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Abstract

Key message Transcriptional activation of genes
belonging to the plastidial MEP-derived isoprenoid
pathway by elicitation with methyl jasmonate and
coronatine enhanced the content of bioactive abietane
diterpenes in Salvia sclarea hairy roots.

Abstract We have shown that aethiopinone, an abietane
diterpene synthesized in Salvia sclarea roots is cytotoxic
and induces apoptosis in human melanoma cells. To
develop a production platform for this compound and other
abietane diterpenes, hairy root technology was combined
with the elicitation of methyl jasmonate (MeJA) or the
phytotoxin coronatine (Cor). Both MeJA and Cor induced a
significant accumulation of aethiopinone, but prolonged
exposure to MeJA irremediably caused inhibition of hairy
root growth, which was unaffected by Cor treatment.
Considering together the fold increase in aethiopinone
content and the final hairy root biomass, the best combi-
nation was a Cor treatment for 28 days, which allowed to
obtain up to 105.34 + 2.30 mg L™" of this compound to be
obtained, corresponding to a 24-fold increase above the
basal content in untreated hairy roots. MeJA or Cor elici-
tation also enhanced the synthesis of other bioactive abi-
etane—quinone diterpenes. The elicitor-dependent steering
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effect was due to a coordinated transcriptional activation of
several biosynthetic genes belonging to the plastidial MEP-
derived isoprenoid pathway. High correlations between
aethiopinone content and MeJA or Cor-elicited level of
gene transcripts were found for DXS2 (r* = 0.99), DXR
(r2 = 0.99), and GGPPS (r2 = 0.98), encoding enzymes
acting upstream of GGPP, the common precursor of
diterpenes and other plastidial-derived terpenes, as well as
CPPS (r* = 0.99), encoding the enzyme involved in the
first cyclization steps leading to copalyl-diphosphate, the
precursor of abietane-like diterpenes. These results point to
these genes as possible targets of metabolic engineering
approaches to establish a more efficient production plat-
form for such promising anti-proliferative plant-derived
compounds.

Keywords Bioactive abietane diterpenes - Salvia sclarea
hairy roots - Elicitation - Transcriptional reprogramming

Introduction

Plant diterpenes are one of the largest and most diverse
classes of plant metabolites, with more than 10,000 dif-
ferent structures already described. Diterpenes are charac-
terized by a C-20 hydrocarbon backbone and derived from
the universal substrate C-20 geranylgeranyl pyrophosphate
(GGPP), which is synthesized through the plastidial MEP-
derived isoprenoid pathway. Several plant diterpenoids
have well-established antitumor activities, such as the most
widely used breast cancer drug taxol (Weaver 2014) or
ingenol-3-angelate from Euphorbia peplus, a promising
skin cancer chemotherapeutic agent, used in a topically
applied formulation and evaluated in clinical trials (Song
et al. 2013). Recently, plant-derived abietane diterpenoids

@ Springer


http://dx.doi.org/10.1007/s00299-016-2076-x
http://crossmark.crossref.org/dialog/?doi=10.1007/s00299-016-2076-x&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00299-016-2076-x&amp;domain=pdf

Plant Cell Rep

with a quinone moiety have also raised great attention for
their interesting cytotoxic effects on different cancer cell
lines (Gonzalez 2015 for a recent review). More than 400
diterpenoids with different abietane skeletons have so far
been characterized and several are synthesized in different
organs and tissues of Salvia species (Kabouche and
Kabouche 2008; Bonito et al. 2011). Aethiopinone from
Salvia aethiopis L. has been proved to be cytotoxic against
the KB human carcinoma cell line, with an ICsy value of
2 uM (Hernandez-Pérez et al. 1999). High cytotoxicity
against HL-60 and NALM-6 leukemia cells was also
reported for salvipisone and aethiopinone, isolated from
Salvia sclarea, due to caspase-3 activity and induction of
apoptosis in a time- and concentration-dependent manner
(Rozalski et al. 2006). We recently demonstrated that
aethiopinone is also cytotoxic against different solid tumor
cell lines, i.e., MCF7 (breast adenocarcinoma), HeLa (ep-
ithelial carcinoma), PC3 (prostate adenocarcinoma), and
A375 (human melanoma) and induced apoptosis in A375
melanoma cells at a concentration not cytotoxic to control
cells (Vaccaro et al. 2014). These results point to this
abietane-type diterpene as a promising molecule or lead
compound for treating melanoma, the most aggressive skin
cancer, which is notoriously resistant to all current
modalities of cancer therapy (Holohan et al. 2013).
However, a more comprehensive analysis of the mech-
anism of action of aethiopinone is hampered by the minute
amounts produced in roots of different Salvia species.
Insufficient availability of bioactive plant secondary
metabolites, coupled with the recurrent impossibility or
high cost of their chemical synthesis, is a general drawback
for the industrial development of bioactive plant-derived
drugs. This has prompted major efforts to develop plant
cell and tissue cultures as suitable systems for their pro-
duction (Kuzma et al. 2006; Baque et al. 2012; Marchev
et al. 2014). Besides optimization in growth media and
systems, selection of high-yielding lines (Hussain et al.
2012), and metabolic engineering strategies (Dudareva and
Della Penna 2013; Atanasov et al. 2015), elicitation of
plant cells, and/or tissues with molecules of different origin
and chemical structures has been widely used to enhance
the synthesis of interesting plant-specialized products.
Elicitors are molecules of different natures, capable of
stimulating plant defense response, widely conserved in the
plant kingdom, from angiosperms to gymnosperms
(Wasternack and Hause 2013; Pauwels et al. 2009; Zhao
et al. 2005). One of the most characterized elicitors is
jasmonic acid (JA) and derivatives, which, when applied to
plant cells and tissues of a variety of plant species, in the
range of 100-200 uM, generally induce the synthesis of
molecules belonging to the three main classes of plant
secondary metabolites (terpenoids, alkaloids, and phenyl-
propanoids) (Zhao et al. 2005; Qian et al. 2005; Hu et al.
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2006; Baenas et al. 2014). Endogenous JAs, synthesized
from linolenic acid, or the synthetic methyl jasmonate
(MeJA), are converted into the biologically active form
(+)-7-iso-jasmonoyl-L-isoleucine (JA-Ile) (Fonseca et al.
2009). This binds to the CORONATINE INSENSITIVELI
(COI1) F-box protein receptor (Sheard et al. 2010), which
operates as an E3 ubiquitin ligase and targets the JAZ
repressor proteins for degradation by the 26S proteasome
(Zhang et al. 2015). Multiple transcription factors (MYC
and others) are depressed, which in turn activate JA-Ile-
dependent transcriptional reprogramming, as established
by several genome-wide transcript profiling studies in
model plants and medicinal plants (Pauwels et al. 2009; De
Geyter et al. 2012; Yang et al. 2013). MeJA has been used
to stimulate accumulation of bioactive diterpenoids in S.
sclarea hairy roots in both shake flasks and sprinkle
bioreactors (Kuzma et al. 2009), but it is well known that
different elicitors may exert a distinctive induction pattern
on secondary metabolism and/or differentially affect final
plant cell or tissue growth. Coronatine (Cor), a polyketide
effector molecule produced by Pseudomonas syringae pv
tomato strain DC3000 (Pst DC3000), binds the same
receptor and acts as a structural agonist of JA-Ile (Yan
et al. 2013). Few studies have focused on the effects of Cor
on boosting the synthesis of specific secondary metabolites
in plants, e.g., increased flavonoid content in rice leaves
(Tamogami and Kodama 2000), increased production of
alkaloids in Eschscholzia californica (Haider et al. 2005),
the accumulation of glyceollins in soybean cell cultures
(Fliegmann et al. 2003), paclitaxel and related taxanes in
cell suspensions of Taxus media (Onrubia et al. 2013), and
trans-resveratrol in grape cells (Taurino et al. 2015).
Compared to natural and synthetic JAs, Cor may offer
several advantages in eliciting plant secondary metabolites,
due to a higher chemical stability compared to JA-Ile and
no need of a previous conversion into JA-Ile to bind the
COI1 receptor (Feng et al. 2003).

Here, we report a comparative analysis of the effects of
MelJA and Cor on aethiopinone content of S. sclarea hairy
roots in promoting the accumulation of aethiopinone as
well as other interesting tricyclic abietane-type diterpenes
(salvipisone, ferruginol, and carnosic acid), by transcrip-
tional activation of several genes encoding enzymes
belonging to the plastidial MEP-derived isoprenoid
pathway.

Methods
Salvia sclarea hairy root cultures

Hairy roots were initiated after infection of S. sclarea
axenic leaf sections with A. rhizogenes strain ATCC15834,
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as described in Vaccaro et al. (2014). Hairy root indepen-
dent lines, with no bacterial contamination, were selected
and grown at 23 °C in the dark in 250 ml flasks with 0.5X
MS (Murashige and Skoog 1962) liquid medium, supple-
mented with 30 g L™" of sucrose on a rotary shaker at
120 rpm, and maintained by sub-culturing at the end of the
exponential stage every 21 days (d). The hairy root line
used in this study was maintained for about 20 cycles
before being used in the elicitation experiments.

Elicitor treatment and hairy root growth

Salvia sclarea hairy roots, grown into 500 mL flasks,
containing 100 mL of 0.5X MS liquid medium, were eli-
cited with methyl jasmonate (MeJA) or coronatine (Cor)
(Sigma-Aldrich Co, St Louis, MO, USA). In a first set of
experiments, hairy roots (1 g), harvested at their late
exponential stage, were grown into 0.5X MS liquid fresh
medium for 21 days and then treated for 7 days with micro-
filtered (0.22 mm sterile PES filters, Millipore, Billerica,
MA, USA) MelJA, dissolved in 96% ethanol, or Cor, dis-
solved in bidistilled water, and added to the growth med-
ium to a final concentration of 100 and 0.1 puM,
respectively. In a second set of experiments, the same
amount of hairy roots was inoculated in fresh growth
medium, as described above, and continuously elicited for
28d with the same MeJA or Cor concentration. As mock
control, the hairy roots, grown under the same growth
conditions, received equal volumes of 96% ethanol
(0.005%, final concentration) or an equal volume of H,O.
Control and elicited hairy roots were maintained on a
rotary shaker at 120 rpm at 23 °C in the dark. Hairy root
growth was determined as described previously (Vaccaro
et al. 2014) by monitoring the dry weight of control and
elicited hairy roots at 7-day intervals during 28 days.

Amplification and sequencing of partial cDNAs
encoding S. sclarea MEP-pathway biosynthetic
genes

Hairy roots were homogenized in liquid nitrogen and total
RNA extracted with the plant RNA purification kit (Norgen
Biotek Corporation Ontario, Canada) according to the
manufacturer’s protocol. The complementary DNA
(cDNA) was synthesized from 1 pg of total RNA, previ-
ously treated with RNase-free DNAse I (Invitrogen,
Carlsbad, CA, USA), using random hexamers and the
Superscript III Reverse transcriptase (Invitrogen) at 50 °C
for 50 min. The partial sequences of S. sclarea biosynthetic
genes belonging to the MEP biosynthetic pathway were
obtained by RT-PCR amplification with high-fidelity Taq
polymerase (Invitrogen), using different combinations of
degenerate primers, designed on the basis of alignment of

sequences available in GenBank database Amplicons
(200-300 bp). After purification and cloning into pcR2.1
vector (TOPO TA Cloning kit, Invitrogen), the obtained
partial cDNAs were sequenced (PRIMM Biotech, Milan,
Italy) and alignment to publically available plant sequences
revealed homology with gene encoding different isoform
of known plant biosynthetic genes of the MEP-derived
isoprenoid pathway. Sequences of genes analyzed in this
study were published in dbEST/GenBank database and
used to design specific oligonucleotides at 5 and 3’ for
transcriptional analysis by quantitative PCR analysis.

Quantitative reverse transcription-PCR
(q-RT-PCR)

Total RNA was extracted from hairy roots treated with MeJA
100 uM or Cor 0.1 pM at different times after elicitation (12,
24, and 48 h) or from a control mock-treated hairy root line,
using the plant RNA purification kit (Norgen Biotek Cor-
poration Ontario, Canada). cDNA was synthesized from
1 pug of total RNA, previously treated with RNase-free
DNAse I (Invitrogen, Carlsbad, CA, USA), and retro-tran-
scribed by Superscript III RT, as described above. Quanti-
tative RT-PCR was performed with SYBR Green PCR
Mastermix (Roche, USA) in a LightCycler 480 system
(Roche Diagnostics Ltd, Lewes, UK), according to the
manufacturer’s instruction, using 0.5 puM oligonucleotides
designed on the partial sequences of S. sclarea MEP-path-
way biosynthetic gene sequences, identified as reported
above. The primer pairs were designed by primer 3 software
and analyzed with UNAFold, Integrated DNA Technologies
and Two-state melting (folding) software information and
listed in Table 1S. Transcript levels of targeted genes in
control hairy roots and MeJA- or Cor-elicited hairy roots
were quantified using SYBR green detection and the com-
parative threshold cycle (Ct) method (Schmittgen and Livak
2008). The Ct values for S. sclarea 18S RNA and actin
mRNA (the internal standard) were subtracted from that of
the gene of interest to obtain a ACt value. The Ct value of the
control sample was subtracted from the ACt value to obtain a
AACt value. Each fold change in the expression level relative
to that of the control was expressed as 2-AAC. All real-time
PCR reactions were performed in triplicate and in three
independent experiments.

Extraction and quantitative analysis of abietane
diterpenes

Lyophilized and powdered S. sclarea hairy roots (0.5 g)
were extracted with acetone for 48 h at room temperature,
and targeted analysis of the abietane diterpenes was carried
out by HPLC-DAD, on a C8 column (Agilent, Zorbax
Eclipse C8 250 x 4.6 mm), as described in Vaccaro et al.
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(2014). The different diterpenes were detected at 280 nm
and contents of abietane diterpenoids were calculated by
interpolating the peak areas with calibration curves,
obtained with standard purified compounds in the range
10-200 ug mL~", and expressed as mg g~ ' of hairy root
dry weight or mg L™ of liquid culture.

Statistical analysis

All reported data for growth, metabolic, or transcriptional
analysis represent the mean = SD of three biological
experiments and three independent technical replicas. The
statistical significance of transcript levels was analyzed by
one-way analysis of variance (ANOVA), with Bonferroni’s
post-test (¥**P < 0001, **P < 0.01, *P < 0.05). The sta-
tistical significance of variation in abietane—diterpene con-
tent and hairy root growth was examined by one-way
analysis of variance (ANOV A). Means followed by different
letters differ significantly from one another at P < 0.05,
according to Tukey’s multiple comparison test. Correlation
analysis of gene transcript level and aethiopinone content
was calculated using Pearson test (r) analysis at the statistical
significance (P < 0.01 or P < 0.05). All statistical analyses
were conducted using GraphPad Prism 5 software.

Results

Biomass growth and aethiopinone content in elicited
hairy roots

Salvia sclarea hairy roots grown in liquid batches were
cultured for 21 days (d) and then elicited continuously for

Fig. 1 Aethiopinone content
(a), root dry weight (b), and
final aethiopinone yield (c) in
control and elicited S. sclarea
hairy roots. The same amount of
freshly inoculated hairy roots,
harvested at their late
exponential growth stage, were

treated with MeJA (final (a)
concentration 100 pM) or Cor 25
(final concentration 0.1 uM) for - T a
7 or 28 days. Data represent S 'E,

mean values & SD of three § g
biological replicates. Means : >
followed by the same letter do s 2

not differ significantly from one £ 8

another at P < 0.05, according _3"7"

to Tukey’s multiple comparison s g

test ks £

C3J CTRL [ Cor(7d) E= Cor(28d) mm MeJA (7d)
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7 days with MeJA or Cor added to a final concentration of
100 or 0.1 uM, respectively, on the basis of a preliminary
combined metabolic and growth kinetics analysis (data not
shown). Compared to control untreated hairy roots, elici-
tation with MeJA or Cor both induced a significant increase
in aethiopinone content, conferring a typical red color to
the hairy roots (Fig. 1). However, MeJA appeared to be
more effective in triggering aethiopinone accumulation
(9.72 + 0.08 mg g~' DW) than Cor (2.57 & 0.15 mg g~ '
DW), corresponding to a 25-fold increase over the content
of untreated hairy roots (0.38 + 0.07 mg g~' DW), against
the approx. sevenfold increase attained in Cor-elicited
hairy roots. Since the final biomass of hairy roots after
MeJA and Cor elicitation for 7 days was substantially the
same and did not differ from that of control hairy roots, the
total amount of aethiopinone extracted from 1 1 of MeJA
hairy root liquid culture (92.34 + 1.21 mg L™") was sig-
nificantly higher than the amount in Cor-elicited hairy roots
(24.08 + 0.79 mg g~ ' DW) (Fig. 1).

The effect of a longer elicitation (28 days) on aethio-
pinone content was also tested by adding MeJA or Cor to
freshly inoculated hairy roots (1 g FW). Again, the highest
accumulation in aethiopinone was observed in MeJA-eli-
cited hairy roots (20.36 & 0.18 mg g~' DW). However,
long-term elicitation with MeJA caused a severe hairy root
growth inhibition, whereas no detrimental effects on final
biomass were observed in hairy roots treated with Cor for
28 days (Fig. 1; Fig. S1). Considering the final biomass in
1 L of hairy root culture, a Cor treatment for 28 days
allowed to extract 103.32 & 2.10 mg L™" of aethiopinone,
corresponding approximatively to a 24-fold increase over
the basal content of control hairy roots (4.40 £ 0.13 mg
L~"). This content was higher than the 16-fold increase

b (o
0 (b) 120. (©)
a o
- - @ 100
- 9 =
2 2 80
=
2 §.~
> s
c b s g 40
s . p d
3 T 99
(14 E e
0 0

mm MeJA (28 d)
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(73.29 £ 0.11 mg L_l) induced by elicitation with MeJA
for the same elicitation time and greater than the final yield
obtained after 7 days with this elicitor.

MeJA- and Cor-elicited transcript gene profiling

To gain a more comprehensive understanding of the mode
of action of the two elicitors in enhancing the accumulation
of aethiopinone in S. sclarea hairy roots, expression levels
of genes encoding enzymes belonging to the plastidial
MEP-derived isoprenoid pathway to GGPP were monitored
by quantitative RT-PCR during 48 h after elicitation.
Based on the delta—delta Ct (2-AACt) method, relative
expression levels of the selected biosynthetic genes above
the basal level of control hairy roots were calculated and
compared with those measured upon the different elicitor
treatments. The studied genes were DXS (1-deoxy-p-xylu-
lose S-phosphate synthase), DXR (1-deoxy-p-xylulose
5-phosphate reductoisomerase), and both involved in early
biosynthetic steps of this pathway; CMS (encoding 4-(cy-
tidine 5’-diphospho)-2-C-methyl-p-erythritol ~ synthase),
CMK (encoding 4-(cytidine 5'-diphospho)-2-C-methyl-p-
erythritol kinase), MCS (encoding 2-C-methyl-p-erythritol-
2,4-cyclodiphosphate synthase), HDS (encoding 1-hy-
droxy-2-methyl-2-(E)-butenyl 4-diphosphate synthase),
HDR (encoding 1-hydroxy-2-methyl-2-(E)-butenyl-4-
diphosphate reductase), and GGPPS (encoding geranyl—
geranyl-diphosphate synthase), acting upstream of GGPP,
the general precursor of diterpenes, as well as CPPSI
(encoding the copalyl-diphosphate synthase), the first
committed enzyme that diverts part of the plastidial GGPP
pool toward cyclic diterpenes (Fig. 2). A preliminary
analysis indicated that genes encoding the isoform DXR2,
HDRI1, GGPPS1, and CPPS1 were the most expressed in S.
sclarea hairy roots, and, therefore, specific primers were
used for qRT-PCR amplification (Table 1S).

Both elicitors steered a significant change in the
transcript level of the genes encoding biosynthetic
enzymes acting upstream of GGPP (Fig. 2). The most
activated genes were DXS2 (approximately 60- and
20-fold increase, after MeJA or Cor elicitation, respec-
tively) and DXR (20-fold in MeJA-elicited roots versus
approximately 15-fold increase upon Cor treatment).
About a 6- and 12-fold increase in transcript levels of
the CMK and MCS genes, respectively, was also found
upon MeJA or Cor treatment, while the transcript level
of the HDS gene was induced at a higher level by MeJA
(approx 35-fold increase) compared to Cor treatment
(fivefold increase). Transcription of the HDRI gene was
also enhanced, with a higher effect of MeJA (about
30-fold increase) than Cor (about eightfold increase)
upon elicitation. The less inducible gene was CMS,

acting upstream of GGPP, whose transcript level
increased only two times higher than the basal level of S.
sclarea control hairy roots after MeJA or Cor elicitation.

MelJA elicitation also activated the transcription of the
GGPPS]I gene, catalyzing the condensation of three IPP
molecules and one molecules of DMAPP to yield GGPP,
the common precursor of diterpenes. An approximate
20-fold increase in GGPPSI transcript level was triggered
after 24 h of MeJA, much higher than the threefold
increase obtained upon Cor elicitation.

MeJA and Cor also enhanced the transcript level of the
CPPS1 gene, encoding a copalyl disphosphate synthase, a
class II diterpene synthase responsible for catalyzing the
cyclization of linear isoprenoid precursors to form the
complex hydrocarbon skeletons of cyclic diterpenes, again
with a stronger effect of MeJA elicitation (approximately
60-fold increase) compared to Cor treatment (eightfold
increase).

Taken together, the transcriptional data indicated that, in
general, the maximum peak in the transcript level was
observed for all the analyzed genes after 24 h of treatment
with both elicitors, followed by a decline in the next 24 h.
In addition, MeJA treatment was more effective than Cor
elicitation in inducing a higher expression level of most of
the analyzed genes.

Correlation analysis of gene expression
and aethiopinone accumulation

Elicitation studies are also useful in elucidating possible
bottleneck in the biosynthesis of these specific abietane
diterpenoids. As expected, no correlations were found
between gene expression level and aethiopinone content
after 24, 48, and 72 h of elicitation, since it is widely
reported that the gene changes in gene expression precede
MeJA-induced changes in secondary metabolite content.
Therefore, correlations were calculated between gene
expression level after 24 h of treatment, corresponding to
the maximum expression peak of all the biosynthetic
genes considered in this study (Fig.2) and the final
aethiopinone content upon MeJA or Cor elicitation for 7
days in 1L of hairy root liquid culture. Although a posi-
tive correlation was found for all the analyzed genes, in
MelJA-treated hairy roots, the highest 7> values (P < 0.01)
were identified for DXS2 (©* = 0.9982), DXR
(r = 0.9965), GGPPSI (" =09632), HDRI
(r* = 0.9960), and CPPSI (r* = 0.9975). Similarly, the
highest correlation values (P < 0.05) were obtained for
Cor-elicited hairy roots for DXS2 (** = 0.9975), DXR
(* = 0.9758), and CPPS (r* = 0.9804), whereas for
GGPPSI and HDRI, the r* value was 0.7059 and
(r* = 0.8950), respectively.
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Fig. 2 MeJA- or Cor-induced
expression profiles for the genes
belonging to plastidial 2C-
methyl-p-erythritol 4-phosphate
(MEP) isoprenoid pathway,
from which abietane diterpenes
derive, during 48 h from
elicitation. Enzyme
abbreviations are presented in
bold capital letters, next to the
corresponding catalyzed
reaction (plain arrow). Dotted
arrows indicate multiple
enzymatic reactions. The
relative gene expression pattern
is reported as a graphic, where
the X-axis represents hours post
elicitation (h) and the Y-axis
represents the fold change in
transcript levels above the basal
level of non-elicited control
hairy roots, calculated by the
CT method. Values represent
mean + SD of three biological
replicates for each elicitation
treatment. *, ** *** [pndicate
significant differences at

P < 0.05, 0.01, and 0.001,
respectively, in the fold increase
of transcript level for each gene
between S. sclarea elicited and
control hairy roots. DXS (1-
deoxy-p-xylulose 5-phosphate
synthase), DXR (1-deoxy-D-
xylulose 5-phosphate
reductoisomerase), CMS (4-
(cytidine 5'-diphospho)-2-C-
methyl-p-erythritol synthase),
CMK (4-(cytidine 5'-
diphospho)-2-C-methyl-p-
erythritol kinase), MCS (2-C-
methyl-p-erythritol-2,4-
cyclodiphosphate synthase),
HDS (1-hydroxy-2-methyl-2-
(E)-butenyl 4-diphosphate
synthase), HDR (encoding
1-hydroxy-2-methyl-2-(E)-
butenyl-4-diphosphate
reductase), GGPPS (geranyl—
geranyl-diphosphate synthase),
CPPS (copalyl-diphosphate-
synthase)
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MeJA or Cor elicitation affects accumulation
of other tryciclic abietane-type diterpenes

Although maximum elicited induction was observed for
aethiopinone, MeJA or Cor elicitation triggered accumu-
lation of additional trycyclic abietane-type diterpenes
(Fig. 3). The final yield of each compound, expressed as
mg L_l, was elicitor- and time-dependent, as for aethio-
pinone. Upon MeJA-elicitation for 7 days, the content of
ferruginol increased from 1.93 + 0.35 to 56.13 £ 1.66 mg
L', not differing significantly from the increase triggered
by a long-term exposure (55.48 &+ 1.2 mg L™"). Consid-
ering the final yield, 103.01 = 1.80 mg L™" of ferruginol
were extracted from hairy roots treated with Cor for 28
days, corresponding to an approximately 54-fold increase
over the content of control hairy roots. MeJA- or Cor-
elicited hairy roots also accumulated salvipisone and oxo-
derivatives of either aethiopinone (1-oxo-aethiopinone) or
ferruginol (1-oxo-ferruginol).

Interestingly, both elicitors enhanced the content of
carnosic acid, a benzenediol abietane diterpene which, to
the best of our knowledge, has never before been identified
in S. sclarea roots. The maximum yield of this compound
was obtained after elicitation with Cor for 28 days
(36.75 + 2.20 mg L), corresponding to about an 18-fold
increase above the basal content of control hairy roots.

These data indicate that MeJA or Cor is able to push the
metabolic flux of S. sclarea hairy roots toward a higher
total content of abietane diterpenes. Cor elicitation at very
low concentrations for 28 days did not cause any growth

inhibition and it was possible to extract 410.97 £ 2.50 mg
L~! as the sum of diterpenoids, significantly higher than
the content either after short or prolonged elicitation with
MeJA (Table 1).

Discussion

Plant cell and tissue cultures hold great promise as a valid
alternative to cultivation to produce a stable biomass for
the extraction of valuable plant-derived bioactive com-
pounds (Leone et al. 2007; Marchev et al. 2014). For
secondary metabolites that are synthesized only in differ-
entiated cells, hairy roots have also been proved to be an
ideal bio-production platform for diverse classes of plant-
specialized metabolites (Baque et al. 2012). However,
product yield and productivity are major bottlenecks lim-
iting a wider industrial application of cell/tissue cultures
aimed at producing large quantities of bioactivity sec-
ondary metabolites. Yield limitations imposed by endoge-
nous metabolic control might be overcome by metabolic
engineering when sufficient information on biosynthetic
and regulatory genes is available or via elicitation, which
may also be useful for predictive identification of unknown
key limiting biosynthetic steps as well as regulatory pro-
teins of the entire metabolic pathway (Atanasov et al. 2015;
O’Connor 2015).

In the present study, we provided evidence that the
content of aethiopinone, an abietane diterpene which was
shown to induce G,/S arrest in human melanoma cells

MeJA 28d [l b MeJA 28d [ ¢
MeJA T7d a MeJA 7d b
Cor 28d a Cor 28d
Cor 7d b Cor 7d|Jc
CTRL [J¢ CTRL | d
0 30 60 90 120 0 30

Salvipisone mg L™

MeJA 28d b
MeJA 7d b
Cor 28d a
Cor 7d c
CTRL |d

0 30 60 90 120
Ferruginol mg L

Fig. 3 Content of other abietane diterpenes in S. sclarea hairy roots
upon elicitation with MeJA (100 uM) or Cor (0.1 uM), compared to
control hairy roots. Elicitation treatment conditions were the same as
those reported in Fig. 1. Values represent mean values = SD of three

Oxo-aethiopinone mg L

60 90 120 60 90 120

Carnosic acid mg L

MeJA 28d
MeJA 7d

Cor 28d
Cor 7d

CTRL | €
0 30 60 90 120
Oxo-ferruginol mg L™

biological replicates. Means followed by different letters differ
significantly from one another at P < 0.05, according to Tukey’s
multiple comparison post-test

@ Springer



Plant Cell Rep

Table 1 Total content of abietane diterpenes as a sum of aethiopinone, oxo-aethiopinone salvipisone, ferruginol, oxo-ferruginol, and carnosic
acid in S. sclarea hairy roots control or elicited with (MeJA (100 uM) or Cor (0.1 uM)

Total abietane diterpene

Root dry weight Total abietane diterpene

content (mg g~ dry weight) (gL™h production (mg L™
CTRL 1 1.48 £ 0.11° 9.8 + 0.10° 14.50 &+ 0.31°
MeJA (7 days) 32.01 &+ 1.10°° 9.5+ 0.13 2 304.01 + 2.21°
Cor (7 days) 8.27 £ 0.25¢ 95+0.12° 78.56 + 1.12¢
CTRL 2 1.40 £+ 0.21° 10.5 £ 0.10° 14.70 & 0.13°
MeJA (28 days) 58.54 + 1.25° 3.6 £ 0.13° 210.74 + 1.26°
Cor (28 days) 39.14 4+ 0.82° 10.5 + 0.11° 410.97 + 2.50°

Elicitation treatment conditions were the same as those reported in Fig. 1

Different letters differ significantly from one another at P < 0.05, according to Tukey’s multiple comparison post-test

(Vaccaro et al. 2014), can be enhanced in hairy roots of S.
sclarea by elicitation with MeJA or Cor. Under our
experimental conditions, elicitation of freshly hairy roots
inoculated at their exponential phase with MeJA for 7 days,
and enhanced accumulation in aethiopinone yield (about
20-fold increase) above the basal level in control hairy
roots) a steering effect higher than that reported previously
in S. sclarea hairy root culture either in shake culture or
sprinkle bioreactor (approximatively a ninefold increase)
(Kuzma et al. 2009). A longer MeJA treatment (28 days)
arrested hairy root growth almost totally, as also reported
by the same group. This inhibitory effect of MeJA on cells
and hairy root growth, presumably due to the reported G,
arrest of cell cycle progression that MeJA caused even at
very low concentrations (Pauwels et al. 2008), is well
documented and poses a major problem for its application
at the industrial level (Patil et al. 2014).

In seeking to optimize the production of aethiopinone in
S. sclarea hairy roots, we also tested elicitation with
coronatine (Cor), a toxin produced by P. syringae, which
binds with the same COII receptor, acting as an agonist of
MelJA, and to a certain extent, mimics its biological
activities. In addition, Cor is more stable than MeJA and
does not require chemical conversion to JA-Ile to bind to
the COIl receptor (Feng et al. 2003). A concentration as
low as 0.1 pM of Cor was sufficient to trigger considerable
changes in aethiopinone and in the total abietane diterpene
content of S. sclarea hairy roots. This concentration was
even lower than that used in the few studies in which Cor
was used as elicitor of plant secondary metabolites, gen-
erally in the range 1-10 uM (Onrubia et al. 2013; Taurino
et al. 2015; Haider et al. 2005; Gallego et al. 2015).
Compared to MeJA, Cor elicitation for 28 days did not
affect hairy root growth, and as a consequence, the final
yield of aethiopinone obtained from 1 L of hairy root
culture after 28 days of continuous Cor treatment was on
average 32% higher than the content after prolonged elic-
itation with MeJA and even higher than the content in hairy
roots elicited with MeJA for 7d.

@ Springer

The elicitation studies were also very informative to
establish potential key limiting steps in the biosynthetic
pathway of abietane diterpenes in S. sclarea. According to
the current prevailing view, this class of compounds orig-
inates from GGPP through the plastidial MEP-derived
terpenoid pathway, and the enzymatic steps to GGPP as
well as the corresponding encoding genes are well char-
acterized in different plant species (Zhao et al. 2013). Gene
expression analysis demonstrated that MeJA- or Cor-in-
duced accumulation of aethiopinone in hairy roots of S.
sclarea was associated with upregulation of all the genes
acting upstream GGPP. Interestingly, the most induced
genes were DXS2, highly expressed in Salvia miltiorrhiza
roots compared to the other DXS genes identified in this
species (Ma et al. 2012), and DXR, encoding two enzymes
which have been reported to be limiting for the synthesis of
different plastidial terpenes in a variety of plant species
(Cordoba et al. 2009). The expression level of these two
genes was highly correlated with the aethiopinone content
in MeJA- or Cor-elicited hairy roots. Such results are
consistent with our recent findings obtained by overex-
pressing Arabidopsis DXS and DXR genes in S. sclarea
hairy roots, which triggered a 2.5 and 4.4-fold increase in
aethiopinone, respectively (Vaccaro et al. 2014). Similar
results were reported in S. miltiorrhiza hairy roots, for
which DXS expression is MeJA-induced, and overexpres-
sion of DXS was also critical to induce accumulation of
tanshionone and derivatives in S. miltiorrhiza hairy roots
(Kai et al. 2011). In addition, the level of expression of
GGPPS, encoding the enzyme converting geranyl diphos-
phate into GGPP, was highly correlated to the aethiopinone
content. Focusing only on Salvia species, GGPPS]I is also
reported to have been induced by MeJA in hairy roots of S.
miltiorrhiza (Ma et al. 2012). However, elicitation was
more effective in enhancing the aethiopinone content than
overexpressing either DXS or DXR gene in S. sclarea hairy
roots (Vaccaro et al. 2014). It has also been reported that
co-expression of DXS and GGPPS genes S. miltiorrhiza in
hairy roots of this species has additive effects on
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tanshinone content (Kai et al. 2011). These data indicate
that DXS, DXR and GGPPS contribute only partially to the
overall boosting effects of MeJA on the biosynthesis of
diterpenes. MeJA and Cor elicitation were effective in
activating also other biosynthetic genes acting upstream of
GGPP, such as CMK, MCS genes. Especially, HDRI was
highly induced by MeJA, indicating an important role of
this enzyme in the biosynthesis of diterpenes, as corrobo-
rated also by enhanced production of tanshinones in hairy
roots of S. miltiorrhiza overexpressing SmHDRI (Hao
et al. 2013). Collectively, these results indicate a tight
transcriptional coordination of the entire MEP-derived
pathway, mediated by MeJA- or Cor-inducible regulatory
proteins. Several recent studies have revealed the role of
transcription factors, such as myc-2 and some WRKY
(Zhou et al. 2016; Yang et al. 2013; Gao et al. 2014;
Legrand et al. 2010) which, together with negative regu-
latory proteins SmJAZ3 and SmJAZ9 identified in S. mil-
tiorrhiza (Shi et al. 2016), might contribute to the overall
MeJA-mediated regulation of diterpene biosynthesis.
Recent studies have indicated a crosstalk between the
MVA and MEP pathways for several terpenes and in dif-
ferent species (Vranova et al. 2013), as also supported by
the increased content in tanshinones in S. miltiorrhyza
hairy roots overexpressing the HMGR gene (Kai et al.
2011). It would be interesting to ascertain also the potential
contribution of the MVA pathway to the increased content
in abietane diterpenes in elicited S. sclarea hairy roots.
Recent advancements in metabolomics, coupled with RNA
sequencing in Lamiaceae species, such as S. sclarea calix
(Legrand et al. 2010) and roots (Hao et al. 2015b), S. milti-
orrhiza hairy roots (Wenping et al. 2011; Yang et al. 2013),
Salvia fruticosa (Chatzopoulou et al. 2010), and Rosmarinus
officinalis (Bozi¢ et al. 2015), are contributing to filling the
gaps in the enzymatic reactions involved in the biosynthesis of
abietane diterpenes acting downstream GGPP. Interestingly,
we found an elevated expression level of the CPPSI gene,
belonging to class II diTPS, responsible of the enzymatic
reaction which produce CPP from GGPP, and in MeJA- and
Cor-elicited S. sclarea, hairy roots were highly correlated with
the aethiopinone content. A significant increase in the
expression of SmCPPS gene was also reported in MeJA-eli-
cited S. miltiorrhiza hairy roots (Cheng et al. 2013; Hao et al.
2015a), and tanshinone accumulation was positively corre-
lated to the expression of this gene (Hao et al. 2015a). CPPS is
also emerging as another crucial step in the synthesis of dif-
ferent diterpenes, e.g., carnosic acid and other phenolic
diterpenes in S. fruticosa and R. officinalis (Bozi¢ et al. 2015).
However, thorough enzymatic and precursor studies are
necessary to better define the role of the CPPS in aethiopinone
biosynthesis. In addition, to fill the gap in the aethiopinone
biosynthetic pathway, it is necessary to define the contribution
of other class I diTPS, as well as class I diTPSs, which convert

class II diTPS products via ionization of the diphosphate
group and subsequent cyclization, oxygenation, and/or rear-
rangement (Zerbe and Bohlmann 2015).

Interestingly, in S. sclarea hairy roots, MeJA and Cor
elicitation also triggered the accumulation of other abietane
diterpenes, such as ferruginol, as well as carnosic acid, a
phenolic diterpene hitherto unidentified in S. sclarea roots and
hairy roots, probably because it was present at trace levels.
Both compounds are derived from CPP through enzymatic
reaction catalyzed by kaurene synthase-like (KSL) and
CYP76H, as reported recently in R. officinalis (Bozic et al.
2015) and S. miltiorrhiza (Guo et al. 2013). These data indi-
cate indirectly that such enzymes acting downstream of CPP
might be operative in S. sclarea and their genes might also be
MelJA- and Cor inducible. Despite of their interesting bio-
logical activities (Gonzalez 2015), the increased content in
ferruginol and carnosic acid and other abietane-type diterpe-
nes in elicited S. sclarea hairy roots have to be seen as a
constraint in enhancing further the content of aethiopinone
because of a potential competition for CPP. Identification and
silencing of the S. sclarea KSL, coupled to overexpression
with CPPS in hairy roots, might be one possibility to produce
higher quantities of aethiopinone in S. sclarea hairy roots.

Although the two elicitors bind to the same COII
receptor and probably trigger the same intracellular signal
pathway, MeJA proved to be a more powerful transcrip-
tional inducer of DXS, DXR, GGPPS, HDR, and CPPS
genes than Cor, at least at the concentration used in our
experiments. However, no substantial differences were
found in the expression pattern of taxane biosynthetic
genes in Taxus cells upon MeJa or Cor elicitation (Onrubia
et al. 2013). We can simply speculate that in different plant
species or tissues, the two elicitors may trigger distinct but
as yet uncharacterized regulatory mechanisms, which need
further studies to be elucidated. Importantly, however, a
very low concentration of Cor (0.1 pum) was able to acti-
vate a coordinated transcription of several biosynthetic
genes of the MEP-derived iosprenod pathway at a sufficient
level to push the metabolic flux toward a higher content of
aethiopinone in S. sclarea hairy roots, without interfering
with active hairy root growth. It is widely reported that
MeJA has to be applied at comparatively higher concen-
trations (>100 pM) to trigger the secondary metabolism,
with recurrently reported pleotropic negative effects on
growth whether in vivo or in vitro (Fliegmann et al. 2003;
Geng et al. 2014; Ramirez-Estrada et al. 2016).

Conclusions
The results presented herein show that both MeJA and Cor

induce a reprogramming of gene expression in S. sclarea
hairy roots, which accounts for the enhanced production of

@ Springer
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aethiopinone and other abietane-type diterpenes. Although
a lower transcriptional activation of the studied genes was
induced by Cor, a positive correlation between transcript
level of DXS2, DXR, GGPPSI, CPPSI, and HDRI genes
was found using a low concentration of Cor (0.1 pm),
which does not interfere with active growth of S. sclarea
hairy roots. This results in a balanced trade-off between
final hairy root biomass and yield in aethiopinone and
provides sufficient quantities for gaining insights into the
molecular mechanisms underlying their promising anti-
proliferative action in melanoma cells and other cancer cell
lines. Finally, by targeted transcriptional profiling, it was
possible to identify additional potential key limiting steps
(HDR, GGPPS, and CPPS) for the biosynthesis of abietane
diterpenes in S. sclarea which, together with DXS or DXR,
might be co-expressed in different combinations to
enhance the content of bioactive abietane diterpenes in S.
sclarea hairy roots.
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