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Abstract The role of sodium nitroprusside (SNP,
10 uM), a nitric oxide (NO) donor, and/or methyl jas-
monate (MJ, 100 uM) spiked with L-phenylalanine (PHEN,
100 M) and additional sucrose (S; 30 g 17", in taxane
production and phenyl ammonia lyase (PAL) activity in
cultures of two Taxus media x var. Hicksii transgenic root
lines (ATMA and ATM) carrying the taxadiene synthase
transgene was investigated. SNP addition, when applied
together with MJ and/or PHEN, resulted in paclitaxel
production only in ATMA cultures. The application of the
NO donor gave the highest paclitaxel content (7.56 mg 1~ "
in the combination of SNP+S+MJ+PHEN, after 2 weeks
of treatment in the ATMA root line. In ATM cultures,
taxane production was not affected by SNP. In both ATMA
and ATM lines the highest total (intra+extracellular)
paclitaxel yield was determined when elicited with
MIJ+PHEN, and amounted to 10.78 mg 17! at 1 week and
1.63 mg 17" at 2 weeks of treatment, in cultures of ATMA
and ATM lines, respectively. The excretion of paclitaxel
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was observed only in ATMA cultures, with the highest
level (2.34 mg 1™") obtained after elicitation with
S+MIJ+PHEN. The comparison of PAL activity in the two
root lines revealed that this enzyme was almost 3-times
more active in ATM than ATMA roots. An increase in both
PAL activity and paclitaxel production was only observed
in ATMA cultures growing in medium supplemented with
S+MIJ+PHEN.
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Introduction

Paclitaxel is the active agent of Taxol® (Bristol-Myers
Squibb), one of the most effective anticancer plant-
derived drugs. Paclitaxel is not only a first line treatment
chosen for ovary, breast and lung cancers, but is also used
in combination therapies (Fauzee 2011). Moreover,
paclitaxel has shown great promise as a locally delivered
antirestenotic agent and also seems to be an effective
compound for the treatment of Alzheimer’s and other
neurodegenerative diseases (Nims et al. 2006; Li et al.
2003; Fu et al. 2009).

A very promising approach for the production of
paclitaxel and related taxanes, without forest harvesting, is
provided by plant biotechnology approaches, and taxane
production has been recently successfully scaled up (Frense
2007). Many strategies leading to the enhancement of
taxane accumulation in Taxus in vitro cultures have been
investigated (Zhong 2002; Tabata 2004, 2006; Exposito
et al. 2010; Onrubia et al. 2013; Sabater-Jara et al. 2014).
Among them, medium supplementation with elicitor/s and/
or precursors has proved to be the most effective.
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Nitric oxide (NO), a gaseous free radical, is involved in
numerous physiological processes in plants, including plant
responses to biotic and abiotic stress (Wojtaszek 2000;
Lamotte et al. 2005; Palavan-Unsal and Arisan 2009; Misra
et al. 2010; Scheler et al. 2013; Trapet et al. 2014). Indi-
cations that NO is involved in signaling defense responses
during plant—pathogen interactions are well documented
(Sudha and Ravishankar 2002; Arasimowicz and Flo-
ryszak-Wieczorek 2007; Zhang et al. 2012; Scheler et al.
2013; Yu et al. 2014; Trapet et al. 2014). Induced NO
generation has also been reported, using various fungal
elicitors, which mediate the accumulation of secondary
metabolites belonging to diverse chemical groups (Zhang
et al. 2012).

The signaling role of NO in the enhancement of both
paclitaxel production and PAL activity in Taxus sp. in vitro
cultures has been confirmed (Wang and Wu 2004, 2005;
Xu et al. 2004; Wang et al. 2006; Xiao et al. 2009).
Although PAL does not participate in the formation of the
paclitaxel C-13 side chain, several inhibitors of this
enzyme were found to stop paclitaxel production almost
entirely (Brincat et al. 2002).

The first committed step in the synthesis of paclitaxel
and its congeners is the cyclization of geranylgeranyl
pyrophosphate (GGPP) by taxadiene synthase (txs syn-
thase) (Croteau et al. 2006). Although this enzyme does not
seem to be rate-limiting in taxane production, the presence
of both the rxs synthase transgene and rol genes of
Agrobacterium rhizogenes in Taxus x media cell suspen-
sion cultures has led to significantly higher levels of tax-
anes in comparison with cell lines transformed only by A.
rhizogenes wild strain (Exposito et al. 2010). Moreover, the
txs synthase transgene has recently been successfully
introduced in Taxus x media var. Hicksii, resulting in
taxaneproducing  transgenic  hairy  root  cultures
(Syktowska-Baranek et al. 2015).

In this study, we compared the effect of two signaling
molecules, NO and MJ, spiked or not with L-phenylalanine
(PHEN) (a precursor in the taxane biosynthesis pathway)
on taxane production in two lines of Taxus x media var.
Hicksii hairy roots carrying a taxadiene synthase transgene
(txs gene). Simultaneously, the activity of PAL, the key
enzyme in phenylpropanoid compound biosynthesis, was
determined.

Although there have been some papers reporting the
effect of MJ and NO elicitation on paclitaxel production in
cell suspension cultures of Taxus spp. there is no publica-
tions treating differentiated organs and especially trans-
formed roots. Hairy roots, representing differentiated cell
system which is believed to differ in response to elicitors in
comparison to undifferentiated cells, moreover due to the
fact that Taxus plants are invulnerable to genetic transfor-
mation, the investigation of their potential to taxane
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production is scarce. To our knowledge, this is the first
report on the elucidation of the signal role of NO in elic-
itor-induced PAL activation and taxane production in
Taxus x media var. Hicksii hairy roots and carrying the txs
transgene.

Materials and methods
Hairy root cultures

Taxus x media var. Hicksii hairy root cultures were estab-
lished as described earlier by Syktowska-Baranek et al.
(2015) by transformation of 10-year-old Taxus plantlets
cultivated in vitro with C58C1 strain of Agrobacterium
tumefaciens carrying the plasmid RiA4 of A. rhizogenes and
the binary plasmid pCAMBIA-TXS-His, harboring the
taxadiene synthase (zxs) gene of T. baccata (GenBank
accession: AY424738), under the control of the 35S CaMV
promoter, and the hygromycin phosphotransferase gene
(hptIl) as a resistance marker. Transgenic roots were rou-
tinely cultured in 250 ml Erlenmeyer flasks with 35 ml
hormone-free DCR-M medium (Syklowska-Baranek et al.
2009) with a subculture in fresh medium every 4 weeks. The
cultures were maintained at 25 = 1 °C in the dark on an
INFORS AG TR 250 shaker (Switzerland) at 105 rpm.

Elicitor and precursor feeding experiments

The nitric oxide donor—sodium nitroprusside (SNP;
10 uM, Sigma-Aldrich) was added to the medium alone or
in combination with methyl jasmonate (MJ; 100 pM,
Sigma-Aldrich) and/or L-phenylalanine (PHE; 100 pM,
Sigma-Aldrich) and sucrose (S; 30 g 1-!, POCH, Poland).

The solution of PHE and sucrose was autoclaved prior to
use. SNP was dissolved in distilled water and filtered
through Sartorius 0.20 um PTFE filter prior to application.
MJ was dissolved in EtOH (POCH, Poland) aseptically and
applied to the cultures after autoclaving.

In all experiments each flask was inoculated with
0.36 £ 0.025 g fresh weight (FW) of transgenic roots. At
day 28 of culture, hairy roots growing in Erlenmeyer flasks
with 35 ml DCR-M were supplemented with elicitors and/
or PHE and additional sucrose. The cultures were main-
tained for two more weeks with samples harvested after 24,
48 h and 1 and 2 weeks. At each time point, the roots from
three flasks were harvested, gently pressed on paper, and
their fresh weight was recorded. After lyophilisation, the
dry weight (DW) of roots was determined. The fresh bio-
mass increase was expressed as the ratio of final weight to
initial weight.

The concentration of MJ and PHE, as well as the period
of exposure to their treatment was chosen on the basis of
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our earlier investigations (Syklowska-Baranek et al. 2009)
while the SNP dosage was inspired by the results obtained
by Wang and Wu (2005).

Taxane determination

The content of six taxanes, paclitaxel, taxol C,
10-deacetyltaxol, 7-epi-10-deacetyltaxol, baccatin III and
10-deacetylbaccatin III, was determined in powdered dry
tissue of transgenic roots, as well as in medium. The
samples were cleaned using the method described by
Theodoridis et al. (1998a). Prior to HPLC analysis, samples
were re-dissolved in 100 % MeOH (400 ul) and 20 pl
underwent HPLC-DAD analysis using the DIONEX
(USA) system with a UVD 340S diode array detector and
an automated sample injector (ASI-100). For compound
separation, a Kinetex (Phenomenex, USA) 100 x 4.60 mm
column was eluted employing the gradient program, as
described by Theodoridis et al. (1998b). The DAD spec-
trophotometer was set at a wavelength range of
215-275 nm. The taxanes were identified and quantified at
227 nm. The peaks were assigned by spiking the samples
with the standards and comparing the retention times and
UV spectra.

The standard compounds were produced by CHOMA-
DEX (USA) and purchased from LCG Standards (Poland).
All chemicals were of HPLC-grade and purchased from
Sigma-Aldrich.

All experiments were performed in triplicate. The sta-
tistical significance between means was assessed using
analysis of variance (ANOVA) and Tukey’s multiple range
test. A probability of p = 0.05 was considered significant.

PAL activity assays

PAL activity was measured according to the method of
Zucker (1965), with the modifications (Syktowska-Baranek
et al. 2012). The protein content was determined using the
method of Bradford (1976).

All reagents were purchased from Sigma-Aldrich.

Results and discussion
Characterization of hairy root growth

The growth of two transgenic root lines carrying the txs
transgene was investigated, comparing control cultures
(without any additives) with cultures supplemented at day
28 with a precursor (PHE), additional sucrose (S) and
elicitor/s MJ and/or SNP.

In control cultures of ATMA and ATM roots, the
highest fresh biomass increase was noted at the end of the

experiment at day 42. At that time, the ATM roots achieved
significantly higher (p = 0.05) biomass accumulation than
ATMA roots, 1.78-fold £ 0.2 and 1.90-fold £ 0.18,
respectively. Stimulation of root growth, in relation to the
control, was observed in cultures elicited solely with SNP
(Fig. 1a, b), without a significant difference (p = 0.05)
between the two root lines. Under these conditions, the
highest biomass increase was determined at the end of the
culture at day 42, being 2.07-fold & 0.35 and 2.30-
fold £ 0.15 in ATMA and ATM cultures, respectively.

In media containing SNP together with other additives,
root growth decreased, especially in ATM cultures
(Fig. 1la, b), with the lowest growth index (0.78-
fold £ 0.19) observed in SNP+S medium. At the same
time, it was the lowest value of biomass increase obtained
for this root line. In ATMA root cultures the most pro-
nounced growth inhibition was caused, not by SNP alone
or in combination with other elicitors and/or precursors, but
by medium supplementation with MJ + PHEN
(0.79 £ 0.16), MJ (0.93 + 0.05) and S+MJ (0.75 £ 0.14).

In a previous investigation on ATMA hairy root cul-
tures, we observed a similar inhibitory effect of MJ treat-
ment on root growth (Syktowska-Baranek et al. 2015), with
a 32 % growth reduction in relation to the control. MJ-
induced growth inhibition, irrespective of the presence of
precursors in the medium, was also noted in wild type
(transformation carried out with LBA 9402 A. rhizogenes
strain) hairy root cultures of 7. x media var. Hicksii (Fur-
manowa and Syklowska-Baranek 2000). Exposito et al.
(2010), followed by Onrubia et al. (2012), also noted a cell
growth reduction of about 30 % in MJ-elicited (100 uM T.
media) cell suspension cultures harboring the zxs gene in
comparison with an unelicited control. The detrimental
effect of MJ on root and cell growth could be attributed to
its induction of H,O, production (Wang and Wu 2005). In
T. chinensis cell suspension cultures, SNP alone did not
cause H,O, formation and was responsible for only 7.1 %
of cell death (Wang et al. 2006). Moreover, supplementing
the medium with SNP suppressed the MJ-induced pro-
duction of H,O, (Wang and Wu 2005).

Taxane production and PAL activity

No taxanes were detected in the two root lines carrying the
txs transgene cultivated in control conditions and without
MJ. The presence of MJ in the medium was necessary to
induce paclitaxel accumulation, as this taxane was the only
one determined both in dry biomass and post-culture media
(Fig. 2a, b).

Line ATMA was characterized by a higher capacity for
paclitaxel production than ATM. The total (intra+extra-
cellular) paclitaxel content in ATMA roots was highest
(10.78 £ 1.50 mg 1_1) after 1 week of elicitation with

@ Springer
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MJ + PHEN, being almost 7-times more than the highest
amount in ATM roots (1.63 + 0.89 mg 1™") cultivated
under the same conditions but elicited for 2 weeks
(Fig. 2b).

In the same conditions (2 weeks of elicitation in
MJ+PHEN media), ATMA roots accumulated in dry bio-
mass 3-fold higher amounts of intracellular paclitaxel than
ATM roots. Extracellular paclitaxel was also found, but
only in ATMA roots, with the highest level
(2.34 + 0.37 mg 17") obtained under S+MJ+PHE treat-
ment for 1 week.

SNP addition resulted in paclitaxel production only in
combination with MJ, alone or with PHEN (Fig. 2). The
total paclitaxel detected in ATMA roots cultured in
SNP+S+MJ media amounted to 2.74 £ 1.35 and
3.79 + 1.19 mg 17! after 1 and 2 weeks of elicitation,
respectively. The application of PHEN together with
SNP+S+MIJ significantly enhanced the total paclitaxel
yield (7.56 £2.27 mg 1" at the end of culture) and
excretion of paclitaxel to the medium was also observed
(0.04 £ 0.01 mg 1_1). ATM roots treated  with
SNP+S+MIJ were able to accumulate paclitaxel only for
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Time of elicitation

48 h after elicitation, with an output of 0.07 & 0.01 mg 17"
(Fig. 2b).

The pattern of PAL activity differed substantially
between the two transgenic root lines (Fig. 3). Comparing
the two root lines revealed that PAL was almost 3-times
more active in ATM than ATMA roots (Fig. 3a, b). In
ATMA roots PAL activity was observed to peak after
1 week both in control and elicited cultures, except under
SNP, MJ and MJ+PHEN treatments (Fig. 3a). Moreover,
the lowest PAL levels were noted in MJ or MJ+PHEN
media, while the highest paclitaxel yield was achieved with
the addition of MJ+PHEN (Figs. 2a, 3a). The maximum
activity of PAL in the ATMA line was detected under
S+MIJ+PHEN treatment and simultaneously correlated
with the highest paclitaxel accumulation in this variant of
culture.

A dramatic increase in PAL activity was observed in
ATM cultures 24 h after elicitation, with or without the
precursor (Fig. 3b), with the highest values determined in
roots treated with S+4+MJ, SNP+S+MIJ+PHEN,
S+MIJ+PHEN, SNP+S+MIJ and SNP+S, in diminishing
order. A second rise in PAL activity, distinct but
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significantly lower than the first, took place after 1 week of
elicitation. No paclitaxel was detected at the day of max-
imum PAL levels, nor was it produced in ATM cultures
maintained in the SNP+S+MJ+PHEN medium during the
2 weeks of elicitation. In cultures of ATM roots growing
for 24 h in the presence of MJ or MJ4+-PHEN, PAL activity
was on the same level as in the control, but paclitaxel had
already been produced (Figs. 2, 3b). Moreover, the highest
paclitaxel content in ATM roots was detected when the
PAL level was almost the lowest.

The presence of cross-talk in complex, cellular signaling
networks between various signaling molecules like MJ and
NO, mediating a large number of biological processes in
plants, including responses to various stress conditions, has
been reported (see review by Qiao et al. 2014; Wasternack
2014; Dar et al. 2015). Wang and Wu (2005), on the basis
of results obtained in T. chinensis suspension cultures,
proposed the transduction signal pathway starting from MJ
through NO with subsequent PAL activation leading to
enhanced paclitaxel accumulation.

Time of elicitation

Earlier reports have also indicated the substantial
influence of NO on the accumulation of paclitaxel and
other taxanes in Taxus sp. in vitro cultures. Xiao et al.
(2009) investigated the production and distribution of NO
in immobilized suspension cultures of T. cuspidata. The
highest paclitaxel content coincided with the highest NO
accumulation in cell aggregates. Moreover, the application
of SNP as an NO donor resulted in an 11 % rise in pacli-
taxel yield.

The generation of NO and its regulatory role in pacli-
taxel production and PAL activation was also confirmed in
T. yunnanensis cells treated with fungal-derived cere-
broside by Wang et al. (2007a) and in 7. chinensis cells
treated with a fungal elicitor (Wang and Wu 2004). In
suspension cultures of 7. yunnanensis the generation of NO
by low-energy ultrasound (US) treatment or application of
SNP significantly stimulated PAL activity (Wang et al.
2006). Although, PAL activity was higher under simulta-
neous US and SNP treatment, which indicated a positive
effect of NO on this enzyme, the SNP alone or in
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combination with US caused a slight improvement in
paclitaxel content. US treatment resulted in a distinct
increase in paclitaxel (15-fold) and baccatin III (8-fold)
compared to the control.

Moreover, the correlation in increase of PAL activity
combined with enhanced paclitaxel content has been
reported in Taxus in vitro cultures treated with various
elicitors. In suspension cultures of 7. yunnanensis, Zhang
et al. (2002) described a peak in PAL activity 24 h after
elicitation with a mixture of MJ, AgJr and chitosan, which
lasted for more than 8 days. The PAL activity depended
mainly on the inoculum age, and higher enzyme levels
corresponded with a higher paclitaxel yield. PAL activity
in suspension cultures of T. chinensis was stimulated by
MJ, peaking at 15 days after treatment (Wu and Lin 2003),
and paclitaxel accumulation was also enhanced. In chi-
tosan-adapted suspension cultures of 7. chinensis, MJ
application increased paclitaxel production and a 10-fold
higher peak of PAL activity was noted after 1.5 days
(Zhang et al. 2007). Similar results were observed by Wang
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1 week 2 weeks

et al. (2007b) in T. chinensis var. mairei under the influ-
ence of salicylic acid.

In our experiments, SNP alone neither stimulated PAL
activity nor taxane production. But SNP applied together
with MJ or with MJ and PHEN exhibited a synergetic
effect on paclitaxel accumulation and PAL activity, which
is in accordance with the signal transduction pathway
proposed by Wang and Wu (2005). However, SNP was not
indispensable for the highest paclitaxel productivity and
PAL activity (Figs. 2, 3). These results suggest the domi-
nance of the jasmonate-mediate signal transduction path-
way in paclitaxel biosynthesis.

The highest paclitaxel content was determined in
ATMA and ATM root lines cultivated in media supple-
mented with PHEN, which is not surprising since PHEN
provides both the phenylisoserine side chain and the C-2
benzoyl moiety of paclitaxel (Brincat et al. 2002).

The discrepancy in PAL activity observed between
investigated root lines might be attributed to the signifi-
cantly higher accumulation of trans-cinnamic acid in the
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ATM line within 24H and its inhibitory impact on PAL
activity, resulting in a substantially lower paclitaxel pro-
ductivity in comparison with the ATMA line. A persistent
reduction in paclitaxel yield under trans-cinnamic acid
treatment was also reported by Brincat et al. (2002). In the
ATMA line, the peak in PAL activity was detected after
1 week of elicitation, which corresponded with the highest
paclitaxel levels in media elicited with MJ but without SNP
(Figs. 2, 3). In cultures elicited with SNP and MJ, the
highest paclitaxel content was detected after 2 weeks of
elicitation. These results support the findings by Brincat
et al. (2002), who related the impact of trans-cinnamic acid
on paclitaxel production not only with its direct effect on
PAL but also on other steps of the taxane biosynthetic
pathway, e.g. those involving the lipoxygenase enzyme
(LOX). LOX activity has been positively correlated with
paclitaxel accumulation in elicited 7. chinensis cells
(Huang et al. 2005; Wang and Wu 2005). Moreover, Li
et al. (2012) observed strong up-regulation of the T7cLOX1
LOX gene, cloned from 7. chinensis cells and preferen-
tially expressed in stems and roots, in response to MJ
elicitation.

The results described here confirm that the paclitaxel
yield obtained by biotechnological methods is influenced
by many factors, including the culture type and its state of
development and differentiation, the kind of elicitor and/or
precursor, and their concentration and duration of
treatment.

Conclusions

The effect of different elicitors (MJ, SNP as an NO donor,
and both together) with or without PHEN, and additional
sugar on taxane content and PAL activity in two trans-
genic T. x media var. Hicksii root lines carrying the txs
transgene was studied. Out of six searched taxanes, only
paclitaxel was detected. The two examined root lines
differed significantly in their capacity for paclitaxel pro-
duction, which was not induced by SNP alone. The target
compound was only achieved in media containing MJ,
with its levels being higher with the additional presence of
the precursor PHEN. PAL activity coincided with pacli-
taxel production in the ATMA line cultured in media
supplemented with MJ alone or S+MJ+PHEN. However,
the highest enzyme activity was determined in ATM
cultures, where it was not accompanied by an enhance-
ment in paclitaxel yield.

Due to the high commercial value of paclitaxel and
other taxanes, it seems reasonable to undertake further
efforts to elucidate and manipulate the metabolic flux to
obtain a more efficient production.
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