
Frontiers in Plant Science

OPEN ACCESS

EDITED BY

Asif Naeem,
Nuclear Institute for Agriculture and Biology,
Pakistan

REVIEWED BY

Fei Gao,
Shanxi Agricultural University, China
Vinicius Guimarães Nasser,
Universidade Federal de Viçosa, Brazil
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Introduction: Selenium (Se) de�ciency remains a signi�cant global nutritional
issue, emphasizing the need for ef�cient crop-based bioforti�cation interventions.
Methods: This study examined the mechanistic responses of sweet maize (Zea mays
L.) to foliar Se fertilization (0, 20, 40, and 60 g ha�1), focusing on antioxidant regulation,
physiological traits, nutrient metabolism, Se speciation, and Se bioaccessibility.
Results: Moderate Se doses (20–40 g ha�1) enhanced chlorophyll retention and
photosynthetic ef�ciency, accompanied by increased activities of superoxide
dismutase (SOD), peroxidase (POD), and catalase (CAT), as well as 22.8% reduction
in malondialdehyde (MDA), indicating improved redox homeostasis. These
biochemical improvements facilitated higher assimilate accumulation, resulting in
a 2–7% increase in fresh cob yield and enhanced levels of soluble sugars, amylose,
protein, vitamin C, and key micronutrients (magnesium, iron, copper, manganese).
However, excessive Se (60 g ha�1) caused oxidative imbalance, leading to decreased
enzyme activity and reduced yield. Kernel Se concentration increased signi�cantly
with Se supply, dominated by selenomethionine (SeMet) (82.3% of total Se),
exhibiting high in vitro bioaccessibility (35.6% gastric, 76.0% intestinal).
Discussion: The coordinated regulation of antioxidant defense and nutrient
metabolism under optimal Se supply enhances both plant physiological
performance and the nutritional bioef�cacy of edible kernels, providing a
mechanistic framework for sustainable Se bioforti�cation.
KEYWORDS

foliar application, selenite, sweet maize, yield, antioxidant, mineral elements,
speciation, bioaccessibility
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1 Introduction

Addressing the persistent challenge of �hidden hunger� and
micronutrient de�ciencies in a growing global population requires
strategies that enhance both crop yield and nutritional quality
(Yilmaz and Yilmaz, 2025).

Micronutrient malnutrition affects more than two billion
people, particularly in areas where diets are predominantly
composed of staple cereals (Ashraf, 2025). Agronomic
interventions that increase nutrient density and crop productivity
provide a sustainable pathway to improve dietary quality and
strengthen food system resilience (Akpojevwe Abafe et al., 2025).
Maize (Zea mays L.) is a major staple crop that contributes
substantially to global caloric and nutrient intake (Shio et al.,
2022; Shah et al., 2025). Among its subspecies, sweet maize (Zea
mays ssp. saccharata) is notable for its high concentrations of
soluble sugars, vitamins, and essential minerals (Swapna et al.,
2020), offering both nutritional and sensory value. Its short
growth cycle, active carbohydrate metabolism, and broad dietary
acceptance make sweet maize an ideal model for nutrient
bioforti�cation research (Sidahmed et al., 2025). However, despite
its growing consumption and economic acceptance, studies on
selenium (Se) enrichment, speciation, and bioaccessibility in sweet
maize remain limited.

Bioforti�cation enhances the micronutrient content of crops
during growth, thereby increasing dietary mineral intake without
the need for post-harvest forti�cation (Male�zieux et al., 2024;
Oztekin and Buyuktuncer , 2025) . Among the target
micronutrients, Se is essential for human health. It is a key
component of selenoproteins that regulate antioxidant defense,
thyroid hormone metabolism, and immune regulation (Shahidin
et al., 2025). More than one billion people worldwide are affected by
Se de�ciency, particularly in regions with Se-poor soils (Danso et al.,
2023). Selenium de�ciency is associated with impaired immunity,
cardiomyopathy, and thyroid dysfunction (Wang P. et al., 2023).
Utilizing staple crops as vehicles for Se delivery offers a cost-
effective, population-scale intervention with substantial public
health bene�ts (Gorni et al., 2025; Li J. et al., 2025). From an
agronomic perspective, foliar Se fertilization is one of the most
ef�cient methods for bioforti�cation (Galic�et al., 2021). Unlike soil
Se application, foliar spraying bypasses Se immobilization, allows
precise control of dose and timing, and facilitates effective
translocation to edible tissues (Ikram et al., 2024; Gorni et al.,
2025; Li H. et al., 2025). Once absorbed, Se is incorporated into
selenoenzymes such as glutathione peroxidase and thioredoxin
reductase, which regulate redox homeostasis, limit reactive
oxygen species accumulation, and stabilize photosynthetic
membranes (Li et al., 2022; Li J. et al., 2025). These biochemical
effects can improve photosynthetic ef�ciency, enhance nutrient
assimilation, and increase yield stability under stress conditions
(Danso et al., 2023).

Selenium shares key metabolic pathways with sulfur (S),
particularly in their uptake and assimilation routes (Gui et al.,
2022), and also interacts functionally with mineral elements such as
iron (Fe), zinc (Zn), manganese (Mn), and copper (Cu) through
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their roles in amino acid biosynthesis and antioxidant enzyme
activity (Gui et al., 2022; Deng et al., 2025). A moderate Se supply
can optimize nutrient homeostasis and metabolic ef�ciency, while
excessive Se disrupts these pathways, leading to oxidative imbalance
and nutrient antagonism (Dou et al., 2021). This biphasic dose�
response, known as Se hormesis, highlights the need for precise
dose management to maximize nutritional bene�ts without causing
phytotoxicity (Gupta and Gupta, 2017; Danso et al., 2023; Li J. et al.,
2025). The nutritional ef�cacy of Se-enriched crops depends not
only on total Se accumulation but also on Se speciation and
bioaccessibility (An et al., 2025; Farooq et al., 2025). Organic Se
forms, particularly selenomethionine (SeMet), selenocysteine
(SeCys), and methylselenocysteine (MeSeCys), are more
bioavailable and offer greater physiological bene�ts compared to
inorganic species (Abdalla et al., 2025; Farooq et al., 2025). The
distribution of these species is affected by crop genotype, metabolic
status, environmental conditions, and fertilization strategies.
Despite the potential of sweet maize as a functional food with
high nutritional value, Se speciation and bioaccessibility in this crop
remain poorly characterized (Li H. et al., 2025). Integrating �eld
agronomy with biochemical and nutritional analyses can clarify
how foliar Se application affects Se assimilation, transformation,
and transfer to kernels. Moreover, Se bioforti�cation may enhance
the composition of essential nutrients, improving the overall
nutritional quality of sweet maize (Gui et al., 2022). Previous
research on grain and waxy maize has shown that optimal Se
levels can improve protein synthesis, carbohydrate metabolism,
vitamin C concentration, and micronutrient accumulation
(Naseem et al., 2021; Lu et al., 2024). These �ndings suggest a
coordinated metabolic response between Se-mediated redox
regulation and nutrient biosynthesis. Understanding these
interconnections is essential for developing bioforti�cation
strategies that enhance both yield and nutritional quality while
maintaining physiological balance.

Despite growing interest in Se bioforti�cation, the mechanistic
relationships among foliar Se application, antioxidant regulation,
kernel nutrient composition, Se speciation, and in vitro
bioaccessibility under �eld conditions remain unclear.
Furthermore, the threshold separating bene�cial from toxic Se
levels in sweet maize has not been established. Clarifying these
relationships is crucial for developing practical, mechanistically
grounded bioforti�cation guidelines that can be effectively
implemented in production systems. This study evaluated the
effects of foliar Se application on various physiological traits,
antioxidant enzyme activity, kernel nutritional composition,
mineral element accumulation, Se concentration, Se speciation,
and in vitro bioaccessibility in sweet maize. We hypothesized that
moderate Se doses enhance growth and kernel nutritional quality by
modulating redox homeostasis, nutrient assimilation, and Se�S
metabolic interactions. At the same time, excessive Se disrupts
these processes and induces oxidative imbalance. By integrating
agronomic, physiological, and nutritional perspectives, this study
seeks to establish the mechanistic basis for Se bioforti�cation in
sweet maize and identify optimal Se levels for producing
nutritionally enriched, bioavailable, and health-promoting kernels.
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2 Materials and methods

2.1 Description of experimental site

A �eld experiment was conducted from July to October 2024 at
the Wangying Village Experimental Base, Chuzhou, Anhui
Province, China (32°07’40"N, 118°24’23"E). The site is
characterized by a subtropical humid monsoon climate, with an
average daily temperature of 30 °C and total rainfall of 526.7 mm
during the experimental period. The soil is classi�ed as a haplic
luvisol (clay loam). Baseline soil samples were collected from ten
random points at a depth of 0�20 cm prior to land preparation. The
physicochemical properties, including baseline Se concentration,
are summarized in Table 1.
2.2 Experimental design and materials

The experiment used the sweet maize hybrid �Feng Nuo 168�
obtained from Anhui Science and Technology University. This cultivar
is distinguished by its high soluble sugar content and favorable kernel
development, making it well-suited for bioforti�cation studies. The
average yield is 1.27 t ha�1 (fresh ear basis), with a growth duration of
approximately 75 days from seedling emergence to fresh ear harvest. A
randomized complete block design with three replicates was employed.
Each block comprised all four foliar Se treatments randomly assigned
to plots. The treatment consisted of: 0 g ha�1 (control, CK), 20 g ha�1

(Se1), 40 g ha�1 (Se2), and 60 g ha�1 (Se3). Twelve plots were
established, each measuring 7.5 m × 6.5 m (48.75 m2). Selenium was
applied as sodium selenite (Na2SeO3•5H2O, Sigma-Aldrich) dissolved
in water with 0.2% Tween-20 to enhance foliar adherence and
absorption. A spray volume of 500 L ha�1 was applied at the tassel
initiation stage using a compression sprayer, when Se uptake is most
ef�cient for kernel enrichment. The selected doses were based on prior
studies in fox tail millet showing effective Se accumulation without
phytotoxicity (Chen et al., 2024). Baseline fertilization included 103 kg
ha�1 each of N, P2O5, and K2O applied before sowing, followed by
84 kg ha�1 urea (46% N) top-dressed at the jointing stage. Seeds were
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sown in July 2024 at two seeds per hill, with a spacing of 60 cm between
rows and 40 cm within rows. Thinning was conducted 15 days after
emergence, leaving one plant per stand, resulting in a �nal plant density
of 41,667 plants ha�1. Weed management was performed manually
twice, and pest control included two applications of lambda-
cyhalothrin at the jointing and small bell stages. All management
practices were applied uniformly across all treatments to prevent
confounding effects on Se uptake and kernel composition.
2.3 Sample collection, preparation,
biomass, and analysis

2.3.1 Agronomic trait and physiological analysis
One week before harvest, ten representative plants per plot were

sampled to assess agronomic and physiological traits at the milk
stage. Plant height was measured from the ground to the �ag leaf
using a tape measure, and internode diameter was determined at the
third basal node using a digital vernier caliper. Leaf chlorophyll
content was measured non-destructively on �ve randomly selected
plants per plot using a SPAD-502 Plus meter (Konica Minolta
Sensing, Inc.), with values expressed as the SPAD index. Following
Shio et al (Shio et al., 2022), leaf area (cm2) was estimated using
Equation 1:

Leaf�area = L � W � 0:75 (1)

where L is leaf midrib length, W is leaf width, and 0.75 is a
correction factor accounting for leaf shape.

Fresh ear yield, including cob and husk, was recorded by
weighing harvested ears from �ve representative plants per plot.
Additionally, these plants were partitioned into root, stem, leaf,
kernel, husk, cob, and tassel. Samples were thoroughly washed, air-
dried for �ve days, and oven-dried at 60 °C for 3 days to constant
weight. Dried organs were ground to a �ne powder and stored in
labeled zip-lock bags for subsequent analyses.
2.3.2 Antioxidant enzyme analysis
Leaf samples for antioxidant enzyme analysis were collected ten

days after foliar Se application, corresponding to the period of
expected peak Se incorporation into selenoenzymes. Five randomly
selected plants per plot were sampled, immediately frozen in
liquid nitrogen, and stored at �80 °C (Media MD-86L708
freezer) until analysis. Activities of superoxide dismutase (SOD),
catalase (CAT), and peroxidase (POD) were determined
spectrophotometrically using homogenized leaf extracts, following
previously established protocols (Jiang et al., 2022) with
minor modi�cat ions (see Supplementary Text S11) .
Malondialdehyde (MDA) concentration, as an indicator of lipid
peroxidation, was measured using the thiobarbituric acid (TBA)
assay according to Huang et al (Huang et al., 2020), with
modi�cations detailed in Supplementary Text S12. Enzyme
activities and MDA concentrations are expressed per mg of
protein or g fresh weight, as indicated in the respective protocols.
All assays were performed in triplicate for each plot sample to
ensure reproducibility.
TABLE 1 Characterization of baseline physical and chemical soil
properties in the experimental � eld.

Soil property Value

pH 5.96

Organic matter content (g kg�1) 12.80

Total Nitrogen (g kg�1) 0.52

Total Phosphorus (g kg�1) 0.57

Total Potassium (g kg�1) 1.40

Alkaline nitrogen (mg kg�1) 84.04

Available phosphorus (mg kg�1) 45.30

Available potassium (mg kg�1) 167.90

Total Selenium (mg kg-1) 0.16
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2.3.3 Analysis of selenium content, speciation,
and bioaccessibility

Total Se contents in kernel, leaf, stem, root, cob, husk, and tassel
were determined using inductively coupled plasma mass
spectrometry (ICP-MS, 7900, Agilent, Santa Clara, CA, USA).
Samples were prepared following acid digestion protocols adapted
from Zhou et al (Zhou et al., 2023), with all measurements performed
in triplicate (Detailed protocols are outlined in Supplementary Text
S1). Total Se concentrations are reported in mg kg�1 dry weight.

Selenium chemical speciation in kernels was analyzed using
liquid chromatography coupled with ICP-MS (LC-ICP-MS)
following procedures described by Zeng et al (Zeng et al., 2023)
and Ma et al (Ma et al., 2022). Brie�y, kernel extracts were
enzymatically digested to release Se species, which were then
separated and quanti�ed as selenomethionine (SeMet),
selenocysteine (SeCys), and methylselenocysteine (MeSeCys). Full
methodological details, including chromatographic conditions and
detection parameters, are provided in Supplementary Text S2.

The bioaccessible fraction of Se in kernels was assessed using a
modi�ed physiologically based extraction test (MPBET) adapted
from Zeng et al (Zeng et al., 2023) and Li et al (Li et al., 2021a).
This in vitro digestion simulates human gastrointestinal conditions to
estimate the fraction of Se available for absorption. Brie�y, powdered
kernel samples were sequentially subjected to gastric and intestinal
digestion phases, and the soluble Se fraction was quanti�ed by ICP-
MS (see Supplementary Text S10 for detailed protocol).

2.3.4 Analysis of sugar content, soluble sugars,
and starch components

Soluble sugar content in kernels was determined using a UV-
Visible spectrophotometer adapted from Lu et al (Lu et al., 2024).
Brie�y, 0.5 g of kernel �our was extracted with 5 mL of 80% ethanol,
vortexed, and incubated at 85 °C for 40 min. After centrifugation, the
supernatant was �ltered and adjusted to 50 mL with 80% ethanol. For
quanti�cation, 1.5 mL of extract was mixed with distilled water and
0.2% anthrone reagent, incubated at 100 °C for 20 min, and absorbance
was measured at 620 nm (see Supplementary Text S3 for details).

Sugar content in fresh kernels was determined using a °Brix
refractometer (Atago Co., Japan). In brief, 12g of kernels from �ve
randomly selected ears per plot were homogenized, �ltered to
obtain corn milk, and applied directly to the °Brix refractometer,
which is automatically calibrated and displays the Brix value
corresponding to the total soluble solids content.

Total starch content was quanti�ed using a modi�ed anthrone
colorimetry approach (Lu et al., 2024) (see Supplementary Text S8
for full details). Apparent amylose content was determined via a
dual-wavelength iodine-binding spectrophotometric method (Lu
et al., 2024) (see Supplementary Text S9), and amylopectin content
was calculated as the difference between total starch and
apparent amylose.

2.3.5 Analysis of crude protein, crude fat, and
vitamin C content

Crude protein content was determined using the Kjeldahl
method following Shio et al (Shio et al., 2022) (details are
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provided in Supplementary Text S7). Crude fat was extracted
using a modi�ed Soxhlet method (Lu et al., 2024) (see
Supplementary Text S4 for details), and vitamin C content was
quanti�ed according to Lu et al (Lu et al., 2024) with slight
modi�cations (see Supplementary Text S5). All measurements are
expressed per gram of dry weight.

2.3.6 Analysis of macro and micro nutrient
content

Concentrations of nitrogen (N), phosphorus (P), potassium (K),
magnesium (Mg), manganese (Mn), iron (Fe), copper (Cu), and
zinc (Zn) in kernel �our were analyzed using inductively coupled
plasma optical emission spectrometry (ICP-OES) following an
adapted protocol (Moisa et al., 2024) (see Supplementary Text
S6). Prior to analysis, samples were digested using a mixture of
nitric and perchloric acids, and all results are reported in mg kg�1

dry weight.
2.4 Statistical analysis

Statistical analyses were performed using one-way analysis of
variance (ANOVA) in Minitab (Version 20.3; Minitab LLC) to
evaluate differences among treatment means. Post-hoc comparisons
were conducted using Tukey�s Honest Signi�cant Difference (HSD)
test, with signi�cance de�ned at p < 0.05. All data are reported as
mean – standard deviation (SD) based on three replicates per
treatment. Data visualization was done in OriginPro 2024
(OriginLab, Northampton, MA, USA).
3 Results

3.1 Sweet maize yield traits

Foliar Se application signi�cantly in�uenced several sweet
maize yield components (all p < 0.05). Speci�cally, Se1 increased
cob fresh yield by 5.7%, cob fresh weight by 7.3%, cob width by
3.6%, and cob length by 4.3% compared with CK (Figures 1A�E).
Both Se1 and Se2 enhanced grain-formation traits, including 1000-
kernel weight (6.1% and 5.4%), kernels per cob (6.9% and 5.1%),
rows per cob (5.9% and 5.6%), and kernels per row (9.1% and 8.1%),
respectively (Figures 1C, F�H). Although Se2 showed signi�cant
increases in ear-related traits, these improvements did not result in
a signi�cant increase in �nal cob yield relative to CK. In contrast,
Se3 consistently reduced yield performance, reducing cob yield
(5.2%), 1000-kernel weight (7.8%), cob width (3.6%), and kernels
per cob (12.5%) relative to the control.
3.2 Biochemical and physiological analysis

Foliar Se application signi�cantly in�uenced chlorophyll content
(SPAD), antioxidant enzyme activities (SOD, POD, CAT), and lipid
peroxidation (MDA) in sweet maize (all p < 0.05; Figures 2A�E).
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Regarding chlorophyll content, moderate Se treatments enhanced
SPAD values, with increases of 10.3% for Se1 and 7.5% for Se2
relative to the CK. Conversely, Se3 caused a 4.6% decrease in SPAD. In
terms of antioxidant defense, Se1 signi�cantly increased SOD by
Frontiers in Plant Science 05
15.7%, POD by 9.3%, and CAT by 6.9% compared with the CK.
Similarly, Se2 enhanced POD activity by 4.9%, while its effects on SOD
and CAT were statistically similar compared to CK. In contrast, Se3
markedly suppressed all three enzymes, reducing SOD by 22.7%, POD
FIGURE 1

Effects of foliar application of different Se concentrations on Cob yield (A); Cob fresh weight (B); 1000-kernel weight (C); Cob width (D); Cob length (E); Total
kernels per cob (F); Total rows per cob (G); and Total kernels per row (H). Bars represent means ± standard deviation (n = 10). Different letters indicate
signi�cant differences among treatments (p < 0.05) based on Tukey’s test. Treatments: 0 (CK), 20 g ha�1 (Se1), 40 g ha�1 (Se2), and 60 g ha�1 (Se3).
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by 13.4%, and CAT by 14.1%. MDA levels followed similar trends,
with Se1 reducing MDA content by 22.8%, indicating a decrease in
oxidative stress, whereas Se3 increased MDA levels by 21.6%,
re�ecting elevated lipid peroxidation.
3.3 Agronomic traits

Foliar Se application signi�cantly affected sweet maize growth
and biomass accumulation (all p < 0.05; Figures 3A�I). Regarding
plant height (Figure 3A), Se1 increased height by 3.5% compared
with CK, whereas Se3 reduced it by 2.7%. Internode length
(Figure 3B) showed a similar pattern, with Se1 increasing
internode length by 5.5% and Se3 decreasing it by 4.3%. Leaf area
(Figure 3C) was likewise enhanced under Se1 (6.6%) but suppressed
Frontiers in Plant Science 06
under Se3 (7.4%). Biomass components followed parallel
trends across treatments. Stem dry weight (Figure 3E) and
husk dry weight (Figure 3H) were both higher under Se1, with
CK exhibiting reductions of 10.7% and 8.0%, respectively. Cob dry
weight (Figure 3I) and root dry weight (Figure 3D) were also
lower in CK relative to Se1 (8.9% and 6.2%). Tassel dry weight
(Figure 3G) showed a similar decline (9.5%). When compared with
Se2, CK also recorded reduced stem (8.6%) and husk (4.9%)
dry weights.
3.4 Nutritional quality

Foliar Se application exerted a signi�cant and dose-dependent
in�uence on kernel nutritional attributes, including sugar content,
FIGURE 2

Effects of foliar application of different Se concentrations on SPAD (A), SOD (B), POD (C), CAT (D), and MDA content (E). Bars represent means ±
standard deviation (n = 5). Different letters indicate signi�cant differences among treatments (p < 0.05) based on Tukey’s test. Treatments: 0 (CK),
20 g ha�1 (Se1), 40 g ha�1 (Se2), and 60 g ha�1 (Se3).
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soluble sugar, crude protein, crude fat, vitamin C, total starch,
amylose, and amylopectin (all p < 0.05; Figures 4A�H). At moderate
application levels, Se1 consistently enhanced grain quality,
increasing amylose (13.5%), sugar content (4.4%), soluble sugar
(4.5%), vitamin C (19.8%), crude fat (15.6%), and crude protein
(8.0%) relative to CK. Se1 also outperformed the high-dose
treatment (Se3), showing markedly greater concentrations of
amylose (19.6%), sugar content (6.5%), soluble sugar (5.7%),
vitamin C (30.9%), crude fat (30.1%), and crude protein (10.4%).
Se2 produced the most substantial overall improvements in kernel
nutritional quality. Compared with CK, Se2 signi�cantly increased
sugar content (5.9%), total starch (14.9%), amylose (18.5%),
amylopectin (15.0%), soluble sugar (6.8%), and vitamin C
(15.6%). Notably, Se2 surpassed Se1 for total starch and
amylopectin content, increasing by 9.1% and 10.2%, respectively.
In contrast, Se3 elicited a clear decline in nutritional quality.
Relative to Se2, Se3 reduced sugar content (7.7%), total starch
(18.7%), amylose (24.3%), amylopectin (16.7%), soluble sugar
(8.0%), and vitamin C (27.3%). Additionally, compared with CK,
Se3 signi�cantly declined vitamin C (16.1%) and crude fat (20.7%).
Frontiers in Plant Science 07
3.5 Macro and micronutrients

The concentrations of kernel macronutrients (N, P, K, Mg) and
micronutrients (Zn, Cu, Mn, Fe) varied signi�cantly across Se
treatments (all p < 0.05; Figures 5A�H). In terms of N content,
Se1 resulted in a substantial increase of 8.0% relative to CK, while
Se2 and Se3 showed no notable improvement over the control. P
accumulation in kernels was enhanced by both Se1 and Se2, with
increases of 6.3% and 11.6%, respectively, compared to CK. In
contrast, Se3 resulted in an 8.2% reduction in P relative to the
control. Regarding K content, Se2 induced a signi�cant increase,
elevating kernel K concentration by 18.9% compared to the control.
For kernel Mg accumulation, both Se1 and Se2 showed elevated
levels by 8.0% and 5.4%, respectively, relative to CK. Among
micronutrients, Zn accumulation was highest under Se1 (17.5%),
followed by Se2 (12.5%), with Se3 showing no improvement
compared to CK. For Mn, Se1 resulted in the highest increase,
enhancing Mn concentrations by 12.5%. Se2 also elevated Mn
levels, albeit to a lesser extent (8.7%), while Se3 caused a
reduction of 8.8% compared to the control. Fe content increased
FIGURE 3

Effects of foliar application of different Se concentrations on Plant height (A), Internode length (B), Leaf area (C), Root dry weight (D); Stem dry
weight (E); Leaf dry weight (F); Tassel dry weight (G), Husk dry weight (H); and Cob dry weight (I); Bars represent means ± standard deviation (n = 5).
Different letters indicate signi�cant differences among treatments (p < 0.05) based on Tukey’s test. Treatments: 0 (CK), 20 g ha�1 (Se1), 40 g ha�1

(Se2), and 60 g ha�1 (Se3).
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by 5.1% under Se1 and 3.8% under Se2, while Se3 had no signi�cant
effect on Fe levels. A similar trend was observed for Cu, with Se1
boosting Cu concentrations by 10.7%, Se2 by 6.3%, and Se3 showing
no measurable effect.
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3.6 Se content in sweet maize

Foliar Se application signi�cantly increased total Se content in
all sweet maize organs (p < 0.05) (Figures 6A�G). In kernels, Se1,
FIGURE 4

Effects of foliar application of different Se concentrations on Sugar content (A); Soluble sugar content (B); Crude protein (C); Crude fat (D); Vitamin C
content (E); Total starch (F); Amylose (G); and Amylopectin (H). Bars represent means ± standard deviation (n = 5). Different letters indicate
signi�cant differences among treatments (p < 0.05) based on Tukey’s test. Treatments: 0 (CK), 20 g ha�1 (Se1), 40 g ha�1 (Se2), and 60 g ha�1 (Se3).
frontiersin.org

https://doi.org/10.3389/fpls.2025.1733890
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Asamoah et al. 10.3389/fpls.2025.1733890
Se2, and Se3 enhanced Se concentrations to 86.2%, 90.4%, and
97.0% above CK, respectively. Se3 further increased kernel Se
content compared to Se1 and Se2 by 78.4% and 69.0%,
respectively. Overall, kernel Se ranged from 0.06 mg kg�1 in the
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CK to 2.05 mg kg�1 in Se3. In the roots, Se content increased
progressively with Se dose, reaching 68.0%, 76.2%, and 91.5% above
the control under Se1, Se2, and Se3, respectively. Stems exhibited
substantial accumulation at moderate to high Se doses, with Se1,
FIGURE 5

Effects of foliar application of different Se concentrations on the concentrations of macronutrients: nitrogen (A), phosphorus (B), potassium (C),
magnesium (D), and micronutrients: zinc (E), copper (F), manganese (G), and iron (H) in sweet maize kernels. Bars represent means ± standard
deviation (n = 5). Different letters indicate signi�cant differences among treatments (p < 0.05) based on Tukey’s test. Treatments: 0 (CK), 20 g ha�1

(Se1), 40 g ha�1 (Se2), and 60 g ha�1 (Se3).
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