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Abstract

Red sandalwood ( Pterocarpus santalinus). [ Methods] Based on prior cultivation practices and experimental research, three categories com-

[ Objectives ] To explore the effect of selenium (Se) on inhibiting embryo abortion and enhancing seedling cultivation quality of

prising 13 forest soil nutrient management schemes were designed to investigate the synergistic effects of Se, NPK compound fertilizers, and en-
zyme-microbe fermented organic fertilizers (EFOF) on embryo abortion, winged pod development, and seedling quality of Red sandalwood.
[ Results ] Increasing the Se content in the soil, particularly in the form of selenite/Se(IV), within one month following the harvest of Red
sandalwood pods and within two months prior to flower withering, significantly reduced embryo abortion percentage (EAP), and consequently
improved seed quality and yield per plant. The effect of Se application was markedly greater than that of the single application of nitrogen (N) ,
phosphorus (P), potassium (K), boron (B) fertilizers, or organic fertilizers. Furthermore, when Se was applied in combination with NPK
compound fertilizers and EFOF, these beneficial effects were significantly enhanced. When Se (1V) was applied individually, the EAP de-
creased by 62.4% , reaching 24. 8% at 8 weeks after flower withering ( compared to 65.9% in the unmanaged control, UMC). Following
winged pod maturation, the percentage of empty winged pods (PEWP) declined by 65.2% to 16.8% (UMC: 48.2% ), the average individual
winged pod weight (IWPW) increased by 69.1% to 0.690 g per fruit (UMC: 0.408 g), and the winged pod yield (WPY) rose by 214.8%
to 4.03 kg (UMC: 1.28 kg). Additionally, the blasted seed percentage ( BSP) was reduced by 51.2% 1029.9% (UMC: 61.3% ), and the
100-seed weight (HSW) increased by 96.0% to 8.37 g (UMC: 4.27 g). Following sowing in the nursery, the seedling emergence rate
(SER) increased by 6.57-fold, reaching 59.8% (UMC: 7.9% ). Additionally, the whole plant biomass of 6-month-old seedlings increased
by 52.9% , attaining 1.56 g (UMC: 1.02 g). The combined application of EFOF + NPK + Se(IV) significantly reduced the EAP, PEWP,
and BSP by 56.5% , 46.0% , and 56.3% , respectively, compared to the single application of Se(IV). Furthermore, these percentages de-
creased by 79.7% , 78.9% , and 71.8% , respectively, relative to the single application of NPK compound fertilizers, and by 79. 0% ,
74.5% , and 72.1% , respectively, compared to the single application of EFOF. Additionally, the SER increased by 34.6% , 141.0% , and
287.0% , respectively, when compared to the single application of Se(IV) , NPK compound fertilizers, and EFOF. [ Conclusions ] Enhancing

the nutrient status of forest soils, particularly the concentration of Se(IV) , constitutes a critical technical approach to improving the resistance

of Red sandalwood to low-temperature stress during its flowering and fruiting stages, thereby preventing embryo abortion.

Key words

0 Introduction

Globally, only a limited number of regions possess soils with
high selenium (Se) concentrations exceeding 10 mg/kg. Among
the highly water-soluble Se-containing salts present in the soil,
Se** is more readily absorbed by plants than Se’* and exhibits a
greater capacity to mitigate stress’ . Se plays a significant role in
the growth, development, energy metabolism, and stress resist-

. . [2
ance of plants, insects, animals, and humans 1

At low doses,
Se benefits plants by promoting growth and development, enhan-
cing the accumulation of active metabolites, activating the antioxi-

Under

conditions of high temperature, drought, and other stressors, Se

dant defense system, and reducing lipid peroxidation’’.

application primarily protects plant leaves from oxidative damage
by enhancing the antioxidant defense system'*’. Additionally, Se

application can mitigate the detrimental effects of salt stress on
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plants by promoting their antioxidant defense mechanisms and im-

proving intracellular ionic homeostasis”’.

The application of Se
can mitigate the toxicity of heavy metal ions in plants. This func-
tion of Se is considered highly promising and may serve as a poten-
tial promoter of plant growth and protector against stress'®”". Re-
cent studies have demonstrated that the expression of Se-binding
protein (SBP) in plants is correlated with enhanced resistance to
both abiotic and biotic stresses. Theobroma cacao SBP ( TcSBP)
is a heat-resistant protein associated with disease resistance against
witches’ broom. It exhibits affinity for selenite at the active site
CSSC and demonstrates thermal stability. TeSBP functions by
modulating the redox state of proteins during hydrogen peroxide
(H,0,) production and programmed cell death in the terminal
stage of witches’ broom disease'® ™’

Red sandalwood ( Pterocarpus santalinus) is regarded as the
most valuable sandalwood species, serving both as a premium
landscaping tree and an important medicinal plant. Nearly 70
years of introduction practices in China demonstrate that Red san-
dalwood thrives in the tropical and subtropical regions of South
Asia, indicating significant potential for further promotion and cul-

[10-11

tivation ', The seeds and seedlings of Red sandalwood are no-

tably expensive and scarce. The primary reason is that currently,
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only a limited number of large, fruit-bearing trees are present in
the introduced regions of central and western Hainan. Additionally,
the germination rate of Red sandalwood seedlings is considerably
low; when assessed using winged pods, the rate is below 20.0% ,
often around 10.5% or even lower. The highest germination rate
observed for aseptically sown selected seeds is 31.7% ™). The
likely explanation is that the average percentage of empty winged
pods (pods without seeds, PEWP) is 42. 6% , and the blasted
seed percentage (BSP) exceeds 60% , which differs significantly
from that of P. indicus, where the average PEWP is only 1. 5%
and the BSP is less than 5.0% . Additionally, these percentages
are substantially higher than the PEWP (8.5% ) and BSP (15.8% )
of P. macrocarpus.

The elevated PEWP and BSP of Red sandalwood are primari-
ly attributable to a high incidence of embryo abortion occurring be-
fore the middle stage of fruit setting, specifically by the 10" week
following flower withering. Red sandalwood begins flowering with-
in the first ten days of December, attains peak flowering around
middle December, and completes the withering process by the last
ten days of the month. Embryo abortion percentages (EAP) meas-
ured at weekly intervals post flower withering are as follows:
9.2% (week 1), 17.3% (week 2),26.5% (week 3), 34.6%
(week 4),42.8% (week 5), 58.3% (week 6), 65.2% (week
7),68.5% (week 8), 71.6% (week 9), and 73.3% (week
10). The highest EAP is observed during the 6th week after flower
withering. From the 8" week onward, over 65% of embryos fail to
develop, and the rate of increase in EAP subsequently deceler-
ates. Based on cultivation practices and comprehensive analysis,
the authors have determined that the flowering and fruiting cycle of
Red sandalwood is prolonged. The early stage of fruit development
(1 —8 weeks after flower withering) coincides with the low-tem-
perature period, during which low-temperature stress is a critical
factor contributing to embryo abortion. Therefore, enhancing low-
temperature resistance during the reproductive critical period ( ear-
ly to middle stages of fruit development) is essential for improving
seed quality and yield, as well as optimizing seedling propagation.

To validate the inference, this study conducted a phased ex-
periment. From 2017 to 2019, forest land management interven-
tions—including water regulation, mowing and mulching, hole ex-
pansion and soil loosening, understory vegetation mulching, and
increased application of basal fertilizer—were implemented. Al-
though these measures led to an increase in the yield of winged
pods, improvements in PEWP and BSP were limited. From 2019
to 2020, the focus shifted to the regulation of multiple elements,
including nitrogen (N) , phosphorus (P), potassium (K), calci-
um (Ca), boron (B), sulfur (S), and Se, with particular em-
phasis on Se. The results demonstrated that enhancing Se nutrition
improved the low-temperature tolerance of Red sandalwood, signif-
icantly reduced embryo abortion, and increased both seed fullness
and seedling survival rates. This study investigated the regulatory
effects of the synergistic interaction between Se, NPK compound
fertilizers fertilizers

and enzyme-microbe fermented organic

(EFOF) on embryo abortion and seedling quality enhancement,
thereby providing a foundation for optimizing related agronomic

practices.

1 Materials and methods
1.1 Forest site conditions
ture is 23.3 °C, and the annual rainfall measures 1 850 mm. The

The local average annual tempera-

chemical properties of the 0 —30 c¢m soil layer of laterite, devel-
oped from marine sediment parent material, are as follows: pH 4. 8;
organic matter content 11. 5 g/kg; available nitrogen 7.9 g/kg;
available phosphorus 1. 52 mg/kg; available potassium 60.4 mg/kg;
exchangeable calcium 693.5 mg/kg; exchangeable magnesium
80 mg/kg; available zinc 1.8 mg/kg; available boron 0.278 mg/kg;
and selenium 0. 365 mg/kg. The average diameter at breast height
(DBH) of fruiting Red sandalwood in the study was 28.5 cm,
with an average tree height of 13. 6 m, an average clear bole
height of 6.6 m, and an average crown diameter of 6.8 m.

1.2 Experimental design A total of three categories compri-
sing 13 treatments were designed (Table 1). For all fertilizers and
chemicals, 50% of the total application amount was applied as a
basal fertilizer by middle May, while the remaining 40% was ap-
plied as a basal fertilizer by middle October of the same year. The
adult Red sandalwood in the local area begin flowering in early
December, reaching peak flowering in middle December, with a
brief peak flowering period. Fruit ripening occurs at the end of
April or the beginning of May of the following year, approximately
20 weeks after peak flowering. Annual forest management prac-
tices, aside from the varying fertilization treatments, were consist-
ent across all treatment groups.

1.3 Test content and methods

1.3.1 EAP. The assessment of EAP was conducted at the 2"

5" and 8" weeks following flower withering. Infructescences were

’

randomly collected from the middle outer region of the tree crown
using pruning shears. For each treatment and at each time point,
60 fruits were examined. Statistical analyses were performed based
on the exact number of seeds observed. Embryo abortion was de-
fined according to the following criteria; complete disappearance
of ovules or embryos within the winged pod ventricle; or evidence
of severe browning, blackening, shriveling, necrosis; or tissue
softening accompanied by pronounced atrophy and wrinkling.
1.3.2  WPY and IWPW. At 18 weeks following flower wither-
ing, the winged pods were harvested by individual plants and
placed in seed bags made of nylon mesh. These bags were then
air-dried in a well-ventilated indoor environment. After 2 weeks,
the pods per plant were weighed using an electronic balance with a
precision of 0. 01 g to determine WPY. For the measurement of
IWPW, 20 fruits were randomly selected from each plant and
weighed using an electronic balance with a precision of 0. 001 g.
A total of 180 winged pods were measured for each treatment.
1.3.3 PEWP. A winged pod containing at least one normally
developed ovule (seed) is classified as a normally developed em-

bryo fruit. The criteria for this classification include ovules or em-
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bryos that are plump, moist, and brittle; milky white in color;
transparent internally; free from browning or necrosis; and without
evident atrophy or wrinkle-like deformities. Pods not meeting

these criteria are considered empty. Observations and statistical

analyses should be conducted within one week following fruit ripe-
ning. For each plant, 50 winged pods were examined, resulting in

a total of 300 fruits assessed per treatment.

Table 1 Experimental design

Category

Treatment

Operation

Specific content

Basic treatment

Basic treatment

UVM-derived single fertilization
treatment
UVM-derived single fertilization
treatment
UVM-derived single fertilization
treatment
UVM-derived single fertilization
treatment

UVM-derived single fertilization

UMC ( Unmanaged control )

UVM  ( Understory
mulching)

EFOF (UVM + enzyme-microbe
fermented organic fertilizer)

N

vegetation

NPK

No agricultural operations

Vegetation mulching beneath

tree canopies

UVM +EFOF

UVM + urea

UVM + superphosphate

UVM + potassium chloride

UVM + NPK compound fertil-

No other human management practices excluding fertilization ,
irrigation, and weeding
Understory vegetation mulching after mowing weeds beneath

tree canopies once a month

Application of 10 kg of EFOF per plant based on UVM

Application of 400 g of urea (equivalent to 180 g N) per
plant based on UVM

Application of 1 000 g of superphosphate ( equivalent to 180 g
P,05,150.0 g Ca, and 100.0 g S) per plant based on UVM

Application of 300 g of potassium chloride ( equivalent to 180
¢ KCl) per plant based on UVM

Application of NPK compound fertilizers ( equivalent to 180 g

treatment

UVM-derived single fertilization B

treatment
UVM-derived single fertilization Se(VI)
treatment
UVM-derived single fertilization Se(I1V)
treatment
UVM-derived compound fertili- EFOF + NPK
zation treatment
enate
UVM-derived compound fertili- NPK + Se(1V)

zation treatment

UVM-derived compound fertili- EFOF + NPK + Se(1V)

zation treatment

izers + Na, SeO,

UVM + boric acid

UVM + Na, Se0,

UVM + Na, SeO,4

UVM + EFOF + NPK com-

pound fertilizers + sodium sel-

UVM + NPK compound fertil-
izers + Na, SeO;

UVM + EFOF + NPK com-

pound fertilizers + Na, SeO5

N, 180 g P,0s, 180 g K,0) +8.5 g Na,SeO, ( equivalent to
3.6 g Se) per plant based on UVM

Application of 10 g of boric acid (equivalent to 1.7 g B) per
plant based on UVM

Application of 8.5 g of Na, SeO, (equivalent to 3.6 g Se) per
plant based on UVM

Application of 8.5 g of Na,SeO; (equivalent to 3.6 g Se) per
plant based on UVM

Application of 10 kg of EFOF + NPK compound fertilizers
(equivalent to 180 g N, 180 g P, 05, 180 g K,0) +8.5 g of
Na, SeO, (equivalent to 3.6 g Se) per plant based on UVM
Application of NPK compound fertilizers ( equivalent to 180 g
N, 180 g P,0s, 180 g K,0) +8.5 g of Na,SeO; (equivalent
to 3.6 g Se) per plant based on UVM

Application of 10 kg of EFOF + NPK compound fertilizers
(equivalent to 180 g N, 180 g P,05, 180 g K,0) +8.5 g of
Na, SeO; (equivalent to 3.6 g Se) per plant based on UVM

1.3.4 100-seed weight (HSW) and BSP. Seeds obtained from
the assessment of PEWP in winged pods were used as the experi-
mental materials. For each trial, the weight of 50 seeds without
significant abortion was randomly measured, and the corresponding
weight of 100 seeds was subsequently calculated. A total of 150
seeds were evaluated per treatment. BSP was determined using the
same seed samples by calculating the percentage of plump seeds
per plant. To distinguish blasted seeds, a water selection and
grading method was employed ; seeds that sank in water were clas-
sified as plump, whereas those that floated on the water surface
were identified as blasted seeds.

1.3.5

cultivation were conducted during the 2

Seedling emergence rate ( SER). Sowing and seedling
" week following fruit har-
vest. Prior to sowing, the thinner marginal portions (wings) of the
winged pods were removed, and the pods were soaked in tap water
for 24 h. Seedlings were grown in non-woven fabric seedling bags

measuring 25 cm in height and 6.5 c¢m in diameter. The seedling

substrate consisted of 60% yellow heart soil, 35% coconut coir,
and 5% perlite by volume. One pod was sown per seedling bag.

Sixty days after sowing, the final SER was determined, expressed
as the percentage of emerged fruits relative to the total number of
sown fruits.

1.3.6 Growth of seedlings. When the seedlings reached 180 d of
age (calculated from 30 d post sowing), 30 plants were selected
from each treatment in accordance with the experimental design.

Seedling height and basal diameter were measured using a steel
ruler and a vernier caliper, respectively. Based on the measure-
ments and subsequent analysis of seedling height and basal diame-
ter, five seedlings were randomly chosen from each treatment to as-
sess the length of the primary roots. Following drying to a constant
weight in a forced-air drying oven, the dry weights of the roots,
stems and leaves were recorded separately for each treatment, and
the total dry weight of each whole plant was subsequently calculated.

1.4 Data statistics and analysis The mean, standard devia-
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tion, and graphical representations were computed using Microsoft
Office Excel 2013 software. The significance of differences was as-
sessed employing Duncan’s new multiple range test at a signifi-

cance level of P <0.05.

2 Results and analysis

2.1 Effect of Se on the EAP of Red sandalwood Observa-
tions and statistical analyses conducted during the 2™, 5", and 8"
weeks following flower withering revealed that various fertilization
treatments did not alter the temporal differentiation patterns of em-
bryo abortion of Red sandalwood. Nevertheless, compared to UMC
during the same periods, all 12 forest soil management practices
resulted in a reduction of EAP. The single application of B, N,
and K fertilizers did not produce a significant decrease in the EAP
of Red sandalwood. In contrast, the single application of EFOF,
P, and NPK compound fertilizers significantly reduced EAP; how-
ever, these reductions were markedly less pronounced than those of
single application of Se(IV) or Se (VI). Furthermore, the effica-
cy of Se(IV) surpassed that of Se( VI). Notably, the combined
application of EFOF and NPK compound fertilizers alongside Se
(IV) further enhanced the fertilization efficiency of Se(IV).

As illustrated in Fig. 1-1, 2 weeks following flower withering,
the EAP of UMC was 19.3%. In comparison, the EAP of UVM
and the single application of N, K, and B fertilizers based on
UVM were 17.2% , 16.4% , 16.4% , and 17.6% , respectively;
these differences were not statistically significant relative to UMC.
Conversely, the EAP of the single application of P fertilizer was
significantly lower than that of UMC, exhibiting a reduction of
19.5% . Furthermore, based on UVM, the EAP of the single ap-
plication of EFOF and NPK compound fertilizers were both
14.0% , representing a 27.6% decrease compared to UMC; how-
ever, these percentages did not differ significantly from the treat-
ment involving only P fertilizer application. The EAP of the EFOF
+ NPK treatment was 11.9% , which was significantly lower than
that of the EFOF + P treatment. When Se(IV) was applied indi-
vidually, the EAP was slightly higher than of the single application
of Se(VI) ; however, both decreased by 49.7% and 56.5% , re-
spectively, compared to UMC, and were significantly lower than
the EAP of the EFOF + NPK treatment. The EAP of the EFOF +
NPK +Se(IV) treatment was lower than that of the EFOF + Se
(IV) treatment. Both treatments exhibited the EAP significantly
lower than those of the single application of P fertilizer or the
EFOF + NPK treatment, as well as lower than those of the single
application of Se(VI) or Se(1V), all being below 10.0%. The
EAP of the EFOF + NPK + Se (IV) treatment was the lowest,
showing a reduction of 73.3% compared to UMC.

Five weeks after flower withering, the differences in EAP
among the various treatments further increased (Fig. 1-11). Eight
weeks after flower withering, when EAP tended to stabilize and no
longer decreased significantly, these differences reached their max-
imum. As illustrated in Fig. 1-1II, at 8 weeks following flower
withering, the EAP of UVM and the single application of N fertiliz-
er, K fertilizer, and Se ( VI) based on UVM were comparable,
showing no significant difference from that of UMC (65.9% ). In

contrast, the EAP of the single application of P fertilizer, EFOF,
and NPK compound fertilizers were similar to each other but signif-
icantly lower than that of UMC. The EFOF + NPK treatment dem-
onstrated a significantly greater efficacy in inhibiting embryo abor-
tion compared to the other treatments evaluated. The EAP of this
treatment was 27.2% lower than that of UMC, yet remained sub-
stantially higher than that of the four Se treatments. Specifically,
the two treatments with the single application of Se, Se(VI) and
Se(IV), reduced the EAP by 46.9% and 54.8% , respectively,
relative to UMC. These findings further suggest that Se application
exerts the most pronounced and effective role in preventing embryo
abortion of Red sandalwood, surpassing the effects of B, N, K, P
fertilizers, as well as EFOF and NPK compound fertilizers applied
individually.
2.2 Effect of Se on the WPY, IWPW and PEWP of Red
sandalwood Fig. 2-1 illustrated that, in comparison to UMC, the
application of UVM and the single application of K, B, P, and N
fertilizers resulted in the smallest increases in the WPY of Red
sandalwood, with respective increases of 3.1% , 5.5% , 5.5%,
11.7% , and 27. 3% . No significant differences were observed
among these treatments. Furthermore, the single application of
EFOF based on UVM led to a significant WPY increase of 53.9%
compared to UMC. The single application of NPK compound fertil-
izers produced a significantly greater yield increase than the six
aforementioned treatments. Although the WPY was significantly
enhanced relative to UVM, the increase rates were 30. 3% and
58.0% lower, respectively, than those of the single application of
Se(VI) and Se(IV) based on UVM. Overall, Se application dem-
onstrated a markedly superior effect on yield enhancement. The
NPK + Se(IV) treatment and the EFOF + NPK + Se (IV) treat-
ment resulted in a greater increase in WPY. Specifically, the
WPY increased by 98.0% and 71.2% , respectively, compared to
that of the single application of NPK compound fertilizers or the
combined application of EFOF and NPK compound fertilizers.
Compared to UMC, the WPY increased by 294.5% and 335.9% ,
with the yields reaching 5. 05 and 5. 58 kg/plant, respectively,
demonstrating a highly significant effect.

The effects of various fertilization treatments on the IWPW of
Red sandalwood exhibited a response pattern similar to that ob-
served for the WPY of individual plants. Although the differences
were diminished, they remained statistically significant. As illus-
trated in Fig. 2-11, both UVM and the single application of B and
K fertilizers resulted in an increase in IWPW relative to UMC;
however, this increase was modest, averaging 12.5% , and did not
reach statistical significance. On the basis of UVM, the single ap-
plication of N, P, NPK compound fertilizers, and EFOF did not
produce significant differences in IWPW, yet each treatment dem-
onstrated a significant increase compared to the previously men-
tioned four treatments, with an average enhancement of 37. 6%
relative to UMC. Regarding the two treatments involving the single
application of Se('VI) and Se(I1V), the IWPW were comparable
and both exhibited significant increases compared to the nine afore-
mentioned treatments. The respective increases relative to UMC
were 61. 0% and 69. 1% . The application of elevated levels of
NPK compound fertilizers combined with Se (IV) and the subse-
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quent combined application of EFOF further increased the IWPW
to 0.765 and 0. 805 g/fruit, respectively. Compared to the single
application of NPK compound fertilizers and the combined applica-

tion of EFOF + NPK compound fertilizers, the INPW increased by
37.1% and 36.4% , respectively. Relative to UMC, these treat-
ments resulted in increases of 87.5% and 97.3% , respectively.
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NOTE 1. Two weeks after flower withering; 1. Five weeks after flower withering; III; Eight weeks after flower withering. UMC: Unmanaged control;

UVM: Understory vegetation mulching; EFOF; Enzyme-microbe fermented organic fertilizer; N: Single application of urea based on UVM; P Single

application of calcium superphosphate based on UVM; K Single application of potassium chloride based on UVM; NPK: Single application of NPK
compound fertilizers (CF) based on UVM; EFOF + NPK; Application of EFOF and NPK-CF based on UVM; B: Single application of boric acid
based on UVM; Se(VI) : Single application of Na,SeO, based on UVM; Se(1V) : Single application of Na,SeO; based on UVM; NPK + Se(1V) :
Application of NPK-CF and Na,SeO; based on UVM; EFOF + NPK + Se(1V) : Application of EFOF, NPK-CF and Na,SeO; based on UVM. The

same below.

Fig.1 Effect of fertilizer chemical composition on the EAP of Red sandalwood

The effects of various fertilization treatments on the PEWP of
Red sandalwood exhibited trends opposite to those of WPY and
IWPW , with these differences reaching statistical significance. As
illustrated in Fig. 2-III, the average PEWP subjected to UVM and
the single application of N, K, NPK, and B fertilizers was
43.9% , showing no significant difference compared to UMC.
Similarly, the single application of EFOF and P fertilizers did not
lead to significant changes in PEWP, and no notable differences
were observed when compared to the single application of NPK
compound fertilizers and B fertilizer. However, relative to UMC,
the PEWP were significantly reduced by 19.7% and 26.1% , re-
spectively. The combined application of EFOF + NPK compound
fertilizers further decreased PEWP, resulting in a value 41. 3%
lower than that of UMC. No significant difference in PEWP was
detected when compared to the single application of EFOF; how-
ever, the PEWP remained significantly higher than those of the
four Se application treatments. Among these four selenium treat-
ments—namely, the single application of Se( VI) and Se(1V), as
well as the combined application of NPK + Se(IV) and EFOF +
NPK + Se(IV)—no significant differences in PEWP were found.
Nonetheless, these treatments demonstrated significantly lower
PEWP than the other nine treatments, with reductions of 64.5% ,
65.2% , 73.0% , and 81.2% relative to UMC, respectively.
2.3 Effect of Se on the HSW, BSP and SER of Red sandal-
wood Compared to UMC, UVM and the other 11 treatments
based on UVM all resulted in an increase in the HSW of Red san-

dalwood. However, no significant difference in HSW ( ranging
from 4.27 t0 4.96 g) was observed between UVM, the single ap-
plication of K fertilizer, and UMC. In contrast, the HSW for the
remaining 10 treatments differed significantly from that of UMC.
The single application of B, N, and K fertilizers led to increases
in HSW, although these differences were not statistically signifi-
cant. Notably, the single application of P fertilizer increased the
HSW by 14.2% compared to the single application of N fertilizer;
however, this increase was less pronounced than that of the single
application of EFOF and NPK compound fertilizers. The combined
application of EFOF + NPK compound fertilizers resulted in in-
creases in HSW of 13.6% and 6.9% , respectively, compared to
their single application, and an increase of 76.3% relative to
UMC. However, these increases were significantly lower than
those observed in the four Se application treatments. As illustrated
in Fig.3-1, when Se(VI) and Se(IV) were applied individually,
the HSW of the single application of Se ( VI) was 3. 7% higher
than that of the single application of Se(IV) , although this differ-
ence was not statistically significant. Both treatments increased
HSW by 88.9% and 96. 0% , respectively, compared to UMC.
Furthermore, the combined application of NPK compound fertiliz-
ers + Se (IV), and subsequent addition of EFOF, led to further
significant increases in HSW, exceeding those of the single appli-
cation of Se(IV). Specifically, the HSW increased by 110. 8%
and 115.5% , respectively, compared to UMC.

The effects of various fertilization treatments on the BSP of
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Red sandalwood exhibited an inverse relationship with the trend
observed for seed HSW, with a more pronounced difference ; spe-
cifically, higher HSW corresponded to lower BSP. As illustrated
in Fig. 3-1, no significant differences in BSP were observed among
treatments associated with UVM,, the single application of K fertil-
izer, and UMC, which recorded BSP of 61.2% , 60.8% , and
56.4% , respectively. In contrast, the single application of B, N,
P, NPK compound fertilizers, and EFOF resulted in significantly
lower BSP compared to UMC, with reductions of 10.0% , 10.4% ,
13.4% , 14.2% , and 14.5% , respectively; however, no signifi-
cant differences were detected among these treatments. The com-
bined application of EFOF + NPK compound fertilizers significant-
ly reduced BSP compared to the eight previously mentioned treat-
ments, exhibiting a 22. 1% reduction relative to the control. How-
ever, this reduction was significantly less pronounced than those of
the four treatments involving Se application. As illustrated in Fig.
3-11, the single application of Se(IV) resulted in a slightly higher
BSP than the single application of Se('VI), yet both were signifi-
cantly lower than UMC, with an average reduction of 49.2%.
Furthermore, the the combined application of NPK compound fer-
tilizers + Se (IV), supplemented with EFOF, produced a more
substantial decrease in BSP, with reductions of 66.2% and 77.8%
relative to UMC, respectively. These percentages were also signif-
icantly lower than those of the single application of Se( VI).

The effects of various fertilization treatments on the SER of

Red sandalwood were inverse to those observed for BSP, aligning
with the response pattern of HSW ; however, the differences among
treatments were more pronounced. As illustrated in Fig. 3-11I, the
SER of UVM and the single application of B, K, and N fertilizers
ranged from 9.4% to 12.2% . Although these figures represented
an increase compared to UMC, the differences were not statistical-
ly significant. In contrast, the single application of P fertilizer and
EFOF resulted in an average SER of 19.2% , which did not differ
significantly between these two treatments but was significantly
higher than those of UMC and the other four treatments mentioned
above. The SER of the single application of NPK compound fertil-
izers and the combined application of EFOF were 33. 4% and
39.6% , respectively. Although no significant difference was ob-
served between these two treatments, both figures were significant-
ly higher than those of UMC and the other 6 treatments mentioned.
When Se( VI) and Se (IV) were applied individually, the SER
were 54.6% and 59.8% , respectively. While the difference be-
tween these two treatments was not statistically significant, both
exhibited significantly higher SER compared to UMC and the pre-
viously mentioned treatments. Specifically, these SER figures re-
presented increases of 591. 1% and 656. 9% compared to UMC,
respectively. Furthermore, the combined application of NPK + Se
(IV), as well as the addition of EFOF to this combination, resul-
ted in a further significant increase in SER, surpassing that of the
single application of Se(IV).
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Fig.2 Effect of fertilizer chemical composition on the WPY (I), IWPW (II) and PEWP(III) of Red sandalwood

2.4 Effect of Se on the seedling growth of Red sandalwood

Seeds from Red sandalwood subjected to various fertilization treat-
ments were sown. Six months following mass germination (middle
December of the same year), assessments revealed significant
differences in seedling height, basal diameter, and taproot length
among seedlings derived from seeds of trees exposed to different
fertilization treatments. The most pronounced effect was observed
on plant height, followed by taproot length, whereas the impact on
basal diameter was comparatively minor. Furthermore, the re-

sponse patterns of these three growth parameters generally corre-

sponded with those of fruit production and seed development across
various fertilization treatments. Although Se-treated trees produced
seeds that significantly enhanced seedling growth post germination,
this effect differed somewhat from the more substantial impacts pre-
viously noted on fruit yield and seed quality. The magnitude of
these effects was closely associated with specific growth indicators.

As illustrated in Fig. 4-1, the seedling heights of Red sandal-
wood grown from seeds treated exclusively with UVM or concur-
rently with the single application of B, K, or P fertilizers were

similar and did not differ significantly from the control group.
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Seedlings derived from seeds treated with the single application of
N fertilizer, EFOF, or NPK compound fertilizers also exhibited
similar heights; however, these heights were significantly greater
than those observed in the previously mentioned five treatments.
Seedlings grown from Red sandalwood seeds treated individually
with Se( VI) or Se(IV) exhibited greater height compared to those
treated exclusively with NPK compound fertilizers. Their height
was comparable to seedlings treated with NPK + Se (IV), yet re-
mained shorter than those derived from seeds treated with NPK +
Se(1V) + EFOF.

As illustrated in Fig. 4-11, the basal diameter of seedlings
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grown from Red sandalwood seeds subjected to UVM and the
single application of B, K, P, and N fertilizers was slightly
greater than that of UMC. Seedlings under the remaining seven
treatments exhibited basal diameters larger than that of UMC;
however, no significant differences were detected among these
six treatments. Regarding taproot length, seedlings treated indi-
vidually with B, K, and N fertilizers did not differ significantly
from that in UMC. In contrast, the other nine treatments demon-
strated significant increases in taproot length compared to UMC,
although no significant differences were found among these eight
treatments ( Fig. 4-1IT) .
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2.5 Effect of Se on the seedling biomass of Red sandalwood
Seedlings grown from the seeds of Red sandalwood subjected to

seven treatments, including UVM and the single application of K,

B, P, N, EFOF, and NPK compound fertilizers based on UVM,

exhibited comparable root dry weights, all of which increased
relative to UMC. Notably, the single application of EFOF and
NPK compound fertilizers resulted in increases of 25.0% and
28.6% , respectively; however, these differences were not statisti-
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cally significant compared to UMC. In contrast, the root dry
weight of seedlings cultivated from seeds treated with the other five
treatments was significantly greater than that of UMC. The root
dry weights of seedlings grown from seeds of trees treated individu-
ally with Se(VI) and Se(TV) were 39.3% and 46.4% greater,
respectively, than that of UMC. Additionally, these weights
were 2.6% and 7. 9% higher, respectively, than those of seed-
lings from trees treated with the combined application of EFOF +
NPK compound fertilizers. Notably, the root dry weights of seed-
lings derived from seeds of trees treated with the combined applica-
tion of NPK +Se(IV) and EFOF + NPK + Se (IV) exhibited fur-
ther increases, showing enhancements of 60.7% and 75.0% , re-
spectively, compared to UMC, and increases of 9.8% and
19.5% , respectively, relative to the single application of Se(1V)
(Fig.5-1).

The stem and leaf dry weights of seedlings grown from the
seeds of Red sandalwood treated with UVM and the single applica-
tion of B, K, or P fertilizers were comparable to each other and
did not differ significantly from the control. However, these
weights were significantly lower than those of the single application
of N fertilizer, EFOF, NPK compound fertilizers, and the com-
bined application of EFOF + NPK compound fertilizers. Seedlings
derived from seeds treated individually with Se (VI) and Se(IV)

exhibited a significant increase in stem and leaf dry weight, excee-
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ding the figures observed in the aforementioned nine treatments,
with increases of 49.3% and 55.4% compared to UMC. Further-
more, the root dry weights of seedlings cultivated from seeds sub-
jected to the combined application of NPK + Se(IV) and EFOF +
NPK + Se (IV) increased by 60. 7% and 75. 0% , respectively,
compared to the control (Fig.5-1T).

Seedlings grown from seeds produced by Red sandalwood sub-
jected to various fertilization treatments demonstrated greater varia-
bility in whole plant dry biomass compared to root dry weight or
stem-leaf dry weight. This variability was predominantly driven by
stem-leaf dry weight, which showed response patterns closely mir-
roring those observed in whole plant dry biomass. As illustrated in
Fig. 5-1I1, the total biomass of seedlings derived from the seeds of
Red sandalwood treated with UVM and the single application of K,
B, and P fertilizers was comparable, with no significant difference
observed relative to UMC. Notably, the biomass of seedlings origi-
nating from seeds of the four tree types treated with Se was signifi-
cantly greater than that observed in the nine aforementioned treat-
ments. The biomass of seedlings grown from seeds of trees treated
individually with Se( VI) and Se(IV) increased by 44. 1% and
52.9% , respectively, compared to UMC. Furthermore, the com-
bined application of NPK + Se(IV) and EFOF + NPK + Se(IV)
enhanced the whole plant biomass of the cultivated seedlings by
62.7% and 72.5% , respectively, relative to UMC.
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3 Discussion

The zygote, formed by the fusion of sperm and egg in plants,
is a totipotent cell that initiates the primary cell lineage and tissue
formation through cell division and cell-specific regulatory mecha-
nisms during early embryonic development. During the subsequent
morphogenetic stage, full-size embryos are produced, which can
subsequently develop into complete seeds. Although plant embryos
exhibit considerable conservation during the early stages of devel-

opment, they display substantial diversity at maturity, particularly

among angiosperms. Domestication plays a significant role in influ-
encing seed quality traits established during the embryonic phase.
Additionally, it facilitates the capacity of seeds to germinate under
a variety of environmental conditions. The formation, develop-
ment, and growth of this process represent an exceedingly complex
and delicate biological phenomenon, influenced by a multitude of
internal and external factors™*'. Among these factors, mineral nu-
trition holds significant importance and is closely associated with

embryo abortion, exerting profound and extensive effects!™ ™",
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This study demonstrated that Se supplementation, particularly
in the form of Se** , in the forest soil of Red sandalwood signifi-
cantly reduced the EAP, PEWP, and BSP, markedly enhances the
WPY, IWPW, and HSW, and significantly promoted the seed ger-
mination, emergence rate, and seedling growth of Red sandal-
wood. Notably, these beneficial effects were not observed in the
single application of NPK compound fertilizers, increased soil or-
ganic matter, increased application of EFOF, or the single appli-
cation of N, P, K, Ca, B, and S fertilizers. Although Se cannot
yet be classified as an essential element for the growth and devel-
opment of Red sandalwood, the findings clearly indicate that Se is
a critical mineral nutrient that prevents embryo abortion, supports
proper seed development, and ensures seed yield and quality.
Among all treatments, the effect of EFOF ranks second only to that
of Se addition, while the impact of increasing NPK compound fer-
tilizers does not achieve a comparable effect. However, when ex-
ogenous Se is applied in conjunction with EFOF, the synergistic
effect of Se is markedly enhanced. This finding suggests that EFOF
exhibits a strong synergistic interaction with Se, an effect that is
not observed when EFOF is applied alone or combined with other
mineral elements. This discovery represents a significant advance-
ment in the scientific study of Red sandalwood cultivation, bearing
considerable theoretical and practical implications. Currently, the
limited number of Red sandalwood introduced and cultivated over
the past two decades in Hainan, Guangdong, Guangxi, and Yun-
nan are approaching their fruiting stage, highlighting the impor-
tance of further exploration and application of this technology.

Embryo abortion during plant development involves complex

embryological mechanisms'"®' |

[19]
processes ’

[20]

physiological and biochemical
and is significantly influenced by gene regula-
tion . Based on previous observational studies and the experi-
ments conducted in this research, it is evident that male sterility,
female sterility, and inadequate pollination and fertilization have
minimal or no significant impact on the embryological mechanism
underlying embryo abortion of Red sandalwood. The primary issue
is the continuous embryo abortion occurring before the 8" week af-
ter flower withering, with an abortion rate approaching 60% . The
main manifestations include rapid atrophy, depolymerization, and
degradation of embryonic tissue. It is hypothesized that intense
cellular oxidation and autophagy may be involved, potentially re-
sulting from low Se content in the soil or insufficient uptake by
plants. These factors likely trigger a series of physiological and bi-
ochemical responses that promote embryo abortion immediately fol-
lowing ovule fertilization, culminating in a peak abortion rate at
the 8" week after flower withering,

Among the physiological and biochemical mechanisms under-
lying embryo abortion, endogenous hormone levels, the activity of
antioxidant enzymes, polyamines, and phenolic compounds all in-
fluence the normal development of embryos. Ziziphus jujuba is a
widely recognized woody fruit tree characterized by a notably high
EAP. Research has indicated that embryo abortion is influenced by
disparities in hormone concentrations between the embryo and the
surrounding pulp. Specifically, embryo abortion occurs when the

levels of zeatin (ZT), gibberellic acid (GA;), and indole-3-ace-
tic acid (IAA) in the seed are lower than those in the pulp”".

Studies on the embryonic development of Litchi chinensis have dem-
onstrated that the concentrations of IAA, GA,, and cytokinins
(CTK) are relatively elevated in aborted embryos, whereas these
levels are lower in normal embryos. Furthermore, elevated abscisic
acid (ABA) content appears to impede the normal development of
young embryos. Additionally, increased levels of phenolic com-
pounds may disrupt the balance between growth-promoting and
growth-inhibiting substances and could play a role in the regulation
of DNA synthesis' ™. The synergistic effects of multiple hormones
in regulating embryo abortion in plant species have been well
proved ™. Research findings indicate that the Se nutrient status in
forest soil significantly influences the content and ratio of endoge-
nous hormones during seed development of Red sandalwood.

Test analysis demonstrated that, in 13 types of adult Red san-
dalwood treated with nutrients in forest land, Se treatment signifi-
cantly increased the contents of TAA, GA,, and ABA, and the
combined levels of TAA and GA,, as well as the ratio of (TAA +
GA,)/ABA at2, 5, 10, and 15 weeks following flower withering.
Prior to the middle stage of seed growth and development, Se nu-
tritional status exerts a pronounced influence on the ratio of (IAA
+ GA, )/ABA in seeds. Additionally, the Se nutrient status in
forest soil significantly affects the activities of antioxidant enzymes
of Red sandalwood seeds. Specifically, at2, 5, 10, and 15 weeks
following flower withering, the activities of catalase ( CAT),
ascorbate peroxidase (APX), superoxide dismutase (SOD), and
glutathione reductase ( GR) of the seeds from Se-treated plants
were significantly elevated compared to those of the control group.
Notably, even 15 weeks after flower withering, the Se-dependent
enzyme GR maintained relatively high activity levels. Se is in-
volved in the composition of GR and serves as the primary flavin
enzyme responsible for maintaining glutathione (GSH) levels with-
in cells™'. Path analysis results demonstrated that the EAP of
Red sandalwood seeds at various developmental stages was highly
significantly correlated with the concentrations of the three afore-
mentioned endogenous hormones and the activities of four antioxi-
dant enzymes. Although the relevant study has not yet been pub-
lished, it offers valuable insights into the mechanism by which Se
mitigates the high EAP in Red sandalwood.

The combination of EFOF and Se enhances the inhibitory
effect of Se on embryo abortion of Red sandalwood, representing a
noteworthy phenomenon whose underlying mechanism warrants fur-
ther investigation. The authors hypothesize that EFOF facilitates
the transformation of Se in the soil, thereby promoting its absorp-
tion and utilization by the root system of Red sandalwood. Addi-
tionally, Se may positively influence the physiological activity of
EM enzyme-microbial communities. EFOF comprises a compound
preparation of live bacteria and a beneficial microbial community
that includes bacteria, actinomycetes, yeasts, and filamentous
bacteria, all capable of producing various catalytic decomposition
enzymes. This preparation exhibits a robust aerobic fermentation
decomposition capacity and generates numerous highly active en-
zymes, which effectively decompose and degrade a wide range of
soil components'™ . Microorganisms play a crucial role in the mor-
phological transformation of Se, thereby affecting its bioavailability
and geochemical cycling. They are also intimately involved in the
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absorption, transformation, and accumulation of Se by plants. In
this context, we intend to pursue further research.

4 Conclusions

Two months following the harvest of winged pods of Red san-
dalwood and prior to flowering, the application of additional seleni-
um fertilizer—particularly in the form of Se (IV)—to the forest
soil can significantly reduce EAP during the reproductive phase.
This intervention substantially decreases the PEWP and BSP of
mature winged pods in the subsequent year. Concurrently, it
markedly enhances the IWPW, WPY, and HSW of Red sandal-
wood . Furthermore, Se application promotes seed germination and
seedling emergence post sowing, as well as seedling growth. These
effects are significantly more pronounced than those of the single
application of N, P, K, Ca, B, S and other individual elements,
or NPK compound fertilizers. The application of Se fertilizer in
conjunction with NPK compound fertilizers, particularly with
EFOF, exhibits a pronounced synergistic effect in preventing em-
bryo abortion and enhancing the quality of seeds and seedlings.
Enhancing Se nutrition in forest soils represents a critical technical
strategy to prevent embryo abortion of Red sandalwood and to en-
sure the production of high-yield, high-quality seeds, thereby

holding substantial practical significance.
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