
Vol.:(0123456789)1 3

3 Biotech (2020) 10:429 
https://doi.org/10.1007/s13205-020-02419-7

ORIGINAL ARTICLE

Establishment of the hairy root culture of Echium plantagineum L. 
and its shikonin production

Jiang‑Yan Fu1 · Hua Zhao1 · Jia‑Xin Bao1 · Zhong‑Ling Wen1 · Rong‑Jun Fang1 · Aliya Fazal1 · Min‑Kai Yang1 · Bao Liu2 · 
Tong‑Ming Yin3 · Yan‑Jun Pang1,3 · Gui‑Hua Lu1,3,4 · Jin‑Liang Qi1,3 · Yong‑Hua Yang1,3 

Received: 6 March 2020 / Accepted: 31 August 2020 / Published online: 11 September 2020 
© King Abdulaziz City for Science and Technology 2020

Abstract
Echium plantagineum L. (Boraginaceae) is an invasive species in Australia and contains medicinal shikonins in its roots. 
In this study, the hairy root lines of E. plantagineum were established using Agrobacterium rhizogenes strain ATCC15834 
and confirmed by the amplification of the rolB gene. Results showed significant difference in shikonin production between 
the hairy root lines in the 1/2B5 and M9 media. The biomass of the lines in the 1/2B5 medium was fivefold of that in the M9 
medium. However, the components of detected shikonins were similar in these two liquid media. By contrast, different accu-
mulation profiles appeared in the hairy root lines. HPLC analysis revealed the presence of nine possible related compounds, 
including shikonins, and acetylshikonin was the most abundant shikonin derivative. The content of acetylshikonin in the 1/2B5 
medium (36.25 mg/L on average) was twofold of that in the M9 medium. Our results showed that the hairy root cultures of 
E. plantagineum can be used in enhancing the production of potential pharmaceutical compounds, such as acetylshikonin.
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Introduction

Plants can produce a range of secondary metabolites at dif-
ferent developmental stages or in specific tissues. These nat-
ural products contribute to the interaction of plants with the 

environment and serve as pharmaceuticals, cosmetics, and 
dyes (Verpoorte and Alfermann 2000). Naphthoquinones 
constitute a class of secondary metabolites with a wide dis-
tribution among higher plant families. Boraginaceae has a 
broad distribution, with more than 2000 species in 146 gen-
era, including shrubs, trees, and herbs (Babula et al. 2009). 
Shikonins are the most important naphthoquinones detected 
in this family. These red pigments are abundant in the roots 
of some genera, such as Lithospermum, Arnebia, Echium, 
and Onosma (Malik et al. 2016). Shikonin biosynthesis 
starts from geranyl-hydroxybenzoate, which is coupled 
by geranyl diphosphate from the mevalonate pathway and 
4-hydroxybenzoate from the phenylpropanoid pathway, and 
undergoes a series of oxidation and reduction reactions to 
yield shikonin and its derivatives (Fig. 1) (Malik et al. 2016). 
Apart from dyes and food additives, shikonins have a broad 
spectrum of biological and pharmacological properties, such 
as antimicrobial, antitumor, antiviral, and anti-inflammatory 
effects (Papageorgiou et al. 2008; Dresler et al. 2017; Guo 
et al. 2019).

Echium plantagineum L., commonly known as purple 
viper’s-bugloss or Paterson’s curse, is an annual flowering 
plant of Boraginaceae (Katelaris et al. 1982). It is native 
to western and southern Europe, northern Africa, and 
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southwestern Asia, and was introduced to Australia in the 
1800s as an ornamental plant (Piggin 1982; Grigulis et al. 
2001). The flowers, leaves, and stems of E. plantagineum 
contain pyrrolizidine alkaloids (PAs), which are poisonous 
to the livers and kidneys and even cause death in herbivores 
(Weston et al. 2011). Oil extracted from the seeds has a high 
concentration of valuable fatty acids, such as alpha-linolenic 
acid, which are good for human health (Cequier-Sánchez 
et al. 2011; Zárate et al. 2016). Apart from PAs and fatty 
acids, E. plantagineum root periderm contains naphthoqui-
nones. The first study on shikonins from E. plantagineum 
dates back to 1974, when the pigment extracted from the 
roots was identified as shikonin with the use of chromato-
grams (Shcherbanovskii and Luks 1974). Not until 2011, 
when Weston et al. (2011) have started their research on E. 
plantagineum in Australia, did shikonins were found only 
in the roots of this plant. According to their findings, red 
naphthoquinones can be extracted from seedlings and young 
roots, while mature and aged roots contain lower amounts 
of shikonins due to possible oxidation or polymerization 
(Weston et al. 2011).

In the past, shikonins were mainly extracted from the 
aged roots of Lithospermum erythrorhizon and Arnebia 

euchroma, and the whole process would take more than 
3 years (Yazaki 2017). However, biotechnological methods 
made the production of shikonins in a less time span under 
in vitro conditions possible (Malik et al. 2016). One such 
method is using Agrobacterium rhizogenes in inducing the 
production of hairy roots with stable inheritance and rapid 
growth in a hormone-free medium (Giri and Narasu 2000). 
The metabolic profiles of hairy roots are similar to those of 
mother plants (Kim et al. 2002; Srivastava and Srivastava 
2007). The in vitro production of secondary metabolites by 
hairy roots is influenced by many culture conditions, includ-
ing temperature, pH, light, elicitors, and nutrient elements 
(Guillon et al. 2006). The effects of medium ingredients on 
the production of shikonins by callus cells proposed a new 
medium, the M9 medium (Mizukami et al. 1977; Fujita et al. 
1981a, 1981b). Subsequently, a two-stage culture system 
composed of a growth medium (Linsmaier and Skoog or 
Murashige and Skoog, LS or MS) and a production medium 
(M9) was established (Fujita et al. 1981b). This system is 
widely used in in vitro shikonin biosynthesis in the tissue 
cultures of L. erythrorhizon (Zhao et al. 2015; Tatsumi et al. 
2016), Lithospermum canescens (Pietrosiuk et al. 2006), A. 
euchroma (Singh et al. 2010), and Onosma paniculatum (Qi 

Fig. 1  A brief biosynthetic pathway of shikonins. Dotted arrows: uncharacterized reactions
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et al. 2008). Notably, an important medium component is a 
nitrogen source with an ammonium-to-nitrate ratio that is 
beneficial to the growth of callus cells and negatively corre-
lated with the biosynthesis of shikonins (Fujita et al. 1981b). 
Thus, the M9 medium with no ammonium is unsuitable for 
the growth of hairy roots as a separate application. By con-
trast, the B5 medium has a lower ammonium content than 
MS and LS, especially 1/2B5 medium with half ammonium 
concentration, and is thus more conducive to shikonin bio-
synthesis (Sathyanarayana and Verghese 2007; Renouard 
et al. 2018; Khazaei et al. 2019).

In this study, we examined A. rhizogenes-mediated hairy 
root induction in E. plantagineum and compared hairy roots 
cultured in 1/2B5 medium and M9 medium in terms of shi-
konin production. The obtained results indicated that the 
1/2B5 medium was more efficient for the growth of hairy 
roots and accumulation of shikonins.

Materials and methods

Plant materials and culture conditions

Mature seeds of E. plantagineum L. were surface sterilized 
with 75% ethanol for 30 s and 0.1%  HgCl2 for 5 min suc-
cessively. The treated seeds were cultured on a solid and 
hormone-free 1/2MS basal medium at pH 5.8 supplemented 
with 3% sucrose and 0.8% agar and grown in a growth incu-
bator maintained at 25 °C with a 16 h light /8 h dark cycle.

Hairy root induction of E. plantagineum

For hairy root induction, A. rhizogenes ATCC15834 was 
used as the infection strain. Young leaves and stems from 
sterile E. plantagineum seedlings were used to induce hairy 
roots (Fig. 2a). First, the cutting explants were precultured 
on an MS solid medium supplemented with 0.2 mg/L NAA 
and 2.0 mg/L 6-BA and incubated for 48 h at 23 °C in the 
dark. A. rhizogenes ATCC15834 was cultured in a liquid 
YEB medium at 28 °C in a rotary shaker at 120 rpm. Ace-
tosyringone (final concentration of 100 μM) was added for 
the evaluation of the transformation efficiency when the 
 OD600 of the cells reached 0.4, and cultivation was stopped 
after  OD600 doubled. Then, the cultured bacterial stain was 
centrifuged and resuspended using an MS liquid medium. 
The explants were submerged in A. rhizogenes suspension 
and co-cultured for 15 min. Excess bacteria were removed 
by placing the explants on sterile filter paper. The infected 
explants were incubated on the same medium as the precul-
tivation in darkness at 23 °C for 4 days. Then the explants 
were transferred into a liquid MS medium with 500 mg/L 
cefotaxime for 20 min with occasional shaking. The plain 
liquid MS medium was used in washing off residual 

antibiotic. The explants were cultured on a solid MS medium 
at 23 °C for 5 days with cefotaxime, whose concentration 
was reduced from 500 mg/L to 250, 100, 50, and 0 mg/L 
gradually. After 4–5 weeks, germ-free hairy roots were iso-
lated and cultured on a hormone-free 1/2B5 solid medium at 
25 °C in the dark. The hairy roots were subcultured every 
30 days. The microscopic observation of transformed hairy 
roots was performed using OLYMPUS BX51.

Identification of transformed hairy roots

The genomic DNA of E. plantagineum was isolated from 
the hairy roots and plant samples using TIANGEN Hi-DNA 
secure plant Kit (TIANGEN, China). The integration of 
T-DNA from Ri plasmid was confirmed by the amplification 
of the rolB gene (780 bp), and A. rhizogenes ATCC15834 
was used as the positive control. The primer pairs used were 
as follows:

rolB-F: ATG GAT CCC AAA TTG CTA TTC CCC CACGA;
rolB-R: TAG GCT TCT TTC ATT CGG TTT ACT GCAGC.

Cultivation of transgenic hairy roots

Wild-type (WT) hairy roots were harvested from the solid 
medium and transferred to a 40 mL 1/2B5 liquid medium at 
25 °C on a shaker at 100 rpm in the dark. After fast prolif-
eration, the hairy roots were transferred into sterile water to 
wash off the medium, and the central older roots were cut 
off. The rest fresh hairy roots were placed on sterile filter 
paper and divided into parts with almost the same volume. 
Approximately 0.2 g of the drained hairy roots was trans-
ferred to a 40 mL 1/2B5 or M9 liquid medium at 25 °C with 
constant shaking at 100 rpm in the dark. The hairy roots in 
the two liquid nutrient media were harvested after 7 days 
of culture and compared in terms of shikonin biosynthesis.

Extraction and HPLC analysis of shikonins

The shikonins in different hairy root lines harvested at day 
7 of growth were extracted using the modified method and 
subjected to HPLC analysis (Wu et al. 2017; Eruygur 2018). 
The frozen samples were powdered, and 0.1 g of each sam-
ple was mixed with 2 mL of ethanol. The mixture was vio-
lently blended and incubated at 40 °C for 48 h with occa-
sional shaking. Subsequently, the extraction was centrifuged 
at 12,000 g for 10 min. The supernatant was then filtered 
with a 0.45 μm fiber column for HPLC analysis. The spent 
liquid medium (15 mL) was freeze dried and dissolved in 
500 μL of ethanol. The solution was centrifuged, and the 
supernatant was used for further analysis.

HPLC was performed with an Agilent 1200 Series sys-
tem (Agilent Technologies, USA). Samples were loaded on 
an Ultimate XB-C18 column (4.6 × 100 mm, 5 μm, Welch 
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Materials, Inc, China). The mobile phase was composed of 
solvent A  (H2O with 0.1% trifluoroacetic acid) and solvent B 
(acetonitrile), and the A-to-B ratio was 30:70. The injection 
volume was 10 μL, and the flow rate was 0.8 mL/min. Peaks 
were identified by comparing standard retention times. The 
standard samples of shikonins were purchased from Nanjing 
PuYi Biological Technology Co. Ltd (Nanjing, China).

Results

Establishment of E. plantagineum hairy roots

Putative hairy roots emerged at wounding sites within two 
weeks after inoculation (Fig. 2b, c). The excised hairy roots 
were cultured on an MS solid medium with cefotaxime for 

Fig. 2  Hairy root culture of E. plantagineum. a Aseptic seedlings of 
wild E. plantagineum. b, c Close-up image of induced hairy roots. d 
Hairy root lines of WT2, WT3, and WT11 in order. e, f Microscopy 

of transformed hairy roots; Arrows point to red naphthoquinones; 
Scale bar = 100 μm
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the elimination of residual A. rhizogenes. Aseptic hairy roots 
with extensive branching grew rapidly on the antibiotic-
free and hormone-free 1/2B5 solid medium (Fig. 2d). Red 
granules accumulated in the root hairs of the induced hairy 
roots (Fig. 2e). The older hairy roots appeared to have deep 
red epidermal surfaces and shorter root hairs than the new 
ones (Fig. 2f). The stable transformation of hairy roots were 
confirmed by amplifying the rolB gene. In the PCR results, 
rolB gene fragments were observed in transgenic hairy roots, 
demonstrating a successful transformation (Fig. 3).

Shikonin production of hairy roots grown in 1/2B5 
and M9 nutrient liquid media

Approximately 0.2 g of the randomly selected hairy root 
(WT2, WT3, or WT11) was cultured in 40  mL liquid 
media for 7 days (Fig. 4). Obvious red pigment accumula-
tion was found in all the hairy roots (Fig. 5a). The inter-
cellular and extracellular production of shikonins was 
determined by HPLC analysis, and five analytical stand-
ards, namely, shikonin (Rt = 3.5 min); acetylshikonin (AS, 
Rt = 5.8 min); isobutylshikonin (IBS, Rt = 11.1 min); β, β’-
dimethylacrylshikonin (DAS, Rt = 13.5 min); and isovaler-
ylshikonin (IVS, Rt = 14.9 min; Fig. 4c), were used. HPLC 
analysis of the pigment extraction from the hairy roots and 
culture medium revealed nine compounds (Fig. 4). Apart 
from the identified standard shikonins, compound 7 was 
deduced to be β-hydroxyisovalerylshikonin (HIVS) (Fujita 
et al. 1983; Wu et al. 2017). The peaks between AS and IBS 
were named as compounds 8, which may include propionyl-
shikonin and deoxyshikonin (Albreht et al. 2009; Ito et al. 
2011). In addition, the shikonin profiles of E. plantagineum 
roots (Skoneczny et al. 2017; Wu et al. 2017) and hairy roots 
were compared, and the obtained results showed HIVS and 
AS to be consistently present in all samples. The intact plant 
roots were devoid of two unknown compounds (compounds 

6 and 9), while no DAS peaks were observed in the hairy 
roots. The components of shikonins differed among hairy 
root lines rather than the culture media. The hairy roots of 
WT2 and WT3 had similar shikonin accumulation patterns 
in the 1/2B5 and M9 media (Fig. 4d, e, g, h). By contrast, shi-
konin and compound 9 were only detectable in line WT11, 
whereas IBS and compound 6 were not detected (Fig. 4f, i). 

Despite variations among samples, AS was the most 
abundant shikonin derivative. The intercellular yield of AS 
in the M9 medium was approximately 2.2-fold of that in 
the 1/2B5 medium for all the three lines. The yields of the 
extractions from the 1/2B5 medium were 2.0-fold of those 
from the spent M9 medium, except for line WT11 which 
seemed to release more AS in the medium (Fig. 5c). Dif-
ferent hairy root lines displayed variations in AS yields 
with a higher accumulation in WT3. The total production 
of intercellular and extracellular AS in the 1/2B5 media was 
twofold (36.25 mg/L on average) of that in the M9 media 
(18.06 mg/L on average; Fig. 5d).

Effects of culture media on the growth 
of the transformed hairy roots

The growth of hairy roots was evaluated in hormone-free 
conditions in 1/2B5 and M9 media. The fresh weight of hairy 
roots harvested from the 1/2B5 medium was nearly fivefold 
of that from the M9 medium (Fig. 5b). Furthermore, growth 
rate varied among the investigated hairy root lines in the 
1/2B5 medium, that is, WT11 had twofold increase in bio-
mass compared with the other two lines after 7-day cultiva-
tion. However, no increase in biomass was observed in the 
hairy roots cultured in M9 media.

Discussion

A. rhizogenes-transformed hairy roots have been widely used 
in the in vitro biosynthesis of desired secondary metabolites. 
Shikonins are the most common naphthoquinones among 
the family Boraginaceae and have antimicrobial, anti-
inflammatory, and antitumor properties (Zare et al. 2011). 
Hairy roots systems have been successfully established in 
L. canescens and L. erythrorhizon for the production of shi-
konins (Sykłowska-Baranek et al. 2012; Fang et al. 2016). 
E. plantagineum belongs to the genus Echium, close to these 
Lithospermum plants (Chacón et al. 2016). However, studies 
that used hairy root systems for the biosynthesis of polyun-
saturated fatty acid and PAs in Echium acanthocarpum and 
Echium rauwolfii are few (Abd El-Mawla 2010; Cequier-
Sánchez et al. 2011; Zárate et al. 2013), and little is known 
about shikonin production in the hairy roots of Echium 
plants. In the current investigation, we aimed to establish 
the hairy roots of E. plantagineum to study the biosynthesis 

Fig. 3  PCR results of rolB gene in hairy root lines. Lane M, marker 
(8000 bp); lane 1, negative control 1 (leaves of the plant); lane 2–4 
transformed hairy root lines; lane 5, positive control (bacteria of 
ATCC15834); lane 6, negative control 2 (roots of the plant)



 3 Biotech (2020) 10:429

1 3

429 Page 6 of 10

of shikonins. The ATCC15834 strain, which is mostly used 
in the hairy root induction of Lithospermeae, was used to 
infect the explants of E. plantagineum. The induction con-
ditions, such as growth media and bacterial concentrations, 
have a significant effect on transformed efficiency (Giri and 
Narasu 2000). The explants used for hairy root induction are 
essential (Sykłowska-Baranek et al. 2012; Renouard et al. 
2018). Notably, hairy roots were hardly induced with the 
stems of E. plantagineum, but a good transformation rate 
was observed using leaves. E. plantagineum is an invasive 
species in Australia, with vigorous growth in field and labo-
ratory environments. The characteristics, such as branching 
roots, rapid growth, and loss of geotropism, are useful in 
identifying putative transformed hairy roots. The formation 
of hairy roots is a consequence of the integration of T-DNA 

from A. rhizogenes into the genome of plant cells. Given 
that spontaneous adventitious root emission was observed 
in some wounded leaf fragments that were not treated with 
A. rhizogenes, the T-DNA of Ri plasmid containing the rolB 
gene was amplified for the confirmation of transformation.

The induced hairy roots showed some red droplets in the 
root hairs and reddish-violet periderm (Fig. 2e, f). The cel-
lular location of shikonins in the hairy roots of L. erythrorhi-
zon involves root hairs and root border cells (Brigham et al. 
1999). These red droplets remained at a certain distance 
from the epidermis of the root hairs, indicating the release of 
shikonins into the rhizosphere (Tsukada and Tabata 1984). 
Tatsumi et al. (2016) reported that the secretion of shikonins 
required actin and the pathway of the ADP-ribosylation fac-
tor/guanine nucleotide exchange factor system in some way. 

Fig. 4  HPLC analysis for the shikonin production of the hairy roots 
in 1/2B5 and M9 liquid nutrient media. a, b Physical appearance of 
ethanol-extracted samples from hairy roots and spent liquid medium. 
c Chromatogram of standard shikonins (1 shikonin; 2 AS, acetylshi-
konin; 3 IBS, isobutylshikonin; 4 DAS, β, β’-dimethylacrylshikonin; 

5 IVS, isovalerylshikonin). d–f Chromatogram of different shi-
konins from transformed hairy root extracts. g–i Chromatogram 
of different shikonins from liquid medium extracts. 7 HIVS, 
β-hydroxyisovalerylshikonin (inferential); 8 propionylshikonin and 
deoxyshikonin (inferential); 6 and 9 unknown compounds
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The release of shikonins from root hairs may be involved in 
defense against herbivores and plays an important role in 
antimicrobial activity (Yazaki 2004). Bioactive shikonins 
extracted from the living roots and rhizosphere of E. plan-
tagineum implicate important roles in plant defense and 
invasive success (Zhu et al. 2016; Skoneczny et al. 2017). 
Skoneczny et al. (2019) proposed that naphthoquinones pro-
duced by Paterson’s curse enhances intraspecific competition 
and resistance to drought or high temperatures. However, 

despite the pharmacological effects of shikonins and their 
ability to respond to stress, the exact mechanism of transpor-
tation and secretion of shikonins is still unknown.

The nitrogen sources in basal media have a considerable 
influence on shikonin production. Ammonium inhibits the 
production of shikonins, whereas nitrate increases the yield 
(Fujita et al. 1981b). Basal MS or LS media with high con-
centrations of ammonium enhance the growth of tissue cul-
tures but suppress shikonin accumulation. The B5 medium 

Fig. 5  Influence of different liquid nutrient media on the growth 
and acetylshikonin (AS) accumulation in the hairy roots. a Morpho-
logical observation of harvested hairy roots after 7 days of growth in 
two different liquid nutrient media. b Biomass of hairy roots in dif-
ferent liquid nutrient media harvested at day 7. c The impact of two 
growth media on the production of acetylshikonin (AS) by E. plan-

tagineum hairy roots. d Acetylshikonin (AS) contents of hairy root 
strains grown in liquid 1/2B5 and M9 nutrient media at day 7. Results 
are the mean values ± SE with three replicates. Heat map was gen-
erated using Heml 1.0 Software. Significant difference indicates as 
*p < 0.05, **p < 0.01, and ***p < 0.001, respectively, when compared 
between different liquid nutrient media of each hairy root line
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is conducive to the growth of tissues, with a lower ammo-
nium content than MS and LS media (Sathyanarayana and 
Verghese 2007; Renouard et al. 2018; Khazaei et al. 2019). 
It has been used for the study of shikonins in Echium itali-
cum callus cells with liquid paraffin (Zare et al. 2010). The 
M9 medium is modified according to the effects of nutrient 
factors for the improvement of naphthoquinones’ productiv-
ity regardless of the cell growth of L. erythrorhizon (Fujita 
et al. 1981b).

Hence, we compared shikonin biosynthesis in the trans-
formed hairy root cultures in a 1/2B5 medium (low ammo-
nium content) with that in an M9 medium (most usage in 
shikonin accumulation). The hairy roots of E. plantag-
ineum were rapidly grew after being transferred to the 1/2B5 
medium. The harvested biomass of line WT11 was twofold 
of that of WT2 or WT3 (Fig. 5b). The callus cells of L. 
erythrorhizon can be subcultured for some cycles (Fujita 
et al. 1981b), and the hairy root cultures of L. canescens 
were maintained in an M9 medium for 3 weeks (Sykłowska-
Baranek et al. 2012). However, the growth of the E. plan-
tagineum hairy roots in the M9 medium barely increased in 
our investigation (Fig. 5b), indicating that the M9 medium 
is ineffective in scaling-up cultures for the production of 
shikonins with E. plantagineum hairy roots.

Shikonins were detected by HPLC in all hairy roots and 
their corresponding media. The peaks of pigment extracted 
from 1/2B5 medium resembled those from the M9 medium 
but differed among the hairy root lines (Fig. 4d–i). The root 
lines of WT2 and WT3 produced compound 6, which was 
not detectable in line WT11 and the roots of the intact plant. 
Interestingly, compound 6 had a shorter retention time than 
shikonin, indicating a new naphthoquinone with a small 
molecular weight. Compound 9 was only detected in the 
WT11 hairy roots. Compounds 6 and 9 need to be identified 
precisely. AS was the dominant component in the pigment 
extraction of hairy roots or the media. The WT3 hairy roots 
had the highest amount of accumulated AS (42.69 mg/L), 
followed by WT11 and WT2 lines in the 1/2B5 medium 
(Fig. 5d). The accumulation of AS in the M9 medium was 
approximately 18.06 mg/L for all the three lines. In sum-
mary, the different yields of AS between the two liquid nutri-
ent media indicated that the M9 medium favored shikonin 
accumulation but with serious growth inhibition. The 1/2B5 
medium was beneficial for the biomass increase of hairy 
roots with considerable AS production and thus more suit-
able for industrial application.

Our investigation demonstrated an alternative method for 
in vitro shikonin production. Some limitations on the indus-
trial exploration of the transformed hairy roots need to be 
investigated: First, the extraction of the pigments secreted 
into the media could be improved by the use of a bipha-
sic culture or by the addition of macroreticular adsorbents. 
Second, culture conditions, elicitors, and hormones can be 

examined for maximization of shikonin production. Third, 
a careful selection of hairy root lines should be performed 
for the accumulation of some special shikonins from root 
cultures.
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