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Yun Yang2 and Jian-He Wei1,2*†

1Institute of Medicinal Plant Development, Chinese Academy of Medical Sciences and Peking Union
Medical College, Beijing, China, 2Hainan Provincial Key Laboratory of Resources Conservation and
Development of Southern Medicine & Key Laboratory of State Administration of Traditional Chinese
Medicine for Agarwood Sustainable Utilization, Hainan Branch of the Institute of Medicinal Plant
Development, Chinese Academy of Medical Sciences and Peking Union Medical College,
Haikou, China
Introduction: Dalbergia odorifera T. Chen, known as fragrant rosewood, is a rare

and endangered tree species. Studies have shown that plant growth regulators can

effectively promote heartwood formation. This study aimed to investigate the effects

of ethephon (ETH) on heartwood formation and the influence of ethephon and

hydrogen peroxide (H2O2) on the physiological characteristics in D. odorifera.

Methods: D. odorifera branches underwent treatment with 2.5% plant growth

regulators, including ETH, jasmonic acid (JA), salicylic acid (SA), abscisic acid

(ABA), H2O2, and inhibitors such as ascorbic acid (AsA) to inhibit H2O2 synthesis,

and (S) -trans 2-amino-4 - (2-aminoethoxy) -3-butene (AVG) to inhibit ethylene

synthesis. After a 14-day period, we conducted an analysis to evaluate the impact

of these plant growth regulators on elongation distance, vessel occlusion

percentage, and trans-nerol content. Additionally, the effects of ETH and H2O2

on endogenous plant hormones, H2O2 content, soluble protein content, and

enzyme activity were investigated within 0-48 h of treatment.

Results: After treatment with ETH for 14 days, the extension distance of the

heartwood material was 15 cm, while the trans-nerolol content was 15 times that

of the ABA group. ETH and H2O2 promoted endogenous ethylene synthesis;

Ethylene content peaked at 6 and 18 h. The peak ethylene content in the ETH

group was 68.07%, 12.89%, and 20.87% higher than the initial value of the H2O2

group and ddH2O group, respectively, and 29.64% higher than that in the AVG

group. The soluble protein content and activity of related enzymes were

significantly increased following ETH treatment.

Discussion: ETH exhibited the most impact on heartwood formation while not

hindering tree growth. This treatment effectively triggered the production of

endogenous ethylene in plants and enhanced the activity of essential enzymes

involved in heartwood formation. These findings serve as a valuable reference for

future investigations into heartwood formation.
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1 Introduction

Secondary metabolites found in woody medicinal plants, such

as terpenoids and flavonoids, possess distinct physicochemical

properties and have broad applications in medicine, biomaterials,

wood processing, and aromatization (Castel et al., 2005; Aljesri

et al., 2014; Yan et al., 2015; Chang and Chang, 2017; Octavia and

Nugroho, 2020; Pullaiah et al., 2021; Romruen et al., 2022). Certain

resinous woody medicinal plants, under natural conditions without

intervention, fail to produce secondary metabolites (Steep, 2003).

Instead, the expression of these metabolites is induced by various

abiotic stress factors like typhoons and lightning or biotic stress

factors, such as ant infestations, insect bites and microbial invasions

(Chen et al., 2011). For instance, both argarwood and dragon’s

blood are products that form in response to trunk injuries (Chen

et al., 2011; Andini et al., 2020). While there are some woody plants

that grow naturally under environmental conditions; with age, trees

can accumulate secondary metabolites in their trunk, roots, and

other parts to form heartwood. However, this process usually takes

a long time. Heartwood formation occurs at about 10 years of age in

case of Caesalpinia sappan L., Dalbergia odorifera T. Chen, and

Santalum album L., and it takes even longer to reach commercial

maturity (Liu et al., 2013; Ma et al., 2021; Vij et al., 2023). Due to the

immense economic and medicinal value of these woody plants,

there is a huge demand in the market. Researchers have focused

their efforts on finding effective artificial cultivation methods to

expedite the formation of these valuable materials. Studies have

shown that biotic stress factors, such as fungal infections (Sun et al.,

2015; Cheng et al., 2018), and abiotic stress factors, like drought

(Nilsson et al., 2002; Liu et al., 2013; Sun et al., 2020; Li et al., 2021;

Cui et al., 2022), can promote the accumulation of secondary

metabolites to varying degrees. However, the effectiveness of

different treatments varies, and plant growth regulators like

ethephon (ETH), jasmonic acid (JA), and herbicides have been

extensively studied and have shown notable effectiveness

(Radomiljac, 1998; Lin et al., 2000; Li et al., 2021). Furthermore,

the effectiveness of plant growth regulators in inducing the

accumulation of secondary metabolites varies among tree species.

For instance, JA has been found to be more effective in Aquilaria

sinensis (Lour.) Gilg (Xu et al., 2016), while ETH is reported to be

more effective at promoting heartwood formation in Santalum

album L. and D. odorifera (Liu et al., 2013; Cui et al., 2021).

D. odorifera, an endemic tree species in China, holds significant

value as precious mahogany and traditional Chinese herbal

medicine (Tao and Wang, 2010; Zan et al., 2022; Zhu et al.,

2023). It has been listed on the International Union for

Conservation of Nature (IUCN) Red List by the World

Conservation Monitoring Center (WCMC) since 1998 due to the

severe depletion of its wild resources (WCMC, 1998). The Chinese

government has also promoted it to the second level of national

protection. It is of high economic value, easy to survive, and has

been widely planted in Guangdong, Guangxi, Yunnan, and other

provinces (Liu et al., 2019). However, it is extremely difficult for the

tree to become timber. Heartwood formation not only takes over 30

years but also occurs at a very low rate (Ma et al., 2021). It is

reported that there are over 2 million artificially planted D.
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odorifera resources in Hainan alone, but the majority of the trees

are less than 10-years old, and fewer than 50 are mature trees over

30-years old (Meng et al., 2010). This has triggered a pressing need

to identify more effective interventions for promoting heartwood

formation. In recent years, researchers have focused on artificial

interventions to induce heartwood formation in D. odorifera. It has

been observed that plant growth regulators and improved forest

management practices can effectively stimulate heartwood

formation in D. odorifera, with ETH being a widely used effective

agent. Jia (2014) demonstrated that ETH, 6-benzylaminopurine (6-

BA), abscisic acid (ABA), and paraquat all promote an increase in

the heartwood area of D. odorifera, with ETH producing the largest

heartwood area. Cui (2018) noted that ETH treatment induces a

nearly uniform color change in D. odorifera heartwood and leads to

the synthesis of the most comprehensive array of heartwood

substances, with the highest content and closest resemblance to

natural heartwood, surpassing the effects of JA, salicylic acid (SA),

and ABA. Zhou et al. (2014) found that ETH treatment for one year

induces D. odorifera xylem to produce purplish-red heartwood

material, resulting in volatile oil with a Jiangxiang flavor and the

highest content of trans-nerolidol, aligning with the primary active

ingredient in the Chinese medicine Jiangxiang. Wang et al. (2019)

analyzed the effects of four ETH treatment concentrations on the

fundamental properties, sugar, starch, histochemistry, and essential

oil composition of D. odorifera heartwood and found that the 2.5%

treatment was most conducive to heartwood formation.

It is evident that various treatments have significant differences

with respect to their impact on D. odorifera heartwood formation.

However, current research primarily focuses on improving the

quality of induced heartwood, optimizing induction techniques,

and similar aspects, while offering limited insights into the

underlying reasons for these differences and the mechanisms at

play. Building on our previous research, we have formulated a

hypothesis that revolves around the role of endogenous signaling

molecules in heartwood response to different treatments. We

suggest that phytohormones may serve as pivotal factors,

contributing to variations in both the quantity and quality of

heartwood formation as a result of their varying responses to

external treatments. Therefore, in the present study, we selected

four plant growth regulators, namely ETH, ABA, JA and SA, which

have been widely reported in the literature and have certain

inducing effects, and added the ethylene synthesis inhibitor (S)

-trans 2-amino-4 - (2-aminoethoxy) -3-butene (AVG), and

compared the differences in their short-term (14 d) effects on the

accumulation of heartwood-like substances of D. odorifera, based

on the physiological and biochemical assays. Meanwhile, based on

the early signaling events of ethylene and H2O2 reported in the

literature (Cui et al., 2019), ETH and H2O2 and their inhibitors were

selected in this study to analyze the interaction between endogenous

ethylene and H2O2 in the early period (0-48 h). In addition, we

further explored the effects of ETH and its inhibitors on

physiological indices, such as endogenous ABA, JA, and SA

contents and secondary metabolizing enzyme activities in D.

odorifera, correlating endogenous key hormones in response to

treatments with the formation of secondary metabolites in

heartwood in order to use the key hormones as one of the
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indicators for early prediction of the content of heartwood-like

substances, so as to efficiently and rapidly guide the production

practice and provide new ideas for the optimization of the

formation mechanism and induction technology of the heartwood

of D. odorifera.
2 Materials and methods

2.1 Plant materials

The trees, collected from the Haikou Research and

Development Center, Hainan Branch, Institute of Medicinal

Plants, Chinese Academy of Medical Sciences(Haikou, China),

were 5-7-years old unformed heartwood trees in the experimental

field. Smooth and straight-sided stems with a diameter of 1–2 cm

and long enough (length > 20 cm) were selected.
2.2 Treatments and sample pretreatments

After the truncation of D. odorifera side stems, the cross-

sections of branches left on the tree were covered as follows:

skimmed cotton saturated with an equal volume of double

distilled water (ddH2O), 2.5% ETH (analytically pure), 2.5% JA

(purity ≥ 95%), 2.5% SA (analytically pure), and 2.5% ABA (HPLC),

which the last three reagents required 95% ethanol to help dissolve

(400 µL, 380 µL, and 350 µL of ethanol needed to be added per

milliliter of solution, respectively). In terms of control selection, we

conducted a 14-d preexperiment that showed no difference in the

results of treating the branches using equal volumes of ddH2O and

co-solvent with maximum volume of ethanol to be added

(Figure 1C), so ddH2O was chosen as the control for the next

formal experiments. These cotton-covered sections were enclosed

within self-sealing bags, securely fastened with ties, and left for 2 h.

Each treatment group was replicated three times. After a 14-day

period, lateral stems were harvested based on the heartwood

extension distance from the branch point (change in color from

cross section down). Details are shown in Figures 1A, B. A portion

of the stem segment was reserved for microscopic observation,

while the remaining samples were subjected to 40 °C low-

temperature drying and subsequently ground into fine powder

using a No.3 sieve. The powdered samples were stored at room

temperature (25 °C) for future measurements.

In a separate experiment, following the truncation of D.

odorifera side stems, the cross-sections were covered with cotton

soaked in solutions of the following: ddH2O, 2.5% ETH, 0.5 m mol/

L AVG (purity ≥ 93%), 1 m mol/L H2O2 (analytically pure), and 1

m mol/L ascorbic acid (AsA) (analytically pure). These sections

were then enclosed in self-sealing bags, securely fastened with ties,

and subjected to a 2-h treatment. Subsequently, stem segments of 2

cm in length were collected at intervals of 0, 2, 4, 6, 12, 18, 24, 36,

and 48 hours. These segments were immediately placed in liquid

nitrogen, ground into a fine powder, and stored in a refrigerator at –

80 °C for future measurements.
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2.3 Statistics of discoloration extension
distance and percentage of vessel
occlusions (PVO)

After harvesting the branches, the bark was stripped, and the

length of the longitudinal discoloration extension was measured. At

the end of the extension length measurement, a 2 cm portion of the

original section was removed, while the remaining portion was cut

into 1 cm stem segments.

CM1950 frozen slicer (Leica, Wetzlar, Germany) was used to

create 20–30 mm slices, and each section was observed for ductal

obstruction and secondary metabolite formation through a

microscope (BCLIPSE80i, Nikon Corporation, Tokyo, Japan).

Five views were randomly selected for each section, each view

included approximately 15–30 ducts, with a total of approximately

75–150 ducts observed in each section. The percentage of ducts

filled with secondary metabolites to the total number of observed

ducts was counted (Cui, 2018), i.e., PVO.
2.4 Determination of trans-
nerolidol content

2.4.1 Preparation of sample solutions
A 0.5 g sample powder was placed in a 20 mL stoppered test tube

and mixed with 10 mL methanol (analytically pure). After 1h

ultrasonic treatment (SB25-12DTDN, SCIENTZ, Jiangsu, China),

filtration treatment was performed. The residue was rinsed twice

with 2 mL methanol each time. Subsequently, it was combined with

the filtrate to recover methanol under pressure. The residue was rinsed

twice with 1 mL ethyl acetate (analytically pure), combined with ethyl

acetate to final volume of 2 mL, and the appropriate amount was

filtered with 0.45 mm filter membrane. The filtrate was reserved.

2.4.2 Detection conditions
The samples were identified using GC-MS (7890A-5975C,

Agilent, New York, USA). The following programme temperature

was used: initial temperature of the column 60 °C and held for 2 min,

then increased to 90 °C at 6 °C/min and held for l min, 150 °C at 10 °

C/min and held for 2 min, 180 °C at 2 °C/min and held for 2 min, 200

at 5 °C/min and held for 2 min, and finally to 250 °C at 2°C/min and

held for 2 min; the inlet temperature was 230 °C, the shunt ratio was

2:1. The sample was injected into the sample gate at 230 °C with a

shunt ratio of 2:1. The flow rate was 1 ml/min, and the carrier gas was

nitrogen (99.999%); the detector was MS, EI ion source at 230 °C,

quadrupole temperature at 150 °C, interface temperature at 247 °C,

and the solvent was delayed for 3 min; the m/z was 50-500.

2.4.3 Calculation of trans-nerolidol content
The total ion flow map was obtained using GC-MS condition

analysis, and the peaks were scanned using mass spectrometry to

obtain the mass spectra, which were then searched, analyzed, and

identified using the standard mass spectral library. The relative

percentage of trans-nerolidol in the volatile oil was calculated using

the peak area normalization quantification method.
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2.5 Determination of relevant
physiological indices

Samples collected at 0, 2, 4, 6, 12, 18, 24, 36, and 48 h were

subjected to various physiological parameter assays using a UV-1900

ultraviolet-visible spectrophotometer (Shimadzu, Jiangsu, China). Each

treatment had three sets of replicates, with each assay requiring 0.1 g of

sample powder for a single run. The working solution for the assays

was prepared following the instructions provide with the ELISA assay

kit (Kejing, Jiangsu, China), and the absorbance (OD) was measured at
Frontiers in Plant Science 04
450 nm. This allowed us to calculate the content of endogenous

ethylene, JA, SA, and ABA. To determine H2O2 concentration, we

used an H2O2 content kit (Keming, Suzhou,China) and measured the

OD at 415 nm. For assessing soluble protein content, we employed the

BCA Protein Content Assay Kit (Kejing, Jiangsu,China) and measured

the OD at 562nm. To determine the activity of resistance enzymes

[Catalase (CAT), peroxidase (POD), and polyphenol oxidase (PPO)],

we used kits from Keming (Suzhou, China) and measured the OD at

240 nm, 470nm and 525nm, respectively. Terpene synthase (TPS)

(COIBO, Shanghai, China) and chalcone isomerase (CHI) (Keming,
B

C

A

FIGURE 1

Methods of treatment and pre-experimental results of D. odorifera branches. (A) Extension distance and arrow illustrate the distance and direction of
color change in the branches of D. odorifera affected by plant growth regulators. (B) Cross section refers to the section of a branch that is still
growing on the tree after it has been cut, and also where the skimming cotton is covered. (C) Double distilled water (ddH2O), co-solvent refers to
95% ethanol.
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Suzhou, China) kits were used to determine the activity of key enzymes

involved in the formation of secondary metabolites, and the OD was

measured at 450nm and 381nm, respectively.
2.6 Data analysis

Data of three replicates in discoloration extension and

physiological indices measurements were analyzed in Paired

Comparison Plot v3.6 (Origin Lab, Massachusetts, USA), and the

mean comparison method is Fisher LSD, the significance level is 0.05.
3 Results

3.1 Statistics of discoloration extension
distance and PVO

When subjected to various plant growth regulator treatments, D.

odorifera stems exhibited varying degrees of discoloration. Notably, the
Frontiers in Plant Science 05
treatment with ETH closely resembled the natural heartwood color,

displaying a rich purple-red hue. This treatment also resulted in the

largest discoloration area around the lateral stems, and demonstrated

robust branch growth (Figure 2). Analysis of extension distance

statistics showed that all plant growth regulator treatment groups

exhibited greater extension distances compared to the ddH2O

control group. Among these, the ETH treatment group displayed the

longest extension distance, reaching 15 cm, followed by the ABA

treatment group with 13.27 cm. In contrast, the JA treatment group

had the shortest extension distance of 4.93 cm, while the AVG group

showed no discoloration (Figure 3).

During heartwood formation, as thin-walled ray cells undergo

cell death, secondary metabolic substances accumulate within the

conduits, leading to conduit occlusion (Pallardy and Kozlowski,

2008). The extent of conduit occlusion, referred to as the PVO, is

indicative of the quantity of accumulated substances. Therefore, we

employed PVO as one of the indicators to compare the effects of

different plant growth regulators. PVO measurements were taken

from a point below 2 cm, with a decrease observed as the extension

distance of discoloration increased. Interestingly, the closer the
B

A

FIGURE 2

Discoloration of D. odorifera branches treated with plant growth regulators for 14 days. (A) 2.5% jasmonic acid (JA), 2.5% salicylic acid (SA), 2.5%
abscisic acid (ABA), 2.5% ethephon (ETH), double distilled water (ddH2O), (S) -trans 2-amino-4 - (2-aminoethoxy) -3-butene (AVG). (B) Color of
natural D. odorifera heartwood powder.
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measurement point was to the tip, the greater the accumulation of

filling material and PVO, as depicted in Table 1. Notably, the ETH

treatment exhibited the most intense purple-red coloration of the

conduit-filling material at 2–3 cm (Figure 4A). While the ABA

(Figure 4B), SA (Figure 4C), JA (Figure 4D), ddH2O-treated

(Figure 4E) groups showed yellow color to varying degrees, the

AVG group showed basically no color change (Figure 4F).
3.2 Trans-nerolidol content

Trans-nerolidol is the main component of volatile oil in the

heartwood of D. odorifera. In this study, the trans-nerolidol
Frontiers in Plant Science 06
content was used as one of the evaluation criteria for the effect

of different plant growth regulators. in promoting the formation of

secondary substances in D. odorifera. The total ion flow

chromatograms of the volatile oils of different exogenous

hormone treatment groups are shown in Figure 5, in which the

trans-nerolidol content of ETH treatment was 1.7916 mg/g, and

the trans-nerolidol content of ABA treatment was 0.1192 mg/g,

which was 17.2 and 1.1 times higher than that of the control group

of ddH2O (0.1041 mg/g), respectively, and the former group was

15 times higher than that of the latter one, whereas the AVG

treatment group had the lowest trans-nerolidol content of 0.1022

mg/g; trans-nerolidol was not detected in the lateral stems of the

SA and JA treatment groups.
FIGURE 3

Extension distance of discoloration of D. odorifera branches treated with plant growth regulators for 14 days. Values are means ± standard deviation
(SD) (n=3), the bars on the top show SD, and different lowercase indicate significant differences among different treatments according to Fisher LSD
mean comparison method, respectively (P < 0.05).
TABLE 1 Percentage of vessel occlusions in branches of D. odorifera treated by plant growth regulators for 14 days.

Slicing depth (cm)
2.5% ETH
PVO SD

2.5% ABA
PVO SD

2.5%SA
PVO SD

2.5% JA
PVO SD

ddH2O
PVO SD

2–3 69.81% 0.12 53.04% 0.10 55.73% 0.10 31.79% 0.02 9.28% 0.03

4–5 29.86% 0.06 35.63% 0.06 30.63% 0.12 18.32% 0.07 × ×

6–7 26.80% 0.04 20.67% 0.06 16.77% 0.01 × × × ×

8–9 26.55% 0.03 11.25% 0.02 3.58% 0.02 × × × ×

10–11 13.52% 0.03 9.34% 0.02 × × × × × ×

12–13 9.56% 0.04 3.33% 0.02 × × × × × ×

14–15 1.04% 0.02 × × × × × × × ×
fro
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B

C

D

E

F

A

FIGURE 4

Microscopic observation of vessel occlusions in branches of D. odorifera treated with plant growth regulators for 14 days (×10 magnification, 2-3
cm). (A) 2.5% ethephon (ETH), (B) 2.5% abscisic acid (ABA), (C) 2.5% salicylic acid (SA), (D) 2.5% jasmonic acid (JA), (E) double distilled water (ddH2O),
(F) (S) -trans 2-amino-4 - (2-aminoethoxy) -3-butene (AVG).
B

C

D

A

FIGURE 5

GC-MS total ion chromatograms of D. odorifera treated with plant growth regulators (A) 2.5% ethephon (ETH), (B) 2.5% abscisic acid (ABA),
(C) double distilled water (ddH2O), (D) (S) -trans 2-amino-4 - (2-aminoethoxy) -3-butene (AVG).
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3.3 Endogenous hormones and changes
in H2O2

3.3.1 Effect of exogenous ETH treatment on
endogenous ethylene and H2O2 content in the
side stems of D. odorifera

The overall endogenous ethylene content in each treatment

group first increased, then decreased, and was finally restored to the

initial value. In terms of the different treatments, the ETH and AVG

groups peaked at 6 h, whereas two peaks appeared at 6 and 18 h in

the ddH2O group. The peak of the ETH group increased by 68.07%
Frontiers in Plant Science 08
from the initial level, which was 20.87% higher than the highest

peak in the ddH2O group and 29.64% higher than that in the AVG

group, and AVG treatment significantly reduced the synthesis of

endogenous ethylene (Figure 6A).

After exogenous ETH treatment of D. odorifera branches, the

H2O2 content peaked at 4 and 24 h, and the two peaks increased by

45.6% and 88.67%, respectively, compared with the initial value,

then gradually decreased to the original level. ddH2O group, H2O2

content change rule, was similar to that of the AVG group, and the

H2O2 content of the AVG group appeared in three peaks at 4, 18,

and 36 h. The maximal peak was 2.3 times the initial value, 20.17%
B

A

FIGURE 6

Effects of ETH treatment on the contents of endogenous ethylene (A) and H2O2 (B) in D. odorifera branches. Values are means ± standard deviation
(SD) (n=3), the bars on the top show SD, and different lowercase indicate significant differences among different treatments according to Fisher LSD
mean comparison method, respectively (P < 0.05).
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higher than that of the ETH group, and the H2O2 content at 48 h

was 1.4 times the initial value, that is AVG did not affect the

synthesis of H2O2 (Figure 6B).

3.3.2 Effect of exogenous ETH treatment on
other endogenous hormones in the side stems of
D. odorifera

In each treatment group,two or three peaks were observed for

endogenous ABA, displaying an overall fluctuating pattern.

Notably, the ddH2O, AVG, and ETH groups exhibited nearly

identical maximum peaks, which were 3.4, 3.36, and 3.14 times
Frontiers in Plant Science 09
higher than the initial values, respectively. In the case of the ETH

and AVG groups, the ABA content returned to its initial level after

48 h, while in the ddH2O group, it remained at 2.15 times the initial

value (Figure 7A).

The endogenous JA content exhibited a pattern of initial

increase followed by a decrease, reaching its peak at 12 hours in

all treatment groups (2.88 ng/g in the ddH2O group, 2.79 ng/g in the

ETH group, and 2.38 ng/g in the AVG group). Subsequently, the JA

content in the ETH and AVG groups gradually decreased to the

initial levels, while in the ddH2O group, it increased by 6.91% from

the initial value after 48 h (Figure 7B).
B

C

A

FIGURE 7

Effects of ETH treatment on the contents of endogenous abscisic acid (ABA) (A), jasmonic acid (JA) (B), salicylic acid (SA) (C) in D. odorifera
branches. Values are means ± standard deviation (SD) (n=3), the bars on the top show SD, and different lowercase indicate significant differences
among different treatments according to Fisher LSD mean comparison method, respectively (P < 0.05).
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Regarding endogenous SA content, it exhibited a trend of initial

increase followed by a decrease, with the peak occurring at 12 h

(81.4 mg/g in the ddH2O group, 47.06 mg/g in the ETH group, and

45.78 mg/g in the AVG group) across all treatment groups. in the

AVG group, the SA content largely returned to its initial level by 48

h. Notably, the endogenous SA content increased by 31.25%

compared to the initial value in the ETH group and by 1-fold in

the ddH2O group (Figure 7C).
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3.3.3 Effect of exogenous H2O2 treatment on
endogenous ethylene and H2O2 content in the
side stems of D. odorifera

After exogenous H2O2 treatment, the endogenous ethylene content

peaked at 18 h, then gradually decreased to the initial level. The change

in the pattern of endogenous ethylene in the AsA group was similar to

that in the ddH2O group, which was restored to its original level after

experiencing two peaks at 6 and 18 h. The peak value of the H2O2
B

A

FIGURE 8

Effects of exogenous H2O2 treatment on the contents of endogenous ethylene (A) and H2O2 (B) in D. odorifera branches. Values are means ±
standard deviation (SD) (n=3), the bars on the top show SD, and different lowercase indicate significant differences among different treatments
according to Fisher LSD mean comparison method, respectively (P < 0.05).
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group at 18 h increased by 48.93% compared with the initial value,

11.58% higher than that of the ddH2O group and 19.02% higher than

that of the AsA group; AsA inhibited endogenous ethylene

synthesis (Figure 8A).

After exogenous H2O2 treatment, the H2O2 content reached a

small peak at 12 h and continued to increase, reaching a maximum

peak at 48 h, which was 2.4 times higher than the initial value.

ddH2O promoted the synthesis of H2O2, and the overall H2O2

content was lower in the AsA group (Figure 8B).

3.4 Soluble protein content

The majority of soluble proteins found in plants serve as enzymes

involved in various metabolic processes, and their concentrations are

indicative of the plant’s overall metabolic activity (Wang, 2006). Soluble

protein levels in plants not only mirror their overall metabolic activity

but also signify their capacity to endure adverse conditions like low

temperatures and salt stress (Du and Xiang, 2011; He et al., 2021). The

soluble protein content in each treatment group exhibited a fluctuating

pattern over the course of 0 to 48 hours; however, they contributed to

varying degrees of soluble protein content increase. Following two

peaks at 6 and 36 h, the soluble protein content in the ETH group

remained at 12.7% higher than the initial value at the 48-hour mark. In

contrast, the soluble protein content in the AVG group displayed lower

levels and fluctuated around the initial value (Figure 9).
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3.5 Enzyme activity

The enzyme activities of POD and PPO in each treatment group

fluctuated from 0 to 48 h but increased to varying degrees; CAT

activity fluctuated above and below the initial level throughout the

entire process. The time of the peak activities of the three enzymes

coincided with that of the peaks of the contents of ethylene and

H2O2. The activities of POD in each group were 1.42–1.64 times the

initial value at 48 h (Figure 10A), PPO activity was 1.11–1.28 times

(Figure 10C), and CAT enzyme activity was lower than the initial

level in all groups (Figure 10B).

CHI enzyme activity gradually increased after 6 h of exogenous

ETH treatment, and the CHI enzyme activity in both ddH2O and

AVG groups remained around the initial level. At 48 h, the CHI

enzyme activity in the ETH group was 67.87% higher than the

initial value, 91.94% higher than that in the ddH2O group, and 2.03

times higher than that in the AVG group (Figure 11A).

The TPS enzyme activity in the ETH group consistently remained

1.1–1.3 times higher than the initial value, which peaked at 4 h. Enzyme

activity was 26.41% higher than the initial value, 33.41% higher than

that of the AVG group,and 20.18% higher than that of the ddH2O

group. At 48 h, TPS enzyme activity increased by 15.89% compared

with the initial value, 17% higher than that of the AVG group, and

8.48% higher than that of the ddH2O group. This suggests that AVG

decreased the TPS enzyme activity (Figure 11B).
FIGURE 9

Effects of ETH treatment on soluble protein content in branches of D. odorifera. Values are means ± standard deviation (SD) (n=3), the bars on the
top show SD, and different lowercase indicate significant differences among different treatments according to Fisher LSD mean comparison method,
respectively (P < 0.05).
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4 Discussion

The investigation of abiotic stress modalities, particularly the

induction of heartwood formation in D. odorifera through plant

growth regulators, has primarily focused on long-term trunk

treatments, aiming to discern the differences between artificially

induced heartwood and naturally occurring heartwood (Jia, 2014;

Zhou et al., 2014; Cui, 2018). In contrast, this study adopts a short-

term branch treatment approach using cross-section method,

evaluating the differential effects of four plant growth regulators.
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We observed that after a 2.5% ETH treatment sustained healthy

growth in D. odorifera branches, whereas treatments with 2.5%

ABA, 2.5% SA, and 2.5% JA exhibited varying degrees of adverse

effects, inhibiting branch growth. Notably, The 2.5% ETH treatment

resulted in the longest lateral stem extension, the largest area of

color change area, and coloration more closely resembling natural

heartwood. Additionally, it led to a relatively high content of the

main heartwood component, trans-nerolidol, while AVG treatment

showed minimal production of heartwood-related secondary

metabolites. Based on these findings, we hypothesize that the
B

C

A

FIGURE 10

Effects of ETH treatment on the enzymatic activity of peroxidase (POD) (A), catalase (CAT) (B), and polyphenol oxidase (PPO) (C) in branches of D.
odorifera. Values are means ± standard deviation (SD) (n=3), the bars on the top show SD, and different lowercase indicate significant differences
among different treatments according to Fisher LSD mean comparison method, respectively (P < 0.05).
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plant hormone ethylene may play a pivotal role in D. odorifera

heartwood formation.

H2O2 and the phytohormone ethylene function as common

signaling molecules in plants, responding to adversity stress with an

interactive relationship. Exogenous ETH enhances plant H2O2

content, consequently promoting endogenous ethylene synthesis,

while exogenous H2O2 can catalyze endogenous ethylene synthesis

as well (Li, 2016). Our study revealed that both ETH and H2O2

treatments triggered an explosive increase in endogenous ethylene

content, whereas AVG treatment significantly inhibited

endogenous ethylene synthesis. AsA treatment reduced

endogenous ethylene content in D. odorifera lateral stems, while
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AVG treatment did not affect the H2O2 content, implying that

H2O2 likely operates upstream of the ethylene signaling pathway.

Wang et al. (2018) previously demonstrated that treating D.

odorifera with ETH for two months could regulate the levels of

endogenous gibberellin (GA3), growth hormone (IAA), ABA, and

zeatin riboside (ZR) in response to external disturbances. In this

study, we observed dynamic fluctuations in endogenous SA, JA, and

ABA contents in ETH-treated side stems of D. odorifera over 48 h,

although no clear pattern emerged. Given that ddH2O treatment

induces oxidative damage to the plant to some extent (Figure 10)

and that SA and JA are vital hormones in abiotic stress responses,

SA and JA contents were higher in the ddH2O treatment group than
B

A

FIGURE 11

Effects of ETH treatment on chalcone isomerase (CHI) (A) and terpene synthase (TPS) (B) enzyme activities in branches of D. odorifera. Values are
means ± standard deviation (SD) (n=3), the bars on the top show SD, and different lowercase indicate significant differences among different
treatments according to Fisher LSD mean comparison method, respectively (P < 0.05).
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in the ETH treatment group. Furthermore, ETH treatment

moderately increased the soluble protein content, whereas the

AVG treatment group exhibited lower levels of soluble protein

content. All treatment groups showed varying degrees of increased

antioxidant enzyme activity, indicating dynamic responses

to adversity.

D.odorifera heartwood primarily contains secondary

metabolites such as terpenoids and flavonoids (Liu, 2020; Ninh,

2017). TPS enzymes play a critical role in terpenoid synthesis (Jia

et al., 2022), while CHI is a key enzyme in flavonoid synthesis (Yin

et al., 2019). Our study revealed that TPS activity significantly

increased in the ETH treatment group, remaining consistently high

at all time points and peaking at 4 and 24 hours. Conversely, when

endogenous ethylene synthesis was inhibited, overall TPS enzyme

activity remained low, suggesting ethylene’s involvement in

terpenoid compound synthesis. Studies in Litsea cubeba, conifers,

and Black Walnut also support ethylene’s role in promoting terpene

synthesis, especially sesquiterpenes (Phillips et al., 2006; Huang

et al., 2013; Wang et al., 2022). Following ETH treatment, CHI

enzyme activity gradually increased, peaking at 48 h, whereas the

AVG-treated group maintained initial levels, indicating that

flavonoid secondary metabolites may not be synthesized at an

early stage.

The activity of the vascular cambium layer significantly

influences the wood formation rate, with IAA, cytokinins, and

ethylene regulating vascular cambium activity to varying degrees

(Ye and Zhong, 2015). In Populus, ethylene induces secondary

xylem differentiation and promotes increased wood formation

(Love et al., 2009). Nevertheless, limited information exists

regarding phytohormone involvement in heartwood formation.

Existing studies suggest that the transition from sapwood to

heartwood is a genetically controlled developmental process, with

numerous genes up-regulated during this transition in woody

plants (Beritognolo et al., 2002; Jaemo et al., 2004; Huang et al.,

2009). While our study links ethylene to heartwood secondary

metabolite formation, further investigations involving molecular

biology and chemistry experiments are needed to elucidate how D.

odorifera initiates the ethylene signaling pathway and regulates

heartwood compound formation at specific tree ages. This study

provides valuable insights into the molecular signaling network of

heartwood formation in woody plants.
5 Conclusion

In this study, the exogenous application of ETH had profound

effects onD. odorifera heartwood. It triggered a significant increase in

endogenous ethylene content, enhanced overall metabolic activity,

and boosted the activities of key enzymes, such as CHI and TPS,

involved in the synthesis of secondary metabolites. In contrast,
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inhibiting endogenous ethylene synthesis markedly reduced these

effects. In conclusion, ethylene appears to play a crucial role as a

regulatory plant hormone in the formation ofD. odorifera heartwood

compounds. Moreover, our findings suggest that ETH has

considerable potential for broader applications in production

practices. By expediting the formation of heartwood compounds

without hindering normal tree growth, ETH could serve as a valuable

tool for accelerating this process. With further refinement and

optimization of the inducer formula, ETH has the potential to be

widely adopted in practical production. Additionally, concurrently

treating both the trunk and lateral branches could enhance overall

tree utilization, increase the content and yield of medicinal

components, and address the issue of medicinal resource scarcity.
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Aljesri, Z., Mehmet, A., Göçeri, A., Karaoğul, E., and Salan, T. (2014). “Application
Areas Of Sweetgum (Liquidambar orientalis L.),” in 3rd International Non-wood Forest
Products Symposium, Kahramanmaras-̧TURKEY, May 8-10.

Andini, R., Ismullah, F., Bakri, S., Sulaiman, M. I., and Anhar, A. (2020). Current status of
Aceh jernang (Daemonorops sp.) and its traditional conservation efforts. IOP Conf. Series:
Earth Environ. Science. 482 (1), 12035. doi: 10.1088/1755-1315/482/1/012035

Beritognolo, I., Elisabeth, M., Abdel-Latif, A., Charpentier, J. P., Christian, J. A., and
Breton, C. (2002). Expression of genes encoding chalcone synthase, flavanone 3-
hydroxylase and dihydroflavonol 4-reductase correlates with flavanol accumulation
during heartwood formation in Juglans nigra. Tree Physiol. 22 (5), 291–300.
doi: 10.1093/treephys/22.5.291

Castel, C., Fernandez, X., Lizzani-Cuvelier, L., Loiseau, M., Perichet, C., Delbecque,
C., et al. (2005). Volatile constituents of benzoin gums: Siam and Sumatra, part 2. study
of headspace sampling methods. Flavour Fragrance J. 21 (1), 59–67. doi: 10.1002/
ffj.1502

Chang, T. C., and Chang, S. T. (2017). Multiple photostabilization actions of
heartwood extract from Acacia confusa. Wood Sci. Technol. 51, 1133–1153.
doi: 10.1007/s00226-017-0930-9

Chen, H., Yang, Y., Xue, J., Wei, J., Zhang, Z., and Chen, H. (2011). Comparison of
compositions and antimicrobial activities of essential oils from chemically stimulated
garwood, wild agarwood and healthy Aquilaria sinensis (Lour.) Gilg trees.Molecules 16,
4884–4896. doi: 10.3390/molecules16064884

Cheng, Q. W., Xiong, Y. P., Niu, M. Y., Zhang, Y. Y., Yan, H. F., Liang, H. Z., et al.
(2018). Callus of East Indian sandalwood co-cultured with fungus Colletotrichum
gloeosporioides accumulates santalenes and bisabolene. Trees 33, 305–312.
doi: 10.1007/s00468-018-1758-0

Cui, Z. Y. (2018). Study on Artificial induction of heartwood formation and related signal
substances of Dalbergia odorifera. (Beijing (China: China Academy of Forestry Sciences).

Cui, Z. Y., Li, X. F., Xu, D. P., Yang, Z. J., Zhang, N. N., Liu, X. J., et al. (2021).
Physiological changes during heartwood formation induced by plant growth regulators
in Dalbergia odorifera (Leguminosae). IAWA J. 42 (3), 217–234. doi: 10.1163/
22941932-bja10052

Cui, Z. Y., Yang, Z. J., 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 Science. 10. doi: 10.3389/fpls.2019.00250

Cui, Z. Y., Yang, Z. J., Xu, D. P., and Li, X. F. (2022). Drought could promote the
heartwood formation in Dalbergia odorifera by enhancing the transformation of
starch to soluble sugars. Scandinavian J. For. Res. 37 (1), 23–32. doi: 10.1080/
02827581.2021.2009022

Du, J., and Xiang, C.Y. (2011). Effects of different NaCl concentration stresses on the
contents of proline and soluble proteins of Maize seedlings. J. Henan Agri. Sci. 40 (8),
72–74, 83. doi: 10.15933/j.cnki.1004-3268.2011.08.029

Huang, Z., Meilan, R., and Woeste, K. (2009). A KNAT3-like homeobox gene from
Juglans nigra L., JnKNAT3-like, highly expressed during heartwood formation. Plant
Cell Rep. 28, 1717–1724. doi: 10.1007/s00299-009-0771-6

Huang, Z. L., Zhao, P., Medina, J., Melian, R., and Woeste, K. (2013). Roles of
JnRAP2.6-like from the transition zone of Black Walnut in hormone signaling. PloS
One 8 (11), e75857. doi: 10.1371/journal.pone.0075857

He, J.J., Zhao, S.L., Wang, Y., Wang, R.J., and Yang, X.L. (2021). Effects of low
temperature and GA3 on soluble protein and proline content of Garlic aerial bulblets.
Gansu Ag r. Sci. and Techn 52 (12), 52-55. doi: 10.3969/j.issn.1001-1463.2021.12.012

Jaemo, Y., Pascal Kamdem, D., Daniel, E. K., and Han, K. H. (2004). Seasonal
changes in gene expression at the sapwood-heartwood transition zone of black locust
(Robinia pseudoacacia) revealed by cDNA microarray analysis. Tree Physiol. 24 (4),
461–474. doi: 10.1093/treephys/24.4.461
Jia, R. F. (2014). Studies on artificialy induced heartwood formation of Dalbergia
odorifera (Beijing (China: China Academy of Forestry Sciences).

Jia, Q., Brown, R., Köllner, T. G., Fu, J., Chen, X., Wong, G. K., et al. (2022). Origin
and early evolution of the plant terpene synthase family. Proc. Natl. Acad. Sci. U.S.A.
119, (15). doi: 10.1073/pnas.2100361119

Li, W. Q. (2016). Regulation of ACC on H2O2-induced horizontal bending of pea
primary roots (Gansu Province (China: Gansu Agricultural University).

Li, Y., Zhang, X., Cheng, Q., Teixeira da Silva, J. A., Fang, L., and Ma, G. (2021).
Elicitors modulate young Sandalwood (Santalum album L.) growth, heartwood
formation, and concrete oil synthesis. Plants 10, 339. doi: 10.3390/plants10020339

Lin, Q. Y., Cai, Y. W., Yuan, L., Zhong, Y. Q., Qiu, J. Y., and Lu, A. N. (2000).
Experimental study on Santlum Album by external stimulation. J. Chin. Medicinal
Materials 23 (7), 376–377. doi: 10.13863/j.issn1001–4454.2000.07.002

Liu, H. (2020). Chemical composition variation of Dalbergia Odorifera sapwood-
transition wood-heartwood and its correlation with heartwood formation
[dissertation]. [Guangxi (China)]: Guangxi Univeisity.

Liu, X. J., Xu, D. P., Yang, Z. J., and Zhang, N. (2013). Effects of plant growth
regulators on growth, heartwood formation and oil composition of young Santalum
album. Scientia Silvae Sinicae 49 (7), 143–149. doi: 10.11707/j.1001-7488.20130721

Liu, F. M., Zhang, N. N., Liu, X. J., Yang, Z. J., Jia, H. Y., and Xu, D. P. (2019). Genetic
diversity and population structure analysis of Dalbergia Odorifera germplasm and
development of a core collection using microsatellite markers. Genes 10, 281.
doi: 10.3390/genes10040281

Love, J., Björklund, S., Vahala, J., Hertzberg, M., Kangasjärvi, J., and Sundberg, B.
(2009). Ethylene is an endogenous stimulator of cell division in the cambial meristem of
Populus. Proc. Natl. Acad. Sci. 106 (14), 5984–5989. doi: 10.1073/pnas.0811660106

Ma, R., Liu, H., Fu, Y., Li, Y., Wei, P., and Liu, Z. (2021). Variation of chemical
components in sapwood, transition zone, and heartwood of Dalbergia odorifera and its
relationship with heartwood formation. Forests 12, 577. doi: 10.3390/f12050577

Meng, H., Xie, C. X., Yang, Y., Wei, J. H., Feng, J. D., and Chen, S. L. (2010). Suitable
producing areas of Dalbergia odorifera T. Chen. Li Shizhen Med. Materia Mesica Res.
21 (9), 2304–2306. doi: 10.3969/j.issn.1008-0805.2010.09.083

Nilsson, M., Wikman, S., and Eklund, L. (2002). Induction of discolored wood in Scots
pine (Pinus sylvestris). Tree Physiol. 22 (5), 331–338. doi: 10.1093/treephys/22.5.331

Ninh, S. (2017). A Review on the medicinal plant Dalbergia odorifera species:
Phytochemistry and biological activity (Evidence-Based Complementary Alternative
Medicine) 2017, 7142370. doi: 10.1155/2017/7142370

Octavia, D., and Nugroho, N. P. (2020). Potency of diversity and utilization of rattan
in Paru village forest, Sijunjung regency, West Sumatra. IOP Conf. Series: Earth
Environ. Science. 415 (1), 12002. doi: 10.1088/1755-1315/415/1/012002

Pallardy, S. G., and Kozlowski, T. T. (2008). Physiology of woody plants (Third
Edition) (New York: Academic Press).

Phillips, M. A., Bohlmann, J., and Gershenzon, J. (2006). Molecular regulation of
induced terpenoid biosynthesis in Conifers. Phytochem. Rev. 5, 179–189. doi: 10.1007/
s11101-006-0001-6

Pullaiah, T., Ramulu, D. R., Murthy, K. S. R., Reddy, V. D., Saradamma, B., and
Swamy, M. K. (2021). “Phytochemistry and Pharmacological Properties of Santalum
album L.”, in the Sandalwood: Silviculture, Conservation and Applications, ed. K.S.R.
Murthy (Singapore Springer: Print ISBN) pp, 67–96. doi: 10.1007/978-981-16-0780-6_5

Radomiljac, A. M. (1998). Santalum album L. plantations: a complex interaction
between parasite and host (Perth (Australia: Murdoch University).

Romruen, O., Kaewprachu, P., Karbowiak, T., and Rawdkuen, S. (2022).
Development of intelligent gelatin films incorporated with Sappan (Caesalpinia
sappan L.) heartwood extract. Polymers 14, 2487. doi: 10.3390/polym14122487
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fpls.2023.1281877/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2023.1281877/full#supplementary-material
https://doi.org/10.1088/1755-1315/482/1/012035
https://doi.org/10.1093/treephys/22.5.291
https://doi.org/10.1002/ffj.1502
https://doi.org/10.1002/ffj.1502
https://doi.org/10.1007/s00226-017-0930-9
https://doi.org/10.3390/molecules16064884
https://doi.org/10.1007/s00468-018-1758-0
https://doi.org/10.1163/22941932-bja10052
https://doi.org/10.1163/22941932-bja10052
https://doi.org/10.3389/fpls.2019.00250
https://doi.org/10.1080/02827581.2021.2009022
https://doi.org/10.1080/02827581.2021.2009022
https://doi.org/10.15933/j.cnki.1004-3268.2011.08.029
https://doi.org/10.1007/s00299-009-0771-6
https://doi.org/10.1371/journal.pone.0075857
https://doi.org/10.3969/j.issn.1001-1463.2021.12.012
https://doi.org/10.1093/treephys/24.4.461
https://doi.org/10.1073/pnas.2100361119
https://doi.org/10.3390/plants10020339
https://doi.org/10.13863/j.issn1001&ndash;4454.2000.07.002
https://doi.org/10.11707/j.1001-7488.20130721
https://doi.org/10.3390/genes10040281
https://doi.org/10.1073/pnas.0811660106
https://doi.org/10.3390/f12050577
https://doi.org/10.3969/j.issn.1008-0805.2010.09.083
https://doi.org/10.1093/treephys/22.5.331
https://doi.org/10.1155/2017/7142370
https://doi.org/10.1088/1755-1315/415/1/012002
https://doi.org/10.1007/s11101-006-0001-6
https://doi.org/10.1007/s11101-006-0001-6
https://doi.org/10.1007/978-981-16-0780-6_5
https://doi.org/10.3390/polym14122487
https://doi.org/10.3389/fpls.2023.1281877
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Zhu et al. 10.3389/fpls.2023.1281877
Steep, J. R. (2003). Plant resins, chemistry, evolution, ecology, ethnobotany. Economic
Botany. 7 (3), 419–420. doi: 10.1663/0013-0001(2003)057[0419:bredfa]2.0.co;2

Sun, Y., Gao, M., Kang, S., Yang, C., Meng, H., Yang, Y., et al. (2020). Molecular
mechanism underlying mechanical wounding-induced flavonoid accumulation in
Dalbergia odorifera T. Chen, an endangered tree that produces Chinese Rosewood.
Genes 11, 478. doi: 10.3390/genes11050478

Sun, S. S., Zeng, X., Zhang, D. W., and Guo, S. X. (2015). Diverse fungi associated
with partial irregular heartwood of Dalbergia odorifera. Sci. Rep. 5, 8464. doi: 10.1038/
srep08464

Tao, Y., and Wang, Y. (2010). Bioactive sesquiterpenes isolated from the essential oil
of Dalbergia odorifera T. Chen. Fitoterapia. 81, 393–396. doi: 10.1016/
j.fitote.2009.11.012

Vij, T., Anil, P. P., Shams, R., Dash, K. K., Kalsi, R., Pandey, V. K., et al. (2023). A
comprehensive review on bioactive pompounds found in Caesalpinia Sappan.
Molecules 28, 6247. doi: 10.3390/molecules28176247

Wang, M. Y., Gao, M., Zhao, Y. X., Chen, Y. C., Wu, L. W., Yin, H. F., et al. (2022).
LcERF19, an AP2/ERF transcription factor from Litsea cubeba, positively regulates
geranial and neral biosynthesis. Horticulture Res. 9, c93. doi: 10.1093/hr/uhac093

Wang, X. K. (2006). Principles and techniques of plant physiological biochemical
experiment (Beijing: Higher education Press).

Wang, Y. L., Xu, D. P., Yang, Z. J., Liu, X. J., Hong, Z., and Zhang, N. N. (2018).
Effects of different cultivation strategies on endogenous hormones accumulation of
Dalbergia odorifera. Bull. Botanical Res. 38 (5), 688–696. doi: 10.7525/j.issn.1673–
5102.2018.05.008

Wang, Y. L., Xu, D. P., Yang, Z. J., Liu, X. J., Hong, Z., and Zhang, N. N. (2019).
Effects of different concentrations of ethephon on the heartwood and essential oil
Frontiers in Plant Science 16
components of Dalbergia odorifera. For. Res. 32 (3), 56–64. doi: 10.13275/
j.cnki.lykxyj.2019.03.008

World Conservation Monitoring Centre (1998). Available at: http://www.iucnredlist.
org/details/32398/0 (Accessed October 22, 2023).

Xu, Y. H., Liao, Y. C., Zhang, Z., Liu, J., Sun, P. W., Guo, Z. H., et al. (2016). Jasmonic
acid is a crucial signal transducer in heat shock induced sesquiterpene formation in
Aquilaria sinensis. Sci. Rep. 6 (1), 1–9. doi: 10.1038/srep21843

Yan, Y., Chen, Y. C., Lin, Y. H., Guo, J., Niu, Z. R., Li, L., et al. (2015). Brazilin isolated
from the heartwood of Caesalpinia sappan L induces endothelium-dependent and
-independent relaxation of rat aortic rings. Acta Pharmacol. Sin. 36, 1318–1326.
doi: 10.1038/aps.2015.113

Ye, Z. H., and Zhong, R. Q. (2015). Molecular control of wood formation in trees. J.
Exp. Botany. 66 (14), 4119–4131. doi: 10.1093/jxb/erv081

Yin, Y. C., Zhang, X. D., Gao, Z. Q., Hu, T., and Liu, Y. (2019). The research progress
of chalcone isomerase (CHI) in plants.Mol. Biotechnol. 61, 32–52. doi: 10.1007/s12033-
018-0130-3

Zan, N. L., Lu, Z. H., Wang, X. Y., Wang, R. Y., Liang, N. Y., Huo, H. X., et al. (2022).
Anti-inflammatory flavonoid derivatives from the heartwood of Dalbergia odorifera T.
Chen. Natural Product Res. 0, 1–8. doi: 10.1080/14786419.2022.2098494

Zhou, S. Q., Zhou, Y. D., Sheng, X. B., Wu, Q. F., Lou, J. T., and Sun, J. (2014). GC-
MS analysis of essential oils of aromatic heartwood in Dalbergia odorifera T. Chen by
ethephon stimulition. Trop. Forestry. 42 (3), 8–10. doi: 10.3969/j.issn.1672-
0938.2014.03.003

Zhu, Q., Chen, F., Hu, X., Zheng, H., Liu, Y., and Fu, C. (2023). Genome-wide
identification of WRKY transcription factor family and its expression patterns in
Dalbergia odorifera T. Chen. Agronomy 13, 2591. doi: 10.3390/agronomy13102591
frontiersin.org

https://doi.org/10.1663/0013-0001(2003)057[0419:bredfa]2.0.co;2
https://doi.org/10.3390/genes11050478
https://doi.org/10.1038/srep08464
https://doi.org/10.1038/srep08464
https://doi.org/10.1016/j.fitote.2009.11.012
https://doi.org/10.1016/j.fitote.2009.11.012
https://doi.org/10.3390/molecules28176247
https://doi.org/10.1093/hr/uhac093
https://doi.org/10.7525/j.issn.1673&ndash;5102.2018.05.008
https://doi.org/10.7525/j.issn.1673&ndash;5102.2018.05.008
https://doi.org/10.13275/j.cnki.lykxyj.2019.03.008
https://doi.org/10.13275/j.cnki.lykxyj.2019.03.008
http://www.iucnredlist.org/details/32398/0
http://www.iucnredlist.org/details/32398/0
https://doi.org/10.1038/srep21843
https://doi.org/10.1038/aps.2015.113
https://doi.org/10.1093/jxb/erv081
https://doi.org/10.1007/s12033-018-0130-3
https://doi.org/10.1007/s12033-018-0130-3
https://doi.org/10.1080/14786419.2022.2098494
https://doi.org/10.3969/j.issn.1672-0938.2014.03.003
https://doi.org/10.3969/j.issn.1672-0938.2014.03.003
https://doi.org/10.3390/agronomy13102591
https://doi.org/10.3389/fpls.2023.1281877
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Effects of ethephon on heartwood formation and related physiological indices of Dalbergia odorifera T. Chen
	1 Introduction
	2 Materials and methods
	2.1 Plant materials
	2.2 Treatments and sample pretreatments
	2.3 Statistics of discoloration extension distance and percentage of vessel occlusions (PVO)
	2.4 Determination of trans-nerolidol content
	2.4.1 Preparation of sample solutions
	2.4.2 Detection conditions
	2.4.3 Calculation of trans-nerolidol content

	2.5 Determination of relevant physiological indices
	2.6 Data analysis

	3 Results
	3.1 Statistics of discoloration extension distance and PVO
	3.2 Trans-nerolidol content
	3.3 Endogenous hormones and changes in H2O2
	3.3.1 Effect of exogenous ETH treatment on endogenous ethylene and H2O2 content in the side stems of D. odorifera
	3.3.2 Effect of exogenous ETH treatment on other endogenous hormones in the side stems of D. odorifera
	3.3.3 Effect of exogenous H2O2 treatment on endogenous ethylene and H2O2 content in the side stems of D. odorifera

	3.4 Soluble protein content
	3.5 Enzyme activity

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


