
Abstract To improve Agrobacterium tumefaciens-
mediated transformation of Phaseolus acutifolius, we 
examined the effect of different factors on T-DNA trans-
fer by measuring transient expression levels of an intron-
containing β-glucuronidase gene. Improved transforma-
tion frequencies were obtained with an A. tumefaciens
strain carrying nopaline-type virulence genes and when
calli were infected with Agrobacterium cells in the early-
log growth phase. Optimized co-cultivation was per-
formed at 22°C under a 16/8-h (day/night) photoperiod
in an acidic medium (pH 5.5) in the presence of 200 µM
acetosyringone. By combining the best treatments, an 
efficient and reproducible transformation procedure was
established for the P. acutifolius genotype NI576. South-
ern and immunoblot analyses confirmed the stable 
integration and expression of the transgenes in the primary
transgenic plants and their progeny.
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Abbreviations AS: Acetosyringone · 
CIM1: Callus-inducing medium 1 · 
GUS: β-Glucuronidase · MES: 2-(N-Morpholino)
ethanesulfonic acid · nptII: Neomycin 
phosphotransferase II gene · uidA: β-glucuronidase gene
from Escherichia coli

Introduction

There are five cultivated species within the genus Phase-
olus (P. vulgaris, P. acutifolius, P. polyanthus, P. coccineus,
and P. lunatus), of which P. vulgaris is economically the
most important. Phaseolus beans are an important food
source, providing energy and protein for millions of 
people, mostly in Latin America and Africa. The world
production of Phaseolus beans is approximately 20 mil-
lion tons per year. To improve the crop, gene engineering
is needed in addition to classical breeding techniques.
Stable transformation of grain legumes, however, is 
difficult to achieve. With respect to P. vulgaris transfor-
mation, to date transgenic plants have been obtained 
only through particle bombardment of seedling apical
meristems (Russell et al. 1993; Aragão et al. 1996), and
the transformation frequencies obtained with this method
were relatively low. More efficient production of trans-
genic plants can be expected from procedures based on
rigorous selection for transformed tissues and subsequent
regeneration from such tissues. Moreover, for the intro-
duction of foreign genes into higher plants, Agrobacteri-
um tumefaciens-mediated transformation is generally
preferred to direct gene delivery methods, such as parti-
cle bombardment, because the former method offers 
several advantages – integration of a well-defined DNA
sequence, potentially low copy number, high co-expression
of the introduced genes and preferential integration into
active regions of the chromosome (Birch 1997; Gheysen
et al. 1998).

Within the genus Phaseolus Dillen et al. (1996) 
encountered regeneration capacity in the tepary bean, 
P. acutifolius, of which various genotypes could be re-
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generated. This regeneration system was used to develop
an Agrobacterium-based transformation procedure (Dillen
et al. 1997a; Goossens et al. 1999).

The goal of the investigation reported here was to 
improve the transformation efficiency and to demonstrate
the reproducibility of this transformation procedure for 
P. acutifolius. Therefore, the influence of different 
co-cultivation conditions on the efficiency of Agrobacte-
rium-mediated gene transfer was assessed using the uidA-
intron marker system. Secondly, the optimized transfor-
mation conditions were shown to facilitate the production
of transgenic P. acutifolius plants. Transgene integration
and inheritance in these transformants were examined.

Materials and methods

Bacterial strains and plasmids

In the initial experiments, we used Agrobacterium tumefaciens
nopaline-type strain C58C1RifR that harbours the binary plasmid
pTJK136 (Kapila et al. 1997). For the subsequent optimization 
experiments, we used binary plasmid pATARC3-B1b (Goossens et
al. 1999) and for the stable transformation experiment, binary
plasmid pATARC3-M1 (De Clercq et al., in preparation). All of
these binary vectors contain the same P35S-uidA-intron-3′nos and
Pnos-nptII-3′ocs cassettes between the T-DNA borders. In addi-
tion, pATARC3-B1b contains a Phaseolus vulgaris genomic 
fragment that codes for the Arcelin 5a seed storage protein gene
(arc5-I), whereas pATARC3-M1 contains an arc5-I gene with four
mutations in the coding sequence to increase the methionine 
content (Fig. 1). Three types of non-oncogenic Ti plasmids were
tested: the nopaline-type pMP90 (Koncz and Schell 1986), the
octopine-type pGV2260 (Deblaere et al. 1985) and the agr-
opine/succinamopine-type pEHA101 (Hood et al. 1986).

Agrobacterium transformation

All experiments were based on the transformation protocol previ-
ously described by Dillen et al. (1997a) and performed with regen-
eration-competent callus of the P. acutifolius A. Gray genotype
NI576 (Dillen et al. 1996). Bud explants from greenhouse-grown
plants were initiated on CIM1 medium [Murashige and Skoog
salts (Murashige and Skoog 1962), 20 g/l sucrose, 8 g/l bacto agar
(Difco, Detroit, Mich.), pH 5.7, 0.5 mg/l thidiazuron, and
0.25 mg/l indole-3-acetic acid] and subcultured on fresh CIM1
medium every 3 weeks. Five days after the third subculture, callus
explants were cultured at a density of 15 pieces in 24 ml of co-
cultivation medium. Agrobacteria were added to the calli to a final
OD600 of 0.8, with 1 OD600 corresponding to 1.1±0.2×109 cells/ml
for all Agrobacterium strains used. After 2 days of co-cultivation,
the explants were washed twice and cultured on non-selective or
selective media (20 mg/l geneticin) for optimization and stable
transformation experiments, respectively.

GUS assay

Comparisons of the transient expression levels were made by as-
saying for expression of the uidA-intron gene in the explants
4 days after co-cultivation. GUS activity was localized histochem-
ically as described previously (Dillen et al. 1997b).

Transformation frequency was evaluated as the total number of
blue spots observed with the naked eye. A distinction was made
between small spots (<0.5 mm in diameter), representing one or a
few uidA-expressing cells, and large spots (>1 mm in diameter),
representing a complete cell cluster expressing the uidA gene.

Factor evaluation

For each factor tested, at least two independent experiments were
performed (with the exception of the pH parameter). In each 
experiment, a minimum of 30 callus pieces was used per treatment.

To test the effect of the growth phase of the A. tumefaciens in-
ocula, we compared bacteria obtained from cultures grown for
36 h (late-log phase, OD600=2.5±0.3) with those grown for 12 h
(early-log phase, OD600=1.4±0.2). A colony from a freshly
streaked plate was used to inoculate 5 ml yeast extract broth medi-
um (Grimsley et al. 1986) containing the appropriate antibiotics.
The culture was incubated for exactly 12 h at 28°C under continu-
ous shaking (150 rpm). This preculture (OD600=1.2±0.2) was then
diluted 20-fold in 100 ml yeast extract broth medium in a 500-ml
Erlenmeyer and incubated for exactly 12 h or 36 h under identical
conditions.

To examine the influence of light, we compared co-cultivation
under total darkness and under a photoperiod of 16/8 h (light/dark)
with light supplied at an intensity of 20 µmol/m2 per second. To
avoid temperature differences resulting from irradiation heating,
the experiment was carried out in a water bath (Dillen et al.
1997b). Total darkness was achieved by wrapping the jars in alu-
minum foil.

Stable transformation and regeneration of transgenic plants

All selection and regeneration steps used to obtain transgenic 
P. acutifolius plants were performed as described by Dillen et al.
(1997a). Regenerated shoots were grafted in vitro on P. acutifolius
NI574 rootstocks as described by Zambre et al. (2001).

Analysis of transgenic plants

The presence of the nptII gene was analysed by Southern blot
analysis. Genomic DNA was extracted from leaves of non-
transformed and putative primary transformants by the procedure
described by Dillen et al. (1997a). DNA (7 µg) was digested with
SphI, fractionated on a 1% agarose gel by electrophoresis, trans-
ferred to a Hybond-N+ membrane (Amersham Pharmacia Biotech,
Little Chalfont, UK) and hybridized at 65°C with a 0.8-kb
BamHI/BglII nptII fragment excised from pGemD (Ingelbrecht et
al. 1989). The probe was radiolabelled with [32P] using the T7
Quick Ready Prime II kit (Amersham Pharmacia Biotech).

For the detection of Arcelin 5, total protein extracts of T1 seeds
were subjected to sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and immunoblot analysis according 
to Goossens et al. (1999). Accumulation levels were estimated by
analysing a grey-scale image of the immunoblot using the IMAGE-
MASTER VDS software (Amersham Pharmacia Biotech). The con-
centration of the Arc5a-M1 proteins was determined relative to the
concentration of the positive control B1b-8 (seed of a homozygous
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Fig. 1 The transferred region of plasmid pATARC3-M1. RB right
border, LB left border, pnos promoter of the nopaline synthase
gene, nptII neomycin phosphotransferase II gene, 3′ocs 3′ signal
of octopine synthase, p35S the cauliflower mosaic virus 35S 
promoter, uidA-intron GUS gene Escherichia coli with the potato
st-ls1 intron, 3′nos 3′ signal of nopaline synthase, arc5-M1 gene
coding for the Arcelin 5a seed storage protein with four mutations
in the coding sequence to increase the methionine content



transformant accumulating 23.8% unmodified Arc5a; Goossens et
al. 1999).

Results and discussion

The basic transformation procedure for Phaseolus acuti-
folius was as previously described (Dillen et al. 1997a).
Briefly, regeneration-competent calli of the genotype
NI576, established from bud explants (Dillen et al.
1996), were co-cultivated 5 days after the third subculture.
The Agrobacterium inocula were pre-incubated with
200 µM AS for 4 h and then added to the callus explants
at an initial OD600 of 0.8. Co-cultivation was performed
for 48 h in liquid co-cultivation medium containing

10 mM glucose, 20 µM AS and 20 mM MES, pH 5.5.
After co-cultivation, the calli were washed and cultured
on non-selective medium. The influence of changing 
the transformation conditions was assessed by using
Agrobacterium strains with a binary vector harbouring
the uidA-coding sequence interrupted by an intron
(pTJK136 or pATARC3-B1b). Transient expression of
the uidA-intron gene was determined histochemically
4 days after co-cultivation of the calli.

In a first comparative experiment, calli were infected
with Agrobacterium strain C58C1RifR(pMP90)(pTJK136)
collected from either the early-log phase (12 h growth)
or late-log phase (36 h growth) cultures. The bacteria
were added at the same optical density (OD600=0.8). 
Infection with bacteria from an early-log phase yielded
many more uidA expression zones than infection with
bacteria in a late-log phase (Fig. 2A, Table 1). This 
experiment was repeated three times and always gave the
same result. In contrast to our results, tests performed by
De Bondt et al. (1994) on the transformation of apple
leaf explants with three different strains in either the lag
phase, mid-log phase or stationary phase showed no 
significant effect of the bacterial growth phase. Because
of the impact of the bacterial growth phase on the infec-
tion of P. acutifolius calli, all subsequent experiments
were performed with early-log phase inocula. 

To determine the influence of temperature during 
co-cultivation, we performed experiments at tempera-
tures ranging from 15°C to 29°C. In correspondence
with our previous results (Dillen et al. 1997b), we found
the optimum temperature for co-cultivation to be 22°C,
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Fig. 2A–E Histological assay of uidA expression after co-
cultivation with: A bacteria of strain C58C1RifR(pMP90)
(pTJK136) harvested in the early-log phase (a) and in late-log
phase (b), B bacteria of strain C58C1RifR (pMP90) (pTJK136)
(a), EHA101 (pTJK136) (b) and C58C1RifR(pGV2260)(pTJK136)
(c) at 25°C (upper two rows) and 22°C (lower two rows) (only the
four highest expressing calli are shown), C bacteria of strain
C58C1RifR(pMP90) (pATARC3-B1b) under a 16/8-h (light/dark)
photoperiod (a) or complete darkness (b), D bacteria of strain
C58C1RifR (pMP90)(pATARC3-B1b) in the presence of 0, 20, 200
and 2000 µM AS (a–d), E bacteria of strain C58C1RifR(pMP90)
(pATARC3-B1b) in co-cultivation medium without (a) and with
(b) buffering with 20 mM MES. To evaluate the transformation
frequency, we made a distinction between small (s) and large (l)
spots. Each uidA expression zone covering approximately a quar-
ter of the explant was counted as a large spot: l1 one large spot, 
l2 two large spots, l4 four large spots. Bar: 3 mm



irrespective of the type of previous non-oncogenic Ti
plasmid. UidA expression markedly decreased when the
temperature was increased to 25°C. Very low levels of
uidA expression were observed at 27°C and 19°C, and
no expression was observed at 29°C and 15°C. The 
difference in the number of uidA expression zones at
22°C and 25°C is notable (Fig. 2B; Table 1). Similar 
results were obtained when the effect of temperature was
investigated in garlic transformation (Kondo et al. 2000).
The highest transient uidA expression in garlic calli was
observed at 22°C, whereas the ratio of GUS-stained calli
to total calli decreased by 85% at 20°C and by 69% at
24°C. Results on the stable transformation of cotton were
also in line with those of our experiments (Sunilkumar and
Rathore 2001). Co-cultivation of cotyledon discs at
21°C, compared to 25°C, consistently resulted in higher
transformation frequencies.

To examine the effect of the type of non-oncogenic Ti
plasmid, we compared a nopaline-type plasmid (pMP90)
with an octopine-type (pGV2260) and a succinamopine/
agropine-type (pEHA101) together with the binary vector
pTJK136. From experiments performed at 25°C, it was
obvious that the efficiency of DNA transfer was highest
with the nopaline helper plasmid. The number of 
uidA-expressing zones seen with pMP90 was much high-
er than that with pGV2260 and pEHA101 (Fig. 2B, 
upper rows; Table 1). Also at 22°C, the highest GUS 
activity was obtained with the strain carrying pMP90, 
although the difference with the strain carrying
pGV2260 was not as marked as at 25°C (Fig. 2B, lower
rows; Table 1). As a result, we decided to use only
pMP90 as the helper plasmid in subsequent experiments.
All of our experiments clearly showed that pEHA101
was the least efficient helper plasmid for P. acutifolius

callus transformation. This observation is surprising be-
cause Agrobacterium strain EHA101 (or its derivative
EHA105, or its oncogenic progenitor A281) is generally
recognized as being superior in facilitating gene transfer
to plant cells; for example, in leguminous species, such
as soybean (Meurer et al. 1998; Donaldson and 
Simmonds 2000), pea (Nadolska-Orczyk and Orczyk
2000) and peanut (Egnin et al. 1998), but also in other
crops, such as apple (De Bondt et al. 1994), cabbage
(Takasaki et al. 1997), blueberry (Cao et al. 1998) and
wheat and barley (Guo et al. 1998). However, the fact
that this strain is not better than other strains, or even
worse, has also been observed in Phaseolus vulgaris
(Zhang et al. 1997) and in other plants, such as cotton
(Sunilkumar and Rathore 2001), rice (Hiei et al. 1994,
1997), kalanchoe (Jia et al. 1989), black locust (Igasaki
et al. 2000) and hibiscus (Srivatanakul et al. 2001). This
underscores the importance of testing various A. tumefa-
ciens strains for every species and genotype under study.

To test the effect of light conditions during co-cultiva-
tion on the gene transfer, we co-cultivated calli in 
complete darkness or under a 16/8-h (light/dark) photo-
period. In darkness, almost no GUS activity could be 
detected (Fig. 2C, Table 1). Moreover, the explant survival
rate was drastically reduced. We concluded that co-culti-
vation in darkness was deleterious for the P. acutifolius
calli. Many other A. tumefaciens-mediated transforma-
tion protocols specifically use dark co-cultivation condi-
tions and, on the basis of the present results, it may be
useful to reconsider the light parameter in such proce-
dures. Because the influence of different light conditions
during co-cultivation has not received much attention
until now, subsequent light experiments were conducted
and will be published elsewhere (Zambre et al. 2002).
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Table 1 Number of large and
small uidA expression zones
observed in two representative
experiments with 30 explants
each (SD standard deviation)

Treatment uidA expression zonesa (mean ± SD)

Large Small

Growth phaseb Early-log (12 h) 12.5±2.1 30.5±3.5
Late-log (36 h) 2.5±0.7 16.5±2.1

Plasmid (25°C)c pMP90 12.5±2.1 30.5±3.5
pEHA101 1.5±2.1 13.5±7.8
pGV2260 3.5±2.1 24.0±0.0

Plasmid (22°C)c pMP90 30.5±2.1 20.5±4.2
pEHA101 2.5±0.7 16.5±2.1
pGV2260 22.5±11.3 33.0±4.2

Lightd 16/8 h (light/dark) 27.0±4.2 39.0±3.5
24 h (dark) 0.5±0.7 4.5±3.5

AS concentratione 0 µM 3.0±1.4 33.0±4.2
20 µM 32.0±2.8 46.0±16.9
200 µM 47.0±1.4 66.5±9.2
2000 µM 21.5±2.1 26.5±17.7

a See Materials and methods and Fig. 2 for definition
b Co-cultivation with C58C1RifR(pMP90)(pTJK136) harvested at different growth phases
c Co-cultivation with C58C1RifR(pTJK136) and three different non-oncogenic Ti plasmids
d Co-cultivation with C58C1RifR (pMP90)(pATARC3–B1b) under different photoperiods
e Co-cultivation with C58C1RifR(pMP90)(pATARC3–B1b) in the presence of different AS 
concentrations



A series of experiments were aimed at a better induc-
tion of the vir genes. The vir genes of the Ti plasmid 
mediate the transfer of T-DNA from A. tumefaciens to
plant cells and the steps preceding integration into the
plant genome (for review, see Gelvin 2000). Transcription
of these vir genes can be induced by various related 
phenolic compounds, such as AS (Stachel et al. 1985),
and certain sugars act synergistically with these phenolic
inducers (Cangelosi et al. 1990). In addition, an acidic
pH is needed for optimal expression of the vir genes
(Stachel et al. 1986). Turk et al. (1991) found a maxi-
mum vir induction response at pH 5.3 for an octopine
and leucinopine strain and at pH 5.8 for a nopaline and
agropine strain. In many systems, the addition of AS to
the co-cultivation medium and/or Agrobacterium
pre-culture have proven to be beneficial. Pretreating the
explants with AS can also enhance the transformation
(Guivarc’h et al. 1993; Boase et al. 1998). In our standard
transformation protocol, the agrobacteria are pre-cul-
tured for 4 h in the presence of 200 µM AS and co-culti-
vated in medium supplemented with 20 µM AS. To 
investigate whether AS is needed in the co-cultivation
medium to obtain Agrobacterium-mediated gene transfer
to P. acutifolius calli and whether the efficiency can be
improved, AS was added at different concentrations 
(0, 20, 200 and 2,000 µM) to the co-cultivation medium.
This experiment was repeated more than five times, and
always gave consistent results: the number of uidA-
expressing zones increased with increasing AS concen-
tration and reached a maximum at 200 µM AS (Fig. 2D,
Table 1). When 2,000 µM AS was used, less blue staining
was observed and the calli had necrotic zones; more than
10% of the explants did not survive this co-cultivation.
A positive effect of AS on Agrobacterium-mediated gene
transfer to Phaseolus cells has been suggested in previous
experiments (Becker et al. 1994), where increased 
tumour proliferation on cotyledonary node explants of 
P. vulgaris was observed after co-cultivation with 
A. tumefaciens in the presence of 100 µM AS.

The necessity of an acidic pH during co-cultivation
was also tested. In the experiments of Turk et al. (1991),
the nopaline strain showed a maximum response at
pH 5.8 and still displayed significant vir induction at a
higher pH. Our co-cultivation medium was prepared
with an initial pH of 5.5, which, however, may change
during the co-cultivation period. Consequently, we deter-
mined whether it was necessary to stabilize the pH of the
co-cultivation medium during the whole co-cultivation
period, which was achieved by adding 20 mM MES.
When 20 mM MES was supplemented to the co-cultivation
medium, the pH of the medium after the co-cultivation
period was still 5.5–5.6; without buffering, the pH rose
to 7.2 during co-cultivation. Figure 2E shows that this
high pH seemed to prevent for the most part gene transfer.
Many more uidA-expressing zones (46 large and 73
small zones) were observed on 30 explants co-cultivated
with bacteria of strain C58C1RifR(pMP90)(pATARC3-
B1b), in medium with than in medium without buffering
(four large and 16 small zones). Our results are in con-

trast to those obtained by Becker et al. (1994) in 
P. vulgaris with an octopine-type bacterial strain; here,
buffering with MES had an inhibitory effect, whereas the
pH was not a critical factor for Agrobacterium infection.

Other factors tested were age and size of the calli,
density of the calli in co-cultivation medium and time
between subculturing and co-cultivation, but none of
these parameters seemed to substantially affect the effi-
ciency of transformation. We also carried out experi-
ments in which a higher density of bacterial inoculum
(1.6–2.4 OD600) was used and a longer co-cultivation 
period (4 days) applied. These circumstances prevented
proper killing of the bacteria after the co-cultivation and
were also detrimental for the calli, resulting in a drasti-
cally decreased explant survival rate already 4 days after
co-culivation.

Systematic evaluation of the various parameters 
enabled us to improve the transformation procedure and
to obtain a very high level of transient uidA expression
in the calli. This co-cultivation protocol includes the 
following conditions: (1) an Agrobacterium strain with
pMP90 as helper plasmid; (2) harvesting Agrobacterium
cells in the early-log phase; (3) co-cultivation under a
16/8-h (light/dark) photoperiod at 22°C; (4) co-cultivation
medium buffered at pH 5.5 with 20 mM MES; (5) co-
cultivation in the presence of 200 µM AS.

Transient expression studies may not always be rele-
vant to stable transformation. The results from some 
investigations have made it clear that while T-DNA
transfer from A. tumefaciens to the plant cell can occur
in an appropriate manner, as demonstrated by efficient
transient transformation, T-DNA integration may be lim-
iting, resulting in poor stable transformation. In these
cases, an improvement in the transient expression levels
will not necessarily result in better stable transformation
(Shen et al. 1993; Ishida et al. 1996; Maximova et al.
1998). However, most studies have shown that condi-
tions leading to enhanced transient expression do result
in a higher number of transformed plants (Cao et al.
1998; Kondo et al. 2000; Niu et al. 2000; Zhang et al.
2000; Choi et al. 2001; Trifonova et al. 2001; Suzuki and
Nakano 2002).

Our results also show improved rates of stable trans-
formation using the procedure that gives optimum 
transient expression. Before optimization, one to two 
independent transformants could be produced in one
transformation experiment with 200 explants. When the
improved procedure was used, ten independent transgen-
ic lines of the P. acutifolius wild genotype NI576 were
obtained from a single experiment with 150 explants.
Following co-cultivation, the callus explants were trans-
ferred to selective medium supplemented with 20 mg/l
geneticin. During four subcultures, each lasting 3 weeks,
selection took place. Transgenic shoots developed on
these selected callus lines. The number of phenotypically
normal shoots produced varied among the different
transgenic lines from five to more than 50 shoots. 
Because survival of the rooted shoots was poor, the
shoots were in vitro-grafted when three trifoliate leaves
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had been produced. From one independent callus line,
different clonal transformants could be established. All
of the transgenic plants were fully fertile and produced
seeds in quantities comparable with those of non-trans-
formed plants. The time from co-cultivation to obtaining
transgenic seeds varied from 9 months to 12 months.

The stable integration of the introduced transgenes
was confirmed by Southern analysis. DNA isolated from
leaves of all ten independent primary transformants was
digested with SphI and probed with an nptII fragment
(Fig. 1). This probe can hybridize to an internal 1.4-kb
T-DNA fragment and to a junction of plant DNA and a
left-border fragment of the integrated T-DNA. As shown
in Fig. 3, these fragments were found for nine of the ten
transformants. Transformants 2, 3, 4 and 6 probably har-
bour one T-DNA insertion, and the other transformants
harbour two or more. In plant no. 10, the nptII gene was
not present, and uidA expression could not be detected in
a histochemical assay (data not shown), suggesting that
this plant was not stably transformed. To further confirm
transformation, T1 seeds were harvested and seed 
proteins extracted and analysed by SDS-PAGE and im-
munoblotting. The binary vector used in this stable trans-
formation experiment, pATARC3-M1, contains between
the T-DNA borders a modified arc5-I gene coding for
the P. vulgaris seed storage protein Arcelin 5a enhanced
with four methionine codons (De Clercq et al. in prepa-
ration). This protein was found in seeds of eight out of
the ten transgenic plants (Fig. 4). As expected, the modi-
fied arc5-I gene was absent in transformant no. 10, but
because the T1 seeds were not tested for the presence of
the nptII or uidA marker genes before extraction, a nega-
tive result could also be related to the segregation of the
transgenes, which was probably the case in transformant
no. 2. The relative concentration of Arcelin 5-M1 in the
T1 seeds varied from 11% to 29% of the total extracted
seed protein. These results confirmed the transmission of
the transgenes to the offspring. 

In the investigation reported here we were able to 
establish an improved Agrobacterium-mediated transfor-
mation system for P. acutifolius that allows the efficient
production of transgenic plants. The optimized condi-
tions were also used to produce several series of trans-
formants of the P. acutifolius cv. TB1 (Zambre et al. in
preparation). Within the grain legumes, P. acutifolius is
now one of the few species for which the number of
transformed plants that can be generated is large enough
to enable the application of transgenic approaches for
applied and fundamental research. P. acutifolius can be
used to test gene engineering strategies, such as enhancing
resistance against pests and diseases, enhancing tolerance
against abiotic stresses and improving seed nutritional
quality (for example, increasing the methionine content
and reducing antinutritional factors).

The parameters that we examined only concern the
48 h of the co-cultivation period and should thus have a
minimal impact on tissue culture and regeneration re-
sponse. Similar optimizations may therefore be useful
for improving other transformation protocols.
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Fig. 3A, B Southern analysis of a non-transformed NI576 plant
(lane N) and primary transformants (lanes T1–T10). SphI-digested
DNA was probed with an nptII fragment hybridizing to an internal
1.4-kb fragment and LB fragments in transgenic plants (see
Fig. 1). T2, T3, T4, and T6 probably harbour one T-DNA insertion
and T1, T5, T7, T8 and T9 two or more. T10 did not react with the
probe. The digest of T9 was not successful in Southern blot A, so
part of another Southern blot (B) is attached. Lane P contains an
nptII plasmid fragment of 2.5 kb. Lane M contains marker DNA
of which the size is indicated on the left (in basepairs)

Fig. 4 Immunoblot analysis of crude protein extracts of progeny
(T1) seeds of non-transformed NI576 (C–) and primary transform-
ants transformed with the unmodified arc5–I gene (C+) and the
modified arc5I-M1 gene (T1–T10). Lane M contains the marker
proteins of which the molecular mass is indicated on the left (in
kiloDaltons)
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