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Ethylene, the first known gaseous phytohormone, is involved in plant growth,
development as well as responses to environmental signals. However, limited
information is available on the role of ethylene in endophytic fungi induced secondary
metabolites biosynthesis. Atractylodes lancea is a traditional Chinese herb, and its
quality depends on the main active compounds sesquiterpenoids. This work showed
that the endophytic fungus Gimaniella sp. AL12 induced ethylene production in
Atractylodes lancea. Pre-treatment of plantlets with ethylene inhibiter aminooxyacetic
acid (AOA) suppressed endophytic fungi induced accumulation of ethylene and
sesquiterpenoids. Plantlets were further treated with AOA, salicylic acid (SA) biosynthesis
inhibitor paclobutrazol (PAC), jasmonic acid inhibitor ibuprofen (IBU), hydrogen
peroxide (H»O») scavenger catalase (CAT), nitric oxide (NO)-specific scavenger
2-(4-Carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide  potassium  salt
(cPTIO). With endophytic fungi inoculation, IBU or PAC did not inhibit ethylene
production, and JA and SA generation were suppressed by AOA, showing that ethylene
may act as an upstream signal of JA and SA pathway. With endophytic fungi inoculation,
CAT or cPTIO suppressed ethylene production, and H>O, or NO generation was not
affected by 1-aminocyclopropane-1-carboxylic acid (ACC), showing that ethylene may
act as a downstream signal of HoO» and NO pathway. Then, plantlets were treated with
ethylene donor ACC, JA, SA, H>O», NO donor sodium nitroprusside (SNP). Exogenous
ACC could trigger JA and SA generation, whereas exogenous JA or SA did not affect
ethylene production, and the induced sesquiterpenoids accumulation triggered by ACC
was partly suppressed by IBU and PAC, showing that ethylene acted as an upstream
signal of JA and SA pathway. Exogenous ACC did not affect HoO» or NO generation,
whereas exogenous H»O» and SNP induced ethylene production, and the induced
sesquiterpenoids accumulation triggered by SNP or HoO, was partly suppressed by
ACC, showing that ethylene acted as a downstream signal of NO and H>O» pathway.
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Taken together, this study demonstrated that ethylene is an upstream signal of JA and SA,
and a downstream signal of NO and H»O» signaling pathways, and acts as an important
signal mediating sesquiterpenoids biosynthesis of Atractylodes lancea induced by the

endophytic fungus.
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INTRODUCTION

Atractylodes lancea, belonging to the Compositae family, is a
traditional Chinese medicinal plant and is used as a main
ingredient in many famous Chinese medicines. Sesquiterpenoids
are the main active compounds in A. lancea and have medicinal
efficacy against influenza, digestive disorders, rheumatic diseases,
and night blindness (Wang et al., 2008). The quality of this
herb depends on where it is cultivated. The plantlet grown in
the Maoshan area of the Jiangsu Province is the geo-authetic
medicinal plant (Ouyang et al., 2012), and is characterized by
higher content of sesquiterpenoids (Ji et al., 2001). In recent
years, the natural sources of A. lancea have been in sharp decline
as they grow slowly and have been over exploited (Zhou et al.,
2015). Although artificially cultivated sources of A. lancea ensure
the production of this herb, the content of sesquiterpenoids
is relatively low (Zhou et al., 2015). Currently, guaranteeing
sesquiterpenoids content in A. lancea has become a hot topic.
Endophytes play active roles in promoting plant growth and
secondary metabolites accumulation (Wang et al., 2011; Ludwig-
Miiller, 2015). Our previous studies have shown that several
endophytes, such as Gilmaniella sp. AL12, Acinetobacter sp.
ALEB16, and Pseudomonas fluorescens ALEB7B, can establish
symbiotic relationships with A. lancea, and also greatly promote
sesquiterpenoids accumulation in the herb (Wang et al,, 2012,
2015a; Zhou et al., 2015). How endophytes promote the
accumulation of sesquiterpenoids in A. lancea is an intriguing
issue.

Some works have been done to explain the phenomenon
of the improving sesquiterpenoids accumulation in A. lancea
caused by the endophytes (Wang et al., 2011, 2012, 2015a; Ren
and Dai, 2012, 2013; Ren et al., 2013). Our previous studies
demonstrated that AL12 can activate signals, such as nitric oxide
(NO), hydrogen peroxide (H,0O5), salicylic acid (SA) (Wang et al.,
2011), jasmonic acid (JA) (Ren and Dai, 2012), brassinosteroid
(Br) (Ren and Dai, 2013), and Calcium (Ca?T) (Ren et al., 2013),
increasing the biosynthesis of sesquiterpenoids in A. lancea.
Whether there are other signals involved in the signaling pathway
for AL12-induced sesquiterpenoids accumulation of A. lancea is
worthy of attention.

Ethylene (ET) is the first known gaseous phytohormone,
and affects plant growth, development, and responses to

Abbreviations: A. lancea, Atractylodes lancea; AL12, Endophytic fungus
Gilmaniella sp. ALI12;NO, Nitric oxide; H,O, Hydrogen peroxide; SA,
Salicylic acid; JA, Jasmonic acid; ET, Ethylene; AOA, Aminooxyacetic
acid; IBU, Ibuprofen; PAC, Paclobutrazol; CAT, Catalase; cPTIO, 2-(4-
Carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide potassium
salt; ACC, 1-aminocyclopropane-1-carboxylic acid; SNP, Sodium nitroprusside;
GC, Gas chromatography; HPLC, High-performance liquid chromatography.

environmental signals (Arc et al., 2013; Steffens, 2014; Bakshi
et al, 2015; Wei et al, 2015). ET acted as an important
signal and was involved in the production of B-thujaplicin
(Zhao et al., 2004), lycopene (Liu et al., 2012), ginsenoside
(Rahimi et al., 2015), and terpenoid (Arimura et al., 2007).
We have mainly focused on the signals of JA, SA, NO,
H,0, in AL12-induced sesquiterpenoids accumulation of A.
lancea, and did not pay attention to the ET signaling. The
aims of this study are to investigate whether the endophytic
fungus AL12 can induce ET generation, and to discuss
the possible role of ET in sesquiterpenoids accumulation,
and also to expound the possible relationship between ET
and other signals. Furthermore, we compared the signaling
pathways mediating sesquiterpenoids accumulation induced
by endophytic fungi and endophytic bacterium. This work
comprehensively demonstrated the signaling pathways of
sesquiterpenoids biosynthesis and provided a theoretical basis for
the industrialization of active compounds in A. lancea. And this
work will provide a theoretical reference for the biosynthesis of
other active compounds such as artemisinin, paclitaxel, menthol,
glycyrrhizic acid, and ginseng saponin, and will help to further
clarify plant-endophyte interactions.

MATERIALS AND METHODS

Plant Material and Growth Conditions
Meristem cultures of A. lancea were established using tissue
culture as previously described (Wang et al., 2012). Briefly,
sterilized plantlets were grown in 50 mL Murashige and Skoog
medium containing 30 g L™! sucrose, 10% agar (w/v), 0.3 mg L™}
naphthaleneacetic acid, and 2.0 mg L~! 6-benzyladenine in 150-
mL Erlenmeyer flasks. When newborn axillary buds produced
by the meristem cultures were sufficient, they were separated
and transplanted into 50 mL Murashige and Skoog medium
containing 30 g L™! sucrose, 10% agar (w/v), and 0.25 mg L}
naphthaleneacetic acid in 150-mL Erlenmeyer flasks. All media
pH was adjusted to 6.0 before autoclaving at 121°C for 20
min. Plants were maintained in a growth chamber at 25/18°C
day/night cycle, with a light intensity of 3400 Im/m? and a
photoperiod of 12 h, and were sub-cultured every 30 days.

Endophytic Fungi and Inoculation

The fungal endophyte AL12 (Gilmaniella sp.) was isolated from
A. lancea, cultured on potato dextrose agar, and incubated at
28°C for 5 days prior to starting any experiments (Wang et al.,
2012). Thirty-day-old rooting plantlets were inoculated with 5-
mm AL12 mycelial disks, which were placed near the plant
caudexes on the medium. Meantime, controls were established
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using equal sized potato dextrose agar disks. All treatments were
performed under sterile conditions and performed in triplicate.

Chemicals and Treatments

Aminooxyacetic acid (AOA), ibuprofen (IBU), paclobutrazol
(PAC), catalase (CAT), 2-(4-Carboxyphenyl)-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide potassium salt (cPTIO)
were used as specific inhibitors or scavengers of ethylene,
JA, SA, H,0,, NO synthesis, and they were obtained from
Sigma-Aldrich (St. Louis, MO, USA). 1-aminocyclopropane-1-
carboxylic acid (ACC), Sodium nitroprusside (SNP) were used
as donors of ethylene and NO, respectively. JA, SA, hydrogen
peroxide solution were obtained from Sigma-Aldrich (St. Louis,
MO, USA). All inhibitors or scavengers and exogenous donors
were dissolved in double distilled water and filtered through
0.22-pm diameter microporous membranes before use. The
concentration of the above chemicals was according to our
previous studies (Wang et al., 2011; Ren and Dai, 2012, 2013;
Ren et al., 2013). Inhibitors or scavengers were sprayed on plant
leaves and roots 1-day before the application of exogenous
donors or AL12 inoculation. An equal volume of double distilled
water was used as the control. The chemicals used in this study
were chosen according to our previous studies. Unless stated
otherwise, plants were harvested 15 days after the application
of exogenous donors or AL12 inoculation. Each treatment was
performed in triplicate.

Ethylene Extraction and Measurement
Thirty-day-old plantlets treated with 5-mm AL12 mycelial disks
or potato dextrose agar disks were harvested to determine the
ethylene content at 0, 5, 10, 15, and 20 days. Fresh samples (1
g) were ground with 10 ml 0.1 M phosphate buffer solution (pH
7.4), and then centrifuged (3000 g, 20 min, 4°C). The supernatant
was used for ethylene measurement. The production of ethylene
was measured using the Plant ETH ELISA Kit (Shanghai
Fankel Biological Technology Co., Ltd., China) following the
manufacturer’s instructions. At each time point, at least 15
plantlets were employed. Each treatment was performed in
triplicate.

Sesquiterpenoids Extraction and Gas

Chromatograph Analysis

Harvested plants were dried at 30°C to a constant weight. After
dry weights were measured, total sesquiterpenoids were extracted
from whole plantlets according to Wang et al. (2015a). Briefly,
dried plants were ground to a fine powder and one gram of
plant powder was extracted with 4 mL cyclohexane for 10 h.
After sonication (15 min, 60 Hz) and centrifugation (5000 g,
5 min, 4°C), total sesquiterpenoids extracts were dried over
anhydrous sodium sulfate and filtered through 0.22-pm diameter
microporous membranes, and then stored in dark glass bottles at
4°C before gas chromatography (GC) analysis.

GC analysis was conducted using an Agilent 7890A GC
equipped with a fame ionization detector (Agilent, Santa Clara,
CA, USA). GC operating conditions were as follows. An Agilent
DB-1ms column (30 m x 0.32 mm x 0.10 wm) was used with
the temperature program according to the method established in

our laboratory (Zhou et al., 2015). The column temperature was
held at 100°C for 4 min after injection, increased by 10°C min~*
to 140°C, held for 10 min, increased by 10°C min~! to 220°C,
held for 10 min, increased by 10°C min™! to 260°C, and held
for 2 min. High-purity nitrogen was used as a carrier at a flow
rate of 0.8 mL min~!, and 1 pL was injected onto the column
at injection temperature of 240°C. The detector temperature
was set at 350°C and the pre-column pressure was 70 KPa.
Seven sesquiterpenoids (including B-caryophyllene, zingiberene,
B-sesquiphellandrene, caryophyllene oxide, hinesol, f-eudesmol,
and atractylone) were identified according to the retention times
of authentic standards (Ren and Dai, 2012; Wang et al., 2015a;
Zhou et al., 2015), and their retention time (min) were 11.136,
12.999, 13.827, 15.549, 17.702, 17.946, and 18.535 respectively
(Supplemental Figure S1). Standard curves were constructed
for quantitative measurement of sesquiterpenoids. At each time
point, at least 15 plantlets were employed. Each treatment was
performed in triplicate.

JA Extraction and Measurement

JA was extracted according to the established method (Engelberth
et al., 2003; Ren and Dai, 2012). Five grams of plant materials
were ground in liquid nitrogen and extracted with 20 mL H,O:
acetone (30:70, v:v). Samples were stored in dark glass bottles
at 4°C for analysis. JA content was measured using the Plant
JA ELISA Kit (Shanghai Fankel Biological Technology Co., Ltd.,
China) following the manufacturer’s instructions.

SA Extraction and HPLC Analysis

SA was extracted according to our previous method with some
modification (Wang et al., 2015a). Briefly, five grams of plant
materials were ground in liquid nitrogen and extracted with 5 mL
methanol for 10 min by sonication (60 Hz). After centrifugation
(12,000 g, 5 min, 4°C), the supernatant was collected. The
residue was extracted with 5 mL methanol for 10 min by
sonication (60 Hz) and centrifuged (12,000 g, 5 min, 4°C) three
times. The combined supernatant was mixed with 10 wL 0.2
M NaOH, evaporated under vacuum to dryness, dissolved in
250 WL of 5% trichloroacetic acid. The mixture was subjected
to three consecutive liquid-liquid extractions with 800 L ethyl
acetate: cyclohexane (1:1, v/v). The combined organic phase was
mixed with 60 pL 0.2 M acetate buffer (NaOAc) (pH 5.5), and
evaporated under vacuum to dryness, dissolved in 600 L mobile
phase (methanol:2% acetic acid:H, O, 50:40:10, v:v:v), and filtered
using a 0.22-pm diameter microporous membrane for analysis.
SA  was quantified via high-performance liquid
chromatography (HPLC) using an Agilent CI8 column
(250 x 4.6 mm, 5 pm) according to our previous method (Wang
et al,, 2011, 2015a; Ren and Dai, 2012). An Agilent 1290 Infinity
(Agilent Technology, Germany) with UV detector and Agilent
Chem-Station Software were used for quantification of SA. The
injection volume was 20 pL and the column temperature was
25°C. The detection wavelength was set at 290 nm and isocratic
elution was used at a flow rate of 0.5 mL min~!. Qualification
and quantification analyses were based on comparison with SA
standard. The SA peak in the fresh samples was identified by
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comparing retention time and area with that of the matching
standard.

Extraction and Measurement of NO and
H,0,

The production of NO and H,O; was measured using the NO
or H,O; assay kit (Nanjing Jiancheng Bio-engineering Institute,
China) following the manufacturer’s instructions (Wang et al.,
2011). Fresh sample of plant materials (1 g) were ground with
5 mL of 40 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (pH 7.2) for NO, or 5 mL of double distilled water for H,O5.
After centrifugation (14,000 g, 10 min, 4°C), the supernatant was
used for the measurement of NO and H, O3, respectively.

Statistical Analysis

Each experiment was performed in triplicate, and the whole
experimental setup was repeated in triplicate with other batches
of plant material to examine the reproducibility. The means and
standard deviations (SD) were calculated using SPSS Statistics
17.0 software (SPSS Inc., Chicago, USA). The independent-
Samples T-Test was used for statistical evaluation between two
treatments. The one-way analysis of variance (ANOVA) followed
by Tukey’s multiple-comparison test (P < 0.05) was used for
statistical evaluation between more than two treatments. The
ANOVA was performed separately on sesquiterpenoids, ET, JA,
SA, H;0;, and NO. Bars represent standard deviations. Asterisks
denote significant differences from the control (¢-test; *p < 0.05;
**p < 0.01). Values followed by different types of lowercase letters
(e.g.a,b,ca,b/, 52", b”, ) differ significantly at P = 0.05.

RESULTS

Involvement of Ethylene in AL12-Induced

Sesquiterpenoids Accumulation
The ET contents of A. lancea increased significantly after
endophytic fungus AL12 inoculation (Figure 1A), indicating that

AL12 may trigger the biosynthesis of ET in A. lancea. AOA, an
inhibitor of ACC biosynthesis, is usually applied as an inhibiter
of ethylene production. To investigate whether ET was involved
in AL12-induced sesquiterpenoids accumulation, the effects of
AOA on the production of AL12-induced sesquiterpenoids in A.
lancea were determined.

As shown in FigurelB, AOA suppressed not only
AL12-triggered ET production, but also ALI12-induced
sesquiterpenoids ~ accumulation.  The  sesquiterpenoids
concentrations of plantlets treated with 0.5, 1, and 2 mM
AOA were 12.69, 28.7%, and 28.77% lower than that of AL12-
innoculated plantlets, respectively. The results suggested that the
production of ET is involved in AL12-induced sesquiterpenoids
accumulation of A. lancea. And, 1 mM AOA was chosen for the
following experiments.

Dependence of Ethylene-Induced

Sesquiterpenoids Accumulation on JA

IBU is an inhibitor of the octadecanoid pathway that synthesizes
JA, and is applied as a specific inhibitor of JA (Ren and Dai, 2012).
Figure 2A showed that both AOA and IBU could significantly
suppress AL12-induced sesquiterpenoids accumulation in A.
lancea. AOA can strongly suppress AL12-induced JA generation;
whereas IBU did not affect ALI2-triggered ET generation
(Figure 2A). This result suggested that the ET and JA signaling
pathway were connected, and that ET might act as an upstream
signal of AL12-induced JA generation and sesquiterpenoids
production in the A. lancea plantlets. The data showing that
the application of exogenous ACC and JA could reverse the
suppression of AL12-induced sesquiterpenoids production by
AOA and IBU further confirmed our results (Figure 2A).

To investigate if exogenous ET-induced sesquiterpenoids
accumulation also depended on JA signaling, the effects of
exogenous ACC, JA, AOA, and IBU on the accumulation of
sesquiterpenoids, ET and JA were determined. Figure 2B showed
that both exogenous ACC and JA could significantly induce
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FIGURE 1 | Involvement of ethylene in endophytic fungus AL12-induced sesquiterpenoids accumulation in Atractylodes lancea plantlets. (A)
AL12-induced ethylene generation in plantlets. Thirty-day-old plantlets treated with 5-mm AL12 mycelial disks were harvested for ethylene measurement at 0, 5, 10,
15, and 20 day. Controls were established using equal sized potato dextrose agar disks. Values are the means of three independent experiments. Bars represent
standard deviations. Asterisks denote significant differences from the control (t-test; *P < 0.05; **P < 0.01). (B) Effects of AOA (ethylene inhibitor) on AL12-induced
sesquiterpenoids accumulation after 15 days. Inhibitors (0.5, 1, or 2 mM AOA) were added 1 day prior to AL12 inoculation. Controls were established using equal
sized potato dextrose agar disks. Values are the means of three independent experiments + SD. Bars with different lowercase letters (e.g., a, b, ¢; &, b/, ¢’) are
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FIGURE 2 | (A) Interaction between ethylene and JA signaling pathways for endophytic fungus AL12-induced sesquiterpenoids accumulation in Atractylodes lancea
plantlets. Thirty-day-old plantlets treated with 5-mm AL12 mycelial disks, 1 mM AOA, 1 mM IBU, 0.1 mM ACC, and 1 mM JA were harvested after 15 days to
determine the sesquiterpenoids, ethylene and JA contents. Inhibitors were added 1 day prior to endophytic fungus AL12 inoculation or exogenous signal donor
application. Controls were established using equal sized potato dextrose agar disks. Values are the means of three independent experiments + SD. Bars with different
lowercase letters (e.g., a, b, ¢c; &, b/, ¢/; a”, b”, ¢) are significantly different (P < 0.05). (B) Dependence of ethylene-induced sesquiterpenoids accumulation on JA in
Atractylodes lancea plantlets. Thirty-day-old plantlets treated with 0.1 mM ACC, 1 mM JA, 1 mM AOA, and 1 mM IBU were harvested 15 days later to determine the
sesquiterpenoids, ethylene and JA contents. Inhibitors were added 1 day prior to exogenous signal donor application. Controls were established using equal volume
of double distilled water. Values are the means of three independent experiments + SD. Bars with different lowercase letters (e.g., a, b, ¢; &', b’, ¢; a”, b”, ¢”) are

significantly different (P < 0.05).

sesquiterpenoids accumulation in A. lancea. The increased
sesquiterpenoids accumulation triggered by ACC was partly
suppressed by IBU; whereas the increased sesquiterpenoids
accumulation triggered by JA was not affected by AOA
(Figure 2B). In addition, exogenous ACC could trigger JA
generation; whereas exogenous JA did not affect ET production
(Figure 2B). And, exogenous AOA or IBU itself had no
adverse effect on the accumulation of sesquiterpenoids, ET
and JA in the A. lancea plantlets compared to the control
(Figure 2B). These results further demonstrated that ET acted
as an upstream signal of JA in AL12-induced sesquiterpenoids
accumulation of A. lancea. Additionally, IBU could not
completely abolish ACC-induced sesquiterpenoids accumulation
(Figure 2B), suggesting that ET-induced sesquiterpenoids
accumulation is not solely dependent on the JA signaling
pathway.

Dependence of Ethylene-Induced

Sesquiterpenoids Accumulation on SA

PAC is an inhibitor of benzoic acid hydroxylase that related to
SA biosynthesis (Wang et al.,, 2011; Ren and Dai, 2012), and
is applied as SA-inhibitor in many plants. Figure 3A showed
that both AOA and PAC could significantly suppress AL12-
induced sesquiterpenoids accumulation in A. lancea. AOA can
strongly suppress AL12-induced SA generation; whereas PAC did
not affect AL12-triggered ET generation (Figure 3A). This result
suggested that the ET and SA signaling pathway were connected,
and that ET might act as an upstream signal of AL12-induced
SA generation and sesquiterpenoids production in the A. lancea
plantlets. The data showing that the application of exogenous
ACC and SA could reverse the suppression of AL12-induced

sesquiterpenoids production by AOA and PAC further confirmed
our results (Figure 3A).

To investigate if exogenous ET-induced sesquiterpenoids
accumulation also depended on SA signaling, the effects of
exogenous ACC, SA, AOA, and PAC on the accumulation
of sesquiterpenoids, ET and SA were determined. Figure 3B
showed that both exogenous ACC and SA could significantly
induce sesquiterpenoids accumulation in A. lancea. The
increased  sesquiterpenoids accumulation triggered by
ACC was partly suppressed by PAC; whereas the increased
sesquiterpenoids accumulation triggered by SA was not affected
by AOA (Figure3B). In addition, exogenous ACC could
trigger SA generation; whereas exogenous SA did not affect ET
production (Figure 3B). And, exogenous AOA or PAC itself
had no adverse effect on the accumulation of sesquiterpenoids,
ET and SA in the A. lancea plantlets compared to the control
(Figure 3B). These results further demonstrated that ET acted
as an upstream signal of SA in AL12-induced sesquiterpenoids
accumulation of A. lancea. Additionally, PAC could not
completely abolish ACC-induced sesquiterpenoids accumulation
(Figure 3B), suggesting that ET-induced sesquiterpenoids
accumulation is not solely dependent on the SA signaling
pathway.

Ethylene Acts as a Downstream Signal of
H>0->

CAT is an inhibitor of NADPH oxidase, and is applied as
H,0, scavenger (Wang et al, 2011; Ren and Dai, 2012).
Figure 4A showed that both AOA and CAT could significantly
suppress AL12-induced sesquiterpenoids accumulation in A.
lancea. CAT can strongly suppress AL12-induced ET generation;
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FIGURE 3 | (A) Interaction between ethylene and SA signaling pathways for endophytic fungus AL12-induced sesquiterpenoids accumulation in Atractylodes lancea
plantlets. Thirty-day-old plantlets treated with 5-mm AL12 mycelial disks, 1 mM AOA, 3 mM PAC, 0.1 mM ACC, and 2 mM SA were harvested after 15 days to
determine the sesquiterpenoids, ethylene and SA contents. Inhibitors were added 1 day prior to endophytic fungus AL12 inoculation or exogenous signal donor
application. Controls were established using equal sized potato dextrose agar disks. Values are the means of three independent experiments + SD. Bars with different
lowercase letters (e.g., a, b, ¢; @', b/, ¢’; a”, b”, ¢”) are significantly different (P < 0.05). (B) Dependence of ethylene-induced sesquiterpenoids accumulation on SA in
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sesquiterpenoids, ethylene and SA contents. Inhibitors were added 1 day prior to exogenous signal donor application. Controls were established using equal volume
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FIGURE 4 | (A) Interaction between ethylene and H,O» signaling pathways for endophytic fungus AL12-induced sesquiterpenoids accumulation in Atractylodes
lancea plantlets. Thirty-day-old plantlets treated with 5-mm AL12 mycelial disks, 1 mM AOA, 5.25 m Kat L~ CAT, 0.1 mM ACC and 15 mM Ho>Oo were harvested
after 15 days to determine the sesquiterpenoids, ethylene and HoO» contents. Inhibitors were added 1 day prior to endophytic fungus AL12 inoculation or exogenous
signal donor application. Controls were established using equal sized potato dextrose agar disks. Values are the means of three independent experiments + SD. Bars
with different lowercase letters (e.g., a, b, ¢; &, b/, ¢’; a”, b”, ¢”) are significantly different (P < 0.05). (B) Dependence of H, O, -induced sesquiterpencids
accumulation on ethylene in Atractylodes lancea plantlets. Thirty-day-old plantlets treated with 0.1 mM ACC, 15 mM HoO», 1 mM AOA, and 5.25 m Kat L—1 CAT
were harvested 15 days later to determine the sesquiterpenoids, ethylene and H, O, contents. Inhibitors were added 1 day prior to exogenous signal donor
application. Controls were established using equal volume of double distilled water. Values are the means of three independent experiments + SD. Bars with different
lowercase letters (e.g., a, b, ¢c; &, b/, ¢; a”, b”, ¢”) are significantly different (P < 0.05).

whereas AOA did not affect AL12-triggered H,O, generation
(Figure 4A). This result suggested that the ET and H,O,
signaling pathway were connected, and that ET might act
as a downstream signal in H;O,-mediated sesquiterpenoids
accumulation induced by ALI2. The data showing that the
application of exogenous ACC and H,O; could reverse the

suppression of AL12-induced sesquiterpenoids production by
AOA and CAT further confirmed our results (Figure 4A).

To investigate if exogenous ET also acted as a downstream
signal in H,O,-mediated sesquiterpenoids accumulation,
the effects of exogenous ACC, H;0;, AOA, and CAT on
the accumulation of sesquiterpenoids, ET and H,O, were
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determined. Figure 4B showed that both exogenous ACC and
H,0; could significantly induce sesquiterpenoids accumulation
in A. lancea. The increased sesquiterpenoids accumulation
triggered by H,O, was partly suppressed by AOA; whereas
the increased sesquiterpenoids accumulation triggered by ACC
was not affected by CAT (Figure 4B). In addition, exogenous
H,0, could trigger ET generation; whereas exogenous ACC
did not affect H,O, production (Figure 4B). And, exogenous
AOA or CAT itself had no adverse effect on the accumulation
of sesquiterpenoids, ET and H,O, in the A. lancea plantlets
compared to the control (Figure4B). These results further
demonstrated that ET acted as a downstream signal in H,O,-
mediated sesquiterpenoids accumulation induced by ALI2.
And, AOA could not completely abolish H;O;-induced
sesquiterpenoids accumulation (Figure 4B), suggesting that
H,0; was not the sole upstream signal of ET.

Ethylene Acts as a Downstream Signal of

NO
NO specific scavenge cPTIO and exogenous NO donor SNP

were applied in this work. Figure5A showed that both
AOA and cPTIO could significantly suppress AL12-induced
sesquiterpenoids accumulation in A. lancea. NO specific scavenge
cPTIO can strongly suppress AL12-induced ET generation;
whereas AOA did not affect AL12-triggered NO generation
(Figure 5A). This result suggested that the ET and NO signaling
pathway were connected, and that ET might act as a downstream
signal in NO-mediated sesquiterpenoids accumulation induced
by AL12. The data showing that the application of exogenous
ACC and SNP could reverse the suppression of AL12-induced

sesquiterpenoids production by AOA and cPTIO further
confirmed our results (Figure 5A).

To investigate if exogenous ET also acted as a downstream
signal in NO-mediated sesquiterpenoids accumulation, the
effects of exogenous ACC, SNP, AOA, and cPTIO on the
accumulation of sesquiterpenoids, ET and NO were determined.
Figure 5B showed that both exogenous ACC and SNP could
significantly induce sesquiterpenoids accumulation in A. lancea.
The increased sesquiterpenoids accumulation triggered by
SNP was partly suppressed by AOA; whereas the increased
sesquiterpenoids accumulation triggered by ACC was not
affected by cPTIO (Figure5B). In addition, exogenous SNP
could trigger ET generation; whereas exogenous ACC did not
affect NO production (Figure 5B). And, exogenous AOA or
cPTIO itself had no adverse effect on the accumulation of
sesquiterpenoids, ET and NO in the A. lancea plantlets compared
to the control (Figure 5B). These results further demonstrated
that ET acted as a downstream signal in NO-mediated
sesquiterpenoids accumulation induced by AL12. And, AOA
could not completely abolish SNP-induced sesquiterpenoids
accumulation (Figure 5B), suggesting that NO was not the sole
upstream signal of ET.

Contributions of Five Signals in
AL12-Induced Sesquiterpenoids

Accumulation

The endophytic fungus AL12 induced sesquiterpenoids
accumulation of the A. lancea plantlets through multiple signals.
Here, we compared the contributions of ET, JA, SA, H,O,, and
NO signals in AL12-induced sesquiterpenoids in A. lancea.
As shown by Figure 6A, AOA, IBU, PAC, CAT, and cPTIO
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FIGURE 5 | (A) Interaction between ethylene and NO signaling pathways for endophytic fungus AL12-induced sesquiterpenoids accumulation in Atractylodes lancea
plantlets. Thirty-day-old plantlets treated with 5-mm AL12 mycelial disks, 1 mM AOA, 1.25 mM cPTIO, 0.1 mM ACC, and 5 mM SNP were harvested after 15 days to
determine the sesquiterpenoids, ethylene and NO contents. Inhibitors were added 1 day prior to endophytic fungus AL12 inoculation or exogenous signal donor
application. Controls were established using equal sized potato dextrose agar disks. Values are the means of three independent experiments + SD. Bars with different
lowercase letters (e.g., a, b, c; &, b, ¢/; &7, b”, ¢”) are significantly different (P < 0.05). (B) Dependence of NO-induced sesquiterpenoids accumulation on ethylene in
Atractylodes lancea plantlets. Thirty-day-old plantlets treated with 0.1 mM ACC, 5 mM SNP, 1 mM AOA, and 1.25 mM cPTIO were harvested 15 days later to
determine the sesquiterpenoids, ethylene and NO contents. Inhibitors were added 1 day prior to exogenous signal donor application. Controls were established using
equal volume of double distilled water. Values are the means of three independent experiments + SD. Bars with different lowercase letters (e.g., a, b, ¢; &, b/, ¢/; a”,
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FIGURE 6 | (A) Contributions of five signals in endophytic fungus AL12-induced sesquiterpenoids accumulation in Atractylodes lancea plantlets. Thirty-day-old
plantlets treated with 5-mm AL12 mycelial disks, 1 mM AOA, 1 mM IBU, 3 mM PAC, 5.25 m Kat L1 CAT and 1.25 mM cPTIO were harvested after 15 days to
determine the sesquiterpenoids content. Inhibitors were added 1 day prior to endophytic fungus AL12 inoculation. Controls were established using equal sized potato
dextrose agar disks. Values are the means of three independent experiments + SD. Bars with different lowercase letters (e.g., a, b, c) are significantly different (P <
0.05). (B) Comparison of five exogenous signal donor. Thirty-day-old plantlets treated with 5-mm AL12 mycelial disks, 0.1 mM ACC, 1 mM JA, 2 mM SA, 15 mM
Ho0Oo, and 5 mM SNP were harvested after 15 days to determine the sesquiterpenoids content. Controls were established using equal volume of double distilled
water. Values are the means of three independent experiments & SD. Bars with different lowercase letters (e.g., a, b, c) are significantly different (P < 0.05).

all significantly suppressed ALI2-induced sesquiterpenoids
accumulation. And the inhibition effect of cPTIO, CAT, and
AOA on sesquiterpenoids accumulation were stronger than
other inhibitors (Figure 6A), indicating that ET, H,O,, and
NO signaling acted as three main pathways in AL12-induced
sesquiterpenoids accumulation. Further, we compared the
contributions of exogenous ACC, JA, SA, H;0,, and SNP
on sesquiterpenoids accumulation. As shown by Figure 6B,
exogenous ACC, JA, SA, H,O,, and SNP significantly induced
sesquiterpenoids accumulation, and the induction effect of SNP
was strongest.

Comparison of Signaling Pathways
Involved in Sesquiterpenoids Biosynthesis
Induced by Different Endophytes

Based on our previous results, we summarized the signaling
pathways induced by the endophytic fungi and the endophytic
bacteria (Wang et al, 2011, 2015a; Ren and Dai, 2012, 2013;
Ren et al, 2013). As shown by Figure7, the endophytic
fungus AL12 induced sesquiterpenoids biosynthesis through
NO, H,0,, ET, SA, JA, brassinosteroid (BR), and calcium
(Ca*") signals; whereas the endophytic bacteria ALEB16 induced
sesquiterpenoids biosynthesis through abscisic acid (ABA) and
SA signals. Therefore, sesquiterpenoids biosynthesis of A. lancea
triggered by different endophytes may not be the same.

DISCUSSION

Plant secondary metabolites plays an important role in plant
defense system, and the accumulation of active compounds is
regulated by cross-talking signaling cascades (Jacobo-Veldzquez
et al, 2015). This study showed that ET was involved

in the signaling pathway for AL12-induced sesquiterpenoids
accumulation of the A. lancea plantlets (Figure 1). Some reports
indicated that ET may be a common signal that can be used to
induce the biosynthesis of diverse secondary metabolites (Zhao
et al., 2004; Arimura et al, 2007; Liu et al., 2012; Rahimi
et al., 2015). As shown by Figures 6A,B, ET and NO signaling
acted as two main pathways in AL12-induced sesquiterpenoids
accumulation. Ethephon, an agricultural plant ripening agent,
can produce ethylene when dissolves in water, and is very cheap
and easy to purchase (Navet et al, 2003; Ban et al., 2007).
Ethephon may be used as a signal in inducing the biosynthesis
of secondary metabolites in medicinal plants. The application
of ethephon will promote the development of medicinal plants
industry, and will help to solve the problems of medicinal plants
quality.

Different signaling pathways act synergistically or
antagonistically, providing a powerful regulatory system for
plants adapting to various environmental signals (Verhage
et al, 2010). Intriguingly, ET interacts with more than one
signal in plants. Typically, JA/ET signaling mediates plants
resistance against necrotrophic pathogens, and JA and ET
signaling interacts synergistically or antagonistically (Verhage
et al., 2010). It has been reported that ET and JA signaling
interacted in yeast elicitor induction of B-thujaplicin, with JA
signaling acting as a main control and ET as a fine modulator
(Zhao et al,, 2004). Another study shows that ET and JA played
a positive role in the biosynthesis of a tetraterpenoid, lycopene,
in tomato fruits, with JA functioning independently of ET (Liu
etal., 2012). In this study, we investigate the possible relationship
between ET and JA signaling. As suggested by Figure2, ET
acted as the sole upstream signal of AL12-induced JA generation
and sesquiterpenoids production in the A. lancea plantlets.
Our previous study has shown that JA has a complementary
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biosynthesis through abscisic acid (ABA) and SA signaling pathways.

interaction with the SA signaling pathway in AL12 induction of
sesquiterpenoids (Ren and Dai, 2012). Therefore, we investigate
the possible relationship between ET and SA signaling in this
study. As indicated by Figure 3, ET acted as an upstream signal of
AL12-induced SA generation and sesquiterpenoids production
in the A. lancea plantlets. Therefore, ET, JA, and SA signaling
interacted in AL12 induction of sesquiterpenoids accumulation,
with ET is the upstream signal of JA and SA (Figures2, 3),
and JA has a complementary interaction with the SA signaling
(Ren and Dai, 2012). It has been reviewed that ET, JA, and,
SA are three endogenous plant signaling molecules involved in
plant immunity (Verhage et al., 2010). It has been reported that
volatiles compounds from the rhizobacterium Bacillus subtilis
GBO03 up-regulate several genes related to ET biosynthesis and
response, JA response, and SA response in Arabidopsis (Kwon
etal., 2010). Here, we speculate that the SA, JA, and ET signaling
pathways maybe utilized and/or modulated in different ways in
different plant species.

ET interacts with other signals such as NO and H,O;. It
has been reported that wound-induced accumulation of plant
secondary metabolites is mediated by reactive oxygen species
(ROS), ET and JA, whereas ET and JA are essential to modulate
reactive oxygen species ROS levels (Jacobo-Veldzquez et al.,
2015). Our previous studies have revealed that NO acted as an
upstream signal of H,O; and SA, H,O, regulated SA production
(Wang et al,, 2011), and JA acted as a downstream signal of NO
and H,O; (Ren and Dai, 2012). As shown by Figures 2, 3, ET is
the upstream signal of JA and SA. In this study, we investigate
the possible relationship between ET and H,O; or NO signaling.
As indicated by Figures 4, 5, ET acted as a downstream signal
in NO- and H;O;-mediated sesquiterpenoids accumulation
induced by AL12. To summarize, ET is the upstream signal of

JA and SA (Figures 2, 3), and the downstream signal of NO
and H,O, (Figures 4, 5), showing that ET acted as an important
signal mediating AL12-induced sesquiterpenoids accumulation.

Multiple signaling pathways connected and mediated plant
defense-related genes expression, and also induced secondary
metabolites biosynthesis. As shown by Figure7, signaling
pathways induced by the endophytic fungi and the endophytic
bacteria mediating sesquiterpenoids biosynthesis of A. lancea
are of some differences. It has reported that Arabidopsis
thaliana MYC2, a basic helix-loop-helix transcription factor,
could directly bind to promoters of the sesquiterpene synthase
genes TPS21 and TPS11, thus activating their expression (Hong
et al,, 2012). Exogenous gibberellin and JA could induce MYC2,
thus activating the expression of TPS21 and TPSI1 (Hong
et al.,, 2012). The activation of TPS21 and TPSI1 induced the
emission of sesquiterpene, especially (E)-B-caryophyllene (Hong
et al., 2012). Since multiple signaling pathways were induced by
the endophytic fungus, is there one or one class of common
targets? And, proteomics, transcriptomics, and other advanced
technologies are required to be employed to study the cross-
talk between multiple signaling pathways, which will help to
understand their roles in promoting the biosynthesis of the
secondary metabolites.

Cultivated plantlets of A. lancea are of relatively low survival
ratio and sesquiterpenoids content (Zhou et al., 2014, 2015). Our
previous studies showed that AL12 can promote plant growth,
induce secondary metabolites accumulation, and enhance plant
defense responses in the plantlets of A. lancea (Wang et al.,
2012). Several studies have reported that ethylene could increase
cell expansion, stimulate internode expansion, improve seed
germination, stimulate fruit ripening, and help plants resisting
against various stresses such as Pseudomonas syringae, high salt,
heavy metal, flooding, and drought (Arc et al., 2013; Steffens,
2014; Arraes et al., 2015; Bakshi et al., 2015; Guan et al., 2015; Wei
et al,, 2015). It has been reviewed that, ethylene, JA, and SA are
three key signals mediating plant defense against microbial attack
(Kunkel and Brooks, 2002). Therefore, we speculate that ethylene,
JA, SA and other signals induced by the endophytic fungus
AL12 help A. lancea resisting adverse environmental factors,
promote plant growth, and also induce secondary metabolites
biosynthesis. It also indicated that endophytes are of potential
application value in cultivating of medicinal plants.

Many medicinal plants contain active secondary metabolites
(such as terpenes, flavones, and alkaloids), and are an important
source of modern drugs (Wangchuk and Tobgay, 2015). You-
You Tu, the mother of artemisinin, was awarded Nobel
Prize in medicine in 2015. The development of traditional
medicinal plants gradually becomes a hot issue, and endophytes-
medicinal plants interactions will receive much attention.
Sesquiterpenoids are the main medicinal compounds in A.
lancea (Wang et al., 2008). Several endophytes, such as
Gilmaniella sp. AL12, Acinetobacter sp. ALEB16, and ALEB7B,
can establish symbiotic relationships with A. lancea, and also
greatly promote sesquiterpenoids accumulation in the herb
(Wang et al, 2012, 2015a; Zhou et al, 2015), indicating
that these endophytes are of potential application value in
guaranteeing the quality of medicinal materials. In recent
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years, A. lancea-endophytes interactions gradually become one
model of medicinal plants-endophytes interactions (Wang et al.,
2011, 2012, 2015a,b; Ren and Dai, 2012, 2013; Ren et al.,
2013; Yang et al, 2013, 2014; Zhou et al, 2014, 2015), and
provides a theoretical reference for the biosynthesis of other
medicinal compounds. In this work, plant materials of A.
lancea obtained from plant tissue culture were sterile, and
were appropriate for investigating the effect of one specific
factor on plant materials without the distraction of other
factors. Plant tissue culture will help to study the effects
of endophytes on plants, thus helping to understand plant-
endophyte interactions.

CONCLUSIONS

In summary, this study showed that ethylene is an upstream
signal of JA and SA, and a downstream signal of NO
and H;0,, and acts as an important signal mediating
AL12-induced sesquiterpenoids accumulation. And, signaling
pathways induced by the endophytic fungi and the endophytic
bacteria mediating sesquiterpenoids biosynthesis of A. lancea are
of some differences. This study comprehensively demonstrates
the signaling pathways of sesquiterpenoids biosynthesis, and
provides a theoretical basis for the industrialization of active
compounds in A. lancea.
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