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Transgenic tobacco plants stably expressing recombinant FaeG, which is the major subunit and adhesin of
K88ad fimbriae, were obtained. Analysis of sera from immunized mice indicates that in mice, the immunoge-
nicity induced by plant-derived FaeG protein is comparable to that generated with traditional approaches.

Enterotoxigenic Escherichia coli (ETEC) strains are com-
monly associated with neonatal diarrhea in piglets (6, 11, 12,
13, 19). Among the different ETEC strains, those expressing
K88 fimbrial antigen are the most prevalent type (1, 18). Fim-
briae (or pili) are the primary pathogenicity factors of this
bacterium and are responsible for its adhesion to enterocyte
receptors. Analysis of the genetic organization of the K88 gene
cluster has revealed that at least eight structural genes are
involved in biosynthesis. FaeG (27.6 kDa) is the so-called ma-
jor fimbrial subunit protein that also carries the adhesive prop-
erties of the K88 fimbriae (4, 17, 24, 26).

Vaccines containing purified K88 fimbriae, formalin-inacti-
vated ETEC, or engineered E. coli expressing K88 fimbriae
have been used to vaccinate pregnant sows, and passive trans-
fer of lacteal immunity from the vaccinated dams can protect
piglets from ETEC infection (5, 10, 15, 21, 25, 27). Although
proven effective for the prevention of disease, limiting the
widespread use of these vaccines are the fact that bacteria
might not be inactivated fully and the high cost of producing
and preserving these vaccines.

Recently, the use of plants as bioreactors has become of
special interest, as they allow production of recombinant pro-
teins in large quantities at relatively low cost (14, 22, 23, 30).
For the development of FaeG-based vaccine against K88
ETEC strains in plants, we constructed pBI8801, a plant binary
expression vector containing the K88ad fimbrial major antigen
gene (faeG). First, p8801 (31), a parental plasmid which con-
tains faeG without a signal peptide coding region, was digested
with BamHI and Sacl and the 789-bp faeG fragment was
cloned into the digested plant expression vector pBI 121 (Clon-
tech, Palo Alto, Calif.). This led to the creation of pBI8801, a
binary vector with a caulifiower mosaic virus (CaMV 35s) pro-
moter and a nopaline synthase terminator. Triparental matings
were then performed as described by Ditta et al. (7) to transfer
plasmid pBI8801 into Agrobacterium tumefaciens LBA4404.
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Thereafter, transgenic tobacco (Nicotiana tabacum) was ob-
tained by a modified leaf-disk cocultivation method using A.
tumefaciens harboring pBI8801 (16). PCR analysis was carried
out to show the presence of an amplified product of the ex-
pected size (789 bp) in the genomic DNAs (8) of tested kana-
mycin-resistant plants (data not shown). Reverse transcriptase
PCR (RT-PCR) was used according to the protocol of a Pow-
erScript RT kit (Clontech) to test whether faeG was tran-
scribed in the transgenic plants; a fragment with expected size
was observed for all the tested transformants, whereas no
product was observed for nontransgenic plants (Fig. 1A).

The transgenic plants were further tested for transcriptional
activity by examining the expression of faeG at translational
level. Total soluble protein (TSP) was obtained from plant
leaves following the method described by Arakawa et al. (2).
The presence of the recombinant protein in the transformants
harboring faeG was investigated by immunoblot analysis using
the anti-FaeG serum (1:300) (31) to probe recombinant pro-
tein and an alkaline phosphatase-conjugated anti-rabbit immu-
noglobulin G (IgG) goat antiserum (Promega, Madison, Wis.)
(1:5,000) as the second antibody. There were clear blotting
bands with a molecular mass of 27.6 kDa in the tested trans-
genic plants (Fig. 1B), and no cross-reaction with the anti-
FaeG serum was observed in nontransgenic plants. Then,
Western blot analysis (28) and an enzyme-linked immunosor-
bent assay (2) were used to quantify the expression level of the
recombinant protein in the transgenic plants. Results of these
measurements indicated that recombinant FaeG protein con-
stituted approximately 0.15% of the TSP in a highly expressed
transgenic tobacco plant.

It has been shown previously that FaeG can be rapidly de-
graded without the aid of the chaperone molecule (FaeE) in
the host ETEC (3). To evaluate recombinant FaeG expression
level variations and the stability of expression levels in the
different generations of transgenic tobacco plants, the leaves
from the first, second, and third generations (T,, T,, and T,,
respectively) of two transgenic plant lines were harvested for
immunological analysis. Results indicated that the expression
levels among the three generations did not differ greatly (Fig.
2). The little variation observed was likely due to a lack of some
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FIG. 1. Analysis of the expression of faeG in transgenic plants.
(A) Detection (using RT-PCR) of faeG transcription in transgenic
plants. RT-PCR was performed (using specific primers that amplify a
789-bp DNA fragment of faeG) with total RNA from leaves of trans-
genic tobaccos (32). Lane 1, ADNA (digested with HindIIl/EcoRI)
molecular weight marker; lanes 2 and 3, RNA from transgenic to-
bacco; lanes 4 and 5, PCR amplification without RT reaction as a
control for DNA contamination; lane 6, RNA from nontransgenic
tobacco. (B) Immunoblot detection of recombinant FaeG synthesized
in transgenic tobacco. TSP from tobacco leaves was fractionated by
sodium dodecyl sulfate—15% polyacrylamide gel electrophoresis. The
recombinant FaeG protein was detected with anti-FaeG antibody as
the primary antibody and alkaline phosphatase-conjugated goat anti-
rabbit IgG as the secondary antibody. Lane 1, 0.5 pg of purified
recombinant FaeG expressed in E. coli BL,,;(DE;+K88) as a positive
control; lanes 2 and 3, 100 wg each of TSP from transgenic tobacco
plants; lane 4, 100 wg of TSP from nontransgenic tobacco.

related protease specific for the digestion of FaeG in plants.
Alternatively, within the plant cell there might be some chap-
erone-like proteins just like FaeE in K88ad ETEC (3) that may
serve to stabilize FaeG and prevent its degradation by the
protease.

Since one of the ultimate purposes of this study was to
generate recombinant protein with immunogenicity, a group of
24 adult (60- to 90-day-old) female KM mice (purchased from
Shanghai Laboratory Animal Center) were immunized intra-
peritoneally on days 0, 14, 28, and 42 with 0.5-ml transgenic
tobacco leaf extracts (containing 7.5 pg of recombinant FaeG
per animal per injection) emulsified in an identical volume of
complete or incomplete Freund’s adjuvant. Mice were bled
before each injection. After the last inoculation, the immu-
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nized mice were also bled at weekly intervals over a period of
5 weeks. With the same immunizing schedule, each of a group
of six KM mice was immunized with nontransgenic plant leaf
extracts as a negative control. Moreover, each of a group of six
KM mice was immunized with 7.5 pg of purified K88ad fim-
briae as a positive control.

By a method described previously (29), K88ad fimbrial an-
tigens were isolated from E. coli strain Cgsq, (a standard
ETEC strain expressing K88ad fimbriae as determined by the
China Institute of Veterinary Drug Control). With purified
recombinant FaeG expressed in E. coli BL,,(DE;+K88) as an
antigen (31), an enzyme-linked immunosorbent assay was per-
formed as described by Arakawa et al. (2) to detect specific
serum antibodies. Alkaline phosphatase-conjugated anti-
mouse goat IgG (Sigma, St. Louis, Mo.) (1:10,000) was used as
the second antibody. The reaction was developed by the addi-
tion of the substrate nitroblue tetrazolium-5-bromo-4-chloro-
3-indolylphosphate and read at 405 nm in a universal micro-
plate reader (Bio-Tek). The antibody titer was defined as the
log,, reciprocal of the highest serum dilution that consistently
presented (in at least three consecutive independent determi-
nations) readings of optical density at 405 nm of 3 standard
deviations over the mean optical density of the sera from six
mice immunized with nontransgenic tobacco plants.

As shown in Fig. 3A the recombinant FaeG produced by
transgenic plants can elicit a specific antibody response. Spe-
cific anti-FaeG antibodies were first detected in the immunized
mice 3 weeks after the first antigen injection. The immunized
mice developed a serum antibody response that peaked at 10*
1 week after the last inoculation and then declined over the
next 3 weeks. Mice immunized with the leaf extract from non-
transgenic plants showed no immune response. The immune
response of mice immunized with transgenic plant extracts was
similar to that of mice immunized with purified K88ad fimbriae
(Fig. 3A).

The specificity of this anti-FaeG response was also con-
firmed by immunoblot analysis, using the purified K88ad fim-
briae and recombinant FaeG from E. coli BL,,(DE;+K88) as
standard antigens. Sera (diluted 1:50) from mice immunized
with transgenic plants expressing recombinant protein specifi-
cally recognized proteins with relative mobility identical to that
of the protein recognized by the serum raised against bacteri-
um-derived FaeG (Fig. 3B, lanes 1, 2, 3, and 4), whereas no
immunological cross-reaction with either purified K88ad fim-
briae or recombinant FaeG in serum from the mice immunized
with nontransgenic plant leaf extracts was observed (Fig. 3B,
lanes 5 and 6).

To test whether the sera from the mice immunized with
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FIG. 2. Immunoblot analysis of the expression level of recombinant
FaeG in T,, T, and T, generations of transgenic tobacco plants. A
total of 100 pg of TSP was loaded for each lane. Lane 1, a nontrans-
genic plant; lanes 2 and 3, T, transgenic plants; lanes 4 and 5, T,
transgenic plants; lanes 6 and 7, T, transgenic plants.
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FIG. 3. Immunogenicity of recombinant FaeG from transgenic to-
bacco. (A) Mice were immunized intraperitoneally on days 0, 14, 28,
and 42 with either purified K88ad fimbriae or crude extracts from
transgenic tobacco leaves. Arrows indicate the inoculating schedule.
(B) Anti-FaeG antibodies detected by immunoblot analysis. ETEC
K88ad fimbriae and purified recombinant FaeG from E. coli BL,,
(DE;+K88) were loaded in a well for sodium dodecyl sulfate-15%
polyacrylamide gel electrophoresis and transferred to nitrocellulose
membrane. After the reaction mixtures were incubated with the sera of
mice immunized with purified fimbriae, transgenic tobacco leaf ex-
tracts, or nontransgenic tobacco leaf extracts and then washed three
more times, the reactions were developed by the addition of the sub-
strate nitroblue tetrazolium—5-bromo-4-chloro-3-indolylphosphate.
Lanes 1 and 2, serum from a mouse immunized with purified fimbriae
as a positive control; lanes 3 and 4, serum from a mouse immunized
with transgenic tobacco extracts; lanes 5 and 6, serum from a mouse
immunized with nontransgenic tobacco extracts as a negative control.
Lanes 1, 3, and 5, 0.5 pg of purified K88ad fimbriae; lanes 2, 4, and 6,
0.5 pg of purified recombinant FaeG from E. coli BL,;(DE;+KS88).

transgenic plant extract could interact with the K88ad ETEC,
a slide agglutination assay was performed as previously de-
scribed (20). Sera from the mice immunized with transgenic
tobacco at a dilution of 1:20 agglutinated strain Cgsg(,. In
contrast, the use of the sera from the mice immunized with
nontransgenic tobacco extract resulted in no agglutination.
The fact that sera from mice immunized with leaf extracts
from transgenic plants can cause the agglutination of K88ad
ETEC suggests that the same sera can also be effective in
mitigating relevant diarrhea symptoms. To this end, ligated
ileal loops from rabbits were used to test whether the sera
could reduce the adherence of K88ad fimbria-expressing
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ETEC and inhibit the expression of enterotoxin in this strain in
vivo. Rabbit ileal loop studies were performed with 3-kg-body-
weight male New Zealand White rabbits as previously de-
scribed (9). Rabbits were subjected to fasting for 24 h prior to
surgery. Laparotomy was performed to externalize the intes-
tine by aseptic technique under anesthesia with intramuscu-
larly administered Sumianxin (purchased from the Quarter-
master University of the People’s Liberation Army) (0.2 ml/
kg). Loops were created in the jejunum by placing ligatures at
6- to 7-cm intervals and separating loops with a 0.5- to 0.6-cm
interposing loop. Cgz9, strains were grown from single colo-
nies in 5 ml of Luria-Bertani medium, and the number of cells
was adjusted to approximately 10° CFU/ml, with each aliquot
containing 500 pl of Cgsp,. Serum (100 pl) from a mouse
immunized intraperitoneally with transgenic tobacco or non-
transgenic tobacco was added to ETEC aliquots to neutralize
K88ad-expressing ETEC, and the mixture was incubated for
12 h at room temperature. Then, the 0.6-ml mixture was in-
jected into each loop in random fashion, the intestine was
internalized, and the incision was closed. After 18 h of incu-
bation, the consecutive ileal loops were excised, the weights of
the loops were measured, and then the loops were punctured
to permit measurement of the weight of the empty loops for
determination of the significance of fluid reduction in the sera
from the mice immunized with transgenic plant extracts. The
volume of fluid accumulated in ileal loops inoculated with
Cqgs00o treated with the sera from the mice immunized with
transgenic or nontransgenic plant extracts was measured and
expressed as the ratio V/L (volume [V] [in microliters]/loop
length [L] [in centimeters]) (Table 1).

As shown in Table 1, the mean values of V/L for each group
were 63.61 = 22.32 (mean * standard error of the mean) for
the mice immunized with transgenic tobacco extracts and
154.48 = 15.11 (mean = standard error of the mean) for the
mice immunized with nontransgenic tobacco extracts. A Stu-
dent’s ¢ test revealed significant fluid reduction in comparisons
between the sera from the mice immunized with transgenic
tobacco plants extracts and the sera from the mice immunized
with nontransgenic tobacco extracts (P < 0.05). Moreover,
ileal loops injected with physiological saline solution did not
show significant accumulation of fluid (Table 1) or increased
volume (data not shown), suggesting that there were no in-
flammatory responses caused by mechanical disturbances dur-
ing loop ligation. This result implies that mouse sera stimu-
lated by plant-derived recombinant FaeG can neutralize
K88ad fimbria-expressing ETEC in vivo.

The results of this work suggest the possibility of producing

TABLE 1. Parameters of rabbit ileal loop ligation analysis”

Sample? Loop length (cm) Total weight of ileal loop (g) Weight of empty ileal loop (g) Vol of accumulated fluid (ml) VIL
A 6.55 = 0.07 2.803 = 0.025 1.206 = 0.093 1.19 = 0.01 181.70 = 4.12
B 6.32 = 0.47 2.107 = 0.213 1.107 £ 0.178 0.97 =0.12 154.48 = 15.11
C 6.68 = 0.58 1.834 £ 0.434 1.349 = 0.320 0.55=0.29 63.61 = 22.32
D 6.50 = 0.28 2.175 = 0.182 1.850 = 0.071 0.38 = 0.11 56.31 = 15.35

“ The ratio of accumulated fluid volume to loop length (J//L [in micrograms per centimeter]) was used to express the serum-neutralized effect on K88ad ETEC in
ileal loop ligation as previously described (9). A significant difference in neutralizing K88ad ETEC in the sera from the mice immunized with plant-expressed
recombinant FaeG was observed in comparison with the sera from the mice immunized with nontransgenic tobacco extracts.

> A, K88ad ETEC not treated by sera; B, K88ad ETEC treated with the sera of mice immunized with nontransgenic plant leaf extract; C, K88ad ETEC treated with
the sera of mice immunized with transgenic plant leaf extract; D, physiological saline solution instead of K88ad ETEC.
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a new alternative vaccine for diarrhea of piglets. Compared to
traditional vaccines, this alternative vaccine will be less expen-
sive and more convenient to store. To our knowledge, this is
the first report to demonstrate that FaeG can be synthesized in
plants. This work also provides a model for the use of plants for
the production of vaccines against other ETEC with protein-
aceous fimbriae or pili.
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