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Abstract

Plants are economic, safe and clean expression systems with the potential to serve
as production platforms for recombinant proteins with almost unlimited scalability.
Integration of transgenes into the chloroplast genome offers the advantage of
targeted and site specific integration and the obtainable recombinant protein yields
are mostly higher compared to nuclear transformation. Furthermore, the maternal
inheritance of chloroplasts in most plant species strongly limits transmission of
transgenes via pollen. The time consuming construction of plastid transformation
vectors can be shortened by implementing the Gateway® recombinant cloning
technology which provides a rapid and highly efficient way to transfer DNA fragments
between vectors carrying compatible recombination sites. This accelerates the
development of pharmaceutical products from plastids. Dengue Fever is the most
rapidly spreading mosquito transmitted viral disease threatening more than 40 % of
the world’s population. The Dengue virus is typically transmitted by the bite of the
blood feeding, day active mosquito Aedes aegypti. The virus occurs in four closely
related but antigenically and genetically distinct serotypes (DEN 1, DEN 2, DEN 3
and DEN 4) for which currently no approved vaccine is available.

The present work demonstrates that chloroplasts are a suitable and cost-effective
production platform for a recombinant protein vaccine candidate based on the
Dengue virus envelope protein domain Il (EDIII). The functionality of the constructed
Gateway® compatible plastid transformation vector was first proven by the
expression of GFP using this vector in tobacco chloroplasts. Transplastomic plants
were generated with the biolistic method, the homoplastomic state of the regenerated
plants was verified by Southern blot and protein expression levels were analysed by
Western Blot. The recombinant proteins EDIII 1 and EDIII 3 were obtained through
constitutive expression in tobacco chloroplasts and expression of EDIII 1, EDIII 2,
EDIII 4 and EDIII 1-4 was achieved with the inducible expression system upon
ethanol induction. Furthermore, the Dengue antigenes EDIII 1 and EDIII 1-4 were
also constitutively expressed in lettuce chloroplasts in order to facilitate the
development of an oral vaccine candidate.

The data obtained here demonstrate the feasibility of expressing EDIII based
antigens in chloroplasts and they contribute to the development of a safe, efficacious

and affordable vaccine against Dengue fever.



Kurzfassung

Pflanzen sind wirtschaftliche, sichere und saubere Expressionssysteme und kénnen
als Produktionsplattformen fur rekombinante Proteine mit nahezu unbegrenzter
Erweiterbarkeit dienen. Die Integration des Transgens in das Chloroplastengenom
bietet den Vorteil einer gezielten und ortsspezifischen Integration und die erzielten
Ausbeuten fur rekombinante Proteine sind meistens hoher als Dbei
Kerntransformationen. AufRerdem verhindert die maternale Vererbung von
Chloroplasten in den meisten Pflanzen die Verbreitung der Transgene durch Pollen.
Die zeitraubende Konstruktion von Plastiden-Transformationsvektoren kann durch
die Gateway® recombinant cloning technology verkirzt werden. Die Adaption dieser
Technologie fur Plastiden ermdglicht eine schnelle und sehr effiziente Ubertragung
von DNA-Fragmenten zwischen Vektoren mit kompatiblen Rekombinationstellen.
Dies beschleunigt die Entwicklung von pharmazeutischen Produkten aus Plastiden.
Dengue-Fieber bedroht mehr als 40% der Weltbevolkerung und ist die am
raschesten grassierende Viruserkrankung die durch Stechmicken tbertragen wird.
Das Dengue-Virus wird typischerweise durch die Blut saugende, tagaktive Micke
Aedes aegypti Ubertragen. Das Virus tritt in vier eng verwandten, aber antigenisch
und genetisch unterschiedlichen Serotypen auf (DEN 1, DEN-2, DEN DEN 3 und 4)
gegen die derzeit kein Impfstoff erhaltlich ist.

Die vorliegende Arbeit zeigt, dass Chloroplasten eine geeignete und kostengiinstige
Produktionsplattform fur einen auf dem Dengue Virus Hullprotein Doméne Il (ED III)
basierenden Impfstoffkandidaten sind. Die Funktionalitdt des konstruierten
Gateway® Plastiden-Transformationsvektor wurde zuerst durch die Expression von
GFP unter Verwendung dieses Vektors in Tabak Chloroplasten uberpriuft. Die
rekombinanten Proteine EDIII 1 und EDIII 3 wurden durch konstitutive Expression in
Tabak-Chloroplasten erzeugt, wéhrend die Expression von EDIII 1, EDIII 2, EDIII 4
und EDIII 1-4 mit dem Ethanol- induzierbaren Expressionssystem erreicht wurde.
Um die Entwicklung eines oralen Impfstoff-Kandidaten zu erleichtern, wurden die
Dengue Antigene EDIII 1 und EDIII 1-4 zusatzlich konstitutiv in Salat Chloroplasten
produziert.

Die hier prasentierten Daten beweisen, dass die Expression der EDIIl basierten
Antigene in Chloroplasten mdglich ist und sie tragen zur Entwicklung eines sicheren,

wirksamen und erschwinglichen Impfstoffes gegen Dengue-Fieber bei.



1 Introduction

1.1 Plants as green factories for pharmaceutical proteins

Throughout history plants have been gathered, cultivated and processed by mankind
not only for food and feed, but also as a valuable source for medicinal products. During
the last three decades, advances in biotechnology have extended the utilization of
plants well beyond these traditional applications by converting plants into factories for
diagnostic reagents, pharmaceutical proteins and industrial enzymes (Ma & Wang,
2012). Although, most of the available recombinant protein drugs are mainly produced
in mammalian cells, in E.coli, in yeast or insect cells, the recent advances in genetic
engineering and molecular biology have created the possibility of producing
biopharmaceutical proteins like antibodies, vaccines, growth factors, enzymes and
hormones using genetically modified plants (Ma & Wang, 2012). Moreover, the
conventional fermenter-based approaches are difficult to scale up and the risk of
contamination with endotoxins or human pathogens results in the need of complex
purification systems and downstream processing (Daniell et al, 2009; Fischer & Emans,
2000). Plant based expression systems on the other hand offer an inexpensive, safe
and clean production platform for recombinant proteins. They are more economic
compared to mammalian cell culture, due to simple growth requirements and an almost
unlimited scalability. There is no risk of contamination from potential human pathogens
as plants are not hosts for human infectious agents and plants possess the ability to
carry out a couple of post-translational modifications, which are often required for the
biological function of therapeutic proteins (Bock, 2014; Clarke et al, 2011; Scharff &
Bock, 2013). For the production of a particular target protein, based on its specific
characteristics, one of the following expression approaches can be chosen: a) stable
expression from the nuclear genome achieved either via biolistic transformation or via
Agrobacterium-mediated transformation; b) expression from the plastid genome; c)
Agrobacterium-mediated transient expression or; d) expression from plant tissues
carrying recombinant plant viral sequences (Streatfield, 2007).

One of the crucial steps in plant based recombinant protein expression is the selection
of a suitable plant species, which is amenable for transformation, has a high protein
expression potential, allows the correct folding of the recombinant protein including
post-translational modifications and has the possibility of extensive accumulation (Tiwari

et al, 2009). Several plant species have been examined as platforms for the safe
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production of pharmaceutical proteins providing advantages such as scalability,
environmental containment and lower overall costs than conventional manufacturing
processes (Melnik & Stdger, 2013). Tobacco is an easily transformed plant and it has
been the model system for plant transformation for decades (Bevan et al, 1983; Horsch
et al, 1985), but the technology has vastly expanded and the list of plant expression
hosts now includes leafy crops (alfalfa, lettuce, clover), legumes (soybean, pea, pigeon
pea), simple plants (Physicomitrella patens, Chlamydomonas reinhardtii, Lemna),
cereals (rice, wheat, barley, maize), fruits and vegetables (tomato, potato, carrot,
cabbage, banana), oil crops (oilseed rape and safflower) and the model plant

Arabidopsis thaliana (Fischer et al, 2004).

Since the first report on expression of a monoclonal antibody in transgenic tobacco

(Hiatt et al, 1989) and the expression of the antigenically functional hepatitis B surface

antigen (HBsAgQ) as the first vaccine protein ever produced in plants (Mason et al,

1992), a great number of economically interesting molecules have been obtained from

plant based expression (Basaran & Rodriguez-Cerezo, 2008; Rybicki, 2010). Many

plant derived therapeutics are undergoing clinical trials (Yusibov et al, 2011) and
extensive research in molecular farming lead to the successful production and

commercialization of several biopharmaceuticals (Faye & Gomord, 2010).

Three plant-made pharmaceuticals have already been approved for human use:

1) a secretory IgA used for the prevention of tooth decay produced in transgenic
tobacco  (CaroRx™  from  Planet  Biotechnology  Inc,  USA,
www.planetbiotechnology.com/products.html);

2) a human intrinsic factor used as a dietary supplement for the treatment of vitamin
B-12 deficiency produced in A. thaliana leaves (Cobento Biotech AS, Denmark,
(Fedosov et al, 2003));

3) the enzyme taliglucerase alfa, a recombinant glucocerebrosidase for treatment of
Gaucher’s disease, produced in carrot cell suspension culture (Elelyso from
Pfizer Inc., USA and Protalix BioTherapeutics Inc., Israel, www.elelyso.com).

In addition, the vaccine against poultry’s Newcastle disease produced in tobacco

suspension culture by Dow AgroSciences has obtained USDA approval and Medicago

Inc. (Canada) has reported positive final results from its H5N1 Avian Influenza VLP

vaccine Phase Il trial.



Since the WHO stated in 2005 that plant derived vaccines are a promising strategy to
increase the availability of affordable vaccines in resource poor countries (van der Laan
et al, 2006), plants have become an attractive alternative vaccine production system
(Arntzen et al, 2005; Daniell et al, 2009; Hefferon, 2013; Streatfield, 2007). These novel
efforts have led to the production of various antigens in plants and these plant made
vaccines can be administered orally, intramuscularly or as intravenous injections after
isolation and purification from the plant tissues (Kwon et al, 2013; Roy et al, 2010a). So
far, several plant-derived vaccine candidates and antibodies against infectious diseases
predominantly occurring in developing countries, like hepatitis B virus (Chen et al, 2011,
Huang et al, 2008; Thanavala et al, 2005), rabies (Roy et al, 2010a; Roy et al, 2010b;
Yusibov et al, 1997) and human papillomavirus (Maclean et al, 2007; Regnard et al,
2010; Waheed et al, 2010; Waheed et al, 2011b) have been developed.



1.2 Chloroplast based expression of recombinant proteins

Despite the recent developments and improvements, there are some limitations and
safety concerns about the use of nuclear transformed plants for vaccine production
including low transgene expression levels (Daniell et al, 2001b) and the serious problem
of transgene out-crossing via pollen mediated gene flow (Pilson & Prendeville, 2004).
Transgene spread can be prevented by the use of plants with male sterility, by plants
that are infertile and clonally propagated or by transient expression systems for use in
greenhouse containment.

Another, effective way to prevent transgene transmission is integration of the
transgenes into the plastid genome. Valuable improvements can be provided to the
current state of transgenic plants by application of the transplastome technology (Koop
et al, 1996; Svab et al, 1990). Remarkable increases in antigen yield have been
reported for chloroplast based expression systems when compared to nuclear
approaches (Daniell et al, 2001a; Rigano et al, 2009; Scotti et al, 2009).

1.2.1 Chloroplast transformation

Chloroplasts are subcellular compartments confined by a double membrane and
specialized in photosynthesis. These plant cellular organelles contain their own DNA
(ptDNA) and transcription and translation machinery. The circular double stranded DNA,
with a size range of 120 to 180 kb depending on the plant species, is highly polyploid
and in most higher plants organized in a quadripartite way with 2 inverted repeat
regions (IR) spanning between the long-single-copy and the short-single copy region
(Shaw et al, 2007). The IR region is characterized by the presence of the ribosomal
RNA genes and a variable number of additional genes depending on the plant species
(Staub, 2002). The site specific integration of transgenes into these spacer regions
avoids position effects and gene silencing (Daniell, 2006). The presence of up to 10.000
copies of ptDNA in photosynthetic cells (Bendich, 1987) is beneficial to obtain very high
recombinant protein expression levels (Bock & Warzecha, 2010; Koop et al, 2007,
Maliga, 2002) with the current reported maximum above 70% of total soluble protein
(Oey et al, 2009). Chloroplast transformation has emerged as a very precise alternative
genetic engineering technique to prevent transgene spread via pollen as chloroplasts
are maternally inherited in most plants (Daniell, 2007) and the absence of plastids in
pollen eliminates the risk of out-crossing. Furthermore, the possibility of expressing

several different transgenes simultaneously using operons (Bock, 2013), the ability of
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the plastid translation machinery to produce recombinant proteins with proper folding,
disulfide bond formation and lipidation (New et al, 2012) and the absence of epigenetic
gene silencing mechanisms (Daniell et al, 2001a; Rigano et al, 2009; Verma et al, 2010)
makes chloroplasts a very attractive expression platform for biopharmaceutical proteins.
Chloroplast transformation is mainly obtained via the biolistic approach (Svab et al,
1990) and integration of the transgene expression cassette into the plastid genome
occurs site-directed via homologous recombination of flanking sequences (Maliga,
2004). The vector DNA, carrying the transgene expression cassette containing the gene
of interest (goi) and an antibiotic resistance gene, is coated onto small gold particles
used as micro-projectiles that transport the foreign DNA into the plant cell (Sanford,
1990). Integration of the transgene expression cassette is based on the site specific
recombination between homologous sequences in the plastid genome and the
transformation vector (Figure 1). The aadA gene (aminoglycoside 3' adenyltransferase),
conferring resistance against both antibiotics spectinomycin and streptomycin, is
included for selection of transformed plant cells (Svab & Maliga, 1993). The transformed
tissue is regenerated into complete plants on revised medium for organogenesis of
plants (RMOP) containing the respective antibiotic. To achieve homoplasmic plants, i.e.
plants containing only transformed plastids, regenerated shoots are subjected to an
additional round of selection on antibiotic containing regeneration medium (Singh et al,
2009). Plastid transformation is regularly used in tobacco but has rapidly expanded to
other crops including potato (Sidorov et al, 1999), tomato (Zhou et al, 2008), lettuce
(Kanamoto et al, 2006; Lelivelt et al, 2005), soybean (Dufourmantel et al, 2004;
Moravec et al, 2007), cauliflower (Nugent et al, 2006).

transplastomic genome

*\x
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chloroplast wt genome
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i

Figure 1 Homologous Recombination. Site-directed integration of the transgene
expression cassette into the intergenic spacer region of the chloroplast genome occurs
via homologous recombination facilitated by the homologous regions (trnN and trnR) in
the plastid genome and the transformation vector.



1.2.2 Vaccine candidates expressed in the chloroplast

Most attempts to produce chloroplast derived antigenes have been made for bacterial
diseases, but also viral antigens and vaccines targeting protozoan parasites have been
expressed. Vaccines against enterogenic E.coli (Kang et al, 2004; Kang et al, 2003;
Rosales-Mendoza et al, 2009; Sim et al, 2009), Clostridium tetani (Tregoning et al,
2005; Tregoning et al, 2003), Bacillus anthracis (Gorantala et al, 2011; Koya et al, 2005;
Watson et al, 2004), Yersinia pestis (Arlen et al, 2008), Borrelia burgdorferi (Glenz et al,
2006) and a multi-epitope vaccine against diphtheria, pertussis and tetanus (Soria-
Guerra et al, 2009) have been produced through the chloroplast. Several viral epitopes
have been expressed including L1 protein of HPV-16 (Fernandez-San Millan et al,
2008; Waheed et al, 2010), Vaccinia virus envelope protein (Rigano et al, 2009),
Hepatitis E E2 (Zhou et al, 2006), Hepatitis C core protein (Madesis et al, 2010) and
Epstein-Barr viral capsid antigen complex (Lee et al, 2006). Functional evaluation by
inhibition of proliferation of the malarial parasite have been reported for apical
membrane antigen-1 and merozoite surface protein-1 expressed in tobacco and lettuce

chloroplasts (Davoodi-Semiromi et al, 2010).

1.2.3 Inducible transgene expression

Although, most foreign proteins are non-toxic in chloroplasts in some cases, abnormal
phenotypes like chlorosis of the leaves, male sterility and growth retardation have been
reported (Lossl et al, 2003; Oey et al, 2009; Ruf et al, 2007; Tregoning et al, 2003;
Waheed et al, 2011b). Inducible expression systems could provide a tool to overcome
these detrimental effects by controlling the transgene expression and production of
foreign protein at any developmental stage or even post-harvest (Lossl & Waheed,
2011). Several regulatory systems achieving inducibility through chemicals (Caddick et
al, 1998; Gatz, 1997; Padidam, 2003), light conditions (Boetti et al, 1999), pathogen
infection (Johnson et al, 2003; Lebel et al, 1998) or growth stage dependent-conditions
(Hennig et al, 1993; Hoff et al, 2001) have been investigated. More recently, a synthetic
plastid encoded riboswitch allowing inducible expression after exogenous theophylline
application has been reported (Verhounig et al, 2010).

The very first trans-activation system for chloroplast expression was developed using
ethanol as an inductor and transforming both the nucleus and the plastid genome (L6ssl
et al, 2005). The nuclear encoded, plastid targeted RNA polymerase from A

bacteriophage T7 (McBride et al, 1994) is expressed using the ethanol inducible alcA
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promoter and the transcription factor AlcR derived from Aspergillus nidulans’ alcohol
dehydrogenase regulon (Caddick et al, 1998; Roslan et al, 2001; Salter et al, 1998).
The T7 RNA polymerase (T7RNAP) is targeted to the chloroplast due to the N-
terminally fused transit peptide of the small RuBisCo subunit from Pisum sativum
(Dasgupta et al, 1998; Nawrath et al, 1994). Upon ethanol spraying of the plants, the
T7RNAP is produced and transported into the chloroplast where it recognizes the T7
promoter controlling the expression of the desired transgene (Figure 2). This system
has been successfully implemented to overcome the growth retardation and male
sterility observed in plants constitutively expressing polyhydroxybutyric acid (PHB) in
plastids (Lossl et al, 2003). Upon ethanol induction the transplastomic plants,
transformed with the inducible expression system of the phb operon, produced PHB,
and in the absence of ethanol flowers and fertile seeds developed (Lossl et al, 2005).
Comparison of inducible and constitutive expression showed that the expression of PHB
synthase reached a level equal to that obtained from constitutive expression after seven
days of ethanol induction (Léssl & Waheed, 2011).

-+ Ethanol
- =N
s /
I .__\__“_‘__‘_ A ___./
/ ' i
I Nucleus
\ /

\
S | Palc ::TTRNAP

| —_—

T7 Promoter | j . Transgene expression

1
Chloroplast Recombinant
protein

Figure 2 Ethanol induced recombinant protein expression. Upon ethanol spray of
the plants, the T7RNAP is transcribed and translated in the nucleus and then
transported into the chloroplast where it recognizes the T7 promoter and switches on
the expression of the transgene (Ldssl et al, 2005).



1.3 Gateway® recombinant cloning technology
The Gateway® recombinant cloning technology is a very accurate cloning method that
takes advantage of the site-specific recombination properties of bacteriophage lambda
(Landy, 1989) providing a rapid and highly efficient way to transfer DNA fragments
between vectors carrying compatible recombination sites (Error! Reference source
not found.). This system carries out two reactions:

(1) the BP-reaction: attB x attP — attL + attR mediated by the integrase (Int) and

integration host factor (IHF) proteins and
(2) the LR reaction: attL x attR — attB + attP mediated by Int, IHF and
excisionase (Xis) (Hartley et al, 2000).

The main limitation of cloning with traditional restriction enzymes that might also cut
inside the gene of interest’'s sequence is circumvented by using the Clonase® enzyme
mixes (Invittogen™) which contains the necessary enzymes for each reaction. The
Entry clone is created by the Gateway® BP Clonase® enzyme mix mediated transfer of
the attB sites flanked gene of interest (goi) into the attP site bearing pDONR221™. The
fragment containing the goi flanked by attB1 and attB2 can either be produced by PCR
or by linearizing a suitable plasmid. Subsequently, the fragment in the Entry clone can
be transferred to any Destination vector containing attR sites using the Gateway® LR
Clonase® enzyme mix (Karimi et al, 2002). The att recombination sites in the Donor
and the Destination vectors flank a ccdB gene (control of cell death) and a
chloramphenicol-resistance gene (Bernard, 1995), thus can only be propagated in ccdB
survival™ E.coli that contain a gyrA462 mutation providing resistance to the lethal
effects of the ccdB gene. The presence of the counterselectable ccdB gene and the
chloramphenicol resistance gene in both the Donor and the Destination vector provides
a unigue system of negative selection that eliminates all unwanted by-product plasmids
after recombination resulting in maximum cloning efficiency.
The system has been successfully used for the creation of expression vectors for
different bacterial-, yeast-, mammalian- and insect cell culture- expression systems
(Katzen, 2007) which are commercially available and marketed by Life Technologies
(Carlsbad, CA, USA, http://www.lifetechnologies.com).
Several plant Destination vectors have been constructed for aims including protein
localization, promoter functional analysis, gene overexpression, gene knockdown by
RNA interference, production of epitope-tagged proteins for affinity purification, or
analysis of protein/protein interactions using fluorescence resonance energy transfer

(FRET), bioluminescence resonance energy transfer (BRET) or bimolecular
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fluorescence complementation (BiFC) (Earley et al, 2006). Plants have been
transformed with Gateway® compatible vectors via several methods including
Agrobacterium-mediated delivery, PEG transformation, particle bombardment and
electroporation, although only vectors for transient expression or stable nuclear
transformation have been reported up to now (reviewed by Dubin et al, 2008; Karimi et
al, 2007).

attP1 attP2
MCS  aumt  ousz [ e Hee MR AT Mu e -—
a) #HE" {5 o 5} q}. pDONRTM e
Linearized pgoi reactlon

Transfcrmat'lon to E. coli
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*-“—’

attll attl2 attR1 arrnz attB1 attB2 attP2

X [mH oo é} (S H e 5] HcchHCmRH o
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v 4P & 4 Cloneson LB+Am
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Figure 3 Scheme of Gateway® recombinant cloning technology (Gottschamel et al,
2013). a) In the BP reaction the Integrase, mediates the insertion of the goi sequence
into the donor vector ()(DONR™) yielding the Entry clone (pENTR™). (b) In the LR
reaction the goi is then integrated into the Destination vector (pDEST™) mediated by
Integrase and Excisionase yielding the final Expression clone (pEXP™-goi) which is
used for chloroplast transformation and protein expression. Ordinary E.coli cells
transformed with the pDONR™, which is the by-product of the LR reaction, cannot grow
due to the lethal effects of the ccdB gene. Am: ampicillin; AmR: ampicillin resistance
gene; Km: kanamycin; KmR: kanamycin resistance gene; LB: LB medium;
attB1/B2/P1/P2/L1/L2/R1/R2: Gateway® recombination sites.



1.4 Dengue Fever

Dengue Fever is the most rapidly spreading mosquito-transmitted viral disease
threatening more than 40 % of the world’s population. This febrile disease is endemic in
more than 100 countries in Africa, the Americas, the Eastern Mediterranean, South-east
Asia and the Western Pacific. Dengue transcends international boundaries and is
emerging rapidly as the consequence of globalization, rapid unplanned and unregulated
urban development, improper water storage, unsatisfactory sanitary conditions, climate
change and global warming (Chaturvedi & Nagar, 2008). In 2010 the first European
local transmissions of Dengue were reported in France and Croatia and in 2012 an
outbreak of Dengue on Portugal's island Madeira resulted in over 2 000 cases (WHO,
2013). Infection with the Dengue viruses can cause Dengue fever (DF), Dengue
haemorrhagic fever (DHF) and Dengue shock syndrome (DSS). Dengue fever is a flu-
like illness accompanied by symptoms like headache, pain behind the eyes, muscle and
joint pains, nausea, vomiting, swollen glands or rash. The severe forms DHF and DSS
are potentially deadly complications due to plasma leaking, fluid accumulation,
respiratory distress, severe bleeding or organ impairment (WHO, 2013). Dengue
infections are a significant cause of morbidity and mortality and lead to adverse social
and economic impacts in many developing tropical countries (Gubler, 2002). The WHO
estimates 50 - 100 million new infections occurring each year (WHO, 2013), an
additional 500 000 cases of DHF/DSS and over 20 000 Dengue related deaths each
year (WHO, 2006).

The Dengue virus belongs to the genus Flavivirus, family Flaviviridae (Calisher et al,
1989) and its genome is a ~11 kb long positive single stranded RNA (Schlesinger,
1977). The RNA is transcribed as polycistrons and the polyprotein
undergoes post-translational cleavage by viral and host proteases generating three
structural and 7 non-structural proteins (Clyde et al, 2006; Lindenbach & Rice, 2003).
The enveloped virus particles are of icosahedral shape with a diameter of 500 A
corresponding to 50 nm (Kuhn et al, 2002). The virus is typically transmitted by the bite
of the blood feeding, day active mosquito Aedes aegypti (WHO, 2009) and occurs in
four closely related but antigenically and genetically distinct serotypes DEN-1, DEN-2,
DEN-3 and DEN-4 (Weaver & Vasilakis, 2009). Infection with any one serotype usually
causes the mild form of the disease (Dengue fever) and provides lifelong homologous
immunity to that serotype with only transient cross protection against the others (Kurane
& Ennis, 1992). However, subsequent infection with a different serotype leads to the

life-threatening forms of the disease: DHF and DSS. Dengue pathogenesis appears to
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be the result of complex interactions of host and viral factors, with the two most evident
contributors being antibody dependent enhancement and inherent virulence of the
Dengue viruses (Swaminathan & Khanna, 2009). One hypothesis for the increased
severity seen in secondary infections is a mechanism called “antibody dependent
enhancement” (ADE) (Halstead, 2003). It has been reported that antibodies produced
during a primary infection are highly cross-reactive and non-neutralizing among the
Dengue virus serotypes and therefore can complex with and facilitate the uptake of
heterotypic viruses into Fc-receptor bearing cells which leads to their increased
replication and potently promotes ADE (Dejnirattisai et al, 2010; Halstead, 1988).
Phylogenetic analysis identifying two different genotypes of DEN-2: the “Asian”
genotype associated with DHF and the “American” genotype associated with DF (Rico-
Hesse et al, 1997) go along with the suggestion that certain strains have inherent
virulence making them capable of causing the severe disease form while other strains
are associated only with the mild form (Swaminathan & Khanna, 2009). General
consensus regarding DHF pathogenesis is that a massive cytokine storm triggered
directly or indirectly by various factors is responsible for endothelial cell damage leading
to plasma leakage (Pang et al, 2007).

Currently there is no approved vaccine to protect against Dengue fever (WHO, 2013).
The treatment of acute Dengue is supportive, using either oral or intravenous
rehydration for mild or moderate disease, and intravenous fluids and blood transfusions
for more severe cases. Prevention of Dengue transmission is currently only possible
through vector control and protection from the bites of infected mosquitos through
various strategies:

e the use of personal household protection such as window screens, long-sleeved
clothes, insecticide treated materials, coils and vaporizers;

e preventing mosquitoes from accessing egg-laying habitats by environmental
management, applying appropriate insecticides to water storage outdoor
containers and removing artificial man-made habitats;

e application of insecticides as space spraying during outbreaks as one of the

emergency vector control measures (WHO, 2013).
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1.5 Vaccine development against Dengue Fever Virus

The most effective way to reduce disease and mortality rates of infectious diseases is to
vaccinate susceptible populations at risk. The development of a vaccine against
Dengue fever offers the potential for effective prevention and long-term control of the
virus infection. Despite this, more than 60 years after the discovery of the virus and the
start of systematic research into Dengue vaccines, no such vaccine has been brought to
the market yet (WHO, 2013). The development of the vaccine has been hindered and
delayed by the complex pathogenesis of the disease, by the need to control four viruses
simultaneously and by the lack of a suitable animal model. However the increasing
spread and intensity of the disease over the past years has triggered new interest and

investment in Dengue vaccine research.

1.5.1 Current status of vaccine development

Infection with any one of the Dengue serotypes provides lifelong immunity to that
serotype, but secondary infection with a different serotype can predispose an individual
to potentially fatal DHF and DSS. Anti-dengue antibodies specific to one serotype cross-
react with the remaining serotypes, but do not cross-protect against them (Halstead,
1988). This has prompted the view that an efficient Dengue vaccine must be tetravalent,
procuring protection against all four virus serotypes at once (Hombach et al, 2005). The
main strategies applied for vaccine production against Dengue fever consist in
traditionally and molecularly attenuated live viruses, chimeric live virus vaccines, vector
based vaccines, DNA vaccines and recombinant subunit vaccines (Guzman et al,
2009).

The most advanced Dengue vaccine candidates have been developed as single
serotype-specific vaccine formulations (monovalent vaccines) and are being evaluated
as physical four-in-one mixtures for their capacity to elicit protective immunity against
the four serotypes (Swaminathan et al, 2010). Empirically attenuated vaccine strains for
all four Dengue serotypes have been obtained by repeated serial passage in primary
dog kidney cells (Halstead & Marchette, 2003) by two independent research groups.
The Mahidol University in Thailand (Bhamarapravati & Yoksan, 2001) licensed their
vaccine candidate strains to Sanofi Pasteur (France, Mahidol vaccine), while the Walter
Reed Army Institute of Research (Eckels et al, 2000b) licensed their candidate strains to
GlaxoSmithKline (Belgium, WRAIR vaccine) for large scale production and further

evaluation. Repeated reports of unbalanced immune responses in human trials using
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the attenuated tetravalent vaccine formulations of both, the Mahidol (Edelman et al,
2003; Kanesa-Thasan et al, 2001) and the WRAIR vaccine (Eckels et al, 2000a; Sun et
al, 2003) have stalled further development and commercialization of these vaccine
candidates.

An alternate strategy has been adopted by Sanofi-Pasteur where the structural genes of
the empirically attenuated Yellow fever virus strain 17D (YF17D, (Monath, 1997)) were
replaced with the premembrane (prM) and envelope (E) gene of the Dengue viruses to
create four monovalent chimeric yellow fever Dengue vaccine strains (CYD strains,
(Guirakhoo et al, 2001)). Immunization of monkeys with a tetravalent vaccine
formulation resulted again in an unbalanced immune response with the highest
response being directed against DEN-2 (Guirakhoo et al, 2001). However, after several
dose adjustments and promising results of an administration study in healthy adult
volunteers (Morrison et al, 2010), the tetravalent CYD formulation entered Phase Il
trials. The results reported by the pediatric phase 2b trial in Thailand showed good
protection against DEN-1, DEN-3 and DEN-4, but not against DEN-2 (Sabchareon et al,
2012). Currently, the tetravalent vaccine candidate CYD15 is undergoing a phase Il
clinical trial in Dengue-endemic areas in Latin America with the scope of evaluating the
efficacy and safety of protection in healthy children and adolescents aged 9 to 16 years
(Sanofi-Pasteur, 2014).

Other approaches include a deletion of 30 nucleotides in the viral 3'UTR (A30 vaccines,
(Durbin et al, 2001)), intertypic chimeric Dengue vaccines (Bhamarapravati et al, 1996)
self-destructing virus mutants with a furin protease cleavage site in the membrane
glycoprotein (Brown, 2004), RepliVax vectors that undergo only one cycle of infection in
the vaccinated host (Frolov et al, 2007) and the utilization of the live attenuated

Schwarz measles virus vaccine as a carrier for Dengue antigenes (Brandler et al, 2007).

1.5.2 EDIII based antigene expression in chloroplasts

The current tetravalent Dengue vaccine candidates, which are in advanced stages of
development, are based on live-attenuated virus strains or genetically manipulated
chimeric Flavivirus. However, the continuous difficulties associated with these vaccine
candidates have necessitated the exploration of alternative non-replicating subunit
vaccines. The majority of attempts to produce a recombinant protein based vaccine
focus on the envelope (E) protein of Dengue viruses.
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The E protein consists of three domains (Modis et al, 2003): the envelope domain |
(EDI), flanked by a dimerization domain (EDII) containing the fusion peptide and an
immunoglobulin-like domain (EDIIl) which contains the host cell surface receptor
binding motif (Chen et al, 1997) and several serotype specific neutralizing epitopes
(Chin et al, 2007; Megret et al, 1992). The EDIII protrudes from the virus surface to
facilitate binding to the host cell surface receptor (Crill & Roehrig, 2001) and mediates
host membrane fusion (Allison et al, 2001). The EDIII domain, spanning amino acids
300 - 400 of the E protein, appears to have only very low intrinsic potential for eliciting
cross-reactive antibodies against heterologous serotypes (Hombach et al, 2005) and
therefore has emerged as the most promising region for vaccine development (Guzman
et al, 2010).

Recombinant antigens based on the E protein or the EDIII have been produced using
bacteria (McDonald et al, 2009; Simmons et al, 1999; Srivastava et al, 2000), yeast
(Cardoso et al, 2013; Etemad et al, 2008), insect cells (lvy et al, 2000), and plant
expression systems (Martinez et al, 2010; Saejung et al, 2007). In order to avoid the
unbalanced immune response elicited by tetravalent formulations consisting of
stoichiometrically mixed monovalent vaccines, a recombinant fusion protein linking the
EDIIl domain of Dengue virus serotypes 1, 2, 3 and 4 has been developed. This fusion
protein was able to elicit neutralizing antibodies against all four serotypes (Batra et al,
2007; Etemad et al, 2008).

For the present study we have opted for the expression of the tetravalent fusion protein
(EDIII 1-4) and the corresponding monovalent forms (EDIII-1, -2, -3 and -4) in tobacco
and lettuce chloroplasts, because plant based expression is cheap, easy to up-scale
and safe regarding contamination with human pathogens. Furthermore, localization of
the transgene in the maternally inherited chloroplast genome prevents transgene
spread via pollen, thus increasing the biosafety of the genetically modified plants.
Tobacco has been used because it is a hon-food/non-feed crop, has a relatively good
tractability to genetic manipulation and is an excellent biomass and seed producer
(Svab & Maliga, 1993). Unfortunately, the high content of nicotine and alkaloids make
tobacco a rather unsuitable material for edible vaccines. For the purpose of oral
administration of the Dengue vaccine, which would eliminate expensive requirements of
sterile injectables and maintaining a cold-chain (Streatfield, 2006), lettuce has been

chosen as a more digestible and non-toxic alternative.
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1.6 Objectives of the work

This PhD work has a strong focus on utilization of the cost-effective plant production
platform for the development of a Dengue vaccine at low costs for the benefit of millions
of people, in particular children in low income countries. To date, there is no vaccine
against Dengue fever available on the market and therefore the development of an
efficient, safe and affordable vaccine is of great importance. Chloroplast based
expression of pharmaceutical proteins offers several advantages. These include high
expression levels, easy containment due to maternal inheritance of plastids and the
possibility to express multiple transgenes with one successful transformation event.

The presented study therefore has the following three main objectives.

1.6.1 Development of a plastid transformation vector introducing the Gateway®
recombinant cloning technology

With three expression strategies, two plant species and four different Dengue virus

serotypes a large number of plastid transformation vectors had to be constructed.

Conventionally this is done by enzymatic restriction digestions and ligation reactions,

which are the most time-consuming steps in chloroplast based expression of

recombinant proteins. This tedious cloning procedure could be shortened and simplified

by the use of the Gateway® recombinant cloning technology. Gateway® cloning

introduces the attB1 sequence at the 5~ and the attB2 sequence at the 3" regions of the

expression cassette. However, insertion of a novel sequence like attB1l between

promoter and 5"UTR includes the risk to damage this very sensitive region and to affect

the critical RNA interactions required for protein expression.

Therefore the aim of this preparatory part of the work was

a) to investigate if the presence of a novel sequence like attB1 between the rrml6
PEP+NEP promoter and the 5° UTR T7g10 has an impact on the transgene
expression and

b) to demonstrate the feasibility of the Gateway® cloning system for plastid

transformation by GFP expression.
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1.6.2 Expression of EDIII antigens in tobacco using a constitutive and an
inducible expression system

Up to now no vaccine against Dengue fever has been brought to the market, mainly due

to the fact that successful vaccination against all four virus serotypes must be achieved

at once (Hombach et al, 2005). So far, yeast-expressed monovalent EDIIIs and a fusion

protein consisting of the EDIIIs of all four serotypes have shown immunogenicity in mice

(Etemad et al, 2008).

In order to demonstrate that tobacco plastids are a suitable and cost-effective

production platform for such putative vaccine candidates, two strategies were

envisaged:

a) the constitutive expression approach with a strong plastid derived promoter to obtain
high yields of recombinant protein and

b) the ethanol-inducible expression system allowing the controlled expression of EDIII to
circumvent putative detrimental effects of recombinant protein expression on plant

growth.

1.6.3 Expression of EDIII antigens in lettuce for the development of oral vaccines
Although tobacco is still the most preferred species in chloroplast transformation, it is
less suitable for the expression of proteins with intended oral administration due to its
high alkaloid content. For subsequent application of the EDIIlI proteins as an oral
vaccine it is necessary to express the antigenic proteins in an edible crop like lettuce
that can be consumed in raw form.

In order to obtain constitutive expression of EDIII proteins in lettuce, the following steps
were necessary:

a) design and construction of lettuce specific plastid transformation vectors and

b) plant transformation, regeneration of homoplastomic lettuce plants and analysis of

recombinant protein expression levels.
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2 Materials and Methods

Materials

2.1

Bacterial strains

One Shot® OmniMAX™ 2 T1R chemically competent E.coli (Cat. No. C8540-03,
Invitrogen™, Thermo Fisher Scientific Inc., USA)

One Shot® ccdB Survival™ 2 T1R chemically competent E.coli (Cat. No. A10460,
Invitrogen™, Thermo Fisher Scientific Inc., USA)

2.2 Plant materials
Tobacco:
1) Seeds of Nicotiana tabacum cv. Petit Havana: wild-type (wt)
2) Seeds of Nicotiana tabacum transformed with the T7 RNA Polymerase in the
nucleus: 285-78-T7
3) Seeds of Nicotiana tabacum expressing EDIII 1 constitutive: N.t.-EDIII 1
4) Seeds of Nicotiana tabacum expressing EDIII 2 constitutive: N.t.-EDIII 2
5) Seeds of Nicotiana tabacum expressing EDIII 3 constitutive: N.t.-EDIII 3
Lettuce:
6) Seeds of Lactuca sativa L. cv. Barkley: wild-type (wt)

Constructed transplastomic plant lines:

Tobacco:

1) Nicotiana tabacum line expressing GFP constitutive: N.t.-PN-GFP

2) Nicotiana tabacum line expressing EDIII 1 inducible: 285-78-T7-EDIII 1

3) Nicotiana tabacum line expressing EDIII 2 inducible: 285-78-T7-EDIII 2

4) Nicotiana tabacum line expressing EDIII 4 inducible: 285-78-T7-EDIII 4

5) Nicotiana tabacum line containing T7-EDIII 1-4 in the plastid: N.t.-T7-EDIII 1-4

6) Nicotiana tabacum line expressing EDIII 1-4 inducible: 285-78-T7-EDIII 1-4
Lettuce:

7) Lactuca sativa line expressing EDIII 1-4 constitutive: S12-PN-EDIII 1-4

8) Lactuca sativa line expressing EDIII 1 constitutive: S16-PN-EDIII 1
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2.3 Chemicals and reagents

Table 1 Ready to use reagents and Kits.

Kits

Company

AP-conjugate substrate Kit, Cat. No. 170-6432

Bio-Rad, USA

DIG-High Prime DNA Labeling and Detection Starter
Kit Il; Kit for chemiluminescent detection with CSPD,
Cat. No. 11585614910

Roche Applied Science, USA

Gateway® BP Clonase® Enzyme Mix,
Cat. No. 11789-013

Invitrogen, USA

Gateway® LR Clonase® Enzyme Mix,
Cat. No. 11791019

Invitrogen, USA

Gateway® Vector Conversion System with One
Shot® ccdB Survival Cells, Cat. No. 11828-029

Invitrogen, USA

Roti®-Nylon plus, pore size 0.45 ym, Cat. No. K058.1

Carl Roth GmbH, Germany

HisPur™ Cobalt Purification Kit, Cat. No. 90090

Thermo Scientific, USA

iBlot®Gel Transfer Stacks, Cat. No. IB301001

Life technologies, USA

Pierce™ BCA Protein Assay Kit, Cat. No. 23227

Thermo Scientific, USA

Qiagen® Plasmid Maxi Kit, Cat. No. 122637

Qiagen GmbH, Germany

Qiagen® Plasmid Midi Kit, Cat.No. 12145

Qiagen GmbH, Germany

QIAprep® Spin Miniprep Kit, Cat. No. 27106

Qiagen GmbH, Germany

QIAquick® Gel Extraction Kit, Cat. No. 28706

Qiagen GmbH, Germany

Rapid DNA ligation Kit, Cat.No. 1422

Thermo Scientific, USA

Reagents

0.6 um Gold Microcarriers

Bio-Rad, USA

1 kb DNA ladder

New England Biolabs, USA

100 bp DNA ladder

New England Biolabs, USA

100 mM dNTP Set, PCR Grade

Invitrogen, USA

6X Loading Dye

Thermo Scientific, USA

Anti-Rabbit IgG (Fc), AP conjugated, Cat. No. S3731

Promega, USA

Ethidium bromide 1% in water

Carl Roth, Germany

GeneAmp® 10X PCR Buffer

Applied Biosystems, USA

Lambda DNA/Eco130I (Styl) Marker 16,

Fermentas, Lithuania

Polyclonal rabbit anti-dengue antibody produced
against amino acid sequence: KFKVVKEIAETQHGT

Davids Biotechnology,
Germany

Polyclonal rabbit anti-GFP antibody,
Cat. No. ABIN398856

antibodies-online GmbH,
Germany

Protein marker 1V

Peglab GmbH, Germany

Quick Start™ Bovine Serum Albumin Standard

Bio-Rad, USA

Quick Start'™ Bradford 1x Dye Reagent

Bio-Rad, USA

Sigmafast™ BCIP®/NBT

Sigma-Aldrich, USA

Spectra Multicolor Broad Range Protein Ladder

Thermo Scientific, USA
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Table 2 Primers and probes. Primers were custom-synthesized by Eurofins MWG
Operon (Germany) and reconstituted with sterile ddH20 to a stock concentration of 100
mM, further diluted to a working concentration of 10 mM and stored at -20°C in aliquots
of 500 pl.

Primer | Sequence 5'->3’

pl ACCCATGGCTTCTAAAGGAG

p2 AGACAGCGACGGGTTCTCTG
p3 GATCCGAGCCATAGAATTTC

p4 TGCTGGCCGTACATTTGTACG
pS TACCCGGGAATTGTGACCTC

p6 AGAGTCCGACCACAACGACC
p7 GCTGAAACTCAACATGGAACTG
p8 ATGCTTTTTCACCAGCACCT

p9 TTGCTGAAACTCAACATGGA

pl0 CCAAAAGGAGGTTCAGCTTC
pll TGAAGATGGACAAGGAAAAGC
pl2 CTCCACCACCTCCTTTACCA
pl3 ACTACTCAAGCTGCATTATATACC
pl4 GCACCTTTTACTAAGATCAATG
pl15 GGAGGTAGGATGGGCAGTTG
pl6 GGACTCGAACCGCTGACATC
pl7 GGACTCGAACCGCTGACATC
pl8 AACGACCTTTTGGAAACTTC
pl9 TCTGTGAGCGTGACGGTGGT
p20 TTACGCGAACGCGAAGTCCG
pM13F | GTAAAACGACGGCCAG

pM13R | CAGGAAACAGCTATGACC
p296 TGACTTATATACTCGTGTCAAC
p297 CTGCTAATGTCTACTGTTTGT

Probe JaadA | denl | den2 | den3 |insl psaB | trnA

Table 3 Enzymes.

Name/Description Company

AmpliTag® DNA Polymerase (5U/ul) Applied Biosystems, USA
Apal, Bglll, Smal, Ncol, Sacll, Pstl, New England Biolabs, USA
EcoRV, Xbal, Nhel, Kpnl
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Table 4 Chemicals.

Name/ Description

Company

Acetic acid (CH3COOH)

Sigma-Aldrich, USA

Acrylamide/bis-acrylamide (19:1) 40%

Sigma-Aldrich, USA

Agarose

Sigma-Aldrich, USA

Ammonium acetate (NH4AC)

Sigma-Aldrich, USA

Ammoniumpersulfate (APS)

Sigma-Aldrich, USA

Ampicillin

Sigma-Aldrich, USA

Bacto Agar

Carl Roth, Germany

Bacto Tryptone

Carl Roth, Germany

BAP (6-benzylaminopurine)

Sigma-Aldrich, USA

Bovine Serum Albumin (BSA)

Sigma-Aldrich, USA

Brilliant Blue G

Sigma-Aldrich, USA

Calcium Chloride Dihydrate

Merck, Germany

Chloramphenicol

Duchefa Biochemie, Netherlands

Chloroform Sigma-Aldrich, USA
cOmplete Protease Inhibitor Cocktall Roche Applied Science, USA
Developer AGFA, Belgium

Dithiothreitol (DTT)

Sigma-Aldrich, USA

EDTA dinatriumsalt

Fluka, Switzerland

Ethanol 96 %

Sigma-Aldrich, USA

Fixer AGFA, Belgium

Gelzan™ CM Gelrite® Sigma-Aldrich, USA
Glycerol Carl Roth, Germany
Glycine Carl Roth, Germany

Hexadecyl-trimethyl-ammonium bromide
(CTAB)

Duchefa Biochemie, Netherlands

Hydrochloric Acid (HCI)

J.T.Baker, Netherlands

Isopropanol

Merck, Germany

Kanamycin sulfate

Sigma-Aldrich, USA

Magnesium acetate tetrahydrate

Sigma-Aldrich, USA

Magnesium chloride hexahydrate

Carl Roth, Germany

Maleic acid

Fluka, Switzerland

Methanol

Fluka, Switzerland

MS (Murashig&Skoog) incl. vitamins

Duchefa Biochemie, Netherlands

N,N,N',N'-tetramethylethylenediamine
(Temed)

Sigma-Aldrich, USA

Naphtalene acetic acid (NAA)

Duchefa Biochemie, Netherlands

Polyvinylpyrrolidone (PVP) 40

Sigma-Aldrich, USA

Potassium acetate (KAc)

Carl Roth, Germany

Potassium chloride (KCI)

Sigma-Aldrich, USA

Potassium hydroxide (KOH)

Merck, Darmstadt, Germany
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Potassium phosphate monobasic (KH,PO,)

Sigma-Aldrich, USA

SDS (Sodium lauryl sulfate)

Sigma-Aldrich, USA

Sodium acetate (NaC,H305)

Merck, Germany

Sodium Chloride (NaCl)

Carl Roth, Germany

Sodium Citrate tribasic dihydrate

Sigma-Aldrich, USA

Sodium hydroxide (NaOH)

Carl Roth, Germany

Sodium phosphate dibasic (Na;HPO,)

Sigma-Aldrich, USA

Spectinomycin dihydrochloride

Sigma-Aldrich, USA

Spermidine Duchefa Biochemie, Netherlands
3-Mercaptoethanol Sigma-Aldrich, USA
Sucrose Duchefa Biochemie, Netherlands
Tris Duchefa Biochemie, Netherlands
Tween 20 Sigma-Aldrich, USA

Yeast extract

Carl Roth, Germany

Table 5 Buffers, solutions and media.

Name/ Description Recipe
Buffers
Alkali-Transfer Buffer 5X, Concentration
1L 175,59 NaCl 3M
809 NaOH 2M
1L H,O

AP color development

AP color development Buffer 25X was diluted 1:25 in

Buffer 1X distilled water and stored at +4°C.
Blotting Buffer, 10X, Concentration
pH83,1L 3.02¢g Tris 25 mM
144 ¢ Glycine 192 mM
200 ml Methanol 20 %
1L H,O
CTAB Buffer 1X, 200 ml Concentration
49 CTAB 2%
40 ml 1 M Tris-HCI 200 mM
8 mi 0.5 M EDTA 20 mM
16.36 g NaCl 1.4 M
29 PVP 40 1%

filled to 200 ml with distilled water, sterilized by
autoclaving and stored at +4°C.

Detection Buffer 1X,

Concentration

pH 9.5, 30 ml 3ml 1 M Tris-HCL 0.1M
60 ul 5 M NaCl 0.1M
27 ml H.O
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Laemmli Buffer (LB) 5X, Concentration
pH 6.8, 50 ml 59 SDS 10 %
5ml 13 M 3-MercaptoEtOH 10 %
25 ml 100 % Glycerol 50 %
45 ul 100 % Bromphenol Blue 0,09 %
10.42 ml 1.5 M Tris-HCI, pH 6.8 312.5 mM
10 ml H.O
Maleic acid Buffer 1X Concentration
pH7.5, 1L 100 ml Maleic acid 10X 0.1 M
100 ml 1 M NacCl 0.1 M
800 ml H.O
PBS 10X, pH 7.4, 1L Concentration
80¢ NaCl 137 mM
29 KCI 2.7mM
144 g Na,HPO,4 100 mM
2449 KH2PO,4 2mM

Filled to 1 L with distilled water and 22utoclaved.

PBS-T 1X

PBS 10X was diluted 1:10 in distilled water; 1 ml
Tween-20 was added per 1 L Buffer.

Plant Extraction Buffer |
(PEB 1), 1X, 10 ml

Concentration

200 pl 5 M NacCl 100 mM
200 pl 0.5 M EDTA, pH 8 10 mM
2ml 1M Tris-HCI, pH 8 200 mM
5 pul Tween-20 0.05 %
100 pl 10 % SDS 0.1%

11 pl 13 M 3-MercaptoEtOH 14 mM
2 ml 1 M Sucrose 200 mM
200 pl 100 mM PMSF 2 mM

Plant Extraction Buffer Il
(PEB 1), 1X, 10 ml

Concentration

714 pl 1 M Sucrose 0.7 M
5ml 1M Tris-HCI pH 9.5 05 M
1 ml0.5MEDTA 50 mM
833 pl 1.2 M KCI 0.1M
20 pl 13 M R-MercaptoEtOH 0.2 %
1 cOmplete mini tablet 1X
8.7 ml H,O
Running Buffer, 10X, Concentration
pH 8.3, 1L 30,29 Tris 0.25M
144 ¢g Glycine 1.92M
10g SDS 1%
1L H,O
Separating Gel-Buffer 4X, Concentration
pH8.8,1L 181.5g Tris 15M
29 SDS 0.2%
1L H,O

Set pH with concentrated HCI.
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Stacking Gel-Buffer 4X,
pH6.8,1L

Concentration
60.5 g Tris 0.5 M
29 SDS 0.2 %
1L H,O

Set pH with concentrated HCI

TAE Buffer 1X, 1L

TAE 50X was diluted 1:50 in distilled water.

TAE Buffer 50X, 1 L

Concentration

242 g Tris 2M
7.1 ml Acetic acid 0.7 %
100 ml 0.5M EDTA 0.05 M

Filled to 1 L with distilled water and autoclaved.

TBS 10X,pH 7.6,1L

Concentration

80g¢g NacCl 1370 mM
24.2 g Tris 200 mM
Filled to 1L with distilled water and autoclaved.

TBS-T 1X

TBS 10X was diluted 1:10 in distilled water; 1 ml Tween
20 was added per 1 L Buffer

TE Buffer 1X, pH 5.6,
100 mi

Concentration
1ml 1 M Tris-HCI 10 mM
200 pl 0.5 M EDTA 1mM
Filled to 100 ml with distilled water and autoclaved.

Wash Buffer (WB) 1X,

Concentration

pH7.5, 1L Maleic acid
750 ml Buffer 1X 1x
2mi Tween- 20 0.3 %
SSC Buffer 20X, 1 L Concentration
175,32 g NaCl 3 M
88,29 Sodium citrate 300 mM

Solutions

Acryl-amide 30 %

37 ml of Acryl-amide (40%) were filled up to 50 ml with
distilled water and stored at +4°C.

Ampicillin 25 mg/ml, 10 ml

250 mg ampicillin were dissolved in 10 ml distilled water,
filter sterilized and stored at -20 °C.

APS 10 %, 10 ml

1 g Ammonium persulfate was dissolved in 10 ml
distilled water, aliquoted and store at -20°C.

BAP 1 mg/ml, 100 ml

100 mg 6-benzylaminopurine were dissolved in 0.5 ml
1 M NaOH, filled up to 100 ml with distilled water, filter
sterilized and stored at -20°C.

Blocking solution 1X for
Southern Blot

10X Blocking solution was diluted 1:10 in 1X Maleic acid
Buffer.

Blocking solution for
Western Blot

0.5 % BSA in 1X TBS-T or 1X PBS-T

CaCl; 2.5 M, 20 ml

10.8 g CaCl;, x 6 H,O were dissolved in 20 ml distilled
water, filter sterilized, aliquoted and stored at -20°C.

Chloramphenicol 3 mg/ml,
50 ml

150 mg chloramphenicol were dissolved in 5 ml ethanol,
filled up to 50 ml with distilled water, filter sterilized and
stored at +4°C.

DTT 1 M, 50 ml

7.7 g DTT were dissolved in 50 ml water and aliquots
were stored at -20°C.
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dNTPs 25 mM each, 100ul

25 ul dATP
25 pl dCTP
25 ul dGTP
25 pl dTTP
mixed and stored in aliquots at -20°C.

EDTA 0.5 M, pH 8.0,
500 ml

84.05 g EDTA
11.25 g NaOH
dissolved in 250 ml distilled water and autoclaved.

Kanamycin 25 mg/ml,
100 ml

250 mg kanamycin were dissolved in 100 ml distilled
water, filter sterilized and stored at -20 °C.

Maleic acid 10X, pH 7.5,
1L

116 g Maleic acid were dissolved in 1 L of distilled
water, the pH adjusted with solid NaOH and autoclaved.

HCI0.25M, 1L

25 ml 37% HCI were diluted with 975 ml distilled water.

MgAc 0.1 M, 500 ml

10.7 g Magnesium acetate tetrahydrate were dissolved
in 500 ml distilled water and autoclaved.

NAA 1mg/ml, 50 ml

50 mg Naphtalene acetic acid were dissolved 50 ml
distilled water, filter sterilized and stored at -20°C.

NaCl1M,1L

58.44 g NaCl were dissolved in 1 L distilled water and
autoclaved.

NaCl 5 M, 500 ml

146.4 g NaCl were dissolved in 1 L distilled water and
autoclaved.

NaOHO0.4 M, 1L

16 g NaOH were dissolved in 1 L distilled water.

NaAc 3 M, pH 5.2, 200 ml

49.2 g Sodium acetate were dissolved in 200 ml distilled
water.

0.1 M NH4OAc, 50 ml

0.38 g Ammonium acetate were dissolved in 50 ml
Methanol and autoclaved.

KCI 250 mM, 100 ml

1.86 g KCI were dissolved in 100 ml distilled water.

KAc 3 M, 100 ml pH 5.2

29.44 g KAc were dissolved in 100 ml distilled water.

SDS 10 %, 100 ml

10 g SDS were added to 100 ml distilled water and
heated to 68 °C. The pH was adjusted to 7.2 and the
solution sterilized by autoclaving.

Spectinomycin (Spec)
100 mg/ml, 100 ml

10 g Spectinomycin were dissolved in 100 ml distilled
water, filter sterilized and stored at -20°C.

Spermidine 0.1 M, 10 ml

0.255 g Spermidine were dissolved in 10 ml distilled
water, aliquots were stored at -20°C.

SSC 0.5X + 0.1 % SDS,
500 ml

12.5 ml 20X SSC and 5 ml 10% SDS were filled up to
500 ml with distilled water.

SSC 2X + 0.1 % SDS,
500 ml

50 ml 20X SSC and 5 ml 10% SDS were filled up to 500
ml with distilled water.

Sucrose 1 M, 250 ml

85.5 g Sucrose were dissolved in 250 ml distilled water,
autoclaved and stored at +4°C.

Tris-HCI1 M, 1L

121.1 g Tris were dissolved in 1000 ml distilled water;
pH adjusted with concentrated HCI and autoclaved.

PMSF 100 mM, 50 mi

0.87 g PMSF were dissolved in 50 ml DMSO, aliquots of
1 ml stored at -20°C.
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Media

LB-Medium, pH 7.0, liquid,
1L

10 g Bacto Tryptone
5 g Yeast extract
10 g NaCl

Mixed and dissolved in 1 L distilled water, pH adjusted
to 7.0 and sterilized by autoclaving.

LB-Medium, pH 7.0, solid,
1L

10 g Bacto Tryptone
5 g Yeast extract
10 g NaCl
10 g Bacto-Agar
Mixed and dissolved in 1 L distilled water, pH adjusted
to 7.0 and sterilized by autoclaving.

MS-medium, pH 5.8, solid,
1L

4.4 g MS-Salt including vitamins
10 g Sucrose
3.1 g Gelzan™

Mixed and dissolved in 1 L distilled water, pH adjusted
to 5.8 and sterilized by autoclaving.

RMOP medium, pH 5.8,
solid, 1L

4.4 g MS-Salt including vitamins
30 g Sucrose
3.1 g Gelzan™

Filled up to 1L with distilled water, pH adjusted to 5.8
and sterilized by autoclaving. After autoclaving the
following is added:

1 ml BAP (1mg/ml)
100 pl NAA (1Img/ml)
5 ml Spec (100 mg/ml).
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Table 6 Laboratory equipment and material.

Name/Description Company
Appliances
Bombardment chamber PDS1000He Bio-Rad, USA

SP5 Il confocal microscope system

Leica Microsystems, Germany

Autoclave

Matachana, Spain

Table Top Centrifuge

Thermo Scientific, USA

Clean bench Herasafe™

Thermo Scientific, USA

Vortex VWR, USA

pH meter WTW, Germany
Ultracentrifuge Eppendorf, Germany
MJ Mini™ Personal Thermo Cycler Bio-Rad, USA

Shaker Titertek® Flow Laboratories, USA
Orbital Shaker SSL3 Stuart, UK

Nanodrop Thermo Scientific, USA
Retsch Mill Retsch, Germany
Water bath Grant, UK

Heat block Techne Inc, USA

Hot plate stirrer

IKA-Works, USA

Precision Balance

Mettler-Toledo, Switzerland

Gel electrophorese apparatus Bio-Rad, USA
Power supply Bio-Rad, USA
iBlot Blotting device Thermo Scientific, USA
PAA Electrophorese chamber Bio-Rad, USA
Gel doc Bio-Rad, USA

Minitron Incubator

Infors HT, Switzerland

Vacuum pump

Edwards Limited, UK

Fridge

Whirlpool, USA

Freezer -20°C

Whirlpool, USA

Freezer -80°C

Sanyo, Japan

Micro-pipettes

Eppendorf, Germany

Glass plates for PAA Gels Bio-Rad, USA
Spacers for PAA Gels Bio-Rad, USA
Gel casting device for PAA Gels Bio-Rad, USA
Macrocarrier BioRad, USA
UV-VIS Spectrophotometer Shimadzu, Japan
Multiplate Reader Biochrom, UK

Milli-Q-water purification system

Merck-Millipore, Germany

HM-4000 Multidizer™ Hybridization Oven

UVP,USA
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Consumables

glasware

Schott-Duran, Germany

25/50 ml plastic tubes

Greiner Bio One, USA

Finntips 10ul, 200ul, 1000yl

Thermo Scientifiy, USA

1.5/2 ml reaction tubes

Eppendorf, Germany

PCR tubes

Thermo Scientific, USA

petridishes

VWR, USA

Magenta-boxes

Sigma-Aldrich, USA

Retsch mill steel beads

Retsch, Germany

Lumi Film for chemiluminescent detection

Roche Applied Science, USA

gloves

VWR, USA

Whatmann filter paper

GE Healthcare, UK
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Methods

2.4 Bacterial growth conditions

Overnight cultivation of E.coli was done either on LB plates with 10 g/l Bacto-Agar or in
5 ml liquid LB medium containing the appropriate antibiotics (Table 7) for maintaining
the selection pressure at 37°C and shaking at 200 rpm.

33 % glycerol stocks were made of every liquid culture by mixing 0.5 mL of 100 %
Glycerol and 1 mL liquid cell culture. The glycerol stocks were shock frozen in liquid N2
and stored at -80°C.

Table 7 Final concentration of antibiotics in LB medium used for plates and liquid
culture of transformed E. coli.

Antibiotic Final concentration

ampicillin 100 [mg/L]

chloramphenicol 30 [mg/L]

kanamycin 100 [mg/L]

spectinomycin 500 [mg/L] for tobacco
30 [mg/L] for lettuce

2.5 Plant growth conditions

2.5.1 Seed sterilization

Seeds of Nicotiana tabacum and Lactuca sativa were soaked in 6 % bleach along with a
few drops of washing liquid for 1 minute. The solution was pipetted out and the seeds
were then washed in 70 % ethanol for 1 minute, washed three times in distilled water

and air dried at room temperature in the clean bench. The seeds were stored at 4 °C.

2.5.2 Invitro plant tissue culture and regeneration

Seeds were germinated on solid MS-Medium containing the appropriate antibiotic
(Table 8); young seedlings were transferred to Magenta-Boxes containing the same
medium.

Tissue culture of bombarded leave discs was carried out on RMOP-Medium containing
the appropriate antibiotics (Table 8); young shoots developing from the callus tissue
were transferred into Magenta-Boxes containing MS-medium incl. antibiotics for rooting
and further growth.

All in vitro cultures were incubated at 25°C, at a 16 h light - 8 h dark cycle in growth
chambers equipped with Universal lamps with white fluorescence, light intensity; 0.5-1
W/m? Osram L85 W/25.

28



Table 8 Antibiotic concentrations used in media for seed germination, in vitro culture of
plants and tissue culture of bombarded leave discs.

Seeds/plant Medium + Antibiotic

N. tabacum MS

L. sativa

285-78-T7 MS + 100 mg/L kanamycin
N.t.-EDIII 1 MS + 500 mg/L spectinomycin
N.t.-EDIII 2

N.t.-EDIII 3

N.t.-PN-GFP

285-78-T7-EDIII 1 MS + 100 mg/L kanamycin
285-78-T7-EDIII 2 + 500 mg/L spectinomycin

285-78-T7-EDIIl 4
285-78-T7-EDIIl 1-4

S12-PN-EDIII 1-4 MS + 30 mg/L spectinomycin
S16-PN-EDIII 1
Bombarded N. tabacum wt leave discs | RMOP + 500 mg/L spectinomycin
Bombarded 285-78-T7 leave discs RMOP + 100 mg/L kanamycin

+ 500 mg/L spectinomycin
Bombarded L. sativa leave discs RMOP + 30 mg/L spectinomycin

2.5.3 Greenhouse growth conditions

Rooted plants were transferred to soil, acclimatized gently and grown in the greenhouse
with additional light for 16 h and light intensity of 300 YE s'm™ at 25°C and relative
humidity of 60 %.

2.5.4 Ethanol spray experiments

Five weeks old plants growing in Magenta boxes on MS medium containing
spectinomycin were sprayed with ~ 0.5 ml 5 % ethanol on seven consecutive days and
a whole plant for every plant line was taken as a sample before the spraying (day 0) and
then every following day before the next spraying (day 1 to day 7). Plant lines sprayed:
285-78-T7-EDIIl 1,  285-78-T7-EDIIl 2,  285-78-T7-EDIIl 4,  285-78-T7-EDIII 1-4,
285-78-T7.
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2.6 DNA preparation
2.6.1 Plasmid DNA isolation

Plasmid DNA was isolated using the Kits purchased from Qiagen (Qiagen® Plasmid
Maxi Kit, Qiagen® Plasmid Midi Kit and QlAprep® Spin Miniprep Kit) and following the
instructions supplied with the Kits.

Briefly, E.coli overnight culture in liquid LB medium was harvested by centrifugation at
8000 g for 3 min and the pellet was re-suspended in Buffer P1. The bacterial cell pellet
was lysed by alkaline lysis, the cell debris and other contaminants were precipitated and
the cleared lysate was applied to the silica membrane to allow DNA binding. After
several washing steps the DNA was eluted from the column with sterile distilled water
and stored at +4°C.

2.6.2 Ethanol-Precipitation of DNA

Plasmid DNA was precipitated by incubation with 1/10 volume 3 M NaAc and 3 volumes
96 % ethanol overnight at —20°C. The solution was centrifuged at 14000 rpm at +4°C for
15 minutes, and the pellet was washed twice with 70 % ethanol, air dried for 20°C at

room temperature (RT), dissolved in 1X TE Buffer and stored at -20°C.

2.6.3 Plant DNA isolation
Total plant DNA is isolated using a modified CTAB — procedure (Murray & Thompson,
1980).

Plant leaves were collected and frozen in liquid nitrogen and ground to fine powder
either using pestle and mortar or a Retsch mill. 500 ul of pre-warmed CTAB Buffer
(65°C) was added to 200 mg frozen sample material and incubated for 1 hour at 65°C in
a re-circulating water bath, gently mixed by inverting from time to time. Samples were
allowed to cool down for 5 minutes at RT before addition of 500 ul chloroform. The
tubes were shaken for 30 minutes at RT and then centrifuged for 10 minutes at 10000
rom at +4°C. The upper watery phase was transferred into a new tube and chilled
Isopropanol was used to precipitate the DNA. After centrifugation for 10 minutes at
10000 rpm at +4°C, the pellet was washed twice with 70% ethanol, centrifuged for 1
minute at 10000 rpm at +4°C and then air dried for 30 minutes. DNA was re-suspended

in sterile distilled water and stored for later use at -20°C.
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2.6.4 Quantification of DNA concentration
The DNA concentration is measured using the Nanodrop (Thermo Scientific) device or

by visual comparison to the DNA ladder on an agarose gel.

2.6.5 Agarose gel electrophoresis
Standard 0.8 % Agarose gels were prepared with 1X TAE Buffer and used to check the
quality of DNA isolations and to separate PCR products and restriction fragments. 2 pl

6X LD per 10 pl sample were loaded and the DNA was separated at 80 V.

2.6.6 Gel extraction

Gel extraction and purification of restriction fragments or PCR products was carried out
according to the Qiagen protocol of the Gel Extraction Kit after electrophoretic
separation of the samples in a 0.8 % Agarose gel. DNA was eluted with 30 pL Elution
Buffer.

2.7 Cloning and E.coli heat shock transformation

2.7.1 DNA digestion with restriction enzymes

Restriction digestion of plasmid DNA or total plant DNA with appropriate restriction
endonucleases were performed in the corresponding buffer systems provided by the
manufacturer at 37°C overnight in a reaction volume of 30 pl. Restriction digests were

heat inactivated by incubation at 65°C for 20 minutes prior to any further utilization.

2.7.2 Ligation of vector backbone with DNA fragments
The Rapid DNA Ligation Kit was used to ligate DNA fragments according to the protocol
provided by the manufacturer and the formula given below was used to determine the

required amount of insert based on a 3:1 molar ratio of insert to backbone DNA.

) 3 size of insert in bp
nglinsert] = —* (

1 ) *ng|[backbone]

size of backbone in bp
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The following reaction mixture was prepared in a reaction tube and incubated at 16 °C
overnight (Table 9).

Table 9 Standard Ligation reaction set-up.

Substance Amount

Linear backbone DNA ~ 50 ng

Insert DNA 3:1 molar ratio of insert to vector DNA
10X ligation Buffer 1.5l

Ligase enzyme 1.0 pl

H,O add to 15.0 pl

2.7.3 E. coli transformation

All Plasmids (1 ul) and ligation products (5 ul) are transformed into chemically
competent One Shot® E.coli by heat shock according to the manufacturer’s protocol
(Invitrogen™).

The cells were thawed on ice and after addition of the DNA they were incubated for 30
minutes on ice, followed by a heat shock treatment at 42°C for 30 seconds and two
minutes incubation on ice. 250 ul of SOC medium were added to 50 ul of initial cell
culture and incubated at 37°C for 1 hour with gentle shaking. 10 pl and 50 pl of the
culture were plated on LB plates containing the suitable antibiotics for selection and
grown at 37°C overnight. The rest of the transformation culture was stored at +4°C and
if necessary, cells were pelleted, re-suspended in a smaller volume of liquid LB medium

and plated out again.

Single colonies were picked and grown overnight in liquid LB-medium containing
antibiotics, harvested and used for glycerol-stock and plasmid isolation.

2.7.4 Gene synthesis and sequencing

The nucleotide sequences encoding the transgenes (EDIII 1-4, EDIII 1, EDIII 2, EDIII 3,
EDIIl 4 and GFP) were codon usage optimized for the tobacco plastid and gene
synthesis of these custom designed sequences was carried out by GeneArt (Germany)
resulting in the vectors: pEDIII 1-4, pEDIII 1, pEDIII 2, pEDIII 3, pEDIII 4 and pGFP. In
these vectors the transgenes already have a C-terminal 6xHis tag and are flanked by

the attB1 and attB2 sites for Gateway® cloning.

Plasmid DNA samples were sent to LGC Genomics (Germany) for sequencing and the
sequencing data were analyzed using the software: Vector NTI advanced® 11.5
sequence alignment AlignX tool.
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2.7.5 Gateway® cloning procedure
All Gateway® cloning steps were carried out according to the protocol provided from

Invitrogen™.

The BP-reaction is performed with the Pstl linearized vector including the gene of
interest (goi) and the Donor vector pPDONR221™ and the BP enzyme mix at 25°C for 1
hour. The LR-reaction is performed with the previously produced Entry- and
Destination- vectors and the LR enzyme mix for 1 hour at 25°C. The resulting Entry
vectors and Expression vectors are transformed into One Shot® OmniMAX™ E. coli
cells by heat shock method. The formula given below is used to calculate the correct
amounts of goi and Donor vector with X for goi and Donor vector and N for the size in
bp of the goi and the Donor vector, respectively. The standard set up for the carried out
BP- and LR-reactions are given in Table 10. The BP- and the LR-reactions were
stopped by adding 1 pL Proteinase K and incubation at 37°C for 10 minutes.

ng[X] = (50 fmol) = N = (660 [j% ) * 1ng/10%fg

Table 10 Standard Set-up of BP- and LR-reaction.

BP-reaction 10uL LR-reaction 10uL
goi X UL
pDONR221™ [ 160 ng Destination vector | 160 ng
TE Buffer, pH 8.0 | 3uL Entry vector 120 ng
BP Clonase |l 2uL LR Clonase I 2 uL
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2.8 Vector construction

2.8.1 Destination vectors pDEST-PN-T, pDEST-T7-T and pDEST-PN-L

In order to obtain the tobacco specific plastid transformation vectors, the Gateway®
reading frame cassette RfA (Figure 4 (a)) was first inserted into pT7PN-T (Figure 4 (b))
to produce pDEST-PN-T (Figure 4 (c)) and subsequently the Prrnl6 was cut-out to
produce pDEST-T7-T (Figure 4 (d)). The lettuce specific plastid transformation vector
pDEST-PN-L (Figure 4 (e)) was obtained by insertion of the complete aadA expression
cassette and the Gateway® cassette into a backbone vector containing the regions
homologous to the trnl/trnA sequence from L. sativum (Ruhlman et al, 2007).
Insertion of the custom designed fragment psbAT7PN into pT7PHB-NF (LOssl et al,
2005) yielded the intermediary vector pT7PN-T. Both, the backbone donating vector
pT7PHB-NF and the insert containing vector pMA-psbAT7PN (obtained from GeneArt)
were double digested with Sacll and Ncol, the digested DNA was separated by gel-
electrophoresis and the 6233 bp backbone and the 685 bp insert fragments were cut
out from the gel, purified and ligated. The ligation product was transformed into
chemically competent E.coli by heat shock method. Since this cloning step changes
also the promoter of the aadA cassette, positive clones were selected on LB-plates
containing ampicillin and spectinomycin. Single colonies were picked and plasmid DNA
isolated from liquid overnight cultures of these positive clones was sent for sequencing

to verify the correct nucleotide sequence and orientation of the insert.

Conversion of pT7PN-T into the Gateway® vector was done according to the protocol
provided by Invitrogen™ using the Gateway® Vector Conversion System. pT7PN-T was
linearized with EcoRV and after gel-purification blunt-end ligation was used to introduce
the RfA containing attR recombination sites flanking a ccdB gene and a
chloramphenicol-resistance gene. After transformation of ccdB survival™ E. coli with
the ligation product, positive clones were selected on LB plates containing both
ampicillin and chloramphenicol and the correct orientation of the RfA was verified by
sequencing. pDEST-T7-T was achieved by double-digestion of the pDEST-PN-T with
Xbal and Nhel, gel extraction of the restricted fragment and subsequent religation of the
vector. Putative pDEST-T7-T clones are selected on LB plates containing ampicillin

|TM

after transformation of ccdB survival'™ E.coli with the ligation product. The presence of

only the T7 promoter in the new vector was confirmed by sequencing.
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Re-digest of pDEST-PN-T and the backbone vector pLettuce-MA (GeneArt, Germany)
containing the lettuce specific sequences for homologous integration into the plastid
genome with Kpnl and Sacll yielded the 3432 bp insert and the 4337 bp backbone
which were separated by gel electrophoresis and the correct fragments were cut out
and purified from the gel. The ligation product was transformed into ccdB Survival™ 2
T1R chemically competent E. coli and positive clones were selected on ampicillin and
spectinomycin containing solid LB medium. The correct sequence of the pDEST-PN-L

was verified by sequencing.

{ attR1>:( Cm(R) >:( ccdB IattR2b

Ncol 1 EcoRV Sacll OR

b) = INSL |3‘(C)<aadA 5'psbA<psaBPrm1>|:|3‘(T)|T(T7)k INSR l==| Amp{R>:|
Kpnl Xbal  Nhel \ Sacll ORI

c) |:|INSL|:3‘(C)éadA | 5‘psbA<’psbA Prrn1Cm(R3 {c|m7} {INSR }:*:(Amp(%}:
Kpnl Sach ORI

d) :||N3L|:3(C)<aadA\spsbA;<:psbA
Kpnl Xbal  Nhel Sacll ORI

e) E|INSL*|:3‘(C)éadA\5‘psbA<3psbAPrrn1Cm(R) ccdBXatRA (T T(W){lNSR*):FAmp(R)n

Figure 4 Schematic representation of Destination vector construction. a) The
Gateway® RfA cassette consisting of attR1-Cm(R)-ccdB-attR2; b) pT7PN-T was
constructed by cloning the psbAT7PN 685 bp fragment into pT7PHB-NF using Ncol
and Sacll; c) pDEST-PN-T was obtained by blunt end ligation of the RfA into pT7PN-T
via the EcoRV site; d) pDEST-T7-T was obtained by double digest of pDEST-PN-T
with Nhel and Xbal and religation of the resulting backbone; e) pDEST-PN-L was
obtained by transferring the whole aadA expression cassette together with the
Gateway® RfA into pLettuce-MA using Kpnl and Sacll. aadA: spectinomycin
resistance gene; Amp(R): ampicillin resistance gene; attR1l/attR2: Gateway®
recombination sites; ccdB: control of cell death gene; Cm(R): chloramphenicol
resistance gene; INSL/INSR: tobacco specific left/right insertion site; INSL*/INSR*:
lettuce specific left/right insertion site; PpsbA: tobacco psbA promoter (Staub &
Maliga, 1993); Prrnl6: tobacco rrnl6 PEP+NEP promoter (Ye et al, 2001); PT7:
phage A derived T7 promoter (Tabor & Richardson, 1985); 3'(C): 3'UTR of
chlamydomonas rbcL gene; 3'(T): 3'UTR of tobacco rbcL gene; 5'psbA: 5’UTR of
tobacco psbA gene; T(T7): T7 terminator; ORI: bacterial origin of replication.
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2.8.2 Entry vectors and Expression vectors

The Entry vectors were created by the Gateway® BP Clonase® enzyme mix mediated
transfer of the attB sites flanked gene of interest into the attP site bearing
pDONR221™. The BP reactions were done according to the protocol provided by
Invitrogen™. The vectors donating the attB site flanked gene of interest were linearized
by Pstl digest in order to maximize the recombination efficiency. The BP reaction
products were transformed into OmniMax™ E.coli via heat shock method, cells were
plated on solid LB medium containing kanamycin and positive clones were identified by
colony PCR (PCR 8, Table 15) with primers pM13F/pM13R (Figure 6 (a)). The goi
sequence in the Entry vectors was then transferred into the respective Destination
vector containing attR sites using the Invitrogen® LR Clonase® enzyme mix. The LR
reactions were done according to the protocol provided by Invitrogen™. The LR
reaction products were transformed into OmniMax™ E.cali via heat shock method, cells
were plated on solid LB medium containing ampicillin and spectinomycin and positive
clones were identified by colony PCR (PCR 9, Table 15) with primers p296/p297 (Figure
6 (b)). Correctness of all performed cloning steps was verified by sequencing of plasmid
DNA isolated from PCR positive clones. Figure 5 shows an example of an Entry vector
and an Expression vector. Table 11 summarizes the performed BP and LR reactions
and the resulting Entry- and Expression vectors.

pM‘|13F pM‘!SR

a) CI&?RL:1>:| 5T7g10 | goi >:<attL2]|: Kan(R) >=

b)  INSL {3(C <aadA|5psbA

goi: | GFF’> |EDIII> |ED||® [EDIII 3 |ED|II> |EDIII 1-4 )

Figure 5 Schematic representation of an example of a) an Entry vector and
b) an Expression vector. aadA: spectinomycin resistance gene; attB1/B2/L1/L2:
Gateway® recombination sites; INSR/INSL: right/left insertion site; PpsbA: tobacco
psbA promoter; Prom: promoter for transgene expression; 3’(C): 3UTR of
chlamydomonas rbcL gene; 3'(T): 3'UTR of tobacco rbcL gene; 5'psbA: 5'UTR of
tobacco psbA gene; ORI: bacterial origin of replication; pM13F/pM13R and p296/p297:
primers used for colony PCR; goi: gene of interest.
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Table 11 Summary of all performed BP and LR reactions and the constructed Entry
vectors and Expression vectors. —T indicates Expression vectors containing tobacco
specific INSL/INSR and —L indicates vectors containing lettuce specific INSL/INSR. The
attB1-goi-attB2 fragment was contained in the respective vectors which were obtained
from GeneArt (Germany) and linearized by Pstl digest.

BP reaction attBl-goi-attB2 accepting vector resulting Entry vector
1 pEDIII 1 pDONR221™ pENTR-EDIII 1
2 pEDIII 2 pDONR221™ pENTR-EDIII 2
3 pEDIII 3 pDONR221™ pENTR-EDIII 3
4 pEDIII 4 pDONR221™ pENTR-EDIII 4
5 pEDIII 1-4 pDONR221™ pENTR-EDIII 1-4
6 pGFP pDONR221™ pENTR-GFP
LR reaction Entry vector Destination vector resulting Expression vector
1 PENTR-GFP pDEST-PN-T PEXP-PN-GFP-T
2 pENTR-EDIII 1-4 pDEST-T7-T pEXP-T7-EDIIl 1-4-T
3 pENTR-EDIII 1 pDEST-T7-T pEXP-T7-EDIIl 1-T
4 pENTR-EDIII 2 pDEST-T7-T pEXP-T7-EDIIl 2-T
5 pENTR-EDIII 3 pDEST-T7-T pEXP-T7-EDII 3-T
6 PENTR-EDIII 4 pDEST-T7-T PEXP-T7-EDIIl 4-T
7 pENTR-EDIII 1-4 pDEST-PN-L pEXP-PN-EDIII 1-4-L
8 pENTR-EDIII 1 pDEST-PN-L pEXP-PN-EDIII 1-L
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Figure 6 Gel Electrophoreses of colony PCR reactions. a) PCR product obtained
with pM13F/pM13R on putative Entry vectors; Lanes: 1) pENTR-EDIII 1-4, 1701 bp;
2) pENTR-EDIII 1, 713 bp; 3) pENTR-EDIIl 2, 723 bp; 4) pENTR-EDIII 3, 723 bp;
5) pENTR-EDIII 4, 720 bp; 6) pPENTR-GFP, 1171 bp.

b) PCR product obtained with p296/p297 on putative EXxpression vectors.;
Lanes: 1) pEXP-T7-EDIIl 1-T, 698bp; 2) pEXP-T7-EDIII 2-T, 718 bp;
3) pEXP-T7-EDIIl 3-T, 718 bp; 4) pEXP-T7-EDIIl 4-T, 715 bp; 5) pEXP-T7-EDIII 1-4,
1696 bp; 6) pEXP-PN-EDIII 1-4-L, 1841 bp; 7) pEXP-PN-EDIII 1-L, 853 bp;
8) pEXP-PN-GFP-T, 1232 bp; M: Fermentas Marker 16. The expected PCR product
size is stated for every vector.
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2.9 Plastid transformation by biolistic bombardment method

Transformation of chloroplasts and regeneration of transplastomic plants was achieved
with the biolistic transformation method using a PDS-1000/He Particle Delivery System
and following the modified protocol from Verma et al, 2008. Table 12 lists the performed

transformations and the generated transplastomic plant lines.

2.9.1 Preparation of plant material
Leaves of six weeks old plants grown under sterile conditions were harvested, placed
on RMOP-medium facing the abaxial side up and incubated at 25°C in the dark

overnight.

2.9.2 Sterilization of microcarriers

30 mg of gold particles were accurately weighed and transferred to 1.5 ml Eppendorf
tube. 1 ml of 70 % ethanol was added to the tube, vortexed for 15 minutes at +4°C and
centrifuged for 30 seconds at maximum speed. The supernatant was removed and the
gold pellet was washed again with 70 % ethanol, washing was repeated for two more
times. After the third wash the supernatant was discarded and the gold particles were

re-suspended in 500 ul of 50 % glycerol resulting in a final concentration of 60 mg/ml.

2.9.3 DNA coating of microcarriers

5 pl DNA (1pg/ul), 50 pl 2.5 M CaCl, and 20 pl 0.1 M spermidine were added while
vortexing to 50 pl of sterile microcarriers re-suspended in glycerol. The mixture was
incubated on ice for 10 minutes and then centrifuged for 1 minute at 8 000 rpm. The
supernatant was carefully removed and the pellet was first washed with 140 pl 70 %
ethanol and centrifuged 1 minute at 10000 rpm; second the pellet was washed with
140 pl of 100 % ethanol for 1 minute and centrifuged at 10000 rpm. The supernatant
was removed and the DNA-coated microcarriers were carefully re-suspended in 48 pl

100 % ethanol and kept on ice until used.

2.9.4 Bombardment

All the equipment and the bombardment chamber were sterilized with 70 % ethanol.
6 pl of freshly prepared DNA coated gold particles were loaded on macro carries in the
macro carrier holder. The sterile rupture disk of 1100 psi was placed in the retaining cap
and secured to the gas acceleration tube. Plant tissues were bombarded with DNA

coated gold microcarriers in the vacuum chamber at a pressure of 1100 psi.
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2.9.5 Selection and regeneration of transformed plants

The bombarded leaf discs were placed on RMOP medium and incubated in the dark at
25°C for two days. Then the leaves were cut into small pieces (~ 5 mm?), transferred to
RMOP medium containing spectinomycin (500 mg/L for tobacco and 30 mg/L for
lettuce) and kept at 25°C under standard light conditions. Three to four weeks after the
transformation the resistant shoots started to regenerate and were transferred to fresh
medium. In order to obtain homoplasmic plants, transplastomic shoots were subjected
to 2 additional rounds of regeneration on RMOP medium containing spectinomycin.
Integration of the transgene expression cassette into the tobacco plastid genome was
verified by a 2552 bp PCR product with primers p3/p4. PCR positive plantlets were used
for further analysis. Presence of the transgene expression cassette in the lettuce plastid
genome was verified by a 836 bp PCR product for S16-PN-EDIII 1 and a 1841 bp PCR
product for S12-PN-EDIII 1-4 with primers p296/p297.

Table 12 Summary of performed transformation events.

bombarded leaves transformation vector |Jtransplastomic plant lines
wt tobacco pEXP-PN-GFP-T N.t.-PN-GFP

285-78-T7 pEXP-T7-EDIII 1-T 285-78-T7-EDIII 1
285-78-T7 pEXP-T7-EDII 2-T 285-78-T7-EDIII 2
285-78-T7 pEXP-T7-EDIII 4-T 285-78-T7-EDIII 4
285-78-T7 pEXP-T7-EDIII 1-4-T no plants regenerated

wt tobacco pEXP-T7-EDIII 1-4-T N.t.-T7-EDIII 1-4

wt lettuce pEXP-PN-EDIII 1-L S16-PN-EDIII 1

wt lettuce pEXP-PN-EDIII 1-4-L S12-PN-EDIII 1-4

2.9.6 Pollination

Plant line 285-78-T7-EDIIl 1-4 was obtained by manually pollinating plant line
N.t.-T7-EDIII 1-4 with pollen collected from plant line 285-78-T7. Seeds obtained from
this pollination were germinated on spectinomycin and kanamycin containing MS
medium and the presence of the T7 RNA polymerase in the nuclear genome of green

seedlings was verified by a 603 bp PCR product using primers p19/p20.
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2.10 Molecular analysis to verify the transformants
2.10.1PCR

PCR reactions were carried out according to the standard protocol (Table 13 and Table
14). The specific conditions for every reaction are given in Table 15 and the respective
primers are described in Table 2. Each 10 pul reaction contained 9 ul master-mix and
1 pl template DNA or one picked colony. Table 15 gives an overview of the performed

PCR reactions and corresponding conditions.

Table 13 Standard PCR conditions. Ta and te depend on the specific PCR reaction.

Step T [°C] | t [min:sec] |

1 initial denaturation 95 03:00

2 denaturation 95 00:40

3 annealing Ta 00:40 30 cycles
4 elongation 72 te

5 final elongation 72 10:00

6 hold 16 o0

Table 14 Standard Master-mix composition for PCR reactions.

Substance [ul] for 10 pl reaction Concentration
H,O 5.65 -

Taq Buffer 10X 1 1x

primer 1 10 uM 1 1uM

primer 2 10 uM 1 1uM

dNTPs 2.5 mM/each 0.25 250 yuM/each
Taq [5U/ul] 0.1 0.025 U/ul
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Table 15 Summary of performed PCR reactions. Ta: annealing temperature in °C;
te: elongation time in minutes; template: plasmid DNA or total plant DNA.

No. ]| Primer pair Template Ta [°C] | te[min] | Product [bp]
1 pl7/pl8 pKP9 54 1 488

2a | p7/p8 pKP9-EDIII 1 49 0.5 223

2b p9/p10 pKP9-EDIII 2 49 0.5 187

2c | p11/p12 pKP9-EDIII 3 49 0.5 197

3 p5/p6 pDEST-T7-T 54 1 773

4 pl3/pl4d pKP9 51 1 518

5 pl5/p16 pDEST-PN-L 57 1 665

6 pl/p2 N.t.-PN-GFP 53 2,5 2230

7 p3/p4 N.t.-PN-GFP 53 3 2552

285-78-T7-EDIII 1
285-78-T7-EDIII 2
285-78-T7-EDIII 4
N.t.-T7-EDIII 1-4
285-78-T7-EDIIl 1-4

8 pM13F/pM13R | pEntr-EDIII 1-4 50 3 1701
pEntr-EDIII 1 713
pEntr-EDIII 2 723
pEntr-EDIII 3 723
pEntr-EDIII 4 720
pEntr-GFP 1171

9 p296/p297 PEXP-PN-GFP-T 50 3 1232
pEXP-T7-EDIII 1-T 698
pEXP-T7-EDIII 2-T 718
pPEXP-T7-EDIII 3-T 718
pEXP-T7-EDIII 4-T 715
pEXP-T7-EDIII 1-4-T 1696
pEXP-PN-EDIII 1-L 853
pPEXP-PN-EDIII 1-4-L 1841
S12-PN-EDIII 1-4 1841
S16-PN-EDIII 1 853

10 p19/p20 285-78-T7-EDIIl 1-4 57 1 603

41



2.10.2 Southern blot analysis

The Southern Blot analyses were carried out according to the protocol provided with the
DIG-High Prime DNA Labeling and Detection Starter Kit 1l (Roche). Plant DNA was
isolated from transplastomic and wild-type plants after three consecutive rounds of
selection and subculture on spectinomycin containing RMOP medium and analyzed
using DIG labeled probes (Table 16) that bind inside the transgene expression
cassettes and the plastid genome. 10 pg of plant DNA was cut with Apal (for N.t.-PN-
GFP, 285-78-T-EDIII 1, 285-78-T7-EDIIl 2, 285-78-T7-EDIIl 4, N.t.-T7-EDIII 1-4 and
285-78-T7-EDIII 1-4), with Smal (for S12-PN-EDIII 1-4 and S16-PN-EDIII 1) or with Bglll
(for N.t-EDIII 1, N.t.-EDIII 2 and N.t.-EDIII 3), separated by electrophoresis in a 1 %
Agarose gel at 50 V overnight and transferred onto a positively charged nylon
membrane by capillary action using either the alkali-transfer method with
1X Alkali-Transfer Buffer (for N.t.-GFP) or the semi-dry transfer method, overnight. After
immobilization of the DNA by baking the membrane at 80°C for 2 hours, the DNA was
pre-hybridized for 3 hours at 45°C and hybridized with the specific labeled probe (Table
17) at 45°C overnight to visualize the sequence of interest. Stringency washes were
performed with 2X SSC + 1 % SDS at RT and 0.5X SSC + 1 % SDS at 65°C. After
incubation in blocking solution for 30 minutes at RT and incubation in antibody solution
for 30 minutes at RT, the membrane was washed twice with 1X Wash Buffer, 1 ml of
CSPD ready to use solution was applied to the membrane and incubated at 37°C for 10
minutes. The signal was detected by exposure to X-ray film and developer and fixer

solution were used to develop the X-ray film.

Table 16 Probes and their binding region. PCR indicates the PCR reaction performed to
produce the probe (Table 15) for the hybridization with den probe equal amounts of den
1, den 2 and den 3 probes were mixed and applied to the membrane.

Probe | Size[bp] | PCR | Binding in

aadA 488 1 aadA gene inside the transgene expression cassette
den 1 223 2a dengue gene inside the transgene expression
den 2 187 2b cassette

den 3 197 2c

insl 773 3 tobacco INSL region near trnN

psaB 518 4 tobacco psaB gene

trnA 665 5 lettuce INSL region near trnA

42



Table 17 Overview of plant samples and the respective probes used for hybridization.
Plant line Hybridized with probe

N.t.-GFP insl
wt tobacco
N.t.-EDIII 1
N.t.-EDIII 2
N.t.-EDIII 3
285-78-T7
285-78-T7-EDIIIl 1
285-78-T7-EDIII 2 insl
258-78-T7-EDIII 4
285-78-T7-EDIIl 1-4
wt lettuce
S12-PN-EDIII 1-4 trnA
S16-PN-EDIII 1

psaB, aadA, den
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2.10.3 Western blot analysis

To extract total soluble protein (TSP), 200 mg of frozen leaf sample were ground into
fine powder using liquid nitrogen and homogenized in 500 ul PEB | by vortexing for 3
minutes at RT. The supernatant was collected after centrifugation for 10 minutes at
13000 rpm at +4°, aliquoted and stored at -20°C.

Alternatively, 200 mg of frozen leaf sample were ground into fine powder using liquid
nitrogen and homogenized in 500 pl PEB Il by vortexing for 1 minute at RT in order to
extract total protein (TP). 500 ul of Phenol were added to the plant cell extract, vortexed
briefly and centrifuged at 13000 rpm for 10 minutes at +4°C. 200 pul of the upper green
supernatant were transferred into a new tube and 1 ml of 0.1 M NH4OAc in Methanol
was added and the proteins were precipitated for 3 hours at -20°C. After centrifugation
at 13000 rpm at +4°C for 10 minutes the pellet was washed twice with 500 ul
0.1 M NH4OAc in Methanol and then air dried at RT. Finally the protein pellet was
dissolved in 100 pl 1 % SDS and stored at -20°C.

20 pl of the sample were mixed with 5 pl Laemmli Buffer, denatured at 95°C for 10
minutes, spun down and loaded onto a 12 % PAA gel. Proteins were separated by
electrophoresis first at 80 V until the sample had completely entered the separating gel,
followed by 110 V until the dye front reached the end of the gel, and then transferred
onto the nitrocellulose membrane and blocked with 0.5 % BSA in TBS-T for 1 hour. The
membrane was briefly rinsed with TBS-T and then incubated with the primary antibody
1:1000 diluted in TBS-T overnight at +4°C. The membrane was washed three times with
TBS-T at RT and incubated for 1 hour with alkaline phosphatase conjugated goat anti-
mouse IgG (Promega) as a secondary antibody diluted 1:10000 in TBS-T at RT.
Proteins were detected by colorimetric reaction using either the AP color development
Kit (Bio-Rad, USA) or with Sigmafast™ BCIP®/NBT (Sigma).

Coomassie staining with Brilliant Blue G was carried out in order to verify equal loading
amounts of proteins. The PAA gels were stained for 1 hour at RT with the Coomassie

staining solution and de-stained overnight in 10 % Acetic acid.
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2.10.4 Quantification of extracted protein

Quantification of isolated total soluble protein (TSP) was done using the Bradford assay
and following the instructions provided in the manufacturer's protocol. The BSA
standards were prepared by diluting the provided 2 mg/ml Stock in PEB |
(Figure 7 (c)).The standards and samples were measured using the standard procedure
where 1 ml ready to use Bradford Reagent is added to 20 ul sample, incubated at RT
for 10 minutes and then measured at 595 nm. The standard curve was obtained as a
regression equation (Figure 7 (a)) and was used to calculate the concentration of TSP

in the unknown samples. All measurements were carried out in technical duplicates.

Quantification of total protein (TP) was done using the BCA protein assay Kit (Pierce).
The BSA standard dilution series was prepared by diluting the provided 2 mg/ml Stock
in PEB Il to the final concentrations given in (Figure 7 (c)). Assays were carried out
according to the protocol provided with the Kit and the microplate procedure was used
where 25 pl of sample are mixed with 200 pl 1X Working reagent, incubated at 37°C for
30 minutes and then measured at 652 nm. The standard curve was obtained by
regression (Figure 7 (b)) and the concentration of the unknown samples was calculated.

All measurements were carried out in technical duplicates.

8) . Standard curve: Bradford c) BSA Stock Bradford BCA
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£30 | 1 2000 40 _ 222
3 25 1 2 1500 30 167
el 3 1000 20 111
10 - 4 750 15 83
5 y=14,4811x°+19,737x 5 500 10 56
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Figure 7 BSA standard curves. a) Standard curve and regression equation obtained
for the Bradford assay using the BSA Stock solution prepared in PEB | with the final
concentrations in the reaction as listed in c¢) under Bradford; b) Standard curve and
regression equation obtained for the BCA assay using the BSA Stock solution prepared
in PEB Il with the final concentrations in the reaction as listed in ¢) under BCA, c) Table
of prepared BSA Stock solutions and the final concentrations of BSA in the reaction for
the Bradford assay and BCA assay, respectively. The sample is 1:50 diluted in the
Bradford assay, while it is 1:9 diluted in the BCA assay.
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2.11 Fluorescence confocal microscopy

GFP fluorescence in the plastids of transplastomic plants was observed on a SP5 Il
confocal system (Leica Microsystems, Germany) equipped with a HCX PL APO CS
63.0x1.20 water objective. The 405-nm line of an argon ion laser was used for
excitation. Images were taken at the emission bandwidth of 500 — 540 nm for GFP and
688 — 757 nm for autofluorescence of the chloroplasts and processed using the Leica
LAS AF software.

2.12 Mass spectrometric analysis

The MS analyses were kindly carried out at the UMB MS/Proteomics core facility
(Norwegian University of Life Sciences, IKBM, As, Norway).

Samples bands were cut out from a Coomassie stained gel, digested with Trypsin
following the protocol by Shevchenko et al, 2006 and peptides were purified and
concentrated with modified STAGE microcolumns as described in Rappsilber et al,
2003.

The mass spectrometer (Q Exactive™ Hybrid Quadrupole - Orbitrap Mass
Spectrometer) was set up as follows (Topl0 method): a full scan (300-1600 m/z) at
R=70.000 was followed by (up to) 10 MS2 scans at R=35000, using an NCE setting of
28. Singly charged precursors were excluded for MSMS, as were precursors with z>5.

Dynamic exclusion was set to 20 seconds.

Raw files were converted to mgf format using the msconvert module of ProteoWizard
(http://proteowizard.sourceforge.net/), and submitted to database search (either Dengue
virus type 1 and type 3, or NCBInr using taxonomy other green plants) on an in-house
Mascot (v.2.4) server using 10 ppm/20mamu tolerance for MS and MS/MS,
respectively, and allowing for up to 2 miscleavages. Carbamidomethylated cysteine and

oxidized methionine were selected as fixed and variable modifications, respectively.

Data was analyzed with the Scaffold 4.0 Proteomics Software.
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3 Results

The findings and outcomes of this work can be summarized into three main results.
First, this study reports the construction of a plastid transformation vector compatible
with the Gateway® cloning technique and the successful expression of GFP using this
vector in tobacco chloroplasts with an expression level of 3 % TSP (Gottschamel et al,
2013).

Second, the expression of antigen-encoding genes based on the Dengue virus
envelope protein domain Il (EDII) has been accomplished by engineering the tobacco
chloroplasts with two different vector systems. The recombinant EDIII 1 and EDIII 3
proteins were constitutively expressed in tobacco chloroplasts, while expression of
EDIII 1, EDIII 2, EDIII 4 and EDIII 1-4 was obtained with the inducible expression
system upon ethanol induction. Third, the constitutive expression of the Dengue
antigenes EDIII 1 and EDIII 1-4 in lettuce chloroplasts was achieved in order to facilitate
the development of an oral vaccine candidate.

3.1 Development of a plastid transformation vector introducing the

Gateway® recombinant cloning technology
This study has presented a novel Destination vector (pDEST-PN-T) that can be
converted into a plastid transformation vector in one single step using the Gateway®
recombinant cloning technology. Furthermore, expression of GFP in transplastomic
tobacco plants obtained using this vector, demonstrated the feasibility of the Gateway®

recombinant cloning technology for chloroplast transformation.

3.1.1 Construction of pDEST-PN-T and pEXP-PN-GFP-T

The plastid transformation vector compatible with the Gateway® recombinant cloning
system, was constructed by inserting the Gateway® reading frame cassette A (RfA) into
a tobacco specific plastid transformation vector. The resulting Destination vector
pDEST-PN-T (Figure 8 (a)) contains the aadA gene expression cassette, the
constitutive rrn16 PEP+NEP promoter (Ye et al, 2001) for transgene expression and the
RfA flanked by tobacco specific INSL and INSR. BP reaction of the linearized vector
containing the attB site flanked gfp and the attP site bearing pDONR221™ resulted in
PENTR-GFP (Figure 8 (b)). LR reaction of pENTR-GFP and pDEST-PN-T yielded the
final plastid transformation vector pEXP-PN-GFP-T (Figure 8 (c)).
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Figure 8 Schematic representation of the generation of transplastomic tobacco
plants expressing GFP with the Gateway® Expression vector. a) pDEST-PN-T
was constructed by insertion of the Gateway® RfA cassette (attR1-Cm(R)-ccdB-
attR2) into the EcoRYV site of a plastid transformation vector. b) pENTR-GFP contains
the gfp sequence and the 5’UTR of bacteriophage T7 gene 10 (5'T7g10) flanked by
attL1 and attL2. c) pEXP-PN-GFP-T was created by the LR reaction of pENTR-GFP
and pDEST-PN-T and contains gfp under control of the rrn16 PEP+NEP promoter
(Prrnl16), the aadA gene under control of the psbA promoter (PpsbA) and 5’UTR
(5’psbA) and the 3'UTR of tobacco rbcL (3T) and chlamydomonas rbcL (3'C),
respectively. d) Wild-type tobacco plastid genome (CP). e) Tobacco plastid genome
with integrated transgene expression cassette. The 773 bp Southern blot probe (insl)
Is shown as an arrow and the expected Apal fragments are shown as arrows marked
with their molecular weight. INSL/INSR: left/right insertion site; Amp(R): ampicillin
resistance gene; Kan(R): kanamycin resistance gene; Cm(R): chloramphenicol
resistance gene; ccdB: control of cell death gene; aadA: spectinomycin resistance
gene; trnN/trnR: sequences coding for tRNA-N/tRNA-R; attB1/B2/R1/R2/L1/L2:
Gateway® recombination sites; pl/p2/p3/p4: primers used for PCR and the
corresponding PCR products are shown as dotted lines; ORI: bacterial origin of
replication.

48



3.1.2 Regeneration of transplastomic plants

GFP expressing plants were obtained by chloroplast transformation of N. tabacum cv.
Petit Havana with pEXP-PN-GFP-T using the biolistic approach. The site specific
integration of the transgene into the wild-type chloroplast genome (Figure 8 (d)) due to
homologous recombination generated transplastomic plants (Figure 8 (e)). Transgenic
shoots developing from callus tissue on RMOP medium containing spectinomycin were
tested for transgene integration by PCR. Correct integration of the transgenic sequence
into the plastid genome was shown by a PCR product of 2230 bp with primers pl/p2
and 2552 bp with primers p3/p4 (Figure 9 (a)). Three independently transformed and
regenerated plant lines (N.t.-PN-GFP 1, 2 and 3) were further characterized. Southern
blot analysis verified the homoplastomic state of all three plant lines by the presence of
only the 5496 bp fragment in GFP transformed plants, compared to the 2649 bp
fragment in wild-type (Figure 9 (b)).

a) 1 2 3 wt IVI Mwt 4 5 6 b) wt 1 2 3 M
7743 bp — 7743
6223 bp . 5496 bp - 0223 bg
4254 bp --
" 34720D w— 4254 bp
22300 v 200050 A 2552 bp [ we 3472bp
- 1882 bp 2849kp w2690 bp
1489 bp
W 1882 bp
925 bp = 1489 bp

Figure 9 PCR and Southern blot analysis of transplastomic tobacco plants.
a) PCR using primer pairs with one primer binding inside the transgene expression
cassette (pl in the gfp sequence, p4 in the aadA sequence) and the second primer
binding inside the plastid genome (p2 downstream of INSR, p3 upstream of INSL).
The expected PCR product showing correct integration of the transgenic sequence
into the plastid genome is 2230 bp with pl/p2 (lane 1-3) and 2552 bp with p3/p4
(lane 4-6). b) Southern blot analysis of DNA isolated from three independently
regenerated plant lines (lane 1-3) and wild-type (wt) was performed using a 773 bp
DIG labeled probe that binds inside the trnN region (INSL) of the plastid genome.
The expected fragment after Apal digest is 5496 bp for transgenic plants and
2649 bp for wt plants. The positions of primers (pl, p2, p3, p4) and the
corresponding expected size of PCR products, as well as restriction sites, probe
position and the size of expected Southern blot bands are indicated in Figure 8.
M: A DNA/Eco130I (Styl) Marker 16, Fermentas.
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3.1.3 Analysis of GFP expression

Expression of GFP was visually monitored using confocal laser scanning microscopy
and co-localization of the GFP signal and the plastid autofluorescence was well
observable in leaves of homoplastomic plants (Figure 10 (a)), thus confirming the
expression of GFP in the chloroplasts. The total soluble protein content of plant extracts
was determined using the Bradford assay and immunoblot analysis performed with the
soluble fraction of protein extract and an anti-GFP primary antibody showed the
expected 28 kDa band (Figure 10 (b)). The quantification of GFP expression by
comparison of signal intensity to the GFP standard on the Western Blot determined an

expression level of 3 % TSP.

a) GFP plastid autofluorescence overlay
2

P
10.0 pm
b) GFP standard [ug] plant protein extract
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Figure 10 Detection and Quantitation of GFP expression. a) GFP fluorescence in
the plastids of transplastomic plants observed with a confocal laser scanning
microscope. 1) GFP fluorescence; 2) auto fluorescence of chloroplasts and 3) the
overlay of pictures 1 and 2 shows the localization of GFP in the plastids.
b) Western blot. The extract from the transplastomic plant was loaded in several
dilutions and the GFP standard series was used as a reference. The ~ 28kDa protein
bands of GFP were detected using the colorimetric detection method. Unspecific
binding of the antibody to the crude plant extract results in the band migrating at
33 kDa which is present also in the wild-type sample. The dilution loaded of the plant
protein extract is indicated above the lanes.
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3.2 Expression of EDIII antigens in tobacco using a constitutive and

an inducible expression vector

The results obtained in this study demonstrate that the production of monovalent
envelope domain Il proteins (EDIIIl) and a fusion protein consisting of the EDIlIs of all
four virus serotypes in tobacco plastids is feasible. Homoplastomic plants were obtained

and the proteins were expressed either in a constitutive or an inducible way.

3.2.1 Constitutive expression of EDIII 1, EDIII 2 and EDIII 3 in tobacco
chloroplasts

3.2.1.1 Vector construction and plant regeneration

Vector construction was done at the Norwegian Institute of Agricultural and
Environmental Research (Bioforsk, As, Norway). The vectors used for chloroplast
transformation are derivatives of pKP9 (Zhou et al, 2008) and contain the EDIII domain
of the Dengue virus serotypes 1, 2 and 3 under control of the constitutive promoter of
the plastid ribosomal RNA operon. Plant transformation and regeneration of
transformed plants have been carried out at the Max-Plank-Institute of Molecular Plant
Physiology (MPI-MP, Golm, Germany).
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Figure 11 Schematic representation of the generation of transplastomic
tobacco plants constitutively expressing the Dengue antigenes. a) Wild-type
tobacco plastid genome (CP). b) Tobacco plastid genome with integrated transgene
expression cassette for EDIII 1, EDIIlI 2 and EDIII 3, respectively. The Southern blot
probes binding in the psaB region, the dengue gene and the aadA gene, respectively,
are shown as arrows and the expected Bglll fragments are shown as arrows marked
with their molecular weight. INSL/INSR: left/right insertion site; psaB: 3’ end of the
psaB gene; trnfM/trnG: coding sequence for tRNA-fM/tRNA-G; Prrn: promoter of the
tobacco plastid ribosomal RNA operon (Ruf et al, 2001); Prrn*: chimeric rRNA operon
promoter (Svab & Maliga, 1993); 5 T7g10: 5’UTR of bacteriophage T7 gene 10; EDIII
1/2/3: coding sequence for Dengue envelope protein domain Ill; 6xH: Hexa-his-tag;
3'(T): 3'UTR of tobacco rbcL gene; 3'(p): 3UTR of tobacco psbA gene;
aadA: spectinomycin resistance gene.
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3.2.1.2 Charaterization of transplastomic tobacco plants

Seeds harvested from selfed transgenic plants transformed with the vectors
pKP9-EDIII 1, pKP9-EDIII 2 and pKP9-EDIII 3, respectively, have been kindly provided
by the MPI-MP. The homogenous green phenotype of the transplastomic seedlings,
germinated on spectinomycin containing medium, proved the absence of segregation of
the antibiotic resistance gene in the F1 generation, thus indicating homoplasmy of the
transplastomic plant lines (Figure 12).

N.t-EDIII 1

N.t-EDIIl 2 N.t.-EDIII 3 wild-type

Figure 12 Germination test of transgenic tobacco seeds. Seeds obtained from
three selfed transplastomic plants and wild-type seeds were germinated on 500mg/L
spectinomycin containing medium.

Southern blot analyses were performed to verify the homoplastomic state of the
transplastomic plant lines. Site specific integration between trnfM and trnG in the LSC
region of the tobacco plastid genome (Figure 11 (a)) resulted in transplastomic plants
(Figure 11 (b)). Each plant was analysed using three probes, targeted to three different
sequences in the transgene expression cassette: “aadA” to confirm the presence of the
aadA gene; “den” to confirm the presence of the EDIII coding sequence and “psaB” to
verify integration into the chloroplasts genome. Presence of the aadA and the Dengue
gene in the chloroplast genome was confirmed by the 5798 bp Bglll restriction fragment
detected when hybridized with the aadA probe (Figure 14 (a)) and the den probe
(Figure 14 (b)). Homoplasmy of the analysed transplastomic plant lines was confirmed
by only the presence of the 5798 bp fragment compared to the 3491 bp fragment in the
wild-type plant when hybridized with the psaB probe (Figure 14 (c)).

Plants growing in soil under standard greenhouse conditions showed phenotypic
alterations compared to the wild-type plants regarding growth rate, leaf size and
coloration of the leaves (Figure 13). No morphological differences were observable for
flower development and fertile seeds were obtained from all transgenic plant lines

through self-fertilization.
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Figure 14 Southern blot analysis of transplastomic tobacco plant lines. Bglll
digested DNA from transplastomic and wild-type (wt) plants was hybridised to a DIG
labeled probe. a) Hybridization signal obtained with the aadA probe; b) Hybridization
signal obtained with the den probe; c) Hybridization signal obtained with the psaB
probe. The expected fragment is 5798 bp for transplastomic plants and 3491 bp for the
wild-type. Lane 1: N.t.-EDIII 1; Lane 2: N.t.-EDIII 2; Lane 3: N.t.-EDIII 3; M: Bglll sites,
probe position and the size of expected Southern blot bands are indicated in Figure 11;
M: 1kb DNA ladder, NEB. The membrane was first hybridized with psaB probe, the
striped and hybridized with den probe, striped again and hybridized with aadA probe.

wildt-type N.t.-EDIII 1 N.t.-EDIIl 2 N.t.-EDIII 3

~

N
Figure 13 Phenotypic characterisation of plants constitutively expressing
EDIII 1, EDIII 2 and EDIII 3. a) Seven weeks old plants; e) Flowers on mature plants.




3.2.1.3 Analysis of recombinant protein expression

Leaves of six weeks old homoplastomic plants growing in the greenhouse were labeled
L1 (oldest) to L6 (youngest), harvested and both total soluble protein (TSP) and total
protein (TP) were extracted from each leaf separately. Immunoblot analyses performed
with TSP extracts detected the EDIII 1 protein, but failed to detect EDIIl 2 and EDIII 3
(Figure 15 (a) — (c)). Furthermore the expression level of EDIII 1 increased from old to
young leaves.

Immunoblot analyses performed with the TP extract detected EDIII 1 and EDIII 3, but
with various signal intensities for the different leaf stages (Figure 15 (d) — (f)). In addition
to the expected 13 kDa band corresponding to the monovalent Dengue antigen, also
bands at higher molecular masses: ~28 kDa, ~40 kDa and ~50 kDa were detected. The
absence of these bands in the wild-type sample indicates that these bands are not due
to unspecific binding of the antibody to plant protein.

Mass spectrometric analysis of the additional protein bands (marked *1 - *8 in Figure
15) showed the presence of the same peptides in all the bands (Table 18), therefore
confirming the specific binding of the anti-dengue antibody and strengthening the

hypothesis of dimer/trimer formation of the recombinant EDIII 1 and EDIII 3 proteins.
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Figure 15 Western blot analysis of constitutively expressed Dengue antigens.
Immunoblot analysis performed with TSP and TP extracted from tobacco plant lines
N.t.-EDIIl 1, N.t.-EDIlIl 2 and N.t.-EDIlIl 3. a)-c): Total soluble protein (TSP);
d) - f) Total protein (TP); Lane 1-6: protein extract from leaf one (lane 1, oldest leaf)
to leaf six (lane 6, youngest leaf); wt: wild-type; molecular size of EDIII 1, EDIII 2 and
EDIII 3: ~13 kDa; The arrows mark the 13 kDa band of the recombinant protein in
(@), (d) and (f); The boxed bands marked with an asterisk in (d) and (f) were cut out
from an identical coomassie stained gel and subjected to mass
spectrometric analysis. The amount of TSP/TP loaded for each sample is stated
above the gel and the size of the marker bands are indicated in kDa.
M: spectra multicolour broad range protein ladder, Thermo Scientific.
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Table 18 Mass spectrometric analysis. All possible peptides obtained after trypsin
digest of EDIII 1 or EDIII 3, respectively are listed in the first column. The bands cut out
from the coomassie stained gel were digested with trypsin, and the purified and
concentrated peptides were analysed by mass spectrometry. *1 - *8 represent the
bands in Figure 15 and sample 9 was an E.coli derived EDIIl 3 as a positive control. +
indicates the presence of the peptide in the respective sample, - indicates that the
peptide was not found in this sample. Peptides marked with # were only found as parts
of bigger peptides due to only partial trypsin digest.
Peptides for EDIII 1 *1 | *2
1) MSYVMCTGSFK

2) "LEK

3) EVAETQHGTVLVQVK

4) "*YEGTDAPCK

5) IPFSSQDEK

6) "GVTQNGR

7) LITANPIVTDK

8) EKPVNIEAEPPFGESYIVVGAGEK
9) ALK

10) *LSWFK

11) K

12) GSSIGK

13) GGGGGENLYFQGHHHHHH*

>(.
w
>(.
N

+

+l |+
AR R R E

|+
AR R R E

+
+
1
1

*
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*
[ep}
*
\‘
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Peptides for EDIII 3

1) MSYAMCLNTFVLK

2) K

3) EVSETQHGTILIK

4) "WEYK

5) "GEDAPCK

6) IPFSTEDGQGK

7) "AHNGR

8) LITANPVVTK

9) EEPVNIEAEPPFGESNIVIGIGDK
10) ALK

11) *INWYR

12) GSSIGK

13) GGGGGENLYFQGHHHHHH*

1
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[+ [+ [+ [+ ]+

+
+ [+

[+ [+ [+ [+ [+ [+ ]+
1

=+
1
=+
1
1

56



3.2.2 Inducible expression of EDIII 1, EDIIl 2, EDIIl 4 and EDIIl 1-4 in tobacco

chloroplasts

3.2.2.1 Construction of plastid transformation vectors

Gateway® cloning of the EDIII sequences into the tobacco specific pDEST-T7-T yielded
the plastid transformation vectors pEXP-T7-EDIIl 1-T, pEXP-T7-EDIIl 2-T, pEXP-T7-
EDIIl 4-T and pEXP-T7-EDIII 1-4-T (Figure 16 (a)). Site specific integration between
trnN and trnR in the IR region of the tobacco plastid genome (Figure 16 (b)) via the
homologous recombination mechanism resulted in transplastomic plants carrying the
corresponding transgene expression cassettes (Figure 16 (c)).
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Figure 16 Schematic representation of the generation of transplastomic
tobacco plants expressing the Dengue antigens upon ethanol induction. a)
Final plastid transformation vector pEXP-T7-goi-T; b) Wild-type tobacco plastid
genome (CP); c) Tobacco plastid genome with integrated transgene expression
cassette for EDIII 1, EDIII 2, EDIII 4 and EDIII 1-4, respectively. The 773 bp Southern
blot probe (insl) is shown as an arrow and the expected Apal fragments are shown
as arrows and their size is indicated next to the respective goi. aadA: spectinomycin
resistance gene; Amp(R): ampicillin resistance gene; attBl/attB2: Gateway®
recombination sites; INSL/INSR: tobacco specific left/right insertion site; trnN/trnR:
sequences coding for tRNA-N/tRNA-R;  EDIIl 1/2/4/1-4: coding sequence for
transgene including a Hexa-his-tag; PpsbA: tobacco psbA promoter (Staub &
Maliga, 1993); PT7: phage A derived T7 promoter (Tabor & Richardson, 1985); 3'(C):
3'UTR of chlamydomonas rbcL gene; 5'psbA: 5'UTR of tobacco psbA gene; T(T7):
T7 terminator; ORI: bacterial origin of replication. p3/p4: primers used for PCR and
the corresponding PCR product is shown as a dotted line marked with its molecular
weight.
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3.2.2.2 Transplastomic plant regeneration and characterization

Transgenic shoots developing from callus tissue on RMOP medium containing
spectinomycin and kanamycin were tested for transgene integration by PCR. Correct
integration of the transgenic sequence into the plastid genome was shown by a PCR
product of 2552 bp with primers p3/p4 (Figure 17 (a)). Bombardment of 285-78-T7
leaves resulted in the direct generation of 285-78-T7-EDIIl 1, 285-T7-EDIll 2 and
285-T7-EDIIl 4, while 285-78-T7-EDIIl 1-4 was only obtained after back-crossing of
N.t.-T7-EDIIl 1-4 with pollen derived from 285-78-T7. The transplastomic plant lines
(285-78-T7-EDIII 1, 285-78-T7-EDIIl 2, 285-78-T7-EDIll 4 and 285-78-T7-EDIIl 1-4)
were further characterized by Southern blot analysis using Apal to produce restriction
fragments and a DIG labeled probe binding inside the INSL sequence. The
homoplastomic state of all four transgenic plant lines was verified by the presence of
only the 4962 bp fragment (for 285-78-T7-EDIIl 1, 285-78-T7-EDIII 2,
285-78-T7-EDIII 4) or the 5960 bp fragment (for 285-78-T7-EDIII 1-4) in transformed
plants, compared to the 2649 bp fragment for 285-78-T7 (Figure 17 (b)).

) ppy M Wt 1 2 3 4 b) joy M Wt 1 2 3 4
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Figure 17 PCR and Southern blot analysis of transplastomic tobacco plants.
a) PCR using primer pair with one primer binding inside the transgene expression
cassette (p4) and the second primer binding inside the plastid genome (p3) upstream
of INSL. The expected PCR product showing correct integration of the transgenic
sequence into the plastid genome is 2552 bp. b) Southern blot analysis of DNA
isolated from regenerated plant lines and 285-78-T7 was performed using a 773 bp
DIG labeled probe that binds inside the trnN region (INSL) of the plastid genome.
The expected fragment size after Apal digest is 4962 bp (for lane 1-3) or
5960 bp (for lane 4) and 2649 bp for wt lane. Lane 1. 285-78-T7-EDIII 1;
lane 2: 285-78-T7-EDIII 2; lane 3: 285-78-T7-EDIII 4; lane 4: 285-78-T7-EDIII 1-4;
wt: 285-78-T7. The positions of primers (p3, p4) and the corresponding expected
size of the PCR product, as well as restriction sites, probe position and the size of
expected Southern blot bands are indicated in Figure 16. M in a): A DNA Marker 16,
Fermentas; M in b): 1kb DNA ladder, NEB.
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Slight growth retardations were observable for plant lines 285-78-T7-EDIIl 4 and
285-78-T7-EDIII 1-4 when compared to the growth of plant line 285-78-T7 in soil under
standard greenhouse conditions (Figure 18 (a)), but flower set and development
occurred normally and fertile seeds were obtained from all transplastomic plant lines
(Figure 18 (b)). Seeds harvested from selfed transgenic plants were germinated on
spectinomycin and kanamycin containing medium. The seedlings demonstrated a
homogenous green phenotype, thus proving the absence of segregation of the antibiotic

resistance gene in the F1 generation (Figure 18 (c)).

285-78-T7 285-78-T7-EDIII 1 285-78-T7-EDIl2 ~ 285-78-T7-EDIlIl 4 285-78-T7-EDIII 1-4

Figure 18 Phenotypic characterisation of transplastomic plants. a) Nine weeks
old plants; b) Flowers on mature plants; ¢) Germination test with seeds obtained from
selfed transplastomic plants on spectinomycin and kanamycin containing medium.
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3.2.2.3 Induction of recombinant protein expression by ethanol treatment

Five weeks old in vitro plants were sprayed with 5 % ethanol on seven consecutive days
to induce recombinant protein expression. No negative effect of the ethanol treatment
on the plants was observable during the treatment (Figure 19). Total protein (TP) was
extracted from plant lines 285-78-T7-EDIII 1, 285-78-T7-EDIII 2, 285-78-T7-EDIII 4 and
285-78-T7-EDIIl 1-4 for every day of the ethanol spray experiment and immunoblot
analysis detected the recombinant EDIII proteins in the respective plant lines, though
with differences in the expression level (Figure 20). EDIII 1 and EDIII 2 were detected
with a steady expression level in all the samples, while EDIII 4 and EDIII 1-4 expression

levels showed an increase following repeated ethanol exposure.

285-78-T7 285-78-T7-EDIII 1

285-78-T7-EDIIl 2 285-78-T7-EDIIl 4  285-78-T7-EDIII 1-4

Figure 19 Ethanol treatment of transplastomic plants for the induction of
Dengue antigen expression. a) Five weeks old plants in Magenta boxes before the
first ethanol treatment (day 0); b) The same plants as in a) after treatment with 5 %
ethanol on seven consecutive days (day 7).
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Figure 20 Western blot analysis of inducibly expressed Dengue antigens.
Immunoblots performed with 50 pg TP from ethanol induced transplastomic plants.
a) 285-78-T7-EDIII 1; b) 285-78-T7-EDIII 2; c) 285-78-T7-EDIII 4; d) 285-78-T7-EDIII 1-4;
dO: before ethanol treatment; d1: one day after the first ethanol treatment; d2: two days
after the first ethanol treatment; ... d7: sample taken seven days after the first ethanol
treatment; 78T7: 285-78-T7 on day 7 of ethanol treatment. The arrow indicates the
respective recombinant protein and its estimated size is stated.
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3.3 Expression of monovalent EDIII 1 and tetravalent EDIII 1-4

antigens in lettuce plastids

3.3.1 Vector construction

The lettuce plastid transformation vector pDEST-PN-L was constructed by insertion of
the aadA expression cassette and the Gateway® RfA between lettuce specific sites for
homologous recombination. The vectors pEXP-PN-EDIII 1-L and pEXP-PN-EDIII 1-4-L
(Figure 21 (a)) used for lettuce plastid transformation were obtained by Gateway®
cloning of the sequences for EDII 1 and EDIII 1-4 into the lettuce specific pPDEST-PN-L.
Homologous recombination into the intergenic spacer region between trnl and trnA in
the IR region of the lettuce plastid genome (Figure 21 (b)), resulted in transplastomic

plants carrying the corresponding transgene expression cassettes (Figure 21 (c)).
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Figure 21 Schematic representation of the Expression vectors for the generation
of transplastomic lettuce plants. a) The final lettuce specific plastid transformation
vector pEXP-PN-goi-L; b) Wild-type lettuce plastid genome (CP); c) Lettuce plastid
genome with integrated transgene expression cassette for EDIII 1 and EDII 1-4,
respectively. The Southern blot probe (trnA) is shown as an arrow and the expected
Smal fragments are shown as arrows and their size is indicated next to the respective
goi. aadA: spectinomycin resistance gene; Amp(R): ampicillin resistance gene;
attBl/attB2: Gateway® recombination sites; INSL*/INSR*: lettuce specific left/right
insertion site; trnl/trnA: sequences coding for tRNA-I/tRNA-A; EDIII 1/1-4: coding
sequence for transgene including a Hexa-his-tag; PpsbA: tobacco psbA promoter
(Staub & Maliga, 1993); Prrn16: tobacco rrn16 PEP+NEP promoter (Ye et al, 2001);
3'(C): 3'UTR of chlamydomonas rbcL gene; 5'psbA: 5UTR of tobacco psbA gene;
3'(T): 3'UTR of tobacco rbcL gene; ORI: bacterial origin of replication. p296/p297:
primers used for PCR and the corresponding PCR product is shown as a dotted line
marked with its molecular weight for both transgenes.
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3.3.2 Transplastomic plant regeneration and characterization

Transgenic shoots developing from callus tissue on RMOP medium containing
spectinomycin were tested for transgene integration by PCR. Presence of the
transgenic sequence in the plastid genome was shown by a PCR product of 1841 bp for
EDIIl 1-4 and 836 bp for EDIII 1 with primers p296/p297 (Figure 22 (a)). The
transplastomic plant lines (S12-PN-EDIlIl 1-4 and S16-PN-EDIIlI 1) were further
characterized by Southern blot analysis. The homoplastomic state of both plant lines
was verified by the presence of only the 5545 bp fragment (for S16-PN-EDIII 1) or the
6533 bp fragment (for S12-PN-EDIII 1-4) in transformed plants, compared to the
3130 bp fragment in wild-type (Figure 22 (b)) after digest of total plant DNA with Smal.
No phenotypic alterations were visible on transplastomic plants growing in the
greenhouse (Figure 23 (a)) and flower set and seed development was normal. Plants
were grown to full maturity (Figure 23 (b)) and seeds harvested from transgenic plants
were germinated on spectinomycin containing medium. The homogenous green
phenotype of the seedlings proved the absence of segregation of the antibiotic

resistance gene in the F1 generation (Figure 23 (c)).
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Figure 22 PCR and Southern blot analyses of regenerated lettuce plants. a) PCR
using primers p296/p297 binding inside the transgene expression cassette. The
expected PCR product is 1841 bp for S12-PN-EDIII 1-4 (lane 1) or 836 bp for
S16-PN-EDIII 1 (lane 2). b) Southern blot analysis of DNA isolated from regenerated
plant lines and wild-type (wt) was performed using a 665 bp DIG labeled probe that
binds inside the trnA region (INSR) of the plastid genome. The expected fragment size
after Smal digest is 6533 bp for S12-PN-EDIIl 1-4 (lane 1) or 5545 bp for
S16-PN-EDIII 1 (lane 2) and 3130 bp for wt plants. The positions of primers and the
corresponding expected size of PCR product, as well as restriction sites, probe
position and the size of expected Southern blot bands are indicated in Figure 21.
M: 1kb DNA ladder, NEB.
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wildt-type S12-PN-EDIII 1-4 S16-PN-EDIII 1

Figure 23 Phenotype and Germination assay of transplastomic lettuce plants.
a) Plants growing in the greenhouse; b) Flowering plants; c) One week old seedlings
obtained from transplastomic plants and wild-type seeds germinated on
spectinomycin (30 mg/L) containing medium.
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3.3.3 Analysis of the expression of EDIII 1-4 and EDIII 1 antigens

Total protein (TP) and total soluble protein (TSP) were isolated from plants growing in
the greenhouse, quantified by BCA and Bradford assay and immunoblot analysis
performed with an anti-dengue antibody detected both the 13 kDa EDIII 1 and the 47
kDa EDIII 1-4 in the respective plants (Figure 24).
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Figure 24 Western Blot analysis of Dengue antigens expressed in lettuce.
a) TP and TSP isolated from plant line S12-PN-EDIII 1-4; b) TP and TSP isolated
from plant line S16-PN-EDIII 1; the amount of TSP/TP loaded is given above the
respective lane in ug; in a) 20 ug TP/TSP were loaded for the wild-type, while in b)
50 ug TP/TSP were loaded for the wild-type. The arrows indicate the 47 kDa
EDIII 1-4 and the 13 kDa EDIII 1; M: spectra multicolour broad range protein ladder
(Thermo Scientific), molecular size is indicated in kDa.
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4 Discussion

The present study has described the production of vaccine candidates against Dengue
fever in green plants. Chloroplast genetic engineering has been employed to develop an
economic and safe production platform for the recombinant protein vaccine candidates.
The expression of the tetravalent EDIII fusion protein and the four monovalent EDIII
forms has been achieved by using chloroplast engineering in tobacco and lettuce, thus

proving the feasibility of the chosen approaches.

Dengue fever (DF) and Dengue haemorrhagic fever (DHF) are caused by the Dengue
viruses consisting of four antigenically related but distinct virus serotypes. With an
estimated 50 — 100 million new infections every year (WHO, 2013), this viral disease is
a significant cause of morbidity and mortality in developing tropical and subtropical
countries (Gubler, 2012). Due to its occurrence in four serotypes and its complex
pathogenesis, so far there is no vaccine available against Dengue fever. The serotype
specific antibodies, produced in the course of the first infection, cross-react with the
remaining serotypes during secondary infection, causing the severe forms of the
disease: Dengue shock syndrome and DHF (Halstead, 1988). Therefore, an effective
Dengue vaccine must be tetravalent and confer protection against all four virus
serotypes (Hombach et al, 2005).

Currently, the most promising tetravalent vaccine candidate (CYD15) containing four
monovalent chimeric yellow fever Dengue vaccine strains is undergoing a phase Il
clinical trial (Sanofi-Pasteur, 2014). However, previous difficulties associated with
tetravalent Dengue vaccine candidates consisting of the four live-attenuated virus
strains for the Mahidol- (Edelman et al, 2003; Kanesa-Thasan et al, 2001) and the
WRAIR-vaccine (Eckels et al, 2000a; Sun et al, 2003) have put an increased focus on
developing a recombinant protein vaccine. The most promising attempts focus on the
envelope protein domain 1l (EDIII) (Guzman et al, 2010). This domain contains the
main serotype specific epitopes (Chin et al, 2007; Megret et al, 1992) and has only very
low intrinsic potential for eliciting cross-reactive antibodies against heterologous
serotypes (Hombach et al, 2005). A recombinant fusion protein linking the EDIII
domains of Dengue virus serotypes 1, 2, 3 and 4 has elicited neutralizing antibodies
against all four serotypes (Batra et al, 2007; Etemad et al, 2008) and indicates a way to
avoid unbalanced immune responses reported for tetravalent formulations consisting of

stoichiometrically mixed monovalent vaccines (Sabchareon et al, 2012).
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In order to reduce the workload and time necessary for constructing the required plastid
transformation vectors, the first part of this work consisted in implementing the
Gateway® recombination cloning technology. Cloning with traditional restriction
enzymes is laborious and time consuming, because the choice of suitable restriction
enzymes is frequently limited by the transgene's sequence and often considerable
adaptations of the transgene's sequence are required to eliminate unwanted cutting
sites. These major limitations are circumvented by the Gateway® cloning system
allowing the rapid and efficient insertion of any transgene into the Expression vector
without considerations regarding interference of internal restriction sites of a candidate
sequence. Since the construction of the first series of plant Destination vectors (Dubin
et al, 2008; Earley et al, 2006; Karimi et al, 2007) continual improvements and
modifications have led to an increasing number of vectors available for different
purposes (Buntru et al, 2013; Dubin et al, 2010; Karimi et al, 2013; Lyska et al, 2013).
However, only vectors for transient expression or stable nuclear transformation have
been reported until we started the attempt of implementing the Gateway® cloning
system in plastid genome engineering.

A set of novel Destination vectors, that can be converted into a final plastid
transformation vector in one single step using Gateway® recombinant cloning
technology, has been developed. The Gateway® cloning introduces the attB1 sequence
at the 5" and the attB2 sequence at the 3" regions of the expression cassette and
insertions of a novel sequence between promoter and 5 UTR includes the risk of
damaging this very sensitive region. However, GFP expression achieved in tobacco
chloroplasts transformed with the Gateway® compatible plastid transformation vector
proved that the attB1 sequence has no negative effect on the critical RNA interactions
required for protein expression. The obtained GFP accumulation level of 3% TSP was
furthermore considerably higher than the results previously generated using the same
regulatory elements and integration sites in the plastid genome (Waheed et al, 2011a,;
Waheed et al, 2011b). No negative impact of the Gateway® cloning procedure was
detectable during the whole process of plastid transformation and regeneration of
transplastomic plants. Thus, taking advantage of the unique properties of the Gateway®
cloning system, the first Gateway® plastid transformation vector has been created,
providing a straightforward and streamlined cloning strategy.
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The transplastomic plant lines containing the transgene expression cassette controlled
by a strong constitutive rrn16 promoter showed growth retardations and leaf chlorosis.
According to previous reports, plastid based expression of recombinant proteins mostly
does not result in abnormal phenotypes. However, there are an increasing number of
studies where phenotypic alterations of transplastomic plants have been reported. The
two main reasons underlying pigment deficiency or delay in plant development are
either toxicity of the transgene product due to interference of the recombinant protein
with essential processes in the chloroplast or severe metabolic burden due to hyper
recombinant protein expression levels (Scotti & Cardi, 2014). These detrimental effects
include male sterility (Lossl et al, 2003), chlorotic leaves (Tregoning et al, 2003),
stunted growth (Magee et al, 2004; Tissot et al, 2008) or a combination thereof
(Waheed et al, 2011b). Although, expression of up to 72 % of total leaf protein of a
CTB-Pins fusion protein without negative effects on plant growth has been reported
(Ruhlman et al, 2010), over-expression of lysine to ~70 % TSP caused phenotypic
alterations in transformed plants (Oey et al, 2009). In several cases, the aberrant
phenotype can be directly connected to the foreign protein (Hennig et al, 2007; Ruiz &
Daniell, 2005). Nevertheless, it could also be the result of exhaustion of the
chloroplast's gene expression capacity resulting in Rubisco depletion and a general
decrease in plastid-encoded proteins (Bally et al, 2009; Zhou et al, 2008). The fact that
the growth retardation and mild chlorosis observed in our transplastomic plants could be
overcome by expressing the transgene upon ethanol induction, suggests that in our
case these detrimental effects are more likely an effect of recombinant protein toxicity

than overload of the chloroplast's metabolism.

The detected levels of constitutively expressed EDIII 1 were varying depending on the
leaf age with the highest protein accumulation being detected in the youngest leaves.
Similar findings have been reported for the VP6 protein, suggesting that the protein is
produced during early leaf development, but then subjected to degradation during plant
growth (Birch-Machin et al, 2004). In contrast to that, the expression levels of EDIII 3
remained nearly unchanged in all leaf ages, indicating that this protein might be more
stable than EDIII 1.
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Although, the Southern blot pattern confirmed the homoplastomic state of N.t.-EDIII 2,
Western blot analyses were not able to detect the EDIII 2 protein. Previously, a plastid
protein with a half-life less than one hour has been reported (Whitney & Andrews, 2001)
and the high turnover of plastidial protein synthesis can lead to rapid degradation of
proteins (Kim et al, 1994). A N-end rule for plastid proteins has been proposed where
the protein stability is influenced by the penultimate N-terminal amino acid residue (Apel
et al, 2010; De Marchis et al, 2012), but in our case all three EDIII proteins have the

same penultimate amino acid.

Unexpectedly, the immunoblot analyses revealed the presence of additional protein
bands with higher molecular masses than the predicted 13 kDa for EDIII 1 and EDIII 3,
respectively. The size of these bands (~28, ~40 and ~50 kDa) would correlate nicely
with dimer or trimer formation of the EDIII proteins. The absence of these bands in the
wild-type sample clearly indicates that they result from specific binding of the
anti-dengue antibody. To proof our hypothesis, mass spectrometric analyses were
performed and the data obtained by analyzing the contents of the expected band
together with the additional bands confirmed that all analyzed samples contain the
Dengue-peptides. The mature Dengue virus particles are formed by E protein dimers
organized in a herringbone configuration on the viral surface (Kuhn et al, 2002) and the
main dimerization properties are associated with domain Il (Modis et al, 2003), while our
recombinant protein consists only of the domain Ill of the envelope protein. However,
the homodimers of the E protein interact closely with each other during the virus life
cycle (Mukhopadhyay et al, 2005) and the post fusion structure at low pH is
characterized by a trimeric arrangement of E protein monomers (Modis et al, 2004).
Therefor it cannot be excluded, that the domain Il retains some characteristics that
favor protein aggregation even when expressed in an isolated way. Such information is
of importance for our future work and for other studies about the production of
recombinant proteins in chloroplasts.

Although this phenomenon has not been reported for similar proteins expressed in
E.coli (Khanam et al, 2006) or yeast cells (Batra et al, 2010; Cardoso et al, 2013), a
putative dimeric species has been detected in solubilized inclusion bodies of EDIII 2
(Jaiswal et al, 2004). The ability to form strong aggregates of the chloroplast produced
EDIII proteins may be an advantage for the stimulation of the immune system and

induction of intestinal secretory IgA following oral immunization.
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The activation of transgene expression after the highly sensitive regeneration phase
could be a way to avoid phenotypic alterations caused by the recombinant protein.
Inducible expression systems allow the plants to grow to maturity and then the full
biomass capacity can be exploited to produce the recombinant protein upon induction.
Several different induction systems for plastids have been reported (Buhot et al, 2006;
Muhlbauer & Koop, 2005; Tungsuchat et al, 2006; Verhounig et al, 2010). In this work,
the ethanol inducible expression system based on the nuclear encoded plastid exported
T7 RNA Polymerase has been employed for the expression of EDIII 1, EDIII 2, EDIII 4
and EDIII 1-4. The functionality of this system to overcome growth reduction and male
sterility caused by the expression of the phb operon has been previously demonstrated
(Lossl et al, 2005). Plants growing in the greenhouse without ethanol treatment showed
only a minimal growth delay compared to the wild-type plants and fertile seeds were
obtained from all plant lines. Protein expression was achieved in all in vitro plant lines
after repeated ethanol exposure and in accordance with previously reported leakiness
of the system (L&ssl et al, 2005) a low level of recombinant protein was also detectable
in un-induced plants, most likely causing the slightly slower growth of the transplastomic

plants.

Interestingly, no protein aggregates were visible on the immunoblots performed with
protein extracted from the ethanol induced plants, except for EDIII 4. However, EDIII 4
has also the highest expression level and the aggregates appear with increasing protein
concentration, suggesting that they might not be distinguishable from the background

on the other Western blots due to sensitivity reasons.

The expression level obtained from constitutive expression of EDIII 1 is higher than the
one obtained after ethanol induction. Since in both plant lines the identical protein is
expressed in the same tobacco background, this cannot be due to protein instability or
protein degradation by plant proteases. More likely, the availability of the T7RNA
Polymerase in the plastid constitutes a bottle neck for the recombinant protein
expression (Lossl et al, 2005). On the other hand, in the case of EDIII 2, where the
expression level remained below the detection limit with the constitutive approach, the
ethanol inducible system allowed the expression of detectable EDIII 2 quantities.

Importantly, the successful expression of the EDIII 2 protein and the hardly notable
growth alterations in the transplastomic plants demonstrate the usefulness of this trans-
activation system to overcome hurdles in transgene expression and recombinant protein

related phenotypic alterations.
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Since the main target group for a Dengue vaccine are the relatively poor people in
developing countries, an ideal Dengue vaccine should be affordable, effective, heat-
stable, and easily administered. Orally delivered plant produced antigens are bio-
encapsulated by the plant cell wall (Daniell et al, 2009) and stimulated protective
immune responses (Arlen et al, 2008; Davoodi-Semiromi et al, 2010; Ruhiman et al,
2007; Verma et al, 2010). Furthermore, recombinant protein-based vaccines expressed
in edible plants can be produced and delivered using the same cells, completely
eliminating the cost of purification and formulation (Gregory & Mayfield, 2014).

Homoplastomic lettuce plants expressing the EDIII 1 and the EDIIlI 1-4 protein were
obtained by transformation with lettuce specific Gateway® plastid transformation
vectors and as described in our recent study (Gottschamel et al, 2013), no negative
effects were observable during plant transformation and regeneration, proving the
applicability of the Gateway® cloning system also for lettuce.

The detected expression level for EDIII 1 is considerably lower in lettuce than the one
obtained with constitutive expression in tobacco. This has been observed for other
recombinant proteins expressed in both tobacco and lettuce chloroplasts (Davoodi-
Semiromi et al, 2010; Ruhiman et al, 2007) and in addition, the different regulatory
elements used in this work, presumably also contribute to the variable expression
levels. In general, it is well documented that the recombinant protein yield depends on
the regulatory elements used for transgene expression (Cardi et al, 2010; Inka Borchers
et al, 2012; Koop et al, 2007; Maliga, 2003; Yang et al, 2013), but protein stability plays
an even more important role in protein accumulation (Apel et al, 2010; Birch-Machin et
al, 2004; De Marchis et al, 2012; Elghabi et al, 2011).

As already noticed with the constitutively expressed EDIIl 1 and EDIII 3 proteins in
tobacco, also in lettuce the EDIIl 1-4 seems to be more abundant in the insoluble
fraction than in the total soluble protein extract. A comparison of signal intensities on the
Western Blots performed with total protein extracted from lettuce and ethanol induced
tobacco, indicates that not only the EDIII 1-4 concentration is higher in lettuce, but also

that less degradation is visible in lettuce than in tobacco.

Several other groups have reported the expression of antigens in lettuce as a more
digestible and non-toxic alternative to tobacco (Davoodi-Semiromi et al, 2010; Ruhlman
et al, 2007; Ruhlman et al, 2010; Verma et al, 2010). The data obtained from our
experiments will help to further develop a low-cost and thermo-stable vaccine candidate
against Dengue fever with the possibility of oral delivery.
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Recombinant tetravalent and monovalent EDIIl antigens have been previously
expressed in E.coli (Khanam et al, 2006; McDonald et al, 2009; Simmons et al, 1999;
Srivastava et al, 2000; Tripathi et al, 2008; Tripathi et al, 2011; Zhao et al, 2014), in
yeast (Arora et al, 2013; Batra et al, 2010; Cardoso et al, 2013; Etemad et al, 2008;
Nguyen et al, 2013), in insect cells (lvy et al, 2000) and also in plants (Kim et al, 2009;
Martinez et al, 2010; Saejung et al, 2007). So far only the expression of a Dengue virus
serotype-3 premembrane and envelope polyprotein has been reported in plastids
(Kanagaraj et al, 2011) and the present study provides new insights and detailed
information on chloroplast based expression of recombinant EDIII proteins. In addition,
the utilization of three different expression strategies and two plant species confers
comparative properties to this study that provide valuable information for further

research in this field.

Although no absolute quantification of the obtained recombinant protein expression
levels is possible, comparison and rough estimations lead to the conclusion that EDIII 1
and EDIII 3 are best expressed constitutively in tobacco, while the more problematic
proteins EDIII 2, EDIII 4 and EDIII 1-4, still can be expressed to a reasonable level in
tobacco via the ethanol inducible approach. Furthermore, lettuce appears to be an
especially convenient expression system for EDIII 1-4, with a considerable yield, hardly
any degradation and an edible background facilitating the processing of the

pharmaceutical protein for oral administration.
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5 Conclusion

In the present study the tetravalent fusion protein (EDIII 1-4) and the corresponding
monovalent forms (EDIII 1, -2, -3 and -4) have been expressed in tobacco and lettuce
chloroplasts. The plastid expression system offers transgene confinement, high levels of
protein expression, absence of gene silencing and other epigenetic mechanisms, the
possibility of stacking transgenes into operons and highly precise, site-specific
transgene integration (Bock, 2014). Tobacco is a non-food/non-feed crop, has a
relatively good tractability to genetic manipulation and is an excellent biomass and seed
producer (Svab & Maliga, 1993). Furthermore, lettuce has been chosen as an edible
crop to facilitate the oral administration of the Dengue vaccine.

The constitutive expression levels of EDIII 1 and EDIII 3 clearly show that chloroplasts
are a suitable production platform for these proteins. Though, the failure to detect
EDIIl 2 and the phenotypic alterations observed in all the constitutively expressing
tobacco plants indicate that even closely related proteins may behave differently and
may require different expression conditions. However, the successful expression of
EDIII 2 alongside with EDIII 1, EDIII 4 and EDIII 1-4 achieved with the ethanol inducible
expression system, demonstrates that these hurdles can be overcome by choosing a
suitable expression system. Furthermore, the successful expression of EDIIlI 1 and
EDIII 1-4 in lettuce promotes and facilitates the development of orally administrable

medicament formulations.

Taken together, this work shows (i) for the first time that the Gateway® cloning system
is adaptable for the construction of plastid transformation vectors allowing the rapid,
easy and accurate cloning of various different transgenes in parallel reactions; (ii) that
the expression of the Dengue virus envelope protein domain Il is feasible in tobacco
and lettuce chloroplasts. However since every recombinant protein is unique, this work
also points out that it is crucial to apply the appropriate expression system for every
individual recombinant protein in order to achieve satisfying expression levels.
Expressing challenging proteins via the ethanol inducible expression system offers an
effective possibility to overcome detrimental effects caused by the recombinant protein
on plant growth and fertility. The production of the recombinant EDIII proteins that are
aimed for pharmaceutical purposes in an edible plant, paves the way for a vaccine with

oral administration.
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6 Further Perspectives

o Transcription level analysis

In order to further investigate the EDIII 2 protein expression in homoplastomic tobacco
plants, RNA expression and stability of EDIIl 1-4 encoding genes will be investigated.
The data gained from these experiments may help to reveal the cause of the absent

EDIII 2 protein accumulation in the constitutive expressing transgenic plant lines.

o Quantification of the expression level

A task that still has to be completed is the quantification of the recombinant protein
expression level. The production of a purified E.coli derived protein standard has been
delayed, due to unexpected difficulties with the expression and purification of the
recombinant EDIII proteins in E.coli. Strategies to overcome these hurdles have been

developed and the work is in progress.

o Immunological studies

The next important step will be to prove the immunogenicity of the produced
recombinant proteins and to show their ability to confer protection against the Dengue
virus. Immunological studies have been designed to determine the immune system's
response in mouse feeding experiments. This assay is ongoing and furthermore, Plaque
reduction neutralization tests (PRNT) have been scheduled to evaluate the protecting
capabilities of the EDIII proteins. The outcomes of these studies are expected to provide

useful information for further Dengue vaccine development.

74



7 References

Allison SL, Schalich J, Stiasny K, Mandl CW, Heinz FX (2001) Mutational evidence for
an internal fusion peptide in flavivirus envelope protein E. J Virol 75: 4268-4275

Apel W, Schulze WX, Bock R (2010) Identification of protein stability determinants in
chloroplasts. Plant J 63: 636-650

Arlen PA, Singleton M, Adamovicz JJ, Ding Y, Davoodi-Semiromi A, Daniell H (2008)
Effective plague vaccination via oral delivery of plant cells expressing F1-V antigens in
chloroplasts. Infect Immun 76: 3640-3650

Arntzen C, Plotkin S, Dodet B (2005) Plant-derived vaccines and antibodies: potential
and limitations. Vaccine 23: 1753-1756

Arora U, Tyagi P, Swaminathan S, Khanna N (2013) Virus-like particles displaying
envelope domain Il of Dengue virus type 2 induce virus-specific antibody response in
mice. Vaccine 31: 873-878

Bally J, Nadai M, Vitel M, Rolland A, Dumain R, Dubald M (2009) Plant physiological
adaptations to the massive foreign protein synthesis occurring in recombinant
chloroplasts. Plant Physiol 150: 1474-1481

Basaran P, Rodriguez-Cerezo E (2008) Plant molecular farming: opportunities and
challenges. Crit Rev Biotechnol 28: 153-172

Batra G, Hapugoda M, Chaudhry S, al. e. (2007) Tetravalent Dengue specific domain IlI
based chimeric recombinant protein. WO2007034507.

Batra G, Raut R, Dahiya S, Kamran N, Swaminathan S, Khanna N (2010) Pichia
pastoris-expressed Dengue virus type 2 envelope domain Il elicits virus-neutralizing
antibodies. J Virol Methods 167: 10-16

Bendich AJ (1987) Why do chloroplasts and mitochondria contain so many copies of
their genome? Bioessays 6: 279-282

Bernard P (1995) New ccdB positive-selection cloning vectors with kanamycin or
chloramphenicol selectable markers Gene 162: 159-160

Bevan MW, Flavell RB, Chilton M-D (1983) A chimaeric antibiotic resistance gene as a
selectable marker for plant cell transformation. Nature 304: 184-187

Bhamarapravati N, Butrapet S, Chang J, al. e. (1996) Infectious Dengue 2 virus PDK-53
as quadravalent vaccine. WO09640933.

Bhamarapravati N, Yoksan S. (2001) Attenuated strains of Dengue virus and their use
in a vaccine composition. EP1159968.

Birch-Machin I, Newell CA, Hibberd JM, Gray JC (2004) Accumulation of rotavirus VP6
protein in chloroplasts of transplastomic tobacco is limited by protein stability. Plant
Biotechnology Journal 2: 261-270

75



Bock R (2013) Strategies for metabolic pathway engineering with multiple transgenes.
Plant Mol Biol 83: 21-31

Bock R (2014) Genetic engineering of the chloroplast: novel tools and new applications.
Current Opinion in Biotechnology 26: 7-13

Bock R, Warzecha H (2010) Solar-powered factories for new vaccines and antibiotics.
Trends Biotechnol 28: 246-252

Boetti H, Chevalier L, Denmat LA, Thomas D, Thomasset B (1999) Efficiency of
physical (light) or chemical (ABA, tetracycline, CuSO4 or 2-CBSU)-stimulus-dependent
gus gene expression in tobacco cell suspensions. Biotechnol Bioeng 64: 1-13

Brandler S, Lucas-Hourani M, Moris A, Frenkiel M-P, Combredet C, Février M,
Bedouelle H, Schwartz O, Despres P, Tangy F (2007) Pediatric Measles Vaccine
Expressing a Dengue Antigen Induces Durable Serotype-specific Neutralizing
Antibodies to Dengue Virus. PLoS Negl Trop Dis 1: €96

Brown D. (2004) Insertion of furin protease cleavage sites in membrane proteins and
uses thereof. WO2004101598.

Buhot L, Horvath E, Medgyesy P, Lerbs-Mache S (2006) Hybrid transcription system for
controlled plastid transgene expression. Plant J 46: 700-707

Buntru M, Gartner S, Staib L, Kreuzaler F, Schlaich N (2013) Delivery of multiple
transgenes to plant cells by an improved version of MultiRound Gateway technology.
Transgenic Res 22: 153-167

Caddick MX, Greenland AJ, Jepson |, Krause KP, Qu N, Riddell KV, Salter MG, Schuch
W, Sonnewald U, Tomsett AB (1998) An ethanol inducible gene switch for plants used
to manipulate carbon metabolism. Nat Biotechnol 16: 177-180

Calisher CH, Karabatsos N, Dalrymple JM, Shope RE, Porterfield JS, Westaway EG,
Brandt WE (1989) Antigenic relationships between flaviviruses as determined by cross-
neutralization tests with polyclonal antisera. J Gen Virol 70: 37-43

Cardi T, Lenzi P, Maliga P (2010) Chloroplasts as expression platforms for plant-
produced vaccines. Expert Review of Vaccines 9: 893-911

Cardoso SA, Paixao VF, Oliveira MD, Honda ER, Oliveira LL, da Silva CC, De Paula
SO (2013) Dengue-1 envelope protein domain Il produced in Pichia pastoris: potential
use for serological diagnosis. Protein Expr Purif 92: 9-13

Chaturvedi UC, Nagar R (2008) Dengue and Dengue haemorrhagic fever: Indian
perspective. J Biosci 33: 429-441

Chen Q, He J, Phoolcharoen W, Mason HS (2011) Geminiviral vectors based on bean

yellow dwarf virus for production of vaccine antigens and monoclonal antibodies in
plants. Hum Vaccin 7: 331-338

76



Chen Y, Maguire T, Hileman RE, Fromm JR, Esko JD, Linhardt RJ, Marks RM (1997)
Dengue virus infectivity depends on envelope protein binding to target cell heparan
sulfate. Nat Med 3: 866-871

Chin JF, Chu JJ, Ng ML (2007) The envelope glycoprotein domain Il of Dengue virus
serotypes 1 and 2 inhibit virus entry. Microbes Infect 9: 1-6

Clarke J, Daniell H, Nugent J (2011) Chloroplast biotechnology, genomics and
evolution: current status, challenges and future directions. Plant Molecular Biology 76:
207-209

Clyde K, Kyle JL, Harris E (2006) Recent advances in deciphering viral and host
determinants of Dengue virus replication and pathogenesis. J Virol 80: 11418-11431

Crill WD, Roehrig JT (2001) Monoclonal antibodies that bind to domain Il of Dengue
virus E glycoprotein are the most efficient blockers of virus adsorption to Vero cells. J
Virol 75: 7769-7773

Daniell H (2006) Henry Daniell: Chloroplast Genetic Engineering. Biotechnology Journal
1:31-33

Daniell H (2007) Transgene containment by maternal inheritance: effective or elusive?
Proc Natl Acad Sci U S A 104: 6879-6880

Daniell H, Lee SB, Panchal T, Wiebe PO (2001a) Expression of the native cholera toxin
B subunit gene and assembly as functional oligomers in transgenic tobacco
chloroplasts. J Mol Biol 311: 1001-1009

Daniell H, Singh ND, Mason H, Streatfield SJ (2009) Plant-made vaccine antigens and
biopharmaceuticals. Trends in Plant Science 14: 669-679

Daniell H, Streatfield SJ, Wycoff K (2001b) Medical molecular farming: production of
antibodies, biopharmaceuticals and edible vaccines in plants. Trends Plant Sci 6: 219-
226

Dasgupta S, Collins GB, Hunt AG (1998) Co-ordinated expression of multiple enzymes
in different subcellular compartments in plants. The Plant Journal 16: 107-116

Davoodi-Semiromi A, Schreiber M, Nalapalli S, Verma D, Singh ND, Banks RK,
Chakrabarti D, Daniell H (2010) Chloroplast-derived vaccine antigens confer dual
iImmunity against cholera and malaria by oral or injectable delivery. Plant Biotechnol J 8:
223-242

De Marchis F, Pompa A, Bellucci M (2012) Plastid proteostasis and heterologous
protein accumulation in transplastomic plants. Plant Physiol 160: 571-581

Dejnirattisai W, Jumnainsong A, Onsirisakul N, Fitton P, Vasanawathana S, Limpitikul
W, Puttikhunt C, Edwards C, Duangchinda T, Supasa S, Chawansuntati K, Malasit P,
Mongkolsapaya J, Screaton G (2010) Cross-reacting antibodies enhance Dengue virus
infection in humans. Science 328: 745-748

77



Dubin M, Bowler C, Benvenuto G (2008) A modified Gateway cloning strategy for
overexpressing tagged proteins in plants. Plant Methods 4: 1746-4811

Dubin MJ, Bowler C, Benvenuto G (2010) Overexpressing tagged proteins in plants
using a modified gateway cloning strategy. Cold Spring Harb Protoc 2010:
doi: 10.1101/pdb.prot5401

Dufourmantel N, Pelissier B, Garcon F, Peltier G, Ferullo JM, Tissot G (2004)
Generation of fertile transplastomic soybean. Plant Mol Biol 55: 479-489

Durbin AP, Karron RA, Sun W, Vaughn DW, Reynolds MJ, Perreault JR, Thumar B,
Men R, Lai CJ, Elkins WR, Chanock RM, Murphy BR, Whitehead SS (2001) Attenuation
and immunogenicity in humans of a live Dengue virus type-4 vaccine candidate with a
30 nucleotide deletion in its 3'-untranslated region. Am J Trop Med Hyg 65: 405-413

Earley KW, Haag JR, Pontes O, Opper K, Juehne T, Song K, Pikaard CS (2006)
Gateway-compatible vectors for plant functional genomics and proteomics. The Plant
Journal 45: 616-629

Eckels K, Putnak J, Dubois D. (2000a) Multivalent Dengue virus vaccine. WO0057907.

Eckels K, Putnak J, Dubois D, al. e. (2000b) Attenuated Dengue-1 (-2, -3 and -4) virus
vaccine. WO0057908 (W0O0057909, WO0057904 and WO0057910).

Edelman R, Wasserman SS, Bodison SA, Putnak RJ, Eckels KH, Tang D, Kanesa-
Thasan N, Vaughn DW, Innis BL, Sun W (2003) Phase | trial of 16 formulations of a
tetravalent live-attenuated Dengue vaccine. Am J Trop Med Hyg 69: 48-60

Elghabi Z, Karcher D, Zhou F, Ruf S, Bock R (2011) Optimization of the expression of
the HIV fusion inhibitor cyanovirin-N from the tobacco plastid genome. Plant Biotechnol
J 9: 599-608

Etemad B, Batra G, Raut R, Dahiya S, Khanam S, Swaminathan S, Khanna N (2008)
An envelope domain lll-based chimeric antigen produced in Pichia pastoris elicits
neutralizing antibodies against all four Dengue virus serotypes. Am J Trop Med Hyg 79:
353-363

Faye L, Gomord V (2010) Success stories in molecular farming—a brief overview. Plant
Biotechnology Journal 8: 525-528

Fedosov SN, Laursen NB, Nexo E, Moestrup SK, Petersen TE, Jensen EO, Berglund L
(2003) Human intrinsic factor expressed in the plant Arabidopsis thaliana. Eur J
Biochem 270: 3362-3367

Fernandez-San Millan A, Ortigosa SM, Hervas-Stubbs S, Corral-Martinez P, Segui-
Simarro JM, Gaetan J, Coursaget P, Veramendi J (2008) Human papillomavirus L1
protein expressed in tobacco chloroplasts self-assembles into virus-like particles that
are highly immunogenic. Plant Biotechnol J 6: 427-441

Fischer R, Emans N (2000) Molecular farming of pharmaceutical proteins. Transgenic
Research 9: 279-299

78



Fischer R, Stoger E, Schillberg S, Christou P, Twyman RM (2004) Plant-based
production of biopharmaceuticals. Current Opinion in Plant Biology 7: 152-158

Frolov I, Frolova E, Mason P. (2007) Pseudoinfectious flavivirus and uses therof.
W02007098267.

Gatz C (1997) Chemical control of gene expression. Annu Rev Plant Physiol Plant Mol
Biol 48: 89-108

Glenz K, Bouchon B, Stehle T, Wallich R, Simon MM, Warzecha H (2006) Production of
a recombinant bacterial lipoprotein in higher plant chloroplasts. Nat Biotechnol 24: 76-
77

Gorantala J, Grover S, Goel D, Rahi A, Jayadev Magani SK, Chandra S, Bhatnagar R
(2011) A plant based protective antigen [PA(dIV)] vaccine expressed in chloroplasts
demonstrates protective immunity in mice against anthrax. Vaccine 29: 4521-4533

Gottschamel J, Waheed MT, Clarke JL, Lossl AG (2013) A novel chloroplast
transformation vector compatible with the Gateway((R)) recombination cloning
technology. Transgenic Res 22: 1273-1278

Gregory JA, Mayfield SP (2014) Developing inexpensive malaria vaccines from plants
and algae. Appl Microbiol Biotechnol 98: 1983-1990

Gubler DJ (2002) Epidemic Dengue/Dengue hemorrhagic fever as a public health,
social and economic problem in the 21st century. Trends Microbiol 10: 100-103

Gubler DJ (2012) The economic burden of Dengue. In Am J Trop Med Hyg Vol. 86, pp
743-744. United States

Guirakhoo F, Arroyo J, Pugachev KV, Miller C, Zhang ZX, Weltzin R, Georgakopoulos
K, Catalan J, Ocran S, Soike K, Ratterree M, Monath TP (2001) Construction, safety,
and immunogenicity in nonhuman primates of a chimeric yellow fever-Dengue virus
tetravalent vaccine. J Virol 75: 7290-7304

Guzman M, Vazquez S, Kouri G (2009) Dengue: where are we today? Malays J Med
Sci 16 (3): 4-11

Guzman MG, Hermida L, Bernardo L, Ramirez R, Guillen G (2010) Domain Il of the
envelope protein as a Dengue vaccine target. Expert Rev Vaccines 9: 137-147

Halstead SB (1988) Pathogenesis of Dengue: challenges to molecular biology. Science
239: 476-481

Halstead SB (2003) Neutralization and antibody-dependent enhancement of Dengue
viruses. Adv Virus Res 60: 421-467

Halstead SB, Marchette NJ (2003) Biologic properties of Dengue viruses following serial

passage in primary dog kidney cells: studies at the University of Hawaii. Am J Trop Med
Hyg 69: 5-11

79



Hartley JL, Temple GF, Brasch MA (2000) DNA Cloning Using In Vitro Site-Specific
Recombination. Genome Research 10: 1788-1795

Hefferon K (2013) Plant-derived pharmaceuticals for the developing world.
Biotechnology Journal 8: 1193-1202

Hennig A, Bonfig K, Roitsch T, Warzecha H (2007) Expression of the recombinant
bacterial outer surface protein A in tobacco chloroplasts leads to thylakoid localization
and loss of photosynthesis. FEBS J 274: 5749-5758

Hennig J, Dewey RE, Cutt JR, Klessig DF (1993) Pathogen, salicylic acid and
developmental dependent expression of a beta-1,3-glucanase/GUS gene fusion in
transgenic tobacco plants. Plant J 4: 481-493

Hiatt A, Cafferkey R, Bowdish K (1989) Production of antibodies in transgenic plants.
Nature 342: 76-78

Hoff T, Schnorr KM, Mundy J (2001) A recombinase-mediated transcriptional induction
system in transgenic plants. Plant Mol Biol 45: 41-49

Hombach J, Barrett AD, Cardosa MJ, Deubel V, Guzman M, Kurane |, Roehrig JT,
Sabchareon A, Kieny MP (2005) Review on flavivirus vaccine development.
Proceedings of a meeting jointly organised by the World Health Organization and the
Thai Ministry of Public Health, 26-27 April 2004, Bangkok, Thailand. Vaccine 23: 2689-
2695

Horsch RB, Rogers SG, Fraley RT (1985) Transgenic plants. Cold Spring Harb Symp
Quant Biol 50: 433-437

Huang Z, LePore K, Elkin G, Thanavala Y, Mason HS (2008) High-yield rapid
production of hepatitis B surface antigen in plant leaf by a viral expression system. Plant
Biotechnology Journal 6: 202-209

Inka Borchers AM, Gonzalez-Rabade N, Gray JC (2012) Increased accumulation and
stability of rotavirus VP6 protein in tobacco chloroplasts following changes to the 5'
untranslated region and the 5' end of the coding region. Plant Biotechnol J 10: 422-434

vy J, Nakano E, Clements D. (2000) Subunit immunogenic composition against
Dengue infection. US6165477.

Jaiswal S, Khanna N, Swaminathan S (2004) High-level expression and one-step
purification of recombinant Dengue virus type 2 envelope domain Il protein in
Escherichia coli. Protein Expression and Purification 33: 80-91

Johnson C, Boden E, Arias J (2003) Salicylic acid and NPR1 induce the recruitment of
trans-activating TGA factors to a defense gene promoter in Arabidopsis. Plant Cell 15:
1846-1858

Kanagaraj AP, Verma D, Daniell H (2011) Expression of Dengue-3 premembrane and
envelope polyprotein in lettuce chloroplasts. Plant Mol Biol 76: 323-333

80



Kanamoto H, Yamashita A, Asao H, Okumura S, Takase H, Hattori M, Yokota A,
Tomizawa K (2006) Efficient and stable transformation of Lactuca sativa L. cv. Cisco
(lettuce) plastids. Transgenic Res 15: 205-217

Kanesa-Thasan N, Sun W, Kim-Ahn G, Van Albert S, Putnak JR, King A,
Raengsakulsrach B, Christ-Schmidt H, Gilson K, Zahradnik JM, Vaughn DW, Innis BL,
Saluzzo JF, Hoke CH, Jr. (2001) Safety and immunogenicity of attenuated Dengue virus
vaccines (Aventis Pasteur) in human volunteers. Vaccine 19: 3179-3188

Kang TJ, Han SC, Kim MY, Kim YS, Yang MS (2004) Expression of non-toxic mutant of
Escherichia coli heat-labile enterotoxin in tobacco chloroplasts. Protein Expr Purif 38:
123-128

Kang TJ, Loc NH, Jang MO, Jang YS, Kim YS, Seo JE, Yang MS (2003) Expression of
the B subunit of E. coli heat-labile enterotoxin in the chloroplasts of plants and its
characterization. Transgenic Res 12: 683-691

Karimi M, Depicker A, Hilson P (2007) Recombinational Cloning with Plant Gateway
Vectors. Plant Physiology 145: 1144-1154

Karimi M, Inze D, Van Lijsebettens M, Hilson P (2013) Gateway vectors for
transformation of cereals. Trends Plant Sci 18: 1-4

Karimi M, Inzé D, Depicker A (2002) GATEWAY™ vectors for Agrobacterium-
mediated planttransformation. Trends in Plant Science 7: 193-195

Katzen F (2007) Gateway® recombinational cloning: a biological operating system.
Expert Opinion on Drug Discovery 2: 571-589

Khanam S, Etemad B, Khanna N, Swaminathan S (2006) Induction of neutralizing
antibodies specific to Dengue virus serotypes 2 and 4 by bivalent antigen composed of
linked envelop domains Ill of these two serotypes. The American Journal of Tropical
Medicine and Hygiene 74: 266-277

Kim J, Klein PG, Mullet JE (1994) Synthesis and turnover of photosystem Il reaction
center protein D1. Ribosome pausing increases during chloroplast development. J Biol
Chem 269: 17918-17923

Kim M-Y, Yang M-S, Kim T-G (2009) Expression of Dengue virus E glycoprotein domain
[l in non-nicotine transgenic tobacco plants. Biotechnology and Bioprocess Engineering
14: 725-730

Koop H-U, Herz S, Golds T, Nickelsen J (2007) The genetic transformation of plastids.
In Cell and Molecular Biology of Plastids, Bock R (ed), Vol. 19, 225, pp 457-510.
Springer Berlin Heidelberg

Koop H-U, Steinmdller K, Wagner H, RoRler C, Eibl C, Sacher L (1996) Integration of

foreign sequences into the tobacco plastome via polyethylene glycol-mediated
protoplast transformation. Planta 199: 193-201

81



Koya V, Moayeri M, Leppla SH, Daniell H (2005) Plant-based vaccine: mice immunized
with chloroplast-derived anthrax protective antigen survive anthrax lethal toxin
challenge. Infect Immun 73: 8266-8274

Kuhn RJ, Zhang W, Rossmann MG, Pletnev SV, Corver J, Lenches E, Jones CT,
Mukhopadhyay S, Chipman PR, Strauss EG, Baker TS, Strauss JH (2002) Structure of
Dengue Virus: Implications for Flavivirus Organization, Maturation, and Fusion. Cell
108: 717-725

Kurane I, Ennis FE (1992) Immunity and immunopathology in Dengue virus infections.
Semin Immunol 4: 121-127

Kwon KC, Verma D, Singh ND, Herzog R, Daniell H (2013) Oral delivery of human
biopharmaceuticals, autoantigens and vaccine antigens bioencapsulated in plant cells.
Adv Drug Deliv Rev 65: 782-799

Landy A (1989) Dynamic, Structural, and Regulatory Aspects of Lambda Sitespecific
Recombination. Ann Rev Biochem 58: 913-949

Lebel E, Heifetz P, Thorne L, Uknes S, Ryals J, Ward E (1998) Functional analysis of
regulatory sequences controlling PR-1 gene expression in Arabidopsis. Plant J 16: 223-
233

Lee MY, Zhou Y, Lung RW, Chye ML, Yip WK, Zee SY, Lam E (2006) Expression of
viral capsid protein antigen against Epstein-Barr virus in plastids of Nicotiana tabacum
cv. SR1. Biotechnol Bioeng 94: 1129-1137

Lelivelt CL, McCabe MS, Newell CA, Desnoo CB, van Dun KM, Birch-Machin |, Gray
JC, Mills KH, Nugent JM (2005) Stable plastid transformation in lettuce (Lactuca sativa
L.). Plant Mol Biol 58: 763-774

Lindenbach BD, Rice CM (2003) Molecular biology of flaviviruses. Adv Virus Res 59:
23-61

Lyska D, Engelmann K, Meierhoff K, Westhoff P (2013) pAUL: a gateway-based vector
system for adaptive expression and flexible tagging of proteins in Arabidopsis. PLoS
One 8: doi: 10.1371/journal.pone.0053787

Lossl A, Bohmert K, Harloff H, Eibl C, Muhlbauer S, Koop H-U (2005) Inducible Trans-
activation of Plastid Transgenes: Expression of the R. eutropha phb Operon in
Transplastomic Tobacco. Plant and Cell Physiology 46: 1462-1471

Lossl A, Eibl C, Harloff HJ, Jung C, Koop HU (2003) Polyester synthesis in
transplastomic  tobacco (Nicotiana tabacum L.): significant contents of
polyhydroxybutyrate are associated with growth reduction. Plant Cell Reports 21: 891-
899

Lossl AG, Waheed MT (2011) Chloroplast-derived vaccines against human diseases:
achievements, challenges and scopes. Plant Biotechnology Journal 9: 527-539

82



Ma S, Wang A (2012) Molecular Farming: an Overview. In Molecular Farming in Plants:
Recent Advances and Future Prospects, Wang A, Ma S (eds), pp 1-20. Netherlands:
Springer

Maclean J, Koekemoer M, Olivier AJ, Stewart D, Hitzeroth, 1l, Rademacher T, Fischer
R, Williamson AL, Rybicki EP (2007) Optimization of human papillomavirus type 16
(HPV-16) L1 expression in plants: comparison of the suitability of different HPV-16 L1
gene variants and different cell-compartment localization. J Gen Virol 88: 1460-1469

Madesis P, Osathanunkul M, Georgopoulou U, Gisby MF, Mudd EA, Nianiou I, Tsitoura
P, Mavromara P, Tsaftaris A, Day A (2010) A hepatitis C virus core polypeptide
expressed in chloroplasts detects anti-core antibodies in infected human sera. J
Biotechnol 145: 377-386

Magee AM, Coyne S, Murphy D, Horvath EM, Medgyesy P, Kavanagh TA (2004) T7
RNA polymerase-directed expression of an antibody fragment transgene in plastids
causes a semi-lethal pale-green seedling phenotype. Transgenic Res 13: 325-337

Maliga P (2002) Engineering the plastid genome of higher plants. Current Opinion in
Plant Biology 5: 164-172

Maliga P (2003) Progress towards commercialization of plastid transformation
technology. Trends Biotechnol 21: 20-28

Maliga P (2004) Plastid transformation in higher plants. Annual Review of Plant Biology
55: 289-313

Martinez CA, Topal E, Giulietti AM, Talou JR, Mason H (2010) Exploring different
strategies to express Dengue virus envelope protein in a plant system. Biotechnol Lett
32: 867-875

Mason HS, Lam DM, Arntzen CJ (1992) Expression of hepatitis B surface antigen in
transgenic plants. Proc Natl Acad SciU S A 89: 11745-11749

McBride KE, Schaaf DJ, Daley M, Stalker DM (1994) Controlled expression of plastid
transgenes in plants based on a nuclear DNA-encoded and plastid-targeted T7 RNA
polymerase. Proc Natl Acad Sci U S A 91: 7301-7305

McDonald W, Powell T, Price A, Becker R. (2009) Compositions of Dengue viral
proteins and methods of use. W02009128949.

Megret F, Hugnot JP, Falconar A, Gentry MK, Morens DM, Murray JM, Schlesinger JJ,
Wright PJ, Young P, Van Regenmortel MH, et al. (1992) Use of recombinant fusion
proteins and monoclonal antibodies to define linear and discontinuous antigenic sites on
the Dengue virus envelope glycoprotein. Virology 187: 480-491

Melnik S, Stoger E (2013) Green factories for biopharmaceuticals. Curr Med Chem 20:
1038-1046

Modis Y, Ogata S, Clements D, Harrison SC (2003) A ligand-binding pocket in the
Dengue virus envelope glycoprotein. Proceedings of the National Academy of Sciences
100: 6986-6991

83



Modis Y, Ogata S, Clements D, Harrison SC (2004) Structure of the Dengue virus
envelope protein after membrane fusion. Nature 427: 313-319

Monath T (1997) Yellow fever in vaccines. Plotkin S, Orenstein W (eds), 3rd edition edn,
pp 815-880. Philadelphia: WB Saunders Co.

Moravec T, Schmidt MA, Herman EM, Woodford-Thomas T (2007) Production of
Escherichia coli heat labile toxin (LT) B subunit in soybean seed and analysis of its
Immunogenicity as an oral vaccine. Vaccine 25: 1647-1657

Morrison D, Legg TJ, Bilings CW, Forrat R, Yoksan S, Lang J (2010) A novel
tetravalent Dengue vaccine is well tolerated and immunogenic against all 4 serotypes in
flavivirus-naive adults. J Infect Dis 201: 370-377

Mukhopadhyay S, Kuhn RJ, Rossmann MG (2005) A structural perspective of the
flavivirus life cycle. Nat Rev Microbiol 3: 13-22

Murray M, Thompson W (1980) Rapid isolation of high molecular weight plant DNA.
Nucleic Acids Research 8: 4321-4326

Muhlbauer SK, Koop H-U (2005) External control of transgene expression in tobacco
plastids using the bacterial lac repressor. The Plant Journal 43: 941-946

Nawrath C, Poirier Y, Somerville C (1994) Targeting of the polyhydroxybutyrate
biosynthetic pathway to the plastids of Arabidopsis thaliana results in high levels of
polymer accumulation. Proceedings of the National Academy of Sciences 91: 12760-
12764

New JS, Westerveld D, Daniell H (2012) Chloroplast-Derived Therapeutic and
Prophylactic Vaccines. In Molecular Farming in Plants: Recent Advances and Future
Prospects, Wang A, Ma S (eds), pp 69-87. Netherlands: Springer

Nguyen NL, Kim JM, Park JA, Park SM, Jang YS, Yang MS, Kim DH (2013) Expression
and purification of an immunogenic Dengue virus epitope using a synthetic consensus
sequence of envelope domain Ill and Saccharomyces cerevisiae. Protein Expr Purif 88:
235-242

Nugent GD, Coyne S, Nguyen TT, Kavanagh TA, Dix PJ (2006) Nuclear and plastid
transformation of Brassica oleracea var. botrytis (cauliflower) using PEG-mediated
uptake of DNA into protoplasts. Plant Science 170: 135-142

Oey M, Lohse M, Kreikemeyer B, Bock R (2009) Exhaustion of the chloroplast protein
synthesis capacity by massive expression of a highly stable protein antibiotic. The Plant
Journal 57: 436-445

Padidam M (2003) Chemically regulated gene expression in plants. Curr Opin Plant Biol
6: 169-177

Pang T, Cardosa MJ, Guzman MG (2007) Of cascades and perfect storms: the
immunopathogenesis of Dengue haemorrhagic fever-Dengue shock syndrome
(DHF/DSS). Immunol Cell Biol 85: 43-45

84



Pilson D, Prendeville H (2004) Ecological effects of transgenic crops and the escape of
transgenes into wild populations. Annu Rev Ecol Evol Syst 35: 149-174

Rappsilber J, Ishihama Y, Mann M (2003) Stop and go extraction tips for matrix-
assisted laser desorption/ionization, nanoelectrospray, and LC/MS sample pretreatment
in proteomics. Anal Chem 75: 663-670

Regnard GL, Halley-Stott RP, Tanzer FL, Hitzeroth, Il, Rybicki EP (2010) High level
protein expression in plants through the use of a novel autonomously replicating
geminivirus shuttle vector. Plant Biotechnol J 8: 38-46

Rico-Hesse R, Harrison LM, Salas RA, Tovar D, Nisalak A, Ramos C, Boshell J, de
Mesa MT, Nogueira RM, da Rosa AT (1997) Origins of Dengue type 2 viruses
associated with increased pathogenicity in the Americas. Virology 230: 244-251

Rigano MM, Manna C, Giulini A, Pedrazzini E, Capobianchi M, Castilletti C, Di Caro A,
Ippolito G, Beggio P, De Giuli Morghen C, Monti L, Vitale A, Cardi T (2009) Transgenic
chloroplasts are efficient sites for high-yield production of the vaccinia virus envelope
protein A27L in plant cellst. Plant Biotechnology Journal 7: 577-591

Rosales-Mendoza S, Alpuche-Solis AG, Soria-Guerra RE, Moreno-Fierros L, Martinez-
Gonzalez L, Herrera-Diaz A, Korban SS (2009) Expression of an Escherichia coli
antigenic fusion protein comprising the heat labile toxin B subunit and the heat stable
toxin, and its assembly as a functional oligomer in transplastomic tobacco plants. The
Plant Journal 57: 45-54

Roslan HA, Salter MG, Wood CD, White MRH, Croft KP, Robson F, Coupland G,
Doonan J, Laufs P, Tomsett AB, Caddick MX (2001) Characterization of the ethanol-
inducible alc gene-expression system in Arabidopsis thaliana. The Plant Journal 28:
225-235

Roy G, Weisburg S, Rabindran S, Yusibov V (2010a) A novel two-component Tobacco
mosaic virus-based vector system for high-level expression of multiple therapeutic
proteins including a human monoclonal antibody in plants. Virology 405: 93-99

Roy S, Tyagi A, Tiwari S, Singh A, Sawant SV, Singh PK, Tuli R (2010b) Rabies
glycoprotein fused with B subunit of cholera toxin expressed in tobacco plants folds into
biologically active pentameric protein. Protein Expr Purif 70: 184-190

Ruf S, Hermann M, Berger 1J, Carrer H, Bock R (2001) Stable genetic transformation of
tomato plastids and expression of a foreign protein in fruit. Nat Biotechnol 19: 870-875

Ruf S, Karcher D, Bock R (2007) Determining the transgene containment level provided
by chloroplast transformation. Proc Natl Acad Sci U S A 104: 6998-7002

Ruhlman T, Ahangari R, Devine A, Samsam M, Daniell H (2007) Expression of cholera
toxin B-proinsulin fusion protein in lettuce and tobacco chloroplasts — oral
administration protects against development of insulitis in non-obese diabetic mice.
Plant Biotechnology Journal 5: 495-510

85



Ruhlman T, Verma D, Samson N, Daniell H (2010) The Role of Heterologous
Chloroplast Sequence Elements in Transgene Integration and Expression. Plant
Physiology 152: 2088-2104

Ruiz ON, Daniell H (2005) Engineering cytoplasmic male sterility via the chloroplast
genome by expression of {beta}-ketothiolase. Plant Physiol 138: 1232-1246

Rybicki EP (2010) Plant-made vaccines for humans and animals. Plant Biotechnology
Journal 8: 620-637

Sabchareon A, Wallace D, Sirivichayakul C, Limkittikul K, Chanthavanich P,
Suvannadabba S, Jiwariyavej V, Dulyachai W, Pengsaa K, Wartel TA, Moureau A,
Saville M, Bouckenooghe A, Viviani S, Tornieporth NG, Lang J (2012) Protective
efficacy of the recombinant, live-attenuated, CYD tetravalent Dengue vaccine in Thai
schoolchildren: a randomised, controlled phase 2b trial. The Lancet 380: 1559-1567

Saejung W, Fujiyama K, Takasaki T, Ito M, Hori K, Malasit P, Watanabe Y, Kurane I,
Seki T (2007) Production of Dengue 2 envelope domain Il in plant using TMV-based
vector system. Vaccine 25: 6646-6654

Salter MG, Paine JA, Riddell KV, Jepson I, Greenland AJ, Caddick MX, Tomsett AB
(1998) Characterisation of the ethanol-induciblealcgene expression system for
transgenic plants. The Plant Journal 16: 127-132

Sanford JC (1990) Biolistic plant transformation. Physiologia Plantarum 79: 206-209

Sanofi-Pasteur. (2014) Study of a Novel Tetravalent Dengue Vaccine in Healthy
Children and Adolescents Aged 9 to 16 Years in Latin America; NCT01374516.
NCT01374516, Clinical Trials database of the US NIH.

Scharff LB, Bock R (2013) Synthetic biology in plastids. The Plant Journal
doi: 10.1111/tpj.12356

Schlesinger RW (1977) Dengue viruses. Virol Monogr: 1-132

Scotti N, Alagna F, Ferraiolo E, Formisano G, Sannino L, Buonaguro L, De Stradis A,
Vitale A, Monti L, Grillo S, Buonaguro F, Cardi T (2009) High-level expression of the
HIV-1 Pr55gag polyprotein in transgenic tobacco chloroplasts. Planta 229: 1109-1122

Scotti N, Cardi T (2014) Transgene-induced pleiotropic effects in transplastomic plants.
Biotechnol Lett 36: 229-239

Shaw J, Lickey EB, Schilling EE, Small RL (2007) Comparison of whole chloroplast
genome sequences to choose noncoding regions for phylogenetic studies in
angiosperms: the tortoise and the hare Ill. American Journal of Botany 94: 275-288

Shevchenko A, Tomas H, Havlis J, Olsen JV, Mann M (2006) In-gel digestion for mass
spectrometric characterization of proteins and proteomes. Nat Protoc 1: 2856-2860

Sidorov VA, Kasten D, Pang SZ, Hajdukiewicz PT, Staub JM, Nehra NS (1999)
Technical Advance: Stable chloroplast transformation in potato: use of green
fluorescent protein as a plastid marker. Plant J 19: 209-216

86



Sim J-S, Pak H-K, Kim D-S, Lee S-B, Kim Y-H, Hahn B-S (2009) Expression and
Characterization of Synthetic Heat-Labile Enterotoxin B Subunit and Hemagglutinin—
Neuraminidase-Neutralizing Epitope Fusion Protein in Escherichia coli and Tobacco
Chloroplasts. Plant Molecular Biology Reporter 27: 388-399

Simmons M, Hayes C, Porter K. (1999) Recombinant Dengue virus envelop
protein/maltose-binding protein antigens and subunit vaccine compositions containing
said antigens. US5895651.

Singh ND, Ding Y, Daniell H (2009) Chloroplast-derived vaccine antigens and
biopharmaceuticals: protocols for expression, purification, or oral delivery and functional
evaluation. Methods Mol Biol 483: 163-192

Soria-Guerra R, Alpuche-Solis A, Rosales-Mendoza S, Moreno-Fierros L, Bendik E,
Martinez-Gonzalez L, Korban S (2009) Expression of a multi-epitope DPT fusion protein
in transplastomic tobacco plants retains both antigenicity and immunogenicity of all
three components of the functional oligomer. Planta 229: 1293-1302

Srivastava A, Putnak J, Hoke C, Warren R. (2000) Recombinant vaccine made in E.coli
against Dengue virus. US6117640.

Staub J (2002) Expression of recombinant proteins via the plastid genome. In
Handbook of Industrial Cell Culture: Mammalian, Microbial and Plant Cells, Parekh SR,
Vinci VA (eds), pp 259-279. Totowa, New Jersey: Humana Press Inc.

Staub JM, Maliga P (1993) Accumulation of D1 polypeptide in tobacco plastids is
regulated via the untranslated region of the psbA mRNA. EMBO J 12 (2): 601-606

Streatfield SJ (2006) Mucosal immunization using recombinant plant-based oral
vaccines. Methods 38: 150-157

Streatfield SJ (2007) Approaches to achieve high-level heterologous protein production
in plants. Plant Biotechnology Journal 5: 2-15

Sun W, Edelman R, Kanesa-Thasan N, Eckels KH, Putnak JR, King AD, Houng HS,
Tang D, Scherer JM, Hoke CH, Jr., Innis BL (2003) Vaccination of human volunteers
with monovalent and tetravalent live-attenuated Dengue vaccine candidates. Am J Trop
Med Hyg 69: 24-31

Svab Z, Hajdukiewicz P, Maliga P (1990) Stable transformation of plastids in higher
plants. Proceedings of the National Academy of Sciences 87: 8526-8530

Svab Z, Maliga P (1993) High-frequency plastid transformation in tobacco by selection
for a chimeric aadA gene. Proc Natl Acad Sci USA 90: 913-917

Swaminathan S, Batra G, Khanna N (2010) Dengue vaccines: state of the art. Expert
Opinion on Therapeutic Patents 20: 819-835

Swaminathan S, Khanna N (2009) Dengue: recent advances in biology and current
status of translational research. Curr Mol Med 9: 152-173

87



Tabor S, Richardson CC (1985) A bacteriophage T7 RNA polymerase/promoter system
for controlled exclusive expression of specific genes. Proceedings of the National
Academy of Sciences 82: 1074-1078

Thanavala Y, Mahoney M, Pal S, Scott A, Richter L, Natarajan N, Goodwin P, Arntzen
CJ, Mason HS (2005) Immunogenicity in humans of an edible vaccine for hepatitis B.
Proc Natl Acad Sci U S A 102: 3378-3382

Tissot G, Canard H, Nadai M, Martone A, Botterman J, Dubald M (2008) Translocation
of aprotinin, a therapeutic protease inhibitor, into the thylakoid lumen of genetically
engineered tobacco chloroplasts. Plant Biotechnol J 6: 309-320

Tiwari S, Verma PC, Singh PK, Tuli R (2009) Plants as bioreactors for the production of
vaccine antigens. Biotechnology Advances 27: 449-467

Tregoning JS, Clare S, Bowe F, Edwards L, Fairweather N, Qazi O, Nixon PJ, Maliga P,
Dougan G, Hussell T (2005) Protection against tetanus toxin using a plant-based
vaccine. Eur J Immunol 35: 1320-1326

Tregoning JS, Nixon P, Kuroda H, Svab Z, Clare S, Bowe F, Fairweather N, Ytterberg J,
van Wik KJ, Dougan G, Maliga P (2003) Expression of tetanus toxin Fragment C in
tobacco chloroplasts. Nucleic Acids Res 31: 1174-1179

Tripathi NK, Babu JP, Shrivastva A, Parida M, Jana AM, Rao PV (2008) Production and
characterization of recombinant Dengue virus type 4 envelope domain Il protein. J
Biotechnol 134: 278-286

Tripathi NK, Shrivastava A, Biswal KC, Rao PV (2011) Recombinant Dengue virus type
3 envelope domain Il protein from Escherichia coli. Biotechnol J 6: 604-608

Tungsuchat T, Kuroda H, Narangajavana J, Maliga P (2006) Gene activation in plastids
by the CRE site-specific recombinase. Plant Mol Biol 61: 711-718

van der Laan JW, Minor P, Mahoney R, Arntzen C, Shin J, Wood D (2006) WHO
informal consultation on scientific basis for regulatory evaluation of candidate human
vaccines from plants, Geneva, Switzerland, 24-25 January 2005. Vaccine 24: 4271-
4278

Verhounig A, Karcher D, Bock R (2010) Inducible gene expression from the plastid
genome by a synthetic riboswitch. Proceedings of the National Academy of Sciences
107: 6204-6209

Verma D, Kanagaraj A, Jin S, Singh ND, Kolattukudy PE, Daniell H (2010) Chloroplast-
derived enzyme cocktails hydrolyse lignocellulosic biomass and release fermentable
sugars. Plant Biotechnol J 8: 332-350

Verma D, Samson NP, Koya V, Daniell H (2008) A protocol for expression of foreign
genes in chloroplasts. Nat Protocols 3: 739-758

Waheed M, Thones N, Miuller M, Hassan S, Razavi N, Lossl E, Kaul H-P, Ldssl A
(2010) Transplastomic expression of a modified human papillomavirus L1 protein

88



leading to the assembly of capsomeres in tobacco: a step towards cost-effective
second-generation vaccines. Transgenic Research 20: 271-282

Waheed MT, Thones N, Muller M, Hassan SW, Razavi NM, Loss| E, Kaul HP, Lossl AG
(2011a) Transplastomic expression of a modified human papillomavirus L1 protein
leading to the assembly of capsomeres in tobacco: a step towards cost-effective
second-generation vaccines. Transgenic Res 20: 271-282

Waheed MT, Thones N, Miller M, Hassan SW, Gottschamel J, Lossl E, Kaul H-P, Lossl|
AG (2011b) Plastid expression of a double-pentameric vaccine candidate containing
human papillomavirus-16 L1 antigen fused with LTB as adjuvant: transplastomic plants
show pleiotropic phenotypes. Plant Biotechnology Journal 9: 651-660

Watson J, Koya V, Leppla SH, Daniell H (2004) Expression of Bacillus anthracis
protective antigen in transgenic chloroplasts of tobacco, a non-food/feed crop. Vaccine
22: 4374-4384

Weaver SC, Vasilakis N (2009) Molecular evolution of Dengue viruses: Contributions of
phylogenetics to understanding the history and epidemiology of the preeminent
arboviral disease. Infection, Genetics and Evolution 9: 523-540

Whitney SM, Andrews TJ (2001) The gene for the ribulose-1,5-bisphosphate
carboxylase/oxygenase (Rubisco) small subunit relocated to the plastid genome of
tobacco directs the synthesis of small subunits that assemble into Rubisco. Plant Cell
13: 193-205

WHO. (2006) State of the art of new vaccines: research and development. World Health
Organization Department of Immunisation, Vaccines and Biologicals, Geneva,
Switzerland.

WHO. (2009) World Health Organization and the Special Programm for Research and
Training in Tropical Diseases: Dengue: guidelines for diagnosis, treatment, prevention
and control. Geneva, Switzerland.

WHO. (2013) Factsheet on Dengue and Dengue haemorrhagic fever. World Health
Organization, http://www.who.int/mediacentre/factsheets/fs117/en/.

Yang H, Gray BN, Ahner BA, Hanson MR (2013) Bacteriophage 5' untranslated regions
for control of plastid transgene expression. Planta 237: 517-527

Ye GN, Hajdukiewicz PTJ, Broyles D, Rodriguez D, Xu CW, Nehra N, Staub JM (2001)
Plastid-expressed 5-enolpyruvylshikimate-3-phosphate synthase genes provide high
level glyphosate tolerance in tobacco. The Plant Journal 25: 261-270

Yusibov V, Modelska A, Steplewski K, Agadjanyan M, Weiner D, Hooper DC, Koprowski
H (1997) Antigens produced in plants by infection with chimeric plant viruses immunize
against rabies virus and HIV-1. Proc Natl Acad Sci U S A 94: 5784-5788

Yusibov V, Streatfield SJ, Kushnir N (2011) Clinical development of plant-produced

recombinant pharmaceuticals: vaccines, antibodies and beyond. Hum Vaccin 7: 313-
321

89



Zhao H, Jiang T, Zhou XZ, Deng YQ, Li XF, Chen SP, Zhu SY, Zhou X, Qin ED, Qin CF
(2014) Induction of neutralizing antibodies against four serotypes of Dengue viruses by
MixBIEDIII, a tetravalent Dengue vaccine. PLoS One 9: e86573

Zhou F, Badillo-Corona JA, Karcher D, Gonzalez-Rabade N, Piepenburg K, Borchers
AMI, Maloney AP, Kavanagh TA, Gray JC, Bock R (2008) High-level expression of
human immunodeficiency virus antigens from the tobacco and tomato plastid genomes.
Plant Biotechnology Journal 6: 897-913

Zhou YX, Lee MY, Ng JM, Chye ML, Yip WK, Zee SY, Lam E (2006) A truncated

hepatitis E virus ORF2 protein expressed in tobacco plastids is immunogenic in mice.
World J Gastroenterol 12: 306-312

90



8 Appendix

8.1 List of Figures

Figure 1 Homologous RecoOmMbBINatioN. ...........coouiiiiiiiiiiie e 5
Figure 2 Ethanol induced recombinant protein eXpresSsion. ..........ccevvvvvveeeeeieieeiieeeeeeeeeeen. 7
Figure 3 Scheme of Gateway® recombinant cloning technology..........ccccccceeeiviiieeieennnnn, 9
Figure 4 Schematic representation of Destination vector construction.. ....................... 35

Figure 5 Schematic representation of an example of a) an Entry vector and

D) &N EXPreSSION VECTON .. .....uuiiiiiiiiiiiiiiiiiiiiiiiiiitiiiiiiiieeeieeeeeeeeee 36
Figure 6 Gel Electrophoreses of colony PCR reactions.. ........cccoovveeeiieveiiiiiiiiieeeeeeeenanns 37
Figure 7 BSA Standard CUIVES. ..........ouuuiiiiii e e e e e e e e e e et s e e e e e eeenanes 45
Figure 8 Schematic representation of the generation of transplastomic tobacco

plants expressing GFP with the Gateway® expression vector... ................ 48
Figure 9 PCR and Southern blot analysis of transplastomic tobacco plants................. 49
Figure 10 Detection and Quantitation of GFP eXpression.........ccccovvveeevivvvviiiiiiieeeeeeee, 50

Figure 11 Schematic representation of the generation of transplastomic tobacco
plants constitutively expressing the Dengue antigenes. ........ccccoeeeeevveeennnes 51
Figure 12 Germination test of transgenic tobacco seeds. .........cccevveeeiiivveiiiiiiiiieeeeeeeeens 52

Figure 13 Phenotypic characterisation of plants constitutively expressing EDIII 1,

EDII 2 and EDIE 3. .o 53
Figure 14 Southern blot analysis of transplastomic tobacco plant lines........................ 53
Figure 15 Western blot analysis of constitutively expressed Dengue antigens............. 55

Figure 16 Schematic representation of the generation of transplastomic tobacco

plants expressing the Dengue antigens upon ethanol induction................. 57
Figure 17 PCR and Southern blot analysis of transplastomic tobacco plants. ............ 58
Figure 18 Phenotypic characterisation of transplastomic plants.. .........ccccccccceeieeeeeeene. 59

Figure 19 Ethanol treatment of transplastomic plants for the induction of Dengue
ANTIJEN EXPIESSION. ...ttt e ettt e e e e e et e e e e e e e e e eaeba e e e e aeeas 60
Figure 20 Western blot analysis of inducibly expressed Dengue antigens. .................. 61

Figure 21 Schematic representation of the expression vectors for the generation

of transplastomic lettuce plants.. ... 62
Figure 22 PCR and Southern blot analyses of regenerated lettuce plants.. ................. 63
Figure 23 Phenotype and Germination assay of transplastomic lettuce plants............. 64
Figure 24 Western Blot analysis of Dengue antigens expressed in lettuce. ................. 65

91



8.2 List of Tables

Table 1 Ready to use reagents and KitS. ........cccooiiiiiiiiiiiiiee e e 18
Table 2 Primers and PrODES. ..... oo 19
TaDIE 3 ENZYMES. ..o et 19
Table 4 ChemICAIS. ....ccoo oo e e e e e e e e e 20
Table 5 Buffers, soIUtiONS and Media. ........ccooveeieiieeieeeeeee 21
Table 6 Laboratory equipment and material................ccooiiiiiiiiiiiiiic e 26
Table 7 Final concentration of antibiotics in LB medium. .............ccooiiiiiiiiiiiiiiiiiiineee, 28
Table 8 AntibiotiC CONCENTIALIONS.. .....ciiiiiiiiiie e e e 29
Table 9 Standard Ligation reaction SEt-UpP.........ccoviiirriiiiiiiie e e e 32
Table 10 Standard Set-up of BP- and LR-reaction. .............cccevvvviiiiii e 33
Table 11 Summary of all performed BP and LR reactions and the constructed Entry
vectors and EXPresSSion VECIOIS. . .......uu i i ittt 37
Table 12 Summary of performed transformation events. ..........cccccceeeivieeeeeeeeeiicceee e, 39
Table 13 Standard PCR CONAILIONS.. ...coooeieiieeieeeeeeeeeeee e 40
Table 14 Standard Master-mix composition for PCR reactions. .............cccoeeeveevvvvnnnnnnnn. 40
Table 15 Summary of performed PCR r€actionsS. ........ccooeeeeiieeiieeeeeeeeeeeeeeeeeeeeeeeee e 41
Table 16 Probes and their binding region.. ... 42
Table 17 Overview of plant samples and the respective probes used for
RYDIAIZALION. ... e e e eeane 43
Table 18 Mass SpectrometriC analySiS. .......ooooeeeeeiiieeeeee 56

92



8.3 Curriculum vitae

Name: Johanna Gottschamel, Dipl. Ing. Bakk. techn.
Date of birth:  06.03.1984 in Friesach/Carinthia
Address: 1190 Wien, Sollingergasse 8-4-5

Email: johanna.gottschamel@hotmail.com

School education

09/1994 — 06/2002
09/1999 — 06/2000

University
10/2002 — 02/2006

11/2005 - 01/2006

03/2006 — 10/2008

09/2006 — 07/2007

05/2010 —

04/2012 —

Bundesgymnasium Tanzenberg, Carinthia
Exchange Student at the Liceo Classico Europeo
,Jccellis®, Udine, Italy

Bachelor course “Food science and Biotechnology” at
the University of Natural Resources and Applied Life
Sciences, Vienna

Bachelor course finished with distinction

Bachelor thesis: ,Chemical inducible promoter systems in
plants” at the Department of Applied Genetics and Cell
Biology of the University of Natural Resources and Applied
Life Sciences, Vienna

Master course ,Biotechnology*” at the University of
Natural Resources and Applied Life Sciences, Vienna
main focus: Plant Biotechnology

Master course finished with distinction

Erasmus — stay at the Universita degli Studi di Bari, Italy
Master thesis: ,Detection of VPLs by ISEM in transgenic
grapevines expressing different GFLV CP constructs” at
the Facolta d’Agraria, Bari, Italy in cooperation with the
Plant Biotechnology research group of the University of
Natural Resources and Applied Life sciences, Vienna,
Austria

Dr. LOssl Group, Department of crop sciences, University
of Natural Resources and Applied Life Sciences, Vienna
PhD: “Chloroplast based expression of recombinant
Dengue-virus envelope proteins in plants”

Research - stay at Norwegian Institute of Agricultural and
Environmental Research (Bioforsk), As, Norway

93



Work experience

2002 — 2006 Treibacher Industrie AG
periodical summer internship
Chemical analysis on industry waste material

10/2007 — 12/2007 Plant Biotechnology Group, Institute of Applied
Microbiology, University of Natural Resources and Applied
Life Sciences
Internship in Plant Biotechnology

04/2008 — 12/2008 Austrian Institute of Technology, Research Division:
Nano-System-Technologies
Mammalian cell culture and lab-on-a-chip measurements
with C. albicans

02/2009 - 01/2010 Group Touraev, MFPL, University of Vienna
“Dissecting the mechanism of microspore reprogramming
and embryogenesis in Arabidopsis thaliana”

Hobbies
Sport: Snowboarding, Yoga, Climbing
Other Interests: Travelling and pets

Publications

Gottschamel J, Richter L, Mak A, Jungreuthmayer C, Birnbaumer G, Milnera M, Brickl
H, Ertl P (2009) “Development of a Disposable Microfluidic Biochip for Multiparameter
Cell Population Measurements” Anal Chem. Oct 15;81(20):8503-12.

Gottschamel J, Castellano M, Maghuly F, Laimer M (2009) “Detection of virus like
particles (VLPs) by ISEM in transgenic grapevines expressing different GFLV-CP
constructs.”. Progres Agricole et Viticole, Hors Série - Extended abstracts 16th Meeting
of ICVG, Dijon, 31. Aug — 4. Sept [Poster 12].

Gottschamel J. (2010) Detection of VLPs by ISEM in transgenic grapevine: Is ISEM
suitable for the Detection of GFLV-VLPs in transgenic grapevines?. VDM Verlag,
Saarbricken, Deutschland ISBN 978-3-639-23691-0.

Gottschamel J, Waheed MT, Clarke JL, Lossl AG (2013) A novel chloroplast
transformation vector compatible with the Gateway® recombination cloning technology.
Transgenic Res 22: 1273-1278

Wien, 26.06.14
94



8.4 Publication

Transgenic Res (2013) 22:1273-1278
DOI 10.1007/s11248-013-9726-3

TECHNICAL REPORT

A novel chloroplast transformation vector compatible
with the Gateway® recombination cloning technology

Johanna Gottschamel - Mohammad Tahir Waheed -

Jihong L. Clarke - Andreas G. Lossl

Received: 5 April 2013/ Accepted: 13 June 2013 /Published online: 29 June 2013

© Springer Science+Business Media Dordrecht 2013

Abstract To analyze the suitability of Gateway®
vectors for transformation of chloroplasts, we con-
verted a standard plastid transformation vector into a
Gateway®™ destination vector containing the necessary
recombination sites a#fR1 and a#fR2. Insertion of the
green fluorescent protein (GFP) coding sequence with
associated T7gl0 ribosome binding site into this
destination vector created the expression vector for
transformation of tobacco chloroplasts with the bio-
listic method. Correct integration of the transgene into
the plastid genome was verified by PCR and the
homoplasmic nature of the transformed plants was
confirmed by Southern Blot analysis. Expression of
the GFP reporter protein was monitored by confocal
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laser scanning microscopy (CLSM) and quantification
by western blot analysis showed a GFP accumulation
level of 3 % total soluble protein (TSP). The presented
results clearly demonstrate that the Gateway® recom-
bination sites are compatible with all steps of plastid
transformation, from generation of transplastomic
plants to expression of GFP. This is the first report of
a plastid transformation vector made by the Gateway®
recombinant cloning technology, which proves the
suitability of this system for use in chloroplasts.

Keywords Plastid transformation - Gateway™
recombinant cloning technology - GFP

Introduction

Plastid derived recombinant protein expression offers
several advantages including high levels of transgene
expression, absence of epigenetic effects and trans-
gene containment via maternal inheritance (Bock
2007). Plastid transformation is a targeted integration
based on the mechanism of homologous recombina-
tion. Delivery of the plasmid DNA into the plant cell
and the chloroplast is mainly achieved by the biolistic
approach (Svab et al. 1990), but alternatively also PEG
transformation has been used (Golds et al. 1993).
Construction of transformation vectors must combine
a selection marker with the gene of interest flanked by
two insertion sequences for the left and the right
flank (INSL and INSR) which confer homologous
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recombination into the specified region of the plas-
tome (Maliga 2004).

Gateway® recombinant cloning technology is a
very accurate cloning method that takes advantage of
the site-specific recombination properties of bacterio-
phage lambda (Landy 1989) providing a rapid and
highly efficient way to transfer DNA fragments
between vectors carrying compatible recombination
sites. The entry clone is created by the BP Clonase®
enzyme mix mediated transfer of the a#/B sites flanked
gene of interest into the arfP site bearing
pDONR221™ (Fig. 1a). Subsequently, the fragment
in the entry clone can be transferred to any destination
vector containing atfR sites using the LR Clonase®
enzyme mix (Fig. 1b) (Karimi et al. 2002). The
presence of the counterselectable ccdB gene and the
chloramphenicol resistance gene in both the donor and
the destination vector provides a unique system of
negative selection that eliminates all unwanted by-
product plasmids after recombination resulting in
maximum cloning efficiency. Plants have been trans-
formed with Gateway® compatible vectors via several
methods including Agrobacterium-mediated delivery,
PEG transformation, particle bombardment and

(a)

MCs

attBl

Linearized pGOI

Fig. 1 Scheme of Gateway® recombinant cloning technology.
a In the BP reaction (attB x attP — attL. 4 attR) the Integrase,
mediates the insertion of the goi sequence into the donor vector
(pDONR™) yielding the entry clone (pENTR™). The frag-
ment containing the goi flanked by a#B1 and a#B2 can either be
produced by PCR or by linearizing a suitable plasmid (pGOI)
with a corresponding restriction enzyme. b In the LR reaction
(attL x attR — attB + attP) the goi is then integrated into the
destination vector (pDEST™) mediated by Integrase and
Excisionase yielding the final Expression clone (pEXP™.-
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electroporation, although only vectors for transient
expression or stable nuclear transformation have been
reported up to now (Dubin et al. 2008; Karimi et al.
2007).

Up to now no research group on chloroplast
transformation has ventured to replace the tedious
cloning procedure based on restriction enzymes by the
Gateway® system. Gateway® cloning introduces the
attB1 sequence at the 5’ and a#B2 at the 3’ regions of
the expression cassette. The motifs of the 5’ region
however are known to be very sensitive for sequence
alterations, as shown in studies on 5’UTR (Eibl et al.
1999; Zou et al. 2003). Functioning of 5'UTR with its
ribosomal binding site is very dependent on its proper
interaction with the flanking transcript in the coding
region downstream of the start codon (Kuroda and
Maliga 2001). Insertion of a novel sequence like arfB 1
between promoter and 5'UTR includes the risk to
damage or even destroy these critical RNA interac-
tions required for protein expression.

The aim of this work was first to investigate if the
presence of a novel sequence like a#fB1 between the
PrrPEP + NEP promoter (Ye et al. 2001) and the 5’
UTR T7g10 (Studier et al. 1990) has an impact on

pDONR™
KmR

ﬂ Transformation to E. coli

q Cloneson LB+Am

GOI) which is used for transformation and protein expression
(Hartley et al. 2000). The att recombination sites in the donor
and the destination vectors flank a ccdB gene (control of cell
death) and a CmR (chloramphenicol-resistance) gene (Bernard
1995), thus this vectors can only be propagated in ccdB
survival™ E. coli that contain a gyrA462 mutation providing
resistance to the lethal effects of ccdB. Am: ampicillin; AmR:
ampicillin resistance gene; Km: kanamycine; KmR: kanamycin
resistance gene; arB1/B2/P1/P2/L1/L2/R1/R2: Gateway®
recombination sites; MCS: multiple cloning site
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gene of interest (goi) expression and second to
demonstrate the feasibility of the Gateway® cloning
system for plastid transformation.

Results and discussion
Construction of plastid transformation vector

In order to construct the plastid transformation vector
compatible with the Gateway® recombinant cloning
system, the Gateway® reading frame cassette A (RfA)
consisting of the ccdB gene and the chloramphenicol
resistance gene flanked by affR1 and attR2 was cloned
into a standard plastid transformation vector. The
resulting destination vector pDEST-PN-T (Fig. 2a)
contains the aadA gene cassette, the constitutive
PrrmPEP + NEP promoter for transgene expression

Eco RV

(a) IN5L um_\]@aw-m (EoEANPrTS R NCIR) oot <Gl

and the RfA flanked by tobacco specific INSR and
INSL. The PrrnPEP + NEP promoter consists of the
nuclear encoded polymerase (Prrn~®*NEP) promoter
(Hajdukiewicz et al. 1997) fused downstream to the
plastid-encoded polymerase (PEP) promoter Prrni6
(Svab and Maliga 1993). BP reaction of the linearized
vector containing the a#fB site flanked green fluores-
cent protein (GFP) and the atfP site bearing
pDONR221™ resulted in pENTR-GFP (Fig. 2b).
LR reaction of pENTR-GFP and pDEST-PN-T
yielded the final plastid transformation vector pEXP-
PN-GFP-T (Fig. 2c¢).

Generation of transplastomic plants

To obtain GFP expressing plants, leaves of Nicotiana
tabacum ‘Petite Havana’ were bombarded with

EcoRV  oa

(b) o Y 5]

G:p

o= en =

ORI

(c) {INSL JF(CK aadA [se=22 fpmmmo IGFP%EE-"WHINSR |:I$WR>-

;uel-’ rmi\.; rnR Apa)
1
(d) I [msL|; [ I NSR___} |
cP 1 v 4 I cP
SEpobe” heis0n
p3 Apal p4 p1 p2 Apal
( )-:‘:1 st |3(C)<:aadA|5b=M <:Pp5bA|p 151— 5 TOFP {25 |INSR
e ' rrn16 32 Tq 1) :
cpl T N 7
"""""  RETEEE T il e e
2552 bp 2230 bp

Fig. 2 Schematic representation of vector construction.
a pDEST-PN-T (8,629 bp) is constructed by blunt end ligation
of the Gateway® RfA cassette (attR1-Cm(R)-ccdB-attR2) into
the EcoRV site of a plastid transformation vector. b pENTR-
GFP (3,347 bp) contains the GFP sequence and the 5UTR of
bacteriophage T7 gene 10 (5'T7g10) flanked by arfl.1 and arfL2.
¢ pEXP-PN-GFP-T (7,777 bp) is created by the LR reaction of
pENTR-GFP and pDEST-PN-T and contains GFP under control
of the PrrnPEP + NEP promoter (PPN), the aadA gene under
control of the psbA promoter (PpsbA) and 5'UTR (5'psbA) and
the 3'UTR of tobacco rbcL (3'T) and chlamydomonas rbcL
(3'C), respectively. d Wild type tobacco plastid genome (CP).
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I
5496 bp

e Tobacco plastid genome with integrated transgene expression
cassette. Correct insertion is verified with primers p1/p2 at INSR
and p3/p4 at INSL and the corresponding PCR products are
shown as dotted lines; the 773 bp Southern Blot probe located in
INSL is shown as an arrow and the expected fragments are
shown as arrows marked with their molecular weight. INSR:
right insertion site (containing #rnR); INSL: left insertion site
(containing frnN); Amp(R): ampicillin resistance gene; Kan(R):
kanamycin resistance gene; Cm(R): chloramphenicol resistance
gene; ccdB: control of cell death gene; aadA: spectinomycin
resistance gene; arfB1/B2/R1/R2/L1/L2: Gateway® recombina-
tion sites
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-
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GFP

Fig. 3 Characterization of transplastomic plants and detection
of GFP expression. a Southern Blot analysis of three transplas-
tomic plant lines (lane 1,2 and 3) was performed using a 773 bp
DIG labeled probe that binds inside the trnN region (INSL) of
the plastid genome after three consecutive rounds of selection
and subculture on spectinomycin containing RMOP medium.
Plant DNA was cut with Apal, separated by electrophoresis and
transferred onto a positively charged nylon membrane by alkali-
transfer. b For Immunoblot analysis soluble proteins were
extracted, separated by SDS-PAGE, transferred onto nitrocel-
lulose membrane and western blot analysis with a rabbit-anti-
GFP primary antibody (ABIN398856, antibodies-online.com)
and an AP conjugated anti-rabbit-IgG secondary antibody

0.6 pm gold-microcarriers coated with plasmid DNA
using a Bio-Rad Biolistic PDS-1000/He gun (Daniell
1997; Svab and Maliga 1993) and transgenic shoots
were regenerated on RMOP medium containing
spectinomycin (Verma et al. 2008). The site specific
integration of the transgene into the wild type
chloroplast genome (Fig. 2d) due to homologous
recombination  generated transplastomic  plants
(Fig. 2e). DNA was extracted from in vitro material
of regenerated plant lines by CTAB procedure

@ Springer
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plastid autofluorescence
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(S3731, Promega) was performed. The extract from the
transplastomic plant was loaded in several dilutions and the
GFP standard series was used as a reference. Protein bands were
detected by colorimetric reaction with Sigmafast™ BCIP®/
NBT (Sigma). ¢ GFP fluorescence in the plastids of transplas-
tomic plants was observed on a SP5 II confocal system (Leica
Microsystems, Heidelberg, Germany) equipped with a HCX PL
APO CS 63.0 x 1.20 water objective. The 405-nm line of an
argon ion laser was used for excitation. Images were taken at the
emission bandwidth of 500-540 nm for GFP and 688—757 nm
for autofluorescence of the chloroplasts and processed using the
Leica LAS AF software

(Murray and Thompson 1980) and correct integration
of the transgenic sequence into the plastid genome was
shown by a PCR product of 2,230 bp with pl/p2 and
2,552 bp with p3/p4 (supplementary material). Three
independently transformed and regenerated plant lines
(wt-PN-GFP 1, 2 and 3) were further characterized.
Southern Blot analysis verified the homoplastomic
state by the presence of only the 5,496 bp fragment in
GFP transformed plants, compared to the 2,656 bp
fragment in wild type (Fig. 3a).
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Expression and quantification of GFP

For the detection of GFP expression level, protein was
extracted from leaves of transplastomic and wild type
plants (Verma et al. 2008) and total soluble protein
(TSP) was quantified by Bradford assay (Sigma).
Immunoblot analysis performed with the soluble
fraction of protein extract and an anti-GFP primary
antibody showed the expected 28 kDa band (Fig. 3b),
thus proving plastid derived recombinant GFP expres-
sion. Unspecific binding of the antibody to the crude
plant extract results in the band migrating at 33 kDa
which is present also in the wild-type sample. The
quantification of GFP expression by comparison of
band intensity to the GFP standard on the western blot
determined an expression level of 3 % TSP. Visual
detection of GFP expression in leaves was monitored
using confocal laser scanning microscopy and co-
localization of the GFP signal and the plastid
autofluorescence is well observable in leaves of
homoplastomic plants (Fig. 3c).

Conclusion

This study presents a novel destination vector that can
be converted into a plastid transformation vector in one
single step using Gateway® recombinant cloning
technology. GFP expression in tobacco chloroplasts
has been achieved by chloroplast transformation with a
Gateway® compatible transformation vector contain-
ing the reporter gene gfp under control of the consti-
tutive PrrnPEP + NEP promoter. The homoplastomic
state of the regenerated plants was proven by Southern
Blot hybridization and western analysis showed a GFP
accumulation of 3 % TSP. In this study no negative
impact of the Gateway® cloning procedure was
detectable during the whole process of plastid trans-
formation and regeneration of transplastomic plants.
The presence of the arrB1 Gateway® recombination
site between the promoter and the 5’UTR did not affect
the recombinant protein expression in the chloroplast
genome. The obtained protein accumulation reported
in this work represents an increase compared to the
expression levels of 1, 5 and 2 %TSP previously
achieved using the same regulatory elements and
integration sites t7nN and #rnR in the plastid genome
(Waheed et al. 2011a, b). We clearly demonstrate that
this system is adaptable for the construction of plastid

99

transformation vectors allowing the rapid, easy and
accurate cloning of various different transgenes in
parallel reactions. Moreover, the simultaneous assem-
bly of multiple DNA fragments into one single
destination vector is allowed by the MultiSite Gate-
way® Technology. This will further facilitate con-
structing plastid transformation vectors and thereby
considerably reduce the timeframe required for
recombinant protein expression in chloroplasts.
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