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Abstract

Due to the increasing demand for biofuel feedstock production, Styrax tonkinensis, as a woody oilseed tree species, has
received much more attention. However, the effects of various plant growth regulators on its seed development haven’t been
explored deeply. Here, we applied 24-epibrassinolide (EBL) and methyl jasmonate (MJ) on the whole trees, and the aim of
our study was to explore their effects on seed development of S. tonkinensis as well as seed chemical compositions, espe-
cially seed lipid metabolism. The results showed that EBL and MJ promoted the seed development, which was reflected in
the increase of fresh and dry weight, as well as transverse and longitudinal diameter. The concentration of crude fat (CF)
exhibited an ‘increase—decrease-increase’ trend, and the peak appeared at 70 days after flowering. EBL (in concentration of
5 pM, EBLS) and MJ (in concentration of 200 pM, MJ200) had the most significant effect on the accumulation of CF and
the CF content in single seed. In addition, the activities of enzymes related to fatty acid (FA) synthesis were also higher
under the two treatments. 12 FAs were detected using gas chromatography-mass spectrometry, among which palmitic acid,
oleic acid, and linoleic acid were the main components. EBL5, EBL10, and MJ200 favored the accumulation of soluble
sugar, especially in the middle and late stages. The starch concentration in seeds was lower, but it significantly increased
after the application of EBLS. Furthermore, our results demonstrated that EBL and MJ enhanced SOD and POD activity
while decreased MDA content. We highlighted that EBL and MJ promoted seed development of S. tonkinensis, affected seed
chemical compositions and contributed to the accumulation of CF and FA.
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Introduction

The consumption of biological oil has increased at an
annual rate of 5% over the past 50 years due to a growing
global population and rapid industrialization (Harwood
et al. 2017). Biodiesel is a renewable, safe, and green
energy, which is regarded as an alternative resource to
alleviate the energy crisis (Xiong et al. 2018; Dai et al.
2018). Therefore, woody oilseed species have attracted
researchers’ attention. The dynamic change of plant oil is a
momentous feature of oilseed plants during seed develop-
ment. Plant oils, stored in seeds of most plants, are mainly
in the form of triacylglycerols (Pokotylo et al. 2014). Fatty
acids (FAs) are the main components of lipids and their
synthesis is mainly carried out in plastids. This process is
controlled by the complicate transcriptional and enzymatic
regulatory network. Acetyl-CoA carboxylase (ACCase) is
one of the basilic enzymes in FA biosynthesis and affects
the entire life process of plants. ACCase catalyzes the car-
boxylation of acetyl CoA to form malonyl CoA, which is
a pivotal regulatory step for FA synthesis and lipid for-
mation. The synthesis rate of FA and the accumulation
of oil are closely related to the activity of ACCase (Baud
et al. 2003; Wang et al. 2006). Studies have shown that
the expression of diacylglycerol acyltransferase (DGAT)
affects plant seed development, seed oil content, and
FA composition (Taylor et al. 2009). Overexpression of
AtDGATI makes the DGAT activity in transgenic Arabi-
dopsis thaliana seeds 10% to 70% higher than that in the
wild type, and the oil content is also higher in transgenic
plant (Jako et al. 2001). Besides, great efforts were made
to investigate the FA components in seeds. Zonuz et al.
(2020) compared the differences of FA composition in
seeds of three Achillea species. Results from this study
revealed that oleic acid and linoleic acid were major com-
ponents in these species, which were indispensable FAs for
human health. Salicylic acid (SA) and jasmonic acid (JA)
significantly increased the content of FA in Glycine max
seeds, and the compositions of FA changed drastically.
Ghassemi-Golezani and Farhangi-Abriz (2018) revealed
that SA and JA reduced oleic acid content, but enhanced
linoleic acid and linolenic acid contents, thus improved
oil quality.

Styrax tonkinensis, as a fast-growing tree species with
strong adaptability and high ornamental values (Chen
et al. 2019a, b), is native to Laos and Vietnam and widely
distributed in the southern provinces of China (Zhang
etal. 2018a, b). The flowers of S. tonkinensis are in strings
with light fragrance and can be used as medicine to relieve
pain (Chen et al. 2019a, b). Its bark is the source of ben-
zoin, which can be used as a flavoring agent and produce
incense, perfume and medicine (Burger et al. 2016; Courel

et al. 2019). Moreover, S. tonkinensis is a vital oil plant,
and previous research has elaborated the changing trend of
crude fat (CF) concentration in its seeds at different days
after flowering (DAF). Specifically, S. tonkinensis seeds
has abundant oil and excellent FA composition with a high
percent of unsaturated FAs (UFAs) (Zhang et al. 2017).
The CF content rose sharply from 50 to 80 DAF, then
dropped continuously and rose again at 120 DAF. As the
seeds mature, the main UFAs (oleic acid and linoleic acid)
accounted for 40% of the oil content and then increased
to 87%, while the major saturated FAs (SFAs) (palmitic
acid and stearic acid) decreased from 50 to 12% (Zhang
et al. 2017; Wu et al. 2020a, b). Although S. ronkinensis
seeds have high oil content and good FA compositions,
there is still room for improvement. Breeding and culti-
vation are the major means to increase plant yield, and
plant growth regulator treatment is one of the common
cultivation methods. Janeczko et al. (2010) considered that
24-epibrassinolide (EBL) altered grain chemical composi-
tions, increased soluble sugar content, but decreased total
fats and calcium in wheat. Additionally, it was well docu-
mented that EBL increased the content of f-carotene and
tocopherols in oilseed rape (Janeczko et al. 2009). Methyl
jasmonate (MJ) was verified to promote Triticum aestivum
fruit setting (Javadipour et al. 2019). Extensive work has
been carried out on the role of EBL and MJ in fruiting and
alteration in chemical compositions, while whether they
can improve the yield and quality of S. fonkinensis seeds,
especially the increase of CF concentration and the opti-
mization of FA compositions, remains unknown.

Therefore, the aim of this study was to evaluate the
effect of EBL and MJ on seed development as well as seed
chemical composition of S. fonkinensis. Additionally, we
also analyzed antioxidant enzymes activity and membrane
peroxidation level in seeds. Fatty acid synthesis-related
enzymes activity was measured to reveal the mechanism of
impact of plant growth regulators on lipid metabolism. Data
we obtained could help lay a foundation for boosting the
industrialization of S. tonkinensis oil and provide a theo-
retical support for improving the seed quality and yield of
S. tonkinensis.

Materials and Methods
Plant Material and Experiment Design

The experiment was conducted in planting base of Jiangsu
Guoxing Biotechnology Co. Ltd., located in Luhe district,
Nanjing (32°54' N, 118°50' E). The average temperature,
hours of sunshine, and rainfall per year were 15.3 °C,
2200 h, and 970 mm, respectively. The experimental site is
hilly land, and the soil fertility is suitable for plant growth.
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Ten-year-old S. ronkinensis plants were chosen as
experimental objects. These trees grew under natural
conditions and no fertilizer was applied. S. tonkinensis
starts to have flowers in late May and quickly enters the
blooming stage.

In 30th June, 2020 (40 DAF), 42 trees with similar
height, growth and good condition were selected and
tagged. We designed seven treatments, including control
(CK), EBL (in concentration of 1 pM, 5 pM, and 10 pM;
marked as EBL1, EBLS, and EBL10) and MIJ (in concen-
tration of 50 pM, 200 pM, and 500 pM; marked as MJ50,
MJ200, and MJ500), so each treatment contained six trees.

EBL (24-epibrassinolide, purchased from Shanghai
Yuanye Biological Technology Co., Ltd., China) was dis-
solved in a small volume of alcohol and then diluted with
distilled water into different concentrations (Zhang et al.
2018a, b). MJ (methyl jasmonate, purchased from Aladdin,
USA) was diluted with distilled water to make different
concentrations. Approximately 1800 mL of EBL or MJ
was sprayed on each sampled tree (spray on the whole
tree). CK plants were treated with equal amount of dis-
tilled water. Exogenous treatments were applied every ten
days from 45 to 135 DAF and always performed between
6:00 to 8:00 am.

Sample Collection of S. tonkinensis After EBL and MJ
Application

According to our previous research on seed development of
S. tonkinensis (Zhang et al. 2017; Wu et al. 2019, 2020a, b),
we selected samples from four representative time points in
order to explore the effects of EBL and MJ on seed develop-
ment and CF concentration:

(1) 50 DAF, the previous stage before seed dry matter rapid
increase

(2) 70 DAF, during the aforementioned steep rise in nutri-
ent concentration

(3) 100 DAF, the stage with decreasing oil concentration
and increasing starch concentration

(4) 130 DAF, the final maturation stage

About fifty fresh fruits were randomly sampled from each
individual tree at each sampling time, so one treatment had
three hundred fruits. Then, these samples were placed on an
insulated box with dry ice for transport to the laboratory. In
each treatment, thirty fruits were peeled to measure the size
of the seeds, fifty fruits were peeled to determine the weight
of the seeds, some of the remaining fruits were used to esti-
mate the nutrient concentration in seeds, and some were
frozen in liquid nitrogen and stored at— 80 C for assessing
the enzyme activities.

@ Springer

Morphological Characteristics of Seeds Collected
from Experimental Trees

Thirty seeds per treatment at four time points were
selected, and the transverse and longitudinal diameter was
measured using a vernier caliper. Fifty seeds per treatment
at four time points were weighed with an electronic bal-
ance (FW) and then dried at 65 °C for 72 h (DW).

Crude Fat Concentration and Fatty Acid Composition
in Seeds Collected from Experimental Trees

Forty-five seeds per treatment were randomly selected
(divided into three replicates) and dried at 65 °C for 72 h.
Then seeds were crushed and transferred into filter paper,
which were dried and weighed (MO). The seeds and filter
paper were weighed (M1) after drying for 30 min. Petro-
leum ether (30-60 “C) was used as the extraction solution
and the Soxhlet apparatus was adopted to extract CF. The
extraction process lasted for 24 h and the water tempera-
ture was controlled at 65 ‘C. After extraction, the filter
paper covering the seeds was dried at 65 °C for 30 min
(M2). The CF content in a single seed was calculated by
multiplying the average CF concentration in seeds of sam-
ple trees under different treatments by the corresponding
dry seed weight. The CF concentration was calculated
according to the formula below:

Ml - M2

———— % 100%
M1 - MO

CF concentration (mg/g) =

In the EBL and MJ-treatments, we selected the treat-
ment that had the great impact on the CF concentration
for FA composition examination using gas chromatogra-
phy-mass spectrometry (GC-MS). 0.2 mL of seed oil that
extracted above was first dissolved in 2 mL of petroleum
ether/benzene (1:1, v/v) and then fully mixed with 2 mL of
400 mM KOH-CH;O0H to prepare FA methyl esters. Shak-
ing was required during the 15 min conversion at room
temperature. The product was diluted to a final volume of
10 mL with deionized water, and the upper phase was used
for analysis (Zhang et al. 2018a, b). The GC-MS analysis
was performed on a TRACE DSQ GC-MS (Thermo Fisher
Scientific Inc., USA) coupled with an Agilent DB-5 ms
capillary column (30 m, 0.33 mm, 0.25 pm). Refer to our
previous studies (Chen et al. 2021a, b; Ji 2020; Wu et al.
2020a, b), we made minor modifications for measurement
process.

The GC oven temperature was initially 60 °C for 2 min
and then gradually increased at a rate of 10 °C/min to
280 °C, which was held for 5 min. Electron ionization
was carried out with 70 eV of ionization energy. 1 pL
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of the sample was injected in non-split mode, and the
injector temperature was set at 260 °C. The mass spec-
tra were obtained using the full scan mode with a mass
scan range of m/z 33—-450. To identify the oil constituents,
the spectra and retention times of peaks were compared
using X-caliber with reference to the NIST database. An
ion current peak area normalization method was used to
calculate the relative amount of each component (Ji 2020;
Yang et al. 2016):

FA concentration (%) = % X 100%

M, the peak area of the individual compounds; N, the total
peak area.

Moreover, in order to clarify the proportion relationship
between unsaturated fatty acid (UFA) and saturated fatty
acid (SFA) in seeds under different treatments at each sam-
pling period, we calculated the ratio of UFA to SFA.

Carbohydrate Concentration in Seeds Collected
from Experimental Trees

Seeds (0.5 g) were ground and diluted to 10 mL. After two
times of 30-min extraction with boiling water, dilute them
to 25 mL. Add 0.2 mL of extracting solution, 1.8 mL of dis-
tilled water, 0.5 mL of anthrone ethyl acetate and 5 mL of
98% concentrated sulfuric acid respectively. Calculate solu-
ble sugar concentration according to the method described
by Li (2006). Transfer the residues from extracting soluble
sugar into test tubes and dilute them to 10 mL. Place the
tubes in boiling water for fully extraction for 15 min and
add 2 mL of 9.2 mol/L perchloric acid, then extract it for
another 15 min. Then, the measurement of starch was the
same as above.

Antioxidant Enzyme Activity in Seeds Collected
from Experimental Trees

Seeds (0.5 g) were weighed and ground with 5 mL of
0.1 mol/L phosphate buffer. The homogenate was transferred
to centrifuge tube and centrifuged at 6000 rpm for 20 min.
2.9 mL of the reaction solution (manufacturing method see
Chen et al. (2021a, b)) and 0.1 mL of the supernatant were
mixed to measure the peroxidase (POD) activity with spec-
trophotometer. The calculation of POD activity was referred
to Li (2006).

Seeds (0.5 g) were weighed and ground with 5 mL of
0.05 mol/L phosphate buffer. The homogenate was trans-
ferred to centrifuge tube and centrifuged at 10,000 rpm for
20 min. According to the method of Li (2006) and Chen
et al. (2021a, b), we made the reaction system and deter-
mined the superoxide dismutase (SOD) activity with spec-
trophotometer at 560 nm.

Malondialdehyde (MDA) Content in Seeds Collected
from Experimental Trees

Seeds (0.5 g) were weighed and ground with 5 mL of 5%
trichloroacetic acid. The homogenate was transferred to
centrifuge tube and centrifuged at 3000 rpm for 20 min.
2 mL of supernatant and 2 mL of 0.6% thiobarbituric acid
were added to the tube and placed in boiling water for
20 min. MDA content was measured according to the
method of Li (2006).

Fatty Acid Synthesis-Related Enzymes Activity
in Seeds Collected from Experimental Trees

Seeds (0.5 g) were weighed to measured fatty acid syn-
thase (FAS) activity with an assay kit (Suzhou Comin
Biotechnology Co., Ltd., China). As described by Brus-
selmans et al. (2005), samples were homogenized in
buffer, and reactions (manufacturing method see Zhang
et al. (2017)) were performed in a total volume of 1000
pL. Decreases in NADPH absorbance at 340 nm were
detected with a spectrophotometer (Bays et al. 2009).

ELISA (enzyme-linked immunosorbent assay) kit
(Suzhou Comin Biotechnology Co., Ltd., China) was
used for analyzing the activity of acetyl-CoA carboxylase
(ACCase) and diacylglycerol acyltransferase (DGAT). The
microtiter plates have been pre-coated with an antibody
specific to plant ACCase (or DGAT). After antibody-
antigen interactions, signals were amplified by the bio-
tin-avidin system and the antigen targets in samples were
qualified through HRP (horseradish peroxidase)-TMB
(3,3',5,5'-tetramethylbenzidine) colorimetric detection
system. The color change was measured spectrophoto-
metrically at a wavelength of 450 nm. ACCase (or DGAT)
concentration in samples was then determined by compar-
ing OD value to the standard curve.

Statistics Analysis

Values were expressed as mean + SD for three replicates.
Excel (Office 2019 Pro Plus, Microsoft Corporation,
USA) was used to process data and figures were drawn by
Prism 9 (GraphPad, USA). One-way analysis of variance
(ANOVA) was performed using SPSS 26.0 (IBM, USA)
followed by Duncan’s multiple range test. Associations
between various physiological and biochemical indexes
and CF concentration were established using Pearson’s
correlation analysis. P-values less than 0.05 were consid-
ered to indicate significance within groups.
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Table 1 Effects of EBL and MIJ, applied at various concentrations on S. tonkinensis trees, on fresh weight and dry weight of single seed at 50,

70, 100 and 130 days after flowering

Treatments 50 DAF 70 DAF 100 DAF 130 DAF
FW/g DW/g FW/g DW/g FW/g DW/g FW/g DW/g

CK 0.11+0.0lbcd  0.02+0.01b  0.14+0.0lc  0.06+0.0lbc  0.16+0.01d 0.09+0.01b  0.16+0.04d  0.14+0.02¢
EBLI 0.13+£0.01b  0.02+0.02b 0.17+0.01b 0.06+0.01b  0.17+0.0lc  0.10+0.02b  0.18+0.0lbcd  0.14+0.01bc
EBL5 0.1840.02a  0.03+0.0la 0.19+0.02a 0.09+0.0la 023+0.0la 0.14+0.05a 026+0.0la  0.19+0.0la
EBLI0 0.12+0.0lbc  0.02+0.02b  0.19+0.02a 0.06+0.0lbc 020+0.01b 0.12+0.0la 022+0.01b  0.13+0.01b
MJ50 0.12+0.0lbc  0.02+0.01b  0.16+0.02b 0.06+0.01b  0.16+0.01d 0.10+0.01b  0.17+0.02cd  0.13+0.01c
MJ200 0.09+0.02d  0.02+0.02b 0.15+0.03b 0.05+0.02c  0.15+0.04d 0.09+0.01b 0.18+0.0lbcd  0.14+0.02b
MJ500 0.10+0.01cd  0.02+0.0lb 0.16+0.02b 0.06+0.01b  0.17+0.0lc  0.09+0.03b  0.19+0.0lbc  0.15+0.01b

FW fresh weight, DW dry weight, the values were expressed as mean=+ SD of three replicates, and different lowercase letters in the same column

indicated significant difference at 0.05 level.

Table 2 Effects of EBL and MJ, applied at various concentrations on S. tonkinensis trees, on transverse diameter and longitudinal diameter of

single seed at 50, 70, 100 and 130 days after flowering

Treatments 50 DAF 70 DAF 100 DAF 130 DAF
TD/mm LD/mm TD/mm LD/mm TD/mm LD/mm TD/mm LD/mm

CK 4.78+0.22d 6.91+0.33d 5.45+0.08d 7.41+0.10d 5.77+0.27¢ 7.94+0.16c 6.00+0.08c 8.27+0.39¢
EBL1 5.34+0.17b 8.22+0.24b 5.66+0.06bc  8.66+0.01b 591+£0.195 8.67+0.14a 5.98+0.08c 8.76+0.12b
EBLS 5.98+0.29a 8.55+0.45a 6.08+0.17a 8.77+0.15a 6.70+0.02a 891+0.14a 6.96+0.04a 9.87+0.26a
EBLI10 5.50+0.18b 7.65+0.05¢ 6.04+0.05b 8.67+0.18b 6.26+0.08a 8.74+0.19a 6.64+0.33b 8.89+0.07b
MI50 495+0.15¢cd 7.70+£0.23c 5.62+0.19¢ 8.36+0.28bc 5.85+0.09p 839+0.31b 5.86+0.11c  8.52+0.14bc
MJ200 4.58+0.35d 6.73+0.56d 5.55+0.15¢ 831+0.11bc  592+0.05b 8.31+0.09p 5.94+0.16c 8.83+0.12b
MIJ500 492+0.17cd  7.1940.25cd 5.79+0.31c 7.87+0.23¢ 5.89+0.08b 8.37+0.22b 5.95+0.09c 8.79+0.13b

TD transverse diameter, LD longitudinal diameter, the values were expressed as mean + SD of three replicates, and different lowercase letters in

the same column indicated significant difference at 0.05 level.

Results

Effects of EBL and MJ on Seed Development of S.
tonkinensis

The fresh and dry weight of single seed increased continu-
ously with the seed development (Table 1). From 50 to
70 DAF, the fresh weight increased by 27% in CK, then
the increase slowed, and the dry weight reached 0.14 g
per seed at 130 DAF. When the fruits were treated with
EBLS, the seed fresh and dry weight were significantly
higher than those in CK. Among three MJ-treatments,
MIJ500 had the better effect on the increase of seed fresh
and dry weight.

The similar trend was observed in seed transverse and
longitudinal diameter (Table 2). At 50 DAF, when trees
were treated with EBLS5, seed transverse and longitudi-
nal diameter were significantly higher than those in other
treatments with the values of 5.98 mm and 8.55 mm,
respectively. Thereafter, seed transverse and longitudinal
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diameter continued to ascend and reached maximum of
6.96 mm and 9.87 mm at 130 DAF. Overall, EBL and MJ
apparently enhanced the seed size.

Effects of EBL and MJ on Seed Nutrients
Concentration of S. tonkinensis

The patterns of CF concentration under different treat-
ments at 50, 70, 100, and 130 DAF were demonstrated in
Fig. 1a. Generally, the concentration of CF was lower at 50
DAF and the highest concentration was noted under EBL5
(129.44 mg/g DW), which had no significant difference with
MJ50, but was significantly higher than those of other treat-
ments. After 20 days, the concentration went up rapidly, and
the highest and lowest values were 478.97 mg/g DW (EBLYS)
and 366.11 mg/g DW (MJ50), respectively, with significant
difference. Then the concentration began to descend, but it
was much higher than that at 50 DAF. At 130 DAF, the CF
concentration rose again and the top three for concentration
were EBL10, EBLS5, and MJ200. As for the change in CF
content per seed, we found it increased continuously, and



Journal of Plant Growth Regulation (2023) 42:2162-2175 2167
600 200
a [~ 1 c
g . 2 180 2 b
~ 500 % 10
b Y 160
E » W b a E
~ C| 4 b ~— 140 - a b
= 400+ =] b @ cK g 3 cK
.% a, b [ EBLI g 120 > : E’ EBLS
=} bb c¢ c B EBLS = 3 EBLIO
S 300 . [ EBLIO 5 100 - R
g p c = MI50 ] B M200
8 E MJ200 S 80+ = M50
o i MJ500
& 200 5 o0 b g
4 7 E: clfe ces
= Ph 2 40 d
S 1009 ¢, c 2
° 20 e
wn
0- 0+
50 70 100 130 70 100 130
Days after flowering Days after flowering
30
554
b . _ d .
B 50 b B
£ ) o 25
§ 454 b c ED a
5 : Hee % =p
a, .S 20
2 { [ EBLI = 20 [ EBLS
§ I EBLS =} 3 EBLI10
2 304 & EBLIO 5§ L L 3 mis0
S = mis0 g T a T @ mi200
5 254 B M1200 8 = MI500
S = mis00 o
Lol [}
8 20 L - - - = g 51
z b = aa 4
bb bb bk cc
0- | | 0
50 70 100 130 50

Days after flowering

Fig. 1 Effects of EBL and MJ, applied at various concentrations on
S. tonkinensis trees, on crude fat concentration and carbohydrate
concentrations in developing seeds at 50, 70, 100 and 130 days after

EBL and MJ greatly increased CF content (Fig. 1b). From 50
to 70 DAF, the increase rate was large, then the rate became
smaller. At 130 DAF, CF content per seed could reach up to
48.13 mg (EBLYS), followed by 42.11 mg (MJ200). To sum
up, EBLS had the greatest impact on the concentration of
CF in seeds, whereas MJ200 was optimal of three MJ-treat-
ments, consequently we performed GC-MS to determine FA
compositions of seeds in these two treatments.

The results showed that 12 FAs were detected, includ-
ing 8 SFAs (tetradecanoic acid, C14:0; pentadecanoic acid,
C15:0; palmitic acid, C16:0; heptadecanoic acid, C17:0;
stearic acid, C18:0; nonadecanoic acid, C19:0; eicosanoic
acid, C20:0; docosanoic acid, C22:0) and 4 UFAs (palmi-
toleic acid, C16:1; oleic acid, C18:1; linoleic acid, C18:2;
linolenic acid, C18:3). There was no obvious change in their
composition under two treatments during the whole observa-
tion period (Table 3). The major and common compositions
under EBL5 and MJ200 were C16:0, C18:1 and C18:2. The
total concentration of three compositions was over 77.5% in

Days after flowering

flowering. a Crude fat concentration; b Crude fat content per seed;
¢ Soluble sugar concentration; d Starch concentration. Data points
show mean + SD, the same below

all FAs. Among SFAs, C16:0 concentration kept at a high
level, followed by C18:0, nevertheless C18:1 and C18:2
were the two main UFAs. As shown in Fig. 2, C16:0 con-
centration moved downwards with the development of seeds,
which was opposite to that of C18:1 and C18:2 concentra-
tions. EBLS greatly boosted the accumulation of C16:0 at
50 DAF, nonetheless C18:1 concentration at 50 DAF was
steeply increased by MJ200. EBL5 and MJ200 did not sig-
nificantly affect the concentration of major compositions.
In general, the concentration of C18:2 was higher than that
of C18:1 and C16:0. UFA/SFA among all the treatments
increased continuously during seed development. Except the
value in CK at 50 DAF, the rest values were all more than
1, indicating that UFA concentration was higher than that
of SFA (Fig. 3).

Soluble sugar concentration showed upwards trend
in CK at four sampling periods (Fig. 1c) and the con-
centration increased from 32.51 mg/g FW (50 DAF) to
112.71 mg/g FW (130 DAF). Although EBL and MJ had
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Table 3 Effects of EBL
and MJ, applied at various

FA composition (%)

concentrations on S. fonkinensis 50 DAF 70 DAF 100 DAF 130 DAF

trees, on fatty acid compositions

in developing seeds at 50, CK  EBL5 MJ200 CK EBLS MI200 CK EBLS MJ200 CK EBLS MJ200

gg’wle??nznd 130 days after Cl40 - - 004 008 016 022 018 - - 019 002 008
C15:0 - 0.2 0.01 - 022  0.12 0.02 0.07 - 0.04 - -
C16:0 3547 38.03 2261 1533 179 15.18 11.18 13.21 14.77 9.06 5.52 10.17
C17:0 - 0.02 - - - 0.23 0.08 - 0.5 0.11 0.66 -
C18:0 1698 446 1594 5.12  9.68 11.04 3.15 446 9.61 1.4 8.79 -
C19:0 - 0.15 0.13 - 0.4 - - 0.15 0.04 - - 0.1
C20:0 - 033 02 - 052 04 0.21 033 0.02 0.27 035 0.12
C22:0 - - - 036 041 0.21 0.4 - - 0.39 0.01 -
Cl16:1  0.17 - - 021 0.2 - 0.14 - 0.22 0.19 - -
C18:1 20.94 27.48 3045 29.04 2693 285 32.12 2996 29.21 37.01 35.1 37.33
C18:2 2644 29.32 30.62 49.86 43.58 44.1 5237 51.7 45.62 51.09 494 522
C18:3 - 0.01 - - - 0.15 0.12 0.01 0.25 0.15 -

Indicated not detected. C14:0, tetradecanoic acid; C15:0, pentadecanoic acid; C16:0, palmitic acid; C17:0,

heptadecanoic acid

C18:0, stearic acid; C19:0, nonadecanoic acid; C20:0, eicosanoic acid; C22:0, docosanoic acid; C16:1, pal-

mitoleic acid; C18:1, oleic acid;

C18:2, linoleic acid; C18:3, linolenic acid

CK

EBLS

MJ200

C16:0 C18:1 C18:2

Fig.2 Relative concentration of palmitic acid (C16:0), oleic acid
(C18:1) and linoleic acid (C18:2) in S. tonkinensis seeds exposed to
EBLS and MJ200 compared to CK. Color scale represented the vari-
ation in concentration of these three compositions, from low (green)
to high (red) at 50, 70, 100 and 130 DAF, respectively (from top to
bottom in each treatment)

effects on soluble sugar concentration at 50 DAF, these
effects were slight when compared with the other three
periods. At 70 DAF and 100 DAF, EBL10 significantly
increased soluble sugar concentration, while MJ200 dom-
inated in enhancing soluble sugar concentration at 130
DAF.

There were significant differences for starch concentration
at different sampling points. Initially, starch concentration
was relatively high in CK, EBL1, and EBL10. Afterwards,
the concentration increased rapidly under EBLS and touched
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Fig. 3 Effects of EBL and MJ, applied at various concentrations on
S. tonkinensis trees, on changing trend of unsaturated fatty acid/satu-
rated fatty acid in developing seeds at 50, 70, 100 and 130 days after
flowering

the maximum level at 130 DAF (Fig. 1d). Among three MJ-
treatments, starch concentration in seeds under MJ200 was
significantly higher than that of MJ50 and MJ500 at 130
DAF, while in other periods, the difference among the three
was not significant.
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Effects of EBL and MJ on Antioxidant Enzymes
Activity and MDA Content of S. tonkinensis

The activity of SOD exhibited ‘A’ trend and peaked at 100
DAF (Fig. 4a). The highest and lowest SOD activity at 50
DAF was 169.90 U/min/g FW (EBL1) and 111.30 U/min/g
FW (CK), respectively, and there was significant difference
between them. From 70 to 100 DAF, SOD activity increased
slightly, and then decreased sharply. At 130 DAF, the activ-
ity in seeds of EBL1-treated trees was the highest (176.39
U/min/g FW). It could be seen that different concentrations
of EBL and MJ enhanced the SOD activity in seeds.
Although the changing trend of POD activity under dif-
ferent treatments was diverse, they all reached the maximum
at 130 DAF (Fig. 4b). At 50 DAF, the activities of POD in
seeds of different treatments were all lower than 9 U/min/g
FW, thereafter it began to rise. At 70 DAF and 100 DAF,
EBL1 and MJ500 caused the highest POD activity in seeds,
respectively. POD activity in seeds of S. tonkinensis treated

with MJ200 was significantly higher than that of other treat-
ments at 130 DAF.

MDA contents under various treatments at different days
after flowering were displayed in Fig. 4c. In any period,
MDA content in seeds from treated trees was generally lower
than that of seeds from untreated trees. It could be concluded
that the exogenous treatments reduced the MDA content in
seeds. At 50 DAF and 70 DAF, the diversity in MDA con-
tent under different treatments was small and there was no
significant difference between them. At 100 DAF and 130
DAF, the MDA contents in seeds of untreated trees were the
highest, which were 10.87 nmol/g FW and 11.91 nmol/g
FW, respectively.

Effects of EBL and MJ on FA Synthesis-Related
Enzymes Activity of S. tonkinensis

The trend of FAS activity rose first and then declined, and

the plateau presented at 100 DAF (Fig. 5a). FAS activity
in seeds under MJ50 and EBLS5 was higher at 50 DAF,
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Fig.5 Effects of EBL and MJ, applied at various concentrations on S. fonkinensis trees, on FAS, ACCase and DGAT activities in developing
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5.07- and 3.72-fold of CK, respectively, and the difference
between them was significant. At the second time point,
the activity of FAS in seeds under EBLS5 elevated sharply
to 148.47 nmol/min/mg protein, which was significantly
higher than that of other treatments. MJ50, MJ200, and
MIJ500 caused a reduction in FAS activity at 100 DAF,
which were all lower than that of CK. On the contrary,
EBLS and EBL10 significantly increased the FAS activity
by 77.9% and 76.7% when compared to CK. Then, there
was a downward trend in FAS activity, and seeds of CK
and EBLS5 had the lowest activity (67.54 nmol/min/mg
protein) and the highest activity (232.62 nmol/min/mg
protein), respectively.

At 50 DAF, ACCase activity of each treatment was the
lowest during the whole sampling periods (Fig. 5b). The
activity of seeds in CK was 0.31 nmol/mg protein, which
was significantly lower than that of other treatments. From
70 to 130 DAF, ACCase activity showed an overall down-
ward trend. EBL and MJ enhanced ACCase activity, among
which EBLS5, EBL10 and MJ200 were more prominent.

@ Springer

The activity of DGAT increased first and then decreased,
and there were significant differences in each period
(Fig. 5¢). Detailly, the highest activity appeared in EBL10
(4.31 nmol/mg protein) at 50 DAF, which was significantly
higher than that of other treatments and was 2.51-fold of the
lowest (MJ50, 1.72 nmol/mg protein). In the next three sam-
pling periods, EBLS, EBL.10 and MJ200 had greater impacts
on DGAT activity in seeds. During the entire observation
period, DGAT activity in seeds of MJ50-treated trees was
always lower than that of untreated trees.

Discussion

EBL and MJ Promoted Seed Development
and Boosted the Yield

EBL was confirmed as the sixth class of plant hormones,
which was widely involved in regulating the plant growth
and development. It was of great significance in improving
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Table 4 Correlation analysis between crude fat and physiological and biochemical parameters in seeds from various concentrations of EBL- and

MI-treated S. tonkinensis trees

Soluble sugar Starch SOD POD MDA FAS ACCase DGAT
mg/g FW mg/g FW U/min/g FW  U/min/g FW nmol/g FW nmol/min/mg nmol/mg protein nmol/mg protein
protein

CK 54.95+2.22 3.07+0.88 155.49+7.63 19.17+029 9.94+0.79 75.31+8.85 1.41+£0.09 3.96+0.18
EBL1 50.76+1.69 2.86+2.31 190.54+12.25 25.04+1.40 8.58+0.73 90.58+8.21 9.19+1.22 3.71+0.07
EBL5 69.09+0.92 13.02+2.34 168.62+1.19 2592+0.24 7.53+1.02 192.02+5.46 12.36+0.17 4.57+0.14
EBL10 92.54+1.94 1.13+0.30 167.03+4.76 33.48+0.53 8.03+1.11 156.59+16.28 7.20+0.09 4.89+0.36
MJ50 81.99+1.10 1.09+£0.23 176.92+5.01 30.89+0.87 7.49+1.31 120.87+2.36 9.80+0.32 2.49+0.08
MJ200 94.90+1.55 434+0.29 180.87+4.81 36.04+0.81 7.28+0.96 95.42+1.62 10.23+£0.76 3.61+0.02
MJ500 35.21+0.91 2.59+0.67 187.11+12.09 38.02+0.51 8.36+0.47 85.49+3.64 8.11+0.35 4.03+0.04
reR 0.719* 0.436* —0.368 0.172 — 0452 0.871* 0.434* 0.357

Data were presented as mean + SD
*Correlation significant at the level of 0.05

plant yield and quality, photosynthesis, and resistance to
stress (Li et al. 2021; Faizan et al. 2021). Also, MJ could
not only enhance the stress tolerance of plants, but also
has a strong influence on regulating secondary metabolism
(Karami et al. 2013). In the present study, different con-
centrations of EBL and MJ were applied on S. fonkinensis,
thereby investigating its morphological parameters. The
results showed that EBL and MJ promoted the dry and fresh
weight, transverse and longitudinal diameter of seeds at four
periods, especially EBLS and M500. Likewise, a few studies
stated that EBL could increase the size, weight, and number
of A. thaliana seeds (Jiang et al. 2013; Huang et al. 2013).
We speculated that different concentrations of exogenous
EBL and MI could help to increase the size and weight of S.
tonkinensis seeds, so as to achieve the purpose of increas-
ing the yield. This could be attributed to the fact that EBL
and MJ may enhance the photosynthetic assimilates in peri-
carp, thereby contributing to seed development (Zhang et al.
2018a, b).

EBL and MJ Improved Carbohydrates Accumulation
and Stimulated Lipid Metabolism in S. tonkinensis
Seeds

S. tonkinensis is a high oil value tree species, whose seeds
are rich in UFAs, and the seed oil has perfect biodiesel
properties, satisfying the standards of China, Germany, the
USA and the European Union (Wu et al. 2020a, b). Based
on this, it is more attractive to study the effect of exogenous
plant growth regulators on the concentration of CF and
composition of FA in S. tonkinensis seeds. In this study,
we found that EBLS, EBL10, and MJ200 all promoted the
accumulation of CF in each period, but the extent was vary-
ing. Also, these three treatments increased CF content per
seed (Fig. 1b). Flores and Luisa (2016) explained that these
treatments could promote the activity of enzymes related

to FA synthesis, resulting in higher concentration of CF. In
addition, EBL helped to accumulate FA in Carthamus tinc-
torius seeds (Zafari et al. 2020), which was coincident with
our findings. Combined with the information we mentioned
above, it could be concluded that EBL and MJ helped get
higher yield of S. tonkinensis.

For edible oils, UFAs play an important role in human
health. However, many UFAs cannot be synthesized by
human themselves, which leads to a large demand. They can
regulate blood lipids, enhance immunity, prevent cardiovas-
cular diseases and so on (Bloedon and Szapary 2004). Thus,
increasing the concentration of UFAs is a crucial goal when
making edible oil. C18:1 and C18:2 were the main UFAs
in S. fronkinensis seeds, and both reached the maximum at
130 DAF (Table 3). Hence, this period was the best time to
extract UFAs, which would help augment the value of FAs
in S. tonkinensis seeds. From 50 to 130 DAF, the trend of
UFA/SFA was consistent with that of seed dry weight, which
meant it continued to rise (Fig. 3, Table 1). It indicated that
seed dry weight could be used to reflect the development of
FA components and provide a theoretical basis for determin-
ing the optimal harvest period of fruits.

FAS, ACCase and DGAT, key enzymes in the synthe-
sis of FA, correlated closely with the synthesis rate of FA
(Baud et al. 2003). Turnham et al. (1982) expounded that the
rate of FA synthesis was controlled by the level of ACCase
activity, and he also believed that ACCase was a key limit-
ing enzyme for oil accumulation in rape seeds. Moreover,
increase in FA content of seeds was reported to be in accord-
ance with increase in ACCase activity in soybean (Charles
et al. 1986). Overall, FAS, ACCase and DGAT activities in
CK were relatively low, whilst during the vigorous period
of CF accumulation (70 DAF and 100 DAF), the activities
of these enzymes in seeds of EBL-treated trees were signifi-
cantly enhanced (Fig. 5), and positively correlated with CF
(Table 4). It concluded that FAS, ACCase and DGAT were
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the key factors affecting CF concentration in S. fonkinen-
sis seeds. When we further analyzed the CF concentration
and FA synthesis-related enzyme activities in seeds after
EBL treatments, we found that the CF concentration in S.
tonkinensis seeds from EBLS- and EBL10-treated trees was
always higher than that of CK during seed development, and
the ACCase and DGAT activities in seeds were also signifi-
cantly higher than those of CK. Therefore, a strong positive
correlation could be established between CF and FA syn-
thesis-related enzymes, which was proved in Table 4. This
enlightened us that the appropriate concentration of EBL
could enhance the activities of FAS, ACCase and DGAT in
seed, and subsequently increase CF concentration. Our result
was similar to previous research by Zhang et al. (2018a,
b) that FAS activity in S. tonkinensis seeds under 10 pM
EBL maintained at a higher level, and CF concentration was
correspondingly higher. Whereas there was no significant
association between ACCase activity and FA accumulation
in rape seeds, the possible reason was that ACCase played
different roles in different stages of lipid accumulation and
FA synthesis (Kang et al. 1994).

Flores and Luisa (2016) investigated the effect of MJ on
FA in black currant seeds and pointed out that MJ did not
have obvious impact on FA content, which was different
from our findings. They regarded that this phenomenon was
probable that MJ affected variously individual FAs in such
a way that they were balanced in the total content. Also,
C18:2 was the primary UFA in black currant seeds, and MJ
reduced its content. Furthermore, MJ significantly increased
the content of FA in soybean, among which C18:3 increased
the most (Mohamed and Latif 2017). The differences in FA
concentration and composition could be due to species dif-
ferences and/or distinctive cultivation managements (Maes-
tri et al. 1998; Bellaloui et al. 2012).

Soluble sugar, as the main respiratory substrate, is an
important source of nutrients for seed development, and
closely related to FA synthesis in oil seeds (Hill 2003). It
was reported that there was a distinct soluble sugar con-
tent and composition change during the development of oil
seeds, which affected the accumulation of seed FAs in the
later stage. Increasing photosynthetic metabolites (soluble
sugar) could apparently promote the oil content of seeds
(Borisjuk et al. 2004). In this study, the concentrations of
soluble sugar and CF in seeds of CK soared simultaneously
from 50 to 70 DAF in S. tonkinensis seeds, suggesting that
high concentration of soluble sugar contributed to the accu-
mulation of CF (Fig. 1a, 1c). After that the CF concentra-
tion dropped from 70 to 100 DAF. The possible reason was
that soluble sugar was converted into starch, which led to
the increase of starch concentration from 70 to 100 DAF
(Fig. 1d). EBL changed the profile of soluble sugar accu-
mulation. We noted that EBLS and EBL10 had a greater
promoting effect on soluble sugar concentration, especially
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from 70 to 130 DAF, at the same time, CF concentration
also increased. The significant positive correlation between
CF and soluble sugar was a solid evidence that high solu-
ble sugar concentration was beneficial to CF accumulation
(Table 4, r=0.719, P <0.05). The accumulation of CF in oil
seeds could be promoted by modifying some genes related
to FA synthesis by means of molecular improvement and
genetic breeding. However, seed FA accumulation is a very
complex metabolic process, and the activities of enzymes
are usually regulated by the feedback of the whole meta-
bolic network, which may not make seed FA accumulation
achieve the expected goal (Bates et al. 2014). In contrast,
the application of plant growth regulator is a simple way
to increase FA content. Therefore, in the middle and late
stage of S. tonkinensis seeds development, EBL5 and EBL10
would increase the concentration of soluble sugar, and con-
sequently increase the concentration of CF in seeds. Our
results were consistent with the results of Wang et al. (2019)
that spraying appropriate concentration of EBL was benefi-
cial to soluble sugar accumulation.

As for the exogenous application of MJ, Dong et al.
(2020) compared the effects of two different MJ spraying
methods (the whole tree and only fruit) on fruit quality of
citrus ‘Huangguogan’, and they found that the whole tree
spray of 10 pM MIJ had the greatest impact on fruit qual-
ity, which led to the highest soluble sugar content. In the
current study, we also sprayed different concentrations of
MIJ on the whole tree and came to the similar conclusion
with MJ200. It was inferred that different tree species had
different response to MJ concentration, whether there was
a more suitable MJ concentration for the development of S.
tonkinensis seeds was worth further exploration.

Although starch content in seeds was relatively low, it
acted as an energy source for seed development and one
of indispensable nutrients. According to Fig. 1c, soluble
sugar concentration in seeds under EBLS was low, which
was perhaps caused by that a large amount of soluble sugar
was converted into starch and stored in seeds, inducing an
increase in starch concentration. With the development of
seeds, plenty of soluble sugar was utilized, and starch was
converted into soluble sugar for FA synthesis and lipid accu-
mulation (Zhang and Liu 2016). A significant positive corre-
lation between CF and starch was found in the present study
(Table 4, r=0.436, P <0.05), indicating that CF concentra-
tion went up as starch concentration increased. We didn’t
observe the significant change of seed starch concentration
at 50 DAF under EBL, because this was the first sampling
after EBL spraying, and the effect of EBL has not been per-
formed. However, EBLS5 drastically increased starch con-
centration at 70 DAF, 100 DAF, and 130 DAF. It could be
summarized that the effect of EBL on starch concentration
required a cumulative process. MJ didn’t influence starch
concentration noticeably all the time.
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EBL and MJ Enhanced Seed Antioxidant Enzymes
Activity and Declined Membrane Peroxidation Level

Several researchers devoted to elucidating the effect and
mechanism of EBL and MJ on seed stress resistance. EBL
played a role in modulating plant metabolic reactions and
regulating plasma membrane proteins, thus leading to alle-
viation of stress influence and increasement of plant pro-
ductivity (Li et al. 2012; Pokotylo et al. 2014). In general,
SOD and POD activities in seeds from EBL-treated trees
were higher than those of CK during seed development,
indicating that EBL could activate the defense system to
improve the ability of plants to resist unfavorable environ-
mental condition. The third and fourth sampling (100 DAF
and 130 DAF, respectively) were in August and September,
so S. tonkinensis might be subjected to high temperature
stress, consequently the MDA content as well as the degree
of membrane peroxidation increased. After spraying EBL,
MDA content decreased significantly, implying that EBL
alleviated the damage of the membrane system under high
temperature stress. In conclusion, EBL enhanced the toler-
ance of S. tonkinensis seeds by regulating POD and SOD
activities and MDA content. Accordingly, it was feasible to
manipulate EBL to achieve this goal in the middle and late
stage of seed development.

MIJ could protect plants from damage by activating vari-
ous mechanisms and increasing the activity of antioxidant
enzymes, such as catalase (CAT), SOD and POD (Kolupaev
and Yastreb 2021). MJ contributed to higher SOD and POD
activities and lower MDA content during S. tonkinensis
seed development, which revealed a similar pattern with
that of EBL and agreed well with the conclusion obtained
in Actinidia deliciosa and Oryza sativa (Pan et al. 2020; Dai
et al. 2021). However, a reduction in POD activity in Aver-
rhoa carambola was observed when fruits treated with MJ
(Mustafa et al. 2016).

Conclusion

The current study implied that EBL and MJ promoted S.
tonkinensis seed development and altered concentrations
of seed chemical components. Generally, EBL and MJ sig-
nificantly elevated the CF concentration in seeds, espe-
cially at 70 DAF. With regard to FA compositions, UFAs
concentration was much higher than that of SFAs. CF was
positively or significantly positively correlated with FA
synthesis-related enzymes, and EBL and MJ facilitated
lipid accumulation by increasing the activity of these
enzymes. Among these exogenous treatments, the most
effective were hormones applied in concentration of 5 pM
EBL (EBLS5) and 200 pM MJ (MJ200), which remarkably

increased the carbohydrate concentrations in seeds. Our
study also illuminated that EBL and MJ enhanced the
resilience of seeds by improving SOD and POD activity
and dropping MDA content. Hence, exogenous applica-
tion of EBL and MJ could be considered as a potential
approach to boost the yield and quality of seed oil of S.
tonkinensis. Not only our results provided evidence for
EBL and MJ role in the regulation of seed development,
but also they grant basis for further research required for
steady development of biofuel production.
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