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Abstract
the function of antioxidant system during seed development in Red sandalwood ( Pterocarpus santalinus). [ Methods] Two basic treatments, seven single-fertiliza-

[ Objectives | This study was conducted to investigate the regulatory effects of selenium (Se) on the content and balance of endogenous hormones and

tion treatments, and four combined fertilization treatments were designed. Sampling was conducted at 2, 5, 8, and 18 weeks after flower withering to measure the
embryo abortion percentage (EAP) , the contents of three endogenous hormones (IAA, GA,, ABA), and the activities of four antioxidant enzymes ( CAT, APX,
SOD, GR). [Results] Se application significantly inhibited embryo abortion in Red sandalwood, with Na,SeO, [ Se (IV) ] showing superior effects to Na,SeO, ( Se
(V1)) and far exceeding the efficacy of individual applications of KCl, H,BO,, CO(NH,),, Ca(H,PO,),, NPK compound fertilizer, or EFOF. The combined
treatment of Se with NPK compound fertilizer and EFOF [ EFOF + NPK compound fertilizer + Se (IV) ] was the most effective, reducing the abortion percentage by
77.8% compared with UMC at 18 weeks after flower withering. Se application significantly increased the levels of three endogenous hormones and the (IAA +
GA,)/ABA ratio in Red sandalwood seeds (including the embryonic stage). In the optimal treatment, the (IAA + GA;) content was 240.7% , 256.4% , 353.
7% , and 502.9% higher than that of UMC at 2, 5, 8, and 18 weeks after flower withering, respectively. Se application also concurrently enhanced antioxidant en-
zyme activities, with all four antioxidant enzymes in seeds of Se-treated plants showing significant increases. Notably, the selenoenzyme GR maintained considerably
high activity even at 18 weeks after flower withering. The EAP was highly significantly negatively correlated with TAA content and GR activity, identifying TAA and
(TAA +GA,) content as key hormonal indicators and GR as the core antioxidant enzyme, together constituting the central regulatory factors. The results indicate
that Se suppresses embryo abortion in Red sandalwood through a dual regulatory pathway: by elevating IAA and GA, levels along with the (IAA + GA,)/ABA ratio
to optimize hormonal signaling networks, and by enhancing the activities of antioxidant enzymes such as GR to alleviate oxidative stress induced by cool-season low
temperatures. | Conclusions ] This study provides a theoretical basis and technical strategy for precision fertilization and stress resistance management in the cultiva-
tion of Red sandalwood.
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The content, balance and composition of endogenous
hormones are closely related to the morphogenesis, growth and
development, physiological functions and quality status of plant or-
gans'". Recent studies have also shown that hormones and miner-
al nutrients coordinately regulate plant growth and development™™ |
while hormones and microRNAs synergistically control seed size
and development*’. Reactive oxygen species (ROS) often act as
key signaling molecules in plant responses to biotic and abiotic
stresses. Although they play important roles in triggering cellular
signaling and maintaining redox homeostasis, excessive ROS can
significantly damage biomacromolecules such as growth factors,
transcription factors, proteins, nucleic acids, carbohydrates, and
lipids'™’. Antioxidant enzymes play a crucial role in mitigating dam-

age to plant life activities by preventing the excessive accumulation
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of ROS and scavenging surplus ROS"'. Tt is evident that the dis-
ruption of endogenous hormone balance and oxidative stress serve
as important physiological bases for seed embryo abortion in plants
under adverse conditions.

Selenium (Se) is an essential mineral element for humans
and animals. Within appropriate thresholds, Se participates in the
synthesis of human selenoproteins and is involved in enzyme sys-
tems such as glutathione peroxidase (GPX), thioredoxin reducta-
ses (TrxR ), iodothyronine deiodinases, and a series of proteins
designated as selenoproteins. It plays roles in disease resistance,
cancer prevention, inhibition of the development of the human im-
munodeficiency virus ( HIV) , and related immune system func-
tions'*’. Selenoprotein R interacts with various proteins, including
actin, transient receptor potential channels, and beta-amyloid pro-
teins. It has important functions in the central nervous system and
is closely associated with the development and progression of neu-
rodegenerative diseases'” .

Se is not essential for the growth of higher plants. However,
in regions with Se-deficient soils, such as Finland and New Zeal-
and, Se-containing fertilizers are applied to farmland not to pro-
mote plant growth, but to increase the Se content in plants to meet

the nutritional needs of local animals and humans™’. It demonstrates
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the importance of Se. Numerous studies have shown that Se appli-
cation can enhance the antioxidant levels and stress resistance of
plants. Research on the physiological and biochemical effects of
Se on plants has been conducted in various species, indicating that
Se promotes the growth of aging seedlings. Studies on soybean
(Glycine max) , lettuce (Lactuca sativa) , and broad bean ( Vicia
faba) have shown that Se inhibits oxidative damage in higher
plants through GPX and some non-enzymatic systems, thereby de-
laying plant senescence. Se alleviates the toxic effects of cadmium
(Cd) and enhances the activity of antioxidant enzymes in radi-

cles 1

. However, there have been no reports on the improve-
ment of Se nutritional status and its effects on plant seed develop-
ment quality.

Red sandalwood ( Pierocarpus santalinus) is one of the most

" Currently, in China, only a small

precious rosewood species
number of mature trees are cultivated in the central and western
regions of Hainan Province. However, the rate of seed embryo a-
bortion and the resulting percentages of empty pods and shriveled
seeds are extremely high. It is primarily because its flowering peri-
od begins in early December, peaks in mid-December, and ends
in late December, with the samaras maturing by the end of April
or early May of the following year. Nearly half of the fruit develop-
ment period is susceptible to relatively low-temperature stress' .
In recent years, we have focused on studying soil nutrient manage-
ment in Red sandalwood forests to enhance cold resistance during
fruit growth and development. The results indicate that Se applica-
tion significantly improves seed quality, increases seed yield, and
promotes germination, seedling emergence, and seedling growth of
the produced seeds. This paper reported the effects of Se applica-
tion on the content and balance of endogenous hormones, as well as
the function of the antioxidant system, during seed development in

Red sandalwood.

Materials and Methods
Site conditions

The local annual average temperature is 23.3 “C, and the an-
nual rainfall is 1 850 mm. The soil is lateritic, developed from
marine sedimentary parent material. The chemical properties of
the 0 =30 cm soil layer were as follows: pH 4.8, organic matter
11.5 g/kg, alkali-hydrolyzable nitrogen 7.9 g/kg, available phos-
phorus 1.52 mg/kg, available potassium 60.4 mg/kg, exchangea-
ble calcium 693.5 mg/kg, exchangeable magnesium 80 mg/kg,
available zinc 1.8 mg/kg, available boron 0.278 mg/kg, and Se
content 0. 365 mg/kg. The tested Red sandalwood fruiting trees
had an average diameter at breast height of 28. 5 cm, an average
height of 13.6 m, an average height under the branch of 6.6 m,
and an average crown width of 6.8 m.
Experimental design

One basic treatment and 13 different treatments in three cate-
gories were designed. For all fertilizers and chemical substances,
60% of the total application amount was applied as the basal fer-

tilizer in mid-May, and the remaining 40% was applied as the

basal fertilizer in mid October of the same year. Local adult Red
sandalwood trees begin flowering in mid December, and reach full
bloom in late December, and the fruits mature in early May of the
following year. The period from full bloom to fruit maturity takes
approximately 20 weeks. The forest land is managed year-round.
Apart from the differences in fertilization treatments, all other man-
agement measures were consistent across the different treatments.
Basic treatments Unmanaged control (UMC) : No agricultural
operations were implemented, including fertilization, irrigation,
and weeding. That is, no human management was conducted.

Understory vegetation mulching (UVM) ; Weeds within the
canopy range were cut and used as mulch covering the tree disc,
once per month.

UVM-derived single fertilization treatments

EFOF; UVM + enzyme-microbe fermented organic fertilizer
(10 kg per plant).

N: UVM + urea (400 g per plant, equivalent to 180 g of N).

P: UVM + calcium superphosphate (1 000 g per plant, e-
quivalent to 180 g of P,0,, 150.0 g of Ca, 100.0 g of S).

K. UVM + potassium chloride (300 g per plant, equivalent
to 180 g of KCI).

NPK: UVM + NPK compound fertilizer ( equivalent to 180 g
of N, 180 g of P,0O5, 180 g of KCI per plant) + Na,SeO,(8.5 ¢
per plant, equivalent to 3.6 g of Se).

B: UVM +Boric acid (10 g per plant, equivalent to 1.7 g of B).

Se (VI): UVM + Na,SeO, (8.5 g per plant, equivalent to
3.6 gof Se).

Se (IV): UVM + Na,Se0O, (8.5 g per plant, equivalent to
3.6 gof Se).

UVM-derived compound fertilization treatments

EFOF + NPK; UVM + EFOF + NPK compound fertilizer
(equivalent to 180 g of N, 180 g of P,0;, 180 g of KCI per plant)
+Na,Se0, (8.5 g per plant, equivalent to 3.6 g of Se).

NPK +Se (IV): UVM + NPK compound fertilizer ( equiva-
lent to 180 g of N, 180 g of P,05, 180 g of KCI per plant) +
Na,Se0, (8.5 g per plant, equivalent to 3.6 g of Se).

EFOF + NPK + Se (IV): UVM + EFOF + NPK compound
fertilizer (equivalent to 180 g of N, 180 g of P,0;, 180 g of KCIl
per plant) + Na,SeO, (8.5 g per plant, equivalent to 3.6 g of
Se).

Sampling methods and observation of embryo abortion per-
centage

Sampling was conducted four times; 2 weeks after flower
withering (initial stage of embryogenesis), 5 weeks after flower
withering (. embryo morphogenesis stage ), 8 weeks after flower
withering ( material accumulation stage) , and 18 weeks after flow-
er withering (early maturation and dehydration stage). Fruit clus-
ters were randomly collected from the middle outer part of the tree
crown using an averruncator. Two sets of samples were collected.
One set was used for observing and recording seed embryo abor-
tion, and the other was used for testing antioxidant system enzyme

activity and endogenous hormone levels. The embryo abortion
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percentage (EAP) was calculated based on the total number of
seeds observed, with 60 fruits examined per treatment per sam-
pling period. The actual number of observed seeds was used for
statistical analysis. The criteria for determining embryo abortion
were as follows: complete absence of the ovule or embryo within
the samara locule, severe browning, blackening, necrotic shrive-
ling, or tissue softening with obvious shrinkage and wrinkling.
Determination of endogenous hormone levels

Hormone extraction was performed following the method of

Zeng et al. "™

. A 100 pl aliquot of 30% methanol-water was used
to redissolve the sample, which was vortexed to ensure complete
dissolution of target substances, and then centrifuged at 12 000 g
for 15 min. The supernatant was collected into injection vials. The
contents of indole-3-acetic acid (IAA), gibberellins (GAs) and
abscisic acid (ABA) (in ng/g FW) were determined using liquid
chromatography-tandem mass spectrometry ( LC-MS/MS). Chrom-
atographic separation conditions; A Shim-pack CLOODS 150 mm
x 6.0 mm stainless steel column was used. The mobile phase for
water =25 @ 75
(v/v), while the mobile phase for determining gibberellic acid
water =15 : 85 (v/v). The LC separa-

tion was performed with a flow rate at 0. 8 ml/min for both mobile

determining IAA and ABA was acetonitrile :
(GA,) was acetonitrile :

phases and a column temperature at 30 C. The detection wave-
length was 210 nm. The injection volume was 10 pl. Experimental
data were acquired using an N2000 chromatography workstation.
Antioxidant enzyme extraction and activity assay

The procedure followed the method of Jiang and Zhang'"*'. A
0.2 g sample of Red sandalwood seeds stored at ultra-low tempera-
ture ( —80 °C) was taken and ground into powder in liquid nitro-
gen. The powder was then homogenized in 6 ml of extraction buff-
er [ 50 mmol/L phosphate buffer (pH 7.0), 1 mmol/L EDTA,
1% insoluble polyvinylpyrrolidone (w/v), and 1.0 mmol/L as-
corbic acid (AsA) ]. The homogenate was centrifuged at 15 000
x g for 20 min at 4 °C, and the supernatant was collected for en-
zyme activity assays. Catalase (CAT) activity was determined ac-
cording to the method of Aebi'™. Superoxide dismutase (SOD)
activity was measured following the method of Donahue et al. "'’
Glutathione reductase (GR) activity was assayed using the method
described by Halliwell and Foyer'"”".
Protein content determination

Protein content was determined according to the method of
Bradford (1976)"™ using bovine serum albumin as the standard.
Data statistics and analysis

Means and standard deviations were calculated and graphs
were generated using Microsoft Office Excel 2013. Significant
differences were assessed using Duncan’s new multiple range test.
Correlation and regression analyses were performed using SPSS

20.0.

Results and Analysis
Effects of Se on the EAP in Red sandalwood
As shown in Fig. 1-A, at 2 weeks after flower withering, the

EAP of the UMC treatment was 19.3% . The EAP values for UVM
and the single application treatments of N, K, and B fertilizers
based on UVM were 17.2% , 16.4% , 16.4% , and 17. 6% , re-
spectively, showing no significant differences compared with
UMC. In contrast, the EAP for the single P fertilizer treatment
was significantly lower than that of UMC, with a reduction of
19.5% . The single application treatments of enzyme-microbe fer-
mented organic fertilizer (EFOF) or NPK compound fertilizer on
the UVM basis resulted in an EAP value of 14.0% , a 27.6% re-
duction compared with UMC, but showed no significant difference
from the single P fertilizer treatment. The (EFOF + NPK) treat-
ment yielded an EAP of 11. 9% , which was significantly lower
than the (EFOF + P) treatment'''. The single application treat-
ments of Se (IV) and Se (VI) led to EAP reductions of 49. 7%
and 56. 5% , respectively, compared with UMC, and Se (IV)
showed a slightly higher EAP than Se (VI). Furthermore, their
EAP values were significantly lower than that of the ( EFOF +
NPK) treatment. The EAP of the [ EFOF + NPK + Se (IV) ]
treatment was lower than that of the ( EFOF + Se (IV)) treat-
ment. Both values were significantly lower than those of the single
P fertilizer or (EFOF + NPK) treatments, and also lower than that
of the single application treatment of Se (VI) or Se (1V), all fall-
ing below 10.0%. The [ EFOF + NPK +Se (IV) ] treatment ex-
hibited the lowest EAP, representing a 73. 3% reduction com-
pared with UMC.

At 5 weeks after flower withering, the differences in EAP
among the aforementioned treatments further increased (Fig. 1-B).
By 8 weeks after flower withering (when EAP tended to stabilize
and no longer decreased significantly) , these differences reached
their maximums. As shown in Fig. 1-C, at 8 weeks after flower
withering, the EAP values for UVM and the application treatments
of N fertilizer, K fertilizer, or Se ( VI) on the UVM basis were
comparable, all showing no significant difference from UMC
(65.9% ). The EAP values for the application treatments of P
fertilizer, EFOF, or NPK compound fertilizer were similar and sig-
nificantly lower than that of UMC. The (EFOF + NPK) treatment
demonstrated a significantly stronger effect in suppressing embryo
abortion compared with all the aforementioned treatments, with an
EAP reduction of 27.2% relative to UMC. However, it remained
substantially higher than the four Se application treatments.
Among them, the two treatments with Se application alone [ Se
(VI) and Se (IV) ] reduced the EAP by 46.9% and 54.8% , re-
spectively, compared with UMC. At 18 weeks after flower wither-
ing, the EAP values of the Se treatments were significantly lower
than those of the other treatments. The EFOF + NPK + Se (IV)
treatment showed the lowest EAP, with a 77. 8% reduction com-
pared with UMC, and the effect of Se (IV) was superior to that of
Se (VI) (Fig. 1-D). These results further demonstrated that Se
was the most effective and significant in suppressing embryo abor-
tion in Red sandalwood, far exceeding the effects of the single ap-
plication treatments of B, N, K, P fertilizers, EFOF, and NPK

compound fertilizer.
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A: 2 weeks after the flower withering; B: 5 weeks after the flower withering; C: 8 weeks after flower withering; D: 18 weeks after flower withering.

The error bars represent the standard deviation (SD). The bars labeled with the same letter indicate no significant difference therebetween (P >0.05).

The meanings of the treatment abbreviations on the horizontal axis are as follows; UMC; unmanaged control; UVM: understory vegetation mulching; EFOF .
enzyme-microbe fermented organic fertilizer; N: UVM + Urea; P: UVM + calcium superphosphate; K: UVM + potassium chloride; NPK: UVM + NPK-com-
pound fertilizer (CF) ; EFOF + NPK: UVM + EFOF + NPK-CF; B: UVM + boric acid; Se (VI): UVM + Na,SeO;; Se (IV): UVM + Na,SeO; ; NPK + Se
(IV): UVM + NPK-CF + Na,SeO; ; EFOF + NPK +Se (IV): UVM + EFOF + NPK-CF + Na,SeO;. The same applies to Fig. 2-Fig. 10.

Fig. 1 Effects of chemical components of fertilizers on EAP of Red sandalwood

Effects of Se on endogenous hormone content and balance in
Red sandalwood Seeds

Endogenous hormones play a central role in signal regulation
and metabolic coordination during plant embryonic development.
The test results revealed the overall characteristics of hormonal
changes during the seed development in Red sandalwood. In spe-
cific, the TAA content was relatively higher at 2 weeks after flower
withering (56.3 ng/g FW), slightly increased by 5 weeks (60.7
ng/g FW) , followed by a sharp decline. The GA; content was
higher than TAA at all stages, and remained stable until the mid-
phase (approximately 80 ng/g FW). The ABA content was the
highest among the hormones, and exhibited a continuous accumu-
lation trend, with minimal differences among treatments. The
(TAA + GA,)/ABA ratio continuously decreased in UMC, while a
smaller decline was observed in the Se treatment groups.
(TAA +GA;) content During the development of Red sandal-
wood seeds, the (TAA + GA;) content exhibited a significant dy-
namic pattern of " increasing first and then decreasing". Compared
with the level at 2 weeks after flower withering, the average con-
tent increased by 8. 9% at 5 weeks, decreased by 21. 4% at 8
weeks, and further decreased by 47. 5% at 18 weeks. This trend
reflected the need for higher levels of growth-promoting hormones
in the early stages of seed development to support embryo morpho-
genesis, while the development at the later stages gradually transi-
tioned towards maturation and dehydration preparation. The Se
treatments [ Se (VI), Se (IV), NPK +Se (IV), EFOF + NPK +
Se (IV) ] significantly increased the (IAA + GA,) content in the
seeds. At all measured stages, the (IAA + GA,) content was sig-
nificantly higher than in the Se treatments than in other treatments.
Specifically, the values of the Se treatments were 127.9% - 187.
9% higher on average than UMC, and 46.9% - 64. 1% higher
than the best-performing non-Se treatment ( EFOF + NPK). More-
over, the (TAA + GA;) content in the Se treatment groups exhibi-
ted characteristics of "large increase, small decrease, and strong

stability". In terms of temporal dynamics, compared with the 2-
week level within the same treatment, the (TAA + GA;) content
increased by 12. 7% —16.3% at 5 weeks after flower withering,
remained 5.4% —6.9% higher at 8 weeks, and decreased by only
9.3% - 11.9% by 18 weeks. In contrast, the UMC treatment
showed a 47.5% reduction at 18 weeks compared with its 2-week
level. Inter-treatment comparison revealed that EFOF + NPK + Se
(IV) was the most effective, and Se (IV) overall outperformed Se
(VI) (Fig. 2).

IAA content Among the four sampling periods, the IAA content
was relatively higher at 2 weeks after flower withering, with UMC
reaching 56. 3 ng/g FW. At 5 weeks after flower withering, the
TAA content increased slightly, with UMC reaching 60. 7 ng/g
FW, showing an increase of 7. 8% compared with the 2-week lev-
el. Subsequently, it decreased sharply. As shown in Fig. 2-C and
Fig. 2-D, at 8 and 18 weeks after flower withering, the IAA con-
tent of UMC was 42.7 and 26.2 ng/g FW, respectively, represen-
ting reductions of 24.2% and 53.5% compared with the 2-week
level, and 29.7% and 56. 8% compared with the 5-week level.
Compared with UMC, other 12 forest management and fertilization
treatments all increased the IAA content in Red sandalwood seeds.
However, the extent of increase or decrease in seed IAA content
varied significantly among different treatments. The combination of
EFOF + NPK compound fertilizer with Se (IV) resulted in the
greatest increase and the smallest decrease throughout the seed de-
velopment process. As shown in Fig. 2, throughout the four sam-
pling periods, the TAA content in the four Se application treat-
ments was significantly higher than those in other nine treatments.
On average, the values were 115.7% , 131.2% , 166.4% , and
188.4% higher than that of UMC, respectively. During the period
of highest TAA content (5 weeks after flower withering) and the
period of lowest TAA content (18 weeks after flower withering) ,
the TAA levels in the four Se application treatments were, in se-
quence, 82.4% , 90. 4% , 127. 6% , and 142. 0% higher than
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that of UMC at 5 weeks, and 208.3% , 237.6% , 301.3% , and
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317.8% higher than that of UMC at 18 weeks (Fig. 3).
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Fig. 2 Effects of Se on the (IAA + GA;) content in Red sandalwood seeds
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Fig. 3 Effects of Se on IAA content in Red sandalwood seeds

GA, content
Red sandalwood seeds was consistently significantly higher than the

In the four measured periods, the GA; content in

IAA content. Meanwhile, its changing pattern throughout seed de-
velopment distinctly differed from that of IAA. In the UMC group,
it remained relatively stable until the mid-stage, with levels at 2,
5, and 8 weeks after flower withering essentially maintained around
80 ng/g FW. Se application in cultivation management significant-
ly increased the GA; content in Red sandalwood seeds. As shown
in Fig. 4, in the four periods, the GA; content in seeds from the
four Se application treatments was substantially higher than in oth-
er nine treatments. On average, the values were 325. 1% , 345.
6% , 392.9% , and 444.6% higher than that of UMC, respective-
ly. During the period of highest GA, content (5 weeks after flower
withering) , the values were 352. 4% , 303.3% , 258.3% , and
244.6% higher than the control, respectively. In the period of
lowest GA; content (18 weeks after flower withering) , the increa-
ses were 611.2% , 551.9% , 491.5% , and 448.1% , respective-
ly. Among the treatments without Se application, the best-perform-
ing one (EFOF + NPK compound fertilizer) showed GA, content in
seeds 147. 9% , 150. 6% , 203. 8% , and 307. 4% higher than
UMC in the four measured periods, respectively. In contrast, the
treatment with Se (IV) added on the basis of EFOF + NPK com-
pound fertilizer) resulted in GA, content 77.2% , 80.5% , 89.6% ,
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and 95.9% higher than the same treatment without Se (IV), re-
spectively, and the magnitude of increase was significantly greater
than that of TAA in the same treatment during corresponding
periods.

ABA content The ABA content in Red sandalwood seeds was
significantly higher than both the IAA and GA; contents. Com-
pared with UMC, at 2, 5, 8, and 18 weeks after flower withering,
the ABA content was 79.9% , 27.7% , 98.4% and 46.0% higher
than TAA, respectively, and 377. 6% , 248. 9% , 940. 1% and
504.8% higher than GA,, respectively, and the average was 166.5
ng/g FW. However, unlike the dynamic changes observed in IAA
and GA, levels, the ABA content exhibited a relatively mild and
continuous accumulation process throughout seed development.
Moreover, the differences of ABA among different treatments were
the smallest among the three endogenous hormones measured. As
shown in Fig. 5, compared with UMC, all 12 treatments increased
the ABA content in Red sandalwood seeds to some extent. Howev-
er, whether the fertilizer formula contained Se had a significant im-
pact. Similar to the responses of IAA and GA, content, the nine
treatments without Se application resulted in significantly lower
seed ABA content, while the four Se application treatments showed
significantly higher ABA levels. By 18 weeks after flower wither-
ing, these four treatments had increased ABA content by 51.8% ,



Chengsiang XU et al. |Effects of Selenium (Se) on the Content and Balance of Endogenous Hormones and the Function of Antioxidant System during Seed Development of Red Sandalwood ( Prerocarpus santalinus) 27

58.9% , 71.5% , and 92.8% , respectively, compared with UMC
at the same period. Among the treatments without Se, the highest
ABA content was observed in EFOF and its combination with NPK
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Fig. 5 Effects of Se on ABA content in Red sandalwood seeds
(IAA +GA,)/ABA  Under UMC, the (IAA + GA,)/ABA ratio

continuously decreased during Red sandalwood seed development,
and the differences among treatments showed a clear trend of re-
duction. As shown in Fig. 6, compared with the ratio at 2 weeks
after flower withering, the (IAA + GA,)/ABA ratio for UMC de-
creased by 11.2% , 61.9% , and 79.8% at 5, 10, and 18 weeks
after flower withering, respectively, dropping from the value ini-
tially greater than 1.3 to less than 0.3. The (TAA + GA,)/ABA
ratio under the 12 treatments showed responses similar to those of
IAA, GA,, and ABA contents. It increased slightly at 5 weeks af-
ter flower withering, but then decreased significantly thereafter,
consistent with the control. However, the four Se application treat-
ments resulted in seeds with a larger increase and a smaller de-
crease in the (TAA + GA,)/ABA ratio. In the four measured
periods, these four treatments were on average 80.9% , 99.3% ,
132.9% , and 106.8% higher than other nine treatments, respec-
tively, and 80.9% , 99.3% , 83.4% , and 106. 8% higher than
the best-performing non-Se treatment ( EFOF + NPK compound
fertilizer) , respectively. Nevertheless, the differences among the

four Se treatments were very small (Fig. 6).

compound fertilizer, but it was only comparable to the single appli-

cation of Se (VI).
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Effects of Se on antioxidant enzyme activities in Red sandal-
wood seeds

CAT activity The CAT activity in Red sandalwood seeds was
relatively lower at 2 and 5 weeks after flower withering, but in-
creased significantly by 8 weeks after flower withering, and contin-
ued to rise gradually thereafter. All 12 fertilization treatments sig-
nificantly enhanced seed CAT activity compared with UMC, but
the four Se application treatments exhibited even stronger CAT ac-
tivity, particularly the [ EFOF + NPK compound fertilizer + Se
(IV) ] treatment. As shown in Fig. 7, the CAT activity of UMC at
2,5, 8, and 18 weeks after flower withering was 0.211, 0.482,
0.952, and 1.486 wmol H,0,/(min * mg protein) , respectively.
Compared with UMC, the four Se application treatments increased
CAT activity by 122.3% , 127.1% , 158.6% , and 209.5% at 2
weeks after flower withering, respectively, by 77. 1%, 83.3%,
97.9% , and 129.2% at 5 weeks after flower withering, respec-
tively, by 59.7% , 66.6% , 68.5% , and 86.0% at 8 weeks after
flower withering, respectively, and by 41.6% , 48.3% , 56.9% ,
and 74.2% at 18 weeks after flower withering, respectively. Com-
pared with the best-performing non-Se treatment ( EFOF + NPK
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compound fertilizer) , the CAT activity of the Se treatments was on
average 13.3% , 14.6% , 15.3% , and 18.3% higher at the four
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Fig. 6 Effects of Se on (IAA +GA;)/ABA in Red sandalwood seeds
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Fig. 7 Effects of Se on CAT activity in Red sandalwood seeds

APX activity The APX activity in Red sandalwood seeds contin-
uously decreased during development, with the most significant re-
duction occurring at 8 weeks after flower withering. All fertilization
treatments significantly enhanced seed APX activity compared with
UMC, but the four Se application treatments exhibited markedly
stronger activity and showed a smaller decline throughout seed de-
velopment. As shown in Fig. 8, the APX activity of the control
(UMC) at2, 5, 8, and 18 weeks after flower withering was 2. 31,
1.75, 0.83, and 0.42 pmol/min/mg protein, respectively. Com-
pared with the level at 2 weeks after flower withering, the APX ac-
tivity at 5, 8, and 18 weeks decreased by 24.2% , 64.1% , and
81.8% , respectively. For the four Se application treatments, com-
pared with their respective UMC, the APX activity increased by
178.3% , 177.8% , 192.5% , and 226.8% at 2 weeks after flow-
er withering, respectively, by 204.6% , 208.7% , 226.5% , and
267.4% at 5 weeks after flower withering, respectively, by 327. 1%,
338.8% , 372.5% , and 461.5% at 8 weeks after flower wither-
ing, respectively, and by 378.3% , 412. 5% , 469.2% , and 568.
3% at 18 weeks after flower withering, respectively. Compared
with other nine treatments, the average increases were 33. 7% ,
46.5% , 76. 7% , and 109. 4% ,

with the best-performing non-Se treatment

When compared
( EFOF + NPK

respectively.

time points, respectively.
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compound fertilizer) , the average increases were 17.5% , 15.0% ,

26.6% , and 35.3%
SOD activity During the development of Red sandalwood seeds,

respectively.

SOD activity also showed a continuous decreasing trend, but the
degree of reduction was significantly smaller than that of APX ac-
tivity. All 12 fertilization treatments significantly enhanced seed
SOD activity compared with UMC, with the four Se application
treatments still exhibiting the strongest activity. As shown in
Fig. 9, the SOD activity in the Red sandalwood tree seeds in UMC
was 15.7, 12.0, 9.2, and 7.3 U/mg protein at 2, 5, 8, and 18
weeks after flower withering, respectively. Compared with the lev-
el at 2 weeks after flower withering, the SOD activity at 5, 8, and
18 weeks decreased by 23.6% , 41.4% , and 53.5% , respective-
ly. For the four Se application treatments, at 2, 5, 8, and 18
weeks after flower withering, the SOD activity was on average
31.0% , 38.9% , 54.2% , and 62. 6% higher than other nine
treatments, respectively. When compared with the corresponding
UMC, the SOD activity increased by 157.2% , 162.8% , 180.4% ,
and 214. 0% at 2 weeks after flower withering, respectively, by
183.3% , 195.8% , 216.7% , and 253.6% at 5 weeks after flow-
er withering, respectively, by 207.1% , 224.0% , 253.2% ,
205.1% at 8 weeks after flower withering, respectively, and by

and
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230.9% , 255.5% , 277. 8% , and 321. 5% at 18 weeks after
flower withering, respectively. Compared with the best-performing
treatment without Se application ( EFOF + NPK compound
fertilizer) , the average increases were 9.7% , 12.4% , 14.9% ,
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Fig. 8 Effects of Se on APX activity in Red sandalwood seeds
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GR activity The overall characteristics of enzyme activity chan-
ges during the growth and development of Red sandalwood seeds
were analyzed. CAT: The CAT activity increased significantly at 8
weeks after flower withering and continued to rise gradually there-
after. APX: The CAT activity decreased continuously, with the
most significant reduction at 8 weeks. SOD; The SOD activity de-
creased continuously, but the degree of reduction was smaller than
that of APX. GR: The GR activity decreased continuously, with
the smallest decline, and the Se treatments maintained the highest
activity. As shown in Fig. 10, the GR activity of UMC at 2, 5, 8,
and 18 weeks after flower withering was 70. 8, 62.4, 45. 1, and
30.6 pwmol NADPH/(min - mg protein) , respectively. At S5, 8,
and 18 weeks, the GR activity decreased by 10.9% , 36.3% , and
56.8% , respectively, compared with the level at 2 weeks. During
this period, the GR activity of the four Se application treatments
was on average 17.9% , 28.4% , 40.0% , and 67.6% higher, re-
spectively, than that of other nine treatments. Compared with the
best-performing treatment without Se application ( EFOF + NPK
compound fertilizer) , the GR activity of seeds from the four Se ap-

plication treatments was on average 9.3% , 11.4% , 14.1% , and

and 9. 8% , respectively. The optimal treatment ( EFOF + NPK
compound fertilizer + Se (IV)) showed increases of 114. 0% ,
153.6% , 196. 7% , and 221.5% compared with UMC, respec-
tively.
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20. 7% higher for the four periods, respectively. The optimal
treatment ( EFOF + NPK compound fertilizer + Se (IV)) showed
GR activity increases of 51.0% , 72.7% , 106.8% , and 219.9%
compared with UMC during the four periods, respectively.
Correlation of endogenous hormone levels and antioxidant en-
zyme activities with EAP in Red sandalwood

In the UMC treatment at various stages, the EAP of Red san-
dalwood showed a highly significant negative correlation with seed
TAA content (r= —0.782). The correlations with GA, and (TAA
+GA,) content were not significant. In contrast, it exhibited a
highly significant positive correlation with ABA content and the
(TAA + GA, ) /ABA ratio, with correlation coefficients of 0. 848
and 0. 863, respectively. Additionally, the abortion percentage
was highly significantly positively correlated with CAT, SOD, and
GR activities, but highly significantly negatively correlated with
APX activity (Table 1). After implementing forest management,
particularly scientific fertilization, these relationships changed sig-
nificantly. Specifically, the EAP showed a highly significant nega-
tive correlation with seed TAA content, GA, content, (TAA +
GA,) content, ABA content, (IAA + GA,)/ABA ratio, CAT
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activity, APX activity, SOD activity, and GR activity, with the
absolute values of the correlation coefficients all exceeding 0. 950.
Among these, the hormonal indicator most strongly correlated with
the abortion percentage was TAA content (r = —0.989). Among
the four antioxidant enzyme activities, the enzyme indicator most
strongly correlated with the abortion percentage was GR activity
(r=-0.975) (Table 1). Table 2 presents regression models an-
alyzing the relationships between the aforementioned nine influen-
cing factors and the EAP in Red sandalwood. The optimal regres-
sion models were all polynomial equations, with R* values all grea-
ter than 0. 900 O, indicating highly significant differences. Path

o
S
—_
o
S

analysis results indicated that the contributions of the nine factors
to the EAP in Red sandalwood varied significantly. Among them,
the factor with the greatest direct effect was (IAA + GA;) content,
followed by TAA content, which contributed far more than GA,
content. The path coefficients were —384.411, —309.624, and
—75.478, respectively. For indirect effects, the most influential
factors were also (IAA + GA;), TAA, and GA; contents, with
path coefficients of 383.424, —310.603, and —-76.464, respec-
tively. The total path coefficients were —0.987, -620.227, and
— 151. 942, respectively, indicating that IAA had the greatest
comprehensive effect on the target variable, EAP (Table 3).
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Fig. 10 Effects of Se on GR activity in Red sandalwood seeds

Fertilization treatment

Fertilization treatment

3 RN = ~ CRUNI
g A A b b€ = B be 20 2 ¢ a B D
g W ed o TRl 2 ce Xl 2 2
& 80 gizd i h 2 80 d g Tk & 80 b & g0 A
20 de &0 dd d &0 be =
- e = d 5 ¢ ¢ :
S 60 S 60 [ S 60 P Z 60
£ E e 2 [ eFele . E
= = = f =
E 4 £ 40 E 40 g
= = = =
g % RN g g
= = = E
G, =0 2o ULILLILINLILILILL L, 2 0
= P o~ B QS MMM~~~ ~ D QEELZ A MMM A~~~ O LEEZ A MMM~~~
g gEB=~~EE"gssg § 228 EE"gEsE ¢ EEB EE"SgEE & EEB EETESEEE
& = £ 3388 & 5 3333 = 5 3333 = 5 3834
I + ] 2 5] L2 =] &k
= EE =4 EE EE
=z z =7 3
= 2 = 2
m =} = m

Fertilization treatment

Table 1 Correlation of endogenous hormone contents and antioxidant enzyme activities with EAP during seed development of Red sandalwood seeds

Correlation coefficient

Physiological indicator EAP IAA GA, (IAA +GAy) ABA (IAA +GAy) CAT APX SOD GR
content content content content /ABA activity activity activity activity
EAP 1.000 -0.802**  -0.286 -0.487  0.843**  0.848°*  0.863**  -0.930** 0.897** 0.835"*
IAA content -0.989**  1.000 0.881**  0.966* “-0.922**  0.953** -0.916"" 0.889** 0.844%* 0.941"*
GA; content -0.979**  0.962"* 1..000 0.973**-0.727**  0.731** -0.709"* 0.597*  0.558 0.747**
(IAA +GA;3) content  —0.987**  0.975** 0.999**  1.000 -0.844**  0.862** -0.832** 0.757** 0.714**  0.865"*
ABA content -0.963**  0.965"* 0.917**  0.932** 1.000 -0.984**  0.988"*  -0.948"* -0.878** -0.972"*
(TAA +GA;)/ABA  —0.961**  0.950* * 0.985**  0.984** 0.873**  1.000 -0.970* 0.961** 0.890** 0.965"*
CAT activity -0.952**  0.932** 0.895**  0.908** 0.916**  0.895**  1.000 —0.971** -0.933** -0.993**
APX activity -0.955**  0.934** 0.899**  0.911** 0.930**  0.890**  0.978** 1.000 0.975**  0.971**
SOD activity -0.962**  0.937** 0.883**  0.899"* 0.937**  0.880**  0.967"* 0.980**  1.000 0.950* *
GR activity -0.975**  0.962* " 0.936**  0.947** 0.938**  0.937**  0.984* " 0.982** 0.983**  1.000

Upper triangle; based on UMC; lower triangle: all treatments based on UMC.
Ry o5 =0.553; Ry =0.684.

pmol/ (min -

indicates extremely significant correlation (P <0.01).
Embryo abortion percentage unit; % ; Plant hormone content unit; ng/g FW; The activity units of CAT, APX, SOD and GR:
mg protein) , U/mg protein and mol NADPH/ (min -

mg protein) , respectively.

Table 2 Regression analysis of endogenous hormone contents and antioxidant enzyme activities and EAP

pmol H, 0,/ (min -

mg protein) ,

Action factor (X)

EAP//% (Y)

Regression equation R? Se F
IAA activity /ng/g FW Y =62.247 73 - 0.342 92X -0.000 52X° 0.978 6" * 1.788 73 229.058 " *
GA; activity //ng/g FW Y'=47.773 75 -0.081 65X - 0.000 06X* 0.959 0" * 2.477 72 116.986 * *
ABA activity //ng/g FW Y =137.646 67 —0.654 66X +0.000 71X> 0.9316"* 3.200 75 66.098 * *
(TAA +GA;) activity //ng/g FW ¥'=51.859 16 -0.076 42X —0.000 02X 0.9739" " 1.977 59 186.487 " *
(IAA +GA;)/ABA Y=50.182 15 —5.618 71X —4.478 26X> 0.9273 " * 3.299 79 63.776 " *

( Continued )
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(Table 2)
Action factor (X) - - EAP//% (1)
Regression equation R’ Se F
CAT activity // pmol H,0,/ (min - mg protein) Y'=57.451 06 +10.254 13X —28.549 53X* 0.9120** 3.630 15 51.828* "
APX activity // wmol/ (min « mg protein) Y =64.513 04 —10.244 13X —1.036 48X> 0.9145** 3.578 05 53.495* "
SOD activity // U/mg protein Y =58.817 32 —0.518 83X —0.044 18X> 0.9029 * * 4.005 24 41.883* "
GR activity // wmol NADPH/ (min + mg protein ) Y =45.444 09 +0.560 39X —0.012 34X> 0.969 6 * 2.134 60 159.353 " "
RS0 =0.6019; Fy o =7.56.
* * indicates extremely significant correlation (P <0.01).
Table 3 Path analysis of endogenous hormone contents and antioxidant enzyme activities and EAP
) Indirect path
Action factor '1;:;* IAA GA, ABAih ) (IAL+GA) - CAT APX 50D GR s
content content content /ABA activity activity activity activity
TAA content —-309.624 0 72.598 0.195 —383.848 0.563 0.027 -0.362 -0.484 0.708 —-310. 603
GA; content -75.478 297.807 0 0.205 —374.889 0.547 0.028 -0.376 -0.514 0.728 —-76.464
ABA content 0.212 72.801 284.059 0 -358.383 0.499 0.028 -0.374  -0.514 0.71 -1.174
(IAA +GAy) -384.411 73.609 309.170 0.198 0 0.563 0.027 -0.367 -0.493 0.717 383.424
(IAA + GA;)/ABA -0.572 71.732 304.918 0.185 —378.263 0 0.027 -0.358 -0.482 0.709 -1.532
CAT activity -0.030 70.315 277.166 0.194 —348.987 0.512 0 -0.394  -0.530 0.745 -0.979
APX activity -0.402 70.513  278.198 0.197 -350.206 0.509 0.030 0 -0.537  0.743 -0.553
SOD activity —0.548 70.691 273.478 0.199 —346.642 0.503 0.029 -0.39% 0 0.744 -1.002
GR activity -0.757 72.617 289.791 0.199 -363.970 0.536 0.030 -0.395 -0.539 0 -1.731

Conclusions and Discussion

After the formation of the zygote in angiosperms, a series of
programmed cell divisions, tissue differentiation and organ forma-
tion must occur for the development of a mature seed embryo. In
the study of the morphology, genetics, and molecular biology of
plant embryonic development, Arabidopsis thaliana has been the
most extensively researched. Its morphological development can be
divided into five stages: proembryo, globular embryo, heart-
shaped embryo, torpedo embryo, and mature embryo'’. The fer-
tilized egg undergoes embryonic development, differentiating into
distinct cell populations with specific properties, locations, and
states, and forming particular organ primordia and tissues. It is a
directional, orderly, and strictly genetically regulated process of
cell division and differentiation, governed by complex gene expres-
sion regulation. Numerous factors can influence this process, lead-
ing to the interruption or even termination of embryonic develop-

ment (201

. The results of this study clearly demonstrated that the
EAP in Red sandalwood was highly significantly negatively correla-
ted with seed IAA content. Se, particularly Se (IV), significantly
reduced the EAP and its most pronounced effect on endogenous
hormones was observed in IAA content, which is an important dis-
covery in the scientific cultivation of Red sandalwood, holding sig-
nificant scientific implications and practical value.

The relationship between endogenous hormones and plant em-
bryo abortion has attracted significant attention from researchers,
though most related studies to date have focused on fruit trees. The
research on embryo abortion in jujube has found that early-stage
embryo development requires relatively high levels of growth-pro-
moting hormones to support growth, and the decrease in IAA con-

tent, the increase in ABA content and the reduction in the (GA,

+TAA )/ABA ratio during embryo development are key factors

2 A study on ¢ Jinhuang’ mango

leading to embryo abortion
(Mangifera indica) resported that 20 — 30 d after fruit set was a
critical period for embryo development. During this phase, aborted
embryos exhibited higher TAA and ABA contents but lower GA,
and ZT levels than normal embryos. High GA; and ZT contents
coupled with low ABA levels in the embryo favored normal devel-
opment. The key factors leading to embryo abortion included de-
creased ZT content, continuously elevated ABA levels, and a
(GA, +TAA +ZT)/ABA ratio in the embryo that was lower than
that in the fruit flesh. The critical reasons leading to seed abortion
and small fruit size were the low ratio of (GA, +IAA +ZT)/ABA
in both the embryo and the flesh'™ .

Regarding embryo abortion in forest trees, a study on the
mangrove species Aegiceras corniculatum found that changes in the
GA,/ABA content ratio could clearly characterize the occurrence
of its vivipary. Meanwhile, this ratio also reflected the synergistic
regulatory role of endogenous GA,; and ABA in its viviparous
process ™). A study on Catalpa bungei showed that the content of
endogenous hormones dynamically changes during seed develop-
ment along with embryonic development. Differences in IAA con-
tent and the IAA/ABA ratio were the main reasons for the variation
in embryonic development rates between two clones. Early embry-
onic development required higher levels of growth-promoting hor-
mones, and subsequently, the proportion of growth-inhibiting hor-
mones increased significantly, promoting embryo and seed matura-

4 A study on the seed development process of Korean pine

tion
(Pinus koraiensis ) indicates that the levels of endogenous hor-
mones changed dynamically along with embryonic morphological
development, exhibiting distinct patterns. TAA, ABA, and ZR

played significant regulatory roles in the embryonic development of
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Korean pine, whereas GAs showed no obvious effect on the devel-

#). These findings indicate that from fruit set to

opment process
the early stages of growth and development, endogenous hormones
in fruits and seeds are closely related to embryo abortion. Howev-
er, the specific hormones involved, their levels and compositional
relationships may vary or even differ considerably among different
tree species regarding embryo abortion.

Based on the test results of endogenous hormone contents and
the EAP in Red sandalwood seeds during the same period, all fer-
tilization treatments increased the levels of TAA, GA;, ABA,
(TAA +GA;), and the (IAA + GA,)/ABA ratio. However, the
four treatments involving Se application showed the greatest increa-
ses in IAA, GA,, ABA, and (TAA + GA,) contents, significantly
surpassing other treatments. Notably, the Se nutritional status had
a substantial impact on the (IAA + GA;)/ABA ratio, particularly
before the mid-stage of seed development. Meanwhile, statistical
analysis results indicated that the EAP at different developmental
stages of Red sandalwood seeds showed a highly significant nega-
tive correlation with the contents of the three aforementioned en-
dogenous hormones and (IAA + GA;), the (IAA + GA,)/ABA
ratio, and the activities of the four antioxidant enzymes. The opti-
mal regression equations for various factors with the EAP were all
polynomial regressions. In the absence of human management in-
tervention, among the effects of the three types of hormones and
their balance, the IAA content level was the most critical.

The overall results of this study support the aforementioned
previous research findings, but one point requires special empha-
sis, that is, Se application significantly increased the levels of all
three endogenous hormones in Red sandalwood seeds as a whole,
rather than suppressing the rise in ABA content or its ratio to
growth-promoting hormones. Regarding the relationship between
GA and seed and fruit growth and development, common under-
standing mostly focuses on its roles in inducing flowering and par-
thenocarpy, promoting seed germination, and stimulating stem e-
longation. In fact, GA not only promotes cell division and acceler-
ates cell growth but also enhances IAA levels in plants. Therefore,
it is also a crucial hormone in embryogenesis, and the assurance of

fruit set and the proper development of seed embryos and
[26-27

seeds *. Bioactive GAs regulate various aspects of plant growth
and development by promoting cell proliferation and expansion. To
date, there have been no reports on the effects of Se application on
endogenous hormones in plants.

The production of ROS in living organisms is inevitable, and
under oxidative stress, their levels can sharply increase, causing
severe damage to cellular structures. Developing seeds are highly
susceptible to ROS-induced harm. Therefore, an efficient antioxi-
dant system is essential to ensure normal embryogenesis, preven-
ting oxidative degradation, browning, and death. Antioxidant en-
zymes such as CAT, APX, SOD and GR possess strong ROS-scav-
enging capabilities and have been demonstrated to play prominent
protective roles in the somatic embryogenesis of tree species such
as Lycium chinense, Hevea brasiliensis, and Catalpa bungei™’.
The findings of this study indicated that improving the Se nutrition
level in forest soils significantly enhanced the activity of these an-

tioxidant enzymes in Red sandalwood seeds at all developmental

stages. Moreover, the EAP at different developmental stages
showed a highly significant negative correlation with the activities
of these four enzymes, with the order of importance being GR >
SOD > APX > CAT. The selenoenzyme GR is even more impor-
tant, and its implications are particularly significant.

It is generally accepted that Se acts as an antioxidant in
plants, primarily functioning to enhance their antioxidant capaci-
ty[
participate in the plant antioxidant process remains unclear. Ac-

»J However, the mechanism by which appropriate levels of Se

cording to current hypotheses, Se operates through three potential
mechanisms; mediating the disproportionation of superoxide anions
into H,0,, directly scavenging superoxide anions and hydroxyl
radicals, and regulating the activity of the antioxidant enzyme sys-
tem. Furthermore, Se can directly or indirectly regulate the forma-
tion of antioxidant substances in plants, such as small molecules
including reduced glutathione (GSH) , ascorbate (AsA), and to-
copherol. It is imperative to elucidate the mechanism by which se-
lenium regulates the antioxidant process during seed abortion in
Red sandalwood at the molecular level. Therefore, the authors in-
tend to pursue this in future studies.

In summary, Se application may enhance the content and bal-
ance of IAA and GA, during seed growth and development in Red
sandalwood through the following regulatory pathways: promoting
tryptophan synthesis to provide precursors for [AA, inhibiting [AA
oxidase activity to reduce IAA degradation, and upregulating the
expression of key enzyme genes involved in GA; synthesis. It is
noteworthy that Se simultaneously increased ABA content but a-
chieved a significant elevation in the (TAA + GA,)/ABA ratio by
raising [AA and GA, levels to a greater extent, which is key to im-
proving embryo development. The role of GR as a core antioxidant
enzyme: GR plays a critical role in the AsA-GSH cycle. It main-
tains glutathione in its reduced state through NADPH-dependent
reactions, which is essential for scavenging ROS and preserving
cellular redox homeostasis. Se may enhance GR activity through
the following mechanisms: serving as a key cofactor in the active
center of GR, promoting GR gene expression and protein synthe-
sis, and improving chloroplast function to increase NADPH sup-
ply. The potential reasons for the differential mechanisms between
Se (IV) and Se (VI) include the fact that Se (IV) is more readi-
ly absorbed and reduced by plants, binds to proteins more effi-
ciently, and is more easily incorporated into selenoproteins via the
sulfur assimilation pathway.

Se is the core mineral element that mitigates embryo abortion
in Red sandalwood induced by relatively low temperatures during
fruit development. Application of Na,SeO,, particularly Na,SeO, ,
significantly reduced the EAP, with efficacy far surpassing that of
H,BO,, CO (NH, ),, Ca
(H,PO,),, NPK compound fertilizer, or enzyme-microbe fermen-

individual applications of KCI,

ted organic fertilizer. The synergistic effect of Na,SeO; combined
with compound fertilizer, EFOF, or both further significantly en-
hanced this improvement. Se mitigates embryo abortion in Red
sandalwood through a dual regulatory pathway: by enhancing TAA
and GA, levels as well as the (TAA + GA,)/ABA ratio to optimize
the hormonal signaling network, and by improving the activity of

antioxidant enzymes such as GR to alleviate oxidative stress in-
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duced by low temperatures during the cool season. These findings
provide a theoretical basis and technical strategy for precision ferti-
lization and stress resistance management in the cultivation of Red
sandalwood in tropical regions of China.
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