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Abstract Hairy root-regenerated clones of Hypericum

perforatum L. grown in vitro similarly to those successfully

adapted to ex vitro conditions showed phenotype features

typical for plants transformed with Agrobacterium rhizo-

genes T-DNA. These included reduced apical dominance,

increased branching, dwarfing and reduced fertility.

Transgenic clones differed in ability to develop root system

as a necessary condition for transfer to the soil. One of the

profiling characters, capability of hypericin biosynthesis

was altered as well. Dark glands as the sites of hypericin

accumulation and/or synthesis exhibited significantly

higher densities on both, leaves and petals of transgenic

clones comparing to controls. In the genome of transgenic

clones, rolABC genes were detected. Both clones har-

boured similar copy number of individual rol genes.

However, copy numbers descended from rolA to rolC gene

in both clones.
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Introduction

St. John’s wort (Hypericum perforatum L.) is a medicinal

plant used for treatment of mild to moderate depression.

Many of the pharmacological activities appear to be

attributable to the phloroglucinol derivative hyperforin

(Beerhues 2006). Interest is shown also on naturally

occurring photosensitizer hypericin as potential clinical

anticancer and antiviral agent (Kubin et al. 2005).

The content of secondary metabolites is considerably

affected by genetic and environmental factors. In addition,

reproduction peculiarities of this facultatively apomictic

species can lead to several different ploidy levels in the

progeny. The high pharmacological significance of H.

perforatum has promoted an effort to search, along with

traditional ways, for biotechnological approaches towards

an increase of their content. Production of secondary

metabolites can also be affected by Agrobacterium-medi-

ated transformation as rol genes act as potential activators

of secondary metabolism via transcriptional activation of

defence genes in transformed plant cells (Bulgakov 2008).

The efficient hairy root induction and plant regeneration in

H. perforatum using the natural vector system of Agro-

bacterium rhizogenes with wild agropine type plasmid and

Ri plasmid containing GUS construct, respectively, have

been reported so far (Di Guardo et al. 2003; Vinterhalter

et al. 2006). Transgenic plants were also produced via

particle bombardment-mediated transformation of organo-

genic suspension cultures (Franklin et al. 2007).

The aim of this work was to characterize hairy root-

regenerated H. perforatum plants grown in vitro at mor-

phological, physiological and biochemical levels; to detect

copy number of integrated T-DNA genes; to adapt them to ex

vitro conditions; and to survey morphological characteristics

and hypericin content in ex vitro-grown transgenic plants.
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Materials and methods

Plant material

Shoots of two transgenic clones, B and L, of H. perforatum

L. grown in vitro and the non-transformed clone K

were used. The clone K was in vitro propagated wild

H. perforatum genotype from Italy. Wild agropine type

A. rhizogenes strain ATCC 15834 was used to transform

leaf and root cuttings of the clone K by Di Guardo et al.

(2003). Developed hairy roots were isolated and further

cultivated on hormone-free media, where transgenic shoots

differentiated spontaneously. Clone B was derived from a

hairy root developed on root cutting while clone L from that

on leaf cutting. All samples represented tetraploid plants.

Culture media

Transgenic plantlets and non-transformed controls were

kept on basal medium containing mineral salts according to

Linsmaier and Skoog (1965), B5 vitamins according to

Gamborg et al. (1968), 100 mg L-1 myo-inositol,

2 mg L-1 glycine, 30 g L-1 sucrose and 0.6% agar, with

pH adjusted to 5.6 before autoclaving. For hydroponics

modified Knop’s solution (Pastı́rová et al. 2004) with pH

adjusted to 5.2 was used.

Adaptation to ex vitro conditions

After 2-year in vitro culture transgenic and control plantlets

with differentiated and roots were transferred to the aerated

hydroponic vessels placed in the plastic container. During

2–3 weeks the containers were gradually opened to lower

humidity until the plants were able to grow under labora-

tory conditions. Plants were transferred to autoclaved soil

after 4 weeks of hydroponic cultivation.

Culture conditions

In vitro cultures of shoots, hydroponic cultures of trans-

genic clones, non-transformed controls and ex vitro

adapted plants were kept in the culture room at 23�C with

16/8 h photoperiod using fluorescent lighting of

33 lmol m-2 s-1 and 70% relative humidity. The shoot

cultures were subcultured at 6-week interval. Hydroponic

solution was supplied on 14th day of cultivation.

Detection and quantification of T-DNA integrations

Total genomic DNA was isolated from 100 mg of fresh

plant material using the DNeasy Plant Mini Kit (Qiagen,

Valencia, CA, USA).

The presence of the integrated genes in the genome of

the transformed H. perforatum plants was determined by

PCR amplification with gene-specific primers for rolABD

described by Zdravkovic-Korac et al. (2004), or rolC

as described by Di Guardo et al. (2003) or designed

according to published sequence of aux1,2 genes of pRi

ATCC 15834 strain of A. rhizogenes (GenBank accession

no. DQ782955). The number of integrated rolABC genes

was measured by quantitative real time PCR (qPCR) with

SYBR Green I detection using iCycler iQ Real Time PCR

Detection System (BioRad, Hercules, CA, USA). For

template normalization, genomic fragment of hyp-1 gene

was used as internal control. PCR primers for amplification

of the hyp-1 gene fragment were designed based on the

published H. perforatum specific sequence (GenBank

accession no. AY148090). qPCR was performed in dupli-

cates in 30 lL reaction volume containing: 19 iQ
TM

SYBR

Green Supermix (0.2 mM dNTP, 3 mM MgCl2), 0.5 lM

primers and 50 ng of DNA. The reaction conditions were

as follows: 3 min at 95�C, 35 cycles (30 s at 94�C, 30 s at

60�C (rolABC), respectively 52�C (hyp-1), 30 s at 72�C),

7 min at 74�C followed by melting curve analysis.

The relative amount of the rolABC and hyp-1 gene was

evaluated by the method of standard curve obtained by the

amplification of a serially diluted mixture of DNA samples

(twofold dilutions), with five dilution points, each one in

two replicates. The quantities of hyp-1-normalized copy

number of integrated rolABC genes were calculated

according to Mason et al. (2002).

Evaluation of morphological characters

Ex vitro cultivated plants were scored for plant height,

number of stems, number of axillary shoots, number and

length of internodes. Altogether, 24 plants were evalu-

ated—9 of the clone B and 15 of the control plants in the

first vegetation period, from which only five transgenic and

three non-transformed plants survived until second vege-

tation period. Several parameters—petal area, length and

width of sepals, number and length of stamens, length and

width of anthers, and length of pistils on 21 fully opened

flowers from each clone were measured.

Leaf area and number of hypericin containing dark

glands on leaf lamina were determined in 40 in vitro grown

shoots of each clone. Leaves at similar developmental

stage (five uppermost fully developed leaf pairs) from each

shoot were used. These traits were also evaluated on the

first five leaf pairs just below the inflorescence of three ex

vitro cultivated plants of both, transformed and non-

transformed clones. Number of dark glands was deter-

mined also on petals of ex vitro grown plants. The length

and width of dark glands were measured on leaves and

petals of ex vitro grown plants. More than 900 glands on
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petals and 400 dark glands on leaves of both clones were

sized.

Digital photographs of the leaves and flower parts were

taken to measure their size or area using UTHSCSA Image

Tool 3.00. The number of dark glands was determined by

light microscopy. Length (l) and width (w) of dark glands

were measured using light microscopy. Area of the gland

was calculated as � 9 p 9 l 9 w. Gland density was

calculated as quotient of number of glands on leaf/petal

and its area. Moreover, percentage of the leaf/petal area

covered by dark glands was determined.

Hypericin assay

Total hypericin content in shoots of different clones grown

in vitro after 6-week subculture and in the upper half of the

flowering aerial parts of plants growing ex vitro was

quantified in extracts by spectrophotometry as follows:

100 mg of dried and homogenized plant material were

extracted twice with 30 mL chloroform in a sonicator and

filtered, than extracted with 30 mL methanol in a sonicator,

filtered and evaporated in a water bath. This was followed

by addition of 10 mL of chloroform; the supernatant was

discarded and the solid phase containing hypericin and its

derivatives was dissolved in methanol and filtered. The

total content of hypericins was quantified by spectropho-

tometer Spectronic 20 Genesys (Spectronic Inst.,

Rochester, NY, USA) at 592 nm in ten replicates of each

clone grown in vitro and in three replicas of each ex vitro

grown plant. The content of hypericins was calculated from

measured absorbance on the base of hypericin standard

(Roth, Karlsruhe, Germany) curve. As spectrophotometric

measurement does not enable separation hypericin from

pseudohypericin and their protoforms, the sum of all hyp-

ericins was determined.

Statistical analyses

The non-parametric test of Kruskal–Wallis was used

for evaluation of differences in morphological and

biochemical characteristics between the clones. This was

followed by multiple range analysis. The results of analy-

ses were evaluated at 0.001 significance level using

Statgraphics� statistical software.

Results and discussion

Phenotype of in vitro grown plantlets

The appearance of hairy root-regenerated plantlets of H.

perforatum was typical for plants transformed by A. rhiz-

ogenes T-DNA (or its part)—dwarfing, reduced apical

dominance, shortened internodes and smaller leaves

(Fig. 1). As transgenic clones were derived from different

transformation events and types of tissues, their habit dif-

fered with more or less pronounced hairy root-syndrome.

Contrary to these results in recently published study of

Vinterhalter et al. (2006), transgenic H. perforatum plants

regenerated from hairy roots derived by A. rhizogenes

strain A4M70GUS showed normal phenotype; neverthe-

less, differences in several growth parameters were

observed.

The leaf area (Fig. 2), number of dark glands per leaf

and their density differed significantly among the clones

(Table 1). Although non-transgenic clone had much greater

leaf area, its gland density was the smallest. St. John’s wort

leaves contain two types of glands: translucent glands

distributed across the leaf lamina and dark glands located

mainly along the leaf margins. The accumulation of hyp-

ericins is associated with the dark glands (Briskin and

Gawienowski 2001; Zobayed et al. 2006).

The analyses of total hypericin content were repeatedly

performed four times in 1-year interval of in vitro culti-

vation (Table 1). Despite the fact that in vitro culture under

defined conditions is free from environmental changes,

hypericin content in all the clones varied over the studied

period of time. However, the clone B plants maintained 1.5

up to three times higher hypericin content than the other

clones over the surveyed period. The highest hypericin

Fig. 1 Plant phenotype of

transgenic B (a) and L (b)

clones and non-transgenic K (c)

clone grown in vitro. The bars

indicate the length of 1 cm
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content was detected in transgenic clone with the highest

number and density of dark glands on its leaves. Hypericin

content of the other clones was comparable although these

clones differed in number and density of glands. Concen-

tration of hypericins depends not only on the number of

dark glands, their size and area (Zobayed et al. 2006) but

also on their structure (Kornfeld et al. 2007). Moreover,

different integration sites of rol genes and activation of

their expression can explain differences in hypericin con-

tent in transgenic clones.

The process of rooting comprising rooting ability, rate

of rooting, site of root differentiation and branching of

roots was studied during 8-week period on 60 shoot cut-

tings from each clone on basal medium. Shoots of the clone

L differentiated roots more slowly than shoots of the other

clones. Almost one-third of shoots of the clone L, leaf

originating clone, formed no roots (Fig. 3). The site of root

differentiation also varied. Shoots of the clone B, root

originating clone, often differentiated several adventitious

roots mainly from the axils above the culture medium. On

the other hand shoots of the other clones formed roots only

on the wounded site. While the roots of the clone B

branched abundantly, the roots of the clone L branched

poorly and were rather fragile. These results suggest that

the origin of the cell being transformed, including

epigenetic changes leading to its differentiation, could have

long-term effect on regenerated plant behaviour.

Differences in the process of root differentiation in

transgenic clones were reported by other authors as well.

Increased formation of adventitious roots on the stem has

been observed on transgenic tobacco plants expressing rolB

gene (Schmülling et al. 1988). On the contrary, rolA, B and

C genes induced shorter internode length and a more

fibrous root system typical for rol-transformed plants, but

were not useful for increasing the rooting potential of a

transgenic walnut hybrid (Vahdati et al. 2002). Antirrhinum

Fig. 2 Typical appearance of

leaves. The leaves of 2nd leaf

pair of clone B (a), clone L (b),

clone K (c) plants. The bar
indicates the length of 0.5 mm

Table 1 Leaf area, number of

dark glands per leaf, dark gland

density, hypericin content and

rol gene copy number of in vitro

grown plantlets

Means ± SE are given

Small letters indicate

homogenous groups

Clone

B L K

Leaf area (mm2) 10.82 ± 0.57a 7.92 ± 0.32b 25.78 ± 1.37c

No. of dark glands per leaf 10.57 ± 0.61a 7.00 ± 0.27b 9.23 ± 0.28c

Gland density 1.11 ± 0.03a 0.97 ± 0.02b 0.46 ± 0.02c

Hypericin content (lg g-1 of DW)

2002 1,109.26 ± 60.27a 388.47 ± 43.71b 409.05 ± 26.42b

2003 1,187.76 ± 41.58a 732.94 ± 25.28b 704.23 ± 16.00b

2004 790.86 ± 20.65a 378.48 ± 15.78b 291.60 ± 21.46c

2005 697.03 ± 47.00a 289.49 ± 23.12b 222.46 ± 14.27b

Copy number of

rolA 3.37 ± 0.75 4.80 ± 0.96 –

rolB 3.30 ± 0.65 2.59 ± 0.46 –

rolC 2.62 ± 0.62 1.81 ± 0.37 –

Fig. 3 Rooting of transgenic clones B and L and non-transgenic

clone K
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majus plants regenerated from hairy root clone showed

poorly developed (Senior et al. 1995) or an abundant root

system (Handa 1992). The differences in rooting ability of

the transformed clones that were observed also in our

experiments probably reflect different insertion sites and

differences in copy number of the foreign T-DNA in the

genome of plants, which arose from a unique transforma-

tion event from different type of cuttings.

Detection and quantification of T-DNA integrations

Only the insertion of three of the root organizing loci

(rolABC genes) was confirmed in the studied H. perfora-

tum transgenic clones. Neither rolD nor aux1,2 integration

in transgenic clones was detected. Quantification of copy

number of the integrated genes had shown very similar

copy number of insertions in both clones with descending

tendency towards the rolC gene (Table 1). Since the

T-DNA is integrated into the plant genome randomly and

individual transgenic clones arose from unique transfor-

mation events different insertion sites are presumed.

Agropine plasmid, which was used for transformation,

contains two independently transferable T-DNA regions

(Huffman et al. 1984)—TL DNA and TR DNA. TR DNA

harbours genes for opine synthesis and auxin biosynthesis,

TL DNA rolABCD genes corresponding to open reading

frames 10, 11, 12 and 15 (Slightom et al. 1986). The

presence and copy number of evaluated genes suggest that

only part of TL DNA was integrated into genome of

transgenic clones.

Ex vitro acclimation

Acclimation of the clones from in vitro conditions required

maintaining of sufficient humidity in the first step of adap-

tation. Therefore, hydroponic system with subsequent

transfer into soil was used for acclimation of in vitro growing

shoots with differentiated roots to ex vitro conditions. Ability

of the clones to survive process of acclimation was different

(Table 2). Plantlets of the clones K and B tolerated hydro-

ponics well with survival rate higher than 80%. On the

contrary, only 20% of the clone L shoots survived as long as

they could be transferred into the soil where they soon

withered and died. Transfer to the soil did not affect control

plantlets but was critical for the B clone ones as their number

decreased to 29%. Moreover, long term ex vitro cultivation

reduced their number to less than 5%.

During acclimation to ex vitro conditions plants must

adapt to severe changes of environment. Plants undergo

substantial changes in leaf morphology and anatomy,

including development of cuticle and effective stomatal

regulation of transpiration, differentiation of leaf meso-

phyll and changes of chloroplast number and structure

(Pospı́šı́lová et al. 1999). The process of acclimation of

transgenic plants is even more complicated by expression

of transgenes often leading to decreased vigour. Sevón

et al. (1997) reported on successful transfer of 13% of in

vitro grown transgenic clones of Hyoscyamus muticus to

greenhouse conditions. Their adaptation to soil was con-

sidered difficult or extremely difficult. Acclimatization of

Angelonia salicariifolia plantlets transformed with wild A.

rhizogenes strains was also problematic, only 20% of

plantlets without apparent hyperhydric appearance could

have been transplanted into greenhouse (Koike et al. 2003).

Similarly as in other species, acclimatization of transgenic

H. perforatum plants to ex vitro in our experiment has been

also shown to be tricky.

Morphological and biochemical traits of plants ex vitro

Only plants of the clone B and control plants were sub-

jected to evaluation of morphological and biochemical

traits, as only these plants were successfully adapted to ex

vitro conditions. During ex vitro cultivation transgenic

plants exhibited bushy dwarfed phenotype (Fig. 4). They

were significantly smaller than the control plants in the first

and second year of cultivation. Both clones had comparable

number of axillary shoots. While both clones had similar

Table 2 Acclimatization of the clones

No. of shoots Clone

B L K

Used for hydroponics 130 203 60

Transferred to the soil 106 41 57

Surviving in the soil after

3 months 38 0 41

1 year 5 0 3

Fig. 4 Habit of clone B plant cultivated ex vitro. The bar represents

5 cm

Acta Physiol Plant (2009) 31:351–358 355

123



number of internodes, clone K internodes were more than

four times longer than that of transgenic clone (Table 3).

The studied transgenic plants had smaller leaves which

were no more wrinkled during ex vitro cultivation. Leaf

senescence was observed much earlier on transgenic than

on non-transformed plants. Both clones developed signifi-

cantly greater leaves during ex vitro cultivation than under

in vitro conditions (Tables 1, 3). Number of glands on

leaves increased almost 1.5 times on the clone B plants and

almost two times on control plants in ex vitro conditions.

Dark gland density was reduced more than two times on

leaves of both clones in ex vitro. Contrary to this study,

Kirakosyan et al. (2004) found no difference in the number

of dark glands per leaf in tissue culture and under green-

house conditions in several cultivars of H. perforatum.

Several studies dealt with the number and dark gland

density on H. perforatum leaves. Regenerated plants

described by Čellárová et al. (1994) had similar gland

density of 0.20–0.29 on leaves as non-transformed control

in our study. Density of dark glands on the top leaves of

plants from different Australian populations varied from

0.33 to 0.50 glands per mm2 of leaf area (Southwell and

Campbell 1991) and that of northwestern USA populations

from 0.61 to 0.85 (Walker et al. 2001). On the other hand,

Cirak et al. (2007) reported on several times higher gland

density on leaves. The other available data provide total

counts per leaf that vary between 11.12 and 19.93 (Briskin

and Gawienowski 2001) or 10.3–15.2 (Kirakosyan et al.

2003), but do not indicate gland density.

Transgenic H. perforatum plants had also reduced

number and size of flowers. Flowers of both clones con-

tained equal number of floral whorls; only stamen number

was reduced in clone B (55.55 ± 1.30) comparing to the

control one (66.14 ± 2.69). All evaluated floral parts of

transgenic clone were significantly smaller than those of

the control clone (Table 4). Number of dark glands on

petals varied between the clones. Density of dark glands

was higher on clone B petals (Table 4). While control

plants produced seeds, transgenic ones were sterile.

Dark gland size differed between the clones. Dark

glands on petals were greater than on leaves in both clones

(Table 5). Dark glands covered 0.4% of leaf lamina in the

clone B but only 0.3% in the control. Percentage of dark

gland area on petals was higher resembling 0.58% on clone

B and 0.6% on clone K. Similar results reported by

Zobayed et al. (2006) show that dark glands cover

approximately two times greater area of petals than leaves

of plants cultured under controlled conditions.

The ability of hypericin biosynthesis in transgenic clone

B was significantly reduced in ex vitro environment when

compared with control plants (Table 5). Unlike in vitro-

grown shoots, ex vitro cultivated plants were flowering. As

flowers contain higher amounts of secondary metabolites

than shoots (Couceiro et al. 2006), hypericin content was

supposed to be higher in the ex vitro grown plants. Sur-

prisingly, hypericin content of ex vitro clone B plants was

even lower than in vitro grown plants (Table 1). On the

other hand, total hypericin content of control plants

increased in ex vitro conditions. The hypericin content is

largely affected by the stage of plant development and also

by proportion of plant parts or tissues in the analysed

sample (Couceiro et al. 2006). As control and transgenic

plants significantly differed in proportion of flowers and

leaves in the upper half of the flowering aerial parts,

additional hypericin analyses were performed using stem,

leaf and flower tissues, respectively. Even in these samples,

hypericin content was much lower in transgenic tissues

(data not shown).

Table 3 Some characteristics of the aerial part of ex vitro cultivated

plants

Clone

B K

Plant height (cm)

1st year 9.40 ± 3.02a 21.48 ± 2.53b

2nd year 48.66 ± 6.36a 73.30 ± 16.79b

No. of stems 4.00 ± 0.44 5.60 ± 2.73

No. of axillary shoots 35.00 ± 2.28 32.00 ± 3.46

No. of internodes 25.20 ± 1.83 19.33 ± 1.20

Internode length (mm) 8.86 ± 0.63a 37.28 ± 2.00b

Leaf area (mm2) 33.54 ± 1.65a 107.99 ± 5.39b

No. of dark glands per leaf 15.19 ± 0.53a 18.28 ± 0.70b

Gland density on leaf 0.49 ± 0.03a 0.17 ± 0.01b

Means ± SE are given

Small letters denote statistically significant differences between the

clones

Table 4 Floral characteristics in ex vitro conditions

Clone

B K

Sepal length (mm) 4.52 ± 0.07a 7.11 ± 0.14b

Sepal width (mm) 1.16 ± 0.04a 1.43 ± 0.04b

Pistil length (mm) 6.45 ± 0.22a 9.60 ± 0.19b

Stamen length (mm) 4.78 ± 0.07a 7.66 ± 0.09b

Anther length (mm) 0.46 ± 0.01a 0.60 ± 0.01b

Anther width (mm) 0.64 ± 0.01a 0.85 ± 0.01b

Petal area (mm2) 30.20 ± 0.64a 68.71 ± 1.36b

No. of dark glands per petal 18.43 ± 0.39a 20.49 ± 0.45b

Gland density on petal 0.57 ± 0.01a 0.30 ± 0.01b

Means ± SE are given

Small letters denote statistically significant differences between the

clones
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Recent studies showed that hypericins are almost

exclusively present in the dark-gland tissues located on the

aerial parts of a plant, especially on the leaves and floral

parts. Concentration of hypericin and pseudohypericin in

various organs of this species depends on the number of

dark glands, their size or area (Zobayed et al. 2006).

Reduced number of dark glands on leaves and petals as

well as their smaller size could explain decreased hypericin

content in transgenic clone ex vitro. Our results also indi-

cate that hypericin content is not attributed only to gland

density or their size in the sample analysed. Stage of

development, inner structure and metabolic activity of

these multicellular glands should also be taken into con-

sideration. Overall, transgenic plants in ex vitro conditions

had decreased vigour which could also affect development

of dark glands as well as accumulation of hypericin.

To our knowledge, little information is available on

secondary metabolite production in hairy-root regenerated

medicinal plants. Several authors report on non-changed or

reduced production of secondary metabolites in transgenic

plants (Oksman-Caldentey et al. 1991; Saito et al. 1992).

On the other hand, transgenic Duboisia myoporoides 9 D.

leichardtii plants with the strongest hairy root phenotype

had the highest content of scopolamine. However, the

overall yield of scopolamine and hyoscyamine was reduced

in transformed plants in comparison with the control plants

(Celma et al. 2001).

To summarize, integration of rolA, B and C genes into

genome of the clone B and L has been proved while

integration of rolD and aux genes was not confirmed by

PCR amplification. The clones varied just slightly in the

copy number of integrated genes but the sites of transgene

integration were different. Both transgenic clones exhibited

hairy root syndrome and transformation events lead to

significantly increased hypericin production in one of the

clones in vitro conditions. The acclimation process was

difficult and only few plants of one transgenic clone were

successfully adapted to ex vitro conditions. Even in ex

vitro setting these plants exhibited hairy root syndrome

with reduced viability and fertility. Moreover, hypericin

content was significantly reduced not only comparing to

control plants ex vitro, but also to the same clone cultivated

under in vitro conditions, thereby indicating that transgenic

plants tested ex vitro in this study do not provide a viable

alternative for production of hypericins.
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