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Abstract The induction and establishment of hairy root

cultures of Gentiana dinarica using two strains of Agro-

bacterium rhizogenes (A4M70GUS and 15834/PI) is

reported for the first time. Strain 15834/PI had higher

induction rate of hairy roots (32.15 %) than strain

A4M70GUS (6.12 %). Transgenic nature of the roots was

confirmed by GUS assay and PCR analysis. Two clones per

strain (A4M70GUS-D and -I, and 15834/PI-2 and -3) with

marked differences in general morphology and growth rate

were further studied. The methanol extracts of hairy root

clones were analyzed for xanthones content using HPLC

method. The effects of the type of carbohydrate source

(sucrose, fructose or glucose) at different concentrations on

the growth parameters (growth index, dry weight, fresh/dry

weight ratio), phenolic and xanthone production, and free

radical scavenging activity of the transgenic clones were

evaluated. Statistical two level factorial design was used to

define optimal conditions for growth and successful sec-

ondary metabolite production in G. dinarica hairy root

clones. The results showed that clones A4M70GUS-D and

15834/PI-3 were the superior ones. These two clones had

the highest dry weight on 116.8 mM sucrose, producing up

to threefold higher amounts of total phenolics and nors-

wertianin-1-O-primeveroside than other clones, untrans-

formed roots and roots of wild-grown plants.

Keywords Gentiana dinarica � Agrobacterium
rhizogenes � Carbohydrates � Xanthone � Total phenolics �
DPPH

Abbreviations

MS Murashige and Skoog (1962)

DW Dry weight

FW Fresh weight

BA 6-Benzyladenine

NAA a-Naphthaleneacetic acid

PCR Polymerase chain reaction

DPPH 1,1-Diphenyl-2-picrylhydrazyl

Introduction

Gentiana dinarica Beck. is a sub-alpine, perennial species

found in open plains on carbonate soil of Dinaric Alps

Mountains of the Balkan Peninsula (Jovanović-Dunjić

1973). Gentians (Gentiana spp.) have been used in the

traditional medicines in many countries mostly for the

preparation of bitter tonic which is usually used as a

remedy for digestive problems (Pontus et al. 2006).

Secoiridoids, xanthones and flavone-C-glucosides are the

main secondary metabolites isolated from Gentiana species

(Hostettmann-Kaldas et al. 1981). The aerial parts of

G. dinarica contain secoiridoids and flavone-C-glucosides,

while the roots are rich in xanthones and secoiridoids,

along with flavone-C-glucosides (Krstić et al. 2004).
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Institute for Medicinal Plant Research ‘‘Dr Josif Pančić’’,
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Xanthones are yellow pigments occurring in a few higher

plant families and are almost exclusively found in Gen-

tianaceae and Guttiferae (Jensen and Schripsema 2002).

Xanthones with 1,3,7,8-oxygenation pattern such as nors-

wertianin and its O-glycosides are characteristic for

G. dinarica, but are not very common in gentians. Apart

from G. dinarica, these compounds have been found only

in two other gentians, G. bavarica and G. verna (Peres

et al. 2000). Interestingly, this type of xanthones has been

isolated from many Swertia species, and is more char-

acteristic for Swertia than to Gentiana species. Naturally

occurring xanthones are widely reported for their sig-

nificant biological and pharmacological properties.

Numerous studies demonstrated that xanthones and their

derivatives exhibit antioxidant (Luo et al. 2013), anti-

inflammatory (Mahendran et al. 2013), antimicrobial

(Larcher et al. 2004; Yimdjo et al. 2004), antiviral (Cao

et al. 2013), vasodilator (Chericoni et al. 2003) and anti-

diabetic activities (Zheng et al. 2014). It has been shown

that norswertianin exhibited antibacterial, antifungal, anti-

oxidant and hypoglycemic activity (Fotie and Bohle 2006),

with potential to act as a chemopreventive agent (Hirakawa

et al. 2005).

In vitro culture techniques have been well developed for

the major European gentians, and micropropagation of

G. dinarica has been described recently (Vinterhalter et al.

2012). The effects of different carbohydrates on root

growth and xanthone production in root cultures of

G. dinarica have been reported (Krstić-Milošević et al.

2013). It has been shown that sucrose was the preferred

carbohydrate source for the excised root growth and xan-

thone production. However, fructose and glucose were also

suitable carbohydrates supporting growth of root cultures

and high accumulation of xanthones.

Transformed root cultures have received increasing

attention in recent years as they offer many advantages,

such as fast growth in hormone-free media, genetic and

biochemical stability, and capacity for secondary metabo-

lite production with the possibility of increasing their levels

by line selection, elicitation or manipulation of culture

conditions (Georgiev et al. 2007; Hu and Du 2006).

Transformation of Gentiana species in most studies was

done using Agrobacterium rhizogenes with two main goals

in mind. One was to improve transformation protocols in

producing hairy roots with increased secondary metabolite

production, while the second goal was to transfer other

traits that may be of horticultural interest. In this latter sense,

Hosokawa et al. (1997) and Nishihara et al. (2006) produced

dwarf gentian clones (Gentiana triflora 9 G. scabra) with

different flower colors, and Mishiba et al. (2006) studied a

flower color stability among transformants. However,

majority of the numerous gentian studies were dedicated

to the production of superior hairy root cultures with

increased secondary metabolite content suitable for pro-

duction in bioreactors. Secoiridoid compounds were ana-

lyzed in hairy roots of G. cruciata (Hayta et al. 2011),

G. punctata (Menković et al. 2000a), and G. macrophylla

(Tiwari et al. 2007; Zhang et al. 2010), whereas secoir-

idoids and xanthones were reported in transformed G. lutea

(Menković et al. 2000b). Secondary metabolite production

in root cultures was usually studied in relation to the type

of transformation vectors, presence of rol genes, morpho-

logical differences between genotypes/clones, initial

inoculum size, medium type, culture conditions, mineral

medium composition and concentration of carbohydrates

(Keil et al. 2000; Jeong et al. 2002; Weathers et al. 1997).

Most of the studies analyzed the influence of a single factor

while the interactions between the factors have not been

examined thoroughly. Therefore, in order to optimize the

culture conditions it would be necessary to investigate the

influence of different factors on growth and secondary

metabolism using experimental design. This strategy could

provide identification and prediction of experimental con-

ditions for the best culture performance (Wu and Hamada

2009).

In the present study, we report for the first time suc-

cessful genetic transformation of G. dinarica and estab-

lishment of hairy root cultures. For transformation we used

A. rhizogenes strains A4M70GUS and 15834/PI. More-

over, for each bacterial strain we have investigated the

contribution and interactive effects of clone, carbohydrate

type and concentration on the dry weight, total phenolic

content and xanthone production in hairy root cultures

using a factorial 23 experimental design.

Materials and methods

Bacterial strains

Two agropine-producing A. rhizogenes strains A4M70GUS

(Tepfer and Casse-Delbart 1987) and 15834/PI, carrying

two independently expressed proteinase inhibitor (PI)

genes (Smigocki et al. 2009), were used. Bacteria were

maintained on YEB media (Van Larebake et al. 1977)

supplemented with 50 mg/l neomycin for A. rhizogenes

A4M70GUS or 50 mg/l kanamycin for A. rhizogenes

15834/PI. For infection of plants, bacteria were cultured

overnight at 28 �C in liquid YEB media without anti-

biotics. The transgenic status of hairy roots was confirmed

by PCR reactions for rolA, rolB, rolC, rolD and virD1

genes as previously described by Ninković et al. (2010). b-
Glucuronidase enzyme activity was determined histo-

chemically (GUS assay) after an overnight incubation at

37 �C using X-Gluc as a substrate, at pH 7.0 (Jefferson

et al. 1987).
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Plant material and hairy root induction

Micropropagated shoots of G. dinarica (Vinterhalter et al.

2012), about 15 mm long, were inoculated by wounding

with a needle dipped in the bacterial suspensions. Inocu-

lated shoots were cultured for 15 days on MS (Murashige

and Skoog 1962) medium without plant growth regulators

and then transferred to the same medium supplemented

with 250 mg/l cefotaxime (Tolycar�, Cefotaxim-Na,

Jugoremedia, Zrenjanin, Serbia).

Formed roots, about 20 mm in length, were excised

from the shoot explants and transferred on � MS medium

plus cefotaxime without plant growth regulators in Petri

dishes. Concentration of cefotaxime was gradually

decreased over the next two subcultures (2 9 5 weeks)

down to the antibiotic-free medium.

Hairy root culture

Hairy roots were propagated in 40 ml of liquid � MS

medium without plant growth regulators supplemented

with 58.4 mM sucrose in 100 ml wide neck Erlenmeyer

flask with cotton wool stoppers mounted on an orbital

shaker at 85 rpm in a growth chamber at 25 ± 2 �C
and 2 lmol m2 s-1 irradiance under 16 h (long day)

photoperiod.

To assess the effect of carbohydrate type and con-

centration on growth, total phenolic content and xanthone

production, hairy root cultures were grown on media con-

taining 29.2, 58.4, 116.8 or 175.2 mM sucrose, glucose or

fructose. Erlenmeyer flasks containing 40 ml media and

approximately 400 mg of fresh root explants were cultured

on an orbital shaker under the same conditions as the

propagated hairy roots. After 5 weeks, root growth was

measured in terms of fresh weight (data not shown) and dry

weight. Growth index [(final fresh weight - initial fresh

weight)/initial fresh weight], dry weight, fresh/dry weight

ratio, accumulation of total phenolics and xanthones, and

DPPH radical scavenging activity were determined for the

harvested roots.

Factorial design

A 23 full factorial design was used to evaluate the statistical

significance of independent variables, i.e. hairy root clones

(1), type of carbohydrate (2) and concentration of carbo-

hydrate (3) on the root dry weight, total phenolic content

and xanthone production (dependent variables). Each fac-

tor was tested at two significantly different levels using

the following upper and lower limits chosen on the basis

of growth pattern—clones (clones D and I for strain

A4M70GUS; clones 2 and 3 for strain 15834/PI), two

types of carbohydrate (sucrose and fructose), and two

carbohydrate concentrations (58.4 and 116.8 mM). An

overview of experimental conditions and studied variables

is shown in Table 1. For statistical analysis of factorial

design multivariate ANOVA has been performed using

STATISTICA 7.0 software, where factor influence on the

dry weight, total phenolic content and xanthone produc-

tion, for each bacterial strain, were observed through ab-

solute values of standardized estimated effects and

presented on Pareto charts with level of significance set at

P B 0.05.

Preparation of extracts

Hairy roots were air-dried at room temperature and ground

to fine powder using a mortar and a pestle. The obtained

powder (500 mg) was extracted with 10 ml of methanol in

ultrasonic bath for 20 min. After sonication, extraction was

continued by maceration for 48 h in the dark at room

temperature. The extracts were filtered through Whatman

filter paper No. 1 into 10 ml volumetric flasks, adjusted to

the volume with methanol, and were used for further

chemical analysis.

HPLC analysis

Prior to HPLC analysis, hairy root extracts were filtered

through a 0.45 lm membrane filters. Chromatographic

analysis was carried out on Agilent series 1100 HPLC

instrument, with a DAD detector, on a reverse phase Zorbax

SB-C18 (Agilent) analytical column (150 mm 9 4.6 mm

i.d., 5 lm particle size). The mobile phase consisted of sol-

vent A (1 %, v/v solution of orthophosphoric acid in water)

and solvent B (acetonitrile) using the gradient elution as

follows: 98–90 % A 0–5 min, 90 % A 5–10 min, 90–85 %

A 10–13 min, 85 % A 13–15 min, 85–70 % A 15–20 min,

70–40 %A20–24 min, 40–0 %A24–28 min. The injection

volume was 5 ll. Detection wavelengths were set at 260 and
320 nm, and the flow rate was 1 ml min-1. Standards of

gentioside, norswertianin, norswertianin-1-O-glucoside and

norswertianin-1-O-primeveroside were previously isolated

in our laboratory (Krstić et al. 2004). Quantification was

Table 1 Factorial design to evaluate the influence of variables

Factors Levels Bacterial strains

A4M70GUS 15834/PI

1. Clone ? Clone D Clone 2

– Clone I Clone 3

2. Carbohydrate type ? Sucrose Sucrose

– Fructose Fructose

3. Carbohydrate concentration ? 116.8 mM 116.8 mM

– 58.4 mM 58.4 mM
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performed using calibration curve with external standards.

All experiments were repeated at least two times. The results

are presented as milligrams per gram of dry weight.

Total phenolic content

The total phenolic content of hairy root extracts was esti-

mated by Folin–Ciocalteu method as described by Single-

ton and Rossi (1965), with slight modifications. Briefly,

a 100 ll aliquot of methanol extract (concentration

12.5 mg/ml) was mixed with 500 ll of 1:10 diluted Folin–

Ciocalteu reagent (Sigma-Aldrich). After 5 min, 400 ll of
sodium carbonate (7.5 g/ml) was added, and mixture was

incubated at room temperature in the dark for 2 h. The

absorbance of samples was measured at 765 nm using an

Agilent 8453 UV–Visible spectrophotometer. Gallic acid

(0–100 mg/l) was used for calibration curve. Results were

expressed as milligrams of gallic acid equivalent per gram

of dry weight (mg GAE/g DW). Triplicate measurements

were taken and mean values were calculated.

DPPH radical scavenging activity

The free radical scavenging activity of hairy root extracts

against stable DPPH radical was determined according to

the procedure described previously (Brand-Williams et al.

1995), with some modifications. The antiradical activity

was evaluated using various concentration of each extract

ranging from 0.06 to 1 mg/ml. The reaction mixture con-

tained 500 ll of extract and 500 ll of daily prepared

150 lM DPPH solution in methanol. After thorough mix-

ing, the solutions were incubated for 20 min at room

temperature in the dark. Thereafter, absorbance of the

samples was measured spectrophotometrically at 517 nm.

All tests were performed in triplicate, using Trolox [(±)-6-

hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid,

Sigma Aldrich, USA] as a positive control.

The percentage of inhibition was calculated using the

equation:

% Inhibition ¼ A0 � A1ð Þ=A0½ � � 100

where A0 is the absorbance of the control solution (con-

taining only DPPH) and A1 is the absorbance of the sam-

ples. The IC50 values were calculated by linear regression

of plots where the abscissa represented the concentration of

tested samples and ordinate the average percentage of in-

hibition from three separate tests.

Statistical analysis

Each treatment lasting 5 weeks was repeated 3–5 times

with three samples per treatment. Significant differences

between means of each treatment within the same clone

were determined using Fisher’s least significant difference

(LSD) test at P B 0.05 after performing ANOVA multi-

factorial analysis. All calculations of the data from DPPH

assay and statistical analysis were performed by Prism 4.0

for Windows (GraphPad Soft. Inc., USA).

Results

Establishment of hairy root cultures

Hairy roots appeared on wounded shoots after 25 days of

inoculation with each A. rhizogenes strain. Transformation

frequency for the A4M70GUS strain was 6.12 %, i.e. 149

of 924 explants produced hairy roots at the wound site

(Fig. 1a). Transformation frequency for strain 15834/PI

was 32.15 % (118 out of 367 explants). Most of the

regenerated roots did not survive. Thus in the second

subculture, only 27 clones of A4M70GUS and 25 clones of

15834/PI survived. Twenty four out of 27 A4M70GUS

clones (88.9 %) were GUS positive, with a variable degree

of GUS staining. GUS activity was highest in clones E, D

and B, while clones H and G had barely visible blue stains

in the epidermis (Fig. 1b). The number of transformed

clones continued to decline with each consecutive sub-

culture, and only five A4M70GUS and nine 15834/PI

clones survived after 10 subcultures. PCR analysis con-

firmed the presence of rolA, rolB and rolC genes in all of

the A4M70GUS and 15834/PI derived clones (Fig. 2).

Root clones were characterized on the basis of growth

pattern and type of branching, and two A4M70GUS (D and

I) and two 15834/PI (2 and 3) clones were selected for

further experiments. They all had typical hairy root phe-

notype with pronounced plagiotropic growth response, but

exhibited marked differences in general morphology and

growth rate. Clone D roots were thick, elongated and

produced less lateral roots than clone I roots. Clone 2 roots

were similar to roots of clone I (less elongated and well

branched), while clone 3 roots were thin, elongated and

branched.

The effects of sucrose and its constitutive hexoses on the

growth and phenotype characteristics of the transgenic

clones are shown in Fig. 3. On the medium supplemented

with sucrose, maximum growth index for all transgenic

clones, except for clone D, was observed at concentration

of 58.5 mM (Fig. 3a). Clone D had the highest growth

index at higher concentration of sucrose (116.8 mM). At

175.2 mM sucrose, necrosis was observed in all clones.

Similar pattern was noticed for fructose-supplemented

medium where the highest growth index for clones I, 3 and

2 was observed at 116.8 mM fructose, while clone D re-

quired higher fructose concentration (175.2 mM). On
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Fig. 1 a Appearance of hairy

roots 5 weeks after the

inoculation of shoots with

A. rhizogenes A4M70GUS

bacterial suspension.

b Differences in GUS gene

expression following root

treatments with X-Gluc

solution. c Fast growing hairy

root clones D (A4M70GUS) and

3 (15834/PI) after 5 weeks on

hormone-free liquid medium. d,
e Hairy root cultures of clone D

on � MS liquid medium with

29.2, 58.4, 116.8 and 175.2 mM

sucrose (d) or fructose (e), from
left to right, after 5 weeks

Fig. 2 PCR analysis of rolA, rolB and rolC genes in G. dinarica

Beck. hairy root cultures transformed by a A. rhizogenes

A4M70GUS. Lane 1 control, nontransformed roots; lanes 2–6 hairy

root clones B, D, E, I and J, respectively; lane Ar A4M70GUS DNA;

lane L 1 kb DNA ladder; b A. rhizogenes 15834/PI. Lane 1 control,

nontransformed roots; lanes 2–10 hairy root clones 2, 3, 5, 11, 14, 16,

17, 18 and 19, respectively; lane Ar 15834/PI DNA; lane L 1 kb DNA

ladder. PCR analysis of all transformants for Agrobacterium

contamination using Agrobacterium virD1-gene specific primers

(bottom panels; 441 bp)
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glucose- supplemented medium all clones had the max-

imum growth index at 175.2 mM. Analysis of variance

revealed that carbohydrate concentration was significant

for the growth index (F = 46.777, P\ 0.000001), while

carbohydrate type had no significant effect (F = 0.004,

P\ 0.995821).

The dry weight of hairy roots was affected by carbo-

hydrate concentration in all clones (Fig. 3b). The max-

imum dry weight on sucrose-supplemented medium was at

the concentration of 116.8 mM, while on glucose-supple-

mented medium it was at 175.2 mM concentration. On the

fructose-supplemented medium, clones D and 3 had the

highest dry weight at 175.2 mM, while the dry weight of

the slow growing clones I and 2 was slightly higher at

116.8 mM than at 175.2 mM.

Carbohydrate concentration had a profound effect on

root morphology, with roots becoming dark green, thick

and brittle at higher concentrations (Fig. 1d, e). The root

Fig. 3 Effect of sucrose (suc), glucose (glc) and fructose (fru) on the

growth parameters of G. dinarica hairy root clones: A growth index,

B dry weight, C fresh/dry weight ratio. To calculate the final root dry

weight in mg per liter of growth medium, values along ordinate

should be multiplied with factor 25. Data represent mean values

(±SE) of five measurements. Values denoted by the same letter are

not significantly different according to the Fisher’s (LSD) test at

P B 0.05 following ANOVA multifactorial analysis
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dry weight increased with carbohydrate concentration but

the fresh/dry weight ratio decreased at higher carbohydrate

concentrations (116.8 and 175.2 mM), as the roots became

more compact (Fig. 3C). The decrease in total water con-

tent of the roots, indicated by decrease in fresh/dry weight

ratio at higher carbohydrate concentrations in the medium,

was greater on sucrose- and fructose- than on glucose-

supplemented medium.

Total phenolic content

After 5 weeks of cultivation, hairy root clones D, I, 2 and 3

grown in media supplemented with 29.2, 58.4, 116.8 and

175.2 mM of sucrose fructose or glucose, were analyzed

for their total phenolic content. Generally, the increase in

the carbohydrate concentration up to 116.8 mM led to an

increase in the phenolic content (Fig. 4). Higher sugar

concentration (175.2 mM) decreased the production of

phenolics (except in clone I cultured on fructose and glu-

cose, and clone 3 cultured on glucose). Phenolic levels of

the roots transformed with 15834/PI ranged from 107.0 to

411.7 mg GAE/g DW. In comparison, A4M70GUS hairy

roots clones had lower phenolic levels (60.5–355.5 mg

GAE/g DW).

Effect of carbohydrates on xanthone production in hairy

roots

The HPLC analysis of methanol extracts of G. dinarica

hairy roots revealed the presence of characteristic xan-

thones, namely norswertianin-1-O-primeveroside, nors-

wertianin-1-O-glucoside, gentioside and norswertianin, in

all analyzed clones (Fig. 5). Their contents differed among

hairy root clones depending on the type and the con-

centration of carbohydrate in the growth medium. Nors-

wertianin-1-O-primeveroside was the most abundant

xanthone in all hairy root clones. Xanthone levels increased

with increasing concentration of sucrose up to 116.8 mM.

When glucose or fructose was supplied to the medium, the

highest xanthone accumulation was determined at

175.2 mM (Fig. 5A). Among the analyzed hairy root

clones, the highest amount of norswertianin-1-O-prime-

veroside (32.4 mg/g) was observed in clone 3 cultured on

medium with 116.8 mM sucrose. Norswertianin-1-O-glu-

coside content ranged from 1.6 (clone I at 29.2 mM

sucrose) to 6.0 mg/g (clone 3 at 116.8 mM sucrose).

Clones D and 3 produced higher content of this xanthone

glucoside than clones I and 2 (Fig. 5B). The content of the

second xanthone primeveroside namely gentioside was

significantly higher (0.07–2.32 mg/g) in clones grown on

sucrose compared to the fructose and glucose (Fig. 5C);

and the highest accumulation was observed in clone 3 at

116.8 mM sucrose. On the other hand, accumulation of

xanthone aglycone norswertianin decreased with increasing

concentration of tested carbohydrates. Lower concentra-

tions of sugars stimulated norswertianin production, espe-

cially in thin elongated roots such as clone 3. Clones I and

2 grew more slowly and accumulated norswertianin in

traces (Fig. 5D). Since norswertianin-1-O-primeveroside

was the most abundant xanthone in roots of the trans-

formed G. dinarica, this compound was chosen as a marker

for metabolite production in factorial design experiment.

Free radical scavenging activity

DPPH assay was performed as a routine assay for esti-

mating free radical scavenging activity of methanol

extracts of hairy root clones. Figure 6 presents free radical

scavenging activity of methanol extracts of hairy roots

expressed as IC50 values. The highest activity

(IC50 = 0.195 mg/g DW) was observed in extract of clone

D cultured on 175.2 mM fructose. At the highest sucrose

Fig. 4 Effects of carbohydrates (sucrose—suc, glucose—glc and

fructose—fru) on the total phenolic content of G. dinarica hairy root

clones. Treatments within clones denoted by the same letter are not

significantly different according to the Fisher’s (LSD) test at

P B 0.05 following ANOVA multifactorial analysis
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and glucose concentration, clone D also exhibited high

scavenging activity with an IC50 value of 0.268 and

0.271 mg/g DW, respectively. The lowest activity was

found in extract of clone I.

Full factorial design

Since 58.5 and 116.8 mM sucrose exhibited the highest

promoting effect on root growth, these concentrations were

selected for the factorial design experiment. Root growth

on glucose and fructose supplemented medium was similar,

however, as xanthone production in fast growing clones D

and 3 (Fig. 1c) was higher on fructose than glucose, the

former was selected as the second carbohydrate source to

compare with sucrose.

Statistical 23 full factorial design was performed to

evaluate the influence of carbohydrate type, carbohydrate

concentration and type of clone on the dry weight, total

phenolic content and norswertianin-1-O-primeveroside

production in hairy root cultures of G. dinarica, and to

identify the most significant factor in this system. This

multivariate optimization method also allows the evalua-

tion of the interactions between the factors. Figure 7a–f

presents the Pareto charts of the factors that have a sig-

nificant effect on the response obtained at P B 0.05 sig-

nificance level. The lengths of the bars are proportional to

the absolute value of the estimated effects and the values

which are located on the right of the dashed line are

significant. Factor 2 (carbohydrate type) had the most

significant effect on the dry weight of roots derived from

A4M70GUS, while factor 3 (carbohydrate concentration)

was most significant for roots derived from 15834/PI

(Fig. 7a, b). A higher intensity interaction was the inter-

action between 1 (type of clone) and 3 in roots derived

from A4M70GUS transformation, while the other interac-

tions were not significant since they presented probability

higher than 0.05. For the roots derived from the 15834/PI

transformation, all interactions between factors presented

significant effect. Factor 3 caused significant effect on the

total phenolic content in roots of A4M70GUS strain,

whereas factor 1 showed significant effect in roots of strain

15834/PI (Fig. 7c, d). Interaction of 1 9 3 was the most

statistically significant interaction in A4M70GUS strain

since its absolute value was higher than other interactions,

whereas in strain 15834/PI it was interaction between 2 and

3. Factor 3 was the most significant independent variable

for the production of norswertianin-1-O-primeveroside in

roots of both strains, and all interactions between factors

presented significant effect (Fig. 7e, f).

Discussion

Susceptibility of various Gentiana species to A. rhizogenes

strains has been previously reported by a number of authors

(Suginuma and Akihama 1995; Momčilović et al. 1997;

Vinterhalter et al. 1999, 2000; Tiwari et al. 2007; Zhang

et al. 2010; Hayta et al. 2011). In this study, we report for

the first time successful Agrobacterium transformation and

establishment of hairy root clones of G. dinarica, endemic

and endangered medicinal plants from Balkan Peninsula.

It was already shown that transformation frequency in

Gentiana species besides explants type and method of

inoculation depends on Agrobacterium strain used for plant

bFig. 5 Xanthone content in G. dinarica hairy root clones grown on

medium supplemented with different concentrations of sucrose (suc),

glucose (glc) and fructose (fru). A norswertianin-1-O-primeveroside;

B norswertianin-1-O-glucoside; C gentioside; D norswertianin. Data

represent mean values (±SE) of three measurements. Values denoted

by the same letter are not significantly different according to the

Fisher’s (LSD) test at P B 0.05 following ANOVA multifactorial

analysis

Fig. 6 Effect of sucrose (suc), glucose (glc) and fructose (fru) on the

DPPH radical-scavenging activity of G. dinarica hairy root clones.

Data represent mean values (±SE) of three measurements. Values

denoted by the same letter are not significantly different according to

the Fisher’s (LSD) test at P B 0.05 following ANOVA multifactorial

analysis

Plant Cell Tiss Organ Cult (2015) 121:667–679 675

123



infection (Momčilović et al. 1997; Tiwari et al. 2007;

Hayta et al. 2011). In our study, we also report significant

differences in transformation frequencies between two

A. rhizogenes strains—A4GUS and 15834/Pi. Lower

transformation frequency of G. dinarica obtained with

A. rhizogenes A4GUS (6 %) in comparison with

A. rhizogenes 15834/Pi (32 %) was expected since A4

wild-type strain has already shown less efficiency of hairy

root formation in various plant species comparing to 15834

strain (Porter 1991). Survival rate of the G. dinarica clones

Fig. 7 Pareto chart of the main effects at P B 0.05 on dry weight of the A4M70GUS (a) and 15834/PI (b) derived clones; total phenolics of the

A4M70GUS (c) and 15834/PI (d) derived clones; norswertianin-1-O-primeveroside content of A4M70GUS (e) and 15834/PI (f) derived clones
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(7.5 % for 15834/Pi vs. 3.3 % for A4GUS) confirms high

efficiency of A. rhizogenes 15834/Pi strain as a transfor-

mation vector. The observed differences in general mor-

phology and the growth rate of G. dinarica individual hairy

root clones could be explained by positional effects, vari-

able copy numbers and differential expression of T-DNA

inserts into genome similarly as in many other reports on

A. rhizogenes-transformed species (Cho et al. 1998; Batra

et al. 2004; Hayta et al. 2011).

In most studies, the biomass production of transgenic

root cultures was higher than in excised root cultures of

adventitious roots (Verma et al. 2007; Chaudhuri et al.

2005). In relation to the adventitious root cultures of

G. dinarica (Krstić-Milošević et al. 2013), A4GUS clone D

and 15834/Pi clone 3 had higher while the other clones had

lower growth indexes. The two fast growing clones (D and

3) could be recommended for the further bioreactor studies

since they had constantly high growth rate and secondary

metabolite production over 5 years of continuous cultiva-

tion. On the contrary, the growth rate of adventitious root

cultures was satisfactory only for a couple of subcultures

after which it declined and cultures had to be replaced

every year (Krstić-Milošević et al. 2013). The root dry

weight of clones D and 3 was higher than that of clones 2

and I, the latter being similar to the dry weight of the

untransformed roots (Krstić-Milošević et al. 2013). A

lower fresh/dry weight ratio of most of the analyzed hairy

root clones indicates their more compact structures which

actually becomes an advantage in the case of production in

bioreactors. Under conditions of increased concentration of

carbohydrates in the medium, growth index of hairy root

cultures followed a similar pattern as in cultures of

adventitious roots (Krstić-Milošević et al. 2013). Namely,

only at lower concentrations (29.2 and 58.4 mM) sucrose

was superior in comparison to its constitutive hexoses at

the same concentrations. In previous studies of hairy root

cultures in different plant species, sucrose was reported to

be superior in comparison to fructose and glucose, applied

individually or in combination (Jeong et al. 2002; Praveen

and Murthy 2012). In hairy root cultures of G. punctata, the

highest biomass production was obtained on 58.4 mM

(2 %) sucrose (Vinterhalter et al. 1999, 2000), while in

Swertia chirata (Keil et al. 2000) the highest biomass

production was registered at very high sucrose concentra-

tion (6–9 %). In general, to maintain the high biomass

production, sucrose can be replaced with its constitutive

hexoses but their content needs to be 2–3 times higher than

that of sucrose. It should be noted that at equimolar con-

centration sucrose has twice the number of C-atoms present

in fructose or glucose.

Regarding secondary metabolite composition, secoir-

idoids were not detected in either adventitious or hairy

roots of G. dinarica, but they accumulated the same

xanthone compounds as plants from the nature. Hairy roots

of clones D, 2 and 3 contained higher amount of nors-

wertianin-1-O-primeveroside than adventitious root cul-

tures, regardless of the type and concentration of the

carbohydrate source. Moreover, all analyzed hairy roots

had higher norswertianin-1-O-primeveroside levels than

roots of the plants collected in nature (Vinterhalter et al.

2013). In G. dinarica hairy root cultures, high concentra-

tion of sugars stimulated production of polyphenolics. The

total phenolic content is considerably lower in roots of the

wild-grown plants (99.2 mg GAE/g) as well as in

untransformed roots (93.0–132.4 mg GAE/g) than in hairy

roots (Krstić-Milošević et al. 2013).

Secondary metabolite production in Gentiana species

transformed with A. rhizogenes has been well documented.

It is noteworthy that the main secoiridoid compound gen-

tiopicroside was present in much lower concentration in

hairy roots of G. lutea, G. cruciata, G. punctata and

G. macrophylla, than in roots of the wild-grown plants

(Menković et al. 2000a; Hayta et al. 2011; Menković et al.

2000b; Zhang et al. 2010). Gentiopicroside and other

secoiridoids were absent from both hairy root and adven-

titious root cultures of G. dinarica, they produced only

xanthones. Contrary to secoiridoids, xanthone production

in some hairy root clones of G. lutea and other members of

Gentianaceae family such as Centaurium erythraea and

C. pulchellum was higher than in roots of the plants grown

in the nature (Menković et al. 2000b; Janković et al. 2002).

The results obtained in our study are in accordance with

these reports. Although decreased production or the

absence of secoiridoids in hairy roots was observed, they

still retain the capacity for producing high amounts of

xanthones.

Factorial design is a good and simple statistical tool that

can be used to simultaneously study the effects that several

factors may have on a particular process. The factorial

design determines which factor has a significant effect on a

response and allows measuring the interactions between

different factors. For A4M70GUS and 15834/PI bacterial

strains, the carbohydrate source and concentration,

respectively, are the most important factors for the biomass

production. Analysis of optimal conditions for xanthone

production revealed carbohydrate concentration as the

most significant factor. The interaction of clone 9 carbo-

hydrate concentration was also statistically significant with

high absolute values.

Conclusion

This is the first report on the establishment of hairy root

cultures of G. dinarica Beck. A. rhizogenes-mediated

transformation of G. dinarica was feasible, enabling the
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production and maintenance of a number of hairy root

clones induced by bacterial strains 15834/PI and

A4M70GUS. Hairy root cultures displayed high growth

rates, and biomass production over 5 years was accom-

panied by equally high and constant production of sec-

ondary metabolites. They exhibited high-level production

of xanthone that exceeded those found in roots grown in

nature and adventitious roots. Full factorial design was

used to determine the effects of clone and carbohydrate

source and concentration on root biomass and phenolic

production. Clones D and 3 cultured on 116.8 mM sucrose

can be recommended for large scale production in

bioreactors.
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Ninković S, Djordjević T, Vinterhalter B, Uzelac B, Cingel A, Savić
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Vinterhalter B, Momčilović I, Vinterhalter D (2000) High biomass

producing root cultures of Gentiana punctata L. transformed

with Agrobacterium tumefaciens C58C1 (pArA4b). Arch Biol

Sci 52:85–90

Vinterhalter B, Krstić-Milošević D, Janković T, Milojević J, Vinter-

halter D (2012) In vitro propagation of Gentiana dinarica Beck.

Cent Eur J Biol 7:690–697
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