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Helicobacter pylori colonizes the human stomach mucosa

and is the main cause of peptic ulceration and gastric

cancer [1,2]. Current antibiotic-based therapies, com-

monly including two antibiotics and a proton pump

inhibitor, are not sufficient or feasible for global control

of the infection because of their high cost, development

of antibiotic resistance, and possible side effects of the

antibiotics [3]. Today, a low treatment success is mainly

related to a growing resistance problem in many geo-

graphic areas [4,5]. Consequently, development of an

effective and relatively cheap vaccine against H. pylori is

of great importance. Considerable efforts have been

made during recent years to develop an effective

vaccine against H. pylori although with limited success

so far. Reasons for this might be the need for additional

effective protective antigens or antigen formulations or

the ineffectiveness of the present delivery routes.

Furthermore, the interactions between the bacteria and

the local immune system are complicated and not fully

understood. An effective vaccine against H. pylori would
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Abstract

Background: The aim of this study was to produce a recombinant version of

the highly antigenic Helicobacter pylori TonB (iron-dependent siderophore

transporter protein HP1341) in transgenic plants as a candidate oral vaccine

antigen.

Materials and Methods: Using Agrobacterium-mediated gene transfer, we

introduced three different constructs of the tonB gene into genome of the

model plant Arabidopsis thaliana. We investigated transgene insertion by

PCR, produced TonB antibodies for analysis of the production of the recom-

binant protein in plants, verified the identity of the protein produced by

mass spectrometry analysis, and analyzed the number of genetic inserts in

the plants by Southern blotting.

Results: Three different constructs of the expression cassette (full-length

tonB, tonB truncated in the 5¢ end removing the codons for a transmembrane

helix, and the latter construct with codons for the endoplasmic reticulum

SEKDEL retention signal added to the 3¢ end) were used to find the most

effective way to express the TonB antigen. Production of TonB protein was

detected in plants transformed each of the constructs, confirmed by both

Western blotting and mass spectrometry analysis. No considerable differ-

ences in protein expression from the three different constructs were

observed. The protein concentration in the plants was at least 0.05% of the

total soluble proteins.

Conclusions: The Helicobacter pylori TonB protein can be produced in Arabid-

opsis thaliana plants in a form that is recognizable by rabbit anti-TonB antise-

rum. These TonB-expressing plants are highly suitable for animal studies of

oral adminstration as a route for immunization against Helicobacter

infections.
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probably have to induce an immune response at the

major locations of the infection and preferably interfere

with such important mechanisms as bacterial motility,

penetration of and adherence to mucosal surfaces,

enzyme activation, and toxin production [6].

A study made recently by Meinke et al. [7] revealed

an antigenic profile of two H. pylori strains isolated from

patients with gastric cancer and duodenal ulcer, respec-

tively. The most promising antigen candidates were

selected on the basis of gene conservation, recognition

by antibodies, and in silico analysis. The iron-dependent

siderophore transporter protein (TonB, HP1341) was

shown to be the most immunogenic and may be a

promising candidate as a vaccine antigen. To colonize

and survive the acidic environment in the human

stomach, H. pylori needs a constant supply of micro-

nutrients including nickel and iron ions [8]. At low pH,

these ions are essential to maintain pH homeostasis and

to support bacterial growth. The uptake of nutrients in

H. pylori is performed by active transport over the cell

membrane. Three different factors are required for the

active transport of ions across the outer membrane in

Gram-negative bacteria: a proton-motive force (pmf)

that drives the transport over the membrane, a trans-

membrane complex composed of TonB, ExbB, and

ExbD (the TonB complex), and a specific TonB-

dependent transporter (TBDT) in the outer membrane

[9]. The TonB complex uses the proton gradient over

the cytoplasmic membrane to induce conformational

changes in TBDT. This will lead to release of vitamin

B12 that in turn initiates substrate transport over the

outer membrane. TonB consists of one single trans-

membrane helix, a proline-rich linker region, and a

periplasmic C-terminal sequence [10].

Although the main location of the H. pylori infection is

in the mucosal tissues of stomach, it is important to

expose a candidate vaccine antigen to the gut-associated

lymphoid tissue (GALT) in the gastrointestinal tract [11].

Such exposure can be achieved by oral delivery of the

vaccine [12–14], and transgenic edible plants are promis-

ing candidates as producers of this type of vaccine or

even as vaccine carriers. Plant-produced vaccines are

subunit vaccines and therefore are unable to replicate in

the host. This makes them safer than attenuated vaccines

based on the bacterium itself with no risk of pathogen

transmission. Plant-based edible vaccines are safe, cheap

(assuming that they are sufficiently immunogenic), and

could be grown locally. In addition, transgenic plants are

capable of producing several different antigens in the

same individual for instance by crossing transgenic plant

lines yielding the particular antigens of choice. Prototype

edible plant vaccines against enterotoxigenic Escherichia

coli (ETEC) [15,16], cholera [17,18], norovirus [19,20],

and hepatitis B [21 1] have shown promising results in ani-

mals and in pilot studies in humans – transgenic plants

can stimulate a two-way immune response, both system-

ically and mucosally.

The aim of this study was to create transgenic Arabid-

opsis thaliana plants producing recombinant TonB

protein from H. pylori. We produced TonB protein in

plants in its full-length form as well as in a truncated

form (lacking its N-terminal trans-membrane helix). To

possibly enhance the expression level of the recombi-

nant plant-produced TonB, we also added nucleotides

for the endoplasmic reticulum retention signal Ser-

Glu-Lys-Asp-Glu-Leu (SEKDEL) to the genetic con-

struct [22,23]. Also, in the latter construct, we used a

tandem of four 35S enhancers from the cauliflower

mosaic virus in the promoter controlling expression of

the tonB gene. Expression of TonB protein was detected

in plants transformed with each of the three constructs

using TonB-specific antibodies. No significant differ-

ences in protein expression between the different con-

structs were observed. The estimated protein

concentration in plants was at least 0.05% of the total

soluble proteins.

Methods

Transgene Construction

PCR amplification of the tonB gene was performed from

a vector constructed previously (tonB in pET28C vector,

Novagen, Inc., Madison, WI; Ref. 7). The PCR utilized

Ex Taq DNA polymerase (Takara Bio Inc, Shiga, Japan)

and consisted of 35 cycles of 98 �C (10 seconds), 65 �C

(30 seconds), and 72 �C (2 minutes), followed by

extension at 72 �C (15 minutes). The sequences of the

primers used in the PCR are shown in Table 1. We

designed three different constructs (Fig. 1): (A) the

entire TonB (TonB) under control of 35S promoter

(primers A & B); (B) the truncated TonB (tTonB) with-

out the N-terminal transmembrane helix under control

Table 1 Nucleotide sequences of primers used for PCR cloning of

tonB. Restriction sites are denoted in bold, start and stop codons are

denoted in italics, and the ER retention sequence is underlined

Primer name Sequence (5¢ fi 3¢)

A GATCTCTAGA ATG AAAATTTCTCCATCTCC

B CATCGGATCC TCA GTCTTCTTTCAAGCTA

C GTTTGTCTAGATTTTA ATG CGCGAAGACGCC

D GTTTGGATCCTTTTTA ATG CGCGAAGACGCC

E CATCGGATCC TCA TAG CTC ATC TTT CTC AGA

GTCTTCTTTCAAGCTA

L E D K E S
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of 35S promoter (primers C & B); (C) and the truncated

TonB with a C-terminal ER retention signal under con-

trol of 4 · 35S promoter (primers D & E). The first two

constructs were assembled in the pGreen vector (http://

www.pgreen.ac.uk; Ref. 24) using the Xba I and BamH

I endonuclease restriction sites (pGreen ⁄ ttonB and

pGreen ⁄ tonB), and the third was assembled in the

pPCV742 vector (kindly provided by Prof. Olof Olsson,

Göteborg University, Sweden) using the BamH I restric-

tion site (pPCV742 ⁄ ttonB). The PCR products were puri-

fied with the QIAquick PCR Purification Kit (Qiagen,

Hilden, Germany) and subjected to ligation into the

respective vectors. The vectors produced were verified

by DNA sequencing (ABI PRISM 3100 Genetic Analy-

ser; Applied Biosystems2 ).

Plant Growth and Transformation

Arabidopsis thaliana plants of ecotype Columbia-0 (Col-

0) were used in all experiments. They were grown on

fertilized soil ⁄Perlite ⁄Vermiculite mixture (1:1:1) in a

growth chamber with 16- hour light (22 �C), 8- hour

dark (22 �C) cycles at 70% humidity. The fluence rate

of white light was 100 lmol photons ⁄m2
⁄ s (PAR).

Transgenic plants were produced by a simplified Agro-

bacterium-mediated floral dip method of four-week-old

Arabidopsis plants as described by Clough and Bent [25]

and selected by germination on Murashige and Skoog

(MS) medium containing 400 lg ⁄mL cephotaxime

(Sigma-Aldrich, Steinheim, Germany) and either

10 lg ⁄mL glufosinate-ammonium (BASTA; Riedel-de

Haën, Seelze, Germany) or 50 lg ⁄mL kanamycin.

Selection against BASTA was used for the plants trans-

formed with the pGreen ⁄ tonB and pGreen ⁄ ttonB vec-

tors. Selection against kanamycin was used for the

plants transformed with the pPCV742 ⁄ ttonB vector.

Resistant plants were transferred to potting mix for

analysis, self-pollination, and seed production. The

seeds obtained from individual plants producing 100%

BASTA or kanamycin-resistant progeny were used for

further experiments.

Detection of Transgenic Inserts in the Plants

The selected transformants were analyzed by PCR using

the REDExtract-N-AmpTM Plant PCR Kit (Sigma-Aldrich)

according to the manufacturer’s protocol. Two different

sets of primers were used for PCR. In each set, one primer

was 35S cassette-specific and another was tonB-specific.

Production and Purification of the Recombinant

TonB in E. coli

Bacteria carrying pET28c ⁄ tonB plasmids [7] were grown

on LB medium containing 50 lg ⁄mL kanamycin

(Sigma, Steinheim, Germany) at 37 �C to an optical

density (OD) of 0.8–1.0 at 600 nm. Isopropyl b-d-thio-

galactoside (IPTG; Invitrogen, Groningen, The Nether-

lands) was added to a final concentration of 1 mmol ⁄L,

and the culture was incubated for another 4 hours.

Bacteria were harvested by centrifugation (5000 · g,

15 min) and used for purification of the TonB protein.

For protein expression, E. coli strain BL21(DE3) pLysS

(Novagen Inc., Madison, WI, USA) was used.

The frozen bacterial pellet was first subjected to

X-PRESS (AB BIOX, Göteborg, Sweden) with subsequent

resuspension in 50 mmol ⁄L sodium phosphate buffer, pH

8.0, 300 mmol ⁄L NaCl, 1 mmol ⁄L phenylmethylsulfonyl

fluoride (PMSF; Sigma-Aldrich). After sonication on ice

(35 W, 6 · 30 second) and ultracentrifugation (45,000 ·

g, 45 minutes), two fractions were obtained: one soluble

fraction and one insoluble fraction. The soluble fraction

was subjected to purification by immobilized metal-ion

affinity chromatography (IMAC) under native conditions

using the His-Select nickel affinity gel (Sigma-Aldrich)

according to the manufacturer’s protocol. As equilibrium

and wash buffer, we used 50 mmol ⁄L sodium phosphate

(pH 8.0) with 0.3 mol ⁄L NaCl. Elution was performed

with the same buffer supplemented with imidazole, the

concentration of which varied in 50 mmol ⁄L steps from

50 to 250 mmol ⁄L. All elution fractions were analyzed

using Coomassie Brilliant Blue staining of SDS–PAGE

gels. The purest fractions were pooled and concentrated

in an Amicon Ultra centrifugal filter device (MW cutoff

10 kDa; Millipore, Billerica, MA, USA). The imidazole-

containing buffer was substituted for 25 mmol ⁄L M

sodium phosphate buffer (pH 8.0) using this filter device.

The pellet from the ultracentrifugation was resus-

pended in 0.1 mol ⁄L sodium phosphate (pH 8.0) and

8 mol ⁄L urea and sonicated as described earlier. Insolu-

ble material was removed by ultracentrifugation

Figure 1 Plant expression cassettes containing either the full-length

(A) or truncated tonB gene (B & C) lacking the codons for the N-termi-

nal transmembrane helix. Expression was controlled by either a single

cauliflower mosaic virus 35S promoter (A & B) or four 35S enhancers

fused in tandem to the minimal 35S promoter (C). In construct c, the

tonB gene was cloned in frame with the SEKDEL ER retention signal

sequence at the C terminus.
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(50,000 · g, 60 minutes). The supernatant from the

second centrifugation was also subjected to IMAC puri-

fication but under denaturing conditions according to

the manufacturer’s recommendations. The affinity gel

was equilibrated with 0.1 mol ⁄L sodium phosphate buf-

fer (pH 8.0) containing 8 mol ⁄L urea. The wash buffer

was of the same content but had a pH of 6.3. Elution of

the denatured protein was performed with 0.1 mol ⁄L

sodium phosphate buffer (pH 4.5) containing 8 mol ⁄L

urea. After analysis of elution fractions by SDS–PAGE,

the purest fractions were pooled and concentrated as

described earlier. The urea-containing buffer was chan-

ged to 25 mmol ⁄L sodium phosphate (pH 8.0).

Purity check and quantification of the final protein

solutions were performed by SDS–PAGE electrophoresis

(staining with Coomassie Brilliant Blue) and UV

spectrophotometry (NanoVue; GE Healthcare, Uppsala,

Sweden). The produced proteins were used as positive

controls in immunoblots and as antigens for the

production of anti-TonB. Before we had produced our

own anti-TonB antibodies, the first immunoblots of

recombinant TonB were analyzed using pooled serum

samples from patients not suffering from any H. pylori-

associated disease.

Immunoblotting of Plant Material

To prepare protein samples for TonB analysis, Arabidop-

sis tissues were ground in 50 mmol ⁄L Tris-HCl (pH 7.5)

containing 1 mmol ⁄L PMSF. Protein extracts were sepa-

rated by SDS–PAGE and blotted onto nitrocellulose

membrane Hybond-C (GE Healthcare). The membrane

was blocked with 3% BSA (Sigma-Aldrich) in TBS

(0.02 mol ⁄L Tris-HCl, 0.15 mol ⁄L NaCl, pH 7.4) and

probed with anti-TonB serum produced in rabbit

against the recombinant tTonB protein (Davids Biotech-

nologie GmbH, Regensburg, Germany). The scheme of

immunization of rabbits included six injections. On Day

0, 60 lg antigen was administered subcutaneously. On

Days 14, 21, 35, 49, and 63, 30 lg was given subcuta-

neously. Water-in-oil emulsion (TiterMax; CytRx Corp.,

Los Angeles, CA) was used as adjuvant. TonB protein

detection was carried out using alkaline phosphatase

(AP)-conjugated anti-rabbit IgG (Promega, Madison,

WI, USA) and visualized with NBT3 and BCIP

(Promega). The experimental procedures of immuno-

blotting are outlined in Lindh et al. [26].

Extraction of Genomic DNA and Southern Blot

Analysis

Plant genomic DNA was isolated using the Maxwell 16

system (Promega) according to the manufacturer’s

recommendations. Purity check and quantification were

carried out using agarose gel electrophoresis and UV

spectrophotometry (NanoVue; GE Healthcare). After

digestion with restriction enzymes lacking recognition

sites in the ttonB or ttonB-SEKDEL nucleotide sequences,

fragmented DNA was separated on 1% agarose gel and

transferred to Hybond N+ nylon membrane (GE Health-

care). The membranes were hybridized at 65 �C using

the whole tonB gene, labeled with [a-32P]dCTP, as a

probe using the random primers DNA labeling system

(Invitrogen).

Immunoprecipitation of the Antigen

Arabidopsis seedlings, grown for 2 weeks on agar MS

medium, were subjected to extraction with 10 mmol ⁄L

sodium phosphate, 0.15 mol ⁄L NaCl (pH 7.5). Six

hundred micrograms of total plant protein were used

for the precipitation of tTonB using the Pierce Direct

immunoprecipitation kit (Rockford, IL, USA). Precipita-

tion was performed according to the manufacturer’s

protocol. The anti-TonB antibodies used in the

immunoprecipitation were first purified from rabbit

anti-serum by affinity chromatography using CNBr-acti-

vated Sepharose 4B (http://wiki.rrc.uic.edu/wiki/RRC-

PRL:_Antibody_Purification_by_Affinity_Chromatography).

The precipitated protein was examined by SDS–PAGE,

and the obtained band was analyzed by matrix-assisted

laser desorption ionization–time of flight mass spec-

trometry (MALDI-TOF MS) peptide mapping and

sequence identification (Alphalyse A ⁄S, Odense,

Denmark).

Results and discussion

Overexpression of TonB in E. coli and Antibody

Production

The full-length tonB gene (HP1341) was cloned using

the pET28C expression system [7] giving rise to an

N-terminal His-tag in the expressed protein. Expression

of the corresponding protein in E. coli and immunola-

beling with anti-His antibodies and serum from

H. pylori-infected patients (Fig. 2A) revealed a band of

the same size, around 35 kDa. This band was excised

from the Coomassie Brilliant Blue-stained SDS–PAGE

gel and analyzed by MALDI-TOF MS. The analysis

confirmed that the detected protein was TonB (not

shown). Large-scale overexpression of TonB (from 2 L of

bacterial culture) and purification by IMAC resulted in

pure protein (Fig. 2B). Both native and denatured TonB

preparations were used for antibody production in

rabbits.
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PCR Amplification of the Full-Length and

Truncated TonB, Construction of Plant Vectors,

and Arabidopsis Transformation

The PCR products of the full-length and the truncated

tonB showed the right size (858 and 756 bp, respec-

tively) on ethidium bromide-stained agarose gels

(Fig. 3). The identity of the amplified DNA was con-

firmed by DNA sequence analysis. We had introduced

the desired restriction sites into the primers to facilitate

cloning into the pGreen (Xba I and BamH I) and into

the pPCV742 (BamH I) vectors. Each construct was con-

firmed for the presence and direction of the tonB

sequence by sequencing. The wild-type Arabidopsis

plants of the Col-0 ecotype were successfully

transformed using Agrobacterium carrying the different

vectors. Twenty to forty transgenic plants for each

construct were selected after initial seedling screening

against either BASTA (for pGreen ⁄ tonB and pGreen ⁄ -

ttonB) or kanamycin (pPCV742 ⁄ ttonB). The selected

plants were subjected to PCR screening for the presence

of either tonB or ttonB (results not shown). The PCR-

positive plants were tested further for the presence of

the recombinant protein.

Testing the Antisera Using Plant Extracts and

Accumulation of the Recombinant TonB in

Arabidopsis

The antisera were tested with plants expressing TonB.

As seen in Fig. 4, both antisera (but not the presera),

raised either against the native or against the denatured

E. coli-produced TonB, recognized a protein of approxi-

mately 35 kDa in two of three tested transgenic lines

(lines 1 & 3 in Fig. 4) but not in the wild-type Arabidop-

sis plants. Line 2 showed no TonB expression although

Figure 3 Agarose gel showing the unique PCR products of tonB and

ttonB genes obtained from the pET28c ⁄ tonB vector using the primers

shown in Table 1. The labeling is as follows: (L) DNA molecular mass

standards; (ttonB) the truncated tonB amplified with primers B & C;

(tonB) the full-length tonB amplified with primers A & B.

A

B
kDa

50

L 1 2

35

25

Figure 2 (A) Western blot analysis for recombinant TonB produced in

E. coli using either an anti-His antibody or serum from H. pylori-

infected patients. L stands for protein molecular mass standards; (B)

Coomassie Brilliant Blue-stained SDS–PAGE gel containing the recombi-

nant TonB produced in E. coli and purified by native immobilized metal

affinity chromatography (lanes 1 and 2; see Methods). L stands for

protein molecular mass standards; Lanes 1 and 2 have 1 and 2.5 lg

of TonB loaded, respectively.

Figure 4 Analyses of the anti-TonB sera. Total protein extracts from

plants were separated by SDS–PAGE, blotted onto nitrocellulose mem-

branes and incubated with sera and presera raised against denatured

and native recombinant TonB. (1), (2), and (3) stand for different trans-

genic Arabidopsis lines expressing tTonB. (WT) stands for wild-type

Arabidopsis, and (L) for molecular mass standards. The secondary

antibody was an alkaline phosphatase conjugate developed using NBT

and BCIP.
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the presence of the transgene had been confirmed with

PCR (not shown). The reason for this would be either

very low-level protein production (below the detection

level of our method) or complete lack of synthesized

TonB protein. This can be the result of either a posi-

tional effect of the inserted transgene, being introduced

into a region of the plant DNA that is unfavorable for

expression, or gene silencing as a result of co-suppres-

sion, a phenomenon frequently occurring in transgenic

plants containing several copies of transgenes.

The antiserum against the native TonB detected a

strong 25- kDa band in addition to the 35- kDa TonB

band. The 25 -kDa band appears in fractions from all

tested plants, including the non-transformed negative

wild-type control plants, which proves it is not of TonB

origin but is the result of cross-reaction of the anti-

non-denatured TonB antibodies with intrinsic plant

proteins. The serum raised against the denatured TonB

detected fewer and weaker background proteins and was

therefore the serum of choice for further experiments.

Western-blot detection of the constitutively expressed

TonB in unfractionated leaf extracts from plants trans-

formed with each of the three constructs is shown in

Fig. 5. Comparison of the transgenic lines with

non-transformed WT plants (as a negative control)

reveals a specific band of a size that is of approximately

the correct size when compared with the recombinant

TonB protein expressed in E.coli (approximately

35 kDa). Immunoprecipitation using affinity purified

anti-TonB antibodies revealed a thin band of the same

size (Fig. 6A). MALDI-TOF peptide mass fingerprinting

and MALDI-TOF ⁄TOF peptide sequencing confirmed

the precipitated protein to be TonB (Fig. 6B).

The Number of Transgenes in Transformed Plants

The number of transgenes inserted into the plant

genome for each of the constructs was investigated by

Southern blotting and varied between 1 and 4 in differ-

ent lines. Fig. 7 shows the results for three transgenic

lines representing each of the constructs (A, B, and C).

Three different digests of each line (Xho I, Nde I, and

BamH I) showed single bands that correspond to a

transgene copy number of 1.

Figure 5 Immunoblot analysis of the occurrence of TonB in wild-type

Arabidopsis plants (WT) and in transformants. The total protein

extracts from plants (80 lg) were separated by SDS–PAGE, blotted

onto nitrocellulose membrane and immunolabeled with anti-TonB

polyclonal antibodies (rabbit serum) and finally visualized using alkaline

phosphatase-conjugated secondary antibody. A6, A7, and A10 denote

Arabidopsis lines transformed with construct (A) (see Fig. 1); B2 and

B10 denote Arabidopsis lines transformed with the construct (B); C23

and C26 denote Arabidopsis lines transformed with the construct (C).

L stands for molecular mass standards, WT for wild-type Arabidopsis

(Col-0), and P for the positive control (recombinant TonB purified from

E. coli).

A

B

Figure 6 (A) Immunoprecipitation of tTonB from transgenic plants.

The arrow shows the tTonB band obtained; (B) The results of MS

analysis. Matching peptides are shown in bold and are underlined.

Figure 7 Southern blot analysis of three lines transformed with the

different constructs A (A10), B (B2), and C (C23) according to Fig. 1.

Three different DNA digests of each line were produced using Xho I,

Nde I, and BamH I restriction enzymes.
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Comparison of the TonB Production in Plants

Transformed with Different Constructs and

Approximate Quantification of TonB Content

To compare the TonB protein content in the plants

transformed with the three different constructs, we

chose the lines containing the same transgene copy

number (lines A10, B2, and C23). In a semiquantitative

analysis, the intensity of staining of bands after

immunoblotting of equal amounts of 80 lg total soluble

protein from these transgenic lines (Fig. 5) showed only

small differences between the constructs tested.

However, plants carrying construct (b) (Fig. 1) are

those with the highest amount of recombinant TonB.

This can be explained by deletion of the transmem-

brane helix of the TonB protein and thereby as a result

of increased protein solubility. To our surprise, we did

not observe any increase in protein expression in plants

carrying construct (c), leading to C-terminal SEKDEL

ER retention signal, compared with construct (b) that

lacks this sequence. An expression cassette containing

four enhancer elements in tandem with the 35S pro-

moter, as in construct (c), did not lead to increased

TonB proteins levels either. Our examination showed

that the effect of the stronger promoter and ER reten-

tion signal on transgene expression is probably trans-

gene-specific and does not work in the case of TonB as

opposed to the case with the HIV p24 gene [26].

Instead, ER accumulation most likely does not occur

with TonB because of the lack of ER-directing

sequences in the coding region.

For quantification of the TonB protein content in the

transgenic Arabidopsis, we chose the line A10, which

had a single copy of the transgene and also displayed

the lowest protein content among the investigated

constructs. Different amounts of total soluble protein

(TSP) (20, 40, and 80 lg) from line A10 were subjected

to immunoblotting along with specific amounts of the

purified recombinant tTonB protein (60, 20, 10, and

5 ng) produced in E. coli. The approximate content of

TonB in the line A10 was estimated by comparison of

the staining intensity of the protein bands. The compar-

ison showed a TonB content of approximately 250 lg ⁄ g

TSP (not shown).

The objective of this study was to express one of the

most dominant Helicobacter-specific antigens (TonB or

HP1341) in the model plant Arabidopsis thaliana for fur-

ther experiments leading to an oral vaccine antigen

candidate. The corresponding gene was successfully

transferred into Arabidopsis thaliana genome, and the

protein was expressed from all three of our constructs.

The absence of the N-terminal transmembrane helix of

TonB did not affect the production of the recombinant

protein in Arabidopsis to any significant extent. Our sus-

picion that the presence of this transmembrane helix

could inhibit accumulation of TonB in plants was not

substantiated. The stronger promoter and fusion of the

ER retention signal to the N-terminal of the protein

sequence did not lead to significant enhancement of

TonB protein expression (construct c). At the same

time, more accurate measurement of the amount of the

expressed protein needs to be taken, and more trans-

genic lines have to be examined.

As was demonstrated for the HIV p24 protein pro-

duced in plants [27], A. thaliana is eaten raw by mice

and therefore is suitable as a model system for edible

vaccines in preclinical trials. Animal experiments with

transgenic TonB-expressing Arabidopsis plants adminis-

trated orally are now on the way. A positive outcome

of such studies, displaying immunogenicity and protec-

tion in mouse models, would pave the way for human

preclinical studies using our TonB-carrying A. thaliana

as an edible vaccine vector. Other more common food

plants such as carrot would also be feasible as trans-

genic host [26] for a Helicobacter vaccine candidate con-

sumed by humans. For large-scale production of TonB

antigen as a pharmaceutical raw material, transforma-

tion of the chloroplast genome, rather than nuclear

transformation, would be more suitable because such a

technique routinely leads to higher levels of recombi-

nant protein in plants [28].
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