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Abstract Plants of the Apocynaceae family produce a
wide range of terpenoid indole alkaloids (TIAs) which
haveimportant pharmaceutical applications. Studies of the
molecular mechanisms controlling TIA biosynthesis may
eventually provide possibilities to improve product yield
by genetic modification of plants or cell cultures. How-
ever, these studies suffer from the lack of transforma-
tion/regeneration protocols for Apocynaceae plants. We
chose to study the feasibility of Agrobacterium tumefaci-
ens-mediated transformation of Taber naemontana panda-
caqui, because of the availability of an efficient regenera-
tion procedure for this member of the Apocynaceae fam-
ily. A procedure to produce transgenic T. pandacaqui
plants was established, albeit with low efficiency. Trans-
genic expression was demonstrated of an intron-contain-
ing B-glucuronidase reporter gene and of agene coding for
the TIA biosynthetic enzyme strictosidine synthase from
Catharanthus roseus, another Apocynaceae species.
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Introduction

Plants of the A pocynaceae family produce awide range of
terpenoid indole alkaloids (TIAS) as part of their secon-
dary metabolism. Within theintact plant, these metabolites
have possible functions in inhibiting predator feeding and
protection against pathogens or UV radiation. Several
TIAsare extremely valuablefor their pharmacological ac-
tivities. Thisis especially true for the dimeric TIAS, such
as vincristine and vinblastine, which occur in trace
amountsin some members of the Apocynaceae family and
represent powerful antitumour drugs.

In recent decades, efforts have been made to elucidate
the biosynthetic pathways leading to the production of
TIAsand to characterize the enzymesinvolved. Thiswork
hasfocussed mainly ontwo Apocynaceae family members,
Catharanthus roseus and Rauwolfia serpentina (reviewed
by Hashimoto and Yamada 1994; Kutchan 1995; Meijer et
al. 1993). Some genes encoding key enzymesin TIA bio-
synthesis have been isolated and the molecular mecha-
nisms that control their expression are being studied.
Progress in understanding the regulation of this pathway
may eventually provide ways to improve product yield by
genetic modification of plants or cell cultures.

A serious problem encountered by groups wishing to
study the regulatory mechanisms of TIA production in
plantsisthe lack of transformation/regeneration protocols
for plants of the Apocynaceae family. Reports of success-
ful transformation of members of thisfamily concern only
the production of tumours or hairy roots using oncogenic
Agrobacterium tumefaciens or A. rhizogenes strains, re-
spectively (Benjamin et al. 1993; Shanksand Bhadra1997;
Trémouillaux-Guiller et al. 1994; and references therein).
In afew cases, regeneration of plants from hairy roots has
been described, among othersfor C. roseus (Brillanceau et
al. 1989), but the regenerated plants from this report could
not survive greenhouse conditions. A clear disadvantage
of the use of tumours or hairy rootsin studies of gene reg-
ulation mechanisms is that the results may be influenced
by the expression of the plant hormone biosynthetic genes



of the Agrobacterium T-DNA and, in the case of A. rhizo-
genes, by the expression of the rol genes. Therefore, such
experiments may lead to conclusionsthat are true only for
a specific transgenic cell or root culture and which are not
generally applicable. Hence, there is a need for protocols
for the production of transgenic Apocynaceae plants by
means of non-oncogenic (disarmed) Agrobacterium
strains.

For C. roseus, the main reason for the lack of reports of
transgenic plant production seemsto be the difficulty set-
ting up efficient regeneration systems. Only one report of
high-frequency C. roseus regeneration has appeared in the
literature, but it requires the establishment and mainte-
nance of embryogenic suspension cultures initiated from
tissue-cultured anthers (Kim et al. 1994). In contrast, high-
frequency regeneration from leaf, stem and root explants
has been described for Taber naemontana pandacaqui, an-
other member of the Apocynaceae family, which can also
easily be micropropagated in tissue culture (Sierra et al.
1991). T. pandacaqui produces a variety of TIAs, includ-
ing dimeric forms closely related to those found in
C. roseus. Because of the availability of an efficient regen-
eration protocol, transgenic plant production may proveto
be more feasible for T. pandacaqui than for other Apocy-
naceae species. Strictosidine, acompound composed of an
indole moiety (provided by the amino acid derivativetryp-
tamine) and a terpenoid moiety (provided by the secoiri-
doid secologanin) is the universal precursor of TIAs
(Stéckigt and Zenk 1977) and in different plant species,
the same key enzymes catalyse the biosynthetic conver-
sions leading to the formation of this compound. There-
fore, T. pandacaqui can be considered as a suitable plant
for studying mechanisms controlling early steps in TIA
biosynthesis, leading to knowledge that will be very likely
applicable to other members of the Apocynaceae family.

Here we describe a procedure for transformation of
T. pandacaqui making use of a non-oncogenic, superviru-
lent A. tumefaciens strain (LBA 1119), which has previ-
ously been shown to be capable of gene transfer to many
recal citrant plant species (reviewed by Van Wordragen and
Dons 1992). Although the efficiency of the method is still
low, regenerated transgenic T. pandacaqui plants could be
obtained. Transgenic expression of an intron-containing
B-glucuronidase (GUS) reporter gene and of the C. roseus
gene coding for the enzyme strictosidine synthase (SSS),
which catalyses the formation of the TIA precursor stric-
tosidine, was demonstrated.

Materials and methods
Plasmid constructions

Anintron-containing GUS (gusAint) reporter gene linked to promot-
er and terminator sequences from the CaMV 35S gene (Vancanneyt
et al. 1990) was subcloned asaHindl Il fragment in plC19H (Marsh
et al. 1984). Subsequently, the Xbal, BamHI and Smal restriction
sites between the 35S promoter and gusA start codon, as well asthe
Sstl and Kpnl sites between the gusA stop codon and 35S termina-
tor were del eted using the exonuclease and polymerase activities, re-
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spectively, of the Klenow fragment of DNA polymerase . This al-
tered gusAint gene was cloned as a Pstl fragment in pl C20R (Marsh
et al. 1984) and subsequently cloned as an Xbal fragment into the
Xba | site of binary vector pMOG22 (Mogen International, Leiden,
The Netherlands), which contains a T-DNA region with multiple
cloning sitesand ahygromycin (hpt) selection genedriven by CaMV
35S promoter and nos terminator sequences. In the resulting con-
struct, pM OG22-gusAint, the orientation of the gusAint genewasthe
same as that of the hpt gene.

An Sss cDNA clone, harbouring the complete coding region for
the SSS enzyme from C. roseus, was generated by replacing a
135-bp Smal-Bsml fragment from the partial Sss cDNA clone
PCCR38 (Pasquali et al. 1992) with the corresponding 150-bp Hin-
cll-Bsml fragment from the genomic C. roseus Sss clone pGCR38
(Pasquali 1994). Subsequently, the Sss cDNA clone was cloned asa
BamHI-Xhol fragment in plC19R (Marsh et al. 1984), and then in-
serted in sense orientation as a BamHI-Bglll fragment in the BamHI
site of pMOG463, an expression vector with CaMV 35S promoter
and nos terminator sequences (Mogen International). The resulting
Sss gene construct was cloned as an Sstl fragment in the Sstl site of
pMOG22-gusAint, resulting in construct pMOG22-Sss-gusAint, in
which the Sss, gusAint and hpt gene constructs have identical orien-
tations.

T. pandacaqui transformation

T. pandacaqui plants were grown in tissue culture at 28°C and
3000 lux (Philips TL95), with a 16-h light/8-h dark regime, on agar-
solidified Murashige and Skoog (1962) (MS) medium containing
30 g/l sucrose (MS-0 medium). For transformation, leaves were ex-
cised and wounded by making six to eight incisions with a sterile
surgical knife at regular intervals perpendicular to the main vein or
by cutting the leaves in two. After wounding, the leaves were incu-
bated for 30 minin 90 ml liquid M S medium containing 0.1 mg/l in-
doleacetic acid, 5mg/l benzylaminopurine and 30 g/l sucrose
(M S-22 medium) to which 10 ml of an overnight culture of A. tume-
faciensstrain LBA 1119 containing construct pM OG22-Sss-gusAint
was added. Subsequently, the infected leaves were blotted dry
between sterile filter paper and transferred to MS-22 agar plates. In
the finally established transformation procedure, the leaves were
transferred 4 days after cocultivation to MS-22 agar plates supple-
mented with 0.4 mg/ml of cefotaxime and 0.1 mg/ml of vancomycin
to countersel ect Agrobacteriumand with 10 pg/ml of hygromycin to
select for regeneration of transgenic shoots. Three weeks later, re-
generated shoots were transferred to jars containing agar-solidified
MS-0 medium supplemented with 0.4 mg/ml of cefotaxime and
0.1 mg/ml of vancomycin. In all experiments tissue culture media
were refreshed every 2 weeks.

Determination of SSS activity

Liquid-nitrogen-frozen green plant parts were homogenized with a
mortar and pestle in the presence of polyvinylpyrrolidone (50 mg/g
fresh weight). To the frozen material one volume of extraction buf-
fer containing 0.1 ™M Tris-HCI (pH 7.5), 4 mm dithiothreitol and
2 mm EDTA was added. The material was allowed to thaw and the
extracts were clarified by centrifugation for 30 min at 10000 rpm.
The supernatant was desalted on Sephadex G-25 (PD-10 columns,
Pharmacia, Uppsala, Sweden) equilibrated with the extraction buf-
fer. Incubation mixtures for SSS activity determination contained
25 ul of desalted protein extract and 62.5 ul of a cocktail containing
1.6 mm tryptamine-HCI and 8.0 mm secologanin in 0.1 M sodium
phosphate buffer pH 6.8, together with 12.5 pl of afreshly prepared
solution of 0.8 M D(+)-gluconic acid-&-lactone in 0.8 m Tris. After
incubation at 30°C for 60 min, the reaction was stopped by adding
75 ul of 5% trichloroacetic acid. Blanks were made by adding tri-
chloroacetic acid prior to the 60-min incubation period. After addi-
tion of 14.8 pl of internal standard (8.0 mm codeine-HCI) and cen-
trifugation, samples were analysed by HPL C (Pennings et al. 1989).
All measurementswere performedin duplicate. Protein extractsfrom
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C. roseus and tobacco plants were always used as positive and neg-
ative controls, respectively.

Alkaloid analysis

Freeze-dried cell material (50-mg portions) was extracted with 15 ml
ethanol. After centrifugation, a10-ml aliquot wasremoved and evap-
orated. The residue was dissolved in 0.5 ml of 1 m phosphoric acid,
centrifuged again and subsequently analysed by HPL C using photo-
diode array detection (Moreno et al. 1993).

Histochemical GUS assay

Histochemical localization of GUS activity was performed essential -
ly as described by Jefferson (1987), using X-gluc (Sigma) as sub-
strate. Staining was performed overnight at 37°C. Chlorofyl, which
interfered with the visibility of blue staining, was removed by incu-
bation in 70% ethanol.

PCR analysis

T. pandacaqui DNA was extracted as described by Lassner et al.
(1989). PCR reactionscontained 2.5 ul of plant DNA extract or 10 ng
plasmid DNA, 0.2 units of SuperTaq (HT Biotechnology, Cam-
bridge, UK), 20 pmol of each primer and 100 um of each dNTP in
50 ul of SuperTaq reaction buffer. For detection of the Sss gene con-
struct, the upper primer (5 CCACTGACGTAAGGGATGACS3') was
inthe CaMV 35S promoter and the lower primer (5'CTGCCATCAT
GG3') was in the Sss cDNA sequence (positions 86-97; Pasquali
et al. 1992). Primers for hpt detection (5 CGCACAATCCCACTAT
CCTTCGCAA3 and5GGCAGTTCGGTTTCAGGCAGGTCTT3)
were both in the hpt coding region. Amplification was performed by
40 cycles of denaturation at 94°C, annealing at 45°C and extension
at 72°C.

Results and discussion

To set up amethod for generation of transgenic T. panda-
caqui plants by Agrobacterium-mediated transformation
we used the supervirulent A. tumefaciensstrain LBA 1119
(C58 pTiBo542 AT-DNA), carrying the binary vector
pMOG22-Sss-gusAint, with aT-DNA region containing an
hpt gene construct to allow hygromycin selection, an Sss
gene construct encoding the enzyme SSS from C. roseus
and areporter gene construct encoding GUS. Thisreporter
gene construct (gusAint) carried an intron which cannot be
processed in Agrobacterium, thereby making it possibleto
rapidly identify transformed plant tissues by histochemi-
cal staining for GUS activity.

In agreement with previous studies (Sierraet al. 1991),
wounded leaf material of T. pandacaqui gaveriseto abun-
dant shoot formation from wound callus when placed on
regeneration medium contai ning alow concentration of the
natural auxinindoleacetic acid and ahigh concentration of
the synthetic cytokinin benzylaminopurine. The first
shoots appeared within 3 weeks and after that shoots con-
tinued to form for anumber of weeks. Shoot formation was
compl etely abolished when regeneration medium was sup-
plemented with 10 pg/ml hygromycin, suggesting that ap-
plication of this concentration of hygromycin in regener-
ation medium may allow recovery of transformed shoots

from leaf material infected with the described Agrobacte-
rium strain.

Totest if Agrobacteriumitself had any effect on there-
generation frequency under non-selective conditions, an
experiment was performed in which wounded |eaves were
cocultivated with Agrobacterium for 4 days on regenera-
tion medium and subsequently transferred to regeneration
medium supplemented with the antibi oti cs cef otaxime and
vancomycin to conterselect for Agrobacterium. Regener-
ation still occurred after thistreatment, although shoots ap-
peared somewhat later and with an approximately two- to
threefold lower frequency. These effects could be attrib-
uted to Agrobacterium, since cefotaxime and vancomycin
alone had no appreciable influence on shoot formation.

Since the regeneration frequency of Agrobacterium-
treated T. pandacaqui material was still relatively high,
transformation experiments were started. In the first ex-
periment, 10 pg/ml hygromycinwaschosen. Wounded | eaf
material was cocultivated for 4 dayswith LBA1119 carry-
ing the binary vector pM OG22-Sss-gusAint. Subsequently,
the leaf material was divided into three groups: the first
was exposed immediately to hygromycin selection, the
second was allowed to recover for 1 week before applica-
tion of selective conditions, and the third was allowed to
regenerate under non-selective conditions. Although a
concentration of 10 pg/ml hygromycin efficiently blocked
regeneration of untransformed material, in thisexperiment
both the time and frequency of shoot appearance were al-
most the samein the presence of hygromycin asunder non-
selective conditions. Therefore, we decided to raisethe hy-
gromycin concentration from 10 to 25 pg/ml at day 55 fol-
lowing thestart of cocultivation. After this, the shootsorig-
inating from the group of leaves that was subjected to hy-
gromycin selection immediately after cocultivation stayed
green, whereas all shoots that originated from the groups
that were placed under non-sel ective conditions or allowed
to recover for 1 week before application of hygromycin se-
lection turned brown. Thisfinding led to the choice of im-
mediate selection in further experiments. The condition of
the shoots that had survived the transfer to 25 pg/ml hy-
gromycin started to decline after some weeks. Therefore,
we decided to discontinue the experiment and subject the
remaining green shoots to histochemical analysiswith the
chromogenic dye X-gluc to test for expression of the gu-
sAint reporter gene. Two out of six shoots turned com-
pletely blue, indicating that gene transfer had indeed oc-
curred in this experiment.

In the following transformation experiment, two con-
centrations of hygromycin (10 and 25 pg/ml) for immedi-
ate selection were tested. A concentration of 25 pg/ml hy-
gromycin appeared to be too high to allow shoot regener-
ation, although in the first experiment shoots that had al-
ready emerged ontheleavesat 10 pg/ml hygromycin could
survive this higher concentration. As in the previous ex-
periment, regeneration frequencies were almost equal on
10 pg/ml hygromycin as under non-selective conditions.
Shoots coming from immediate selection at 10 pg/ml hy-
gromycin were excised and transferred to hormone-free
medium containing 0, 10 or 25 pg/ml hygromycin. Only
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Fig. 1 PCR analysis of atransgenic Tabernaemontana pandacaqui
plant containing a T-DNA construct with Sss, hpt and gusAint genes.
LaneM contains 1 ug of 1-kb DNA ladder (Gibco) for which the siz-
es of some bands are indicated on the left of the figure. PCR reac-
tions were performed with primersto detect the Sss or hpt gene con-
structs as indicated above the figure. The Sss and hpt PCR products
areindicated with arrows. Templatesused inthe PCR reactionswere:
lane 1 H,0 control; lane 2 10 ng of binary vector DNA containing
hpt and gusAint gene constructs (pM OG22-gusAint); lane 3 10 ng of
binary vector DNA containing Sss, hpt and gusAint gene constructs
(PMOG22-Sss-gusAint); lane 4 extract from an untransformed con-
trol plant; lane 5 extract from the transgenic T. pandacaqui plant

shoots placed on medium lacking hygromycin were able
to grow, suggesting that the excised shoots were either not
transformed or transformed but, for unknown reasons,
more sensitive to hygromycin than when still attached to
the leaf material from which they had emerged. To clarify
thispoint, leavesof the plantletsdevel oped from the shoots
on hygromycin-lacking medium weretested for expression
of the gusAint reporter gene. Histochemical analysis re-
vealed that 2 out of 50 plants tested expressed the gusAint
gene. Hence, only 4% were true transformants despite the
fact that all shoots had emerged under selective conditions
that do not allow shoot regeneration from T. pandacaqui
leaves which had not been cocultivated with Agrobacte-
rium. Of thetwo transgenic T. pandacaqui plantsobtained,
onewas|ost to an infection. The other transgenic plant was
micropropagated in tissue culture and analysed further.
Leaves of the micropropagated plant became uniformly
blue when stained for GUS activity, indicating that the
plant was not chimaeric. Furthermore, PCR analysis con-
firmed that the hpt and Sss gene constructs were present in
the transgenic plant but not in acontrol plant (Fig. 1). Sub-
sequently, SSS activities were determined in protein ex-
tractsmadefrom leavesof thetransgenic plant and of seven
control plants that were obtained from the same transfor-
mation experiment but were untransformed. The SSS ac-
tivity of the transgenic plant (206 pkatal/mg protein) was
two- to threefold higher than the activities detected in the
series of untransformed plants, which indicated proper ex-
pression of the introduced Sss gene.

In conclusion, our results demonstrate that transgenic
T. pandacaqui plants can be generated by application of
the following conditions. First, Agrobacterium-infected
leaf explants are placed on regeneration medium contain-
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ing the selective agent hygromycin at a concentration of
10 pg/ml. Subsequently, regenerated shootsaretransferred
to hormone-free medium lacking hygromycin. Finaly,
transformants must be identified amongst the regenerated
plants by PCR analysis or by detection of the expression
of aconvenient reporter gene construct, such astheintron-
contai ning gusA gene used in our experiments. Obviously,
further studies will be required to attain higher transfor-
mation efficiencies. In particular, improvement of the se-
lection system isdesirabl e to guarantee that most of there-
generating shoots are true transformants. A complicating
factor in our experimentswasthat the sensitivity of T. pan-
dacaqui to hygromycin showed large variability between
the various types of plant tissues that occur in the experi-
mental procedure. Thus, for application of strict hygromy-
cin selection, detailed studies of the optimal concentration
of this antibiotic during the different stages of transforma-
tion and regeneration will be necessary. In addition, other
sel ective agents could be considered. Wefound that T. pan-
dacaqui israther insensitive to the frequently used antibi-
otic kanamycin, but the bar gene of Streptomyces hygro-
scopicus which provides resistance to the herbicide phos-
phinothricine may be auseful alternative for the hpt select-
able marker gene. Possible further improvements may re-
sult from testing A. tumefaciens strains other than the LBA
1119 strain used here for their capacity to transfer T-DNA
to T. pandacaqui.

Although the efficiency of our method is still low, the
establishment of a transformation/regeneration procedure
for T. pandacaqui represents a noteworthy achievement as
itisthefirst report of non-oncogenic transgenic plant gen-
eration for amember of the Apocynaceaefamily. Itisclear
that the possibility of transgenic plant productionwill make
apositive contribution to studies of the molecular mecha-
nisms controlling biosynthesis of the important group of
TIAs that are produced by members of this plant family.
Moreover, it may lead to biotechnological applications,
such asthe creation of T. pandacaqui plantswith modified
TIA contents. Transgenic expression of genes coding for
TIA biosynthetic enzymes may result in the identification
of rate-limiting stepsin the TIA pathway. Asafirst stepin
this direction we determined whether TIA production was
atered in our transgenic T. pandacaqui plant which
showed an up to threefold increased SSS activity compared
to arange of control plants. Apart from strictosidine, the
main TIAsfoundintheleavesof T. pandacaqui plantswere
apparicine, 3-hydroxyvoacangineand voacangine. Despite
thehigher SSSactivity of thetransgenic plant, neither qual -
itative nor significant quantitative differences were ob-
servedincomparsionwiththecontrol group. Although pre-
liminary, our dataarein agreement with the postul ation put
forward by several other authorsthat SSSisnot arate-lim-
iting enzyme in TIA biosynthesis, despite the fact that it
occupies akey position in the TIA pathway by catalysing
the condensation of thetwo TIA precursorstryptamineand
secologanin. Earlier support for this postulation has come
from observationsthat increased TIA accumulationin cell
cultures transferred to certain TIA production media was
accompanied by a rapid increase in the activities of sev-
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eral enzymesinvolvedintheformation of strictosidinepre-
cursors, whereas SSS activity remained relatively constant
(Knoblochet al. 1981; Schiel etal. 1987). During C. roseus
seedling development also (De Luca et al. 1988) and dur-
ing the growth cycles of cell cultures of several Apocyna-
ceae species (Stevens et al. 1992) SSS activity was not
under the strict regulation observed for some of the other
enzymesin TIA biosynthesis. Moreover, werecently found
that overexpression of Sssin C. roseus callus lines did not
leadto enhanced T1A production (unpublishedresults). Fu-
ture generation of alarger number of transgenic T. panda-
caqui plantsexpressing Sssor other TIA biosynthetic genes
should provide further insight into the regulatory mecha-
nisms governing TIA production.
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