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Abstract The non-toxic B subunit (CT-B) of cholera

toxin from Vibrio cholerae is a strong immunogen and

amplifies the immune reaction to conjugated antigens. In

this work, a synthetic gene encoding for CT-B was

expressed under control of a c-zein promoter in maize

seeds. Levels of CT-B in maize plants were determined via

ganglioside dependent ELISA. The highest expression

level recorded in T1 generation seeds was 0.0014% of total

aqueous soluble protein (TASP). Expression level of the

same event in the T2 generation was significantly increased

to 0.0197% of TASP. Immunogenicity of maize derived

CT-B was evaluated in mice with an oral immunization

trial. Anti-CTB IgG and anti-CTB IgA were detected in the

sera and fecal samples of the orally immunized mice,

respectively. The mice were protected against holotoxin

challenge with CT. An additional group of mice was

administrated with an equal amount (5 lg per dose each) of

mixed maize-derived CT-B and LT-B (B subunit of E. coli

heat labile toxin). In the sera and fecal samples obtained

from this group, the specific antibody levels were enhanced

compared to either the same or a higher amount of CT-B

alone. These results suggest that a synergistic action may

be achieved using a CT-B and LT-B mixture that can lead

to a more efficacious combined vaccine to target diarrhea

induced by both cholera and enterotoxigenic strains of

Escherichia coli.

Keywords Cholera � ETEC � Maize �
Plant-derived vaccine � Subunit vaccine

Introduction

Cholera and traveler’s diarrhea, caused by Vibrio cholerae

and enterotoxigenic strains of Eschericia coli (ETEC),

respectively, are two enteric diseases which are responsible

for high mortality especially in young children in devel-

oping countries (Girard et al. 2006) and there is still urgent

need for effective vaccines for these diseases. The toxins,

cholera toxin (CT) and heat labile enterotoxin from ETEC

(LT), which are responsible for the harmful effects of these

infections, are composed of pentameric non-toxic B sub-

unit and toxic A subunit. The B subunits bind to GM1

ganglioside (galactosyl-N-acetylgalactosamyl-syalil-galac-

tosylglucosylceramide) receptors on intestinal epithelial

cells. This binding aids a portion of the toxic A subunit to

be internalized into the cytosol, where it starts a series of

cellular events leading to diarrhea (Williams et al. 1999).

Although the B subunits are non-covalently linked as a

pentamer, they are highly stable due to their structural

properties and are resistant to trypsin and proteinase K
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digestion and low pH (Ruddock et al. 1995). Therefore,

oral immunization with CT-B and LT-B results in strong

humoral and mucosal immune response (Rigano et al.

2003). Due to shared mechanism of toxin action, it is

desirable and possible to develop combined vaccines,

which would be effective against both ETEC and cholera.

Accordingly, their potential as vaccine antigens against

cholera and ETEC have been extensively exploited (Le-

bens et al. 1996; Mason et al. 1998; Chikwamba et al.

2002; Tacket et al. 1998, 2004). Many experimental ETEC

vaccines included CT-B in combination with ETEC colo-

nization factors to provide anti-toxin immunity along with

antibacterial immunity (Qadri et al. 2003; Savarino et al.

2002). Although CT-B and LT-B share 85% homology (at

the amino acid sequence level) in their mature proteins,

some neutralizing epitopes in LT-B are missing in CT-B

(Lebens et al. 1996). Therefore, utilization of both sub-

units in vaccine preparations might induce a mixture of

polyclonal antibodies that could neutralize both toxins

more effectively.

CT-B has been shown to be an effective carrier for the

antigens that are chemically or genetically linked (Der-

tzbough and Elson 1993; George-Chandy et al. 2001). It

was also reported that intravaginal (ivag) administration

of bacterial CT-B chemically conjugated to ovalbumin

(OVA) helps to induce OVA specific CD4? T cells.

Neither OVA alone nor OVA co-administered with CT-B

resulted in OVA specific CD4? cells (Luci et al. 2006). In

fact, CT-B is an important immunogenic component in

the only currently available cholera vaccine (Dukoral�,

Crucell, The Netherlands), which is a killed whole-cell

oral preparation (Schaetti 2009). Interestingly, some CT-B

conjugates were reported to be highly tolerogenic (a

substance which invokes immune non-responsiveness)

when administered orally (Holmgren and Czerkinsky

2005). This function of CT-B has been successfully

exploited to carry out proof of concept studies for treat-

ment of human autoimmune diseases. For example, oral

administration of the B chain of insulin conjugated to CT-

B led to oral tolerance to the B chain of insulin. This in

turn resulted in a lower dose and rate of insulin admin-

istration in murine models of diabetes to control the

disease (Sadeghi et al. 2002). Similar success was attained

against type II collagen-induced arthritis (Tarkowski et al.

1999).

CT-B has been expressed in a number of plant species

including potato (Arakawa et al. 1997), carrot (Kim et al.

2009), tomato (Jani et al. 2002), tobacco (Jani et al. 2004)

and rice (Nochi et al. 2007). All of these options present

certain challenges for large-scale production of pharma-

ceuticals. Production in tobacco would require costly

high-level purification due to the presence of toxic alka-

loid by-products (Ma et al. 2003). On the other hand,

seeds can be superior to vegetable crops due to their

natural protein storage ability that allow a high level of

recombinant protein production. In addition, seeds can

provide a stable dry environment for long-term storage

and long distance transportation. To date, rice seed has

been reported to be an adequate system for the production

of CT-B (Nochi et al. 2007). However, rice production

requires large quantities of water continuously. Due to

climate variability, increasing and competing demand for

fresh water, and known effects of water shortages on

agriculture (Brown and Halwell 1998), an edible crop

with less water requirement and high yield potential, such

as maize, can be an alternative option for pharmaceutical

production.

In this work, CT-B was produced in endosperm of maize

kernels via recombinant DNA technology. The transgene

expression level was monitored for two generations.

In vivo immunogenicity of maize derived CT-B was

evaluated in mice with an oral feeding trial. Effectiveness

of the CT-B and combined CT-B/LT-B treatment were

assessed by including a group fed with a food pellet made

of a mixture of ground CT-B and LT-B seeds.

Materials and methods

Plasmid construction

The CT-B coding sequence together with its signal peptide

(PubMed Accession #: U25679) was optimized for maize

expression by Genescript Corp. gene synthesis company

(New Jersey, USA). The synthetic CT-B gene was cloned

under the control of a maize endosperm specific c-zein

promoter (Marks et al. 1985) linked to the translational

enhancer of the tobacco etch virus (Gallie et al. 1995). The

30 terminator for the gene was from a soybean vegetative

storage protein (Rhee and Staswick 1992). The plasmid

was named as pCTB-BSG (Fig. 1a).

Maize transformation

Immature embryos of maize Hi II genotype were used for

transformation using microprojectile bombardment as

described by Frame et al. (2000). The plasmid pCTB-BSG

was co-bombarded with a selectable marker gene construct,

pBAR184 (Frame et al. 2000). pBAR184 carries the

phosphinothricin acetyl transferase (bar) gene (Thompson

et al. 1987) driven by a maize ubiquitine promoter

(Christensen and Quail 1996). This construct confers

resistance to the herbicide bialaphos. Transgenic lines were

regenerated and raised to maturity in the greenhouse. B73

inbred line was used as pollen donor for obtaining T1 seeds.

T2 seeds were produced by self-pollination of T1 plants.
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PCR analysis

The presence of the CT-B gene cassette in maize genome

was verified by using Polymerase Chain Reaction (PCR)

analysis. Genomic DNA isolation from maize calli was

performed as follows: 0.1–0.25 g of bialaphos resistant

callus was transferred to 1.5 ml sterile microcentrifuge

tubes. The calli were homogenized by autoclaved pestles

(Kontes Pellet Pestle, K749520-0000, Fisher Scientific,

PA, USA) until juice exudes. Four hundred micro liters of

extraction buffer (200 mM Tris-Cl [pH 7.5], 250 mM

NaCl, 25 mM EDTA) was added to the tube. The tissue

and buffer were mixed gently by inverting the tube a few

times. An equal amount of saturated phenol was added to

each sample and mixed gently in a similar fashion. The

mixtures were centrifuged in a microcentrifuge for 10 min

at 12,000 rpm at room temperature. The aqueous phase

was transferred to new microcentrifuge tubes containing

350 ll of chloroform: iso-amyl alcohol mix (24:1 v:v) and

mixed gently. This was followed by centrifugation for

10 min at 12,000 rpm at room temperature. The aqueous

phase was transferred to a new tube and 300 ll of iso-

propanol was added. DNA was allowed to precipitate for

30 min at room temperature. Next, DNA was pelleted by

centrifugation for 10 min at 12,000 rpm at room temper-

ature. Isopropanol was discarded and pellets were washed

with 500 ll of 70% ethanol by centrifuging at the same

speed for 5 min. The pellets were air dried for 15–30 min

and re-suspended in autoclaved distilled water.

Three sets of primers were used to verify the presence of

promoter-leader-CT-B-terminator region in genomic DNA

(Fig. 1a). The primer sets used are as follows: (1) F1:

50-gct-atg-acc-atg-att-acg-cca-agc-30 and R1: 50-cat-tct-gta-

ctt-ctg-cgt-ggc-tca-30, (2) F2: 50-tga-gcc-acg-cag-aag-tac-

aga-atg-30 and R2: 50-ggg-tct-tat-tgt-tcc-aca-cgc-ag-30, (3)

F3: 50-aag-acc-cca-cac-gct-att-gct-g-30 and R3: 50-gaa-ttc-

gct-tca-aga-cgt-gct-ca-30. These primers amplify 925, 738

and 629 bp fragments, respectively. The reaction mixtures

and conditions were as follows: total volume of 25 ll

containing 100 ng of maize callus genomic DNA, 1 ll of

dNTP mix (containing 10 mM of each dNTP), 1 ll of each

primer (2.5 lM stock), 1 ll of MgCl2 (50 mM), 2.5 ll of

109 Taq polymerase PCR buffer and 0.2 ll of Taq poly-

merase (Biolase USA Inc., City, NJ, USA). PCR was ini-

tiated at 95�C for 4 min. This was followed by 30 cycles of

amplification steps of which are; denaturation at 95�C for

1 min; annealing at 62�C for 40 s, and extension at 72�C

for 1 min.

Southern blot analysis

Southern blot analysis to estimate copy numbers of the

CT-B gene in transgenic maize lines was carried out on

DNA extracted from leaf tissue of T1 young plants using

the CTAB protocol (Saghai-Maroof et al. 1984).

Ten micrograms of maize genomic DNA was digested

with the restriction enzyme NcoI at 37�C overnight and

resolved on 0.8% agarose gel. The 950 bp fragment con-

taining synthetic CT-B gene and VSP terminator was

excised from pCTB-BSG plasmid with NcoI and EcoRI

restriction enzymes and used as probe following labeling

with 32P (Fig. 1a). DNA blot was carried out following

standard procedures (Sambrook et al. 1989).

Protein extraction from corn seeds

For CT-B expression analysis of T1 seeds, endosperm tis-

sue from 20 seeds of each event was collected individually

using a non-destructive method described by Sangtong

et al. (2001). About 15–20 mg of endosperm tissue was

removed from seeds using a mini mechanical drill (Multi-

pro-225 T2, DREMEL, Racine, WI, USA) and the powder

was transferred to a 1.5 ml microcentrifuge tube. For

ELISA, extraction buffer [25 mM sodium phosphate (pH:

6.6), 100 mM sodium chloride, 1 mM EDTA, 0.1% Triton

X-100, 10 lg/ml Leupeptin, 0.25 mM Pefabloc SC] was

added at a ratio of 10 ll/mg of powder. The samples were

23.13

9.42

6.56

4.36

2.32
2.03

MW Neg 1x 3x 21 3 4 6 7

a

b
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Fig. 1 Schematic vector map for pCTB-BSG (a) and Southern blot

analysis of selected transgenic maize events (b). MW DNA marker

ladder in kilo-bases (AM7720, Invitrogen Corp., Carlsbad, CA, USA),

Neg negative control (untransformed maize DNA), 1x and 3x positive

control (1 and 3 copies of the pCTB-BSG vector plasmid), 1–7 DNA

from the transgenic maize
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incubated at 37�C on a shaker incubator at room temper-

ature for 2 h. Highest expressers among T1 seeds were

identified and planted to obtain T2 seeds. For Western

analysis, ground whole seeds from T2 plants were used.

Ground seed powder were suspended in extraction buffer

[200 mM Tris-HCl, (pH 8.0), 100 mM NaCl, 400 mM

sucrose, 10 mM EDTA, 14 mM 2-Mercaptoethanol, 0.05%

Tween-20] at the rate of 10 ll buffer per milligram of

powder. The powder was incubated for 1 h on a vortex

shaker at room temperature and further incubated in

refrigerator overnight. Before loading to protein gels,

samples were centrifuged on a bench-top micro-centrifuge

at maximum speed for 15 minutes to remove cellular

debris. The amount of total soluble proteins (TASP) were

determined by the Bradford Assay (Bradford 1976) with

the BioRad (Hercules, CA, USA) protein dye concentrate

using a standard curve derived from bovine serum albumin

(BSA).

Quantification of CT-B expression in seeds

CT-B expression in endosperm and ground whole kernels

was determined by ganglioside dependent ELISA (Mason

et al. 1998; Chikwamba et al. 2002) modified for quantifi-

cation of CT-B. Anti-sera and CT-B standard were obtained

from Sigma chemical company. Anti-CT antibodies raised

in rabbit (C-3062, Sigma, St. Louis, MO, USA) and bio-

tinylated anti-rabbit goat IgG was used as primary and

detection antibodies, respectively. Both antibodies were

diluted 1/20,000 in phosphate buffered saline. After detec-

tion antibody, wells were loaded with streptavidin horse

radish peroxidase diluted 1/1,000 (BD Biosciences, 554066,

MD, USA). The color development was obtained by addi-

tion of ABTS substrate (3-ethylbenzthiazoline-6-sulfonic

acid, Sigma A-1888, MO, USA) prepared according to

manufacturer’s instructions. End point readings were mea-

sured spectrophotometrically at 405 nm in a PowerWave

XS plate reader (BT-MQX200R, Bio-Tek Instruments Inc.,

Winooski, VT, USA). All samples were measured in

duplicates and non-transgenic maize protein extracts were

used as negative controls. Calculations of CT-B concen-

trations were carried out using a standard curve of purified

bacterial CT-B (C-9903, Sigma, St. Louis, MO, USA).

Western Blot

Approximately 70 mg of total protein extracted from

ground maize seeds were separated by SDS-PAGE (Lae-

mmli 1970). The resolved proteins were transferred to

0.45 lm nitrocellulose blotting membrane (BioRad Labo-

ratories, Hercules, CA, USA) using a BioRadTransblot

apparatus following manufacturer’s instructions. After

blocking with 5% milk, membranes were incubated at

room temperature on a shaker for 1 h in primary antibody

raised against CT (rabbit-anti-CT, Sigma C-3062) diluted

1/3,000 in 1% milk. This was followed by incubation in

alkaline phosphatase conjugated secondary antibody dilu-

ted at the ratio of 1/5,000 in 1% milk (Sigma A-9919) in a

similar manner for 1 h. Detection was performed following

procedures of Blake et al. (1984).

Preparation of feeding pellets and immunizations

Seeds were ground in a coffee grinder (Braun, Type 4041:

Model KSM2) to a size able to pass through a 425-micron

size sieve, and a homogenous mix was prepared as

described by Chikwamba et al. (2002). Food pellets of

ground transgenic maize and non-transformed corn were

prepared to the same size and contained one of the fol-

lowing five feed treatments. Five micrograms of CT-B

(CTB-5 group), 10 lg of CT-B (CTB-10 group), 5 lg of

maize derived LT-B (Chikwamba et al. 2002; LTB-5

group), a combination of 5 lg of CT-B with 5 lg LT-B

(CTB5-LTB5 group), or non-transformed corn (WT group;

which served as the negative control). Four-week-old

female BALB/c mice were obtained from Harlan (India-

napolis, IN, USA). Prior to start of the experiment, mice

were allowed a 2-week adjustment period with a reverse

light–dark cycle (lights-off at 9 A.M.) in the Iowa State

University (ISU) animal facility where they were housed

throughout the experiment. All animal procedures were

approved through the ISU Committee on Animal Care.

Eight mice were randomly assigned to each treatment

group. Mice were fed a basic diet of mouse chow with

water ad libitum. Mice were fasted overnight (during the

light phase) prior to feeding corn pellets on days 0, 7, 21

and 49 of the study. Throughout the study, two mice were

housed in each cage. However, during feeding of the corn

pellet they were caged individually and one maize pellet

was placed on the lid of each cage (without bedding)

30 min before lights off. Mice were allowed to eat the

maize pellet in the dark cycle for 5 h until the pellet was

completely consumed (approximately 3 h) and then

returned to their home cage with their normal mouse chow.

Preparation of serum and fecal samples

Approximately 100 ll of blood and fecal samples (as

available) were collected weekly over 8 weeks, starting the

day before the first oral immunization feeding treatment.

Blood samples were collected from the sephanous vein

except for the day of necropsy. On day 55, mice were

euthanized and blood was collected from hearts via cardiac

puncture. Sera were isolated from blood samples immedi-

ately after collection by centrifugation at 14,000 rpm for

15 min and kept at -20�C until analyzed. For ELISA,
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dilutions for sera ranged from 1/60 to 1/400. Fecal samples

were lyophilized and kept at -20�C until analyzed. On the

day of analysis, fecal samples were dissolved in PBS (10:1

w/v) and centrifuged at 15,000 rpm. The fecal extracts

were used in ELISA without dilution.

Quantification of anti-CT-B and anti-LT-B antibodies

Quantification of anti-CT-B and anti-LT-B antibodies via

ELISA was conducted as described earlier (Karaman et al.

2006) with a minor modification. Twenty-five nanograms of

pure LT-B (provided by John Clements) or CT-B (Sigma)

was loaded in each well instead of 1 lg as described before

(Karaman et al. 2006). This modification was determined

based on comparison of different amounts of LT-B and CT-B

with sera of known antibody levels (data not shown).

Patent mouse assay

To assess protection from toxin challenge a patent mouse

assay was undertaken (Guidry et al. 1997). Due to logistic

constraints, only mice from the CTB-5 group and the WT

group were tested. Three mice from each of these groups

were challenged with either 30 lg of LT (kindly provided

by John Clements) or with 30 lg of CT (Sigma, C3012)

toxins. Two mice from each of these groups were given an

equal volume of (200 ll) water as negative control. Toxins

in 200 ll of PBS and water were administered via gavage.

The mice were fasted overnight ad libitum prior to the

gavage administration. Three and half-hours after the

challenge, mice were euthanized and their carcasses were

weighed. Following dissection, guts were removed from

duodenum to anus and weighed separately. The gut:carcass

ratios (Richardson et al. 1984) were calculated to deter-

mine the amount of water influx into the gut.

Statistical analysis

Data were analyzed by Analytical Software Statistix� 8

(Tallahassee, FL, USA). ANOVA and repeated measures

analysis of variance tests were used for analysis of gut:car-

cass ratios, and IgG or IgA levels, respectively. Comparisons

were considered significant at a P value B 0.05 and mar-

ginally significant at P value between 0.09 and 0.05.

Results and discussion

Analysis of transgenic corn lines carrying CT-B gene

under a seed specific promoter

Transgenic events carrying the pCTB-BSG and pBAR184

constructs were referred to as P248. The putative

transformant (herbicide resistant) calli were screened with

PCR for the presence of CT-B gene. Seven out of nine

bialaphos resistant events were shown to carry the intact

CT-B gene (data not shown). T0 plants were regenerated

from these events and Southern analysis was carried out on

DNA obtained from young leaves of six lines. The

Southern analysis result is shown in Fig. 1b. Event specific

integration of the CT-B gene was observed. Two out of six

(33%) of events carried low copy number transgene

insertions (B3 copies) and three out of six (50%) of the

events carried high copy number insertion ([10 copies).

The percentages of low and high copy number transgene

insertion events are similar to what was previously reported

in transgenic maize lines generated by the biolistic method

(Shou et al. 2004).

T0 plants were grown to maturity to obtain T1 seeds. A

total of 25 ears representing 6 independent events were

obtained. The expression of CT-B gene in T1 seeds from

each event were analyzed using a non-destructive method

described by Sangtong et al. (2001). This method allows

for removal of small amount (15–20 mg) of endosperm

tissue for molecular analysis with a mini mechanical drill

without damaging the germ. After removal of parts of the

endosperm, the drilled seed can still be germinated to

plant.

Expression levels of CT-B in seed were determined by

ganglioside dependent ELISA. Twenty randomly selected

seeds representing each event were pooled. Four out of

six lines expressed CT-B at varying levels and two

remaining lines failed to express CT-B at detectable level

even though the CT-B gene was present in the genome.

The CT-B contents in the four expressing lines (P248-1, -

2, -4 and -7) ranged from 0.0002% CT-B of total aqueous

soluble protein (TASP) or 0.009 lg CT-B per gram of dry

seed weight (DSW) to 0.0014% CT-B of TASP or

0.05 lg CT-B per gram of DSW. Two CT-B high

expressing lines, P248-1 and P248-4, were further grown

to maturity for T2 seeds by either self- or sib-pollination.

The average CT-B content from eleven T2 ears of P248-1

was measured as 0.04 lg CT-B per gram of DSW, which

was two times higher than its T1 parents. The average

CT-B content from nine T2 ears of P248-4 was measured

as 1.56 lg per gram of DSW, which was more than 30

times higher than the T1 parents. The enhanced transgene

expression in some events in advanced generations was

observed previously with the expression levels of LT-B

(Chikwamba et al. 2002) and avidin (Hood et al. 1997) in

corn seeds. Due to small sample size, we did not observe

an obvious correlation between transgene expression and

insertion copy numbers.

Western analysis was performed in protein extracts

obtained from T2 seeds of two events (P248-1 and P248-4).

Figure 2 shows the results with non-boiled protein samples

Plant Cell Rep (2012) 31:527–537 531

123



(Fig. 2a) and the protein samples (Fig. 2b) boiled prior to

gel electrophoresis. The bacterial pentameric CT-B has an

approximate size of 55 kDa while monomers have

approximate size of 11.6 kDa (Zhang et al. 1995). Non-

boiled bacterial CT-B used as control (Lane b-CTB,

Fig. 2a) showed multiple bands, suggesting that the com-

mercial bacterial CT-B may contain a mixture of CT-B

multimer conformations. This pattern was observed by

other groups (Arakawa et al. 1997; Jani et al. 2002, 2004).

The second strongest band (indicated by black star in

Fig. 2a) was considered as the pentamer. As shown in

Fig. 2a, three ears of P248-4 and T2-Mix (seeds used for

feeding experiments) had a band detected by the anti-CT-B

antibody. Interestingly, this band (indicated by black tri-

angles) has a lower electrophoretic mobility than that of the

bacterial CT-B standard (black star). This result was also

reported in recombinant CT-B produced in potatoes

(Arakawa et al. 1997), tobacco (Jani et al. 2004) and

tomato (Jani et al. 2002). It was suggested that this was due

to the inability of plant cells in cleaving the bacterial signal

peptide of CT-B. This result is different from what we have

observed previously with maize-derived LT-B in which

bacterial signal was found to be cleaved from the mature

LT-B protein in corn seeds (Chikwamba et al. 2002). The

differential mechanisms by which the signal peptides of

these two highly homologous proteins are processed in

maize kernels remain to be elucidated.

Figure 2b shows the outcome of a parallel experiment

using the boiled protein samples (Fig. 2b). Maize-derived

monomeric CT-B (white triangle in Fig. 2b) also has a

lower electrophoretic mobility when compared with its

bacterial CT-B control (white star in Fig. 2b), confirming

the observation with the non-processed bacterial CT-B as

can be seen in Fig. 2a. Sample #3 of P248-4 in Fig. 2b was

not observed and was likely degraded after heat treatment.

On the other hand, the lack of CT-B bands in protein

extracts from P248-1 ears was likely due to low expression

level of CT-B in this line as it was not seen in either Fig. 2a

or b.

Evaluation of immune response of mice fed with corn-

derived CT-B and LT-B

BALB/c mice were divided into five feeding treatment

groups with eight mice per group to receive maize-derived

CT-B and/or LT-B four times in the study. Mice were

orally fed (on days 0, 7, 21, and 48 relative to the first

feeding) with maize pellets containing: (1) 5 lg of CT-B

(CTB-5), (2) 10 lg of CT-B (CTB-10), (3) 5 lg of LT-B

(LTB-5), (4) 5 lg of CT-B plus 5 lg of LT-B (CTB5-

LTB5), or (5) non-transgenic maize (WT). Blood and fecal

samples were collected weekly and analyzed for the pres-

ence of anti CT-B and anti LT-B antibodies.

Serum IgG

Anti-CT-B and anti-LT-B IgG antibodies in sera of all

groups were measured (Fig. 3). For both analyses, there

was a significant treatment effect over time (P val-

ues \ 0.05). Anti-CT-B IgG antibody levels observed in

sera of all treatment groups were lower than anti-LT-B IgG

levels observed in sera of the LTB-5 and the CTB5-LTB5

groups (Fig. 3). While serum anti-LT-B IgG cross-reacts

with CT-B (LTB-5 group; Fig. 3), serum anti-CT-B IgG

did not strongly cross-react with LT-B (CTB-5 and CTB-

10 groups; Fig. 3b). Starting from day 13, anti-CT-B levels

in sera of the LTB-5 group (111.58 ± 6.6 lg/ml; Fig. 3a)

were significantly different than that of the WT group

(37.29 ± 3.13 lg/ml) throughout the study (P val-

ues \ 0.05). On the other hand, anti-LT-B antibody levels

measured in sera of the CTB-5 and CTB-10 groups

(Fig. 3b) were not different than that of the WT group at

any bleed day.

Anti-CT-B antibodies in sera of the CTB-5 and CTB-10

groups (Fig. 3a) were significantly different than that of the

WT group starting from day 27 until day 55 (P val-

ues \ 0.05). Anti-CT-B antibody levels in the CTB-5 and

CTB-10 groups were not different from each other until

day 55. On day 55 anti-CT-B antibodies detected in sera of
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Fig. 2 Western blot analysis of P248-1 and P248-4 T2 generation

maize seeds Unboiled (a) and boiled (b). MW molecular weight

marker in kilodaltons, Neg negative control (crude protein extract of

the untransformed maize seeds), T2 mix crude protein extract of the

mill used in mice feeding experiment, 1–3 crude protein extracts of

different lines of T2 generation maize seeds, b-CTB positive control

(bacterial CTB). Black arrowhead plant-derived CTB pentamer, black
star bacterial CTB pentamer, white arrowhead plant derived CTB

monomer, white star bacterial CTB monomer
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the CTB-10 group (179.73 ± 25.75 lg/ml) was signifi-

cantly higher than that of the CTB-5 group (110.08 ±

22.26 lg/ml, P = 0.04). Interestingly, on days 13 and 20,

serum anti-CT-B IgG levels in LTB-5 group

(111.58 ± 18.63 and 144.72 ± 35.51 lg/ml) were found

to be significantly higher than that of the CTB-10 group

(52.75 ± 15.46 and 69.35 ± 20.99 lg/ml) (P’s =

0.0001). However, on days 27 and 34 the differences were

not significant. On days 41 and 55, serum anti-CT-B IgG of

the CTB-10 group exceeded and was higher than that of the

LTB-5 group (P = 0.07, P = 0.04, respectively).

On days 34, 41 and 55, serum anti-CT-B antibody levels

in CTB5-LTB5 group were significantly higher than that of

the LTB-5 group (P values B 0.0061). On days 34 and 41,

serum anti-CT-B antibody levels in CTB5-LTB5 group

were higher than that of the CTB-10 group (day 34;

P = 0.02 significant and day 41; P = 0.076 marginal).

These observations suggest that a combined treatment

could perform better than higher doses of CT-B alone for

vaccine formulations which aim at the prevention of

cholera. The presence of LT-B in the mix may contribute a

2-fold benefit because the induction of antibodies is faster

and anti-LT-B antibodies cross-react with CT-B. Using a

related and stronger antigen (LT-B) may help to reduce the

need for high doses of CT-B while, the presence of CT-B in

the vaccine, provides the antigenic epitopes necessary for

protection from toxigenic cholera. As LT-B is a related

antigen and responsible for 2/3 of the cases of traveler’s

diarrhea, the incorporation of LT-B with CT-B should act

to focus the immune response to cross-reactive epitopes

using a lower amount of each antigen.

Serum antibodies that develop in response to CT-B

alone do not cross-react with LT-B. Analysis of anti-LT-B

IgG levels indicated significant treatment effect throughout

the study (P = 0.0). However, anti-LT-B antibody levels

in sera of the CTB-5 and the CTB-10 groups were not

significantly different than that of the WT group on any

bleed day. Anti-LT-B levels in sera of the LTB-5 and the

CTB5-LTB5 groups were significantly higher than that of

the other three groups (P values \ 0.05) starting from day

13 until the day of necropsy (day 55). Due, presumably, to

lack of cross-reactivity of anti-CT-B IgGwith LT-B, anti-

LT-B antibody levels in sera of the LTB-5 and the CTB5-

LTB5 groups were not significantly different from each

other on any bleed days.

Comparison of anti-CT-B IgG antibody and anti-LT-B

IgG antibody levels induced by the CTB-5 and LTB-5

groups indicated that antibody induction by CT-B occurs

after more immunization exposures and the antibody

levels are lower. The highest anti-CT-B IgG in the CTB-

5 group was recorded on day 41 with 129.58 ± 22.7

lg/ml whereas the peak anti-LT-B IgG in the LTB-5 group

was observed earlier, on day 27 with 640.91 ± 75.1

lg/ml.

0

100

200

300

400

500

600

700

800

900

1000

-1* 6* 13 20* 27 34 41 55

S
er

u
m

 Ig
G

 C
o

n
ce

n
tr

at
io

n
 (

µg
/m

l)

Bleed Days

CTB-5

CTB-10

LTB-5

CTB5-LTB5

WT

48*

0

100

200

300

400

500

600

700

800

900

1000

-1* 6* 13 20* 27 34 41 55

S
er

u
m

 Ig
G

 C
o

n
ce

n
tr

at
io

n
  (

µg
/m

l)
 

Bleed Days

CTB-5

CTB-10

LTB-5

CTB5-LTB5

WT

48*

Serum anti-CT-B IgG Serum anti-LT-B IgG
a b

Fig. 3 Serum antibody responses Anti-CT-B-IgG concentration

(a) and anti-LT-B-IgG concentration (b). Mice were orally admin-

istered feed made of untransformed maize (WT) or transgenic maize

(CT-B maize, LT-B maize or a combined feed) containing 5 lg of

CT-B (CTB-5), 10 lg of CT-B (CTB-10), 5 lg of LT-B (LTB-5) or 5

lg of CT-B and 5 lg of LT-B (CTB5-LTB5) four times. Data are

provided as mean ± SE (n = 8). Asterisk indicates the day before the

dose administration
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The lower antibody induction to CT-B and IgG cross

reactivity with LT-B might be explained by the signal

peptide which remained attached to CT-B. The signal

peptide may mask an epitope essential for production of the

type of anti-CT-B IgG that can bind to LT-B. Arakawa

et al. (1997) indicated that potato derived CT-B might

possess a signal peptide. When mice were orally immu-

nized with potato derived CT-B, anti-CT-B antibody levels

were shown to be significantly lower than those immunized

with an equal amount of bacterial CT-B (Arakawa et al.

1998). They also reported that 30 and 90 lg of potato

derived CT-B induced similar levels of anti-CT-B anti-

bodies (Arakawa et al. 1998). Interestingly, recent reports

of immunization with a rice-based CT-B vaccine resulted

in a strong cross-reactivity of serum IgG against LT-B

(Tokuhara et al. 2010). In their study, Tokuhara et al.

observed mixed length of CT-B monomers and wide

bandwidth range of pentamers. The presence of a fraction

of CT-B in its native structure, without the signal peptide

(Nochi et al.2007), could have resulted in this outcome

(Tokuhara et al. 2010).

In summary, for serum IgG production, presence of LT-

B in the combined treatment may strengthen the immune

response to cholera, while presence of CT-B may not

intensify the immune response against LT-ETEC. Addition

of LT-B to a CT-B vaccine could broaden the usefulness of

the vaccine.

Fecal IgA

Unlike serum IgG analysis, fecal IgA data were only

available for days 13 through 41 for all groups (Fig. 4). For

both analyses (anti-CT-B IgA and anti-LT-B IgA), there

was a significant treatment effect (P values \ 0.05) and

anti-CT-B IgA antibodies were found to cross react with

LT-B, as well as, anti-LT-B IgA antibodies cross-reacting

with CT-B (Fig. 4a, b).

Fecal anti-CT-B IgA levels of the CTB-5 and the CTB-

10 groups, although both higher than that of the WT group,

were not different from each other throughout the study

(Fig. 4a). Anti-CT-B IgA levels in the CTB-5 and CTB-10

groups were significantly different than that of the WT

group throughout the study (days 13–41; Fig. 4;

P values B 0.05).

Anti-CT-B IgA level in LTB-5 group was significantly

higher than (P = 0.0423) that of WT group on day 13

indicating cross-reactivity of anti-LT-B IgA with CT-B.

Anti-CT-B IgA levels in the CTB5-LTB5 group were not

different than those of the CTB-5 and the CTB-10 groups

on days 27 and 34 (Fig. 4a). Interestingly, the anti-CT-B

IgA level in the CTB5-LTB5 group was less than that of in

the CTB-5 and the CTB-10 groups on days 6, 13, 20 and 41

(P values \ 0.04; Fig. 4a). On day 34, anti-CT-B IgA

levels in the CTB5-LTB-5 group were significantly higher

than those of the LTB-5 group (P = 0.03).

Analysis of anti-LT-B fecal IgA levels showed signifi-

cant treatment effect from day 13 through day 41

(P = 0.04; Fig. 4b). Fecal anti-LT-B IgA levels in the

LTB-5 group and the CTB5-LTB5 group were significantly

different than that of the WT group on days 13, 20, 27, 34

and 41 (P values B 0.05; Fig. 4b). Anti-LT-B IgA levels in

the LTB-5 group and the CTB5-LTB5 group were signif-

icantly different than the combined CTB-5 and the CTB-10

groups on days 20, 27, and 34 (P values B 0.05). Anti-LT-

B IgA levels in the CTB-5 group were significantly dif-

ferent than that of the WT group only on days 13 and 27

(P values \ 0.05).

Corn derived CT-B may induce a longer lasting immune

response at the mucosal surface than LT-B. The levels of

anti-LT-B IgA in the LTB-5 group decreased on days 27

and 41 while the anti-CT-B IgA levels in the CTB-5 and

CTB-10 groups were higher on day 41 in comparison to

day 13.

Responses of immunized mice to CT and LT toxin

challenges

Due to logistic constraints, only the mice in the CTB-5 and

the WT groups were challenged with CT or LT. These

toxins cause fluid secretion to the lumen of the bowel

(Williams et al. 1999). The secreted fluid cannot be re-

absorbed (Mason et al. 1998) and thus accumulates in the

gut. This results in the weight of the gut to increase relative

to the weight of the body. Therefore the gut:carcass ratios

serves as a measure of response toward toxin challenge. If

immunizations provide protection we would expect similar

gut:carcass ratios with unchallenged control mice that were

given water in place of toxin. Larger gut:carcass ratios

indicate diarrhea therefore no protection of the treatments.

As can be seen on Fig. 5, significant protection against

CT was observed in the CTB-5 group (p = 0.004). How-

ever, although the mean gut:carcass ratio in CTB-5 group

was lower than that of the WT group, significant protection

against LT challenge was not achieved in this CT-B corn

immunized mice, suggesting that cross protection of LT by

CT-B immunization at this dose is not effective. There

could be two reasons for this outcome. First, the amount of

antibodies produced by 5 mg of CT-B may not be suffi-

cient to provide protection against the dose of LT used for

the challenge. Second, the affinity of anti-CT-B IgA to LT-

B may not be strong enough. In humans, it is known that

serum IgG can be transported to the gut lumen via FcRN.

Although FcRN in mice do not appear in the adult

gut epithelium, there exists a role of IgG in protection

against pathogens and toxins at the intestinal mucosal

surface (Roopenian and Akilesh 2007; Kuo et al. 2010).
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Cross-reactivity between anti-CT-B IgG (produced by

maize-derived CT-B) and LT-B may contribute to increased

protection. This also supports the need for a combined CT-B/

LT-B vaccine to protect against both toxigenic V. cholera

and E. coli.

This observation extends our previous study in which

mice fed with maize-derived LT-B were protected from LT

and partially protected from CT challenges (Chikwamba

et al. 2002). Others have demonstrated that potato-derived

(Mason et al. 2002) and carrot-derived (Rosales-Mendoza

et al. 2008) LT-B were shown to protect mice from both

LT and CT challenges. Recently, Tokuhara et al. (2010)

reported that mice immunized with rice-derived CT-B were

cross-protected against LT toxin challenge. As mentioned

above, the lack of cross-protection effect from the maize-

derived CT-B in the study could be due to the unprocessed

signal peptide in mature CT-B or differences in toxin

challenge.

Conclusion

A transgenic corn expressing B subunit of cholera toxin

(CT-B) from Vibrio cholerae in its seeds was developed to

explore its utility as a mucosal vaccine or vaccine com-

ponent against cholera and traveler’s diarrhea. The seed

expression of the CT-B could be enhanced through further

breeding to advanced generations. While the mature CT-B

in maize tissue was not processed for the removal of its

signal peptide, the pentameric assembly of CT-B was

demonstrated via ganglioside dependent ELISA.

Our study shows that maize derived CT-B can be immu-

nogenic in mice. Ten micrograms of maize derived CT-B

may be better at priming anti-CT-B IgG antibody production

in comparison to 5 lg of maize derived CT-B. Because the

maize does not process the bacterial native signal peptide

effectively, anti-CT-B antibodies induced by maize derived

CT-B may be different than that induced by bacterial CT-B.

Our initial intention of this study was to establish a

combined vaccination system that can be effective for both

CT-caused cholera and LT-caused traveler’s diarrhea dis-

eases. On certain days of sample collection, the antibody
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maize, LT-B maize or a combined feed) containing 5 lg of CT-B
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CT-B and 5 lg of LT-B (CTB5-LTB5) four times (day 0, 7, 21 and
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levels observed were higher in the mice from the CTB5-

LTB5 combined treatment group than that of the CTB or

LTB only groups. However, due to incomplete CT-B signal

peptide processing in maize and other limitations, our data

will need further verification and improvement. For

instance, a mature CT-B should be produced in maize by

using a signal peptide from maize seed zein protein

(Moeller et al. 2009) instead of its bacterial native signal

peptide. Repeating combined treatments with a higher dose

of maize-derived CT-B would help to deduce more sound

results for adjuvant/synergistic actions of CT-B and LT-B.
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