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Transformation of a model legume Lotus japonicus accession Miyakojima MG-20 was ex-
amined using Agrobacterium tumefaciens with a binary expression vector. Using the improved
transformation method, we introduced a major allergen gene from a house dust mite, Der f 1, into
MG-20. Analyses by Southern hybridization, reverse transcription (RT)-PCR, and Western blot-
ting showed that the Der f I gene was integrated into the genome of L. japonicus, expressing the
gene product in the T1 lines. Our results imply future application of oral allergen-specific im-

munotherapy using legume plants.
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Legume plants are agronomically widely cultivated, for
crops, pastures, and manures. To improve their potential
value as a commercial product, genetic modification can be
used to confer new characteristics. The use of such plants as
food vaccine is one strategy currently being considered.
However, most important legume species, e.g., soybean and
pea, are difficult to transform. Therefore, we need model
legumes for which the transformation methods are estab-
lished. Lotus japonicus and Medicago truncatula are widely
used in genetic and molecular studies as model legumes
(1, 2). In the case of L. japonicus, accession Gifu B-129 is
used for transgenic studies (1, 3, 4). However, B-129 re-
quires intense light to produce seeds, so that indoor handl-
ing is difficult in terms of generating transgenic plants.
Kawaguchi reported on an early-flowering L. japonicus ac-
cession Miyakojima MG-20, which produces seeds for two
months under moderate light conditions (5). The life cycle
of MG-20 is roughly one month shorter than that of B-129.
Unfortunately, the transformation methods developed for
B-129 are not considered as optimal for MG-20. In this
paper, we describe a transformation method suitable for
MG-20, modified from original methods for B-129. By us-
ing this improved method, we attempted to introduce a
major allergen gene Der f 1 from a house dust mite Der-
matophagoides farinae (6) into MG-20. Der f 1 protein is
detected in mite feces (7, 8), which has been recognized
clinically as one of the most critical allergens. It has been
confirmed that a purified Der f 1 protein expressed in Esch-
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erichia coli is bound by IgE from allergenic patients, so the
protein has the potential to work well for immunotherapy
(9). Here, we have successfully expressed the Der f' I gene
and detected Der f 1 protein in transgenic MG-20 plants.

MATERIALS AND METHODS

Plant materials and plant growth conditions L. japonicus
accession Miyakojima MG-20 was used. Seeds were scarified by
gentle treatment with sand paper and sterilized (8 min in 1% so-
dium hypochlorite), washed five times in sterilized water, and im-
mersed overnight at room temperature. The seeds were then ger-
minated on 1% Bacto Agar plates, put in the growth cabinet for 3 d
at 23°C under dark conditions, followed by 2d at a 23°C 16-h
light/20°C 8-h dark cycle.

Agrobacterium strain and vector construct  Agrobacterium
tumefaciens LBA4404 (10) was used for the transformation of
L. japonicus. The Der f I gene was amplified by the polymerase
chain reaction (PCR) from the plasmid pBSDerfl (T. Aki, Ph.D.
thesis, Hiroshima Univ., 1994) using the Gene Amp PCR system
9700 (Applied Biosystems, Foster City, CA, USA). The oligonu-
cleotide primer used for PCR was as follows: 5'-TGAAATTCGTT
TTGGCCATT-3' as a sense primer and 5'-GTTCACATGATTACA
ACATA-3' as an antisense primer. The PCR products were sepa-
rated by agarose gel electrophoresis and a 1-kb fragment corre-
sponding to the Der f 1 gene was extracted using the Geneclean
III kit (Qbiogene, Quebec, Canada). The extracted fragment was
cloned into the multicloning site of the pGEM T-easy vector. A
1-kb Xbal-Sacl fragment containing the Der f I gene was inserted
into pIG121Hm (11), which was digested with the same restriction
enzymes to delete the intron-GUS gene and the resultant plasmid
was named pDerfl (Fig. 1). The pDerfl plasmid was transferred
into 4. tumefaciens LBA4404 by an electroporation method at 2.5
kV and 129 Q for 5 ms using a BTX 600 Electro Cell Manipulator
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FIG. 1. Structure of T-DNA region in pIG121Hm (A) and pDerf1
(B). RB, Right border; LB, left border; NPT II, neomycin phospho-
transferase; GUS, B-glucuronidase; HPT, hygromycin phosphotrans-
ferase; NOS p, nopaline synthase promoter; NOS t, 3’ signal of nopa-
line synthase; 35S p, 35S promoter; H, Hindlll; X, Xbal; S, Sall; Sc,
Sacl; E, EcoRI; B, BamHI.
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(BTX Inc., San Diego, CA, USA). 4. tumefaciens transformants
were selected on Luria—Bertani (LB) medium containing 100 pg/ml
rifampicin and 50 pg/ml kanamycin.

Plant regeneration conditions  All regeneration media were
based on Gamborg’s BS medium (12). Callus induction medium
(CIM) contained 10 mM (NH,),SO,, 2% sucrose, 0.3% phytagel
(Sigma, Taufkirchen, Germany), a-naphthalene acetic acid (NAA),
6-benzyl amino purine (BAP), 300 pg/ml Claforan (Aventis Pharma,
Strasburg, France), and 25 pg/ml geneticin (Sigma). Shoot in-
duction medium (SIM) contained 10 mM (NH,),SO,, 2% sucrose,
0.3% phytagel, NAA, and BAP. Shoot elongation medium (SEM)
contained 10 mM (NH,),SO, 2% sucrose, 0.3% phytagel and BAP.
Root induction medium (RIM) contained 1% sucrose, 0.4% phyta-
gel and NAA. Root elongation medium (REM) contained 1% su-
crose and 0.4% phytagel. The media contained full (CIM, SIM,
SEM) or half (RIM, REM) strength Gamborg’s B5S Medium Salts
Mixture (Wako Pure Chemical Industries, Osaka), and B5 vitamins
(Sigma). One hundred hypocotyl segments were examined for cal-
lus regeneration and formation of adventitious shoots at various
concentrations of NAA (0~0.1 pg/ml) and BAP (0~1.0 pg/ml) as
plant growth regulators. A. tumefaciens was grown on LB solid
medium containing 100 pg/ml rifampicin for 2 d at 28°C. 4. tume-
faciens was scraped off and resuspended in YMB liquid medium
(13) for co-cultivation. Hypocotyls were cut on a two-layer sterile
filter paper stack that was soaked with A. fumefaciens suspended in
YMB medium. A stack of four layers of sterile filter paper was
soaked with the co-cultivation medium (3) containing 20 pg/ml
acetosyringone (Sigma) for co-cultivation. The hypocotyl explants
were transferred to the co-cultivation plates, and incubated for 6 d
at 23°C under dark conditions. The top filter paper with explants
was transferred to CIM, and incubated for 2—5 weeks at a 23°C
16-h light/20°C 8-h dark cycle. Shoot induction and shoot elonga-
tion were carried out on the SIM and SEM, respectively, for 3—6
weeks under the same conditions. Explants and shoots were trans-
ferred to fresh media every week. The elongated shoot was cut and
put onto RIM, and incubated for a week under the same conditions.
Root elongation was performed on REM, and plants were incu-
bated for 3—4 weeks under the same conditions.

Genomic DNA isolation and Southern hybridization analy-
sis  Plant genomic DNA was prepared from transformants and
the wild type according to the cethyl-trimethyl-ammonium bro-
mide method (14). Genomic DNA samples (7 pg) were digested
with Xbal and a 1-kb Der f 1 fragment was used as a probe and a
positive control. Digested DNA samples were electrophoresed on
a 0.8% TAE agarose gel and transferred to Hybond N* nylon
membrane (Amersham Biosciences, Uppsala, Sweden) by stan-
dard methods (15). Labeling, hybridization, and washing were per-
formed according to the instruction manual of the AlkPhos Direct
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Nucleic Acid Labeling and Detection Systems (Amersham Bio-
sciences).

Reverse transcription polymerase chain reaction (RT-PCR)
analysis  Plant total RNA samples were prepared from transfor-
mants and the wild type using the RNeasy Mini kit (Qiagen, Basel,
Switzerland). RT-PCR analysis was performed following the RACE
protocol (16) with some modifications. The total RNA samples
were mixed with 50 uM anchor primer oligo dT mixture, 10 mM
DTT, 0.2 mM dNTP, first-strand buffer, and 20 U of RNase inhibi-
tor (Promega, Basel, Switzerland) in RNase-free water to a final
volume of 20 pl. The mixture was heated at 65°C for 10 min and
cooled on ice rapidly. After addition of 40U of SuperScriptll
(Invitrogen, Carlsbad, CA, USA), cDNA synthesis was carried out
at 50°C for 30 min. The RTase was denatured by heating the sam-
ple at 75°C for 15 min. The cDNA samples were used for PCR
with a set of specific primers at a final concentration of 1 pM, as
described previously, 1.25U ExTaq polymerase, 0.1 mM dNTP,
and ExTaq polymerase buffer. The amplification was carried out as
follows: 1 min at 94°C; 1 min at 55°C; 1 min at 72°C (30 cycles).

Western blotting analysis  Total soluble protein was ex-
tracted from the leaves of transformed plants and the wild type by
grinding them with a pre-cooled mortar and pestle in liquid nitro-
gen. Three hundred pl of Tris—HCI buffer (pH 7.7) per 100 mg of
leaves were added and the homogenate was centrifuged at 12,000
rpm for 15 min at 4°C. The supernatant containing total soluble
protein was used for further analysis. Protein concentrations were
determined by the Bradford Protein Assay Kit (Bio-Rad Laborato-
ries, Hercules, CA, USA). Extracted protein was subjected to 12%
SDS-PAGE using pre-stained molecular weight markers, and sep-
arated proteins were transferred to a nitrocellulose membrane at a
constant current of 120 mA overnight. Blocking was carried out
using 5% skim milk powder in TTBS (Tween Tris-buffered saline)
for 1 h. For probing the blot with antibody, the membrane was in-
cubated with mouse anti-Der f 1 monoclonal antibody (Seikagaku
Kogyo, Tokyo) at a 1:100 dilution. The blot was probed with alka-
line phosphatase-conjugated goat anti-mouse IgG (H+L) (Promega)
(1:4000) for 30 min. Bound antibodies were detected by BCIP and
NBT (Promega).

RESULTS AND DISCUSSION

We have determined hormone conditions for the shoot
regeneration of L. japonicus accession Miyakojima MG-20
because such conditions are crucial for efficient transforma-
tion. Various concentrations of NAA (from 0 to 0.1 pg/ml)
and BAP (from 0 to 1.0 ug/ml) were tested (Table 1).
Although callus induction was observed efficiently in all
tested concentration combinations, except when no NAA or
BAP was used, the efficiency of shoot induction varied con-
siderably depending on the concentration of hormones. The
highest rate of shoot induction (96%) was obtained with a
combination of 0.05 pg/ml NAA and 0.2 pg/ml BAP. With
the combination of 0.05 pg/ml NAA and 0.5 ug/ml BAP
that was used for B-129, shoot induction decreased to 62%
in the case of MG-20. As a result, we set the optimum con-
dition for regeneration of MG-20 as a combination of 0.05
pg/ml NAA and 0.2 pg/ml BAP. Aside from the fact that
MG-20 has a shorter life cycle than B-129 (5), these opti-
mized hormone concentrations for shoot regeneration can
shorten the whole transformation procedure from prepara-
tion of hypocotyls for infection to establishing stable homo-
zygous transgenic lines in T2 seeds by about three months.
Therefore, we conclude that MG-20 is suitable for assess-
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TABLE 1. Efficiencies of callus formation and shoot induction
Explants forming geneticin® calli (%) Explants forming shoots (%)
BAP (ng/ml) NAA (pg/ml) NAA (pg/ml)
0 0.01 0.02 0.05 1.0 0 0.01 0.02 0.05 1.0
0 0 0 0 0 0 0 0 0 0 0
0.1 0 100 100 100 100 0 6 30 28 40
0.2 0 100 100 100 100 0 4 42 96 68
0.5 0 100 100 100 100 0 16 18 62 28
1.0 0 100 100 100 100 0 2 34 24 24

NAA, a-Naphtaleneacetic acid; BAP, benzylaminopurine.

Results represent the average of two independent experiments. Total number of explants used in this experiments was 100.

ment of heterologous expression systems as an efficient host
for transformation, when one needs to evaluate the potential
property of a target gene introduced into crop legumes.
Using this improved method, we have transformed the
Der f 1 gene into MG-20 (Fig. 1). In order to detect the
transgene in the host genome, we analyzed candidate trans-
genic TO plants by Southern hybridization (Fig. 2A). Using
Xbal to digest genomic DNA, the probe sequence including
the Der f I coding region could detect one integration event
per signal. After screening of TO candidates by PCR (data
not shown), almost all of the candidate lines showed posi-
tive signals for the Der f 1 gene. The copy number of the
Der {1 gene varied depending on the transgenic lines, from
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FIG. 2. Analysis of integrated DNA in TO and T1 plants. (A) De-
tection of the Der f'1 gene in TO transgenic plants by Southern hybrid-
ization. Lane 1, Genomic DNA from 6-1; lane 2, 26-2; lane 3, 12-2;
lane 4, 5-1; lane 5, 10-4; lane 6, 2-2; lane 7, non-transformed plant;
lane 8, Der f'1 fragment. (B) Detection of the Der f'1 gene in T1 trans-
genic plants by Southern hybridization. Lane 1, 12-2-5; lane 2, 12-2-7;
lane 3, 26-2-1; lane 4, 26-2-7; lane 5, 26-2-9; lane 6, 6-1-5; lane 7,
non-transformed plant; lane 8, Der 1 fragment.

single to multiple copies. Usually, transgenic lines with fewer
inserts are favorable because multiple inserts may cause in-
terference of expression, resulting in low expression of the
transgene. We harvested T1 seeds obtained from TO lines
that were indicated by Southern hybridization to have one
or two copies of the gene. Similarly, several T1 lines from
identical TO parents were analyzed by PCR (data not
shown) and Southern hybridization. As a result, one or two
signals were detected with the Der f 1 gene probe (Fig. 2B).
In some lines, two signals were detected equally in siblings
(e.g., Fig. 2B, lanes 1 and 2), indicating that two indepen-
dent integration events occurred within a tightly linked re-
gion. To confirm whether the Der f I gene was transcribed,
total RNA was extracted from the leaves of T1 lines. Der f']
mRNA was detected in total RNA preparations by RT-PCR
(Fig. 3A). Direct PCR amplification of total RNA prepara-
tions without RTase showed no fragment (Fig. 3A, lanes 4
to 6), indicating that the amplification product was not due
to DNA contamination in the total RNA samples. A non-
transformed plant did not show the presence of Der f I
mRNA (data not shown). Moreover, we analyzed the Der f ]
gene products from T1 leaves. Crude soluble proteins were
analyzed by Western blotting using a mouse anti-Der f 1
monoclonal antibody. Transformed lines that synthesized
Der f 1 protein were identified in all T1 lines analyzed
(Fig. 3B). The molecular size of the plant-synthesized Der f 1
protein was found to be approximately 25 kDa, correspond-
ing to the size of native Der f 1 purified from D. farinae.
This result suggests that the Der f 1 protein is not modified
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FIG. 3. Expression analysis in T1 plants. (A) Detection of the
Der f'1 mRNA in T1 transgenic plants using RT-PCR. Lanes 1 and 4,
cDNA from a non-transformed plant; lanes 2 and 5, 12-2-1; lanes 3
and 6, 26-2-9; lane 7, Der f I fragment, with RTase (lanes 1-3) or
without RTase (lanes 4-6). (B) Detection of the Der f 1 protein in T1
transgenic plants using Western blot analysis. Lane 1, Proteins from a
Der f 1 purified from mite; lanes 2 and 3, non-transformed plant; lanes
4 and 5, 12-2-1; lanes 6 and 7, 26-2-9; lanes 8 and 9, 6-1-5.
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(e.g., by glycosylation) in this model legume, indicating that
the putative IgE epitope is conserved.

In conclusion, we have succeeded in producing Der f 1
protein in the model legume L. japonicus accession
Miyakojima MG-20. Recently, allergen-specific immuno-
therapy (AIT) has become the focus of public attention (17).
The expression of Der f 1 in legume plants represents a use-
ful tool in establishing a safer and more effective method of
oral AIT. In order to focus on the application of our results
to AIT, a seed-specific promoter from, for example, the soy-
bean conglycinin gene (18) would need to be applied to a
suitable expression system in legume plants.
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