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An inductive combination of plant growth regulators, inorganic salts, and fungi is
essential for the formation of aromatic components in the xylem of Aquilaria
sinensis. However, the dynamics of xylem physiology and the relationships
between physiological properties and aromatic components after artificial
induction remain unclear. In this study, the changes in physiological properties
of A. sinensis xylem during induction were determined and analyzed under four
induction treatments and a control group. The defense hormone contents of
jasmonic acid, salicylic acid, aminocyclopropane-1-carboxylic acid, and abscisic
acid obtained from the four induction treatments increased significantly.
However, the concentrations of gibberellin and indoleacetic acid were
decreased compared to the control group. An initially upward and then
downward trend was observed in the main antioxidant enzyme activities.
Additionally, malonaldehyde content decreased obviously, while proline
content tended to increase and then decrease as induction continued. The
total and soluble sugar content was evidently reduced after treatment, and the
soluble sugar content recovered more rapidly with time. Thirty-three aromatic
components were identified in all treatments, and the primary aromatic
components were terpenes, aromatics and chromones, the relative contents
of which varied among treatments. These results provide new insights for
optimization and innovation of agarwood induction techniques by exploring
the formation of aromatics in the xylem of A. sinensis and its physiological
responses following induction with exogenous substances (ethephon, NaCl,
CaCl, and fungal mixed solution).
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1 Introduction

Aquilaria sinensis (Lour.) Spreng is an extremely valuable tree
of the family Thymelaeaceae that is known for its ability to form
agarwood in its xylem (Rasool and Mohamed, 2016). It is widely
distributed in south China, Laos, Vietnam, Thailand and other
southeastern Asian countries (Editorial Committee of Flora of
China and Chinese Academy of Sciences, 1999; Institute of
Botany and Chinese Academy of Sciences, 2011). A. sinensis is
also a second-class protected plant in China and was also listed in
the Convention on International Trade in Endangered Species of
Wild Fauna and Flora (CITES) (https://cites.org/) in 2000. In
general, the xylem of A. sinensis is bright white and almost
devoid of aromatics. However, the dark xylem, which contains
aromatic compounds and is known as agarwood, is only formed
after the trunk has been damaged by external factors, such as
lightning strikes, wind, injuries from fire or artificial cutting, and
induction by inorganic salts or fungi (Pang et al., 2022). As a natural
perfume, agarwood is commonly used in the production of
cosmetics, pharmaceuticals and handcrafted articles. However,
natural agarwood takes a long time to form, is produced in very
small quantities and is expensive and thus has a level of commercial
demand exceeding its availability. The increased cultivation and
artificial promotion of agarwood induction techniques are effective
ways to protect wild A. sinensis and address the scarcity of
agarwood resources.

A range of physiological and biochemical reactions are conducted
in the xylem of A. sinensis after it has been subjected to external
stresses. On the one hand, these stresses promote the biosynthesis of
jasmonic acid (JA), salicylic acid (SA), 1-aminocyclopropane-1-
carboxylic acid (ACC) and abscisic acid (ABA), which are plant
defense hormones and important molecular messengers. These
hormones can quickly activate the early defense responses of the
trunk and produce key primary defense compounds that trigger the
biosynthetic pathways of aromatics (Xu et al., 2016; Tan et al,, 2019).
However, the defensive system of A. sinensis is gradually improved and
optimized after injury by inhibiting the emission of plant growth
hormones, such as gibberellin (GA) and indoleacetic acid (IAA). This
response of the trees inputs more energy into the defense system by
regulating and controlling growth. In addition, succession of
physiological and biochemical changes in the xylem tissues also takes
place, including increases in antioxidant enzyme activity, the contents
of malondialdehyde (MDA) and free proline (PRO) and carbohydrate
metabolism. The A. sinensis xylem physio-biochemical properties were
previously examined before and after induction with an inorganic salt
solution, revealing that superoxide dismutase (SOD) and peroxidase
(POD) activities and malondialdehyde (MDA) contents first increased
and then decreased with induction time, while starch was rapidly
depleted after induction treatment (Zhang et al., 2024a). Regardless of
the specific induction stress, plants accumulate malondialdehyde
(MDA) and disrupt cellular metabolism in the initial stage as a result
of increased membrane lipid peroxidation (Naziz et al., 2019). Plants
undergo self-regulation through physiological and biochemical
responses at the wound site in response to stress and protect
themselves against pathogens. The activities of superoxide dismutase
(SOD) and peroxidase (POD) also significantly enhance scavenging of
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excess reactive oxygen species (ROS), thus ensuring plant survival
(Rong et al,, 2021). The starch in the A. sinensis xylem was always
consumed, and the soluble sugar content showed an increasing and
then decreasing trend with respect to aromatic compound formation
(Saw et al., 2014; Liu Y. X. et al,, 2022; Zhang et al., 2022b). The plant
hormones, enzyme activities and non-structural carbohydrates
mentioned above play important roles in the process of agarwood
formation. These changes may alleviate biofilm damage and osmotic
stress to some extent and further enhance the resistance of plants to
abiotic stresses, but their dynamics throughout induction remain
unclear (Trovato et al., 2008; Hou et al., 2013; Tamuli et al., 2014;
Yu et al., 2015; Zhang et al,, 2022a).

Numerous studies have demonstrated that whether the
induction stimulus is physical trauma, chemical stimulation or
microbial infection, the xylem of appropriately treated A. sinensis
produces and accumulates secondary metabolites that contain
aromatic scents (Ngn et al., 2019; Jamaludin et al, 2020; Sun Y.
et al, 2020; Yang et al., 20215 Yan et al,, 2024). Many studies have
shown that stimulating the xylem of A. sinensis with different
solutions can readily induce the plant to produce high-quality
and large quantities of agarwood compounds. Blanchette and
Heuveling reported that the yield of wood that contained
aromatics significantly increased after treatment with inorganic
salt solutions (NaCl, sodium bisulfate [NaHSO;] or iron chloride
[FeCl,]). In particular, after 12 months of treatment with a solution
of NaCl, the sample content of sesquiterpenes reached 1.5%, the
level of middle-grade agarwood in the market (Blanchette and
Heuveling, 2009). Le et al. conducted a heartwood induction test
on A. crassna using a mixture of sulfuric acid and sodium methyl
bisulfate (CH3;SO;Na) and also found that the resulting samples
contained 15.8-20.8% sesquiterpenes, exceeding the aromatic
content of the control (Le et al, 2015). Our research group has
confirmed that plant growth regulators (including ethephon),
inorganic salts and fungi are important inducers that promote the
formation of aromatics in the xylem of A. sinensis (Chen et al., 2018;
Zhao et al., 2024; Pang et al., 2024). Usually, ethephon is hydrolyzed
to ethylene, which regulates the synthesis and release of terpenoids
in plants. During the process of agarwood formation in A. sinensis
under different chemical reagents (NaCl, ethephon, and hydrogen
peroxide) treatments, the non-structural carbohydrates’ starch
content decreased, while the soluble sugar content increased,
resulting in increased secondary metabolism in A. sinensis and
promoting the accumulation of terpenoids and lipids. (Cao et al.,
20065 Lei et al., 2011; Song et al., 2020). Meanwhile, the agarwood
essential oil yield induced by the ethephon treatment was
significantly higher than that induced by sodium chloride,
distilled water and wounding treatment (Zhang et al., 2024b).

We recovered and characterized three highly active fungi
(Melanotus flavolivens, Rigidoporus vinctus and Fusarium solani)
from high-oil-content agarwood and inoculated them into A.
sinensis using injection methods. Compared to the control group,
A. sinensis injected with M. flavolivens solutions exhibited the
broadest discoloration range; the greatest changes were observed
in the depletion of starch content and the elevation of soluble
sugars, which promoted the accumulation of aromatic components.
When the inocula of R. vinctus were inoculated into A. sinensis,
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agarwood was found to be induced. The alcohol-soluble extract
content of the induced agarwood reached up to 38.9%. The relative
percentages of the terpenes in the agarwood essential oil were
22.76%. The proportions of terpenes and chromones in F. solani
solutions treatments were 62.65% and 70.97%, respectively (Chen
etal, 2018; Zhao et al,, 2024; Pang et al., 2024). Subsequent research
has confirmed that M. flavolivens, R. vinctus and F. solani can
induce highyield and high-quality agarwood when used in
combination with other chemical reagents. Furthermore, obvious
changes in the activities of peroxide dismutase (SOD), catalase
(CAT) and peroxidase (POD), as well as the content of MDA, were
observed after treatment (Song et al., 2019, 2020). Nevertheless,
little is known about the physiological dynamic alterations of
aromatics in the xylem of A. sinensis under abiotic stress, and this
topic merits further exploration.

In this study, a 10-year-old plantation of A. sinensis was selected
as the study site, and the trees were induced by treating their trunks
with different concentrations of the plant growth regulator
ethephon, inorganic salts (NaCl and calcium chloride [CaCl,])
and a fungal solution, respectively. This study sought to answer
the following two questions. (1) What are the trends of xylem
physiological properties, including endogenous hormones,
antioxidant enzyme activities, MDA, PRO, total sugar and soluble
sugar, under different induction treatments? (2) What are the
interconnections between the various physiological indicators?

2 Materials and methods
2.1 Experimental materials

The study was conducted at Anshan Village, Shatang Town,
Yulin City, Guangxi Zhuang Autonomous Regin, China (22°53'31"”
N, 109°54'17.4" E), which has a subtropical monsoon climate. The
average annual temperature in the region is 22.0°C, the average
annual sunshine hours total 1795 hours, and the average annual
precipitation is 1650 mm. The climate is mild with synchronicity in
abundant precipitation and heat.

A 10-year-old plantation of Aquilaria sinensis (Lour.) Spreng
was selected for the agarwood induction experiment, and the
selected trees were healthy and free of pests and diseases. The
average diameter at breast height and tree height were 14.52 + 0.44
cm and 8.64 + 0.38 m, respectively. This study was conducted on
November 25, 2022. The sampling period from December to May in
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2022 and 2023 was characterized by abundant precipitation and
adequate sunshine hours with typical seasonal characteristics.

2.2 Experimental design and sampling

This study utilized a completely random design with four
different treatments, including ethephon (a growth regulatory
compound), NaCl, CaCl, and a mixed fungal solution (a mixture
of two or three fungal inocula in different volumes). Distilled water
was used as the control. The composition of the liquid mixture for
each treatment is shown in Table 1.

Three fungal strains were selected as the inoculation materials
from the agarwood-forming parts of A. sinensis as part of the scientific
research project entitled “The Basic Scientific Research Project of the
Chinese Academy of Forestry (CAFYBB2022MB004)”. The fungi
were identified as Melanotus flavolivens, Rigidoporus vinctus, and
Fusarium solani. The three strains were inoculated onto autoclaved
potato dextrose agar (PDA) plate medium and incubated at 28°C for 4
days to facilitate strain activation. The requisite quantity of mycelium
was inoculated into a 50-L mechanically stirred stainless steel
fermenter (Anhui Saideqirui Biotechnology Co., Ltd., Xuancheng,
China) containing potato dextrose medium (PD), and incubated at
28°C for 7 days. Subsequently, the fungus culture cultivated in the
liquid medium was filtered through a double layer of medical gauze, to
prevent the drip catheter from becoming obstructed when draining, at
which point it was ready for use as an inoculum.

The cultured fungal inoculum, growth regulators and inorganic
salts were combined in accordance with the specified proportions, and
all experimental trees were treated with two bags of 500 mL of the
mixed solution according to the following treatments: T; treatment,
2.0% ethephon, 2.0% NaCl, 1.5% CaCl,, M. flavolivens:R. vinctus 1:1
culture solution (v:v); T, treatment, 2.0% ethephon, 1.0% NaCl, 1.0%
CaCl,, M. flavolivens:F. solani 1:1 culture solution (v:v); T treatment,
2.0% ethephon, 1.5% NaCl, 0.5% CaCl,, R. vinctus:F. solani 1:1 culture
solution (v:v); T, treatment, 2.0% ethephon, 2.0% NaCl, 1.5% CaCl,, M.
flavolivens:R. vinctus:F. solani 1:1:1 culture solution (v:v:v); CK, distilled
water (Pang et al., 2024).

Four infusion holes were drilled into four sides of the trunks of A.
sinensis at 60 cm above the ground with a 5-mm drill bit on a sunny
day. The infusion method was utilized to inject the induction solution
into the trunks. Two 300-mL bags of mixed solution were suspended
from each tree. Thirty trees were randomly selected for each treatment
with three replicates as described. The samples were collected on days

TABLE 1 Plant growth regulators, inorganic salts and fungal mixed solution treatments for induction.

Treatment Ethephon (%) NaCl (%) CaCl, (%)
T, 2.0 2.0 1.5
T, 2.0 1.0 1.0
T, 20 15 05
T, 2.0 2.0 15
CK Distilled water treatment
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Fungal solution
Melanotus flavolivens:Rigidoporus vinctus 1:1 solution (v:v)
Melanotus flavolivens:Fusarium solani 1:1 solution (v:v)
Rigidoporus vinctus:Fusarium solani 1:1 solution (v:v)

Melanotus flavolivens:Rigidoporus vinctus:Fusarium solani 1:1:1 solution (v:v:v)
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15, 30, 60, 120 and 180 after induction. Three plants were randomly
chosen from each treatment, and wood samples were collected 3-5 cm
above the infusion hole of the A. sinensis trunk (Figure 1).

The wood samples fixed with formalin-aceto-alcohol were cut
into 2-mm-thick slices and put into a vacuum chamber, where they
were sprayed with gold by a JEC-1600 anion sputtering instrument
(JEOL Japan Electronics Co., Ltd., Tokyo, Japan) twice for 60 s each
time with a 30 mA spraying flow, and then, the samples were fixed
under an ultra-high field emission scanning electron microscope
(Regulus8100; Hitachi, Ltd., Tokyo, Japan) for observation
(Figure 2). These samples were wrapped in aluminum foil, placed
in liquid nitrogen until completely frozen and eventually stored at
-80°C for subsequent measurements.

All collected wood samples have been deposited in the
herbarium of the Experimental Center of Tropical Forestry,
Chinese Academy of Forestry, and the voucher specimen
numbers (T;-1-1, Ty-1-2, T;-1-3,...) are provided in Appendix I
(Supplementary Materials Table S1).

2.3 Determination of the
physiological indicators

A volume of 5 mL of 80% methanol (Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China) and 1.0 mmol/L of 2, 6-di-fert-

10.3389/fpls.2024.1461048

butyl-4-methylphenol (Sinopharm Chemical Reagent Co., Ltd.)
cooling buffer were added to 1.0 g of the fresh wood samples.
These were ground and extracted, and the homogenate was
incubated at 4°C for 4 h and centrifuged at 4000 x g for 5 min. A
Cytation3 instrument (BioTek, Agilent Technologies, Santa Clara,
USA) utilized enzyme linked immunosorbent assay to determine
the concentrations of JA, SA, ACC, ABA, GA and TAA according to
the manufacturer’s instructions (Wu et al., 1988). The activities of
antioxidant enzymes, including SOD, CAT and peroxidase (POD)
(Ren et al., 2021), and the content of MDA were determined by the
thiobarbituric acid method, and PRO content was determined by
acid ninhydrin colorimetry (Magne and Larher, 1992). The contents
of total sugar and soluble sugars were determined by anthrone
colorimetry (Gao, 2006). The total phenolics were determined by
Flynn phenol colorimetry (Galovic et al., 2021), and the contents of
total terpenes were determined by extraction with organic solvents
and UV spectrophotometry (Ghorai et al., 2012).

2.4 Determination of aromatics

The wood samples were collected on day 180 after induction.
Three plants were randomly chosen from each treatment, and the
discolored parts of the trunks that were 3.0-5.0 cm above the drilling
position were sampled with a machete, frozen in liquid nitrogen,

FIGURE 1

Representative images of the agarwood sampling from the Ty, T,, T3, T4 and CK groups.T; treatment, 2.0% ethephon, 2.0% NaCl, 1.5% CaCl,,
Melanotus flavolivens:Rigidoporus vinctus 1:1solution (v:v); T, treatment, 2.0% ethephon, 1.0% NaCl, 1.0% CaCl,, M. flavolivens:Fusarium solani 1:1
solution (v:v); Tz treatment, 2.0% ethephon, 1.5% NaCl, 0.5% CaCl,, R. vinctus:F. solani 1:1 solution (v:v); T4 treatment, 2.0% ethephon, 2.0% NaCl,
1.5% CaCly, M. flavolivens:R. vinctus:F. solani 1:1:1 solution (v:v:v); CK, distilled water control treatment.
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FIGURE 2

The ultra-microscopic structure of the agarwood samples. Diameter cross-section of agarwood at 180 days of Ty, T, T3, T4 and CK induction
treatments. T; treatment, 2.0% ethephon, 2.0% NaCl, 1.5% CaCl,, Melanotus flavolivens:Rigidoporus vinctus 1:1 solution (v:v); T, treatment, 2.0%
ethephon, 1.0% NaCl, 1.0% CaCl,, M. flavolivens:Fusarium solani 1:1 solution (v:v); T3 treatment, 2.0% ethephon, 1.5% NaCl, 0.5% CaCl,, R. vinctus:F.
solani 1:1 solution (v:v); T4 treatment, 2.0% ethephon, 2.0% NaCl, 1.5% CaCl,, M. flavolivens:R. vinctus:F. solani 1:1:1 solution (v:v:v); CK, distilled water
control treatment; V, vessel; XR, xylem ray; PR, phloem ray; S, starch grain; C, crystal.

brought back to the laboratory and air-dried in a dark room. The
samples of wood were shredded with a knife, ground into powder
with a Panasonic miller (Panasonic, Kadoma, Japan) and then passed
through a 40-mesh sieve before assaying their composition. A total of
2.0 g of each sample was weighed and placed in a 50-mL centrifuge
tube. A volume of 20 mL of 95% ethanol was then added. The sample
solution was treated by ultrasonication (Elmasonic P300H, Elma
Ultrasonic, Wetzikon, Switzerland) at 35k Hz and 60°C in a water
bath for 2 h. The suspension was obtained by passage through a 0.45-
pm filter membrane, and the volumetric mixed solution was brought
to 50 mL (Li et al,, 2023). A volume of 10 mL of the sample was
measured to determine the components using a Temperamental Co-
Use Instrument (Agilent 7890B-5977A GC-MS; Agilent
Technologies) and HP-5ms column (30 m x 0.25 mm x 0.25 pum;
Agilent Technologies). The gas chromatography-mass spectrometry
conditions were as follows: start at 70°C and hold for 1 min; increase
to 150°C at 10°C/min; 5 min hold; increase at 5°C/min to 260°C; hold
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for 15 min; inlet temperature 250°C; sample volume 1 UL (shunt ratio
20); ion source temperature 250°C; ionization mode EI electron
energy 70 eV; carrier gas He (99.999%); carrier air velocity 0.5 mL/
min; mass scanning range 35 to 350 m/z; a solvent delay of 5 min.

To confirm each chromatograph for the qualitative analysis of
each component, the retention index of chromatographic peaks and
mass spectrometry information were retrieved and compared with
the NIST 14 standard mass spectrometry library peak by GC-MS
Postrun Analysis software (Yan et al, 2019; Yan et al, 2024).
Finally, the relative percentage of each component was calculated
using the peak area normalization method.

2.5 Statistical analysis

To analyze the dynamic changes of physiological indexes in the
xylem of A. sinensis under different induction treatments, two-way
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analysis of variance (ANOVA) and Tukey’s honest significant
difference (HSD) test were performed (p < 0.05) using SPSS 21.0
(IBM, Inc., Armonk, NY, USA). All the data was first evaluated for
the assumptions of their homogeneity of variance and normality of
their distribution before statistical analyses. The Mantel test was
performed to assess the main drivers that were significantly
correlated with aromatic components based on Spearman’s
correlated coefficient (p < 0.05) using the “vegan” package in
Rstudio software (RStudio, Inc., Boston, MA, USA). Graphs were
plotted using Origin Pro2023 software (OriginLab Corp.,
Northampton, MA, USA).

3 Results

3.1 Changes in the contents of hormones
during different induction treatments
and times

3.1.1 Defense hormone content

The defense hormone contents showed significant differences
among induction treatments (p < 0.05, Supplementary Table S2).
Compared to the CK group, the contents of JA, SA, ACC and ABA
were obviously enriched in xylem after the induction treatments,
with increases of 31.24-44.85%, 31.73-51.28%, 54.60-70.02% and
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28.70-42.59%, respectively. The highest levels of JA, SA and ACC
were found in the T, induction treatment, while ABA content was
the highest in T}, though it did not significantly differ from that in
the T, treatment.

The contents of JA, SA and ACC appeared to have a consistent
trend of increasing and then decreasing as induction time increased,
peaking on day 30 after induction treatment (Supplementary Table S3).
The minimum levels of JA, SA and ACC were observed on day 180 and
were significantly lower than those on day 15. The content of ABA was
at its maximum on day 15, but there was no clear trend with increasing
induction time.

The interaction between induction treatment and induction
time on defense hormone contents was visible and significant
(Figures 3A-D). The contents of JA, SA, ACC and ABA increased
significantly in the xylem of A. sinensis after the different induction
treatments, with higher levels of defense hormone than observed in
the CK treatment (p < 0.05). The content of ABA in the T,
treatment increased the most, at 54.72%, on day 15. JA, SA and
ACC each increased the most in the T, treatment at day 30, with
increases of 69.42%, 69.47%, and 95.74%, respectively. The content
of ABA in the T treatment still increased by 49.30% by day 180,
while that of SA in the T, treatment increased by 50.12%. These
findings indicated that A. sinensis remained at a high level as a
defense response for some period after the induction treatment with
different mixed solutions.
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during different induction treatments and times (n=3). The different letters indicate significant differences at p < 0.05 according to Tukey's honest
significant difference test, and the capital and lowercase letters specifically indicate a significant difference at the same time between different

treatments and at different times under the same treatment, respectively.

Frontiers in Plant Science

06

frontiersin.org


https://doi.org/10.3389/fpls.2024.1461048
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Pang et al.

3.1.2 Contents of the growth hormones

The levels of GA and IAA after T,, T,, T3 and T, induction
treatments declined obviously and were lower than those in the CK
group, by 25.48-39.89% and 9.82-14.18%, respectively
(Supplementary Table S4). The minimum contents of GA and
IAA appeared in the T} and T, treatments, respectively. However,
the contents of GA and TAA accumulated markedly with increasing
induction time (except for IAA on day 180) and the lowest levels
were on day 15, which were 15.02% and 4.14% lower than the
highest values, respectively.

As shown in Figures 4A, B, the concentrations of GA and TAA
in the xylem of A. sinensis decreased compared to the control group.
The concentration of GA in the T, treatment decreased the most, by
46.73% on day 15, followed by the T, treatment, which had a
decrease of 41.06%. By day 180, the decrease in the concentration of
GA in all the induction treatments had decreased to between
19.73% and 35.20%. From days 15 to 180, the range of decrease
of TAA narrowed to -12.52% to -15.25% in T, and -11.73% to
-16.38% in T; it thereafter gradually increased as the defensive
ability of the A. sinensis tree improved.

3.2 Changes in antioxidant enzymes
activities during different induction
treatments and times

The different induction treatments clearly promoted the activity
of antioxidant enzymes compared to CK treatment (Supplementary
Table S5). The highest SOD and POD activities of T; were
significantly different from those of the other treatments and
elevated by 7.12-48.67% and 9.00-74.90%, respectively. The CAT
activities of T}, T,, T5 and T, were 82.22%, 73.83%, 60.34% and
82.27% higher than that of the CK treatment.

The initially upward and then downward trend was observed in
the antioxidant enzyme activities with increasing induction time
(Supplementary Table S6). The activities of SOD, CAT and POD
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reached their maximum values on day 30 after induction treatment.
The lowest activity levels for SOD and POD occurred on day 180,
and that of CAT was on day 15.

As shown in Figures 5A-C, the activities of SOD, CAT and
POD in the xylem of A. sinensis all increased. The difference
between the treatment and CK groups reached a significant level
(p < 0.05). The activities of SOD and POD in the T; treatment
increased the most, by 81.53% and 106.12% at day 30, respectively.
The highest increase in the activities of CAT in the T; and T,
treatments were 95.23% and 93.32%, respectively, and occurred at
day 60. This indicated that A. sinensis was subjected to more severe

external-stress-induced damage.

3.3 Changes in osmoregulatory
compounds during different induction
treatments and times

An obvious promotion in MDA and PRO contents was observed
under the different induction treatments (Supplementary Table S7).
The greatest increase in MDA and PRO contents was found under
the T, treatment, which were increased by 71.07% and 63.73%
compared to CK conditions, respectively. Nevertheless, MDA
content did not exhibit significant differences among T, T; and T,
treatments, and PRO content also lacked significant differences
among T;, T, and T; treatments. MDA content decreased
obviously with increasing induction time, and the minimum (on
day 180) was 36.76% lower than that of the maximum (on day 15). As
the induction time increased, the content of PRO tended to increase
and then decrease, with peaks and troughs occurring on days 30 and
180, respectively.

With the extension in the time of induction treatment, the
contents of MDA (Figure 6A) and PRO (Figure 6B) in the xylem of
A. sinensis increased; the difference between treatments and the
control group reached a significant level (p < 0.05). After each
induction treatment, the content of MDA in the xylem of A. sinensis
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Variation in the contents of gibberellin (GA) (A) and indoleacetic acid (IAA) (B) in different induction treatments and times. Different capital and
lowercase letters denote significant (P < 0.05) differences among the treatments and times in Tukey's honestly significant difference test and the bar

represents the standard deviation (n=3).

Frontiers in Plant Science

07

frontiersin.org


https://doi.org/10.3389/fpls.2024.1461048
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

)
'S
=)

mg!

a)

CAT activity/U-
3
T

]
S
L

10.3389/fpls.2024.1461048

[OJCKERT EmT,
T, EmT,

w
=1
T

=
O
1

W
[
|

Ba Baj

Cal

60d
Induction time

120d

15d 30d 180d

COCKET, 8T,
0T, M,

Aa

Da

Dal

60d

120d 180d

Induction time

Pang et al.
A 1200+ An COCKEIT EmT,
=T, EET,
1100 i
a
Ba  Awmb
1000
o0 ABb " Abe
iy al
é’ 900+ adtbe . . ABRBI; .
£ s00] a0 Be Fanghare
g
g
Z 7004 81
5 Caj Cal Cal
a
600+
15d 30d 60d 120d 180d
Induction time
Cos,
40+ As
‘:én35* -
_é; Aabe Aab &
? 307 ap| AP
g
a5
=] 23 5
a Ba C
204 Cal
15d 30d
FIGURE 5

Variation in the activities of SOD (A), CAT (B) and POD (C) antioxidant enzymes in different induction treatments and times. Different capital and
lowercase letters denote significant (P < 0.05) differences among the treatments and times in Tukey's honestly significant difference test and the bar
represents the standard deviation (n=3). SOD, superoxide dismutase; CAT, catalase; POD, peroxidase.

reached its maximum on day 15, with an increase that ranged from
38.82% t0 97.18%. The increase in the content of MDA decreased by
6.44% to 48.24% by day 180. This indicates that the injection of the
mixed solution into the A. sinensis xylem during the initial stage of
stress increased the content of MDA and significantly inhibited
its growth.

The content of PRO in the xylem of A. sinensis increased
initially followed by a subsequent decrease over time. After each

>
w = N
< id 2

'
<

Baj Cal

MDA contents/(nmol-g™)

Ba Daj

w
i

o
T

180d

60d
Induction time

15d 30d 120d

FIGURE 6

s

g

PRO contents (ug

induction treatment, the content of PRO reached its maximum on
day 30, with an increase that ranged from 71.54% to 95.97%. The
content of PRO also has increased more slowly by day 180, with an
increase that ranged from 19.55% to 41.95%. This indicates that the
accumulation of free PRO in the xylem of A. sinensis gradually
decreased, which reduced autotoxic damage to the tree by
maintaining osmotic regulation early on and demonstrated that it
was highly adaptable to adverse conditions.
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MDA, malondialdehyde; PRO, proline.
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3.4 Contents of total sugar and
soluble sugars

The total and soluble sugar contents were evidently reduced
after induction treatment (Supplementary Table S8), suggesting
that these were consumed when the trees were subjected to external
stresses; among the different induction treatments they were 16.81-
17.13% and 17.93-21.85% lower than in CK conditions. The total
sugar content decreased and then increased as induction time
increased, while the soluble sugar content exhibited no clear trend.

The changes in the contents of total sugar and soluble sugars in
the xylem of A. sinensis after the trees had been subjected to various
induction treatments are shown in Figures 7A, B. There were
significant differences in the contents of both the total sugar and
soluble sugars in the xylem in A. sinensis compared with the CK
group (p < 0.05). Over time, the content of total sugar showed a
wave-like trend and that of the soluble sugars decreased gradually
and then increased again. The content of total sugar in most
treatments reached its lowest point on day 60, with a decrease
that ranged from 19.16% to 22.24%. The content of soluble sugars in
the xylem of A. sinensis recovered by day 180 in most of
the treatments.

Overall, the sugars in the xylem of A. sinensis were metabolized,
and the induction treatment with a higher concentration of
inorganic salts in the mixed solution resulted in the metabolism
of more sugars relative to the lower concentration, indicating that
the former significantly accelerated the metabolism of sugar in the
xylem of A. sinensis. The changes in the contents of sugar reflected a
strategy used by the A. sinensis trees to adapt to stress.

3.5 Relative contents of aromatics

After four induction treatments, 33 aromatic components were
identified in the xylem of A. sinensis. These major components
included terpenes, aromatics and chromones (Table 2;
Supplementary Figure S1). There were 24, 13, 13 and 15 detected
aromatic components in agarwood induced by the T, T,, T3 and T,

Frontiers in Plant Science

treatments, respectively. The T, treatment contained the greatest
number of major aromatic components, 34.60% of detected
aromatics, followed by the T; (20.09%) and T, (19.13%)
treatments, while the T, treatment contained the fewest detected
aromatics (8.19%).

Chromones and terpenes were the primary aromatics of
agarwood in this study, and their relative contents also varied
among induction treatments. Under the T treatment, the relative
content of chromones was 29.30%, which was significantly higher
than that of the other treatments. The T, treatment contained the
highest relative content of terpenes, while those of the chromones
were at a relatively lower level. The primary terpenes in the plants
from the T treatment included santalol (C,sH,40, 0.72%) and (-
myrcene (CioHig, 0.53%), while those in the T, treatment included
longifolene (C;5H,4, 1.33%), spathulenol (C;sH,40, 1.55%) and
agarospirol (C;5H60, 1.64%). Plants in the T treatment contained
longifolene (C;sH,y, 3.11%), valerenic acid (Ci5H,,0,, 0.79%),
valencene (CisH,4, 0.53%) and agarospirol (Ci5H,60, 0.51%),
Finally, plants from the T, treatment contained valerenic acid
(C15H2,0,, 1.64%), longifolene (C;5H,4, 0.88%) and valencene
(Cy5H,a, 0.46%).

3.6 Relation between the aromatics and
physiological properties

A Mantel analysis between the aromatics and physiological
properties showed that the terpenes and chromones were
significantly negatively correlated with the content of MDA (p <
0.05) (Figure 8). An obvious positive correlation was observed
between the contents of the chromone compounds and IAA.
However, no significant correlation was observed between the
presence of aromatic compounds and physiological properties (p
> 0.05).

A correlation heatmap among the physiological indices also
indicated that there was a significant positive correlation among JA,
SA, ACC, SOD, CAT, MDA and PRO activities/contents, and most
of the indicators (Figure 8). Most of these indicators were
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TABLE 2 Major aromatics of Aquilaria sinensis under different treatments used to induce agarwood formation.

Relative content (%)

Components Nllolecular
ormula T, Ts T.

1 o-Guaiene® CysHyy Sweet, woody, creamy, pepper flavored 0.34 0.26 -

2 Valerenol® Cy5H,60 Woody, cream and muskiness 0.38 0.31 0.34 0.19 -

3 o-Santalol& Cy5H,,0 Soft sandalwood 0.72 0.35 0.34 -

4 [3»MyrceneA CioHis Orange-like and balsam aromas 0.53 - - - -

5 Eremophilone?® CysH,0 f::]:;ga:gofepper’ leather, vanilla, andan | _ 023 - - -

6 Benzaldehyde™ C,HsO Almond, cherry, and nutty aromas 0.33 0.18 | 043 0.26

7 LongipinocarvoneA C,oH,140 Mint and licorice odors - - 0.24 -

8 Benzylacetone‘:' CyoH .0 Fruity, floral, medicinal 0.24 0.36 0.33 0.29 -

9 LongifoleneA Ci5Hay sweet woody rose medical fir needle 1.26 1.33 3.11 0.88 0.06
10 Aromandendrene® Ci5Hay Orange-like aromas 0.14 0.17 - 0.41 -

11 5,11-Guaiadiene® CysHy Moldy odor 0.24 - - - -

12 Alloaromadendrene® Ci5Hoy Sweet, woody 0.38 - - 0.17 -
13 |3—HumuleneA C4Hs, Mint, clove, and turpentine 0.33 - - 0.28 -
14 Vaderena-4,7(11)—dieneA CysHyy Lilac, woody, and spicy aromas 0.36 - - - -
15 Aromadendrene oxide-(Z)A C15H,,0 Orange-like aromas 0.24 0.22 - - -
16 SpathulenolA Cy5H,,0 Earthy herbal fruity 1.55 - - -
17 SqualeneA CsoHso Slight pleasant odor - - 0.28 - -
18 Longifcplena.ldehydeA Cy5H,,0 Leaf, fruity, vegetable aromas - 0.20 - 0.19 -
19 |3-Vati1reneneA Ci5Has Orange-like aromas 0.15 0.53 0.46 -
20 Hinesol® Cy53H,00 Medicinal 0.22 0.34 0.18 -
21 AgarospirolA Ci5Hy60 Woody, nutty aromas, burnt 0.22 164 | 0.51 0.31 0.07
22 Oleic acid CygH340, Fatty 0.13 - - - 0.12
23 Valerenic acid® Cy5H5,0, Disagreeable odor 0.22 - 0.79 1.64 -
24 2-(2-phenylethyl)chromoneO Cy7H 140, Almond, woody and nutty aromas 13.79 1.04 1.60 3.08 -
25 2-[2-(4-methoxyphenyl)ethyl]chromone” CygH 1403 Almond, woody and nutty aromas - - - 2.52 -
26 6-methoxyl-2-(2-phenylethyl)chromone® C1sH 603 Almond, woody and nutty aromas 4.49 - 4.86 0.66 -
27 zt-}r:}lr f;?}?g;z;l[j; (4-methoxyphenyl) CioH;705 Almond, woody and nutty aromas 2.25 - 1.32 0.14 -
28 6,8-Dimethoxy-2-(2-phenylethyl)chromone” Cy9H,003 Almond, woody and nutty aromas - - - 0.17 -
29 2-(4-Methoxyphenethyl)chromene® CigH 1504 Almond, woody and nutty aromas 1.00 - - - -
30 Z}I:/:, le]ti)}:)r }(()yr;lzo-lgéel;methoxyphenyl) CoH,504 Almond, woody and nutty aromas 0.22 - - - —
31 6,7-Dimethoxy-2-phenethylchromone® C1oH 50,4 Almond, woody and nutty aromas 6.46 - 421 4.22 -
32 z;;;,ll)]::;:;z;-[z-u,-methoxyphenyl) Ca0H,005 Almond, woody and nutty aromas 1.09 - 1.55 229 -
33 Stigmasterol CyoHy50 Sterol odor 0.17 - 0.27 0.35 -
The relative content of terpene compounds (%) 4.73 6.61 | 5.80 5.05 0.13
The relative content of aromatic compounds (%) 0.57 0.54 0.76 0.55 -

(Continued)
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TABLE 2 Continued

Molecular

Components Formula

The relative content of chromone compounds (%)

The total relative content of aromatic components (%)

10.3389/fpls.2024.1461048

Relative content (%)

Ty T> T3 T, CK

‘ 29.30a | 1.04c

13.53b | 13.53b ‘ -

‘ 34.60 8.19 ‘ 20.09 19.13 ‘ -

/\, Terpene compound; [J, aromatic compound; O, chromone compound. Different lowercase letters indicate significant differences among treatments according to Tukey’s honest significant

difference test (p < 0.05). *Aromatic odor database, https://www.cas.org/zh-hans/support/documentation/cas-databases.

significantly negatively correlated with the contents of GA, IAA,
total sugar and soluble sugars. The soluble sugars, in particular,
were significantly negatively correlated with JA, SA, ACC, MDA
and PRO activities/contents.

4 Discussion

4.1 Effect of different induction treatments
on the contents of endogenous hormones

In this study, the application of inducers increased the contents
of JA, SA, ACC and ABA in the xylem of A. sinensis compared with
the CK group (Figures 3A-D), which suggested that the exogenous
mixed solution simulated the plant’s defense system. Previous
research revealed that JA and SA are key defense hormones
whose biosynthesis in plants can be accelerated under external

stresses; moreover, they promote the accumulation of agarwood
sesquiterpenes (Liu et al.,, 2015). As a potential novel phytohormone
and signaling molecule, ACC plays an important role in the stress
response of plants, and it inhibits plant growth in a manner similar
to that of ABA. Elevated levels of both hormones not only protect a
tree from injury to some extent, but they also promote the
accumulation of metabolites by rapidly reducing the viability of
cells (Okudera and Ito, 2009; Liu J. et al., 2021). The increase in
these defense hormones tended to decrease with induction time in
this study. This variation could be explained by the fact that
exogenous abiotic stresses diminish the degree of damage to the
tree over time (Li et al., 2020).

The contents of growth hormones, such as IAA and GA, clearly
decreased during the initial stage of induction and was lower than
those in the control, and their levels tended to increase during the
later stage of induction treatments (Figures 4A, B). Plants are more
sensitive to abiotic stress during the early stage of induction, and
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FIGURE 8

Partial mantel tests between the aromatic components and physiological indices. The heatmap shows the pairwise correlations between
physiological indices. The lines denote mantel test results, with the line width represents Mantel's r statistic, and the color represents Pearson’s
correlation coefficient. ABA, abscisic acid; ACC, 1-aminocyclopropane-1-carboxylate; CAT, catalase; GA, gibberellin; IAA, indoleacetic acid; JA,
jasmonic acid; MDA, malondialdehyde; POD, peroxidase; PRO, proline; SOD, superoxide dismutase.
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more materials are metabolized to synthesize defensive substances
instead of growth hormones. As the defense system is enhanced and
a tree recovers from injury in the later stage, the ability to produce
growth hormones is gradually restored. This is similar to the
adaptive changes in endogenous hormones in Dalbergia odorifera
(Cui et al,, 2019; Cui et al., 2021) and gingko (Ginkgo biloba) (Xu
et al,, 2009) under external stress. Thus, after treatment with a
mixed solution used for induction, the endogenous hormones in A.
sinensis played a role in signal transmission (Ghorai et al., 2012),
activated the function of defense responses in the tree and regulated
its resistance and development of growth (Hou et al., 2013; Yu et al.,
2015; Zhang et al., 2020; Aerts et al., 2021).

The correlation analyses in this study also showed that the
contents of JA, SA, ACC and ABA were significantly negatively
correlated with those of GA and IAA, and they were also closely
related to the content of sugar in the xylem tissues (Figure 8). These
results revealed that there is an antagonistic relationship between
defense and growth hormones, which together regulate the trade-oft
between defense and growth during agarwood aromatics formation.
It was also observed that vessels were blocked by the tyloses after the
induction treatment, which disappeared gradually over time. The
disappearance of tyloses is postulated to enhance water transport,
thereby contributing to plant growth restoration (Oyarce and
Gurovich, 2011). The formation and elimination of tyloses could
be attributed to the tradeoff between growth and defense during the
formation of aromatic components in A. sinensis (Kashyap et al.,
2021; Zhang et al., 2022a). Future research should focus on the
formation of these aromatic components in A. sinensis and explore
the complex interactions among the different hormones. It is
noteworthy that agarwood production is currently limited, but the
use of plant growth regulators or inhibitors of hormone synthesis to
balance growth and defense of A. sinensis could significantly
increase production. This approach has immense commercial
potential and practical significance.

4.2 Effect of different induction treatments
on the activities of enzymes and
osmoregulatory compounds

This study showed that there were higher activities of SOD,
POD and CAT in the xylem of A. sinensis after different induction
treatments compared with the control (Figures 5A-C). This is
consistent with previous findings that the concentrations of
antioxidant enzymes in A. sinensis (Xu et al., 2016; Song et al,
2019; Sun P. et al,, 2020) and hybrid poplar (Populus simonii x P.
pyramidalis ‘Opera 8277 and P. tremula x P. alba) (An et al., 2009;
Ahmed et al,, 2021) increased after exogenous stress treatments. It
has been demonstrated that these compounds jointly participate in
regulating the metabolism of reactive oxygen species, the degree of
cell membrane lipid peroxidation and the protection of trees from
external stresses (Farooq et al, 2012; Liu B. et al, 2021). The
contents of MDA and PRO in the xylem of A. sinensis decreased
over time, which may be related to the amelioration of cell
membrane damage during the later stages of treatment with the
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mixed solution. Thus, the permeability and integrity of the cell
membrane were effectively managed, which further improved the
resistance of trees (Zhang et al., 2014). Clear positive correlations
were exhibited between the activities of SOD, POD, and CAT and
the contents of MDA and free PRO, and they were also positively
correlated with JA, SA and ACC (Figure 8). These indicators reflect
the self-regulatory ability of plants in stress environments and
further suggest that there is a synergistic effect between them.

The formation of aromatic components in A. sinensis may be
linked to the increase of antioxidant enzyme activities and defense
substances (Zhang et al., 2022a; Zhang et al,, 2022b; Zhang et al.,
2024a). This correlation could be attributed to the induction
treatments stimulating the biosynthesis of JA, SA and ACC. These
compounds play a pivotal role in activating signal transduction
pathways and modulating the plant’s defense responses. As these
hormones accumulate within a plant, they trigger the activation of
defense genes encoding protease inhibitors, selenoproteins and
enzymes involved in secondary metabolism (Savatin et al, 2014).
Maintaining ROS homeostasis is essential for plant health, and the
scavenging of excess ROS is facilitated by antioxidant enzymes,
including SOD and POD. Additionally, secondary metabolites,
including flavonoids, terpenoids and phenols, as well as other
antioxidants, also contribute to reactive oxygen species scavenging.
This not only protects plants from different stresses but also improves
their adaptability (Belete, 2018; Gao et al.,, 2020; Wei et al., 2020; Rong
et al., 2021). Previous studies have observed differences in antioxidant
enzyme activities, agarwood production and aromatic component
composition during the formation of aromatic components in A.
sinensis under a series of induction treatments and among seed
sources. For instance, Pripdeevech et al. identified seventy-four
volatile substances from A. malaccensis, A. crassna and A.
subintegra using gas chromatography-olfactometry (Pripdeevech
et al, 2011). These substances, including chromones, B-agarofuran,
benzylacetone, furan-2-carbaldehyde and benzaldehyde, are
characteristic of the agarwood aroma. Zhang et al. conducted a
comprehensive study evaluating the effects of four different
treatments, i.e., fire drill treatment, fire drill + brine treatment, cold
drill treatment and cold drill + brine treatment, on the aromatic
components and metabolomic profiles of A. sinensis (Zhang et al,
2011). A total of 712 metabolites composed mostly of alkaloids, amino
acids and their derivatives, flavonoids, lipids, phenolic acids, organic
acids, nucleotides and their derivatives and terpenoids were detected.
The differentially accumulated metabolites were enriched for
involvement in flavonoid/flavone and flavonol biosynthesis,
sesquiterpenoid and triterpenoid biosynthesis.

4.3 Effect of different induction treatments
on the contents of various compounds

The sugars produced by photosynthesis play an important role
in maintaining the metabolism and physiological functions of
biological organisms (Savitch et al., 2010). In this study, the
tendency of the contents of total sugars and soluble sugars to
decrease in the xylem of A. sinensis was apparent during the early
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stage of the induction treatment (Figures 7A, B), and these contents
were significantly lower than those of the control. This means that
the plants metabolized some of their sugars while resisting stress,
and we also found that more sugars were metabolized in the
treatment with higher concentrations of the inorganic salt mixed
solution than in the treatment with lower concentrations. Some
researchers have concluded that sugars promote osmotic adaptation
under various abiotic stresses by regulating photosynthesis,
carbohydrate metabolism, osmotic homeostasis, protein synthesis,
and gene expression to protect cell membranes and cellular proteins
from stress (Farhad et al., 2011; Noctor et al., 2015). In addition to
their protective role, sugars are also fuel for plant growth and
development, are precursors of secondary metabolites and signaling
molecules and regulate plant responses to the environment through
their molecular functions (Zeid, 2009; Rezaul et al., 2019). Liu et al.
examined the structural characteristics of A. sinensis and their
association with agarwood formation (Liu et al,, 2019). They
found that interxylary phloem, along with xylem rays, is the main
tissue that contains living parenchyma cells in the wood of healthy
A. sinensis. The main energy reserve present in these parenchyma
cells exists in the form of starch grains. After Agar-Wit treatment,
these starch grains undergo a series of transformations ultimately
transforming into agarwood resin. Non-starch polysaccharides and
phenols serve as intermediate products in the process of agarwood
resin formation. The resin forms initially and accumulates mainly
within the parenchyma cells of the interxylary phloem and xylem
rays. These results indicated that not only are the interxylary
phloem and xylem rays the initial sites of agarwood resin
formation but that they also serve as the main aromatic
compound accumulation site. Furthermore, the stored starch
grains might serve as the material underlying the formation of the
resin. This also indicates that sugar metabolism in the xylem of A.
sinensis is not only involved in maintaining cellular osmotic
regulation but is also directly or indirectly involved in the
biosynthesis of secondary metabolites, which is an adaptive
response to stress in A. sinensis.

In this study, 180 days of treatment with different types of
inducers resulted in significant changes in the interaction among
xylem tissue structure, physiological characteristics and aromatics
during the formation of woody aromatic components in A. sinensis.
The relative contents of terpenes, aromatics and chromones in the
xylem of A. sinensis were clearly enhanced after the induction
treatments with the fungal mixed solutions compared with the
control. Terpenes, aromatics and chromones are the key secondary
metabolites that plants use to defend against free radicals
(Takemoto et al., 2008; Liu et al., 2024). Meanwhile, terpenes and
chromones are among the most important characteristic aromatic
components of agarwood (Shivanand et al., 2022). Caryophyllene
and 2-(2-phenylethyl)chromone isolated from agarwood have
antibacterial properties (Dahham et al., 2015; Lei et al, 2018).
Similar results were obtained by Ito et al., who concluded that the
increase in terpene content is an important physiological response
for A. sinensis to initiate defense and resist damaging stress (Ito
et al., 2005). This indicates that under the long-term impact of the
fungal mixed solution, A. sinensis produces secondary metabolites,
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including aromatic components, which can enhance its stress
resistance and further verify the close relationship between the
fungi and agarwood formation.

Mixed fungal inocula can act as elicitors of defense responses in A.
sinensis (Zhao et al., 2024), and plant hormones, such as ethylene and
JA, play a key signaling role. Studies have also shown that multiple
fungi can promote the biosynthesis of terpenes through the mevalonic
acid (MVA) pathway by modulating the concentrations of plant
hormones (Kou et al,, 2021; Gastaldo et al, 2019). One of the
biosynthetic pathways of chromones is hypothesized to involve the
acetate metabolism pathway of the condensation of five malonyl
coenzyme A molecules, the biosynthesis of 5, 7-dihydroxy-4-
methylchromone by polyketide synthase and the production of 2-(2-
phenylethyl)chromone under the catalysis of cyclooxygenase, which
catalyzes the biochemical reaction of the chromone matrices using
hydroxylases or O-methyltransferases, among other enzymes, to form
chromones (Amen et al., 2021). Secondly, 2-(2-phenylethyl)chromone
was produced by the decarboxylation of malonyl coenzyme A, which
was catalyzed by polyketide synthase to produce acetyl coenzyme A as
an initial substrate, and hydroxylase and O-methyltransferase then
catalyzed the production of chromones (Liao et al., 2018).

The highest levels of the total relative content of aromatics were
observed in the T; treatment, which indicated that the stress responses
of A. sinensis under the T, treatment were more intense than those in
the other treatments, which thus particularly favored the formation of
aromatics. This may be owing to the differential expression of genes
related to the biosynthesis of secondary metabolites during the stress
reactions in plants. In a study on the interaction between A. malaccensis
and a fungal mixed solution, the lipoxygenase (LOX) pathway in the
tree was also activated by the fungi and induced the production of free
fatty acids (Sen et al,, 2017). The antioxidant enzymatic activity of A.
sinensis was enhanced during the early stage of fungal colonization,
which triggered a cascade reaction of fatty acid oxidation. This process
resulted in a significant increase in the concentrations of JA, SA and
ACC, which induced the expression of sesquiterpene synthase genes and
polyketide synthase genes, leading to the continuous accumulation of
terpenes and chromones and ultimately the formation of agarwood
(Ktipper et al., 2009; Xu et al., 2017; Lv et al,, 2019; Zhang et al., 2022b).
The infection of A. sinensis callus tissue with Phaeoacremonium
rubrigenum induced a significant upregulation of farnesyl diphosphate
synthase (FPS) gene expression, Ses TPS1 and Ses TPS2, which
confirmed that the fungi primarily induced the biosynthesis of
terpenes through the MVA pathway (Huang et al., 2023). During the
biosynthesis of terpenes, significant changes were observed in the levels
of protein phosphorylation in 52.9% of the transcription factors (TFs),
which included phosphorylation of MYB (V-myb avian myeloblastosis
viral oncogene homolog), basic leucine zipper (bZIP) and WRKY TFs
that were closely related to enzyme activity in the terpene biosynthetic
pathway. During the fungal colonization of A. sinensis, the accumulation
of chromones is promoted by regulating the expression of chalcone
synthase (CHS). Under stimulation by F. solani, the expression of CHS
in A. sinensis was upregulated after 2 months, and the accumulation of
chromones was detected, thus, indicating that this type of component is
related to the upregulation of CHS expression in A. sinensis after fungal
stimulation (Chen et al., 2017).
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In summary, there were important interactions between
exogenous substances, endogenous hormones, oxidative metabolic
pathways and stress-resistance compounds during the formation of
aromatics in the xylem of A. sinensis. When the plants were
subjected to induction with mixed fungal inocula, there was an
increase in the biosynthesis of defense hormones rather than
growth hormones made possible by the metabolism of more
sugars. The activities of protective enzymes were also enhanced to
scavenge oxidative free radicals. The osmotic function of cells was
also protected by increasing the contents of MDA and PRO.
However, the formation of agarwood is a long and complex
physiological and biochemical process, is regulated by various
factors and involves multiple secondary metabolic pathways. In
addition, future research should focus more on the potential
molecular mechanisms of agarwood formation, such as the
interaction involving functional genes between exogenous
substances, agarwood and the key aromatic components.

According to the results of the present study, when exogenous
substances are used to induce agarwood formation, induction treatments
should include the injection of an appropriate volume of some plant
growth regulators, inorganic salts, and fungal mixed solutions into A.
sinensis according to the size of the tree to maintain a higher level of
stress to induce the production of high-quality agarwood.

5 Conclusions

This research showed that the induction of agarwood using
ethephon, salt and fungal mixed solutions could induce a range of
changes in the physiological characteristics of the A. sinensis xylem.
In particular, the contents of defense hormone contents, resistant
enzyme activities and osmoregulatory chemical concentrations
increased rapidly during the early stage of induction, which
affected the biosynthesis of growth hormones. Over time, the
increase in these compounds weakened during the later stage of
treatment, with saccharides utilized as the primary energy source
for agarwood formation.

Our research suggests that the application of the T, induction
treatment, i.e., a mixed 1:1 solution (v:v) of Melanotus flavolivens and
Rigidoporus vinctus inocula with 2.0% ethephon, 2.0% NaCl and 1.5%
CaCl,, is a particularly suitable induction treatment that facilitates the
formation and accumulation of aromatics in the xylem of A. sinensis.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Frontiers in Plant Science

14

10.3389/fpls.2024.1461048

Author contributions

SP: Conceptualization, Funding acquisition, Investigation,
Resources, Writing — original draft, Writing - review & editing.
QZ: Formal analysis, Investigation, Methodology, Software, Writing
- original draft. ZT: Funding acquisition, Writing - review &
editing. SD: Software, Writing - review & editing. PZ: Software,
Writing - review & editing. ZL: Writing - review & editing. SL:
Investigation, Writing - review & editing. BY: Investigation,
Writing - review & editing. ZZ: Formal analysis, Investigation,
Methodology, Software, Writing — original draft.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. The work
was supported by the basic scientific research project of the Chinese
Academy of Forestry (CAFYBB2022MB004), and Guangxi Natural
Science Foundation (2024GXNSFAA010402). The funder had no
role in the design of study; in the collection, analyses, or
interpretation of data; in the writing of the manuscript; or in the
decision to publish the results.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1461048/

full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2024.1461048/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2024.1461048/full#supplementary-material
https://doi.org/10.3389/fpls.2024.1461048
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Pang et al.

References

Aerts, N., Mendes, M. P., and Wees, S. C. M. V. (2021). Multiple levels of crosstalk in
hormone networks regulating plant defense. Plant J. 105, 489-504. doi: 10.1111/
tpj.15124

Ahmed, U, Rao, M. J., Qi, C., Xie, Q., Noushahi, H. A., Yaseen, M., et al. (2021).
Expression profiling of flavonoid biosynthesis genes and secondary metabolites
accumulation in populous under drought stress. Molecules (Basel Switzerland). 26,
5546. doi: 10.3390/molecules26185546

Amen, Y., Elsbaey, M., Othman, A., Sallam, M., and Shimizu, K. (2021). Naturally
occurring chromone glycosides: sources, bioactivities, and spectroscopic features.
Molecules 26, 1-65. doi: 10.3390/molecules26247646

An, Y., Shen, Y. B, and Zhang, Z. X. (2009). Effects of mechanical damage and
herbivore wounding on H,O, metabolism and antioxidant enzyme activities in hybrid
poplar leaves. J. Forestry Res. 20, 156-160. doi: 10.1007/511676-009-0027-x

Belete, T. (2018). Defense mechanisms of plants to insect pests: from morphological
to biochemical approach. Trends Tech. Sci. Res. 2, 30-38. doi: 10.19080/
ttsr.2018.02.555584

Blanchette, R. A., and Heuveling, V. B. H. (2009). Cultivated agarwood. Kyoto Univ.
Forests. 63, 226-235.

Cao, W. H,, Liu, J., He, X. J., Mu, R. L., Zhou, H. L., Chen, S. Y., et al. (2006).
Modulation of ethylene responses affects plant salt-stress responses. Am. Soc. Plant
Biologists 143, 707-719. doi: 10.1104/pp.106.094292

Chen, X. Y, Liu, Y. Y, Yang, Y., Feng, J., Liu, P. W,, Sui, C,, et al. (2018). Trunk
surface agarwood-inducing technique with Rigidoporus vinctus: An efficient novel
method for agarwood production. PloS One 13, e0198111. doi: 10.1371/
journal.pone.0198111

Chen, X., Zhu, X,, Feng, M., Zhong, Z., and Zhou, X. (2017). Relationship between
expression of chalcone synthase genes and chromones in artificial agarwood induced by
formic acid stimulation combined with fusarium sp. a2 inoculation. Molecules. 22, 686.
doi: 10.3390/molecules22050686

Cui, Z., Li, X,, Xu, D., Yang, Z., and Hong, Z. (2021). Physiological changes during
heartwood formation induced by plant growth regulators in Dalbergia odorifera
(Leguminosae). IAWA J. 42, 1-18. doi: 10.1163/22941932-bjal10052

Cui, Z. Y., Yang, Z.]., and Xu, D. P. (2019). Synergistic roles of biphasic ethylene and
hydrogen peroxide in wound-induced vessel occlusions and essential oil accumulation
in Dalbergia odorifera. Front. Plant Sci. 10, 250. doi: 10.3389/fpls.2019.00250

Dahham, S. S., Tabana, Y. M., Igbal, M. A, Ahamed, M. B. K, Ezzat, M. O., Majid, A.
S. A, et al. (2015). The anticancer, antioxidant and antimicrobial properties of the
sesquiterpene B-caryophyllene from the essential oil of Aquilaria crassna. Molecules 20,
11808-11829. doi: 10.3390/molecules200711808

Editorial Committee of Flora of China and Chinese Academy of Sciences (1999).
Flora of China (Beijing: Science Press).

Farhad, M. S., Babak, A. M., Reza, Z. M., Hassan, R. S. M., and Afshin, T. (2011).
Response of proline, soluble sugars, photosynthetic pigments and antioxidant enzymes
in potato (Solanum tuberosum L.) to different irrigation regimes in greenhouse
condition. Aust. J. Crop Science. 5, 55. doi: 10.2134/agronj2010.0160s

Faroog, M., Hussain, M., Wahid, A., and Siddique, K. H. M. (2012). “Drought stress
in plants: An overview,” in plant responses drought stress, vol. 2012. (Springer, Berlin/
Heidelberg, Germany), 1-33.

Galovig, V., Kebert, M., Popovic, B. M., Kovacevi¢, B., Vasic, V., Joseph, M. P,, et al.
(2021). Biochemical and gene expression analyses in different poplar clones: the
selection tools for afforestation of halomorphic environments. Forests. 12, 636.
doi: 10.3390/f12050636

Gao, J. F. (2006). Experimental guidance on plant physiology (Beijing: China Higher
Education Press).

Gao, S. S, Wang, S, Yu, Y., Huang, S, Liu, Y., Chen, H,, et al. (2020). Effects of drought
stress on growth, physiology and secondary metabolites of Two Adonis species in Northeast
China. Scientia Horticulturae. 259, 108795. doi: 10.1016/j.scienta.2019.108795

Gastaldo, C., Lipko, A., Motsch, E., Motsch, E., Adam, P., Schaeffer, P., et al. (2019).
Biosynthesis of isoprene units in Euphorbia lathyris laticifers vs. other tissues: MVA
and MEP pathways, compartmentation and putative endophytic fungi contribution.
Molecules. 24, 4322. doi: 10.3390/molecules24234322

Ghorai, N., Chakraborty, S., Gucchait, S., Saha, S. K., and Biswas, S. (2012).
Estimation of total terpenoids concentration in plant tissues using a monoterpene,
linalool as standard reagent. Protocol Exchange 55, 1-5.doi: 10.1038/protex.2012.055

Hou, X. L., Ding, L. H., and Yu, H. (2013). Crosstalk between GA and JA signaling
mediates plant growth and defense. Plant Cell Rep. 32, 1067-1074. doi: 10.1007/500299-
013-1423-4

Huang, Y. Q.,, Wen, L. Y., Zhang, L. G,, Xu, L. J., Wang, W. W., Hu, H. H,, et al.
(2023). Community-integrated multi-omics facilitates screeningand isolation of the
organohalide dehalogenation microorganism. Innovation. 4, 100355. doi: 10.1016/
jxinn.2022.100355

Institute of Botany and Chinese Academy of Sciences (2011). Atlas of chinese higher
plants: volume IT (Beijing: Science Press).

Frontiers in Plant Science

15

10.3389/fpls.2024.1461048

Ito, M., Okimoto, K., Yagura, T., Honda, G., Kiuchi, F., and Shimada, Y. (2005).
Induction of sesquiterpenoid production by methyl jasmonate in Aquilaria sinensis cell
suspension culture. J. Essential Oil Res. 17, 175-180. doi: 10.1080/
10412905.2005.9698867

Jamaludin, A., Elias, M. F., Bakar, A. A., Ibrahim, H., and Zain, H. H. M. (2020).
Effect of different chemical formulation on agarwood (Aquilaria malaccensis) resin
weight. EDUCATUM ]. Science Mathematics Technol. (EJSMT). 7, 1-6. doi: 10.37134/
ejsmt.vol7.2.1.2020

Kashyap, A., Planas-Marques, M., Capellades, M., Valls, M., and Coll, N. S. (2021).
Blocking intruders: inducible physico-chemical barriers against plant vascular wilt
pathogens. J. Exp. Bot. 72, 184-198. doi: 10.1093/jxb/eraa444

Kou, M. Z., Bastias, D. A., Christensen, M. J., Zhong, R., Nan, J. B,, Zhang, X. X,, et al
(2021). The plant salicylic acid signalling pathway regulates the infection of a
biotrophic pathogen in grasses associated with an Epichloé endophyte. J Fungi. 7 (8),
633. doi: 10.3390/jof7080633

Kiipper, F. C., Gaquerel, E., Cosse, A., Adas, F., Peters, A. F.,, Miiller, D. G., et al.
(2009). Free fatty acids and methyl jasmonate trigger defense reactions in Laminaria
digitata. Plant Cell Physiol. 50, 789-800. doi: 10.1093/pcp/pcp023

Le, V. T, Tran, V. D,, Nguyen, H. S, Sato, T., and Kozan, O. (2015). Impacts of biological,
chemical and mechanical treatments on sesquiterpene contentin stems of planted Aquilaria
crassna trees. Agroforestry Systems. 89, 973-981. doi: 10.1007/s10457-015-9829-3

Lei, Z. D, Liu, D. L, Zhao, Y. M., and Gao, X. X. (2018). A new 2-(2-phenylethyl)chromone
from Aquilaria sinensis. Chem. Nat. Compd. 54, 30-33. doi: 10.1007/s10600-018-2252-z

Lei, G., Shen, M., Li, Z. G., Zhang, B., Duan, K. X,, Wang, N,, et al. (2011). EIN2
regulates salt stress response and interacts with a MA3 domain-containing protein
ECIP1 in Arabidopsis. Plant Cell Environ. 34, 1678-1692. doi: 10.1111/j.1365-
3040.2011.02363.x

Li, Z. H,, Zhang, N. N, Xu, D. P, Li, X. F., Zhou, D. H., and Li, M. (2023). Effects of
salt stress on contents of agarotetrol and 2-(2-phenylethyl) chromone. J. Northwest
A&F Univ. (Natural Sci. Edition). 51, 29-40. doi: 10.13207/j.cnki.jnwafu.2023.08.004

Li,J. F, Zhou, H. P,, Zhang, Y., Li, Z,, Yang, Y. Q., and Guo, Y. (2020). The GSK3-like
kinase Bin2 is a molecular switch between the salt stress response and growth recovery
in Arabidopsis thaliana. Dev. Cell. 55, 367-380. doi: 10.1016/j.devcel.2020.08.005

Liao, G., Dong, W., Yang, J. L., Li, W., and Dai, H. F. (2018). Monitoring the chemical
profile in agarwood formation within one year and speculating on the biosynthesis of 2-
(2-phenylethyl)chromones. Molecules 23, 1261. doi: 10.3390/molecules23061261

Liu, B, Jing, D., Liu, F,, Ma, H,, Liu, X,, and Peng, L. (2021). Serendipita indica
alleviates drought stress responses in walnut (Juglans regia L.) seedlings by stimulating
osmotic adjustment and antioxidant defense system. Appl. Microbiol. Biotechnol. 105,
8951-8968. doi: 10.1007/s00253-021-11653-9

Liu, T. F,, Liu, Y. X,, Fu, Y. L, Xu, Y. H,, Zhang, Z,, Yang, Y., et al. (2024). Structural,
defense enzyme activity and chemical composition changes in the xylem of Aquilaria
sinensis during fungus induction. Ind. Crops Products. 208, 117804. doi: 10.1016/
j.indcrop.2023.117804

Liu, Y. X, Qiao, M. J., Fu, Y. L., Wei, P. L, Li, Y. J,, and Liu, Z. G. (2022). Tissue
structure changes of Aquilaria sinensis xylem after fungus induction. Forests 13, 43.
doi: 10.3390/f13010043

Liu, J., Xu, Y. H,, Zhang, Z., and Wei, J. H. (2015). Hydrogen peroxide promotes
programmed cell death and salicylic acid accumulation during the induced production
of sesquiterpenes in cultured cell suspensions of Aquilaria sinensis. Funct. Plant Biol.
42, 337-346. doi: 10.1071/fp14189

Liu, J., Yang, J. J., Zhou, C,, Zhao, J. H., Huang, Y. Y., and Lu, Q. (2021). Volatile
organic compound and endogenous phytohormone characteristics during callus
browning in Aquilaria sinensis. Ind. Crops Products 168, 113605. doi: 10.1016/
j.indcrop.2021.113605

Liu, P., Zhang, X, Yang, Y., Xu, Y. H,, Zhang, Z,, Yang, Y., et al. (2019). Interxylary
phloem and xylem rays are the structural foundation of agarwood resin formation in
the stems of Aquilaria sinensis. Trees-struct Funct. 33, 533-542. doi: 10.1007/s00468-
018-1799-4

Lv, F, Li, S., Feng, J., Liu, P., and Wei, J. (2019). Hydrogen peroxide burst triggers
accumulation of jasmonates and salicylic acid inducing sesquiterpene biosynthesis in
wounded Aquilaria sinesis. J. Plant Physiol. 234-235, 167-175. doi: 10.1016/
j.jplph.2019.02.006

Magneé, C., and Larher, F. (1992). High sugar content of extracts interferes with
colorimetric determination of amino acids and free proline. Analytical Biochem. 200,
115-118. doi: 10.1016/0003-2697(92)90285-f

Naziz, P. S., Das, R., and Sen, S. (2019). The scent of stress: Evidence from the unique
fragrance of agarwood. Front. Plant Sci. 10, 840. doi: 10.3389/fpls.2019.00840

Ngn, T. T, Thuy, D., Tuyen, T. T., Cam, T. I, Hoang, T. B., Long, P, et al. (2019).
Chemical components of agarwood (Aquilaria crassna) essential oils grown in various
regions of Asia. Asian J. Chem. 32, 36-40. doi: 10.14233/ajchem.2020.22177

Noctor, G., Lelarge-Trouverie, C., and Mhamdi, A. (2015). The metabolomics of
oxidative stress. Phytochem. 112, 33-53. doi: 10.1016/j.phytochem.2014.09.002

frontiersin.org


https://doi.org/10.1111/tpj.15124
https://doi.org/10.1111/tpj.15124
https://doi.org/10.3390/molecules26185546
https://doi.org/10.3390/molecules26247646
https://doi.org/10.1007/s11676-009-0027-x
https://doi.org/10.19080/ttsr.2018.02.555584
https://doi.org/10.19080/ttsr.2018.02.555584
https://doi.org/10.1104/pp.106.094292
https://doi.org/10.1371/journal.pone.0198111
https://doi.org/10.1371/journal.pone.0198111
https://doi.org/10.3390/molecules22050686
https://doi.org/10.1163/22941932-bja10052
https://doi.org/10.3389/fpls.2019.00250
https://doi.org/10.3390/molecules200711808
https://doi.org/10.2134/agronj2010.0160s
https://doi.org/10.3390/f12050636
https://doi.org/10.1016/j.scienta.2019.108795
https://doi.org/10.3390/molecules24234322
https://doi.org/10.1038/protex.2012.055
https://doi.org/10.1007/s00299-013-1423-4
https://doi.org/10.1007/s00299-013-1423-4
https://doi.org/10.1016/j.xinn.2022.100355
https://doi.org/10.1016/j.xinn.2022.100355
https://doi.org/10.1080/10412905.2005.9698867
https://doi.org/10.1080/10412905.2005.9698867
https://doi.org/10.37134/ejsmt.vol7.2.1.2020
https://doi.org/10.37134/ejsmt.vol7.2.1.2020
https://doi.org/10.1093/jxb/eraa444
https://doi.org/10.3390/jof7080633
https://doi.org/10.1093/pcp/pcp023
https://doi.org/10.1007/s10457-015-9829-3
https://doi.org/10.1007/s10600-018-2252-z
https://doi.org/10.1111/j.1365-3040.2011.02363.x
https://doi.org/10.1111/j.1365-3040.2011.02363.x
https://doi.org/10.13207/j.cnki.jnwafu.2023.08.004
https://doi.org/10.1016/j.devcel.2020.08.005
https://doi.org/10.3390/molecules23061261
https://doi.org/10.1007/s00253-021-11653-9
https://doi.org/10.1016/j.indcrop.2023.117804
https://doi.org/10.1016/j.indcrop.2023.117804
https://doi.org/10.3390/f13010043
https://doi.org/10.1071/fp14189
https://doi.org/10.1016/j.indcrop.2021.113605
https://doi.org/10.1016/j.indcrop.2021.113605
https://doi.org/10.1007/s00468-018-1799-4
https://doi.org/10.1007/s00468-018-1799-4
https://doi.org/10.1016/j.jplph.2019.02.006
https://doi.org/10.1016/j.jplph.2019.02.006
https://doi.org/10.1016/0003-2697(92)90285-f
https://doi.org/10.3389/fpls.2019.00840
https://doi.org/10.14233/ajchem.2020.22177
https://doi.org/10.1016/j.phytochem.2014.09.002
https://doi.org/10.3389/fpls.2024.1461048
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Pang et al.

Okudera, Y., and Ito, M. (2009). Production of agarwood fragrant constituents in
Agquilaria calli and cell suspension cultures. Plant Biotechnol. 26, 307-315. doi: 10.5511/
plantbiotechnology.26.307

Oyarce, P., and Gurovich, L. (2011). Evidence for the transmission of information
through electric potentials in injured avocado trees. J. Plant Physiol. 168, 103-108.
doi: 10.1016/j.jplph.2010.06.003

Pang, S.J., Zhao, W. W., Zhang, Q. Q,, Tian, Z. W., Wu, D,, Deng, S. K., et al. (2024).
Aromatic components and endophytic fungi during the formation of agarwood in
Aquilaria sinensis were induced by exogenous substances. Front. Microbiol. 15,
1446583. doi: 10.3389/fmicb.2024.1446583

Pang, S. J., Zhou, Z. Z., Huang, G. H., Zhang, P., Yang, B. G, and Liu, S. L. (2022).
Research progress in agarwood aroma substances. World Forestry Res. 35, 59-64.
doi: 10.13348/j.cnki.sjlyyj.2022.0058.y

Pripdeevech, P., Khummueng, W., and Seung-Kook, P. (2011). Identification ofodor-
active components of agarwood essentialoils from Thailand bysolid phase
microextraction-GC/MS and GC-O. J. Essential Oil Res. 23, 46-53. doi: 10.1080/
10412905.2011.9700468

Rasool, S., and Mohamed, R. (2016). “Understanding agarwood formation and its
challenges,” in Tropical forestry (Springer Singapore, Singapore), 39-56.

Ren, T. Y., Zheng, P. C,, Zhang, K. X,, Liao, J. R,, and Zhu, X. J. (2021). Effects of
GABA on the polyphenol accumulation and antioxidant activities in tea plants
(Camellia sinensis L.) under heat-stress conditions. Plant Physiol. Biochem. 159, 363-
371. doi: 10.1016/j.plaphy42021.01.003

Rezaul, I. M., Feng, B., Chen, T., Fu, W., Zhang, C., Tao, L., et al. (2019). Abscisic acid
prevents pollen abortion under high-temperature stress by mediating sugar metabolism
in rice spikelets. Physiologia plantarum. 165, 644-663. doi: 10.1111/ppl.12759

Rong, Y. Q,, Li, T. Z,, Liu, X,, Shi, S. P,, Wang, X. H,, and Tu, P. F. (2021). AsTall
from Aquilaria sinensis regulates ABA signaling-mediated seed germination and root
growth in Nicotiana benthamiana. Plant Cell Tissue Organ Cult. 147, 97-106.
doi: 10.1007/s11240-021-02110-6

Savatin, D. V., Gramegna, G., Modesti, V., and Cervone, F. (2014). Wounding in the
plant tissue: the defense of a dangerous passage. Front. Plant Science. 5, 470.
doi: 10.3389/fpls.2014.00470

Savitch, L. V., Harney, T., and Huner, N. P. A. (2010). Sucrose metabolismin spring
and winter wheat in response to high irradiance, cold stress and cold acclimation.
Physiologia Plantarum. 108, 270-278. doi: 10.1034/j.1399-3054.2000.108003270.x

Saw, P. C,, Abdul, R. K, and Awang, M. R. (2014). Histology study of the Aquilaria
malaccensis and agarwood resin formation under light microscope. J. Agrobiotech. 35,
77-83. Retrieved from https://journal.unisza.edu.my/agrobiotechnology/index.php/
agrobiotechnology/article/view/50.

Sen, S., Dehingia, M., Talukdar, N. C., and Khan, M. (2017). Chemometric analysis
reveals links in the formation of fragrant bio-molecules during agarwood (Aquilaria
malaccensis) and fungal interactions. Sci. Rep. 7, 44406. doi: 10.1038/srep44406

Shivanand, P., Arbie, N. F., Krishnamoorthy, S., and Ahmad, M. (2022). Agarwood-
the fragrant molecules of a wounded tree. Molecules. 27, 3386. doi: 10.3390/
molecules27113386

Song, X. C,, Huang, G. H., Wang, X. Y,, Song, J., Zhang, Q. Q, Liang, K. N,, et al.
(2019). Resistance capability of Aquilaria sinensis under combinations of inorganic
salts, hormones and fungus induction. Bull. Botanical Res. 39, 505-513. doi: 10.7525/
j.issn.1673-5102.2019.04.004

Song, X. C., Wang, X. Y., Yang, G, Huang, G. H,, Zhou, Z. Z,, Liang, K. N, et al. (2020).
Mechanism of agarwood formation under the induction of both inorganic salts and
hormones. Scientia Silvae Sinicae. 56, 121-130. doi: CNKI:SUN:LYKE.0.2020-08-014

Sun, P. W, Xu, Y. H,, Yu, C. C, Ly, F. F, Tang, X. L,, Gao, Z. H,, et al. (2020).
WRKY44 represses expression of the wound-induced sesquiterpene biosynthetic gene
ASS1 in Aquilaria sinensis. J. Exp. Bot. 71, 1128-1138. doi: 10.1093/jxb/erz469

Sun, Y., Zhang, H., Li, Z., Yu, W., Zhao, Z., Wang, K,, et al. (2020). Determination
and comparison of agarwood from different origins by comprehensive two-
dimensional gas chromatography-quadrupole time-of-flight mass spectrometry. J.
Separation Science. 43, 1284-1296. doi: 10.1002/jssc.201901008

Takemoto, H., Ito, M., Shiraki, T., Yagura, T., and Honda, G. (2008). Sedative effects
of vapor inhalation of agarwood oil and spikenard extract and identification of their
active components. J. Natural Medicines. 62, 41-46. doi: 10.1007/s11418-007-0177-0

Tamuli, P., Boruah, P., and Samanta, R. (2014). Biochemical changes in agarwood
tree (Aquilaria malaccensis, Lamk.) during pathogenesis. J. Spices Aromatic Crops. 13,
87-91.

Frontiers in Plant Science

16

10.3389/fpls.2024.1461048

Tan, C. S, Isa, N. M, and Zainal, Z. (2019). Agarwood induction: current developments
and future perspectives. Front. Plant Science. 10, 122. doi: 10.3389/fpls.2019.00122

Trovato, M., Mattioli, R., and Costantino, P. (2008). Multiple roles of proline in plant
stress tolerance and development. Rend Lincei-Sci Fis. 19, 325-346. doi: 10.1007/
s12210-008-0022-8

Wei, B, Hou, K., Zhang, H., Zhang, H., Wang, X., and Wu, W. (2020). Integrating
transcriptomics and metabolomics to studies key metabolism, pathways and candidate
genes associated with drought-tolerance in Carthamus tinctorius L. Under drought
stress. Ind. Crops Products 151, 112465. doi: 10.1016/j.indcrop.2020.112465

Wu, S. R, Chen, W. F,, and Zhou, X. (1988). Enzyme linked immunosorbent assay
for endogenous plant hormones. Plant Physiol. Commun. 5, 53-57. doi: 10.13592/
j.cnki.ppj.1988.05.020

Xu, M., Dong, J., Wang, H., and Huang, L. (2009). Complementary action of
jasmonic acid on salicylic acid in mediating fungal elicitor-induced flavonol
glycoside accumulation of Ginkgo biloba cells. Plant Cell Environment. 32, 960-967.
doi: 10.1111/j.1365-3040.2009.01976.x

Xu, Y. H, Liao, Y. C, Lv, F. F,, Zhang, Z, Sun, P. W,, and Gao, Z. H. (2017).
Transcription factor AsMYC2 controls the jasmonate-responsive expression of ASS1
regulating sesquiterpene biosynthesis in Aquilaria sinensis (lour.) gilg. Plant Cell
Physiol. 58, 2257. doi: 10.1093/pcp/pcx161

Xu, Y., Liao, Y. C,, Zhang, Z,, Liu, J., Sun, P. W,, Gao, Z. H,, et al. (2016). Jasmonic
acid is a crucial signal transducer in heat shock induced sesquiterpene formation in
Agquilaria sinensis. Sci. Rep. 6, 21843. doi: 10.1038/srep21843

Yan, T., Ma, S., Chen, Y., and Li, G. (2024). The odorants profiles and bioactivities of
agarwood essential oils from two germplasm of Aquilaria sinensis trees by different
extraction methods. Industrial Crops & Products. 216. doi: 10.1016/
j.indcrop.2024.118719

Yan, T. T,, Chen, Y., Wang, Q., Shang, L. L., and Li, G. L. (2019). Quality analyses of
domestic agarwood (Aquilaria sinensis in China by LC-MS combining with
chemometrics. China Wood Industry. 33, 14-18. doi: 10.19455/j.mcgy.20190604

Yang, L., Yang, J. L., Dong, W.-H,, Yang, L, Yang, J. L., Dong, W. H., et al. (2021).
The characteristic fragrant sesquiterpenes and 2-(2 phenylethyl) chromones in wild
and cultivated “Qi-Nan” agarwood. Molecules. 26, 2-12. doi: 10.3390/
molecules26020436

Yu, S. M,, Lo, S. F., and Ho, T. D. (2015). Source-sink communication: regulated by
hormone, nutrient, and stress cross-signaling. Trends Plant Sci. 20, 844-857.
doi: 10.1016/j.tplants.2015.10.009

Zeid, 1. M. (2009). Trehalose as osmoprotectant for maize under salinity-induced
stress. Res. J. Agric. Biol. Sci. 5, 613-622.

Zhang, P, Li, X. F,, Cui, Z. Y., and Xu, D. P. (2022b). Morphological, physiological,
biochemical and molecular analyses reveal wounding-induced agarwood formation
mechanism in two types of Aquilaria sinensis (Lour.) Spreng. Ind. Crops Products 178,
114603. doi: 10.1016/j.indcrop.2022.114603

Zhang, Q., Li, R, Lin, Y., Zhao, W, Lin, Q., Ouyang, L., et al. (2024a). Dynamics of
physiological properties and endophytic fungal communities in the xylem of aquilaria
sinensis (Lour.) with different induction times. J.Fungi 10, 562. doi: 10.3390/
jof10080562

Zhang, Q,, Liu, X,, Li, X,, Fang, X., Xiong, Y., and Xu, D. (2024b). Inducing aquilaria
sinensis (Lour.) spreng “Qinan” Agarwood formation with chemical reagents.
Agronomy 14, 1727. doi: 10.3390/agronomy14081727

Zhang, P., Xue, S. Y., Li, X. F,, and Xu, D. P. (2022a). Physiological mechanism of
aquilaria sinensis in response to fungi and mechanical damage stress. For. Res. 35, 47—
54. doi: 10.13275/j.cnkilykxyj.2022.03.006

Zhang, N, Xue, S., Song, J., Zhou, X., Zhou, D., Liu, X,, et al. (2011). Effects of various
artificial agarwood-induction techniques on the metabolome of Aquilaria sinensis.
BMC Plant Biol. 21, 591. doi: 10.1186/s12870-021-03378-8

Zhang, 7., Zhang, X. L., Yang, Y., Wei, J. H,, Meng, H., Gao, Z. H,, et al. (2014).
Hydrogen peroxide induces vessel occlusions and stimulates sesquiterpenes

accumulation in stems of Aquilaria sinensis. Plant Growth Regul. 72, 81-87.
doi: 10.1007/s10725-013-9838-z

Zhang, H., Zhao, Y., and Zhu, J. K. (2020). Thriving under stress: how plants balance
growth and the stress response. Dev. Cell. 55, 529-543. doi: 10.1016/
j.devcel.2020.10.012

Zhao, W. W, Song, X. C,, Zhou, Z. Z,, Liu, G. F,, Zhang, Q. Q., and Pang, S. J. (2024).
Effects of different levels of physical damage combined with fungal induction on
agarwood formation. Forests 15, 168. doi: 10.3390/f15010168

frontiersin.org


https://doi.org/10.5511/plantbiotechnology.26.307
https://doi.org/10.5511/plantbiotechnology.26.307
https://doi.org/10.1016/j.jplph.2010.06.003
https://doi.org/10.3389/fmicb.2024.1446583
https://doi.org/10.13348/j.cnki.sjlyyj.2022.0058.y
https://doi.org/10.1080/10412905.2011.9700468
https://doi.org/10.1080/10412905.2011.9700468
https://doi.org/10.1016/j.plaphy.2021.01.003
https://doi.org/10.1111/ppl.12759
https://doi.org/10.1007/s11240-021-02110-6
https://doi.org/10.3389/fpls.2014.00470
https://doi.org/10.1034/j.1399-3054.2000.108003270.x
https://journal.unisza.edu.my/agrobiotechnology/index.php/agrobiotechnology/article/view/50
https://journal.unisza.edu.my/agrobiotechnology/index.php/agrobiotechnology/article/view/50
https://doi.org/10.1038/srep44406
https://doi.org/10.3390/molecules27113386
https://doi.org/10.3390/molecules27113386
https://doi.org/10.7525/j.issn.1673-5102.2019.04.004
https://doi.org/10.7525/j.issn.1673-5102.2019.04.004
https://doi.org/CNKI:SUN:LYKE.0.2020-08-014
https://doi.org/10.1093/jxb/erz469
https://doi.org/10.1002/jssc.201901008
https://doi.org/10.1007/s11418-007-0177-0
https://doi.org/10.3389/fpls.2019.00122
https://doi.org/10.1007/s12210-008-0022-8
https://doi.org/10.1007/s12210-008-0022-8
https://doi.org/10.1016/j.indcrop.2020.112465
https://doi.org/10.13592/j.cnki.ppj.1988.05.020
https://doi.org/10.13592/j.cnki.ppj.1988.05.020
https://doi.org/10.1111/j.1365-3040.2009.01976.x
https://doi.org/10.1093/pcp/pcx161
https://doi.org/10.1038/srep21843
https://doi.org/10.1016/j.indcrop.2024.118719
https://doi.org/10.1016/j.indcrop.2024.118719
https://doi.org/10.19455/j.mcgy.20190604
https://doi.org/10.3390/molecules26020436
https://doi.org/10.3390/molecules26020436
https://doi.org/10.1016/j.tplants.2015.10.009
https://doi.org/10.1016/j.indcrop.2022.114603
https://doi.org/10.3390/jof10080562
https://doi.org/10.3390/jof10080562
https://doi.org/10.3390/agronomy14081727
https://doi.org/10.13275/j.cnki.lykxyj.2022.03.006
https://doi.org/10.1186/s12870-021-03378-8
https://doi.org/10.1007/s10725-013-9838-z
https://doi.org/10.1016/j.devcel.2020.10.012
https://doi.org/10.1016/j.devcel.2020.10.012
https://doi.org/10.3390/f15010168
https://doi.org/10.3389/fpls.2024.1461048
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Physiological characteristics during the formation of aromatic components in xylem of Aquilaria sinensis induced by exogenous substances
	1 Introduction
	2 Materials and methods
	2.1 Experimental materials
	2.2 Experimental design and sampling
	2.3 Determination of the physiological indicators
	2.4 Determination of aromatics
	2.5 Statistical analysis

	3 Results
	3.1 Changes in the contents of hormones during different induction treatments and times
	3.1.1 Defense hormone content
	3.1.2 Contents of the growth hormones

	3.2 Changes in antioxidant enzymes activities during different induction treatments and times
	3.3 Changes in osmoregulatory compounds during different induction treatments and times
	3.4 Contents of total sugar and soluble sugars
	3.5 Relative contents of aromatics
	3.6 Relation between the aromatics and physiological properties

	4 Discussion
	4.1 Effect of different induction treatments on the contents of endogenous hormones
	4.2 Effect of different induction treatments on the activities of enzymes and osmoregulatory compounds
	4.3 Effect of different induction treatments on the contents of various compounds

	5 Conclusions
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


