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Background: Magnesium (Mg), an essential secondary macronutrient for plant
growth and development, and its dose—response relationships with crop yield
and quality remain to be systematically characterized.

Methods: The experiment was conducted at Shenyang Agricultural University
using the locally predominant rice cultivar “Liaojing 294.” A randomized block
design was employed with four magnesium (Mg) treatment levels: Mg0 (no
Mg), Mgl (14.72 kg ha™), Mg2 (29.43 kg ha™), and Mg3 (44.15 kg ha™). This study
aimed to investigate the effects of Mg application rates onrice yield components,
milling quality, cooking/eating quality, and nutritional composition.

Results: (i) Mg application enhances yield per unit area by promoting tillering into
panicles and grain filling; (ii) Mg improves rice pasting properties and eating quality;
(i) Moderate Mg application (2943 kg ha™) significantly increased grain protein
content, while further increasing Mg rate (44.15 kg ha™) resulted in decreased protein
content but a significant rise in sucrose content; (iv) The pasting temperature and
peak time were closely associated with soluble sugar content, exhibiting significant
positive correlations with glucose and sucrose contents, respectively.

Conclusion: When the Mg application rate was 29.43-44.15 kg ha™, rice yield,
processing quality, nutritional value, and palatability were significantly improved.

KEYWORDS

magnesium fertilization, rice yield components, milling quality, nutritional quality,
eating quality, starch gelatinization, japonica rice

1 Introduction

As a staple food for over half of the global population, rice (Orica sativa L.) provides
essential carbohydrates, proteins, vitamins, and minerals, which makes it a dietary cornerstone
in many regions (Sen et al., 2020). Beyond caloric provision, rice serves as a critical vehicle for
economic income and micronutrient delivery—particularly in developing countries (Muthayya
et al,, 2014). Magnesium (Mg), the fourth most essential macronutrient after nitrogen (N),
phosphorus (P), and potassium (K), is frequently overlooked in agricultural production (Guo
etal., 2016). Mg performs irreplaceable physiological functions in plants and enhances defense
mechanisms against abiotic stresses (Cakmalc, 2015; Senbayram et al., 2015; Ogura et al., 2020;
Mengiitay et al., 2013). Approximately 63.6% of cultivated land in China suffers from marginal
or severe Mg deficiency (Chen et al., 2023), with this “hidden hunger” silently eroding crop
production potential (Wang et al., 2020).
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From molecular mechanisms to field phenotypes, Mg’s
multidimensional functional network is progressively being unveiled.
As the core metal ion in chlorophyll’s porphyrin ring, Mg not only
determines the stable conformation of photosynthetic pigments
(Humphrey, 2004) but also directly regulates photosynthetic carbon
assimilation efficiency by activating key Calvin cycle enzymes like
Rubisco (Hermans et al., 2005). Concurrently, Mg functions as a
structural component of ribosomes, holding significant value for
activating amino acid polymerization into polypeptide chains and
protein biosynthesis (Wang et al., 2019). Physiological studies reveal
Mg’s vital role in phloem loading and translocation of photoassimilates
to sink organs, particularly during grain filling stages, which is crucial
for grain yield formation (Ismail et al., 1994; Ogura et al., 2020).

In cereal crops such as rice, maize, and barley, magnesium fertilization
significantly enhances grain yield (Liu et al., 2021; Khokhar et al., 2022).
Notably, root crops like sugar beet exhibit even more dramatic responses,
showing a fivefold increase in root dry biomass at 60 kg Mgha™
compared to Mg-deficient controls (D’'Egidio et al,, 2019). A meta-
analysis of 99 research articles revealed that Mg fertilization increased
crop yields across species by 6.9-2.5%, with no significant differences
between rapidly available forms (e.g., MgSO,-7H,0) and slow-release
forms (e.g., magnesium oxide and dolomite) in yield enhancement (Wang
etal, 2020). Differential crop response patterns suggest that Mg regulation
shares a common mechanism of improving photosynthetic product
storage capacity through grain development indicators, while also
diversifying into specialized adaptive strategies such as enhanced root
morphological development. Excessive Mg, however, suppresses rice yield
gains (Lamichhane et al,, 2023; Yang et al., 2024), a phenomenon also
observed in maize (Noor et al., 2015; Ertiftik and Zengin, 2017), indicating
that optimal yield is achievable only within specific Mg application ranges.

Mg regulation exerts multidimensional effects on rice quality
improvement. Studies show it significantly optimizes palatability by
influencing starch metabolism (Ma et al., 2018) and mineral nutrient
balance (Mg/K ratio), while promoting protein content enhancement
(Li, 20025 Gransee and Fiihrs, 20125 He et al., 2024). Mg fertilization
also reduces rice chalkiness rate and degree (Zhang et al., 2004),
increases grain Mg content, and modifies RVA profile parameters by
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elevating peak viscosity, breakdown value, and hot paste viscosity,
while decreasing final viscosity, setback, and consistency (Yang et al.,
2006). Yet, excessive Mg application leads to palatability decline
(Wang et al., 2020), further emphasizing the existence of an optimal
Mg threshold.

Soluble sugar content, a critical indicator of rice palatability, is
closely linked to photosynthesis-mediated accumulation. It is reported
that soluble sugars in outer rice layers are primary contributors to
sweetness (Tran et al., 2005; Ma et al., 2020). Adequate Mg nutrition
increases starch and sugar contents in rice stems and leaves, accelerating
carbohydrate translocation from vegetative tissues to grains (Ding
etal., 2006). Improved rice palatability likely arises from Mg-modulated
regulation of sugar and starch accumulation and translocation.
However, limited research exists on Mg’s impacts on palatability-related
compounds (e.g., soluble sugars) and nutritional components in rice.
Therefore, this study selects representative cultivars from Liaoning
Province to address these gaps. We aimed to investigate the effects of
magnesium application rates on rice yield components, milling quality,
cooking/eating quality, and nutritional attributes. The findings provide
theoretical and technical support for high-quality rice production.

2 Materials and methods
2.1 Experimental site

This study was conducted in 2017 at the rice cultivation experimental
field of the South Campus of Shenyang Agricultural University
(Shenyang, China; 123°34'E, 41°48” N). The region is characterized by a
temperate continental monsoon climate. The monthly average
temperature and rainfall in the experimental area in 2017 are shown in
Figure 1. The meteorological conditions during the experimental period
were typical of the region’s weather characteristics. The baseline
physicochemical properties of the experimental soil were as follows:
alkali-hydrolyzable nitrogen (65.70 mg/kg), available phosphorus
(13.59 mg/kg), available potassium (120.40 mg/kg), exchangeable Mg
(0.43 g/kg), organic matter (25.63 g/kg), pH 5.53 (soil:water ratio 1:2.5),
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FIGURE 1
Monthly total precipitation and monthly mean temperature during
the growing season.

and electrical conductivity (EC) values of 274.70 uS/cm (soil:water ratio
1:5) and 294.70 uS/cm (soil:water ratio 1:2.5). Prior to sowing, composite
soil samples (0-20 cm depth) were collected from three random points
in each plot to verify the initial soil fertility.

2.2 Experimental design and planting
material

Based on the recommended Mg application rate for rice proposed
by Yang et al. (2024), a randomized complete block design (RCBD)
was implemented with four Mg treatments: Mg sulfate heptahydrate
(MgSO4-7H,0) was applied at 0, 90, 180, and 270 kg ha™' (equivalent
to MgO levels of 14.72, 29.43, and 44.15 kg ha™' based on molecular
weight conversion), designated as Mg0, Mgl, Mg2, and Mg3,
respectively. Each treatment was replicated three times. Plots were
physically separated by polyethylene dividers, with a 40 cm central
access aisle reserved. Each plot measured 6 m in length x 1.5 m in
width, configured with row spacing of 30 cm, plant spacing of
13.3 cm, and two seedlings transplanted per hill. Five rows were
planted per plot, with border rows included around the experimental
area. The japonica rice cultivar Liaojing 294, widely cultivated in
Liaoning Province, was selected as the experimental material due to
its high and stable yield, strong disease and lodging resistance,
excellent grain quality, favorable palatability, and adaptability to most
soils in the region.

2.3 Crop management

2.3.1 Measurement indicators and methods

Rice seeds were soaked for seedling raising in mid-April and
transplanted to the main paddy field in late May. Mg fertilizer was
applied as a single basal dose in the form of Mg sulfate heptahydrate
(MgSO,-7H,0), with each treatment uniformly mixed with 1 kg of
sieved fine soil before surface application. A compound fertilizer with
an N-P,0;-K,0 ratio of 13-17-15 was applied as basal fertilizer at
750 kgha™' across all plots. Field irrigation and pest/disease
management followed local conventional practices.
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2.3.2 Determination of appearance quality

Grain length and width were measured using ScanWizard
software paired with a ScanMaker 1800 Plus flatbed color scanner
(MICROTEK, Shanghai). Grain thickness was measured with a
vernier caliper. Each treatment group was measured 10 times, and
average values were calculated.

2.3.3 Determination of milling quality

Brown rice rate, milled rice rate, and head rice rate were
sequentially determined using an SY88-TH experimental huller and
Yamamoto experimental rice polisher.

2.3.4 Determination of cooked rice palatability

Brown rice was milled to a precision of 90 + 1% using a Yamamoto
Vp-32 vertical rice polisher. After polishing, the appearance, hardness,
viscosity, and degree of balance, and taste value of cooked rice were
measured using the Satake Rice Taste Analyzer.

2.3.5 Determination of amylose content

Absorbance values were measured at a visible wavelength of
720 nm using a UV-2450 UV spectrophotometer, following the ISO
6647-2:2007 Amylose Content Determination Method. Calibration
standards for high, medium, low, and waxy amylose contents were
provided by the China National Rice Research Institute.

2.3.6 Determination of protein content

Protein content was measured using a FOSS Kjeltec 840 automatic
Kjeldahl analyzer. Parallel dual samples were analyzed to minimize
experimental error. Nitrogen content was multiplied by 5.95 to obtain
protein content.

2.3.7 Determination of soluble sugar content

The determination method followed GB 5009.8-2006 for the
Measurement of fructose, glucose, sucrose, maltose, and lactose in
foods. Analysis was performed using a Waters Acquity H-Class UPLC
system under the following chromatographic conditions: column:
ACQUITY UPLC® CSHTMCI18 (2.1 x 50 mm, 1.7 pm); mobile
phase: acetonitrile:water = 75:25 (v/v); flow rate: 0.4 mL/min; column
temperature: 40°C; injection volume: 2 pL. ELSD parameters were set
as drift tube temperature 55°C, nitrogen pressure 30 psi, nebulizer
temperature 30°C, and gain 500.

2.3.8 Determination of starch viscosity properties
(RVA profile parameters)

Rice was milled to 80-mesh flour. Analysis was performed using
a Perten RVA-TecMaster rapid visco analyzer (Sweden) with TCW
(Thermal Cycle for Windows) software, following the International
Association for Cereal Science and Technology standard method (ICC
Standard No. 162).

2.4 Data analysis

Statistical analyses were conducted using SPSS 26.0 (SPSS Inc.,
Chicago, IL, United States). Differences between treatment groups
were evaluated by one-way analysis of variance (ANOVA), followed
by either the least significant difference (LSD) test for normally
distributed datasets or the Kruskal-Wallis non-parametric test for

frontiersin.org


https://doi.org/10.3389/fsufs.2025.1640845
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Wang et al.

non-normal distributions. Significance was defined at p < 0.05. Data
visualization was performed using Origin 2023 (OriginLab,
Northampton, MA, United States) to ensure clarity and precision in
presenting research findings.

3 Results
3.1 Agronomic traits and yield components

Mg application significantly promoted rice growth, development,
and yield formation. Specifically, Mg treatments increased average
plant height by 2.78%. Concurrently, they enhanced grain filling rate
by reducing the proportion of sterile grains (15.16, 17.86, and 16.39%
improvements for Mgl, Mg2, and Mg3, respectively). Further analysis
revealed that Mg application significantly increased panicle number
per hectare, with yield increases of 7.83, 9.60, and 10.21% achieved
through optimized tiller productivity (p < 0.05) (Figure 2).

3.2 Variations in appearance and milling
quality

This study demonstrated that appropriate Mg application
significantly improved rice grain morphology and milling quality,
though effects varied among treatments. Specifically, the Mg2
treatment substantially increased grain thickness by 3.23%, while
no significant changes were observed in grain length or width,
indicating that moderate Mg enhanced grain plumpness. Mg
application improved both milled rice rate and head rice rate,
with the Mg3 treatment significantly increasing milled rice rate
by 2.68% and head rice rate by 13.28% (p < 0.05) (Figure 3).
These findings suggest that Mg application enhances rice
processing performance.

10.3389/fsufs.2025.1640845

3.3 Eating quality and starch gelatinization
characteristics

Analysis revealed that Mg application moderately improved cooked
rice appearance, viscosity, degree of balance, and taste value while
reducing hardness. The taste value exhibited a trend of initial increase
followed by decrease, with the Mg2 treatment maximizing rice degree of
balance and taste value, which were significantly enhanced by 9.88 and
5.21%, respectively. The Mg3 treatment significantly increased rice
viscosity by 11.59% (p < 0.05) (Figure 4A). These results indicate that
appropriate Mg application improves cooked rice palatability.

Figure 4B radar charts illustrate differential RVA characteristics
under magnesium treatments. Compared to the Mg0 control,
magnesium application improved starch viscosity properties, with the
Mg3 treatment significantly increasing minimum viscosity (15.36%),
final viscosity (13.17%), and setback value (13.79%) (p < 0.05).

3.4 Variations in protein, amylose, glucose,
and sucrose contents

Results showed that Mg application initially increased then
decreased protein content. Specifically, the Mg2 and Mg3 treatments
significantly enhanced grain protein content by 2.16 and 1.91%,
respectively, but had no significant effect on amylose content. Mg
application did not significantly alter glucose content, though sucrose
content gradually increased with Mg dosage. The Mg3 treatment
significantly increased sucrose content by 13.54% (p < 0.05).

3.5 Correlation analysis

Protein content was significantly positively correlated with
cooked rice appearance, viscosity, degree of balance, and taste
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value, while also significantly influencing the breakdown value
in the RVA profile. Amylose content exhibited a significant
negative correlation with rice palatability parameters (excluding
hardness) and RVA eigenvalues, and notably affected setback
value changes. Sucrose effectively improved cooked rice
palatability and gelatinization properties, showing a strong
positive correlation with prolonged peak time (r = 0.79), whereas
increased glucose content was significantly positively associated
with elevated pasting temperature (r=0.96). These results
indicate that synergistic interactions among protein, starch
components, and soluble sugars exert comprehensive regulatory
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effects on rice cooking quality and gelatinization characteristics
(p < 0.05).
4 Discussion

4.1 Effects of magnesium on rice yield
formation

This study revealed that Mg application significantly enhanced
rice plant height, effective tillering rate, and grain filling rate

frontiersin.org


https://doi.org/10.3389/fsufs.2025.1640845
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Wang et al.

(Figures 2A,B,F), with yield gains primarily attributed to Mg’s
impact on population density. As the core of the chlorophyll
molecule, Mg not only maintains the structural integrity of the
photosystem reaction center but also optimizes electron transport
chain efficiency to boost ATP synthesis capacity (Hawkesford et al.,
2023), facilitating prioritized translocation of photosynthetic
products to grain sinks during the grain-filling stage (Zhang et al.,
2017). Additionally, Mg activates AGPase, a key enzyme in starch
synthesis, significantly accelerating starch accumulation in
endosperm cells and forming a positive feedback loop between
efficient photosynthetic product conversion and grain filling (Farhat
etal., 2016). Mg deficiency adversely affects grain size and starch
content (Ceylan et al., 2016), causing carbohydrate storage in leaves
rather than roots, thereby reducing root growth attributes and other
plant characteristics, ultimately leading to yield losses (Gardner,
2003). This explains the improved grain filling degree and yield
observed in our study. As Mg®* application rates increase, the seed
setting rate shows a declining trend. A possible explanation is the
antagonistic interaction between Mg** and K* cations. Excess Mg**
inhibits root uptake of K, leading to K* deficiency during the grain
filling stage. K* acts as a critical activator for starch synthesis (via
ADP-glucose pyrophosphorylase), and its deficiency directly
reduces filling efficiency, thereby increasing the sterile grain rate
(Dolger et al., 2024). However, the mechanistic interactions between
Mg and K require further investigation.

Notably, Mg application exhibits a threshold effect. A study in
Fujian rice-growing regions found that an optimal MgO rate of
31.6 kg ha™" increased rice yield by 7.2%, mainly due to enhanced
effective panicle number and filled grains per panicle (Yang et al.,
2024). Our results showed that MgO application between 29.43—
44.15 kg ha™' benefited both population establishment and effective
grain formation, consistent with Yang et al. (2024). Another study

1

demonstrated that soil Mg application at 12 kg ha™ significantly
increased rice yield, with additive effects when combined with silicon
(He et al.,, 2024), indicating Mg-Si interactive effects. Numerous
studies have also explored K-Mg interactions in plants. For instance,
high K concentrations in growth media inhibit root Mg uptake,
causing antagonistic effects between the two elements (Ceylan et al,
2016). Conversely, low K concentrations promote Mg absorption,
demonstrating synergistic effects (Xic et al., 2021). Furthermore, the
increase of phosphorus content reduced Mg absorption (Houdegbe
etal, 2022). Future research should investigate Mg interactions with
other elements and their yield-boosting potentials.

4.2 Effects of magnesium on rice quality

Mg is an integral component of ribosomes, stabilizing ribosomal
configurations essential for protein synthesis. Mg deficiency causes
ribosomal dissociation into smaller ribosomal subunits (Wang et al.,
2017). Appropriate Mg application promotes activation of numerous
enzymes in nitrogen metabolism, enhancing nitrogenous compound
synthesis (Grzebisz, 2013; Peng et al., 2020). Low Mg addition stimulates
rice nitrogen uptake, increasing crude fat and protein contents, whereas
excessive Mg inhibits nitrogen absorption (He et al., 2024), explaining
the observed increase in grain protein content. Core components in rice
endosperm closely related to palatability quality are amylose and
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protein. When amylose content is low, cooked rice palatability
significantly improves (Li and Gilbert, 2018). Our study found Mg had
no significant effect on amylose content, differing from Zhang et al.
(2022) who reported reduced amylose levels. This discrepancy may arise
from our basal Mg application versus foliar application in previous
studies. Additionally, we observed Mg significantly increased minimum
viscosity (+14.1%) and setback value (+19.8%) in the RVA profile,
potentially due to moderate crosslinking between Mg** and starch
acidic groups (especially carboxyl groups), forming bridging structures
acting as “loading carriers” to promote effective mineral particle
aggregation (Tang et al., 2024).

4.3 Mechanism of magnesium-regulated
sugar metabolism influencing rice quality

Mg plays a critical role in phloem sucrose loading, influencing
carbohydrate partitioning between source and sink tissues. Proton
motive force generated by H*-pumping ATPases energizes H*-
sucrose symporters to load sucrose into sieve tube cells (Hermans
et al., 2004). Adequate Mg levels are also vital for sugar transport
during seed germination and seedling development (Ceylan et al.,
2016). Germinating seeds exhibit substantial sucrose transport
from the scutellum to actively growing sink tissues like roots and
shoots to sustain germination processes (Aoki et al., 2006; Scofield
et al, 2007). Analogously, sufficient Mg participation is likely
required for sugar translocation to sinks during seed maturation.
Sucrose and glucose are the primary soluble sugars in rice grains
(Zhao et al., 2020). As a non-reducing sugar, sucrose is the most
abundant grain sugar, comprising approximately 90% of total sugars
(Frank et al., 2012). Our study observed low grain glucose content
under Mg-deficient conditions, with Mg application inducing an
initial increase followed by a decrease, while sucrose content
progressively increased with Mg dosage (Figure 4D). This may stem
from Mg deficiency reducing photosynthetic efficiency in leaves,
causing starch accumulation and decreased soluble sugar export.
Conversely, Mg application enhances photosynthetic efficiency and
starch mobilization, increasing leaf soluble sugar content, consistent
with findings by Ma et al. (2018) and Zheng et al. (2019) (see
Figure 5C,D).

Sucrose content was positively correlated with cooked rice
palatability and RVA profile eigenvalues (Figure 6). This association
arises from the dynamic equilibrium of multiple solutes (e.g., sugars
and alcohols) during rice consumption. These solutes maintain
protein conformational stability and membrane structural integrity
through osmotic effects, regulate cellular turgor status, and directly
influence the final viscoelastic properties of cooked rice (Zhao et al.,
2020). However, glucose significantly elevated pasting temperature,
potentially due to high temperatures promoting sucrose,
oligosaccharide, and polysaccharide degradation, reducing sucrose
levels while increasing glucose and fructose contents.
Monosaccharides exhibit protective effects on starch crystalline
structures during gelatinization (Renzetti and van der Sman, 2022).
However, this study did not directly validate the specific molecular
mechanisms underlying magnesium’s regulation of sugar transport
(e.g., H*-ATPase activity and sucrose transporter function).
Additionally, the experimental conclusions were drawn under specific
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Variations in protein, amylose, glucose, and sucrose contents. The least significant difference (LSD) method was used for multiple comparisons.
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Correlation analysis. The numbers in the table represent the correlation coefficients. *Significance at p < 0.05, **p < 0.01; ns, non-significant, p > 0.05.

environmental conditions, and the generalizability of magnesium
fertilizer effects across diverse soil types, climatic zones, and rice
cultivars requires further investigation.

5 Conclusion

This study demonstrates that Mg application elevated rice
plant height and, by enhancing seed setting rate and tillering
productivity leading to panicle formation, achieved significant
increases in grain yield. When the application rate of MgO
(magnesium oxide) is within the range of 29.43-44.15 kg ha™?,
notable improvements are observed in grain thickness, rice eating
quality, processing quality, starch pasting properties, as well as
protein and sucrose contents. Collectively, basal application of
MgSO47H,0 at 180-270 kg ha™' synergistically enhances both

Frontiers in Sustainable Food Systems 07

grain yield and quality parameters in rice. This study offers
important theoretical support for precise Mg management and the
development of efficient Mg fertilizer application techniques in
rice production.
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