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Abstract Genetic transformation is a tool of special

interest for developing new biotechnological strategies for

the production of bio-active compounds such as cardeno-

lides, which are exclusively obtained from plants. To date,

Digitalis plants are the main economically viable source of

cardenolides for the pharmaceutical industry. This study

describes the development of efficient plant regeneration

and Agrobacterium-mediated genetic transformation pro-

tocols for Digitalis purpurea L. First, a plant regeneration

procedure starting from leaf segments of in vitro-cultivated

plants was established and the minimal inhibitory con-

centration of G-418 (geneticin) for callus induction was

determined. Both leaf segments and callus tissue were

sensitive to G-418 70 mg l-1. Afterwards, two Agrobac-

terium strains were used to test their T-DNA transfer

ability on D. purpurea leaf tissues, EHA105 and

C58C1RifR (pMP90), both harboring the binary vector

pTJK136. Strain C58C1RifR (pMP90) yielded a higher

number of transformed plants than EHA105. Successful

transformation was confirmed by histochemical b-glucu-

ronidase (GUS) assays of the putative transgenic tissues

and PCR analyses using b-glucuronidase (uidA)- and

neomycin phosphotransferase II (nptII)-specific primers.

Southern blot hybridization confirmed the stable integra-

tion of the nptII gene in the transgenic plants. In total, 518

independent transgenic lines were regenerated with an

average of 6.91 transgenic lines per initial leaf segment

infected with A. tumefaciens strain C58C1RifR (pMP90).

To date, only a few studies have been published on the

genetic transformation of Digitalis species. The protocols

for plant regeneration and genetic transformation described

in this paper will contribute to functional studies for a

better understanding of cardenolide biosynthetic pathways

and the metabolic engineering of cardenolides to develop

high-yielding improved genotypes.
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Introduction

Plant transgenesis offers new opportunities not only for

crop improvement but also to better understand the basic

molecular biology of plants. Several studies have described

the stable transfer and expression of foreign genes in

important medicinal plants, which naturally produce a

large number of pharmacologically active secondary

metabolites (Canter et al. 2005; Abou-Alaiwi et al. 2012;

Gatica-Arias et al. 2012). In most cases, biopharmaceutical
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products are derived from wild or cultivated plants that

have not been genetically altered (Gómez-Galera et al.

2007).

Digitalis purpurea L. (foxglove), a member of the

Scrophulariaceae family, contains cardiac glycosides,

which are of major interest to the pharmaceutical industry.

These compounds have proved to be the most effective

drugs to treat heart failure during the past two centuries

(Warren 2005; Kuate et al. 2008). In addition, recent

findings suggest a regulatory role of cardiac glycosides in

several cellular processes, thus highlighting new thera-

peutic applications for these compounds, especially as

anticancer drugs (Prassas and Diamandis 2008; Menger

et al. 2012). However, the chemical synthesis of these

glycosides has so far not been cost effective due to their

complex chemical nature (Pérez-Bermúdez et al. 2010).

Thus, plants remain as the sole source for their acquisition,

and pharmaceutical industries are still relying on plant

material, which contains very low amounts of these gly-

cosides (Patil et al. 2013). In this context, new biotech-

nological approaches could be developed to enhance the

yield of cardenolides.

The current knowledge on the biosynthesis of the steroid

part of cardenolides in the genus Digitalis was recently

reviewed by Kreis and Müller-Uri (2013). Some genes

involved in different cardiac glycoside metabolic steps

were described in Digitalis such as 3ß-HSD (AY789453)

(Herl et al. 2007), Dop5br (AJ555127) (Roca-Pérez et al.

2004), P5ßR (AJ310673) (Gavidia et al. 2007), and P5ßR2

(GU062787) (Pérez-Bermúdez et al. 2010). However, no

reports on functional analysis of these genes have been

published to date, mainly due to the lack of an efficient

transformation system in D. purpurea. In addition, minimal

impact of biotechnological approaches on the genetic

improvement of Digitalis species has been described so far,

with very few papers showing advances in the genetic

transformation of Digitalis species. Saito et al. (1990)

obtained hairy roots of D. purpurea via Agrobacterium

rhizogenes, but the regeneration of transgenic plants was

not described. Lehmann et al. (1995) reported the first

transgenic D. lanata from protoplasts, while Pradel et al.

(1997) regenerated D. lanata plants from hairy root cul-

tures established after infection with several wild-type

strains of A. rhizogenes. Similarly, Koga et al. (2000)

generated D. purpurea transformants using an A. rhizoge-

nes strain harboring the rolC gene. Subsequently, Sales

et al. (2003) described a protocol for Agrobacterium-

mediated transformation in D. minor. Thereafter, these

authors used this protocol as a valuable system to achieve

metabolic engineering of the cardenolide pathway in

D. minor (Sales et al. 2007). However, Sales et al. (2011)

further stressed the significance of developing reliable

genetic transformation protocols for those Digitalis species

of high economic value such as D. purpurea. Very

recently, Li et al. (2014) developed a regeneration protocol

through direct organogenesis, and subsequently established

an Agrobacterium-mediated genetic transformation proto-

col starting from D. purpurea mature leaf explants. The

authors reported the regeneration of 0.62 kanamycin-

resistant shoots per initial explant. In order to efficiently

obtain D. purpurea transgenic plants, we studied some

factors that significantly affect regeneration and genetic

transformation processes. The reproducible protocol

described here yielded up to 6.91 transgenic lines per initial

leaf segment infected with C58C1RifR (pMP90) A. tum-

efaciens strain; providing a fast and reliable tool for met-

abolic engineering of cardenolide production and genetic

improvement of D. purpurea.

Materials and methods

Callus induction and plant regeneration

In vitro plants of Digitalis purpurea cv. Berggold were

cultured on solid medium as previously described (Pérez-

Alonso et al. 2009). For callus induction, leaf segments

(1.0 cm2 adaxial surface to the medium) from in vitro plants

(fourth–-seventh subculture) were cultured on basal medium

containing MS salts (Murashige and Skoog 1962) supple-

mented with thiamine HCl 4.0 mg l-1, myo-inositol

100 mg l-1, sucrose 30 g l-1 and Gelrite 3.0 g l-1 (Duch-

efa, Netherlands). The effects of 2, 4-dichlorophenoxyacetic

acid (2,4-D) 4.5 or 14.0 lM combined with 6-benzyladenine

(6-BA) 0, 2.22 or 4.4 lM were tested. The pH was adjusted

to 5.8 with 0.5 N KOH or 0.5 N HCl prior to autoclaving at

1.1 kg cm-2 and 121 �C for 20 min. The cultures were

incubated in darkness at 27 ± 2 �C for 4 weeks. Data on

callus- forming leaf segments per treatment were recorded.

The best medium resulting from this experiment will be

referred to as callus induction medium (CIM).

Thereafter, calli were cut into pieces by fresh weight

(FW) (*0.6 g each piece) and subcultured twice for

4 weeks on CIM. For plant regeneration, callus pieces

weighing 0.5–0.6 g FW were cultured on MS medium

supplemented with combinations of indole-3-acetic acid

(IAA) 0, 0.57 or 2.83 lM and 6-BA 0 or 4.4 lM. Cultures

were incubated in a growth chamber at 27 ± 2 �C under a

16-h photoperiod from cool white fluorescent lamps at a

photosynthetic photon flux density of 70 lmol m-2 s-1.

Callus pieces with clearly differentiated shoots and leaves,

and approximately 1.0–2.0 cm in length, were scored as

regenerating callus. After 8 weeks, the number of regen-

erated shoots per leaf segment was recorded. Developed

shoots were transferred to jar flasks containing 30 ml of

MS medium solidified with Gelrite 2.5 g l-1.
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Callus induction, proliferation and plant regeneration

were carried out in 15 90-mm Petri dishes. Five replicates

were done for each treatment (five Petri dishes with four

segments each = 20 segments). Each experiment was

repeated four times.

Geneticin (G-418) sensitivity

Callus induction from D. purpurea leaf segment was

studied under different levels of G-418 (Duchefa) to

determine the sensitivity of segments and the optimal

concentration for the selection of transformed cells. Leaf

segments were cultured on the best CIM supplemented

with different concentrations of G-418 (0, 30, 40, 50, 60,

70 ,and 80 mg l-1), filter-sterilized prior to addition to the

autoclaved medium. After 2 weeks, the leaf segments were

transferred to fresh CIM with the same antibiotic concen-

tration. Survival frequency was scored after 4 weeks cul-

ture, and the number of leaf segments with calli and the

number of calli formed per leaf segment were recorded. All

results are the mean of three independent experiments each

with 100 leaf segments per treatment (n = 3 9 100).

Bacterial strain and plasmid

Two C58 chromosomal background strains of Agrobacte-

rium tumefaciens were used to test the T-DNA transfer

ability, EHA105 (Hood et al. 1993) and C58C1RifR con-

taining the helper plasmid pMP90 (Koncz and Schell

1986). Plant material was infected with these strains har-

boring the binary vector pTJK136 (Kapila et al. 1997). The

T-DNA of pTJK136 contains the neomycin phosphotrans-

ferase II (nptII) gene under control of the nopaline syn-

thase (nos) promoter and the octopine synthase 30

processing and polyadenylation signals, as well as the

Escherichia coli b-glucuronidase (uidA) gene (Jefferson

et al. 1987) with the potato st-ls1 intron (Vancanneyt et al.

1990) under the control of the CaMV 35S promoter and the

nos 30 processing and polyadenylation signals.

Inoculation and co-cultivation

Prior to inoculation, Agrobacterium was cultured on

selective semi-solid LB medium supplemented with rif-

ampicin 100 mg l-1, spectinomycin 100 mg l-1 and

streptomycin 300 mg l-1, and incubated at 28 �C for

24–48 h. Single colonies were cultured in 3 ml selective

liquid YEP medium (Bacto yeast extract 10 g l-1, Bacto

peptone 10 g l-1, NaCl 5 g l-1, pH 7.5) and incubated at

200 rpm and 28 �C for 16–24 h to an A600 of approxi-

mately 1.2 units (Biophotometer; Eppendorf, Germany).

One hundred ll of this culture were inoculated in 50 ml

selective liquid YEP medium at 200 rpm and 28 �C for

16 h to an A600 of approximately 1.2 units. Cultures were

centrifuged at 3214g for 10 min and the pellets were re-

suspended in inoculation medium (100 % MS salts,

sucrose 20 g l-1, D (?)-glucose 1.98 g l-1, 2-[N-morpho-

lino]ethane sulphonic acid (MES) 3.9 g l-1, pH 5.5) con-

taining 200 lM acetosyringone (AS). Agrobacterium

suspensions were adjusted to a final A600 of 0.7. Leaf

segments were excised as mentioned above for callus for-

mation and immediately inoculated in Agrobacterium

suspensions for 15 min with light manual agitation every

2 min. After inoculation, leaf segments were blotted dry on

sterilized filter paper and transferred to co-cultivation

medium (CIM supplemented with AS 200 lM, pH 5.6).

Co-cultivation was done in darkness at 21 �C for 5 days.

Selection and regeneration of transformants

After co-cultivation, segments were washed with liquid

CIM containing cefotaxime 500 mg l-1 and timentin

200 mg l-1 and thereafter blot-dried on sterile filter

paper. Then, they were transferred to solid selective CIM

containing G-418 at the concentration obtained in the

previous experiment and timentin 200 mg l-1. The cul-

tures were maintained for 2 months in the dark at

27 ± 2 �C with bi-weekly subcultures. Transgenic calli

were individually subcultured to antibiotic-free regenera-

tion medium as described above. The percentage of seg-

ments with calli, the number of calli per segment, and

regenerated lines per inoculated segment were recorded.

Putative rooted transgenic plants were cultured on MS

medium for 4 weeks.

Histochemical b-glucuronidase assays

Transient GUS expression was determined on leaf seg-

ments and stable GUS expression were assessed on calli

and regenerated plants using the histochemical GUS assay

(Jefferson et al. 1987). Samples were incubated overnight

at 37 �C in a modified assay solution containing 100 mM

phosphate buffer (pH 7.0, 50 mM Na2HPO4 and

50 mM KH2PO4), 10 mM EDTA, 5 mM K-ferricyanide,

5 mM K-ferrocyanide, 0.1 % Triton X-100, and 1 mM

X-Gluc. Non-transgenic tissues (leaf segments, calli and

regenerated plants) were simultaneously stained in the

same way. All the samples were de-stained in 70 % ethanol

to remove chlorophylls and other pigments prior to visual

analysis and photographing.

DNA extraction and PCR analysis

Genomic DNA was isolated from leaves of putatively

transformed plants. One gram of leaf tissue was ground to

fine powder in a mortar with liquid nitrogen. Total DNA
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was extracted following the protocol described by Khayat

et al. (2004).

PCR was performed using genomic DNA of each plant

as a target. The sequence of primers used for nptII and uidA

genes fragment amplification were: nptII forward primer

S-nptII-F: 50-ATGATTGAACAAGATGGATTGCACGC-

30, nptII reverse primer S-nptII-R2 50-TGATGCTCTT

CGTCCAGATCATC-30, uidA forward primer FW: 50-TC

TCTGCCGACAGTGGTCCCAAAGATGGAC–30 and

uidA reverse primer RV: 50-GTTTACGCGTTGCTTCCGC

CA-30. PCR products expected to be amplified by these

primers were fragments 488 bp for nptII and 1031 bp for

uidA gene. PCR amplification reactions were carried out in

25 ll of total volume containing 200 ng genomic DNA,

0.5 lM of each primer, 1.5 mM MgCl2, 200 mM dNTP,

1X Taq polymerase reaction buffer and 0.25 U Taq poly-

merase (Fermentas, Lithuania). Thermocycling was carried

out on Mastercycler programmable thermal control (Ep-

pendorf) starting with denaturation at 94 �C for 3 min,

followed by 35 cycles of 94 �C for 30 s, 65 �C for 30 s and

72 �C for 30 or 60 s, with a final extension at 72 �C for

10 min. Amplified fragments were analyzed by electro-

phoresis at 100 V for 1 h on 1.0 % Tris acetate EDTA

agarose gel followed by stained in ethidium bromide

(5 lg ml-1) and detection under UV illumination.

Southern hybridization

The integration of the T-DNAs was analyzed by Southern

blot hybridization. Twenty micrograms of SacII enzyme-

digested genomic DNA samples were separated on a 0.8 %

Tris-acetate EDTA agarose gel (w/v) and run at 25 V for

12 h. A DIG-labeled marker (molecular weight marker

VII; Roche, Vilvoorde, Belgium) was used at 40 ng per

lane for size estimation. The DNA was blotted to a Hy-

bond-N ? nylon membrane (RPN203B; GE Healthcare)

by upward capillarity forces using 209 SSC buffer (3 M

NaCl, 0.3 M sodium citrate, pH 7.0) overnight at room

temperature. The 488-bp nptII gene fragment, amplified

from plasmid pTJK136 with the same primers mentioned

above, was labeled with DIG-dUTP using a DIG-High

Prime DNA Labeling and Detection Kit (Roche, Germany).

Hybridization, washing and detection were performed

according to the manufacturer’s instructions (Roche).

Statistical analysis

A completely randomized design was used for all treat-

ments. Data were processed using the computer software

SPSS package for Windows v.15. Results were analyzed by

the non-parametric Kruskal–Wallis test. In order to dis-

tinguish between comparisons a post hoc Mann–Whitney

test was performed. Significance was reported at P B 0.05.

Results and discussion

Callus induction and plant regeneration

Within all experimental conditions tested, D. purpurea

callus initiation was observed at 7 days of culture. Callus

tissue first appeared at the border of segments and the

central vein. After 15 days, the segment surface was

completely covered by formed callus (Fig. 1a). As shown

in Table 1, the highest frequency of callus formation

([90 %) was obtained on the medium supplemented with

the lowest concentration of 2,4-D (4.5 lM). The addition

of 6-BA to the CIM had a negative effect on callus

induction (Table 1) and some sectors of the callus turned

brown after 2 weeks of induction. Our results contrast with

those reported earlier by Fatima et al. (2009) for leaf

segments of D. lanata, in which callus induction was fur-

ther improved when both auxins and cytokinins were

added. In D. thapsi, calli were induced and maintained with

subcultures every 4 weeks on medium supplemented with

2.2 lM 2,4-D and 2.87 lM 6-BA (Herrera et al. 1990). It is

common to find genotypes that react more readily than

others to a particular set of inductive conditions (Jiménez

2005). The endogenous balance of plant growth regulators

also differs among plant species and influences the

response to exogenous concentrations and type of plant

growth regulator needed for best callus induction between

Digitalis species.

Plant regeneration from callus was strongly influenced

by combinations and the concentrations of plant growth

regulators used for callus induction (Table 1). Following

7–10 days of culture on regeneration media, calli first

became light yellow and later turned green. The highest

frequency of green spots was observed for callus previ-

ously induced with 2,4-D only (Fig. 1b). In the growth

regulator-free medium most green spots developed into

roots, although some shoots were also observed. A possible

explanation for these findings could be the differences in

endogenous growth regulator concentrations as previously

reported by Fatima et al. (2009). Our results demonstrated

that the percentage of regenerating callus (100 %) and the

number of regenerated shoots per segment (16.0) were

highest on medium with 0.57 lM IAA and 4.4 lM 6-BA

and when calli were induced on 4.5 lM 2,4-D (Table 1;

Fig. 1c). Poor or no response was observed for shoot for-

mation on callus induced in the remaining treatments.

According to Verma et al. (2011), shoot regeneration in

Digitalis needs a high cytokinin/auxin ratio. The use of

growth regulators for callus induction and regeneration has

been studied in Digitalis tissue culture starting from dif-

ferent segments. Shoot-forming cultures from D. purpurea

leaves were grown in various modifications of MS medium

containing 4.4 lM 6-BA and 5.7 lM IAA (Hagimori et al.
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1983). Gurel et al. (2011) reported shoot formation using

different explant types of D. davisiana on Linsmaier and

Skoog (1965) medium supplemented with thidiazuron

(TDZ) and IAA. The highest frequency (86.6 %) of orga-

nogenic explants was achieved with flamingo-bill explants

with 5.9 shoots per explant.

Moreover, addition of cytokinins promoted the induc-

tion of D. purpurea shoot proliferation from several

explants including leaf segments (Patil et al. 2013). The

authors reported 57.1 % plant regeneration and 7.2 shoots

formed per leaf segment incubated on MS medium with

7.5 lM BA.

Li et al. (2014) described 100 % shoot regeneration

from mature leaf segments cultivated on MS medium

containing 4.5 lM TDZ and 0,54 lM 1-naphthaleneacetic

acid (NAA). Unfortunately, data about the number of

shoots regenerated per explant are not provided from their

study.

Compared to the above-mentioned reports, we described

here the highest plant regeneration efficiency for D. pur-

purea. The overall regeneration efficiency from callus

cultures was thus significantly increased in MS medium

containing 4.5 lM 2,4-D for the induction stage and

4.4 lM 6-BA combined with 0.57 lM IAA for plant

regeneration, resulting in 16.0 shoots regenerated per leaf

segment. Consequently, the developed protocol was further

used for genetic transformation procedures.

G-418 (geneticin) sensitivity test

Leaf segments were cultured on optimized CIM medium

supplemented with different concentration of G-418. A

gradual decrease in the number of segments with calli and

the number of calli per segment were associated with an

increase in G-418 concentration (Fig. 2). The number of

Fig. 1 Callus induction and plant regeneration from leaf segments of

Digitalis purpurea. a Callus obtained on MS semisolid medium

supplemented with 4.5 lM 2, 4-D after 4 weeks; b green spots

developed from callus induced with 2.4-D without 6-BA during first

stage. Calli were cultured onto regeneration medium containing

2.8 lM and 4.4 lM 6-BA; c regenerated plants from callus after

8 weeks on same medium as in (b). Bars (a, b) 4 mm, (c) 10 mm

Table 1 Effects of 2,4-D and 6-BA on Digitalis purpurea L. callus

induction after 4 weeks and plant regeneration on IAA and 6-BA

concentrations during 8 weeks

Callus induction Plant regeneration

2,4-

D ? 6-BA

(lM)

% of leaf

segments

with calli

IAA ? 6-

BA (lM)

%

Regenerating

callus

No. of

regenerated

shoots/leaf

segment

4.5 ? 0 93.8 a 0 ? 0 47.5 c 10.3 c

0.57 ? 4.4 100 a 16.0 a

2.83 ? 4.4 85 b 11.8 b

4.5 ? 2.22 82.5 b 0 ? 0 6.25d 0.73 d

0.57 ? 4.4 2.5e 0.17 e

2.83 ? 4.4 0.0 f 0.00 f

4.5 ? 4.4 75.0 bc 0 ? 0 0.0 f 0.00 f

0.57 ? 4.4 0.0 f 0.00 f

2.83 ? 4.4 0.0 f 0.00 f

14 ? 0 72.5 c 0 ? 0 0.0 f 0.00 f

0.57 ? 4.4 0.0 f 0.00 f

2.83 ? 4.4 0.0 f 0.00 f

14 ? 2.22 72.0 cd 0 ? 0 0.0 f 0.00 f

0.57 ? 4.4 0.0 f 0.00 f

2.83 ? 4.4 0.0 f 0.00 f

14 ? 4.4 62.5 de 0 ? 0 0.0 f 0.00 f

0.57 ? 4.4 0.0 f 0.00 f

2.83 ? 4.4 0.0 f 0.00 f

Leaf segments were cultured on MS medium containing thiamine HCl

4.0 mg l-1, myo-inositol 100 mg l-1, sucrose 30 g l-1 and Gelrite

3.0 g l-1 for callus induction. Thereafter, calli were cut into pieces

(*60 mg) and subcultured twice for 4 weeks. For plant regeneration,

callus pieces were cultured on MS medium supplemented with

combination IAA and 6-BA at different concentrations. Data are

means from four independent experiments, each with 20 segments

(n = 80). Values followed by different letters per column for each

variable are significantly different (P B 0.05) based on Kruskal–

Wallis/Mann–Whitney tests
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segments with calli and the number of calli per segment

were reduced drastically in G-418 concentrations higher

than 30 mg l-1. At concentrations above 70 mg l-1, no

calli were induced and segments were dead within

4 weeks. As a result, 70 mg l-1 would be the minimal

inhibitory concentration of G-418 and was considered

optimum for the selection of transformants in the sub-

sequent experiments.

Plant transformation protocols generally involve the use

of selectable marker genes for the screening of transgenic

material (Rosellini 2012). Efficient selection is a necessary

prerequisite for the successful production of transgenic

plants through Agrobacterium-mediated transformation

(Rajesh et al. 2013). One of the most commonly used

selectable marker gene is nptII, which confers resistance to

kanamycin or G-418 (geneticin). Moreover, this gene is

considered safe and commercially available (Rosellini

2012). Sales et al. (2003) reported the use of kanamycin or

geneticin in the transformation protocol developed for D.

minor. G-418 has been used as selective agent in different

transformation systems in plants such as Saccharum offici-

narum L. (Elliott et al. 1998), Sorghum bicolor L. (Tadesse

et al. 2003), Castanea dentata (Marshall) Borkh (Andrade

et al. 2009), Triticum aestivum L. (Fahim et al. 2010; Xue

et al. 2011), Brassica napus L. (Boszoradova et al. 2011),

Musa spp. (Chong-Pérez et al. 2012), and Oryza sativa L.

(Nandy and Srivastava 2012). These investigations showed

the diversity of minimum lethal concentrations of G-418.

Plant susceptibility to antibiotics seems to change broadly

among species, genotypes, and plant tissues, and depends on

the in vitro experimental conditions of the transformation

protocol (Padilla and Burgos 2010).

Selection and regeneration of transgenic shoots

Susceptibility of the plant cell to Agrobacterium infection

is the primary requirement for T-DNA transfer. In the

present study, transient expression levels in leaf segments

inoculated with A. tumefaciens, either strain C58C1RifR

(pMP90) or EHA105, were similar (Fig. 3a, b). Untrans-

formed segments used as negative controls did not show

GUS expression (Fig. 3c).

Callus induction frequencies (expressed as number of

segments with calli and number of calli per segment)

showed differences between Agrobacterium strains and

controls (Table 2; Fig. 3d–g). Untransformed leaf seg-

ments cultured on medium without antibiotic formed

callus as described earlier. However, those cultured on

selection medium did not produce any callus (Fig. 3e),

confirming our previous findings. Comparatively, callus

formation was around 10-fold higher on leaf segments

inoculated with strain C58C1RifR (pMP90) than on

those inoculated with EHA105 (Table 2). This result

contradicts the transient expression analysis where no

differences were observed between the strains. It should

be noted that blue spots assessed histochemically after

co-cultivation represent zones of transient expression

(mainly from non-integrated DNA copies), whereas

calli formed after selection most probably derives from

cells where DNA integration has occurred (Gelvin and

Kim 2007). GUS assay of transformed calli showed

stable uidA expression (Fig. 3h) in 100 % of the tested

calli irrespective of the Agrobacterium strain used.

Untransformed calli did not show any GUS activity

(Fig. 3k).

Fig. 2 G-418 dose response of Digitalis purpurea L. leaf segments

on callus induction medium after 4 weeks. Data are means from three

independent experiments, each with 100 segments per treatment

(n = 300). Values followed by different letters for each variable are

significantly different (P B 0.05) based on Kruskal–Wallis/Mann–

Whitney tests
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As expected from the number of calli obtained after

selection, there were differences in the number of plantlets

regenerated between strains. A total of 518 putative

transgenic lines (each regenerated plantlet was considered

as a line) were regenerated out of 75 inoculated segments

with C58C1RifR (pMP90) strain, while only 24 lines were

regenerated from 83 segments inoculated with EHA105

strain (Table 2).

The selection of an efficient Agrobacterium strain plays

an important role in improving transformation efficiency

Fig. 3 Histochemical b-glucuronidase assays. Transient GUS expres-

sion on Digitalis purpurea leaf inoculated with EHA105 (pTJK136)

(a), C58C1RifR (pMP90) (pTJK136) (b), and non-transformed leaf

segment (c); d, e untransformed control without (d) and with (e) G-

418 70 mg l-1; f, g recovery of transformed callus after transforma-

tion with EHA105 (pTJK136) (f) and C58C1RifR (pMP90)

(pTJK136) (g); h–j stable GUS expression in transformed callus

(h), plant (i), and root (j) obtained after transformation with

C58C1RifR (pMP90) (pTJK136); k–m GUS blue spots were not

observed in callus (k), shoot (l), or roots (m) from untransformed

segments. Bars (a–h, k) 1.5 mm, (i, l) 12 mm, (j, m) 7 mm
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(Rajesh et al. 2013). Because identical bacterial densities

were used to inoculate the segments with each Agrobac-

terium strain, differences in callus induction and plant

regeneration must be related to the strain virulence and the

specific interaction with D. purpurea host plant. Indeed,

these effects have been reported by Maheshwari et al.

(2011) in canola and by Chetty et al. (2012) in tomato. An

A. tumefaciens-mediated transformation procedure was

developed for the first time in the genus Digitalis by Sales

et al. (2003). This protocol includes inoculation of leaf

segments with EHA105 Agrobacterium strain obtaining

8.4 % of transformation frequency and a high incidence of

escapes. The strains tested in this investigation have the

same chromosomal background (C58), but different vir

genes on the disarmed Ti-plasmid. The vir genes in strain

EHA105, derived from Ti-plasmid pTIBo542 (Lee and

Gelvin 2008), often confer supervirulence and increase

transformation efficiency, for example in pea (Nadolska-

Orczyk and Orczyk 2000), apple (De Bondt et al. 1994),

and tomato (Chetty et al. 2012). However, this is not

always the case; for example, in Camelina sativa cultivars,

the lowest transformation efficiency was obtained with

EHA105 (Liu et al. 2012).

Stable expression of b-glucuronidase was determined in

regenerated plantlets (Fig. 3i) and roots (Fig. 3j), but was

not present in untransformed segments (Fig. 3l, m). The

percentage of GUS-positive lines was similar between

regenerated lines from segments transformed with EHA105

and C58C1RifR (pMP90) (58.5 and 62.3 %, respectively).

Regarding GUS-negative plants, there are three possible

explanations: firstly, plants are not transgenic; secondly,

the inserted T-DNA was truncated; or thirdly, integrated

T-DNA became silenced (Gelvin 2003; Li et al. 2012).

PCR and Southern analysis

One hundred putative transgenic lines were selected for

PCR analysis, 86 lines derived from leaf segments inocu-

lated with strain C58C1RifR (pMP90) (65 GUS-positive

and 21 GUS-negative) and 14 lines derived from EHA105

(10 GUS-positive and four GUS-negative). The nptII and

uidA genes were present in all GUS-positive lines, as

determined by PCR amplification of 488-bp and 1031-bp

fragments of these genes- respectively (Fig. 4a). Only four

GUS-negative lines obtained with strain C58C1RifR

(pMP90) showed neither uidA nor nptII genes (4.6 % of

escapes for this strain), and no escapes were detected

among lines obtained with strain EHA105. These results

suggest that, probably, few non-transgenic cells were pro-

tected from the selection agent by the high number of calli

obtained per leaf segment with strain C58C1RifR (pMP90).

Perhaps the increase of selection pressure (e.g., by applying

an antibiotic gradient) could prevent this problem. As

observed in Fig. 4a, one GUS-negative line (lane 5) did not

contain the uidA gene but the nptII gene was present. These

results indicate the integration of a truncated T-DNA. All

transgenic plants analyzed that were positive for the pre-

sence of the uidA gene in the PCR assay also showed

constitutive GUS expression in leaves, indicating the pre-

sence of a full functional transgene.

Southern hybridization confirmed stable integration of

the target gene in the genome of nine PCR-positive D.

purpurea lines. Genomic DNA and pTJK136 were digested

with SacII, which recognizes a single site within the

T-DNA. Therefore, digestion of genomic DNA with SacII

generates a unique fragment for each integrated copy. The

results indicated that all the selected plants integrated one

or two T-DNAs in their genome (Fig. 4b). The size of each

band differed from line to line, indicating independent

transformation events and random integration. No hybrid-

ization was detected in the non-transformed plants

(controls).

When this paper was in preparation, Li et al. (2014)

published a protocol for Agrobacterium-mediated trans-

formation in D. purpurea by inoculating mature leaf seg-

ments. The main differences from our protocol are the A.

tumefaciens strains (GV2260 and GV3101) used for

T-DNA transfer, the plant regeneration mode (direct

Table 2 Effect of Agrobacterium strains on transformation efficiency in leaf segments of Digitalis purpurea L.

Treatments No. of leaf

segments

% of leaf segments with

calli

No. of calli/leaf

segment

Regenerated linesa/leaf

segment

% of

GUS ? lines

Control ? 40 100 a 43.4 a 18 a –

Control - 38 0d 0 d 0 –

EHA105(pTJK136) 83 33.7 c 1.0 c 0.29 c 58.5 a

C58C1RifR (pMP90)

(pTJK136)

75 69.3 b 10.7 b 6.91 b 62.3 a

Data are means from two independent experiments. Values followed by different letters per column for each variable are significantly different

(P B 0.05) based on Kruskal–Wallis/Mann–Whitney tests

Control ? untransformed segments, Control - untransformed segments on selective culture medium with G-418 70 mg l-1

a Each regenerated plantlet was considered as a line
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organogenesis), and the use of kanamycin as selective

agent. Additionally, the authors reported an efficiency of

0.62 kanamycin-resistant shoots regenerated per explant,

which is lower than the transformation efficiency obtained

in our work (6.92 lines/leaf segment). Also, the authors

detected the presence of GUS and nptII genes by PCR

analysis in 9 out of 27 putative transgenic lines (GUS-

positive plants), whereas GUS-negative plants were not

analyzed by PCR (Li et al. 2014).

A. tumefaciens-mediated transformation has been used

to engineer some medicinal plant species such as Cath-

aranthus roseus L. (Van der Frits and Memelink 2000),

Artemisia annua L. (Han et al. 2006), Humulus lupulus L.

(Gatica-Arias et al. 2012), Podophyllum hexandrum Ro-

yle (syn. P. emodi Wall. ex Hook.f. & Thomas) (Rajesh

et al. 2013), and Atropa belladonna L. (Song and Wal-

worth 2013). This biological system exhibits several

advantages for plant genetic transformation, since

Agrobacterium efficiently integrates low copy numbers of

relatively large segments of DNA with defined ends into

plant chromosomes without much rearrangement (Komari

et al. 2004).

To our knowledge, this is the most efficient report on A.

tumefaciens-mediated transformation in D. purpurea. The

genetic transformation method developed in our study

provides an efficient tool to study metabolic engineering of

cardenolide production and consequently genetic

improvement of Digitalis species. New sequences related

to cardenolide biosynthesis were recently described by Wu

et al. (2012), which could be considered as possible targets

to engineer D. purpurea plants.
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Fig. 4 Molecular analysis of

putative transformed Digitalis

purpurea L. plantlets. a PCR

carried out with specific primers

for nptII (upper panel) and uidA

(lower panel) primers; lanes

1–3 genomic DNA from

putative transgenic lines

obtained with EHA105

(pTJK136); lanes 4–16 genomic

DNA from putative transgenic

lines obtained with C58C1RifR

(pMP90) (pTJK136); C-

untransformed plant;

H2O water; C? pTJK136

plasmid control; MW molecular

weight marker Gene RulerTM

DNA Ladder Mix (Fermentas).

b Southern hybridization of

putative transformed D.

purpurea L. PCR-positive

plantlets; lanes 1–3 genomic

DNA from putative transgenic

lines obtained with EHA105

(pTJK136), lanes 4–9 genomic

DNA from putative transgenic

lines obtained with C58C1RifR

(pMP90) (pTJK136); (-)

untransformed plant; (?)

pTJK136 plasmid control; MW

digoxigenin-labeled DNA

molecular weight marker VII

(Roche). Twenty micrograms

total DNA were digested with

SacII, and separated fragments

were hybridized with a

digoxigenin-labeled nptII probe

(488 bp)
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