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Abstract A reproducible Agrobacterium tumefaciens-
mediated genetic transformation method that delivers
fertile and morphologically normal transgenic plants was
developed for cultivated tepary bean (Phaseolus acutifo-
lius L. Gray). Factors contributing to higher transfor-
mation efficiencies include (1) a low initial concentration
of bacteria coupled with a longer cocultivation period
with callus, (2) an initial selection of callus on a medium
containing low levels of the selectable agent, (3) omission
of the selectable agent from the medium during callus
differentiation to shoots and (4) the efficient conversion
of transgenic shoots into fertile plants. All plants regen-
erated with this procedure (Ty) were stably transformed,
and the introduced foreign genes were inherited in a
Mendelian fashion in most of the 33 independent trans-
formants. Integration, stable transmission and high
expression levels of the transgenes were observed in the
T, and/or T; progenies of the transgenic lines. The binary
transformation vectors contained the fS-glucuronidase
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reporter gene, the neomycin phosphotransferase II
selectable marker gene and either an arcelin I or an
arcelin 5 gene. Arcelins are seed proteins that are very
abundant in some wild P. vulgaris L. genotypes showing
resistance to the storage insect Zabrotes subfasciatus
(Boheman) (Coleoptera, Bruchidae). Transgenic beans
from two different cultivated P. acutifolius genotypes
with high arcelin levels were infested with Z. subfasciatus,
but they were only marginally less susceptible to infes-
tation than the non-transgenic P. acutifolius. Hence, the
arcelin genes tested here are not major determinants of
resistance against Z. subfasciatus.

Introduction

Grain legumes are a very valuable source of dietary
proteins for both humans and animals and of these,
Phaseolus beans represent a major legume with respect
to nutrition (Singh 1999). Tepary bean (Phaseolus acu-
tifolius L. Gray), one of the five cultivated species of the
genus Phaseolus, is an annual legume adapted to the arid
and semi-arid regions. Interest in P. acutifolius stems
from its value as a source of several desirable genetic
traits, such as its resistance to diseases, pests, high
temperature and drought, that could be incorporated
into its close relatives, such as P. vulgaris (Singh 1999).

To date, the Phaseolus species has been transformed
genetically with limited success (Christou 1997), with
most of the efforts being concentrated on the transfor-
mation of P. vulgaris (Nagl et al. 1997). Particle bom-
bardment-mediated systems have been developed
(Russell et al. 1993; Aragao et al. 1996) to obtain trans-
genic plants of P. vulgaris, but they are labor-intensive
and the transformation frequencies obtained are rather
low (Christou 1997). Agrobacterium-mediated transfor-
mation of P. vulgaris plants has been unsuccessful
(Franklin et al. 1993; Zhang et al. 1997). At the present
time, only one successful method has been reported for
the Agrobacterium-mediated production of transgenic



plants in the large genus Phaseolus, namely in P. acu-
tifolius (Dillen et al. 1997). Although this procedure has
been improved (De Clercq et al. 2002), its use is restricted
to a single, wild, small-seeded genotype and it did not
allow us to obtain transgenic plants in elite genotypes of
P. acutifolius. Consequently, no efficient genetic trans-
formation method for any consumable large-seeded
Phaseolus bean is available that can yield reasonably high
numbers of transgenic plants to be used as a routine
method. We describe here a reproducible and efficient
procedure for obtaining morphologically normal, fertile
and stable transgenic lines from cultivated P. acutifolius.

The transformation vectors used in this study con-
tained marker genes as well as arcelin 5 (arc5) or arcelin 1
(arcl) genes. Arcelins are seed proteins found in some wild
P. vulgaris genotypes that are resistant to the bruchid
beetle Zabrotes subfasciatus (Mexican bean weevil). At
least seven arcelin variants exist, each consisting of dif-
ferent isoforms. Resistance to Z. subfasciatus is geneti-
cally linked to the arcelin locus (Osborn et al. 1988;
Cardona et al. 1990), and arcelin proteins have been re-
garded as its causal factors (Osborn et al. 1988; Sales et al.
2000), although direct evidence that the arcelin genes
themselves are involved in resistance is lacking. To the
contrary, we have shown that seeds from transgenic wild
P. acutifolius (genotype NI576) expressing arc5 genes at
high levels are not significantly protected against Z. sub-
fasciatus (Goossens et al. 2000). In the investigation re-
ported here, we extended our previous analyses in two
ways: (1) we tested a different arcelin variant (arcelin 1
versus arcelin 5 with 63% similarity at the amino acid
level) and (2) we used a large-seeded, cultivated genotype
instead of the wild genotype NI576. Because the wild
genotypes have a hard seed coat that is difficult for the
bruchid larvae to penetrate, the former may not be the
ideal material for testing insect resistance. In addition,
tests with large-seeded cultivated beans are more relevant
with respect to applications in grain legumes.

An efficient transformation system for cultivated P.
acutifolius will be useful in many respects. First, such a
system is required to study gene functions in Phaseolus,
which is especially important in view of the current ge-
nomics initiatives in P. vulgaris (http://www.phaseo-
lus.net; Broughton et al. 2003). Second, an efficient
system can be used for applied research—for example,
for molecular farming (De Jaeger et al. 2002). Third, it
can be helpful for tagging agronomically interesting
genes that are present in P. acutifolius and, fourth, it will
facilitate the development of Agrobacterium-mediated
transformation systems for P. vulgaris, which is the
second most important food legume of the world.

Materials and methods
Plant material and media used

Two cultivated genotypes of Phaseolus acutifolius, TB1
(Kumar et al. 1988) and PI440795 (Scott and Michaels
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1992), were obtained from the Centro Internacional de
Agricultura Tropical (CIAT, Cali, Colombia) and the
United States Department of Agriculture (Agricultural
Research Station, Pullman, Wash.), respectively.
Breeding lines of P. vulgaris containing either the Arc-
elin 1 protein (RAZ2) or no arcelin (Emp175) and wild
genotype G02771 containing Arcelin 5 protein have
been described previously (Cardona et al. 1990).

The composition of the different culture media
used is summarized in Table 1. All media were
adjusted to the appropriate pH (see Table 1) before
autoclaving at 120 kg/cm? for 20 min. The hormones
[with the exception of thidiazuron (TDZ)], acetosy-
ringone (AS), vitamins and antibiotics were added
following autoclaving to cooled (35-40°C) media. All
chemicals were from Sigma-Aldrich (St. Louis, Mo.),
and the agar was from Difco (Detroit, Mich.), except
for that used in the germination media (GM) (Invi-
trogen, Carlsbad, Calif.). All callus induction media
(CIM) were poured into petri dishes (9 cm or 14.5 cm
in diameter; 40 ml or 75 ml per plate, respectively);
GM, shoot induction (SIM) and shoot development
media (SDM) into glass jars [8 cm (diameter) X 8.5 cm
(height); 50-60 ml per jar] with white transparent
screw caps; and all callus cocultivation media (CCM)
were dispensed in similar jars [8 cm (diame-
ter) x 14.5 cm (height); 200 ml per jar].

Bacteria and plasmids

Agrobacterium tumefaciens strain C58CI1Rif® (pMP90)
harboring the binary plasmids pATARC3-Blb or
pATARC3-B52b (Goossens et al. 1999) or pATARC3-
B515b was used in all experiments. These binary vectors
contained the neomycin phosphotransferase II (nptil)
gene under control of the nopaline synthase promoter
and the f-glucuronidase (GUS)-encoding gene (uidA)
with an intron under control of the cauliflower mosaic
virus (CaMV) 35S promoter. In addition, the vectors
carried three different arcelin gene sequences: arc5-I
encoding Arcelin 5a in pATARC3-B1b, arc5-1I encod-
ing Arcelin 5b and Arcelin 5c in pATARC3-B52b and
arcl encoding a dimeric Arcelin 1 protein in pAT-
ARC3-B515b  (Fig. S1, Electronic Supplementary
Material). The arcl coding region was obtained through
PCR using genomic DNA from the P. vulgaris genotype
RAZ2 as a template and specific primers based on the
sequence reported by Anthony et al. (1991). All arcelin
coding sequences were under the control of the seed-
specific promoter region and the 3’ flanking sequence
from arc5-1 (Goossens et al. 1999).

Explant and bacterial preparation for coculture
Green nodular callus from seeds germinated in vitro

from a cultivated genotype (TB1) was induced
(Fig. 1a,b) and maintained for four passages as
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Table 1 Composition of media used for transformation of Phaseolus acutifolius

Constituents® Media

Germination Callus induction Callus cocultiva-  Callus wash Shoot induc-

media (GM) and maintenance tion media (CCM)  media (CWM) tion and

media (CIM) development
media
(SIDM)

GMlI GM2 CIM1 CIMIAS CIM1l/5 CCM1 CCMI1/5 CWMI CWwWMI/s SIM  SDM
MS salts and vitamins  + + + + + + + + + + +
Sucrose (g/1) 30 30 20 20 20 20 20 20 20 20 20
Glucose (g/1) — — — — 1.98 1.98 1.98 1.98 — — -
Agar (g/l) 6 6 8 8 8 - — — 8 8
Phytagel (g/1) - - 3® - 3° - - - - -
MES (g/) — — — - — 39 39 3.9 39 — —
Acetosyringone (uM) 100 - — 100 — 200 200 — — — -
IAA (mg/l) - - 0.25 0.25 0.05 0.25 0.05 0.25 0.05 — -
TDZ (mg/l) — — 0.50 0.50 0.10 0.50 0.10 0.50 0.10 - -
BAP (mg/l) 1.13 — — — — — — — — 1 0.10
Geneticin (mg/1)° - - - - - - - - - - -
Carbenicillin (g/1) - - - - - — . - = 0.05  0.05
Coconut water (%) — — — — — — — — - 10 10
pH 5.7 5.7 5.7 5.7 5.7 5.5 5.5 5.5 5.5 5.7 5.7

# MS, Murashige and Skoog 1962; MES, 2-(N-morpholi-
no)ethanesulfonic acid; IAA, indole-3-acetic acid; TDZ, thidiazu-
ron; BAP, 6-benzylaminopurine; Pphytagel, for the first passage

described by Zambre et al. (1998) on callus-inducing
media (CIM1 and CIM1/5). Callus for Agrobacterium
infection was used 5-6 days after the fourth subculture.
The calli were chopped into small (2-5 mm) pieces,
mixed together and distributed into jars for cocultiva-
tion. For genotype P1440795, sterilized seeds (Zambre
et al. 1998) were first sown in germination medium
(GM1) for 3 days, following which the cotyledons were
pulled apart. Embryo axes were cultured on CIM1AS
medium, taking care that the nodal area and root were
in good contact with the medium, and incubated for
10 days in the dark. Prior to cocultivation the nodal
areas were pricked gently with a sterile fine-gauge sewing
needle without breaking the embryo and cocultivated as
described below.

Agrobacterial colonies from fresh plates were sus-
pended in 50 ml yeast extract liquid broth (YEB) to a
concentration of ODgyy=0.1-0.2 (an ODgqg of 0.8 cor-
responds to 10° cfu/ml) and grown at 28°C for 12 h
while shaking (150 rpm). This culture was inoculated in
1 1 YEB supplemented with antibiotics and grown for an
additional 12 h under the same conditions. Cultures
were washed twice by centrifugation and then resus-
pended in 50 ml of liquid CCM in which the phyto-
hormone levels were the same as in the CIM media. This
concentrated bacterial suspension was diluted to either
an OD of 0.8 (for embryo axes) or an OD of 0.05 (for
calli) in the corresponding CCM media and used for
cocultivation (200 ml/jar for 3 g of callus or 25
embryos). Embryo and callus were cocultivated for
2 days and 7 days, respectively. Cocultivated cultures
were shaken by hand once a day for a few seconds to

following cocultivation, the media used contained phytagel as a
solidifying agents instead of agar; “geneticin, for details on genet-
icin addition, see text

avoid any formation of bacterial films on the liquid
medium. Following cocultivation, the explants were
washed three times with the corresponding callus wash
media (CWM) (Table 1), with the help of a sterilized
metal sieve, blotted briefly on sterile paper and cultured.
For embryos, CIM1/5 was supplemented with 500 mg/1
carbenicillin and 5 mg/l geneticin; for callus, CIM1/5 or
CIM1 were supplemented with 500 mg/l carbenicillin
and either 5 mg/l or 20 mg/l geneticin depending on the
treatment (Table 1; Table S3 of Electronic Supplemen-
tary Material) for 3 weeks (first passage). For transient
uidA expression, callus was cultured on corresponding
CIM media without geneticin but with 500 mg/l
carbenicillin for 4 days and used for GUS staining (see
below).

Regeneration of transgenic shoots

After the first passage, the callus from genotype TB1
was sequentially transferred four or five times to CIM1/
5 or CIM1 supplemented with geneticin and carbenicil-
lin. A constant geneticin level (20 mg/l) was maintained
in these media, while the carbenicillin level was reduced
progressively by 100 mg/l at each passage (Table 1). In
P1440795, green meristematic tissues that originated at
nodal areas of the embryos following the first passage
were cut out together with some of the original nodal
tissue. These green tissues were transferred to CIM1/5
supplemented with geneticin and carbenicillin for five
passages. At each passage, the geneticin level was in-
creased by 5 mg/l to a maximum of 15 mg/l, while
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Fig. 1 In vitro regeneration and Agrobacterium-mediated transfor-
mation procedure for Phaseolus acutifolius. a,b Induction of green
tissues from cotyledons (a) and embryos (b) at the embryo
attachment sites (arrows) at the end of the first culture passage
that evolved as transformation- and regeneration-competent green
nodular callus in subsequent passages (not shown), c¢,d transient
uidA expression in calli cocultivated with Agrobacterium at
OD=0.05 for 1 week (¢) and OD=0.8 for 48 h (d), e formation
of yellow and brown, loose callus (arrows) on the green-nodular
callus following cocultivation, f prolific in vitro transgenic shoot

regeneration response on shoot development medium (SDM), g
spontaneously rooted transgenic shoots on SDM, h established
graft with transgenic shoot just before being transplanted into the
soil, i morphology of primary transformant (7,) and progeny of T,
(T;) and non-transgenic plant (N), j GUS staining of GUS-positive
T, seedlings (7)) and non-transgenic control (NT). All panels show
genotype TBI, except for g (genotype PI440795). Bars: 3.2 mm
(a,b), 1 mm (c,d), 1.6 mm (e), 8.0 mm (f), 3.7 mm (g), 3.5 mm (h),
70 mm (i), 5 mm (j)
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carbenicillin was reduced at the same rate as for TB1. At
each transfer, green nodular callus was selected for
further culture. All callus cultures that survived selection
were transferred to SIM twice for 2 weeks for shoot
initiation and then successively for shoot development
onto SDM for two or more passages. Geneticin was
omitted from SIM and SDM media, while carbenicillin
was added at a concentration of 50 mg/l. Each cultural
passage lasted 2-3 weeks unless otherwise indicated.

Grafting and establishment of shoots
in the greenhouse

Transgenic shoots regenerated in vitro were grafted as
described by Zambre et al. (2001). In vitro-established
grafted shoots and rooted shoots were transplanted into
4.5-1 pots containing soil with basal nutrients (1.25 kg/
m> N-P-K 14:16:18%). The plants were initially covered
with transparent plastic to maintain humidity, but over
a period of time the humidity was lowered slowly by
cutting holes in the plastic for acclimatization of the
plants. All plants were fertilized with 2 g urea 1 month
after transplantation and again with 2 g urea after the
induction of flowering. The greenhouse was maintained
at 25+ 2°C, 60-70% relative humidity and a photope-
riod of 16/8 h (light/dark). Non-transgenic control
plants were grown concurrently under the same growth
conditions.

In vitro culture growth conditions

All of the cultures were grown under a photoperiod of
16/8 h (light/dark) in two growth chambers equipped
with cool-white lighting (35-40 pmoles/m” per second).
Growth chambers 1 and 2 were kept at 22+0.4°C and
25+1°C during the day, respectively, and 23+1°C
during the night. All cultures were sealed with gas-por-
ous tape (Urgopore, Chenoves, France). The seed and
cocultivated cultures were incubated in growth cham-
ber 1; all other cultures were incubated in growth
chamber 2.

Southern analysis

Genomic DNA (7 pg) from leaves of 2- to 3-week-old
progeny plants (T; and T3) was digested with Sphl and
fractionated by electrophoresis on a 0.9% agarose gel.
DNA gel blot analysis was Qerformed according to
standard procedures using a [*> P]-labeled nptIl frag-
ment as a probe.

Detection of arcelin proteins in T; or T; progeny seed

Individual seeds were soaked overnight in distilled wa-
ter, and small pieces of seed-coat-free cotyledons (30—
50 mg) were macerated in a microfuge tube with protein
extraction buffer (10 m M NaCl and 50 m M glycine,

pH 2.4). Proteins were extracted in two successive
rounds (Goossens et al. 1999). Total proteins were sep-
arated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and visualized either by
Coomassie blue staining or by protein gel blot staining
with a rabbit polyclonal anti-Arcelin 5 antiserum (for
details, see Goossens et al. 1999).

uidA expression in transgenic tissues

Expression of the uid4 gene was detected by histological
assays of GUS activity (Jefferson et al. 1987). Callus and
plant tissues were incubated in sodium phosphate buffer
(0.1 M) with substrate for 6-12 h (6 h for transient
expression studies) at 37°C, and the reaction was stop-
ped by the addition of 70% ethanol. Chlorophyll from
the tissues was removed by the 70% ethanol. wuidA
expression in seed-coat-free cotyledon pieces was scored
following a 2-h incubation. The data generated were
used for the y? test.

Resistance of the transgenic lines to Zabrotes
subfasciatus

The techniques we used to maintain insect cultures and
to test the selected lines were identical to those described
previously (Schoonhoven and Cardona 1982; Cardona
et al. 1989). All experiments were done at 27°C and 70%
relative humidity in a controlled environment chamber.
Wild-type and transgenic seeds were tested in five rep-
licates, with each replicate consisting of 50 seeds infested
with seven pairs of newly emerged Mexican bean weevil
adults. Insect development was compared based on days
to adult emergence and percentage emergence. Percent-
age adult emergence (transformed to arcsine square root
of proportion) and days to adult emergence were sub-
mitted to an analysis of variance, and treatment means
were separated with the Least Significant Difference
computation (SAS Institute 1985). Resistant P. vulgaris
lines were used as controls (Cardona et al. 1990; Goos-
sens et al. 2000).

Results

Influence of bacterial concentration and duration
of cocultivation on transformation

Transient uidA gene expression was visualized through
histochemical staining to monitor early transformation
events in callus of the cultivated P. acutifolius genotype
TBI1 and to assess the effects of bacterial concentration
and cocultivation duration. Higher transformation rates
(Fig. lc) were obtained following a 1-week cocultivation
at a low initial concentration of bacteria (ODggo=10.05).
Therefore, this combination was used for all subsequent
experiments.



Selection of callus and effect of two selection regimes
on the production of transgenic calli

The effective concentration of the antibiotic geneticin
for selecting transgenic callus was determined by
assessing the sensitivity of non-transgenic callus.
Geneticin almost totally inhibited the proliferation of
green nodular callus of genotypes TB1 and
P1440795 at 20 mg/l and 15 mg/l, respectively (Table
S1, Electronic Supplementary Material).

Following cocultivation, callus from genotype TBI
was cultured (first passage) on media containing either
a low (5 mg/l) or a lethal (20 mg/l) level of geneticin
(Table S2, Electronic Supplementary Material). During
the first passage, calli became yellowish with green
nodular sectors (Fig. le). At the end of the first passage
on 5 mg/l geneticin, most calli had green, and occa-
sionally dead, sectors, whereas following the first
passage on 20 mg/l geneticin, many calli underwent
rapid necrosis and gradually died. After the first pas-
sage, calli were transferred sequentially to the corre-
sponding CIM media which contained a constant level
of geneticin (20 mg/l) and a progressively lower level of
carbenicillin. At each passage, surviving green nodular
calli were separated from other callus types and chop-
ped into small pieces, when necessary, to facilitate
selection. Subculturing was continued for four to five
passages, depending on the proliferation rate of each
callus line. Uniformly intense GUS staining was ob-
served in all callus lines at this stage, indicating effec-
tive selection and stable co-expression of both the uidA4
and nptll genes.

As mentioned above, for transformation of geno-
type TB1, two selection schemes were compared. In
scheme 1 (direct selection), callus was exposed to a lethal
dose of geneticin (20 mg/l) from the first passage
onwards. In scheme 2 (delayed selection), callus was
initially exposed to a low level of selection (5 mg/l) that
was increased to 20 mg/l in the second passage and kept
constant in subsequent callus maintenance passages.
Both selection schemes produced stable transgenic callus
lines. However, we obtained a higher number of callus
lines and more independent transgenic shoots using the
second scheme (Table S2, Electronic Supplementary
Material).

For genotype PI1440795, a similar procedure did not
allow recovery of any transgenic callus despite tran-
sient uidA expression in calli comparable to that of
genotype TB1. Therefore, embryo explants were used
instead of callus. During the first passage following
cocultivation, explants formed variable amounts of
green tissues on the nodal areas on CIM1/5, which
contained 500 mg/l carbenicillin and 5 mg/l geneticin
(Table 1). These tissues were not visible on some of
the explants before the end of the first passage. From
all explants, regardless of the presence or absence of
green tissues, nodal areas were carefully separated
along with a small portion of the original explant
tissues. These explants were cultured further (second
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passage) so that the cut portion was in contact with
the medium. After the second passage, a selection
procedure was followed comparable to that described
for genotype TB1 to obtain stably transformed callus,
except that the maximum level of geneticin was
maintained at 15 mg/l instead of 20 mg/l due to the
higher sensitivity of genotype PI440795 to geneticin
(Table S1, Electronic Supplementary Material). The
procedure for genotype PI440795 has not been opti-
mized yet and, hence, only a few callus lines were
obtained.

Initiation and elongation of transgenic shoots

Transgenic calli from both genotypes were transferred
to SIM medium containing 1 mg/l 6-benzylaminopu-
rine (BAP) for two passages and successively for one
to several passages to SDM medium containing only
0.1 mg/l BAP. Both media contained 50 mg/l carben-
icillin but no geneticin (Table 1). Callus cultured on
SIM proliferated vigorously and profusely produced
leafy clusters. Vigorous proliferation and differentia-
tion of organized clusters continued during all suc-
cessive passages on SDM (Fig. 1f). Most of the lines
from both genotypes produced 10-150 shoots that
were more than 2 cm long. This range depended on
the initial amount of callus that was transferred onto
SIM. Some lines did not produce any shoots, al-
though the clusters remained organized (Table S2,
Electronic Supplementary Material). The shoots
(Fig. 1g) in clusters rooted spontaneously and readily
on SDM medium. Individually separated shoots ob-
tained by cutting at the most basal portion did not
root on SDM, indicating that structural integrity of
shoot clusters is required to form roots. In general,
younger shoots in earlier passages had no roots, while
older shoots had roots in the late passages. The
shoots did not root in approximately one-third of the
lines; in the remaining lines rooting occurred at a
frequency of 25-40%. Non-rooted shoots were used
for grafting.

Grafting and establishment of the transgenic plants

The grafting of non-rooted transgenic shoots (Fig. 1h)
was performed essentially as reported by Zambre
et al. (2001). The grafts showed in vitro juvenile
growth within 3-6 weeks following planting on GM2
medium, and the in vitro establishment rate for the
grafts was 80-100% regardless of genotype. This
procedure enabled the recovery of plants from all of
the callus lines that produced shoots without roots or
even from those that produced shoots unable to
differentiate fully or with a stunted (1-2 mm)
morphology. All of the assayed plant parts tested
GUS-positive in GUS histochemical assays. All lines
produced seeds, usually 100400 per plant. Seeds from
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all of the transgenic plants had germination rates of
more than 80% and segregated for wuidA expression
(Fig. 1j; Table S3, Electronic Supplementary Mate-
rial). The plants developing from these seeds showed
no apparent morphological variations (Fig. 1i), and
their seed yield was comparable to that of
non-transformed control plants. The procedure took
approximately 8-11 months from callus initiation to
progeny of primary transgenic plants.

Inheritance of the transgenes in the progeny

The progeny seeds (T;) of 33 self-fertilized transgenic
plants were subjected to GUS assays and the segregation
data analyzed by the > test (Table S3, Electronic Sup-
plementary Material). These data indicated that 88% of
the transgenic lines contain one transgene locus (3:1
segregation), and that three lines (1-2, 1-12 and 2-6) may
have two transgene loci (15:1 segregation). In line 1-6, all
of the 230 seeds tested were found to be positive for uidA
expression in the cotyledons, which may be due to the
presence of three or more transgene loci or to T-DNA
integration in two homologous chromosomes at linked
positions.

Expression of the arcelin genes in progeny seeds
of transgenic plants

Three binary vectors containing either the arc3-I,
arc5-1I or arcl gene in the T-DNA were used for
transformation. Arc5-1 encodes the protein Arcelin Sa
(Arc5a; 32.2 kDa), whereas arc5-1I encodes the glyco-
sylation variants Arcelin 5b (Arc5b) and Arcelin 5c
(Arc5c) (31.5 kDa and 30.8 kDa, respectively) (Goos-
sens et al. 1999). The arcl coding region used is
expected to encode a 36.1-kDa protein (Osborn et al.
1988; Anthony et al. 1991; Hartweck et al. 1991). The
expression of these genes was assessed in progeny seeds
(T; and/or T; generation) from all 33 transgenic
P. acutifolius lines by means of immunoblots (for the
lines expressing arc5-I and arc5-1I; Fig. 2) or Coo-
massie blue-stained gels (for the lines expressing arcl;
Fig. 3). The expression levels in the transgenic lines
were compared with those in a wild non-transgenic
P. vulgaris genotype (G02771) containing ArcS poly-
peptides (Goossens et al. 1999) and a breeding line
(RAZ2) containing Arcl polypeptides (Cardona et al.
1990). All of the lines expressed the introduced arcelin
genes, except for line 3-8 (Fig. 3). Many lines had
arcelin expression levels comparable to those of the
standard P. vulgaris genotypes G02771 and RAZ2. For
several lines, we found similar or increased levels of
Arc5 protein accumulation relative to those found in a
previously quantified transgenic line (8.1.22) of the
wild P. acutifolius genotype (NI576) in which ArcSa
protein accounted for 24% of the total protein
(Goossens et al. 1999, 2000).

Southern analysis

To confirm the transgenic nature of progeny (T;) plants,
Southern blot analysis was performed on 11 transgenic
lines representing all experiments and constructs. For
each line, Sphl-digested genomic DNA (Fig. S1, Elec-
tronic Supplementary Material) from a GUS-positive
and a GUS-negative T segregant was used. Hybridiza-
tion was done with a radioactively labeled nptII probe
(Fig. S1, Electronic Supplementary Material) that is
expected to hybridize to an internal T-DNA fragment of
1.4-kb as well as to junctions of plant DNA with the left
border fragment of the integrated T-DNA. The South-
ern blot indeed revealed the internal T-DNA fragment
of 1.4 kb (Fig. S2, Electronic Supplementary Material)
in all uidA-expressing T, plants. This fragment was not
detectable in lanes corresponding to GUS-negative T,
plants nor in non-transgenic TB1 or PI440795 plants
(Fig. S2, Electronic Supplementary Material). Four T,
plants had two or three border fragments and thus
probably more than one T-DNA copy, whereas a single
border fragment was detected in the other T plants. The
results of the Southern blots confirm the segregation of
the transgenes in the progeny of the transgenic P. acu-
tifolius plants.

Resistance of arcelin-expressing beans
to Z. subfasciatus (Mexican bean weevil)

To analyze the involvement of Arcelin 5 and Arcelin 1
in bruchid resistance, we infested seeds from several
transgenic lines with the Mexican bean weevil. For each
transgenic line, seeds from homozygous progeny were
tested concurrently with seeds from azygous progeny
(i.e. a segregant that does not contain the transgene) that
derived from the same primary transformant as a con-
trol. Both susceptible and resistant P. vulgaris varieties
were included as well as non-transformed P. acutifo-
lius TB1 and P1440795.

In most of the lines the emergence of adult insects was
delayed and/or the percentage emergence was lower in
seeds homozygous for the arcelin transgene than in the
corresponding azygous control seeds (Table 2). How-
ever, the differences were small, especially when com-
pared to the resistant P. vulgaris lines included as a
control. Therefore, although the presence of the arcl or
arc5 genes did influence Mexican bean weevil biology, it
cannot explain the high levels of resistance seen in wild
arcelin-containing bean genotypes nor is it sufficient to
achieve adequate control of this insect.

Discussion

Agrobacterium-mediated transformation, regeneration
and expression of transgenes in large-seeded legumes
have proven difficult, although considerable progress
has been obtained for some species (for example, pea,



Fig. 2 Protein gel blot analysis
of seed proteins from transgenic
lines of P. acutifolius. Proteins
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were separated by SDS-PAGE
(13%) and probed with
antiserum raised against the
protein Arcelin 5 (Arc)).

a Transgenic lines for arc5-1
(encoding Arc5a), b—e
transgenic lines for arc5-11
(encoding Arc5b and ArcSc).
From each transgenic line,

GUS-positive (+ve) and GUS-
negative (—ve) seeds were
analyzed. Total seed protein

(2 ng) was loaded on each lane.
Seeds from the T; generation
were used for lines 01-1 and
01-4, and seeds from the T,
generation were used for the
other lines. Molecular mass is

indicated on the left. TBINT,
PINT Non-transgenic controls
of genotypes TB1 and
P1440795, respectively, G02771,
RAZ2, Empl175 wild genotype
of P. vulgaris or breeding lines
containing Arc5, Arcl and no
Arc, respectively, 8.1.22
homozygous transgenic wild P.

acutifolius genotype (NI576) in
which Arc5a makes up 24% of
the total protein (Goossens

et al. 2000). In all of the
immunoblots, other proteins
than arcelins cross-reacted with
the ArcS antiserum; these may
be lectin or lectin-like proteins
and appear to be specifically

present in genotypes TBI and
PI1440795 as these bands are
absent in all other genotypes

peanut and soybean). We report here an Agrobacterium-
mediated method for the transformation of two culti-
vated genotypes (TB1 and PI440795) of P. acutifolius,
which constitutes the most efficient Agrobacterium-
mediated transformation system to achieve transforma-
tion in agronomically important and edible beans in the
large Phaseolus genus. The system is useful as a bio-
technological and breeding tool because of the prolific
production of transgenic shoots without “escapes’, the
efficient conversion of shoots regenerated in vitro, the
yield of plenty viable progeny seeds, the lack of mor-
phological variation among the progenies and, most
importantly, the stable and high levels of co-expression
of the transgenes introduced into most lines.

In our system, a 1-week cocultivation period with a
low initial concentration of Agrobacterium was found to
be important for obtaining higher callus transformation.
Another important factor we use to improve the trans-
formation procedure is to reduce the selection pressure
in the first passage after cocultivation. The rationale for
delayed selection is to allow the transformed cells to

proliferate and form cell clusters that are able to survive
within a surrounding mass of dying or dead cells before
subculture onto a lethal antibiotic concentration. The
low and delayed selection probably prevents excessive
death of non-transformed cells that leads to high toxicity
levels for the transformed cells developing within the
callus. Indeed, when gradual instead of direct selection is
applied (Table S2, Electronic Supplementary Material),
the number of geneticin-resistant transformed calli and
transgenic plants is consistently higher.

Although both cultivated bean genotypes TBI1 and
P1440795 proved to be amenable to transformation, the
sensitivity of the callus to the Agrobacterium procedure
differed. At the end of the cocultivation, callus from
P1440795 was softer than that of TB1. This difference
may result in more dead tissue or in more yellowish
callus in PI440795 that can prevent further recovery of
regenerable callus, although we did obtain comparable
transient gus expression in callus from both genotypes.
Therefore, we select intact embryo axes of genotype
P1440795 as explants in our system as these are supposed
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to better withstand the negative effects of Agrobacterium
infection. This choice allowed recovery of transgenic
plants of genotype P1440795, although the procedure for
this genotype should be optimized further to increase
transformation efficiency. Nevertheless, it is important
to note that our regeneration procedure—variations of
which are applicable for a range of grain legumes
genotypes (Zambre et al. 1998, 2001, 2002)—can be
combined with Agrobacterium infection in at least two
different stages (original embryo explant and propagated
callus) to produce transgenic plants. This increases the
versatility of the system and might be relevant for
developing efficient transformation of other Phaseolus
genotypes and other grain legumes.

Although this protocol uses callus for regeneration,
somaclonal variation does not seem to pose a problem
given that all transgenic plants were fertile and appeared
to be morphologically normal. On the contrary, the ra-
ther long callus phase on selective medium (four to five
passages) is an apparently highly effective means to
completely remove non-transgenic callus tissues. Prog-
eny analysis proved that all of the shoots analyzed were
transgenic, and no indication of chimerism was
encountered. In addition, the strict selection protocol
during the callus phase enables geneticin to be omitted
from all subsequent culture passages on SIM and SDM,
which in turn may be beneficial to the production of
prolific and vigorously growing shoots.

The segregation data suggest that the transgenes in
most of the lines were integrated as a single locus (Table
S3, Electronic Supplementary Material). All transfor-
mants expressed arcelin in the cotyledons of T; and/or
T; seeds, except for one line (3-8). However, this line was
resistant to geneticin and showed the active expression
of uidA in all of the plant tissues as well as in the
progeny seeds. Consequently, we conclude that the three

introduced genes were co-expressed in all but one of the
transgenic lines. Many of the lines consistently showed
Arcelin 5 accumulation comparable to that of the native
line (G02771) and the transgenic line (8.1.22); the latter
two express arcelin at very high levels (35-40% and 24%
of the total soluble protein, respectively; Goossens et al.
1999, 2000). In addition, four of the 12 arc/-containing
lines accumulated exceptionally high levels of Arcelin 1
that were comparable to or higher than those in the
control line RAZ2 (Fig. 3). Expression of arc5-1 was
also obtained in the two lines that were advanced to the
T3 generation (Fig. 2a; Table S3, Electronic Supple-
mentary Material), indicating the stability of transgene
expression over generations.

Our transformation procedure was used to introduce
arcelin genes into P. acutifolius. We concentrated on
the arc5 and arcl genes because these arcelin variants
are considered to be the most interesting with respect
to bruchid resistance. Backcrossing of arcelin-contain-
ing wild P. vulgaris accessions with bean cultivars has
shown that only backcross lines with arc5 and arcl
maintain high levels of resistance against the Mexican
bean weevil (Kornegay et al. 1993). The results of our
experiments with large-seeded P. acutifolius expressing
the arcl and arc5 genes at high levels, together with
results from previous experiments involving wild P.
acutifolius transformed with arc5 genes (Goossens et al.
2000), clearly show that single arcy or arcl genes do
not provide high levels of resistance to the Mexican
bean weevil. Although insect development was delayed
and/or emergence of adults was reduced significantly in
most of the transgenic lines when compared with the
azygous siblings, this effect can be considered to be
very limited when compared to highly resistant lines
(Table 2). Thus, arcelins may play an accessory role in
resistance against bruchids, but the generally held view

Fig. 3 SDS-PAGE analysis of a) (\43 & @ @ & ° & @ 2 ©
seed protein extracts of & NS {_\, © &7 o o N N K\ K
transgenic P. acutifolius lines < L v v v v v v ¥ v
foiiagIIjSGUS-Posizive ()+ veg 36— - — . —_— —
an -negative (—ve) seeds —
were analyzed from each line. 30— = -— - o s g a a
On each lane, 5 pg (a,b) and
4 ng (c) of protein was loaded.
Seeds from the T, generation b) 0 &2 © 2 @ i@ @ A @ & @
were used for all lines. W N 2 > N N 2 @ 2 P o
Molecular mass is indicated on < v v bl it ¥ v v v v v
the left. GO2771, RAZ2,
Empl75, TBINT (see Fig. 2 for - — -
details) were used as controls. 307 e e S— - - E = - HF =
The arrow indicates the Arcl
protein band
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Table 2 Larval development of Zabrotes subfasciatus on transgenic P. acutifolius plants (T; generation)

Genotype® Line® Days to adult emergence® Emergence (%) ©
TBI 01-1 (Arc5a) 33.7£0.11h,i 929+ 1.4a
TB1 01-4 (Arc5a) 34.3+£0.51h,i 72.9+3.9¢
TBI1 01-1 (azygous) 32.4+0.181 97.94+0.7a
TB1 1-12 (Arc5bc) 37.3+£0.19% 96.4+0.5a
TBI1 1-12 (azygous) 33.74+0.41h,i 959+2.1a
TB1 1-6 (Arc5bc) 35.1£0.19f,g 96.6+1.4a
TBI 1-6 (azygous) 34.4+0.37h,i 97.3+1.5a
P1440795 3-PI-2 (Arc5bce) 39.7+0.23d 959+ 1.4a
P1440795 3-PI-2 (azygous) 34.0£0.17h,i 979+1.1a
P1440795 4-PI-2 (ArcSbce) 38.8+£0.23d,e 95.8+1.6a
P1440795 4-P1-2 (azygous) 34.7+0.19h 95.2+1.3a
TB1 2-11 (Arcl) 34.1£0.19h,i 95.1+1.5a
TBI 2-11 (azygous) 32.4+0.091 94.8£0.8a
TB1 2-6 (Arcl) 37.1£0.28e,f 82.5+1.6b
TBI1 2-6 (azygous) 33.8+0.21h,i 95.4+1.6a
TBI 3-7R (Arcl) 40.4+0.26d 66.0+4.5d
TBI 3-7R (azygous) 38.4+0.44d,e 82.5+6.8b
TB1 Non-transgenic (no arcelin) 33.2+0.19h,i 95.4+1.6a
P1440795 Non-transgenic (no arcelin) 34.2£0.18hi 96.9£0.4a
Empl75 Non-transgenic (no arcelin) 33.0+0.22hi 97.0+1.2a
RAZ2 Non-transgenic (Arcl) 51.7+1.35¢ 9.8+3.2¢
Ica Pijao Non-transgenic (no arcelin) 33.5+0.15hi 97.1£0.7a
RAZ44 Non-transgenic (Arcl) 50.8+1.48¢ 6.4+ 0.8ef
G12882 Wild genotype (Arcl) 51.1+£0.94c 7.5+ 1.4¢
G02771 Wild genotype (Arc5) 56.4+3.79b 1.1+£0.3f
G12952 Wild genotype (Arc4) 59.5+0.55a 10.8 £ 1.5¢
RAZ136 Non-transgenic (Arcl) 50.3+0.66¢ 5.4+0.7ef

“ EMP175 and Ica Pijao are P. vulgaris genotypes containing no
arcelin and susceptible to Z. subfasciatus; RAZ2, RAZ44 and
RAZ136 are P. vulgaris genotypes with similar genetic background
as EMP175, but containing Arcl and resistant to Z. subfasciatus;
G12882, G02771, and G12952 are wild P. vulgaris accessions that
contain arcelin and are resistant to Z. subfasciatus

that arcelin proteins themselves provide bruchid resis-
tance has to be revised. It now appears that a gene
closely linked to the arcelin gene is the most likely
source of bruchid resistance. Arcelin genes are part of
complex loci that contain genes encoding lectins,
o-amylase inhibitors, arcelins and related proteins.
Sequence analysis of these complex loci may reveal
candidate bruchid resistance genes, which could be
transformed in P. acutifolius to determine which gene
or gene combination provides resistance towards the
Mexican bean weevil.

Because of the large seed size (10-20 g/100 TBI
seeds) and high transgene expression level conferred by
the arcelin regulatory sequences, this system has already
been tested in view of large-scale production of high-
value heterologous proteins (De Jaeger et al. 2002).
Studies related to improvement of the nutritional qual-
ity, such as increasing methionine levels in seeds (De
Clercq et al., manuscript in preparation) and reducing
anti-nutritional factors, are also feasible because the
seeds from the transformed genotypes are edible.
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® For each transgenic P. acutifolius line, an azygous segregant de-
rived from the same primary transformant was used as negative
control

¢ Means within a column followed by the same letter are not sig-
nificantly different by the Least Significant Difference computation
at the 5% level
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