host cell, since histones

are rich in arginine. These aberrations include chromosomal breakage, translocations, a

reduction in chromosome number and new or additional chromosome varieties (Rottem &

Barile, 1993).

Contamination can occur readily, since the standard 0.22 μM filter pore size allows my-

coplasma to pass through. Mycoplasma are 100 nm in size and are pleomorphic, allowing

them to pass through or be forced through the filter membrane. Cell cultures are most

commonly contaminated with M. orale, M. arginini, or Acholeplasma laidlawii.

The cell lines used in our laboratory were then tested using the LookOut PCR mycoplasma

detection kit. None of our transfection cell lines were positive. The internal control band

is 260 bp in size, and the positive band is at 480 bp. Our MA104 and ST cell lines were

found to be positive, Figure 2.30. No positive but an internal control band were detected

for BSR5-T7/5, which only showed amplification of the 260 bp internal control band.

MA104 and ST cells both only had amplification of the positive 480 bp band, indicating

very heavy contamination. CV-1 cells were then used as the primary infection cell line.

However, rescue could still not be attained when using this cell line. A plaque assay with

SA11-N2 showed that CV-1 cells only support SA11 to titres of approximately 105 or 106

(data not shown). This resulted in the CV-1 cells being abandoned for all our subsequent

work. The BSR-T7/5, BHK-C3P3 clone 8, BSR-C3P3 clone 4, Vero-E6-C3P3 clone 5

cells, and CV-1 cells were also tested, and tested negative (data not shown).

Figure 2.30: 2% Agarose gel of Sigma LookOut Mycoplasma amplicons from BSR-T7/5,

MA104 and ST cells. When compared to the positive control, MA104 and ST cells were heavily

contaminated, since the ratio of the amplification efficiency of the internal control band at 480 bp to the

positive band at 280 bp determines the amount of contamination.

Mycoplasma free BSR-T7/5 and MA104 cells were obtained from Prof. H.G. ’O Neill

(University of the Free State, Bloemfontein). The BSR-T7/5 cells were confirmed to be

transfectable and capable of transcription from a T7 promoter of a GFP construct. The

MA104s were also confirmed to be permissive of infection by plaque assay.

However, two attempts at rescuing with the SA11-N5 pSMART system in mycoplasma-free

cells were also not successful.
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2.3.8 Summary

The initial success of the SA11-N5 pSMART system claimed a significant (6-log) improve-

ment over the SA11-L2 pT7 system, however rescue of the NWU SA11-N5 reverse genetics

system could not be repeated. This led to the following approach, results, and conclusions

in this chapter to troubleshoot the NWU SA11-N5 pSMART reverse genetics system:

Reorientation of the transcription cassette

1. The NWU SA11-N5 pSMART plasmid set was extremely unstable. There were

mutations and deletions in multiple plasmids.

2. Sanger and NGS sequencing data was reanalysed and showed that both pSMART-

T7 RV-SA11 GS7 NSP3 and pSMART-T7 RV-SA11 GS9 VP7 used by previous

students in our laboratory did not possess a ribozyme or T7 terminator. This may

have made rescue impossible.

3. The literature showed that changing the orientation of the transcription cassette so

that replication of the plasmid and transcription of the transcription cassette occurs

in the same direction, may improve stability.

4. Transcription cassettes were reorientated using InFusion and NEBuilder seamless

cloning.

5. Sanger sequencing and NGS showed that cloning was successful, and the orientation

being successfully changed. Furthermore, no mutations or deletions were detected

following cloning and repeated extraction of the plasmids. This showed that the

stability was markedly improved.

Rescue with the pSMART SA11-N5 plasmid set

6. The plasmids were endotoxin-free purified, and transfected into BSR-T7/5 cells, but

no rescue could be achieved. Seven different cell lines and five transfection reagents

were used to determine if they could facilitate rescue, also without any success.

7. An expression plasmid approach was used where plasmids expressing the replication

complex, SLP, and DLP were either co-transfected with the transcription plasmids

or transfected 18h before the transcription plasmids. Rescue was not achieved.

Mycoplasma contamination in cell lines

8. Mycoplasma was detected in our MA104 and ST cells. This may have made res-

cue impossible, due to the damage sustained to the cell lines’ genomes and protein

expression capacity.

9. After replacing these cell lines with new, uncontaminated cells, rescue was still not

possible with the NWU SA11-N5 plasmid set.

Since we could not rescue with our reorientated SA11-N5 pSMART system, we

switched to the 2017 Kanai et al. pT7 reverse genetics plasmid set which we extracted
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from glycerol stocks. This system did support rescue and was used for all experiments

in Chapter 3.

The results described in this chapter indicate that rescue was actually never achieved with

the SA11-N5 pSMART system due to multiple problems with the plasmid set developed

by L. Geldenhuys (2017) and M. GJ. Huyzers (2020). My results show that the plasmids

contained deletions, mutations, and insertions that could be traced back to the original

archived glycerol stocks frozen away by L. Geldenhuys. This indicated that the plasmid set

was inherently unstable, especially since M.J. Visser observed multiple different deletions

or mutations when growing up bacteria for plasmid extraction. In this chapter, I was

able to show that by reorientating the transcription cassette in the plasmid backbone, the

stability of all eleven reverse genetics transcription plasmids was improved. Unfortunately,

I was unable to demonstrate whether this plasmid set supported rescue, since it was

discovered that our infection cell lines were heavily contaminated with mycoplasma. Due

to time constraints, we were unable to extensively test new transfection and infection cell

lines that replaced our mycoplasma contaminated ones.
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Chapter 3

Investigation of GS6(VP6)/GS10(NSP4)

co-reassortment using SA11-based reverse genetics

3.1 Introduction

An important understudied aspect of live-attenuated rotavirus vaccines is the reassort-

ment safety profile of live-attenuated rotavirus vaccines. Live-attenuated rotavirus vaccine

strains have been shown to be able to reassort with rotavirus field strains (Donato et al.,

2012; Rose et al., 2013). This may have two implications. It could result in reduced vaccine

effectiveness or in reassortant vaccine strains that are no longer attenuated. This is espe-

cially relevant in an environment where there are high rates of rotavirus infection, which

increases the likelihood of reassortment events. To eventually apply rotavirus reverse ge-

netics to the production of rationally designed live attenuated vaccines, the identification

of determinants of reassortment is important to facilitate the introduction of novel safety

features into next-generation vaccines to prevent or reduce reassortment.

GS6(VP6)/GS10(NSP4) co-reassortment is a relevant field reassortant that may represent

a protein function reassortment restriction. This protein-protein interaction is essential

for the production of rotavirus TLPs from DLPs. In work done by Itturiza-Gòmara and

colleagues in 2003 it was shown that GS10(NSP4) genotypes segregate according to RVA

subgroup (SG). Wa-like (E1) GS10(NSP4) segregates with Wa-like VP6 SGII, while DS-1

like NSP4s (E2) segregates with VP6 SGI, which is found in DS-1 like strains (Iturriza-

Gomara et al., 2003). The only documented interaction between VP6 and NSP4 is the DLP

binding domain in NSP4 that transports DLPs from the viroplasm by interacting with

VP6 (Au et al., 1989; Taylor et al., 1993; Au et al., 1993; Taylor et al., 1996). This led to

the hypothesis that this protein interaction may have an effect on the reassortment of the

genome segments that encode for VP6 and NSP4. As discussed in Chapter 1, the sequenc-

ing performed by Tamim and colleagues identified multiple GS6(VP6)/GS10(NSP4) field

reassortants (Tamim et al., 2019). Their work identified that an I2/E1 combination, but no

I1/E2 reassorants were sequenced. They also documented an I2/E2 co-reassortment into

a Wa-like backbone. This raises an important question whether this possible restriction

of reassortment can be applied to improve vaccine safety.
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Reverse genetics now allows the interrogation of specific amino acids by rescuing mutant or

chimeric viruses. All GS6 (VP6) / GS10 (NSP4) receptor interaction work was performed

in vitro, and the results generated needed to be analysed using replicating virus in cell

culture (Au et al., 1989, 1993; Taylor et al., 1992, 1993, 1996). The aim of this study

was to place a Wa-like (I1) VP6 into the SA11 E2 background to show whether this

combination is unable to rescue or has reduced fitness. A separate DS-1 like (I2) VP6

was included in the study to show whether a VP6 of the same genotype can be rescued

in an SA11 background. Mutagenesis was also performed to mutate amino acids 169

and 174 in the C-terminal of NSP4 to determine if this has an effect on the NSP4/VP6

interaction. This showed whether this protein interaction places selective pressure on

GS6(VP6)/GS10(NSP4) reassortment and if it influences whether these genome segments

co-reassort or not.

3.2 Materials and methods

All methods used in this Chapter are described in Chapter 2, except for the methods

described below.

3.2.1 Plasmid construction

To design VP6(GS6) encoding plasmids for this study, two Mozambican strains:

RVA/Human-wt/MOZ/0308/G2P[4] GS6(VP6) (MG926729.1) and RVA/Human-

wt/MOZ/0060a GS6(VP6) (MG926762.1) were selected since they are Wa-like SGII

and DS-1 like SGI strains respectively (Strydom et al., 2019a,b).Three transcription

plasmids were designed and ordered from Genscript. For GS6(VP6), pSMART-T7 RV-

Moz 308 GS6 VP6 and pSMART-T7 RV-Moz-0060a GS6 VP6 were designed to contain

the ORF for the respective proteins but to contain the SA11 5’ and 3’ UTRs to ensure

genetic compatibility, Figure S4.

For the NSP4(GS10) encoding plasmid RVA/Human-wt/MOZ/0060a

/2012/G12P[8]P[14] GS10(NSP4) (MG926762.1) was selected and pSMART-T7 RV-SA11

NSP4 Moz 0060a NSP4 DLP-BD, was designed so that nucleotides 521-566 (encoding

aa 161-175) in the SA11-N5 GS10(NSP4) were replaced with those of RVA/Human-

wt/MOZ/0060a/2012/G12P[8]P[14] GS10(NSP4), Figure S5.

The above-mentioned plasmids were synthesised by Genscript (Piscataway, USA) and re-

ceived as lyophilised plasmids. The plasmids were transformed into EPI400 cells. Plasmids

were extracted from colonies of each construct and sent for Sanger sequencing. One colony

of each construct was selected for endotoxin-free plasmid purification, Sections 2.2.1.6 -

2.2.1.10.

Two additional plasmids with mutations in SA11-N5 GS10(NSP4) were gen-

erated by site-directed mutagenesis. These mutations were NSP4 R169I and

NSP4 A174S. Primers were designed to amplify the complete pSMART RV SA11-
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N5 GS10(NSP4) plasmid and simultaneously mutate single nucleotides to induce

amino acid changes. For the NSP4 R169I mutation, the plasmid was ampli-

fied using NSP4 mut R169I For (5’- GAAGTGACTGCAGCAATGTAAGAGG-3’)

and NSP4 mut R169I Rev (5’- CTGCAGTCACTTCTATTGGTTCATAAGG-3’).

The reverse primer was used to mutate 547.C>A. For the NSP4 A174S mutation,

A174S mut For (5’-GAGAAGTGACTGCATCAATGTAAGAGG-3’) and A174S mut rev

(5’-GCAGTCACTTCTCTTGGTTCATAAGG-3’) was used to amplify the plasmid and

induce a 561.G>T mutation using the forward primer. Infusion seamless cloning was then

used to anneal the overhangs generated. All Infusion reactions were then transformed into

EPI400 cells. Plasmids were purified using an Endofree Maxi plasmid kit from Qiagen

(Hagen, Germany), Section 2.2.1.8. Figure 3.1 shows the design of each construct.
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3.2.2 SA11-L2 pT7 reverse genetics protocol

All transfections were performed in mycoplasma-free BSR-T7/5 cells seeded in 6 well

plates, Section 2.2.2. The original Kanai et al. 2017 plasmid set was used with the

following modifications. Both Cricetinae (Hamster) codon-optimised D1R and D12L

were previously ordered from Genscript in phCMVDream, and replaced the D1R and

D12L plasmids from the plasmid set purchased from Addgene. The plasmid encoding

FAST was also not included in transfection mixtures, since multiple groups have

shown that it is not required for rescue. All plasmids were measured using Nanodrop

spectrophotometry and equimicrogram mixtures were prepared by adding 250 ng each

of pT7 SA11 GS1, pT7 SA11 GS2,pT7 SA11 GS3,pT7 SA11 GS4, pT7 SA11 GS5,

pT7 SA11 GS6, pT7 SA11 GS7, pT7 SA11 GS9, pT7 SA11 GS10, phCMVDream D1R,

phCMVDream D12L and 750 ng of pT7 SA11 GS8 and pT7 SA11 GS11. The required

plasmids were exchanged if a reassortant was being rescued.

The plasmid mixture was vortexed and measured using nanodrop spectrophotometry to

ensure that the correct mass of DNA was being transfected. 250 μl of Opti-MEM was

added to a 2 ml lo-bind Eppendorf tube and Transit-LT removed from 4 °C storage.

The reagents were allowed to reach room temperature. 4 μg of the plasmid mixture was

pipetted into the Opti-MEM and 10 μl (2.5 μl per μg DNA) added, and vortexed for

2 seconds. Transfection mixtures were incubated for 30 minutes. Before transfection,

the growth medium was removed and the monolayer washed once with 2 ml of PBS.

Transfection was then performed by adding the transfection complexes dropwise directly

onto the monolayer, and the plate was incubated on the bench for 3 minutes. Complete

medium (DMEM, 5% FBS, 1% NEAA, 1%AA) was placed on the monolayer and the cells

were incubated for 16-18 hours at 37 °C and 5% CO2 in a humidified incubator.

The following morning, the medium was removed, and washed twice with 2 ml PBS. 2

ml fresh FBS-free DMEM (1% NEAA, 1%AA) The transfected cells were then incubated

for another 24 hours. 48 hours after transfection, coseeding was performed by detaching

MA104 cells in FBS, pelleting at 100 x g, and resuspending in 1 ml 37°C DMEM to

remove the FBS, Section 2.2.2.3. This was repeated, and the cells counted using a stage

haemocytometer by adding 10 μl of cells suspesion to 10 μl 0.4% trypan blue. The 1 ml

suspension was then divided amongst the number of wells to be co-seeded. The seeding

density was between 2 x 105 and 5 x 105 cells per well. 1 hour after seeding, 1 mg / ml of

porcine trypsin type IX was added to a final concentration of 0.5 μg/ml.

Passaging of viruses were performed as described in Section 2.2.2.4.

3.2.3 Genome segment-specific single-step cDNA synthesis

In order to sequence the rotavirus genome, dsRNA must be converted to cDNA. When

Sanger sequencing is performed, the rotavirus genome segments are amplified in separate

reactions using primers that are specific to a single genome segment. For this project,
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a SuperScript III one-step RT-PCR kit (Invitrogen, Waltham, USA) was used. This kit

works on two principles. First, RNA is converted to cDNA by using a M-MLV reverse

transcriptase (RT) engineered to have both reduced RNaseH activity and to be more ther-

mally stable. After cDNA synthesis, the RT is denatured and normal PCR is performed

to amplify the cDNA.

In this project, an additional step was added prior to performing cDNA synthesis. dsRNA

is extremely stable and usually requires denaturation using heat and DMSO or methylmer-

cury hydroxide (MMOH) in order to properly denature ssRNA when performing two-step

cDNA synthesis. For single-step synthesis, 1μl of extracted dsRNA was added to the re-

quired primer concentration for the RT-PCR reaction, and then diluted in the required

volume of nuclease-free water. Primers are listed in Table 3.1. This was then heated to

95°C for 30 seconds and immediately placed on ice. The rationale behind this is that heat

will momentarily denature the dsRNA to linear ssRNA (Prof. A.C. Potgieter, personal

communication). As the reaction is cooled, the primers will anneal to the ssRNA, prevent-

ing reannealing to dsRNA. This may allow dsRNA to be preferentially amplified above

any plasmid that may still be present from the transfection step. To this the required vol-

umes of reaction buffer and RT / DNA polymerase were added, Table 3.2. The reaction

conditions were as follows, For the cDNA synthesis: 1 cycle of 50°C for 30 minutes and 94

°C for 2 minutes, for PCR: 40 cycles of 94 °C for 15 seconds, 55 °C for 30 seconds, 68 °C
for 1 minute 30 seconds, and a final extension at 68 °C for 5 minutes.

Table 3.1: Primers used for the synthesis of cDNA from GS6 (VP6) and GS10 (NSP4)

Primer name Sequence T m Length

SA11corGS6F 5’-taatacgactcactataggcttttaaacgaag-3’ 45°C 32-mer

SA11 GS6iNR 5’-gggaccatgccggcctcacatcctctcac-3’ 49°C 29-mer

SA11corGS10F 5’-taatacgactcactataggcttttaaaagttc-3’ 42°C 32-mer

SA11GS10iNR 5’-gggaccatgccggccggtcacattaagacc-3’ 43°C 30-mer

Table 3.2: SuperScript III RT-PCR reaction compostion

Component final volume or concentration

2x Reaction Mix 25 μl

Template RNA 1μl

Forward primer 0.5 μM

Reverse primer 0.5 μM

SuperScript RT/Plaqtimum Taq mix 2 μl

Nuclease-free water to 50 μl

3.2.4 Plaque assay and growth kinetics

Viral replication is analysed by growth curves, in which viral multiplication is measured

with respect to time. Growth curves allow the comparison of viral growth under different

conditions or the comparison of replication of different viral mutants. This allows the

assessment of growth dynamics with respect to a wild-type virus.
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Prior to the plaque assay, MA104 cells were seeded in 12 well plates and grown to 100%

confluence and 2.4% Avicel RC-581 (FMC biopolymer, Philadelphia, USA) was prepared

in distilled water and autoclaved. Serial dilutions (100 to 10-10) of trypsin-activated viral

stocks were prepared in DMEM and placed on the 12 well plates for 1 hour. During

incubation, growth medium was prepared containing 2x DMEM, 2% NEAA, 2% Anti-Anti

and 2 μg/ml porcine trypsin type IX. The overlay was then prepared by adding growth

medium to Avicel in a 1:1 ratio, giving a final Avicel concentration of 1.2%, 1x DMEM,

1% NEAA, 1% Anti-Anti, and 1 μg/ml porcine trypsin. After one hour, the incoculum was

removed and 1 ml of the overlay was placed in each well. Plates were incubated at 37 °C,
5% CO2 for 3 days without disturbing the plates. After 3 days, the overlay was removed

by pipetting, washed once with PBS, and fixed with 4% formaldehyde for 30 minutes at

room temperature. Plaque assays were stained with crystal violet (0.25% crystal violet in

20% methanol,(Sigma-Aldrich, St-Louis, USA). Plaques were then counted to determine

the titre. This gave a maximum titre in PFU/ml for each virus.

To perform growth curves, seven 25 cm3 flasks, representing 7 time points, 12 hours apart,

were infected with whole lysates at an MOI of 0.001. At 0, 12, 24, 36, 48, 60, and 72 hours,

each flask designated for that time point was frozen at -20 °C. After completion of the

time points, each flask was freeze/thawed three times. The whole lysates were then serially

diluted in separate experiments in triplicate by activating the whole lysate on separate

days and performing a plaque assay as described above to assess the titre at that specific

time point. The plaque assays were then incubated and stained as described. The average

of each time point’s maximum titre was then plotted against the number of hours. To

perform statistical analyses, each time point was normalised to the 0 hour time point

by dividing each time point by the 0 hour time point. This was then log transformed

by calculating the log10 of each value after normalisation in order to achieve a normally

distributed data set. IBM SPSS (IBM, Armonk, USA) was then used to perform a two-

way Analysis of Variance (ANOVA) using a least significant difference (LSD) post hoc

test. This compares each virus with all viruses in the experiment. Since for this project

only each virus compared to SA11 was of interest, the p-values of this comparison were

selected. p < 0.05 was considered statistically significant.

3.3 Results and Discussion

3.3.1 Analysis of selected VP6 and NSP4 amino acid sequences to inform

rational construct design

To confirm the results reported in the literature, additional sequences of GS6 (VP6) and

GS10 (NSP4) were obtained to determine whether GS10(NSP4) genotype segregates with

GS6(VP6) subgroup. These data were then used to inform the rational design of the

constructs to test the effect of the NSP4 DLP binding domain on the co-reassortment of

GS6(VP6) and GS10(NSP4).

Random sequences of rotavirus A strains (RVA) were selected that were part of recent
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whole genome sequences of circulating field strains. Sequences were only included if they

were generated using NGS. Full-length nucleic acid sequences of GS6 (VP6) and GS10

(NSP4) were downloaded from Genbank. This project required an analysis of the amino

acid sequences of the DLP binding domain in NSP4 and the amino acids that determine

the VP6 subgroup. The ORFs were extracted from full-length genome segment sequences

and converted to amino acid sequences using MEGA7. The amino acid alignment was

then performed in MEGA7.

The NSP4 amino acid sequences were aligned in order to compare the DLP-binding do-

mains between Wa-like (E1) NSP4s and DS-1 like (E2) NSP4s, Figure 3.2. This figure

shows the C-terminal end of NSP4. 38 sequences were aligned as representatives of Wa-like

and DS-1-like NSP4s.

Figure 3.2: RVA NSP4 DLP binding domain amino acid sequence alignment. This figure shows

E1 and E2 NSP4s. Note the clear segregation of amino acid sequence between E1 and E2 NSP4 genotypes

at amino acid 174.

The amino acid alignment analysis showed that the DLP-binding domain amino acid

sequence only varies at two positions, namely positions 169 and 174. At position 169

there were three different amino acids. Amino acids varied between polar serine, nonpolar

isoleucine, and positively charged lysine. DS-1-like (E2) strains seem to prefer lysine at

position 169, while there is more variation between serine, isoleucine, and lysine for Wa-like

(E1) NSP4s.

At NSP4 amino acid 174 there was clear segregation between Wa-like (E1) and DS-1-like
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(E2). Wa-like (E1) NSP4s have a polar serine at this position, whereas DS-1 like E2 NSP4s

have a nonpolar alanine. This showed possible strong selection of this amino acid, and

since position 174 segregates between the genotypes, it may function as a restriction of

reassortment.

The VP6 ORFs of the strains analysed in Figure 3.2 were also aligned and analysed. Work

from Lopez et al. showed that positions 305 and 306 in VP6 determines SGII, whereas

positions 172 and 305 determine SGI (Lopez et al., 1994). This work was carried out

using monoclonal antibodies, so in this study it was decided to interrogate the amino acid

sequence more widely to see if there is still variation at position 172 in SGII stains and

at 306 in SGI strains, even though these amino acids do not determine the subgroup.

Alignment showed that 3 separate groups of strains could be visualised. The first group

had the following mutations: 172A, 305A, and 306N and could not be assigned to a

subgroup. The second group had 172M or 172I, 305N, and 305A, classifying them as SGII

strains. The third group had mutations 172A, 305A, and 306A, and could be classified as

SGI strains.
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The results from the NSP4 and VP6 amino acid alignments were then collated in Table

3.3. These results provide three insights into GS6(VP6)/GS10(NSP4) co-reassortment.

First, of note are the five I5 VP6 strains that possess E1 NSP4s wherein there were the

following three variations in VP6 (172A, 305A, 306N) and three variations in NSP4 (169S,

169T, and 174S). All five strains could be classified as non-SGI / SGII. Second, with

one exception (Rotavirus A EC2184/ECU/G11P6), all the I1 VP6 strains had the same

amino acids 172M, 305N, 306A and clustered with NSP4 169I or 169S and 174S. Third, I2

VP6 strains with 172A, 305A, 306A clustered with NSP4 169K or, in one case, 169S. It is

important to note that SA11-N5 (which has an identical amino acid sequence to SA11-L2)

possesses a K169I mutation in NSP4.

These results show that there is segregation between the three groups of strains analysed

and may point to a selection that occurs among wild-type strains to maintain these con-

stellations of amino acids. Mutation of these amino acids may result in weaker interaction

of VP6 and NSP4, although mutation of the amino acids may not be lethal. This may

result in a reduction in fitness, which is lethal to a virus cocirculating with viruses that

are more fit. This may explain why other combinations of GS6 (VP6) / GS10 (NSP4) are

not observed in field strain sampling.
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3.3.2 Generation of plasmids to evaluate the effect of variations in VP6 and

NSP4 on NSP4/DLP binding

In this project, we wanted to investigate the effect of the amino acid mutations

identified in Section 3.3.1 on NSP4/DLP binding. To do this, the following ra-

tionale was developed. Firstly, we wanted to select a strain with the same VP6

subgroup (SGI) as SA11 to show whether a VP6 of the same subgroup affects growth

and thereby possibly NSP4 binding. Secondly, we wanted to select a SGI strain

to determine whether a VP6 of a different subgroup could be rescued. Thirdly,

we wanted to design an SA11 NSP4 that contains the DLP binding domain from

the SGI strain. Fourthly, we wanted to analyse NSP4 amino acids 169 and 174,

by mutating the SA11 NSP4 amino acids to those observed in Wa-like E1 strains.

We selected two strains. Rotavirus A strain RVA/Human-wt/MOZ/0308/2012/G2P4

and Rotavirus A strain RVA/Human-wt/MOZ/0060a/2012/G12P8P14 sequenced by

our collaborators at the University of the Free State (Strydom et al., 2019a,b).

Rotavirus A strain RVA/Human-wt/MOZ/0308/2012/G2P4 is a SGI strain. Ro-

tavirus A strain RVA/Human-wt/MOZ/0060a/2012/G12P8P14 is a SGII strain.

As indicated in Section 3.2.1, five constructs were designed to evaluate the effect of the VP6

and the DLP binding domain on NSP4 on the GS6 (VP6) / GS10 (NSP4) co-reassortment,

Table 3.4. Two VP6 constructs, Moz308 (SGII) and Moz0060a (SGI) VP6, and one

SA11 NSP4 containing the Moz0060a NSP4 DLP binding domain, were purchased from

Genscript. Two SA11 NSP4s, containing the R169I and A174S mutations, were generated

using site-directed mutagenesis. Both plasmids received from Genscript, pSMART-T7 RV-

SA11 NSP4 R169I, and the pSMART-T7 RV-SA11 NSP4 A174S were transformed into

EPI400 cells as described in Section 2.2.1.6. Plasmids were purified from overnight cultures

using a Qiagen miniprep kit. To evaluate the transcription cassette of the plasmids prior to

use in reverse genetics, purified plasmids were sent for Sanger Sequencing at Inqaba biotec.

Sequences were analysed using MEGA 7. Figures 3.4 and 3.5 show the sequence alignment

of the forward and reverse Sanger sequences of the plasmid extracted from a selected

colony with each respective reference. The reverse complement of the Upstream pSMART

sequences were aligned with the Downstream pSMART sequences.
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Table 3.4: Summary of GS6(VP6) and GS10(NSP4) constructs designed in this study

Plasmid name Relevant

mutations

Strain Genotype

pSMART-T7 RV-

Moz308 GS6(VP6)

172A, 305A, 306A Rotavirus A strain RVA/Human-

wt/MOZ/0308/2012/G2P4

I2

pSMART-T7 RV-

Moz0060a GS6(VP6)

172M, 305N, 306A Rotavirus A strain RVA/Human-

wt/MOZ/0060a/2012/G12P8P14

I1

pSMART-T7 RV-

SA11 NSP4 0060a DLP-

BD

169I, 174S Rotavirus A strain RVA/Human-

wt/MOZ/0060a/2012/G12P8P14

E1/E2

pSMART-T7 RV-

SA11 GS10(NSP4) A174S

169R, 174S Rotavirus A strain RVA/Simian-tc/ZAF/SA11-

N5/1958/G3P2

I2

pSMART-T7 RV-

SA11 GS10(NSP4) R169I

169I,174A Rotavirus A strain RVA/Simian-tc/ZAF/SA11-

N5/1958/G3P2

I2
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Figure 3.4 shows that GS6(VP6) the Moz308 and Moz0060a transcription cassettes cor-

rectly align with their respective references and do contain the rationally designed modi-

fications. The T7 promoter, terminator, and HDV ribozyme are present in each construct

and sequenced correctly. There are multiple differences between the Moz308 and Moz0060a

VP6s. The differences are mainly due to amino acid differences throughout the proteins.

The three codons that determine the different subgroup epitopes are indicated in the

figure. This shows that the sequences for these epitopes are correct.

Figure 3.5 shows the alignment of the transcription cassettes for SA11 NSP4 0060a DLP-

BD, SA11 NSP4 A174S, and SA11 NSP4 R169I. This shows again that the T7 promoter,

terminator, and HDV ribozyme are present in each construct and sequenced correctly. The

cDNA sequences of the NSP4 DLP binding domain (DLP-BD) are indicated. This shows

four 7 single base pair mutations in the DLP binding domain. Mutations at positions 541,

553, 562, 568, and 580 are inherent silent mutations. SA11 NSP4 0060a DLP-BD has a

G546A mutation, as well as T564 which is the in codon that determines the 169 amino

acid, and T578 which results in a 174S amino acid at this position. SA11 NSP4 A174S

contained the A579T mutation required to generate the A174S mutant. SA11 NSP4 R169I

contained the correct G564T mutation, resulting in an R169I mutant.

3.3.3 Assessment of rescue efficiency of different VP6/NSP4 combinations

and NSP4 mutants

To assess whether the following six VP6/NSP4 combinations and NSP4 mutants were com-

patible in an SA11 backbone, the different combinations needed to be tested using plasmid-

based rotavirus reverse genetics. The aim was to determine whether certain combinations

or mutations were lethal to viral replication, making rescue impossible. This was done

using the Kanai et al. pT7 SA11-L2 reverse genetics system, Section 3.2.2 and exchang-

ing the plasmids encoding VP6 and NSP4 with the different constructs that test different

mutations in VP6 or NSP4. The different combinations that were selected to be tested are

listed in Table 3.5. The first combination was Moz308 GS6(VP6) with SA11 GS10(NSP4).

The second combination was Moz0060a GS6(VP6) with SA11 GS10(NSP4). The third,

Moz0060a GS6(VP6) with SA11 NSP4 0060a DLP-BD. The fourth, SA11 GS6(VP6) with

SA11 NSP4 0060a DLP-BD. The fifth, SA11 GS6(VP6) with SA11 GS10(NSP4) A174S.

The sixth, SA11 GS6(VP6) and SA11 GS10(NSP4) R169I.

Table 3.5: Plasmids of different combinations of GS6(GS6)/GS10(NSP4) tested for rescue compatibility.

GS6(VP6) construct GS10(NSP4) construct Virus designation

pSMART-T7 RV-Moz308 GS6(VP6) pT7 RV-SA11 GS10(NSP4) rSA11 Moz308 VP6

pSMART-T7 RV-Moz0060a GS6(VP6) pT7 RV-SA11 GS10(NSP4) rSA11 Moz0060a VP6

pSMART-T7 RV-Moz0060a GS6(VP6) pSMART-T7 RV-SA11 NSP4 0060a DLP-BD rSA11 Moz0060a VP6 DLP-BD

pT7 RV-SA11-L2 GS6(VP6) pSMART-T7 RV-SA11 NSP4 0060a DLP-BD rSA11 NSP4 0060a DLP-BD

pT7 RV-SA11-L2 GS6(VP6) pSMART-T7 RV-SA11 GS10(NSP4) A174S rSA11 NSP4 A174S

pT7 RV-SA11-L2 GS6(VP6) pSMART-T7 RV-SA11 GS10(NSP4) R169I rSA11 NSP4 R169I
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Rescue was performed as described in Section 3.2.2. The Kanai et al. GS6(VP6) and

GS10(NSP4) plasmids were exchanged with the required plasmids required to test each

combination listed in Table 3.5.

Transfection was performed once for each combination due to time constraints. Figure 3.6

shows the dsRNA genomes extracted from the rescue attempts for rSA11 Moz308 VP6,

rSA11 NSP4 0060a DLP-BD, rSA11 NSP4 R169I, and rSA11. Rotavirus genomes can

be visualised for each extraction, with GS1(VP1) at 3500 bp, GS2(VP2)/GS3(VP3)

at 2800 bp, GS4(VP4) at 2400 bp, GS5(NSP1) at 1600 bp, GS6(VP6) at 1400

bp, GS7(NSP3)/GS8(NSP2)/GS9(VP7) at 1000 bp, GS10(NSP4) at 750 bp, and

GS11(NSP5/6) at 650 bp. There is, however, no resolution between GS2 and GS3, and

GS7, GS8, GS9. This is typical for a rotavirus genome on an agarose gel. dsRNA for

rSA11 had very low signal intensity, due to a lower yield of dsRNA. Differences in signal

intensity can be seen between each dsRNA genome. This can be attributed to multiple

factors, such as pipetting errors during RNA extraction, not a constant amount of aqueous

phase being removed for RNA precipitation, or viruses not growing to the same maximum

titre. Rescue attempts of rSA11 Moz0060a VP6, rSA11 Moz0060a VP6 DLP-BD, and

rSA11 NSP4 A174S did not present CPE, and were not used for RNA extraction. The

subsequent passage of viruses that did not rescue at P0 did not result in rescue at P1.

The combinations that did not rescue were deemed unrescuable.

Figure 3.6: 1.5% agarose gel showing dsRNA of rescued viruses. dsRNA genomes extracted

from P0 cell pellets. Genomes can be seen for rSA11 Moz308 VP6, rSA11 NSP4 0060a DLP-BD,

rSA11 NSP4 R169I, and rSA11. The other combinations did not present CPE and were not used for

RNA extraction.

These results show that only certain combinations of amino acids VP6 and NSP4 are
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compatible within an SA11 background. There are three possible explanations for the

three combinations that could not be rescued. Firstly, this may be due to an inherent

genetic incompatibility. Even though the constructs tested were designed to contain SA11

UTRs it would only have eliminated incompatibility of the (+)ssRNAs of the genome

segments, with VP1 during the packaging step of the replication cycle, not at the genome

segment selection and assortment step (Borodavka et al., 2017). The selection of (+)ss-

RNAs of genome segments seems to be determined by intergenome segment contacts,

which are often found within the ORFs of the (+)ssRNA themselves. Therefore, since

the ORFs are from rotaviruses with different genetic backbone with different codon us-

ages (Moz308 GS6(VP6), Moz0060a GS6(VP6), SA11 NSP4 0060a DLP-BD) it may be

that this leads to sub-optimal interactions between the (+)ssRNAs of genome segments,

especially since genome segment selection is not properly understood. Secondly, an in-

herent protein-protein incompatibility may prevent rescue. As described in Chapter 1,

VP6 contacts VP2 and VP4. It is possible that Moz0060a VP6 may be incompatible

with SA11 VP2 and VP4, which will prevent DLP and TLP formation, especially since

its combination with SA11 NSP4 moz0060a DLP-BD did not result in rescue. Thirdly, it

may be that NSP4 mutants, such as the NSP4 A174S mutant results in the DLP/NSP4

interaction being diminished or abrogated and points to certain amino acids in the DLP

binding domain of NSP4 being essential for NSP4 transport.

To verify that the rescued viruses still possessed the mutations being investigated in

this project, genome segment-specific cDNA synthesis was performed for sequencing of

GS6(VP6) and GS10(NSP4), Section 3.2.3. This was done using a one-step cDNA synthe-

sis method and primers that bind to the 5’ and 3’-ends of GS6(VP6) and GS10(NSP4).

dsRNA was denatured at 95°C by mixing dsRNA with forward and reverse primers in

water. This is done to preferentially amplify dsRNA, since the transfected plasmid may

still be present after dsRNA extraction and could be amplified by the DNA polymerase.

Using this method, amplification from plasmid may still occur.

Figure 3.7: 1% agarose gel showing amplicons from one-Step cDNA synthesis of GS6(VP6)

and GS10(NSP4) from the extracted dsRNA genomes. D=Denatured, U=Undenatured.

Figure 3.7 shows the denatured and undenatured amplicons of the GS6(VP6) and

GS10(NSP4) cDNA synthesis reactions. Each reaction possessed the correct size ampli-
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con at 1400 bp for GS6(VP6) reactions and 800 bp for GS10(NSP4) reactions. Some

non-specific amplification were seen in each reaction. This is due to the types of primers

used, which were originally designed for InFusion cloning, and are not optimal for cDNA

synthesis. For GS6(VP6) amplicons, differences in amplification efficiency were seen

between denatured and undenatured dsRNA, with lower signal being seen for unde-

natured templates. No differences were observed between denatured and undenatured

GS10(NSP4) dsRNA templates. Differences in GS6 (VP6) amplification efficiency may

be due to two reasons. Firstly, denatured dsRNA may have been preferentially amplified,

since a higher copy number of dsRNA than plasmid will be present in the dsRNA

extracted. This is due to the multiple steps after transfection that allow dilution of the

plasmid still present after transfection. Secondly, the GS6(VP6) primers used may anneal

less effectively than the GS10(NSP4) primers. Denaturing the dsRNA with primers and

allowing the primers to anneal may result in more specific binding of the primers.

To sequence GS6(VP6) and GS10(NSP4) it was decided to use Sanger sequencing, since

only two genome segments are of interest to this project. The aim was to determine

whether the mutations generated in the plasmids used to rescue the viruses were still

present after virus passaging. Prior to being sent for sequencing, each amplicon was

purified using a PCR cleanup kit, and aliquots of each cDNA amplicon were sent to

Inqaba biotec for Sanger sequencing using the primers that were used to generate the

cDNA.

Figure 3.8 shows the subgroup epitope codons of the GS6 (VP6) subgroup and Figure

3.9 shows the aa 169 and 174 codons in GS10(NSP4) (Lopez et al., 1994). Sequencing

quality was high for GS10(NSP4), but lower for GS6 (VP6), (data not shown); however,

the sequencing data still allowed visualisation of the required locations in GS6(VP6) and

GS10(NSP4) to verify that the mutations were still present after viral passaging.

For rSA11 Moz308 VP6 GS6(VP6) the sequence aligned correctly with the reference se-

quence, with the required 536 GCT (172A) and 934 - 940 GCA GCA (305A, 306A)

codons present. For rSA11 Moz308 VP6 GS6(VP6) GS10(NSP4) the expected SA11

GS10(NSP4) reference aligned with the sequenced cDNA, with 545 AGA (169R) and

561 GCA (174A) present. rSA11 NSP4 0060a DLP-BD GS6(VP6) aligned correctly with

SA11 GS6(VP6) and possessed 545 GCT (172A) and 934 - 940 GCA GTA (305A, 306V).

rSA11 NSP4 0060a DLP-BD possessed the 545 ATA (169I) and 561 TCT (174S) muta-

tions. rSA11 NSP4 R169I GS6(VP6) aligned with SA11 GS6(VP6), and the GS10(NSP4)

possessed 545 AGA > ATA (R169I) and 561 GCA (174A).
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The sequencing results for rSA11 Moz308 VP6, rSA11 NSP4 0060a DLP-BD, and

rSA11 NSP4 R169I could be interpreted as follows: Firstly, it is possible to incorporate

an I2 VP6 into the SA11 background. Secondly, mutations generated in GS10(NSP4)

appeared to be stable after rescue. Thirdly, these results confirmed that only certain

GS6(VP6)/GS10(NSP4) combinations could be rescued. The implications of this are more

fully discussed in the following section.

3.3.4 Growth kinetics of rescued viruses and implications for GS6(VP6)/GS10

(NSP4) co-reassortment

To determine whether the rescued viruses replicated differently, growth curves were per-

formed as described in Section 3.2.4. Infections of each time point was done in tripli-

cate. Titration was performed in triplicate on three separate days. Three days after each

replicate, plaque assays were fixed and stained as described in Section 3.2.4. The data

were normalised and a two-way ANOVA with LSD post-hoc was performed to determine

whether each virus’ growth curve was statistically different compared to SA11, Figures

S17 – 21 and Table S.1.

3.3.4.1 VP6/VP2 and VP6/VP4 contacts may have an influence on

GS6(VP6) reassortment

The rSA11 Moz308 VP6 growth curve was compared to rSA11, Figure 3.10. At each

time point, rSA11 Moz308 VP6 replicated slower than SA11, and it did not reach the

same maximum titre as SA11. rSA11 Moz308 VP6 replicated to a final titre of 6.6 x 106

PFU/ml. rSA11 replicated to a maximum titre of 7.7 x 107 PFU/ml. This titre is what has

been previously reported for SA11. This represents an almost two-log reduction in titre for

rSA11 Moz308 VP6, which is a large reduction in fitness. The rSA11 Moz308 VP6 virus’

growth curve was statistically significant when compared to SA11. Plaque morphology

was identical to that of rSA11-L2

Figure 3.10: rSA11 Moz308 VP6 growth curve and plaque morphology. This shows log10

PFU/ml against time point in hours. At each time point rSA11 Moz308 VP6 replicated slower than

rSA11-L2. ** indicates a significace of p < 0.001
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The reason for reduced replication may be that the Moz308 VP6 is not totally compatible

with SA11. VP6 contacts both the core via VP2, and the TLP via VP4. VP6 amino acids

60–74 contact VP2, with the only difference between SA11 and Moz308 VP6 in this region

is a N62D mutation which results in a change from positive aspartic acid to non-charged

polar asparagine at this position (Dubois-Dalcq et al., 1984; McClain et al., 2010). Figure

3.11 shows the crystal structure of a Rotavirus UK DLP. This shows residue 62 at the

start of the loop that contacts VP2. It is possible that this may result in a less stable

DLP, which would affect the infectivity of the virus. VP6 contacts VP4 via 264L, 266N,

270I, and 286D. These contacts are the same in Moz308 and SA11. This may mean in

this case that VP6 can restrict reassortment at the protein-protein level, but that there

is not an effect with respect to the NSP4 DLP-BD. SA11 and Moz308 possess extremely

similar sequences in their DLP-BD, the only variation being 169R for SA11 and 169K for

Moz308 NSP4. These amino acids have the same polarity, and it is unlikely that this will

have an effect on the VP6/NSP4 interaction.

This may also be true for rSA11 Moz0060a VP6, for which rescue could not be achieved

in this project and where the VP6 may not be compatible with VP2. It is possible that

differences in the VP2 or VP6 contacts may make this virus not rescuable. This may

also explain why rSA11 Moz0060a VP6 with SA11 NSP4 0060a DLP-BD could not be

rescued, meaning that the VP6/NSP4 interaction itself may not be incompatible.
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3.3.4.2 Differentiating between the role of NSP4 amino acid 169 and 174 with

regard to the VP6/NSP4 interaction

The growth curve for rSA11 NSP4 R169I compared to SA11, Figure 3.12. rSA11 NSP4 R169I

reached a final titre of 2.4 x 108 PFU/ml as opposed to the final SA11 titre of 7.7 x 107

PFU/ml. For this, there was no statistical difference when compared to SA11. However,

rSA11 NSP4 R169I does seem to grow slower at 24, 36, and 48 hpi when compared to

SA11, after which it reaches a titre comparable to SA11.

Figure 3.12: rSA11 NSP4 R169I growth curve and plaque morphology. This virus has differ-

ences in replication when compare to rSA11, but reached a comparable final titre. ns = not significant.

Plaque morphology was similar to SA11.

This result has two possible implications. Firstly, it seems that the amino acid at position

169 is not essential when paired with A174 in a SA11 background. What was notable is

the complete absence of rescue of rSA11 NSP4 A174S. This may mean that a single amino

acid mutation affects the VP6 / NSP4 interaction, making DLP transport and the final

step in the replication cycle impossible, especially since this is the only known function

of this amino acid in the DLP-BD (Au et al., 1989; Taylor et al., 1993; Au et al., 1993;

Taylor et al., 1996). In Figure 3.3.1 the DLP-BD amino acid sequences are shown. This

showed a third possible amino acid at position 169. Serine and threonine, which are polar,

are seen at this position in combination 174S. So, from this project, it may point to the

fact that a non-polar/polar 169/174 or polar/polar 169/174, but not non-polar/non-polar

combination in the DLP-BD may determine the interaction with VP6. This may explain

why no field strains with a non-polar/non-polar has been sequenced, since this amino acid

set may be lethal to viral replication.

3.3.5 A possible interplay exists between non-polar 169 and polar 174

The growth curve for rSA11 NSP4 0060a DLP-BD compared to SA11, Figure 3.13.

rSA11 NSP4 0060a DLP-BD reached a final titre of 7.3 x 106 PFU/ml whereas SA11

reached a final titre of 7.7 x 107 PFU/ml. From this experiment, it appeared that this

virus reached its maximum titre one time point earlier (36 h) than SA11 reaches its
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maximum titre (48 h). This is then followed by a reduction in growth from 48 hpi. This

growth curve is statistically significant when compared to SA11.

Figure 3.13: rSA11 NSP4 0060a DLP-BD growth curve and plaque morphology.

rSA11 NSP4 0060a DLP-BD reached its maximum titre at 36 hours, as compared to rSA11 at 48 hours.

Plaque morphology was similar to rSA11. * Indicates that the growth curves were significantly different,

p = 0.042

When the results for rSA11 NSP4 0060a DLP-BD are compared to the results for

rSA11 NSP4 R169I and rSA11 NSP4 A174S it may mean that a cooperative interplay

exists between a nonpolar 169 amino acid and a polar 174 amino acid, for the interaction

with VP6 to occur in an SA11 background. This is especially evident since rescue of

rSA11 NSP4 R169I rSA11 NSP4 R169I was possible but rescue for rSA11 NSP4 R169I

rSA11 NSP4 A174S was not. This may mean that when a polar amino acid is present

at 174, a non-polar amino acid is required at position 169. This implies that a non-

polar/polar pair (amino acids 169 and 174) is required if amino acid 174 is polar in

an SA11 background, especially in the light that these two amino acid positions are

the only positions that show variability in the DLP-BD domain. This also has possible

implications for co-reassortment in the field, since if the GS10(NSP4) reassorts into a

background that requires this amino acid combination, this virus may be able to occupy

an ecological niche.

3.4 Summary

Investigation of GS6(VP6)/GS10(NSP4) co-reassortment using the pT7 SA11-L2 reverse

genetics system yielded multiple insights. Overall, these results indicate that reassortment

may be structurally determined by both VP6 and NSP4, VP6 possibly having to be

compatible with the VP2, and a specific amino acid set being required in the DLP binding

domain of NSP4. The specific findings were as follows:

1. Amino acid sequence analysis of selected RVA strains showed that for VP6 subgroups,

amino acid sequence remains constant between I1 and I2 genotypes.

2. NSP4 amino acid analysis showed that variation only exists at positions 169 and
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174, with position 174 appearing to show the strongest selection for a specific amino

acid.

3. At NSP4 position 169 amino acids threonine, serine, lysine, and isoleucine were

identified in the analysed RVA strains.

4. At NSP4 position 174 amino acids alanine and serine were identified as the only

amino acids at this position.

5. A DS-1-like and a Wa-like strain were chosen to test if VP6 subgroup and NSP4 169I,

174S, as well as 169I/174S DLP-BD amino acid mutation effects the replication of

SA11.

6. Rescue was only possible for rSA11 Moz308 VP6, rSA11 NSP4 0060a DLP-BD,

rSA11 NSP4 R169I. and not rSA11 NSP4 A174S, rSA11 Moz0060a VP6 DLP-BD,

and rSA11 Moz0060a VP6. This may show that:

i rSA11 Moz0060a VP6 is not compatible with SA11, since rSA11 Moz0060a

VP6 SA11 NSP4 0060a DLP-BD was also not rescuable.

ii Non-rescue of rSA11 NSP4 A174S may represent a DLP-BD mutation that is

lethal for SA11 replication.

7. Growth kinetics of rSA11 Moz308 VP6 showed a near two-log reduction in final titre.

Since this VP6 is of the same genotype as SA11 VP6, this may indicate a structural

incompatibility with VP2. Moz308 VP6 has a single point mutation at amino acid

62 when compared to SA11. This may affect contact with VP2.

8. Growth kinetics showed that rSA11 NSP4 R169I replicates similarly to rSA11-L2.

This may mean that this mutation in isolation does not affect replication.

9. rS11 SA11 NSP4 0060a DLP-BD showed that although a lower final titre was ob-

served, a virus with NSP4 R169I and A174S is rescueable. This may point to an

interplay of these amino acids when polarity is considered.

Heterocomplexes, such as VP6 and NSP4, are composed of proteins that must exist in-

dividually before interaction (Jones & Thornton, 1996). Normally, interacting surfaces

are enriched with hydrophobic residues, and most protein-protein interactions occur be-

tween hydrophobic surfaces (Wong et al., 2013). However, there is evidence that when

the domain that is interacting is intrinsically disordered, polar residues become impor-

tant in stabilising the interaction (Wong et al., 2013). Rotavirus NSP4 has a disordered

C-terminal, in which the DLP-BD resides (Sastri et al., 2014). This may indicate that

when VP6 contains a polar subgroup epitope (305N, 306A), such as in the case of Wa-like

viruses, the result is that apolar 169I must be paired with polar 174S. Proteins with intrin-

sically disordered domains can only bind specific partners that have sufficient electrostatic

complementary, since the binding of intrinsically disordered segments involves regions that

are only partially accessible to solvent (Wong et al., 2013). This may cause high desol-

vation costs that must be alleviated by a complementary electrostatic interaction. These
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results open up a novel area of research in the rotavirus replication cycle. Further work

may elucidate a previously unknown reassortment mechanism and elucidate a key step in

the rotavirus replication cycle.
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Concluding summary and future prospects

The advent of rotavirus reverse genetics in 2017 represented a very important breakthrough

in the field and has significantly broadened the scope of research (Kanai et al., 2017). To

date, two overall types of rescued rotaviruses have been generated. Reassorted rotaviruses

have been generated that either have the outer capsid proteins, VP4/VP7, from other

strains on a SA11 backbone or that have chimeric VP4s that have different head and foot

domains (Kawagishi et al., 2020; Falkenhagen et al., 2020, 2021). Further, reverse genetics

has been used to investigate rotavirus NSP2 phosphorylation and VP3 function (Criglar

et al., 2020; Song et al., 2020). New reverse genetics systems for rhesus rotavirus (RRV)

and murine rotavirus have also been developed (Sanchez-Tacuba et al., 2020)

The specific aims of this study were:

1. To improve the stability of the NWU SA11-N5 pSMART reverse genetics system by

reorientating the transcription cassette.

2. To investigate the determinants of rotavirus GS6(VP6)/GS10(NSP4) co-

reassortment using rotavirus reverse genetics.

4.1 Improving the stability of the NWU SA11-N5 pSMART reverse

genetics plasmid set

The SA11-N5 pSMART reverse genetics plasmid set generated in our laboratory was ex-

tremely unstable. Most of the eleven plasmids had deletions or mutations when plasmids

were transformed and extracted from overnight cultures of colonies on plates or archived

glycerol stocks (M.J. Visser, personal communication). The instability could not be alle-

viated by using any of a whole range of different bacterial host cells.

Due to the instability of the plasmid set, I reanalysed previously generated NGS and

Sanger sequencing data from our laboratory. Analysis of the single plasmid NGS using

de novo assembly in ABySS and alignment in HISAT2 showed that the GS7(NSP3) and

GS9(VP7) plasmids did not have a ribozyme. This was then also confirmed by the Sanger

sequencing data that was generated from plasmids extracted from archived glycerol stocks,
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by myself and M.J. Visser. Since the previous NGS analysis was done using a set of genome

segments in a single library, the lack of the ribozyme would not have been detected. The

only way in which rescue was previously confirmed for the SA11-N5 pSMART system was

genome segment specific amplification of GS4(VP4). The cDNA sequence was then com-

pared to SA11-L2 GS4(VP4). However, SA11-N5 and SA11-N2 have identical GS4(VP4)s,

so this would have made differentiation between rescue and wild-type contamination im-

possible (Mlera et al., 2013). Since we were propagatng SA11-N2 in the laboratory during

2019/2020 as a control virus, the only logical explanation was that M. GJ. Huyzers (2020)

most probably never rescued SA11-N5, but had wild-type SA11-N2 contamination that

was perceived as rescue.

My survey of the literature into replication of plasmids in bacteria revealed that when

using bacterial promoters in plasmids, E. coli prefers to have their genes in an orientation

where transcription and replication occurs in the same direction (Hamperl & Cimprich,

2016; Brewer, 1988). It is believed that having genes in the opposing orientation results in

a clash between the replication fork and transcription machinery, which causes deletions

and mutations to alleviate the conflict. The rotavirus reverse genetics systems based on

SA11-L2, KU, Odelia, and murine-like D6/2 systems plasmid sets use T7 promoters, that

are highly specific and cannot be recognised by bacteria (Kanai et al., 2017; Komoto et al.,

2018, 2019; Sanchez-Tacuba et al., 2020). However, the SA11-L2 rotavirus reverse genetics

system as well as the reovirus reverse genetics system have their transcription cassettes

in the same direction that replication occurs. The SA11-N5 pSMART system does not.

Both the plasmid-based AHSV and BTV reverse genetics systems use the pSMART back-

bone with cassettes in the same orientation as in the SA11-N5 pSMART system. Some

instability has been observed for some genome segments (Prof. A.C. Potgieter, personal

communication). There is no reported instability in the transcript-based AHSV and BTV

systems, and these plasmids do not possess a ribozyme, since it is not required to generate

run-off transcripts (van Rijn et al., 2016). It may be possible that the incorrect orientation,

coupled with a ribozyme results in instability.

I reorientated the transcription cassettes of the SA11-N5 pSMART system using InFusion

and NEBuilder seamless cloning and verified it using Sanger sequencing and NGS. NGS was

repeated 12 months later from plasmids that were endotoxin-free purified from archived

glycerol stocks. No mutations or deletions were detected. This indicated that the stability

of the plasmid set was markedly improved following reorientation of the transcription

cassettes.

However, despite several attempts to rescue with the endotoxin-free purified, reorientated

SA11-N5 pSMART plasmid set, I did not succeed. Failure to achieve rescue led to the

hypothesis that the cell-lines or transfection reagents in use were preventing rescue. Seven

different transfection reagents, and five different transfection and infection cell line combi-

nations were tested, with rescue not being achieved in any attempt. Co-transfection with

a set of MA104 codon-optimised SA11 expression plasmids expressing VP1, VP2, VP3,

VP6, NSP1, NSP2, NSP5, and NSP6 also did not allow rescue. Rescue attempts with
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rhesus rotavirus has shown that rescue cannot be achieved without the addition of a 2x

ratio of C3P3 plasmid (Sanchez-Tacuba et al., 2020). The C3P3 plasmid contains OPFs

encoding Cytoplasmic Capping-Prone Phage Polymerase and contains a T7 polymerase

linked to a ASFV capping enzyme, via a glycine-serine-glycine linker. This may mean

that extra capping and T7 RNA polymerase might also be required for rescue with the

SA11-N5 pSMART system.

After becoming aware of a report in the literature that mycoplasma contamination could

prevent rotavirus rescue, PCR testing of transfection and infection cell lines showed that

our ST and MA104 cells, that were used for co-seeding and propagating rescued ro-

taviruses, were heavily contaminated with mycoplasma (Philip et al., 2020). New MA104

and ST cells were obtained, but due to time constraints, rescue with the reorientated

SA11-N5 pSMART plasmid set could only be attempted two times. No virus was rescued.

In this project it has been shown that by reorientating the transcription cassette, plasmid

stability could be substantially improved. However, what has not been shown is whether

the pSMART SA11-N5 reverse genetics system is capable of supporting rescue. In the

future, this can be investigated in three ways. Firstly, it can be determined whether a single

plasmid prevents rescue by exchanging a single plasmid separately with its corresponding

plasmid in the SA11-L2 pT7 system. Secondly, the experiment where different transfection

reagents and cell-lines were tested can be repeated using mycoplasma free cells to determine

if a specific cell-line and transfection reagent combination is required for rescue. If a

successful combination can be found, use of the pSMART SA11-N5 system will be further

investigated. Thirdly, use of the system with a higher ratio C3P3 plasmid can be tested to

see whether rescue can be achieved. The pSMART SA11-N5 system possesses a plasmid

backbone that is 1000 bp smaller than the pT7 SA11-L2 system backbone, which will

reduce the plasmid load with 11 000 bp and may result in a more effective rotavirus

reverse genetics system.

4.2 Investigating the determinants of rotavirus GS6(VP6)/GS10(NSP4)

co-reassortment using rotavirus reverse genetics

Following the lack of success, the SA11-L2 pT7 reverse genetics system was endotoxin-free

plasmid extracted, and was shown to be able to support rescue.

From reports in the literature, field strain co-reassorment of rotavirus GS6(VP6)/GS10(NSP4)

has been observed. In 2003, it was shown in rotavirus field strains that GS10(NSP4)

genotypes cluster with their corresponding GS6(VP6) subgroup (Iturriza-Gomara et al.,

2003). Co-reassortment of a DS-1 like GS6(VP6)/GS10(NSP4) pair was observed in

2019 (Tamim et al., 2019). Further, it was identified that a DS-1 like GS6(VP6) or a

DS-1 like GS6(VP6)/GS10(NSP4) could reassort into a Wa-like background. No Wa-like

GS6(VP6)s were detected that reassorted into a DS-1 like background (Tamim et al.,

2019). The only documented interaction between VP6 and NSP4 is the transport of DLPs

from the viroplasm to allow maturation of DLPs to TLPs in the endoplasmic reticulum

140



Chapter 4 – Concluding remarks and future prospects

(Au et al., 1989; Taylor et al., 1993; Au et al., 1993; Taylor et al., 1996).

I analysed another 36 random GS6(VP6) and 38 random GS10(NSP4) whole genome

NGS sequences of RVA strains downloaded from Genbank and used the insights gained

to formulate a hypothesis. Analysis of the NSP4 DLP binding domain (DLP-BD) showed

that only two positions in the amino acid sequence varied, at positions 169 and 174. For

Wa - like strains, a 169S or 169I and 174S combination was identified. For DS-1 like

strains, 169K, 169S, 174S, and 174A combinations were identified. This generated the

hypothesis that NSP4 amino acids 169 and 174 may have an important effect in binding

VP6. Sequence analysis of VP6 confirmed that subgroup I is seen in DS-1 like strains

and is defined by 172A, 305A, and 306A. Subgroup II VP6 is seen in Wa-like strains, and

contained the expected 172M, 305N, and 306N.

Two Mozambican RV strains were selected for the five constructs that were used for

this project using the following rationale (Strydom et al., 2019a,b). These were cho-

sen because they are local circulating African strains and since the whole genome NGS

clearly showed the GS6(VP6) and GS10(NSP4) combinations of each virus. RVA/Human-

wt/MOZ/0308/G2P[4] is a DS-1 like strain with a SGI VP6 and a NSP4 with 169K and

174A. RVA/Human-wt/MOZ/0060a/G12P[8] possesses a SGII VP6 and its NSP4 has

169I and 174S. For the GS6(VP6) constructs, full length Moz308 VP6 and Moz0060a

GS6(VP6)s were designed with SA11 UTRs to reduce possible genome packaging issues.

The hypothesis was that the Moz308 VP6 may be compatible with an SA11 backbone,

but not the Moz0060a VP6. A SA11 GS10(NSP4) with a Moz0060a DLP-BD was used

to test whether its combination with a Moz0060a VP6 may result in rescue. Additionally,

SA11 NSP4 R169I and SA11 NSP4 A174S constructs were generated using site-directed

mutagenesis to test the effect of mutating these amino acids in the SA11 backbone.

Rescue was achieved for rSA11 Moz308 VP6, rSA11 NSP4 0060a DLP-BD, and

rSA11 NSP4 R169I. It was not possible to rescue rSA11 Moz0060a VP6, rSA11 0060a VP6

NSP4 0060a DLP-BD, and rSA11 NSP4 A174S. The presence of the correct mutations

were verified using single genome segment cDNA synthesis and Sanger sequencing. Follow-

ing sequence verification of rescued viruses, multi-step growth curves were performed to

assess the growth kinetics of each virus. rSA11 Moz308 VP6 replicated at a significantly

lower rate than SA11. Structure-based analysis implied that a compatibility issue of

either VP2 or VP6 resulted in a virus that replicates to a lower titre. rSA11 NSP4 R169I

replicated to the same titre as SA11. This showed that the R169I mutation does not

have a significant effect on DLP binding, since it does not affect viral growth kinetics.

rSA11 NSP4 0060a DLP-BD replicated significantly slower than SA11. This result was

unexpected, especially since rSA11 NSP4 A174S could not be rescued. This result may

show that there is a possible cooperative effect between the 169 and 174 amino acids in

the NSP4 DLP-BD, where only certain combinations are capable of replication. When

linked with the sequencing data analysed it may imply that only a polar/non-polar

combination or non - polar/ non - polar combination, but not a polar-polar combination

is possible when together with a DS-1 like VP6. This data is supported by what has been
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reported for protein-protein interactions. Normally, interactions occur between nonpolar

amino acids, but polar residues become important in stabilising the interaction when the

domain that is interacting is disordered (Jones & Thornton, 1996; Wong et al., 2013).

In the future there are multiple lines of questioning that need to be pursued. Firstly,

the rescue experiments performed in this project must be repeated in triplicate to verify

the results obtained. Secondly, reverse genetics can be employed to verify which amino

acids in NSP4 partake in the VP6/NSP4 interaction, by mutating every amino acid to

its opposite polarity in the NSP4 DLP-BD and attempting to rescue each mutant to see

what affect the mutation has on binding. Thirdly, whether the VP6 subgroup epitopes are

important in NSP4 binding must also be verified using mutagenesis, since this has only

been implicated by sequencing data. Fourthly, where in the cell VP6/NSP4 interactions

occur and at which point in the replication cycle, must be verified using immunoprecipation

and confocal microscopy.
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Appendix]Appendix

A Plasmid maps of pSMART-T7 RV-SA11 inline reverse genetics plas-

mid set

Fig. S1: pSMART-T7 RV-SA11 inline GS1(VP1)-GS4(VP4) reverse genetics plasmid maps
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Fig. S2: pSMART-T7 RV-SA11 inline GS5(NSP1)-GS8(NSP2) reverse genetics plasmid maps
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Fig. S3: pSMART-T7 RV-SA11 inline GS9(VP7)-GS11(NSP5/6) reverse genetics plasmid maps
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B GS6(VP6)/GS10(NSP4) plasmid maps

Fig. S4: pSMART-T7 RV-Moz308 VP6 and pSMART-T7 RV-Moz0060a VP6 plasmid maps
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Fig. S5: pSMART-T7 RV-SA11 NSP4 Moz0060a DLP-BD

C Consensus of NGS of pSMART-T7 RV-SA11 inline plasmid set align-

ment
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Fig. S6: Alignment of consensus sequence generated from pSMART-T7 RV-SA11 GS1 VP1 inline with

reference sequence
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Fig. S7: Alignment of consensus sequence generated from pSMART-T7 RV-SA11 GS2 VP2 inline with

reference sequence
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Fig. S8: Alignment of consensus sequence generated from pSMART-T7 RV-SA11 GS3 VP3 inline with

reference sequence

174



Fig. S9: Alignment of consensus sequence generated from pSMART-T7 RV-SA11 GS4 VP4 inline with

reference sequence
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Fig. S10: Alignment of consensus sequence generated from pSMART-T7 RV-SA11 GS5 NSP1 inline with

reference sequence
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Fig. S11: Alignment of consensus sequence generated from pSMART-T7 RV-SA11 GS6 VP6 inline with

reference sequence
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Fig. S12: Alignment of consensus sequence generated from pSMART-T7 RV-SA11 GS7 NSP3 inline with

reference sequence
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Fig. S13: Alignment of consensus sequence generated from pSMART-T7 RV-SA11 GS8 NSP2 inline with

reference sequence
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Fig. S14: Alignment of consensus sequence generated from pSMART-T7 RV-SA11 GS9 VP7 inline with

reference sequence
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Fig. S15: Alignment of consensus sequence generated from pSMART-T7 RV-SA11 GS10 NSP4 inline

with reference sequence
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Fig. S16: Alignment of consensus sequence generated from pSMART-T7 RV-SA11 GS11 NSP5/6 inline

with reference sequence

D Growth Curve titration raw data
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E Statistical analysis using 2-way ANOVA and LSD post-hoc of differ-

ences between SA11 and rescued viruses

Fig. S17: Tests of normality of the normalised log-transformed growth curve data set. Significance values

of p > 0.05 indicate that the data set has a normal distribution.
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Fig. S18: Multiple comparison data using a univariate 2-way ANOVA with LSD post-hoc tests. This

shows the comaprison of the mean between each virus.
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F First replicate plaque assays of viruses rescued in Chapter 3

Fig. S19: Plaque assays of the first replicate of each timepoint for rSA11 Moz308 VP6
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Fig. S20: Plaque assays of the first replicate of each timepoint for rSA11 NSP4 0060a DLP-BD
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Fig. S21: Plaque assays of the first replicate of each timepoint for rSA11 NSP4 R169I

G Permissions for figures reproduced in this project
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