
GENETIC TRANSFORMATION AND HYBRIDIZATION

Chloroplast targeting of FanC, the major antigenic subunit
of Escherichia coli K99 fimbriae, in transgenic soybean

Renu Garg Æ Melanie Tolbert Æ Judy L. Oakes Æ
Thomas E. Clemente Æ Kenneth L. Bost Æ
Kenneth J. Piller

Received: 17 November 2006 / Revised: 29 January 2007 / Accepted: 11 February 2007 / Published online: 1 March 2007

� Springer-Verlag 2007

Abstract Enterotoxigenic Escherichia coli (ETEC)

strains are a major cause of enteric diseases affecting

livestock and humans. Edible transgenic plants producing

E. coli fimbrial subunit proteins have the potential to

vaccinate against these diseases, but have not reached their

full potential as a renewable source of oral vaccines due in

part to insufficient levels of recombinant protein accumu-

lation. Previously, we reported that cytosol targeting of the

E. coli K99 fimbrial subunit antigen resulted in FanC

accumulation to ~0.4% of total soluble protein in soybean

leaves (Piller et al. in Planta 222:6–18, 2005). In this study,

we report on the subcellular targeting of FanC to chlo-

roplasts. Twenty-two transgenic T1 progeny derived from

seven individual T0 transformation events were character-

ized, and 17 accumulated transgenic FanC. All of the

characterized events displayed relatively low T-DNA

complexity, and all exhibited proper targeting of FanC to

the chloroplast. Accumulation of chloroplast-targeted FanC

was ~0.08% of total soluble leaf protein, or ~5-fold less

than cytosol-targeted FanC. Protein analysis of leaves at

various stages of maturity suggested stability of chloro-

plast-targeted FanC throughout leaf maturation. Further-

more, mice immunized intraperitoneally with protein

extract derived from transgenic leaves expressing chloro-

plast-targeted FanC developed significant antibody titers

against FanC. This is the first report of subcellular targeting

of a vaccine subunit antigen in soybean.
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Introduction

Enterotoxigenic Escherichia coli (ETEC) continue to be a

major cause of enteric diseases affecting farm animals,

with livestock-specific ETEC infections often being fatal in

newborn calves, lambs and piglets (Moon and Bunn 1993).

E. coli virulence develops upon acquisition of plasmids

encoding genes for adhesins and enterotoxins, including

heat-stable and heat-labile enterotoxins responsible for

inducing fluid loss and electrolyte imbalance (reviewed in

Spangler 1992). ETEC colonize in the intestine by means

of specific adhesion factors (fimbriae) and produce en-

terotoxins resulting in gastric diseases. The host specificity

of ETEC is dictated through its adhesins while the anti-

bodies for these adhesins confer strain-specific immunity

against ETEC infections in human and livestock (Nagy

1980; Savarino et al. 1999). The fimbrial type F5 (K99)

specifically mediates the attachment of ETEC to mucosal

surfaces of calves, lambs, and piglets (Jones and Isaacson

1983). The genes involved in the biosynthesis of K99

adhesin have been cloned and mapped to an 87.8 kb non-

conjugative plasmid (Isaacson and Start 1992; van Embden

et al. 1980). Production of K99 requires the expression of

eight unique proteins: Fan A–H (Inoue et al. 1993). FanC,

the major subunit and immunogenic polypeptide of K99
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fimbriae is the most highly expressed of the K99 genes

(Lee and Isaacson 1995).

Conventional vaccines against F5+ ETEC include

parenteral or subcutaneously administered purified K99

fimbrial protein or formalin-inactivated ETEC, and have

been shown to achieve limited protection due to lack of

stimulation of appropriate mucosal immunity (Jay et al.

2004; Nagy 1980). Also, some bacterial vector-based oral

vaccines have been employed which can deliver ETEC

fimbriae to mucosal inductive sites in the gut (Ascon et al.

1998; Chu et al. 2005). Although oral delivery of antigens

in attenuated or live bacterial strains elicits systemic and

mucosal immunity, there still remain safety concerns over

the delivery vehicles.

The potential for plant-based edible vaccines continues

to be explored (reviewed in Streatfield 2006). The pro-

duction of antigens in plant materials offers the advantage

of natural encapsulation when delivered orally, and such

encapsulation can potentially guard against rapid and

complete degradation of the antigen, thus allowing antigens

to reach effecter sites lining the gastrointestinal tract.

Furthermore, plant-based fimbrial subunit vaccines against

F4+ ETEC have been reported to successfully confer

mucosal immunity (Joensuu et al. 2004, Liang et al. 2006,

Huang et al. 2003). However, despite recent advances in

plant-based edible vaccine technology, a major focus

continues to be on increasing the foreign protein accumu-

lation in transgenic plants to levels that are practical for

this technology. To overcome limitations of low re-

combinant protein accumulation in transgenic plants,

investigators have explored subcellular targeting of heter-

ologous proteins to chloroplasts, mitochondria, endoplas-

mic reticulum, seeds and the cytosol. In some cases,

targeting to organelles resulted in higher levels of protein

accumulation compared to cytosolic targeting (Corbin et al.

2001; Hyunjong et al. 2006).

Soybean has the potential to be an excellent host system

for practical expression and formulation of subunit vac-

cines. Soybean-based products are consumed virtually by

all humans and animals worldwide, and vegetative tissue

can also be used as animal forage. To demonstrate the

utility of soybean as a host system for edible vaccine

technology, our laboratory has begun a systematic evalu-

ation of the accumulation and immunogenicity of a model

subunit antigen, FanC, when targeted to various cellular

and subcellular locations within the plant. Previously, we

reported that FanC accumulated to ~0.4% of total soluble

leaf protein when targeted to the cytosol (Piller et al. 2005).

In this study, we have targeted FanC to chloroplasts. We

hypothesized that targeting to chloroplasts might protect

FanC from degradation and/or provide an environment for

accumulation to levels greater than those observed when

targeted to the cytosol. To our knowledge, this is the first

report describing chloroplast targeting of a subunit vaccine

candidate in transgenic soybean.

Materials and methods

Construction of chloroplast-targeted synthetic fanC

plant transformation vectors

Synthetic fanC optimized for soybean nuclear expression

was isolated from pKP3 (Piller et al. 2005) as a BspHI–

SacI fragment and subcloned downstream of the chloro-

plast transit peptide (CTP) sequence derived from Pisum

sativum Rubisco small subunit to create pKP4. The CTP-

fanC fusion sequence was released from pKP4 by digestion

with BglII followed by treatment with mung bean nuclease

to create a blunt end, and then by digestion with BamHI.

The resulting linear fragment was isolated and subcloned

into pRTL2 which had been digested with NcoI (followed

by treatment with mung bean nuclease) and BamHI to

create pKP6. The resulting synthetic fanC expression cas-

sette was then released from pKP6 as a HindIII fragment

and ligated into the binary vector pPTN200, a derivative of

pPZP202 that harbors a bar gene to create pKP8 (Fig. 1).

Plasmid DNA was isolated and purified using Qiagen

Plasmid Isolation kits (Qiagen, Valencia, CA), and the

integrity of pKP8 was verified by double-stranded

sequencing (Davis Sequencing, LLC, Davis, CA) prior to

transformation.

Soybean transformations

The binary vector pKP8 was mobilized into Agrobacterium

tumefaciens strain EHA101 by triparental mating. Soybean

(Glycine max Merr) genotype Thorne (Ohio State Univer-

sity) was used for transformation with the above resultant

trans-conjugant as previously described (Clemente et al.

2000; Zhang et al. 1999). Following a 3-day co-cultivation

period the explants were cultured on shoot induction (SI)

medium consisting of Gamborg’s B5 medium supple-

mented with 1.7 mg/L BAP, 5 mg/L glufosinate and 3%

sucrose. The explants were cultured on SI medium for a

period of 4 weeks with one subculture at the 2-week time

point. Following the SI step, developing buds about the

cotyledonary-node were cultured onto shoot elongation

(SE) medium consisting of MS medium supplemented with

1 mg/L zeatin riboside, 0.1 mg/L IAA and 0.5 mg/L GA3.

The selection pressure was reduced to 3 mg/L glufosinate

during the shoot elongation step. Explants were transferred

to fresh SE medium until the shoots reach approximately

3 cm in height. Elongated shoots were rooted without

further selection. After 4 weeks in soil, leaf trifoliates were

isolated and used for molecular characterizations.
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Isolation of genomic DNA

Soybean leaf tissue was frozen in liquid nitrogen, ground to

a fine powder and stored at –80�C. Genomic DNA was

isolated from leaf tissue using a standard cetyltrimethyl

ammonium bromide (CTAB) method. Approximately

50 mg of ground leaf tissue was added to 500 ll of CTAB

isolation buffer (1.5% CTAB, 1% polyvinyl pyrrolidone,

0.1 M Tris pH 8.0, 50 mM EDTA, 1.1 M NaCl containing

freshly added 2% b-mercaptoethanol), and incubated at

65�C for 1 h with gentle inversion every 10 min. DNA was

extracted twice—first by adding an equal volume of phe-

nol:choloform:isoamyl alcohol and then again with an

equal volume of chloroform. DNA was precipitated with

0.7 volumes of isopropanol and pelleted by centrifugation

at 16,000g for 5 min at 23�C. The DNA pellet was washed

with 70% ethanol, air dried and resuspended in 10 mM

Tris–HCl, 1 mM EDTA (pH 8.0).

Duplex PCR

Duplex PCR was performed using approximately 1 lg of

genomic DNA and FanC-9, FanC-10, VSP-1, and VSP-2

primers as described previously (Piller et al. 2005). Sam-

ples were denatured at 95�C for 3 min, followed by 38

cycles of denaturation (95�C for 30 s), annealing (52�C for

1 min), and extension (72�C for 1 min), and amplified

products were visualized in 1.5% agarose gels.

Southern analysis

Genomic DNA was digested with XbaI, separated by

agarose gel electrophoresis, and transferred onto Hybond

N+ membrane (Amersham Biosciences, Piscataway, NJ,

USA). A digoxigenin (DIG)-labeled-fanC probe was pre-

pared using a PCR DIG probe synthesis Kit (Roche Ap-

plied Science; Indianapolis, IN, USA) according to the

manufacturer’s instructions. Membranes were pre-hybrid-

ized for 3 h and hybridized with DIG-labeled fanC probe

using DIG easy hybridization granules (Roche Applied

Science). Stringency washes and immunological detection

were carried out using an anti-DIG antibody (conjugated to

alkaline phosphatase) according to the manufacturer’s

instructions. Chemiluminescence of hybridized probe was

detected using CDP-Star (Roche Applied Science) fol-

lowed by autoradiography.

Isolation of soybean total RNA and preparation

of cDNA

Total RNA was prepared from 50 mg of soybean leaves

homogenized in 1 ml of Trizol reagent (Invitrogen,

Carlsbad, CA, USA) following the directions of the man-

ufacturer. DNA was removed from the samples by diges-

tion with DNase I. Total RNA was precipitated with

isopropanol, microfuged for 10 min at 13,000g, washed

once with 70% ethanol, air dried and resuspended in

RNase-free water. RNA concentrations were determined

using a Gene Spec III spectrophotometer (Naka Instru-

ments, Japan). To prepare cDNA, 1 lg of total RNA was

reverse transcribed in the presence of random hexamers

(50 ng/ll) using SuperScript II RNase H– reverse trans-

criptase (Invitrogen, Carlsbad, CA, USA) in the buffer

supplied by the manufacturer. Newly synthesized cDNA

was ethanol-precipitated and resuspended in 50 ll of

DNase-free water.

Relative quantification of fanC mRNA using real time

PCR

The relative amount of synthetic fanC mRNA in different

soybean events was determined by real time PCR using a

Roche LightCycler (Indiannapolis, IN, USA) for amplifi-

cation and SYBR Green I for double-stranded DNA

detection. Amplifications were performed in a total volume

of 10 ll containing QuantiTect SYBR Green PCR Master

3PKp

4PKp

6PKp
Bar

BL

FanC
RB

pKP8

rotcev yraniB

CnaF     PTC

CnaF

S53-T      CnaF     PTC  VET    S53-P

Fig. 1 Design of chloroplast-targeted synthetic fanC plant expression

vectors. The plasmids pKP3, pKP4 and pKP6 represent intermediate

cloning vectors; pKP8 represents the final binary vector used for

soybean transformation. Elements are labeled as follows: fanC
synthetic fanC; CTP chloroplast transit peptide; P-35S cauliflower

mosaic virus 35S constitutive promoter; TEV tobacco etch virus

leader sequence; T-35S 35S viral terminator element; Bar bialophos

herbicide resistance gene cassette; RB and LB A. tumefaciens T-DNA

right and left border repeats, respectively
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Mix (Qiagen), primer pairs (0.5 lM), template leaf cDNA

(20 ng) and DNase-free water. Samples were cycled 45

times, starting with an initial activation step of 15 min at

95�C, followed by denaturation for 15 s at 95�C, annealing

for 15 s at 60�C and extension for 15 s at 72�C. Data were

acquired at 78�C for 2 s after extension. At the end of the

PCR, the temperature was increased from 50 to 99�C at a

rate of 0.2�C/s, and the fluorescence was measured con-

tinuously to construct the melting curve. 18S rRNA con-

verted to cDNA was used as a reference PCR product to

normalize the amounts of cDNA in each sample. The fanC

primer set used for relative quantification of the samples

was as follows:

Synthetic fanC primers (123 bp PCR product):

Forward 5¢-AAC GGT AGT GGT GGT GCG AAC

ATC-3¢
Reverse 5’-GTT AGA AGG TGC CCT ATC GTC-3’

In addition, the same fanC primer pair was used in PCR

with serially diluted cDNA samples positive for fanC

mRNA to establish efficiency (E) of the amplification.

Similarly, 18S rRNA efficiency and levels for each

soybean event were determined using the following primer

set.

Soybean 18S rRNA primers (accession # X02623;

137 bp PCR product):

Forward 5¢-TCT GCC CTA TCA ACT TTC GAT GGT

A-3¢
Reverse 5¢-AAT TTG CGC GCC TGC TGC CTT CCT

T-3¢

The relative message level of fanC mRNA in each soybean

event was normalized to the amount of housekeeping 18S

rRNA using the method of Pfaffl (Pfaffl 2001), in which the

crossing point (CP) for the target (fanC) is normalized

relative to the CP for the reference (18S rRNA) using the

following formula:

Relative Expression Ratio

¼ ðEtargetÞDCP
targetðcontrol�sampleÞ=

ðEreferenceÞDCP
referenceðcontrol�sampleÞ:

CP control values in the above equation were obtained for

fanC and 18S rRNA using cDNA from wild type soybean

leaves.

Preparation of leaf protein and western blot analysis

Soluble leaf protein was extracted from ~50 mg ground

tissue using 250 ll soybean extraction buffer (SEB) con-

taining detergents (25 mM Tris–HCl, pH 8.0, 1 mM

EDTA, 10 mM b-mercaptoethanol, 0.1% SDS, 0.1%

Triton X-100). Samples were sonicated (3 x 15 s pulses at

4�C) and clarified by centrifugation at 16,000g for 15 min

at 4�C. Protein concentrations were determined with the

Bradford Reagent (Bio-Rad Laboratories, Hercules, CA,

USA) using bovine serum albumin (BSA) as a standard.

Soluble protein extracts (50 lg) were subjected to 10%

SDS-PAGE and transferred in 10 mM CAPS buffer (pH

11) to Immobilon-P membrane (Millipore, Bedford, MA,

USA). Membranes were blocked overnight at 23�C in PBS

containing 5% non-fat powdered milk. Rabbit anti-FanC

serum (1:5,000) was added to fresh block solution and

incubations were carried out for an additional 2 h at 23�C.

Membranes were washed three times in PBS containing

0.05% Tween (PBS-T) for 10 min each at 23�C. Mem-

branes were incubated with secondary antibody (1:5,000

goat anti-rabbit immunoglobulin conjugated with horse-

radish peroxidase) in blocking solution for 1 h at 23�C, and

washed as described above. Immunodetection was per-

formed using the Supersignal West Pico Chemiluminescent

Substrate Kit (Pierce, Rockford, IL, USA) and bands were

visualized with CL-X Posure Film (Pierce). As an internal

control for protein loading, blots were reprobed with anti-

RbcL (Agrisera, Bannas, Sweden) essentially as described

above.

Isolation of chloroplasts

For chloroplast isolation, approximately 150 mg of leaf

powder was added to cold 1.5 ml microcentrifuge tubes

containing 500 ll of grinding solution (0.33 M sorbitol,

4 mM MgCl2, 2 mM ascorbic acid, 10 mM sodium pyro-

phospate, pH 6.5) and ground to a paste with a small

homogenizer. Tissue solutions were then filtered through

double layered cheesecloth into fresh ice-chilled tubes and

centrifuged at 200g for 3 min at 4�C to pellet whole cells

and cell fragments. Supernatants were decanted to clean

1.5 ml tubes and centrifuged at 1,000g for 7 min at 4�C to

pellet chloroplasts. The supernatants were discarded and

chloroplasts were resuspended in 250 ll of suspension

solution (0.33 M sorbitol, 1 mM MgCl2, 50 mM HEPES,

pH 7.6) with 0.1% BSA. Each chloroplast suspension was

layered on top of 40% Percoll (800 ll volume) in sus-

pension solution with 0.1% BSA and centrifuged at 1,700g

for 6 min at 4�C to pellet intact chloroplasts. Supernatants

were decanted and intact chloroplasts were resuspended in

50 ll SEB containing 0.1% SDS and 0.1% Triton X-100.

Resuspended chloroplasts were disrupted by sonication

(5 s pulses for a total of 15 s on ice), and chloroplast

protein extracts were clarified by centrifugation at 16,000g

for 5 min at 4�C. Protein quantification and western anal-

yses were carried out as described above, but using 5 lg of

soluble chloroplast protein.
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Purification of recombinant FanC

Recombinant FanC was produced and purified as a

6·-histidine-tagged (6·-His) FanC fusion protein. The

plasmid harboring the fusion protein was created by PCR

amplification of fanC with the primers FanC-15 (5¢-ACA

TATGCATCATCATCATCATCATGGTATGAATA

CAGGCACTATCAAC-3¢) and FanC-16 (5¢-GATCT AGA

CTACATATAGGTCACGAGGAATGACG-3¢) and high

fidelity polymerase (Stratagene). The amplified PCR

product was digested with NdeI and XbaI, and subcloned

into the vector backbone of pMAL-c2X (New England

Biolabs, Beverly, MA, USA). Bacteria harboring 6x-His-

tagged FanC were grown to a density of OD600 = 0.5 at

which time heterologous protein expression was induced

with 1 mM isopropyl-b-D-thiogalactoside (IPTG). Follow-

ing IPTG-induced growth for 3 additional h, inclusion

bodies containing 6x-His-tagged FanC were isolated in

accordance with the manufacturer’s protocol and solubi-

lized with 8 M urea. Protein was electrophoresed through

10% preparative SDS-PAGE gels, and the His-tagged

protein was localized in the gel using Ponceau red stain. A

5 mm strip of gel was excised with a razor and the protein

was removed from the gel by electroelution. Gel-purified

protein was dialyzed at 4�C in 1· PBS containing 5 mM b-

mercaptoethanol and 8 M urea, and then in 1· PBS con-

taining 5 mM b-mercaptoethanol and 6 M guanidine–HCl.

Dialysis continued with decreasing amounts of guanidine–

HCl, and a final dialysis in 1· PBS with 5 mM b-mer-

captoethanol was performed overnight. Since a portion of

the His-tagged protein remained insoluble, the dialyzed

material was clarified by centrifugation prior to quantifi-

cation. Absorbance of soluble 6x-His-tagged FanC protein

was measured at 280 nm, and concentration was deter-

mined using the formula A = ecl.

Immunization of mice with FanC

Protein lysates were prepared from mature leaves of

transgenic events 491-10/T1-1 (chloroplast-targeted) and

485-10/T1-9 (cytosol-targeted), and from WT (non-trans-

formed) soybeans as described above. Similarly, bacterial

lysates were prepared from E. coli expressing rFanC, also

as described above. The Bradford assay was used to

determine protein concentration, and western analysis was

used to determine FanC concentration in each lysate. To

compensate for the differential expression of FanC in

events 491-10/T1-1 and 485-10/T1-9, leaf extract derived

from WT plants was used to normalize overall protein

concentration. Groups of female mice (C57BL/6; Jackson

Laboratories) were vaccinated on day 0 with lysates con-

taining 1 lg of either chloroplast-targeted FanC, cytosol-

targeted FanC, or bacterially derived rFanC emulsified with

complete Freund’s adjuvant, and boosted on day 7 with

identical doses emulsified with incomplete Freund’s adju-

vant. Serum was collected on day 17 and used in ELISAs to

determine anti-FanC antibody titers.

ELISA quantification of anti-FanC antibody titers

ELISAs were performed essentially as described previ-

ously (Piller et al. 2005). Briefly, rFanC antigen was ad-

sorbed onto 96-well ELISA plates, blocked with 1· PBS

containing 2% BSA, and then incubated with serial 1:2

dilutions of sera (beginning with 1:100) taken from

immunized and naı̈ve mice. Following washes, plates were

incubated with a goat anti-mouse immunoglobulin anti-

body conjugated with horseradish peroxidase, washed

again, and incubated with TMB to detect bound antibody.

Enzymatic reactions were stopped by the addition of 1 M

H2SO4, and optical absorbances at 450 nm were deter-

mined.

Statistical analyses

All statistical analyses were performed using Graph Pad

Prism 4.0 software (Innotech; Schonaich, Germany). For

analyses of RT-PCR data, pairwise t tests were used to

compare relative transcription units. For analysis of im-

mune responses in mice, one-way ANOVA was used fol-

lowed by the post hoc Tukey–Kramer test. Statistical

significance was determined at P < 0.05 and data are rep-

resented as mean ± standard error of the mean.

Results

Molecular characterization of transformed soybean

plants

Figure 1 shows the cloning strategy and intermediate

vectors utilized to create the binary vector, pKP8, for tar-

geting of FanC to chloroplasts. The FanC expression cas-

sette in KP8 (Fig. 1) utilizes the constitutive 35S promoter

and a translational enhancer to drive a plant-optimized

FanC fusion protein containing a 5¢ chloroplast targeting

peptide. The FanC cassette in pKP8 (this study) is thus

virtually identical to that of pKP7 (Piller et al. 2005) with

the exception that pKP8 contains a chloroplast transit

peptide for targeting. Following Agrobacterium-mediated

transformation of soybeans with pKP8, seven transgenic

events were taken to maturity, and T1 seeds were collected.

Several T1 seeds from each of these seven parental events

were germinated and leaf tissue from each progeny was

used for molecular characterization. To identify plants

containing the fanC transgene, genomic DNA was isolated
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from leaf tissue and duplex PCR was performed. In this

reaction, primers flanking the synthetic fanC gene as well

as a housekeeping gene (vegetative storage protein, vsp)

were used. Figure 2 shows results from the duplex PCR

assay and the 500 bp PCR products diagnostic of the fanC

open reading frame in transgenic events. The presence of a

325 bp PCR product in all 25 samples verified the presence

and integrity of the genomic DNA used in the assay.

Plasmid DNA (pKP8) and genomic DNA isolated from

non-transformed (WT) leaf tissue served as positive and

negative controls, respectively, for this assay.

To identify progeny events that accumulated transgenic

FanC protein, leaf extracts were prepared and protein was

subjected to western analysis. Of the 22 transgenic progeny

examined, 15 contained a specific protein recognized by

polyclonal antibodies raised against FanC when blots were

exposed for up to 5 min (Fig. 3). The observed mobility of

the transgenic protein was consistent with the ~18.5 kDa

predicted mobility of the native FanC protein, suggesting

that the N-terminal chloroplast targeting peptide was suc-

cessfully and efficiently cleaved following translation. To

determine whether low levels of FanC protein accumulated

in the remaining seven events, the blots were over-exposed

for 30 min. Indeed, lower levels of FanC protein could be

detected in two additional progeny (491-17/T12 and T17)

following exposure for 30 min (Fig. 3). Bacterially derived

and gel-purified 6x-His-tagged recombinant FanC (rFanC)

protein, which migrates at ~20 kDa due to the additional

histidine and linker residues, was included as a positive

control; this sample together with the WT and isogenic

negative controls demonstrated the specificity of the

polyclonal antibodies for FanC.

To determine the approximate percentage of FanC in

transgenic leaves, western analysis was performed using

leaf protein along with known amounts of rFanC which

served as a quantification standard. Protein from event 491-

10/T16 was chosen for quantification since it accumulated

the greatest level of FanC as determined by western anal-

ysis (Fig. 3). Figure 4 shows that 5 lg of protein from

chloroplast-targeted event 491-10/T16 contains ~4 ng of

FanC, which is ~0.08% of TSP. For a comparison with

cytosol-targeted accumulation of FanC, leaf protein was

also prepared from event 485-10/T1-9. [It should be noted

that events 485-10/T19 and T110 (used in Figs. 4 and 7) are

similar (with respect to T-DNA complexity and FanC

protein accumulation) to events 485-10/T11–8 character-

ized in Piller et al. (2005).] Figure 4 shows that 2.5 lg of

protein from the cytosol-targeted event 485-10/T19 con-

tained ~10 ng of FanC, or ~0.4% of TSP, consistent with

our previous report for cytosolic FanC accumulation in

progeny derived from this event (Piller et al. 2005). Thus,

contrary to our expectations, FanC accumulation in chlo-

roplast-targeted events was ~5-fold less than in cytosol-

targeted events (Figure 4).

Accumulation of transgenic FanC in the chloroplast

The binary vector pKP8 (Fig. 1) contains a chloroplast

transit peptide which should direct the transgenic protein to

chloroplasts. Although the presence of uncleaved CTP

would add approximately 3 kDa to the molecular weight of

mature FanC, the presence of an 18.5 kDa FanC protein on

western blots (Fig. 3) suggested that processing of the CTP

was accurate and efficient. However, such a result does not

address the subcellular location of the accumulated protein.

To verify that FanC in fact accumulates within the chloro-

plast, intact chloroplasts were isolated using Percoll gradi-

ent sedimentation, and then analyzed for the presence or

absence of FanC protein. To serve as negative controls for

this experiment, chloroplasts were isolated from WT and

isogenic control leaves, as well as from transgenic leaves in

which FanC was targeted to the cytosol using pKP7 (Piller

et al. 2005). Intact chloroplasts were isolated and solubi-

lized, and chloroplast protein was subsequently analyzed by

western analysis using anti-FanC serum as the primary

antibody. Figure 5 (lower panel) shows immunological

detection of 18.5 kDa FanC only in protein extracts derived

from isolated chloroplasts of plants transformed with pKP8,

and not in protein extracts derived from isolated chloro-

plasts of WT plants, isogenic plants, or plants transformed

pKP8 WT   2    3    4    6     1    4    5    6      2     3    7      1    2     3     4    5    6      1    2    3     5     4     5     5 6    

850
650
500
400
300
200

fanC

vsp

491-17491-10491-9 504-10494-3 498-12 502-5 T0

T1

Fig. 2 Identification of KP8 transgenic events. Genomic DNA was

isolated from T1 progeny leaf tissue and duplex PCR was performed.

Amplification of intact transgenic fanC DNA and control vegetative

storage protein (vsp) DNA results in PCR products of ~500 and

~325 bp, respectively. The plasmid pKP8 served as a positive control

and genomic DNA isolated from wild type (WT) soybean leaf tissue

served as the negative control for the duplex PCR. The sizes of a

molecular weight standard are shown in base pairs (bp)
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with pKP7 in which FanC was targeted to the cytosol (Piller

et al. 2005). The blot was then reprobed with anti-Rubisco

(large subunit) polyclonal antibodies. Figure 5 (upper pa-

nel) shows that the chloroplast-specific large subunit of

Rubisco was detected in each chloroplast sample, verifying

the integrity of the chloroplast extracts as well as the

amount of protein loaded in each well. The results from this

experiment provide further support that FanC is properly

translated, and demonstrate that FanC is indeed localized to

the chloroplasts of plants transformed with pKP8.

Southern analysis

To determine T-DNA complexity in progeny events

transformed with pKP8, genomic DNA was isolated from

leaf tissue and digested with the restriction enzyme XbaI,

as its recognition sequence is unique to the T-DNA insert

(Fig. 6A). In theory, the presence of a 3.2 kb band

hybridizing with the fanC probe would be diagnostic of

either tandem T-DNA insertion events within a locus, or

the presence of an XbaI site just proximal to the left border

of T-DNA. As shown in Fig. 6b, the Southern hybridiza-

tion of genomic DNA with the fanC probe revealed no

3.2 kb bands, but instead a unique banding pattern for each

of the seven parental events. Progeny from five of these

seven events (491-9, 491-10, 491-17, 498-12, 504-10)

showed a single band upon Southern hybridization, diag-

nostic of a single locus event most likely containing a

single copy insertion of the fanC T-DNA. One progeny

from event 491-17 showed a single band of about 2 kb,

suggesting either insertion of a partial T-DNA or the loss of

a part of inserted T-DNA due to DNA recombination; this

particular event did not yield a fanC PCR product (Fig. 2)

or accumulate FanC protein in the chloroplast (Fig. 3).

Southern analysis of events 494-3 and 502-5 revealed

progeny containing two different bands. The presence of

two bands is diagnostic of either two separate loci, a single

locus containing oppositely oriented fanC T-DNAs, or two

tightly linked T-DNA loci. The segregation of the two

bands seen in the progeny of 494-3 suggested that at least

in this particular event there were two separate fanC T-

DNA loci. The fact that a ~3.2 kb band was not observed in

any progeny further suggested the absence of tandem re-

peats of the fanC T-DNA insertion at any locus.

Real time PCR analysis

To examine whether there was a correlation between FanC

mRNA transcript levels and FanC protein accumulation,

quantitative PCR was performed. Total RNA was isolated

from leaves of each progeny, and real time reverse tran-

scription-PCR was performed on fanC mRNA and 18S

rRNA. RT-PCR was carried out three times, using different

75

50

25
20

15
10

491-17491-10491-9 504-10494-3 498-12

rFanC WT  2    3    4   6      1    4    5    6      2     3    7       1    2    3    4    5     6       1     2     3    5   4     5      5     6    

502- 5

FanC

T0

T1

30 min Exposure

Fig. 3 Expression of FanC in transgenic soybean plants. Western

analyses were performed using 50 lg of total protein extract isolated

from leaves of either transgenic, isogenic (negative control), or wild

type (WT) soybean plants, and 10 ng of gel-purified rFanC (positive

control). Western blots were exposed for 5 min (upper panels) and

30 min (lower panel). The sizes of molecular weight standards are

shown as kilodaltons

Fig. 4 Quantification of chloroplast-targeted FanC in transgenic

soybean plants. Western analysis was used for quantification of FanC

accumulation in chloroplast-targeted and cytosolic-targeted trans-

genic soybean leaves. Indicated amounts of rFanC standard and total

leaf protein extracts were subjected to SDS-PAGE followed by

immunoblotting. The sizes of molecular weight standards are shown

as kilodaltons (kDa). Note that rFanC is slightly larger than soybean-

derived FanC due to the presence of histidine and linker residues

present on the N-terminus of the protein
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RNA preparations each time, and the relative expression

ratio of fanC mRNA with respect to 18S rRNA was

determined. For comparison, RT-PCR was also carried out

on mRNA and rRNA isolated from T1 events in which

FanC was targeted to the cytosol. The results are plotted in

Fig. 7 as a histogram with individual bars color-coded to

represent relatively high FanC protein accumulation (black

shading; FanC detectable after a 5 min western blot

exposure), relatively low FanC accumulation (grey shad-

ing; FanC detectable only after a 30 min western blot

exposure), and no FanC accumulation (no shading; no

detectable FanC following a 30 min western blot expo-

sure). The absence of non-specific PCR products in this

experiment is demonstrated by the inset showing the rep-

resentative amplified fanC mRNA (123 bp) and 18S rRNA

(137 bp) RT-PCR products.

As shown in Fig. 7, the relative expression of fanC

transcripts ranged from 59 to 506 relative units (r.u.) in

transgenic leaves, and <3 r.u. in isogenic and wild type

control leaves. Although a 100% correlation could not be

made between FanC mRNA expression levels and FanC

protein accumulation, major trends were nonetheless ob-

served. For example, all 16 of the chloroplast-targeted

progeny with fanC transcript levels >191 r.u. also con-

tained immunologically detectable FanC either following a

5 min western blot exposure (14 events) or after a 30 min

exposure (2 events), suggesting that fanC mRNA tran-

scripts were relatively abundant in those particular events

(one event with a transcript level of 121 r.u. was detected

following a 5 min western blot exposure). Another trend

observed from this experiment was that five out of six

transgenic progeny with fanC transcript levels <139 r.u.

contained no immunologically detectable FanC protein on

western blots exposed for 30 min (the sixth event with a

transcript level of 121 r.u. contained immunologically

detectable FanC protein), suggesting that fanC transcripts

in those events were not abundant. All of the events con-

taining immunologically detectable FanC protein (except

for one) had significantly higher fanC transcript levels as

compared to those of events with transcript levels <67 r.u.

(Figure 7), while eight events among them contained sig-

Fig. 5 Localization of FanC in chloroplasts. Intact chloroplasts were

isolated from leaves of chloroplast-targeted, cytosol-targeted, iso-

genic, and wild type (negative control) soybean plants. Total

chloroplast protein (5 lg) and rFanC (10 ng) were subjected to

western blotting for immunodetection of FanC (lower panel) and the

large subunit of Rubisco (upper panel). The sizes of molecular weight

standards are shown as kilodaltons
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Fig. 6 Southern analysis of T1 progeny from chloroplast-targeted

FanC transgenic soybean plants. a Schematic diagram of the T-DNA

region from pKP8. The locations of the XbaI restriction site and fanC
probe are shown. The entire length of the T-DNA between the borders

is ~3.2 kb. b Southern blots of T1 progeny transformed with pKP8

and untransformed wild type (WT) plants. Genomic DNA was

digested with XbaI, and membranes were probed with a digoxigenin-

labeled fanC probe. The left lane shows a DIG-labeled molecular

weight standard; sizes are shown in kilobase pairs (kb)
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nificantly higher fanC transcript levels as compared to that

of event 491-9-3 (139 r.u.). Based on these results, we

concluded that a relative expression ratio between 139 and

191 r.u. was required for detection of FanC on western

blots.

To compare the fanC transcript levels of transgenic

soybean containing chloroplast-targeted fanC with those

containing cytosol-targeted fanC, RT-PCR was also per-

formed in triplicate on two progeny derived from event

485-10 (Piller et al. 2005). These T1 progeny, labeled

485-10/T19 and 485-10/T110, were molecularly similar

(Fig. 4 and data not shown) to events 485-10/T1-6 and

485-10/T1-7 characterized in our previous study (Piller

et al. 2005). The relative transcript levels for fanC in

these two cytosolic events were ~250 r.u. These results

were surprising given that the ~250 r.u. levels were not

statistically different albeit lower than those observed for

many of the chloroplast-targeted fanC events (with

immunologically detectable FanC accumulation), despite

a fivefold greater level of FanC accumulation in the

cytosolic events (Fig. 4). Interestingly, chloroplast events

491-10/T16 and 494-3/T14 which accumulated the great-

est level of FanC protein had relative expression ratios of

247 and 262 r.u., respectively. Based on these observa-

tions, it is tempting to speculate that fanC transcript

levels within some particular range (e.g. 247–262 r.u.)

may lead to optimal FanC protein accumulation although

no statistical relevance of this range was observed com-

pared to the events with lower FanC accumulation. It is

likely that differences in fanC transcription levels are the

result of positional effects and zygosity of the inserted

T-DNA.

Stability of FanC

To examine the stability of FanC protein accumulation in

leaves, western analysis was performed using total protein

extracts derived from different developmental stages of

three randomly chosen T1 progeny. Approximately six leaf

punches were collected from multiple leaves that were

either developing (young), fully expanded (mature), or

beginning to senesce with small chlorotic patches (old).

Leaf proteins were extracted and quantified, and equal

amounts were loaded onto SDS gels. Figure 8 (lower pa-

nel) shows that FanC protein accumulation levels were

similar in all three of the events sampled at different

developmental stages. In all three cases there was just as

much, if not more FanC in early senescing leaves than in

young and mature leaves. Reprobing of the blot with anti-

RbcL antibodies (Fig. 8, upper panel) served as a protein

loading control. Thus, the results of this experiment sug-

gest that despite accumulation to only 0.08% TSP, fanC

expression is not down-regulated during the course of leaf

development, and/or that chloroplast-targeted FanC protein

is quite stable within leaves of transgenic plants.

Immunogenicity of chloroplast-targeted FanC

To determine whether chloroplast-targeted FanC is

immunogenic, and induces anti-FanC serum titers in mice

that are similar to those induced with cytosol-derived

FanC, an immunization study was performed. Leaf extracts

were prepared from a chloroplast-targeted event (491-10/

T1-1), a cytosol-targeted event (485-10/T1-9), and from

bacteria expressing rFanC. Groups of mice (n = 3) were
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Fig. 7 Quantification of FanC mRNA relative to 18S rRNA using

real time PCR. Expression of the mRNA encoding synthetic FanC

was assayed by real time PCR as described in the ‘‘Materials and

methods’’. fanC mRNA abundance relative to soybean 18S rRNA is

shown for each transgenic soybean event as well as wild type (WT)

soybean. Bars were shaded to differentiate between samples

containing FanC protein after either a 5 min (black) or 30 min (gray)

western blot exposure, or no FanC protein (open). The inset shows

electrophoresis and staining of representative amplified PCR products

of fanC mRNA (123 bp) and 18S rRNA control (137 bp). The sizes of

a molecular weight standard are shown in base pairs (bp). Values on

the Y-axis are expressed as mean ± SEM from three independent

experiments (*P < 0.05 vs. event 491-9/T1-6; # P < 0.05 vs. event

491-9/T1-3)
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either non-immunized (negative control), immunized

intraperitoneally with plant lysate containing 1 lg of either

chloroplast-derived or cytosol-derived FanC, or immunized

with bacterial lysate containing 1 lg of rFanC (positive

control). Formulations were emulsified with complete

Freund’s adjuvant and injected on day 0, and then boosted

on day 7 with an identical dose emulsified in incomplete

Freund’s adjuvant. On day 17, serum was collected and an

ELISA was performed to examine and compare anti-FanC

IgG antibody titers between immunization groups. Fig-

ure 9A shows the mean anti-FanC antibody titers from

each group as a function of optical density at A450. Sera

from mice immunized with plant lysate developed greater

anti-FanC antibody titers compared with control mice. To

determine whether these results are statistically significant,

the titer of each individual animal was expressed as the

log2 of the dilution which had an optical density of 0.1

determined at A450. The mean log2 value for each group

was then determined and plotted as histogram as shown in

Fig. 9b. Anti-FanC antibody titers of mice immunized with

FanC are greater than those of non-immunized mice, and

these differences are indeed statistically significant as

determined by one-way ANOVA and post hoc Tukey–

Kramer test (P < 0.05). Furthermore, there was no signif-

icant difference (P > 0.05) between anti-FanC antibody

titers when comparing the three groups of mice immunized

with bacterially derived, chloroplast-derived or cytosol-

derived leaf lysates containing FanC. Based on these re-

sults, we conclude that chloroplast-targeted FanC retained

immunogenic epitopes, and induced serum anti-FanC

antibody responses similar to those induced by cytosol-

targeted FanC when administered intraperitoneally.

Discussion

The concept of producing edible vaccines in transgenic

plants was first proposed in 1990, but to date no product

has reached commercial production. One of the barriers to

commercialization is the inability of practical host systems

to express and accumulate sufficient levels of an antigen

for vaccine formulation. To address the issues surrounding

protein expression, several strategies have been investi-

gated, including the targeting of antigen proteins to chlo-

roplasts. Previously, our laboratory reported on the

cytosolic accumulation of FanC to levels near 0.4% of TSP

in transgenic leaves (Piller et al. 2005). Given that com-

partmentalization may allow favorable accumulation of

foreign proteins, we were optimistic that chloroplast tar-

geting of FanC might result in accumulation to levels

greater than 0.4% TSP which had previously been detected

in cytosol-targeted events (Piller et al. 2005). In fact, a

previous study (Joensuu et al. 2006) reported that chloro-

plast targeting of an analogous fimbrial subunit protein

(FaeG) resulted in FaeG accumulation to levels of ~1.0%

TSP when targeted to alfalfa chloroplasts. Surprisingly, we

found that chloroplast-targeted FanC accumulation was

only ~0.08% of TSP, or ~5-fold lower than cytosol-tar-

geted FanC accumulation (Fig. 4), demonstrating that

soybean chloroplasts are not an optimal subcellular loca-

tion for FanC accumulation. There are numerous reports in

the literature of nuclear transformation with subsequent

targeting to chloroplasts via regulatory signals but the

majority of such studies utilized predominantly model

plant systems (tobacco, Arabidopsis, potato) as hosts.

While tobacco may be a popular model system, it is less

than ideal for the production and formulation of edible

vaccines. Notably, with the exception of corn (Streatfield

et al. 2003), there is relatively little known about com-

parative subcellular accumulation of vaccine candidates

expressed in crop and cereal systems that are practical for

the development of agricultural vaccines. This is due in

part to the fact that practical systems are relatively more

costly, time-consuming and challenging to transform than

model systems. To our knowledge, the results presented in

this study are the first to report on the accumulation and

immunogenicity of an antigen targeted to soybean chlo-

roplasts, and complement previous reports of chloroplast-

targeted antigens in other practical agricultural crops such

as corn (Streatfield et al. 2003) and alfalfa (Joensuu et al.

2006).

We initially hypothesized that the fivefold difference in

FanC accumulation between cytosol-targeted and chloro-

plast-targeted events was the result of differential FanC

mRNA transcription. This seemed plausible given potential

contributing factors such as gene cassette orientation in the

Fig. 8 Stability of chloroplast-targeted FanC in transgenic soybean

leaves. Total protein extract was isolated from leaf samples at

different developmental stages derived from three individual trans-

genic soybean plants, and subjected to western blotting for FanC

(lower panel) or the large subunit of Rubisco (upper panel). Y young,

unexpanded leaves; M mature, fully expanded leaves; O older leaves

with patches of chlorosis and beginning to senesce. The sizes of

molecular weight standards are shown as kilodaltons
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binary vectors and T-DNA insert complexity in transgenic

events. For example, the FanC and Bar expression cassettes

were arranged in a head-to-head configuration in the

chloroplast-targeting pKP8 binary vector (Fig. 1) but in a

head-to-tail configuration in the cytosol-targeting pKP7

binary vector (Piller et al. 2005). Such a difference in

configuration might impact the integrity of transcription

complexes which in turn might impact transcription levels.

Alternatively, the total number of T-DNA inserts between

transgenic events could also impact transcription levels.

The chloroplast-targeted events characterized in this study

were mainly single copy and single loci T-DNA inserts (i.e.

lower complexity) while the cytosol-targeted event (485-

10) used in our previous study was of higher complexity

(Piller et al. 2005).

To investigate whether differences in fanC mRNA

transcript levels existed between the chloroplast-targeted

and cytosol-targeted events, RT-PCR was performed.

Surprisingly, the fanC transcript levels in the chloroplast-

targeted events were not statistically different than those in

the cytosol-targeted events (Fig. 7). Thus, the lower level

of FanC accumulation in chloroplast-targeted events does

not appear to be due to decreased levels of fanC mRNA in

those events.

Interestingly, the chloroplast-targeted and cytosol-tar-

geted events which accumulated the greatest levels of FanC

protein exhibited fanC transcript levels in a range of 246–

261 r.u. This observation suggested that perhaps there is an

optimal ‘‘range’’ for FanC transcript accumulation which

leads to optimal protein accumulation, but to find the sta-

tistical relevance of this range, we may need to analyze a

much larger number of events. The transcription levels of

transgenes above a threshold have been previously sug-

gested to initiate post-transcriptional gene repression

(Vaucheret et al. 2001). Also, the presence of mRNA with

aberrant features including lack of 5¢ capping could con-

tribute to the establishment of post-transcriptional gene

repression (Brodersen and Voinnet 2006). Thus, it is pos-

sible that fanC transcript levels in events 502-5/T14, 5, and

504-10/T110 may have been above an ‘‘optimum thresh-

old’’ which in turn may have led to the generation of

aberrant mRNA species and/or initiation of post-tran-

scriptional gene repression ultimately resulting in lower

FanC protein accumulation. Another possible explanation

for lower FanC protein levels in chloroplast-targeted events

despite robust transcript accumulation could be differences

in the rate of translation and/or the fact that the chloroplast-

targeted pre-protein is 16% larger (due to the N-terminal

CTP) than the cytosol-targeted protein.

Some earlier studies have reported relatively lower

levels or no accumulation of chloroplast-targeted re-

combinant proteins due mainly to protein instability lead-

ing to rapid protein degradation in chloroplasts (Bellucci

et al. 2005; Menassa et al. 2004; Richter et al. 2000).

Another group has reported a decline in VP6 protein

accumulation in mature tobacco leaves due to its suscep-

tibility to proteolytic degradation (Birch-Machin et al.

2004). To address the question of FanC stability in chlo-

roplasts, we examined FanC accumulation in transgenic

leaves at various developmental stages (young, mature, and

old). Unlike results reported in the above studies, we found

that FanC protein accumulation was unchanged throughout

development, suggesting that FanC is quite stable (Fig. 8).

From a vaccine perspective, a heterologous protein that is
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Fig. 9 Anti-FanC IgG responses in groups of mice immunized

intraperitoneally with chloroplast-derived FanC. Groups of mice

(n = 3) were immunized intraperitoneally on day 0 and boosted on

day 7 with lysates containing 1 lg of FanC derived from chloroplasts

(event 491-10/T1-1) or cytosol (event 485-10/T1-9). For negative and

positive control groups, mice were either non-immunized or

immunized with 1 lg of rFanC, respectively. Serum was collected

from each animal on day 17 and anti-FanC antibody titers were

determined by ELISA. a Mean anti-FanC titers from each group of

mice plotted as a function of optical density at A450. b Anti-FanC IgG

titers of dilutions with an optical density of 0.1 at A450, expressed as

log2. Each bar represents the mean of each group. Data are

represented as mean ± SEM for three mice per group (*P < 0.05

vs. all other groups)
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stable in mature and senescing leaves would be desired

since a larger biomass would be available for vaccine

formulation. Alternatively, if plant leaves were to be used

as a bioreactor for FanC production, then stability of this

protein in mature and older leaves would be equally

desirable from a practical point of view.

Despite the relatively low accumulation of FanC in

chloroplasts, and the likelihood that targeting to another

location may be a more optimal approach for FanC vaccine

development, we were nonetheless interested in the

immunogenicity of chloroplast-targeted FanC. Fig. 9

demonstrated that chloroplast-targeted FanC is indeed

immunogenic. Furthermore, IgG immune responses in-

duced by chloroplast-derived FanC were statistically sim-

ilar to those induced by cytosol-derived FanC. Knowing

that chloroplast-targeted antigens derived from soybean are

immunogenic may be important for future vaccine devel-

opment using this host, as antigens other than FanC may

accumulate to more favorable (i.e. practical) levels when

targeted to the chloroplast.

Two alternate scenarios could be envisioned that may

lead to greater levels of heterologous FanC accumulation.

One of these involves plastid transformation of the FanC

expression cassette. There have been several well-known

studies of chloroplast transformation in which heterolo-

gous protein levels up to 46% TSP have been reported

(Daniell et al. 2005). Although plastid transformation

appears to be most efficient in tobacco due to current

technical limitations with tissue culture and regeneration

protocols, there have been some recent reports of plastid

transformation in soybean, suggesting the potential of

such a strategy (Dufourmantel et al. 2005). A second

alternative approach with potential to significantly in-

crease FanC accumulation would be to target FanC to

soybean seeds using a seed-specific promoter. Since

soybean seeds contain ~40% protein by weight (Friedman

and Brandon 2001) and are the richest natural source of

protein, they may represent the ideal target for heterolo-

gous FanC protein accumulation when compared with

targeting to subcellular organelles or other edible fruits

and vegetables with substantially lower protein contents.

Furthermore, transgenic soybeans could be processed by a

variety of known and established methods (Choi and Rhee

2006) into feed, milk, or other consumables to facilitate

formulation, dosage, and delivery. Studies in our labora-

tory are currently underway to explore the feasibility of

targeting FanC to seeds in our effort to develop practical

soybean-based edible vaccines.
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