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A potential role of a special
type of abortive seeds in
Cunninghamia lanceolata:
promoting the growth of
healthy seedlings in active
aluminum ions-rich soil
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Background and aims: “Astringent seed” is a type of abortive seed frequently
observed in Chinese fir (Cunninghamia lanceolata). It is widely recognized but
poorly understood for its underlying causes. This study investigates the potential
of astringent seeds to alleviate the toxic effects of active aluminum ions.

Methods: This study involved treating seeds and seedlings with two distinct
concentrations of astringent seeds water extracts under the aluminum ion stress.
Then the germination of seeds and growth of seedlings were evaluated
and compared.

Results: Under aluminum stress, both seed germination and seedling growth
were notably inhibited. Treatment with a low-concentration of the extract
significantly alleviated this inhibition. Root elongation in the seedlings
increased by 36.95% compared to the control group, and the aluminum ion
accumulation at the root tips was reduced by 38.89% relative to the aluminum-
stressed group. This treatment also normalized the levels of malondialdehyde
(MDA) in the roots and leaves, enhanced the activities of antioxidative enzymes
such as superoxide dismutase (SOD) and catalase (CAT), and restored the levels
of endogenous hormones including gibberellin (GAs), indole-3-acetic acid (IAA),
methyl jasmonate (Ja-ME), and abscisic acid (ABA). Furthermore, the low-
concentration of the extract positively impacted the disorganized chloroplast
structures. In contrast, a high-concentration of the extract failed to revert most
of these stress indicators.
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Conclusion: Low concentrations of astringent seed water extract effectively
alleviate the inhibitory effects of aluminum ions on seed and seedling. This
implies that in natural environments, the proximity of healthy seeds to
astringent seeds could potentially enhance their growth.

Cunninghamia lanceolata, astringent seeds, aluminum toxicity, alleviative effect,
seedling growth, soil microenvironment mediation

1 Introduction

Seed abortion is a widespread occurrence in plants, influenced
by various factors such as developmental abnormalities in organs or
tissues (e.g., pollen grains, stigmas, ovaries, female gametophytes)
(Lietal, 2009, 2021.,Cardel and Koptur, 2022), self-incompatibility,
zygote development issues post-fertilization, and the presence of
homozygous lethal genes (Xie et al., 2019; Shen et al., 2020; Wang
et al., 2023). Resource allocation and elimination are often reflected

¥ Healthy seed

¥ Astringent seed

in abortive seeds, with the vast majority of abortive seed embryos
ultimately degenerating and disappearing or being significantly
smaller than the embryos of viable seeds (Chen et al.,, 2022; Wang
et al, 2023). Consequently, healthy seeds are allocated more
nutrients, ensuring their subsequent germination and growth.
However, in Chinese fir (Cunninghamia lanceolata), there is a
unique type of aborted seed, which is specifically named the astringent
seed. These astringent seeds are indistinguishable from healthy seeds
by simple physical methods, as they appear identical in appearance

90

B Germination rate (%)

0.9

D Roots elongation (cm) E Roots fresh weight increment F AP** content in root tips
a 02] 2 (9) (mg-g")
a
101 p ] b 0.6
ab
0.0 be
51 c 0.3
c c
1 c
1 : ]
0 : Y - : : : () -
HST AST LET HET HST AST LET HET HST AST LET HET

FIGURE 1

Effects of astringent seeds extract treatments on seed germination and seedling root growth under aluminum ions stress. The astringent seeds used
in this study, although appearing normal, are an aborted type (A). Compared to the HST, the germination rate of AST significantly decreased. This
decrease was alleviated by low-concentration extract treatment, but high-concentration extract treatment did not restore the germination rate (B).
Seedling growth under different treatments showed varied performances (C). Root elongation (D) and the increase in root fresh weight (E) were
significantly inhibited in the AST group. However, in LET group, seedling roots elongated noticeably, and the inhibition of fresh weight increase was
significantly reduced. Under the aluminum stress treatment, the A*™ ion content in seedling root tips increased significantly. This increase was
significantly alleviated by low-concentration extract treatment and to a lesser extent by high-concentration extract treatment (F). The results of
multiple comparisons are indicated above the bar chart. Treatments marked with the same letter have no significant difference (p > 0.05).
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(Figure 1A) and have similar weights. In essence, these astringent
seeds seem to “grow” even though their embryos are dead (Zheng
et al,, 2023). The true nature of these seeds is only revealed when the
seed coat is removed, exposing their deep red or dark brown color,
which contrasts sharply with the milky white or light yellow of healthy
seeds. Unfortunately, astringent seeds are prevalent in high-quality
seed orchards of C. lanceolata. In some orchards, the rate of astringent
seeds in superior families has approached 90% (Lin et al., 2022). This
high incidence of astringent seeds significantly reduces both the yield
and quality of improved seeds. Additionally, their resemblance to
healthy seeds complicates their identification, leading to increased
resource wastage during seedling cultivation (Zheng et al., 2023). In
exploring this phenomenon, a key question emerges naturally: what is
the benefit of such an energy-intensive “investment”? We hypothesize
that, in nature, the distribution of astringent seeds of the C. lanceolata
after maturation and detachment from the parent plant should be
random. This randomness suggests that astringent seeds often fall near
healthy ones. Therefore, we propose that astringent seeds may play a
supportive role for viable seeds, as they likely coexist in close
proximity, collectively enduring adverse environmental conditions.

Coincidentally, in southern China, the primary distribution area of
the extant C. lanceolata (Jiang et al., 2022), the soil type is acidic red soil
(Shen et al., 2021), which is characterized by relatively high levels of
active aluminum ions (Zheng and Li, 2004). Luo et al. (2014) revealed
that the seasonal variation of active aluminum ions in different soil
layers of C. lanceolata plantations ranges approximately from 1.98 to
3.04 mg-g "', indicating that this important timber species is also subject
to the toxic effects of active aluminum jons. The harmful impact of
active aluminum ions has been well-documented, with studies
consistently demonstrating that the most noticeable morphological
change under aluminum ion stress is the inhibition of root tip
elongation (Bai et al, 2017; Muhammad et al, 2018; Yang et al,
2019., Sun et al., 2020). For instance, in maize, the region 1-2 mm from
the root tip is particularly sensitive to aluminum ions, resulting in
inhibited cell division in the meristematic tissue of this area (Eticha
et al, 2005). Additionally, plants under aluminum ion stress exhibit
physiological responses such as reduced photosynthesis and
respiration, disruption of redox balance, and imbalances in
endogenous hormone metabolism (Carcamo et al., 2019).
Interestingly, it has been found that astringent seeds are rich in
flavonoids/polyphenolic secondary metabolites and their derivatives
(Chen et al., 2020), which are the basis for their name. These secondary
metabolites have been shown to possess the ability to detoxify active
aluminum ions (Chen and Wang, 2003; Chen et al., 2020; Zheng et al.,
2023), potentially offering a protective mechanism against the toxic
effects observed in plants.

Therefore, we further hypothesize that astringent seeds may
play a role in reducing active aluminum content in the soil, thereby
assisting the growth of seedlings with lower resistance to this toxin.
To investigate this, we treated aluminum-damaged C. lanceolata
seeds and seedlings with water extracts of astringent seeds and
monitored their growth and physiological response change. This
approach aims to provide a preliminary explanation for the
aforementioned hypothesis and to offer a new perspective and
foundational basis for future in-depth studies.
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2 Materials and methods

2.1 Preparation of astringent seeds
water extracts

Based on previous research findings, we prepared two
concentrations of astringent seeds water extracts from C. lanceolata
seeds: 1.00 gL' and 100 gL, Initially, the appropriate weight of
dried seeds was measured and ground into a fine powder. This
powder was then immersed in distilled water and shaken for 48 hours
to ensure complete dissolution of the soluble substances. The solution
was subsequently filtered, and the residue was thoroughly squeezed to
minimize liquid loss. These water extracts of varying concentrations
will be used as solvents in subsequent experiments, replacing
distilled water.

2.2 Seedling cultivation

Seeds of C. lanceolata were purchased from the third-generation
seed orchard of Youxi National Forest Farm in Fujian Province,
China. The seedlings were cultured in Hoagland nutrient solution
in a hydroponic system for 15 days after germination. Seedlings
with similar height and root length were then selected for
further tests.

2.3 Aluminum stress and astringent seed
water extraction treatment

The selected seedlings were transferred to new hydroponic
systems. Seedlings cultivated in pure Hoagland solution treatment
(HST) served as the control group. To create the active aluminum
stress treatment (AST) group, a solution of 0.5 mmol-L?
AlCl;-6H,0 was added into the Hoagland nutrient solution.
Based on the AST group, two concentrations of astringent seeds
water extracts were incorporated, forming the low-concentration
extract treatment (LET) and high-concentration extract treatment
(HET) groups. Each of the 4 groups had three replicates, with each
replicate containing 30 seedlings. The pH of the solutions in all
groups was adjusted to 4.5 and readjusted every 3 days throughout
the 30-day cultivation period.

2.4 Determination of seedling growth

Before starting the stress and extract treatments experiments,
the total plant length, root length, and fresh weight of all seedlings
were measured. Additionally, 30 seedlings that were not part of the
experiments were divided into root and shoot sections, and their
fresh weights were recorded separately. These initial measurements
provided the baseline averages for subsequent weight increment
calculations. Following the active aluminum stress and extract
treatments, the total plant length, root length, and fresh weights
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of the whole plant, roots, and shoots were re-measured. The growth
increments for each seedling under different treatments were
determined by comparing the initial and final measurements.

2.5 Determination of antioxidant enzyme
activity in seedlings

The content of malondialdehyde (MDA), superoxide dismutase
(SOD), catalase (CAT), and peroxidase (POD) in seedlings were
investigated to assess antioxidant levels. MDA content was
determined by the thiobarbituric acid (TBA) colorimetric method
(Morales and Munne-Bosch, 2019), SOD activity by the
nitrotetrazolium blue chloride (NBT) photochemical reduction
method (Zahir et al, 2021), CAT activity by the UV absorption
method (Gordo et al., 2024), and POD activity by the guaiacol test
process (Mika and Liithje, 2003).

2.6 Determination of endogenous
hormones in seedlings

The contents of endogenous hormones, including gibberellin
(GA;), indoleacetic acid (IAA), zeatin (ZT), methyl jasmonate (Ja-
ME), and abscisic acid (ABA), were determined using an enzyme-
linked immunosorbent assay (ELISA) kit (SINOVAC
Biotechnology Co., Ltd., Shanghai, China), and the assay was
performed according to the manufacturer’s instructions.

2.7 Determination of chlorophyll content
in seedlings

After aluminum stress and water extract treatments, leaves from
C. lanceolata seedlings under each treatment were cut (the 4th to 6th
leaves from the top of the seedlings). The contents of chlorophyll a
(Chla), chlorophyll b (Chlb), total chlorophyll, and carotenoid were
determined using the extraction method (Berhe et al., 2024).

2.8 Observation of organelle structure in
seedling leaves

The leaf samples used were the same as those selected for the
determination of chlorophyll content described in section 2.7. They
were fixed with 0.2 mol-L"' phosphate buffer and 25%
glutaraldehyde fixative solution, then dehydrated, embedded,
cured, sliced, and observed using an Tecnai Spirit G2 Bio TWIN
transmission electron microscope (FEI, Hillsboro, USA).

2.9 Data processing

Multiple comparisons were performed to determine significant
differences in performance between groups using the Duncan test,
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conducted with SPSS v27 software. Origin v2022 software was used
to visualize the data.

3 Results

3.1 Effects of extract treatments on
germination of seeds

Germination commenced on the third day across all
experimental groups (Figure 1B). The HST and AST groups
displayed relatively higher initial germination rates of 18.33% and
15.36%, respectively, followed by the LET group (8.16%). The HET
group exhibited the lowest germination rate at 3.33%. From the
third to the sixth day, germination rates in the HST, AST, and LET
groups increased rapidly but slowed thereafter. By the eighth day,
the HST group, serving as the control, reached a germination rate of
65.31%. The AST group was lower significantly (p < 0.05) at 55.61%,
and the LET group achieved a rate comparable to the HST at
66.45%. In contrast, the HET group’s germination rate remained
significantly lower throughout the observation, not only compared
to the control group, but also to the AST group. Notably, the peak
germination rate for the HET group had not occurred by the eighth
day, indicating a delayed response compared to the other
treatments. In conclusion, the data suggest that aluminum stress
adversely affects the vigor and germination of C. lanceolata seeds.
Low-concentrations extract treatment appeared to alleviate some of
this stress, whereas high-concentrations not only failed to provide
relief but further intensified the inhibition.

3.2 Effects of extract treatments on
seedling roots in active aluminium stress

The growth of C. lanceolata seedlings’ root systems under active
aluminum stress and varying concentrations of astringent seeds water
extracts showed significant differences (Figure 1C). Compared to the
HST group, the AST group experienced a 66.63% reduction in root
elongation (Figure 1D) and a 112.50% decrease in fresh weight
increment (Figure 1E). This inhibition was notably mitigated in the
LET group, where root elongation was 36.95% greater than in the
HST group. However, the fresh weight increment in the LET group
was significantly lower (p < 0.05) than that in the HST group, though
still higher than in the AST group. This indicates that low
concentrations of astringent seeds water extracts can enhance root
elongation, but may still impact cellular density within root tissues. In
the HET group, both root elongation and fresh weight increment
were significantly lower than those in the HST group. Additionally,
the AI** ions content in the root tips of the AST group was 0.54 mg-g”
'. In comparison, the LET and HET groups showed reductions of
38.89% and 62.96%, respectively (Figure 1F), indicating that
astringent seeds water extracts can inhibit the absorption of AI’*
ions by the roots. However, excessively high concentrations, while

l3+

reducing the AI”* content in the root tips, also have inhibitory effects

through other potential pathways.
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The MDA content in the root systems of the AST group
increased by 58.89% compared to the HST group (Figure 2A),
indicating increased membrane permeability in root tissues under
aluminum stress. Additionally, the activities of other antioxidant
enzymes showed significant increases (Figures 2B-D), suggesting
the activation of physiological stress responses in the tissues. The
LET group demonstrated a noticeable recovery effect, with MDA
content, SOD, and CAT activities returning to levels similar to those
of the HST group. In the HET group, a significant reduction in
MDA content was observed, although the activities of the three
antioxidant enzymes remained significantly higher (p < 0.05) than
in the HST group.

The endogenous GA; (Figure 2E) and IAA (Figure 2F) levels in
seedling roots showed similar trends. Both decreased significantly (p
< 0.05) under aluminum stress and increased following treatment
with extracts of astringent seeds, regardless of concentration.
Notably, the GA; content in the HET group was significantly
higher than in the HST group, suggesting that high concentrations
of extract might mitigate the inhibitory effect of aluminum stress on
the biosynthesis of GA;. However, the IAA content did not return to
normal levels. The endogenous ZT content (Figure 2G) followed a

10.3389/fpls.2024.1482355

different pattern. There were no significant changes in ZT content in
the root systems under aluminum stress, while a significant decrease
was observed in the LET group. Changes in Ja-ME content
(Figure 2H), which is related to stress response, mirrored those of
GA; and TAA. The ABA content in the AST group significantly
increased (p < 0.05) but returned to levels comparable to the HST
group in the LET group and showed no significant difference from
the ATG group in the HEG group (Figure 2I).

3.3 Effects of extract treatments on
seedling leaves in active aluminium stress

Aluminum stress does not seem to affect the leaf growth of C.
lanceolata seedlings visibly. The increase in leaf fresh weight in the
AST group showed no significant difference compared to the HST
group (Figure 3A), and the same was recorded for the LET group.
However, the HET group exhibited a 76.19% higher increase in leaf
fresh weight increment compared to the HST group. In contrast,

13+

significant differences were observed in the active AI’* content in

the leaves (Figure 3B). The active AI’* content in the AST group
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FIGURE 2

Effects of different treatments on antioxidant enzyme activities and endogenous hormone levels in roots. Four antioxidant-related indicators: MDA
content (A), SOD activity (B), CAT activity (C), and POD activity (D), and levels of five endogenous hormones: GAs (E), IAA (F), ZT (G), Ja-ME (H), and
ABA (1) are presented. Most physiological parameters approached normal, unstressed levels under the LEG treatment, while the HEG treatment failed
to produce similar outcomes. The results of multiple comparisons are indicated above the bar chart. Treatments marked with the same letter have

no significant difference (p > 0.05).
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FIGURE 3

Effects of different treatments on seedling leaves. Leaves fresh weight increment (A), Al**content (B), four antioxidant-related indicators: MDA
content (C), SOD activity (D), CAT activity (E), and POD activity (F), and levels of five endogenous hormones: GAz (G), IAA (H), ZT (1), Ja-ME (J), and
ABA (K) in leaves are presented. The results of multiple comparisons are indicated above the bar chart. Treatments marked with the same letter have

no significant difference (p > 0.05).

reached 0.08 mg-g', but it decreased by 28.40% and 45.68% in the
LET and HET groups, respectively. This suggests that the extract
may influence aluminum ions absorption and transport.

The MDA content in the leaves of the AST group did not show a
significant difference compared to the HST group. However, in the
LET group was 33.25% higher than in the HST group (Figure 3C).
The activities of the three antioxidant enzymes exhibited varying
patterns. Leaf SOD activity significantly increased under aluminum
stress and remained at a similar level in the LET group as in the
HST group but did not decrease in the HET group (Figure 3D). No
significant differences in CAT activity were observed among the
four groups (Figure 3E). POD activity showed a significant increase

Frontiers in Plant Science

(p < 0.05) only in the AST group, while the activities in the other
three experimental groups were nearly identical (Figure 3F).

The endogenous hormone levels in the leaves also exhibited
different patterns under various treatments. The levels of GA;
(Figure 3G) and TAA (Figure 3H) contents were significantly
different in the HET and LET groups, but both were unaffected
by aluminum stress. The endogenous ZT content in the AST group
was significantly higher than in the HST group, while in the LET
and HET groups were significantly lower than those in the HST
group (Figure 3I). Compared to the HST group, the Ja-ME content
in the leaves showed no significant change in the AST group but
increased markedly in both the LET and HET groups (Figure 3]).
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The ABA content also significantly decreased in the LET group and
increased in the HET group (Figure 3K). This suggests that
aluminum stress has a minimal impact on endogenous hormone
synthesis in leaves, whereas the astringent seeds extract introduces a
new regulatory factor affecting hormone levels.

The chlorophyll content in leaves followed a similar pattern
across different treatments. There were no significant differences in
chlorophyll a (Figure 4A), chlorophyll b (Figure 4B), total chlorophyll
(Figure 4C), and carotenoid contents (Figure 4D) between the HST
and AST groups. However, under the influence of astringent seeds
extract treated, the contents of these photosynthetic pigments
significantly decreased (p < 0.05). Transmission electron
microscopy was used to observe the organelle structure changes of
the chloroplast under various treatments. In the HST group,
chloroplast structures were intact (Figure 4E). They were closely

10.3389/fpls.2024.1482355

attached to the cell wall, spindle-shaped, with clear and tightly
arranged grana lamellae, noticeable gaps between starch grains and
thylakoids, and a high number of osmiophilic granules. In the AST
group, cell walls appeared wrinkled and curved, with a reduced
number of osmiophilic granules, blurred starch grains, and loosely
arranged grana lamellae. This indicates that while chlorophyll content
did not significantly decrease in the aluminum-rich environment, the
structure was still affected by stress. In the LET group, chloroplast
starch grains were clear, and grana lamellae were tightly arranged, but
the number of osmiophilic granules remained very low. This suggests
that low concentrations of extract positively affect the loose
chloroplast structure caused by aluminum stress, although the
improvement is incomplete. In the HET group, the volume of
starch grains increased, osmiophilic granules appeared, and grana
lamellae were relatively loosely arranged.
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Impact of different treatments on chlorophyll content and chloroplast organelle structure. Changes in photosynthetic pigments, including
chlorophyll a (A), chlorophyll b (B), total chlorophyll (C), and carotenoids (D), following different treatments are displayed. Additionally, the
ultrastructure of chloroplasts (E) is shown, highlighting differences in chloroplasts (Chl), cell walls (Cw), starch grains (Sg), grana lamella (Gl), and
osmiophilic globules (Og) across various treatments. Notably, the LEG treatment helped to reduce the disorganization of chloroplast structures
induced by aluminum stress. The results of multiple comparisons are indicated above the bar chart. Treatments marked with the same letter have no

significant difference (p > 0.05).
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4 Discussion

4.1 Mechanism of plant response to active
aluminum ion toxicity

Aluminum is one of the most abundant elements in the Earth’s
crust, surpassed only by oxygen and silicon. In neutral or alkaline
soils, aluminum predominantly exists as insoluble aluminum
silicates or aluminum oxides, posing no harm to plants (Eticha
et al,, 2005; Zheng, 2010; Wei et al., 2020). However, in acidic soils,
aluminum ions dissolve and form various active valence states, such
as AI’", AI(OH)**, AI(OH),", AI(OH)s, and aluminum-humic acid
complexes (Al-HA) (Zhou et al, 2011). These active forms of
aluminum are toxic to plants (Shetty et al., 2020), linking
aluminum ion toxicity closely with soil acidification (Drabek
et al., 2003).

Plants living in acidic soil have developed mechanisms to cope
with the challenging conditions posed by active aluminum ions.
These adaptation mechanisms are broadly categorized into two
types: external exclusion and internal tolerance, distinguished by
the location of detoxification within the plant (Kochian et al., 2015;
Sade et al, 2016). External exclusion primarily occurs in the
apoplast, where organic acids from the cytoplasm bind to
aluminum, and vacuoles help isolate these complexes (Yan et al.,
2023). This process transforms harmful aluminum ions into

10.3389/fpls.2024.1482355

harmless or less harmful forms, mitigating their toxic effects.
Internal tolerance, on the other hand, takes place in the symplast
(Yang et al., 2019). Here, root tips release organic acids, phosphates,
phenolic compounds, or mucilage that bind with aluminum ions
(Yang et al,, 2013, 2019). Root exudates also help adjust the pH
around the root zone, creating a barrier that lowers the likelihood of
aluminum ions penetrating root cell tissues (Ma and Lin, 2019).
However, it’s important to note that these physiological responses
are typically more developed in mature plants (Vicente et al., 2020;
Parkash et al., 2024). Seeds and seedlings may not fully express these
protective mechanisms, making them more vulnerable to
aluminum toxicity.

4.2 Alleviating effect of astringent seed on
aluminum toxicity

As previously mentioned, the soil in the distribution area of
C. lanceolata contains relatively high levels of active aluminum ions,
posing a potential toxic threat to the species. In response, it has
developed adaptive mechanisms to withstand this environmental
stress. Research by Ma and Lin (2019) shows that aluminum
stress triggers the biosynthesis of polyphenolic compounds in
C. lanceolata roots, along with notable changes in antioxidant
activity. Our own observations confirm that aluminum stress

Where the HS
is solitary

Roots inhibiton by
active aluminum ions

' Where the HS is
accompanied by an AS

Interacts with active
| aluminum ions to
inactivate them

Inhibition from active aluminum
ions is alleviated

FIGURE 5

Potential mechanisms of astringent seeds in mitigating toxicity of active aluminum ions in soil. The protective role of astringent seeds (AS) in natural
environments is illustrated. In conditions where solitary healthy seeds (HS) are exposed to soil with active aluminum ions (AAls), their germination
and seedling growth are typically hindered. However, the presence of astringent seeds can alter this outcome. Substances leached from tannin
seeds by eluviation permeate the surrounding soil, effectively inactivate the toxic impact of active aluminum ions and thereby safeguarding the

germination and growth of nearby healthy seeds and seedlings.
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enhances antioxidant responses in the roots of seedlings. However,
given that seedlings have underdeveloped root systems, they may
require additional mechanisms to manage such challenging
conditions. Astringent seeds could play a critical role in
this adaptation.

While our results focus mainly on physiological changes, they do
support the conclusion that astringent seeds can mitigate the effects of
active aluminum stress on healthy seeds. This finding suggests that the
astringent seeds of C. lanceolata may have evolved as a specialized form
of abortive seeds, adapted to thrive in environments with high levels of
active aluminum (Figure 5). Astringent seeds, when they fall into
the soil along with healthy seeds, may release their substance into the
surrounding soil by the eluviation. This can potentially regulate the
local concentration of active aluminum ions. Predominantly composed
of flavonoids and polyphenolic compounds in the astringent seeds (Lin
et al,, 2017; Chen et al., 2020) are known to bind with active aluminum
ions by forming chelates (Ma and Lin, 2019). Moreover, this possible
adaptive mechanism appears particularly advantageous for the growth
of seedling roots, which are highly susceptible to aluminum ion toxicity
(Ofoe et al., 2022). When present in optimal concentrations, this
mechanism not only promotes root growth but also helps restore
most physiological responses related to resistance and endogenous
hormone levels to their normal state before stress (Figures 1, 2). For
instance, the notable reduction in ABA content in the roots of the LET
group suggests this recovery effect. Conversely, this recovery effect is less
pronounced in the leaves, where a reduction in photosynthetic pigment
content is observed. Nonetheless, changes in chloroplast structure in the
leaves provide further evidence of adaptation (Venzhik et al., 2019).
Morphological adaptations in chloroplasts, such as the arrangement of
granal lamellae observed in the LET group, indicate a mitigated impact
of active aluminum, demonstrating the leaves’ ability to adjust to
environmental stresses.

Our results also highlight the importance of concentration in
determining the impact of water extract on C. lanceolata seedlings.
High-concentration treatments inhibited seedling growth, affecting
both root development (Figures 2, 3) and leaf physiology (Figures 4,
5). Notably, these inhibitory effects occurred even in the absence of
aluminum ions (Supplementary Figure S1), suggesting that the
high-concentration extract itself may be a growth inhibitor. This
aligns with the typical concentration-dependent behavior of
allelochemicals, which can promote growth at low concentrations
but become inhibitory at higher levels (Kato-Noguchi et al., 1994;
Soln et al, 2022; Kumar et al, 2024). However, the potential
interaction between the extract and active aluminum ions remains
uncertain. One hypothesis is that high concentrations of the extract
might reduce the toxicity of active aluminum ions while
simultaneously exerting its own negative impact on seedling
growth. An alternative explanation is that the extract does not
mitigate aluminum toxicity, and the observed growth inhibition is
due to the combined effects of both stressors. Further investigation
is required to determine the nature of these interactions.

Certainly, to fully understand how C. lanceolata seedlings cope
with the toxic effects of active aluminum ions and the mechanism
by which the secondary metabolites in astringent seeds interact with
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active aluminum, further research is required. For example, a
comparative analysis of organic acid exudation between the roots
of mature trees and seedlings could reveal whether C. lanceolata
primarily employs one of the two proposed strategies to mitigate
aluminum toxicity and whether seedlings exhibit weaker resistance
to this stress. Additionally, investigating changes in the form and
concentration of active aluminum ions in the soil before and after
treatment with astringent seed extracts could determine if these
extracts effectively reduce aluminum toxicity. Our current findings
provide physiological insights that may serve as a foundation for
these more detailed studies.

4.3 The significance of astringent seeds
and their potential benefits to
healthy seeds

Seed abortive phenomenon is understood through the lens of
plant-environment interactions and adaptation, shaped by resource
limitations (Burd, 1998) and adaptive evolution (Meyer et al., 2014).
Producing seeds is an energy-intensive process, offering plants the
chance to disperse their genetic material and ensure the
continuation of their species (Lee et al., 2016; Nguyen et al., 20165
Jayakodi et al., 2019; Du et al., 2024). However, the availability of
resources, which depends on the plant’s nutrient accumulation and
recycling rates, often restricts the simultaneous survival of all seeds
(Godoy et al., 2016). Therefore, nutrient allocation among seeds of
different genotypes is critical. Over long-term evolutionary
processes, plants have developed the ability to prioritize resource
investment in more advantageous genotypes while sacrificing
weaker ones (Aastveit and Aastveit, 1993). External factors such
as insect infestation, physical damage, and environmental stress can
also trigger this elimination mechanism, sometimes overshadowing
the influence of genotype superiority (Plomin and Asbury, 2005;
Arathi, 2011; Orgogozo et al.,, 2015). Therefore, seed abortion is
viewed as having significant evolutionary importance.

Our findings suggest that astringent seeds may assist seedlings in
managing the stress from active aluminum ions in acidic red soils.
However, the possibility of astringent seeds serving additional roles
merits further investigation. One potential role could be the alteration
of the soil microenvironment within a localized area, potentially giving
C. lanceolata seedlings a competitive edge by adversely affecting other
plants. Plants are known to release specific metabolites through
external secretion or during litter decomposition, influencing
neighboring vegetation either directly or indirectly (Chomel et al,
2016; Yang et al,, 2021; Schroeter et al., 2022). In this context, our
observations indicated a delay in the germination of C. lanceolata seeds
in the presence of HST group (Figure 1A). This delay may not just be
an evasion of the toxic effects of these high concentrations but could
also signify an adaptive strategy. As rainfall dilutes these extracts, seeds
might find an enhanced germination opportunity once competing
species have been diminished. Another hypothesis is that astringent
seeds may deter consumption by wildlife, including insects, birds, and
rodents. Studies indicate that seeds with higher tannin content are less
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appealing to these animals (Zhang et al, 2013, 2024). Given that
astringent seeds are aborted seeds with elevated tannin levels, it is
plausible that their presence among healthy seeds could deter potential
feeders, thereby reducing predation rates.

Both hypotheses, however, require additional empirical
evidence to be substantiated.

5 Conclusions

This study investigates whether astringent seeds of C. lanceolata
enhance the germination and seedling growth by mitigating the
effects of active aluminum ion stress. Healthy seeds and seedlings
treated with different concentrations of astringent seed water extracts
were evaluated through comparative analyses of germination rates,
seedling growth, antioxidant physiology, and endogenous hormone
levels. The findings suggest that low concentrations of these extracts
can help shield healthy seeds from active aluminum ion stress,
facilitating a partial recovery of their normal physiological functions.
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