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Abstract Treatment of suspension cells of Ginkgo
biloba with fungal endophytes resulted in accumu-
lation of flavonoids, increased abscisic acid (ABA)
production and activation of phenylalanine ammo-
nia-lyase (PAL). Fluridone, an inhibitor of ABA
biosynthesis, was effective in inhibiting fungal endo-
phytes-induced ABA biosynthesis, increase of PAL
activity and flavonoids accumulation. Moreover,
exogenous application of ABA enhanced PAL activ-
ity and increased accumulation of flavonoids in
G. biloba cells with or without fungal endophytes
elicitor. These finding suggest a causal relationship
between ABA release and both PAL activity and
flavonoid accumulation under fungal endophytes
treatment and that ABA 1is involved in fungal
endophytes-induced flavonoids accumulation in this
plant.
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Introduction

Production of secondary metabolites of distinct and
complex structures in plant cell cultures has been
extensively explored. This is due to the high commer-
cial value of these compounds, scarcity of those plants
synthesizing these compounds and, at times, low
content levels of such compounds in plants. However,
use of plant cell cultures for production of useful
secondary metabolites remains limited due to low
yields of targeted compounds.

Synthesis of secondary metabolites is part of the
defense response of plants to environmental stresses
and pathogen attacks. Strategies for improving the
yield of secondary metabolites in plant cell suspension
cultures should be based on this mechanism (Zhao
etal. 2005). Molecules of biological and nonbiological
origin that stimulate secondary metabolism are called
elicitors (Dornenburg and Knorr 1995). Elicitation is
one of the most effective methods established to
enhance the production of secondary metabolites in
cell cultures. A wide variety of elicitors, such as fungal
elicitors, benzoic acid, methyl jasmonate, and arachi-
donic acid, can induce the biosynthesis of secondary
metabolites (Yukimune et al. 1996).
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Fungal endophytes are common and highly diverse
microorganisms that live within plant tissues, but
usually remain asymptomatic. Endophytes tradition-
ally have been considered plant mutualists, mainly by
reducing herbivory via production of mycotoxins,
such as alkaloids (Faeth and Fagan 2002). Endo-
phytes may live in plant as a symbiont for all or part
of their life cycle. The ecological relationships
between fungal endophytes and their respective plant
hosts are very complex. A fungal endophyte may
survive in a plant as a symbiont by providing
protective substances (e.g. antifungal, antibacterial)
that may inhibit or kill tissue invading pathogens
(Strobel et al. 1997), while the plant also provides
nutrients for the fungus. Thus, endophytes may play
an important role in their host’s growth and the
formation of secondary metabolites related to plant
defense. Li and Tao (2009) reported that endophytic
fungi (Fusarium mairei) culture broth stimulated the
accumulation of taxoids in suspension cultures of
Taxus cuspidate. However, the signal transduction
mechanism of secondary metabolite accumulation
induced by endophytic fungi elicitor in plants is still
unclear.

Abscisic acid (ABA) is an essential signal for plant
resistance to pathogens and biosynthesis of secondary
metabolites. Adie et al. (2007) showed that ABA is
an essential signal for plant resistance to pathogens
affecting jasmonic acid (JA) biosynthesis and the
activation of defenses in Arabidopsis. Nagira et al.
(2006) have reported that that changes in the amount
of endogenous ABA may play an important role in
the induction of anthocyanin synthesis and chloro-
phyll degradation in regenerated torenia shoots.
Clinton et al. (1998) reported a strong correlation
between the paclitaxel and ABA recovered from yew,
and suggested that the increase in ABA concentration
might lead to the increase paclitaxel production.
Luo et al. (2001) showed that ABA stimulated the
synthesis in paclitaxel in plant cell cultures which
depended on the dosage of ABA as well as the growth
stage of the cells. These observations suggested the
existence of a ABA-mediated signaling pathway in
defence response for pathogens and biosynthesis of
induced secondary metabolites in plant cells.

Fungal endophytes can thus induce secondary
metabolite accumulation in plants. ABA can also
accelerate secondary metabolite biosynthesis in plants
and is also involved in plant resistance to pathogens
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as an essential signal. However, our knowledge about
fungal endophytes-mediated signaling transduction is
limited. We proposed that ABA may be as an essential
signal to medite secondary metabolites biosynthesis
induced by fungal endophytes.

Ginkgo biloba is a common medicinal plant in
China and the secondary metabolites of ginkgo,
flavonoids and ginkgolides, are excellent drugs used
in the treatment of peripheral arterial diseases, tinni-
tus, neurological disorders, sclerosis of cerebral
arteries, and cerebral ageing (Cao et al. 2002). As a
therapeutic drug, it has no side effects even after long
periods of use, and phytopharmaceuticals made from
G. biloba are readily accessible throughout the world.
Cell cultures of G. biloba could provide an alternative
way to produce flavonoids owing to the scarcity of
G. biloba in the world and extremely low levels of the
compound in the plant. Our previous study have
showed that NO acts as an important signal in UV-
B-induced activation of PAL and stimulation of
flavonoid biosynthesis in G. biloba callus (Hao et al.
2009a). We have derived a fungal endophyte from the
inner bark of the G. biloba and identified it as
Sphaeropsis sp B301. The results of the inhibitory
activity of its metabolic products against pathogenic
microbial showed that its metabolic products have
strong inhibitory effects on Staphylococcus aureus,
Enterococcus faecalis, Bacillus subtilis, Escherichia
coli, Pseudomonas aeruginosa, Saccharomyces cere-
visiae (unpublished data). There have been no reports
of application of endophyte—Ginkgo plant associa-
tions based on natural ecosystems in flavonoid
biosynthesis production. Based on this, we aim to
investigate the effects of endophytic fungi on flavo-
noid biosynthesis in Ginkgo suspension cells in this
work, and also to find out whether ABA might be the
signal molecule involved in mediating fungal endo-
phytes-induced flavonoid biosynthesis.

Materials and methods
Plant materials and cell culture conditions

Ginkgo leaves (Ginkgo biloba L. cv. Da jing zhui)
were collected from Tancheng town, Shandong,
China. Leaves were surface-sterilized by a brief
immersion in 70% (v/v) ethanol followed by 10 min
in a commercial bleach solution (5% active chlorine)
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containing a few drops of Tween 80, and then rinsed
three times with sterile distilled water. Leaf explants
(size approx. 0.5 x 0.5 cm) were excised either from
the lamina. These were placed in 9-cm Petri dishes
containing 25 ml MS basal medium supplemented
with, 1 mg NAA 17!, 0.05mg KT 17!, 3% (w/v)
sucrose and solidified with 2.5% (w/v) agar (Hao et al.
2009a). Cultures were kept in the light (50 pmol
m 2 s~'") with a 16/8 h light/dark photoperiod at
22 £ 1°C. Callus formation was monitored over
1 month and subsequent growth (in terms of fresh
weight) was followed until the stationary phase was
reached. Once established, callus [1 g cell fresh weigh
(FW)/20 ml medium] was transferred into MS liquid
medium supplemented with 3% (w/v) sucrose and
1 mg NAA 17!, 0.05 mg KT 1" to induce prolifera-
tion. The cell suspension cultures were shaken
(100 rpm) in dark and on a incubator maintained
at 25°C.

Preparation of fungal endophyte elicitor

Sphaeropsis sp B301 was screened from the inner
bark of the G. biloba and maintained in our
laboratory. The elicitor was prepared from the liquid
culture of the isolate of Sphaeropsis sp B301. Liquid
cultures were initiated from 7 days potato/dextrose/
agar (PDA) by transferring 2 cm® squares of medium
to 150 ml PDA liquid medium. The flasks were
incubated in the dark at 120 rpm and 25°C for 6 days.
The mycelia were collected by filtration, and the
elicitor was prepared using method described by
Zhang et al. (2000). The elicitor dose was measured
by the total carbohydrate content of the fungal
homogenate, which was determined by the phenol/
sulfuric acid method using glucose as the standard.

Measurement of G. biloba cell growth

Ginkgo biloba cell suspension culture material
weighing 1 g FW was transferred into a 100 ml
conical flask containing 20 ml culture medium. Cell
growth was monitored at every 3rd day (up to
30 days) by determining the fresh weight. Briefly the
cell cultures were harvested on every 3rd day to
collect cells by filtration. The fresh weight of the cells
was recorded with the help of a physical balance.
Alternatively cell growth was measured, by sedi-
mented cell volume (SCV) measurement. All data

are expressed as an average of three separate
experiments.

Treatments of G. biloba suspension cells
with fungal endophyte elicitor and various
chemical compounds

The following chemical compounds have been used in
treating G. biloba suspension cells. ABA and Fluri-
done were purchased from Sigma-Aldrich. Fluridone
was used as an inhibitor of abscisic acid biosynthesis.
These reagents were dissolved in water or methanol
were sterilized by filtration and added to the fresh
autoclaved medium to give the 20-120 uM ABA,
0.1 mM Fluridone and 80 uM ABA + 0.1 mM Fluri-
done. The controls received solvent only. Fungal
endophyte elicitor and various chemical compounds
were added to 8-day old subcultured cells.

Measurement of ABA content

ABA contents was determined as described by Hao
et al. (2009b). Briefly, 1 g ginkgo cells was sus-
pended in 15 ml extraction solution containing 80%
(v/v) methanol, 100 mg butylated hydroxytoluene/l,
and 0.5 g citric acid monohydrate 17", The suspen-
sion was stirred overnight at 4°C and centrifuged at
1000x g for 20 min. The supernatant was transferred
to a new tube and dried under vacuum. The dry
residue was dissolved with 100 pl methanol plus
900 pl Tris-buffered saline (50 mM Tris, 0.1 mM
MgCl,-6H,0, and 0.15 M NaCl, pH 7.8). ABA
concentration in the solution then was determined
using the Phytodetek ABA immunoassay kit (Idetek,
Inc., Sunnyvale, CA).

PAL activity assay

Collected cells (0.5 g FW) were homogenized with
an extraction buffer (0.5 ml g~') containing 50 mM
Tris/HCI (pH 8.0), 10 mM 2-mercaptoethanol, 4 mM
EDTA and 1 pM leupeptin. The homogenate was
centrifuged at 10,000xg for 20 min, and the super-
natant was collected for enzyme assay. PAL activity
was determined based on cinnamic acid production
according to method by Hao et al. (2009a). Briefly,
1 ml the extraction buffer, 0.5 ml 10 mM L-phenyl-
alanine, 0.4 ml double distilled water and 0.1 ml
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enzyme extract were incubated at 37°C for 1 h. The
reaction was terminated by the addition of 0.5 ml
6 M HCI, and the product was extracted with 15 ml
ethyl acetate, followed by evaporation to remove the
solvent. The solid residue was suspended in 3 ml
0.05 M NaOH and the cinnamic acid concentration
wherein was quantified with the absorbance measured
at 290 nm. PAL activity was calculated in nmol
cinnamic acid mg~" protein h™".

Flavonoids extraction and determination

The collected cells were immediately dried for 72 h
at 35°C with forced ventilation. Dried ginkgo leaves
(0.5 g) were ground to a powder with a mortar and
pestle. The powder was extracted with methanol
containing 1% (v/v) HCI, followed by addition of
2 M HCI (equal volume) and 1 h incubation at 90°C.
Acid-hydrolyzed extracts were dried and resuspended
in methanol (200 pl). Samples were injected onto an
HPLC system connected with a Nucleosil 100-5 C18
column (5 pm, 150 x 2 mm, Agilent Technologies).
The separation condition of HPLC for flavonoids was
as follows: the mobile phase was methanol and 0.4%
phosphoric acid (45:55 v/v) at 0.7 ml min~', the
column temperature was 25°C, and the sample
volume was 20 pl. The UV detector was set at
370 nm. The extraction samples were prepared for
HPLC analysis with each sample injected three times.
The quercetin, kaempferol and isorhamnetin were
selected as standards because most of the flavonoids
in Ginkgo leaves are derivatives of this three flavonol
aglycones (van Beek 2002). Based on the methods of
flavonoids concentration described by van Beek
(2002), flavonoid contents were calculated by multi-
plication of total content of quercetin, kaempferol and
isorhamnetin by a factor 2.51 and were expressed as
percentage.

Statistical analysis

Each experiment was repeated at least three times.
Values were expressed as means £ SE. Data are
analyzed using SigmaPlot software (version 8.0,
SYSTAT Software Inc., Richmond, California, USA).
All mean comparisons were subjected to a one-way
analysis of variance (ANOVA). In all cases the
confidence coefficient was set at P < 0.05 level.
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Results

Effects of amount of fungal endophyte elicitor
on growth and flavonoid production
of G. biloba cells

Prepared fungal endophyte elicitor was added to
100 ml 8-day suspension cultures of G. biloba cells.
As shown in Fig. 1, 4 days treatments with 25 and
50 pg glc equiv/ml fungal elicitor had no obvious
effects on G. biloba cells growth (P > 0.05), but the
biomass of cultures treated with 75 and 100 pg glc
equiv/ml fungal elicitor was 40 and 48% lower than
that of control cultures, respectively. Cultures treated
with 100 pg glc equiv/ml fungal elicitor were visibly
browned after 2 days. Highest yield of flavonoid was
in cultures treated with 75 pg glc equiv/ml fungal
elicitor, being 1.8-fold higher than that from control
cells (2% DW for fungal endophyte elicitor versus
1.1% DW for the control cells). From these results,
the optimal amount of fungal endophyte elicitor
should be 75 ng glc equiv/ml fungal elicitor.

Fungal endophyte elicitor-induced an increase
in ABA content, PAL activation, and flavonoid
synthesis in G. biloba suspension cells

Accumulation of ABA is one of the common
reactions of plant cells to pathogenic microorganism
(Asselbergh et al. 2008). The results of present work
showed that the ABA contents of the cells treated
with the fungal elicitor is much higher than that in the
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Fig. 1 Effect of different fungal endophyte elicitor concen-
tration treatment for 4 day on cell growth and flavonoid
content of G. biolba suspension cells. Twenty-five, 50, 75,
100 pg gle equiv fungal elicitor/ml (25, 50, 75, 100 elicitor)
add to 100 ml 8-day suspension cultures of G. biloba cells.
Data are means &= SE, N = 3



Biotechnol Lett (2010) 32:305-314

309

—m— PAL activity —o— flavonoid content —a— ABA content

= 200 35~
— 180 s Z E
2 160 k g E
= 140 25 T
2 1o ; 5%
£ 100 2 Z
> 80 15 8 §
E =
.z 60 1 g S
51 g <«
= % 05 £ &
. =<
z 0 . . . . . . . . 0

0 3 6 9 12 15 18 21 24

Treatment time (d)

Fig. 2 Effects of fungal endophyte elicitor on ABA genera-
tion, PAL activity and flavonoid content of G. biolba
suspension cells. Data are means + SE, N = 3

control cells, showing that the fungal elicitor induces
ABA biosynthesis of G. biloba suspension cells. The
highest ABA level was observed about 6 h after
elicitor treatment (Fig. 2), which is about 4.2 times
that of the controlled cells (3.1 pg/g versus 0.7 pg/g
fresh weight). As shown in Fig. 2, fungal endophyte
elicitor also induced an increase of PAL activation and
flavonoid synthesis of G. biloba suspension cells. Both
PAL activity and flavonoid content increased mainly
after ABA reached peak levels of 169 nmol mg ™' h™"
and 2% DW in about 15 and 24 h of treatment
respectively (Fig. 2). These finding suggested that
ABA production occurred earlier than fungal endo-
phyte elicitor-induced activation of PAL and synthesis
of flavonoids in G. biloba suspension cells.

Effects of exogenous ABA on PAL activity and
flavonoid content of G. biloba suspension cells

As PAL activity and flavonoid content were highest
15 and 24 h, respectively, following fungal endo-
phyte elicitor treatment, these two time points were
selected for the next set of experiments. To determine
whether exogenous ABA enhances PAL activity and
flavonoid content, suspension cells were treated with
different concentrations of ABA. Our results (Fig. 3)
showed that both PAL activities and flavonoid
content were enhanced by exogenous ABA under
fungal endophyte elicitor treatment, and that ABA
effects were dose-dependent. As shown in Fig. 3, the
PAL activity and flavonoid content increased with the
addition of ABA up to 80 pmol/l. Above 80 umol/l,
PAL activity and flavonoid content decreased. The
PAL activity and flavonoid content of G. biloba cells
treated with 80 pmol ABA/l were the highest at
194 nmol mg™' h™' and 2.5% DW, respectively.
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Fig. 3 Effects of ABA concentrations on PAL activity and
flavonoids content of G. biolba suspension cells under FE
treatment for 15 and 24 h, respectively. Data are means + SE,
N=3

These data indicate that exogenous ABA assuredly
enhanced both PAL activity and flavonoid content of
G. biloba cells.

Effect of Fluridone on ABA release of G. biloba
under fungal endophyte elicitor treatment

Fluridone, is an inhibitor of phytoene desaturase,
which converts phytoene to phytofluene in the
pathway of carotenoids biosynthesis (Bartels and
Watson 1978; Fong and Schiff 1979). Carotenoids are
the main precursors of ABA in plants (for review,
Quatrano et al. 1997). Thus, the inhibition of carote-
nogenesis should also prevent the biosynthesis of
ABA. Fluridone is also useful in such studies
(Yoshiokal et al. 1998). As shown in Fig. 4, ABA

'S

Z 45

ooy d

‘en 35 c

2 3

5 25 b

‘é’ 2

215 a

& 1 a a

< =

% 0.5 |—I—|

< 0 n n n n n 3
Control ABA Fluridone FE FE+ABA  Fluridone+FE

Treatment

Fig. 4 Effects of Fluridone on ABA generation under fungal
endophyte elicitor treatment. Eight-day-old cells were treated
with fungal endophyte elicitor (FE) or combined with 80 uM
ABA (FE + ABA), 0.1 mM Fluridone (FE + Fluridone);
0.1 mM Fluridone (Fluridone), 80 uM ABA (ABA) alone
without fungal endophyte elicitor treatment. These treated
suspension cells were harvested to determine ABA generation
after fungal endophyte elicitor treatment for 6 h. MS basal
medium supplemented with 1 mg NAA 17!, 0.05 mg KT 17!
without fungal endophyte elicitor as Control. Data are
means = SE, N = 3. Within each set of experiments, bars
with different letters are significantly different at P < 0.05
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production were remarkably decreased by Fluridone
in combination with fungal endophyte elicitor treat-
ment because Fluridone inhibited the phytoene
desaturase, indicating that the inhibition of caroteno-
genesis in G. biloba cells also present the ABA
biosynthesis. From Fig. 4, we can also see that
exogenous ABA increased endogenous ABA produc-
tion compared with the control cells with or with-
out fungal endophyte elicitor treatment (Fig. 4,
P < 0.05).

The enhancement of PAL activity and flavonoids
biosynthesis in G. biolba suspension cells induced
by fungal endophyte elicitor is reversed

by Fluridone

As shown in Fig. 2, the PAL activity in the ginkgo
cells increased rapidly by fungal endophyte elicitor,
reaching a maximum in 15 h, which was about one
fold of the control level (Figs.2, 5a). Fungal
endophyte elicitor stimulated flavonoid production,
increasing flavonoid content in ginkgo cells by
about 1.8-fold (2% DW for fungal endophyte
elicitor versus 1.1% DW for the control cells) after
24 h of treatment (Figs.2, 5b). To determine
whether endogenous ABA is involved in fungal
endophyte-induced PAL activity increase and fla-
vonoid biosynthesis in G. biloba cells, cells were
treated with Fluridone under fungal endophyte
elicitor treatment. Results can be seen in Fig. 5
that exogenous ABA induced PAL activation and
flavonoid biosynthesis in the absence of fungal
endophyte elicitor, which indicates that ABA is
sufficient for triggering PAL activation and flavo-
noid biosynthesis. ABA treatment also slightly but
significantly enhanced fungal endophyte elicitor-
induced PAL activity and flavonoid biosynthesis
(FE + ABA versus FE) (Fig. 5a, b, P < 0.05).
Figure 5 also showed that Fluridone did not signif-
icantly affect PAL activity and flavonoid biosyn-
thesis of G. biloba leaves in the absence of fungal
endophyte elicitor. However, fungal endophyte
elicitor-induced PAL activity and flavonoid biosyn-
thesis was significantly depressed by Fluridone
(Fig. 5a, b, P < 0.05). These data strongly indicate
the requirement of ABA action during fungal
endophyte elicitor-enhanced PAL activation and
flavonoid biosynthesis.
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Fig. 5 The enhancement of PAL activity and flavonoids
biosynthesis of G. biolba suspension cells induced by fungal
endophyte elicitor is reversed by Fluridone. Eight-day-old cells
were treated with fungal endophyte elicitor (FE) or combined
with 80 uM ABA (FE 4+ ABA), 0.1 mM Fluridone (FE +
Fluridone); 0.1 mM Fluridone (Fluridone), 80 uM ABA
(ABA) alone without fungal endophyte elicitor treatment.
These treated suspension cells were harvested to determine
PAL activity and flavonoid content after fungal endophyte
elicitor treatment for 15 and 24 h, respectively. MS basal
medium supplemented with 1 mg NAA 17!, 0.05 mg KT 1™
without fungal endophyte elicitor as control. Data are
means = SE, N = 3. Within each set of experiments, bars
with different letters are significantly different at P < 0.05

Discussion

Symbiotically, many endophytes protect hosts from
the attack of natural enemies such as herbivores and
pathogenic microorganisms (Wilson 1993). Some
studies showed that endophyte fungal may attack
natural enemies by providing protective secondary
metabolite induced by invading pathogens (e.g. anti-
fungal, antibacterial) (Strobel et al. 1997). The roles
of fungal endophytes and their plant hosts during
accumulation of secondary metabolites are even more
complex. Our results show that the accumulation of
flavonoids in ginkgo suspension cell can be stimulated
by an fungal endophyte elicitor. However, the signal
mechanism of secondary metabolites biosynthesis
induced by fungal endophytes in plants has not been
clarified yet. Accumulating evidence suggests that
ABA is an important signal molecule involved in the
plant response to pathogens, and ABA also involved
in plant secondary metabolite synthesis. Here, we
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provide the evidence that ABA generation is required,
at least partly, for fungal endophyte-induced flavonoid
biosynthesis in cell suspension cultures of G. biloba.

ABA is an important plant growth regulator
involved in various physiological processes in plants
(Zeevaart and Creelman 1988). In developing seeds,
ABA is necessary for inducing the synthesis of storage
proteins and lipids, as well as for the onset of seed
dormancy and the acquisition of desiccation tolerance
(Finkelstein et al. 2002). ABA also plays important
roles in vegetative development in response to various
environmental osmotic stresses such as drought and
high-salinity conditions (Jensen et al. 1996; Machuka
et al. 1999; Xiong et al. 2002). The involvement of
ABA on secondary metabolism accumulation is an
intriguing field of research, but the literature on this
subject is still controversial, although some discrep-
ancies might be easily explained taking into account
the different plant species and tissues analysed. With
respect to anthocyanin synthesis, ABA application
promoted anthocyanin synthesis in leaf discs of Vitis
vinifera (Pirie and Mullins 1976) and excised axes of
Phaseolus vulgaris (Walton and Sondheimer 1968).
The highest paclitaxel production was obtained after
exogenous ABA application to Taxus chinensis sus-
pension cultured cells (Luo et al. 2001). Reversely,
Sun et al. (2007) reported that exogenous supplements
of ABA to M9 medium significantly decreased the
formation of shikonin in the cultured cells during the
entire course of culturing.

The present study revealed that fungal endophytes-
induced an increase in ABA production, PAL acti-
vation, and flavonoid synthesis in suspecion cell of
G. biloba (Fig. 2). This ABA generation was detected
earlier than the increases in PAL activity and in
flavonoid content (Fig. 2), thus suggesting that ABA
production was localised upstream of fungal endo-
phytes-induced activation of PAL and synthesis of
flavonoids in G. biloba cells. From all results in this
study, it is clear that the suspension cells of G. biloba
under conditions in which flavonoid synthesis was
induced exhibited high endogenous ABA levels on
the medium containing endophyte fungal elicitor
(Figs. 2, 4). Suspension cultured cells under condi-
tions in which flavonoid synthesis was not induced
showed low endogenous ABA levels (Figs. 2, 4). In
addition, both fungal endophytes-induced ABA
release and enhancement of PAL activity and flavo-
noid biosynthesis were substantially suppressed in

the presence of the ABA biosynthesis inhibitor
Fluridone (Figs. 4, 5). This suggests that endogenous
ABA plays an important role in the induction of
flavonoid synthesis in this system. Similar observa-
tions have been reported in maize and arabidopsis.
The anthocyanin pathway in maize was blocked in
the viviparous-1 (vpl) mutant, an abscisic acid
insensitive mutant (McCarty et al. 1989; Paek et al.
1997). In recent studies, Arabidopsis seedlings of
an ABA-biosynthetic mutant and ABA-insensitive
mutants (aba2, abi3, abi4, and abi5) accumulated a
lower amount of anthocyanin than that in the wild
type (Huijser et al. 2000; Finkelstein et al. 2002).

Exogenous supplements of ABA could also induce
flavonoid synthesis on medium without fungal endo-
phytes. Moreover, direct treatment with ABA with
fungal endophytes also induced the activation of PAL
and synthesis of flavonoids, indicating that ABA was
sufficient for triggering PAL activation and flavonoid
synthesis in G. biloba cells. Our preliminary exper-
iment revealed that the flavonoid content in the cell
suspension cells culture with 80 uM ABA with
fungal endophytes in the light for 24 days was
2.5% DW, which was about two times higher than
that of cells cultured with 80 uM ABA, but without
fungal endophytes elicitor (1.5% DW).

Some experiments provided evidence that ABA
generated in plant is involved in defence response to
pathogens. The effects of ABA on flavonoid synthesis
of G. biloba cells induced by fungal endophyte
elicitor may be associated with its functions in
activating the defense responses of plant cells. The
activation of phenylpropanoid pathway as a response
to a wide diversity of stress-factors has led to its
use as a genetic marker for the induction of plant
defense responses (Pellinen et al. 2002). Phenylala-
nine ammonia-lyase (PAL) catalyzes the first step in
phenylpropanoid biosynthetic pathway (Jones 1984).
In this study, it is apparent that ABA is an essential
signal mediating defense responses to fungal endo-
phytes, and that fungal endophyte elicitor enhances
PAL activity and biosynthesis of flavonoids (Fig. 2).
Moreover, fungal endophytes-induced PAL activity
and flavonoid production are enhanced by the exog-
enous ABA, but they are inhibited by the ABA
biosynthesis inhibitor Fluridone (Fig. 5).This sug-
gests that the activation of PAL and flavonoid
biosynthesis may be regulated by the endogenous
ABA. Thus, ABA is a signal molecule within the
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signaling cascade leading to fungal endophytes-
induced PAL activation and flavonoid synthesis,
and that ABA is a prerequisite for fungal endo-
phytes-induced flavonoid synthesis in G. biloba cells.

Plants respond to pathogens infection by activating
a large variety of defense responses. Multiple ele-
ments, including cell surface receptor (Hulbert et al.
2001), Ca®" influx (Errakhi et al. 2008), ROS (Scheel.
1998), JA (Duval et al. 2005), SA (Duval et al. 2005),
and MAPK (Errakhi et al 2008) have frequently been
discussed as putative components involved in patho-
gens stress signal transduction chain(s). ABA was
reported to play an ambivalent role in pathogen
defense and several putative mechanisms were pro-
posed (Mauch-Mani and Mauch 2005).

Mounting evidence suggests that ABA plays an
ambivalent role in defense responses to pathogens,
acting as both a positive and negative regulator of
disease resistance by interfering at multiple levels
with biotic stress signaling. In this context, a wide
range of putative mechanisms underpinning the
beneficial and detrimental effects of ABA on plant
defense have been proposed, including the suppres-
sion of SA- and ET/JA-dependent basal defenses,
synergistic cross-talk with JA signaling, suppression
of reactive oxygen species (ROS) generation, induc-
tion of stomatal closure, and stimulation of callose
deposition (Asselbergh et al. 2008). For instance, in
Arabidopsis, ABA-regulated stomatal closure is a key
element of preinvasion SA-regulated innate immunity
to Pseudomonas syringae (Melotto et al. 2000),
whereas post-penetration virulence of the same
pathogen depends on ABA-mediated suppression of
several basal defense responses (de Torres-Zabala
et al. 2007; Mohr and Cahill 2003, 2007). Adie et al.
(2008) have reported that ABA is an essential signal
for plant resistance to pathogens affecting JA bio-
synthesis and the activation of defenses in Arabid-
opsis. A biologically very relevant direct positive
effect of ABA signaling on pathogen defense is by
closing stomata to prevent pathogen invasion. The
fungal necrotrophic pathogen Sclerotinia sclerotio-
rum uses the virulence factor oxalate to prevent
ABA-induced stomatal closure during infection
(Guimaraes and Stotz 2004). Another positive effect
of ABA on pathogen defense is its ability to stimu-
late callous deposition. Both ABA signaling and
callous formation are prerequisites for f-amino
butyric acid (BABA)-triggered induced resistance to

@ Springer

Plectosphaerella cucumerina and Alternaria brassic-
icola in Arabidopsis (Ton and Mauch-Mani 2004).
Treatment with exogenous ABA could mimic the
effect of BABA and resulted in priming for callose
and resistance to P. cucumerina.

All these findings suggested that ABA acts as a
signal molecule to active defense responses in plants,
but ABA is not the sole decisive factor. The present
study shows that the application of ABA enhanced
PAL activity and flavonoid content in G. biloba cells
(Fig. 5), but increases were much lower than those
induced by fungal endophyte elicitor, which suggests
that ABA is an important element for fungal endo-
phyte elicitor-induced PAL activation and flavonoid
synthesis in G. biloba cells, but it is not the sole signal
component (pathway). Moreover, the effects of
Fluridone on fungal endophytes-induced the enhance-
ment of PAL activity and flavonoid biosynthesis in
ginkgo cells are only partial, suggesting that there are
ABA independent pathways in fungal endophytes
signal networks. Other signal elements or pathways
may also be involved in the fungal endophytes-
induced PAL activation and flavonoid synthesis, and
complex relationship between ABA and other signal
molecules may exist in G. biloba cells. This means
cross-talk between signaling molecules may be
already existent in the ancient seed plant.

Taken together, our findings indicate that ABA is
an essential signaling molecule for triggering the
fungal endophytes-induced PAL activation and fla-
vonoid synthesis in G. biloba cells. These findings
will no doubt help us in gaining further insights into
the fungal endophytes signaling pathway of second-
ary metabolite biosynthesis in plants. However, little
is known about the complex molecular network
operating during flavonoid synthesis triggered by
fungal endophytes elicitor. The relationship between
ABA and other signaling molecules requires further
investigation.
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