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Abstract

Methyl jasmonate (MeJA) is a chemical elicitor that induces a series of defensive responses in plants and has been widely
used to simulate pathogens and herbivore attacks for several decades. This study aimed to determine the effect of exogenous
MelJA on one-year-old Populus deltoids 895 seedlings. MeJA solution (10uM) was sprayed on the leaves, and the activities of
sugar, free amino acid, four defensive enzymes, tannin, flavone, phenolic acid and volatile compounds were examined at
different time periods. Sugar, free amino acid, and protein contents decreased to some extent regardless of the type of treatment
(direct MeJA-treated leaves or indirect contralateral non-MeJA-treated leaves), whereas tannin, flavone, and phenolic acid
increased. PPO, LOX, TI, and CI were activated by the treatment. MeJA also affected emissions of the leaf volatiles. These
results indicate that MeJA could generate or trigger defensive responses by P. deltoids seedlings. This study provided basic
information as reference for further studies on defoliators performance after feeding on MeJA-treated poplar leaves.
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Introduction

Plants have developed complex defensive mechanisms
involving direct and indirect strategies to survive biotic and
abiotic environmental stresses (Walters & Heil, 2007;
Champigny & Cameron, 2009; Feng et al., 2012b; Martin
et al.,, 2012). Direct plant defense requires altering the
palatability and/or toxicity of leaf tissues to prevent
herbivores from feeding on plants (Agrawal, 1999; Graves
et al., 2008; Simons et al., 2008). In contrast, indirect plant
defense involves attracting predators and parasitoids of
herbivores by emitting special volatile signal substances
immediately after an attack (Kessler & Baldwin, 2001;
Degenhardt et al., 2003; Williams et al., 2008). Both
strategies are inducible in the presence of potent elicitors or
signaling agents.

Jasmonic acid (JA) and its volatile derivative, methyl
ester methyl jasmonate (MeJA) have been proven as
effective elicitors that generate defensive responses by
coordinating plant growth, resistance, and senescence
(Creelman & Mullet, 1997; Rohwer & Erwin, 2008). JA
and MeJA are involved in signal transduction via the
jasmonate signaling pathway. However, these compounds
interact with other elicitors such as ethylene, salicylic acid
and nitric oxide (Zhao et al., 2005). A phosphorylation
cascade is triggered when plants are infected with
pathogens, wounded, or attacked by insects, thereby
leading to JA biosynthesis (Carvalhais et al., 2013). The
JA signal is detected by receptors and JA-responsive
genes become activated and expressed, thereby producing
physical and chemical barriers against pathogens or
herbivores, but this reaction leads to growth reduction
(Walters & Heil, 2007; Kazan & Manners, 2008) and
down-regulation of primary metabolism (Hermsmeier et
al., 2001). At high volatility, MeJA is free to move from
the plant stomata to the inner part of the cytoplasm and
becomes hydrolyzed to form JA as catalyzed by esterase,
suggesting their potential function in interplant
communication (Farmer & Ryan, 1990; Karban &
Baldwin, 1997; Farmer, 2001).

Many researchers have investigated induced
defensive responses by treating plants with exogenous MJ
and MeJA to simulate pathogen and herbivorous insect
attack (Maksymiec & Krupa, 2007; Feng et al., 2012b;
Carvalhais et al., 2013). Heil (2004) found that MeJA-
elicited response is more generalized than the damage
caused by any specific herbivore. When applied on
conifers, MeJA increases chemical defense, induces the
formation of traumatic resin ducts, accelerates resin flow,
and stimulates continuous accumulation of terpenoids
(Zeneli et al., 2006). MeJA stimulates defense-associated
proteins when sprayed on broad-leaved plants such as
tobacco, soybean, corn, grapevine, radish, sweet pepper,
tomato, water spinach, and others (Wu et al., 2008;
Anjum et al., 2011; Tan et al., 2011; Feng et al., 2012b).
MelJA can also mediate plant responses to drought stress
(Anjum et al., 2011), cadmium damage (Keramat et al.,
2010), and cold injury (Jin et al., 2009a; Jin et al., 2009b).

Poplar trees (Populus spp.) are economically
important and widely planted worldwide, and are often
seriously attacked by various defoliators (Coyle et al.,
2003; Zhang et al., 2005; Rashmi et al., 2011). This
study aimed to determine if MeJA induces defensive
reactions in poplar seedlings. In this study, the leaves of
Populus deltoides 895, one of the most commonly
planted poplar tree species in China, was sprayed with
10uM MeJA. The responses affecting trade-offs in
poplar were also determined. Three components of the
leaves were examined: (1) Essential nutrients including
sugars, amino acids, and proteins, along with three
secondary metabolites (tannin, flavone, and phenolic
acid) were analyzed to investigate the mechanism by
which MeJA induces plant resistance for the purpose of
breeding resistant cultivars in the future, (2) Defense
enzymes, including polyphenol oxidase (PPO),
lipoxygenase (LOX), trypsin inhibitor (TI), and
chymotrypsin inhibitor (CI), were determined to assess
the relationship between defensive enzymes and
secondary metabolites, (3) Volatile compounds from
both healthy and MeJA-treated leaves were analyzed by
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headspace solid-phase microextraction (HS-SPME)
combined with gas chromatography-mass spectrometry
(GC-MS) to clarify the effect of MeJA application on
poplar volatile terpenoids.

Materials and Methods

Plant materials: P. deltoids 895 seedlings (1 year old)
were obtained from Jurong Forest Farm in Zhenjiang City
(31°57'N, 119°10'E), Jiangsu Province, P. R. China in
March 2012. The seedlings were cut into smaller stems
with sizes ranging from 20cm to 30cm and then soaked in
water for 2 to 3 d. The stems were planted individually in
plastic pots (28cm in diameter, 40cm height) with orchard
soil and grown under natural light. The cutting seedlings
were watered every day and weeded when necessary.

MeJA treatments and material collection: MeJA
solution (10uM) was freshly prepared using distilled
water. Once the cutting seedlings reached a height of
50cm, 100mL of MeJA solution was successively sprayed
twice on the leaves, with the second spray made just after
the initial spray was totally absorbed. The same volume of
distilled water was applied on the control leaves. The
leaves on a MeJA-treated branch and those on a
contralateral non-MeJA-treated branch of the same plant
were collected and analyzed in the laboratory.

Chemical analyses: The leaves were detached from the
branches after being treated with MeJA or distilled water
for 4, 12, 24, 48, and 72 h. The leaves were then cleaned
with distilled water and naturally air dried. Afterward, the
leaves were dried in an oven for 12h at 50°C. The dried
leaves were ground using a pulverizer. The leaf powders
leaves were then passed through a 60-mesh sieve. The
screened powders were collected in a conical flask, sealed
with parafilm, and set aside in a shaded area. The same
procedure was performed on leaves from the control
group. Three important nutrients (sugars, amino acids,
and proteins) and three kinds of secondary metabolites
(tannin, flavone, and phenolic acid) were quantified.

Sugar: To construct a standard curve to assess total sugar,
the anthrone colorimetric method was used following
Edwards et al. (2011). Pure analytical glucose was dried at
80°C until a constant weight was obtained. Afterward, 1g
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of dried pure glucose was transferred to a 100mL
volumetric flask and dissolved in distilled water.
Concentrated sulfuric acid (0.5mL) and water were added
to form a volume of 100 mL. Eleven graduated test tubes
were successively numbered 0 to 10, and the added
reagents are listed in Table 1. After the contents were fully
mixed, the tube was incubated in boiling water for 1 min
and then cooled to room temperature. The optical density
(OD) value at a wavelength of 630 nm was measured using
a blank sample as contrast. Based on the obtained results, a
standard curve for the total sugar was plotted, in which the
sugar contents were placed on the horizontal axis and
ODg3p values were placed on the vertical axis. Afterward,
0.1 g of poplar foliar powder was placed in a test tube.
Distilled water (10 mL) was added, sealed with plastic film,
and bathed in boiling water twice (each for 30 min). The
solution was filtered and placed in a 25 mL volumetric
flask; the tube and the residue were rinsed three times.
Distilled water was then added to obtain a constant volume,
thereby producing the extracting solution. The extracting
solution (0.5 mL) was transferred to 20 mL graduated test
tubes, and 1.5mL of distilled water was added. The
following procedure was the same as that of drawing the
standard curve.

Free amino acid: The ninhydrin  method
(Chutipongtanate, 2012) was used to draw a standard
curve for the assessment of free amino acids. The reagents
listed in Table 2 were added to six 20mL test tubes and
mixed. The tube was shaken well, sealed with plastic film,
and bathed in boiling water for 15 min. Then the tube was
removed from the water bath and cooled rapidly in cold
water with frequent agitation to facilitate oxidation, in
which the color of the mixture changed from red to blue.
Ethanol (60%) was added to a final volume of 20mL. OD
value at a wavelength of 570nm was measured and a
standard curve for the total free amino acid was illustrated
based on the obtained result. Poplar foliar powder (0.5 g)
was weighed and placed in a 100 mL volumetric flask.
Acetic acid (5 mL of 50% solution) was added and mixed
with distilled water to obtain a constant volume. The
filtrate (1 mL) was transferred to a drying tube (20 mL )
with 1.0 mL of ammonia-free distilled water. The
remaining procedure was the same as that of drawing the
standard curve. The free amino acid was estimated by
ODs7 values positioned on the standard curve.

Table 1. Reagents used to establish a standard curve to assess total sugar.

Tube number 0 1,2 3,4 5,6 7,8 9,10
100 pugL™" glucose (mL) 0 0.2 0.4 0.6 0.8 1
Distilled water (mL) 2 1.8 1.6 1.4 1.2 1
Anthrone ethyl acetate (mL) 0.5 0.5 0.5 0.5 0.5 0.5
Concentrated sulfuric acid (mL) 5 5 5 5 5 5
Total glucose (ug) 0 20 40 60 80 100
Table 2. Reagents used to establish a standard curve for free amino acid assessment.

Tube number 1 2 3 4 5 6
Standard amino acid solution (mL) 0 0.2 0.4 0.6 0.8 1
Distilled water without ammonia (mL) 2 1.8 1.6 1.4 1.2 1
Ninhydrin (mL) 3 3 3 3 3 3
Ascorbic acid (mL) 0.1 0.1 0.1 0.1 0.1 0.1
Nitrogen content of each tube (ug) 0 1 2 3 4 5
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Table 3. Reagents used to establish a standard curve for protein assessment.

Tube number 1
BSA standard (mL) 0 0.2
Samples (mL) -
Distilled Water (mL) 3
Coomassie brilliant blue G250 (mL) 0.1 0.1
Concentration (ug'mL™ ) 0 20

3 4 5 6 7
0.4 0.6 0.8

- - - - 0.1
3 3 3 3 0.9
0.1 0.1 0.1 0.1

40 60 80 100

Table 4. Reagents used to establish a standard curve for tannin assessment.

Tube number 0
Tannic acid solution (mL)

Methanol (mL)

4% vanillin methanol solution (mL)
Concentrated hydrochloric acid (mL)

S = NN O

Standard content (mg)

1 2 3 4
0.5 1 1.5 2
1.5 1 0.5 0

2 2 2 2

1 1
0.5 1 1.5 2

Protein: The method of Coomassie brilliant blue G250
was performed according to Liang & Li (2011) to draw a
protein standard curve. The reagents were prepared in
advance. BSA standard solution had a concentration of
100pg'mL™". Coomassie brilliant blue G250 was prepared
using ethanol and o-phosphoric acid. To draw a standard
curve, the reagents listed in Table 3 were combined and
mixed well for 2 min. ODs9s was then obtained to draw a
standard curve. Afterward, 0.04g of foliar powder was
grounded in a mortar and a homogenate was made by
adding distilled water. Supernatant (0.1 mL) and
Coomassie brilliant blue G250 (5 mL) were used to
determine ODsgs. The protein was estimated at ODsgs
positioned on the standard curve.

Tannin: The vanillin colorimetric method of Karamac
& Pegg (2009) was used to construct a standard curve
for tannin. The standard solution was initially prepared
by dissolving 100mg of tannic acid in 100mL of
methanol. The reagents (Table 4) were added to five test
tubes (10mL) numbered O to 4. The samples were
incubated in a water bath at 30°C for 20min, cooled, and
tested for ODs;o. A standard curve for tannin was plotted
with ODsjo on the horizontal axis against the quality in
mg on the vertical axis. Foliar powder (0.5 g) was
dissolved in methanol (50mL) and centrifuged.
Afterward, 2.0 mL of supernatant was used to determine
ODs, according as above.

Flavone: An ethanol extraction method was used to plot a
standard curve by preparing rutin standard solutions (0.01
mg‘mL’l; 0,1, 3,5, 10, and 15 mL) and measuring OD .
Foliar powder (0.5 g) was immersed 70% ethanol (50 mL)
overnight and bathed in boiling water for 10 min the next
day. The resulting mixture was cooled, filtered, and
extracted by adding distilled water to reach a final volume
of 50 mL. Then 1mL of extracting solution was
transferred to a test tube containing 1% AICl; (9 mL). The
mixture was allowed to stand for 10 min before ODyy
was determined.

Phenolic acid: The ferric trichloride-potassium ferricyanide
colorimetric method was used to determine the amount of
phenolic acid. Protocatechuic acid (2 mg) was weighed,
dissolved in absolute ethanol, and diluted to obtain a final
volume of 50 mL. Different volumes (1, 2, 3, 4, and 5 mL)
of 20.8 pgmL™ of protocatechuic acid solution were
prepared. Absolute ethanol (5 mL), sodium dodecyl sulfate
(SDS; 2mL of 0.3%), 0.06% ferric trichloride -0.9%
potassium ferricyanide (1 mL) were added to each solution.
The solution was placed in the dark for 5 min. Hydrochloric
acid (0.1 mol'L™") was added and the resulting mixture was
maintained in the dark for 20 min. OD5,, was examined and
the standard curve was plotted in which the concentration
was placed on the horizontal axis against OD7y on the
vertical axis. Afterward, 30mL of absolute ethanol was
added to 0.1g of foliar powder and placed in an ultrasonic
bath for 30min. The mixture was transferred to a 50mL
volumetric flask and diluted with absolute ethanol. The
second filtrate (1 mL) was collected to determine OD7y.

Enzyme activity: The leaves were detached from the
branches after MeJA or distilled water was applied for 4,
12, 24, 48, and 72 h. These leaves were placed in an ice
cooler immediately after they were separated from the
branches, and they were stored at —20°C in the laborator
before further analyses. Four enzymes (PPO, LOX, TI,
and CI) were analyzed.

PPO: The method described by Bogdanovic et al. (2007)
was modified and used to measure PPO. Poplar leaves
(0.25 g), polyvinylpyrrolidone (PVP; 0.3g), and quartz
sand (0.2g) were ground and added to pre-cooled citric
acid buffer (pH 5.6) to produce homogenate and then
placed in a refrigerator at 4°C for 12 h of extraction. After
filtration and centrifugation at 4000 rpm for 15min, the
supernatant was used as a substrate. The substrate (1 mL)
and a mixed solution (3mL) containing 0.1 M citric acid
buffer (pH 5.6)/0.1% proline/1% pyrocatechol (10:2:3)
were incubated at 37°C in a water bath for 10min.
Afterward, 3mL of 1 N metaphosphoric acid was added.
ODy¢ was examined with a blank contrast by using
pyrocatechol for substitution.
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LOX: Linoleic acid (0.2 mL) was added dropwise to a
mixture of 0.2mL of Tween and 20.4mL of borate buffer
(pH 9.0). Then 0.6mL of 1 N NaOH and 36 mL of borate
buffer were mixed. Distilled water was added to the
system to obtain a final volume of 80 mL and adjusted to
pH 6.5 using hydrochloric acid, which was considered as
a substrate. Preserved leaves (0.25g) at —20°C were
placed in 1.5mL of phosphate buffer (pH 8.04), ground
with liquid nitrogen, and centrifuged at 4000 rpm for 20
min. The supernatant was used for LOX activity by
modifying the method described by Surrey (1964). In
brief, 1 mL of the substrate and 0.5mL of the supernatant
were mixed, shaken, and maintained in flowing oxygen
for 10 min. Absolute ethanol (0.4 mL) was added to the
mixture (0.2 mL) and diluted with 60% ethanol to obtain
a final volume of 10 mL. The final mixture was used to
determine OD,34.

TI: Tris (0.3025 g) was dissolved in distilled water to
obtain a final solution of SOmL. HCI (0.225mL) was also
diluted to obtain a final volume of 50 mL. Afterward,
50mL of Tris solution, 34.5 mL of HCI solution, and
0.222g of CaCl, were mixed and distilled water was
added to obtain a total volume of 100 mL. This mixture
was considered as the extraction solution. Tripsin (0.8 g)
was dissolved in 0.05 M Tris-HCI buffer (pH 7.8) to a
final volume of 100 mL. BAEE (0.03428 g) was
dissolved and the same buffer was added to obtain a final
volume of 100 mL. Poplar leaves (1 g) were ground to a
powder in liquid nitrogen with quartz sand. The extraction
solution (6 mL) was added and ground in an ice bath.
After the resulting mixture was centrifuged at 12,000rpm
at 4°C for 10min, the supernatant was considered as TI
crude extract and stored at 4°C. Then 100puL of tripsin
solution and 20uL of inhibitor extract were stored in a
water bath at 25°C for 60 min. BAEE (2.9 mL) was added
and the solution was placed in a quartz cuvette and
allowed to stand for 1 min. OD,ss was determined using
an ultraviolet spectrophotometer. The value was recorded
five times at an interval of 60s. Tripsin inhibitory capacity
(TIC) was calculated as follows:

Ejse
0.01 x VxEw

TIC =

where E,sq is the variation value of OD,s¢ in every minute;
0.01 is the variation value of OD,ss in every minute; V is
the total volume of the system solution (mL); and Ew is
the enzyme content of the tripsin solution.

CI: The extraction solution was prepared by dissolving 7
g of PVP, 0.0256g of phenylthiourea, 0.222g of CaCl,,
and 0.0072g of Vc. Tris-HCI buffer (0.05 M, pH 8.0) was
added to obtain a final volume of 100 mL. Chymotrypsin
(0.01851g) was dissolved in the same buffer to obtain a
final volume of 100 mL. Phosphate buffer (pH 8.0) was
prepared. The buffer was mixed with 40% methanol at a
ratio of 1:1, to prepare a substrate solvent. The substrate
was prepared by dissolving 0.01617g of BTEE in 100 mL
of the substrate solvent. Poplar leaves (0.5 g) were ground
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in liquid nitrogen, added to 6mL of extraction solution,
and ground in an ice bath. After the mixture was
centrifuged at 12,000rpm at 4°C for 10 min, the
supernatant was taken as the CI crude extract.
Chymotrypsin solution (50uL) and 80uL of CI crude
extract were mixed and incubated in a water bath at 25°C
for 20min. The mixture (100uL) and the BTEE substrate
(2.9mL) were transferred to a quartz cuvette and left
standing for 1min. OD,s; was determined using an
ultraviolet spectrophotometer. OD,s; was recorded five
times at an interval of 60s. Chymotrypsin inhibitory
capacity (CIC) was calculated as follows:

Eys3
0.964 x Vx Ew

CIC=

where E,s; is the variation in OD,s; in every minute;
0.964 is the absorbance of BTEE; V is the total volume of
the system solution (mL); and Ew is the enzyme content
of the chymotripsin solution.

Analysis of leaf volatiles: The leaves were removed from
seedling branches 36 h after MeJA or distilled water
treatment. The leaves were placed in an ice cooler
immediately after they were separated from the branches.
HS-SPME combined with GC-MS was performed for
analysis according to previously described methods (Feng
et al., 2012a; Lin et al., 2012; Papotti et al., 2012; Wang
etal., 2013).

SPME was performed using a fused silica fiber
coated with polydimethylsiloxane-divinylbenzene with a
thickness of 100 um (Supelco Co., Bellefonte, PA, USA).
The fiber was activated before sampling by introducing to
a GC-heated injector port at 250°C for 15 min. Powdered
fresh P. deltoides leaves (2 g) were placed in a 20mL
screw-cap vial hermetically sealed with PTFE/silicon
septum (Supelco, Bellefonte, PA, USA). The sample was
kept in a water bath at a constant temperature of 50°C for
20min. The SPME fiber was inserted into the vial and
exposed to the headspace during extraction for 25min.

The headspace poplar volatile compounds were
analyzed by a Finnigan trace DSQ GC-MS spectrometer
equipped with a DB-5MS (30 m x 0.25 mm i.d., 0.25um
film thickness) capillary column (Thermo Electron Co.,
USA). After sampling, the SPME fiber was immediately
withdrawn from the vial and inserted into the GC injector
(250°C) where the volatiles were thermally desorbed in
splitless mode. Helium was used as a carrier gas at a
constant column flow of 0.9mL/min. Injector and detector
temperatures were set at 250°C. The oven temperature
was programmed from 50°C for 2min, increased to 250°C
at a rate of 5°C/min, and held for 5 min. Transfer line and
ion source temperatures were set at 250°C. Electron
impact mass spectra were recorded at an ionization
voltage of 70eV and in scan mode (30-350amu).
Individual volatile compounds were identified by
comparing retention times and mass spectra with those of
authentic standards, the literature, and the NIST02
standard mass spectral database. The relative contents
were determined by area normalization.
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Statistical analysis: Data were generated and analyzed
three replicates. Statistical tests were performed in SPSS
16.0 for Windows (SPSS Inc., Chicago, USA). Graphical
presentation was prepared in Microsoft Excel 2007. The
one-sample t-test was used to examine the treatment
means of three replications. One-way ANOVA was
performed for treatments effect. Significant differences
among means were detected by Duncan’s test (p<0.05).

Results
Chemical changes induced by MeJA treatment

Sugar: Sugar content changed with time (Fig. la).
Initially, there were no significant differences among the
treatments and control. At 4 h after MeJA treatment, the
sugar content of both treatments and the control increased
by approximately 2% but were not significantly different
from the initial level. After 4 h, the sugar content of the
MeJA-treated and contralateral non-MeJA-treated leaves
started to decrease and at 24, 48, and 72 h, the sugar
contents of MeJA-treated group were significantly
different from that of the control (F = 4.908, P = 0.008; F
= 8.477, P = 0.001; F = 4.244, P = 0.013; respectively).
The MeJA-treated leaves decreased by 15.2%, 18.9%,
16.5%, and 21.9% at 12, 24, 48, and 72 h, respectively,
compared with the control group. The sugar contents of
the contralateral non-MeJA-treated leaves decreased by
11.5%, 20.4%, 11.4%, and 18.4%, at 12, 24, 48, and 72 h,
respectively. Sugar from contralateral non-MeJA-treated
leaves showed slightly less change than the leaves treated
directly with MeJA.

Free amino acid: As shown in Fig. 1(b), the amino acid
content of leaves treated with MeJA increased by 17.4%,
25.7%, 22.1%, and 3.8%, at 4, 12, 24, and 48 h after
treatment, respectively, compared to the control group. A
significant difference was observed at 4, 12, and 24 h (F=
5.518, P = 0.005; F = 3.519, P = 0.024; F = 3.264, P =
0.031; respectively). A slight increase was detected at 48
h but was not statistically significant (F = 0.5; P = 0.643).
At 72 h, the amino acid content had decreased by 4.4%,
not significantly less than that of the control group (F =
1.559; P = 0.194). In general, the amino acid content of
contralateral non-MeJA-treated leaves showed a similar
trend to that of MeJA-treated leaves. However, the
observed changes were less than those of the non-MeJA-
treated leaves, in which the amino acid contents increased
by 14.1, 3.9, 2.7, and 2.9% at 4, 12, 24, and 48 h,
respectively. A decrease of 10.1% at 72 h was observed.
Thus, the amino acid content increased in the first 48 h
and then decreased thereafter. Given that amino acids
participate in several metabolic pathways, variations in
their abundance may influence growth and resistance.

Protein: At 4 h after MeJA treatment, the protein
contents of MeJA-treated leaves and contralateral non-
MeJA-treated leaves decreased by 13.7 and 18.5%,
respectively, compared with control (Fig. lc). After
another 4 h, the protein contents of MeJA-treated leaves
increased by 12.5, 15.5, 8.8, and 19.8% compared to

control. The observed differences were significant at 24
and 72 h (F = 2.909, P = 0.044; F = 3.487, P = 0.025;
respectively). The protein content of the contralateral non-
MeJA-treated leaves also increased beginning at 12 h but
to a lesser extent than the MeJA-treated leaves. The
differences were not significant (F = 0.614; P = 0.573).

Tannin: At 4, 12, 24, 48, and 72 h following MeJA
application, the tannin content of the MeJA-treated leaves
increased by 21.3, 1.8, 7.2, 0.4, and 2.0%, respectively,
compared to control (Fig. 1d). The differences was
significant at 4 h (F = 3.661, P = 0.022). Tannin from the
contralateral non-MeJA-treated leaves increased by
15.2%, 1.6%, 8.7%, and 4.9% at 4, 12, 24, and 72 h,
respectively, compared to control. By contrast, tannin
decreased by 1.7% at 48 h.

Flavone: Figure 1 (e) shows the influence of exogenous
MeJA on flavone content. The flavone content of MeJA-
treated leaves increased following MeJA application by
17.8,17.3, 14.7, 11.6, and 7.9% compared to control at 4,
12, 24, 48, and 72 h, respectively. The differences were
significant at 12, 24, and 48 h (F = 14.934, p<0.001; F =
10.599, p<0.001; F = 3.063, P = 0.038; respectively). The
flavone contents of the contralateral non-MeJA-treated
leaves increased by 15.9, 9.5, and 7.7% at 4, 12, and 48 h,
respectively, although a significant difference was
detected only at 12 h (F =9.762, P = 0.001). At 48 h and
72 h, the flavone content decreased by 4.0% and 8.0%,
respectively, compared to the control.

Phenolic acid: The phenolic acid content of MeJA-
treated leaves showed an increasing trend after
application of MeJA (Fig. 1f). In particular, the phenolic
acid contents increased by 2.0, 4.9, 40.9, and 35.1% at 4,
12, 24, and 48 h, respectively. The peak phenolic acid
content was 10.82 mg-g”'. Significant differences were
observed at 24 and 48 h (F = 24.346, p<0.001; F =
12.448, p<0.001; respectively). The content decreased by
0.5% at 72 h with a slightly significant difference. The
phenolic acid content of contralateral non-MeJA-treated
leaves increased by 4.8,2.9, 11.3, 13.2, and 5.2% at 4, 12,
24,48, and 72 h, respectively.

Variation in enzymatic activities after MeJA treatment

PPO: Elevated levels of PPO activity were observed
from 4 h to 48 h, but then PPO activity declined starting
at 72 h (Fig. 2a). PPO activities of MeJA-treated leaves
were 31.4, 31.1, 6.7, and 1.7% higher than the untreated
control at 4, 12, 24, and 48 h, respectively. Significant
differences were observed at 12 and 24 h (F = 6.839, P =
0.002; F = 4.487, P = 0.011; respectively). The PPO
activities of the contralateral non-MeJA-treated leaves
were higher at 4 and 12 h (by 23.4 and 15.1%,
respectively) and significance was observed at 12h (F =
3.529, P = 0.024) than those of the untreated control
group. By contrast, the PPO activities of contralateral
non-MeJA-treated leaves began to decrease after 24 h
and reached the lowest level at 72 h.
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Fig. 1. Effect of MeJA application on six biochemical substances: three major nutrients, (a) sugars, (b) amino acids, and (C) proteins;
and three secondary metabolites, (d) tannin, (e) flavone, and (f) phenolic acid. Error bars represent average SE of three replications.
HL represents the leaves from healthy plants and considered the control treatment. ML represents the leaves from MeJA-treated
branch. CNML represents the leaves from the contralateral non-MeJA-treated branch.
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Fig. 2. Effect of MeJA application on four defense enzymes: (a) PPO, (b) LOX, (c) TI, and (d) CI. Error bars represent SE of means
(n=3). HL represents the leaves from a healthy plant and used as the control group. ML represents the leaves from MeJA-treated
branch. CNML represents the leaves from the contralateral non-MeJA-treated branch.

LOX: After MeJA was applied, LOX activity increased by
9.8, 19.2, 21.3, 0.9, and 16.2% compared to the untreated
control group at 4, 12, 24, 48, and 72 h, respectively (Fig.
2b). Significant differences were only observed at 72 h (F =
5.259, P = 0.006). In the contralateral non-MeJA-treated
leaves, LOX activities increased by 3.3, 7.9, 19.5, and
15.5% at 4, 12, 24, and 72 h, respectively, compared with
the untreated control group. Significant differences were
noted at 72 h (F = 3.096, P = 0.036). A surprise decrease of
5.1% occurred at 48 h.

TI: In response to exogenous MeJA, TI activity was
consistently higher than that of control (Fig. 2c). Both
MelJA-treated and contralateral non-MeJA-treated leaves
exhibited elevated TI activities. For the MeJA-treated
leaves, TI activities increased by 20, 58.1, 98.7, 47.7, and
42.9% above the control group at 4, 12, 24, 48, and 72 h,
respectively. Significant differences were observed at 4,
12, and 24 h (F =3.162, P =0.034; F = 4.651, P = 0.010;

F = 10.383, p<0.001; respectively). For the contralateral
non-MeJA-treated leaves, TI activities increased by 16,
57.1, 83.3, 66.2, and 17.1% above the control group at the
same observation times. Significant differences were
observed at 12, 24, and 48 h (F = 4.111, P = 0.015; F =
5.290, P =0.006; F =3.465, P = 0.026; respectively).

CI: The CI activity was observed a significant difference
at 4 h for the MeJA-treated leaves (F = 3.959, P = 0.017),
and at 12 h for the contralateral non-MeJA-treates leaves
(F =2.967, P =0.041), 79.8 and 32.0% above the control
group, respectively (Fig. 2d).

Influence of MeJA application on volatile compounds:
Thirty one volatile compounds were identified from
healthy and MeJA-treated poplar leaves (Figs. 3 and 4).
The volatiles were compared before and after MeJA
application, indicating that volatile composition was
affected by the treatment (Table 5).
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Fig. 3. Total ion chromatogram of volatiles from healthy poplar leaves.
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Fig. 4. Total ion chromatogram of volatiles from MeJA-treated poplar leaves.

Sixteen compounds were found in fresh, healthy P.
deltoides 895 leaves, including three alcohols, five
alkanes, four aldehydes, two ketones, two phenols, three
alkenes, one ester, and one acid. Fourteen volatiles,
including one alcohol, three alkanes, three aldehydes, one
ketone, two phenols, two alkenes, one ester, and one acid
were found in MeJA treated leaf tissue. After MeJA was
applied, several new volatiles were produced and
identified, and the relative quantities of the shared
compounds also changed. Four compounds were newly
produced after MeJA application, namely, geraniol,
pentadecane, propyl-cyclopentane and hexanal. Six
compounds disappeared in response to MeJA: phytol, 3,7-

dimethyl-2,6-octadien-1-ol, nonadecane, (E)-2-heptenal,
B-ionone, and caryophyllene. After exogenous MelJA
application, 10 compounds were preserved, although
changes in their percentage compositions were noted
before and after treatment. The compounds were
hexadecane, 2-hydroxy-benzaldehyde, 1,2-benzenediol,
eugenol, decahydro-4,8,8-trimethyl-9-methylene-1,4-
methanoazulene, and n-hexadecanoic acid. These
compounds increased by 16.67, 7.50, 8.08, 46.69, 7.78,
and 59.62%, respectively. The other four compounds,
namely, 2-hexenal, 2-cyclohexen-1-one, a-farnesene, and
isopropyl myristate decreased by 42.22, 29.92, 75.38, and
41.49%, respectively.
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Table 5. Comparison of foliar volatile compounds between healthy and MeJA-treated poplar leaves.
Molecular Relative contents/% .
No. | Compounds - Formula Variation
weight H | M
1.  hexanal 100 C¢H,,0 - 1.65 -
2. 2-hexenal 98 C¢H;0O 10.28 5.94 -42.22%
3. propyl-cyclopentane 112 CsHi6 - 0.81
4.  (E)-2-heptenal 112 C;H,,0 1.18 - -
5. 2-cyclohexen-1-one 96 C¢HgO 9.86 6.91 -29.92%
6. 2-hydroxy-benzaldehyde 122 C;H¢O, 54.29 58.36 7.50%
7.  1,2-benzenediol 110 CeHgO, 3.59 3.88 8.08%
8. geraniol 154 CoH 50 - 0.51
9. 3, 7-dimethyl-2, 6-octadien-1-ol 154 CioH;50 0.6 - -
10.  eugenol 164 Ci0H 2,0, 5.44 7.98 46.69%
1. decahydro-4, 8, 8-trimethyl-9-methylene- 204 CrsHa 0.9 097 778%
1, 4-methanoazulene
12.  caryophyllene 204 CisHyy 0.23 -
13.  B-ionone 192 C3H,00 04 - -
14. o-farnesene 204 CisHyy 0.65 0.16 -75.38%
15. pentadecane 212 CisHj, - 0.19 -
16. hexadecane 226 Ci6Hsq 0.24 0.28 16.67%
17. nonadecane 268 CioHyo 0.24 - -
18.  isopropyl myristate 270 C,7H340, 0.94 0.55 -41.49%
19. n-hexadecanoic acid 256 C6H3,0, 0.52 0.83 59.62%
20. phytOl 296 C20H400 0.37 - -

H represents volatiles released from healthy (untreated) poplar leaves; M represents volatiles released from MeJA-treated poplar leaves

Discussion

In this study, of P. deltoides 895 seedlings, especially
the changes in biochemicals and production of defensive
enzymes as well as volatiles, caused by directly spraying
exogenous MeJA on the leaves were studied in vivo.
Earlier studies (Walters & Heil, 2007; Gould et al., 2008;
Feng et al., 2012b) have shown that plant defense is
induced at the expense of growth and development,
thereby resulting in resource reallocation.

After the leaves were treated with MeJA for 4, 12,
24, 48, and 72 h, the levels of the nutrients and secondary
metabolites, changed both on the leaves where MeJA was
directly sprayed and on contralateral non-MeJA-treated
leaves. Such similar systematic alteration indicated that
MeJA may function as a signal molecule, inducing
systemic resistance in the whole plant.

Sugar is an essential nutrient that provides energy for
plants. In this study, the amount of soluble sugar
decreased 4 h after the MelJA treatment, and it was
significantly lower than that of the untreated control
group 12 h after the treatment. The decrease in sugar
content may have resulted from defensive responses
induced by exogenous MeJA, in which sugar is
transformed to secondary metabolites such as phenols,
ketones, and others. Similar variations in sugar content
were reported from larch damaged by larch case-bearers
(Xue & Xie, 2000) and rice cultivars under herbivore
stress (Chen et al., 2006). However, the concentrations of
soluble sugars in Pinus pinaster stems are not affected by
MeJA (Sampedro et al., 2011). By contrast, MeJA can
increase sugar content when applied to harvested fruits
(Gonzalez-Aguilar et al., 2004; Meng et al., 2012). Thus,
application of MeJA in P. deltoides could induce a similar
defensive response against mechanical damage and
herbivore stress in the inner part of the plant at the
expense of consuming its own nutrients.

Free amino acids, another vital nutrient of plants, are
involved in protein and fatty acid syntheses as well as
energy metabolism. This study showed that the amount of
amino acid initially increased and then decreased after
MeJA treatment, suggesting MeJA application induced
systematic resistance. MeJA-treated leaves exhibited a
higher amino acid content than the contralateral non-
MeJA-treated leaves, considering that time is needed for
signal transduction. Given that plants have essential and
non-essential amino acids, different constituents and
contents stimulate diverse metabolic reactions (Wang et
al., 2005). Therefore, the total amino acid content does
not completely reflect resistance. However, the variation
in amino acid content could affect the nutritive
proportion, causing metabolic stress for herbivores. This
variation could be considered as a factor affecting
herbivore resistance. In addition, amino acids are related
to secondary metabolite synthesis to some extent. For
example, the synthesis of alkaloids, a group of substances
that are toxic to insect pests, is partially associated with
lysine and histidine (Luo & Mu, 1997).

In response to MeJA, the protein content decreased
relative to the control group within 4 h after the MeJA
treatment, but was higher than that of the control group
thereafter. The decrease in protein content was an immediate
stress reaction to MeJA, but numerous defensive proteins
were subsequently produced, including some pathogenesis-
related proteins that can improve plant resistance and
activator proteins that can promote growth (Qiu, 2004).

The amount of secondary metabolites, such as tannin,
flavone, and phenolic acid increased at different degrees
as a response to MeJA treatment. The concentrations of
condensed tannins and total polyphenolics of P. pinaster
increase after MeJA treatment (Sampedro et al., 2011). In
Vitis vinifera, exogenous MeJA increased the contents of
flavonoid and phenolic compounds (Ruiz-Garcia et al.,
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2012). In Fucus vesiculosus, phlorotannin concentrations
are increased by 1.6 times after exposure to airborne
MeJA (Arnold et al., 2002). Alkaloids can be produced
transiently after plant cell suspension cultures of
Rauvolfia canescens and Eschscholtzia californica are
treated with MeJA (Gundlach et al., 1992).

Under natural conditions, nutrients and defensive
substances are in a state of dynamic metabolic balance.
Different signals, concentrations, and application times
can induce various defensive actions.

Four defensive enzymes, including PPO, LOX, TI,
and CI were selected to determine enzymatic activities in
response to exogenous MeJA. These defensive enzymes
increased to a certain extent.

PPO, a copper-binding oxidative enzyme, catalyzes the
conversion of monophenols and 0-diphenols to 0-quinones
in the presence of molecular oxygen, causing browning and
cross-linking in wounded tissues (Queiroz et al., 2008;
Tran & Constabel, 2011). This enhanced PPO activity in
response to MeJA is consistent with that reported in
previous studies (Li et al., 2007a; Darras et al., 2011; Tan
et al., 2011). In postharvest sugarbeet roots, PPO activity is
not affected by jasmonic acid (Ferrareze et al., 2013). PPO
activity is inhibited by MeJA application in Agaricus
bisporus fruit bodies (Meng et al., 2012) and postharvest
loquat fruit (Cao et al., 2009).

LOX, a non-heme iron-containing enzyme, catalyzes
regio- and stereo-specific dioxygenation of polyunsaturated
fatty acids by transforming particular regioisomers to
generate a series of bioactive compounds (Pérez Gilabert &
Carmona, 2002). The study showed an increasing LOX
activity in response to exogenous MeJA, and is supported
by other studies (Li et al., 2007b; Marla & Singh, 2012;
Szczegielniak et al., 2012).

Protease inhibitors (PI), including TI and CI, are
produced when plants encounter pest or pathogen attacks.
PIs are of great importance in endogenous and exogenous
defense systems (Habib & Fazili, 2007, Lomate &
Hivrale, 2012). In this study, TI and CI activities were
enhanced on both the MeJA-treated leaves and the
contralateral non-MeJA-treated leaves, in which the
former had a higher concentration than the latter. By
comparison, TI activity was enhanced at a higher extent
than CI but with fewer fluctuations, which may be
attributed to different optimum MeJA concentrations of
the two PIs. Given that a high PI activity indicates
defensive protection (Lomate & Hivrale, 2012; Tan et al.,
2012), the present study confirmed the function of MeJA
in inducing defensive responses.

In addition to biochemical substances and defensive
enzymes, volatiles of P. deltoides 895 seedlings were
also affected by exogenous MeJA. Degenhardt &
Lincoln (2006) classified plant volatiles in three groups:
constitutive volatile organic compounds (VOCs),
induced VOCs, and novel VOCs. The volatile
compounds of healthy and MeJA-treated P. deltoides
leaves were compared. We found four newly produced
compounds, including geraniol, pentadecane, propyl-
cyclopentane, and hexanal, and these compounds were
classified as induced VOCs. Hexadecane, 2-hydroxy-
benzaldehyde, 1, 2-benzenediol, eugenol, decahydro-
4,8,8-trimethyl-9-methylene-1, 4-methanoazulene, and
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n-hexadecanoic acid were also considered as induced
VOCs. The six compounds that disappeared, including
phytol, 3,7-dimethyl-2, 6-octadien-1-ol, nonadecane,
(E)-2-heptenal, B-ionone, and caryophyllene, as well as
the remaining four compounds, including 2-hexenal, 2-
cyclohexen-1-one,  a-farnescene, and  isopropyl
myristate, were considered as constitutive VOCs. As a
stress reaction, the variation was protective and may be
involved in intra- and inter-plant communication
(Tamogami et al., 2008; Karban et al., 2010; Das et al.,
2013). In addition, the alteration resembles the defensive
reaction to herbivore attacks (Engelberth et al., 2004;
Degenhardt & Lincoln, 2006), indicating the efficiency
of MeJA simulation for herbivores and the potential of
MelJA in stimulating a defensive reaction to herbivores.

In conclusion, the study demonstrated the effect of
exogenous MeJA on P. deltoides 895 seedlings. The
production of sugars, free amino acids, and proteins as
well as three secondary metabolites, including tannin,
flavone, and phenolic acid were increased by exogenous
MelJA. Four defensive enzymes, including PPO, LOX, TI,
and CI were activated. The volatiles produced by the
leaves were changed. Our results indicated that exogenous
MeJA could cause defensive responses of P. deltoides
895 seedlings. Further investigations on physiological and
behavioral responses of a major poplar defoliator,
Clostera anachoreta (Lepidoptera: Notodontidae) feeding
on MeJA-treated P. deltoides 895 leaves are in progress to
characterize MeJA-induced systematic resistance and to
provide a potential new MeJA-based method against
herbivore attacks.
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