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Abstract: Selenium (Se) biofortification of soybean sprouts presents a promising approach for enhancing dietary Se
intake. However, the physiological mechanisms of Se promoting growth remain poorly understood. Here, we investi-
gated the effects of selenite (Na,SeO,) at concentrations of 0, 2.5, 5.0, 7.5, and 10 pmol/L on soybean sprout develop-
ment over 72 h. The results indicated that 5.0 and 7.5 pmol/L Na,SeO, significantly promoted hypocotyl elongation
and biomass accumulation. Se predominantly accumulated in the radicle, followed by the hypocotyl and cotyledon.
Moderate selenite levels enhanced the activities of superoxide dismutase, peroxidase, and ascorbate peroxidase;
increased the concentrations of reduced glutathione, ascorbic acid, and free proline; and effectively suppressed the
accumulation of superoxide anion and hydrogen peroxide, thereby reducing malondialdehyde (MDA) concentration
and alleviating oxidative stress. Concurrently, amylase and protease activities in cotyledons were stimulated, accel-
erating the hydrolysis of storage reserves. The resulting increases in soluble sugars, proteins, and free amino acids in
the hypocotyl supported its elongation and biomass increase. In contrast, 10 pmol/L Na,SeO, suppressed antioxidant
enzyme activities, elevated reactive oxygen species and MDA levels, and inhibited growth. Collectively, these findings
demonstrate that moderate Se enhances soybean sprout growth primarily by increasing antioxidant capacity, reduc-
ing oxidative stress, and facilitating the mobilisation of storage reserves toward the elongating hypocotyl, thereby
revealing key physiological mechanisms for cultivating high-quality, Se-enriched sprouts.

Keywords: Se biofortification; antioxidant system; physiological characteristics; reserve mobilisation; growth
promotion

Selenium (Se) is an essential trace element for hu-
man health, primarily through its incorporation into
selenoproteins such as glutathione peroxidases (GPx),
thioredoxin reductases (TrxR), and iodothyronine
deiodinases (Labunskyy et al. 2014). These enzymes
are crucial for antioxidant defence, thyroid hormone

metabolism, and immune regulation, underpinning
Se’s roles in enhancing immunity, preventing inflam-
mation, reducing cancer risk, and maintaining male
fertility (White and Castellano 2016, Yang et al. 2025).
Although the recommended daily intake for adults
is 55 ug/day, Se deficiency affects over one billion
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people globally (Jones et al. 2017). This public health
concern is exacerbated in regions with low soil Se
concentrations, including parts of China, Europe,
and Africa, where it increases the risk of endemic
diseases such as Keshan disease (a cardiomyopathy)
and Kashin-Beck disease (an osteochondropathy)
(Tan et al. 2002). Since dietary Se is predominantly
derived from plant-based foods, increasing Se con-
centrations in agricultural products is a key strategy
to improve human Se status.

Soybean (Glycine max L.) is a globally important
oilseed crop. Its sprouts, produced by germinating
seeds in the dark, are a traditional vegetable consumed
year-round in Asia (Zhang et al. 2024) and valued
for their crisp texture, rich nutrient profile, and af-
fordability. They are abundant in health-promoting
compounds, including soluble sugars, vitamin C
(ascorbic acid), isoflavones, and phenolics. Vitamin C
can scavenge reactive oxygen species (ROS) and
prevent scurvy. Isoflavones contribute to hormone
regulation, bone health, skin condition, mood modu-
lation, and metabolism. During sprouting, storage
proteins, carbohydrates, and fats in cotyledons are
rapidly degraded into more bioavailable amino acids
and soluble sugars (Bueno et al. 2020). Moreover,
soybean sprouts efficiently convert absorbed in-
organic Se into highly bioavailable organic forms,
such as selenomethionine (SeMet) and selenocys-
teine (SeCys) (Huang et al. 2022), making them an
ideal vegetable for Se biofortification. However,
commercial production of soybean sprouts is often
hampered by oxidative stress. Their vigorous growth
and high metabolic rate can lead to excessive ROS
accumulation, causing oxidative damage that mani-
fests as radical decay, growth retardation, reduced
yield, and poor quality.

Se, a beneficial element for plants, plays a dual role:
optimal concentrations promote growth and enhance
stress tolerance, while excess levels lead to toxicity
(Ikram et al. 2024). At low doses, Se enhances the
activities of antioxidant enzymes, including super-
oxide dismutase (SOD), peroxidase (POD), catalase
(CAT), ascorbate peroxidase (APX), glutathione
reductase (GR), and GPx, and also stimulates the
synthesis of antioxidant metabolites. Consequently,
Se improves ROS scavenging, maintains redox ho-
meostasis, reduces membrane lipid peroxidation
(Hasanuzzaman et al. 2020), and ultimately protects
cellular integrity, supporting normal growth. For
instance, Se application significantly increased an-
tioxidant enzyme activities in tomato fruits (Godina

etal. 2016) and enhanced the ascorbate-glutathione
(AsA-GSH) cycle in germinating barley (Cheng et
al. 2023). Furthermore, Se can increase the concen-
trations of free amino acids, sugars, and bioactive
compounds such as phenolics and y-aminobutyric
acid (GABA) (Sun et al. 2024). Therefore, Se bio-
fortification offers significant potential not only by
alleviating oxidative stress and mitigating production
challenges in soybean sprouts, but also by synergis-
tically enhancing their nutritional quality to meet
growing consumer demands.

Herein, we reveal the concentration-dependent
physiological mechanism by which selenite enhances
antioxidant capacity, mitigates oxidative stress, and
promotes reserve mobilisation, thereby improving
growth and Se enrichment in soybean sprouts. Our
findings provide a mechanistic foundation for the
production of high-quality, Se-enriched soybean
sprouts and support the development of Se-enhanced
functional vegetables.

MATERIAL AND METHODS

Plant material and experimental design. The
soybean cv. Bayan was used in this study. Five hun-
dred seeds with uniform size, intact appearance, and
no visible damage were selected, surface-sterilised
by washing and soaking in ozonated distilled water
for 20 min, followed by immersion in distilled water
for 10 min. Subsequently, seeds were soaked in dis-
tilled water in the dark for 12 h, then transferred to
germination trays and incubated in distilled water
in darkness at 30 °C for 24 h. Seeds with radicles
approximately 1.5 cm in length were selected and
transferred to germination boxes containing selenite
solutions at concentrations of 0 (control), 2.5, 5.0,
7.5, and 10 umol/L. All solutions contained 5 mmol/L
calcium chloride (CaCl,) to adjust osmotic potential.
Fifty germinated seeds were placed in each box with
their radicles immersed in the solution. The sprouts
were cultivated in the dark at 30 °C for 72 h, and the
selenite solutions were replaced every 24 h. After
72 h, samples were collected, immediately frozen in
liquid nitrogen, and separated into radicle, hypocotyl,
and cotyledon tissues. The length of the radicle and
hypocotyl, as well as the fresh weight of each tissue,
were measured. All samples were stored at —20 °C for
subsequent physiological and biochemical analyses.
All measurements were performed in triplicate.

Measurement of length. After treatment, ten uni-
formly grown sprouts from each group were selected.
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Radicle and hypocotyl lengths were measured using
a ruler (0.01 cm precision).

Measurement of fresh weight. Fresh weights of
radicle, hypocotyl, and cotyledon from ten represen-
tative soybean sprouts per treatment were measured
using an analytical balance (0.001 g precision).

Determination of Se concentration. Se concen-
tration was determined according to the method of
Lei et al. (2025). The dried samples were weighed and
digested with a 5 mL mixture of HN03:HCIO4 (4:1,
v/v) overnight. Pre-digestion was performed at 100 °C
for 60 min, followed by digestion at 150 °C for 240 min.
After cooling, 2.5 mL of the acid mixture was added if
necessary, and digestion continued at 150 °C for an-
other 120 min. After cooling to below 50 °C, 2.5 mL of
6 mol/L HCl was added, and the mixture was heated at
100 °C for 180 min for reduction. The digest was cooled,
transferred to a 25 mL volumetric flask, and diluted
to volume with deionised water. Se concentration was
measured by atomic fluorescence spectrometry (PF32,
Beijing Purkinje General Instrument Co., Ltd., Beijing,
China, 2017) using 5% HCI as carrier solution and
amixture of 1.5% KBH, and 0.5% NaOH as reductant.
Operating parameters were as follows: carrier gas flow
300 mL/min, shield gas flow 600 mL/min, lamp current
40 mA, furnace height 25 mm, reading delay 7 s, and
measurement time 22 s. Quantification was based on
peak area integration.

Assay of SOD activity. SOD activity was assayed
according to the method of Lei et al. (2025). A0.2 g
sample was homogenised in 1.8 mL of ice-cold
50 mmol/L phosphate buffer (pH 7.8). The homog-
enate was centrifuged at 10 000 rpm for 20 min at 4 °C,
and the supernatant was collected. The reaction mixture
(3 mL) contained 1.5 mL phosphate buffer (50 mmol/L,
pH 7.8), 300 pL of 13 mmol/L methionine, 300 uL
of 75 pmol/L nitro blue tetrazolium (NBT), 300 pL
of 10 umol/L EDTA-Na,, 300 pL of 2 umol/L ribo-
flavin, 50 pL enzyme extract (or buffer instead of
blank/control), and 250 pL distilled water. After
mixing, tubes (except the blank, which was kept in
the dark) were illuminated at 4 000 Ix for 20 min.
The reaction was stopped by covering the tubes
with foil. Absorbance was measured at 560 nm us-
ing a spectrophotometer (Beijing Purkinje General
Instrument Co., Ltd., Beijing, China, 2021), and the
blank value was subtracted.

Assay of POD activity. POD activity was assayed
according to the method of Lei et al. (2025). The
enzyme extract was prepared as described for SOD.
The reaction system contained 2.9 mL phosphate

286

https://doi.org/10.17221/72/2026-PSE

buffer (50 mmol/L, pH 5.5), 1 mL of 2% H202, 1 mL
of 50 mmol/L guaiacol, and 0.1 mL enzyme extract.
The control received heat-inactivated enzyme. After
incubation at 37 °C for 15 min, the reaction was
terminated by adding 2 mL of 20% trichloroacetic
acid (TCA) and placing the tubes on ice. After cen-
trifugation at 5 000 rpm for 10 min, absorbance of
the supernatant was read at 470 nm.

Assay of APX activity. APX activity was assayed
according to the method of Qi et al. (2023). Enzyme
extraction followed the SOD method. The reaction mix-
ture (3 mL) contained 0.1 mL enzyme extract, 2.6 mL
phosphate buffer (50 mmol/L, pH 7.0, containing
0.1 mmol/L EDTA-Na,), 0.15 mL of 5 mmol/L ascorbic
acid, and 0.15 mL of 20 mmol/L H,O, (added last to
initiate reaction). The blank contained buffer instead
of H,O,. Absorbance at 290 nm was recorded every
30 s for 3 min immediately after mixing.

Determination of GSH concentration. GSH con-
centration was determined according to the method
of Lei et al. (2025). The supernatant obtained for SOD
was used. To 250 pL extract, 2.6 mL of 150 mmol/L
Na,HPO, (pH 7.7) and 150 pL of DTNB
(5,5'-dithiobis-2-nitrobenzoic acid) reagent were
added. After mixing and incubation at 30 °C for 5 min,
the absorbance was measured at 412 nm. The blank
contained buffer instead of DTNB.

Determination of AsA concentration. AsA con-
centration was determined according to the method
of Lei et al. (2025). Weigh approximately 0.2 g of
fresh sample into a mortar, add 5 mL of 2% HCI, and
grind to a homogenate. Transfer the homogenate
to a 50 mL volumetric flask, rinse the mortar with
small portions of 2% HCI, and dilute to the mark
with the same solution. Mix well and filter. Collect
5 mL of the filtrate into a 10 mL volumetric flask,
add 0.5 mL of 1% KI solution and 2.0 mL of 0.5%
starch solution, then dilute to 10 mL with distilled
water. Titrate the mixture with 0.001 mol/L KIO,
solution until a faint blue colour persists for at least
30s. Record the volume of KIO, consumed. Perform
a blank titration using 5 mL of 2% HCI instead of
the filtrate. Calculate the AsA concentration based
on the titration difference.

Determination of free proline concentration. Free
proline concentration was determined according to
the method of Lei et al. (2025). A 0.2 g sample was
extracted with 5 mL of 3% sulfosalicylic acid in boiling
water for 10 min. After cooling and centrifugation,
2 mL of the supernatant was mixed with 2 mL glacial
acetic acid and 3 mL 2.5% acid ninhydrin, heated
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in boiling water for 40 min, cooled, and extracted
with 5 mL toluene. The toluene layer was measured
at 520 nm.

Determination of superoxide anion (O,)
concentration. O, concentration was deter-
mined according to the method of Qi et al.
(2023). A 0.2 g sample was homogenised in 5 mL
ice-cold phosphate buffer (50 mmol/L, pH 7.8)
and centrifuged at 3 000 rpm for 10 min at 4 °C.
The supernatant was centrifuged again at 12 000 rpm
for 20 min. To 1 mL of the final supernatant, 0.5 mL
phosphate buffer and 0.5 mL of 10 mmol/L hydrox-
ylamine hydrochloride were added. After incuba-
tion at 25 °C for 30 min, 1 mL each of 17 mmol/L
sulfanilamide and 7 mmol/L a-naphthylamine was
added. After 15 min of colour development at 25 °C,
absorbance was measured at 530 nm against a blank
(water instead of the extract).

Determination of hydrogen peroxide (H,0,)
concentration. H,0, concentration was de-
termined according to the method of Qi et al.
(2023). A 0.2 g sample was homogenised in 2 mL
of cold acetone. After centrifugation at 4 000 rpm
for 10 min, 1 mL of the supernatant was mixed with
0.1 mL of 5% titanium sulfate and 0.2 mL of con-
centrated ammonia. The precipitate was collected
by centrifugation (4 000 rpm, 10 min), washed five
times with cold acetone, and then dissolved in 5 mL
of 2 mol/L H,SO,. Absorbance was read at 415 nm.

Determination of malondialdehyde (MDA) concen-
tration. MDA concentration was determined according
to the method of Lei et al. (2025). The supernatant from the
SOD extraction was used. A 300 puL aliquot of extract (or
5% TCA for control) was mixed with 300 pL of 0.6% thio-
barbituric acid (TBA), heated in boiling water for 15 min,
cooled, and centrifuged at 12 000 rpm for 1 min.
Absorbance of the supernatant was measured at 532,
600, and 450 nm.

Assay of amylase activity. Amylase activity was
assayed according to the method of Zeid et al. (2019).
A 0.2 g sample was homogenised in 4 mL distilled
water, adjusted to 10 mL, and centrifuged at 3 000 rpm
for 10 min. The supernatant was diluted appropri-
ately. For (a + )-amylase, 1 mL diluted extract was
mixed with 1 mL of 1% starch solution, incubated
at 40 °C for 5 min, and the reaction was stopped
with 2 mL of 3,5-dinitrosalicylic acid (DNS). For
a-amylase alone, the extract was preheated at 70 °C
for 15 min to inactivate f-amylase before the assay.
After boiling for 5 min and dilution to 20 mL, the
absorbance was measured at 540 nm.

Assay of protease activity. Protease activity was
assayed according to the method of Zeid et al. (2019).
A 0.2 gsample was homogenised in 5 mL borate buffer
(pH 10.5), adjusted to 10 mL with the same buffer, and
filtered. One millilitre of enzyme extract was mixed
with 1 mL of 10 mg/mL casein (pre-warmed at 40 °C).
After incubation at 40 °C for 10 min, 2 mL of 0.4 mol/L
TCA was added. For the blank, TCA was added
before casein. After standing for 10 min and filtra-
tion, 1 mL filtrate was mixed with 5 mL of 0.4 mol/L
Na2C03 and 1 mL Folin reagent, incubated at 40 °C
for 20 min, and measured at 680 nm.

Determination of soluble sugar concentration.
Soluble sugar concentration was determined according
to the method of Lei et al. (2025). A 0.2 g sample was
extracted with 15 mL of distilled water in boiling water
for 20 min, cooled, filtered, and diluted to 100 mL.
One millilitre of extract was mixed with 5 mL of
anthrone reagent, boiled for 10 min, cooled, and
measured at 620 nm.

Determination of soluble protein concentra-
tion. Soluble protein concentration was determined
according to the method of Lei et al. (2025). The
supernatant from the SOD extraction was used.
A 20 pL aliquot was mixed with 1 mL phosphate
buffer and 5 mL Coomassie Brilliant Blue G-250,
incubated for 2 min, and measured at 595 nm against
a blank (water instead of extract).

Determination of free amino acid concentration.
Free amino acid concentration was determined ac-
cording to the method of Lei et al. (2025). A 0.2 g
sample was homogenised in 5 mL of 10% acetic acid,
diluted to 100 mL, and filtered. One millilitre of
filtrate was mixed with 1 mL of water, 3 mL of nin-
hydrin reagent, and 0.1 mL of 0.1% ascorbic acid,
heated in boiling water for 15 min, cooled, diluted
to 20 mL with 60% ethanol, and measured at 570 nm.

Statistical analysis. All data are presented as mean +
standard deviation (SD) of three independent repli-
cates. Statistical analysis was performed using SPSS
26.0 (SPSS Inc., Chicago, USA). One-way ANOVA
with Duncan’s test was used to determine significant
differences among treatments at P < 0.05. Graphs were
generated using GraphPad Prism 10.1.2 (GraphPad
Software, LLC, San Diego, USA).

RESULTS

Effects of selenite treatments on the growth of
soybean sprouts. The growth of soybean sprouts
exhibited a marked concentration-dependent re-
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Table 1. Effects of selenite concentrations on radicle length, hypocotyl length, and biomass of various tissues

in soybean sprouts

Selenite solution Radicle Hypocotyl Radicle Hypocotyl Cotyledon
levels (umol/L) length (cm) fresh weight (g)

0 5.46 + 0.27¢ 7.84 + 0.22¢d 0.042 + 0.0024 0.21 + 0.00b¢ 0.28 + 0.002b
2.5 6.19 +0.13P 8.36 + 0.14b¢ 0.048 + 0.001¢ 0.22 + 0.00P 0.27 + 0.00P
5.0 6.53 +0.182P 8.64 + 0.18P 0.053 + 0.001P 0.24 + 0.002 0.26 + 0.00¢
7.5 6.88 + 0.182 9.33 + 0.212 0.059 + 0.0012 0.25 + 0.002 0.25 + 0.01¢
10 5.19 + 0.22¢ 7.53 + 0.264 0.039 + 0.0014 0.21 + 0.01¢ 0.29 + 0.01?

The radicles of soybean sprouts were cultured in selenite solutions at concentrations of 0, 2.5, 5.0, 7.5, and 10 pmol/L

for 3 days. Radicle length, hypocotyl length, and fresh weight of each tissue were measured upon sampling. Data are

presented as mean + SD (n = 3). Different lowercase letters within the same column indicate significant differences

among treatments at P < 0.05 (Duncan’s test)

sponse to selenite treatments (Table 1). Selenite at
concentrations of 5.0 and 7.5 pmol/L significantly
promoted elongation and fresh weight accumula-
tion in the radicle and hypocotyl, while reducing
cotyledon fresh weight. Specifically, compared to
the control, radicle length increased significantly
by 13.4, 19.6, and 26.0% at 2.5, 5.0, and 7.5 pmol/L
Na,SeQ,, respectively, while its fresh weight increased
significantly by 14.8, 27.1, and 40.7%, respectively.
Hypocotyl length was significantly enhanced by 10.2%
and 19.0% at 5.0 and 7.5 pmol/L, respectively, and
its fresh weight increased significantly by 16.1% and
19.0%. In contrast, cotyledon fresh weight decreased
significantly by 9.0% and 11.9% at the same concentra-
tions. However, at 10 umol/L, these promotive effects
were abolished. Radicle length showed no difference
from the control, while hypocotyl length decreased
by 4.0%, but no significant difference was observed.
Radicle fresh weight remained comparable to the
control; hypocotyl decreased slightly, and cotyledon

showed a marginal recovery, though none of these
differences was statistically significant.

Effects of selenite treatments on Se accumu-
lation in soybean sprouts. Selenite treatments at
concentrations ranging from 0 to 10 pmol/L resulted
in a significant, concentration-dependent increase in
Se accumulation across all examined soybean sprout
tissues (P < 0.05). As shown in Table 2, the radicle
exhibited the highest Se enrichment, followed by
the hypocotyl and then the cotyledon. Significant
differences in Se concentration were observed both
among treatments within the same tissue and among
different tissues at the same treatment level, indi-
cating that Se uptake and translocation in soybean
sprouts are tissue-specific.

Effects of selenite treatments on antioxidant en-
zyme activities in soybean sprouts. SOD, POD, and
APX are key antioxidant enzymes that play vital roles
in scavenging ROS and mitigating oxidative damage.
As shown in Figure 1, selenite treatment significantly

Table 2. Effects of selenite solution levels on selenium (Se) concentrations in the radicle, hypocotyl, and coty-

ledon of soybean sprouts

Selenite solution Radicle Hypocotyl Cotyledon
levels (umol/L) Se concentration (mg/kg DW)

0 5.35 + 0.83¢ 0.19 + 0.02¢ 0.05 + 0.00¢
2.5 29.29 + 1.184 2.85 + 0.254 0.44 + 0.014
5.0 49.42 + 2.55¢ 6.81 + 0.35¢ 0.91 + 0.02¢
7.5 64.93 + 1.81° 9.10 + 0.11b 1.47 + 0.02P
10 94.26 + 4.852 16.10 + 2.042 3.04 + 0.122

The radicles of soybean sprouts were cultured in selenite solutions at concentrations of 0, 2.5, 5.0, 7.5, and 10 pmol/L for

3 days. Data are presented as mean + SD (n = 3). Different lowercase letters within the same column indicate significant

differences among treatments at P < 0.05 (Duncan’s test). DW — dried weight

288



Plant, Soil and Environment, 72, 2026 (5): 284-297

Original Paper

https://doi.org/10.17221/72/2026-PSE

(A) 600

400+

200+

SOD activity (U/g FW)

~_
\®

W
|

APX activity [U/(g FW*min)]
I

radicle

hypocotyl cotyledon
Selenite solution levels (umol/L)

influenced the activities of these enzymes in a concen-
tration-dependent manner across all examined tissues of
soybean sprouts. In the radicle, SOD activity increased
significantly by 9.7, 13.8, and 26.7% at 2.5, 5.0, and
7.5 pmol/L Na,SeO,, respectively. The hypocotyl ex-
hibited a more pronounced rise, with increases of
47.9, 61.1, and 89.2% at the same concentrations. In
the cotyledon, SOD activity was significantly elevated
only at 5.0 and 7.5 pmol/L, with increases of 6.5% and
10.9%, respectively. However, treatment with 10 pmol/L
Na,SeQ, significantly suppressed SOD activity across all
tissues, reducing it by 13.9, 33.5, and 18.9% in the radi-
cle, hypocotyl, and cotyledon, respectively (Figure 1A).
At5.0and 7.5 pmol/L Na,SeO,, POD activity increased
significantly. In the radicle, the increases were 50.5%
and 89.4%, respectively; in the hypocotyl, the increases
were even greater, reaching 75.1% and 133.6%; and in
the cotyledon, the increases were 48.2% and 85.6%,
respectively. In contrast, the 10 pmol/L treatment
induced a slight decline in POD activity across all
tissues compared with the control (Figure 1B). In the
radicle, APX activity increased significantly by 43.8%
and 75.7% at 5.0 and 7.5 pmol/L, respectively. The
hypocotyl showed significant increases of 29.9% and
69.6% at the same concentrations. In the cotyledon, APX
activity was significantly elevated even at 2.5 pmol/L

(B) 60

S
=)
1

POD activity [U/(g FW*min)]
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radicle hypocotyl
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Figure 1. Effects of selenite concentration on the activi-
ties of (A) superoxide dismutase (SOD); (B) peroxidase
(POD), and (C) ascorbate peroxidase (APX) in radicle,
hypocotyl, and cotyledon of soybean sprouts. Data are
presented as mean = SD (n = 3). Different lowercase
letters above bars indicate significant differences among
treatments at P < 0.05 (Duncan’s test). FW — fresh weight

Na28e03, with increases 0f 42.9, 54.9, and 85.5% at 2.5,
5.0, and 7.5 pmol/L, respectively. At 10 umol/L, APX
activity showed a non-significant declining trend in the
radicle, with no differences observed in the hypocotyl
or cotyledon (Figure 1C).

Effects of selenite treatments on non-enzymatic
antioxidant concentration in soybean sprouts. GSH,
AsA, and proline are key non-enzymatic antioxidants
that scavenge ROS and maintain redox homeostasis,
while proline also serves as a major osmolyte, helping
plants regulate osmotic pressure under stress condi-
tions. As shown in Figure 2, selenite treatment sig-
nificantly influenced the concentrations of GSH, AsA,
and free proline in a concentration-dependent manner
across various tissues of soybean sprouts, exhibiting
a concentration-dependent pattern, with free proline
accumulation also exhibiting tissue specificity. At 2.5,
5.0,and 7.5 pmol/L Na,SeO,, GSH concentration in
the radicle increased significantly by 17.7, 22.5, and
40.1%, respectively. The cotyledon showed a more
pronounced accumulation, with increases of 23.3,
36.0, and 70.2% at the same concentrations. In the
hypocotyl, GSH concentration rose significantly by
24.4% and 28.8% at 5.0 and 7.5 umol/L, respectively.
At 10 pmol/L, GSH declined significantly compared
with the 7.5 umol/L treatment but remained slightly
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higher than the control in all tissues (Figure 2A).
At 5.0 and 7.5 pumol/L Na,SeO,, AsA concentration
in the radicle increased significantly by 34.9% and
39.2%, respectively, while hypocotyl significantly
rose by 60.7% and 104.5%. In the cotyledon, AsA
concentration showed the greatest enhancement at
the same concentrations, increasing by 70.6% and
125.2%, respectively. At 10 pmol/L, AsA declined
significantly in all tissues relative to the 7.5 pmol/L
treatment. Nevertheless, AsA levels in the radicle
and cotyledon remained significantly higher than
the control, with increases of 16.8% and 42.0%, re-
spectively, while hypocotyl showed no difference
(Figure 2B). Free proline concentration in the radicle
increased significantly by 27.4% and 44.7% at 7.5 and
10 pmol/L Na,SeO,, respectively. In the hypocotyl,
proline concentration significantly rose by 34.8,41.6,
and 48.9% at 2.5, 5.0, and 7.5 umol/L, respectively;
at 10 pmol/L, it was higher than the control but not
significantly different. In the cotyledon, free proline
concentration increased markedly only at 10 pmol/L,
with a rise of 81.8% (Figure 2C).

Effects of selenite treatments on ROS concentra-
tions in soybean sprouts. O, and H,0O, are reactive
oxygen species capable of inducing oxidative stress
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Figure 2. Effects of selenite concentration on (A) glu-
tathione (GSH); (B) ascorbic acid (AsA), and (C) free
proline concentrations in radicle, hypocotyl, and coty-
ledon of soybean sprouts. Data are presented as mean
+ SD (n = 3). Different lowercase letters above bars
indicate significant differences among treatments at
P < 0.05 (Duncan’s test). FW — fresh weight

and causing oxidative damage to cell membranes.
As shown in Figure 3, selenite treatment exerted
a significant dual regulatory effect on O, and H,O,
concentrations across all examined tissues of soy-
bean sprouts. At 2.5, 5.0, and 7.5 umol/L NaZSeOE,
O, concentration decreased significantly by 14.3,
18.0, and 25.6% in the radicle, respectively, and by
14.1, 18.6, and 30.1% in the hypocotyl. In the coty-
ledon, O, concentration significantly declined by
22.5% and 33.3% at 5.0 and 7.5 umol/L, respectively.
However, at 10 umol/L, O; concentration in all tissues
increased significantly and exceeded the control levels,
with increases of 12.6, 13.2, and 9.5% in the radicle,
hypocotyl, and cotyledon, respectively (Figure 3A).
At 5.0 and 7.5 pmol/L Na,SeO,, H,0, concentra-
tion in the radicle decreased significantly by 6.9%
and 11.3%, respectively, while that in the hypocotyl
was significantly reduced by 9.7% and 13.2%. In the
cotyledon, H,O, concentration declined significantly
by 8.9, 13.6, and 17.8% at 2.5, 5.0, and 7.5 pmol/L,
respectively. However, at 10 pumol/L, H,O, concentration
increased significantly by 7.3, 11.1, and 8.4% in the radi-
cle, hypocotyl, and cotyledon, respectively (Figure 3B).

Effects of selenite concentration on MDA con-
centration in soybean sprouts. MDA, a terminal
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Figure 3. Effects of selenite concentration on (A) super-
oxide anion (O,); (B) hydrogen peroxide (H,0,), and
(C) malondialdehyde (MDA) concentrations in radicle,
hypocotyl, and cotyledon of soybean sprouts. Data are
presented as mean + SD (n = 3). Different lowercase
letters above bars indicate significant differences among
treatments at P < 0.05 (Duncan’s test). FW — fresh weight
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Figure 4. Effects of selenite concentration on the ac-
tivities of (A) a-amylase; (B) (a + p)-amylase, and (C)
protease in cotyledon of soybean sprouts. Data are
presented as mean = SD (n = 3). Different lowercase
letters above bars indicate significant differences among
treatments at P < 0.05 (Duncan’s test). FW — fresh weight
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product of membrane lipid peroxidation, directly
reflects the extent of oxidative damage to cellular
membranes. As shown in Figure 3C, selenite treat-
ment exerted a significant concentration-dependent
effect on MDA accumulation across all examined
tissues of soybean sprouts. At 5.0 and 7.5 umol/L
Na,SeO,, MDA concentration in the radicle decreased
significantly by 12.0% and 20.9%, respectively. At
7.5 umol/L, MDA concentration was significantly
reduced by 22.7% in the hypocotyl and 31.8% in the
cotyledon. However, at 10 umol/L, MDA concentra-
tion increased significantly by 14.5, 32.3, and 28.6%
in the radicle, hypocotyl, and cotyledon, respectively.

Effects of selenite concentration on amylase
activity in soybean sprout cotyledons. Amylases
catalyse the hydrolysis of starch into soluble sugars,
a process essential for energy supply during germi-
nation. a-amylase cleaves internal a-1,4-glycosidic
bonds randomly within starch chains, whereas
f-amylase sequentially releases maltose units from
the non-reducing ends. As shown in Figure 4A-B,
selenite treatment significantly affected the activities
of both a-amylase and (a + )-amylase in the coty-
ledon of soybean sprouts. They exhibited a similar
concentration-dependent pattern characterised by an

https://doi.org/10.17221/72/2026-PSE

initial increase followed by a decline. At 7.5 pmol/L
Na,SeO,, a-amylase activity reached its peak, being
significantly elevated by 106.4% compared to the
control. A significant rise of 55.7% was also observed
at 5.0 pmol/L. In contrast, at 2.5 and 10 pmol/L
Na,SeO,, a-amylase activity did not differ significantly
from the control. Similarly, (a + )-amylase activity
was significantly enhanced by 64.8% at 7.5 pumol/L
and by 45.4% at 5.0 pmol/L Na,SeO,. No signifi-
cant differences were detected at 2.5 and 10 pmol/L
Na,SeO, compared to the control.

Effects of selenite concentration on protease
activity in soybean sprout cotyledons. Proteases
hydrolyse peptide bonds, facilitating protein deg-
radation and reutilisation, and play a key role in
regulating plant growth and adapting to nutrient
demands. As shown in Figure 4C, selenite treatment
exerted a concentration-dependent modulation on
protease activity in the cotyledon of soybean sprouts.
Protease activity initially increased, then declined
with increasing selenite concentration, peaking at
5.0 and 7.5 pmol/L Na,SeO,, where it was signifi-
cantly elevated by 49.5% and 50.0%, respectively,
compared to the control. No significant difference
in protease activity was observed between the 2.5

Table 3. Effects of selenite concentration on soluble sugar, soluble protein and free amino acid concentrations

of various tissues in soybean sprouts

Selenite solution levels

(umol/L) Radicle Hypocotyl Cotyledon
0 16.43 + 0.63¢ 16.73 + 0.27¢d 8.70 + 0.54¢
2.5 18.65 + 0.97¢ 19.00 + 0.94¢ 11.31 + 0.77¢
f;lg‘l/l;l%;‘;?ar 5.0 21.71 + 0.60P 22.89 + 0.59b 14.55 + 0.49P
7.5 23.10 + 0.94b 27.67 + 1.26° 17.93 + 1.042
10 26.48 + 0.847 15.32 + 0.404 9.92 + 0.96¢
0 36.45 + 2.04¢ 21.78 + 0.45b¢ 79.66 + 1.85°
’ 2.5 38.47 + 0.74¢ 22.07 + 0.39b¢ 70.28 + 2.62bc
f‘;lg‘l/l;l‘;gé‘)’tem 5.0 42.99 + 0.61P 25.04 + 1.523b 67.78 + 0.27b¢
7.5 46.90 + 1.07" 27.30 + 1.23% 63.94 + 2.61¢
10 54.90 + 1.082 20.67 + 0.95¢ 74.28 + 3.512b
0 12.28 + 1.994 16.96 + 3.07¢ 14.80 + 1.46°
‘ ' 2.5 35.88 + 0.97¢ 55.52 + 8.91P 65.65 + 8.70P
(Frfge/;n;@()’ acid 5.0 46.20 + 4.67> 93.19 + 2.082 81.02 + 7.40P
7.5 59.70 + 4.33b 92.03 + 4.74° 122.10 + 3.042
10 80.87 + 4.74° 19.11 + 2.32¢ 27.58 + 2.63¢

The radicles of soybean sprouts were cultured in selenite solutions at concentrations of 0, 2.5, 5.0, 7.5, and 10 umol/L for
3 days. Data are presented as mean = SD (n = 3). Different lowercase letters within the same column indicate significant

differences among treatments at P < 0.05 (Duncan’s test). FW — fresh weight
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Figure 5. Correla-
tion analysis between
growth parameters of
soybean sprouts with
various physiologi-
cal and biochemical
indicators in the hy-
pocotyl and cotyle-
dons. The indicators
shown in the figure
are: length and fresh
weight of hypoco-
tyl, activities of su-
peroxide dismutase
(SOD), peroxidase
(POD), ascorbate
peroxidase (APX),
concentrations of
glutathione (GSH),
ascorbic acid (AsA),
free proline, super-
oxide anion (O,),
hydrogen peroxide
(H,0,), malondialde-
hyde (MDA), soluble
sugar, soluble protein,
and free amino acid
in the hypocotyl (A)
and cotyledon (B), as
well as activities of
a-amylase, (a + p)-
amylase, and protease
in the cotyledon (B)
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and 10 pmol/L Na,SeO,. Although both were higher
than the control, neither increase was significant.

Effects of selenite concentration on the quality
of soybean sprouts. The results presented in Table 3
demonstrate that selenite treatment significantly
alters the composition of key metabolites associ-
ated with soybean sprout nutritional quality. The
effects were concentration- and tissue-dependent:
low to moderate concentrations (2.5-7.5 pmol/L)
generally increased metabolite levels, whereas the
highest concentration (10 pmol/L) suppressed them
in certain tissues. Soluble sugars serve as essential
energy sources and participate in osmoregulation
and respiration. At 5.0, 7.5, and 10 pmol/L Na,SeO,,
soluble sugar concentration in the radicle increased
significantly by 32.1, 40.6, and 61.1%, respectively.
At 5.0 and 7.5 pmol/L, soluble sugar concentration
increased significantly by 36.8% and 65.4% in the
hypocotyl, respectively, and by 67.2% and 106.1%
in the cotyledon. Soluble proteins play vital roles in
maintaining cellular structure, function, and develop-
ment. In the radicle, soluble protein concentration
increased significantly by 17.9, 28.7, and 50.6% at
5.0,7.5,and 10 pmol/L Na,SeO,, respectively. In the
hypocotyl, a significant 25.3% increase was observed
only at 7.5 pmol/L. Conversely, soluble protein con-
centration in the cotyledon decreased significantly
by 11.8, 14.9, and 19.7% at 2.5, 5.0, and 7.5 pmol/L,
respectively, suggesting degradation of storage pro-
teins to support growth demands. Free amino acids,
important products of nitrogen metabolism, are
involved in growth promotion and stress responses.
In the radicle, free amino acid concentration in-
creased significantly in a concentration-dependent
manner, showing 1.92-, 2.76-, 3.86-, and 5.59-fold
increases at 2.5, 5.0, 7.5, and 10 umol/L Na,SeO,,
respectively. At 2.5, 5.0, and 7.5 pmol/L, free amino
acid concentration increased significantly by 2.27-,
4.50-, and 4.43-fold in the hypocotyl, respectively,
and by 3.44-, 4.47-, and 7.25-fold in the cotyledon. At
10 pmol/L NaZSeog, soluble sugar, soluble protein,
and free amino acid concentrations in the hypocotyl
and cotyledon declined significantly compared with
the 7.5 pmol/L treatment and returned to control
levels, indicating that excessive selenite suppresses
nutritional quality in these tissues.

Correlations of antioxidant enzymes, non-en-
zymatic antioxidants, and nutrient mobilisation
indicators with growth parameters in Se-treated
soybean sprouts. Under exogenous Se application,
Pearson correlation analysis (Figure 5) was performed
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to evaluate the relationships between hypocotyl
length, fresh weight, and various physiological indica-
tors in soybean sprouts. As shown in Figure 5A, for hy-
pocotyl length, highly significant positive correlations
(P <0.01) were observed with SOD, POD, APX, GSH,
AsA, free proline, soluble sugar, soluble protein, and
free amino acids, whereas O, , H,0,, and MDA showed
highly significant negative correlations (P < 0.01).
Regarding fresh weight, SOD, POD, APX, AsA, solu-
ble sugar, soluble protein, and free amino acids were
highly significantly positively correlated (P < 0.01),
while GSH and free proline exhibited significant posi-
tive correlations (P < 0.05); O, , H,0,, and MDA were
highly significantly negatively correlated (P < 0.01).
As shown in Figure 5B, hypocotyl length was highly
significantly positively correlated (P < 0.01) with
SOD, APX, GSH, AsA, a-amylase, (a + p)-amylase,
protease, soluble sugar, and free amino acids in coty-
ledon, and highly significantly negatively correlated
(P <0.01) with O, , H,0,, MDA, and soluble protein,
while free proline showed a significant negative
correlation (P < 0.05). For hypocotyl fresh weight,
highly significant positive correlations (P < 0.01)
were found with SOD, APX, GSH, AsA, a-amylase,
(a + B)-amylase, soluble sugar, and free amino ac-
ids; POD and protease showed significant posi-
tive correlations (P < 0.05). In contrast, O,, H,0,,
and MDA were highly significantly negatively cor-
related (P < 0.01), and soluble protein exhibited
a significant negative correlation (P < 0.05).
Collectively, promoting hypocotyl elongation and
fresh weight accumulation in soybean sprouts can
be achieved by enhancing the activities of antioxi-
dant enzymes (SOD, POD, APX) and increasing the
concentrations of non-enzymatic antioxidants (GSH,
AsA) in hypocotyl, enhancing amylase and protease
activities of cotyledon, accumulating soluble sugars
and free amino acids in hypocotyl, while simultane-
ously reducing ROS (O,, H,0,).

DISCUSSION

This study elucidates the physiological mechanisms
underlying Se-induced growth promotion in soybean
sprouts (Figure 6). Moderate Se supplementation
(5.0-7.5 umol/L) enhances hypocotyl elongation and
biomass accumulation through a coordinated hor-
metic response. This growth stimulation is primarily
mediated by Se’s role as a redox modulator: optimal
concentrations fortify both enzymatic (SOD, POD,
and APX) and non-enzymatic (GSH, AsA, and free
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proline) antioxidant networks, thereby maintaining
cellular redox homeostasis. The consequent suppres-
sion of ROS accumulation and lipid peroxidation
preserves membrane integrity and protects hydrolytic
enzymes in cotyledons from oxidative inactivation.
This enables accelerated mobilisation of storage re-
serves, which are translocated to the growing radicle
and hypocotyl to fuel cell expansion and biomass
synthesis. Conversely, 10 pmol/L Na,SeO, exceeds
the physiological threshold, disrupting redox balance,
inducing oxidative damage, and impairing reserve
mobilisation, ultimately inhibiting growth.

The observed tissue-specific Se gradient (radicle >
hypocotyl > cotyledon) reflects constrained systemic
translocation under dark germination (Table 2).
Upon uptake, selenite is rapidly assimilated into
organic forms (e.g., SeMet) and incorporated into
root proteins (Li et al. 2008, Zhang et al. 2019), ef-
fectively sequestering Se in the radicle and limiting
its mobility in free form (Mangiapane et al. 2014).
Long-distance transport to shoots relies primarily
on xylem-driven mass flow; however, the absence of
transpirational pull in dark-grown sprouts restricts
upward flux, allowing only minimal Se delivery via

root pressure. Concurrently, the cotyledon func-
tions as a transient source, rapidly hydrolysing re-
serves and exporting solutes toward sink tissues. Any
SeMet reaching the cotyledon is likely remobilised
downward to support the elongating radicle, while
the hypocotyl acts predominantly as a conductive
pathway. Together, limited xylem transport, active
root assimilation, and source-to-sink remobilisation
establish the observed distribution pattern.

Se modulates the antioxidant defence system in
a strictly concentration-dependent manner. At 5.0—
7.5 pmol/L Na,SeO,, coordinated upregulation of
SOD, POD, and APX activities establishes an efficient
ROS-scavenging cascade, while elevated GSH, AsA,
and free proline provide substantial reducing capacity
and osmoprotection (Figures 1-2). This reinforced
network significantly suppresses O, and H,0, accu-
mulation, minimising membrane lipid peroxidation
and preserving cellular function across all tissues,
thereby promoting the growth of soybean sprouts
(Figure 3, Table 1). The correlation analysis (Figure 5A)
further substantiates these relationships: in hypoco-
tyl datasets, the positive associations of SOD, POD,
APX, and AsA with growth parameters were highly
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significant (P < 0.01), while O,, H,0,, and MDA ex-
hibited consistently negative correlations (P < 0.01).
At 10 umol/L, however, excessive Se incorporation
disrupts sulfur metabolism, leading to misfolded
proteins and compromised antioxidant enzyme func-
tion (Van Hoewyk 2013, Gupta and Gupta 2017).
The resulting ROS burst and MDA surge trigger
a defensive osmolyte response, manifested as exces-
sive accumulation of free proline, free amino acids,
soluble sugars, and soluble proteins in the radicle
(Figures 2C and 3, Table 3). However, this compensa-
tory mechanism is insufficient to prevent oxidative
damage and growth inhibition.

Under dark cultivation, soybean sprouts rely en-
tirely on cotyledonary reserves, as photosynthetic
carbon fixation and external nitrogen uptake are
absent. Optimal Se concentrations significantly en-
hance amylase and protease activities in cotyledons
(Malik et al. 2011, Zhou et al. 2024), accelerating
starch and protein hydrolysis into soluble sugars and
free amino acids (Figure 4, Table 3). These metabo-
lites are efficiently exported via the hypocotyl to
support radicle and hypocotyl development (Table 1).
Correlation analysis (Figure 5B) strongly supports
this source-to-sink model: hypocotyl length and
fresh weight were highly significantly positively cor-
related (P < 0.01) with a-amylase, (« + B)-amylase,
soluble sugar, and free amino acids in cotyledons,
while soluble protein exhibited a significant nega-
tive correlation (P < 0.05). These findings indicate
that enhanced hydrolytic enzyme activities and
the accumulation of mobilised metabolites (sugars
and amino acids), rather than the storage proteins
themselves, are closely linked to improved growth.
At 7.5 pmol/L NaZSeog, the enrichment of soluble
nutrients (sugars, proteins, and amino acids) and
the peak accumulation of AsA substantially enhance
the nutritional and functional quality of the edible
hypocotyl (Table 3, Figure 2B). This source-to-sink
redistribution underscores Se’s dual role in pro-
moting both physiological growth and nutritional
biofortification.

Collectively, our findings demonstrate that mod-
erate Se supplementation enhances soybean sprout
development by reinforcing antioxidant capacity,
mitigating oxidative stress, and optimising source-
to-sink partitioning of cotyledonary reserves. This
mechanistic framework establishes a physiological
basis for precise Se dosing in soybean sprout biofor-
tification protocols. Future studies should delineate
the transcriptional and post-translational regulation
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of antioxidant and hydrolytic enzyme networks by
Se, enabling targeted metabolic engineering and
optimised cultivation strategies for high-quality,
Se-enriched functional foods.
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