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Abstract Cereal crops such as maize and rice are

considered attractive for vaccine production and oral

delivery. Here, we evaluated the rice Oryza sativa for

production of As16—an antigen protective against

the roundworm Ascaris suum. The antigen was

produced as a chimeric protein fused with cholera

toxin B subunit (CTB), and its expression level in the

endosperm reached 50 lg/g seed. Feeding the trans-

genic (Tg) rice seeds to mice elicited an As16-

specific serum antibody response when administered

in combination with cholera toxin (CT) as the

mucosal adjuvant. Although omitting the adjuvant

from the vaccine formulation resulted in failure to

develop the specific immune response, subcutaneous

booster immunization with bacterially expressed

As16 induced the antibody response, indicating

priming capability of the Tg rice. Tg rice/CT-fed

mice orally administered A. suum eggs had a lower

lung worm burden than control mice. This suggests

that the rice-delivered antigen functions as a prophy-

lactic edible vaccine for controlling parasitic

infection in animals.

Keywords Transgenic rice � Oral vaccine �
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Introduction

Following early studies on transgenic (Tg) plant-

based vaccines in the 1990s (Arakawa et al. 1998;

Carrillo et al. 1998; Haq et al. 1995; Mason et al.

1996; Thanavala et al. 1995), numerous species of

higher plants have been genetically modified for
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production of prophylactic vaccines against infec-

tions in humans and animals, allergies, and

autoimmune diseases (e.g., Daniell 2006; Dus Santos

and Wigdorovitz 2005; Floss et al. 2007; Ma et al.

2005; Streatfield 2005; Tacket 2005; Takaiwa 2007).

Rapidly improved knowledge about gene-expression

technologies in plants, combined with mucosal

immunology, has contributed to advances in Tg plant

edible vaccine technologies. The advantages of using

plant expression systems to produce vaccines include:

1. conventional agricultural technology is sufficient

in driving the expression of vaccine antigens and,

thus, high-cost fermentation processes can be

avoided;

2. expressed vaccine antigens, particularly in

grains, can be stably stored in plant tissues for

extended periods of time at an ambient temper-

ature, so refrigeration is not required during

storage and transportation (no need for cold-

chain);

3. because of the direct consumption of plant

materials, the antigen purification process can

be avoided;

4. needle-free immunization regimes are stress-free

and contribute toward preventing the spread of

infectious agents;

5. the vaccine antigens contained within the natural

capsule of plant tissues are resistant to enzymatic

degradation during passage through the gastroin-

testinal environment and, thus, efficient induction

of mucosal immune response is expected; and

6. mass immunization programs appear feasible for

humans and livestock.

These features essentially provide major cost

advantages for practical applications.

Tg plant technologies have recently shown rapid

advancement, thereby enabling genetic engineering

of numerous plant species. However, cereal crops

such as maize (Chikwamba et al. 2003; Guerrero-

Andrade et al. 2006; Tacket et al. 2004), barley

(Joensuu et al. 2006), and rice (Gu et al. 2006; Nochi

et al. 2007; Oszvald et al. 2007; Qian B et al. 2008;

Takagi et al. 2005; Wu et al. 2007; Yang et al. 2008;

Yang et al. 2007) are considered to be the most

suitable plant species for vaccine production and oral

delivery because they can accumulate high levels

of recombinant proteins in the seed endosperm

(Chikwamba et al. 2003; Takagi et al. 2005). Unlike

vegetative tissues of plants, this natural storage organ

compartmentalizes foreign proteins in the protein

bodies—specialized organelle in mature seeds—

where the proteins are stored stably for more than

one year at an ambient temperature without degra-

dation. Rice, for example, synthesizes a large amount

of glutelin—a major storage protein in its seeds—

constituting up to 80% of the endosperm proteins

(Katsube et al. 1999; Okita et al. 1989).

Ascaris roundworms are gastrointestinal nema-

todes infecting both humans and animals, and the

infection is endemic in many parts of the world

(Crompton 2001). Ascaris suum has been identified as

a ubiquitously occurring swine roundworm. It initi-

ates infection when embryonated eggs encapsulating

third-stage larvae (L3) are ingested by the host

animals. In the infected host, the L3 hatch in the

small intestine and migrate to the liver and lungs via

the portal vein and finally reach the cecum and/or

proximal colon, where they develop into adult

worms. Recent studies have shown that A. suum can

infect humans. Further, they have emphasized its

importance as a zoonotic parasite (Maruyama et al.

1996; Nakamura-Uchiyama et al. 2006). Previous

studies have shown that animals can be protected

from A. suum infection by immunization with L3 or

their cuticle component (Hill et al. 1994). This led us

to discover a protective 16-kDa antigen (As16) of A.

suum L3. This antigen was found to be expressed in

the intestine, hypodermis, and cuticles of the larvae

and adults (Tsuji et al. 2003). We recently demon-

strated that the serum antibodies elicited by intranasal

immunization with Escherichia coli-produced As16

administered in combination with cholera toxin (CT)

directly kills A. suum L3 (Tsuji et al. 2004; Tsuji

et al. 2003). This indicated that it is feasible to use

the mucosal vaccination approach against this

parasite.

In this study, we expressed As16 as a chimeric

fusion protein with the B subunit of CT (CTB) in the

rice endosperm under the control of the endosperm-

specific glutelin-GluB-1 promoter and found that the

Tg rice accumulated the chimeric fusion protein in

seeds at up to 50 lg per gram grains. When the Tg

rice seeds were fed, a weak immunogenic response

occurred. Therefore, an extraneous addition of CT to

the vaccine formulation was required to confer

protection from parasite challenge infection in mice.

There is considerable scope for efficacy improvement
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of the Tg rice plants constructed in this study.

However, the results of this study demonstrate that

the Tg rice-delivered antigen functions as a prophy-

lactic edible vaccine for the control of parasitic

infections in animals. Thus, a new oral vaccine

platform is now available.

Materials and methods

Generation of Tg rice plants

A fusion gene—CTB-As16—was placed downstream

of the 2.3-kb GluB-1 promoter. The original signal

peptide sequence of CTB was replaced with the

GluB-1 signal. A spacer hinge sequence was inserted

between the CTB and As16 sequences, and the

endoplasmic reticulum (ER)-retention signal encod-

ing sequence (SEKDEL) was placed 30 to the As16

sequence. The binary vector pGTV-GluBsigCTB-

As16 was introduced into the rice Oryza sativa

(japonica cv. Kitaake) genome by the Agrobacterium

tumefaciens EH105-mediated transformation method,

as described by Goto et al. 1999. The shoots that

regenerated from the Tg calli were transplanted to

soil and grown to maturity in a greenhouse for

6 months (designated as T0 plants). The seeds

collected from the T0 plants (designated as T1 seeds)

were evaluated for the production of recombinant

protein in the endosperm. The embryos derived from

seeds whose endosperm were positive for the

recombinant protein production were germinated

and grown to maturity in the greenhouse to harvest

T2 seeds.

Protein extraction from rice seeds for immunoblot

and GM1 ganglioside-enzyme-linked

immunosorbent assay (GM1-ELISA)

Rice seeds were grounded to a fine powder with a

Multi-Beads Shocker (Yasui Kikai, Osaka, Japan) and

protein extraction buffer (20 mM Tris-HCl (pH 6.8),

8 M urea, 4% sodium dodecyl sulfate (SDS), 5%

b-mercaptoethanol, 0.5% bromophenol blue, and 20%

glycerol) was added to these seeds (500 ll/seed). The

mixture was vortex mixed for 30 min and the super-

natant collected by centrifugation (15,000 rpm for

20 min; 10 ll) was separated by SDS-polyacrylamide

gel electrophoresis (PAGE) in Tris-glycine buffer. The

separated proteins were blotted on to an immobilon-P

membrane (Millipore, Bedford, MA, USA), blocked

with 3% skimmed milk in phosphate-buffered saline

(PBS), and the membrane was incubated with anti-

As16 antibody developed in mice (1:400). The mem-

brane was washed three times in PBS with 0.05%

Tween-20 (PBS-T) and incubated with horseradish

peroxidase (HRP)-conjugated rabbit anti-mouse IgG

(1:3,000) and washed again in the same manner. The

membrane was then incubated with enhanced chemi-

luminescence (ECL) western blot detection reagents

(Amersham Biosciences UK, Buckinghamshire, UK)

for 1 min and exposed to a X-OMAT radiographic film

(Eastman Kodak, Rochester, NY, USA) for 1–15 min

for the detection of chemiluminescence. The extracted

protein was analyzed by GM1-ELISA for the detection

of the multimeric forms of the chimeric protein.

In brief, three seeds from each Tg line were ground

using a mortar and pestle and vortexed in 300 ll

PBS for 30 min. After centrifugation at 15,000 rpm

for 20 min, the supernatants were collected and

applied to a 96-well microtiter plate that was coated

with 0.1 ng/ll of GM1-ganglioside (Sigma–Aldrich,

St Louis, MO, USA) in bicarbonate buffer (74 mM

NaHCO3 and 26 mM Na2CO3; pH 9.5). Rabbit anti-

CT antibody (1:5,000), and then HRP-conjugated goat

anti-rabbit IgG (1:3,000)—both diluted with 3%

skimmed milk—were added and incubated for 1 h at

37�C. After washing three times with PBS-T, 0.004%

o-phenylanediamine and 0.003% H2O2 in phosphate–

citrate buffer (103 mM Na2HPO4 and 52 mM citric

acid; pH 5.0) were added, and incubation was per-

formed for 30 min in the dark at room temperature

(RT). The reaction was stopped by adding 20 ll 6 M

H2SO4, and OD490 was measured with a VERSAmax

microplate reader (Molecular Devices, Sunnyvale,

CA, USA).

Oral immunization with Tg rice producing

CTB-As16

Six-week-old female BALB/c mice were purchased

from CLEA Japan (Tokyo, Japan) and maintained in

the Animal Care Facility at the University of Tokyo.

All animal experiment protocols were evaluated and

permission was obtained from the University’s Ani-

mal Care Committee. To prepare rice seeds with

absorbed CT adjuvant, the Tg or non-Tg seeds were

soaked with CT solution for 5 h at RT, and
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approximately 8 lg CT was found to be absorbed per

gram of seeds. The mice were fed ad libitum 1 g of

the Tg or non-Tg seeds with or without CT per day

for the indicated period of time.

Challenge infection with A. suum

One week after the final feeding, the mice were orally

infected with 2,500 A. suum mature eggs suspended

in PBS. One week after the infection, the mice were

sacrificed to count the number of larvae that migrated

to the lungs. In brief, the lungs were minced with a

surgical knife and placed in a small mesh bag

containing 30 ml PBS supplemented with ampicillin

(100 mg/l) and kanamycin (100 mg/l) and incubated

overnight at 37�C. The larvae were recovered by the

method of Baermann, as described by Slotved et al.

(1996) and counted under a microscope. The statis-

tical significance of differences in the recovered

larvae was determined by the Mann-Whitney U-test.

Results

CTB-As16 fusion protein production

in the endosperm of Tg rice plants

A plant transformation binary vector was engineered

to generate Tg rice plants by the A. tumefaciens-

mediated transformation method (Fig. 1). The homo-

zygosity for the introduced gene was evaluated by

detecting the recombinant protein in at least ten seeds

from a single Tg line. Further, the plants were

considered to be homozygous if all the seeds derived

from the plants in the second generation were

positive for the recombinant protein expression, with

the assumption that the introduced gene was inherited

according to Mendelian laws. Western blot analysis

of the seed extracts from several independent Tg lines

using anti-CT antiserum revealed that a pentameric

CTB fusion protein was produced, while protein

bands reactive with the anti-CT antiserum were not

found in non-Tg wild-type rice seeds (Fig. 2a).

Following heat treatment, the pentamer dissociated

into monomers with an apparent molecular mass of

approximately 30 kDa—this value corresponds well

with the expected molecular mass for the chimeric

protein (12 kDa CTB ? 16 kDa As16). In addition,

the chimeric protein was found to retain the specific

binding capacity for GM1-ganglioside—a natural

receptor for the CTB multimer (Fig. 2a). Western

blot analysis of the Tg rice seed extract using anti-

As16-specific immuneserum revealed the presence of

the As16 protein moiety within the fusion chimera,

and its expression was maintained stably for further

two consecutive generations (T1 and T2; Fig. 2b).

The expression level reached 53 lg/g seeds (approx-

imately 1.5 lg/seed)—approximately a factor of 20

less than that for the unfused rice-derived CTB

reported by Nochi et al. (2007). These results indi-

cated that the Tg rice produced a CTB-As16 chimeric

protein that retained the pentamer configuration with

the specific lectin-like character of the wild-type

CTB.

Oral immunogenicity and the protective effect

of Tg rice

To evaluate whether the Tg rice that produced the

chimeric protein was orally immunogenic, BALB/c

mice were fed ad libitum Tg or control non-Tg rice

seeds for 14 consecutive days. However, in the first

set of immunization experiments, all animals failed to

develop any specific antibody response (data not

shown). Therefore, to confirm whether ingestion of

the Tg rice seeds had induced a priming response that

was specific for As16, the mice were administered a

subcutaneous booster immunization with the recom-

binant As16. We found that two out of five mice

responded to the antigen (data not shown). This

indicates that the Tg rice has weak oral immunoge-

nicity; however, it can induce a priming response

specific to the parasite antigen.

From the first set of experiments, we concluded

that the Tg rice seeds probably induced a weak but

sufficiently strong antigen-specific recall response.

Based on these experiments, we conducted a second

set of immunization experiments in which the mice

were fed the Tg rice seeds either with or without CT

for longer periods of time, i.e., every week for seven

consecutive weeks, and the serum antibody was

analyzed a week after the last feeding. The mice that

were fed the Tg rice with CT, but not the Tg rice

alone or non-Tg rice, developed specific serum IgG

against As16 (Fig. 3a). Based on the success of the

induction of As16-specific IgG response, the immu-

nized mice were challenge infected with 2,500

A. suum embryonated eggs by oral inoculation, and
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a week after the infection, the number of larvae

recovered from the lungs was counted. We found that

the mice that were fed the Tg rice with CT exhibited

significantly reduced number of larvae compared

with the mice that were fed the Tg rice without CT or

mice that were given regular food (P \ 0.05;

Fig. 3b).

Discussion

Numerous studies have reported the potential benefits

of using Tg plants as prophylactic oral vaccines for

infectious diseases. However, few studies have

successfully demonstrated that rice-based Tg edible

vaccines provide protection against infectious agents

in animal models (Wu et al. 2007). Rice is the staple

food of the people of Asia and is the most widely

consumed cereal grain throughout the world. Thus, it

is the largest source of food calories for humans.

Although ground raw rice is used to prepare bever-

ages such as rice milk and sake, rice is generally

boiled or steamed to make it edible. Therefore, rice-

based oral vaccines are probably more beneficial

when rice is eaten raw, unless heat-resistant vaccine

antigens are engineered (e.g., linear T- or B-cell

epitopes; Takagi et al. 2005). However, unlike

humans, domestic animals such as chickens and pigs

Agrobacterium tumefaciens EH105

1 2 3 4 5

678
9

LB

pGTV-GluBsigCTB-As16
NOS
Ter

GluB-1
Pro

GluB-1
Ter

35 S 
Pro

hpt

RB

SacINcoIHin dIII EcoRI
a

b

Fig. 1 Transformation of rice plants. (a) Schematic represen-

tation of rice transformation vector pGTV-GluBsigCTB-As16.

The gene expression is driven by the 2.3-kb GluB-1 promoter

and 0.6-kb GluB-1 terminator. Sigctb, rice-plant codon-

optimized mature CTB gene fused with the signal peptide of

the GluB-1 gene; As16, A. suum 16-kDa antigen gene; h,

flexible hinge (GPGP) coding sequence; ER, endoplasmic

reticulum retention signal (SEKDEL); 35S, cauliflower mosaic

virus 35S promoter; hpt, hygromycin phosphotransferase gene;

NOS Ter, nopaline synthase transcription terminator; LB, left

border; RB, right border. (b) A brief overview of the

Agrobacterium tumefaciens EH105-mediated rice Oriza sativa
(japonica cv. Kitaake) transformation procedure. Steps 1 and 2:

Callus formation induction from sterile seeds at days 3 and 30,

respectively; Steps 3 and 4: A. tumefaciens infection of induced

calli; Step 5: Transformant selection on hygromycin-containing

medium; Steps 6 and 7: Regeneration induction of transgenic

plantlets from transformed calli; Step 8: Transfer of regener-

ated plantlets to soil pot; Step 9: Maturation of Tg rice plants
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can be fed raw or finely ground rice without cooking

it. Therefore, this system is more suitable for

designing veterinary vaccines.

In this study, we generated Tg rice plants that

produced a swine roundworm A. suum-protective

antigen (As16) fused with the mucosal carrier mole-

cule CTB and evaluated its expression patterns and oral

immunogenicity in mice. The production levels of the

CTB-As16 chimeric fusion protein reached the value

of 50 lg/g seeds, which is approximately equal to

1.5 lg/seed. It has been reported that unfused CTB is

expressed in rice seeds at up to 30 lg/seed (Nochi et al.

2007). The level of expression in our system is lower by

a factor of twenty, probably because of the burden

imposed on CTB at the molecular level. This markedly

reduces its pentamerization and thus often results in

low production levels (Harakuni et al. 2005). Non-use

of codon optimization for As16 antigen gene could be

another factor.

A previous study has shown that the As16-specific

serum IgG provides protection by killing A. suum L3

(Tsuji et al. 2004). The study suggests that a mucosal

vaccine formulation is effective because the mucosal

administration of soluble antigens induces a systemic

antibody response if it is appropriately combined with

a mucosal delivery vehicle and/or adjuvant. In this

study, we exploited a mucosal delivery function of

a Tg rice Tg rice/CT WT

1     2     3    4    5 1     2   (mouse #)

As16

1     2     3    4    5

Tg rice/CT Tg rice Untreated

30

20

10

0
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rv

ae
 / 
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ng

b

Fig. 3 Oral immunogenicity and protective effect of Tg rice.

(a) Induction of As16-specific serum IgG by Tg rice seed

feeding. BALB/c mice were fed Tg rice with or without CT

weekly (1 g/day) for seven weeks, and immunesera of five

mice obtained a week after the final feeding were reacted with

bacterially expressed As16 protein. (b) Parasite load in the

lungs of immunized mice was analyzed. One week after the

final feeding, mice were orally infected with 2,500 A. suum
infectious eggs, and the L3 larvae that migrated to the lungs

were counted. * P \ 0.05 vs. untreated

a

94

67

20

30

43

14

(kDa)

+   - +   - +    - +    - (Boil) 

WT

Pentamer

Monomer

#2 #3 #4#1

Tg rice line

Dilution of seed extracts

1 1/2 1/4 1/8 1 1/2 1/4 1/8

GM1-ELISA

0

0.2

0.4

O
D

49
0

Tg rice WT rice

0.1

0.3

0.5

b WTTg

CTB-As16

94
67

20

30

43

14

(kDa)
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Fig. 2 Expression analysis of the CTB-As16 chimeric fusion

protein extracted from Tg rice-plant lines. (a) Four independent

Tg lines (#1–4 at T0 generation) were analyzed for expression of

the chimeric protein in the rice seed endosperm by anti-CTB

antiserum in the western blot (upper panel). Seed extracts were

either boiled or unboiled prior to SDS-PAGE. Putative protein

bands for the pentamer and monomer have been indicated.

Chimeric protein from a Tg line (T0 generation) was analyzed for

specific binding affinity for GM1-ganglioside by GM1-ELISA

(lower panel). Protein extract from non-Tg wild-type rice was

used as a negative control. Extracted protein samples were

serially diluted eightfold. (b) Chimeric protein extracted from a

Tg line (T0 generation) was analyzed for specific reactivity with

As16 antiserum in the western blot (left panel). Samples were

boiled prior to SDS-PAGE. Protein extract from non-Tg wild-

type rice was used as a negative control. Stable expression of the

chimeric protein was determined for two consecutive genera-

tions (T1 and T2) by using anti-As16 antiserum (right panel).
Protein band for monomeric chimeric protein has been indicated
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CTB. However, concurrent use of a CT adjuvant was

essential for efficient induction of an immune

response. Further studies need to be conducted in

the future to make the application of this system more

practical by generating Tg rice plants that produce

higher concentrations of receptor-binding competent

chimeric CTB pentamers or that are equipped with a

targeting molecule that is capable of more precise

pin-pointed delivery to the mucosal immune induc-

tive sites for an enhanced immune response.

Although there is considerable scope for efficacy

improvement of the Tg rice plants constructed in this

study, this is the first study that demonstrates how a

rice-based oral vaccine can provide protection against

a parasite, in an animal model. Thus, it provides a

basis for the edible vaccine development strategies

against parasitic infections.
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