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Abstract This study is the first description of a procedure
for shoot organogenesis from calli derived from various
seedling explants. The frequency of shoot induction and
number of shoots per explant were measured on Murashige
and Skoog (MS) medium with 0.2-3.0 mg L™ 6-benzyl-
aminopurine (BAP) alone or combined with auxin
[0.1 mg L~! indole-3-acetic acid (IAA) or 1-naphthalen-
acetic acid]. The highest organogenic response where 90 %
of explants formed a regenerative callus with a mean
number of nine shoots was achieved after 6 weeks of
culture when hypocotyl explants and 1.0 mg L™' BAP was
used together with 0.1 mg L™ TAA. The shoots regener-
ated from hypocotyl-derived calli were rooted for 6 weeks
on MS medium lacking growth regulators or containing
auxin (IAA or indole-3-butyric acid). The plantlets were
successfully acclimatized in a greenhouse. Micropropa-
gated plants subjected to random amplified polymorphic
DNA and inter simple sequence repeat (ISSR) marker
based profiling revealed a uniform banding pattern identi-
cal with that of donor plants. The iridoid and phenyletha-
noid glycoside content of the organogenic callus culture
and in vitro-raised plants was determined using UHPLC. In
the tested samples catalpol, aucubin, harpagid, harpago-
side, verbascoside, isoverbascoside and traces of loganin
and catalposide were identified. The leaves produced the
highest levels of catalpol (4345 mg g~' DW). Organo-
genic callus and 6-week-old in vitro grown plantlets were
characterized by the highest accumulation of aucubin,
verbascoside and isoverbascoside. The work also demon-
strated the regenerative ability of hypocotyl-derived calli
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and production of bioactive metabolites to be stable for
4 years of culture.
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Abbreviations
BAP 6-Benzylaminopurine

2,4-D  Dichloroacetic acid

1AA Indole-3-acetic acid

IBA Indole-3-butyric acid

ISSR  Inter simple sequence repeat

MS Murashige and Skoog medium (Murashige and
Skoog 1962)

NAA  1-Naphtalenacetic acid

PGRs Plant growth regulators

RAPD Random amplified polymorphic DNA
SE Standard error

Introduction

Rehmannia glutinosa Libosch., a member of Orobancha-
ceae family, naturally occurs in China, Japan and Korea.
Roots of the plant (Rehmanniae radix) have been listed in
the Chinese Pharmacopoeia (2000) and have been widely
used in Traditional Chinese Medicine as anti-senescence,
hypoglycemic and anti-inflammatory agents (Zhang et al.
2008). The pharmacological properties of the plant roots
have been attributed mainly to the presence of iridoid
glycosides such as catalpol, aucubin, leonuride and melit-
toside (Zhang et al. 2008). The iridoids have been shown to
have a range of biological activities. For example, catalpol
possesses hypoglycemic and diuretic activities (Zhang
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et al. 2008), increases brain angiogenesis (Zhu et al. 2010),
possesses extensive ischemic neural protection (Li et al.
2005) and attenuates apoptosis in the ischemic brain (Li
et al. 2006). Another important class of natural products
detected in the roots of R. glutinosa are phenylethanoid
glycosides. Verbascoside (known as acteoside, kusaginin
or orobanchin) exhibits a wide spectrum of biological
activities, including antileukemic and cytotoxic activity
against a murine cell line (Pettit et al. 1990). It demon-
strates anti-inflammatory activity through inhibition of
cyclooxygenase-2 (COX-2) expression and inhibition of
complement activity in human serum (Gyurkovska et al.
2011), and also possesses diuretic (Herbert et al. 1991) and
antibacterial properties (Pennacchio 2005). In turn, iso-
verbascoside has been found to demonstrate antibacterial
and anti-inflammatory activities (Shikanga et al. 2010).
Only one study describes the presence of iridoids and
phenylethanoids in aerial parts of R. glutinosa (Albach
et al. 2007): it notes that ethanolic extracts from dried R.
glutinosa leaves contained catalpol, ajugol, 8-epiloganic
acid, verbascoside and traces of rehmannoside A. As R.
glutinosa has been overexploited for these pharmacologi-
cally active compounds, it has become endangered in its
natural habitat and an efficient tissue culture system needs
to be established to conserve this important and rare
medicinal plant. A few studies describe the regeneration of
R. glutinosa from leaf mesophil protoplasts (Xu and Davey
1983), leaves (Matsumoto et al. 1989; Park et al. 2009),
root segments (Jeong et al. 2002) and shoot tips (Shoyama
et al. 1983). In addition, one of our earlier studies describes
the development of an in vitro propagation protocol for R.
glutinosa using axillary buds (Piatczak et al. 2014). There
is currently a lack of information regarding the use of
seedling explants for shoot regeneration of R. glutinosa.
The aim of the present study was to use aseptically grown
seedlings of R. glutinosa to produce calli with the potential
for shoot organogenesis and subsequent regeneration of the
plant species accompanied by an analysis of the genetic
status of the regenerants. So far, none of the developed R.
glutinosa micropropagation protocols has assessed the
genetic fidelity of micropropagated plants. The phyto-
chemical part of the present study compares the production
of iridoid and phenylethanoid glycosides in the shoot
regenerating calli and micropropagated plants with that of
seed-derived R. glutinosa plants.

Materials and methods
Plant material and explant preparation

Rehmannia glutinosa Libosch. seeds obtained from the
Garden of Medicinal Plants of the Medical University in
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Wroctaw (Poland) collected in 2006 were used in the study.
The seeds were surface-sterilized and germinated as it was
described earlier (Piatczak et al. 2014). As explants,
hypocotyls, root segments and cotyledons (3—5 mm long)
excised from 30-day-old aseptically growing seedlings
were used.

Callus induction and shoot regeneration

For initiation of organogenic callus hypocotyls, cotyledon
and root segments excised from R. glutinosa seedlings
were placed on MS (Murashige and Skoog 1962) 0.7 %
agar (Sigma-Aldrich) media without PGRs (control) or
supplemented with BAP (0.2, 0.5, 1.0 or 3.0 mg L™}
alone or with one of auxin: NAA or [AA at concentration
0.1 mg L™". The pH of all media was adjusted to 5.6-5.8
by 0.1 N NaOH. For all experiments growth regulators
were added prior to autoclaving. All media were auto-
claved at 0.1 MPa, 121 °C, for 17 min. The cultures were
kept in the growth chamber at 26 £ 2 °C under 16 h
light/8 h dark photoperiod (cool-white fluorescent light;
PPFD 40 pmol m % s™"). These incubation conditions
were maintained throughout all experiments described in
the study. After 6 weeks of culture the percentage of calli
forming adventitious buds and/or shoots (regeneration
frequency) as well as the average number of shoots pro-
duced per callus were recorded. Data were presented in
Table 1. Calli derived from hypocotyls growing on MS
medium with TAA (0.1 mg L™") and BAP (1.0 mg L™
(Fig. la) were selected for further experiments (shoot
proliferation, rooting stage and phytochemical analysis).
A small pieces of callus tissue (about 200-300 mg of
fresh weight) with single adventitious bud were trans-
ferred into glass tubes with fresh medium. The calli were
maintained on this medium for over 4 years (48 passages)
with subculturing at 4-week intervals. Shoot regeneration
capacity (i.e. the average number of shoots per callus) and
the average length (mm) of the regenerated shoots were
determined after 6, 12, 18, 24, 36 and 48 months (Fig. 2).
Three replicates of ten calli were used for each culture
age.

Shoot rooting

Four-week-old shoots were excised from 4-year-old
hypocotyl-derived calli and transferred into glass tubes
containing MS medium without PGRs or supplemented
with auxin (IAA or IBA) at concentration 0.1 mg L.
After 6 weeks of culture the percentage of shoots forming
roots, the average number of roots per shoot and their
average length (mm) were recorded.
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Fig. 1 Micropropagation of R. glutinosa through indirect organo-
genesis a adventitious shoots regenerated from hypocotyl-derived
callus on agar MS medium supplemented with 1.0 mg L™" BAP and
0.1 mg L™" TAA after 4 weeks of culture, b a plantlet after 6 weeks
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Fig. 2 Changes in average numbers of adventitious shoots and
average shoot length (mm) regenerated from hypocotyl-derived callus
of R. glutinosa during long-term of in vitro culture on MS medium
supplemented with BAP (1.0 mgL~™") and TAA (0.1 mgL™"
4 weeks after transplanting into fresh medium. The values are the
mean = SE. The means followed by the same letter for the same
series (number of shoots and their length) do not differ statistica at
p < 0.05 according to the Kruskal-Wallis test

of growth on agar MS medium with TAA (0.1 mg L™"), ¢ in vitro-
derived plant after 10 weeks of growth in the pot and d after 6 months
of growth in the field. Bars 1 cm

Plant acclimatization

Six-week-old rooted shoots were removed from the culture
vessels and transferred into pots as it was described earlier
(Piatczak et al. 2014). The survival rate was recorded after
10 weeks of growth in pots in a greenhouse. Greenhouse-
plants were transferred into the field when they were
approximately 12-week-old. Simultaneously, seed-derived
plants were planted for comparison. Since no seeds ger-
minated in the soil, they were germinated aseptically under
in vitro conditions (MS medium without PGRs). Well
developed 30-day-old seedlings were directly transferred
into pots with soil. The seed-derived plants grew in
greenhouse for 12 weeks and after that time they were
transferred into the field.

DNA extraction
Genomic DNA was isolated from fresh leaves derived from

fifteen 6-week-old plantlets obtained through indirect
organogenesis from hypocotyl-derived callus from 48th
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subculture (4 years in in vitro culture) maintained on MS
medium with TAA (0.1 mg L™") and BAP (1.0 mg L™
using a commercial DNA-extraction kit (NucleoSpin®
Plant Core Kit Macherey-Nagel GmbH & Co. KG, Ger-
many) according to the manufacturer’s protocol. The
leaves from donor plants (seed-derived plants) were also
used for comparison. For extraction, the leaf samples
(about 200 mg) were powdered in liquid nitrogen and
stored at —80 °C until used. Three replicate DNA extrac-
tions from leaves were used to assess the consistency of the
band profiles. The quantity and quality of DNA samples
were estimated by comparing band intensities on 1.5 %
agarose gel stained with ethidium bromide (Sigma,
Munich, Germany).

DNA amplification

Random amplified polymorphic DNA (RAPD) amplifica-
tion was carried out in 25 pL reaction volume containing
2.5 pg DNA (2 pL), 2.5 pL of 10x PCR buffer (100 mM
Tris—HCI, pH 8.3, 500 mM KCIl, 11 mM MgCl,, 0.1 %
gelatin), 1.5 mM MgCl,, 0.75 pL of 100 uM dNTP,
1,5 uL of RAPD primer, 0.75 pL of TagNova DNA
polymerase (DNA Gdansk) and MilliQ water to make up
the volume. RAPD amplification was performed with
random decamer primers obtained from Blirt S.A. (Gdansk,
Poland). Five arbitrary RAPD primers were tested for PCR
amplification. The PCR was performed at an initial dena-
turation at 95 °C for 5 min followed by 40 cycles of 1 min
denaturation at 95 °C, 45 s annealing at 37 °C (and next
depending on the primer, Table 2) and 2 min extension at
72 °C with a final extension of 72 °C for 7 min using a
thermal cycler (BioRad, UK).

In case of Inter-simple sequence repeat (ISSR) primers,
optimal annealing temperature was found to vary according
to base composition of the primers. Eight ISSR primers
(UBC primer, DNA Gdansk, Poland) were used in the
study. Amplification was carried out in 25 pL. reaction
volume containing 2.5 pg genomic DNA (2 pL) as tem-
plate, 1.5 uL. MgCl,, 0.75 pL of 100 uM dNTP, 3.5 pL of
10x PCR buffer (Taq buffer B devoid of MgCl,), 2.0 uL
of ISSR primer (10 pM), 0.75 pL. of TagNova DNA
polymerase (DNA Gdansk) and MilliQ water to make up
the volume. PCR amplifications were performed with ini-
tial denaturation at 95 °C for 5 min followed by 35 cycles
of 30 s denaturation at 94 °C, 1 min at the annealing
temperature (depending on the primer, Table 3), 2 min
extension at 72 °C with a final extension of 72 °C for
10 min.

RAPD and ISSR amplifications were repeated three
times and only the reproducible PCR products were scored.
The amplification RAPD-PCR and ISSR-PCR products
were resolved by electrophoresis on 1.5 % agarose gel
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Fig. 3 RAPD-OPA 13 a and ISSR-UBC 813 b profiles of donor
plants (control) and callus-derived plants of R. glutinosa with primer.
Lane M ladder, lane 1 donor plant (control), lanes 2—16 randomly
selected callus-derived regenerants

(Bioline, UK), stained with ethidium bromide, measured
with a 100 bp and 3 kb ladder (Fermentas, Lithuania) as
the band size standard and photographed using DNR Bio-
Imaging System MiniBIS Pro (Israel). The results were
presented in Tables 2, 3 and Fig. 3.

Phytochemical analysis
UHPLC method

Four-week-old hypocotyl-derived caulogenic callus (6th—
8th, 23rd-25th and 47th—49th subcultures) cultured on MS
agar medium supplemented with BAP (1.0 mg L™') and
IAA (0.1 mg L"), 6-week-old plantlets grown on agar MS
medium supplemented with IAA (0.1 mg L™"), leaves and
roots of 6-month-old in vitro regenerated plants were used
for the experiments. For comparison, leaves and roots from
6-month-old seed-derived flowering plants were also used.
The materials were lyophilized and powdered. The proce-
dure of methanolic extract preparation was described in our
earlier study (Piatczak et al. 2012). UHPLC analysis was
used to determine iridoid (catalpol, aucubin, loganin,
harpagide, harpagoside, catalposide) and phenylethanoid
glycoside (verbascoside, isoverbascoside) contents. The
analyses were carried out on Agilent Technologies 1290
Infinity apparatus equipped with diode array detector
(DAD), a binary solvent delivery pump, vacuum degasser,
an autosampler and thermostated column compartment.
The separation was performed on a Zorbax Eclipse Plus
C18 column (100 x 3.1 mm id; 1.8 um Agilent
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Table 1 In vitro response of R. glutinosa seedling explants produc-
ing shoot regenerating calli on MS medium with different concen-
trations of BAP alone or in combination with auxin: IAA or NAA

Concentration of Explant Regeneration = Mean number of
PGRs (mg L") frequency (%) shoots per
o callus &+ SE
BAP IAA NAA
- - - C 0* 0+ 0*
H 0* 0+ 0°
R 0* 0+ 0°
02 - - C 0* 0+ 0°
H 0* 0=+ 0°
R 0 0=+0°
05 - - C 23.33¢ 1.50 + 0.23°
H 36.67° 1.85 £ 0.3°
R 13.33" 1.00 £ O°
10 - - C 4333 1.15 & 0.30¢
H 66.67¢ 1.46 + 0.70°
R 56.67" 1.38 + 0.50¢
30 - - C 56.67" 274 + 0.74°
H 73.33! 2.23 4+ 0.50%
R 53.33" 2.14 + 1.03°
02 01 - C 6.67° 1.00 £ 0°
H 13.33f 2.00 + 0¢
R 0* 0+ 0°
05 01 - C 56.67" 4.86 + 1.98°
H 66.678 5.23 + 0.25
R 53.33" 2.15 + 0.46°
1.0 01 - C 80.00" 6.88 + 0.30’
H 90.00 9.15 £ 0.45'
R 53.33" 4.00 + 0.67°
30 01 - C 66.678 413 £+ 1.20'
H 76.67 3.33 + 0.43°
R 43.33" 3.19 + 0.87'
02 - 01 C 13.33f 1.20 + 0.20°
H 16.67° 1.00 + 0°
R 0* 0=+0°
05 - 01 C 26.67¢ 5.00 + 0.42°
H 33.33¢ 4.00 &+ 1.00'
R 16.67° 1.00 £ 0°
1.0 - 01 C 56.67" 230 + 0¢
H 43.33! 571 + 1.34"
R 23.33¢ 3.00 + 1.00°
30 - 01 C 23.33¢ 425 +0.75'
H 30.00° 420 + 0.86'
R 13.33" 4.00 & 2.52'

The values represent the mean + SE of three independent experi-
ments. Ten seedling explants were raised for each experiment.
Experiments were repeated three times

Means followed by the same letter within the column were not sig-
nificantly different at p < 0.05 according to the Kruskal-Wallis test

C cotyledon, H hypocotyl, R root

Table 2 List of RAPD primers used for assessment of the callus-
derived regenerants and the donor plants of R. glutinosa; their
sequence, annealing temperature, number and size range of the
amplified fragments generated

Primer  Sequence (5'-3')  Annealing Total ~ Approximate
temperature  bands fragment size
°C) range (bp)

OPA4  ATTCGGGTCG 34 8 350-1,500

OPA8 GTGACGTAGG 32 9 200-3,000

OPA10 GTGATCGCAG 34 3 400-1,000

OPA13 CAGCACCCAC 36 8 400-1,200

OPA2 AGCCAGGCAA 35 3 600-1,200

Technologies) at 27 °C. The mobile phase consisted of
0.1 % formic acid in acetonitrile (v/v) (solvent A) and
0.1 % formic acid (v/v) in water (solvent B). A gradient
programme was applied as follows: 0—1 min 1 % A;
1-4 min 1-15 % A; 4-6 min 15-21 % A; 6-9 min 21 %
A; 9-11.5 min 21-90 % A; 11.5-15 min 90 % A. The
column was equilibrated with 99 % A for 2 min between
injections. The flow rate was 0.4 mL min~"'. The injection
volume was 0.3 pL. The detection wavelength was set at
204 nm (aucubin, catalpol and harpagide), 237 nm (loga-
nin), 265 nm (catalposide), 280 nm (harpagoside) and
320 nm (acteoside and isoacteoside). The identification of
determined compounds was made by comparing their UV
spectra and the retention times of the peaks with those of
the reference compounds purchased from PHYTOPLAN
(Diehm & Neuberger GmbH, Heidelberg, Germany) and
Roth (Karlsruhe, Germany), and by spiking the sample
with standard solutions. The purity of the peaks was
determined using the “peak purity” option in ChemStation
3D software to make sure that each determined peak con-
tained only one compound. The compound concentrations
were estimated by the interpolation of the peak areas with
calibration curves constructed for a standard analytes. The
contents of all analytes in the samples were expressed as
mg of the compound per gram of dry weight (mg g~' DW).
The results are presented in Tables 4 and 5.

Statistical analysis

Shoot regeneration experiments were repeated three times
in three subsequent treatments; ten explants per one treat-
ment were used per each growth regulator concentration
and each type of explant. Rooting experiments were also
repeated three times. Total of 30 shoots were used per each
rooting medium variant: MS medium without PGRs or
supplemented with TAA or IBA (0.1 mg L™"). For plantlet
acclimatization experiments, total 90 plantlets were taken
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Table 3 List of ISSR primers used for assessment of the callus-derived regenerants and the donor plants of R. glutinosa; their sequence,
annealing temperature, number and size range of the amplified fragments generated

Primer Sequence (5'-3) Annealing temperature (°C) Total bands Approximate fragment size range (bp)
UBC807 AGA GAG AGA GAG AGA GT 52 6 200-1,000
UBCS811 GAG AGA GAG AGA GAG AA 52 8 200-1,200
UBCS812 GAG AGA GAG AGA GAG AC 55 7 300-1,200
UBC813 CTC TCT CTC TCT CTC TT 50 9 200-2,000
UBC830 TGT GTG TGT GTG TGT GG 52 2 600-1,000
UBC834 AGA GAG AGA GAG AGA GCT 54 4 100-1,500
UBC835 AGA GAG AGA GAG AGA GTC 55 4 500-1,000
UBC836 AGA GAG AGA GAG AGA GCA 53 5 350-1,200

Table 4 Iridoid and phenylethanoid glycoside production in hypocotyl-derived organogenic calli of R. glutinosa during long-term cultivation

Callus Catalpol Aucubin Harpagoside Harpagide Verbascoside Isoverbascoside
Metabolite content (mg g~ DW)

1 3.341% £ 0.40 0.862" £ 0.002 0.033" £ 0.001 0.464" + 0.012 12.793" £ 0.37 3.278" £+ 0.03
2 3.593" £ 0.16 0.780" £ 0.05 0.032* £+ 0.002 0.397* + 0.011 12.826" £+ 0.24 3.315* +£ 0.1

3 3.627" £ 0.12 0.862* £+ 0.02 0.031* £+ 0.09 0.353" + 0.022 12.243* £+ 0.15 3.115" £+ 0.09

Calli were initiated from hypocotyl and grown on agar-solidified MS medium supplemented with BAP (1.0 mg L™") and IAA (0.1 mg L™") for
4 weeks. Values are given as means (n = 3) = SE

Means followed by the same letter within the column were not significantly different at p < 0.05 according to the Kruskal-Wallis test

Calli: 1—after 5th—7th subculture (6 months in in vitro culture), 2—after 23rd—25th subculture (24 months in in vitro culture), 3—after 47th—
49th subculture (48 months in in vitro culture)

Table 5 Iridoid and phenylethanoid glycoside production in R. glutinosa in vitro regenerated plantlets and plants (leaves and roots)

No. Catalpol Aucubin Loganin Catalposide Harpagoside Harpagide Verbascoside  Isoverbascoside
Metabolite content (mg g~' DW)

1 1.365% &+ 0.06  0.300* £ 0.002 tr tr 0.042% 4+ 0.001  0.145% & 0.005 4.355% + 0.12  2.986" + 0.01
2 452254+ 1.19 0.039° 4 0.002 tr tr 0.083" + 0.006 0° 4.8307 + 0.08 0.491° + 0.009
3 9.468° + 0.56  0.035° £ 0.002 0.04 & 0.003 tr 0.118" + 0.008 0.160% + 0.01  2.566° + 0.44 0°

4 43718+ 1.94 0.034° 4+ 0.002 tr tr 0.098" + 0.01  0° 4.473% 4+ 023  0.448° + 0.02
5 7.412° + 1.58  0.024° £ 0.006 0.04 £ 0.006 tr 0.114° + 0.005 0.164" + 0.01  2.188" + 0.35 0°

For comparison, the content of the metabolites in seed-derived plants (leaves and roots) was also determined
Means followed by the same letter within the column were not significantly different at p < 0.05 according to the Kruskal-Wallis test
tr Traces (<0.001 mg g DW)

1—Plantlets regenerated in vitro through indirect organogenesis after 6 weeks of growth on agar-solidified MS medium supplemented with IAA
(0.1 mg L_l), 2—Ileaves, 3—roots from in vitro-derived plants, 4—leaves, 5—roots from seed-derived plants. Plants grew in the field for
6 months

(30 plantlets per each rooting medium variant). All anal-  Results and discussion
yses evaluating the iridoid and phenylethanoid glycoside
contents were repeated three times. The results were
expressed as mean values = SE. Data were analyzed by
Kruskal-Wallis test at the 0.05 significance level using

STATISTICA 10 (STATSoft) Software.

Shoot organogenesis from callus culture

Rehmannia glutinosa seedling explants (hypocotyls, coty-
ledon and root segments) were incubated for 6 weeks on
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MS basal medium with various levels of BAP (0.2, 0.5, 1.0
or 3.0mgL™") alone or in combination with IAA
(0.1 mg L") or NAA (0.1 mg L™") to encourage regen-
eration of adventitious shoots through indirect organogen-
esis. The seedling explants cultured on MS medium lacking
plant growth regulators or containing only BAP at the
lowest concentration tested (0.2 mg L") failed to produce
callus, became brown and died. However, on the other
media, friable and yellow—green calli appeared from the
cut surface of the explants after 2-3 weeks of culture. A
few days later, the callus tissue started to form dark green
nodular structures showing meristematic centers which
developed into buds and/or shoots during 6 weeks of cul-
ture. The explants responded positively by producing shoot
regenerating calli at various frequencies corresponding to
type and concentration of plant growth regulators, and type
of explant (Table 1). The most efficient regeneration of
shoots occurred with hypocotyl explants (Fig. 1a), with as
many as 90 % of the explants being capable of forming
organogenic calli, depending on the growth regulator used.
The number of shoots ranged between 1.0 = 0 and
9.2 £ 0.5 per responding explant. In contrast, the cotyle-
don explants demonstrated shoot induction in 80 % of calli
and the mean number of shoots per callus ranged from
1.0 £ 0 to 6.9 £ 0.3. Similarly, hypocotyls have been
reported to be more regenerative than cotyledons in Less-
ertia frutescens (Shaik et al. 2011) or Sanguisorba minor
(Babaoglu and Yorgancilar 2000). In the present study, the
lowest shoot regeneration capacity was achieved on root
explants, which were found to produce max. 4.0 + 0.7
shoots at a frequency of 53 %. Root segments have been
found to be associated with little or no organogenesis in
other plant species such as Carthamus tinctorius (Nikam
and Shitole 1999). The difference in shoot regeneration
capacity between explants could be due to different levels
of endogenous hormones (Rao and Honnale 2011).
Beside choice of explant, plant growth regulators play
an important role in determining the efficiency of shoot
regeneration. A combination of BAP and auxin
(0.1 mg L' TAA or 0.1 mg L™' NAA) was found to be
more effective in R. glutinosa shoot regeneration than BAP
used individually (Table 1). Of all tested concentrations of
BAP (0.2, 0.5, 1.0 and 3.0 mg L_l), the best organogenic
response was achieved by a combination of 1 mg L™' BAP
and 0.1 mg L™' TAA. After 6 weeks of culture on the
medium 90 % of hypocotyl explants developed organo-
genic calli with a mean number of 9.2 £ 0.5 shoots per
culture. The values decreased to 67 % and 1.5 £ 0.7
shoots per culture when 1.0 mg L™' BAP was used indi-
vidually. Also, cotyledon explants cultured in the presence
of 1 mg L™ BAP alone formed a lower percentage of
organogenic calli (43 %) and fewer (1.2 £ 0.3) shoots per
callus than those cultivated with a combination of

1 mg L™" BAP and 0.1 mg L™' TAA: these values being
80 % and 6.9 £ 0.3, respectively (Table 1). In the case of
root explants, no significant difference (p < 0.05) was
observed between media containing 1 mgL~' BAP
(56.7 %) and a combination of 1 mg L' BAP and TAA
(53.3 %) with regard to the frequency of explants forming
organogenic calli. However, a significant difference was
obtained when the number of shoots per responding
explants was taken into account: 4.0 &+ 0.7 versus
1.4 £ 0.5 per culture (Table 1). Auxin and cytokinin are
known to exert a synergistic action on shoot regeneration
from callus tissue in several plant species, for example
Dorem ammoniacum (Irvani et al. 2010). According to
Nordstrom et al. (2004) auxin can regulate cytokinin bio-
synthesis and reduce its level in plants. Therefore, a good
balance between the two types of growth regulators is
required. The findings of the present study indicate the
number of regenerated shoots to be highest in R. glutinosa
seedling explants when the ratio of cytokinin to auxin was
10:1. Of the two auxins IAA (0.1 mg Lfl) and NAA
(0.1 mg LY, IAA was found to be more effective than
NAA for organogenic callus induction. For example, in the
presence of 1.0 mg L' BAP 43 % of hypocotyls produced
organogenic calli with an average of 5.7 £ 1.3 adventi-
tious shoots per callus when combined with 0.1 mg L'
NAA, while 90 % of hypocotyls regenerated an average
9.2 £ 0.5 shoots per culture when combined with 0.1 mg
L' IAA (Table 1). The number of regenerated shoots
obtained in the present study using hypocotyl explants and
MS medium supplemented with 1.0 mg L™' BAP and
0.1 mg L' TAA was higher than that obtained in previous
study with leaf explants of R. glutinosa (Park et al. 2009).
In the study, a maximum of 3.8 shoots per explant were
obtained using MS medium supplemented with
1.0 mg L™' TDZ and 0.1 mg L™' NAA (Park et al. 2009).

After the successful induction of primary organogenic
callus, hypocotyl-derived calli and MS medium supple-
mented with BAP (1.0 mg L™") and TAA (0.1 mg L™"
were selected for shoot multiplication, rooting stage and
phytochemical analyses. As shown in Fig. 2, no significant
differences were found in the number or length of shoots
regenerated from the calli between successive subcultures
at 4-week intervals for about 4 years of culture.

Rooting and plantlet acclimatization

Individual shoots induced on MS medium with 1.0 mg L™"
BAP and 0.1 mg L™" TAA were excised from hypocotyl-
derived calli and transferred on MS medium, either without
growth regulators, or with either 0.1 mg L™' IAA or IBA.
Root induction was observed after 2 weeks and complete
root development after 6 weeks of culture. Although 60 %
of shoots developed an average four roots/shoot when
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rooted on medium devoid of auxin, the addition of auxin
increase both the frequency of rooting and root length.
Optimal rooting was achieved when the shoots were cul-
tured on MS medium with 0.1 mg L™ TAA: 93 % shoots
developed an average five roots/shoot with a mean length
of 44 mm within 6 weeks (Fig. 1b). The values were
slightly lower on the medium containing 0.1 mg L™' IBA:
83 % of shoots produced five roots with a mean length of
37 mm. However, no significant differences (p < 0.05)
were found between media containing IBA and IAA.

Six-week-old R. glutinosa plantlets with well developed
roots were transferred from rooting media (MS without
auxin or containing 0.1 mg L™ IAA or IBA) into pots with
soil, sand and peat. They were cultivated in the growth
chamber for 2 weeks and then transplanted into the
greenhouse (Fig. 1c). Of the 90 plants transferred to soil 86
survived the acclimatization period (10 weeks) giving a
survival rate of 95 %, regardless of the presence or type of
auxin in the rooting medium. The survival rate of in vitro-
derived plants of R. glutinosa was higher than for plants
obtained from the leaf explants (73 %) described by Park
et al. (2009).

Molecular analysis

It is known that callus tissues are easily exposed to so-
maclonal variations, especially during long-term culture
(Larkin and Snowcroft 1981). RAPD and ISSR are the
favored methods used to determine the genetic stability of
regenerants and these procedures were used to assess the
genetic profile of R. glutinosa plants regenerated from
4-year-old callus culture. The obtained band patterns were
compared between randomly-selected in vitro regenerants
and donor plants. For RAPD-PCR analysis, five of the ten
RAPD primers tested (Table 2) were selected for DNA
amplification as they were found to produce distinct
reproducible scorable bands. All these five RAPD-PCR
primers resulted in the amplification of monomorphic
bands (Fig. 3a), producing a total of 31 bands and an
average of 6.2 bands per primer. The number and size
range of the amplified scorable bands for each RAPD
primer is presented in Table 2. Each primer generated a
unique set of amplification products that were monomor-
phic across all regenerants and similar to those of the donor
plants (Fig. 3a).

However, the eight selected primers used for the ISSR-
PCR analysis yielded 45 clear, distinct bands, with an
average of 5.6 bands per primer. Each ISSR primer gen-
erated a unique set of amplification products with sizes
ranging from 300 to 2,000 bp (Table 3; Fig. 3b). The
number of bands amplified in each ISSR primer ranged
from 4 to 9. The RAPD and ISSR analyses revealed that the
in vitro-derived regenerants of R. glutinosa shared the same
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banding patterns as the donor plants, confirming that no
major genetic variation occurred in the tested certain parts
of the genome in plantlets regenerated from a 4-year-old
callus. Similarly, no genetic differences were reported by
Yuan et al. (2009) in callus regenerated plantlets of Sau-
ssurea involucrata after 2 years of culture. On the other
hand, Kuznetsova et al. (2006) described that variability of
among Pisum sativum plantlets increased with the length of
culture. The genetic variation ranged from 0 to 5.6 % after
8 months of culture, which increased to 10 % after
10 years of culture. RAPD and ISSR markers have been
used to assess the genetic stability of in vitro-derived
plantlets of many other plant species (Ray et al. 2006;
Kishor and Devi 2009; Aggarval et al. 2010; Bhatia et al.
2011; Mohanty et al. 2011).

Secondary metabolite production

The iridoid and phenylethanoid glycoside contents of the R.
glutinosa shoot-differentiating calli (Fig. 1a), the 6-week-
old in vitro grown plantlets (Fig. 1b) and the shoots and
roots of 6-month-old in vitro propagated plants grown in
the field (Fig. 1d) were evaluated. These levels were
compared with those found in the shoots and roots of R.
glutinosa plants derived from seeds and grown in the field
under the same conditions as the in vitro derived plants.
UHPLC analyses of the methanolic extracts revealed the
presence of catalpol, aucubin, loganin, catalposide, harpa-
gide and harpagoside as well as verbascoside and isover-
bascoside in tested samples. The compounds were
identified by comparison of their retention times, UV
spectra and ion mass spectra with authentic standards, as
described in our previous work (Pigtczak et al. 2012).
Additionally, in the present study, LC-ESI-MS was per-
formed to confirm the identity of the peaks of harpagide
and harpagoside. These iridoids were found in R. glutinosa
for the first time. Negative ionization LC-ESI-MS was
used to further elucidate the iridoid structure: the quasi-
molecular ions [M-H]™ and adducted ions [M+HCOO]™
were found to be the most abundant ions both for harpagide
and harpagoside, while harpagoside was also found to be
associated with the fragment ions [M—H-harpagide]™ and
[M-H—cinnamic acid]~. The information from the mass
spectra combined with the standard compounds enable an
unambiguous identification of harpagide and harpagoside
in the studied R. glutinosa plant material.

Production of iridoid glycosides

The quantitative analyses of methanolic extracts demon-
strated that catalpol was the predominant iridoid of tissue
culture and R. glutinosa plants tested. The highest level of
the iridoid was found in the leaves of tissue culture-derived
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field-grown plants (452 mg g~' DW). This level was
comparable to that seen in the leaves of plants grown
directly from seeds (43.7 mg g~' DW) but 5-6 times
higher than that of the roots of both in vitro (9.5 mg g~' DW)
and in vivo (7.4 mg g~' DW) generated plants as well as the
leaves of R. glutinosa analysed by Albach et al. (2007):
28 mg g~ ' DW. The fact that the highest catalpol content
was recorded in leaves suggest that they may be the main
organ for accumulation or biosynthesis of the compound.
Catalpol concentrations in the leaves of in vitro regenerated
and seed-derived R. glutinosa were also greater than those
seen in crude R. radix from various locations in China which
ranged from 0.06 to 19 mgg~' DW (Xu et al. 2012).
Conversely, the lowest level of catalpol (1.4 mg g~' DW)
was found in in vitro plantlets of R. glutinosa grown
for 6 weeks on MS medium supplemented with [AA
(0.1 mg L_l) (Table 5). This level was 2.5 times lower than
that seen in the organogenic callus (3.3-3.6 mg g~' DW)
whose shoots were used to establish in vitro plantlets. This
observed difference in catalpol accumulation between mi-
cropropagated plants grown in vitro (6-week-old) and in the
field (6-month-old) could be the result of different envi-
ronmental conditions and the developmental stage of plants.
In addition, the exogenous supply of PGRs used during
different micropropagation stages can also influence the
level of secondary metabolites (Aremu et al. 2012).

Aucubin production was also examined in the present
study (Tables 4, 5). It was detected in all tested samples but
at much lower concentrations than catalpol. The highest
concentrations were identified in organogenic callus cul-
ture (0.8 mg g~' DW), followed by 6-week-old in vitro
grown plantlets (0.3 mg g~' DW) and the lowest levels of
aucubin were found in the leaves (0.03 mg g~' DW) and
roots (0.02-0.03 mg g_1 DW) of mature (6-month-old)
plants of R. glutinosa, originating from calli or seeds. Xu
et al. (2012) report similar aucubin concentrations in R.
glutinosa roots ranging from 0 to 0.029 mg g~' DW
depending on the location of the plant. The higher aucubin
levels found in organogenic callus and in vitro R. glutinosa
plantlets may be caused by aucubin being formed at an
earlier developmental stage than other iridoids, and it may
serve as a precursor for their biosynthesis. This hypothesis
is supported by the findings of Rgnsted et al. (2000), who
identified aucubin as an intermediate involved in the bio-
synthesis of iridoids, including catalpol.

Other iridoids—loganin and catalposide were detected in
low or trace amounts in intact plants of R. glutinosa grown
in vitro or in the field (Table 5), but were not found in
shoot-regenerating calli of R. glutinosa. Our earlier study
has shown that catalposide, a 6-O-ester of catalpol, is the
main iridoid in hairy roots of R. glutinosa (Piatczak et al.
2012). In contrast, the transformed roots did not produce
catalpol. Catalpol is known to be the direct precursor of

catalposide (Jensen et al. 2005). The presence of a very low
level of catalposide and a high level of catalpol may sug-
gest that in the analyzed R. glutinosa specimens, catalpol is
not converted into catalposide. Catalposide has not yet
been found in R. glutinosa.

The findings of the present study are the first to reveal
the presence of harpagide and harpagoside in the Reh-
mannia genus. However, the substances have previously
been found in closely related plants from Scrophularia-
ceae family, for example Oreosolen wattii (Jensen et al.
2008). Harpagoside and harpagide have been shown to
suppress lipopolysaccharide induced nitric oxide synthase
and cyclooxygenase-2 (COX-2) expression through inhi-
bition of nuclear factor xf activation (Georgiev 2013;
Zhang et al. 2011). Harpagide possesses antiprotozoal
properties, mainly against Leishmannia donovani (Tan-
desmir et al. 2008). The quantitative analysis described in
the present study did not show any differences in harpa-
goside yield or its distribution between the aerial and
underground parts of in vitro and in vivo-derived plants of
R. glutinosa grown in the field for 6 months: all produced
0.08-0.12 mg g~' DW of harpagoside (Table 5). These
concentrations were significantly higher than those found
in in vitro grown plantlets (0.04 mg g~' DW) and shoot-
differentiating calli (about 0.03 mg g~' DW). However,
the calli accumulated the highest amount of harpagide,
which is believed to act as a precursor of harpagoside
(Georgiev et al. 2013). This amount is approximately 2.5
times higher than the found in the roots of R. glutinosa,
independently of the origin of the plant: in vitro or from
seeds. Harpagide was not identified in the leaves.
According to Collin (2001), growth, tissue differentiation
and development of the plant body determine the location
and accumulation of secondary metabolites in plant cell
and tissue culture.

Production of phenylethanoid glycosides

The verbascoside and isoverbascoside content of the ana-
lyzed samples is presented in Tables 4 and 5. The highest
levels of both phenylethanoids were found in organogenic
callus culture of R. glutinosa: 12.5 mg g~' DW verbas-
coside and 3.2 mg g~' DW isoverbascoside. These values
are three and seven times higher for verbascoside and
isoverbascoside, respectively than those seen in the leaves
of mature (6-month-old) in vivo and in vitro-derived plants.
It should be also noticed that in underground parts of the
plants, the verbascoside content was half that of the leaves.
No isoverbascoside was detected in the roots. It is possible
that improvement of verbascoside and isoverbascoside
biosynthesis in cultured callus tissues and in vitro- grown
plantlets of R. glutinosa is a response to stress induced by
in vitro conditions.
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The production of secondary metabolites
in organogenic callus during long-term cultivation

UHPLC analyses of R. glutinosa organogenic callus per-
formed after 6, 24 and 48 months of cultivation on MS
medium supplemented with 1.0 mg L™' BAP and
0.1 mg L' TAA showed that the culture represents a stable
system for the production of secondary metabolites. No
significant difference was observed in the qualitative and
quantitative profiles of iridoids and phenylethanoids in the
culture over a period of at least 4 years (Table 4). The
study reveals that verbascoside content in organogenic
callus culture during the whole cultivation period (4 years)
was 3—6 times higher than in leaves or roots of R. glutinosa
plants. In many other plant species callus cultures were
reported to be a good source of verbascoside. For example,
Estrada-Zuiiiga et al. (2009) found that callus culture of
Buddleja cordata produced 86 mg g~' DW of verbasco-
side, compared to 10 and 68 mg g~' DW in the leaves and
roots of the wild plants, respectively. Inagaki et al. (1991)
reported the production of the compound in callus cultures
cultivated on MS medium with different concentrations of
an auxin—2,4-D in ten various plant species including of R.
glutinosa. They observed that the level of verbascoside
ranged from 0.63 % of dry weigh (Syringa reflexa callus)
to 6.33 % of dry weight (Stachys sieboldii callus).

On the other hand, there are a few examples of callus
cultures that accumulated iridoids. Zakirova and Malikova
(2000) reported the production of small amounts of
harpagide by callus tissues of Ajuga turkestanica and
Nakazawa and Toda (1995) found aucubin (0.03 mg g71 of
fresh weight) in callus cultures of Eucommia ulmoides.
However, iridoids were not detected in callus tissues of
Scrophularia nodosa (Sesterhenn et al. 2007) and Tecoma
sambucifolium (Pletsch et al. 1993), although the com-
pounds were present in the whole plant species.

Conclusions

In this study, high efficiency shoot organogenesis and plant
regeneration were achieved from hypocotyl-derived calli of
R. glutinosa. At least 680 plantlets can be produced per
organogenic callus over three successive passages. The
plants were successfully grown in the field. The results of
RAPD and ISSR demonstrate that the in vitro propagation
protocol did not induce genetic changes in the regenerants.
The relatively high level of catalpol in the leaves of the
plants indicates that they can be used as potential sources
of the iridoid instead of wild plants. Additionally, the
presence of harpagide, harpagoside and verbascoside may
improve the pharmacological properties of the extracts
obtained from the leaves of R. glutinosa plants regenerated
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via the callus stage. It is also important that the R. glutinosa
callus maintained the ability to regenerate shoots and
produce bioactive iridoid and phenylethanoid glycosides
during long-term cultivation, making it suitable for bio-
technological application.

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.
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