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Abstract

Background: Thapsigargin and nortrilobolide are sesquiterpene lactones found in the Mediterranean plant Thapsia
garganica L. Thapsigargin is a potent inhibitor of the sarco/endoplasmic reticulum calcium ATPase pump, inducing
apoptosis in mammalian cells. This mechanism has been used to develop a thapsigargin-based cancer drug first by
GenSpera and later Inspyr Therapeutics (Westlake Village, California). However, a stable production of thapsigargin is
not established.

Results: In vitro regeneration from leaf explants, shoot multiplication and rooting of T. garganica was obtained

along with the production of thapsigargins in temporary immersion bioreactors (TIBs). Thapsigargin production was
enhanced using reduced nutrient supply in combination with methyl jasmonate elicitation treatments. Shoots grown
in vitro were able to produce 0.34% and 2.1% dry weight of thapsigargin and nortrilobolide, respectively, while leaves
and stems of wild T. garganica plants contain only between 0.1 and 0.5% of thapsigargin and below detectable levels
of nortrilobolide. In addition, a real-time reverse transcription PCR (gRT-PCR) study was performed to study the regula-
tory role of the biosynthetic genes HMG-CoA reductase (HMGR), farnesyl diphosphate synthase (FPPS), epikunzeaol
synthase (TgTPS2) and the cytochrome P450 (TgCYP76AE2) of stem, leaf and callus tissues. Nadi staining showed that

Sesquiterpenes, TgTPS2 and TgCYP76AE2

the thapsigargins are located in secretory ducts within these tissues.

Conclusions: Shoot regeneration, rooting and biomass growth from leaf explants of T. garganica were achieved,
together with a high yield in vitro production of thapsigargin in TIBs.
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Background

Thapsigargins are sesquiterpene lactones that are wide-
spread within the Mediterranean genus Thapsia (Api-
aceae) [1]. Among this family of natural compounds,
thapsigargin and nortrilobolide are present in the spe-
cies Thapsia garganica and Thapsia gymnesica [2].
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Thapsigargins are potent inhibitors of the mammalian
sarco/endoplasmic reticulum Ca?"-ATPase (SERCA)
[3]. When the molecules bind to the transmembrane of
mammalian cells, SERCA is prevented from maintain-
ing a low concentration of Ca*" in the cytosol and a high
Ca®* concentration in the reticulum leading to apoptosis
[3]. A subnanomolar affinity for SERCA has made thapsi-
gargin the most intensely studied molecule of the family
[4].
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Due to its ability to kill mammalian cells, thapsigargin
has been used as a therapeutic target to induce apoptosis
in cancer cells with a low rate of cell proliferation, thus
with resistance to standard anti-proliferative chemo-
therapy. To target thapsigargin to the cancer cells, thapsi-
gargin is fused with a masking peptide, which inhibits its
biological activity until proteolytic cleavage at the tumor
site [5]. Based on this technology, InSpyr Therapeutics
(Westlake Village, California, previously GenSpera) has
patented a thapsigargin-based prodrug named Mipsa-
gargin (G-202). Mipsagargin has been studied in a Phase
2 clinical trial in patients with hepatocellular carcinoma
[6], but the current status of the trials is unclear.

Marketing of a thapsigargin-based drug will increase
the demand for this molecule. Until now, all of the com-
mercially available thapsigargin is obtained from fruits
and roots of wild T. garganica [4]. Traditional field culti-
vation techniques are very difficult and not economically
viable for T. garganica, as with many species of Apiaceae,
since the plants are difficult to germinate from seeds [7].
ThapsIbiza (Islas Baleares, Spain) is the only company
that has started a small production of T. garganica plants.
On the other hand, the total synthesis of thapsigargin was
described in 2007. The approach allowed the total syn-
thesis of thapsigargin in 42 steps from (s)-carvone with
an overall yield of 0.6% [8], and recent developments
have cut this to 12 steps with a 5.8% yield [9] and 11 steps
with an overall yield of 0.137% [10]. Despite the success-
ful synthesis of thapsigargin, the many steps for obtain-
ing the core of the structure and the cost of the starting
material make this approach commercially challenging.
The biosynthesis of thapsigargins is not established and
thus heterologous production in e.g. yeast or mosses is
not yet possible [4, 11, 12].

Plant tissue culture technologies can provide an alter-
native production platform of thapsigargins and ensure a
stable supply of thapsigargin at an industrial scale, using
the temporary immersion bioreactors (TIB) developed at
Alkion Biopharma (now part of Evonik Botanicals) [13]
and is a prerequisite for plant transformation. TIBs have
many advantages regarding other conventional in vitro
plant propagation techniques. TIBs reduce manual labor,
the risk of contamination and therefore the cost of the
process. TIBs also avoid asphyxiation and tissue vitrifi-
cation by exposing the plants to the liquid medium with
periodic immersions, which ensures a complete renewal
of the atmosphere. Plant growth and development can be
controlled by modifying the frequency and duration of
the immersion.

Only a few reports have been published on in vitro cul-
tures of T. garganica since the first in 1993 [14]. A cell
culture was established in which somatic embryos were
spontaneously formed and followed by the development
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of roots and shoots [14]. However, only nortrilobolide
and trilobolid were found in the tissue cultures obtained
in this study [14]. Later, Makunga et al. [15] published
protocols for the micropropagation of 7. garganica and
acclimation of ex vitro plants. This was followed by the
in vitro regeneration of 7. garganica from leaf explants
via direct organogenesis [16] and with improved rooting
and hyperhydricity in regenerating tissues [17]. Nonethe-
less, thapsigargin was not detected or measured in these
studies. Thus, to the best of our knowledge thapsigargin
production has not been established in in vitro cultures
prior to this work. The main objective of this study was to
establish and evaluate an efficient production platform of
thapsigargin based on in vitro tissue culture techniques.
We established in vitro shoot cultures that can be culti-
vated at an industrial scale in TIBs. The culture’s ability
to produce thapsigargin and nortrilobolide was quan-
tified by analytical chemistry techniques (HPLC and
UPLC-MS) along with the gene expression (QRT-PCR) of
the biosynthetic genes: HMGR, FPPS, TgTPS2 and TgCY-
P76AE2. Analysis with Nadi staining was also performed
in the tissue cultures.

Results

In vitro culture establishment

Among the different treatments that were applied to leaf
explants, only treatments combining auxin (2,4-Dichlo-
rophenoxyacetic acid (2,4-D)) along with cytokinins
(1-phenyl-3-(1,2,3-thiadiazol-5-yl) urea (TDZ) or
N-(Phenylmethyl)-7H-purin-6-amine (BAP)) responded
positively. From these, somatic embryogenesis and calli
development were quantified (Table 1). Direct and indi-
rect shoot regeneration was observed in some of the cul-
tures (Fig. 1a), but no significant statistical differences
between different concentrations of combined treat-
ments were noted.

The number of embryos produced per leaf explant
varied with the concentration of cytokinins applied.
Treatments with the lowest hormone concentrations,
2,4-D (0.1 mg/L)+ TDZ or BAP (0.1 mg/L) yielded the
highest number of somatic embryogenesis (Table 1).
However, low concentrations of auxin 2,4-D or cyto-
kinins (TDZ or BAP) alone, did not induce any orga-
nogenic response (Table 1). The photoperiod also
influenced somatic embryogenesis. Leaf explants
in total darkness seemed to produce more somatic
embryos than explants grown in light. The continu-
ous dark treatment, TDZ or BAP (0.1 mg/L)+2,4-D
(0.1 mg/L) produced the highest percentage of explants
forming embryos (83.3%) and the highest number of
embryos per treatment (31.0%).

Explants in media containing TDZ alone and under
light had low callus induction frequency (10-43.3%),
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Table 1 The effect of different plant growth regulators on the induction of callus and somatic embryos from leaf explants
of T. garganica

Treatment, plant Explant forming callus (%) Type of callus Explant forming embryos (%) Number of embryos
growth regulators
(mg/L)
TDZ BAP 24D Light Dark Light Dark Light Dark Light Dark
0.1 16.7 410 o IV (+) - of of 0° 0°
05 10410 o IV (+) - o o 0° 0°
1 433410 o IV (+) - o of 0° 0°
0.1 0.1 96,7 +3.3° 967433 LI(H++)  LIH(++) 56743379 8334337 17545579 310+£50°
05 0.1 100° 100° LI+ LilH++) 4332100 6674£67°°  80+£3.07¢ 175435
1 0.1 96.7+3.3° 100° 11 (4+) LI+ 2679 600+£133%C  45+05% 115425%¢
0.1 od o4 - - o o 0° 0°
05 od o - - of of 0° 0°
1 o4 o4 - - of of 0° 0°
0.1 0.1 733+£133%°  833+10® | II(4) 111l (4) 400¢ 76.7 €337 1254+35°7¢  285+55°
0.5 0.1 933+6.7° 967433 1l (++) 111 (4+) 13.30°f 73.3% 45+15% 2004107
1 0.1 633£233®  867+67° Il (++) L () 167416757 800+6.7° 40+40% 245425
0.1 od od - - o of 0° 0°

Type I: friable, soft white calli; type II: nodular green organogenetic and compact calli; type Ill: creamy, yellow nodular calli; type IV: brown dead calli. Furthermore, the
amount of calli was noted from low to high (—, +, ++, +++)

Values represent mean =+ SE. Different letters within a column indicate significant differences revealed after an ANOVA analysis followed by a Tukey’s multiple
comparison test (p <0.05). Percentage values were arcsine transformed prior to analysis. n= 30 per treatment

.

Fig. 1 T garganica leaf explants after 12 weeks in MS with different plant growth regulators (plant growth regulators). a TDZ (0.1 mg/L) 4+ 2,4-D
(0.1 mg/L), 16 h light photoperiod yielding calli type | (3) and Il (4), and presence of embryos in different stages (heart (1) and torpedo (2) stages)
and shoot buds (1). b BAP (0.1 mg/L) 4 2,4-D (0.1 mg/L), 16 h light photoperiod yielding the presence of embryos (1) and a shoot (5). ¢ TDZ

(1 mg/L)+24-D (0.1 mg/L), 16 h light photoperiod yielding calli type | (3) and Il (4), and presence the of shoot bud (5). d TDZ (0.5 mg/L) +2,4-D
(0.1 mg/L), darkness conditions yielding calli type | and Il (6) and the presence of embryos (1). plant growth regulator
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which increased with increasing TDZ concentration
(0.1-1 mg/L). The callus formed under these treat-
ments did not proliferate and was classified as type
IV brown dead calli. The combined treatments with
cytokinins and auxin resulted in high callus forma-
tion in the explant cut surfaces. Leaf tissue cultured
in BAP+2,4-D showed lower percentages of explant
forming callus (63-96%) in comparison with leaf tissue
cultured in TDZ +2,4-D (96-100%). Additionally, cal-
lus morphology was significantly influenced by the light
regimen (Fig. 1b—d). Both light regimens gave rise to
friable soft white calli (type I) identified as embryogenic
calli. Explants under dark condition formed creamy yel-
low nodular calli defined as type II while explants under
light conditions formed nodular green calli (type III).

The presence of shoots was also as observed, with
no significant statistical difference between the differ-
ent treatments, although a high concentration of BAP
or TDZ tended to induce hyperhydricity of the shoots.
This tendency requires further studies to confirm if this
can be used for faster shoot induction.

Rooting

Rooting occurred in all tested treatments, reaching
49-71% of rooted shoots after 6 weeks (Fig. 2a) (Table 2).
The number of roots increased with increased concentra-
tions of auxin. However, in treatments with the highest
auxin concentration, the shoot systems were greatly dam-
aged or died due to stress. Therefore, treatments with
the lowest auxin concentrations were more suitable for
rooting.
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Production of thapsigargins in the rooting experiment

A high-performance liquid chromatography (HPLC)
analysis of extracts of the plant cultures showed different
concentrations of thapsigargin depending on the treat-
ment and tissue type (Table 2). The highest amounts of
thapsigargin (3.77 mg/g DW (dry weight)) and nortrilo-
bolide (13.08 mg/g DW) were obtained in shoots culti-
vated in %2MS medium without plant growth regulators.
The level of thapsigargin was significant for this medium,
whereas for nortrilobolide it was not. This treatment did
not provide any rooting since there were no plant growth
regulators. This initiated the work in TIBs, where rooting
is not a prerequisite.

Production of thapsigargins in TIBs

Thapsia garganica in vitro shoots were grown in TIBs
for the mass production of thapsigargins (Fig. 2b). The
shoot cultures were grown with the following elicitors:
cellulase, alginate, yeast extract and MeJA; and the
inhibitor miconazole (data not shown). Only the MeJA
elicitor stimulated the production of thapsigargins
(Fig. 3). Thapsigargin and notrilobolide contents were
quantified by HPLC. An increase in thapsigargin and
nortrilobolide was observed throughout the growth
period and increased with increasing MeJA concentra-
tion. After 18 days of growth with 400 uM MeJA treat-
ments, 2.15 mg/g DW of thapsigargin and 17.42 mg/g
DW of nortrilobolide were obtained. Only the increase
in nortrilobolide concentration was statistically signifi-
cant (p <0.0; F-value =16.2).

gravity

Fig. 2 a 7. garganica in vitro plant after root induction treatment (2aMS+IAA (4 mg/L)) from a culture tube. b, ¢ T. garganica in vitro shoots in TIB
(temporary immersion bioreactor). d RITA® operation cycle: (1) Plants are placed on a fixed raft support in the upper compartment, and the culture
medium is in the lower compartment (200 mL). (2) An overpressure of 30 kPa of sterile air is applied in the lower compartment, which pushes the
medium into the upper compartment, immersing the explants. (3) During 3 min every 6 h, a sterile airflow continuously agitates and oxygenates
the medium allowing an inner atmosphere renewal. (4) The airflow is stopped and the culture medium drains into the lower compartment by

+Air Vent B 1Solenoid Valve @Pump
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Table 2 In vitro rooting of T. garganica shoots on 2MS medium supplemented with different concentration of IAA, NAA

and IBA after 6 weeks

Treatment, plant growth regulators Rooted

Number of roots

Thapsigargin (mg/g dry weight) Nortrilobolide (mg/g dry

(mg/L) shoots (%) per rooted shoot weight)
I1AA NAA IBA Shoots Roots Shoots Roots
1 49° 40940.81° 3.564033% 0.7740.22 13544064 8274069
2 56° 4804087 3.324035%¢ 0424008° 11574118  6224067°
4 64° 7.214087%¢ 3214041 0504007 9274094 7.634+062°
1 53 804+ 1.14%¢ 2244025 0384005  1146+099°  7.19+084°
2 512 110442232 1724032¢ 0414005®°  9244137° 84140.29°
4 49° 12.05+2.08° 2084021 0304005  11454+049" 7374066
1 60° 6.07 41.19%¢ 3004022°°9 0664012 115141417 870+078°
2 62° 9.7541.81%¢ 3.1540.21%¢ 0484004 100740872  7.80+062°
4 718 821+ 156%¢ 30440249 0424007  1189+1.14% 7874095
Half strength MS oP o4 3774036 13.084092° -
MS+ 1.5 BAP+0.5 NAA o° o4 2204011 - 103540530 -

After 8 weeks of rooting treatment, the samples were split into shoots and roots to quantify the amount of thapsigargin and nortrilobolide. Values represent
mean = SE. Different letters within a column indicate significant differences revealed after an ANOVA analysis followed by a Tukey’s multiple comparison test (p < 0.05).
n =45 per treatment in number of roots; n=6-9 for thapsigargin and nortrilobolide quantification

Another study was performed with MeJA elicita-
tion combined with reduced nutrient supply (%MS)
(Fig. 4). With this treatment, the amount of thapsigargin
and nortrilobolide reached 3.37+£0.23 mg/g DW and
21.50+1.87 mg/g DW. This represents a 2.6 and 2.1 fold
increase (p<0.0; F-values=32.6 and 21.06 respectively)
and a total of 2.49% of the dry weight constitute these two
molecules alone. For this experiment, we also observed
that during the 18 days the TIBs biomass increased 3.4
fold for the control, 1.6 fold for the %MS and 1.5 fold
for sMS+ MeJA. The natural content of thapsigargins
has been reported up to 0.5% in the stem and leaf. Thus,
2.49% (DW) is a very promising result.

Identification of thapsigargins

In order to identify the major thapsigargins, a UPLC-MS
analysis was performed. Five major peaks were sepa-
rated and identified through UPLC-MS (Figs. 5, 6) and
the mass spectra were compared with previously pub-
lished data [18—21]. The mass spectrum of peak A corre-
sponds to nortrilobolide (MW =508.5) (NCBI, PubChem
CID=10097774), peak B corresponds to thapsivillosin I
(MW = 605.4) (NCBI, PubChem CID = 102157434), peak
D corresponds to thapsigargin (MW =650.7) (NCBI,
PubChem CID =446378) and the MS spectrum peak E
correspond to thapsivillosin C (MW =663.5). The spec-
trum of peak C could not be identified. These results
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Fig. 3 The effect of MeJA elicitation on thapsigargin and nortrilobolide content (mg/g DW) in T. garganica in vitro shoots in TIBs. The medium was
MS salts and vitamins supplemented with 1.5 mg/L BAP and 0.5 mg/L NAA and different concentrations of MeJA (100, 200 and 400 uM). An asterisk
(*) indicates a significant difference between the sample and the control. This is based on an ANOVA test followed by a Tukey’s multiple comparison
test (p <0.05). n=6-9 samples per treatment.TG = thapsigargin shown in (a), NT = nortrilobolide shown in (b), DW =dry weight
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Fig. 4 The effect of reduced nutrient supply; either alone or in combination with MeJA elicitation, on thapsigargin and nortrilobolide content
(mg/g DW) in T. garganica in vitro shoots grown 18 days in TIBs. As controls TIBs with MS medium supplemented with BAP (1.5 mg/L) and
NAA (0.5 mg/L) were used. Different letters on the bars indicate significant differences based on an ANOVA test followed by a Tukey's multiple
comparison test (p <0.05). n =9 bioreactors per treatment. TG = thapsigargin shown in (a), NT = nortrilobolide shown in (b), DW = dry weight

confirmed the presence of these molecules in in vitro cul-
tures of T. garganica.

Gene expression

RNA transcription levels varied among treatments for the
genes TgCYP76AE2 (p<0.05; F-value=4.3) and TgTPS2
(p<0.01; F-value=7.5) (Fig. 7c, d). The TgCYP76AE2

gene expression increased 1.1 fold in %MS and 1.7 fold
in %¥MS+400 uM Me]J treatments, whereas the TgTPS2
gene expression increased 1.8 and 3.2 fold, respectively.
HMGR and FPPS expression levels did not significantly
change with treatments, which shows a tight regulation
of these two genes (Fig. 7a, b).
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Fig. 5 UV absorption chromatogram from a UPLC analysis of extracts of . garganica in vitro plants grown in TIBs. The chromatogram shows the
signal at 230 nm. (a) nortrilobolide, (b) thapsivillosin |, (d) thapsigargin and (e) thapsivillosin (c) Peak C could not be identified
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Peak D: Thapsigargin
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Fig. 6 Mass spectra from the analysis of thapsigargins by UPLC analysis of extracts of T. garganica in vitro plants grown in TIBs. Peak A: nortrilobolide
and peak D: thapsigargin in negative mode, including the chemical structure of the two compounds
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Histological analysis of explants

Secretory ducts were observed to occur in the mid-rib of
leaf cross-sections. The stem cross-sections revealed that
the stems are surrounded by nested leaf sheaths, contain-
ing a large number of secretory ducts (Fig. 8d). The secre-
tory ducts are surrounded by epithelial cells and radiate
out from the pith of the stems to the surrounding leaf
sheaths in concentric circles. The Nadi staining (Fig. 8)
indicates that the epithelial cells and the secretory ducts
contain terpenoids (Fig. 8e), shown by the blue color.
Positive staining was also observed in the epidermis of
leaves (Fig. 8a, b) and stems (Fig. 8¢, d).

Discussion

The joint action of auxins and cytokinins plays a criti-
cal role in the activation of somatic cells and cell divi-
sion. This has been observed previously in 1. garganica
and other species belonging to the Apiaceae family [22—
26]. Therefore, our results confirm that the cytokinin
and 2,4-D combination is fundamental for 7. garganica
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regeneration via somatic cells. Additionally, low con-
centrations of plant growth regulators gave rise to the
highest numbers for somatic embryogenesis. Similar
results have been reported for Ferula assa-foetida L.
(also an Apiaceae), where direct and indirect embryogen-
esis occurred in low concentrations of 2,4-D (0.5 mg/L)
and kinetin (0.2 mg/L) [25]. According to George et al.,
in most plant species, a low concentration of cytokinin
stimulates the initiation of embryogenic cultures. In con-
trast, a low concentration of auxin triggers the division
of the pro-embryogenic cells and their development into
embryos [27]. Other studies on Apiaceae species have
found that embryogenic cultures in darkness are more
competent than if grown under a photoperiod [23, 28].
In the only report related to somatic embryogenesis for
T. garganica, the authors observed that four-year-old sus-
pension cultures spontaneously induced embryos both in
darkness and in light without specifying which condition
was better [14].
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Fig. 7 Relative quantification of HMGR (a), FPPS (b), TgTPS2 (d) and TgCYP7AE2 (c) expression (RT-PCR) with three internal controls (actin, tubulin
and ef1a) in T. garganica in vitro shoots grown in TIBs. The cultivation was performed in 2MS and 2MS + 400 uM MeJA and the RNA was extracted
after 18 days of growth in TIBs. As controls TIBs with MS medium supplemented with BAP (1.5 mg/L) and NAA (0.5 mg/L) were used. The different
letters on the bars indicate significant differences based on an ANOVA test followed by a Tukey’s multiple comparison test (p <0.05).n=9

bioreactors per treatment
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2Nl s % . e i ; : £

Fig. 8 a—f NADI staining of T garganica leaf and stem sections. Blue color indicates the presence of oxygenated or lipophilic compounds (e.g.
terpenoids), concentrated mainly in epithelial cells, secretory ducts and in the epidermis. a, b Leaf cross-sections with staining visible in the
epidermis. ¢ upper-stem cross-section with the epidermis stained. d cross-section of the stem, just above callus tissue with staining concentrated in
secretory ducts. e cross-sections of callus tissue at the base of the stems. Staining is visible in epithelial cells and secretory ducts. f transverse section
of callus tissue showing staining of the epithelial cells along a secretory duct. g, h Unstained cross-section (g) and transverse section (h) of the stem
to illustrate un-ruptured secretory ducts filled with resin/oil bodies ¢ cortex, e epidermis (le lower epidermis, ue upper epidermis), ep epithelial cells,
o oil bodies, sd secretory ducts, st stomata, vb vascular bundle. Scale bars represent 100 pm
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In our explants, treatment with TDZ led to scarce cal-
lus formation. TDZ has cytokinin-like activity and can
stimulate de novo synthesis of auxin by increasing the
levels of 2-(1H-indol-3-yl) acetic acid (IAA) and its pre-
cursors [29]. In Fragaria leaf explants, treatment with
TDZ led to scarce callus formation and proliferation, and
shoots became necrotic or died after 60 days [29]. Thus,
the suggested de novo synthesis of auxin is not sufficient
to obtain the activation. Our observations confirm that
auxin and TDZ should be combined in order to obtain
viable cultures.

Previous work on T. garganica root induction has
shown a low percentage of rooted plantlets (32%) in plant
growth regulator-free medium [15] and no roots when
treated with auxins [16]. Later, 60% rooting frequency was
obtained by treatment of 10 mg/L 1H-indole-3-butanoic
acid (IBA) for 3 days prior to transfer to plant growth reg-
ulators-free medium [17]. Here we observe that 49-71%
of the T. garganica shoots established roots in %2MS media
in all auxin concentrations. The positive effect of %MS
on in vitro root induction has been previously reported
for various Apiaceae species [17, 30-36]. It is known
that water or nutrient deficiencies act as powerful stimu-
lants for the activation of cell division in root meristem,
in order to capture more nutrients [37]. In addition, low
concentrations of nutrients provide a low osmotic pres-
sure and ease the adaptation of the plants during acclima-
tion. The natural auxins IAA and IBA, and the synthetic
auxin 2-(1-naphthyl)acetic acid (NAA) are the most used
plant growth regulators for root induction, with IBA
being the most efficient auxin for Apiaceae species [33, 34,
38, 39]. However, for T garganica, NAA induced the high-
est number of roots per rooted shoot (12.05+2.08) as has
also been observed for Hydrocotyle conferta (Apiaceae)
[31]. HPLC analyses confirmed that 1 mg/L IAA was the
best auxin for thapsigargin production in both shoot and
root systems, but high concentrations of auxins damaged
shoot systems. T. garganica shoot culture controls devoid
of auxins did not show root induction. Surprisingly, these
shoot cultures reached the highest thapsigargin levels,
even more than shoots growing in the “shoot multiplica-
tion” media. Hence, a reduced nutrient supply by %MS
was used in the following experiments.

Reduced nutrient supply, via 4MS media in in vitro
shoots in TIBs, yielded a 1.9 fold increase of thapsi-
gargin content compared to full MS media (Fig. 4a).
As a response to nutrient stress, plants often produce
higher amounts of specialized metabolites and growth
is retarded, to increase the survival rate of the individual
[40]. As observed here, nutrient stress has been shown to
significantly increase levels of the sesquiterpene lactone
artemisinin in Artemisia cells whilst causing a reduction
in plant biomass [41].
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Elicitors have been used to either increase the produc-
tion or to induce de novo synthesis of secondary metab-
olites in plants [42]. MeJA is a plant-specific signalling
molecule synthesized in response to pathogen attack
and wounding, and has been shown to be a powerful
elicitor within Apiaceae species [43—-49]. MeJA stimu-
lates a stress response that often leads to the biosynthe-
sis of specialized metabolites [50], such as terpenoids.
The application of MeJA to T. garganica shoot cultures
grown in TIBs significantly increased nortrilobolide bio-
synthesis, leading to a 2.5 fold increase after 18 days of
treatments with 400 uM MeJA (Fig. 3b). Similar results
were obtained for root cultures of Hyoscyamus muticus
L., where the sesquiterpene production was enhanced by
MeJA [51].

The joint treatment with %MS and MeJA yielded very
high concentrations of thapsigargin and nortrilobolide
in T. garganica shoots grown in TIBs, a very promising
result despite the reduced biomass (Fig. 4). The combina-
tion of the treatment and the TIB cultivation can provide
a sustainable and viable production of thapsigargin and
nortrilobolide. Additionally, nortrilobolide can easily be
converted into thapsigargin or other relevant drug pre-
cursors by a 3-step chemical synthesis [52].

In plants, sesquiterpenoids are mainly biosynthesized
by the mevalonate pathway, where HMGR and FPPS
are considered key enzymes in the regulation [53]. The
first specific step in the biosynthesis of sesquiterpenoids
is catalyzed by sesquiterpene synthases followed by
modifications in the backbone skeleton by cytochromes
P450 [54]. Two sesquiterpene synthases [11] and one
cytochrome P450 have been described from the root
transcriptome of T. garganica [12]. The sesquiterpene
synthase TgTPS2 is the most interesting one, with epi-
kunzeaol being its major product [11] followed by the
cytochrome TgCYP76AE2, which converts epikunzeaol
to epidihydrocostunolide a likely precursor of thapsi-
gargins [12]. We observed that the amount of thapsi-
gargin and nortrilobolide in T. garganica in vitro shoots
exhibited a positive and significant correlation with the
expression of TgCYP76AE2 and TgTPS2 genes. Although
the levels of expression of TgHMGR and TgFPPS did
not change (Fig. 7a,b), the increase in the expression of
TgCYP76AE2 and TgTPS2 genes (Fig. 7c,d) and the levels
of sesquiterpenoids correlate with what was observed in
Arabidopsis thaliana. Here the sesquiterpene synthases
TPS21 and TPS11 were induced by jasmonate, leading
to an increased emission of sesquiterpenes [55]. This
shows that the levels of expression of terpene synthases
and cytochromes P450 part of terpenoid biosynthesis in
Thapsia can be induced by stress factors, and our data
supports that TgTPS2 and TgCYP76AE2 are likely to be
involved in thapsigargin biosynthesis.
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The histochemical analysis with Nadi staining enabled
the identification of secretory ducts within the stem,
leaves and callus tissue of the in vitro plant material,
whereas previous work focused on only root sections
of T. garganica [12]. As previously reported [12], these
secretory ducts were surrounded by epithelial cells and
the Nadi staining, together with the HPLC results, pro-
vided a good indication for the presence of terpenoids
and hence thapsigargins in these specialised structures.
Resin exudation is known to be regulated by the epithe-
lial cells, being used by plants to store specialised metab-
olites to prevent auto-toxicity [56]. The relatively large
number of secretory ducts observed in the stems and
callus tissue of the explants could explain the high quan-
tity of thapsigargin measured in the HPLC analyses. It
remains to be shown whether the number of ducts can
be correlated with the stress factors and the expression
of the terpenoid related genes, as the current data did
not allow for this conclusion. Likewise, our data indicate
that an induction of duct formation might be a strategy
towards higher production of specialized metabolites in
plants.

Conclusions

We have shown that T garganica in vitro tissue culture
is an efficient production platform of thapsigargin and
nortrilobolide. The in vitro culture can be formed from
leaf explants. The overall setup can supply thapsigargin
for commercial and pharmacological needs at industrial
levels. Further process engineering is needed to optimize
T. garganica in vitro shoot biomass production and thap-
sigargin levels. Our technology and method can protect
this medicinal plant from future over-harvesting, as well
as establishing the prerequisite cultures for plant trans-
formation. Finally, we have confirmed that higher expres-
sion levels of TgTPS2 and TgCYP76AE2 genes lead to
higher thapsigargin content, thus supporting their likely
involvement in thapsigargin biosynthesis.

Methods

In vitro culture establishment

Thapsia garganica L. plant material was obtained from
a two-year-old stock plant growing under greenhouse
conditions (University of Copenhagen, Denmark).
Leaves were collected to be used as explants, washed
with a detergent solution and rinsed under running tap
water to remove loose dirt. For surface sterilization,
the explants were dipped in a 0.5% sodium hypochlo-
rite solution with tween 20® for 15 min, followed by
three rinses with sterile distilled water. Leaf segments
were aseptically inoculated, abaxial-side down, on
Petri dishes containing 25 ml of Murashige and Skoog
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(MS) salts and vitamins (Duchefa Biochemie, The
Netherlands), 30 g/L sucrose, 0.25 g/L phytagel and
supplemented with three different plant growth regu-
lators, N-(Phenylmethyl)-7H-purin-6-amine (BAP)
or 1-phenyl-3-(1,2,3-thiadiazol-5-yl) urea (TDZ) (0.1,
0.5 or 1 mg/L), either alone or in combination with
2,4-Dichlorophenoxyacetic acid (2,4-D) (0.1 mg/L).
Cultures were incubated under a 16 h light photoper-
iod or 24 h darkness. Each treatment consisted of 15
explants spread over three Petri dishes and the experi-
ment was repeated twice (n=30). Shoot organogenesis
and somatic embryogenesis were investigated after cul-
turing for a total of 12 weeks. The induction of shoots,
callus, and somatic embryos was observed monthly
(Table 1). The different treatments gave rise to differ-
ent callus types. Type I: friable, soft white calli; type II:
nodular green organogenetic and compact calli; type
III: creamy, yellow nodular calli; type IV: brown dead
calli. Furthermore, the amount of calli was noted from
low to high (—, +, ++, +++).

Culture media and incubation conditions
For all culture media, the pH was adjusted to 5.8 before
autoclaving at 121 °C and 103 kPa for 20 min.

Culture establishment media

The medium was MS [57] salts and vitamins (Duchefa
Biochemie, The Netherlands), 30 g/L sucrose, 0.25 g/L
phytagel (Duchefa Biochemie, The Netherlands). This
was supplemented with three different plant growth reg-
ulators (plant growth regulators), BAP or TDZ (0.1, 0.5
or 1 mg/L), either alone or in combination with 2,4-D
(0.1 mg/L). TDZ was dissolved in NaOH and filter-ster-
ilized through a 0.24 pM filter and added to autoclaved
medium after it had cooled while the rest of plant growth
regulators were added prior to autoclaving. Cultures were
incubated in Petri dishes at 23+2 °C under a 16 h light
photoperiod (15 pumol m~2 s™!) or 24 h darkness.

Shoot multiplication medium

After three months, T. garganica shoots, buds and
embryos regenerated from the leaflet explants grown in
the different culture establishment media were trans-
ferred to a shoot multiplication medium defined as MS
salts and vitamins, 30 g/L sucrose and 7 g/L plant agar
(Duchefa Biochemie, The Netherlands). This was sup-
plemented with 1.5 mg/L BAP and 0.5 mg/L 2-(1-naph-
thyl)acetic acid (NAA). Shoot cultures were multiplied in
glass culture vessels, incubated at 23+2 °C under a 16 h
light photoperiod (15 pmol m2s™1).
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Rooting media

The medium was half strength MS salts (%MS) with
MS vitamins, 30 g/L sucrose and 7 g/L plant agar. This
medium was supplemented with 2-(1H-indol-3-yl) acetic
acid (IAA), NAA and 1H-indole-3-butanoic acid (IBA)
(1-4 mg/L). Cultures were incubated in 20 ml culture
tubes (Fig. 2a) at 2342 °C under a 16 h light photoperiod
(15 umol m~2s71).

TiBs setup and culture media

1 Liter autoclavable RITA® bioreactors were used
(Fig. 2b—d) [58]. The RITA® bioreactor consists of two
compartments; an upper one, where the plants are placed
in a raft support; and a lower one, which contains 200 mL
of the culture medium. Both compartments are con-
nected through a small tube and the raft support placed
at the bottom of the upper compartment. When apply-
ing overpressure by means of the small tube, the culture
medium goes up and immerses the plants in the upper
compartment. During the immersion, the airflow con-
tinuously agitates and oxygenates the medium, allowing
an inner atmosphere renewal. When pressure drops, the
medium drains into the lower compartment by gravity.
The overpressure is generated by an air pump linked to
several RITA® bioreactors. The air pump is controlled by
a timer that regulates the frequency and the length of the
overpressure; the cultures were immersed for 3 min every
6 h. The entry and exit flows were sterilized through 0.2-
um filters. The RITA® bioreactors and the medium were
autoclaved separately before use.

For the MeJa treatment, the medium used was MS
salts and vitamins and 30 g/L sucrose. This was supple-
mented with 1.5 mg/L BAP and 0.5 mg/L NAA and dif-
ferent concentrations of MeJA (100, 200 and 400 pM).
Cultures were incubated in TIBs [13] at 23 +2 °C under
a 16 h light photoperiod (15 umol m~2 s™'). Three bio-
reactors were used for each treatment, and the experi-
ment was repeated three times (n=9). A sample from
each bioreactor was taken after 3, 6, 12 and 18 days for
quantification of thapsigargin and nortrilobolide by
HPLC.

For the reduced nutrient supply treatment, the medium
was %»MS with MS vitamins salts and 30 g/L sucrose.
This medium was free of plant growth regulators and
either supplemented with 400 uM MeJA (%.MS +400 uM
MeJA) or without MeJA (%4MS). Cultures were incubated
in TIBs [13] at 23+2 °C under a 16 h light photoperiod
(15 umol m~2s~'—Photosynthetic Photon Flux Density).
A sample from each bioreactor was taken after 18 days
for thapsigargin and nortrilobolide HPLC quantification
and gene expression analysis by qRT-PCR of the genes of
interest: HMGR, FPPS, TgTPS2 and TgCYP76AE.
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Shoot multiplication

Thapsia garganica shoots, buds and embryos regen-
erated from the leaflet explants were transferred to a
“shoot multiplication medium” plant growth regulator
to induce shoot multiplication. All regenerated shoots
were left to multiply and grow in culture vessels with
solid medium. Shoots cultured for approximately 3 weeks
were transferred to TIBs with liquid medium, in order to
use them as an efficient production platform system of
thapsigargins.

Root formation

Regenerated single shoots (4-7 c¢m) were transferred
onto “rooting medium” (Fig. 2a). After cultivation for
4 weeks, the plants were transferred to %MS medium free
of plant growth regulators. The control was 2MS with-
out plant growth regulators. Each treatment consisted
of 15 shoots, and the experiment was repeated three
times (n=45). The percentage of root formation and
the number of roots was recorded weekly over a period
of 6 weeks. The content of thapsigargin and nortrilobo-
lide was quantified by HPLC; sampling was performed
after 8 weeks to allow for sufficient biomass content. The
shoots and roots of the generated plants in all treatments
were sampled and the quantification was performed sep-
arately in these trials (Table 2).

Enhancement of thapsigargins production in TIBs by MeJA
and reduced nutrient supply

For the treatment with MeJa, 4-7 cm shoots were added
into TIBs (15 shoots per TIB) containing 200 mL of liq-
uid MS medium supplemented with BAP (1.5 mg/L) and
NAA (0.5 mg/L), and different concentrations of MeJA
(100, 200 and 400 uM) (Fig. 2b). TIBs with MS medium
supplemented with BAP (1.5 mg/L) and NAA (0.5 mg/L)
were used to grow controls. Three bioreactors were used
for each treatment, and the experiment was repeated
three times (n=9). A sample from each bioreactor was
taken after 3, 6, 12 and 18 days for thapsigargin and nor-
trilobolide HPLC quantification.

In the reduced nutrient supply treatment, 4-7 cm
shoots were added into TIBs (15 shoots per TIB) contain-
ing 200 mL of liquid %#MS medium with 400 uM MeJA
or without MeJA (%MS) (Fig. 2b). Controls were cul-
tured in MS medium supplemented with BAP (1.5 mg/L)
and NAA (0.5 mg/L). Three bioreactors were used for
each treatment, and the experiment was repeated three
times (n=9). A sample from each bioreactor was taken
after 18 days for thapsigargin and nortrilobolide HPLC
quantification and gene expression analysis by qRT-
PCR of genes of interest: HMGR, FPPS, TgTPS2 and
TgCYP76AE.
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Quantification of thapsigargin

Extraction of thapsigargin from plant material

Plant material from in vitro cultures (shoots and roots)
was frozen at — 80 °C and dried 48 h in a freeze drier
(LABCONCO FreeZone 2.5 plus). 50 mg of each dried
sample was ground and extracted overnight with 1.5 mL
70% ethanol. The extract was centrifuged at 13,000 rpm
for 10 min. 1 mL of the supernatant underwent evapo-
ration by speed vacuum until dry and the residue was
dissolved in 250 pL methanol 80% (concentration X 4).
The extracts were then filtered through a 0.45 um filter,
placed into 1.5 mL vials and kept at — 20 °C until HPLC-
DAD analysis.

Standard solutions of thapsigargin and nortrilo-
bolide were prepared in 80% methanol in the range
12-1200 mg/L and 11-1007 mg/L respectively, corre-
sponding to the concentration range of the plant extracts.
Calibration curves were generated by integrating the
peak area (230 nm) versus the concentration of stand-
ard thapsigargins. For both, the calibration curves were
linear with a correlation coefficient of 0.99. The results
were converted to mg of compound per g of dry weight
plant (mg/g DW). The standards used in all chromatog-
raphy experiments of thapsigargin and nortrilobolide and
the mass spectrums of all thapsigargins were provided by
Prof. Seren B. Christensen, University of Copenhagen,
Denmark.

High-performance liquid chromatography quantification

of thapsigargins

The HPLC-DAD system consisted of a quaternary pump
(JASCO-2089 Plus pump), a thermoregulated autosam-
pler set at 4 °C (Intelligent autosampler JASCO AS-2059)
and a photodiode array detector (PDA) detector (UV/VIS
detector JASCO MD-2018 Plus). The column tempera-
ture was 30 °C. Separation of compounds was achieved
on a Luna C18 column (5 um, 4.6 mm x 25 cm) (Phe-
nomenex, USA). The flow rate was set to 0.5 mL/min and
the mobile phase consisted of water with o-phosphoric
acid (0.01%) as solvent A and acetonitrile with o-phos-
phoric acid (0.01%) as solvent B. The binary gradient elu-
tion was: 80—-100% A (0-15 min., linear gradient), 100%
A (15-25 min.) and 100-80% A (25-27.5 min., linear
gradient).

Identification of thapsigargins by UPLC-MS

Qualitative analysis of thapsigargins from the in vitro
plants was performed using a Waters Acquity TQD
UPLC/MS/MS (triple quadrupole mass spectrometer)
system associated with a PDA detector using the stand-
ards mentioned above. The mass spectrums was com-
pared with those provided by Prof. Sgren B. Christensen,
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University of Copenhagen, Denmark. The system was
directed by the software MassLynx 4.1. Extracts were fil-
tered at 0.2 um and 7.5 pL of each extract was separated
on a C18 Luna (2)-HST (100 x 2.0 mm, 2.5 um) column
(Phenomenex, USA). The flow rate was set to 0.6 mL/
min and the mobile phases consisted of water with
o-phosphoric acid (0.01%) for A and acetonitrile with
o-phosphoric acid (0.01%) for B. The binary gradient elu-
tion was: 90% A (0-0.5 min.), 90-0% A (0.5—7 min., lin-
ear gradient), 0% A (7-10 min.), 0-95% A (10-10.2 min.,
linear gradient) and 95% A (10.2-13 min.). The PDA
swept wavelengths from 200 to 400 nm with a 2.4 resolu-
tion. Mass spectra were obtained in positive and negative
modes, using an electrospray ionization (ESI) source on
a triple quadrupole instrument (Waters Acquity) in full
scan (50-2000 m/z). The conditions were as follows, cap-
illary voltage: 3000 V, cone voltages: 30 and 60 V, desolva-
tion temperature: 450 °C, source temperature: 150 °C, gas
flow cone: 50 1/min, desolvation gas: 800 1/min.

Gene expression analysis by qRT-PCR

RNA transcription levels of genes of interest: HMGR,
FPPS, TgTPS2 and TgCYP76AE2 were measured for T.
garganica in vitro shoots growing in TIBs under reduced
nutrient supply (%MS) or under reduced nutrient sup-
ply in combination with MeJA (%2MS+400 uM MeJA).
Controls were cultured in TIBs with MS medium supple-
mented with BAP (1.5 mg/L) and NAA (0.5 mg/L).

RNA isolation and primer design

Total RNA was isolated from 75 to 85 mg samples from
elicited and non-elicited shoots. RNA was extracted with
the Spectrum’ Plant Total RNA kit (Sigma-Aldrich,
Copenhagen, Denmark) and was treated with DNasel
Amplification Grade (Sigma-Aldrich, Copenhagen, Den-
mark). To determine nucleic acid purity, 260/280 nm
ratios were measured using an Agilent RNA 6000 Nano
kit (Agilent Technologies, Copenhagen, Denmark).

Three reference genes were selected for normalization:
actin, elongation factor (efla), and tubulin. The previ-
ously published T. garganica root transcriptome data
(SRX096991) was used for primer design. Daucus carota
sequences, acquired from NCBI database, of genes:
actin, tubulin, FPP and HMGR were used to do a BLAST
against T. garganica root transcriptome, while Solanum
tuberosum sequence was used for efla gene [12]. Daucus
is the sister genus to Thapsia thus was an obvious choice
for the design of primers. For the efla Solanum was the
closest relative available. Primer design of TgCYP76AE2
and TgTPS2 was based on the published sequences [11,
12] (Additional file 1: Table S1).
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Two steps qRT-PCR
A total of 500 ng of each RNA sample was reverse
transcribed to ¢cDNA with IScript  cDNA Synthe-
sis kit (BIO-RAD, Copenhagen, Denmark). Two-step
qRT-PCR (as specified by the kit supplier) was per-
formed using QuantiFast® SYBR® Green PCR (Qiagen,
Copenhagen, Denmark) according to the manufac-
turer’s protocol. The following amplification program
was used: 95 °C for 5 min, 40 cycles at 95 °C for 10 s
followed by 60 °C for 30 s. Samples were amplified in
duplicate from the same RNA isolation. qRT-PCRs
were performed using 3 biological replicates from dif-
ferent bioreactors and the experiment was repeated 3
times. Therefore, 9 biological replicates (with 18 data
points) spread out in three different elicitation experi-
ments were analyzed.

qRT-PCR efficiency, E, was estimated for each gene
by generating standard curves by plotting quantification
cycle (C,) values (y) against the log of a series of cDNA
dilutions (x). For this, a cDNA sample was used as tem-
plate in a range of 20, 4, 2, 1 and 0.5 ng. The qRT-PCR
efficiencies were calculated from the slope (a) of the lin-
ear regression equations of the standard curves, along
with the regression coefficient (R%). The equation used
was: E=10012 [59]. E values in a range of 1.90-2.10
(PCR efficiency between 90 and 110%) with a regression
coefficient below 0.02 are acceptable. All PCR efficien-
cies displayed between 96 and 104% (Additional file 1:
Table S1).

Determination of reference gene expression stability, data
analysis and normalization using geNorm
The stability of the reference genes and normalization
factors were evaluated with geNorm V.3.1 (www.genor
m.cmgg.be). The geNorm algorithm is based on the
pairwise variation of a single reference candidate gene
relative to all other genes, assuming that the expression
ratios of the two ideal reference genes are identical in all
samples regardless of the conditions tested [60]. geNorm
calculates two parameters: the expression stability value
of reference gene (M) and the coefficient of variation of
the normalized reference gene relative quantities (CV)
[61]. The cut-off proposed for typical stable reference
genes for M and CV values are 0.5 and 0.25 respectively,
however, for more heterogeneous samples, M and CV
values can increase to 1 and 0.5 respectively [61].
Normalization factors were calculated following the
A-A-Ct method as previously described [62] and using a
reference target normalization approach with the three
reference genes: actin, elongation factor (efla), and tubu-
lin [60].
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Verification of amplified products and sequencing reactions
PCR product size was checked on a 2% agarose gel
and melting curves showed a singled product for all
genes. To verify sequences of amplification products,
PCRs for each primer set were performed. PCR reac-
tions comprised: 0.5 uM of primers, 0.02 U/ul of Phu-
sion High-Fidelity DNA Polymerase (Thermo Scientific,
Copenhagen, Denmark), 2 mM of dNTP mix, 1 x Phu-
sion HF Buffer (Thermo Scientific, Copenhagen, Den-
mark) and 10 ng cDNA in a total volume of 20 pl. The
following amplification program was used: 98 °C for 30 s
and 34 cycles at 98 °C for 5 s, 58 °C for10 s and 72 °C for
20 s followed by 72 °C for 5 min. Amplified products were
cloned with CloneJET PCR Cloning Kit (Thermo Scien-
tific, Copenhagen, Denmark) for sequencing, according
to the manufacturer’s instructions. E. coli strain (DH5x)
was transformed with the ligation products, 4 colonies
for each gene were analyzed by colony PCR with plas-
mid reverse specific primer (5-AAGAACATCGATTTT
CCATGGCAG-3') at an annealing temperature of 60 °C.
One colony per gene was selected for sequencing (Euro-
fins), previous plasmid preparation (GenElute Plasmid
Miniprep kit, Sigma-Aldrich, Copenhagen, Denmark).
Sequences of amplification products were compared
through a BLAST analysis.

Histological analysis of explants

A histological analysis was performed to investigate the
tissue structure of the in vitro shoots, and a histochemi-
cal analysis with Nadi was carried out to identify secre-
tory structures storing terpenoids. Nadi staining has
been described as a tool to detect terpenoids [63] and
has been used to this effect in a number of studies [64,
65]. The method is a reaction that is believed to result
from the oxidation of naphthalen-1-ol and N,N-dimeth-
ylbenzene-1,4-diamine by cytochrome oxidase enzymes
[66]. In the presence of monoterpenes and sesquiterpe-
nes, the diamine is enzymatically oxidised, resulting in a
free radical that combines with naphthalen-1-ol to form
4-(4-hydroxyphenyl)iminocyclohexa-2,5-dien-1-one
blue [66, 67]. For the histological analysis, 65 um sec-
tions of the stems, leaves and callus tissue were made
using a vibratome (Microtome, HM 650 V vibratome
(Thermo Scientific). The sections were collected in tubes
containing either 0.05 M phosphate buffer (pH 7.2), to
keep unstained, or in Nadi reagent (1% naphthalen-1-ol
with 1% N,N-Dimethylbenzene-1,4-diamine in 0.05 M
phosphate buffer, pH 7.2; immersed for approximately
30 min). The sections were then mounted on glass
slides and observed under a Leica DMR HC micro-
scope through x5, x10, x20, x40 dry objectives and a
%100 oil immersion objective. The resulting images were
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processed and analysed using the Fiji platform on Image]
[68].

Statistical analysis

All experiments were repeated 3 times, except for the
regeneration from Thapsia leaves that was repeated
twice. The data are reported as mean=+SE (standard
error) including all data points. Means were subjected to
a one-way analysis of variance (ANOVA) test followed by
a Tukey’s multiple comparison test (p <0.05).

Additional file

Additional file 1: Table S1. Reference and target gene: primer sequences,
amplicon length, PCR efficiency and reference gene expression stability.

Authors’ contributions

FM and HTS conceived and directed the project. CQ, PC, BL, and HTS designed
the experiments; CQ, PC, BL and KM performed the experiments; CQ, BL and
KM analyzed the data; CQ wrote the manuscript; all authors revised the manu-
script. All authors read and approved the final manuscript.

Author details

! Department of Biotechnology and Biomedicine, Faculty of Bioengineering,
Technical University of Denmark, Lyngby, Denmark. 2 Department of Plant
and Environmental Sciences, Faculty of Science, University of Copenhagen,
Copenhagen, Denmark. * Evonik Advanced Botanicals SAS, Parcay Meslay,
France. * Natural History Museum of Denmark, University of Copenhagen,
Copenhagen, Denmark.

Acknowledgements

The standards of thapsigargin and nortrilobolide and the mass spectrums of
all thapsigargins were thankfully provided by our long-term collaborator Prof.
Seren B. Christensen, University of Copenhagen, Denmark.

Competing interests
The authors declare that they have no competing interests.

Availability of data and material
All data generated or analyzed during this study are included in this published
article [and its additional files].

Consent for publication
Not applicable.

Ethics approval and consent to participate

The used plant material was purchased from Thapslbiza, Spain, and follows all
local, national or international guidelines and legislation. No further permits
were needed for this work.

Funding

CQ was supported by funding from the People Program (Marie Curie Actions)
of the European Union’s Seventh Framework Program FP7/2007-2013/under
REA Grant Agreement No [607011]. KM was supported by MEDPLANT, a Marie
Curie Actions Initial Training Network (ITN), funded by the European Union
under the Seventh Framework Program No [606895].

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 150f 17

Received: 17 April 2018 Accepted: 31 August 2018
Published online: 08 September 2018

References

1. Simonsen HT, Weitzel C, Christensen SB. Guaianolide sesquiterpenoids:
their pharmacology and biosynthesis. In: Ramawat KG, Merillon JM,
editors. Handbook of natural products: phytochemistry, botany and
metabolism of alkaloids, phenolics and terpenes. Berlin: Springer; 2013. p.
3069-98.

2. Weitzel C, Ronsted N, Spalik K, Simonsen HT. Resurrecting deadly
carrots: towards a revision of Thapsia (Apiaceae) based on phyloge-
netic analysis of nriTS sequences and chemical profiles. Bot J Linn Soc.
2014;174:620-36.

3. Swehoel H, Jensen AML, Mgaller JV, Nissen P Denmeade SR, Isaacs JT, Olsen
CE, Christensen SB. Natural products as starting materials for develop-
ment of second-generation SERCA inhibitors targeted towards prostate
cancer cells. Bioorg Med Chem. 2006;14:2810-5. https://doi.org/10.1016/j.
bmc.2005.12.001.

4. AndersenTB, Lopez CQ, Manczak T, Martinez KA, Simonsen HT. Thapsigar-
gin—from Thapsia L. to Mipsagargin. Molecules. 2015;20:6113-27. https
;//doi.org/10.3390/molecules20046113.

5. Doan NT, Paulsen ES, Sehgal P, Maller JV, Nissen P, Denmeade SR, Isaacs
JT, Dionne CA, Christensen SB. Targeting thapsigargin towards tumors.
Steroids. 2015;97:2-7. https://doi.org/10.1016/j.steroids.2014.07.009.

6. Doan NTQ, Christensen SB. Thapsigargin, origin, chemistry, structure-
activity relationships and prodrug development. Curr Pharm Des.
2015;21:5501-17. https://doi.org/10.2174/1381612821666151002112824.

7. Ekiert H. Medicinal plant biotechnology: the Apiaceae family as the
example of rapid development. Pharmazie. 2000;55:561-7.

8. Andrews SP, Ball M, Wierschem F, Cleator E, Oliver S, Hogenauer K, Simic
O, Antonello A, Hunger U, Smith MD, Ley SV. Total synthesis of five thap-
sigargins: guaianolide natural products exhibiting sub-nanomolar SERCA
inhibition. Chem A Eur J. 2007;13:5688-712.

9. Chen D, Evans PA. A concise, efficient and scalable total synthesis of
thapsigargin and nortrilobolide from (R)-(—)-carvone. J Am Chem Soc.
2017;139:6046-9. https://doi.org/10.1021/jacs.7b01734.

10. ChuH, Smith JM, Felding J, Baran PS. Scalable synthesis of (—)-thapsigar-
gin. ACS Cent Sci. 2017;3:47-51. https://doi.org/10.1021/acscentsci.6b003
13.

11. Pickel B, Drew DP, Manczak T, Weitzel C, Simonsen HT, Ro D. Identifica-
tion and characterization of a kunzeaol synthase from Thapsia garganica:
implications for the biosynthesis of the pharmaceutical thapsigargin.
Biochem J. 2012;448:261-71. https://doi.org/10.1042/bj20120654.

12. Andersen TB, Martinez KA, Rasmussen SA, Boughton BA, Jargensen K,
Andersen-Ranberg J, Nyberg N, Christensen SB, Simonsen HT. Localiza-
tion and in vivo characterization of Thapsia garganica CYP76AE2 indicates
arole in thapsigargin biosynthesis. Plant Physiol. 2017;174:56-72. https://
doi.org/10.1104/pp.16.00055.

13. Michoux F, Ahmad N, Hennig A, Nixon PJ, Warzecha H. Production of leafy
biomass using temporary immersion bioreactors: an alternative platform
to express proteins in transplastomic plants with drastic phenotypes.
Planta. 2013;237:903-8. https://doi.org/10.1007/500425-012-1829-1.

14. Jager A, Schottlénder B, Smitt U, Nyman U. Somatic embryogenesis in cell
cultures of Thapsia garganica. Plant Cell Rep. 1993;12:517-20. https://doi.
0rg/10.1007/bf00236099.

15. Makunga NP, Jager AK, van Staden J. Micropropagation of Thapsia
garganica: a medicinal plant. Plant Cell Rep. 2003;21:967-73. https://doi.
0rg/10.1007/500299-003-0623-8.

16. Makunga NP, Jdger AK, van Staden J. An improved system for the in vitro
regeneration of Thapsia garganica via direct organogenesis: influence of
auxins and cytokinins. Plant Cell, Tissue Organ Cult. 2005;82:271-80.

17. Makunga NP, Jager AK, van Staden J. Improved in vitro rooting and hype-
rhydricity in regenerating tissues of Thapsia garganica L. Plant Cell, Tissue
Organ Cult. 2006;86:77-86.

18. Christensen SB, Norup E, Rasmussen U, Madsen J@. Structure of his-
tamine releasing guaianolides from Thapsia species. Phytochemistry.
1984;23:1659-63.

19. Liu HZ, Jensen KG, Tran LM, Chen M, Zhai L, Olsen CE, Sehoel H, Den-
meade SR, Isaacs JT, Christensen SB. Cytotoxic phenylpropanoids and


https://doi.org/10.1186/s13007-018-0346-z
https://doi.org/10.1016/j.bmc.2005.12.001
https://doi.org/10.1016/j.bmc.2005.12.001
https://doi.org/10.3390/molecules20046113
https://doi.org/10.3390/molecules20046113
https://doi.org/10.1016/j.steroids.2014.07.009
https://doi.org/10.2174/1381612821666151002112824
https://doi.org/10.1021/jacs.7b01734
https://doi.org/10.1021/acscentsci.6b00313
https://doi.org/10.1021/acscentsci.6b00313
https://doi.org/10.1042/bj20120654
https://doi.org/10.1104/pp.16.00055
https://doi.org/10.1104/pp.16.00055
https://doi.org/10.1007/s00425-012-1829-1
https://doi.org/10.1007/bf00236099
https://doi.org/10.1007/bf00236099
https://doi.org/10.1007/s00299-003-0623-8
https://doi.org/10.1007/s00299-003-0623-8

Lépez et al. Plant Methods (2018) 14:79

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

an additional thapsigargin analogue isolated from Thapsia garganica.
Phytochemistry. 2006;67:2651-8. https://doi.org/10.1016/j.phyto
chem.2006.10.005.

Christensen SB, Norup E. Absolute configurations of the histamine liber-
ating sesquiterpene lactones thapsigargin and trilobolide. Tetrahedron
Lett. 1985;26:107-10.

Rasmussen U, Christensen SB, Sandberg F. Thapsigargine and thapsigargi-
cine, two new histamine liberators from Thapsia garganica L. Acta Pharm
Suec. 1978;15:133-40.

Ignacimuthu S, Arockiasamy S, Antonysamy M, Ravichandran P. Plant
regeneration through somatic embryogenesis from mature leaf explants
of Eryngium foetidum, a condiment. Plant Cell, Tissue Organ Cult.
1999,56:131-7.

Martin KP. Plant regeneration through somatic embryogenesis in medici-
nally important Centella asiatica L. Vitr Cell Dev Biol. 2004;40:586-91.
Hasani B, Saboura A, Rajabian T, Falah HH. Somatic embryogenesis of
Ferula assa-foetida. J Sci (University Tehran). 2008;33:15-23.

Roozbeh S, Otroshy M, Bozorgipoor R, Ebrahimi M, Moeini Najafabadi

A, Struik PC. Micropropagation of Ferula assa-foetida L. (a medicinal
plant) via direct somatic embryogenesis. In: International symposium on
medicinal and aromatic plants IMAPS2010 and history of mayan ethnop-
harmacology IMAPS2011 964. 2011. p. 143-52.

Abd-Allah RH, Zeid EMA, Zakaria MM, Eldahmy SI. Micropropagation

of wild fennel (Foeniculum vulgare var. vulgare) via organogenesis and
somatic embryogenesis. J Dev Biol Tissue Eng. 2015;7:1-10.

George EF, Hall MA, De Klerk G-J. Plant propagation by tissue culture:
volume 1, the background. Berlin: Springer; 2008.

Michler CH, Lineberger RD. Effects of light on somatic embryo develop-
ment and abscisic levels in carrot suspension cultures. Plant Cell, Tissue
Organ Cult. 1987;11:189-207.

Landi L, Mezzetti B.TDZ, auxin and genotype effects on leaf organogen-
esis in Fragaria. Plant Cell Rep. 2006;25:281-8.

Karuppusamy S, Kiranmai C, Aruna V, Pullaiah T. Micropropagation of
Vanasushava pedata: an endangered medicinal plant of South India. Plant
Tissue Cult Biotechnol. 2006;16:85-94.

Karuppusamy S, Aruna V, Kiranmai C, Pullaiah T. In vitro propagation
of an endemic umbellifer, Hydrocotyle conferta. Indian J Biotechnol.
2007,6:541-4.

Purohit S, Kothari SL. Direct somatic embryogenesis from cotyledon and
cotyledonary node explants in bishop's weed Trachyspermum ammi (L.)
Sprague. Vitr Cell Dev Biol. 2007;43:154-8.

Irvani N, Solouki M, Omidi M, Zare AR, Shahnazi S. Callus induction and
plant regeneration in Dorem ammoniacum D., an endangered medicinal
plant. Plant Cell, Tissue Organ Cult. 2010;100:293-9.

Zare AR, Solouki M, Omidi M, Irvani N, Nezad NM, Rezazadeh S. Callus
induction and plant regeneration in Ferula assafoetida L. (Asafetida), an
endangered medicinal plant. Trakia J Sci. 2010;8:11-8.

Aygun A, Dumanoglu H. In vitro shoot proliferation and in vitro and

ex vitro root formation of Pyrus elaeagrifolia Pallas. Front Plant Sci.
2015;6:225. https://doi.org/10.3389/fpls.2015.00225.

Ye S, Cai C, Ren H, Wang W, Xiang M, Tang X, Zhu C,Yin T, Zhang L, Zhu Q.
An efficient plant regeneration and transformation system of Ma Bamboo
(Dendrocalamus latiflorus Munro) started from young shoot as explant.
Front Plant Sci. 2017;8:1298.

Hirai MY, Saito K. Post-genomics approaches for the elucidation of plant
adaptive mechanisms to sulphur deficiency. J Exp Bot. 2004;55:1871-9.
https://doi.org/10.1093/jxb/erh184.

Sharma RK, Wakhlu AK, Boleria M. Micropropagation of Anethum graveo-
lens L. through axillary shoot proliferation. J plant Biochem. Biotechnol-
0gy. 2004;13:157-9.

Joshi K, Chaturvedi P, Shubhpriya S. Efficient in vitro regeneration
protocol of Centella asiatica (L.) Urban: an endemic and underutilized
nutraceutical herb. Afr J Biotechnol. 2013;12:5164-72.

Akula R, Ravishankar GA, Ramakrishna A, Ravishankar GA. Influence of abi-
otic stress signals on secondary metabolites in plants. Plant Signal Behav.
2011,6:1720-31.

Ferreira JFS. Nutrient deficiency in the production of artemisinin, dihy-
droartemisinic acid, and artemisinic acid in Artemisia annua L. J Agric
Food Chem. 2007,55:1686-94.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Page 16 of 17

HeY,Yan H, Hua W, Huang Y, Wang Z. Selection and validation of refer-
ence genes for quantitative real-time PCR in Gentiana macrophylla. Front
Plant Sci. 2016;7:945. https://doi.org/10.3389/fpls.2016.00945.

Kim OT, Kim MY, Hong MH, Ahn JC, Hwang B. Stimulation of asiaticoside
accumulation in the whole plant cultures of Centella asiatica (L) Urban by
elicitors. Plant Cell Rep. 2004;23:339-44.

Mangas S, Bonfill M, Osuna L, Moyano E, Tortoriello J, Cusido RM, Pifiol
MT, Palazén J. The effect of methyl jasmonate on triterpene and sterol
metabolisms of Centella asiatica, Ruscus aculeatus and Galphimia glauca
cultured plants. Phytochemistry. 2006;67:2041-9.

Kikowska M, Budzianowski J, Krawczyk A, Thiem B. Accumulation of
rosmarinic, chlorogenic and caffeic acids in in vitro cultures of Eryngium
planum L. Acta Physiol Plant. 2012;34:2425-33.

Ruslan K; Selfitri AD, Bulan SA, Rukayadi Y. Effect of Agrobacterium rhizo-
genes and elicitation on the asiaticoside production in cell cultures of
Centella asiatica. Pharmacogn Mag. 2012,8:111.

Kikowska M, Kedziora J, Krawczyk A, Thiem B. Methyl jasmonate, yeast
extract and sucrose stimulate phenolic acids accumulation in Eryngium
planum L. shoot cultures. Acta Biochim Pol. 2015;62:197-2000.

Ruan J-X, Li J-X, Fang X, Wang L-J, Hu W-L, Chen X-Y, Yang C-Q. Isola-

tion and characterization of three new monoterpene synthases from
Artemisia annua. Front Plant Sci. 2016;7:638. https://doi.org/10.3389/
fpls.2016.00638.

CaiJ,MaY, Hu P, Zhang Y, Chen J, Li X. Elicitation of furanocoumarins in
Changium smyrnioides suspension cells. Plant Cell, Tissue Organ Cult.
2017;130:1-12.

Ramirez-Estrada K, Vidal-Limon H, Hidalgo D, Moyano E, Golenioswki M,
Cusido RM, Palazon J. Elicitation, an effective strategy for the biotechno-
logical production of bioactive high-added value compounds in plant
cell factories. Molecules. 2016;21:182.

Singh G, Gavrieli J, Oakey JS, Curtis WR. Interaction of methyl jasmonate,
wounding and fungal elicitation during sesquiterpene induction in
Hyoscyamus muticus in root cultures. Plant Cell Rep. 1998;17:391-5.
Doan NTQ, Crestey F, Olsen CE, Christensen SB. Chemo- and regioselec-
tive functionalization of nortrilobolide: application for semisynthesis of
the natural product 2-acetoxytrilobolide. J Nat Prod. 2015;78:1406-14.
https://doi.org/10.1021/acsjnatprod.5b00333.

Drew DP, Rasmussen SK, Avato P, Simonsen HT. A comparison of head-
space solid-phase microextraction and classic hydrodistillation for the
identification of volatile constituents from Thapsia spp. provides insights
into guaianolide biosynthesis in Apiaceae. Phytochem Anal. 2012,23:44-
51. https://doi.org/10.1002/pca.1323.

Weitzel C, Simonsen HT. Cytochrome P450-enzymes involved in the bio-
synthesis of mono- and sesquiterpenes. Phytochem Rev. 2015;14:7-24.
https://doi.org/10.1007/511101-013-9280-x.

Hong G-J, Xue X-Y, Mao Y-B, Wang L-J, Chen X-Y. Arabidopsis MYC2
interacts with DELLA proteins in regulating sesquiterpene synthase gene
expression. Plant Cell. 2012;24:2635-48.

Taiz L, Zeiger E, Mgller IM, Murphy A. Plant physiology and development.
6th ed. Oxford: Oxford University Press; 2015.

Murashige T, Skoog F. A revised medium for rapid growth and bioassays
with tobacco tissue culture. Physiol Plant. 1962;15:473-97.

Teisson C, Alvard D. A new concept of plant in vitro cultivation liquid
medium: temporary immersion. In: Terzi M, Cella R, Falavigna A, editors.
Current issues in plant molecular and cellular biology: proceedings of
the VIlith international congress on plant tissue and cell culture, Florence,
Italy, 12-17 June, 1994. Dordrecht: Springer Netherlands; 1995. p. 105-10.
https://doi.org/10.1007/978-94-011-0307-7_12.

Rasmussen R. Quantification on the LightCycler. In: Meuer S, Wittwer C,
Nakagawara KI, editors. Rapid cycle real-time PCR, methods and applica-
tions. Berlin: Springer; 2001. p. 21-34.

Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De Paepe A,
Speleman F. Accurate normalization of real-time quantitative RT-PCR data
by geometric averaging of multiple internal control genes. Genome Biol.
2002;3:research0034.1-research0034.11.

Hellemans J, Mortier G, De Paepe A, Speleman F, Vandesompele J. gBase
relative quantification framework and software for management and
automated analysis of real-time quantitative PCR data. Genome Biol.
2007;8:R19.


https://doi.org/10.1016/j.phytochem.2006.10.005
https://doi.org/10.1016/j.phytochem.2006.10.005
https://doi.org/10.3389/fpls.2015.00225
https://doi.org/10.1093/jxb/erh184
https://doi.org/10.3389/fpls.2016.00945
https://doi.org/10.3389/fpls.2016.00638
https://doi.org/10.3389/fpls.2016.00638
https://doi.org/10.1021/acs.jnatprod.5b00333
https://doi.org/10.1002/pca.1323
https://doi.org/10.1007/s11101-013-9280-x
https://doi.org/10.1007/978-94-011-0307-7_12

Lépez et al. Plant Methods (2018) 14:79

62.

63.

64.

65.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data

using real-time quantitative PCR and the 2 — AACT method. Methods.
2001,25:402-8.

David R, Carde JP. Coloration différentielle des inclusions lipidique et ter-
peniques des pseudophylles du Pin maritime au moyen du reactif Nadi.
Comptes Rendus I'Académie des Sci Paris D. 1964;258:1338-40.

Ibanez S, Détterl S, Anstett M, Baudino S, Caissard J, Gallet C, Després

L. The role of volatile organic compounds, morphology and pigments
of globeflowers in the attraction of their specific pollinating flies. New
Phytol. 2010;188:451-63.

Kuster VC, Vale FHA. Leaf histochemistry analysis of four medicinal species
from Cerrado. Rev Bras Farm J Pharmacogn. 2016;26:673-8.

66.

67.

Page 17 of 17

Harwig J. The use of histochemical reagents for cytochrome oxidase in
plant tissues. Bot Rev. 1967;33:116-29. https://doi.org/10.1007/BF028
58666.

Demarco D. Histochemical analysis of plant secretory structures. In:
Pellicciari C, Biggiogera M, editors. Histochemistry of single molecules.
Methods in molecular biology. New York: Humana Press; 2017. p. 313-30.

. Schindelin J, Arganda-Carreras |, Frise E, Kaynig V, Longair M, Pietzsch T,

Preibisch S, Rueden C, Saalfeld S, Schmid B. Fiji: an open-source platform
for biological-image analysis. Nat Methods. 2012,9:676-82.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1007/BF02858666
https://doi.org/10.1007/BF02858666

	Use of a temporary immersion bioreactor system for the sustainable production of thapsigargin in shoot cultures of Thapsia garganica
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	In vitro culture establishment
	Rooting
	Production of thapsigargins in the rooting experiment
	Production of thapsigargins in TIBs
	Identification of thapsigargins
	Gene expression
	Histological analysis of explants

	Discussion
	Conclusions
	Methods
	In vitro culture establishment
	Culture media and incubation conditions
	Culture establishment media
	Shoot multiplication medium
	Rooting media
	TIBs setup and culture media

	Shoot multiplication
	Root formation
	Enhancement of thapsigargins production in TIBs by MeJA and reduced nutrient supply
	Quantification of thapsigargin
	Extraction of thapsigargin from plant material
	High-performance liquid chromatography quantification of thapsigargins
	Identification of thapsigargins by UPLC-MS

	Gene expression analysis by qRT-PCR
	RNA isolation and primer design
	Two steps qRT-PCR
	Determination of reference gene expression stability, data analysis and normalization using geNorm
	Verification of amplified products and sequencing reactions

	Histological analysis of explants
	Statistical analysis

	Authors’ contributions
	References




