This work is licensed under a Creative Commons Attribution-NonCommercialShareAlike 4.0 International License.

How to cite this thesis / dissertation (APA referencing method):

Surname, Initial(s). (Date). Title of doctoral thesis (Doctoral thesis). Retrieved from
http://scholar.ufs.ac.za/rest of thesis URL on KovsieScholar
Surname, Initial(s). (Date). Title of master’s dissertation (Master’s dissertation).
Retrieved from http://scholar.ufs.ac.za/rest of thesis URL on KovsieScholar

Expression of rotavirus capsid protein, VP6, in
various yeasts
By
Matshepo Elizabeth Rakaki
Dissertation submitted for the degree Master of Science (M.Sc.) in
Biochemistry at the Department of Microbial, Biochemical and Food
Biotechnology
Faculty of Natural and Agricultural Sciences
University of the Free State
Supervisor: Ass. Prof. Hester G. O’Neill
Co-supervisor: Prof. Jacobus Albertyn

i

Declarations:
“I, Matshepo Elizabeth Rakaki, declare that the Master’s Degree research dissertation that
I herewith submit for the Master’s Degree qualification of Biochemistry at the University of
the Free State is my independent work, and that I have not previously submitted it for a
qualification at another institution of higher education.”

Signature:

Date: 05/02/2018

ii

It always seems impossible until it’s done
Nelson Mandela

You are capable of more than you know. Choose a goal that seems right for you and strive
to be the best, however hard the path. Aim high. Behave honorably. Prepare to be alone at
times, and to endure failure. Persist! The world needs all you can give.
E O Wilson

A dream doesn't become reality through magic; it takes sweat, determination and hard work.

Colin Powell

Desire is the key to motivation, but it's determination and commitment to an unrelenting
pursuit of your goal - a commitment to excellence - that will enable you to attain the success
you seek.
Mario Andretti

iii

Acknowledgements

GOD: For the Gift of life

Ass Prof (Supervisor): Hester G O’Neill: I would like to give my devoted acknowledgement
to my supervisor for giving me this opportunity to pursue this study under her supervision.
Thank you for your support, encouragement and constructive criticism.

Prof Jacobus Albertyn (Co-supervisor): For your contribution to this work and giving
helpful opinions

Prof A van Dijk: From the North West University for providing us with TAKARA bacteria
expression pCOLD containing VP6 as positive control for VP6 expression

Prof J. Görgens: From Stellenbosch University for providing us with VP6 ORF codon
optimised for P. pastoris/P. angusta

Mr MS Makatsa: For being the first post-graduate student to start with the project

Mr OS Folorunso: For providing the modified VP6 open reading frame optimised for P.
pastoris/P. angusta construct (delATG_pKM177_POVP6).

Dr A Strydom: For assistance with purification protocol and transmission electron
microscope

Centre of microscopy: Allowing us to use the transmission electron microscope

iv

Department of Microbial, Biochemical and Food Biotechnology: For allowing me to
pursue my MSc at the department

NRF and PRF (Funders): For financial support

Colleagues: For the constant support and laughter we shared

Mohailane and Malefu Rakaki (Parents): For your devoted support and loving me
unconditionally

Puleng Dinoko (Sibling): For words of encouragement and devoted support

Family and Friends: For devoted support

v

Abstract
Rotavirus infection is one of the six leading causes of death among children under the age of
five years. Globally it causes more than 215 000 deaths annually of which 65% occur in lowand/or middle-income countries. The two licenced live-attenuated vaccines (Rotarix™ and
RotaTeq™) tend to have a lower efficacy in low- and/or middle-income countries. The lower
efficacy of rotavirus live-attenuated vaccines could be due to maternal antibodies and oral
polio vaccines interfering with rotavirus vaccine uptake. Rotavirus live-attenuated vaccines
have been associated with reassortment with circulating genotype strains. As alternative,
subunit vaccines such as viral proteins can be considered. Rotavirus VP6 protein is
considered as a candidate for subunit vaccine development. Rotavirus VP6 antibodies are
responsible for long lasting immunity and the antibodies against VP6 block the release of the
viral mRNA. Previous studies showed rotavirus VP6 provide heterologous protection by a
significant reduction of virus shedding in mice and gnotobiotic pigs.
Various recombinant yeasts were engineered by a previous MSc student, Mr M.S. Makatsa,
using a unique yeast expression vector (pKM177). The recombinant yeasts contained an
open

reading

frame

(ORF)

encoding

rotavirus

VP6

for

the

RVA/Human

wt/ZAF/GR10924/1999/G9P[6] strain. The ORF was codon optimised to favour expression in
Arxula adeninivorans (AO), Kluyveromyces lactis (KO) and Pichia pastoris/Pichia angusta
(PO). However, there was no expression of VP6 optimised for expression in A.
adeninivorans and K. lactis due to an additional out-of-frame ATG in the promoter region of
the expression vector. In this study, the additional ATG was successfully removed by sitedirected mutagenesis and the Kozak sequence was optimised to produce modified
delATG_pKM177_AOVP6 and delATG_pKM177_KOVP6 constructs.
The

modified

delATG_pKM177_AOVP6,

delATG_pKM177_KOVP6

as

well

as

delATG_pKM177_POVP6, the modified plasmid containing the VP6 ORF codon optimised
for expression in P. pastoris/P angusta and obtained from a colleague, were transformed
into 14 different yeast strains. Partial PCR amplification of the VP6 ORFs was conducted to
screen for integration of the expression cassettes into the yeast genomes. Debaryomyces
hansenii UFS0610 and Yarrowia lipolytica UFS2415 resulted in no colony formation.
Integration into the P. angusta genome was efficient for all the VP6 optimised ORFs.
Integration of the VP6 ORFs in the Y. lipolytica PO 1F, UFS0097 and UFS2221 strains were
relatively poor as only 16% of the clones screened showed integrated into the genome. The
delATG_pKM177_AOVP6 and delATG_pKM177_POVP6 had 75-80% integration in the
various yeast genomes, while delATG_pKM177_KOVP6 integration was relatively low at
46%. Expression of VP6 from all the ORFs was effective in P. angusta strains followed by A.
vi

adeninivorans strains from the UNESCO-MIRCEN yeast culture collection (A. adeninivorans
UFS1219 and A. adeninivorans UFS1220), S. cerevisiae and K. lactis. High expression of
VP6 in P. angusta and P. pastoris has been reported in previous studies. In this study,
almost all P. angusta colonies screened, expressed VP6, while only 13% of P. pastoris
colonies screened expressed VP6. There was relatively low expression of VP6 in Y.
lipolytica strains as well as the prototype A. adeninivorans strain, LS3.
Six yeasts were identified that successfully expressed rotavirus VP6. Rotavirus VP6 has a
unique feature of assembling into oligomeric structures depending on the pH and ionic
strength. Assembly of nanotubes or nanosphere have only been reported for VP6 produced
by insect cells and E. coli, but not in yeast cells. A simple method was adapted to purify and
allowed VP6 to assemble in oligomeric structures. Only VP6 produced in A. adeninivorans
UFS1219 was able to assemble in both nanotubes and nanospheres, while VP6 produced in
Y. lipolytica only assembled in nanospheres. The recombinant A. adeninivorans 1219 strain
shows great potential as producer of a rotavirus subunit vaccine candidate.

Key word: Rotavirus VP6, Codon optimisation, Site-directed mutagenesis, Kozak, Subunit
vaccine, Yeast expression, VP6 tubular formation.
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Chapter 1:

Literature review - Overview of rotavirus capsid protein, VP6, as a
candidate for vaccine development
1.1 Introduction
Rotavirus infection causes severe diarrhoea among infants and young children. Rotavirus is
one of the six leading causes of diarrhoea among children younger than five years of age. It
causes more than 215 000 deaths annually, mostly in low- and middle-income countries
(Tate et al., 2016b). Rotavirus infects the small intestine and the mode of transmission is
through the faecal-oral route (Estes & Greenberg, 2013). Symptoms are mainly
characterised by early onset of vomiting with watery diarrhoea for four to eight days, and
low-grade fever (Osonuga et al., 2013). Rotavirus was first described in 1973 by Bishop and
co-workers. They studied duodenal biopsies from children with acute gastroenteritis using an
electron microscope and observed viral particles with a wheel-like structure in the cytoplasm
of mature epithelial cells originating from the lining of the duodenal villi and in faeces (Bishop
et al., 1973). Rotavirus was named after its wheel-like structure (rota = Latin for wheel).
Rotavirus belongs to the Reoviridae family and genus of Rotavirus. Rotavirus genome has a
size of approximately 18 500 bp and consists of 11 double-stranded RNA (dsRNA) genome
segments which encode six structural and six non-structural proteins. These genome
segments are enclosed within the viral capsid proteins which are composed of an outer
layer, an intermediate layer and an inner core layer (Trask et al., 2012a), forming a triplelayered particle (TLP).

1.2 Genome organisation and viral proteins
The 11 genome segments encode for 12 viral proteins: six structural viral proteins (VPs) and
six non-structural proteins (NSPs) (Figure 1.1). The structural or capsid proteins VP1, VP2,
VP3, VP4, VP6 and VP7 form the triple-layered particle (Table 1.1). The non-structural
proteins, NSP1, NSP2, NSP3, NSP4, NSP4 and NSP5 mainly function in the replication of
the virus, pathogenesis and are only produced when the virus infects cells (Ramig, 2004)
(Table 1.2).
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Figure 1.1: A, The 11 viral dsRNA genome segments that encodes for 12 viral proteins, 6 structural and 6
non-structural proteins. A, Separation of 11 dsRNA segments of the prototype strain SA11 by means of
polyacrylamide gel (PAGE). Genome segment sizes range from 3302 to 667 bp. B & C, The VP4 spike
protein (red) is attached to the intermeidiate protein VP6 (blue) and the outer protein VP7 (yellow) stabilze
the spike proteins to VP6. The inner protein VP2 (green) forms a complex with VP1 (polymerase) and VP3
(capping enzyme), to form the viral polymerase complex. (Copied from Ramig, 2007).

1.2.1 Structural proteins
The six structural proteins have distinct functions, but interact with each other to keep the
virus intact (Table 1.1). The 60 VP4 spike proteins are thought to protrude through the VP7
layers bound to the VP6 protein (Settembre et al., 2010) and interact with host receptors
upon entry. The inner viral protein, VP2, is surrounded by the VP6 protein forming the
double-layered particle (DLP). The DLP is covered by the outer capsid protein, VP7, which is
a glycoprotein (Figure 1.2a) and it appears to lock the VP4 spikes onto the virion (Settembre
et al., 2010). The stability of VP7 is dependent on the calcium ions bound on the trimmers
(Aoki et al., 2010). The inner capsid protein, VP2, forms little knobs in a 5-fold symmetry
(McClain et al., 2010) where 11 genome segments are enclosed in the inner capsid protein.
The VP2 is thought to be a scaffold by interacting with the viral polymerase complex
(McClain et al., 2010). The viral polymerase complex is composed of the viral capping
enzyme, VP3 and RNA-dependent RNA polymerase (RdRP), VP1 (Figure 1.2b).
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Figure 1.2: Viral capsid structure. A, Illustrates the capsid proteins with inner layer VP2 (green) (102 kDa)
and middle-layer VP6 (blue) (45 kDa) which forms the double-layer particle (DLP). The DLP is covered by
VP7 (yellow) (37kDa) and the viral protein spikes of VP4 (red) (87 kDa) forming a triple-layer particle (TLP)
(copied from Desselberger et al., 2009). B: Shows the viral polymerase complex consisting of the viral
RNA-dependent RNA polymerase (VP1) (pink) and RNA capping enzyme (VP3) (purple). These proteins
are attached to the inner surface of the VP2 (blue) as VP2 acts as a scaffolding protein (copied from
Jayaram et al., 2004 and Trask et al., 2012a).
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Table 1.1: Description of rotavirus structural proteins based on the human rotavirus
Wa strain
Structural
proteins

Viral
segment

Length
(bp)

Molecular
weight
(kDa)

Functions

VP1

1

3302

125

VP1 functions as an RNA-dependent RNA
polymerase and occurs within the DLP. It also
has an ssRNA binding domain and is
responsible for the transcription of rotavirus
positive-sense RNAs from the negative-sense
RNA (Lawton et al., 1997).

VP2

2

2717

102

VP3

3

2591

98

VP4

4

2360

88

VP2 binds to ssRNA and dsRNA and
encloses the
viral polymerase complex
(McDonald & Patton, 2011). VP2 initiate
genome replication through interaction with
VP1 (Patton et al., 1997).
VP3 functions as the RNA capping and
methylation
enzyme and responsible for
minus-strand synthesis (Chen et al., 1999;
Pizarro et al., 1991).
VP4 function in interacting with host receptors
during infection (Trask et al., 2012a). The
hemagglutination domain lies on VP8*
(Fuentes-Pananá et al., 1995).

VP8*/VP5*

4

VP8*= 27
VP5*= 60

Production VP8* and VP5* is due to
proteolytic cleavage by VP4 during infection
(Settembre et al., 2010). VP5* is responsible
for the permeability of the virus (Denisova et
al., 1999) while VP8* interacts with host
receptor upon entry.

VP6

6

1356

45

VP6 is the major antigen target for detection
of rotavirus groups. VP6 functions as an
anchor for VP4 and VP7 (Trask et al., 2012a).

VP7

9

1062

37

VP7 is a glycoprotein and it locks the VP6
into the viron (Settembre et al., 2010).

1.2.2 Non-structural proteins
The non-structural proteins (NSPs) are only produced once the virus enters the host cell to
function in the replication of the virus (Hu et al., 2012; Trask et al., 2012b) (Table 1.2). The
NSPs are also responsible for antagonizing the antiviral host response (Barro & Patton,
2007). The NSPs have the ability to use the host machinery during translation and are
responsible for the formation of inclusion bodies known as viroplasms where rotavirus
replication occurs (Fabbretti et al., 1999; Keryer-Bibens et al., 2009).
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Table 1.2: Description of rotavirus non-structural proteins based on the human
rotavirus Wa strain
Nonstructural
proteins

Viral
segment

Length

Size (kDa)

NSP1

5

1567

58

NSP2

7

1059

37

NSP3

8

1059

36

NSP4

10

750

20

NSP5/6

11

664

NSP5: 21

Functions

(bp)

NSP6: 12

NSP1 suppresses the host antiviral response
that results in antagonising the function of
interferon regulatory factors IRF3, IRF5, and
IRF7 (Barro & Patton, 2005, 2007).
NSP2 interacts with NSP5 to form viroplasm
(Fabbretti et al., 1999) where replication
occurs. NSP2 also interact VP2 and VP1
during replication (Patton et al., 2006).
NSP3 is responsible for the translation of
viral mRNAs and suppresses the host protein
synthesis by having a high affinity with the
poly A binding protein (PABP) (Keryer-Bibens
et al., 2009; Piron et al., 1998a; Poncet et al.,
1993).
NSP4 acts as the viral enterotoxin (Ball et al.,
1996) and function in the assembling of DLPs
synthesized through the ER from the
viroplasm.
NSP5 associates with NSP2 to form
viroplasm. NSP5 also regulates NSP2-RNA
interactions during genome replication (Jiang
et al., 2006).
NSP6 has sequence independent nucleic
acid binding properties. NSP6 interacts with
NSP5 which is also localized in the viroplasm
(Rainsford & McCrae, 2007; Torres-Vega et
al., 2000).

1.3 Classification
Rotavirus belongs to the subfamily of Sedoreovirinae and is classified under the family of
Reoviridae along with orthoreovirus, orbivirus, coltivirus, aquareovirus, oryzavirus,
Cypovirus, Fijivirus, Mycoreovirus, phytoreovirus and Seadornavirus (King et al., 2012) .
Based on the antigenic properties of VP6, rotavirus is classified into eight groups (A-H)
recognized by International Committee on Taxonomy of Viruses (ICTV) (Matthijnssens et al.,
2012). In the recent Rotavirus Classification Working Group (RCWG) meeting, an additional
group was proposed, group I, which was discovered in Hungarian sheltered dogs but has not
yet been accepted by ICTV (Matthijnssens & Theuns, 2015). Groups A, B, C and H are
commonly seen in mammals. Group A is most common in infants, young children and young
animals. Furthermore, Group A have also recently been identified in bats located in Africa
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and China (Esona et al., 2010; He et al., 2017; Xia et al., 2014; Yinda et al., 2016). In
addition, Group A has also been detected in avian species (Ito et al., 2001; Trojnar et al.,
2009, 2013). Groups D, F, and G rotaviruses have been detected only in avian species,
while group E has been identified in porcine (Pedley et al., 1983; Trojnar et al., 2009, 2010).
Group H, previously known as adult diarrhoea rotavirus (ADRV), is found in human adults
(Hung et al., 1983; Matthijnssens et al., 2011). In addition, Group H has also been identified
in porcine (Marthaler et al., 2014; Nyaga et al., 2016).
Group A is the most important of the groups infecting humans and also the best studied.
Group A is further classified into G genotypes (glycoprotein VP7) and P genotypes (protease
sensitive protein VP4) (Matthijnssens & Van Ranst, 2012). In 2008, Matthijnssens and coworkers proposed a new classification system based on all 11 genome segments. The
nomenclature is as follows: Gx-P[x]-Ix-Rx-Cx-Mx-Ax-Nx-Tx-Ex-Hx (where x represents
numbers of the corresponding genotypes) representing VP7, VP4, VP6, VP1, VP2, VP3,
NSP1, NSP2, NSP3, NSP4, and NSP5 encoding genome segments (Matthijnssens et al.,
2008a). The capital letters in the genotype were derived from the function associated with
the protein encoded by the genome segment i.e., Glycoprotein (VP7), Protease-sensitive
(VP4), Inner capsid (VP6), RNA-dependent RNA polymerase (VP1), Core protein (VP2) and
Methyltransferase (VP3). This annotation also applies to the NSPs for instance: Interferon
antagonist (NSP1), NTPase (NSP2), Translation enhancer (NSP3), Enterotoxin (NSP4) and
Phosphoprotein (NSP5) (Matthijnssens et al., 2008a). The RCWG proposed guidelines for
the nomenclature of individual strains are based on: (A) wild-type RV strains, (B) tissue
culture-adapted rotavirus strains or rotavirus strains passaged in vivo in their homologous
host species, (C) generated in a laboratory for which a host species can be assigned
unambiguously, (D) generated in a laboratory for which a host species cannot be assigned
unambiguously and (E) vaccine strains (Matthijnssens & Van Ranst, 2012). The P genotype
is annotated by an Arabic number between square brackets (P1A[8]: serotype 1A, genotype
8 (Matthijnssens et al., 2008a)
To date 288 genotypes for all the 11 genome segments of rotavirus A have been described,
with

35

G

genotypes

and

50

P

genotypes

(Table

1.3)

(https://rega.kuleuven.be/cev/viralmetagenomics/virus-classification/rcwg).
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Table 1.3: Updated genotypes of all the 11 genome segments to date.
(https://rega.kuleuven.be/cev/viralmetagenomics/virus-classification/rcwg).
Protein

Genotype

VP7
G
VP4
P
VP6
I
VP1
R
VP2
C
VP3
M
NSP1
A
NSP2
N
NSP3
T
NSP4
E
NSP5
H
TOTAL:

Total No.
of
genotypes
35
50
26
21
19
19
30
20
21
26
21
288

The human reference strains include the Wa, DS-1 and AU-1 strains (Matthijnssens et al.,
2008b). The occurrence of interspecies reassortment between human and animal strains
has been shown using molecular evidence like RNA–RNA hybridization (Matthijnssens et al.,
2008b) and next generation sequencing (NGS) (Dennis et al., 2014; Jamnikar-Ciglenecki et
al., 2017; Komoto et al., 2016). Data analysis of whole genome sequencing reported in 2008
by Matthijnssens and co-workers indicated that DS-1-like strains are descendant from
bovine rotaviruses, while Wa-like strains share a common ancestor with porcine rotaviruses.

1.4 Epidemiology and Prevalence
From 2000 - 2013 annual rotavirus deaths for children under the age of 5 years were
estimated at approximately 215 000 (Tate et al., 2016b). Low- and middle-income countries
in Asia and sub-Saharan Africa have the highest death rates (Figure 1.3a). India has the
highest death rate of 22% compared to other countries shown in Figure 1.3B (Tate et al.,
2016b). Four countries, India, Nigeria, Pakistan and DRC account for approximately half
(49%) of the global estimated deaths (Tate et al., 2016b). Figure 1.3B indicates the top 10
counties (Afghanistan, Pakistan, India, Nigeria, Democratic Republic of Congo (DRC),
Angola, Ethiopia, Chad, Niger, and Kenya) with the highest number of deaths. These deaths
occur mostly in low- and/or middle-income countries which accounts for more than (65%)
half death rates compared to other countries worldwide (Tate et al., 2016b).
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Figure 1.3: Estimated rotavirus deaths in 2013. A, Geographical map showing death rates worldwide that
indicates the high mortality in Africa and Asia. The majority (56%) of rotavirus deaths were in countries
of sub-Saharan Africa. B, Chart illustrating the top 10 countries with a high number of deaths. India has
the highest mortality rate (22%) followed by Nigeria (14%), Pakistan (7%), DRC (6%), Angola (5%),
Ethiopia (3%), Afghanistan (2%), Chad (2%), Niger (2%), and Kenya (2%) (copied from Tate et al., 2016b).

Globally, at least 90% of G-genotypes namely G1-G4, G9 and G12 are circulating strains.
Predominant P-genotypes consist of P[8] and P[4] (Delogu et al., 2015; Esona & Gautam,
2015; Santos & Hoshino, 2005). The G and P genotype combinations G1P[8], G2P[4],
G3P[8], G4P[8], G9P[8] and G12P[8] are the most predominant strains globally (Bányai et
al., 2012; Delogu et al., 2015; Matthijnssens & Van Ranst, 2012).
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Globally predominant genotypes are G1 – G4, G9 and G12 with association with P[4], P[6]
or P[8] (Bányai et al., 2012; Esona & Gautam, 2015; Santos & Hoshino, 2005). In Africa G1
is the most predominant (28.8%) genotype, followed by G9 (17.3%), G2 (16.8%), G8 (8.2%),
G12 (6.2%) and G3 (5.9%) (Seheri et al., 2014). The P[8] is the most predominant P
genotype globally which is also seen as the most predominant genotype in Africa (40.6%).
This is followed by P[6] (30.9%) and P[4] (13.9%) in Africa (Seheri et al., 2014). The top G/P
combinations in Africa are G1P[8] (18.4%), G9P[8] (11.7%), G2P[4] (8.6%), G2P[6] (6.2%),
G1P[6] (4.9%), G8P[4] (4.5%), G3P[6] (4.3%), G8P[6] (3.8%) and G12P[8] (3.1%) (João et
al., 2018; Seheri et al., 2014). The predominance of the unusual strain, G9P[4], has been
reported in countries like Mexico, Guatemala, Bangladesh, Honduras and recently in India
(Chitambar et al., 2014; Quaye et al., 2013). There are other rare strains that are emerging
like G5P[8] in Brazil and G9P[6] in India. In Africa the G6 genotype has become a
predominate genotype in countries like Kenya, Zimbabwe, Zambia and Cameroon which are
considered as unusual as a result of zoonotic transmission (Seheri et al., 2014). From
Burkina Faso it has been reported that the unusual G6P[6] is the second most predominant
strain (Nordgren et al., 2012). Animal-human reassortment strains including G8P[14],
G6P[6], G4P[6], G9P[14] and G10P[6] have been reported from African countries like
Mauritius, Tanzania, Guinea Bissau, Senegal, Kenya and Nigeria (Seheri et al., 2014).

1.5 Replication cycle
Most studies on the replication cycle have been done using Caco-2 cells as Caco-2 cells are
a good cell culture model of human intestinal cells (Cuadras et al., 2002). The viral
replication cycle occurs in the mature epithelial cells of the small intestine near the tips of the
villus.
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Figure 1.4: Schematic representation of rotavirus replication cycle. The spike proteins initiate (A)
the attachment to host cell receptors initiated by VP4 spike proteins; (B) penetration of the virus
to the host cytoplasm; (C) uncoating where the outer capsid proteins VP4 and VP7 are removed
from the particle in the cytoplasm releasing the DLP; (D) transcription occurs when the DLP is
transcriptionally active and the mRNA are released; (E), translation occurs and the 6 structural
and 6 non-structural proteins are produced; (F) replication of the viral nucleic acid which occurs
in viroplasms; (G) assembly of the viron where the DLP is assembled in the viroplasm and the
outer capsid proteins in the ER membrane; (H) release of virions by cell lysis (adapted from Trask
et al., 2012b).

The spike proteins initiate the attachment (Figure 1.4A) to host cell receptors. This is
followed by penetration (B), uncoating (C), transcription (D), translation (E), replication of the
viral nucleic acid (F), assembly of viral components (G), and finally release of virions by cell
lysis (H). The replication cycle is summarised in Figure 1.4.
1.5.1 Virion attachment
The attachment (Figure 1.4A) is mediated by the 60 spike proteins to the cellular receptors
which contain sialic acid (SA) and cellular glycans such as histo-blood group antigens
(Dormitzer et al., 2002b; Hu et al., 2012b; Stencel-baerenwald et al., 2014). To be fully
infectious, VP4 spike proteins are proteolytically cleaved into two fragments, VP8* and VP5*,
by trypsin-like proteases in the intestinal lumen (Estes et al., 1981; Trask et al., 2012b).
Experiments using MA104 cells showed that the VP8* domain is responsible for attachment
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since VP8* is positioned at the tip of the cleaved spike (Fiore et al., 1991). A shallow groove
of the VP8* surface interacts with the SAs on the cellular glycans (Dormitzer et al., 2002b).
1.5.2 Rotavirus cell penetration and uncoating
The penetration (Figure 1.4B) of rotavirus is mediated by the outer capsid protein, VP7, and
VP5*. Penetration is due to the hydrophobic loops in VP5* being exposed, a phenomenon
that occurs in many viral membrane fusion proteins during entry (Settembre et al., 2010).
Due to the low concentrations of calcium (Ca2+) in the cytoplasm of the host cell,
solubilisation of the outer layer proteins, VP7, is promoted and yields the DLP (Figure 1.4C).
1.5.3 Transcription and translation of viral mRNA
The DLP yielded after uncoating of the outer capsid proteins, is transcriptionally active. As
mentioned before, rotavirus has its own polymerase complex which produce nascent (+)
RNAs through the VP2-VP6 channel l (Lawton et al., 1997) using the minus strands of
dsRNAs as templates (Silvestri et al., 2004). The 11 (+) sense RNAs released are capped at
the 5’ end by the capping enzyme, VP3, and instead of having a poly-A tail at the 3’ end
(Lawton et al., 1997; Silvestri et al., 2004) it has a consensus sequence (UGACC) which is
conserved in all the 11 viral genome segments (Hu et al., 2012a) (Figure 1.4D). The nascent
(+) sense RNAs act as mRNA templates for protein synthesis and genome replication. The
capped mRNAs accumulate in the cytosol where most of the structural and non-structural
proteins are synthesised by the host ribozymes (Figure 1.4E). NSP3 plays an important role
in the translation of the viral mRNAs. The N-terminal domain of NSP3 binds to the 3’
consensus sequence (Deo et al., 2002), while the C-terminal domain of NSP3 interacts with
eIF4G (Groft & Burley, 2002). It has been seen that NSP3 has a higher affinity with eIF4G
than the poly-A binding protein (PABP) (Piron et al., 1998). The interaction of the NSP3 with
eIF4G results in the circularisation of the viral mRNA which is important for efficient
translation by host ribosomes (Groft & Burley, 2002).
1.5.4 Genome replication and core assembly
Viral replication is hosted by an inclusion body known as the viroplasm and is formed
through the association of various viral proteins including NSP2 and NSP5 (Figure 1.4F). In
the viroplasms, it is thought that the polymerase complex is assembled and the (+) sense
RNAs are selectively packaged into assembling VP2 cores which may be modulated by
NSP2 (Berois et al., 2003; Vende et al., 2003). The (+) sense RNAs are replicated by VP1
into the dsRNA genome as shown previously with immunofluorescence analysis of
bromouridine (BrU)-labeled RNA in infected cells. This study provided evidence that plusstrand RNAs are synthesized within viroplasms and that the assembly of DLPs also occur
within viroplasms (Silvestri et al., 2004). Using a gel mobility shift assay, it was shown that
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the polymerase enzyme (VP1) binds to the 3’ end of the (+) sense viral RNA indicating an
enzyme-RNA complex (Patton, 1996). For the formation of the DLP, VP2 may compete with
other viral proteins. The DLP assembly occurs in the viroplasms, NSP5 interacts with VP2
which modulates the assembly of VP6 onto the core shell (Berois et al., 2003) (Figure 1.4G).
1.5.5 Outer-capsid assembly
It is not fully understood how the outer-capsid assembly is carried out but it is thought to
occur in the endoplasmic reticulum (ER) where NSP4 is a key regulator. The NSP4 is an
integral protein embedded in the ER membrane (Trask et al., 2012b). Even though it is not
clear how the DLP must exit the viroplasm, the NSP4 may recruit the DLP into the outercapsid assembly pathway (Trask et al., 2012b). The VP4 spike proteins and the VP7
glycoprotein are embedded in the ER membrane (Figure 1.5). The NSP4 is composed of
three domains, H1, H2 and H3 (Bergmann et al., 1989). The H1 domain of the NSP4 is
glycosylated and is oriented to the luminal side of the ER (Bergmann et al., 1989) while H2
has a longest hydrophobic domain which is anchored in the bi-layer of the ER. The H3
domain is thought to be responsible for transport of the DLP into the ER membrane by acting
as an intracellular receptor (Taylor et al., 1993). NSP4 tetramers result in ER membrane
deformation and budding of the DLP–VP4–NSP4 complex into the ER (Figure 1.5). The VP4
assembles first onto the DLP then the ER membrane is removed and VP7 assembles onto
the particle, thereby locking VP4 into place forming the TLP (Trask et al., 2012b). NSP4 is
critical for viral maturation. Silvestri and co-workers showed that blockage of NSP4
expression by siRNA leads to RV particle maturation defects (Silvestri et al., 2005).
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Figure 1.5: Model of viral assembly. NSP4 is thought to play a key role in the formation of triple layer
particle assembly which occurs in the ER. NSP4 tetramers (blue triple helical protein) result in ER
membrane deformation and budding of the DLP–VP4–NSP4 complex into the ER which recruits the DLP
to the ER membrane. The VP4 spike proteins (red spikes) and the VP7 glycoprotein (yellow) are
embedded in the ER. (copied from Trask et al., 2012b)

1.5.6 Virion release from the infected cells
Virus release remains unclear, however work done in monkey kidney epithelial cells
(MA104) showed that viral release occurs by host cell lysis, while a kind of budding process
occur in Caco-2 cells that does not immediately kill the cell (Breton et al., 2006).

1.6 Pathogenesis
Rotavirus infects the mature enterocytes villus of the small intestine (Figure 1.6). Villus
enterocytes are arranged in finger-like projections in the walls of the small intestines and
function in absorption of nutrients (Figure 1.6). Rotavirus alters the function of the small
intestine which then leads to diarrhoea (Ramig, 2004). NSP4 has multiple functions and play
an important role in the pathogenesis of rotavirus. It acts as an enterotoxin which induces
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diarrhoea. There are certain peptides of the NSP4 that have been shown to be toxic when
infected in mice (Ball et al., 1996; Zhang et al., 2000). These residues are responsible for the
secretion of chloride through the calcium-dependent signalling pathway (Ball et al., 1996).
This causes an increase in the calcium [Ca2+] from the intracellular store (Zhang et al., 2000)
as illustrated in Figure 1.6. Infection leads to the increase in the plasma membrane
permeability where there is an increase in sodium and decrease in potassium that results in
a loss of fluids (Ramig, 2004). Furthermore, NSP4 binds to specific receptors which triggers
the phospholipase C–inositol 1,3,5-triphosphate (PLC-IP3) cascade resulting in the release
of Ca2+ (Dong et al., 1997; Ramig, 2004). There are proteins expressed on the apical surface
(disaccharidase, peptidase, etc.) that are absorbed by enterocytes and are affected by
infection of rotavirus. Infection of rotavirus may lead to diarrhoea as a result of a decrease in
intestinal absorption of sodium, glucose and water.

Figure 1.6: Induction of diarrhoea by NSP4: The released NSP4 protein (red triangles) mediates the
release of Ca

2+

(blue squares) from the internal stores. The tight junctions are disrupted by NSP4 which

causes the flow of water (green arrow). The Ca

2+

can also be released by binding to specific cellular

receptors which triggers a signalling cascade through phospholipase C–inositol 1,3,5-triphosphate
(PLC-IP3). Copied from Ramig 2014.

1.7 Immunity following natural infection
There are many factors that play a role in rotavirus immunology causing rotavirus infection to
elicit acquired and innate immune responses (Desselberger & Huppertz, 2011). The
mechanism of the rotavirus immunity is, however, not fully understood.
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1.7.1 Innate immunity
The innate immune response is regarded as the first protection against foreign antigens and
also activates the adaptive immune response. Cytokines are involved in autocrine signalling
and secretion of cytokines belonging to the interferon (IFN) family (Randall et al., 2008;
Takeuchi & Akira, 2010). The interferon-regulatory factors (IRFs) are essential regulators of
the activation of immune cells resulting in the recognition of a virus within infected cells.
There is therefore activation of the host pathogen associated molecular patterns (PAMP)
(Randall et al., 2008). The PAMP is recognised by the pathogen recognition receptors
(PRRs) such as MDA5 caused by a viral infection which triggers the formation of the host
immune regulatory proteins (Yoneyama & Fujita, 2009). When the PRRs interacts with the
ssRNA/dsRNA genome of the virus, the production of IRF3/7 and nuclear factor kappa-lightchain-enhancer of activated B cells (NF-κB) is activated through the mitochondrial antiviral
signalling (MAVS) (Seth et al., 2005).
NSP1 plays an important role in antagonising the innate immune system. The viral nonstructural protein inhibits the expression of type I interferon by antagonising the function of
interferon regulatory factors of IRF3, IRF5, and IRF7 (Barro & Patton, 2005, 2007; Graff et
al., 2002). NSP1 also plays a role in the degradation of the mitochondrial antiviral signalling
(MAVS) protein (Nandi et al., 2014).
1.7.2 Acquired immunity
Also known as humoral immune response, acquired immunity is responsible for the
production of IgA and IgG antibodies (Desselberger & Huppertz, 2011; Hjelt et al., 1985). IgA
plays an important role in the protection against rotavirus infection, because IgA occurs
predominate in the mucosal surfaces such as the gastrointestinal, respiratory, and
genitourinary tracts. Rotavirus infection occurs in the gastrointestinal tract (Blutt & Conner,
2013). Serum anti–rotavirus IgA antibody seem to have better protection than serum IgG
antibody (Velazquez et al., 2000).
Primary infection normally elicit homotypic immune response as re-infection or multiple
infections elicit both homotypic and heterotypic antibody responses (Velazquez et al., 2009).
Children with more than one symptomatic or asymptomatic infection have a higher degree of
protection than children that are exposed to only one infection (Velazquez et al., 1996; White
et al., 2008).
The outer capsid proteins VP7 with protruding VP4 spikes are thought to be naturally
neutralized by IgG or IgA (Desselberger & Huppertz, 2011; Nair et al., 2017; Velazquez et
al., 2000). During infection VP4 is proteolytically cleaved into two subunit proteins, VP8* and
VP5*. In previous studies, VP8* appeared to have a homotypic and heterotypic activity and
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showed that VP8* elicits RV neutralising antibodies against rotavirus infection (Fix et al.,
2015; Matsui et al., 1989; Monnier et al., 2006; Ruggeri & Greenberg, 1991; Wen et al.,
2013), However, this is in contrast to recent literature which has shown that VP8* has
minimal neutralising capacity as compared with high heterotypic neutralising capacity by
VP5* (Nair et al., 2017). Furthermore, VP5* has the capability to mediate a broad-based
protection against distinct rotavirus strains and this suggests that the VP5* heterotypic
neutralising antibodies have an important role in preventing viral entry as well as initiating
infection (Nair et al., 2017).
Subsequent infections or immunisation seem to have a higher protection against rotavirus
compared to primary infection and heterotypic infection (Bhandari et al., 2014; Ruiz-Palacios
et al., 2006; Velazquez et al., 1996). These study indicated the importance of vaccination
and also to take consideration of modifying dose or number of doses of vaccine to protect
children against rotavirus. Gladstone and co-workers evaluated the protective effect of
natural rotavirus infection in Indian children and showed that frequent re-infection in a high
viral diversity setting lowered protection as compared to previous studies done in Mexico
and Guinea-Bissau (Fischer et al., 1998; Gladstone et al., 2011).
VP6 is responsible for the production of IgA antibodies (Yuan et al., 2004). These antibodies
are produced from B lymphocytes (Weitkamp et al., 2003). Aiyegbo and co-workers showed
that human rotavirus VP6-specific antibodies can block the transcriptional pores of the
activated DLP (Figure 1.7A) which can result in the intracellular neutralisation of the virus as
shown in Figure 1.7B (Aiyegbo et al., 2013). The viral architecture of the virion results in 3
types of channels, namely type I, II, and III channels (Aiyegbo et al., 2014) (Figure 7C). The
12 type I channels is thought to be those responsible for the release of the viral RNAs since
it has a narrow opening compared to the other channels and is located at the icosahedral
five-fold axes (Prasad et al., 1996) (Figure 1.7C). Type II channels (60 types) are directly
adjacent to the type I channel (Aiyegbo et al., 2014; Prasad et al., 1988). Lastly type III
channels (60 types) are located at the quasi-six-fold axes and positioned around icosahedral
three-fold axes (Aiyegbo et al., 2013).

16

Figure 1.7: VP6 specific antibodies blocking the release of the viral mRNA. A, transcriptionally active DLP
with the release of viral mRNA from the DLP pores during replication. B, illustrates the 3D structure of
DLP in complex with the VP6-specific antibodies (yellow), indicated with the red arrows, blocking the
transcriptional pores of the activated DLP at the five-fold axis symmetry. C, the three channels located on
the VP6 structural proteins. Type I channel is responsible for the release of the viral RNA with a narrow
opening, type II channel is directly adjacent to the type I channel and type III channels re located at the
quasi-six-fold axes. (copied from Aiyegbo et al., 2013 and 2014).

The antibody structure consists of two subunits, a heavy chain (VH) and a light chain (VL),
on the antigen binding site. It was initially thought that infants have a limited antibody
repertoire due to constrained VH and VL domain usage resulting in a poor antibody
response (Lucas & Reason, 1998; Schroeder & Mortari, 1995). However, a study done by
Weitkamp and co-workers showed that infants (2 to 11 months of age) exhibits a very strong
VH dominance similar to adults (Weitkamp et al., 2003). The rotavirus intestinal homing B
cells in response to VP6 produce antibody repertoire is dominated by the single antibody
heavy chain variable gene, VH1-46 (Weitkamp et al., 2003, 2005). The VP6 capsid protein
elicits immune responses to inhibit viral replication (Choi et al., 2002; Lappalainen et al.,
2014, 2015; Vega et al., 2013). VP6 has been reported to have a protective immunity in mice
seen in a study by Choi and co-workers indicating protection by viral shedding (Choi et al.,
2002). In a recent study done by Lappalainen and co-workers also showed inhibition of viral
shedding in mice by at least 65% (Lappalainen et al., 2015). Furthermore, a reduction in viral
reduction in shedding was also seen in gnotobiotic pigs (Vega et al., 2013).
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1.8 Vaccines
Since the introduction of rotavirus vaccines, the number of severe rotavirus incidence has
been reduced in high- and some low income countries. Since the licencing of the two
vaccines, RotaTeq® and Rotarix®, which were recommended for global use by the World
Health Organisation (WHO) in 2006, the number of hospitalisations due to diarrhoea of
children <5 years has reduced to 38% globally (Burnett et al., 2017). In addition, there was a
46%, 30% and 41% reduction of hospitalisation in countries with high, medium and low
rotavirus mortality, respectively (Burnett et al., 2017). To date the vaccine effectiveness of
the Rotarix® is 57% and 84% in countries with high rotavirus mortality and low mortality,
respectively (Jonesteller et al., 2017). While vaccine effectiveness of RotaTeq® is 45% and
90% in countries with high mortality and low mortality, respectively (Jonesteller et al., 2017).
The first rotavirus vaccine to be licensed was RotaShield® in 1998. RotaShield® was a
tetravalent live oral reassortant vaccine that contained a mixture of four virus strains (G1 to
G4) with a rhesus rotavirus backbone. However, nine months after being licensed,
Rotashield® was withdrawn from the market due to incidents of intussusception (Murphy et
al., 2001). Within 3 to 14 days of oral administration of the second dose of RotaShield®
vaccine, the risk of intussusception was most elevated. Intussusception results in a
pathological event where one part of the intestine fold into itself and usually occurs in
children aged between 6 months and 2 years (Del-Pozo et al., 1999). Intussusception results
in a block in blood supply and therefore a lack in oxygen to the immediate tissue and this
can be fatal if it is not treated quickly.
1.8.1 Live attenuated vaccines
There are two licensed live-attenuated vaccines, RotaTeq® and Rotarix®, recommended for
global use by the WHO. Currently 86 countries have introduced either of the two vaccines. In
Africa, 36 countries introduced either RotaTeq® or Rotarix®. Only five countries, South
Africa, Botswana, Namibia, Libya, Morocco, introduced the vaccines without the support of
the
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(http://rotacouncil.org/vaccineintroduction/global-introduction-status),

indicating

(GAVI)
the

dependence of most African countries on external financial support to implement vaccines.
Immunity due to vaccination elicits strong IgA antibody responses. At least two or more
doses of the vaccines are required to have sufficient protection against rotavirus infection.
1.8.1.1 RotaTeq®
RotaTeq® is a pentavalent vaccine produced by Merck Research Co and licensed by the
Food and Drug Administration (FDA) and recommended by the WHO in 2006. The vaccine
contains five reassortant rotaviruses (Figure 8). Four of the reassortants contain the VP7
protein derived from human rotavirus strains (G1-G4) and the spike protein (P7[5]) from the
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bovine rotavirus parent strain (WC3) (Dennehy, 2008). The fifth reassortment virus
expresses the spike protein (P1A[8]) derived from a human parental strain and from a bovine
WC3 strain that expresses the outer capsid protein G6 (Dennehy, 2008). RotaTeq® is safe
to use, but shedding of the vaccine strain is high after vaccination (after first 87.0%, second
57.4% and third 47.3% dose). Symptomatic rotavirus disease is, however, uncommon (Ye et
al., 2017).

Figure 1.8: Diagram of the RotaTeq® vaccine showing the reassortment of human-bovine strains where
the bovine WC3 strain is the backbone of the vaccine containing the VP7 protein (G1, G2, G3, or G4) from
human rotavirus strains and VP4 protein (P1A[8]) from another human rotavirus. (copied from Offit &
Clark, 2006)

RotaTeq® is administrated orally in 3 doses within first 36 weeks of life. The first dose is
given at 6 to 12 weeks after birth, the second dose 4 to 10 weeks after the first dose and the
third dose is given at 32 weeks of age weeks. A study done in USA between February 2006,
and April 2012 using the Vaccine Adverse Event Reporting System (VAERS) showed that
the risk of intussusception for RotaTeq® was 0.8 events per 100 000 vaccinated infant after
the third dose (Haber et al., 2013). However, in Australia the risk of intussusception was
higher with 5.6 events per 100 000 per vaccinated infants (Carlin et al., 2013).
1.8.1.2 Rotarix®
Rotarix® is a live-attenuated monovalent vaccine manufactured by GlaxoSmithKline and
licensed in April 2008. It is also recommended by the WHO to be included in country-based
immunisation programmes globally. The vaccine strain contains the most common human
rotavirus VP7 and VP4 antigens, G1P[8], consisting of the Wa-like human strain, 89-12
(Matthijnssens & Van Ranst, 2012). The most cross-neutralising epitopes of the Rotarix®
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vaccine have been shown to be elicited to VP4 (Bernstein et al., 1998). The vaccine has a
higher vaccine efficacy against Wa-like stains such as G1P[8], G3P[8], G4P[8] and G9P[8]
(Breuer et al., 2006; Linhares et al., 2008; Payne, 2009; Vesikari et al., 2007).
Rotarix® is orally administrated in two doses and was approved for use in infants between 6
weeks to 24 weeks of age. The first dose is given at 6 weeks of age while the second dose
is administrated at an interval of 4 weeks between the first and second dose. The
administration of the vaccine should be completed by the end of 24 weeks of age. However,
infants with a history of intussusception should not be given the Rotarix® vaccines as it
could lead to death after the administration of the second dose as this has been reported in
Mexico (Parashar & Patel, 2010). A large clinical trial done in 11 Latin American countries
and Finland with more than 63 000 infants enrolled, showed after two years of vaccination a
decrease of 83.0% of hospitalisation related cases and reached 100% against more severe
rotavirus gastroenteritis (Guillermo et al., 2006; Mantel et al., 2009). The vaccine
effectiveness of Rotarix® and RotaTeq® post-vaccination is documented in section 1.8.1.4.
1.8.1.3 Other live-attenuated rotavirus vaccines
Other developing countries such as Vietnam, India and China have developed their own
vaccines due to high vaccine demand. The two companies (Merck and GlaxoSmithKline)
can only produce 25% of the global demand (WHO, 2015). ROTAVAC™ (Bharat Biotech
International Ltd., Hyderabad, India) developed in India is a live-attenuated monovalent
vaccine derived from the human-bovine 116E rotavirus strain, G9P[11] (Gentsch et al., 1993;
Das et al., 1993) which was a novel reassortant strain. The ROTAVAC™ has an advantage
for protection against cross infection transmission from animals to humans. The vaccine was
developed from a neonatal human rotavirus strain identified in India. The clinical trial,
comprising of 4752 infants and 2360 infants in the placebo group, showed an efficacy of
56.3% against severe rotavirus-induced diarrhoea. Six cases of intussusception in the
vaccine group and two in the placebo group were reported (Bhandari et al., 2014). During
the second year of life a similar vaccine efficacy of 55.1% was reported (Bhandari et al
2014). The vaccine was introduced in March 2016 in the Universal Immunization Program
(UIP) system in 4 states of India, Andhra Pradesh, Himalchal Pradesh, Haryana and Orissa
(Pradesh, 2016).
Rotavin-M™, developed in Vietnam, is a monovalent vaccine that is derived from a G1P[8]
strain isolated from Vietnam infants with diarrhoea (Le et al., 2009). The safety of the
vaccine was compared with the Rotarix® vaccine evaluated in adults during Phase II trial.
After the second dose of the two vaccines, Rotavin-M™ induced an IgA immune response to
rotavirus that ranged from 51% to 73%. A 58% IgA response was observed for Rotarix®
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(Anh et al., 2012). These results indicated that Rotavin-M™ provided similar protection than
Rotarix™ in Vietnam (Anh et al., 2012). The vaccine was licenced in 2014 for use in
Vietnam.
Lanzhou Lamb Rotavirus (LLR-85) vaccine was developed in China and is a monovalent
vaccine containing the lamb rotavirus strain G10P[12]. The strain was passaged in primary
kidney cells of newborn calf (Bai et al., 1994). The vaccine was licenced in 2000 in China
and is manufactured by the Lanzhou Institute of Biological Products in China (Wang et al.,
2009). A study conducted from 2009 to 2011 showed 44% effectiveness of the vaccine for
children ranging from 9–11 months old after one dose (Fu et al., 2012). For children 12–17
months old, an effectiveness of 52.8% was shown and for children 18–35 months old, 51.8%
after one dose (Fu et al., 2012). The low efficacy could however be due to a low vaccination
rate. There are very few reports on the efficacy of the LLR-85 vaccine.
Lastly the human neonatal rotavirus vaccine (RV3-BB), the RV3-BB was developed from a
human neonatal rotavirus strain, RV3 (G3P[6]). The strain was identified from stool samples
of asymptomatic infants (Cameron et al., 1978b). One of the advantages of the RV3 strain is
that it can replicate well in the presence of maternal antibodies (Cameron et al., 1978a). In a
recent study conducted in Indonesia showed that the RV3-BB provided a vaccine efficacy of
94% at 12 months and 75% at 18 months (Bines et al., 2018) indicating protection against
severe rotavirus gastroenteritis. The vaccine was also well tolerated.
1.8.1.4 Impact of rotavirus vaccines
Rotavirus vaccination has reduced cases of hospitalisation in high income countries and this
reduction of hospitalisation due to vaccination has also been observed in middle- low income
countries (Bar-Zeev et al., 2016; de Deus et al., 2017; Groome et al., 2016). Surveillance on
the impact of vaccination in Africa has been conducted by WHO which has played an
important role to monitor the rotavirus disease burden after introduction of vaccines. The
vaccine effectiveness in high income countries in Europe is much higher accounting for 68%
to 98% (Karafillakis et al., 2015) and 80% in USA (Payne et al., 2015). In Latin America and
the Caribbean which are considered as middle income countries, the vaccine effectiveness
for both Rotarix® and RotaTeq® was 73%- 83% (Velázquez et al., 2017). An overall vaccine
effectiveness of Rotarix® since 2006-2016 is 84%, 75%, and 57% in countries with low,
medium, and high mortality, respectively, (Jonesteller et al., 2017). The vaccine
effectiveness of RotaTeq® is 90% for countries with low child mortality and 45% for
countries with high child mortality (Jonesteller et al., 2017).
South Africa was the first African country to introduce the rotavirus vaccine in 2009 in the
Expanded Programme for Immunisation (EPI). In South Africa there has been a reduction of
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rotavirus incidences since the introduction of vaccines. Surveillance done showed there was
a reduction of 54% in 2010 and 58% in 2011 of rotavirus hospitalisations (Msimang et al.,
2013). To date the vaccine effectiveness in South Africa is 54% (Groome et al., 2014a)
which seem to be lower than the efficacy of the clinical trial (72%) (Madhi et al., 2010).
However, it has been seen that vaccine effectiveness is age dependent as children from age
group 2-11 months tend to have a higher vaccine effectiveness compared to children ≥12
months. The higher vaccine effectiveness of younger children (2-11 months) compared to
older children ≥12 months has been documented in several African countries such as Ghana
(Armah et al., 2016), Malawi (Bar-Zeev et al., 2016), Togo (Tsolenyanu et al., 2016),
Tanzania (Abeid et al., 2016), Rwanda (Tate et al., 2016a) and recently in Burkina Faso
(Bonkoungou et al., 2017).
There are several factors that may be responsible for the lower efficacy of vaccines in low- to
middle-income

countries

compared

to

high-income

countries.

Firstly,

maternal

(transplacental) antibodies are passed to infants which can neutralise the vaccine and may
interfere with immunogenicity of the vaccine (Appaiahgari et al., 2014; Armah et al., 2010;
Becker-Dreps et al., 2015; Zaman et al., 2010). Maternal antibodies lasts up to 3 weeks after
birth and that is why the first dose of vaccination is administered at 6 weeks of age (Moon et
al., 2016). It was shown that Rotarix® efficacy can be improved when the vaccine schedule
is changed from 6 and 10 weeks of age to 10 and 14 weeks of age shown in a study done in
South Africa (Madhi et al., 2010). Another factor is breastfeeding practices. It is thought that
breast milk contain IgA antibodies against rotavirus which may diminish vaccine response
shown in meta-analysis studies (Moon et al., 2010, 2013). Breast milk from women in lowincome countries have higher IgA and neutralising activity against rotavirus compared to
women in high-income countries (Moon et al., 2010, 2013). Apart from antibodies present in
breast milk, it was shown that higher levels of lactoferrin present in breast milk from women
in low-income countries compared to women in high-income countries. Lactoferrin exhibits
inhibitory activity against rotavirus vaccine strains (Moon et al., 2013). Interestingly, a study
conducted in Soweto, South Africa, showed that there was no significant difference when
infants that did not receive breast milk an hour before and after vaccination to those that
received breast milk. Previous studies showed low efficacy due to breast feeding before and
after vaccination (Groome et al., 2014b).
Micronutrient malnutrition is one important efficacy factor especially in low-income countries.
Zinc supplementation are given to improve gastrointestinal function and also reduce the
frequency and severity of diarrhoea (Bajait & Thawani, 2011; Boran et al., 2006; Malik et al.,
2013). Oral poliovirus vaccine (OPV) can also affect rotavirus vaccine efficacy since both
poliovirus and rotavirus replicate in the intestine. It was seen that OPV interferes with oral
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rotavirus vaccine immunity in low-income countries (Patel et al., 2012) as compared to
studies done in Latin America where it seem that OPV has no effect (Ciarlet et al., 2008;
Patel et al., 2012; Tregnaghi et al., 2011). Since the first rotavirus vaccines dose (6 weeks of
age) seems to have a greater negative impact on efficacy as compared to the second dose
(10 and 14 weeks of age), this observation can also be due to high maternal antibodies
circulating in infants at 6 weeks of age (Patel et al., 2012, 2013). To overcome this problem
of low efficacy for rotavirus vaccines when co-administrated with OPV, the use of the
inactivated polio vaccine is recommended instead of OPV (Neuzil et al., 2014; Patel et al.,
2012).
It was previously thought that strain diversity also plays an important role in the efficacy of
vaccines. Animal-human reassortant strains result in unusual strains and the vaccine strains
do not recognise these unusual strains resulting in low efficacy of the vaccine (Gentsch et
al., 2005). However, a recent study showed that strain diversity plays no role in the efficacy
of rotavirus vaccines as both Rotarix® and RotaTeq® elicits a broad effectiveness against
homotypic and heterotypic strains (Velasquez et al., 2014). G1P[8] strain accounts for over
70% in high income countries like North America, Europe and Australia, but only about 30–
40% of the infections has been shown in Latin America and Africa (Santos and Hoshino,
2005). Despite the fact that the G1P[8] which is regarded as the common strain globally was
not frequent in Latin America there was a good effectiveness (on average 77%) against
rotavirus induced hospitalisation (Bucardo & Nordgren, 2015).
On the other hand rotavirus vaccines have been associated with temporal changes in
circulating genotypes mainly in low- and middle-income countries (Donato et al., 2014;
Gurgel et al., 2007; Jere et al., 2018; Martínez et al., 2014; Page et al., 2017; Zeller et al.,
2010). In South Africa there has been an increase in G2P[4] genotype in 2013 (Page et al.,
2017) however this could be due high incidence of G2P4 strains in neighbouring
Mozambique in 2013 as at that time rotavirus vaccines were not yet introduced in
Mozambique (João et al., 2018). Similar results have also been observed in Botswana in
2013 after the introduction of Rotarix® vaccines in 2012 (Gastañaduy et al., 2016). The
G12P[8] also seem to be emerging after vaccination in South Africa (Groome et al., 2014a;
Page et al., 2017). Jere and co-works conducted a study in Malawi which illustrated the
distribution of DS-1-like G1P[8] rotavirus strains instead of Wa-like G1P[8] strain after
vaccination (Jere et al., 2018). RotaTeq® tends to reassort with itself or the co-infection with
a field strain after vaccination can lead to reassortment as this may revert to virulence
(Bucardo et al., 2012; Donato et al., 2012; Hemming & Vesikari, 2014; Payne et al., 2010).
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As stated above there are several disadvantages associated with rotavirus live-attenuated
vaccines. As alternatives, inactivated or subunit vaccines can be considered which are
regarded safer to use compared to live-attenuated vaccines.
1.8.2 Inactivated vaccines
Inactivated vaccines are produced by weakening the virus using heat or chemicals.
Rotavirus inactivated vaccines are produced by heat, formalin, binary ethylenimine and βpropiolactone treatment (Jiang et al., 2008, 2013; Wang et al., 2010; Yuan et al., 1998;
Zissis et al., 1983). The immunity of rotavirus inactivated vaccines have been evaluated in
mice and gnotobiotic piglets. Wang and co-workers have evaluated the protective immunity
of a heat inactivated and aluminum phosphate formulated vaccine in gnotobiotic piglets.
After the third dose the vaccine had induced high titers of rotavirus-specific IgG and
neutralising activity in the sera of gnotobiotic piglets was seen (Wang et al., 2010). In the
case of mice, the rotavirus inactivated vaccine induced rotavirus-specific IgA and IgG in the
presence of adjuvants to increase immunogenicity (McNeal et al., 1999). The monovalent
inactivated rotavirus vaccines showed cross-neutralising activity against homotypic and
heterotypic human strains in guinea pigs as an animal model (Jiang et al., 2013; Velasquez
et al., 2015). However, neutralising activity tend to be low against reassortant strains.
Administration of the monovalent inactivated rotavirus vaccine is dose dependent, two doses
induced elevated neutralising activity against homotypic and heterotypic human strains while
the three dose regimen induced low levels of neutralising activity (Jiang et al., 2013).
1.8.3 Sub-unit vaccines
Attractive candidates for vaccine development are virus-like particles (VLPs). The VLPs are
composed of viral proteins and resembles the virion but are not infectious as they lack the
viral genome. Hepatitis B virus vaccines, Engerix® (GlaxoSmithKline) and Recombivax HB®
(Merck), were the first vaccines to be developed based on VLPs. Furthermore, human
papillomavirus vaccines (HPV), Cervarix® (GlaxoSmithKline) and Gardasil® (Merck), have
also been developed based on VLPs.
Rotavirus VLPs are either composed of the double layer particles, VP2 and VP6, (2/6DLP)
or triple layered particles, VP2, VP6 and VP7, (2/6/7 TLP). In insect cells, it has been seen
that there are similarities between the native rotavirus particles and VLPs produced in
insects cells (Crawford et al., 1994). Production of VLPs in insect cells have been evaluated
in different animal models. In gnotobiotic pigs, three dose oral inoculation of 2/6DLP
produced in insect cells without an adjuvant did not elicit protection against rotavirus (Iosef et
al., 2002). In mice the evaluation of rotavirus 2/6DLPs produced in Sf9 cells indicated a more
heterotypic immune response (Bertolotti-Ciarlet et al., 2003). Furthermore, rectal
immunisation with rotavirus 2/6/7TLPs with toxin adjuvants such as cholera toxin and
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attenuated E. coli derived heat-labile toxins had significantly higher titers of anti-rotavirus IgA
antibodies in both serum and faeces as compared to rotavirus VLPs without an adjuvant
(Parez et al., 2006). Combination of live-attenuated human rotavirus and 2/6DLP vaccines
had the most effective immunogenicity and induced IFN-γ-producing T cells in the ileum of
gnotobiotic pigs (Azevedo et al., 2013). Administration of VLPs in parental rabbits elicited
high level of rotavirus-specific serum antibodies (Ciarlet et al., 1998).
Rotavirus VLPs have also been produced in transgenic plants. Even though there was
successful production of the VLPs, the VLP induced high serum IgG antibodies with low
production of IgA antibodies (Yang et al., 2011). Furthermore, emerging novel rotavirus
genotypes in Africa and Asia such as G9P[6] had prompted fears that the current vaccines
might not be fully effective. Therefore, a 2/6/4TLP using G9P[6] genotype produced in
Nicotiana benthamiana was seen as a rapid production of antigens at lower costs (Pêra et
al., 2015). However, serum IgG antibodies are less associated with protection than serum
IgA antibodies (Velazquez et al., 2000).
Apart from VLPs, viral proteins are also considered good candidates for vaccine
development. These proteins should induce a high immune response and should be able to
have a good stability without the aid of other viral proteins. In the case of rotavirus, viral
proteins such as VP6, VP8* and NSP4 have been considered good candidates for rotavirus
vaccine development. It was shown that NSP4 induces a more heterotypic antibody
response during a natural rotavirus infection in children (Ray et al., 2003). Rotavirus NSP4
can also act as an adjuvant for 2/6DLPs as the addition of NSP4 to 2/6DLPs increased
immunogenicity of rotavirus vaccines when administrated in mice (Kavanagh et al., 2010).
Furthermore, a recent study by Afchangi and co-workers showed fusion of the capsid protein
VP6 and NSP4 elicited stronger humoral immune responses compared with administration
of VP6 protein alone (Afchangi et al., 2017).
Rotavirus VP8* is produced by trypsin cleavage of VP4 upon entry and is responsible for the
initial binding of rotavirus host glycans (Hu et al., 2012b; Settembre et al., 2010). This protein
is considered a vaccine candidate as antibodies raised against VP8* can block the binding of
rotavirus to the host receptors preventing entry of the virus to the host cells (Kovacs-Nolan et
al., 2003; Larralde et al., 1991; Zhou et al., 1994). In mice VP8* protein is capable of eliciting
antibodies which have neutralisation activity (Andre et al., 2005; Kovacs-Nolan & Mine,
2006; Lentz et al., 2011; Marelli et al., 2011). The construction of VP8* subunit vaccine
candidate expressed in E. coli contains amino acid residues 64 (or 65)-223 ΔVP8* of P[8],
P[4] or P[6] fused with tetanus toxoid universal CD4+ T cell epitope (P2) to improve its
vaccine potential (Wen et al., 2013). The immunogenicity of the P2-P[8] ΔVP8*-P[8] ΔVP8*
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or P2-P[8] ΔVP8*-P[6] ΔVP8* subunit vaccines were previously evaluated in guinea pigs
which showed high titers and homotypic and heterotypic neutralizing antibodies against
rotavirus human genotype, G1-G4, G8, G9 and G12 with P[8], P[4] or P[6] combination (Wen
et al., 2014, 2015).
The parental P2-VP8-P[8] subunit rotavirus vaccine produced in E. coli has recently been
evaluated for safety and immunogenicity in toddlers and infants in South Africa (Wen et al.,
2013). There was a strong elicited neutralising antibody response against P[4] and P[8]
strains. However, there was no neutralising activity against the P[6] strain (Groome et al.,
2017). However, this work done on rotavirus VP8* vaccine contradicts the work done by
Nair and co-workers as they showed that VP5* protein is a good candidate for a subunit
vaccine compared to VP8*, since VP5* induces heterotypic responses compared to VP8*
(Nair et al., 2017).
Rotavirus VP6 is also an attractive vaccine development target with an advantage that antiVP6 IgA antibodies neutralise rotavirus intracellular by blocking transcription of RNA of the
DLP seen in Figure 1.7B (Aiyegbo et al., 2013). Using mice and gnotobiotic pigs as animal
models, a reduction in rotavirus shedding was observed as a result of rotavirus VP6-specific
IgA that inhibited rotavirus replication (Lappalainen et al., 2014, 2015; Vega et al., 2013).
Recently a seed-based bivalent rotavirus vaccine containing VP6 and NSP4 was orally
administrated in mice which showed induction of immune responses (Afchangi et al., 2017;
Feng et al., 2017). The combination vaccine containing norovirus VLPs and rotavirus VP6
showed VP6 acts as an adjuvant for norovirus in mice (Blazevic et al., 2016). The use of
VP6 protein based vaccine as a booster to oral rotavirus live-attenuated vaccines can have
an impact on the cost of vaccination as only one dose instead of 2 or 3 of the live-attenuated
vaccine can be administered with VP6 as booster (Azevedo et al., 2010). Furthermore, a
VP6 vaccine can also be safer to be administered to older children as previously stated that
infants’ ≥12 months seem to have lower vaccine effectiveness (Abeid et al., 2016; Armah et
al., 2016; Bar-Zeev et al., 2016; Tate et al., 2016a; Tsolenyanu et al., 2016).

1.9 Expression systems
There are many expression systems used to produce rotavirus VLPs such as baculovirus
infected insect cells, transgenic plants and yeasts. Baculoviruses are DNA viruses that
replicate in the nucleus of insect cells (Guarino, 2011). This expression system employs the
introduction of a foreign gene into the baculovirus genome using appropriate vectors. The
recombinant protein is then transfected into insect cells resulting in the production of a
recombinant virus (Contreras-Gomez et al., 2013; Gomez-Sebastian et al., 2014). Even
though there has been successful VLP expression in insects cell using baculovirus, up26

scaling of rotavirus-VLP production in insect cells/baculovirus is expensive as cell death
occurs in a few days after infection (Hu, 2005). The production of VLPs in plants can be cost
effective and suitable for oral administration as it is not pathogenic to humans and animals.
Despite the glycosylation of the N-glycans being structurally similar between plants and
humans, plants can add sugars that are foreign to humans (Sil & Jha, 2014). For instance,
N-glycans for humans consists of α-1, 6-fucose and β-1, 4-N-acetylglucosamine while plants
are composed of 1, 3-fucose and a bisecting β-1, 2-xylose (Broglie & Cedex, 2004).
Yeast expression is an attractive alternative expression system because it is easy to
manipulate and cost effective. Yeast expression system has been used extensively in the
pharmaceutical industry to produce large scale products such as hepatitis vaccines, insulin,
HPV, polio vaccine and tetanus vaccine to name the few and can express proteins at very
high yields (Kim et al., 2015). Protein production is determined by its correct folding capacity
in the endoplasmic reticulum (ER) since incorrect folding can lead to a decrease in protein
yield due to physiological instability (Werten et al., 1999). There is a wide range of yeasts
that have been used as expression system such as Saccharomyces cerevisiae, Pichia
pastoris, Pichia angusta previously known as Hansenula polymorpha and Yarrowia lipolytica.
There are several factors to be considered for recombinant expression in yeast such as
proteolytic cleavage and glycosylation. Yeast cells express numerous proteases whereby
recombinant proteins can be proteolytically cleaved, resulting in a truncated protein. To
overcome proteolytic cleavage of yeast cells, protease-deficient strains can be used. Such
strains have been engineered for S. cerevisiae and P. pastoris (Cho et al., 2010; Sohn et al.,
2010; Wu et al., 2013). Alternatively, protease inhibitor cocktails which are commercially
available can be used to overcome proteolytic cleavage.
Another factor to be considered is glycosylation which plays an important role for
heterogeneous expression. S. cerevisiae is a successful expression system for vaccine
development of human papilomavirus (HPV) (Kim et al., 2011). However the N-linked
glycosylation of the recombinant protein differs from the native protein resulting in long α1,6linked mannose backbone with mannose side chains of α1,2- and α1,3-linked mannose side
chains which may be allergenic (Jigami & Odani, 1999; Kim et al., 2015; Sudbery, 1996).
Alternatively, methylotrophic yeast such as P. pastoris and P. angusta have become an
attractive heterologous protein production vectors. The advantage of P. pastoris and P.
angusta compared to S. cerevisiae is its glycosylation pattern which tends to glycosylate at
correct positions compare to S. cerevisiae (Bretthauer, 2003; Kim et al., 2004). Furthermore,
a Y. lipolytica strain was previously engineered for the production of a recombinant protein
that have similar glycosylation patterns seen in P. pastoris and P. angusta (Song et al.,
2007). These two methylotrophic yeasts as well as Y. lipolytica have been used as
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alternative hosts for product of pharmaceuticals products. There are other yeasts that can be
used for heterologous protein production such as Kluyveromyces lactis, Kluyveromyces
marxinaus, Arxula adeninivorans and Deberomyces hansenii.

1.10 Problem identification
GlaxoSmithKline and Merck can only produce about 25% of the projected global demand of
the Rotarix™ and RotaTeq® worldwide (WHO, 2015). It is a declared goal of the WHO and
other organisations that rotavirus vaccines should be produced locally. Countries like India
(ROTAVAC™), Vietnam (Rotavin-M™) and China (Lanzhou Lamb Rotavirus (LLR-85)) have
started producing their own local vaccines (Fu et al., 2012; Le et al., 2009; Pradesh, 2016).
In Africa, around 36 countries have introduced rotavirus vaccines. Only five countries in
Africa, South Africa, Botswana, Namibia, Libya and Morocco did so without the support of
the Vaccine Alliance (GAVI), indicating the high cost associated with these vaccines. The
two vaccines are live-attenuated vaccines that may revert to virulence and possibility cause
intussusception. An alternative to overcome these challenges is the use of subunit vaccines
like virus-like particles or the use of a viral protein as a vaccine candidate. Antibodies
directed against VP6 neutralise rotavirus intracellularly by blocking transcription of RNA by
the DLP particle (Aiyegbo et al., 2013) and most importantly rotavirus VP6 antibodies
provide a humoral memory (Nair et al., 2016) making VP6 an attractive vaccine development
target. Rotavirus VP6 has been produced for many years in insect cells, however up-scaling
of rotavirus-VLP production in insect cells is expensive and not commercially viable.
Rotavirus VP6 has also been produced in transgenic plants but the yield tends to be low.
Yeast expression is considered as an attractive alternative expression system, because it is
easy to manipulate and cost effective. First production of rotavirus-VLP was successfully
performed in S. cerevisiae (Rodriguez-Limas et al., 2011). Bredell and co-workers recently
conducted a study that showed that the methylotrophic yeasts (P. angusta and P. pastoris)
showed a high capacity of VP6 production (Bredell et al., 2016). A unique wide-range yeast
expression system that allows for the transformation and the subsequent protein expression
in any yeast was developed at the University of the Free State (UFS).

1.11 Preliminary data
Previously a wide-range yeast expression system was developed by researchers at the UFS
(Albertyn et al., 2011). The availability of this wide-range yeast expression system as well as
the UNESCO-MIRCEN yeast culture collection in the Department of Microbial, Biochemical
and Food Biotechnology at UFS offer a novel approach for recombinant protein expression.
The consensus sequence encoding rotavirus VP6 structural protein from the neonatal South
African rotavirus strain G9P[6] (Jere et al., 2011; Potgieter et al., 2009) was used in a
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previous M.Sc study to construct recombinant wide-range yeast expression vectors
(Makatsa, 2015). The VP6 open reading frame (ORF) codon optimised for expression in
Kluyveromyces lactis and Arxula adeninivorans were purchased from GenScript and an ORF
optimised for expression in Pichia pastoris/Pichia angusta, previously purchased from
GeneArt, was provided by Prof. J. Görgens from Stellenbosch University under agreement.
A control to monitor rotavirus VP6 protein expression in yeast was successfully prepared in
bacterial cells. The positive control indicated specific reaction with the polyclonal rotavirus
antibody raised against Nebraska Calf Diarrhea Virus (NCDV) rotavirus strain by western
blot. Rotavirus VP6 expression in yeast strains showed no reactions for K. lactis and A.
adeninivorans codon optimised VP6 ORF in all nine yeast strains (K. lactis, K. marxinaus, A.
adeninivorans, C. deformans, Debaromyces hansenii, P. angusta, S. cerevisiae, Y. lipolytica
and P. pastoris) that tested positive for integration of the VP6 ORF into the yeast genomes.
However, all yeast strains except K. marxianus showed reaction for VP6 expression for P.
pastoris/P. angusta codon optimised VP6 ORF (Makatsa, 2015).

1.12 Aims and objectives
The aim of the study was to produce rotavirus VP6 capsid protein encoded by yeast codon
optimised open reading frames in various yeast strains.
The objectives for this specific project were:
1. To alter the K. lactis and A. adeninivorans optimised VP6 open reading frames containing
expression cassettes to enable expression of VP6;
2. Evaluation of rotavirus VP6 expression encoded by K. lactis, A. adeninivorans and P.
angusta/P. pastoris optimised open reading frames in various yeasts;
3. To evaluate the ability of the yeasts, that expressed VP6, to produce VP6 tubular
structures.
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Chapter 2: Modification of the rotavirus VP6 open reading frame
containing expression cassettes
2.1 Introduction
Rotavirus capsid protein, VP6, has been reported as the most abundant protein and also a
highly conserved protein (Estes & Kapikian, 2007). Rotavirus VP6 is considered a good
candidate for vaccine development as VP6 has been shown to elicit humoral immune
response (Nair et al., 2016). In addition, the antibodies against VP6 bind to channel I thereby
blocking the release of the viral mRNA (Aiyegbo et al., 2013, 2014). This phenomenon has
been proven in animal models through administration of VP6 as a subunit rotavirus vaccine
which showed heterologous protection by a significant reduction of virus shedding
(Lappalainen et al., 2014, 2015; Vega et al., 2013). In addition, rotavirus VP6 can also act as
an adjuvant to other antigens (Blazevic et al., 2016; Malm et al., 2017). Rotavirus VP6 has
been produced in different expression systems such as transgenic plants, insect cells using
baculovirus, bacteria and yeasts (Bredell et al., 2016; Dong et al., 2005; Feng et al., 2017;
Lappalainen et al., 2016a). One way to achieve high yields of VP6 protein in these different
expression systems is due to codon optimisation.
Codon optimisation is a technique mostly used for expression of recombinant protein in
heterologous hosts (Elena et al., 2014; Gupta, 2003; Sharp & Li, 1986, 1987). Organisms
each have their own codon usage. Genes from a specific organism may present with rare
codons when expressed in a heterologous host, resulting in inefficient translation. Codon
optimisation is therefore used to overcome this problem. It involves the introduction of
synonymous mutations that favours expression of heterologous proteins in a desired host.
There are different companies using different algorithms to design codon-optimised
sequences. One example is GenScript that uses a patented algorithm that involves an in
silico evaluation of around 10 000 candidate sequences in each round of analyses and the
sorting matrix selects the 10 best sequence optimisations. Codon optimisation has been
used in the recombinant production of pharmaceuticals, biofuels and industrial enzymes. An
interesting example is the use of codon optimised genes for an anticancer drug (Huber et al.,
2014). Furthermore, it has been recently shown that codon optimisation in DNA vaccines
targeting avian influenza virus H5N1 antigen coding sequences improved the immune
potential in mice and chickens (Stachyra et al., 2016).
In a previous M.Sc. study by Mr. M.S. Makatsa, various recombinant yeasts were
engineered (Makatsa, 2015). These yeasts contained the open reading frame (ORF)
encoding rotavirus VP6 for the RVA/Human wt/ZAF/GR10924/1999/G9P[6] strain. The ORF
was codon optimised to favour expression in Arxula adeninivorans, Kluyveromyces lactis
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and Pichia pastoris/Pichia angusta. However, VP6 expression could only be obtained for the
Pichia pastoris/Pichia angusta ORF shown in Figure 2.1 by the absence of bands in lanes
VP6 KO and VP6 AO.

Figure 2.1: Western blot analysis of VP6 expression in K. lactis. Lane Maker is the PageRuler™ plus
Prestained Protein Ladder (Thermo Scientific), lane P control is the bacterial expressed VP6, lanes VP6
KO is VP6 ORF codon optimised for expression in K. lactis, lanes VP6 AO is VP6 ORF codon optimised
for expression in A. adeninivorans, lanes, VP6 PO is VP6 ORF codon optimised for expression in P.
pastoris/P. angusta and lane N control is untransformed yeast cells (copied from Makatsa, 2015).

In this chapter, the expression cassettes containing the A. adeninivorans and K. lactis codon
optimised ORFs were evaluated, and modified. Furthermore, to enhance the expression of
VP6, the Kozak sequence, required for efficient translation in eukaryotes, was assessed for
the different expression cassettes.

2.2 Materials and Method
2.2.1 General reagents, kits and enzymes
The following restriction enzymes DpnI, EcoRI, BgIII, BamHI, BstXI, Eco47III, XhoI together
with their recommended buffers as well as other molecular biology enzymes and reagents
such as T4 ligase, polynucleotide 5'-hydroxyl-kinase (PNK), Phusion High-fidelity DNA
polymerase, 1KB DNA ladder, 6X loading dye, ATP, dNTPs were purchased from Thermo
Fischer Scientific (USA). The BigDye® Terminator v3.1 Cycle Sequencing Kit was
purchased from Applied Biosystems (USA).
For extraction and purification of DNA, the NucleoSpin® gel and PCR clean-up kits as well
as the NucleoSpin® plasmid extraction kits were purchased from Macherey-Nagel
(Germany).

ethylenediaminetetraacetate

(EDTA),

2-propanol,

Tris

(hyroxymethyl)
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aminomethane, glacial acetic acid and absolute ethanol were purchased from Merck
(Germany).
2.2.2 Virus stain, bacterial strains and culture cultivation
The consensus sequence of the South African rotavirus neonatal strain, RVA/Human
wt/ZAF/GR10924/1999/G9P[6], was previously determined using 454 pyrosequencing
directly from a stool sample obtained from the Dr George Mukhari Hospital at the Sefako
Makgatho Health Sciences University (Potgieter et al., 2009; Jere et al., 2011). During a
previous study, the rotavirus VP6 open reading frames (ORFs) were codon optimised for
expression in A. adeninivorans and K. lactis. The synthetic genes with desired restriction
sites were purchased from GenScript™, cloned in pUC57 plasmid, while the VP6 P.
pastoris/P. angusta codon optimised ORF (GeneArt ™) was provided by Prof. J. Görgens
from the Stellenbosch University (Makatsa, 2015).
Escherichia coli cells were purchased from New England BioLabs® (NEB®) [F' proA+B+
lacIq ∆(lacZ)M15 zzf::Tn10 (TetR) ∆(ara-leu) 7697 araD139 fhuA ∆lacX74 galK16 galE15
e14- Φ80dlacZ∆M15 recA1 relA1 endA1 nupG rpsL (StrR) rph spoT1 ∆(mrr-hsdRMSmcrBC)] and were used for plasmid manipulations. Cultivation of the E. coli cells was
achieved using Luria-Bertani (LB) media which consisted of, per litre, 10 g tryptone (Merck),
5 g yeast extract (Merck), 10 g sodium chloride (Merck). To obtain solid media, 15 g agar
(Merck) was added per litre of liquid LB media. For selection of transformed recombinant
clones 100 μg/ml kanamycin (Calbiochem®) antibiotics was used.
2.2.3 Recombinant constructs
The VP6 A. adeninivorans (AO) and K. lactis (KO) codon optimised ORFs were previously
cloned into the wide-range yeast expression vector, pKM177 (Makatsa, 2015) to produce
three recombinant expression vectors. The yeast expression vector contains the 18S rDNA
and ITS rDNA (enhance integration) target sequence from K. marxianus that allows for
genomic integration into the host yeast strain (Figure 2.2). The vector is under the control of
a Yarrowia lipolytica TEF promoter and a K. marxianus inulinase terminator. The selection
markers present in the expression vector are the hph gene which provides resistance to
hygromycin B (Merck) to facilitate selection of successful integration of the ORFs into the
yeasts genomes and a Kan gene which provide resistance to kanamycin to facilitate subcloning in E. coli cells (Figure 2.2). The ORFs were cloned into the XhoI and Eco47III
restriction sites illustrated in Figure 2.2.
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Figure 2.2: Recombinant plasmid constructs containing, A, Axrula adeninivirans optimised VP6 ORF (AO_VP6) and B,
Kluyveromyces lactis optimised VP6 ORF (KO_VP6). The vector contains the hygromycin B resistance gene (hph)
,Y.
R
lypolytica TEF promoter (yITEFp) , K. marxianus inulinase terminator (kmINUt) , kanamycin resistance gene (kan )
, 18S rDNA target sequence that allows for genomic integration of the Kluyveromyces marxianus yeast
and S.
cerevisiae TEF promoter (scTEFp)
. The VP6 ORF was cloned at the XhoI and Eco47III restriction site.

2.2.4 General methods
2.2.4.1 Agarose gel electrophoresis
The 1% agarose gel contained 1 g agarose powder in 100 ml of 1 x Tris Acetic EDTA (TAE)
electrophoresis buffer (40 mM Tris pH 8.3, 2 mM EDTA, 20 mM glacial acetic acid). To
visualise the DNA under the UV light, the agarose gel was mixed with 0.5 µg/mL ethidium
bromide (Sigma). The 1 kb GeneRuler DNA Ladder mix (Thermo Fisher Scientific) was used
to track the amplicon size. To track the migration of the DNA samples during electrophoresis
and to ensure the DNA samples sink into the wells a 1 X loading dye was mixed with the
samples upon loading on the agarose gel. The electrophoresis was done using a BioRad™
system at 90 V for 45 minutes. The gel pictures were obtained with ChemiDoc™ MP
Imaging System (Bio-Rad, USA).
2.2.4.2 Bacteria Competent cells
The E. coli competent cells were prepared using the rubidium chloride (RbCl2) method
(Hanahan, 1983) resulting in an expulsion of membrane proteins by allowing negatively
charged DNA to bind to the membrane (Hanahan, 1983; Roychoudhury et al., 2009). Briefly,
a colony from a streaked LB culture plate was inoculated in 5 ml LB broth and incubated at
37˚C overnight. A volume of 1.5 ml of the pre-inoculum was transferred to 50 ml LB media in
a 500 ml flask and the culture was incubated at 37˚C and shaking at 220 rpm using an
Incubator Shaker ZWY – 240 (LABWIT) until the cells reached an OD530 of 0.35. The cells
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were transferred to a 50 ml centrifuge tube and left on ice for 15 minutes. The cells were
harvested at 804 x g for 5 minutes at 4 ˚C. The cells were gently resuspended with 21ml icecold TF buffer 1 (100 mM RbCl2, 50 mM MnCl2, 30 mM KOAc, 10 mM CaCl2, 15% glycerol)
and incubated on ice for 90 minutes. The cells were harvested at 804 x g for 5 minutes at
4˚C. The cells were further resuspended with 3.5 ml ice-cold TF buffer 2 (10 mM MOPS pH
7, 10 mM RbCl2, 75 mM CaCl2 and 15% glycerol) and 200 µl aliquots were prepared in 1.5
ml microfuge tubes. The cells were snap-frozen in liquid nitrogen and stored at -80˚C.
2.2.4.3 Gel Purification of DNA fragments
The gel purification of digests and PCR products were carried out using NucleoSpin® Gel
and PCR Clean-up kit (Macherey-Nagel, Germany) according to the manufacturer’s protocol.
Briefly, to dissolve the agarose slice containing the DNA the NTI buffer (200µl NTI per 100
mg gel) was added to the gel slice incubated at 50˚C for 5-10 minutes with intermittent
vortexing until the gel slice was completely dissolved. The samples were transferred to the
NucleoSpin® Gel and PCR Clean-up Columns and centrifugation at 11 000 x g for 30
seconds to trap the DNA to the silica membrane. The flow-through was discarded. The
columns were washed with 700 µl NT3 buffer containing ethanol to remove any remaining
contaminants at 11 000 x g for 30 seconds. This step was repeated to minimise the
presence of chaotropic salts from the NTI buffer. The flow-through was discarded. To
remove any remaining NT3 in the column, the column was centrifuged again at 11 000 x g
for 1 minute. The DNA was eluted with 15-30 μl elution buffer (pre-heated to 50°C) in a
clean 1.5 ml microfuge tube incubated at room temperature for 1 minute and centrifuged at
11 000 x g for 1 minute.
2.2.4.4 Transformation of bacterial competent cells
The 200 µl competent cell aliquots were thawed on ice. A volume of 10 µl of the ligation
mixture was added to the competent cells and incubated on ice for an hour. The cells were
heat shocked at 42˚C for 40 seconds. To allow the exogenous plasmid DNA to enter the
bacteria, immediately after heat shock the cells were incubated on ice for 2 minutes. To
revive the cells, 800 µl of LB media was added to the cells and incubated at 37˚C Incubator
Shaker ZW 240 (LABWIT) for an hour. Cells were plated on LB plates containing 30 µg/ml
kanamycin and incubated at 37˚C overnight.
2.2.4.5 Minilysate plasmid extraction
The plasmid extraction was carried out by STET boiling lysate miniprep protocol (Holmes &
Quigley, 1981) for screening of positive clones. Prior to the plasmid extraction, several
transformed bacterial colonies obtained following transformation (section 2.2.4.4) were
inoculated with a sterile toothpick in 5 ml LB media containing 30 µg/ml kanamycin. A
reference agar plate was also prepared. The cultures were incubated in 37˚C shaking
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overnight. The cells were harvested by centrifugation at 16 000 x g for 2 minutes at room
temperature. The cells were resuspended in 250 µl STET buffer (8 g sucrose, 5 g Triton X100, 50 mM EDTA (pH 8.0), 50 mM Tris (pH 8.0) per 100ml) containing 1 mg/ul lysozyme.
The mixture was boiled for 1 minute which degrades chromosomal DNA as well as bacterial
plasma membrane proteins forming a yellow to white pellet. Immediately after boiling the
mixture was centrifuged at 16 000 x g for 8 minutes at room temperature. The pellet was
removed with a sterile toothpick and discarded. The plasmid DNA was precipitated with 250
µl isopropanol and the plasmid DNA was pelleted by centrifugation at 16 000 x g for 8
minutes at room temperature. The supernatant was carefully removed and the precipitated
DNA was vacuum-dried with a Speedy-vac at 60˚C (Eppendorf). The plasmid DNA was
resuspended with 0.1 x TE buffer from a stock solution of 1 xTE (1 M Tris and 0.5 M EDTA)
containing (0.25 µg/ml) RNase.
2.2.4.6 Restriction digest
Digestions were performed according to manufacturer’s instructions specific for each
restriction enzyme. Generally the reactions contained 500-1000 ng DNA template, 1 x buffer,
1 U restriction enzyme and nuclease free water up to 20 μl. The digest reaction was
incubated overnight at 37°C. If a double digest was carried out a web program
(http://www.thermoscientificbio.com/webtools/doubledigest/) was used for recommendation
of buffer. Digested DNA samples were analysed using agarose gel electrophoresis.
2.2.4.7 Plasmid purification for selected positive clones
The recombinant clones were purified according to the high-copy plasmid DNA extraction
protocol from the NucleoSpin® Plasmid kit (Macherey-Nagel). Briefly, the corresponding
positive colonies from the reference agar plates were inoculated in 5 ml LB media containing
30 µg/ml kanamycin. The cultures were grown at 37˚C Incubator Shaker ZWY – 240
(LABWIT) overnight and the cells were harvested at 11 000 x g for 30 seconds. The
supernatant was discarded and the pelleted cells were resuspended with 250 µl A1 buffer
containing 0.4 mg/ml RNase. A volume of 250 µl lysis buffer (A2) was added and mixed by
carefully inverting the tube 6-8 times and incubated at room temperature for 5 minutes. This
was followed by the addition of 300 µl neutralisation buffer (A3), again mixed gently by
inverting until the solution turns completely colourless. The neutralisation buffer precipitates
the chromosomal DNA, proteins and cell debris. To separate these contaminates from the
plasmid DNA, the solution was centrifuged for 5 minutes at 11 000 x g. A volume of 750 µl of
the supernatant containing the plasmid DNA was transferred to the NucleoSpin®
Plasmid/Plasmid (NoLid) column followed by centrifugation at 11 000 x g for 1 minute
allowing the DNA to bind to the silica membrane and the flow-through was discarded.
Contaminates such as salts, metabolites and soluble macromolecule cellular components
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were removed by washing the membrane with 600 µl A4 buffer containing ethanol followed
by centrifugation at 11 000 x g for 1 minute and the flow-through was discarded. The silica
membrane was dried to remove the residual ethanol by centrifugation for 2 minutes at
11 000 x g. To elute the pure plasmid DNA, the NucleoSpin® Plasmid/Plasmid (NoLid)
column was placed in a clean 1.5 ml microcentrifuge tube followed by the addition of 50 µl of
alkaline buffer AE (5 mM Tris/HCl, pH 8.5) incubated at room temperature for 5 minutes and
centrifuged at 11 000 x g for 1 minute.
2.2.4.8 DNA sequencing
The BigDye™ Terminator Cycle Sequencing Kit v3.1 (Applied Biosystems™) was used to
verify the positive clones. The primers used are given in Table 2.1 and Table 2.2. Each
sequence reaction contained 1 X sequencing buffer, 3.2 pmol of primer, 450 ng of template,
0.5 ul of premix (containing dNTPs, polymerase) and nuclease free water to a final volume of
10 µl. Thermal cycling was performed using the G-Storm Thermal Cycler System with the
following conditions: initial denaturation 96°C for 1 minute, each reaction was subjected to
25 cycles of denaturation at 96°C for 10 sec, primer annealing at 50°C for 5 sec and
extension at 60°C for 4 minutes.
The sequencing clean-up step was carried out according to the EDTA/Ethanol precipitation
protocol recommended by the BigDye manual. The sequencing reaction was adjusted to
20µl with nuclease free water and transferred to a 1.5 ml microcentrifuge tube containing
125 mM EDTA and 60 μl 100% ethanol. The reaction was mixed by vortexing for 5 seconds.
The reaction was subsequently incubated at room temperature for 15 minutes to precipitate,
followed by centrifugation at 20 000 x g for 15 minutes at 4˚C. The supernatant was carefully
aspirated without disturbing the pellet. A volume of 200 µl of 70% ethanol was added to the
precipitated DNA and centrifuged at 20 000 x g for 5 minutes at 4˚C. The supernatant was
carefully aspirated without disturbing the pellet. The reaction was vacuum dried with a
Speedy-Vac (Eppendorf) for 5 minutes at 60˚C. The samples were analysed on a 313xl
Genetic Analyzer (Applied Biosystems™) at the Department of Microbial, Biochemical and
Food Biotechnology, University of Free State. The nucleotide sequences obtained were
compared to the in silico clones constructed with Geneious 6.1.2 (Biomatters). Only raw
sequencing reads with quality scores of 60% and higher were used to conduct a de novo
assemble.
2.2.5 Site directed mutagenesis
Site-directed mutagenesis was carried out using deletion-PCR by designing primers that
exclude the first ATG codon at the promoter (yTEF) site of the vector for pKM177_AOVP6
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construct. The primers (Integrated DNA Technologies; IDT) used for the ORFs are shown in
the Table 2.1.
Table 2.1: Primers used to carry out site-directed mutagenesis for pKM177_AOVP6.
Codon optimized

Primer Name

Sequence

Melting
temperature
(Tm)

AO

Forward

pKMdelATG_AO_F

5’- CTCGAGCATGGATGTTTTGTATTC -3’

54.3˚C

AO

Reverse

pKM177delATG_R

5’- TTCGGGTGTGAGTTGACAAGG -3’

57.3˚C

2.2.5.1 Polymerase chain reaction (PCR) amplification for site-directed mutagenesis
To delete the ATG codon upstream of the cloned ORF, Phusion High-fidelity DNA
polymerase (ThermoFisher Scientific) was used. The reaction had a final volume of 50µl
which contained 1 x Phusion HF buffer, 200 µM dNTPs mix (Thermo Fisher Scientific), 0.5
µM of the forward and reverse primer (Table 2.1), 10 ng of the template DNA, 0.02 U
Phusion DNA Polymerase and nuclease free water up to 50 µl. The reaction was subjected
to 30 cycles using the G-Storm2 Thermal Cycler System. The initial denaturation was carried
out at 98˚C for 30 seconds. Each subsequent cycle consisted of 10 seconds denaturation at
95°C, 30 seconds for 64.3˚C annealing and 15 seconds for 72˚C annealing. A final extension
step was included at 72˚C for 5 minutes. A volume of 2 µl of the amplicon was analysed on a
1% agarose gel electrophoresis (section 2.2.4.1).
2.2.5.2 DpnI digests, purification of PCR amplicon
To ensure that only the PCR product would be used in subsequent experiments, a DpnI
digest was carried out. In E. coli, DNA is usually methylated. Therefore, the DpnI restriction
enzyme recognises the methylated sites of the plasmid DNA which will cleave the template
plasmid DNA but does not cleave the PCR product as the PCR product is not methylated.
The final volume of the digest reaction was 50 µl and contained 4 x Tango buffer, 2 U DpnI
and 45 µl of the PCR reaction. The digest reaction was incubated at 37˚C for 16 hours. The
reaction was analysed on a 1% agarose electrophoresis 90 V for 45 minutes (section
2.2.4.1). The agarose gel containing the PCR products were weighed and transferred to a
sterile 2 ml microcentrifuge tube. The purification of the amplicons were carried out using
NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel, Germany) as described in
Section 2.2.4.3. The DNA was eluted with 100 µl of distilled water in a clean 1.5 microfuge
tube incubated at room temperature for 1 minute and centrifuged at 11 000 x g for 1 minute.
The DNA was concentrated by vacuum drying with a Concentrator (Eppendorf) for 3 hours.
The dried DNA pellet was resuspended in 13 µl nuclease free water.
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2.2.5.3 Ligation and transformation of mutant PCR product
The purified PCR product was self-ligated by performing a T4 ligation reaction. Since the
PCR product resulted in a blunt end lacking a phosphate group at the 5’ end, 0.75 U T4
polynucleotide kinase (Thermo Fisher Scientific) was used to catalyse the transfer of the γphosphate group to the 5’-OH group and 1 mM ATP (Thermo Fisher Scientific) acted as a
cofactor. In addition, 1 X T4 ligase buffer (Thermo Scientific), 13 µl purified DNA and 5 U T4
ligase (Thermo Fisher Scientific) were added making a final reaction volume of 20 µl. The
reaction was incubated for 3 hours at room temperature. The ligated recombinants were
transformed in E. coli competent cells as described in Section 2.2.4.4.
2.2.5.4 Screening for mutated transformants and confirmation with Sanger
sequencing.
The clones of the mutated transformants were extracted using the STET boiling lysate
miniprep protocol (2.2.4.5). The digest reaction contained 2 µl pKM177_ AOVP6 DNA, 1 X
buffer O, 0.5 U BstXI and nuclease free water to a final reaction volume of 20µl. The
reactions were incubated at 37˚C for 2 hours. The digest reaction were analysed with 1%
agarose gel electrophoresis as described in section 2.2.4.1. The digest reactions were
compared to the in sillico cloning performed using Geneious 6.1.2.
Sanger sequencing was carried out to confirm successful site-directed ATG deletion of the
construct at the promoter site (Section 2.2.4.8). The VP6 ORF was also sequenced to verify
that no base change has occurred Table 2.2.

Table 2.2: Primers used for Sanger sequence verification of positive clones of the
pKM177_AO VP6 construct.
Primer Name

Sequence

Melting

Manufacturer

temperature (Tm)
VP6Seq AF1

5 ’-GGATGAGATGGTCCGAGA -3’

53.2°C

IDT

VP6Seq AF2

5’- ACTTATCAGGCCCGATTC G -3’

54.5°C

IDT

VP6Seq AF3

5’ -TCTATGCTGGTCAAGTAGAGC -3’

53.8°C

IDT

VP6Seq AR1

5’-CTTATCTCGGGCATCCTTCAG -3’

54.9°C

IDT

VP6Seq AR2

5’ -CGGTTAAGAGTAAACGAGGC -3’

53.1°C

IDT

pKM_SeqF1

5’ -GTCAAGACTGTCAAGGAGGG -3’

60.50˚C

Inqaba

2.2.6 Cloning of VP6_KO into delATG_pKM177
The Kozak motif for the KO_VP6 ORF-containing expression cassette was corrected
through sub-cloning of the original VP6_KO purchased from GenScript into the
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delATG_pKM177 modified vector. This vector was prepared by a colleague, Mr. O.S.
Folorunso.
2.2.6.1 Sub-cloning
The VP6_KO purchased from GenScript was supplied cloned into pUC57 vector at the XhoI
and Eco47III sites. To obtain the KO VP6-encoding ORF from the pUC57, plasmid DNA was
digested with Xhol and Eco47III restriction enzymes. Previously, a PhD student, Mr. O. S.
Folorunso, performed site-directed mutagenesis to remove the ATG codon in the yTEF
promoter of the pKM177 cloning vector (delATG_pKM177). This plasmid, delATG_pKM177,
was therefore also digested with XhoI and Eco47III restriction enzymes. The reaction
contained 500 ng of template (delATG_pKM177/ pUC57_ KO VP6), 4 X Tango buffer, 1 U
XhoI restriction enzyme, 1 U of Eco47III restriction enzyme and the nuclease free water up
to 20 µl.
The digest reactions were incubated overnight at 37˚C. The digest was analysed using
agarose gel electrophoresis as described in Section 2.2.4.1. The bands were excised with a
sterile blade and the DNA purified from the gel with NucleoSpin Kit (Macherey-Nagel) as
described in section 2.2.4.3, except that the DNA was eluted in 20 µl elution buffer (NE
buffer).
Prior to ligation, a ligation calculator (http://www.insilico.uni-duesseldorf.de/Lig_Input.html)
was used to calculate the concentration of the insert that should be ligated to the vector
using a vector:insert ratio of 3:1. Therefore, 47.9 ng of KO_VP6 ORF was ligated with 100
ng of delATGdel_pKM177 using 1 U T4 ligase enzyme in 1X ligation buffer and nuclease
free water up to 20 µl.
The ligation mixture was incubated for 18 hours at 16°C. A volume of 10 µl of the ligation
reaction was transformed in competent E. coli Top10 cells using the RbCl2 method
described in section 2.2.4.4. The screening of positive clones was firstly carried out by doing
mini plasmid preparations as described in section 2.2.4.5. The BgIII restriction enzyme was
used to screen for positive clones as described in Section 2.2.4.6. The enzyme has three
restriction sites in the recombinant construct at 8 689 nucleotide (vector), 900 nucleotide
(insert) and 4 471 nucleotide (vector) resulting in 3 fragment sizes of 903 bp, 4 218 bp and
3 571 bp. A control delATG_pKM177, was also included that resulted in two fragment sizes
of 4 222bp and 3 352 bp. The positive clones were purified using the NucleoSpin® Plasmid
kit (Macherey-Nagel) described in section 2.2.4.7. Verification of the clones were carried by
Sanger sequencing using the BigDye™ Terminator Cycle Sequencing Kit v3.1, as described
in section 2.2.4.8. The primers used are shown in Table 2.3 which were supplied from the
Integrated DNA Technologies (IDT).
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Table 2.3: Primers used for Sanger sequence verification of positive clones of the
pKM177_KO VP6 construct.
Primer Name

Sequence

Melting

Manufacturer

temperature (Tm)

VP6Seq KF1

5 ’-GGATGAAATGGTTAGAGAATCAC -3’

51.3°C

IDT

VP6Seq KF2

5’- CCAAGCAAGATTCGGTAC -3’

50.7°C

IDT

VP6Seq KF3

5’ -GAGTGTTCACTGTCGCTTC -3’

53.4°C

IDT

VP6Seq KR1

5’- CTCAATGAATACAATACATCCATGCTCG -3’

56.0°C

IDT

VP6Seq KR2

5’ -GTGAAAGATGCAGAGTAAGGGAAG -3’

55.4°C

IDT

2.3. Results
As indicated in the introduction of this chapter, no expression was seen for the AO and KO
VP6 ORF-containing constructs during a previous study (Makatsa, 2015). This chapter
focused therefore on the manipulation of these expression cassettes to enable expression.
Close inspection of the expression cassettes (pKM177_AOVP6 and pKM177_KOVP6)
indicated an additional ATG codon at the promoter site upstream of the VP6 codon
optimised ORFs (Figure 2.3).

Figure 2.3: In silico clone of pKM177_AOVP6. The additional ATG (arrow) at the yTEF promoter site
upstream the AO/KO ORF.

It was hypothesised that expression initiated at the first ATG which was not in-frame with the
AO and KO VP6 ORFs and therefore no rotavirus VP6 expression was detected during the
previous study. Another factor that was also considered is the Kozak sequence which
enhances expression in eukaryotes (Kozak, 1981, 1986, 2002). The pKM177_AOVP6 and
pKM177_KOVP6 clones were compared to the Kozak sequence.
2.3.1 Manipulation of A. adeninivorans optimised rotavirus VP6 ORF-containing
expression cassette
In order to remove the ATG sequence upstream of the AO rotavirus ORF, site-directed
mutagenesis was performed by designing primers that excluded the ATG nucleotides as
illustrated in Figure 2.4a. As can be seen in Figure 2.4b, the expected amplicon size for
pKM177_ AOVP6 without the ATG at the promoter site, 8 689 bp, was obtained. Non57

specific amplification during the delATG_pKM177_ AOVP6 amplification (Figure 2.4b,
Lane1), but in Lane 2 in Figure 2.4b no non-specific amplification was observed.

Figure 2.4: Deletion-mutagenesis using PCR. A, primer design, red, excluding the ATG at the pKM177
promoter site, blue. The AO VP6 ORF, orange, ligated, into the expression vector pKM177 at the XhoI
restriction enzyme site, green. B, The reaction was analysed on a 1% agarose gel. Lane M is the 1 kb
marker (ThermoFisher Scientific), lane1, 2 are the PCR products of pKM177_VP6 AO with an amplicon
size of 8 689 bp (red circle).

The ligation reactions performed from the purified DpnI digest reaction were transformed into
the competent cells. Thirty colonies were chosen for screening of positively transformed
delATG_pKM177_AO VP6. BstXI restriction enzyme was used to screen for positive clones
which has two restriction sites, namely at the vector site (at nucleotide 8 647) as well as at
the VP6 insert (at nucleotide 1 172) resulting in two fragment sizes of 7 475 bp and 1 214 bp
seen in Figure 2.5. Of the 30 clones screened, 12 clones (clone 1, 7, 8, 10, 11, 13, 15, 19,
21, 23, 25 and 30) showed the expected restriction enzyme profile, suggesting therefore that
the AO VP6 ORF is present in these clones (Figure 2.5a).
The BstXI enzyme only indicated the presence of the AO VP6-encoding ORF and not if the
deletion of the ATG was successful. Nucleotide sequencing was, therefore, performed to
evaluate the success of the mutagenesis (Figure 2.6). Only 1 clone (clone 8 indicated with
an arrow) out of the 9 clones screened had the correct ATG deletion at the promoter site
(Figure 2.6).
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The entire AO VP6 ORF was also sequenced to ensure that no additions or deletion of
nucleotides occurred. The AO VP6 ORF from the delATG_pKM177_AOVP6 recombinant
was aligned with the original AO VP6 ORF from GenScript shown in APPENDIX A and no
base changes were detected in the ORF.

Figure 2.5: Agarose gel analysis of the restriction enzyme screening of positive clones for
delATG_pKM177_VP6 AO construct. The BstXI restriction enzyme was used resulting in two fragment
sizes of 7 475 bp and 1 214 bp. A, the digest reactions were analysed on a 1% agarose gel, M= 1 kb
marker (ThermoFisher Scientific), lane 1-30 are the clones screened, lane C= the control which is the
pKM177 cloning vector. Out of 30 clones 12 positive clones were identified, indicated with a red tick. B,
an in silico clone was constructed using Geneious 6.1.2. to give the predicted sizes of the fragments.
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Figure 2.6: Sequencing chromatogram of AO VP6 ORF clones alignment with the in sillico clone. Blue, Y.
lipolytica TEF promoter. The AO VP6 ORF, orange, ligated, into the expression vector pKM177 at the XhoI
restriction enzyme site, green. Correct ATG deletion indicated with an arrow, red.

2.3.2 Manipulation of K. lactis optimised rotavirus VP6 ORF containing expression
cassette
Attempts to remove the upstream ATG in the KO VP6 ORF containing expression cassette
were unsuccessful (results not shown). Since the ATG sequence in the original cloning
vector was successfully removed by Mr. O.S. Folorunso, delATG_pKM177, the KO VP6
ORF was sub-cloned into this modified vector.
Both the vector and VP6 KO ORF cloned in pUC57 were successful digested with the XhoI
and Eco47III restriction enzymes (not shown). The BgIII restriction enzyme was used to
screen for the correct ligated clones. The enzyme has three restriction sites at 8689
nucleotide (vector), 900 nucleotide (insert) and 4471 nucleotide (vector) resulting in 3
fragment sizes of 903 bp, 4 218 bp and 3 571 bp. A control was also included which was the
cloning vector that resulted in two fragment sizes of 4 222 bp and 3 352 bp. Of the 20 clones
screened 16 (1, 2, 3, 4, 5, 7, 9, 12, 13, 14, 15, 16, 17, 18, 19, and 20) showed the correct
insertion (Figure 2.7a) and had the same profile as the in silico clones (Figure 2.7b).
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Figure 2.7: Agarose gel analysis of the restriction enzyme screening for positive clones of
delATG_pKM177_VP6KO construct transformed into bacterial cells. The BgIII restriction enzyme was
used and resulted in three fragment sizes of 903 bp, 3 571 bp and 4 218 bp. A, the digest reactions were
analysed on a 1% agarose gel, M=1 kb marker (ThermoFisher Scientific), lane 1-20 are the clones
screened, lane C= the control which is the delATG_pKM177 cloning vector. Of 20 clones, 16 showed have
positive insertion indicated with a red tick. B, an in silico clone was constructed using Geneious 6.1.2. to
give the predicted sizes of the fragments.

Of the 16 clones that showed to have the same profile as the in sillico clone, 3 clones (1, 2,
and 3) were verified by Sanger sequencing. Of the three clones, one clone showed the
correct insertion of the ORF into the vector shown in Appendix B. As seen in Figure 2.8,
ATG in the promoter region was present and the modified delATG_pKM177_KOVP6
expression cassette contained an optimal Kozak seq with a purine at -3 and C at -1. The
entire KO VP6 ORF was also sequenced and no additions or deletions of nucleotides were
observed (APPENDIX B).

2.4 Discussion
No rotavirus VP6 expression was previously observed for the AO and KO VP6 ORFcontaining constructs (Makatsa, 2015) possibly due to the additional ATG that was out of
frame with the ORF. Site-directed mutagenesis was used in this chapter to correct
delATG_pKM177_AOVP6 (Figure 2.4 and Figure 2.8a). In Figure 2.4, non-specific
amplification in lane 1, but not in lane 2, was observed. Since these were duplicate samples,
the reason for the non-specific amplification in only lane 1 and not in lane 2 is unclear.
Contamination in lane 1 could be a possible explanation for the non-specific amplification. A
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low efficiency for site-directed mutagenesis was observed as the correct deletion of the ATG
was observed in only 1 clone. The deleted ATG is preceded by 2 adenine bases and,
indeed, in various of the clones screened it was observed that 2 adenine bases, instead of
only 1, were deleted. This could be due to slippage by the DNA polymerase.
The delATG_pKM177_KOVP6 was corrected through sub cloning into the previously
mutated pKM177 expression vector (delATG_pKM177) (Figure 2.8b). Site-directed
mutagenesis using deletion PCR has been used as early as the 1980’s (Hemsley et al.,
1989; Ho et al., 1989). This method has been used for modification of products in various
industries such as biocatalysis (Liu et al., 2017; Madhavan et al., 2017; Wang et al., 2017).
Another factor to consider is the Kozak motif which plays a vital function in expression of
proteins in eukaryotes (Kozak, 1981, 1984, 1986, 2002; Nakagawa et al., 2008). Marilyn
Kozak proposed a scanning mechanism for the initiation of translation in eukaryotes (Kozak,
1978, 1984). Efficient translation initiation is enhanced by a Kozak consensus sequence of
GCCGCC(A/G)CCATGG (A/G represents A or G and ATG represents the translation
initiation codon (Kozak, 1978, 1984; Nakagawa et al., 2008). It was proposed that a purine
(A/G) nucleotide at the -3 position and (C) nucleotide at the -1 position plays a crucial role in
translation initiation in eukaryotes (Kochetov, 2014; Kozak, 1986; Pesole et al., 2000). These
nucleotides is thought to interact with eIF2α which is required for initiation of translation in
eukaryotes.
The

ATG

was

successfully

deleted

for

the

delATG_pKM177_AOVP6

and

delATG_pKM177_KOVP6 (Figure 2.8). In addition, these constructs contain a similar
sequence as the Kozak sequence with adenine nucleotide at -3 position as well as cytosine
nucleotide at the -1 position as seen in Figure 2.8 (indicated with arrows).
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Figure

2.8:

Analysis

of

sequence

chromatogram

of

modified

delATG_pKM177_AOVP6

and

delATG_pKM177_KOVP6 aligned with in silico clones of the expected sequence using Geneious 6.1.2. A,
in silico clone of AO VP6 ORF (orange) cloned into pKM177 expression vector aligned with modified
delATG_pKM177_AOVP6 sequence at the promoter site (blue). B, in silico clone of KO VP6 ORF (purple)
cloned into pKM177 expression vector aligned with modified delATG_pKM177_KOVP6 sequence at the
promoter site (blue). The arrows indicates the -3 and -1 positions nucleotide playing a crucial role for
Kozak sequence.
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Chapter 3: Recombinant expression of Rotavirus VP6 in various
yeasts
3.1 Introduction
Heterologous expression has been widely used in industry as well as in molecular research.
The fundamental goal of heterologous expression especially in biotechnology is to produce
high yield of a product to minimise cost. Rotavirus VP6 has been expressed in insect cells
using baculovirus expression resulting in high yield production of proteins (Bertolotti-Ciarlet
et al., 2003; Crawford et al., 1994), but scale-up of the VP6 protein is not commercially
viable as this expression system is expensive. It does, however, remains the gold standard
in recombinant rotavirus protein expression. Although E. coli can rapidly produce high yields
of rotavirus VP6, a recent study by Bredell and co-works showed that the VP6 protein
produced tend to be insoluble (Bredell et al., 2016) which correlates to what has been seen
in previous studies (Mathieu et al., 2001). The production of the insoluble VP6 protein in E.
coli could be due to misfolding during over-expression. This may be due to overloading of
the folding machinery as a result of high level protein expression, most likely during induced
expression (Baneyx & Mujacic, 2004).
When using transgenic plants as an expression system for vaccine development, the plants
should be edible. However, plants like tobacco leaves, which were used for rotavirus VP6
expression (Birch-Machin et al., 2004; Inka et al., 2012), are not edible. On the other hand,
expression of rotavirus VP6 in plants like potatoes (Yu & Langridge, 2003) cannot be eaten
raw as they have to be cooked first. Heat can denature the transgenic protein which could
subsequently decrease the immunogenic property of the transgenic protein. Expression of
rotavirus VP6 of an edible plant such as alfalfa resulted, however, in low antigen production
(Dong et al., 2005). Alternative approaches have been considered for using maize seed as
an expression system and resulted in high yields of VP6 protein (Feng et al., 2017).
Using yeast as an expression system is advantageous because it is easy to manipulate and
scale-up is commercially viable. Rotavirus VP6 has been expressed in S. cerevisiae
(Rodríguez-Limas et al., 2011). However, S. cerevisiae tend to add high mannose glycans
which results in hyperglycosylation (Cueva et al., 2004). Methylotrophic yeasts such as P.
angusta and P. pastoris are less prone to hyperglycosylation compared to S. cerevisiae
(Ahmad et al., 2014; Kang et al., 1998; Teh et al., 2011). Production of rotavirus VP6 in
these methylotrophic yeasts had a sufficient production yield (Bredell et al., 2016). Currently
there are no reports on expression of VP6 protein in yeasts such as Arxula adeninivorans,
Kluyveromyces lactis, Debaryomyces hansenii and Yarrowia lipolytica. A. adeninivorans is a
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dimorphic yeast which has been used in biotechnological applications and is considered as
safe for production of foreign proteins (Bischoff et al., 2017; Böer et al., 2009). K. lactis is
mainly known to have the ability to convert lactone to lactic acid and had been extensively
used in industrial applications (Breunig & Steensma, 2003). Y. lipolytica has a unique feature
of biofuel production (Tai & Stephanopoulos, 2013) as well as lipase production (Najjar et al.,
2011). D. hansenii is an osmotolerant and an oleaginous yeast (Breuer & Harms, 2006;
Kumar et al., 2012; Onishi, 1986; Ratledge & H, 1986). This yeast is mostly in
biotechnological applications (Breuer & Harms, 2006; Kumar et al., 2012; Kurtzman et al.,
2011; Ratledge & H, 1986).
In this chapter, these yeasts as well as P. angusta, P. pastoris and S. cerevisiae from the
UNESCO-MIRCEN yeast culture collection at UFS were screened for expression of rotavirus
VP6 protein.
A unique wide-range yeast expression system has been developed at UFS containing a Y.
lipolytica TEF promoter and a K. marxianus inulinase terminator. Genomic integration to the
yeast cells is allowed by the K. marxianus 18S rDNA sequence with the addition of the ITS
gene which enhances multiple homologous integration into the host genome (Albertyn et al.,
2011). The wide-range yeast expression system was used to achieve heterologous
expression of rotavirus VP6 in the various yeasts described above.

3.2 Materials and methods
3.2.1 General chemicals, reagents and enzymes
The NotI restriction enzyme was purchased at Thermo Fisher Scientific. Hygromycin B
antibiotic was supplied by Merck. Kanamycin antibiotic and Sodium Dodecyl Sulfate were
supplied by Calbiochem®. The primary Goat polyclonal antibody raised against the
Nebraska calf diarrhoea virus (NCDV) and secondary donkey polyclonal anti-goat IgG
antibody were both supplied by Abcam. Tris (hyroxymethyl) aminomethane, yeast extract,
peptone and methanol were purchased at Merck. D-(+)-glucose monohydrate, ammonium
persulfate (APS) and sorbitol were purchased from Sigma.
3.2.2 Yeast strains and cultivation
To generate a control, rotavirus VP6 was expressed in bacteria. The VP6 ORF was
previously cloned in the pCold II vector (pCold_VP6) was kindly provided by Prof A. Van
Dijk, North West University. The pCold_VP6 was transformed in E. coli BL21 (DE3) cells [F–,
ompT, hsdSB (rB–, mB–), dcm, gal, λ(DE3); Stratagene] and the transformation was carried
out using the rubidium chloride (RbCl2) transformation method (Hanahan, 1983) as
described in Chapter 2, Section 2.2.4.
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The following yeast strains, Arxula adeninivorans UFS1219, Arxula adeninivorans UFS1220,
Debaryomyces hansenii UFS0610, Kluyveromyces lactis UFS1167, Pichia angusta
UFS0915, Pichia angusta UFS1507, Pichia pastoris UFS1552T, Yarrowia lipolytica
UFS0097, Yarrowia lipolytica UFS 2221 and Yarrowia lipolytica UFS2415, were obtained
from the UNESCO-MIRCEN yeast culture collection, Department of Microbial, Biochemical
and Food Biotechnology, UFS. The following yeast strains, Arxula adeninivorans LS3 and
Saccharomyces cerevisiae CENPK, were kindly provided by Prof. J. Albertyn from the
Department of Microbial, Biochemical and Food Biotechnology, UFS. The Pichia pastoris
GS115 is a commercial strain (Invitrogen) and was kindly provided by to Prof. Smit and Prof.
Opperman from the Department of Microbial, Biochemical and Food Biotechnology, UFS.
Yarrowia lipolytica PO 1F was provided by Prof. Smit, the Department of Microbial,
Biochemical and Food Biotechnology stored in liquid nitrogen. The yeast strains were
revived on yeast mold (YM) agar plates incubated at 25˚C for 3-4 days. The yeast colonies
were inoculated in 5ml yeast extract peptone dextrose agar (YPD) broth and incubated at
30˚C for 24 hours. The cultures were frozen at -80°C for short term storage containing 50%
glycerol. The YPD broth or agar composition contained 20 g peptone (Merck), 20 g glucose
(Sigma) and 10 g yeast extract (Merck) and for agar 15 g agar (Merck) to make 1 L.
3.2.3 Preparation of yeast competent cells
Yeast competent cells were prepared according to Klebe and co-workers, using bicine to
make the cells competent by creating pores in the membrane (Klebe et al., 1983). A preinoculum was prepared by inoculating a colony from the revived yeast cells on the YPD agar
plate in 5 ml YPD broth. The culture was incubated for 24 hours at 30˚C shaking, except for
P. angusta which was incubated at 37˚C. A volume of 1 ml of the pre-inoculum was
transferred to 100 ml YPD media in a 1 L flask. The yeast cultures were incubated at 30˚C
shaking, except for P. angusta which was incubated at 37˚C, until all the cultures reached
OD600 0.6-0.8. The cells were harvested at 1 000 x g for 5 minutes. The cells were
resuspended in 0.5 volume of solution 1 (1 M sorbitol, 10 mM bicine-NaOH (pH 8.35), 3 %
ethylene glycol, 5% (v/v) DMSO (added before used) filter sterilised). The cells were
centrifuged at 1000 x g for 5 minutes and resuspended with 2 ml of solution 1. A volume of
200 µl of the competent cells were aliquoted in 1.5 ml microfuge tubes. To increase the
viability of the competent cells, the cells were slow-frozen by storing them at -20˚C for 4-8
hours before transferring the competent cells to -80˚C.
3.2.4 Yeast transformation
The modified constructs containing either AO or KO VP6 ORF cloned into the expression
cassette (pKM177) without the ATG in the promoter region as described in Chapter 2
(delATG_pKM177_AOVP6 and delATG_pKM177_KOVP6) were transformed in 14 yeast
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strains. The P. pastoris/P. angusta codon optimised VP6 ORF (delATG_pKM177_POVP6)
construct, obtained from a colleague, Mr OS Folorunso, was also transformed into the 14
different yeast strains as described in Section 3.2.2. Mr. Folorunso modified the construct to
include an optimal Kozak sequence and remove the promoter-region ATG.
Yeast transformation was carried out using the bicine protocol (Chen et al., 1997). Briefly, 1
µg of the plasmid DNA, either delATG_pKM177_AOVP6 or delATG_pKM177_KOVP6 or
delATG_pKM177_POVP6 were linearized with NotI endonuclease (Thermo Scientific) for 90
minutes at 37˚C. The NotI endonuclease was inactivated at 80˚C for 20 minutes. The
linearized plasmid DNA was transformed into the competent cells along with 50 µg of
salmon sperm carrier DNA (Life Technologies) and 1.4 ml of solution 2 (40% v/v PEG 1000;
200 mM bicine-NaOH, pH8.4). The mixture was vortexed for 1 minute and incubated at 30˚C
for an hour, except for P. angusta which was incubated at 37˚C. The cells were heat
shocked at 37˚C for 10 minutes, except for P. angusta which was heat shocked at 42˚C for
10 minutes. Cells were harvested at 2 328 x g for 5 minutes and resuspended in 500 µl of
solution 3 (150 mM NaCl; 10 mM bicine-NaOH, pH8.4) and 500 µl YPD media. The cells
were allowed to recover by incubating at 30˚C (37˚C for P. angusta) shaking for 2 hours and
harvested again at 2 328 x g for 5 minutes. Approximately 800 µl of the supernatant was
decanted and the remaining supernatant was used to resuspend the cells. The cells were
plated on selective YPD plates containing 600 µg/ml hygromycin B (Merck) and incubated at
30˚C (37˚C for P. angusta) for 2-5 days until colonies were formed.
3.2.5 Evaluation of successful integration of the VP6 codon optimised ORFs into the
yeast genomes
Screening for genomic integration of the expression cassette containing VP6 codon
optimised ORFs to the yeast genomes was carried out by colony PCR. The colonies of the
yeast clones that formed after transformation described in section 3.2.4 where transferred to
a higher concentration of hygromycin B (800 µg/ml) YPD plates and incubated in
MEMMERT oven (Lasec) at 30 ˚C, or P. angusta at 37˚C, overnight. Positive integration of
the respective expression cassettes were evaluated by KAPA Taq DNA polymerase (KAPA
Biosystems) or Dream Taq polymerase (Thermo Scientific) or DreamTaq Green PCR Master
Mix (2 X) (Thermo Scientific) according to the manufacturer’s instructions. The primers (IDT)
that were used are given in Table 3.1.
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Table 3.1: Primers used for screening the integration of VP6 ORFs in various yeasts
genome.
Primer Name

Sequence

Amplicon
size

VP6_AO

VP6Seq_AF2

5’- ACTTATCAGGCCCGATTCG -3’

665 bp

pKM173/177_R 5’- GAACAGCTAGAGTGCGTT -3’
VP6_KO

VP6Seq_KF2

5’- CCAAGCAAGATTCGGTAC -3’

667 bp

pKM173/177_R 5’- GAACAGCTAGAGTGCGTT -3’
VP6_PO

VP6Seq_PF2

5’- CAACACCTACCAAGCTAGA -3’

670 bp

pKM173/177_R 5’- GAACAGCTAGAGTGCGTT -3’
VP6_PO

VP6Seq_PF3

5’- GAGTTTTCACCGTTGCTTC -3’

330 bp

pKM173/177_R 5’- GAACAGCTAGAGTGCGTT -3’

Prior to the amplification reaction, cells from 800 µg/ml hygromycin B YPD plates were
selected and transferred with a sterile toothpick to 25 µl nuclease free water. The cells were
denatured at 98˚C for 10 minutes using the G-Storm PCR System to liberate the yeasts
genomes. The KAPA Taq DNA polymerase (Roche) reaction contained 1 x KAPA Taq
Buffer, 0.4 µM forward and reverse primer, respectively, 0.2 mM dNTP mix, 1 U KAPA Taq
DNA Polymerase and nuclease free water to a final reaction volume of 50 µl. The Dream
Taq Green Polymerase (Thermo Fisher Scientific) reaction contained 1 X DreamTaq Green
Buffer, 0.4 µM forward and reverse primer, respectively, 0.2 mM dNTP mix, 1.25 U
DreamTaq DNA Polymerase and nuclease free water to a final reaction volume of 50 µl. The
DreamTaq Green PCR Master Mix (2 X) reaction contained 1 X DreamTaq Buffer, 0.4 µM
forward and reverse primer, respectively, 12.5 µl of DreamTaq Green PCR Master Mix
(containing 2 X DreamTaq Green buffer, 0.4 mM dNTP mix, 4 mM MgCl 2, 1.25 U Dream Taq
Polymerase) and nuclease free water to a final reaction volume of 50 µl.
The conditions for the partial amplification of the AO VP6 ORF containing expression AO
VP6 ORF containing expression cassette were as follows: initial denaturation was at 95˚C
for 3 minutes, followed by 35 cycles of denaturation at 95˚C for 30 seconds, annealing at
46.5˚C for 30 seconds and extension at 72˚C for 1 minute. Final extension was at 72˚C for 5
minutes. The conditions for the partial amplification of the KO VP6 ORF containing
expression cassette were as follows: initial denaturation was at 95˚C for 3 minutes, followed
by 35 cycles of denaturation at 95˚C for 30 seconds, annealing at 48.4˚C for 30 seconds and
extension at 72˚C for 1 minute. Final extension was at 72˚C for 5 minutes. Lastly, conditions
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for the partial amplification of the PO VP6 ORF containing expression cassette were as
follows: initial denaturation was at 95˚C for 3 minutes, followed by 35 cycles of denaturation
at 95˚C for 30 seconds, annealing at 47.1˚C for 30 seconds and extension at 72˚C for 40 1
minute. Final extension was at 72˚C for 5 minutes.
The template plasmids were also partially amplified as positive controls. A no templatecontaining reaction, as PCR negative control, was included as well as untransformed yeast
cells as a negative cell control. The reactions were analysed on a 1% agarose gel as
described in section 2.2.4.1. The bands were stained with 0.5 µg/mL ethidium bromide and
visualised using ChemiDoc™ MP imaging system (Bio-Rad).
3.2.6 Expression of rotavirus VP6 in various yeasts
The yeast colonies that showed integration of the respective rotavirus VP6 ORF-containing
expression cassettes into the yeast genomes were evaluated for expression in the 14 yeast
stains (Section 3.2.2). A pre-inoculum was prepared for each of the yeast colonies in 5 ml
YPD media and incubated in a 30˚C, shaking for 24 hours except for P. angusta which was
incubated at 37˚C. A volume of 500 µl of the pre-inoculum was transferred to 50ml YPD
media in a 500 ml Erlenmeyer flask. The culture was incubated at 30˚C (37˚C for P.
angusta), shaking for 14-16 hours. The cells were harvested at 10 000 x g for 10 minutes at
4˚C and resuspended in 50 mM Tris buffer pH 7.4 (3 ml per gram wet cells) containing
Protease Inhibitor Cocktail (Sigma). The cells were lysed using a One Shot Constant Cell
Disruption System (Constant Systems, United Kingdom) at 35 kPsi. The insoluble debris
was separated from the soluble fraction by centrifugation at 20 000 x g for 30-45 minutes at
4˚C. The supernatant which contained the soluble fraction was transferred to a clean sterile
1.5 ml microfuge tube. Evaluation of VP6 expression by the yeasts strains was carried out by
western blot analysis as described in Section 3.2.10.
3.2.7 Bacterial expression of rotavirus VP6 as a positive control
E. coli previously transformed with pCOLD_VP6 (Makatsa, 2015) were revived by streaking
on 100ug/ml ampicillin containing LB plates and incubated overnight at 37˚C. A colony was
transferred to 5 ml LB broth containing 100 µg/ml ampicillin and incubated overnight in a
37˚C shaker as a pre-inoculum. The expression was carried out according to the pCold™
Cold Shock Expression System (TAKARA) protocol. Briefly, 500 µl of the pre-inoculum was
transferred to 50 ml LB media containing 100 µg/ml ampicillin in a 500 ml Erlenmeyer flask.
The culture was incubated at 37˚C shaking until the cells reached an OD600 ~0.4-0.5. The
cells were cooled to 20˚C and 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) (Sigma)
was added as inducer. The culture was incubated at 20˚C shaking for 3 hours. Cells were
harvested at 10 000 x g for 10 minutes at 4˚C. Cells were lysed using a lysis buffer
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containing 1% SDS and 1 X TE (3 ml per 1 g) containing cOmplete™ Protease Inhibitor
Cocktail (Roche) and incubated for 30 minutes. The insoluble debris was separated from the
soluble fraction by centrifugation at 16 000 x g for 20 minutes at 4˚C. The supernatant which
contained the soluble fraction was transferred to a clean 1.5 ml microfuge tube and was
analysed by western blot as described in Section 3.2.10.
3.2.8 Protein concentration determination
Total protein concentration was determined with the PierceTM BCA protein assay kit (Thermo
Scientific™ Pierce™) using the microtiter plate protocol and performed in duplicate. The
PierceTM BCA protein assay kit quantifies total protein by means of a detergent-compatible
formulation based on bicinchoninic acid (BCA). Reaction of BCA with amino acids, cysteine,
tryptophan and tyrosine, as well as peptide bonds is responsible for colour formation
(Wiechelman et al., 1988).
Firstly, a standard was constructed using bovine serum albumin (BSA). Dilutions were
prepared in 50 mMTris buffer pH 7.4 (Appendix C). A BCA Working Reagent (WR) was
prepared using a 50:1 ratio (Reagent A:Reagent B). A volume of 200 µl WR was mixed with
25 µl of the sample using a vortex for 30 seconds, followed by incubation at 37˚C for 30
minutes. The absorbance was measured at 562 nm on a plate reader (SpectraMax® M2;
Molecular Devices). A standard curve was constructed by calculating the average of sample
(as this was done in duplicates) which was subtracted using the blank (containing 50 mM
Tris buffer containing Protease Inhibitor Cocktail). For determination of unknown protein
concentration, 200 µl WR was added in each well and mixed with the 25 µl of the unknown
protein, mixed with a vortex and incubated at 37˚C for 30 minutes. The absorbance was
measured at 562 nm on a plate reader (SpectraMax® M2; Molecular Devices). The protein
concentration was calculated by using the standard curve equation y=mx+c.
3.2.9 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)
A 10% SDS-PAGE gel was prepared according to Green and Sambrook, 2012. The
separation gel contained 10% acrylamide/bis-acrylamide (Sigma), 375 mM Tris (pH 8.8),
0.1% SDS, 0.1% ammonium persulfate (APS; Sigma), 0.008% tetramethylethylenediamine
(TEMED; Sigma). The stacking gel contained: 5% acrylamide/bis-acrylamide (Sigma), 0.06
mM Tris (pH 6.8), 0.1% SDS, 0.1% APS, 0.008% tetramethylethylenediamine (TEMED;
Sigma).
The protein concentration determined in section 3.2.8 was used to calculate the amount of
total protein to be loaded. Per gel, each well contained an equal amount of total protein. The
protein samples were mixed with sample buffer (50 μl beta-mercaptoethanol (Merck) and
950 μl Laemmli sample buffer (Bio-Rad) in a 1:1 ratio and heated at 98˚C for 10 minutes to
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denature proteins. The samples were loaded along with the 3 µl PageRuler™ Prestained
Protein Ladder (Thermo Fisher Scientific) or Spectra™ Multicolor Broad Range Protein
Ladder (Thermo Fisher Scientific) as a size reference. The SDS PAGE gels were
electrophoresed in 1% TGS buffer (25 mM Tris; 129 mM Gycine; 0.1% (w/v) SDS, pH 8.3)
with PowerPac™ Basic Power Supply (BioRad™) at 200 V for an hour.
3.2.10 Western Blot analysis
Verification of recombinant expression of the VP6 protein was carried out by Western blot
analysis. The proteins were transferred to a BioTrace™ NT Nitrocellulose Transfer
Membrane (Pall Corporation) from the SDS-PAGE gel for an hour at 100 V in a transfer
buffer containing 0.025 M Tris, 0.2 M glycine and 20% methanol (pH 8.4). Verification of the
transfer of the proteins to the Nitrocellulose Transfer Membrane was carried out by staining
the membrane with 0.25% of Ponceau S (Sigma) solution in 1% acetic acid for 10 minutes at
room temperature. After verification of the transfer, the Ponceau S solution was removed
from the membrane by washing the membrane with distilled water.
The membrane was blocked with 5% fat free instant milk powder (Spar) in Tris-buffered
saline (TBS) containing 0.2% Tween-20 (Sigma) (0.2% TBS-T). The blocking solution was
discarded and the membrane was washed with 0.2% TBS-T buffer three times, each wash
for a period of 10 min. The membrane was incubated with primary goat polyclonal antibody
raised against the Nebraska calf diarrhoea virus (NCDV) strain (Abcam) with a dilution of
1:500 in 0.2% TBS-T buffer for 3 hours at room temperature. The primary antibody dilution
was discarded from the membrane and the unbound primary antibodies were removed by
washing the membrane 3 times with 0.2% TBS-T buffer for 10 minutes each. The membrane
was subsequently incubated with the secondary donkey polyclonal anti-goat IgG antibody
(Abcam) with a 1:1000 dilution in 0.2% TBS-T buffer for one hour at room temperature. The
unbound antibodies were removed by washing the membrane with 0.2% TBS-T buffer three
times, each wash for a period of 10 min
Detection of the proteins on the membrane were carried out by 4-chloro-1-naphthol
peroxidase substrate detection method (Green & Sambrook, 2012). Briefly, one tablet of the
4-chloro-1-naphthol (Sigma) was dissolved in 10 ml methanol. Two millilitres of the dissolved
4-chloro-1-naphthol was added to 5 ml 1x TBS buffer containing 0.15% hydrogen peroxide
to make a final volume of 6 ml. The 4-chloro-1-naphthol solution is a substrate for the
horseradish peroxidase which is conjugated to the secondary antibody. A volume of 6 ml of
4-chloro-1-naphthol solution was added to the membrane at room temperature and
incubated for 15 – 30 minutes in the dark as the reaction is sensitive to light. This reaction
results in a purple colour precipitate.
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3.3 Results
3.3.1 Transformation of yeast strains with recombinant yeast expression plasmids
The modified constructs with optimal Kozak sequences, to enable expression in yeast, were
transformed into various yeast strains. There was a variation in the number of colonies
formed among the strains transformed with the different modified constructs on YPD plates
containing 600 µg/ml hygromycin B antibiotic (Merck) as seen in Table 3.2. The colonies
were formed either after 48 hours or 72 hours (Table 3.2).
Table 3.2: Colony formation by transformed yeasts
Yeast

Strain

Time for colony

Average number

formation

of colonies
formed

Arxula adeninivorans

UFS1219

72 hours

≤5

Arxula adeninivorans

UFS1220

72 hours

>50

Arxula adeninivorans

LS3

72 hours

<20

Debaryomyces hansenii

UFS0610

No colonies formed

Kluyveromyces lactis

UFS1167

48 hours

<50

Pichia angusta

UFS0915

48 hours

>50

Pichia angusta

UFS1507

48 hours

<50

Pichia pastoris

GS115

72 hours

<20

Pichia pastoris

UFS1552T

72 hours

<50

Saccharomyces

CENPK

48 hours

>50

Yarrowia lipolytica

PO 1F

72 hours

>50

Yarrowia lipolytica

UFS0097

72 hours

<50

Yarrowia lipolytica

UFS2221

72 hours

<50

Yarrowia lipolytica

UFS2415

No colonies formed

cerevisiae

The colony formation of K. lactis, S.cerevisiae and the P. angusta strains was faster than for
the other yeast strains (Table 3.2). There were no colonies formed on the D. hansenii and Y.
lipolytica UFS2415 strains. The number of colony formation among the yeasts varied as S.
cerevisiae, A. adeninivorans UFS1220 and P. angusta strains contained more than 50
colonies on the 600 µg/ml YPD plate. A low number of colonies was formed by A.
adeninivorans UFS1219 (5 or less). The colony formation by A. adeninivorans LS3 strain
varied among the three VP6 cassettes (not shown).
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3.3.2 Integration of expression cassettes containing VP6 ORFs into the yeast
genomes
3.3.2.1 Integration of the expression cassette containing VP6 ORF codon optimised
for expression in A. adeninivorans in various yeasts
Screening for the integration of the AO VP6 ORF containing expression cassette into the
various yeast genomes was carried by colony PCR using VP6Seq_AF2 as a forward primer
and pKM173/177_R resulting in an amplicon of 665 bp (Figure 3.1). The results obtained for
integration into the genomes of A. adeninivorans strains UFS1219, 1220, P. angusta strains
UFS0915, UFS01507 and Y. lipolytica PO-1F are provided in Figures 3.2-.3.6. The
remainder of the results are shown in Appendix D.

Figure 3.1: Primer annealing to the AO VP6 ORF containing expression cassette. AO VP6 ORF (light
green). K. marxianus inulinase terminator (red). Forward and reverse primer (dark green).

Figure 3.2. Analysis of the AO VP6 ORF containing expression cassette integration into the genome of A.
adeninivorans UFS1220 on a 1% agarose gel. Lane M: GeneRuler DNA Ladder mix. Lane N: negative PCR
control, Lane C: untransformed A. adeninivorans UFS1220 cells. Lane 1-10: Yeast colonies screened for
integration of AO VP6 ORF into A. adeninivorans UFS1220. Lane P: positive control.
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Figure 3.3: Analysis of the AO VP6 ORF containing expression cassette integration into the genome of A.
adeninivorans UFS1219 on a 1% agarose gel. Lane M: GeneRuler DNA Ladder mix. Lane N: negative PCR
control, Lane C: untransformed A. adeninivorans UFS1219 cells. Lane 1-10: Yeast colonies screened for
integration of AO VP6 ORF into A. adeninivorans UFS1219. Lane P: positive control.

Figure 3.4: Analysis of the AO VP6 ORF containing expression cassette integration into the genome of P.
angusta UFS0915 on a 1% agarose gel. Lane M: GeneRuler DNA Ladder mix. Lane N: negative PCR
control, Lane C: untransformed P. angusta UFS0915 cells. Lane 1-10: Yeast colonies screened for
integration of AO VP6 ORF into P. angusta UFS0915. Lane P: positive control.
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Figure 3.5: Analysis of the AO VP6 ORF containing expression cassette integration into the genome of P.
angusta UFS1507 on a 1% agarose gel. Lane M: GeneRuler DNA Ladder mix. Lane N: negative PCR
control, Lane C: untransformed P. angusta UFS1507 cells. Lane 1-10: Yeast colonies screened for
integration of AO VP6 ORF into P. angusta UFS1507. Lane P: positive control.

Figure 3.6: Analysis of the AO VP6 ORF containing expression cassette integration into the genome of Y.
lipolytica PO 1F on a 1% agarose gel. Lane M: GeneRuler DNA Ladder mix. Lane N: negative PCR control,
Lane C: untransformed Y. lipolytica PO 1F cells. Lane 1-10: Yeast colonies screened for integration of AO
VP6 ORF into Y. lipolytica PO 1F. Lane P: positive control.

Majority (80-100%) of the colonies screened for the two A. adeninivorans strains from the
culture collection (UFS1219 and UFS1220) showed integration (Figure 3.2-3.3, Table 3.3),
while the A. adeninivorans LS3 strain, the most commonly used A. adeninivorans strain,
exhibited 60% integration. (Appendix D). The AO VP6 ORF containing expression cassette
also showed efficient integration in the two P. angusta strains as all the colonies screened
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showed integration (Figure 3.4-3.5). There was also good integration of AO VP6 ORF
containing expression cassette in the P. pastoris (UFS1552T and GS115), S. cerevisiae
CENPK and K. lactis UFS1167 strains (Appendix D). Even though there were colonies
formed on the hygromycin B plate for VP6 ORF transformed in Y. lipolytica PO 1F, no
integration was detected for any of the colonies (Figure 3.6). Almost 75% of the colonies
screened for genome integration of the AO VP6 ORF-containing expression cassette
exhibited integration into the various yeast strains (Table 3.3).
Table 3.3: Summary of the AO VP6 ORF containing expression cassette integration
into the genomes of various yeast strains
Yeast

Strain

Integration

Arxula adeninivorans

LS3

6/10

Arxula adeninivorans

UFS1219

5/5

Arxula adeninivorans

UFS1220

8/10

Debaryomyces hansenii

UFS0610

-

Kluyveromyces lactis

UFS1167

9/10

Pichia angusta

UFS0195

10/10

Pichia angusta

UFS1507

10/10

Pichia pastoris

GS115

9/10

Pichia pastoris

UFS1552T

7/10

Saccharomyces cerevisiae

CENPK

9/10

Yarrowia lipolytica

PO 1F

0/10

Yarrowia lipolytica

UFS0097

-

Yarrowia lipolytica

UFS2221

-

Yarrowia lipolytica

UFS2415

-

--: denotes no colony formation.

3.3.2.2 Integration of the expression cassette containing VP6 ORF codon optimised
for expression in K. lactis in various yeast stains
Screening for integration of the expression cassette containing KO VP6 ORF into the various
yeast genomes was carried by colony PCR using VP6Seq_KF2 and pKM173/177_R
resulting in an amplicon of 667 bp (Figure 3.7). The results obtained for integration into the
genomes of A. adeninivorans strains UFS1219, 1220, K. lactis UFS1167, P. angusta
UFS0915, P. pastoris GS115 and Y. lipolytica UFS0097 are provided in Figures 3.8-.3.13.
The remainder of the results are shown in Appendix E.
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Figure 3.7: Primer annealing to the KO VP6 ORF containing expression cassette. KO VP6 ORF (light
green). K. marxianus inulinase terminator (red). Forward and reverse primer (dark green).

Figure 3.8: Analysis of the KO VP6 ORF containing expression cassette integration into the genome of A.
adeninivorans UFS1219 on a 1% agarose gel. Lane M: GeneRuler DNA Ladder mix. Lane N: negative PCR
control, Lane C: untransformed A. adeninivorans UFS1219 cells. Lane 1-5: Yeast colonies screened for
integration of the expression cassette containing KO VP6 ORF into A. adeninivorans UFS1219. Lane P:
positive control.

Figure 3.9: Analysis of the KO VP6 ORF containing expression cassette integration into the genome of A.
adeninivorans UFS1220 on a 1% agarose gel. Lane M: GeneRuler DNA Ladder mix. Lane N: negative PCR
control, Lane C: untransformed A. adeninivorans UFS1220 cells. Lane 1-10: Yeast colonies screened for
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integration of the expression cassette containing KO VP6 ORF into A. adeninivorans UFS1219. Lane P:
positive control.

Figure 3.10: Analysis of the KO VP6 ORF containing expression cassette integration into the genome of
K. lactis UFS1167 on a 1% agarose gel. Lane M: GeneRuler DNA Ladder mix. Lane N: negative PCR
control, Lane C: untransformed K. lactis UFS1167 cells. Lane 1-10: Yeast colonies screened for
integration of the expression cassette containing KO VP6 ORF into K. lactis UFS1167. Lane P: positive
control.

Figure 3.11: Analysis of the KO VP6 ORF containing expression cassette integration into the genome of
P. angusta UFS0915 on a 1% agarose gel. Lane M: GeneRuler DNA Ladder mix. Lane N: negative PCR
control, Lane C: untransformed P. angusta UFS0915 cells. Lane 1-10: Yeast colonies screened for
integration of the expression cassette containing KO VP6 ORF into P. angusta UFS0915. Lane P: positive
control.
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Figure 3.12: Analysis of the KO VP6 ORF containing expression cassette integration into the genome of
P. pastoris GS115 on a 1% agarose gel. Lane M: GeneRuler DNA Ladder mix. Lane N: negative PCR
control, Lane C: untransformed P. pastoris GS115 cells. Lane 1-10: Yeast colonies screened for
integration of the expression cassette containing KO VP6 ORF into P. pastoris GS115. Lane P: positive
control.

Figure 3.13: Analysis of the KO VP6 ORF containing expression cassette integration into the genome of
Y. lipolytica UFS0097 on a 1% agarose gel. Lane M: GeneRuler DNA Ladder mix. Lane N: negative PCR
control, Lane C: untransformed Y. lipolytica UFS0097 cells. Lane 1-10: Yeast colonies screened for
integration of the expression cassette containing KO VP6 ORF into Y. lipolytica UFS0097. Lane P:
positive control.

The KO VP6 ORF containing expression cassette exhibited efficient integration into K. lactis
UFS1167 genome as 80% of the colonies screened showed integration (Figure 3.10). Figure
3.8-3.9 & 3.11 showed a 100% integration of the expression cassette containing KO VP6
ORF in A. adeninivorans UFS1219, A. adeninivorans UFS1220 and P. angusta UFS0097.
Integration of the expression cassette containing KO VP6 ORF in A. adeninivorans LS3 and
P. pastoris GS115 yeast strains were low, 10% and 12%, respectively (Appendix E; Figure
3.12; Table 3.4). However, integration into the other P. pastoris strain, UFS1552T, was
relatively good compared to the P. pastoris GS115. Although at a low level (20%),
integration into the genome of Y. lipolytica UFS0097 was observed (Figure 3.13, Table 3.4).
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No integration was observed in any of the Y. lipolytica PO 1F and Y. lipolytica UFS2221
colonies screened (Appendix E) even though colonies formed on the hygromycin B plates.
Similar results were previously observed and when tested it was seen that the hph gene did
insert, but not the VP6 ORF (Makatsa, 2015). No colonies formed on the hygromycin B
plates when D. hansenii UFS0610 yeast strain was transformed with the expression cassette
containing KO VP6 ORF. In summary, 46% of the yeast colonies screened showed
integration in various yeast strains (Table 3.4). This was lower compared to the integration of
VP6 AO containing expression cassette (Section 3.3.2.1). Integration was however seen in
Y. lipolytica UFS0097 that were not seen in Section 3.3.2.1 (Figure 3.13), but no integration
of the KO VP6-containing expression cassette in Y. lipolytica UFS2221 (Appendix E).
Table 3.4: Summary of the KO VP6 ORF containing expression cassette integration
into the genomes of various yeast strains
Yeast

Strain

Integration

Arxula adeninivorans

LS3

1/10

Arxula adeninivorans

UFS1219

5/5

Arxula adeninivorans

UFS1220

10/10

Debaryomyces hansenii

UFS0610

-

Kluyveromyces lactis

UFS1167

8/10

Pichia angusta

UFS0915

10/10

Pichia angusta

UFS1507

5/7

Pichia pastoris

GS115

2/17

Pichia pastoris

UFS1552T

7/10

Saccharomyces cerevisiae

CENPK

4/10

Yarrowia lipolytica

PO 1F

0/10

Yarrowia lipolytica

UFS0097

2/10

Yarrowia lipolytica

UFS2221

0/10

Yarrowia lipolytica

UFS2415

-

--: denotes no colony formation

3.3.2.3 Integration of the expression cassette containing VP6 ORF codon optimised
for expression in P.pastoris/P.angusta in various yeasts
Screening for the integration of the expression cassette containing PO VP6 ORF into the
various yeast genomes was carried by colony PCR using VP6Seq_PF3 or VP6Seq_PF2 as
a forward primer and pKM173/177_R as a reverse primer resulting in an amplicon of 336 bp
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(Figure 3.14a) or 6670bp (Figure 3.14b), respectively. The results obtained for integration
into the genomes of P. angusta UFS0915, P. angusta UFS1507, P. pastoris GS115, P.
pastoris UFS1552T, S. cerevisiae CENPK and Y. lipolytica PO 1F are provided in Figures
3.15-.3.20. The remainder of the results are shown in Appendix F.

Figure 3.14: Primer annealing to the PO VP6 ORF containing expression cassette. PO VP6 ORF (light
green). K. marxianus inulinase terminator (red). Forward and reverse primer (dark green). A, Primer
annealing of VP6Seq_PF3 and pKM173/177_R resulting in an amplicon of 336 bp. B, A, Primer annealing
of VP6Seq_PF2 and pKM173/177_R resulting in an amplicon of 670 bp.
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Figure 3.15: Analysis of the PO VP6 ORF containing expression cassette integration into the genome of
P. angusta UFS0915 on a 1% agarose gel. Lane M: GeneRuler DNA Ladder mix. Lane N: negative PCR
control, Lane C: untransformed P. angusta UFS0915 cells. Lane 1-10: Yeast colonies screened for
integration of the expression cassette containing PO VP6 ORF into P. angusta UFS0915. Lane P: positive
control.

Figure 3.16: Analysis of the PO VP6 ORF containing expression cassette integration into the genome of
P. angusta UFS1507 on a 1% agarose gel. Lane M: GeneRuler DNA Ladder mix. Lane N: negative PCR
control, Lane C: untransformed P. angusta UFS1507 cells. Lane 1-8: Yeast colonies screened for
integration of the expression cassette containing PO VP6 ORF into P. angusta UFS1507. Lane P: positive
control.
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Figure 3.17: Analysis of the PO VP6 ORF containing expression cassette integration into the genome of
P. pastoris GS115 on a 1% agarose gel. Lane M: GeneRuler DNA Ladder mix. Lane N: negative PCR
control, Lane C: untransformed P. pastoris GS115 cells. Lane 1-8: Yeast colonies screened for
integration of the expression cassette containing PO VP6 ORF into P. pastoris GS115. Lane P: positive
control.

Figure 3.18: Analysis of the PO VP6 ORF containing expression cassette integration into the genome of
P. pastoris UFS1552T on a 1% agarose gel. Lane M: GeneRuler DNA Ladder mix. Lane N: negative PCR
control, Lane C: untransformed P. pastoris UFS1552T cells. Lane 1-10: Yeast colonies screened for
integration of the expression cassette containing PO VP6 ORF into P. pastoris UFS1552T. Lane P:
positive control.
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Figure 3.19: Analysis of the PO VP6 ORF containing expression cassette integration into the genome of
S. cerevisiae CENPK on a 1% agarose gel. Lane M: GeneRuler DNA Ladder mix. Lane N: negative PCR
control, Lane C: untransformed S. cerevisiae CENPK cells. Lane 1-10: Yeast colonies screened for
integration of the expression cassette containing PO VP6 ORF into S. cerevisiae CENPK. Lane P: positive
control.

Figure 3.20: Analysis of the PO VP6 ORF-containing expression cassette integration into the genome of
Y. lipolytica PO 1F on a 1% agarose gel. Lane M: GeneRuler DNA Ladder mix. Lane N: negative PCR
control, Lane C: untransformed Y. lipolytica PO 1F cells. Lane 1-10: Yeast colonies screened for
integration of the expression cassette containing PO VP6 ORF into Y. lipolytica PO 1F. Lane P: positive
control.

Integration of the PO VP6 containing expression cassette was highly efficient in the P.
angusta and P. pastoris yeast strains. A 100% of the colonies screened for the two P.
angusta strains (Figure 3.15-3.16), P. pastoris GS115 (Figure 3.17) as well as S. cerevisiae
CENPK (Figure 3.19) exhibited integration of PO VP6 containing expression cassette. The
PO VP6 containing expression showed 70% integration into the K. lactis strain (Appendix F).
There was an integration of 80% of the colonies screened for P. pastoris UFS1552T (Figure
3.18). Integration into Y. lipolytica PO 1F (Figure 3.20) was also observed. This was a
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surprising result, as there was no integration observed for the expression cassettes
investigated in sections 3.3.2.1-3.3.2.2 for this strain. Again, there were no colonies when D.
hansanii UFS0610 was transformed with VP6 ORF optimised for P. angusta/P. pastoris.
There were also no colonies when the PO VP6-containing expression was transformed in A.
adeninivorans UFS1220. In summary, 80% of the yeast colonies screened contained PO
VP6 containing expression cassette (Table 3.5).
Table 3.5 Summary of the PO VP6 ORF containing expression cassette integration
into the genomes of various yeast strains
Yeast

Strain

Integration

Arxula adeninivorans

LS3

4/4

Arxula adeninivorans

UFS1219

2/2

Arxula adeninivorans

UFS1220

-

Debaryomyces hansenii

UFS0610

-

Kluyveromyces lactis

UFS1167

7/10

Pichia angusta

UFS0195

10/10

Pichia angusta

UFS1507

10/10

Pichia pastoris

GS115

8/8

Pichia pastoris

UFS1552T

8/10

Saccharomyces cerevisiae

CENPK

10/10

Yarrowia lipolytica

PO 1F

3/10

Yarrowia lipolytica

UFS0097

-

Yarrowia lipolytica

UFS2221

0/10

Yarrowia lipolytica

UFS2514

0/10

--: denotes no colony formation

3.3.3 Expression of rotavirus VP6 ORFs in various yeasts
Clones that showed integration described in sections 3.3.2.1-3.3.2.3 were screened for
expression in various yeast strains described in sections 3.3.2.3-3.3.2.3. The expected size
of VP6 expressed in the yeasts cells is 45 kDa (Estes et al., 1987).
3.3.3.1 Bacterial expression of VP6
The recombinant pCOLD_VP6 plasmid was transformed into E. coli BL21 cells. E. coli BL21
cells allows for high-efficiency protein expression under control of a T7 promoter which is
inducible by the addition of IPTG (Rosano & Ceccarelli, 2014).
The observed protein size was approximately 48 kDa (Figure 3.21) which is larger than the
expected VP6 size of 45 kDa (Estes et al., 1987). This is because the bacterial-expressed
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VP6 is fused to a His-tag and a translation enhancer element (TEE). A series of dilutions
were carried out for the bacterial-expressed VP6 control to evaluate which dilution and
concentration to be used during analysis of VP6 expression by the yeast colonies. The use
of 1 mg/ml total protein was considered suitable as a positive control (Figure 3.21).

Figure 3.21: Western blot analysis of bacterial-expressed VP6 as positive control. Lane L is the
PageRuler™ Prestained Protein Ladder (Thermo Fisher Scientific). Lane 1 - Total protein concentration
2.5 mg/ml; Lane 2 - 1.0 mg/ml; Lane 3 - 0.5 mg/ml.

3.3.3.2 Yeast expression of rotavirus VP6 encoded by the ORF codon optimised for
expression in A. adeninivorans
Results obtained for the expression of VP6 encoded by the ORF optimised for expression in
A. adeninivorans as detected by Western blot analyses are shown in Figures 3.22-3.24 and
the remainder of the results are shown in Appendix G. Eighty percent of the A.
adeninivorans UFS1219 and UFS1220 (UNESCO-MIRCEN yeast culture collection) colonies
screened (Figure 3.22; Appendix G) expressed VP6, while less than 20% of the colonies
screened for the prototype strain A. adeninivorans LS3 expressed VP6 (Appendix G). Again
a high percentage (80%) of the P. angusta colonies screened, expressed VP6 (Figure 3.233.24 & Appendix G). Even though there was a high level of integration for the AO VP6 ORF
containing expression cassette into P. pastoris strains, the expression was poor (Appendix
G; Table 3.6). A total of 56% of the K. lactis UFS1167 colonies screened expressed VP6
(Appendix G). Overall, 60% of colonies tested positive for the AO VP6 ORF-containing
expression cassette, expressed rotavirus VP6 (Table 3.6).
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Figure 3.22: Western blot analysis of rotavirus VP6 expression by A. adeninvorans UFS1220 colonies
containing the AO VP6 ORF containing expression cassette. Lane L: Spectra™ Multicolor Broad Range
Protein Ladder (Thermo Fisher Scientific). Lane N: untransformed A. adeninvorans UFS1220 cells,
negative control. Lane P: Bacterial expressed VP6, protein size 48 kDa. Lanes 1, 3, 4, 5, 6: A.
adeninivorans UFS1220 yeast colonies screened for expression of VP6 with expected size of 45 kDa. A
total protein concentration of 1.9 mg/ml was used for all colonies screened.

Figure 3.23: Western blot analysis of rotavirus VP6 expression by P. angusta UFS0915 colonies
containing the AO VP6 ORF-containing expression cassette. Lane L: PageRuler™ Prestained Protein
Ladder (Thermo Fisher Scientific). Lane N: untransformed P. angusta UFS0915 cells, negative control.
Lane P: Bacterial expressed VP6, protein size 48 kDa. Lanes 1, 2, 3, 4, 5: P. angusta UFS0915 yeast
colonies screened for expression of VP6 with expected size of 45 kDa. A total protein concentration of
2.1 mg/ml was used for all colonies screened.
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Figure 3.24: Western blot analysis of rotavirus VP6 expression by P. angusta UFS1507 colonies
containing the AO VP6 ORF-containing expression cassette. Lane L: PageRuler™ Prestained Protein
Ladder (Thermo Fisher Scientific). Lane N: untransformed P. angusta UFS1507 cells, negative control.
Lane P: Bacterial expressed VP6, protein size 48 kDa. Lanes 1, 2, 3, 4, 5: P. angusta UFS1507 yeast
colonies screened for expression of VP6 with expected size of 45 kDa. A total protein concentration of
2.3 mg/ml was used for all colonies screened.

Table 3.6: Summary of rotavirus VP6 expression by yeast colonies containing AO VP6
ORF.
Yeast

Strain

Expression

Arxula adeninivorans

LS3

1/6

Arxula adeninivorans

UFS1219

5/5

Arxula adeninivorans

UFS1220

8/10

Kluyveromyces lactis

UFS1167

5/9

Pichia angusta

UFS0195

10/10

Pichia angusta

UFS1507

8/10

Pichia pastoris

GS115

1/9

Pichia pastoris

UFS1552T

2/7

Saccharomyces cerevisiae

CENPK

4/9

3.3.3.3 Yeast expression of rotavirus VP6 encoded by the ORF codon optimised for
expression in K. lactis
Results obtained for the expression of VP6 encoded by the ORF optimised for expression in
K. lactis as detected by western blot analyses are shown in Figures 3.25-3.27 and the
remainder of the results are shown in Appendix H. Only 60% of K. lactis UFS1167 colonies
screened showed expression of VP6 (Figure 3.25 &Table 3.7), while 90% of the P. angusta
colonies screened expressed VP6 (Figure 3.26 -27 & Appendix H). Even though 100%
integration was observed for KO VP6 ORF containing expression cassette in A.
adeninivorans UFS1219 and A. adeninivorans Y1220 (Appendix H & Table 3.7), expression
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of VP6 was poor (30%) by these yeasts (Appendix H). There was no VP6 expression in any
of the P. pastoris UFS1552T colonies screened, although all colonies of the commercial P.
pastoris GS115 strain expressed VP6 (Appendix H & Table 3.7) despite low integration
(Table 3.5) of the KO VP6 containing expression cassette into P. pastoris GS115 genome.
Although the KO VP6 ORF containing expression cassette integrated in the Y lipolytica
UFS0097 genome (Figure 3.20 & Table 3.7), no expression of VP6 in any of the Y lipolytica
UFS0097 colonies screened was detected (Appendix H). Overall, 50% of colonies that
tested positive for integration of the KO VP6 ORF containing expression cassette, expressed
rotavirus VP6 (Table 3.7).

Figure 3.25: Western blot analysis of rotavirus VP6 expression by K. lactis UFS1167 colonies containing
the KO VP6 ORF containing expression cassette. Lane L: PageRuler™ Prestained Protein Ladder
(Thermo Fisher Scientific). Lane N: untransformed K. lactis UFS1167 cells, negative control. Lane P:
Bacterial expressed VP6, protein size 48 kDa. Lanes 1, 2, 4, 5, 7: K. lactis UFS1167 yeast clones screened
for expression of VP6 with expected size of 45 kDa. A total protein concentration of 2.1 mg/ml was used
for all colonies screened.

Figure 3.26: Western blot analysis of rotavirus VP6 expression by P. angusta UFS0915 colonies
containing the KO VP6 ORF containing expression cassette. Lane L: PageRuler™ Prestained Protein
Ladder (Thermo Fisher Scientific). Lane N: untransformed P. angusta UFS0915 cells, negative control.
Lane P: Bacterial expressed VP6, protein size 48 kDa. Lanes 6, 7, 8, 9, 10: P. angusta UFS0915 yeast
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clones screened for expression of VP6 with expected size of 45 kDa. A total protein concentration of 2.1
mg/ml was used for all colonies screened.

Figure 3.27: Western blot analysis of rotavirus VP6 expression by P. angusta UFS1507 colonies
containing the KO VP6 ORF containing expression cassette. Lane L: PageRuler™ Prestained Protein
Ladder (Thermo Fisher Scientific). Lane N: untransformed P. angusta UFS1507 cells, negative control.
Lane P: Bacterial expressed VP6, protein size 48 kDa. Lanes 1, 2, 3, 4, 5: P. angusta UFS1507 yeast
clones screened for expression of VP6 with expected size of 45 kDa. A total protein concentration of 2.4
mg/ml was used for all colonies screened.

Table 3.7: Summary of rotavirus VP6 expression by yeast colonies containing KO VP6
ORF.
Yeast

Strain

Expression

Arxula adeninivorans

LS3

0/1

Arxula adeninivorans

UFS1219

3/5

Arxula adeninivorans

UFS1220

2/10

Kluyveromyces lactis

UFS1167

5/8

Pichia angusta

UFS0915

10/10

Pichia angusta

UFS1507

4/5

Pichia pastoris

GS115

2/2

Pichia pastoris

UFS1552T

0/5

Saccharomyces cerevisiae

CENPK

2/4

Yarrowia lipolytica

UFS0097

0/2

93

3.3.3.4 Yeast expression of rotavirus VP6 encoded by the ORF codon optimised for
expression in P. angusta/P. pastoris
Results obtained for the expression of VP6 encoded by the ORF optimised for expression in
P. angusta/P. pastoris as detected by Western blot analyses are shown in Figures 3.28-3.31
and the remainder of the results are shown in Appendix I.
Of the colonies screened for the two P. angusta strains, 90% expressed VP6 (Figure 3.2829). However, only 11% of the colonies for the P. pastoris strains expressed VP6 (Appendix
I, Table 3.8). Furthermore, 100% of S. cerevisiae CENPK, A. adeninivorans UFS1219 and K.
lactis UFS1167 colonies screened expressed the VP6 protein (Figure 3.30, Table 3.8 &
Appendix I). There was a 38% expression of VP6 by Y. lipolytica PO 1F colonies screened.
Despite the low expression of VP6 by Y. lipolytica, expression was not seen by this strain in
Sections 3.3.3.2-3.3.3.3. Low expression of VP6 was also seen for the A. adeninivorans LS3
strain (Table 3.8 & Appendix I). Overall, 64% of colonies that previously tested positive for
integration of the PO VP6 ORF containing expression cassette, expressed rotavirus VP6
(Table 3.8).

Figure 3.28: Western blot analysis of rotavirus VP6 expression by P. angusta UFS1507 colonies
containing the PO VP6 ORF containing expression cassette. Lane L: PageRuler™ Prestained Protein
Ladder (Thermo Fisher Scientific). Lane N: untransformed P. angusta UFS1507 cells, negative control.
Lane P: Bacterial expressed VP6, protein size 48 kDa. Lanes 1, 2, 3, 4, 5: P. angusta UFS1507 yeast
clones screened for expression of VP6 with expected size of 45 kDa. A total protein concentration of 2.1
mg/ml was used for all colonies screened.
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Figure 3.29: Western blot analysis of rotavirus VP6 expression by P. angusta UFS0915 colonies
containing the PO VP6 ORF containing expression cassette. Lane L: PageRuler™ Prestained Protein
Ladder (Thermo Fisher Scientific). Lane N: untransformed P. angusta UFS0915 cells, negative control.
Lane P: Bacterial expressed VP6, protein size 48 kDa. Lanes 6, 7, 8, 9, 10: P. angusta UFS0915 yeast
clones screened for expression of VP6 with expected size of 45 kDa. A total protein concentration of 2.6
mg/ml was used for all colonies screened.

Figure 3.30:

Western blot analysis of rotavirus VP6 expression by S. cerevisiae CENPK colonies

containing the PO VP6 ORF containing expression cassette. Lane L: PageRuler™ Prestained Protein
Ladder (Thermo Fisher Scientific). Lane N: untransformed S. cerevisiae CENPK cells, negative control.
Lane P: Bacterial expressed VP6, protein size 48 kDa. Lanes 6, 7, 8, 9, 10: S. cerevisiae CENPK yeast
clones screened for expression of VP6 with expected size of 45 kDa. A total protein concentration of 2.0
mg/ml was used for all colonies screened.
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Figure 3.31: Western blot analysis of rotavirus VP6 expression by Y. lipolytica PO 1F colonies containing
the PO VP6 ORF containing expression cassette. Lane L: PageRuler™ Prestained Protein Ladder
(Thermo Fisher Scientific). Lane N: untransformed Y. lipolytica PO 1F cells, negative control. Lane P:
Bacterial expressed VP6, protein size 48 kDa. Lanes 1, 3, 4, 5, 7: Y. lipolytica PO 1F yeast clones
screened for expression of VP6 with expected size of 45 kDa. A total protein concentration of 2.4 mg/ml
was used for all colonies screened.

Table 3.8: Summary of rotavirus VP6 expression by yeast colonies containing PO VP6
ORF.
Yeast

Strain

Integration

Arxula adeninivorans

LS3

1/4

Arxula adeninivorans

UFS1219

2/2

Kluyveromyces lactis

UFS1167

7/7

Pichia angusta

UFS0915

9/10

Pichia angusta

UFS1507

10/10

Pichia pastoris

GS115

0/8

Pichia pastoris

UFS1552T

2/10

Saccharomyces cerevisiae

CENPK

10/10

Yarrowia lipolytica

PO 1F

3/8

3.4 Discussion
A summary of the integration of the VP6 ORFs optimised for expression in different yeasts
and expression of rotavirus VP6 by these yeasts are shown in Table 3.9. Integration in
various yeast genomes by the AO and PO VP6 ORF containing expression cassettes was
more efficient than the KO VP6 ORF containing expression cassette as seen in Table 3.9.
There was 96% integration of all the optimised VP6 ORFs into the P. angusta.
Methylotrophic yeasts like P. pastoris and P. angusta have gained interest for alternative
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recombinant protein production due to their glycosylation patterns and high expression yield
(Bretthauer, 2003; Kim et al., 2015; Sohn et al., 2010). From the expression results obtained
in this study, 80% of the P. angusta colonies screened expressed VP6. Good expression of
VP6 by P. pastoris containing the VP6 ORF codon optimised for expression in P. angusta/P.
pastoris was expected since the VP6 ORF was codon optimised to favour expression in P.
pastoris. However, expression by the P. pastoris strains was relatively poor despite efficient
integration of the VP6 ORFs (Table 3.9). Although the cloning vector is under the control of
the Y. lipolytica TEF promoter, there was poor integration of the VP6 ORFs in the Y.
lipolytica stains. This could be due to the fact that the genome of Y. lipolytica does not easily
recombine with foreign DNA, hence poor integration (Romanos et al., 1992; Satyanarayana
& Kunze, 2017). The yeasts from the UNESCO-MIRCEN Yeast Culture collection showed
more efficient genome integration, especially when comparing the A. adeninivorans strains
(UFS1219 and UFS1220) and the prototype A. adeninivorans LS3 strain (Table 3.9).
Reports have shown, though, high recombinant protein production in the prototype strain
(Malak et al., 2016; Wartmann et al., 2002).
Overall, six different yeasts (10 different yeast strains) tested positive for rotavirus VP6
expression (Table 3.9).
Table 3.9: Summary of the integration of the VP6 ORFs optimised for expression in
different yeasts and expression of rotavirus VP6 in various yeasts
Yeast strains

VP6 ORF optimised for

VP6 ORF optimised for

VP6 ORF optimised for

A. adeninivorans

K. lactis

P. angusta/P. pastoris

Integration

Expression

Integration

Expression

Integration

Expression

A. adeninivorans LS3

6/10

1/6

1/10

0/1

4/4

1/4

A. adeninivorans UFS1219

5/5

5/5

5/5

2/5

2/2

2/2

A. adeninivorans UFS1220

8/10

8/8

10/10

3/10

-

-

D. hansenii UFS0610

-

-

-

-

-

-

K. lactis UFS1167

9/10

5/9

8/10

5/8

7/10

7/7

P. angusta UFS0197

10/10

8/10

10/10

10/10

10/10

9/10

P. angusta UFS1507

10/10

10/10

5/7

4/5

10/10

10/10

P. pastoris GS115

9/10

0/9

2/17

0/2

8/8

0/8

P. pastoris UFS1552T

7/10

2/7

7/10

0/5

8/10

2/8

S. cerevisiae CENPK

9/10

4/10

4/10

2/4

10/10

10/10

Y. lipolytica PO 1F

0/10

-

0/10

-

8/10

3/8

Y. lipolytica UFS0097

-

-

2/10

0/2

-

-

Y. lipolytica UFS 2221

-

-

0/10

-

0/10

-

Y. lipolytica UFS 2415

-

-

-

-

-

-

- : Denotes either no colonies formed or no expression.
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Chapter 4: Investigation into the oligomeric structure formation of
rotavirus VP6 produced by various yeasts
4.1 Introduction
One of the unique features of rotavirus VP6 is the ability to form oligomeric structures
without the help of other viral capsid proteins. This ability of rotavirus VP6 to form nanotubes
and nanospheres depends on the pH and ionic strength (Lepault et al., 2001; Ready &
Sabara, 1987). Above pH 7 it has been shown that VP6 arranges into nanotubes with a
diameter of 45 nm (Figure 4.1a) while at a pH that ranges between 5.5-7, the nanotube
appears to be larger with a diameter of 75 nm (Figure 4.1b). At a pH that ranges from 3.05.5, VP6 assembles into rough nanospheres that differ in size as shown in Figure 4.1c
(Lepault et al., 2001).

Figure 4.1: Cryo-Electron microscopy images showing VP6 assembly in different pH environments. A, the
VP6 nanotube structure with a diameter of 45 nm a ove pH
diameter of

. B the

P

nanotu e structure with a

nm at pH . - .0. C nanosphere particles with a diameter of

nm at pH 3.0-5.5. (copied

from Lepault et al., 2001).

Rotavirus VP6 nanotubes and nanosheres have been produced in E. coli and also insect
cells using baculovirus expression (Bugli et al., 2014; Jere et al., 2014; Lappalainen et al.,
2013, 2016a; Li et al., 2014; Ready & Sabara, 1987). The rotavirus VP6 tubular particles
have been associated with the induction of protective immunity in mice (Lappalainen et al.,
2013; Pastor et al., 2014). Therefore, the ability of VP6 proteins to form tubular structures
indicates that the protein is folding correctly in its native form and is expected to elicit an
immune response. A study by Pastor and co-workers performed an immunological
evaluation of the three different forms of the VP6 protein, nanotubes, double- layered
rotavirus-like particles (VP6 & VP2) and VP6 trimers. The results showed that nanotubes
induced the highest IgG titers following immunisation with a reduction of viral shedding by
70% (Pastor et al., 2014).
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Lappalainen and co-workers have developed a simple protocol to purify the VP6 protein and
reconstruct VP6 nanotubes and nanospheres (Lappalainen et al., 2016a) . To date there has
not been any work conducted on the reconstruction of VP6 nanotubes and nanosphere
particles produced in yeasts. In this chapter, this protocol was adapted to purify VP6 from
the yeast strains identified in chapter 3 and investigate the potential of the yeast expressed
VP6 to fold into tubules.

4.2 Materials and methods
4.2.1 Growth studies
The six yeasts that expressed rotavirus VP6 were identified in the previous chapter. The
VP6-expressing yeast colonies were randomly selected (Table 4.1) for evaluation of growth
studies. The yeast colonies were revived by streaking on a YPD plate (Section 3.2.1) and
incubated overnight at 30˚C, except for P. angusta which was incubated at 37˚C. The
colonies were inoculated in 5 ml YPD broth media as a pre-inoculum. A volume of 500 µl of
the pre-inoculum culture was transferred sterile to 50 ml YPD broth media in a 500ml
Erlenmeyer flask. Immediately after the transfer of the pre-inoculum culture to the 50 ml YPD
broth, the optical density was measured at time 0 using the spectrophotometer Helios
Gamma (UNICAM) at a wavelength of 600 nm. The cultures were incubated in a 30˚C
incubator Shaker ZWY 240 (LABWIT) except for P. angusta which was incubated in a 37˚C.
The OD600 was measured every 2 hours for 26 hours. The experiment was carried out in
duplicate. For the reconstruction of growth curves, the OD600 measured were plotted against
time.
Table 4.1: Random selection of representative yeast colonies containing VP6 ORF for
evaluation of growth studies, purification and evaluation of oligomeric structure
formation.
Yeast Strain

A. adeninivorans UFS1220

Yeast colony with VP6

Reference

of

ORFs

expression

AO VP6 ORF colony 1

Figure 3.22; Lane 1

VP6

(Figure 3.3; Lane 1)
K. lactis UFS1167

KO VP6 ORF colony 1

Figure 3.25; Lane 1

(Figure 3.10; Lane 1)
P. angusta UFS1507

PO VP6 ORF colony 1

Figure 3.28; Lane 1

(Figure 3.16; Lane 1)
P. pastoris UFS1552T

AO VP6 ORF colony 1

Figure G8*; Lane 1

(Figure D4; Lane 1)
S. cerevisiae CENKP

PO VP6 ORF colony 6

Figure 3.30; Lane 6

(Figure 3.19; Lane 6)
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Y. lipolytica PO 1F

PO VP6 ORF colony 7

Figure 3.31; Lane 7

(Figure 3.20; Lane 7)
*: From Appendix G; Figure G8

To evaluate the times at which to harvest the cells in order to purify the VP6 protein,
described in section 4.2.2, the ability of the clones to express VP6 were confirmed using
Western blot analysis (Chapter 3, Section 3.2.10) at mid- to late-exponential phase.
4.2.2 Purification of VP6 produced in various yeasts
The yeast colonies described in section 4.2.1 were purified using sucrose gradient density
centrifugation. Briefly, the colonies were expressed in a final volume of 500 ml-800 ml YPD,
depending on the biomass, as described in section 3.2.5. The cells were harvested either at
mid-or late-exponential phase as determined during the growth studies (Section 4.2.1). The
harvested cells were resuspended with 1 ml of 50 mM Tris (pH 7.4) containing either
Protease Inhibitor Mix (Sigma) or cOmplete ULTRA tablets (Roche) or Pierce™ Protease
inhibitor Tables (Thermo Fisher Scientific) per gram of wet biomass.
The cells were lysed with a One Shot Constant Cell Disruption System (Constant Systems,
United Kingdom) at 35 kPi and the soluble fraction was separated from the insoluble debris
by centrifugation at 20 000 x g for 45 minutes at 4°C. The soluble fractions were transferred
to 25 x 69 mm Ultra-Clear™ Tubes (Beckman Coulter). Ultracentrifugation of the soluble
fraction was performed with an Optima™ L-100 XP Ultracentrifuge (Beckman Coulter) using
the SW 32Ti rotor at 100 000 x g for 90 minutes at 4˚C. The pellet was resuspended in either
2 ml or 3 ml (depending on the mass of the pellet) of 0.2 M Tris pH-HCl 7.3 and 0.2 M CaCl2
buffer containing Protease Inhibitor Cocktail (Sigma) or Pierce™ Protease inhibitor (Thermo
Fisher Scientific). The sucrose gradients (10%-60%) were prepared in 0.2 M Tris pH-HCl 7.3
and 0.2 M CaCl2 buffer. The gradients were layered on top of each other in 25 x 69 mm
Ultra-Clear™ Tubes (Beckman Coulter). The sample was layered on top of the 10% layer.
The samples were allowed to migrate through the sucrose gradients by ultracentrifugation
using the Optima™ L-100 XP Ultracentrifuge (Beckman Coulter) with SW 32Ti rotor at
100 000 x g for 3 hours at 4˚C. A volume of 1 ml of each fraction was pipetted into a clean
1.5 ml microcentrifuge tube. Identification of the fractions containing VP6 was carried out
with SDS-PAGE analysis (Section 3.2.9). The gels were stained by boiling the gels with
0.2% (w/v) Coomassie brilliant blue R 250 (Merck) for 40 seconds. The gels were de-stained
with 10% (v/v) acetic acid, 20% (v/v) methanol 2- 3 hours on a Stuart ® rocker.
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4.2.3 Preparations of oligomeric structures of rotavirus VP6 proteins produced in
various yeasts
The fractions containing only VP6 were pooled. Removal of sucrose from the samples was
carried out by dialysis against 1x phosphate-buffered saline (PBS) (10 mM PO43-, 137 mM
NaCl, and 2.7 mM KCl) using Slide-A-Lyzer™ G2 Dialysis Cassettes (Thermo Fisher
Scientific). The samples were concentrated with Amicon Ultra-15 Centrifugal Filter Units
(Merck) with a molecular cut-off of 30 kD at 4 000 x g for 10 minutes at 4˚C. The
concentrated VP6 protein was transferred to a clean 15ml centrifuge tube and was
considered as the crude sample.
4.2.3.1 Nanotubes and nanospheres particles preparations
A flow diagram of VP6 purification and assembly of VP6 nanotubes and nanospheres is
shown in Figure 4.2 based on the of the method developed by Lappalainen and co-workers
(Lappalainen et al., 2016). Before preparation of tubular and spherical structures, the VP6
protein in the crude sample was dissociated into monomers by addition of 100 mM sodium
acetate (pH 3.0) at a final concentration of 80 mM to the crude sample (Tosser et al., 1992).
This was incubated overnight at 4˚C. To remove any yeast proteins, the monomers were
purified using an Amicon Ultra-15 Filter Unit with a molecular cut-off of 100 kDa and
centrifuged at 4 000 x g for 10 minutes at 4˚C. Any impurities from yeast proteins was
trapped in the 100 kDa column. The filtrate containing VP6 was further concentrated with the
Amicon Ultra-15 Centrifugal Filter Unit with a molecular cut-off of 30 kD.
For preparation of nanotubes and nanospheres, buffer exchange was carried out. Briefly, to
reconstitute VP6 nanotubes, buffer exchange was carried out using 1x PBS (10 mM PO43-,
137 mM NaCl, and 2.7 mM KCl) at pH 7.3-7.5 in the 30 kDa filtering unit three times at 4 000
x g for 10 minutes at 4˚C. To reconstruct VP6 nanospheres, buffer exchange was carried by
adding 50 mM sodium acetate containing 130 mM sodium chloride at pH4.82 to the
monomers and centrifuging at 4000 x g for 10 minutes at 4˚C using the 30 kDa filtering unit.
The VP6 nanotubes as well as the VP6 nanospheres were evaluated using the Philips
CM100 Analytical Transmission Electron Microscope (TEM) at Centre for Microscopy, UFS.
The samples were prepared by negative staining with a 1:1 dilution of 2% uranyl acetate.
The samples were fixed on 3.05 mm Copper Grids (Agar Scientific) and allow to set for 1
minute. The access uranyl acetate was washed with distilled water and the Copper Grids
containing the samples were dried using Filter Paper (Whatman) by tapping the Copper
Grids. The copper grids were visualised under TEM at 20 000 X magnification.
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Figure 4.2: Flow diagram illustrating VP6 purification and assembly of VP6 oligomeric structures
(Lappalainen et al., 2016).

4.3 Results
4.3.1 Identification of optimum harvesting times for the various yeast strains
The growth curves constructed for the various yeast strains expressing VP6 protein
indicated that A. adeninivorans had a slower growth compared to other yeasts. A.
adeninivorans reached a mid-exponential phase after 12 – 16 hours and late-exponential
after 18 hours as seen in Figure 4.3 or Table 4.2, while P. pastoris, P. angusta, K. lactis and
Y. lipolytica reached mid-exponential phase after 8-12 hours and late-exponential phase
after 14-16 hours (Figure 4.3). On the other hand, S. cerevisiae reached mid-exponential
phase after 12 hours and late-exponential phase after 16 hours (Figure 4.3).
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Figure 4.3: Growth curves of the yeast expressing VP6 protein.

Protein concentrations and Western blot analysis were carried out to verify the time to
harvest cells. For the expression of VP6 in Y. lipolytica, K. lactis and A. adeninivorans there
was no significant difference in the protein concentration when cells were harvested at midexponential and late-exponential phases (Table 4.2). Expression of VP6 in P. angusta, P.
pastoris and S. cerevisiae showed a higher total protein concentration in the late-exponential
phase as seen in Table 4.2. The Western blot analyses carried out to confirm VP6
expression are shown in APPENDIX J.
Table 4.2: Optimal times of harvest of VP6 protein in various yeasts with their
respective concentrations.
Yeast

Total protein
Lateconcentration Exponential
Phase
1.076 mg/ml
18 h
1.810 mg/ml
16 h
0.728 mg/ml
14 h
0.985 mg/ml
14 h

Total protein
concentration

A. adeninivorans
K. lactis
P. angusta
P. pastoris

MidExponential
Phase
12 h
12 h
8h
8h

S. cerevisiae
Y. lipolytica

12 h
10 h

2.498 mg/ml
2.062 mg/ml

3.075 mg/ml
1.945 mg/ml

16 h
16 h

0.952 mg/ml
1.921 mg/ml
1.31 mg/ml
1.710 mg/ml

h: Hour
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4.3.2 Purification of VP6 protein in various yeasts
Purification of VP6 protein from the various yeasts was carried out by sucrose gradient
centrifugation. Figure 4.4 shows the protein content in A. adeninivorans of the fractions
obtained following sucrose gradient centrifugation. Multiple bands were observed in fractions
1-6 (Figure 4.4a), while a clear single band of the expected size indicating a possible purified
VP6 from fraction 18-22 and 32-33 without any multiple protein bands as seen in Figure
4.4b, c, d. The presence of VP6 in the fractions 18-20 was verified with Western blot
analysis (Figure 4.5) with a total protein concentration of 2.5 mg/ml. Fractions 18-20 were
pooled together for the evaluation of VP6 oligomeric structures which will be described in
section 4.3.3.
No single bands were observed in the sucrose gradient fractions analysed for P. pastoris as
seen in Figure 4.6. There were multiple bands observed in fractions 1-6 (Figure 4.6a) and no
bands seen in fractions 10-18 (Figure 4.6b) as well as the rest of the fractions analysed (not
shown).
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Figure 4.4: SDS-PAGE analysis of sucrose gradient fractions obtained following ultracentrifugation of the
VP6 produced A. adeninivorans cell lysate. A, Lane M is Page Ladder, Lanes 1-9 sucrose gradient
fractions 1-9. B, Lane M is Page Ladder, Lanes 10-18 sucrose gradient fractions 10-18. C, Lane M is Page
Ladder, Lanes 19-27 sucrose gradient fractions 19-27. D, Lane M is Page Ladder, Lanes 28-34 sucrose
gradient fractions 28-34.

Figure 4.5: Western blot analysis of purified VP6 protein in sucrose fractions 18-20. Lane L PageRuler™
Prestained Protein Ladder (Thermo Fisher Scientific). Lane P, positive control bacterial VP6, size of 48
kDa. Lanes 18, 19, 20 sucrose gradient fractions containing purified VP6 protein produced in A.
adeninivorans.
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Figure 4.6: SDS-PAGE analysis of sucrose gradient fractions obtained following ultracentrifugation of the
VP6 produced P. pastoris cell lysate. A, Lane M is Page Ladder, Lanes 1-9 sucrose gradient fractions 1-9.
B, Lane M is Page Ladder, Lanes 10-18 sucrose gradient fractions 10-18.

For purification of the VP6 protein produced by Y. lipolytica, multiple bands were also
observed in fractions 1-9 as seen in Figure 4.7a. However, less bands were observed in
fractions 10-13. A band of the expected VP6 size is indicated with an arrow in Figure 4.7b.
There were no bands seen from fractions 14-36 as seen in Figure 4.7b, c, d. However, the
concentration was lower (1.9 mg/ml) compared to the purification of VP6 in A. adeninivorans
(Figure 4.4). Western blot analysis was carried out to confirm the presence of purified VP6
produced in Y. lipolytica in fractions 10-13 (Figure 4.8). Fractions 10-13 were pooled
together to evaluate oligomeric structures of VP6 protein described in sections 4.3.3.
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Figure 4.7: SDS-PAGE analysis of sucrose gradient fractions obtained following ultracentrifugation of the
VP6 produced Y. lipolytica cell lysate. A, Lane M is Page Ladder, Lanes 1-9 sucrose gradient fractions 19. B, Lane M is Page Ladder, Lanes 10-18 sucrose gradient fractions 10-18. C, Lane M is Page Ladder,
Lanes 19-27 sucrose gradient fractions 19-27. D, Lane M is Page Ladder, Lanes 28-34 sucrose gradient
fractions 28-34.

Figure 4.8: Western blot analysis of purified VP6 protein in sucrose fractions 10-13. Lane L, PageRuler™
Prestained Protein Ladder (Thermo Fisher Scientific). Lane P, VP6 bacterial positive control protein size
of 48 kDa. Lanes 10, 11, 12, 13 sucrose gradient containing purified VP6 protein produced in Y. lipolytica.

There was no successful purification of VP6 produced by S. cerevisiae (Figure 4.8), similar
to what was also seen for the purification of VP6 from the P. pastoris cell lysate. Multiple
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bands were observed in fractions 1-6 (Figure 4.9a). No bands were seen in fractions 7-18
(Figure 4.9a, b). Fractions 19-36 were also analysed on the SDS-PAGE and no bands were
seen (not shown).

Figure 4.9: SDS-PAGE analysis of sucrose gradient fractions obtained following ultracentrifugation of the
VP6 produced S. cerevisiae cell lysate. A, Lane M is Page Ladder, Lanes 1-9 sucrose gradient fractions 19. B, Lane M is Page Ladder, Lanes 10-18 sucrose gradient fractions 10-18.

Despite an efficient expression of VP6 in P. angusta as described in chapter 3, purification of
VP6 protein in P. angusta resulted in a low concentration (1.2 mg/ml) of purified protein as
seen in Figure 4.10. Multiple bands were seen in fractions 1-18 of Figure 4.9a, b similar to
the sucrose gradient fractions obtained for the different yeast cell lysates analysed before
(Figure 4.4, 4.6, 4.7 and 4.8). Despite the low concentration, a band of the expected size
was detected in fraction 19 (Figure 4.10c). Western blot was carried out to verify the
presence of purified VP6 protein in fractions 19-21. Fraction 18 was also in the western blot
analyses. However, VP6 was only detected in fraction 18 not fraction 19. There were also
low concentrations seen in the western blot carried out seen in Figure 4.11.
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Figure 4.10: SDS-PAGE analysis of sucrose gradient fractions obtained following ultracentrifugation of
the VP6 produced P. angusta cell lysate. A, Lane M is Page Ladder, Lanes 1-9 sucrose gradient fractions
1-9. B, Lane M is Page Ladder, Lanes 10-18 sucrose gradient fractions 10-18. C, Lane M is Page Ladder,
Lanes 19-27 sucrose gradient fractions 19-27. D, Lane M is Page Ladder, Lanes 28-34 sucrose gradient
fractions 28-34.

Figure 4.11: Western blot analysis of fractions obtained from sucrose gradient ultracentrifugation of VP6
produced P. angusta cell lysate. Lane M, Page ladder. Lane P, bacterial expressed VP6 as positive
control. Lanes 18-21 purified VP6 from sucrose gradients of fractions 18-21. Lane 18-20, is fraction 18-20
pooled together.

Lastly, purification of VP6 produced by K. lactis resulted in no bands in any of the fractions
as seen in Appendix K. Troubleshooting indicated that the KO VP6 ORF was lost as verified
by colony PCR (Figure 4.12a), the same colonies containing KO VP6 containing expression
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cassette that earlier showed expression of VP6 in K. lactis (Section 3.3.3.3, Figure 3.25).
The clone used for purification is indicated with an arrow in Figure 4.12a. The K. lactis
clones containing the PO VP6 ORF containing expression cassette that showed expression
of VP6 (Appendix I, Figure I2 and I3) were also screened to confirm if the PO VP6 ORF was
also lost. Colony PCR results indicated the presence of the PO VP6 ORF in the K. lactis
genome as seen in Figure 4.12b. Clone 2 indicated with an arrow was chosen for VP6
purification (Figure 4.12b).

Figure 4.12: Analysis of the integration of VP6 ORF in K. lactis using colony PCR on 1% agarose gel. A,
screening of expression cassette containing KO VP6 ORF in K. lactis. Lane M, GeneRuler DNA Ladder
Mix (ThermoFisher Scientific), Lanes 1,-5, colonies screened for integration of KO VP6 ORF in K. lactis
that previously showed expression. Lanes 1, colony used for purification of VP6 (arrow) Lane P, template
control. B, screening of expression cassette containing PO VP6 ORF integration in K. lactis. Lane M,
GeneRuler DNA Ladder Mix (Thermo Fisher Scientific). Lane N, negative PCR control. Lanes 1, 2, 4, 6, 8,
9, 10 colonies screened for integration of PO VP6 ORF in K. lactis that previously showed expression.
Lane 1, newly KO VP6 ORF used for VP6 purification. Lane P, template control.

However, purification of VP6 produced in K. lactis was not sufficient as there were multiple
bands in fractions 1-7 (Figure 4.13 a), while fractions 10-11 and 16-18 contained single
bands but the bands were larger than the expected size of 45 kDa (Figure 4.13b). There
were no bands seen from fractions 19-27 (Figure 4.13c), but multiple bands were seen in the
last fractions, 29-36, as seen in Figure 4.13d.
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Figure 4.13: SDS-PAGE analysis of sucrose gradient fractions obtained following ultracentrifugation of
the VP6 produced K. lactis cell lysate. Lane M, Page ladder, Lanes 1-9 sucrose gradient fractions 1-9. B,
Lane M is Page Ladder, Lanes 10-18 sucrose gradient fractions 10-18. C, Lane M is Page Ladder, Lanes
19-27 sucrose gradient fractions 19-27. D, Lane M is Page Ladder, Lanes 28-34 sucrose gradient fractions
28-34.

VP6 protein could be purified from only three out of the six yeasts tested, namely A.
adeninivorans (Figure 4.3c), P. angusta (Figure 4.9c) and Y. lipolytica (Figure 4.6b). The
concentrated samples were evaluated for the formation of nanotubes and nanospheres.
4.3.3 Evaluation of VP6 nanotubes and nanospheres particles
As described in Section 4.3.2, VP6 was successfully purified from only three yeasts. The
samples were further concentrated through a series of filtration steps. Before assembly of
nanotubes and nanospheres the VP6 protein structure should be dissociated into monomeric
structures. The pH and ionic strength as well as concentration plays a vital role in the
formation of the VP6 oligomeric structures of VP6 (Lappalainen et al., 2016; Lepault et al.,
2001; Tosser et al., 1992b). VP6 nanotubes were observed for the VP6 protein purified from
A. adeninivorans (Figure 4.14). However, none of the VP6 proteins purified from P. angusta
and Y. lipolytica produced nanotubes. The nanotube illustrated in Figure 4.14 had a diameter
of 73 nm which correlates with VP6 nanotubes that have been produced in insect cells
(Lappalainen et al., 2013, 2016; Lepault et al., 2001). The detailed monomers structures
inside the nanotubes can be seen in Figure 4.14.
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Figure 4.14: Transmission electron micrograph of rotavirus VP6 nanotubes structure produced in A.
adeninivorans. The image magnification is 20 000x.

Nanospheres were formed by VP6 purified from A. adeninivorans and Y. lipolytica yeasts as
seen in Figure 4.15 indicated with an arrow and no nanospheres were seen for VP6 purified
for P. angusta (results not shown).

Figure 4.15: Evaluation of rotavirus VP6 nanopsheres with TEM. A, rotavirus nanospheres produced in A.
adeninivorans (arrows). B, rotavirus nanospheres produced in Y. lipolytica (arrows).
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4.4 Discussion
The growth curves indicated that the majority of yeasts producing VP6 reached the midexponential and exponential phases at comparable time points. There was no significant
difference in total protein concentration of VP6 when A. adeninivorans, K. lactis and Y.
lipolytica cells were harvested at mid- or late-exponential phase.
It was possible to successfully purify VP6 produced by only three yeasts namely A.
adeninivorans, and Y. lipolytica without any impurities. Sufficient protein yield of VP6 was
produced in A. adeninivorans to result in tubular formation as compared to Y. lipolytica.
Verification of the VP6 purified in these yeasts was carried out by western blot analysis.
Density gradient ultracentrifugation is mostly used to purify viral proteins. The viral protein(s)
are loaded on the sucrose density gradient and moves in the gradient until it reaches the
density that corresponds to their equilibrium buoyant gradient. For the sucrose gradient
results it was seen that the purification of VP6 in A. adeninivorans had different density
(Figure 4.4c and 4.10c) compared to VP6 purified in Y. lipolytica (Figure 4.7b). This may be
due to differences in the density of the protein in the fractions.
The reason why there were no VP6 nanotubes in Y. lipolytica and P. angusta could be that
the VP6 concentration recovered after sucrose gradient ultracentrifugation was too low for
formation of oligomeric structures as the concentration of VP6 produced in A. adeninivorans
was higher compared VP6 produced in P. angusta and Y. lipolytica. It has been reported that
K. lactis is an unstable host vector (Morlino et al., 1999; Ooyen et al., 2006) which could
explain the loss of the KO VP6 ORF in the K. lactis genome.
A. adeninivorans was the only yeast where successful assembly of both VP6 nanotubes and
nanospheres were observed using TEM. The nanotubes produced in A. adeninivorans had a
similar diameter seen in previous work (Lappalainen et al., 2013, 2016; Malm et al., 2017).
There were only VP6 nanospheres produced by Y. lipolytica. One reason why there were no
VP6 nanotubes could be due to the ionic environment provided by the buffer, since
nanotube formation is highly dependent on the ionic strength (Lepault et al., 2001). Another
factor could be due to the low concentration of the VP6 produced in Y. lipolytica which might
have resulted in inefficient association of the VP6 monomers and therefore not forming
nanotubes. The VP6 nanotubes produced by A. adeninvarons may indicate that the protein
is folding in its native form and this indicates that the protein might induce an immune
response (Pastor et al., 2014). The low resolution in our nanotubes images compared to
Lepault and co-workers was due to the the fact that they used Cryo-TEM (Lepault et al.,
2001). TEM works on the bases of electrons interacting with organic matter which cause
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damages to the sample due to creation of free radicals and breakage of chemical bonds
(Egerton et al., 2004; Glaeser, 1971). To overcome this, negative staining is used. The
sample is stained with a chemical that is less radiation-sensitive like uranyl acetate (Brenner
& Horne, 1959). However, negative staining does not penetrate into the sample (Carlo &
Harris, 2012) while Cryo-TEM does not require staining of a sample. Samples are frozen
with liqiud nitrogen and this increase the resolution of the sample by 6-fold (Dubochet et al.,
1988).
This is the first time that VP6 nanotubes and nanospheres were produced in yeast cells as
previous work on VP6 nanotubes and nanospheres were produced in either E. coli and
mostly in insect cells using baculovirus expression. However, this study was not a
quantitative but rather to test if rotavirus VP6 expressed in yeast cells can be able to
assemble in oligemeric structures.
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Chapter 5: Conclusions
In this work, the expression cassettes containing VP6 open reading frames (ORFs) codon
optimised to favour expression in A. adeninivorans, K. lactis and P. angusta/P. pastoris
constructed by Mr M.S. Makatsa in a previous study were modified by site-directed
mutagenesis. The expression cassettes containing the three VP6 ORFs contained an ATG
in the promoter region upstream of the ORF. The VP6 ORF codon optimised for A.
adeninivorans and K. lactis expression cassettes were out of frame with the start codon in
the promoter region. This discovery explained why there was previously no expression of the
rotavirus VP6 protein in various yeasts (Makatsa, 2015). The expression cassettes
containing optimised A. adeninivorans and K. lactis VP6 ORF were modified by deletionPCR to remove the ATG. Site-directed mutagenesis has been widely used to study the
function of proteins and to enhance the activity of enzymes in the industry (Damián-Almazo
& Saab-Rincón, 2013; Qin et al., 2017).
Another factor to consider to enhance expression of VP6 protein is the Kozak sequence. The
expression cassette containing VP6 ORF optimised for expression in A. adeninivorans,
contained a similar sequence to Kozak sequence of eukaryotes with the required purine
(A/G) nucleotide at -3 position relative to the ATG which plays a crucial role in initiation of
translation in eukaryotes (Kochetov, 2014; Kozak, 1984, 1986, 2002; Pesole et al., 2000).
However, the expression cassette containing the VP6 ORF optimised for expression in K.
lactis did not contain the cytosine nucleotide at the -1 position, resulting in a sequence that
differed from the Kozak sequence. The Kozak sequence was restored by subcloning the
original VP6 ORF optimised for expression in K. lactis from GenScript into a modified vector,
delATG_pKM177. The vector was modified by a colleague Mr. O.S. Folorunso who
successfully removed the additional ATG.
The modified expression cassettes containing VP6 optimised for expression in A.
adeninivorans and K. lactis were tested for expression in various yeast strains. In addition,
the VP6 ORF codon optimised for expression in P. pastoris/P. angusta, also modified for
optimal expression by a colleague, Mr OS Folorunso, was tested for expression. In order to
express the rotavirus VP6, the modified expression vectors were transformed into 14 various
yeasts

namely:

Arxula

adeninivorans

UFS1219,

Arxula

adeninivorans

UFS1220,

Debaryomyces hansenii UFS0610, Kluyveromyces lactis UFS1167, Pichia angusta
UFS0915, Pichia angusta UFS1507, Pichia pastoris UFS1552T, Yarrowia lipolytica
UFS0097, Yarrowia lipolytica UFS 2221, Yarrowia lipolytica UFS2415, Arxula adeninivorans
LS3, Saccharomyces cerevisiae CENPK, Pichia pastoris GS115 and Yarrowia lipolytica PO
1F. All three expression cassettes containing VP6 ORFs exhibited highly effective integration
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into the two P. angusta strains (P. angusta UFS0915 & P. angusta UFS1507). The VP6
ORFs codon optimised for A. adeninivorans and K. lactis had a 93% integration into the two
A. adeninivorans strains from the UNESCO-MIRCEN Yeast Culture Collection (A.
adeninivorans UFS1219 & UFS1220). However, a low integration efficiency of the VP6
ORFs into the genome of the prototype strain, A. adeninivorans strain (A. adeninivorans
LS3), was observed. These results were in contrast with the high integration of a foreign
gene into this yeast strain reported in literature (Malak et al., 2016; Wartmann et al., 2002).
No colonies were formed after transformation into D. hansenii. There were, however,
colonies formed after transformation into D. hansenii in previous work done by Mr. M.S.
Makatsa, but in none of the colonies VP6 ORFs integrated. We also saw this phenomenon in
the Y. lipolytica strains where poor or no integration was observed, although >50 colonies
formed on the hygromycin plates. This could be due to the integration of the hygromycin
gene, hph, but not the VP6 ORFs into the genome, as seen in Mr. M.S. Makatsa’s work
(Makatsa, 2015). The integration of VP6 ORF codon optimised for K. lactis into the various
yeasts tested was relatively low compared to the VP6 ORF codon optimised for A.
adeninivorans and P. angusta/P. pastoris.
Yeast colonies that showed integration into the various yeast genomes were screened for
VP6 expression. Verification of expression was carried out by western blot analysis using the
commercial polyclonal Nebraska calf diarrhoea virus (NCDV) antibody raised against a
bovine rotavirus strain for detection of the VP6 protein. Successful detection of VP6 using
the polyclonal NCDV antibody has been shown by Makatsa (2015) and (Jere et al., 2014).
All the P. angusta colonies that tested positive for integration, also expressed VP6, making
integration and expression of the expression cassettes highly efficient in P. angusta. Limited
integration and expression was, however, seen in P. pastoris. Bredell and co-workers also
found P. angusta as a good and high yield producer of VP6 and outperformed P. pastoris in
bioreactors (Bredell et al., 2016). There was expression of rotavirus VP6 protein in other
yeast strains that have not been reported in literature before, i.e. A. adeninivorans, K. lactis,
and Y. lipolytica. We identified six yeasts that showed expression of VP6 protein. Growth
curves were constructed in order to evaluate the best time to harvest cells either at midexponential or late-exponential phase. Expression of VP6 in P. angusta, P. pastoris and S.
cerevisiae showed a higher total protein concentration in the late-exponential phase as seen
in Table 4.1.
Rotavirus VP6 protein has a unique feature to form oligomeric structures (nanospheres and
nanotubes) (Lappalainen et al., 2013, 2016a; Lepault et al., 2001; Malm et al., 2017). The
VP6 nanotubes have been associated with the induction of protective immunity in mice
(Lappalainen et al., 2013; Pastor et al., 2014). The ability of VP6 protein to assemble into
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nanospheres and nanotubes mainly depend on the pH and ionic strength (Lepault et al.,
2001). The assembly of nanospheres ranges from pH 3-5 while assembly of nanotubes
ranges from pH 5.5-7.5 (Lappalainen et al., 2016a; Lepault et al., 2001). Lappalainen and
co-workers developed a simple and efficient ultrafiltration method to purify VP6 and
assemble the oligomeric structures in insect cells (Lappalainen et al., 2016a). However, to
date no work has been reported on the reconstruction of VP6 nanotubes and nanosphere
particles in yeasts. The Lappalainen and co-workers method was adapted to evaluate VP6
oligomeric structures in yeast cells. Firstly, to remove impurities related to the yeast proteins,
the VP6 protein was purified by sucrose density gradient centrifugation. VP6 produced in A.
adeninivorans was purified in fractions 18-22. A single band of the expected size was
produced in P. angusta in similar fractions as VP6 produced in A. adeninivorans, but could
not be confirmed as VP6. VP6 produced in Y. lipolytica was however purified in fractions 1013. This indicates that the VP6 produced in A. adeninivorans had a different density than
that produced in Y. lipolytica. Initial experiments indicated no bands in any of the sucrose
gradient fractions for VP6 produced in K. lactis. This lead to the discovery that the KO VP6
ORF, that showed positive integration into the K. lactis genome (Chapter 3), was lost. It has
been reported that K. lactis is an unstable expression host (Morlino et al., 1999; Ooyen et al.,
2006). However, it is interesting to note that the PO VP6 ORF integration was more stable.
None of the KO integrations previously seen were maintained whereas the PO VP6 ORF
could be detected. Purification of VP6 protein produced in K. lactis, S. cerevisiae and P.
pastoris was not successful as there were multiple bands in the sucrose fractions and no
clear band with the correct expected size of VP6. The purified VP6 produced in A.
adeninivorans and Y. lipolytica were confirmed by western blot and further concentrated with
Amicon Ultra-15 30kDa centrifugal filter device. There were only nanospheres assembly for
VP6 produced in Y. lipolytica, while VP6 produced in A. adeninivorans resulted in both
nanotubes and nanosphere assembly. The nanotube assembly by VP6 produced by A.
adeninivorans is similar in diameter (72.6nm) as seen in literature (Lappalainen et al., 2013,
2016a; Lepault et al., 2001; Malm et al., 2017).
From our results we conclude that A. adeninivorans as an expression host for rotavirus VP6,
is considered an excellent candidate for future development of a rotavirus subunit vaccine as
a long term objective for cheaper rotavirus vaccines for use in Africa.
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Appendix

A:

Alignment

of

Sanger

sequence

result

of

delATG_pKM177_ AO VP6 with in silico clones using EMBOSS
Needle Pairwise Sequence Alignment.
pKM177_VP6AO

301 TTGGGACTTTAGCCAAGGGTATAAAAGACCACCGTCCCCGAATTACCTTT

350

pKM177_delVP6

1 -------------------------------------------------yTEF promoter
XhoI
351 CCTCTTCTTTTCTCTCTCTCCTTGTCAACTCACACCCGAAATGCTCGAGC
||||||||||||||||||||||||||||||||||
|||||||
1 ------CTTTTCTCTCTCTCCTTGTCAACTCACACCCGAA---CTCGAGC

0

pKM177_VP6AO
pKM177_delVP6
pKM177_VP6AO
pKM177_delVP6
pKM177_VP6AO
pKM177_delVP6
pKM177_VP6AO
pKM177_delVP6
pKM177_VP6AO
pKM177_delVP6
pKM177_VP6AO
pKM177_delVP6
pKM177_VP6AO
pKM177_delVP6
pKM177_VP6AO
pKM177_delVP6
pKM177_VP6AO
pKM177_delVP6
pKM177_VP6AO
pKM177_delVP6
pKM177_VP6AO
pKM177_delVP6
pKM177_VP6AO
pKM177_delVP6
pKM177_VP6AO
pKM177_delVP6
pKM177_VP6AO

400
41

401 ATGGATGTTTTGTATTCGCTTTCTAAGACTCTGAAGGATGCCCGAGATAA
||||||||||||||||||||||||||||||||||||||||||||||||||
42 ATGGATGTTTTGTATTCGCTTTCTAAGACTCTGAAGGATGCCCGAGATAA

450

451 GATTGTTGAGGGAACTTTGTATTCTAATGTTTCTGATCTGATTCAGCAGT
||||||||||||||||||||||||||||||||||||||||||||||||||
92 GATTGTTGAGGGAACTTTGTATTCTAATGTTTCTGATCTGATTCAGCAGT

500

501 TCAACCAGATGATTATCACTATGAACGGTAATGAGTTTCAGACCGGAGGT
||||||||||||||||||||||||||||||||||||||||||||||||||
142 TCAACCAGATGATTATCACTATGAACGGTAATGAGTTTCAGACCGGAGGT

550

551 ATTGGAAACCTCCCTATCCGAAACTGGAATTTCGACTTTGGACTGCTTGG
||||||||||||||||||||||||||||||||||||||||||||||||||
192 ATTGGAAACCTCCCTATCCGAAACTGGAATTTCGACTTTGGACTGCTTGG

91

141

191
600
241

601 TACTACCCTCTTGAACTTGGATGCTAATTACGTGGAGACTGCCCGAAATA
||||||||||||||||||||||||||||||||||||||||||||||||||
242 TACTACCCTCTTGAACTTGGATGCTAATTACGTGGAGACTGCCCGAAATA

650

651 CCATTGACTATTTCGTTGACTTTGTGGATAACGTCTGCATGGATGAGATG
||||||||||||||||||||||||||||||||||||||||||||||||||
292 CCATTGACTATTTCGTTGACTTTGTGGATAACGTCTGCATGGATGAGATG

700

701 GTCCGAGAGTCTCAGCGAAACGGTATTGCTCCTCAGTCGGACTCTCTCCG
||||||||||||||||||||||||||||||||||||||||||||||||||
342 GTCCGAGAGTCTCAGCGAAACGGTATTGCTCCTCAGTCGGACTCTCTCCG

750

751 AAAGTTGTCCGGAATTAAGTTCAAGCGAATCAACTTCGATAATTCTTCCG
||||||||||||||||||||||||||||||||||||||||||||||||||
392 AAAGTTGTCCGGAATTAAGTTCAAGCGAATCAACTTCGATAATTCTTCCG

800

801 AGTACATTGAGAACTGGAATCTGCAGAACCGACGACAGCGAACTGGATTC
||||||||||||||||||||||||||||||||||||||||||||||||||
442 AGTACATTGAGAACTGGAATCTGCAGAACCGACGACAGCGAACTGGATTC

850

851 ACCTTTCACAAGCCTAACATCTTCCCCTATTCCGCCTCGTTTACTCTTAA
||||||||||||||||||||||||||||||||||||||||||||||||||
492 ACCTTTCACAAGCCTAACATCTTCCCCTATTCCGCCTCGTTTACTCTTAA

900

901 CCGATCTCAGCCTGCTCATGACAATCTGATGGGAACCATGTGGCTTAACG
||||||||||||||||||||||||||||||||||||||||||||||||||
542 CCGATCTCAGCCTGCTCATGACAATCTGATGGGAACCATGTGGCTTAACG

950

951 CTGGTTCCGAGATTCAGGTTGCCGGATTTGATTACTCGTGTGCTATCAAC
||||||||||||||||||||||||||||||||||||||||||||||||||
592 CTGGTTCCGAGATTCAGGTTGCCGGATTTGATTACTCGTGTGCTATCAAC

1000

1001 GCTCCCGCCAATACTCAGCAGTTCGAGCACATTGTGCAGCTCCGACGAGT
||||||||||||||||||||||||||||||||||||||||||||||||||

1050

291

341

391

441

491

541

591

641
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642 GCTCCCGCCAATACTCAGCAGTTCGAGCACATTGTGCAGCTCCGACGAGT

691

1051 CTTGACTACCGCCACTATCACCCTGCTTCCTGACGCTGAGCGATTCTCTT
||||||||||||||||||||||||||||||||||||||||||||||||||
692 CTTGACTACCGCCACTATCACCCTGCTTCCTGACGCTGAGCGATTCTCTT

1100

1101 TTCCCCGAGTTATTAATTCCGCTGATGGTGCCACTACCTGGTACTTCAAC
||||||||||||||||||||||||||||||||||||||||||||||||||
742 TTCCCCGAGTTATTAATTCCGCTGATGGTGCCACTACCTGGTACTTCAAC

1150

1151 CCTGTGATCCTCCGACCCAACAATGTGGAGGTCGAGTTTCTCTTGAACGG
||||||||||||||||||||||||||||||||||||||||||||||||||
792 CCTGTGATCCTCCGACCCAACAATGTGGAGGTCGAGTTTCTCTTGAACGG

1200

1201 TCAGATTATCAATACTTATCAGGCCCGATTCGGAACCATTGTGGCTCGAA
||||||||||||||||||||||||||||||||||||||||||||||||||
842 TCAGATTATCAATACTTATCAGGCCCGATTCGGAACCATTGTGGCTCGAA

1250

1251 ACTTCGACACTATCCGACTGTCTTTTCAGCTTATGCGACCTCCCAATATG
||||||||||||||||||||||||||||||||||||||||||||||||||
892 ACTTCGACACTATCCGACTGTCTTTTCAGCTTATGCGACCTCCCAATATG

1300

1301 ACCCCTTCCGTCGCTGCCCTTTTCCCTAACGCCCAGCCCTTTGAGCACCA
||||||||||||||||||||||||||||||||||||||||||||||||||
942 ACCCCTTCCGTCGCTGCCCTTTTCCCTAACGCCCAGCCCTTTGAGCACCA

1350

1351 TGCTACTGTTGGACTGACCCTTAAGATTGAGTCCGCCGTTTGCGAGTCGG
||||||||||||||||||||||||||||||||||||||||||||||||||
992 TGCTACTGTTGGACTGACCCTTAAGATTGAGTCCGCCGTTTGCGAGTCGG

1400

1401 TGCTCGCTGATGCCTCGGAGACTATGTTGGCCAACGTTACCTCTGTGCGA
||||||||||||||||||||||||||||||||||||||||||||||||||
1042 TGCTCGCTGATGCCTCGGAGACTATGTTGGCCAACGTTACCTCTGTGCGA

1450

1451 CAGGAGTACGCTATTCCTGTCGGACCCGTTTTTCCTCCCGGTATGAACTG
||||||||||||||||||||||||||||||||||||||||||||||||||
1092 CAGGAGTACGCTATTCCTGTCGGACCCGTTTTTCCTCCCGGTATGAACTG

1500

1501 GACTGACCTGATCACCAATTATTCTCCTTCCCGAGAGGATAACCTTCAGC
||||||||||||||||||||||||||||||||||||||||||||||||||
1142 GACTGACCTGATCACCAATTATTCTCCTTCCCGAGAGGATAACCTTCAGC
Eco47III
1551 GAGTGTTCACTGTCGCTTCGATTCGATCTATGCTGGTCAAGTAGAGCGCT
||||||||||||||||||||||||||||||||||||||||||||||||||
1192 GAGTGTTCACTGTCGCTTCGATTCGATCTATGCTGGTCAAGTAGAGCGCT
kmINU terminator
1601 ATTAATCCTAGGTGATCTGATCTGCTTACTTTACTTAACGACCAAAGAAA
||||||||||||||||||||||||||||||||||||||||||||||||||
1242 ATTAATCCTAGGTGATCTGATCTGCTTACTTTACTTAACGACCAAAGAAA

1550

1651 AACGACAAAAAAAAAATATTACTACTATTAAAATAAATTAGTATTTTTCT
||||||||||||||||||||||||||||||||||||||||||||||||||
1292 AACGACAAAAAAAAAATATTACTACTATTAAAATAAATTAGTATTTTTCT

1700

1701 CTTCTTACGATATGATATGATGCTATGAAATCATCATCTTCTTAACTTTC
||||||||||||||||||||||||||||||||||||||||||||||||||
1342 CTTCTTACGATATGATATGATGCTATGAAATCATCATCTTCTTAACTTTC

1750

741

791

841

891

941

991

1041

1091

1141

1191
1600
1241
1650
1291

1341

1391

Figure A1: EMBOSS Needle Pairwise Sequence Alignment of VP6_AO in silico clone of the VP6_AO
construct with modified sequence VP6_AO ORF.

The aligned expression constructs consists of Y.

lipolytica TEF promoter (yTEFp ), orange, and K. marxianus terminator (kmINUt), blue. The VP6 AO ORF
is cloned at the XhoI, purple, and Eco 47III, green restriction sites. The ATG was successful removed
indicated with an arrow. NO mutation of VP6_AO ORF, black, from the start codon, red, to the stop
codon, underlined.
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Appendix B: Alignment of Sanger sequence result of
delATG_pKM177_ KO VP6 with in silico clones using EMBOSS
Needle Pairwise Sequence Alignment.
pKM177_VP6KO
delATG_pKM177
pKM177_VP6KO
delATG_pKM177
pKM177_VP6KO
delATG_pKM177
pKM177_VP6KO
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301 TTGGGACTTTAGCCAAGGGTATAAAAGACCACCGTCCCCGAATTACCTTT
||||||||||||||||||||||||||||||||||||||||||||||||||
123 TTGGGACTTTAGCCAAGGGTATAAAAGACCACCGTCCCCGAATTACCTTT
yTEF promoter
XhoI
351 CCTCTTCTTTTCTCTCTCTCCTTGTCAACTCACACCCGAAATGCTCGAG||||||||||||||||||||||||||||||||||||||||
||||||
173 CCTCTTCTTTTCTCTCTCTCCTTGTCAACTCACACCCGAA---CTCGAGC
400 ATGGATGTATTGTATTCATTGAGTAAAACTTTGAAGGATGCTAGAGATAA
||||||||||||||||||||||||||||||||||||||||||||||||||
220 ATGGATGTATTGTATTCATTGAGTAAAACTTTGAAGGATGCTAGAGATAA

350
172
399
219
449
269

450 AATCGTGGAAGGAACTTTGTATAGTAACGTGTCTGATTTGATACAACAAT
||||||||||||||||||||||||||||||||||||||||||||||||||
270 AATCGTGGAAGGAACTTTGTATAGTAACGTGTCTGATTTGATACAACAAT

499

500 TCAACCAAATGATAATCACCATGAATGGAAACGAATTTCAAACAGGTGGA
||||||||||||||||||||||||||||||||||||||||||||||||||
320 TCAACCAAATGATAATCACCATGAATGGAAACGAATTTCAAACAGGTGGA

549

550 ATCGGTAATTTGCCAATCAGAAACTGGAACTTCGATTTCGGTTTGTTGGG
||||||||||||||||||||||||||||||||||||||||||||||||||
370 ATCGGTAATTTGCCAATCAGAAACTGGAACTTCGATTTCGGTTTGTTGGG

599

600 AACTACATTGTTGAATTTGGATGCTAACTACGTGGAAACAGCAAGAAACA
||||||||||||||||||||||||||||||||||||||||||||||||||
420 AACTACATTGTTGAATTTGGATGCTAACTACGTGGAAACAGCAAGAAACA

649

650 CCATAGATTACTTCGTCGATTTCGTAGATAACGTTTGTATGGATGAAATG
||||||||||||||||||||||||||||||||||||||||||||||||||
470 CCATAGATTACTTCGTCGATTTCGTAGATAACGTTTGTATGGATGAAATG

319

369

419

469
699
519

700 GTTAGAGAATCACAAAGAAATGGTATCGCTCCACAAAGTGATTCCTTGAG
||||||||||||||||||||||||||||||||||||||||||||||||||
520 GTTAGAGAATCACAAAGAAATGGTATCGCTCCACAAAGTGATTCCTTGAG

749

750 AAAATTATCTGGTATTAAATTCAAGAGAATCAATTTCGATAACTCTTCAG
||||||||||||||||||||||||||||||||||||||||||||||||||
570 AAAATTATCTGGTATTAAATTCAAGAGAATCAATTTCGATAACTCTTCAG

799

800 AATACATCGAAAACTGGAACTTGCAAAACAGAAGACAAAGAACCGGTTTC
||||||||||||||||||||||||||||||||||||||||||||||||||
620 AATACATCGAAAACTGGAACTTGCAAAACAGAAGACAAAGAACCGGTTTC

849

850 ACTTTTCATAAGCCAAATATCTTCCCTTACTCTGCATCTTTCACTTTAAA
||||||||||||||||||||||||||||||||||||||||||||||||||
670 ACTTTTCATAAGCCAAATATCTTCCCTTACTCTGCATCTTTCACTTTAAA

899

900 TAGATCTCAACCAGCTCATGATAACTTGATGGGTACAATGTGGTTAAATG
||||||||||||||||||||||||||||||||||||||||||||||||||
720 TAGATCTCAACCAGCTCATGATAACTTGATGGGTACAATGTGGTTAAATG

949

950 CTGGATCTGAAATCCAAGTCGCAGGTTTTGATTATTCATGTGCTATAAAT
||||||||||||||||||||||||||||||||||||||||||||||||||
770 CTGGATCTGAAATCCAAGTCGCAGGTTTTGATTATTCATGTGCTATAAAT

999

569

619

669

719

769

819
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1000 GCTCCTGCAAACACTCAACAATTCGAACATATCGTACAATTGAGAAGAGT
||||||||||||||||||||||||||||||||||||||||||||||||||
820 GCTCCTGCAAACACTCAACAATTCGAACATATCGTACAATTGAGAAGAGT

1049

1050 TTTGACCACTGCAACTATCACATTGTTACCAGATGCTGAAAGATTCTCTT
||||||||||||||||||||||||||||||||||||||||||||||||||
870 TTTGACCACTGCAACTATCACATTGTTACCAGATGCTGAAAGATTCTCTT

1099

1100 TTCCTAGAGTGATAAACTCAGCTGATGGTGCAACAACCTGGTATTTCAAT
||||||||||||||||||||||||||||||||||||||||||||||||||
920 TTCCTAGAGTGATAAACTCAGCTGATGGTGCAACAACCTGGTATTTCAAT

1149

1150 CCAGTCATTTTGAGACCTAACAACGTTGAAGTGGAATTCTTGTTGAACGG
||||||||||||||||||||||||||||||||||||||||||||||||||
970 CCAGTCATTTTGAGACCTAACAACGTTGAAGTGGAATTCTTGTTGAACGG

1199

1200 ACAAATAATTAACACTTACCAAGCAAGATTCGGTACAATCGTTGCTAGAA
||||||||||||||||||||||||||||||||||||||||||||||||||
1020 ACAAATAATTAACACTTACCAAGCAAGATTCGGTACAATCGTTGCTAGAA

869

919

969

1019
1249
1069

1250 ACTTCGATACTATCAGATTGAGTTTCCAATTGATGAGACCACCTAACATG
||||||||||||||||||||||||||||||||||||||||||||||||||
1070 ACTTCGATACTATCAGATTGAGTTTCCAATTGATGAGACCACCTAACATG

1299

1300 ACACCATCAGTAGCTGCATTGTTCCCAAATGCACAACCTTTTGAACATCA
||||||||||||||||||||||||||||||||||||||||||||||||||
1120 ACACCATCAGTAGCTGCATTGTTCCCAAATGCACAACCTTTTGAACATCA

1349

1350 TGCTACTGTTGGTTTGACATTGAAGATCGAAAGTGCAGTATGTGAATCCG
||||||||||||||||||||||||||||||||||||||||||||||||||
1170 TGCTACTGTTGGTTTGACATTGAAGATCGAAAGTGCAGTATGTGAATCCG

1399

1400 TTTTGGCTGATGCAAGTGAAACAATGTTAGCAAACGTGACCTCCGTCAGA
||||||||||||||||||||||||||||||||||||||||||||||||||
1220 TTTTGGCTGATGCAAGTGAAACAATGTTAGCAAACGTGACCTCCGTCAGA

1449

1450 CAAGAATATGCTATTCCAGTAGGTCCTGTTTTTCCACCTGGAATGAATTG
||||||||||||||||||||||||||||||||||||||||||||||||||
1270 CAAGAATATGCTATTCCAGTAGGTCCTGTTTTTCCACCTGGAATGAATTG

1499

1119

1169

1219

1269

1319

1500 GACCGATTTGATCACTAACTACAGTCCATCCAGAGAAGATAAATTTGCAA
1549
|||||||||||||||||||||||||||||||||||||||| |||||||||
1320 GACCGATTTGATCACTAACTACAGTCCATCCAGAGAAGAT-AATTTGCAA
1368
Eco47III
1550 AGAGTGTTCACTGTCGCTTCTATCAGATCAATGTTGGTTAAATAAAGCGC
1599
||||||||||||||||||||||||||||||||||||||||||||||||||
1369 AGAGTGTTCACTGTCGCTTCTATCAGATCAATGTTGGTTAAATAAAGCGC
1418
kmINU terminator
1600 TATTAATCCTAGGTGATCTGATCTGCTTACTTTACTTAACGACCAAAGAA
1649
||||||||||||||||||||||||||||||||||||||||||||||||||
1419 TATTAATCCTAGGTGATCTGATCTGCTTACTTTACTTAACGACCAAAGAA
1468
1650 AAACGACAAAAAAAAAATATTACTACTATTAAAATAAATTAGTATTTTTC
||||||||||||||||||||||||||||||||||||||||||||||||||
1469 AAACGACAAAAAAAAAATATTACTACTATTAAAATAAATTAGTATTTTTC

1699

1700 TCTTCTTACGATATGATATGATGCTATGAAATCATCATCTTCTTAACTTT
||||||||||||||||||||||||||||||||||||||||||||||||||
1519 TCTTCTTACGATATGATATGATGCTATGAAATCATCATCTTCTTAACTTT

1749

1518

1568

Figure B1: EMBOSS Needle Pairwise Sequence Alignment of VP6_KO in silico clone of the VP6_KO
construct with modified sequence VP6_KO ORF.

The aligned expression constructs consists of Y.

lipolytica TEF promoter (yTEFp ), orange, and K. marxianus terminator (kmINUt), blue. The VP6 AO ORF
is cloned at the XhoI, purple, and Eco 47III, green restriction sites. The ATG was successful removed and
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cytosine nucleotide was introduced back to the expression cassette indicated with an arrow. NO
mutation of VP6_KO ORF, black, from the start codon, red, to the stop codon, underlined.
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Appendix C: Protein concentration
Before verification of the expression of VP6 ORFs by means western blot the protein
concentration was calculated by using Pierce™ BCA protein assay kit (Pierce™,
Biotechnology, Inc). Prior to determine unknown protein concentration, a standard curve was
carried out using BSA by preparing a series of dilutions of known protein concentrations
illustrated in Table C1. The wavelength used to determine the absorbance was 562nm or
540nm.
Table C1: Albumin (BSA) Standards dilutions
Vial

Volume of Diluent

Volume and Source Final

(μL)

of BSA (μL)

BSA

Concentration
(μg/mL)

A

0

300 of Stock

2000

B

125

375 of Stock

1500

C

325

325 of Stock

1000

D

325

325 of vial C dilution

500

E

325

325 of vial E dilution

250

F

325

325 of vial F dilution

125

G

400

0

0=Blank
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Figure C1:

Standard curve of albumin standard absorbance at wavelength of 562nm of the known

concentrations (ug/ml).

Appendix D: Integration of the expression cassette containing VP6
ORF codon optimised for A. adeninivorans

Figure D1: Analysis of the AO VP6 ORF containing expression cassette integration into the genome of A.
adeninivorans LS3 on a 1% agarose gel. Lane M: GeneRuler DNA Ladder mix. Lane N: negative PCR
control, Lane C: untransformed A. adeninivorans LS3 cells. Lane 1-10: Yeast clones screened for
integration of AO VP6 ORF into A. adeninivorans LS3. Lane P: positive control.
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Figure D2: Analysis of the AO VP6 ORF containing expression cassette integration into the genome of K.
lactis UFS1167 on a 1% agarose gel. Lane M: GeneRuler DNA Ladder mix. Lane N: negative PCR control,
Lane C: untransformed K. lactis UFS1167 cells. Lane 1-10: Yeast clones screened for integration of AO
VP6 ORF into K. lactis UFS1167. Lane P: positive control.

Figure D3: Analysis of the AO VP6 ORF containing expression cassette integration into the genome of P.
pastoris GS115 on a 1% agarose gel. Lane M: GeneRuler DNA Ladder mix. Lane N: negative PCR control,
Lane C: untransformed P. pastoris GS115 cells. Lane 1-9: Yeast clones screened for integration of AO
VP6 ORF into P. pastoris GS115. Lane P: positive control.
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Figure D4: Analysis of the AO VP6 ORF containing expression cassette integration into the genome of P.
pastoris UFS1552T on a 1% agarose gel. Lane M: GeneRuler DNA Ladder mix. Lane N: negative PCR
control, Lane C: untransformed P. pastoris UFS1552T cells. Lane 1-10: Yeast clones screened for
integration of AO VP6 ORF into P. pastoris UFS1552T. Lane P: positive control.

Figure D5: Analysis of the AO VP6 ORF containing expression cassette integration into the genome of S.
cerevisiae CENPK on a 1% agarose gel. Lane M: GeneRuler DNA Ladder mix. Lane N: negative PCR
control, Lane C: untransformed S. cerevisiae CENPK cells. Lane 1-10: Yeast clones screened for
integration of AO VP6 ORF into S. cerevisiae CENPK. Lane P: positive control.
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Appendix E: Integration of the expression cassette containing VP6
ORF codon optimised for K. lactis in various yeast stains

Figure E1: Analysis of the KO VP6 ORF containing expression cassette integration into the genome of A.
adeninivorans LS3 on a 1% agarose gel. Lane M: GeneRuler DNA Ladder mix. Lane N: negative PCR
control, Lane C: untransformed A. adeninivorans LS3 cells. Lane 1-7: Yeast clones screened for
integration of the expression cassette containing KO VP6 ORF into A. adeninivorans LS3. Lane P:
positive control.

Figure E2: Analysis of the KO VP6 ORF containing expression cassette integration into the genome of A.
adeninivorans LS3 on a 1% agarose gel. Lane M: GeneRuler DNA Ladder mix. Lane N: negative PCR
control, Lane C: untransformed A. adeninivorans LS3 cells. Lane 8-10: Yeast clones screened for
integration of the expression cassette containing KO VP6 ORF into A. adeninivorans LS3. Lane P:
positive control.
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Figure E3: Analysis of the KO VP6 ORF containing expression cassette integration into the genome of P.
angusta UFS0915 on a 1% agarose gel. Lane M: GeneRuler DNA Ladder mix. Lane N: negative PCR
control, Lane C: untransformed P. angusta UFS0915 cells. Lane 11: Yeast clone screened for integration
of the expression cassette containing KO VP6 ORF into P. angusta UFS0915. Lane P: positive control.

Figure E4: Analysis of the KO VP6 ORF containing expression cassette integration into the genome of P.
angusta UFS1507 on a 1% agarose gel. Lane M: GeneRuler DNA Ladder mix. Lane N: negative PCR
control, Lane C: untransformed P. angusta UFS1507 cells. Lane 1-7: Yeast clones screened for
integration of the expression cassette containing KO VP6 ORF into P. angusta UFS1507. Lane P: positive
control.
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Figure E5: Analysis of the KO VP6 ORF containing expression cassette integration into the genome of P.
pastoris GS115 on a 1% agarose gel. Lane M: GeneRuler DNA Ladder mix. Lane N: negative PCR control,
Lane C: untransformed P. pastorisGS115 cells. Lane 11-17: Yeast clones screened for integration of the
expression cassette containing KO VP6 ORF into P. pastoris GS115. Lane P: positive control.

Figure E6: Analysis of the KO VP6 ORF containing expression cassette integration into the genome of P.
pastoris UFS1552T on a 1% agarose gel. Lane M: GeneRuler DNA Ladder mix. Lane N: negative PCR
control, Lane C: untransformed P. pastoris UFS1552T cells. Lane 1-10: Yeast clones screened for
integration of the expression cassette containing KO VP6 ORF into P. pastoris UFS1552T. Lane P:
positive control.
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Figure E7: Analysis of the KO VP6 ORF containing expression cassette integration into the genome of S.
cerevisiae CENPK on a 1% agarose gel. Lane M: GeneRuler DNA Ladder mix. Lane N: negative PCR
control, Lane C: untransformed S. cerevisiae CENPK cells. Lane 1-10: Yeast clones screened for
integration of the expression cassette containing KO VP6 ORF into S. cerevisiae CENPK.

Figure E8: Analysis of the KO VP6 ORF containing expression cassette integration into the genome of Y.
lipolytica PO 1F on a 1% agarose gel. Lane M: GeneRuler DNA Ladder mix. Lane N: negative PCR control,
Lane C: untransformed Y. lipolytica PO 1F cells. Lane 1-10: Yeast clones screened for integration of the
expression cassette containing KO VP6 ORF into Y. lipolytica PO 1F. Lane P: positive control.
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Figure E9: Analysis of the KO VP6 ORF containing expression cassette integration into the genome of Y.
lipolytica UFS2221 on a 1% agarose gel. Lane M: GeneRuler DNA Ladder mix. Lane N: negative PCR
control, Lane C: untransformed Y. lipolytica UFS2221 cells. Lane 1-10: Yeast clones screened for
integration of the expression cassette containing KO VP6 ORF into Y. lipolytica UFS2221. Lane P:
positive control.
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Appendix F: Integration of the expression cassette containing VP6
ORF codon optimised for P.pastoris/P.angusta in various yeast.

Figure F1: Analysis of the PO VP6 ORF containing expression cassette integration into the genome of A.
adeninivorans UFS1219 on a 1% agarose gel. Lane M: GeneRuler DNA Ladder mix. Lane N: negative PCR
control, Lane C: untransformed A. adeninivorans UFS1219 cells. Lane 1-2: Yeast clones screened for
integration of the expression cassette containing PO VP6 ORF into A. adeninivorans UFS1219. Lane P:
positive control.

Figure F2: Analysis of the PO VP6 ORF containing expression cassette integration into the genome of A.
adeninivorans LS3 on a 1% agarose gel. Lane M: GeneRuler DNA Ladder mix. Lane N: negative PCR
control, Lane C: untransformed A. adeninivorans LS3 cells. Lane 1-4: Yeast clones screened for
integration of the expression cassette containing PO VP6 ORF into A. adeninivorans LS3. Lane P:
positive control.
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Figure F3: Analysis of the PO VP6 ORF containing expression cassette integration into the genome of K.
lactis UFS1167 on a 1% agarose gel. Lane M: GeneRuler DNA Ladder mix. Lane N: negative PCR control,
Lane C: untransformed K. lactis UFS1167 cells. Lane 1-10: Yeast clones screened for integration of the
expression cassette containing PO VP6 ORF into K. lactis UFS1167. Lane P: positive control.

Figure F4: Analysis of the PO VP6 ORF containing expression cassette integration into the genome of Y.
lipolytica UFS2221 on a 1% agarose gel. Lane M: GeneRuler DNA Ladder mix. Lane N: negative PCR
control, Lane C: untransformed Y. lipolytica UF2221 cells. Lane 1-10: Yeast clones screened for
integration of the expression cassette containing PO VP6 ORF into Y. lipolytica UFS2221. Lane P:
positive control.
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Appendix G: Yeast expression of rotavirus VP6 encoded by the
ORF codon optimised for expression in A. adeninivorans

Figure G1: Western blot analysis of rotavirus VP6 expression by A. adeninvorans UFS1219 colonies
containing the AO VP6 ORF containing expression cassette. Lane L: Spectra™ Multicolor Broad Range
Protein Ladder (Thermo Fisher Scientific). Lane N: untransformed A. adeninvorans UFS1219 cells,
negative control. Lane P: Bacterial expressed VP6, protein size 48 kDa. Lanes 1, 2, 3, 4, 5: A.
adeninvorans UFS1219 yeast clones screened for expression of VP6 with expected size of 45 kDa. A total
protein concentration of 2.4mg/ml was used for all colonies screened.
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Figure G2: Western blot analysis of rotavirus VP6 expression by A. adeninvorans UFS1219 colonies
containing the AO

P ORF containing expression cassette. Lane L: Spectra™ Multicolor Broad Range

Protein Ladder (Thermo Fisher Scientific). Lane N (A. adeninvorans UFS1219 and Lane N (A.
adeninvorans LS3): untransformed A. adeninvorans UFS1219 and LS3 cells, negative control. Lane P:
Bacterial expressed VP6, protein size 48 kDa. Lanes 7, 9, 10 (Lane N (A. adeninvorans UFS1219) and
Lanes 1,3 (A. adeninvorans LS3): A. adeninivorans UFS1219 and A. adeninvorans LS3 yeast clones
screened for expression of VP6 with expected size of 45 kDa. A total protein concentration of 1.5mg/ml
was used for all colonies screened.

Figure G3: Western blot analysis of rotavirus VP6 expression by A. adeninvorans LS3 colonies
containing the AO VP6 ORF containing expression cassette. Lane L: Spectra™ Multicolor Broad Range
Protein Ladder (Thermo Fisher Scientific). Lane N: untransformed A. adeninvorans LS3 cells, negative
control. Lane P: Bacterial expressed VP6, protein size 48 kDa. Lanes 5, 6, 8, 9, 10: A. adeninivorans LS3
yeast clones screened for expression of VP6 with expected size of 45 kDa. A total protein concentration
of 2.3mg/ml was used for all colonies screened.
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Figure G4: Western blot analysis of rotavirus VP6 expression by K. lactis UFS1167 colonies containing
the AO VP6 ORF containing expression cassette. Lane L: Spectra™ Multicolor Broad Range Protein
Ladder (Thermo Fisher Scientific). Lane N: untransformed K. lactis UFS1167 cells, negative control. Lane
P: Bacterial expressed VP6, protein size of 48 kDa. Lanes 1-5: K. lactis UFS1167 yeast clones screened
for expression of VP6 with expected size of 45 kDa. A total protein concentration of 2.1mg/ml was used
for all colonies screened.

Figure G5: Western blot analysis of rotavirus VP6 expression by K. lactis UFS1167 colonies containing
the AO

P

ORF containing expression cassette. Lane L: Spectra™ Multicolor Broad Range Protein

Ladder (Thermo Fisher Scientific). Lane N: untransformed K. lactis UFS1167 cells, negative control. Lane
P: Bacterial expressed VP6, protein size of 48 kDa. Lanes 6, 7, 8, 10: K. lactis UFS1167 yeast clones
screened for expression of VP6 with expected size of 45 kDa. A total protein concentration of 3.2mg/ml
was used for all colonies screened.
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Figure G6:

Western blot analysis of rotavirus VP6 expression by P. angusta UFS0915 colonies

containing the AO

P

ORF containing expression cassette. Lane L: PageRuler™ Prestained Protein

Ladder (Thermo Fisher Scientific). Lane N: untransformed P. angusta UFS00915 cells, negative control.
Lane P: Bacterial expressed VP6, protein size of 48 kDa. Lanes 6-10: P. angusta UFS0915 yeast clones
screened for expression of VP6 with expected size of 45 kDa. A total protein concentration of 2.3mg/ml
was used for all colonies screened.

Figure G7: Western blot analysis of rotavirus VP6 expression by P. angusta UFS1507 colonies containing
the AO

P

ORF containing expression cassette. Lane L: PageRuler™ Prestained Protein Ladder

(Thermo Fisher Scientific). Lane N: untransformed P. angusta UFS1507 cells, negative control. Lane P:
Bacterial expressed VP6, protein size of 48 kDa. Lanes 6-10: P. angusta UFS0915 yeast clones screened
for expression of VP6 with expected size of 45 kDa. A total protein concentration of 2.3mg/ml was used
for all colonies screened.
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Figure G8: Western blot analysis of rotavirus VP6 expression by P. pastoris UFS1552T colonies
containing the AO

P ORF containing expression cassette. Lane L: Spectra™ Multicolor Broad Range

Protein Ladder (Thermo Fisher Scientific). Lane N: untransformed P. pastoris UFS1552T cells, negative
control. Lane P: Bacterial expressed VP6, protein size of 48 kDa. Lanes 1, 4, 5, 6: P. pastoris UFS1552T
yeast clones screened for expression of VP6 with expected size of 45 kDa. A total protein concentration
of 2.0mg/ml was used for all colonies screened.

Figure G9: Western blot analysis of rotavirus VP6 expression by P. pastoris UFS1552T colonies
containing the AO

P ORF containing expression cassette. Lane L: Spectra™ Multicolor Broad Range

Protein Ladder (Thermo Fisher Scientific). Lane N: untransformed P. pastoris UFS1552T cells, negative
control. Lane P: Bacterial expressed VP6, protein size of 48 kDa. Lanes 3, 9, 10: P. pastoris UFS1552T
yeast clones screened for expression of VP6 with expected size of 45 kDa. A total protein concentration
of 1.6mg/ml was used for all colonies screened.
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Figure G10: Western blot analysis of rotavirus VP6 expression by P. pastoris GS115 colonies containing
the AO

P

ORF containing expression cassette. Lane L: Spectra™ Multicolor Broad Range Protein

Ladder (Thermo Fisher Scientific). Lane N: untransformed P. pastoris GS115 cells, negative control. Lane
P: Bacterial expressed VP6, protein size of 48 kDa. Lanes 1, 2, 3, 4, 5: P. pastoris GS115 yeast clones
screened for expression of VP6 with expected size of 45 kDa. A total protein concentration of 1.8mg/ml
was used for all colonies screened.

Figure G11: Western blot analysis of rotavirus VP6 expression by P. pastoris GS115 colonies containing
the AO VP6 ORF containing expression cassette. Lane L: Spectra™ Multicolor Broad Range Protein
Ladder (Thermo Fisher Scientific). Lane N: untransformed P. pastoris GS115 cells, negative control. Lane
P: Bacterial expressed VP6, protein size of 48 kDa. Lanes 6, 7, 9, 10: P. pastoris GS115 yeast clones
screened for expression of VP6 with expected size of 45 kDa. A total protein concentration of 1.6mg/ml
was used for all colonies screened.
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Figure G12: Western blot analysis of rotavirus VP6 expression by S. cerevisiae CENPK colonies
containing the AO VP6 ORF containing expression cassette. Lane L: Spectra™ Multicolor Broad Range
Protein Ladder (Thermo Fisher Scientific). Lane N: untransformed S. cerevisiae CENPK cells, negative
control. Lane P: Bacterial expressed VP6, protein size of 48 kDa. Lanes 1, 3, 4, 5, 6: S. cerevisiae CENPK
yeast clones screened for expression of VP6 with expected size of 45 kDa. A total protein concentration
of 1.4mg/ml was used for all colonies screened.

Figure G13: Western blot analysis of rotavirus VP6 expression by S. cerevisiae CENPK colonies
containing the AO

P ORF containing expression cassette. Lane L: Spectra™ Multicolor Broad Range

Protein Ladder (Thermo Fisher Scientific). Lane N: untransformed S. cerevisiae CENPK cells, negative
control. Lane P: Bacterial expressed VP6, protein size of 48 kDa. Lanes 7, 8, 9, 10: S. cerevisiae CENPK
yeast clones screened for expression of VP6 with expected size of 45 kDa. A total protein concentration
of 2.1mg/ml was used for all colonies screened.
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Appendix H: Yeast expression of rotavirus VP6 encoded by the
ORF codon optimised for expression in K. lactis

Figure H1: Western blot analysis of rotavirus VP6 expression by A. adeninivorans UFS1219 colonies
containing the KO

P

ORF containing expression cassette. Lane L: PageRuler™ Prestained Protein

Ladder (Thermo Fisher Scientific). Lane N: untransformed A. adeninivorans UFS1219 cells, negative
control. Lane P: Bacterial expressed VP6, protein size of 48 kDa. Lanes 1, 2, 3, 4, 5: A. adeninivorans
UFS1219 yeast clones screened for expression of VP6 with expected size of 45 kDa. A total protein
concentration of 2.3mg/ml was used for all colonies screened.

Figure H2: Western blot analysis of rotavirus VP6 expression by A. adeninivorans UFS1220 colonies
containing the KO VP6 ORF containing expression cassette. Lane L: PageRuler™ Prestained Protein
Ladder (Thermo Fisher Scientific). Lane N: untransformed A. adeninivorans UFS1220 cells, negative
control. Lane P: Bacterial expressed VP6, protein size of 48 kDa. Lanes 1, 2, 3, 4, 5: A. adeninivorans
UFS1220 yeast clones screened for expression of VP6 with expected size of 45 kDa. A total protein
concentration of 2.6mg/ml was used for all colonies screened.
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Figure H3: Western blot analysis of rotavirus VP6 expression by A. adeninivorans UFS1220 colonies
containing the KO

P

ORF containing expression cassette. Lane L: PageRuler™ Prestained Protein

Ladder (Thermo Fisher Scientific). Lane N: untransformed A. adeninivorans UFS1220 cells, negative
control. Lane P: Bacterial expressed VP6, protein size of 48 kDa. Lanes 6, 7, 8, 9, 10: A. adeninivorans
UFS1220 yeast clones screened for expression of VP6 with expected size of 45 kDa. A total protein
concentration of 3.1mg/ml was used for all colonies screened.

Figure H4: Western blot analysis of rotavirus VP6 expression by K. lactis UFS1167 colonies containing
the KO

P

ORF containing expression cassette. Lane L: PageRuler™ Prestained Protein Ladder

(Thermo Fisher Scientific). Lane N: untransformed K. lactis UFS1167 cells, negative control. Lane P:
Bacterial expressed VP6, protein size of 48 kDa. Lanes 8, 9, 10: K. lactis UFS1167 yeast clones screened
for expression of VP6 with expected size of 45 kDa. A total protein concentration of 2.4mg/ml was used
for all colonies screened.
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Figure H5: Western blot analysis of rotavirus VP6 expression by P. angusta UFS0915 colonies containing
the KO

P

ORF containing expression cassette. Lane L: Spectra™ Multicolor Broad Range Protein

Ladder (Thermo Fisher Scientific). Lane N: untransformed P. angusta UFS0915 cells, negative control.
Lane P: VP6 bacterial positive control protein size of 48 kDa. Lanes 1, 2, 3, 4, 5: P. angusta UFS0915
yeast clones screened for expression of VP6 with expected size of 45 kDa. A total protein concentration
of 2.2mg/ml was used for all colonies screened.

Figure H6: Western blot analysis of rotavirus VP6 expression by P. angusta UFS0915 and P. pastoris
GS11

colonies containing the KO

P

ORF containing expression cassette. Lane L: PageRuler™

Prestained Protein Ladder (Thermo Fisher Scientific). Lane N (P. angusta UFS0915 and Lane N (P.
pastoris GS115): untransformed P. angusta UFS0915 and P. pastoris GS115 cells, negative control. Lane
P: Bacterial expressed VP6, protein size of 48 kDa. Lanes 11 (P. angusta UFS0915): P. angusta UFS0915
yeast clone screened for expression of VP6 with expected size of 45 kDa. Lanes 9, 15 (P. pastoris
GS115): P. pastoris GS115 yeast clones screened for expression of VP6 with expected size of 45 kDa. A
total protein concentration of 1.4mg/ml was used for all colonies screened.
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Figure H7: Western blot analysis of rotavirus VP6 expression by P. pastoris UFS1552T colonies
containing the KO

P

ORF containing expression cassette. Lane L: PageRuler™ Prestained Protein

Ladder (Thermo Fisher Scientific). Lane N: untransformed P. pastoris UFS1552T cells, negative control.
Lane P: Bacterial expressed VP6, protein size of 48 kDa. Lanes 1, 2, 3, 5, 6: P. pastoris UFS1552T yeast
clones screened for expression of VP6 with expected size of 45 kDa. A total protein concentration of
2.9mg/ml was used for all colonies screened.

Figure H8: Western blot analysis of rotavirus VP6 expression by S. cerevisiae CENPK colonies
containing the KO

P

ORF containing expression cassette. Lane L: PageRuler™ Prestained Protein

Ladder (Thermo Fisher Scientific). Lane N: untransformed S. cerevisiae CENPK cells, negative control.
Lane P: Bacterial expressed VP6, protein size of 48 kDa. Lanes 1, 8, 9, 10: S. cerevisiae CENPK yeast
clones screened for expression of VP6 with expected size of 45 kDa. A total protein concentration of
3.1mg/ml was used for all colonies screened.
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Figure H9: Western blot analysis of rotavirus VP6 expression by A. adeninivorans LS3 and Y. lipolytica
UFS0097 colonies containing the KO VP6 ORF containing expression cassette. Lane L: PageRuler™
Prestained Protein Ladder (Thermo Fisher Scientific). Lane N (A. adeninivorans LS3 and Lane N (Y.
lipolytica UFS0097): untransformed A. adeninivorans LS3 and Y. lipolytica UFS0097cells, negative
control. Lane P: Bacterial expressed VP6, protein size of 48 kDa. Lanes 9 (A. adeninivorans LS3): A.
adeninivorans LS3 yeast clone screened for expression of VP6 with expected size of 45 kDa. Lanes 6, 7
(Y. lipolytica UFS0097): Y. lipolytica UFS0097 yeast clones screened for expression of VP6 with expected
size of 45 kDa. A total protein concentration of 2.1mg/ml was used for all colonies screened.
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Appendix I: Yeast expression of rotavirus VP6 encoded by the ORF
codon optimised for expression in P. pastoris/P. angusta

Figure I1: Western blot analysis of rotavirus VP6 expression by A. adeninivorans LS3 colonies containing
the PO VP6 ORF containing expression cassette. Lane L: (Thermo Fisher Scientific). Lane N:
untransformed A. adeninivorans LS3 cells, negative control. Lane P: Bacterial expressed VP6, protein
size of 48 kDa. Lanes 1, 2, 3, 4: A. adeninivorans LS3 yeast clones screened for expression of VP6 with
expected size of 45 kDa. A total protein concentration of 1.9mg/ml was used for all colonies screened.

Figure I2: Western blot analysis of rotavirus VP6 expression by K. lactis UFS1167 colonies containing the
PO

P ORF containing expression cassette. Lane L: PageRuler™ Prestained Protein Ladder (Thermo

Fisher Scientific). Lane N: untransformed K. lactis UFS1167 cells, negative control. Lane P: Bacterial
expressed VP6, protein size of 48 kDa. Lanes 1, 2, 4, 8, 9: K. lactis UFS1167 yeast clones screened for
expression of VP6 with expected size of 45 kDa. A total protein concentration of 2.1mg/ml was used for
all colonies screened.
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Figure I3: Western blot analysis of rotavirus VP6 expression by K. lactis UFS1167 and Y. lipolytica
UFS2221 colonies containing the PO VP6 ORF-containing expression cassette. Lane L: PageRuler™
Prestained Protein Ladder (Thermo Fisher Scientific). Lane N (K. lactis UFS1167 and Lane N (Y. lipolytica
UFS2221): untransformed K. lactis UFS1167 and Y. lipolytica UFS2221 cells, negative control. Lane P:
Bacterial expressed VP6, protein size of 48 kDa. Lanes 9, 10 (K. lactis UFS1167): K. lactis UFS1167 yeast
clones screened for expression of VP6 with expected size of 45 kDa. Lanes 9 (Y. lipolytica UFS2221): Y.
lipolytica UFS2221 yeast clone screened for expression of VP6 with expected size of 45 kDa. A total
protein concentration of 2.1mg/ml was used for all colonies screened.

Figure I4: Western blot analysis of rotavirus VP6 expression by P. angusta UFS0915 colonies containing
the PO VP6 ORF-containing expression cassette. Lane L: PageRuler™ Prestained Protein Ladder
(Thermo Fisher Scientific). Lane N: untransformed P. angusta UFS0915 cells, negative control. Lane P:
Bacterial expressed VP6, protein size of 48 kDa. Lanes 6, 7, 9, 9, 10: P. angusta UFS0915 yeast clones
screened for expression of VP6 with expected size of 45 kDa. A total protein concentration of 2.1mg/ml
was used for all colonies screened.
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Figure I5: Western blot analysis of rotavirus VP6 expression by P. angusta UFS1507 colonies containing
the PO

P

ORF containing expression cassette. Lane L: PageRuler™ Prestained Protein Ladder

(Thermo Fisher Scientific). Lane N: untransformed P. angusta UFS1507 cells, negative control. Lane P:
Bacterial expressed VP6, protein size of 48 kDa. Lanes 1, 2, 3, 4, 5: P. angusta UFS1507 yeast clones
screened for expression of VP6 with expected size of 45 kDa. A total protein concentration of 1.8mg/ml
was used for all colonies screened.

Figure I6: Western blot analysis of rotavirus VP6 expression by P. pastoris GS115 colonies containing
the PO VP6 ORF containing expression cassette. Lane L: PageRuler™ Prestained Protein Ladder
(Thermo Fisher Scientific). Lane N: untransformed P. pastoris GS115 cells, negative control. Lane P:
Bacterial expressed VP6, protein size of 48 kDa. Lanes 11, 12, 13, 14, 15: P. pastoris GS115 yeast clones
screened for expression of VP6 with expected size of 45 kDa. A total protein concentration of 1.6mg/ml
was used for all colonies screened.
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Figure I7: Western blot analysis of rotavirus VP6 expression by P. pastoris GS115 colonies containing
the PO VP6 ORF containing expression cassette. Lane L: PageRuler™ Prestained Protein Ladder
(Thermo Fisher Scientific). Lane N: untransformed P. pastoris GS115 cells, negative control. Lane P: VP6
bacterial positive control protein size of 48 kDa. Lanes 16, 17, 18: P. pastoris GS115 yeast clones
screened for expression of VP6 with expected size of 45 kDa. A total protein concentration of 1.6mg/ml
was used for all colonies screened.

Figure I8: Western blot analysis of rotavirus VP6 expression by P. pastoris UFS1552T colonies
containing the PO VP6 ORF-containing expression cassette. Lane L: PageRuler™ Prestained Protein
Ladder (Thermo Fisher Scientific). Lane N: untransformed P. pastoris UFS1552T cells, negative control.
Lane P: Bacterial expressed VP6, protein size of 48 kDa. Lanes 1, 2, 4, 5, 6: P. pastoris UFS1552T yeast
clones screened for expression of VP6 with expected size of 45 kDa. A total protein concentration of
2.2mg/ml was used for all colonies screened.
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Figure I9: Western blot analysis of rotavirus VP6 expression by S. cerevisiae CENPK colonies containing
the PO

P

ORF containing expression cassette. Lane L: PageRuler™ Prestained Protein Ladder

(Thermo Fisher Scientific). Lane N: untransformed S. cerevisiae CENPK cells, negative control. Lane P:
Bacterial expressed VP6, protein size of 48 kDa. Lanes 1, 2, 3, 4, 5: S. cerevisiae CENPK yeast clones
screened for expression of VP6 with expected size of 45 kDa. A total protein concentration of 20.9mg/ml
was used for all colonies screened.

Figure I10: Western blot analysis of rotavirus VP6 expression by Y. lipolytica PO 1F colonies containing
the PO

P

ORF containing expression cassette. Lane L: PageRuler™ Prestained Protein Ladder

(Thermo Fisher Scientific). Lane N: untransformed Y. lipolytica PO 1F cells, negative control. Lane P: VP6
Bacterial expressed VP6, protein size of 48 kDa. Lanes 8, 9, 10: Y. lipolytica PO 1F yeast clones screened
for expression of VP6 with expected size of 45 kDa. A total protein concentration of 22.3mg/ml was used
for all colonies screened.
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Appendix J: Western blot analysis of optimal times of harvest of
VP6 protein in various yeasts

Figure J1: Western blot analysis of rotavirus VP6 expression by A. adeninivorans UFS1219 colonies
harvested either at mid- or late-exponential phase. Lane M: PageRuler™ Prestained Protein Ladder
(Thermo Fisher Scientific). Lane N: untransformed cells, A. adeninivorans UFS1219 negative control.
Lane P: Bacterial expressed VP6, protein size 48 kDa. Lanes 1 A. adeninivorans UFS1219 yeast clone
screened for expression of VP6 haversted at mid-exponential phase with expected size of 45 kDa. Lanes
2 A. adeninivorans UFS1219 yeast clone screened for expression of VP6 haversted at late-exponential
phase with expected size of 45 kDa.

Figure J2: Western blot analysis of rotavirus VP6 expression by P. angutsa UFS1507 colonies harvested
either at mid- or late-exponential phase. Lane M: PageRuler™ Prestained Protein Ladder (Thermo Fisher
Scientific). Lane N: untransformed cells, P. angutsa UFS1507 negative control. Lane P: Bacterial
expressed VP6, protein size 48 kDa. Lanes 1 P. angutsa UFS1507 yeast clone screened for expression of
VP6 haversted at mid-exponential phase with expected size of 45 kDa. Lanes 2 P. angutsa UFS1507 yeast
clone screened for expression of VP6 haversted at late-exponential phase with expected size of 45 kDa.
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Figure J3: Western blot analysis of rotavirus VP6 expression by S. cerevisiae CENPK colonies harvested
either at mid- or late-exponential phase. Lane M: PageRuler™ Prestained Protein Ladder (Thermo Fisher
Scientific). Lane N: untransformed cells, S. cerevisiae CENPK negative control. Lane P: Bacterial
expressed VP6, protein size 48 kDa. Lanes 1 S. cerevisiae CENPK yeast clone screened for expression of
VP6 haversted at mid-exponential phase with expected size of 45 kDa. Lanes 2 S. cerevisiae CENPK
yeast clone screened for expression of VP6 haversted at late-exponential phase with expected size of 45
kDa.

Figure J4: Western blot analysis of rotavirus VP6 expression by S. cerevisiae CENPK colonies harvested
either at mid- or late-exponential phase. Lane M: PageRuler™ Prestained Protein Ladder (Thermo Fisher
Scientific). Lane N: untransformed cells, S. cerevisiae CENPK negative control. Lane P: Bacterial
expressed VP6, protein size 48 kDa. Lanes 1 S. cerevisiae CENPK yeast clone screened for expression of
VP6 haversted at mid-exponential phase with expected size of 45 kDa. Lanes 2 S. cerevisiae CENPK
yeast clone screened for expression of VP6 haversted at late-exponential phase with expected size of 45
kDa.
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Figure J5: Western blot analysis of rotavirus VP6 expression by Y. lipolytica PO 1F colonies harvested
either at mid- or late-exponential phase. Lane M: PageRuler™ Prestained Protein Ladder (Thermo Fisher
Scientific). Lane N: untransformed cells, Y. lipolytica PO 1F negative control. Lane P: Bacterial expressed
VP6, protein size 48 kDa. Lanes 1 Y. lipolytica PO 1F yeast clone screened for expression of VP6
haversted at mid-exponential phase with expected size of 45 kDa. Lanes 2 Y. lipolytica PO 1F yeast clone
screened for expression of VP6 haversted at late-exponential phase with expected size of 45 kDa.
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Appendix K: Purification of VP6 protein in K. lactis

Figure K1: SDS-PAGE analysis of sucrose gradient fractions obtained following ultracentrifugation of the
VP6 produced K. lactis cell lysate. A, Lane M is Page Ladder, Lanes 1-9 sucrose gradient fractions 1-9. B,
Lane M is Page Ladder, Lanes 10-18 sucrose gradient fractions 10-18. C, Lane M is Page Ladder, Lanes
19-27 sucrose gradient fractions 19-27. D, Lane M is Page Ladder, Lanes 28-34 sucrose gradient fractions
28-34.
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