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Abstract

This work was to characterize the generation of nitric oxide (NO) in Taxus chinensis cells induced by a fungal elicitor extracted
from Fusarium oxysporum mycelium and the signal role of NO in the elicitation of plant defense responses and secondary metabolite
accumulation. The fungal elicitor at 10–100 lg/ml (carbohydrate equivalent) induced a rapid and dose-dependent NO production in
the Taxus cell culture, which exhibited a biphasic time course, reaching the first plateau within 1 h and the second within 12 h of
elicitor treatment. The NO donor sodium nitroprusside potentiated elicitor-induced H2O2 production and cell death but had little
influence on elicitor-induced membrane K+ efflux and H+ influx (medium alkalinization). NO inhibitors Nx-nitro-LL-arginine and 2-
phenyl-4,4,5,5-tetramethyl-imidazoline-1-oxyl-3-oxide partially blocked the elicitor-induced H2O2 production and membrane ion
fluxes. Moreover, the NO inhibitors suppressed elicitor-induced activation of phenylalanine ammonium-lyase and accumulation
of diterpenoid taxanes (paclitaxel and baccatin III). These results suggest that NO plays a signal role in the elicitor-induced
responses and secondary metabolism activities in the Taxus cells.
� 2004 Elsevier Inc. All rights reserved.
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Nitrogen monoxide or nitric oxide (NO) is a free rad-
ical gas formed endogenously in many biological sys-
tems and performs a wide range of biological
activities. The physiological role of NO has been exten-
sively characterized in mammalian systems where NO
plays crucial roles in many cellular and organ functions
in the nervous, cardiac, vascular, and immune systems,
and acts as an intracellular and intercellular signal mol-
ecule in several pivotal regulatory pathways [1].
Although the formation and functions of NO in plants
have been less widely characterized so far, several recent
studies have suggested its involvement in the regulation
of plant growth, development, and defense responses [2].
NO has been shown to affect photomorphogenesis, leaf
expansion, root growth, senescence, and phytoalexin
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production [3,4]. As in the mammalian systems, NO in
plants can have contrasting or even opposite effects,
both promotional and inhibitory on growth and devel-
opment, depending on the dosage, and the cellular and
environmental conditions.

Because of its chemical identity as a reactive chem-
ical species, most previous studies on NO action in
plant cells have been directed at the defense responses
mediated or caused by reactive oxygen species (ROS),
such as the hypersensitive response (HR) or pro-
grammed cell death and phytoalexin biosynthesis. NO
has been shown to induce or potentiate some of the re-
sponses which are mediated by ROS signal, such as de-
fense-gene activation in tobacco cells [5] and the HR in
Arabidopsis leaves [6], and phytoalexin biosynthesis in
potato cells [7] and soybean cells [8]. According to
Delledonne et al. [6], ROS alone is not always sufficient
to mediate a strong disease-resistance response in
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plants, and its combination with NO can act synergis-
tically to activate a stronger response. These findings
suggest the existence of NO-mediated signaling path-
way in the elicitation of plant defense responses and
secondary metabolite biosynthesis.

The increases in membrane ion fluxes, Ca2+ influx,
K+ efflux, and H+ influx, represent another class of early
events during the elicitation of plant defense responses.
The Ca2+ influx has been found essential for the activa-
tion of the K+ efflux/H+ influx and many later re-
sponses, HR, defense-gene expression and phytoalexin
production in plant cells [9–11]. In addition, both ROS
and NO production in plant tissue in response to elici-
tors and microbial pathogens have been shown to de-
pend on membrane Ca2+ flux [6,12]. However, little is
known about the involvement of NO in the induction
of K+ efflux/H+ influx during elicitation of plant cells.

Plant secondary metabolites are the main defense ele-
ments of plants against pathogen and herbivore attacks,
and physical stress such as UV radiation. Phytoalexins,
for example, are antimicrobial secondary metabolites
which accumulate in plants in response to microbial
infection. On the other hand, plant secondary metabo-
lites constitute the most important class of natural prod-
ucts with diverse and valuable chemical properties and
biological activities. Paclitaxel (Taxol, Bristol-Myers
Squibb, New Brunswick, NJ), a diterpenoid secondary
metabolite in various Taxus (yew) species, is an excellent
anticancer drug which has been widely used in the treat-
ment of breast, ovarian, and lung cancers as well as
AIDS-related Kaposi�s sarcoma [13]. Because of the
shortage and slow-growth of yew trees in nature, Taxol
supply has to resort to alternative sources rather than
the natural plants. Plant cell culture of Taxus spp. has
become a major source of Taxol and related taxanes
[14]. As a secondary metabolite, Taxol production in
plant tissue and cell cultures can be stimulated by biotic
and abiotic elicitors such as fungus fragments and
methyl jasmonate.

ROS production has been identified as an early and
signal event in the elicitation of Taxol production in
Taxus cell cultures by biotic and abiotic means [15,16].
In addition, NO has been found to induce irreversible
DNA fragmentation and cell death in Taxus brevifolia

haploid cultures [17]. However, there is still no pub-
lished work on the relationship between NO and the oxi-
dative burst, the membrane ion fluxes and the secondary
metabolite biosynthesis in the Taxus species. This work
was carried out to examine the elicitor-induced NO pro-
duction and its relationship with the other elicitor re-
sponses, H2O2 production, membrane ion fluxes (K+

efflux/H+ influx) and the activation of phenylalanine
ammonium-lyase (PAL) and Taxol production in Taxus

chinensis cell cultures. The elicitor was extracted from
the mycelium of a Fusarium oxysporum fungus, and
the effect and involvement of NO in the elicitation pro-
cess were detected with the aid of an exogenous NO do-
nor and specific NO inhibitors.
Experimental procedures

Plant cell culture

A T. chinensis cell line induced from the young stems
of a T. chinensis tree was used in this study. The cell line
was routinely maintained in callus culture on MS med-
ium and subcultured once every month. Cell suspension
culture was maintained on liquid MS medium in 125-ml
Erlenmeyer flasks on an orbital shaker at 110–120 rpm
and 25 ± 1 �C in dark (referred to as shake-flask cul-
ture). Each of the culture flasks was filled with 25 ml
medium and inoculated with 3.0 g fresh weight of cells
from the callus culture. More details of the culture med-
ium and conditions have been given elsewhere [16]. The
experiments for studying the elicitor responses of
T. chinensis cells were all conducted in, or with cells col-
lected from the shake-flask culture. The fresh weight
(FW) of cells in the suspension culture was obtained
by filtration through a Whatman filter paper under vac-
uum, and the dry weight (DW) by drying the fresh cell
mass at 50 �C in an oven until constant weight.

Elicitor preparation

The fungal elicitor was extracted from the mycelium
of a root pathogenic fungus, Fusarium oxysporum

f. sp. niveum as described by Yu et al. [18]. The myce-
lium was harvested from liquid culture in potato dex-
trose broth at 37 �C and first extracted with ethyl
acetate at room temperature for 24 h to remove lipids.
After the removal of liquid by filtration, the remaining
solid was resuspended in deionized water, which was ad-
justed to pH 2 with 1 M HCl, and then autoclaved at
121 �C for 2 h. The suspension was filtered and the fil-
trate collected, and adjusted to pH 5.8 with 0.5 M
NaOH, yielding the fungal elicitor solution. The total
carbohydrate content of the elicitor solution was deter-
mined by the phenol–sulfuric acid method using glucose
as a standard [19].

Elicitation experiments

Fungal elicitor was applied to the shake-flask culture
on day 12 post inoculation at selected doses (carbohy-
drate concentrations). Sodium nitroprusside (SNP,
Cat. 30190, BDH Chemicals, Poole, England) was used
as an NO donor, Nx-nitro-LL-arginine (LL-NNA, NO syn-
thase inhibitor, Cat. N-5501, Sigma, St. Louis, MO) as
an NO inhibitor, and 2-phenyl-4,4,5,5-tetramethyl-imi-
dazoline-1-oxyl-3-oxide (PTIO, Cat. P-5084, Sigma) as
an NO scavenger in the experiments. These NO reagents
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and their dosage used in the experiments were chosen
based on previous studies [6,17]. They were all predis-
solved in distilled water at 50–100 times of the final con-
centrations in the culture and sterilized by filtration.
Both LL-NNA (100 lM) and PTIO (100 lM) were added
to the culture at 30 min prior to, and SNP (10 lM)
simultaneously with the fungal elicitor.

All the following elicitor responses were measured in
the shake-flask cultures except the NO production de-
scribed below. All treatments were performed in tripli-
cate and the results represented by their
mean ± standard error (SE).

Measurement of elicitor-induced NO production

NO concentration was quantified by binding DAF-2
DA in a fluorometric assay [20,21]. Each 100 mg FW of
cells from the shake-flask culture was transferred into
0.95 ml culture medium containing 10 lM DAF-2 DA
(4,5-diaminofluorescein diacetate, Cat. D-225, Sigma)
in a 2-ml microcentrifuge tube and incubated for 2 h be-
fore the elicitor and NO treatments as described above.
Following the treatments, the tubes were harvested at
selected time intervals and the culture supernatant was
collected by filtration. In each case, 20 ll of the superna-
tant was diluted with distilled water at 1:50 (v/v) and
then measured of the fluorescence intensity using a lumi-
nescence spectrophotometer (LS50B, Perkin–Elmer,
Shelton, CT) at 495 nm excitation and 515 nm emission.
The relative fluorescence value shown in the results is the
ratio of fluorescence intensity at a given time to that at
0 min.

NO production in the cells was also observed by fluo-
rescence microscopy on a Leica DMBR fluorescence
microscope mounted with an I3 filter, at 470 nm excita-
tion and 515 nm emission.

Quantification of H2O2

H2O2 released into the culture medium was quantified
by luminol chemiluminescence [22]. Briefly, 50 ll of the
sample medium was added to 750 ll phosphate buffer
(50 mM potassium phosphate, pH 7.9) prior to auto-
mated injection of 200 ll luminol (0.3 mM in phosphate
buffer) and 100 ll K3[Fe(CN)6] (14 mM in H2O) by a
TD-20/20 luminometer (Turner Designs, Sunny Vale,
CA). The luminescence was recorded after the last injec-
tion at an integration time of 5 s and the intensity was
converted to H2O2 concentration by calibration with
pure H2O2 liquid.

Determination of cell viability

Cell viability was determined by Evans blue assay as
described by Levine et al. [23]. In brief, the cells to be as-
sayed were incubated in liquid MS medium containing
0.25% Evans blue for 5 min and then washed extensively
with distilled water to remove excessive and unbound
dye. The dye bound to dead cells was solubilized with
0.5% sodium dodecyl sulfate for 3 min in a boiling water
bath and quantified by measuring the absorbance at
600 nm. The percent viability of a sample was deter-
mined based on the absorbance of intact healthy cells
(100%) and that of dead cells prepared by freezing and
thawing the cells (0).

Measurement of membrane K+ and H+ ion fluxes

Cells collected from the shake-flask culture were
rinsed with an assay buffer (0.5 mM Mes adjusted to
pH 6.0 with Tris, 0.175 M mannitol, 0.5 mM K2SO4,
and 0.5 mM CaCl2), and resuspended in the assay buffer
(0.3 g FW/3 ml). The cells were incubated for 2 h in the
shake-flask culture before the treatment by elicitor and
NO reagents. H+ flux in the cells was detected by mea-
suring the change in the extracellular medium pH with
an Orion 720 pH meter (Orion Research, Boston,
MA), and K+ flux by measuring the change in K+ con-
centration in the medium with a Perkin–Elmer Analyst
100 atomic absorption spectrometer (Shelton, CT) using
KCl as a standard.

Intracellular PAL assay

Phenylalanine ammonium-lyase (PAL) was extracted
from fresh cell mass (300 mg FW) with 6.5 ml of 50 mM
pH 8.8 Tris–HCl buffer containing 15 mM of b-mercap-
toethanol in an ice-cooled mortar, ground with a pestle
for about 5 min. The homogenate was centrifuged at
50,000g for 30 min, and the supernatant was collected
for enzyme assay. PAL activity was determined based
on cinnamic acid production according to Ochoa-Alejo
and Gòmez-Peralta [24]. Briefly, 1 ml of the extraction
buffer, 0.5 ml of 10 mM LL-phenylalanine, 0.4 ml of dou-
ble distilled water, and 0.1 ml of enzyme extract were
incubated at 37 �C for 1 h. The reaction was terminated
by the addition of 0.5 ml of 6 M HCl, and the product
was extracted with 15 ml ethyl acetate, followed by
evaporation to remove the extracting solvent. The solid
residue was suspended in 3 ml of 0.05 M NaOH and the
cinnamic acid concentration wherein was quantified
with the absorbance measured at 290 nm. The protein
content in the extract was determined by the Bradford
method using bovine serum albumin as a standard [25].

Analysis of Taxol content

The extraction and analysis of Taxol from cells and
the culture medium was based on the procedure as de-
scribed by Wu and Lin [16]. In brief, intracellular Taxol
was extracted from dry cell mass with methanol, and
Taxol in the medium extracted by methylene chloride.
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The extraction solvent was removed by evaporation un-
der vacuum and the remaining solid extract was redis-
solved in acetonitrile. Taxol content in the extract
solution was analyzed by reverse-phase HPLC with
UV detection at 227 nm, using a 250 mm · 4.6 mm Al-
tech Econosphere 5 lm C18 HPLC column (Altech,
Deerfield, IL, USA), and a mobile phase consisting of
methanol:acetonitrile:water at 25:35:45 by volume. Tax-
ol and baccatin III, another taxane compound and a
precursor for Taxol semisynthesis, were quantified with
genuine standards (Cat. T-7402 and Cat. B-8154,
Sigma).
Fig. 2. Time courses of NO production (proportional to the relative
fluorescence) in T. chinensis cell cultures subject to various treatments.
FO, Fusarium oxysporum elicitor at 50 lg/ml; LL-NNA (100 lM) and
PTIO (100 lM) were added to culture 30 min prior to, and SNP
(10 lM) at the same time as FO; error bars = SE, n = 3.
Results

Elicitor-induced NO burst in T. chinensis cell culture

The elicitor-induced NO production in the T. chinen-
sis cell culture was directly observed by fluorescence
microscopy, showing the green fluorescence of DAF-2
DA-stained cells (Fig. 1). Fig. 2 shows the time courses
of fluorescence intensity in the DAF-2 DA-stained cul-
tures after various treatments by the fungal elicitor
and NO-related reagents. In the culture treated by the
fungal elicitor only (FO), a higher fluorescence intensity
over that of the control was detected within 15 min after
elicitor addition, indicating the elicitor-induced NO
burst. The elicitor-induced NO production exhibited a
biphasic time course, reaching the first plateau in 1.5–
2 h, and starting the second phase from 4 h and reaching
the second and much higher plateau in 8–12 h, after the
elicitor treatment. The fluorescence intensity of elicitor-
treated culture was 3.5-fold higher than that of the con-
Fig. 1. Microscopy images of T. chinensis cells. (A) Bright-field image of
(C) fluorescence microscopy (470 nm excitation and 515 nm emission) of D
(at 50 mg/l). All cells were from 12-day-old shake-flask cultures.
trol in the first phase (2–4 h), and 7.5-fold higher in the
second phase (12 h). The culture treated with the NO
donor SNP at 10 lM also exhibited a gradual increase
in the fluorescence intensity in the culture, to a lower le-
vel than that induced by the fungal elicitor. This con-
firmed that the fluorescence detected in the
experiments was arising from NO production by the
DAF-2 DA-stained cells. The combination of SNP with
the fungal elicitor (FO + SNP in Fig. 2) had almost a
negligible effect on the fluorescence intensity of the elic-
itor-treated culture. The elicitor-induced fluorescence in-
crease was effectively blocked by the NO scavenger,
PTIO (100 lM), proving that the fluorescence increase
was mainly a result of NO production by the elicitor-
treated cells. Moreover, the elicitor-induced NO produc-
tion was significantly suppressed by the NOS inhibitor,
normal and (B) elicitor-treated cells without DAF-2 DA staining;
AF-2 DA-stained cells before, and (D) after 30-min elicitor treatment



Fig. 3. NO production in T. chinensis cells after treatment by various
doses of fungal elicitor (9 h treatment).

Fig. 4. NO production in T. chinensis cells after treatment with fungal
elicitor at 50 lg/ml plus various doses of LL-NNA (9 h treatment).

Fig. 5. Elicitor-induced H2O2 generation and cell death in T. chinensis

cell cultures and the influence of NO donor and inhibitors (same
procedure and dosage as specified in Fig. 2).
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LL-NNA (100 lM, Fig. 2), suggesting that NO synthase
was a source of the elicitor-induced NO production in
the T. chinensis cells.

The elicitor-induced NO production increased with
the elicitor-concentration from 10 to 100 lg/ml, indica-
tive of a dose-dependent effect (Fig. 3). The elicitor dose
of 50 lg/ml was chosen for all subsequent experiments
because of its significant stimulation of NO and the sec-
ondary metabolite production [15]. In addition, the
inhibitory effect of LL-NNA on the elicitor-induced NO
production also was found to be dose-dependent be-
tween 0.01 and 100 mM (Fig. 4).

Elicitor-induced H2O2 production and cell death

The fungal elicitor-induced rapid production of H2O2

in the T. chinensis cell culture, reaching a sharp peak of
13.2 lM around 5 h, and another lower and broad peak
(3.1 lM) around 6 h, post treatment (Fig. 5A). The elic-
itor-induced H2O2 production was depressed by both
NO inhibitors, LL-NNA and PTIO. The NO donor
SNP at 10 lM in the absence of the fungal elicitor did
not induce any H2O2, while its combination with the
fungal elicitor resulted in a slight but significant increase
in the H2O2 production (FO + SNP versus FO). The re-
sults are indicative of the relationship between NO and
the elicitor-induced oxidative burst.
The treatment of T. chinensis cells with the fungal
elicitor (50 lg/ml) resulted in notable cell death or de-
crease in cell viability, about 19.4% in 8 h post treatment
(Fig. 5B). Compared to the oxidative burst, the elicitor-
induced cell death was much slower. The NO donor
SNP at 10 lM alone caused only 7.3% cell death, while
its combination with the fungal elicitor resulted in 26.3%
cell death, which was even higher than that caused by
elicitor alone. Conversely, both NO inhibitors LL-NNA
and PTIO decreased the elicitor-induced cell death to
8.8 and 7.8%, respectively. Similar to the case of oxida-
tive burst, this set of results is indicative of the relation-
ship between NO and elicitor-induced cell death in the
T. chinensis cell culture.

Elicitor-induced membrane ion fluxes

The elicitor treatment induced a rapid increase in K+

concentration in the extracellular medium (Fig. 6A),
indicating the efflux of K+ through the plasma mem-
brane, and a rapid and transient increase in medium
pH (Fig. 6B), indicating the influx of H+ through the
membrane of T. chinensis cells. Both the K+ and H+

fluxes reached the peak levels in 1–2 h after elicitor addi-
tion to the culture, with a maximum K+ efflux value of
82.6 lmol K+/g FW cells at 2 h, and a maximum pH in-
crease of 0.59 at 1.5 h. The NO donor SNP itself caused
a slight increase of K+ efflux, 13.6 lmol K+/g FW cells
at 2 h after treatment, but no pH change compared to
that of control. Its combination with the elicitor had
no significant and consistent effect on the elicitor-in-



Fig. 8. Effect of NO donor and inhibitors (with the same procedure
and dosage as specified in Fig. 2) on elicitor-induced paclitaxel and
baccatin III production in T. chinensis cell cultures (6-day treatment).

Fig. 6. Elicitor-induced membrane K+ efflux and medium pH change
(membrane H+ influx) in T. chinensis cell cultures and the influence of
NO donor and inhibitors (same procedure and dosage as specified in
Fig. 2).
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duced K+ concentration or medium pH change
(FO + SNP versus FO). In contrast, both NO inhibi-
tors, LL-NNA and PTIO, significantly suppressed the
elicitor-induced K+ and H+ fluxes. Therefore, most of
the results here are indicative of the influence of NO
on elicitor-induced membrane ion-fluxes.

Elicitor-induced PAL activity and taxane biosynthesis

As shown in Fig. 7, the PAL activity in the elicitor-
treated T. chinensis cell culture (FO) increased rapidly
after the elicitor treatment, reaching a maximum in
4 h, which was more than 2-fold of the control level.
Fig. 7. Elicitor-induced activation of PAL activity in T. chinensis cells
and the influence of NO donor and inhibitors (same procedure and
dosage as specified in Fig. 2).
The NO donor SNP significantly stimulated the PAL
activity by itself, and also slightly enhanced the elici-
tor-induced PAL activity (FO + SNP versus FO). In
contrast, the elicitor-induced PAL activity was de-
pressed by both NO inhibitors, LL-NNA and PTIO.

The elicitor treatment stimulated Taxol and baccatin
III production (Fig. 8), increasing the Taxol content of
cell by about 12-fold (0.14 mg/g DW for FO versus
0.011 mg/g DW for the control) and the baccatin III
content by more than 13-fold (0.23 mg/g DW with FO
versus 0.016 mg/g DW for the control) after 6 days of
treatment. The NO donor SNP slightly but significantly
stimulated the Taxol production by itself (SNP) and in
combination with the fungal elicitor (FO + SNP). The
elicitor-induced Taxol production was significantly de-
pressed by both the NOS inhibitor LL-NNA and the
NO scavenger PTIO. However, the elicitor-induced
baccatin III production was only slightly depressed by
LL-NNA but not significantly influenced by SNP and
PTIO.

The amount of Taxol released from cells to medium
was no more than 15% and that of baccatin III was less
than 10% at all conditions, and the related data were not
shown as they would have negligible influence on the
trend of treatment effects.
Discussion

Elicitors derived from mycelium extracts of Fusarium
oxysporum fungi have been reported previously to in-
duce multiple plant defense responses in Taxus cell cul-
tures, including the oxidative burst, lipid peroxidation,
PAL activity and secondary metabolite accumulation,
and cell apoptosis [15,18,26]. Most of these responses
also have been realized in our present study in T. chinen-

sis cell cultures. More importantly, our study has shown
the elicitor-induced NO burst and its quantitative and
temporal relationships with the other responses in the
Taxus cell cultures. The elicitor-induced NO production
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exhibited a clear dose-dependency and tended to become
saturated at relatively larger doses. The similar satura-
tion kinetics has been reported for the H2O2 accumula-
tion in Larix decidua cells [27] and the PAL activity in
date palm, induced by the hyphal wall fragment of F.
oxysporum [28]. The dose-dependent and saturation ef-
fects may suggest the presence of specific receptors for
elicitor perception and signal transduction leading to
the subsequent defense responses including NO release.
On the other hand, the elicitor-induced NO production
was enhanced by the NO generator (SNP) and inhibited
by the NO-synthase inhibitor (LL-NNA) and NO scaven-
ger (PTIO). These results were consistent with those
found in other plant species in response to challenge
by microbial pathogens [6] and mechanical stress [21].
In our study, however, the elicitor-induced NO produc-
tion was not completely arrested by LL-NNA even at
much larger doses (up to 100 mM, Fig. 4) than those
used in previous studies (0.1–5 mM). This may be due
to the fact that the Taxus cells contain a very high level
of endogenous LL-arginine [17], as LL-NNA is a competi-
tive inhibitor of NOS with arginine in plant cells. An-
other explanation is that NO can be derived from
alternative pathways, e.g., from an NO�

2 dependent side
reaction of nitrate reductases, and non-enzymatically
from NO�

2 accumulating in chloroplasts and the cytosol
[29,30].

The biphasic time course of H2O2 accumulation after
elicitor induction in the Taxus cell cultures shown in our
study (FO in Fig. 5A) is a common feature of the ROS
production during the elicitation of plant cells by micro-
bial pathogens or their constituents [11,31,32]. Similarly,
the elicitor-induced NO accumulation also exhibited a
biphasic trend (Fig. 2), although the phase periods for
the two reactive species differed. This is in agreement
with the finding from soybean tissues after challenge
by a microbial pathogen that the NO production kinet-
ics closely matched that of ROS production [6]. The sup-
pression of elicitor-induced H2O2 production by NO
inhibitors observed in our study suggests that intracellu-
lar NO plays a regulatory role in activating the oxidative
burst. In addition, exogenous NO supplied by SNP-in-
duced cell death, and also potentiated the elicitor-in-
duced cell death of T. chinensis cells. In cell culture of
another Taxus species, T. brevifolia, NO also has been
shown to physically induce programmed cell death
[17]. Furthermore, the elicited Taxus cells in the pres-
ence of a NOS inhibitor, LL-NNA, PTIO or their rela-
tives, significantly decreased the NO production and
cell death. This suggests that NO is implicated in medi-
ating the elicitor-induced cell death of Taxus cells.

Elicitor-induced membrane H+and K+ fluxes in plant
cell cultures have been widely reported as a transient de-
crease in the external acidification (pH drop) or even
alkalinization (pH rise), followed by acidification recov-
ery, and the reversion of K+ influx into efflux [10,33,34].
In our present study, the cross-membrane K+ efflux/H+

influx induced by the Fusarium elicitor was partially
blocked by NO inhibitors, suggestive of NO involve-
ment in the induction of K+/H+ flux changes during
elicitation. In animal systems, the cross talk between
Ca2+ and NO in a crucial signaling network is impli-
cated in the regulation of numerous cellular processes
[35,36], and NO appears to be involved in the regulation
of cytosolic Ca2+ levels as well as Ca2+-permeable chan-
nels in animal cells [37,38]. Although the linkage be-
tween NO and cytosolic Ca2+ is still not clear in
plants, a study has suggested that cytosolic free Ca2+

is implicated in NO-induced defense responses in tobac-
co [5]. Further exploration on the regulation of mem-
brane ion channels and ion fluxes by NO should
provide valuable insights into the mechanisms of NO
signaling in plant cells.

Phenylalanine ammonia-lyase (PAL), the first en-
zyme in the phenylpropanoid pathway, is typically sen-
sitive to the physiological state of plants and activated
in the plants under biotic or abiotic stress [39]. In cell
cultures of various Taxus species, increased PAL activity
has been induced by various biotic and abiotic factors,
such as heavy metal ions, fungal elicitors, methyljasmo-
nate, and mechanical stress [15,16,40]. In our present
study, the fungal elicitor-induced PAL activity was
potentiated by the NO donor but inhibited by the NO
inhibitors, suggesting that the activation of PAL may
be regulated by the NO produced endogenously during
fungal elicitation. In a previous study [6], LL-NNA pre-
vented the accumulation of transcripts encoding PAL

and chalcone synthase (CHS), the first enzyme in a
branch of the phenylpropanoid pathway, while the NO
donor SNP induced the expression of PAL and CHS

genes, in soybean cell cultures inoculated with an aviru-
lent bacterium. NO induction of the gene encoding PAL
was also observed in tobacco plants and cell cultures [5].

Finally, our present study has shown that the elicita-
tion of paclitaxel and other taxane biosynthesis in Taxus

cells by the fungal elicitor is strongly dependent on the
elicitor-induced NO production. To the best of our
knowledge, this is the first report of the relationship be-
tween NO and taxane biosynthesis in Taxus plants. This
finding, together with the effect of NO on PAL activity
mentioned afore, indicates a role for NO as a signal mol-
ecule to activate the fungal elicitor-induced secondary
metabolism responses. However, the blockage of NO
accumulation by putative NO inhibitors did not com-
pletely inhibit the taxane accumulation, due perhaps to
the existence of alternative signal pathways, such as
those mediated by ROS, jasmonates, ethylene, and SA.
Since elicitation has been a successful strategy for
enhancing the production of many bioactive secondary
metabolites in plant tissue cultures, the elucidation of
elicitor-induced NO production and its relationship with
other elicitor responses will not only bring about new in-
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sights into the physiological mechanisms of elicitation
but also new and effective strategies for the production
of desired metabolites.
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