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Abstract: Bretschneidera sinensis, the sole species of Bretschneidera, belonging to the family Akaniaceae,
is a tertiary paleotropical flora. It is considered an endangered species by the International Union
for Conservation of Nature (IUCN). It has an important protective and scientific value. The study
of its seed dormancy and germination mechanisms contributes to better protection. In this study,
the dormancy of fresh mature B. sinensis seeds released via low-temperature wet stratification was
studied. In addition, the endogenous phytohormone levels, antioxidant enzyme activity, soluble
sugar content, and the key metabolic enzyme activities of seeds at different stratification time nodes
were determined. The goal was to analyze the mechanisms of seed dormancy release and germination
comprehensively. Results show that low-temperature wet stratification under 5 °C can release seed
dormancy effectively. During the seed dormancy release, the seed germination rate was positively
correlated with soluble sugar, GA3, and IAA levels, as well as G-6-PDH, SOD, POD, CAT, and APX
activity, but it was negatively correlated with MDH activity and ABA content. These imply that
dormancy release might be attributed to the degradation of endogenous ABA and the oxidation of
reactive oxygen species induced by low-temperature wet stratification. GA3, IAA, and the metabolism
of energy substrates may be correlated with the induction and promotion of germination.

Keywords: Bretschneidera sinensis; seed dormancy and germination; cold stratification; endogenous
hormones; enzyme activity

1. Introduction

Seed dormancy refers to the inability of viable seeds (or other germination units)
to germinate under favorable environmental conditions (e.g., water, temperature, light)
during a specific period [1,2]. Dormancy enables plant seeds to time germination until
environmental conditions become favorable for seedling survival and growth. The dor-
mancy characteristics of seeds are of important ecological adaptive significance and notable
agricultural value [3,4].

Dormancy is a characteristic of many seed plants. Seeds exhibit a diverse range and
degree of dormancy for environmental adaptation [5]. Further, seed dormancy release and
the physiological mechanism of germination vary among different species. Until now, seed
dormancy release and the physiological mechanisms of germination have been mainly
attributed to endogenous phytohormone regulation, reactive oxygen substance production,
and antioxidant generation, as well as energy metabolism.

The phytohormone regulation hypothesis states that GA3, cytokinin, ABA, and IAA col-
lectively regulate seed dormancy and germination [6-9]. However, the regulation mechanisms
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are highly complex. Many studies have shown that abscisic acid (ABA) and gibberellin (GA)
are the key factors for seed dormancy and germination. Mature seeds in a dormancy state
contain high levels of ABA and low levels of GA. ABA induces and maintains seed dormancy,
while GA antagonizes ABA and promotes seed germination [10-13]. Numerous studies have
confirmed that the maintenance of seed dormancy depends on the ratio of ABA and GA3 in
seeds, and the release of dormancy is closely related to the decrease in ABA and the increase
in GAj3 [14]. Studies also reported the role of other phytohormones in seed dormancy and
germination directly or indirectly mediated via signaling of ABA and GA [15,16].

However, the role of IAA in seed dormancy remains controversial because IAA has
shown opposite effects on seed germination. For example, IAA at low concentrations
promoted the germination rate of unstratified and stratified Arabidopsis thaliana seeds,
whereas IAA at high concentrations inhibited seed germination [9,17]. SA has been ex-
tensively reported to participate in the regulation of seed dormancy and germination. At
low concentrations, SA can effectively inhibit oxidative damage to the cell membrane,
protect membrane integrity, and promote seed dormancy release and germination under
low-temperature stress [18,19]. Moreover, the interactions between phytohormones have a
much stronger influence on seed dormancy and germination as compared with individual
phytohormones [20].

Reactive oxygen species (ROS) production and antioxidant theory state that under
normal conditions, plants maintain a balance between ROS production and elimination.
However, plant cells under stress accumulate high levels of ROS, thereby disrupting the
balance. The cellular antioxidant defense system rapidly eliminates surplus ROS at low
levels. However, oxidative stress occurs when ROS production exceeds the short-period
scavenging capacity, causing damage to the cytoplasmic membrane. The antioxidant
defense system, which includes non-enzymatic antioxidants and antioxidant enzymes,
scavenges excessive ROS through the water—water cycle, the ascorbate—glutathione cycle,
the glutathione peroxidase cycle, and CAT [21,22]. Among these, SOD plays a pivotal role in
the defense against oxidative damage caused by oxygen free radicals, effectively scavenging
oxygen free radicals and protecting cells from oxidative damage [23]. Due to its high affinity
for HyO,, APX is sensitive to minor changes in HyO, content, thereby enabling the precise
modulation of HyO,, which is of considerable importance in signal transduction [24]. CAT
functions in scavenging high levels of ROS under oxidative stress [25,26].

According to the theory of energy metabolism, the release of plant seed dormancy is
related to the internal respiratory metabolism of seeds and plant respiratory metabolism,
including the Embden—-Meyerhof Pathway (EMP), tricarboxylic acid cycle (TCA), and
pentose phosphate pathway (PPP) [27]. A preliminary study reported that the process from
seed dormancy release to germination depends on the transition from EMP to PPP and
changes from NADH to NADPH [28]. PPP is an important pathway that is inhibited by
TCA. Hence, seed dormancy release or germination is closely related to changes in the
internal energy of seeds and the transformation of such internal energy into energy needed
for seed germination via various metabolic pathways [29].

Bretschneidera sinensis Hemsl., the sole species in the genus Bretschneidera and the
family Bretschneideraceae, is a perennial deciduous tree species endemic to China. As
a paleotropical relict tree species that originated in the Tertiary Period, B. sinensis has
considerable significance in the study of angiosperm phylogeny, flora, paleogeography,
and paleoclimate [30]. However, B. sinensis is a critically endangered species due to habitat
destruction and its difficulty in natural reproduction caused by a low growth rate, limited
female tree flowering, and a low seed setting rate. Moreover, seed dormancy and a low
natural germination rate seriously affect the regeneration of this species in vegetation
communities and seedling production [31,32]. Therefore, it is important to clarify the
physiological mechanisms underlying the release of their seed dormancy.
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2. Materials and Methods
2.1. Materials

In October 2020 and 2021, seeds were collected from female trees aged 40 years in
a natural B. sinensis population located in the Wufeng Houhe National Nature Reserve
in Hubei Province, China (110°30'9.97" E, 30°08’55.01” N). Fruits with cracked skin were
harvested and brought back to the laboratory. The red exocarp and endocarp were quickly
removed. The seeds were rinsed with water and dried in the shade for 2 d at 25 °C.

2.2. Determination of Moisture Content

Test samples were crushed mechanically and mixed evenly. Four replicates (50 g each)
were collected and recorded as G1. The samples were stored in a sample box with a diameter
larger than 8 cm. The contents of the box were then dried in an oven, which was preheated
to 110 °C for about (17 £ 1) h under (103 + 2) °C. The box was covered before the samples
were removed from the oven. The samples were transferred to a dryer, cooled, and weighed.
This processed sample was recorded as G2. The mean of four replicate samples was used to
calculate the water content (%) using the formula (G1 — G2)/G1 x 100%. Water content was
calculated using fresh weight as the cardinal number.

2.3. Stratification Treatment

Fresh seeds were subjected to flotation, and the selected seeds were naturally dried.
The seeds were mixed with moist perlite (Wperiite/ Wseedq = 3:1). Stratification was performed
at 5 °C and 15 °C in the dark. Two portions of seeds were collected at 10, 20, 30, 40, 50,
and 60 d. One portion was used for the germination experiment according to the method
described in Section 2.4. Four replicates were conducted, and each replicate contained
30 seeds. The seeds that germinated during stratification were excluded from the calculation
of the germination rate. The other portion was sealed in tin foil and stored in liquid nitrogen
for 24 h. Then, the seeds were quickly ground in liquid nitrogen and stored in an ultra-
low-temperature refrigerator at —80 °C. Measurements were performed according to the
methods described in Sections 2.5-2.7.

2.4. Germination Experiment

Seed viability at different stages of stratification was determined using a seed germi-
nation experiment. Seeds were evenly placed in a glass box containing moist perlite. The
seeds were covered with a 3 cm layer of moist perlite (approximately 85% moisture content)
and cultured at 25 °C under light conditions. Seed germination was observed, and the seed
germination rate was calculated at 30 d of cultivation. Germination was defined as the
emergence of the radicle through the seed coat for a distance of 2 mm.

2.5. Determination of Soluble Sugar Content

Seeds obtained after different durations of stratification were stored in liquid nitrogen
and pulverized. Later, 0.15 g samples were collected and treated with 1 mL distilled water
to obtain a homogenate. The homogenate was transferred to a centrifuge tube with a cover,
followed by heating in a water bath for 10 min at 95 °C. After cooling, the homogenate was
centrifuged for 10 min at 25 °C and 8000 g. The supernatant (10 mL) was collected in a
test tube and dissolved in distilled water to 10 mL, and vortexed for later use. The soluble
sugar content was determined using visible spectrophotometry with an assay kit (Comin,
Suzhou, China). Four biological replicates were performed for each sample.

2.6. Determination of Antioxidant Enzyme Activity

Seeds obtained after different periods of stratification were transferred to liquid nitro-
gen and pulverized. Later, 0.15 g samples were collected, and each sample was treated with
1 mL distilled water to prepare an ice-bath homogenate. The samples were centrifuged at
the rate of 8000 g for 10 min at 4 °C. The supernatant was collected and placed on ice for
the determination of antioxidant enzyme activity. The catalase (CAT), peroxidase (POD),
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superoxide dismutase (SOD), ascorbate peroxidase (APX), malate dehydrogenase (MDH),
and glucose-6-phosphate dehydrogenase (G-6-PDH) activities were measured using visible
spectrophotometry according to the methods of Li et al. [33]. Four biological replicates
were performed for each sample.

2.7. Determination of Endogenous Hormone Contents

Samples at different stratification levels treated with liquid nitrogen were collected
from the ultra-low-temperature freezer and then pulverized. A total of 50 mg powder was
collected and treated with the appropriate internal standard. The samples were extracted
using 500 pL acetonitrile aqueous solution, and then centrifuged. The supernatant was
used for secondary extraction. The supernatant was mixed. Later, 10 uL TEA and 10
uL BPTAB were added to the sample supernatant for 1 h at 90 °C and then dried under
nitrogen. Samples were dissolved again with 100 pL acetonitrile aqueous solution, filtered
through a 0.22 pm film, and then transferred to the sample bottle. According to the methods
of Su et al. [34], the endogenous phytohormone contents were determined using high-
performance liquid chromatography—mass spectrometry. Four biological replicates were
performed for each sample.

2.8. Statistical Analysis

The calculated data were expressed as the mean =+ standard error. To ensure the
homogeneity of variance, seed germination data were subjected to arcsine transformation,
followed by one-way analysis of variance and the Student-Newman-Keuls test for multiple
comparisons (p = 0.05). Data processing was performed using WPS 13.0.503.101. Statistical
analysis and plotting were conducted in R i386 3.5.2.

3. Results and Analysis
3.1. Effects of Cold Stratification on Seed Dormancy Release and Germination

As shown in Figure 1, cold stratification at 5 °C significantly promoted the seed ger-
mination rate (F = 700.46, p < 0.05). Under cold stratification (5 °C), the germination rate
increased significantly with the extension of the treatment time. The seed coat gradually
cracked and the maximum germination rate was 92.7 &+ 0.3% at 50 d. Under warm stratifi-
cation (15 °C), the maximum seed germination rate was 44 + 1.1%, which was significantly
lower than that under cold stratification (p < 0.05). These results suggest that stratification
at 5 °C can effectively release the dormancy of B. sinensis seeds.
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Figure 1. Changes in the seed germination rate of Bretschneidera sinensis during cold stratification. The
5 °C and 15 °C represent cold and warm stratification, respectively. On the x axis, 0 is the control
(CK, CK represents control unstratified seeds) and the numbers 10, 20, 30, 40, 50, and 60 represent
the duration (days) of stratification. Each treatment had four replicates, and each replicate contained
30 seeds. Germination was performed at 25 °C under light conditions. The germination rate is expressed
as the mean =+ standard error. The same lowercase letters indicate insignificant differences (p = 0.05).
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3.2. Changes in Endogenous Hormone Content during Cold Stratification

The GAj3 content showed a trend of decreasing, increasing, and then decreasing during
seed stratification (F = 1083.03, p < 0.05, Figure 2A). The GA3 content was 0.03 ng/g DW
in unstratified seeds, which significantly decreased to a minimum value of 0.01 ng/g DW
at 10 d of stratification. The GA3 content then increased sharply and reached a maximum
value of 6.1 ng/g DW at 40 d of stratification. After that, the value decreased, but was
always higher than that of the CK group. The GAj content remained at 3.81 ng/g DW at
the end of stratification (60 d).
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Figure 2. Changes in endogenous hormone content in Bretschneidera sinensis seeds during cold
stratification. (A-D) represent gibberellic acid (GA3), abscisic acid (ABA), indole-3-acetic acid (IAA),
and salicylic acid (SA), respectively. Each treatment had four replicates. On the x axis, 0 is the control
(CK) and the numbers 10, 20, 30, 40, 50, and 60 represent the duration (days) of stratification. The
same lowercase letters indicate insignificant differences (p = 0.05).

The ABA content decreased continuously during seed stratification (F = 1374.40,
p <0.05, Figure 2B). The ABA content was the highest in unstratified seeds (4.83 ng/g
DW). It decreased sharply during seed stratification, and reached the minimum value of
0.51 ng/g DW at 50 d.

The IAA content increased and then decreased during seed stratification (F = 9.92,
p < 0.05, Figure 2C). The IAA content was the lowest in unstratified seeds (0.03 ng/g DW),
increased sharply during stratification, and reached a maximum value of 4.21 ng/g DW at
40 d. Then, the value decreased dramatically, but was always higher than that of the CK
group. The IAA content remained at 0.05 ng/g DW at the end of stratification (60 d).

The SA content showed a trend of decreasing, increasing, and then decreasing (F = 10.087,
p < 0.05, Figure 2D). The SA content was 1.2 ng/g DW in unstratified seeds, which decreased
to the lowest value of 0.08 ng/g DW at 10 d of stratification. The value then gradually
increased, and reached the maximum of 2.43 ng/g DW at 40 d. After that, the value decreased,
but always remained higher than that of the CK group. The SA content remained at 1.43 ng/g
DW at the end of stratification (60 d).

These results suggested that the ABA content in the embryo decreased during cold
stratification, while GA3, IAA, and SA increased before 40 d of stratification and then
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gradually decreased. These findings imply the synergism or antagonism of these hormones
during the dormancy release and germination of B. sinensis seeds.

3.3. Changes in Antioxidant Enzyme Activities during Cold Stratification

The SOD activity showed a trend of decreasing, increasing, and then decreasing
(F =209.81, p < 0.05, Figure 3A). The SOD activity was 622 pug/g DW in unstratified seeds,
which significantly decreased to a minimum value of 40.25 pug/g DW at 10 d of stratification.
The value then increased sharply and reached a maximum of 123.3 ug/g DW at 40 d of
stratification. After that, a notable decrease in SOD activity was observed.
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Figure 3. Changes in antioxidant enzyme activity in Bretschneidera sinensis seeds during cold stratifica-
tion. (A-D) represent superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), and ascorbate
peroxidase (APX), respectively. Each treatment had four replicates. On the x axis, 0 is the control (CK)
and the numbers 10, 20, 30, 40, 50, and 60 represent the duration (days) of stratification. The same
lowercase letters indicate insignificant differences (p = 0.05).

The POD activity increased and then decreased (F = 724.52, p < 0.05, Figure 3B). The
POD activity was the lowest in unstratified seeds (21.65 pg/g DW), then increased sharply
with cold stratification and reached the maximum value of 144.2 ng/g DW at 30 d. The
value then decreased, but was always higher than that of the CK group. The POD activity
remained at 75.5 ug/g DW at the end of stratification (60 d).

The CAT activity increased and then decreased (F = 314.22, p < 0.05, Figure 3C). The
CAT activity was the lowest in unstratified seeds (32 ng/g DW), then increased sharply
with stratification and reached the maximum value of 131.47 pug/g DW at 40 d. The value
then decreased, but always remained higher than that of the CK group. The CAT activity
remained at 81.6 pug/g DW at the end of stratification (60 d).

The APX activity showed a trend of decreasing, increasing, and then decreasing
(F =115.58, p < 0.05, Figure 3D). The APX activity was 3.28 pmol/min/g DW in unstratified
seeds, which decreased to the minimum value at 10 d of stratification, and then increased
sharply and reached the maximum value of 5.51 pmol/min/g DW at 40 d of treatment.
After that, the value declined, but was always higher than that of the CK group. The APX
activity remained at 3.65 pug/g DW at the end of stratification (60 d).
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These results suggest that the scavenging of excessive ROS mainly depends on SOD,
POD, and CAT, while APX may play an important role in fine-tuning signal transduction
during the dormancy release and germination of the fresh mature seeds of B. sinensis.

3.4. Changes in Soluble Sugar Content and Two Key Enzymes in Sugar Metabolism during
Cold Stratification

With the extension of stratification time, the soluble sugar content increased and
then decreased (F = 402.65, p < 0.05, Figure 4). The soluble sugar content was the lowest
(20.17 mg/g dry weight (DW)) in unstratified seeds (CK), then increased rapidly with
stratification, and peaked at 65.32 mg/g DW at 40 d of treatment. However, with the
further extension of stratification, the soluble sugar content decreased but remained higher
than that in the CK group. Notably, at the end of stratification (60 d), the soluble sugar
content remained at a level of 42.23 ng/g DW. These observations indicate that B. sinensis
seeds undergo a substantial consumption of soluble sugars during dormancy release and
germination, and that soluble sugars facilitate seed germination. Nevertheless, the soluble
sugar content gradually decreased with dormancy release at the late stage of stratification.
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Figure 4. Changes in soluble sugar content in Bretschneidera sinensis seeds during cold stratification.
Each treatment had four replicates. On the x axis, 0 is the control (CK) and the numbers 10, 20, 30,
40, 50, and 60 represent the duration (days) of stratification. The same lowercase letters indicate
insignificant differences (p = 0.05).

With the extension of seed stratification, the MDH activity followed the trend of
decreasing, increasing, and then decreasing (F = 415.69, p < 0.05, Figure 5A). The activity
of MDH in unstratified seeds was 6.72 pmol/min/g DW, which decreased after 10 d of
stratification, then increased and reached the highest value of 8.86 pmol/min/g DW at 30 d
of stratification. With the further extension of stratification, the MDH activity decreased
sharply to the lowest value of 4.36 pmol/min/g DW at 60 d of stratification.

The G-6-PDH activity decreased and then increased during seed stratification (F = 440.62,
p < 0.05, Figure 5B). The G-6-PDH activity was 0.37 umol/min/g DW in unstratified seeds,
which decreased at 10 d of stratification. The G-6-PDH activity then increased and reached
the maximum value of 0.48 umol/min/g DW at 40 d of stratification. The G-6-PDH activity
remained stable with the further extension of cold stratification.

Therefore, the MDH and G-6-PDH activities fluctuated considerably during 3040 d of
stratification, suggesting significant changes in the respiratory pathways of sugar metabolism
during dormancy release and germination.
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Figure 5. Changes in key enzyme activity in sugar metabolism in Bretschneidera sinensis seeds
during cold stratification. (A,B) represent malate dehydrogenase (MDH) and glucose-6-phosphate
dehydrogenase (G-6-PDH), respectively. Each treatment had four replicates. On the x axis, 0 is the
control (CK) and the numbers 10, 20, 30, 40, 50, and 60 represent the duration (days) of stratification.
The same lowercase letters indicate insignificant differences (p = 0.05).

3.5. Correlations of the Germination Rate with Physiological Indicators during Cold Stratification

As shown in Figure 6, the germination rate showed positive correlations with the
soluble sugar content and G-6-PDH activity (p < 0.05), while demonstrating a negative
correlation with MDH activity (p < 0.05). The germination rate showed positive correlations
with GA3 and IAA contents (p < 0.05), but a negative correlation with ABA (p < 0.05).
Moreover, SOD, POD, CAT, and APX activities were positively correlated with the seed
germination rate (p < 0.05). These results highlight the interactions of these physiological
indicators with seed dormancy release and germination.
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Figure 6. Correlations between the average germination rate and soluble sugars, phytohormones,
and antioxidant enzymes during cold stratification. Note: The right vertical axis represents the
correlation between two datasets. The color of the circle indicates the direction of the correlation (red,
positive correlation; blue, negative correlation). The size of the circle indicates the magnitude of the
correlation coefficient, which is displayed by the corresponding value. G is the seed germination rate,
SS is soluble sugars, and other abbreviations are physiological indicators as described in the text.
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4. Discussion
4.1. Regulation of Seed Dormancy Release and Germination by Endogenous Hormones

Many studies have demonstrated that GA, ABA, and IAA are the most important
endogenous factors regulating seed dormancy and germination [10]. B. sinensis seeds
exhibit dormancy. The changes in hormone levels at different stages from the dry seed
stage to imbibition and then to germination reflect the internal mechanisms of dormancy
regulation. It is well known that ABA plays a pivotal role in inducing and maintaining
seed dormancy. ABA reduces the osmotic potential and water absorption of the seed
embryo, impeding radicle elongation and seed germination. Consequently, the release
of seed dormancy is usually accompanied by a decline in ABA. GAj3 is an important
factor in releasing dormancy and promoting seed germination that mainly acts through
increasing the vigor of the embryo, weakening the tissue around the embryo, and relieving
the constraint imposed by the seed coat. The antagonism between ABA and GA, which
are the major phytohormones, plays a key role in the regulation of seed dormancy. Hence,
seed germination can be controlled by regulating the metabolism and signal transduction
of ABA and GA [7,8]. The levels of ABA in B. sinensis seeds reached the maximum in the
unstratified stage but decreased significantly with the increase in stratification time. As
shown in Figure 2B, it decreased 9.47-fold at 50 d of seed stratification. The ABA content is
negatively correlated with the germination rate of seeds (Figure 6). Conversely, the GA3
content increased significantly by 33.3-fold by the end of seed germination (Figure 2A).
These findings indicate that the increase in the GA3/ABA ratio serves as a key determinant
in seed dormancy release and germination, which is consistent with the classical theory
highlighting the role of ABA and GAj in regulating seed dormancy and germination.

IAA is another important endogenous hormone, which promotes seed germination by
inducing elongation and differentiation of blastocytes [35]. For example, IAA content dur-
ing dormancy release and germination of Rhizoma Paridis Yunnanensis, Paris polyphylla,
and Medicago sativa seeds increased rapidly. In this study, the IAA content increased
significantly in different stages of germination of B. sinensis seeds. The IAA content at
the end of seed germination was 14-fold higher than the initial value (Figure 2C). This
indicates that IAA plays a positive role in inducing seed germination. Nevertheless, seed
germination does not depend on the increase or decrease in a single phytohormone, such
as ABA, GA, or IAA. The spatiotemporal balance of ABA, GA, and IAA is the major factor
determining seed germination [36,37]. Based on the analysis of hormone ratios at different
stages, the ABA/GA3 and ABA/IAA ratios showed a significant decline. This is consistent
with the regulation of germinating hormones in Taxus yunnanensis and Garcinia paucinervis
seeds. This indicates that ABA might be the key inhibitor of germination of B. sinensis seeds.
The antagonism with ABA was intensified by regulating the biosynthesis of the growth
promoters GAjz and IAA to promote seed germination [38,39]. Additionally, it is widely
accepted that SA regulates seed growth and development, including cell expansion and
axial elongation of seed radicles. In this experiment, the SA level reached the maximum
after 40 d of stratification (Figure 2D). This result can be explained by the role of B. sinensis
seeds in regulating the growth of plumular axis and radicals from imbibition to germination
stages by increasing SA synthesis, thus promoting the seed germination [40—42]. Accord-
ing to the endogenous hormone regulation theory of seed dormancy, seed germination
requires interaction between hormones. The changes in hormone levels in different stages
of germination suggest that the increase in GAz and the decrease in ABA concentration
promote seed germination in B. sinensis.

4.2. Antioxidative Stress during Seed Dormancy Release and Germination

Seed dormancy release and germination are related to changes in phytohormones. Fur-
ther, different types of enzymes, such as antioxidant enzymes, may alter the response during
seed dormancy release and germination [43]. The internal respiratory metabolism of seeds is
enhanced from seed dormancy release to germination stages, which may generate substantial
amounts of reactive oxygen species (ROS), leading to the accumulation of osmotic substances.
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ROS transform mutually via spontaneous or catalytic reactions. They are strong oxidants and
induce lipid peroxidation, resulting in oxidative damage to cellular structures [44,45]. This
has been established in physiological studies of seed germination [46,47]. SOD can cleave O?~
into HyO, and O, rapidly with minimal toxicity [48]. CAT is an enzyme that uses H,O as the
substrate and represents an important index of metabolic changes in plants. CAT can be used
to characterize cell growth and development. The interaction between CAT and POD can
further eliminate H,O,, thereby decreasing and eliminating the free radical-induced damage
to cell membranes [49,50]. The study findings suggest an increase in the levels of SOD, POD,
CAT, and APX during the release from seed dormancy stage in B. sinensis (Figure 3A-D).
They are positively correlated with the seed germination rate (Figure 6). Thus, the seeds
experience oxidative stress during stratification. The high levels of SOD, POD, CAT, and APX
perform rapid free radical-scavenging activity. This indicates that the combination of SOD,
POD, CAT, and APX activities not only contributes to seed dormancy release in B. sinensis, but
also facilitates seed cell growth and structural integrity, ensuring smooth germination and
prompt scavenging of internal free radicals.

4.3. The Role of Energy Metabolism in Seed Dormancy Release and Germination

The complex physiological transition from seed dormancy to germination requires a
significant energy supply. Energy reserves are key to the activation of seed germination
and metabolism and the changes in their content also indirectly reflect the mechanism of
seed dormancy release [51]. Specifically, carbohydrate, the major reserve substrate in most
types of seeds [52], represents an important source of energy for seed germination. Seed
dormancy release originates in the glycolysis pathway, which generates the primary energy
in seeds [53]; therefore, glucose metabolism plays an important role in seed germination [54].
Soluble sugars in seeds mainly include glucose, maltose, and saccharose. As the substrate
of respiratory metabolism in the embryo, soluble sugar is the major source of energy during
germination [55]. Soluble sugar exists in the embryo or endosperm. However, soluble
sugar can be transformed from fat, starch, and soluble proteins [56]. This study found a
dramatic increase in the levels of soluble sugar in B. sinensis seeds after stratification at an
early stage, and the sugar was consumed significantly during seed dormancy release and
reinforced the respiratory effect of the embryo (Figure 4). Further, the seed germination
rate increased accordingly, suggesting that the soluble sugar level regulates the release of
seed dormancy in B. sinensis.

Roberts et al. [57] hypothesized that the shift of sugar metabolism from glycolysis
to the pentose phosphate pathway (PPP) is critical to seed dormancy release. MDH and
6-G-PDH are the key enzymes in the tricarboxylic acid cycle (TCA) and PPD, respectively,
and their activities reflect the strength of seed respiration. In the present investigation,
with the extension of cold stratification, there was a rapid decrease in the activity of MDH
in TCA (Figure 5A), alongside a considerable increase in the activity of 6-G-PDH in PPP,
showing a significant negative correlation (Figure 6). These results indicate a shift in the
predominant respiratory metabolic pathway in B. sinensis seeds from TCA to PPP during
dormancy release, which is similar to the findings of Li et al. [58]. The results of the present
study provide new evidence for the hypothesis proposed by Roberts et al. [57]. In addition,
B. sinensis seeds need to be released from physiological dormancy before germination. The
natural cracking of the seed coat at 30 d of stratification indicates the development of the
seed embryo and the increase in metabolic activity. This explains the significant changes
in MDH and G-6-PDH activities during 30—40 d of stratification. During the process of
seed stratification, therefore, 3040 d is an important period for the shift from dormancy to
germination preparation.

This study demonstrates that soluble sugars play an important role in protecting
seeds against oxidative stress. It can be used to regulate osmotic balance and stabilize
protein structure and biological membrane. Soluble sugars also protect phospholipids
in the biological membrane by inducing vitrification in cytoplasm. The accumulation of
soluble sugar increases significantly during seed dormancy release in B. sinensis (Figure 4),
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possibly due to the increased glycosylation of cell proteins [59,60]. According to Coue et al.,
the soluble sugar content is related to metabolic pathways associated with ROS generation.
Conversely, the soluble sugar can induce metabolic pathways that generate NADPH, such
as the oxidized pentose phosphate (OPP) pathway, to facilitate scavenging of ROS [61].

5. Conclusions

Low-temperature wet stratification under 5 °C can release seed dormancy effectively.
During the seed dormancy release, the seed germination rate was positively correlated
with soluble sugar, GA3, and IAA levels, as well as G-6-PDH, SOD, POD, CAT, and APX
activity, but it was negatively correlated with MDH activity and ABA content. These imply
that dormancy release might be attributed to the degradation of endogenous ABA and the
oxidation of reactive oxygen species induced by low-temperature wet stratification. GAs,
IAA, and the metabolism of energy substrates may be correlated with the induction and
promotion of germination.
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