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Johanna Gottschamel1,2 • Andreas Lössl2 • Stephanie Ruf3 • Yanliang Wang1 •

Morten Skaugen4 • Ralph Bock3 • Jihong Liu Clarke1

Received: 13 March 2016 / Accepted: 17 April 2016 / Published online: 26 April 2016

� Springer Science+Business Media Dordrecht 2016

Abstract Dengue fever is a disease in many parts of the

tropics and subtropics and about half the world’s popula-

tion is at risk of infection according to the World Health

Organization. Dengue is caused by any of the four related

dengue virus serotypes DEN-1, -2, -3 and -4, which are

transmitted to people by Aedes aegypti mosquitoes. Cur-

rently there is only one vaccine (Dengvaxia�) available

(limited to a few countries) on the market since 2015 after

half a century’s intensive efforts. Affordable and accessible

vaccines against dengue are hence still urgently needed.

The dengue envelop protein domain III (EDIII), which is

capable of eliciting serotype-specific neutralizing antibod-

ies, has become the focus for subunit vaccine development.

To contribute to the development of an accessible and

affordable dengue vaccine, in the current study we have

used plant-based vaccine production systems to generate a

dengue subunit vaccine candidate in tobacco. Chloroplast

genome engineering was applied to express serotype-

specific recombinant EDIII proteins in tobacco chloroplasts

using both constitutive and ethanol-inducible expression

systems. Expression of a tetravalent antigen fusion con-

struct combining EDIII polypeptides from all four ser-

otypes was also attempted. Transplastomic EDIII-

expressing tobacco lines were obtained and homoplasmy

was verified by Southern blot analysis. Northern blot

analyses showed expression of EDIII antigen-encoding

genes. EDIII protein accumulation levels varied for the

different recombinant EDIII proteins and the different

expression systems, and reached between 0.8 and 1.6 % of

total cellular protein. Our study demonstrates the suitability

of the chloroplast compartment as a production site for an

EDIII-based vaccine candidate against dengue fever and

presents a Gateway� plastid transformation vector for

inducible transgene expression.
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Introduction

Dengue fever is a mosquito-transmitted viral disease that is

currently spreading rapidly as the consequence of global-

ization, unplanned and unregulated urban development,

improper water storage, unsatisfactory sanitary conditions

and global warming (Chaturvedi and Nagar 2008). Aedes

aegypti mosquitoes, which transmit dengue virus to people,

also transmit the Zika virus that has spread to 52 countries

and territories according to the World Health Organization

(www.who.int). The dengue virus (DENV) occur in four

closely related but antigenically and genetically distinct

serotypes (DENV-1, DENV-2, DENV-3 and DENV-4;

(Weaver and Vasilakis 2009)). Infection with any one

serotype usually causes the mild, flu-like form of the
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disease (Dengue fever), but subsequent infection with a

different serotype is associated with more life-threatening

forms of the disease and potentially deadly complications

(WHO, www.who.int).

Currently there is only one vaccine (Dengvaxia�)

available (limited to a few countries) on the market since

2015 after half a century’s intensive efforts. Affordable and

accessible vaccines against dengue are hence still urgently

needed (Ghosh and Dar 2015; www.who.int). Among the

currently tested vaccine candidates, Sanofi Pasteur’s

tetravalent dengue vaccine candidate (CYD-TDV) is the

most promising one and has recently successfully com-

pleted the phase III clinical efficacy trials in Asia and Latin

America (Thomas 2015). This tetravalent dengue vaccine

candidate (Guy et al. 2011) is composed of four recombi-

nant, live, attenuated monovalent chimeric yellow fever

dengue vaccine strains (Guirakhoo et al. 2001) and showed

an overall vaccine efficacy of 56.5 % in the trail conducted

in Asia (Capeding et al. 2014) and 60.8 % in the Latin

American trial (Villar et al. 2015).

The majority of attempts to produce a recombinant

protein-based vaccine as an alternative to the live, attenu-

ated vaccine candidates, focus on the envelop protein of the

virus. The envelop protein domain III (EDIII) induces

serotype-specific antibodies. Although it has low intrinsic

potential for eliciting cross-reactive antibodies against

heterologous serotypes (Hombach et al. 2005), it has

emerged as the most promising region for subunit vaccine

development (Guzman et al. 2010). Recombinant antigens

based on EDIII have been produced using bacteria, yeast,

insect cells and plants (Batra et al. 2010b; Cardoso et al.

2013; Clements et al. 2010; Etemad et al. 2008; Martinez

et al. 2010; Saejung et al. 2007). Importantly, a recombi-

nant fusion protein linking the EDIII domain of the four

dengue viruses as a tetravalent antigen (EDIII-1-4) was

able to elicit neutralizing antibodies against all four ser-

otypes (Batra et al. 2007; Etemad et al. 2008).

The primary occurrence of dengue fever in low-income

countries makes the need for a cost-effective vaccine pro-

duction platform obvious. Advances in genetic engineering

and molecular biology during the last three decades have

extended the utilization of plants well beyond the tradi-

tional application as food and feed source. Although most

of the available recombinant protein drugs are currently

still produced in bacteria, yeast, mammalian or insect cells,

rapid progress in plant biotechnology offers the prospect of

converting plants into inexpensive factories for diagnostic

reagents, pharmaceutical proteins and industrial enzymes

within the foreseeable future (Ma and Wang 2012; Melnik

and Stöger 2013).

Chloroplast transformation has emerged as a high-pre-

cision genetic engineering technique for both basic

research and plant biotechnology applications with several

advantages over nuclear transformation (Bock 2015;

Clarke and Daniell 2011; Maliga and Bock 2011; De

Marchis et al. 2016). The site-specific integration of

transgenes into the plastid genome and the absence of

epigenetic gene silencing mechanisms avoid position

effects and gene silencing (Daniell 2006). Maternal

inheritance of chloroplasts in most plant species prevents

the transgene spread via pollen (Ruf et al. 2007; Svab and

Maliga 2007) and the presence of up to 10,000 copies of

plastid DNA in photosynthetic cells (Bendich 1987) is

beneficial to obtain high recombinant protein expression

levels (Bock and Warzecha 2010; Koop et al. 2007; Maliga

and Bock 2011). Furthermore, the possibility of multi-gene

engineering in a single transformation event (Lu et al.

2013) and the ability of the plastid translation machinery to

produce recombinant proteins with proper folding, disul-

fide bond formation and lipidation (New et al. 2012) makes

chloroplasts an attractive expression platform for recom-

binant proteins (Clarke and Daniell 2011; Clarke and

Zhang 2013; Bellucci et al. 2015).

However, high-level accumulation of recombinant pro-

teins in chloroplasts can also have a negative impact on

plant growth (Hennig et al. 2007; Petersen and Bock 2011;

Scotti et al. 2015). Although, most foreign proteins are

non-toxic to chloroplasts, in some cases, abnormal phe-

notypes like chlorosis of the leaves, male sterility and

growth retardation have been reported (Lössl et al. 2003;

Tregoning et al. 2003; Waheed et al. 2011). Inducible

expression systems 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 (Lössl and Waheed 2011).

Several different induction systems for plastids have been

reported (Buhot et al. 2006; Emadpour et al. 2015; Mühl-

bauer and Koop 2005; Tungsuchat et al. 2006; Verhounig

et al. 2010). The transactivation system developed by Lössl

et al. (2005) consists of a nuclear expression cassette for

the RNA polymerase of bacteriophage T7 (McBride et al.

1994) under control of the ethanol-inducible alcA promoter

and a plastid targeting signal (transit peptide), and a plastid

expression cassette with the T7 promoter driving plastid

transgene expression.

The Gateway� cloning system allows the rapid and

efficient insertion of any transgene into expression vectors

containing Gateway� recombination sites (Katzen 2007).

Several vectors for transient or stable plant transformation

(Buntru et al. 2013; Dubin et al. 2008, 2010; Earley et al.

2006; Karimi et al. 2007, 2013; Lyska et al. 2013) have

been reported including a plastid transformation vector for

constitutive transgene expression (Gottschamel et al.

2013).

The main objectives of our work were to contribute to

the development of a plant-derived dengue vaccine
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candidate by demonstrating that (1) tobacco chloroplasts

are a feasible production platform for EDIII based antigens

and (2) that challenging proteins like the tetravalent EDIII-

1-4 fusion protein can be expressed via our ethanol indu-

cible expression system.

Materials and methods

Plant growth, biolistic transformation

and regeneration

Sterile Nicotiana tabacum cv. Petite Havana (Nt) and Ni-

cotiana tabacum-T7 recipient plants (Nt-T7; expressing an

ethanol-inducible, plastid-targeted T7 RNA polymerase)

were grown from surface sterilized seeds on solid MS

medium (Murashige and Skoog 1962) containing 20 g/L

sucrose. The Nt-T7 plant line (Lössl et al. 2005) carries the

RNA polymerase from bacteriophage T7 (McBride et al.

1994) and the nptII gene conferring kanamycin resistance

in the nuclear genome. The T7 RNA polymerase is

expressed from the ethanol inducible alcA promoter by the

transcription factor AlcR derived from the alcohol dehy-

drogenase regulon of Aspergillus nidulans (Caddick et al.

1998; Roslan et al. 2001; Salter et al. 1998) and is targeted

to chloroplasts via the N-terminally fused transit peptide of

the small subunit of Rubisco from Pisum sativum (Das-

gupta et al. 1998; Nawrath et al. 1994). Leaves from

aseptically grown N. tabacum plants were bombarded with

0.6 lm gold microcarriers coated with plasmid DNA using

a Bio-Rad Biolistic PDS-1000/He gun (Daniell 1997; Svab

and Maliga 1993). N. tabacum leaves were bombarded with

the constructs pKP9-ediii-1, pKP9-ediii-3 and pEXP-T7-

ediii-1-4, and Nt-T7 leaves were bombarded with con-

structs pEXP-T7-ediii-4 and pEXP-T7-ediii-1-4. Biolistic

transformation and selection of primary transplastomic

lines was performed as described by Svab and Maliga

(1993). Independently regenerated plant lines for each

construct were subjected to three additional regeneration

rounds on RMOP medium (Svab and Maliga 1993) con-

taining spectinomycin (wild type-derived lines) or specti-

nomycin and kanamycin (Nt-T7-derived lines).

Regenerated shoots were rooted on MS medium containing

the respective antibiotics. Rooted homoplastomic plants

confirmed by molecular analysis were transferred to soil

and grown to maturity in the greenhouse under standard

conditions. Inheritance assays on spectinomycin-contain-

ing MS medium were performed with the harvested seeds.

Plant line Nt-T7-EDIII-1-4 was obtained by manually

pollinating plant line Nt-EDIII-1-4 with pollen collected

from plant line Nt-T7. Seeds obtained from this pollination

were germinated on spectinomycin and kanamycin-con-

taining MS medium and the presence of the T7 RNA

polymerase in the nuclear genome of green seedlings was

verified by PCR using primers (50-TCTGTGAGCGTGAC

GGTGGT-30 and 50-TTACGCGAACGCGAAGTCCG-30)
binding inside the coding sequence of the T7 RNA poly-

merase gene.

For the ethanol spray experiments, 5 week-old plants of

plant lines Nt-T7-EDIII-4 and Nt-T7-EDIII-1-4 growing in

Magenta boxes on MS medium containing spectinomycin

were sprayed with *0.5 mL 5 % ethanol on seven con-

secutive days, and a whole plant for every plant line was

taken as a sample.

Vector construction

The tobacco-specific plastid transformation vector is based

on plasmid pKP9 (Zhou et al. 2008). The sequences of the

synthetic genes for ediii-1 and ediii-3 were codon opti-

mized for expression in N. tabacum plastids followed by

chemical DNA synthesis (Bio Basic, Canada). The con-

structs contain the restriction site NdeI at the 50 end and a

TEV protease cleavage site connected by a penta-glycine

linker to the C-terminus of the recombinant protein fol-

lowed by a 6xHis-tag and an XbaI site at the 30 end. The

synthesized sequences were first introduced into pHK20

(Kuroda and Maliga 2001) as NdeI/XbaI fragments, thus

creating intermediary vectors. The complete expression

cassettes were then transferred into pKP9 as HindIII/SacI

fragments creating the plastid transformation vectors

pKP9-ediii-1 and pKP9-ediii-3. In these vectors, the

transgene is controlled by the strong tobacco plastid rRNA

operon promoter (Prrn; Svab and Maliga 1993) fused with

the 50UTR of gene 10 from bacteriophage T7 and the

30UTR of the plastid rbcL gene. The Gateway�-compatible

plastid transformation vector pDEST-T7 was obtained by

excision of the Prrn promoter sequence (Ye et al. 2001)

from plasmid pDEST-PN-T (Gottschamel et al. 2013). The

exclusive presence of the phage T7-derived promoter

(Tabor and Richardson 1985) in the new vector was con-

firmed by sequencing. The sequence of the synthetic fusion

gene (ediii-1-4) consists of all four DENV-EDIII sequences

linked by penta-glycin linkers. The ediii-4 and ediii-1-4

sequences were codon optimized for N. tabacum chloro-

plasts and synthesized by GeneArt (Germany). Both syn-

thesized sequences contain the T7 g10 leader sequence and

a 15 nucleotide downstream box (Herz et al. 2005) fol-

lowed by the gene of interest and a C-terminal 6xHis-tag

flanked with attB1/attB2 Gateway� recombination sites.

The transgene sequences were first introduced into

pDONRTM 221 by a BP reaction yielding the intermediary

vectors pENTR-ediii-4 and pENTR-ediii-1-4, and then

transferred by an LR reaction into pDEST-T7, resulting in

the final plastid transformation vectors pEXP-T7-ediii-4

and pEXP-T7-ediii-1-4. The PCR Cloning Kit with
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Gateway� BP Clonase� Enzyme mix, pDONRTM 221 and

the Gateway� LR Clonase� Enzyme mix were purchased

from Life Technologies (USA), and the Gateway� BP and

LR reactions (Karimi et al. 2002) were carried out as

described in the manufacturer’s protocol.

Vectors for bacterial expression of recombinant EDIII-1

and EDIII-3 were constructed by using the pET28a plasmid

(EMD Biosciences, USA) as backbone. The coding

sequences of ediii-1 and ediii-3 were inserted into the

pET28a vector backbone using the restriction sites Nde I

and Hind III. The resulting vectors pET 28a-EDIII-1 and

pET28a-EDIII-3 harbouring ediii-1 and ediii-3, respec-

tively, were introduced into bacterial strain RosettaTM, a

derivative of BL21, according to the manufacturer’s

instructions (Novagen, Germany).

Southern blot analysis

Plant DNA was isolated by a CTAB-based procedure

(Murray and Thompson 1980) from wild-type plants and

transplastomic tobacco lines after three rounds of regen-

eration on spectinomycin-containing medium. 10 lg of

plant DNA was digested with BglII (Nt-EDIII-1, Nt-EDIII-

3) or ApaI (Nt-T7-EDIII-4, Nt-T7-EDIII-1-4), separated by

electrophoresis in a 1 % agarose gel and transferred onto a

positively charged nylon membrane (Carl Roth GmbH,

Germany) by capillary action using the semi-dry transfer

method. The probe binding inside the psaB region (pri-

mers: 50-ACTACTCAAGCTGCATTATATACC-30 and 50-
GCACCTTTTACTAAGATCAATG-30) and the probe

binding inside the trnN region (primers: 50-TACCCGGG

AATTGTGACCTC-30 and 50-GAGTCCGACCACAA

CGACC-30) were amplified by PCR from tobacco wild-

type DNA. The probes were purified by agarose gel elec-

trophoresis and extraction of the fragments of interest from

excised gel slices was carried out using the NucleoSpin gel

and PCR Clean-up Kit (Marchery-Nagel, Germany). Sub-

sequently, they were DIG labelled following the manu-

facturer’s instructions provided with the DIG-High Prime

DNA Labeling and Detection Starter Kit II (Roche, USA).

After immobilization of the DNA to the membrane,

hybridization with the corresponding DIG-labeled probe

and incubation of the membrane with the HRP conjugated

anti-DIG antibody, the chemiluminescence signal was

detected by exposure to X-ray film. One homoplastomic

tobacco line for each construct (Nt-EDIII-1, Nt-EDIII-3,

Nt-T7-EDIII-4, Nt-T7-EDIII-1-4) was chosen for further

analysis.

RNA analysis

Total RNA was isolated from frozen and ground plant

tissue with the SpectrumTM Plant Total RNA Kit (Sigma,

USA). RNA samples (5 lg total RNA) were elec-

trophoresed in 1.5 % agarose gels containing 2 %

formaldehyde in 19 MOPS buffer (20 mM MOPS, 1 mM

EDTA, 5 mM NaOAc, pH 7) and blotted onto a positively

charged nylon membrane (Carl Roth GmbH, Germany) by

the capillary transfer method. Transcripts were detected

with DNA probes binding inside the transgenes coding

region. The den1 probe was amplified by PCR from plas-

mid pKP9-ediii-1 with primers 50-GCTGAAACTCAA-

CATGGAACTG-30 and 50-ATGCTTTTTCACCAGCAC

CT-30, the den3 probe from plasmid pKP9-ediii-3 with

primers 50-TGAAGATGGACAAGGAAAAGC-30 and 50-
CTCCACCACCTCCTTTACCA-30. The primers bind

inside the coding sequences and result in a 223 bp long

den1 probe and a 197 bp long den3 probe. Probes were

labelled with DIG using the PCR DIG probe synthesis kit

following the manufacturer’s protocol (Roche, USA).

Hybridizations were performed in DIG Easy Hyb Granules

Buffer (Roche, USA) at 50 �C, and signals were detected

by exposure to X-ray film.

Protein extraction, SDS-PAGE and western blot

analysis

Total protein (TP) was isolated from leaf samples by a

phenolic extraction method (Cahoon et al. 1992). Frozen

and ground leaf samples were homogenized in extraction

buffer (0.7 M sucrose, 0.5 M Tris–HCl pH 9.4, 50 mM

EDTA, 0.1 M KCl, 2 % b-mercaptoethanol, 19 Complete

protease inhibitor (Roche, Switzerland)). After addition of

1 vol. phenol, short vortexing and centrifugation at

13,000 rpm for 10 min at 4 �C, the upper green phase was

recovered and proteins were precipitated by addition of

0.1 M NH4OAc in methanol and overnight incubation at

-20 �C. After centrifugation, the protein pellet was

washed, air-dried and dissolved in 1 % SDS. The total

protein concentration was determined with the PierceTM

BCA Protein Assay Kit (Thermo Scientific, USA) and

known concentrations of BSA as the standard. Protein

samples were denatured in 69 SDS-sample buffer

(375 mM Tris–HCl pH 6.8, 60 % glycerol, 12.6 % SDS,

0.09 % bromophenol blue, 10 % b-mercaptoethanol) sep-

arated by electrophoresis in 12 % SDS-containing poly-

acrylamide gels and transferred to nitrocellulose

membranes (Hybond-ECL, GE Healthcare, USA). The

membranes were incubated with TBS-T (20 mM Tris–HCl

pH 7.6, 137 mM NaCl, 0.1 % Tween-20,) containing 0.5 %

BSA as blocking buffer, and subsequently treated with the

primary and the secondary antibody diluted in TBS-T. The

recombinant proteins (Figure S1) were detected with the

1:1000 diluted polyclonal anti-dengue antibody produced in

rabbits against the amino acid sequence KFKVVK

EIAETQHGT by Davids Biotechnology (Germany), the
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1:10,000 diluted anti-rabbit-IgG-AP secondary antibody

(Promega, USA) and colorimetric reaction using the AP

color development Kit (Bio-Rad, USA). Alternatively, the

1:10,000 diluted anti-rabbit-IgG-HRP secondary antibody

(Promega, USA) and the AmershamTM ECLTM Prime

Western Blotting Detection Reagent (GE Healthcare, USA)

were used. Equal loading was monitored by Coomassie

brilliant blue R250 (Bio-Rad, USA) staining and assessing

the amount of the large subunit of Rubisco in the plant

samples. Protein expression levels were estimated by

comparison of the signal intensities in the samples to the

signal of purified recombinant EDIII protein (expressed in

E.coli) on the western blots.

Mass spectrometric analysis of proteins

Protein bands were cut out from SDS-PAGE gels stained

with Coomassie brilliant blue R250 (Bio-Rad, USA) and

in-gel digestion was carried out overnight with trypsin

(Promega, Germany) in 25 mM ammonium bicarbonate at

37 �C (Shevchenko et al. 2006). The peptides were desal-

ted, purified and concentrated with modified STAGE

microcolumns as described previously (Rappsilber et al.

2003) and then analysed by liquid chromatography com-

bined with mass spectrometry (LC–MS/MS). The dried

peptides were dissolved in 0.05 % trifluoroacetic acid and

2 % acetonitril in water and injected into an Ultimate 3000

nano ultra high performance liquid chromatography system

(Dionex, USA) connected to a Q-Exactive quadrupole-or-

bitrap mass spectrometer (Thermo Scientific, Germany)

equipped with a nano-electrospray ion source. For chro-

matographic separation, the peptides were loaded onto a

trap column (Acclaim PepMap100 C18, 3 lm, 100 Å,

Dionex, USA) and then back-flushed onto an Acclaim

PepMap RSLC C18 column (2 lm, 100 Å, 50 cm bed

length, Dionex, USA). The gradient from 4 to 40 % solvent

B (80 % acetonitril, 0.1 % formic acid) in 70 min was

established at a flow rate of 300 nL/min. Solvent A was

0.1 % formic acid in water. The mass spectrometer was set

as follows: a full scan (300–1600 m/z) at R = 70,000 was

followed by (up to) 10 MS2 scans at R = 35,000, using an

NCE setting of 28. Singly charged precursors and precur-

sors with z[ 5were excluded from MS/MS. Dynamic

exclusion was set to 20 s.

Raw files were converted to Mascot generic format

(mgf) files using the msconvert module of ProteoWizard

(http://proteowizard.sourceforge.net/) and submitted to

database search (either dengue virus type 1 strain Nauru/

West Pac/1974 or dengue virus type 3 strain Philippines/

h87/1956 or NCBInr with a taxonomy restriction to green

plants) on an in-house Mascot (v.2.4) server using 10 ppm/

20mamu tolerance for MS and MS/MS, respectively.

Carbamidomethylated cysteine was selected as fixed

modification and oxidation (M), deaminated (N, Q),

N-term acetyl (any N-terminus) as variable modifications

and up to two miscleavages were allowed. Data was ana-

lyzed with the Scaffold 4.0 Proteomics Software.

Results

Generation of transplastomic tobacco lines

expressing EDIII antigens

In order to constitutively express the dengue surface anti-

gens from the chloroplast genome, the plastid transforma-

tion vectors pKP9-ediii-1 and pKP9-ediii-3 were

constructed. The vectors mediate integration of the

expression cassettes into the intergenic spacer region

between the trnfM and trnG genes of the tobacco plastid

genome (Fig. 1a). The vectors contain codon-optimized

EDIII sequences under the control of the strong rRNA

operon promoter (Prrn), and the aadA expression cassette

conferring spectinomycin resistance. For inducible

expression of EDIII-encoding genes, we first constructed a

Gateway� destination vector that is compatible with plastid

transformation and carries the T7 promoter for T7 poly-

merase-dependent transgene expression (Fig. 2a). The

Gateway� cloning technology was thereafter used to create

the final plastid transformation vectors. They contain the

transgene coding sequence under the control of the T7

promoter and the aadA expression cassette flanked by

homologous regions targeting the transgenes to the inter-

genic spacer region between the trnN and trnR genes of the

tobacco plastid genome (Fig. 2b).

All constructs were introduced into tobacco plastids by

particle bombardment and transgenic shoots were regen-

erated on RMOP medium containing antibiotics (Svab and

Maliga 1993). A number of transformed plant lines were

obtained for each construct and homoplasmy was verified

after three regeneration rounds on antibiotic-containing

medium by Southern blot analysis (Figs. 1b, 2c). No

transformed plant lines regenerated directly for the T7-

ediii-1-4 construct bombarded into Nt-T7. The desired

plant line Nt-T7-EDIII-1-4 was, therefore, obtained by first

transforming Nt leaves with pEXP-T7-ediii-1-4, purifying

a regenerated plant line to homoplasmy and then manually

pollinating it with Nt-T7 pollen. Seeds from that cross were

germinated on kanamycin and spectinomycin-containing

medium and the presence of the T7 RNA polymerase was

confirmed by PCR (data not shown). One plant line for

each construct showing the expected hybridization pattern

was chosen for further analyses: Nt-EDIII-1, Nt-EDIII-3,

Nt-T7-EDIII-4 and Nt-T7-EDIII-1-4. Transplastomic

tobacco lines growing in soil under greenhouse conditions
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showed phenotypic alterations compared to wild-type

plants regarding growth rate, leaf size and coloration of the

leaves (Figs. 1c, 2d). However, no morphological differ-

ences were observable for flower development, and fertile

seeds were obtained from all transplastomic plant lines.

Inheritance analysis with F1 seeds germinating on specti-

nomycin-containing medium (500 mg/L) further confirmed

homoplasmy and maternal transgene inheritance by lack of

phenotypic segregation of the spectinomycin resistance

(Fig. 1c, 2d).

Constitutive expression of recombinant EDIII

proteins in tobacco chloroplasts

Individual leaves of transplastomic plants were harvested and

labeled L1 = oldest leave to L6 = youngest leave (Fig. 3a).

In order to examine the mRNA accumulation levels, northern

blot analyses were performed with hybridization probes

specific for ediii-1 or ediii-3 on total cellular RNA isolated

from separately harvested leaves of Nt-EDIII-1 and Nt-

EDIII-3 plants, respectively. These experiments showed

Fig. 1 Vector construction and regeneration of homoplastomic

tobacco plants for the constitutive expression of the dengue antigens.

a Schematic representation of the targeting region in the wild-type

tobacco plastid genome and the transplastomic genome of the

regenerated tobacco plant lines. The transgene expression cassette

is integrated into the plastid genome (CP) in the intergenic spacer

region between trnfM and trnG. The transgene encodes a C-terminal

TEV cleavage site (TEV) followed by the 6xHis-tag (H) and is under

control of the tobacco plastid ribosomal RNA operon promoter (Prrn;

(Ruf et al. 2001)) followed by the 50UTR of the bacteriophage T7

gene 10 (50T7; (Kuroda and Maliga 2001)) and the 30UTR of the

tobacco rbcL gene (30rT). The aadA marker gene is controlled by the

chimeric rRNA operon promoter (Prrn*; (Svab and Maliga 1993))

and the 30UTR of the tobacco psbA gene (30p). The binding site of the

Southern blot probe is shown as a black bar and the expected BglII

fragments are indicated by arrows with their sizes given in kb.

b Southern blot analysis of the regenerated tobacco plant lines Nt-

EDIII-1 and Nt-EDIII-3. Total plant DNA was digested with BglII

and hybridized to a DIG-labeled probe binding in the psaB region

next to the transgene insertion site. Fragment sizes for the wild type

(wt) and the transplastomic plant lines are indicated in kb. c Pheno-

typic comparison of transplastomic plant lines and wild-type tobacco

and inheritance assay confirming maternal transgene transmission.

Growth retardation and mild pigment deficiency were observable in

the transplastomic tobacco plants, but flowers developed normally

and fertile seeds were obtained. For inheritance assays, seeds from

transplastomic plant lines and wild-type seeds were germinated on

spectinomycin-containing medium. The uniform green phenotype of

the transplastomic seedlings indicates the lack of transgene segrega-

tion and, thus, confirms absence of residual wild-type copies of the

plastid genome
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detectable levels of ediii-1 and ediii-3 transcripts in both

transplastomic plant lines, but with observable differences

between the individual leaves. The mRNA accumulation

levels increased from old to young leaves in Nt-EDIII-1,

while they decreased in Nt-EDIII-3 (Fig. 3b).

Western blot analyses performed with total protein

extracts of plant lines Nt-EDIII-1 and Nt-EDIII-3 also

revealed different protein accumulation levels depending

on the leave age (Fig. 3c, d). We exemplarily determined

the expression level of the monomeric forms of the

recombinant proteins in the leaves with the highest

expression level. The EDIII-1 protein expression reached

a maximum of approximately 1.6 % of total protein in the

fully expanded leaf L4, while EDIII-3 accumulated to

Fig. 2 Vector construction and regeneration of homoplastomic

tobacco plants for the inducible expression of the dengue antigens.

a Schematic representation of pDEST-T7. The Gateway� cassette in

the destination vector consists of the control of cell death gene (ccdB)

and the chloramphenicol resistance gene (Cm(R)) flanked by the

Gateway� recombination sites attR1 and attR2. Amp(R): ampicillin

resistance gene; ORI: bacterial origin of replication. b Schematic

representation of the targeting region in the wild-type tobacco plastid

genome and the transplastomic genome of the regenerated plant lines.

The transgene expression cassette is integrated into the plastid

genome (CP) in the intergenic spacer region between trnN and trnR.

The ediii-4 and the ediii-1-4 sequences have a C-terminal 6xHis-tag

(H) and are under the control of a phage T7-derived promoter (Tabor

and Richardson 1985), the 50UTR of bacteriophage T7 gene 10 (50T7)

and the T7 terminator sequence (30T7). The transgene expression

cassette further contains the Gateway� recombination sites (attB1/

attB2). The aadA marker gene is controlled by the tobacco psbA

promoter (PpsbA, (Staub and Maliga 1993), the 50UTR of tobacco

psbA gene (50p) and the 30UTR of the Chlamydomonas reinhardtii

rbcL gene (30rC). The binding site of the Southern blot probe is shown

as a black bar and the expected ApaI fragments are denoted by arrows

with their sizes indicated in kb. c Southern blot analysis of

regenerated plant lines. Total plant DNA was digested with ApaI

and hybridized to a DIG-labeled probe binding to the trnN region of

the plastid genome. Fragment sizes for the wild-type (wt) and the

transplastomic plant lines are indicated in kb. d Phenotypic compar-

ison of transplastomic tobacco lines Nt-T7-EDIII-4 and Nt-T7-EDIII-

1-4 with the nuclear transgenic (T7 RNA polymerase-expressing)

recipient line Nt-T7. Only a very subtle growth retardation in the

transplastomic plant lines was observable. For inheritance assays,

seeds from the transplastomic plant lines and Nt-T7 seeds were

germinated on spectinomycin-containing medium. The uniform green

phenotype of the transplastomic seedlings proves the absence of wild-

type plastid genomes
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approximately 0.8 % of total protein in the oldest leaf L1

(Fig. 3e).

Furthermore, in addition to the expected 13 kDa band

corresponding to the monovalent EDIII proteins, also specific

bands at higher molecular masses were detected in total

protein extracts with the anti-dengue antibodies. Mass spec-

trometric analysis of the observed protein bands at approxi-

mately 15, 26, 40 and 50 kDa were carried out in order to

Fig. 3 Constitutive expression of EDIII recombinant proteins. a In-

dividual leaves from a 7-week old plant were sampled from the

bottom to the top (L1: oldest leaf; L6: youngest leaf) and total cellular

RNA and total protein were extracted from each leaf. b Northern blot

analyses of ediii-1 and ediii-3 transcription levels. The ediii-specific

hybridization probes detect a transcript of 650 bp which corresponds

to the expected mRNA size (370 bp coding region and approximately

280 bp 50 and 30 UTRs). The mRNA detected with the den1 probe in

Nt-EDIII-1 accumulates to higher levels in young leaves (L6) than in

older ones (L1). By contrast, accumulation of mRNA detected with

the den3 probe in Nt-EDIII-3 decreases from old to young leaves. The

ethidium bromid-stained rRNA is depicted as a control for equal

loading. c Western blot analysis of EDIII-1 protein accumulation in

5 lg total protein extracted from leaves 1 to 6 of Nt-EDIII-1.

d Western blot analysis of EDIII-3 protein accumulation in 50 lg

total protein extracted from leaves 1 to 6 of Nt-EDIII-3. e Western

blot analyses assessing foreign protein accumulation levels in total

protein extract of leaves L3 and L4 of Nt-EDIII-1 and leaves L1 and

L2 of Nt-EDIII-3 by comparison to a dilution series of recombinant

E.coli-derived protein (eEDIII-1, eEDIII-3). The amount of total

protein extract loaded is indicated above each lane in lg. Both

eEDIII-1 and eEDIII-3 have an approximate molecular mass of

15 kDa due to additional C-terminal amino acids resulting from the

bacterial expression vector. EDIII-1 and EDIII-3 have a theoretical

molecular weight of 13 kDa and are marked with arrows. Equal

loading is monitored by the uniform Coomassie blue staining of the

*50 kDa large subunit of ribulose-1,5-bisphosphate carboxylase (R).

The bands marked with an asterisk were subjected to mass

spectrometric analysis. The band migrating at 70 kDa results from

non-specific binding of the antibody to a plant protein of unknown

identity. RNA or total protein extracted from a wild-type plant (wt)

were used as negative controls
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investigate the identity of the protein bands and the possibility

of multimerization of the recombinant proteins. A total

number of 18 different EDIII-1 derived tryptic peptides and

15 different EDIII-3 derived tryptic peptides were detected by

the MS/MS analysis. As expected, not every theoretically

arising peptide was detected and some of the detected pep-

tides resulted from only partial trypsin digestion, but at least

two protein-specific peptides were detected in every sample

(Fig. 4a, b). The overall percentage of amino acid sequence

coverage by all detected peptides was satisfactory ([50 %)

with the only exception of the 26 kDa sample of EDIII-3.

Inducible expression of EDIII recombinant proteins

in tobacco chloroplasts

Our trans-activation system for chloroplast expression is

based on ethanol induction of the expression of the nuclear

encoded T7 RNA polymerase. The polymerase is targeted to

the chloroplast where it recognizes the T7 promoter con-

trolling the expression of the ediii-4 and ediii-1-4 trans-

genes. To test for inducibility, in vitro grown plants were

sprayed with 5 % ethanol on several consecutive days to

induce recombinant protein expression. No negative effect

of the ethanol treatment on the plants was observable

(Fig. 5a). Western blot analysis of total protein extracted

from plant lines Nt-T7-EDIII-4 and Nt-T7-EDIII-1-4

detected the recombinant EDIII proteins with increasing

expression levels after repeated ethanol exposure. Expres-

sion of the 13 kDa EDIII-4 appears to be somewhat leaky,

since protein accumulation is already detectable in the

untreated plants. Bands corresponding to the sizes of EDIII-

4 multimers at 23, 34, 40 and *47 kDa are also detected by

the antibody (Fig. 5b). In contrast to EDIII-4 expression, no

EDIII-1-4 (48 kDa) expression is detectable before ethanol

Fig. 4 Mass spectrometric analysis of EDIII proteins. a EDIII-1.

b EDIII-3. The bands marked with an asterisk (at approximately 15,

26, 40 and 50 kDa) in the western blots in Fig. 3 were cut out from

identical Coomassie brilliant blue 250 stained gels and subjected to

mass spectrometric analysis. The amino acid sequences of the

recombinant proteins are shown with the theoretical trypsin cleavage

sites marked by Vertical dots and the four most abundant detected

peptides underlined. The MS/MS spectra are shown for one protein-

specific tryptic peptide (bold and underlined) for each recombinant

protein and the Mascot Ion score (MIs) is indicated for that peptide.

The occurrence of the four most abundant peptides in the sampled

bands is depicted in the graph at the right. The percentage of amino

acid sequence coverage by the four peptides is 54 % for EDIII-1 and

57 % for EDIII-3, respectively
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induction. Instead, recombinant protein accumulates after

ethanol treatment of Nt-T7-EDIII-1-4 plants in a time-de-

pendent manner (i.e., with the number of ethanol sprays;

Fig. 5c). The bands at lower molecular weights appearing at

day 7 indicate that EDIII-1-4 is, to some extent, susceptible

to proteolytic degradation.

Discussion

Dengue fever virus infections are a significant cause of

morbidity and mortality in developing countries of the

tropics and subtropics (Gubler 2012; WHO 2015). Since

the main target group for a dengue vaccine are the rela-

tively poor people in developing countries, the ideal den-

gue vaccine should be affordable, heat-stable (i.e.,

independent of an uninterrupted cooling chain) and easy to

administer. Recombinant dengue virus EDIII protein-based

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, 2011; Zhao

et al. 2014), in yeast (Arora et al. 2013; Batra et al. 2010a;

Cardoso et al. 2013; Etemad et al. 2008; Nguyen et al.

2015), in insect cells (Ivy et al. 2000) and also via nuclear

transformation in plants (Kim et al. 2013; Martinez et al.

2010; Saejung et al. 2007). In the present study, the dengue

virus envelop protein domain III-based tetravalent fusion

protein (EDIII-1-4) and the monovalent forms (EDIII-1,

EDIII-3 and EDIII-4) have been expressed in tobacco

chloroplasts. The chloroplast expression system offers

transgene confinement, high levels of foreign protein

expression and highly precise, site-specific transgene

integration by homologous recombination (Bock 2014).

Tobacco is a non-food/non-feed crop, readily amenable to

genetic manipulation, and is an excellent biomass and seed

producer (Tuse et al. 2014). Taken together, these char-

acteristics make tobacco plastids a promising production

platform for the large-scale synthesis of recombinant

Fig. 5 Ethanol-induced recombinant protein expression in transgenic

chloroplasts. Transplastomic plants were sprayed with ethanol on

seven consecutive days. Whole plants were taken as samples and

50 lg total protein extract per sample were analyzed by western

blotting. a The plants sprayed with 5 % ethanol do not show

deleterious phenotypic changes in in vitro culture. b Western blot

with total protein extracts of Nt-T7-EDIII-4. c Western blot with total

protein extracts of Nt-T7-EDIII-1-4. Western blot analyses were

performed with samples taken before the first ethanol treatment (d0),

1 day after the first treatment (d1), after 2 days (d2) and after 7 days

(d7) of ethanol treatment. Nt-T7 sprayed with ethanol for 7 days was

used as a negative control. The bands representing the recombinant

proteins with the expected molecular weight of 13 kDa for EDIII-4

and 48 kDa for EDIII-1-4 are marked with arrows, the multimers of

EDIII-4 with asterisks and the EDIII-1-4-derived fragments with

circles. The other bands, migrating at several different molecular

weights and also visible in the wt sample, are the result of non-

specific binding of the antibody to plant proteins
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subunit vaccines, including dengue fever vaccines. So far,

only the expression of a dengue virus serotype 3 pre-

membrane and envelope polyprotein has been reported in

plastids (Kanagaraj et al. 2011). We demonstrate that

dengue virus envelop protein domain III-based antigens

can be expressed in tobacco chloroplasts and that the

expression of challenging proteins via the ethanol-in-

ducible expression system offers a possibility to avoid

deleterious phenotypes associated with overexpression

(Hennig et al. 2007; Petersen and Bock 2011; Scotti et al.

2015). The transplastomic plant lines with the transgene

expression cassette controlled by the strong constitutive

ribosomal RNA operon promoter showed distinct growth

retardations and mild pigment deficiency. In many cases,

plastid expression of recombinant proteins does not result

in abnormal phenotypes, but an increasing number of

studies has reported phenotypic alterations in transplas-

tomic plants (Lössl et al. 2003; Magee et al. 2004; Scotti

et al. 2015; Tissot et al. 2008; Tregoning et al. 2003;

Waheed et al. 2011). The two main reasons underlying

pigment deficiency or a delay in plant development are

toxicity of the transgene product due to interference of the

recombinant protein with essential processes in the

chloroplast (e.g. biogenesis of the thylakoid membrane;

(Hennig et al. 2007)) or the severe metabolic burden

imposed on the chloroplast due to extreme recombinant

protein expression levels (Oey et al. 2009a; Scotti and

Cardi 2014). Expression levels above 40 % of the total

soluble protein can exhaust the gene expression capacity of

the chloroplast resulting in Rubisco depletion and a general

decrease in plastid-encoded proteins (Bally et al. 2009;

Zhou et al. 2008). The rather low expression levels of our

recombinant proteins and the fact that no Rubisco depletion

was visible on the Coomassie brilliant blue-stained gels

suggests that in our case, the observed phenotypic alter-

ations are more likely due to the recombinant protein

interfering with chloroplast biogenesis, metabolism or gene

expression.

The activation of transgene expression after leaf devel-

opment and chloroplast biogenesis is completed could be a

way to avoid detrimental effects caused by the recombinant

protein (Emadpour et al. 2015). Inducible expression sys-

tems allow the plants to grow to maturity without the

burden of recombinant protein production. After induction

of transgene expression, the full biomass capacity can be

exploited for production of the recombinant protein. In this

work, we have employed an ethanol-inducible expression

system that is based on a nuclear-encoded and plastid-tar-

geted T7 RNA polymerase for the expression of EDIII-4

and EDIII-1-4. The functionality of this system to over-

come growth reduction and male sterility caused by

expression of the phb operon (for polyhydroxybutyrate

synthesis) has been previously demonstrated (Lössl et al.

2005). In this study, induction of EDIII-4 and EDIII-1-4

expression was achieved after repeated ethanol exposure.

The low level of recombinant protein detectable in unin-

duced Nt-T7-EDIII-4 plants is in accordance with the

previously reported leakiness of the system (Lössl et al.

2005). Most likely, it is also responsible for the slightly

slower growth of the transplastomic plants (Note that

background antigen accumulation in the Nt-T7-EDIII-1-4

plants was below the detection limit, presumably due to

lower expression and/or protein stability). The fact that our

attempts to regenerate homoplasmic plants expressing the

EDIII-1-4 fusion from the strong constitutive rRNA operon

promoter failed (data not shown), further emphasizes the

usefulness of this trans-activation system to overcome

hurdles in transgene expression and avoid phenotypic

alterations related to recombinant protein accumulation.

The accumulation levels of the constitutively expressed

recombinant proteins varied depending on the age of the

leave. The highest level of EDIII-1 accumulated in young

and fully expanded leaves (leaves 3–5; Fig. 3). Previous

reports, where accumulation of the p24 protein (Zhou et al.

2008) and the VP6 protein (Birch-Machin et al. 2004) was

only detectable in young leaves, suggested that these pro-

teins accumulate when chloroplast protein synthesis rates

are high (i.e., during early leaf development), but protein

levels fall when the activity of plastid gene expression

declines during and after leaf maturation. Conversely,

highly stable proteins can keep accumulating and even

increase over leaf development and senescence (Oey et al.

2009a, b). The detected accumulation levels of EDIII-3

were lower than for EDIII-1, but higher in older than in

young leaves (Fig. 3c, d). This suggests that this protein,

although overall expressed at a lower level, might be more

stable during leaf development than EDIII-1. Although the

detected mRNA levels also vary with leaf age (Fig. 3b), the

transcript levels do not really correlate with protein accu-

mulation levels. Furthermore, ediii-1 and ediii-3 are con-

trolled by the same regulatory elements, suggesting that

transcript abundance is determined by factors within the

coding sequence and/or by intrinsic factors depending on

the leaf’s developmental stage. It is well established that, in

plastids, high mRNA accumulation does not necessarily

result in high protein levels (Eberhard et al. 2002; Kahlau

and Bock 2008), because translation control is more

dominant than transcriptional regulation (De Marchis et al.

2012). Also, high turnover can lead to rapid degradation of

proteins (Kim et al. 1994). An N-end rule for plastid pro-

teins has been proposed where the protein stability is

influenced by the penultimate N-terminal amino acid

residue (Apel et al. 2010). Since the N-terminal amino acid

is serine for both EDIII-1 and EDIII-3, an amino acid that

conferred intermediate levels of protein stability, the N-end

rule alone does not explain the variation in EDIII
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accumulation. However, it was also demonstrated that the

extended N-terminus of plastid proteins can have an even

greater impact on protein stability than the penultimate

residue (Apel et al. 2010). Whether or not N-terminal

sequence differences between EDIII variants account for

the observed differences in protein accumulation, remains

to be investigated. In general, accumulation of foreign

proteins in plastids depends on the rates of transcription,

translation and protein stability (Scotti et al. 2013; Naka-

kura et al. 2016), and the recombinant protein accumula-

tion level is nearly impossible to predict (Bock 2014).

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. Mass spectrometric analyses confirmed that

all analyzed bands contain the specific EDIII-derived

tryptic peptides. Mature dengue virus particles are formed

by E protein dimers organized in a herringbone configu-

ration on the viral surface (Kuhn et al. 2002), and the main

dimerization properties are associated with domain II

(Modis et al. 2003). Our recombinant protein consists only

of the domain III of the envelope protein. However, the

homodimers of the E protein interact closely with each

other during the viral life cycle (Mukhopadhyay et al.

2005) and the post-fusion structure at low pH is charac-

terized by a trimeric arrangement of E protein monomers

(Modis et al. 2004). Therefore, it cannot be excluded, that

domain III retains some characteristics that favor protein

aggregation even when expressed in isolation. Although

this phenomenon has not been reported for similar proteins

expressed in E.coli (Khanam et al. 2006) or yeast cells

(Batra et al. 2010a; Cardoso et al. 2013), a putative dimeric

species has been detected in solubilized inclusion bodies of

EDIII-2 (Jaiswal et al. 2004). The ability of the chloroplast-

produced EDIII proteins to form strong aggregates may be

an advantage for the stimulation of the immune system and

induction of intestinal secretory IgA following oral

immunization.

When expressed in Pichia pastoris, the tetravalent

fusion protein linking the EDIII domains of the four den-

gue virus serotypes has already been reported to elicit

neutralizing antibodies against all four serotypes (Batra

et al. 2007; Etemad et al. 2008). Although, the plant-

derived recombinant proteins are required to undergo

separate and independent evaluations regarding immuno-

genicity, the outcome of such studies is expected to be very

similar. The fusion protein approach indicates a way to

avoid unbalanced immune responses continuously reported

for tetravalent formulations consisting of stoichiometri-

cally mixed monovalent vaccines (Capeding et al. 2014;

Hadinegoro et al. 2015; Villar et al. 2015). Furthermore,

the transformation of the plastid genome represents a

promising possibility for the high-level, cost-effective,

clean and safe expression of therapeutically relevant pro-

teins in commercial applications (Wani et al. 2015). A

theoretical technoeconomic case study showed that plants

can be highly competitive production platforms for bio-

pharmaceuticals (Tuse et al. 2014). Compliance with good

manufacturing practices required for all products entering

clinical development (Fischer et al. 2012; Yusibov et al.

2011) and optimization of production processes leading to

a reduction of downstream processing-related costs will

help to commercialize more plant-derived pharmaceuticals

in the future (Fischer et al. 2013, 2015).

Conclusion

In the present study, we constitutively expressed the

monovalent EDIII domains of the dengue virus serotypes 1

and 3 (EDIII-1, EDIII-3) in tobacco chloroplasts. Further-

more, the ethanol-inducible expression of EDIII-4 and the

tetravalent construct EDIII-1-4 in tobacco chloroplasts

shows the potential benefits of an inducible antigen pro-

duction system that may help to overcome detrimental

effects of recombinant proteins on physiology or devel-

opment of the plant. Since the plastid transformation vector

for the inducible expression system includes Gateway�

recombination sites, this study adds a new Gateway�-

compatible destination vector to the chloroplast transfor-

mation toolbox. The successful synthesis of recombinant

EDIII proteins by both constitutive and inducible

transplastomic expression systems reported here provide a

promising entry point into the future production of EDIII-

based dengue vaccine candidates in tobacco chloroplasts.
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