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Abstract

Magnesium (Mg) deficiency is common in acidic orchard soils and can limit fruit crop
growth and quality. This study evaluated whether foliar-applied magnesium oxide nano-
particles (MgO NPs) could improve Mg nutrition and fruit quality in “Ninghaibai’ loquat
grown under Mg-deficient acidic soil conditions. Pot and field experiments were conducted
using water as the control and MgSOs+-50eq as an equimolar Mg comparator. MgO NPs
showed a concentration-dependent effect, and 200 mg/L produced the best overall perfor-
mance among the tested concentrations. At this concentration, total biomass increased by
47.27%, compared with CK, accompanied by enhanced chlorophyll accumulation, antioxi-
dant enzyme activities, and Mg uptake. In fruit, 200 mg/L MgO NPs increased soluble solids
content by 45.67% and reduced titratable acidity by 53.26%, while also improving fruit size
and sugar—acid balance. Leaf transcriptome analysis suggested that MgO NPs altered the
expression of genes involved in metabolism, stress response, and secondary metabolite bi-
osynthesis. At the 50 mg/L level, MgO NPs produced stronger responses than the equimolar
MgSO:s treatment in Mg uptake, nutrient acquisition, and several fruit-quality traits. How-
ever, excessive application at 500 mg/L weakened growth and quality improvement. Over-
all, foliar application of 200 mg/L MgO NPs may represent a promising strategy for improv-
ing loquat growth and fruit quality under the tested Mg-deficient conditions.

Keywords: loquat; magnesium oxide nanoparticles; foliar application; fruit quality;
sugar—acid metabolism

1. Introduction

Loquat (Eriobotrya japonica Lindl.) is an economically important subtropical fruit crop
that is widely appreciated for its distinctive flavor, tender texture and high market value
[1]. However, the stable production of high-quality loquat fruit is often hindered by fac-
tors such as weak seedling growth, low nutrient use efficiency, mineral nutrient deficien-
cies in orchard soils, and inconsistent fruit quality. These issues can reduce tree vigor,
restrict nutrient accumulation and ultimately impact fruit size, sugar—acid balance, nutri-
tional composition and postharvest commercial quality [1-4]. Therefore, improving nu-
trient management is essential for enhancing both vegetative growth and fruit quality in
loquat production [5-7].
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Magnesium (Mg) is an essential macronutrient for plant growth and development. It
is the central atom of the chlorophyll molecule and is directly involved in photosynthesis,
carbon fixation, carbohydrate transport, enzyme activation, and energy metabolism. Ad-
equate Mg supply can improve chlorophyll synthesis, photosynthetic efficiency, antioxi-
dant capacity, and biomass accumulation [5,8,9]. In addition, Mg plays an important role
in nutrient interaction and transport, particularly in the uptake, assimilation, and redistri-
bution of nitrogen, phosphorus, and potassium [5,10]. Mg deficiency often leads to im-
paired photosynthesis, excessive reactive oxygen species accumulation, reduced carbohy-
drate transport, and abnormal fruit development [8,9]. In fruit crops, Mg nutrition is
closely associated with fruit yield and quality, including fruit size, soluble solids, organic
acid metabolism, sugar accumulation, and the biosynthesis of antioxidant compounds
[7,11]. However, conventional Mg fertilizers may show limited efficiency because of nu-
trient leaching, soil fixation, poor mobility, and low foliar absorption efficiency under cer-
tain cultivation conditions [10,12]. Thus, developing more efficient Mg fertilization strat-
egies is important for high-quality fruit production.

Nano fertilizers have attracted increasing attention as potential tools for improving nu-
trient-use efficiency and crop performance [12-14]. Owing to their small particle size, large
specific surface area, and unique physicochemical properties, nanoparticles may improve
nutrient delivery, enhance foliar retention, and regulate plant physiological responses at
relatively low application rates [12,13,15-17]. Among Mg-based nanomaterials, magnesium
oxide nanoparticles (MgO NPs) have shown potential in promoting plant growth, improv-
ing stress tolerance, and regulating nutrient metabolism in several crop species [18-20].
Compared with conventional soluble Mg fertilizers, MgO NPs may provide a more efficient
Mg source through gradual nutrient release, improved leaf surface interaction, and en-
hanced physiological activity [15,16,18]. Nevertheless, plant responses to nanoparticles are
highly dependent on crop species, nanoparticle properties, application method, and dosage
[12,15,16,19]. Low or moderate concentrations may promote growth and metabolism,
whereas excessive concentrations may inhibit plant development or induce stress responses
[19,20]. However, nano-sized metal oxide fertilizers may also pose risks related to nanopar-
ticle toxicity, environmental persistence, and potential effects on soil health and non-target
organisms [21]. Therefore, determining the appropriate application concentration is critical
for the safe and effective use of MgO NPs in fruit crop production.

Although MgO NPs have been investigated in some agricultural systems, their effects
on loquat remain poorly understood. In particular, limited information is available on
whether foliar-applied MgO NPs can provide additional benefits beyond conventional
soluble Mg supplementation in improving loquat growth, nutrient uptake, and fruit qual-
ity. Moreover, the physiological and metabolic mechanisms underlying MgO NP-induced
quality improvement in loquat have not been systematically clarified. Fruit quality for-
mation is a complex process involving nutrient supply, photosynthetic carbon assimila-
tion, antioxidant metabolism, sugar—acid balance, and secondary metabolite biosynthesis
[7,11,22-24]. Since leaves are the primary source organs for photosynthate production and
nutrient redistribution, changes in leaf physiological and metabolic status may influence
fruit development and quality formation [8,9,11]. Therefore, integrating growth, nutrient
uptake, fruit quality, and transcriptomic analyses can provide a more comprehensive un-
derstanding of the response of loquat to MgO NP application [18,22,24].

In this study, ‘Ninghaibai’ loquat was used as the experimental material to evaluate
the effects of foliar application of MgO NPs on seedling growth, nutrient absorption, an-
tioxidant enzyme activities in the pot experiment, as well as fruit quality in mature fruit-
ing trees under field conditions. Water treatment was used as the control, and MgSOs-
50eq was used as the conventional Mg fertilizer comparator. Pot and field experiments
were conducted to determine the optimal MgO NP concentration and to compare MgO
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NPs with MgSOs under the tested equimolar Mg condition. In addition, transcriptomic
analyses of loquat leaves were performed to explore potential pathways associated with
MgO NP-induced changes in plant metabolism and fruit quality formation. We hypothe-
sized that foliar MgO NPs could improve loquat growth and fruit quality by enhancing
Mg nutrition, promoting macronutrient uptake, improving antioxidant-related physio-
logical responses, and regulating secondary metabolism. Unlike previous studies that
mainly focused on conventional Mg fertilization or single agronomic responses, this study
evaluates the concentration-dependent effects of MgO NPs and compares MgO NPs with
MgSOs-50eq under an equimolar Mg condition, while integrating pot and field experi-
ments with transcriptomic analysis in loquat. The results of this study provide theoretical
and practical evidence for the potential application of MgO NPs as an efficient nano-mag-
nesium fertilizer in high-quality loquat cultivation.

2. Results and Discussion

2.1. Foliar MgO NPs Improved Loquat Seedling Growth, Photosynthetic Pigment
Accumulation, and Antioxidant Enzyme Activities

The experimental soil was severely deficient in exchangeable Mg (7.19 mg/kg; Table
S1), providing a clear background for evaluating the physiological effect of foliar Mg sup-
plementation. MgO NPs showed a concentration-dependent promotion of seedling
growth (Table S2). Compared with CK, MgO NPs at 50-300 mg/L significantly increased
root and above-ground biomass, whereas the 500 mg/L treatment weakened the growth-
promoting effect and reduced root biomass to a level not significantly different from CK
(Table S2). At 200 mg/L MgO NPs, root and total biomass reached their highest values of
1.39 and 5.16 g/plant DW, respectively, representing increases of 72.12% and 47.27% over
CK (Table S2). In contrast, above-ground, stem, and leaf biomass reached their highest
values at 300 mg/L MgO NPs (Table S2). At the equimolar Mg level, MgO NPs-50 in-
creased root and above-ground biomass by 17.73% and 10.67%, respectively, compared
with MgSO4+-50eq (Table 52), indicating that MgO NPs-50 was more effective than MgSOs-
50eq in promoting early vegetative growth.

The improvement in seedling growth was closely associated with enhanced photo-
synthetic pigment accumulation. Chlorophyll a and chlorophyll b contents peaked at 200
mg/L MgO NPs, reaching 0.75 and 0.29 mg/g FW and increasing by 45.25% and 24.92%
over CK (Figure 1a,b). The chlorophyll a/b ratio also increased under suitable MgO NP
concentrations (Figure 1c). Carotenoid content continued to increase up to 300 mg/L MgO
NPs, where it reached 0.11 mg/g FW, 40.81% higher than CK, before declining markedly
at 500 mg/L (Figure 1d). At the equimolar Mg level, MgO NPs-50 produced stronger pig-
ment responses than MgSOs-50eq, increasing chlorophyll a, chlorophyll b, and carotenoid
contents by 14.30%, 8.03%, and 13.65%, respectively (Figure 1a,b,d). This pattern suggests
that moderate MgO NP application improves chlorophyll synthesis and light-harvesting
capacity, whereas the pigment-promoting effect declined at 500 mg/L. MgO NPs. Because
Mg is the central atom of chlorophyll and is essential for photosynthetic carbon fixation
and assimilate transport [8,22], the pigment response provides a physiological basis for
the observed biomass increase.
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Figure 1. Effects of MgO NPs on photosynthetic pigment-related parameters in loquat seedling
leaves: (a) chlorophyll a content, (b) chlorophyll b content, (c) chlorophyll a/b ratio, and (d) carote-
noid content. Different lowercase letters above the bars indicate significant differences among dif-

ferent treatments (p < 0.05). Data are presented as mean + SD, n = 3. FW stands for fresh weight.

MgO NPs also enhanced the antioxidant enzyme activities of loquat seedling leaves
(Table S3). Relative to MgSOs-50eq, MgO NPs-50 significantly increased SOD, POD, and
CAT activities and soluble protein content by 22.56%, 19.02%, 10.37%, and 10.44%, respec-
tively (Table S3). The highest SOD, POD, and CAT activities were recorded at 300 mg/L
MgO NPs (158.73, 1198.80, and 6.41 U/g FW), corresponding to increases of 59.55%,
42.72%, and 23.52% compared with CK (Table S3). However, soluble protein content was
already slightly lower at 300 mg/L than at 150-200 mg/L, and all antioxidant-related indi-
cators declined at 500 mg/L (Table S3). These results indicate that MgO NPs can enhance
enzymatic antioxidant responses at suitable concentrations, whereas excessive application
may weaken these responses and impair seedling physiological performance. Such a hor-
metic response has also been observed in other MgO NP-treated crops. For example, Ali
et al. reported that low-dose MgO NPs, especially 10 mg/L, promoted seed germination,
shoot and root growth, biomass accumulation, photosynthetic pigments, soluble protein,
carbohydrate accumulation, and antioxidant defense in Brassica napus, whereas excessive
MgO NPs, particularly 200 mg/L, induced oxidative stress, inhibited photosynthesis, pro-
moted protein oxidation and carbohydrate degradation, and ultimately suppressed plant
growth [19]. Similarly, Taj et al. found that 200 ppm MgO NPs was the optimal dose for
improving spinach growth in a preliminary concentration screening, and subsequent fo-
liar application of MgO NPs enhanced chlorophyll, carotenoid, SPAD value, water status,
antioxidant enzyme activity, and phenolic accumulation under Cd stress [25]. In maize,
Abbas et al. also showed that MgO NP treatments produced concentration-dependent im-
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provements in seed germination, seedling growth, Mg accumulation, and plant develop-
ment, with 500 ppm showing strong Mg uptake and translocation responses [26]. These
examples support our observation that moderate MgO NP application can improve pho-
tosynthetic pigment accumulation and antioxidant enzyme responses, whereas these ben-
eficial responses were weakened at 500 mg/L MgO NPs.

2.2. MgO NPs Enhanced Mg Nutrition and Promoted N, P, and K Uptake

The Mg accumulation and uptake parameters further showed that Mg nutrition var-
ied with the concentration of MgO NPs (Figure 2). Root Mg accumulation peaked at 200
mg/L, increasing by 105.54% compared with CK (Figure 2a), whereas root Mg uptake at
this concentration increased by 534.99% (Figure 2b). At the equimolar Mg level, MgO NPs-
50 significantly increased Mg accumulation in root, above-ground parts, stem, and leaves
by 23.84%, 31.27%, 27.11%, and 32.44% over MgS04-50eq (Figure 2a), and increased Mg
uptake by 66.95%, 55.03%, 50.58%, and 56.19%, respectively (Figure 2b). These differences
suggest that MgO NPs-50 produced stronger Mg accumulation and uptake responses than
MgSOs-50eq under the tested conditions; this response may be related to nanoparticle-
specific foliar retention and nutrient delivery characteristics reported in previous studies
[27-30], although the detailed delivery processes remain to be further clarified.

The distribution indices showed that MgO NPs altered Mg allocation within seed-
lings. With increasing MgO NP concentration, the Mg harvest index of roots and stems
decreased, whereas that of leaves increased from 53.89% in CK to 77.18% (Figure 2d). Mg
uptake contribution also increased in root, above-ground parts, and leaves under suitable
MgO NP concentrations (Figure 2c). This shift increased Mg allocation to leaves, especially
at higher MgO NP concentrations. Although improved leaf Mg status may benefit photo-
synthesis, the reduced root Mg uptake observed at 500 mg/L indicates that the Mg-pro-
moting effect was weakened at the highest MgO NP concentration (Figure 2b,d). There-
fore, the 200 mg/L treatment appears to provide the best compromise between Mg uptake
efficiency and physiological safety.

The N, P, and K results (Figures 52-54) show that MgO NPs not only increased Mg
nutrition but also improved macronutrient acquisition. Most N, P, and K accumulation
and uptake parameters reached their highest values around 200 mg/L MgO NPs (Figures
S2a,b-54a,b). At this concentration, root, above-ground, and leaf N accumulation in-
creased by 110.80%, 63.37%, and 68.24% over CK (Figure S2a), and N uptake increased by
245.79%, 302.29%, and 313.89%, respectively (Figure S2b). For P, root and leaf P uptake
increased by 341.01% and 673.98% (Figure S3b), whereas for K, root, above-ground, stem,
and leaf K uptake increased by 128.74%, 383.68%, 531.59%, and 314.84% (Figure 54b). Cor-
relation analysis further showed that seedling biomass was positively associated with
photosynthetic pigments, antioxidant enzyme activities, and mineral nutrient contents,
especially N and K (Figure S5). These relationships suggest that the improvement in seed-
ling vigor and biomass accumulation was associated with coordinated changes in Mg nu-
trition, photosynthetic pigment accumulation, antioxidant enzyme activities, and N and
K nutrition. From a mechanistic perspective, the observed association between improved
Mg nutrition and macronutrient uptake may be explained partly by Mg-dependent ATP
utilization and H*-ATPase-related transport processes. Because ATP-dependent enzymes,
including ATPases, generally require Mg—ATP as the effective substrate, Mg supply may
help maintain the proton gradients and membrane potential generated by plasma mem-
brane H*-ATPases, which drive the secondary transport of mineral nutrients such as ni-
trate, phosphate, and K+ [31,32]. Therefore, Mg supplied by MgO NPs may enhance en-
ergy-dependent nutrient transport, thereby helping to explain the observed increases in
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N, P, and K uptake and allocation. In addition, as reported in previous studies, the na-
noscale properties of MgO NPs may improve foliar nutrient retention and delivery effi-
ciency, thereby potentially enhancing nutrient-use efficiency [27-30,33].
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Figure 2. Effects of MgO NPs on (a) magnesium accumulation amount, (b) magnesium uptake
amount, (¢) magnesium uptake contribution rate, and (d) magnesium harvest index of loquat seed-
lings. N50, N100, N150, N200, N300, and N500 represent MgO NPs at 50, 100, 150, 200, 300, and 500
mg/L, respectively; MgSOa represents MgSOs-50eq. Different lowercase letters above the bars indi-
cate significant differences among different treatments (p < 0.05). Data are presented as mean + SD,
n=3. FW stands for fresh weight.

2.3. MgO NPs Improved Fruit Physical Quality and Sugar—Acid Balance

In the field experiment, MgO NDPs also improved fruit development and quality for-
mation in mature fruiting trees. Fruit physical quality showed a clear concentration re-
sponse (Figure 3a,b; Table S4). Single fruit weight increased with MgO NP concentration up
to 200 mg/L, reaching 29.66 g, 70.38% higher than CK (Figure 3a). Fruit firmness was also
enhanced by MgO NPs, with significant increases at 200-300 mg/L and a maximum increase
of 56.25% over CK (Figure 3b). Fruit transverse and longitudinal diameters reached their
highest values under 200 mg/L. MgO NPs, increasing by 50.02% and 60.07%, respectively,
whereas the fruit shape index was not significantly affected (Table S4). These results suggest
that MgO NPs mainly promoted fruit enlargement and firmness rather than altering fruit
shape. As suggested by previous studies, improved leaf photosynthetic pigment accumula-
tion and mineral nutrient status may help increase assimilate supply to developing fruit,
which could be associated with source-sink regulation during fruit expansion [34,35].

MgO NPs strongly improved loquat flavor quality by regulating soluble solids and
acidity. Soluble solids content peaked at 14.57% under 200 mg/L MgO NPs, representing a
45.67% increase over CK (Figure 3c). In contrast, titratable acidity decreased to 0.31% at the
same concentration, 53.26% lower than CK (Figure 3d). Consequently, the solid—acid ratio
and sugar—acid ratio increased from 15.54 and 11.85 in CK to 47.96 and 40.28 under 200 mg/L
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MgO NPs, corresponding to increases of 208.62% and 240.06% (Figure 3e,f). At the equimo-
lar Mg level, MgO NPs-50 treatment was more effective than MgS0Os-50eq in increasing sol-
uble solids and decreasing acidity (Figure 3c,d), suggesting that the improvement in flavor-
related traits may not be solely attributable to Mg supply itself. The decline in flavor quality
at higher concentrations indicates that the beneficial effect of MgO NPs on sugar—acid bal-
ance was weakened at excessive concentrations, again supporting the importance of dose
control (Figure 3c—f). This interpretation is consistent with recent work showing that Mg
application can regulate sugar—acid dynamics in loquat and other fruit crops through pho-
tosynthetic carbon supply, sugar transport, and organic acid metabolism [34-36].
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Figure 3. Effects of MgO NPs on the appearance quality of loquat fruit. (a) single fruit weight, (b)
fruit firmness, (c) soluble solids content, (d) titratable acidity content, (e) solid—acid ratio and (f)
sugar-acid ratio. Different lowercase letters above the bars indicate significant differences among

different treatments (p < 0.05). Data are presented as mean + SD, n = 3. FW stands for fresh weight.

2.4. MgO NPs Reshaped Soluble Sugar and Organic Acid Composition

The improvement in fruit flavor was further explained by changes in soluble sugar
composition (Figure 4). MgO NPs significantly increased fructose, glucose, and sucrose
contents, while sorbitol content was not significantly affected (Figure 4a—d). At 200 mg/L
MgO NPs, fructose, glucose, and sucrose reached 25.38, 21.49, and 73.52 mg/g FW, in-
creasing by 115.14%, 131.02%, and 38.53% over CK, respectively (Figure 4a—c). At the
equimolar Mg level, MgO NPs-50 significantly increased fructose and glucose contents by
23.10% and 21.93% compared with MgSO4-50eq (Figure 4a,b). The proportional composi-
tion of soluble sugars also shifted: from 50 to 200 mg/L MgO NPs, the sucrose proportion
gradually decreased, whereas fructose and glucose proportions increased (Figure 4e). At
200 mg/L, the sucrose proportion decreased by 9.55 percentage points compared with CK,
while fructose and glucose proportions increased by 5.26 and 5.36 percentage points (Fig-
ure 4e). Because fructose and glucose are major sweetness-related sugars in loquat fruit,
their increased contents and proportions likely contributed to the higher sugar—acid ratio.
Similar Mg-mediated effects have been reported in fruit crops: foliar MgSOs increased
sucrose, fructose, and glucose contents in citrus by enhancing sucrose-metabolism en-
zymes and sugar-transporter genes [9], while appropriate Mg application improved sol-
uble sugar accumulation, sugar—acid ratio, and sugar transport in ‘Red Fuji’ apple [35]. In
loquat, 2% MgSOs was also reported to increase soluble sugars and reduce malic acid con-
tent by 43.65%, thereby optimizing sugar—acid balance [34].

Organic acid accumulation showed the opposite trend (Figure 5). All MgO NP treat-
ments significantly reduced malic acid, quinic acid, and citric acid contents (Figure 5a—c).
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Quinic acid reached its lowest value at 150 mg/L. MgO NPs (1.05 mg/g FW; 46.76% lower than
CK; Figure 5b), whereas malic acid and citric acid reached their lowest values at 200 mg/L
(1.76 and 0.09 mg/g FW; 58.59% and 47.14% lower than CK; Figure 5a,c). MgO NPs-50 also
reduced all three organic acid components more strongly than MgSOs-50eq, with decreases of
33.43%, 23.28%, and 22.85%, respectively (Figure 5a—c). In the proportional profile, malic acid
remained the dominant organic acid, followed by quinic acid and citric acid, but the malic acid
proportion decreased by 7.28 percentage points at 200 mg/L. MgO NPs (Figure 5d). These
changes indicate that MgO NPs simultaneously enhanced sugar accumulation and reduced
acid accumulation, producing a more favorable sugar—acid balance. Mg may contribute by
activating enzymes involved in carbohydrate metabolism and sucrose cleavage, while also
modulating organic acid biosynthesis and degradation pathways [34,36].
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Figure 4. Effects of MgO NPs on the main components and contents of soluble sugars in loquat fruit. (a)
Fructose content, (b) Glucose content, (c) Sucrose content, (d) Sorbitol content, (e) Proportions of soluble
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Figure 5. Effects of MgO NPs on the main components and contents of organic acids in loquat fruit.

(a) Malic acid content, (b) Quinic acid content, (c) Citric acid content, (d) Proportions of organic acid
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components. Different lowercase letters above the bars indicate significant differences among dif-

ferent treatments (p < 0.05). Data are presented as mean + SD, n = 3. FW stands for fresh weight.

2.5. MgO NPs Enhanced Nutritional Metabolites and Altered Metabolism-Related Leaf
Transcriptional Profiles

Fruit nutritional quality was also improved by MgO NP application (Figure 6).
Ascorbic acid content increased to 62.34 pg/g FW under 200 mg/L MgO NPs, 45.26%
higher than CK (Figure 6a). Carotenoid content also peaked at 200 mg/L, reaching 0.43
ug/g FW and increasing by 135.53% over CK (Figure 6b). Total phenolic content showed
a slightly delayed optimum, increasing continuously up to 300 mg/L MgO NPs and reach-
ing 478.11 ug GAE/g FW, 90.42% higher than CK (Figure 6c). Since ascorbic acid, carote-
noids, and phenolics are important antioxidant metabolites in loquat fruit [2-4], their co-
ordinated enhancement indicates that suitable MgO NP application can improve fruit nu-
tritional quality by increasing antioxidant-related metabolites.

To further explore the leaf transcriptional responses associated with MgO NP appli-
cation, transcriptomic profiles of loquat leaves were analyzed. A total of 268 DEGs were
identified between the MgO NPs-200 and CK treatments, including 180 upregulated and
88 downregulated genes. The hierarchical clustering heatmap of differentially expressed
genes showed that CK and MgO NPs-200 samples clustered into two distinct groups, in-
dicating that 200 mg/L MgO NPs markedly altered the gene expression pattern of loquat
leaves (Figure 7a). PCA further showed partial separation between the two groups, with
PC1 and PC2 explaining 22.76% and 20.02% of the variation, respectively, suggesting that
MgO NPs induced changes in the transcriptomic profile of loquat leaves (Figure 7b).

The clustering heatmap of differentially expressed transcription factors showed that
several members of the bHLH, MYB, AP2/ERF, NAC, EIL, and SBP families were up-regu-
lated after MgO NP treatment, whereas some HB-HD-ZIP and HSF members were down-
regulated (Figure 7c). AP2/ERF and NAC transcription factors are widely involved in plant
stress responses, ethylene signaling, fruit ripening, and fruit quality regulation [37-39],
while MYB and bHLH transcription factors commonly regulate phenylpropanoid and fla-
vonoid biosynthesis [40]. Therefore, their differential expression suggests that MgO NPs
may affect leaf transcriptional networks associated with stress responses, antioxidant me-
tabolism, and secondary metabolism. The down-regulation of some HSF-related genes may
also reflect changes in stress-response regulation, as HSF transcription factors are closely
involved in heat stress responses, ROS homeostasis, and antioxidant defense in plants [41].

KEGG pathway analysis further showed that the DEGs were mainly assigned to me-
tabolism-related pathways (Figure 7d). Among them, metabolic pathways contained the
largest number of DEGs, with 54 genes accounting for 50.94%, followed by biosynthesis
of secondary metabolites with 31 genes accounting for 29.25% (Figure 7d). In addition,
plant-pathogen interaction, plant hormone signal transduction, and MAPK signaling
pathway contained 18, 10, and 9 DEGs, respectively, suggesting that MgO NPs affected
leaf genes associated with metabolic regulation and stress/signaling responses in loquat
leaves. Several pathways related to metabolic regulation were also represented, including
phenylpropanoid biosynthesis, glutathione metabolism, cutin, suberine and wax biosyn-
thesis, starch and sucrose metabolism, amino sugar and nucleotide sugar metabolism, ga-
lactose metabolism, carotenoid biosynthesis, and glycerolipid metabolism (Figure 7d).
The enrichment of DEGs in these pathways suggests that MgO NPs influenced leaf gene
expression related to sugar metabolism, antioxidant defense, and secondary metabolism
[40,42]. These leaf transcriptomic changes provide possible molecular clues for under-
standing the observed improvement in fruit quality.
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Figure 6. Effects of MgO NPs on contents of key metabolites in loquat fruit. (a) ascorbic acid content,
(b) carotenoid content, (c) total phenol content. Different lowercase letters above the bars indicate
significant differences among different treatments (p < 0.05). Data are presented as mean + SD, n =
3. FW stands for fresh weight.
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chical clustering heatmap of differentially expressed genes; (b) principal component analysis (PCA)
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plot; (c) clustering heatmap of differentially expressed transcription factors; (d) KEGG pathway clas-
sification of differentially expressed genes. CK represents the control, and MgO NPs-200 represents
200 mg/L MgO NP treatment.

3. Materials and Methods

3.1. Plant Cultivation and Experimental Soil

The test crop was loquat (Eriobotrya japonica Lindl.) cultivar ‘Ninghaibai’. The exper-
imental soil was clayey red soil, classified as a red clay soil within the red soil subclass. Its
parent material consisted of residual-slope deposits derived from the weathering of acidic
igneous rocks, such as tuff. The soil was collected from a long-term loquat-growing area in
Ninghai County, Ningbo City, Zhejiang Province, China (121.49° E, 29.21° N). The basic
physicochemical properties of the soil are presented in Table S1. The exchangeable Mg con-
tent was 7.19 mg/kg, which was far below the critical threshold of 60 mg/kg, indicating se-
vere Mg deficiency [6]. All chemicals and reagents used in this study were purchased from
Aladdin Biochemical Technology Co., Ltd. (Shanghai, China), unless otherwise stated.

3.2. Characterization of MgO NPs

The physicochemical properties of the MgO NPs were characterized using multiple
analytical techniques. Briefly, the MgO NP suspension was dropped onto a copper grid
and air-dried prior to observation by transmission electron microscopy (TEM; JEM-1400,
JEOL Ltd., Tokyo, Japan). The crystalline structure of the MgO NPs was determined by X-
ray diffraction (XRD; D8 Advance, Bruker AXS GmbH, Karlsruhe, Germany) using Cu Ka
radiation at 40 kV and 400 mA. The hydrodynamic diameter and zeta potential of the
MgO NPs working suspension were measured by dynamic light scattering (DLS;
Zetasizer Pro, Malvern Panalytical Ltd., Malvern, UK). As shown in Figure 51, the MgO
NPs exhibited a cubic morphology and cubic-phase crystalline structure, with an average
primary particle size of 52.6 + 10.8 nm. The hydrodynamic diameter and zeta potential
were 124.3 + 31.0 nm and -34.0 + 7.1 mV, respectively, indicating the nanoscale size and
colloidal characteristics of the MgO NPs used in this study.

3.3. Experimental Design and Management

Pot and field experiments were conducted on loquat seedlings and mature fruit trees,
respectively. The pot experiment was performed in a greenhouse at the West Zone of Zi-
jingang Campus, Zhejiang University. Healthy and uniform one-year-old ‘Ninghaibai” lo-
quat seedlings were transplanted into pots containing 5 kg of sieved soil, which had been
air-dried and passed through a 1 mm sieve. Surviving seedlings were selected for the exper-
iment, with each seedling regarded as one experimental unit and three replicates per treat-
ment. The field experiment was arranged in a randomized block design, with three replicate
plots per treatment, four trees per replicate plot, and 2 m spacing between adjacent trees.

Two Mg fertilizers were applied by foliar spraying, and eight treatments were estab-
lished for both pot and field experiments: (1) water control (CK), sprayed with water; (2)
conventional Mg fertilizer comparator, MgSQOs-50eq, 307.5 mg/L MgSO+7H0 (1.25
mmol/L Mg), with the same molar Mg concentration as 50 mg/L MgO NPs; (3) MgO NPs-
50, 50 mg/L (1.25 mmol/L Mg); (4) MgO NPs-100, 100 mg/L (2.5 mmol/L Mg); (5) MgO
NPs-150, 150 mg/L (3.75 mmol/L Mg); (6) MgO NPs-200, 200 mg/L (5 mmol/L Mg); (7)
MgO NPs-300, 300 mg/L (7.5 mmol/L Mg); and (8) MgO NPs-500, 500 mg/L (12.5 mmol/L
Mg). The concentration settings were based on previous research [18,43]. The physico-
chemical characterization of MgO NPs is presented in Section 2.2 and Figure S1.
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In the pot experiment, foliar spraying was conducted twice at 15-day intervals using
a 1 L sprayer. Thirty days after the second application, leaf photosynthetic pigments, an-
tioxidant enzyme activities, plant biomass, and total Mg, N, P, and K contents were deter-
mined. In the field experiment, foliar spraying was performed twice from the fruit expan-
sion stage to the color-turning stage in mid-March, with a 15-day interval, using a 15 L
electric sprayer. Spraying was conducted on sunny mornings before 10:00 a.m., and the
treatment solution was applied evenly to both the adaxial and abaxial leaf surfaces until
the leaves were uniformly wetted. Other agricultural practices were consistent with local
farmer management. Leaves from the field experiment were collected 24 h after the first
foliar application from fully expanded functional leaves at the middle canopy position,
immediately frozen in liquid nitrogen, and stored at =80 °C for transcriptomic analysis. At
fruit maturity, fruits were harvested directly from the trees. Fruits at similar commercial
maturity and without visible disease, pest damage, or mechanical injury within each treat-
ment were randomly collected from different canopy positions, with six fruits collected
from each tree and 24 fruits obtained from each field replicate plot, preserved on dry ice,
and transported to the laboratory as soon as possible for analysis. The mean value of the
24 fruits from each field replicate plot was used for subsequent statistical analysis. Some
samples were used to determine fruit appearance quality, whereas the remaining samples
were frozen in liquid nitrogen, ground, and stored at —80 °C for other fruit quality analyses.

3.4. Determination of Photosynthetic Pigment Contents

Chlorophyll a, chlorophyll b, and carotenoid contents were determined using a spec-
trophotometric method. Fresh mature leaves of loquat seedlings were collected, with the
midribs removed, cut into pieces, and weighed to 0.1 g. The samples were placed in a
mortar, mixed with a small amount of quartz sand and 5 mL of 80% acetone, and rapidly
ground into a homogenate in an ice bath. Additional extraction solution was then added,
and grinding was continued until the residue became completely white. The extract was
filtered into a 25 mL brown volumetric flask. The mortar and residue were repeatedly
rinsed with the solvent until the filter paper and residue showed no green color. The final
volume was adjusted to the mark with the same extraction solution, mixed thoroughly,
and extracted in the dark for 24 h. The absorbance was then measured at 663, 646, and 470
nm using a microplate reader (SPECTROstar Nano, BMG LABTECH, Ortenberg, Ger-
many). All procedures were performed under dim light.

3.5. Antioxidant Enzyme Activities and Soluble Protein Content

The analysis was conducted using the methods described in previous reports [43].
Fresh mature leaves of loquat seedlings were collected, with the midribs removed, cut
into pieces, and accurately weighed to 0.3 g. The samples were placed in a pre-cooled
mortar, mixed with 3 mL of pre-cooled extraction buffer containing 50 mmol/L phosphate
buffer (pH 7.8) and 1% polyvinylpyrrolidone, and rapidly ground into a homogenate in
an ice bath. The homogenate was transferred into a centrifuge tube, and the mortar was
rinsed twice with a total of 5 mL of extraction buffer. The rinsing solutions were combined
with the homogenate. The mixture was centrifuged at 10,000-12,000 rpm for 20 min at
4 °C, and the supernatant was collected as the enzyme extract. Superoxide dismutase
(SOD) activity was determined using the nitroblue tetrazolium (NBT) method, peroxidase
(POD) activity using the guaiacol method, and catalase (CAT) activity using the ultravio-
let absorption method. Soluble protein content was determined using the Coomassie Bril-
liant Blue G-250 method.
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3.6. Elemental Content Analysis

The analysis was conducted using the methods described in previous reports [44].
Before drying, leaf samples were carefully rinsed with deionized water to remove surface-
adhered residues from foliar spraying. Loquat seedlings were then heat-treated and dried
at 80 °C to constant weight, then separated into roots, stems, and leaves. The samples were
ground and passed through a 60-mesh (0.25 mm) nylon sieve. For total nitrogen (TN) de-
termination, 0.2 g of sample was accurately weighed, digested using an H250s: +
K2504/CuSOs system, and analyzed by the Kjeldahl method. Another 0.2 g of sample was
digested with an HNOs-H:0: system using a DigiBlock digestion system (EH35A, Lab-
Tech, UK), and the contents of total phosphorus (TP), total potassium (TK), and total mag-
nesium (TMg) were determined by ICP-OES (ICP 6000, Thermo Fisher Scientific, Waltham,
MA, USA). All elemental concentrations were expressed on a dry-weight basis. For the
calculation of biomass-based nutrient indices, element concentrations were uniformly ex-
pressed as mg/g DW before calculation. The accumulation and uptake indices of Mg, N,
P, and K were calculated as follows:

Element accumulation amount (mg/plant) = organ dry biomass (g/plant) x element concentration (mg/g

DW)

Element uptake amount (mg/plant) = element accumulation amount at the end of the experiment

(mg/plant) — element accumulation amount at the beginning of the experiment (mg/plant)

Element uptake contribution rate (%) = [element uptake amount (mg/plant)/element accumulation

amount at the end of the experiment (mg/plant)] x 100%

Element harvest index of a given organ (%) = [element accumulation amount in the organ (mg/plant)/to-

tal plant element accumulation amount (mg/plant)] x 100%

For the whole plant, total element accumulation was obtained by summing the accu-
mulation amounts in roots, stems, and leaves. The same equations were used for Mg, N,
P, and K.

3.7. Fruit Shape Index and Firmness

The analysis was conducted using the methods described in previous reports [44].
The longitudinal diameter, defined as the distance from the fruit apex to the fruit base
(mm), and the transverse diameter, defined as the maximum diameter at the fruit equator
(mm), were measured using a digital vernier caliper with an accuracy of 0.01 mm. Each
fruit was measured at least twice, and the mean value was used. The fruit shape index
was calculated as follows: fruit shape index = longitudinal diameter/transverse diameter.
Fruit firmness was measured using a fruit firmness tester (GY-1, Beijing Penglichi Tech-
nology Co., Ltd., Beijing, China). Firmness was measured at five positions, including the
fruit apex, two opposite points at the equator, and two symmetrical points at the fruit base,
and the mean value was expressed as fruit firmness (kg/cm?).

3.8. Fruit Flavor Quality

The soluble solid content, soluble sugar components, titratable acid content, organic
acid components, solid—acid ratio, and sugar—acid ratio of loquat fruits were determined
[45,46]. The detailed methods are provided in Text S1.

3.9. Determination of Fruit Nutritional Quality

The ascorbic acid content, carotenoid content, and total phenol content of loquat
fruits were determined [46—47]. The detailed methods are provided in Text S2.
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3.10. Transcriptome Sequencing

Ribosomal RNA (rRNA) was removed from total RNA using the Ribo-Zero™ kit (Ep-
icentre, Madison, W1, USA), and the enriched messenger RNA (mRNA) was used for tran-
scriptome library construction. Each treatment included three biological replicates for RNA-
seq. After library quality control, paired-end sequencing with a read length of 150 bp was
performed on an [llumina NovaSeq 6000 high-throughput sequencing platform to generate
raw sequence data. Raw sequencing data were preprocessed by quality filtering and adapter
removal using fastp (version 0.23.2) to obtain high-quality clean reads for subsequent anal-
ysis. A total of 46.62 Gb of clean data was obtained, with at least 6 Gb of clean data for each
sample. The percentage of Q30 bases was 96% or higher. Clean reads were mapped to the
loquat reference genome using HISAT2 (version 2.2.1), with total mapping rates ranging
from 94.47% to 96.17%. The mapped reads were assembled into transcripts using StringTie
(version 2.1.6), and complete transcript information was obtained with reference to the lo-
quat reference genome. Gene expression levels were calculated as FPKM (Fragments Per
Kilobase of transcript per Million mapped reads) for expression description and visualiza-
tion. Raw read counts were obtained using featureCounts (version 2.0.3), and differentially
expressed genes (DEGs) were identified from raw count data using DESeq2 (version 1.22.1),
with llogz(Fold Change)l = 1 and FDR (False Discovery Rate) < 0.01 as the significance
thresholds. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment anal-
ysis was then performed for the identified DEGs.

3.11. Statistical Analysis

The data were first processed using Excel and then statistically analyzed using SPSS 20.0
(IBM Corp., Armonk, NY, USA). Differences among treatments were analyzed by one-way
analysis of variance (ANOVA), followed by Student-Newman-Keuls (S-N-K) post hoc tests
at p <0.05. All data are expressed as the mean + standard deviation of replicate samples. Dif-
ferent lowercase letters indicate significant differences among treatments. Figures were gen-
erated using Origin 2026 (OriginLab Corporation, Northampton, MA, USA).

4. Conclusions

In conclusion, foliar application of MgO NPs improved loquat seedling growth, Mg
nutrition, antioxidant-related physiological responses, and fruit quality under the present
Mg-deficient acidic soil conditions. Among the tested concentrations, 200 mg/L MgO NPs
showed the best overall performance, increasing seedling biomass, Mg uptake, soluble sol-
ids content, fruit size, sugar—acid balance, and nutritional metabolites, whereas 500 mg/L
weakened several growth and quality responses. Based on the present field protocol, foliar
application of 200 mg/L MgO NPs twice from the fruit expansion stage to the color-turning
stage at a 15-day interval may serve as a preliminary practical reference for Mg supplemen-
tation in loquat orchards with Mg-deficient acidic soils. However, because this study was
conducted under specific pot and field conditions, the long-term safety, economic feasibility,
cost-effectiveness, and scalability of MgO NP application remain to be evaluated through
multi-season and multi-site field trials before large-scale implementation.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/plants15132099/s1. Text S1: Determination of Fruit Flavor
Quality; Text S2: Determination of Fruit Nutritional Quality; Table S1: Basic physicochemical prop-
erties of soil; Table S2: Effects of MgO NPs on the biomass of loquat seedlings; Table S3: Effects of
MgO NPs on antioxidant enzyme activities and soluble protein content in loquat seedling leaves;
Table S4: Effect of MgO NPs on fruit shape index of loquat fruit; Figure S1: Characterization of MgO
NPs; Figure S2: Effects of MgO NPs on nitrogen accumulation amount, nitrogen uptake amount,

nitrogen uptake contribution rate, and nitrogen harvest index of loquat seedlings; Figure S3: Effects
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of MgO NPs on phosphorus accumulation amount, phosphorus uptake amount, phosphorus up-
take contribution rate, and phosphorus harvest index of loquat seedlings; Figure S4: Effects of MgO
NPs on potassium accumulation amount, potassium uptake amount, potassium uptake contribu-
tion rate, and potassium harvest index of loquat seedlings; Figure S5: Correlation analysis of
growth-related indicators in loquat seedlings [46—48].

Author Contributions:. Conceptualization, Y.Y., X.Y. and S.W.; methodology, Y.Y. and J.N.; soft-
ware, W.W. and C.L.; validation, Y.Y., ].N. and W.W.; formal analysis, Y.Y., W.W. and C.L.; investi-
gation, Y.Y,, J.N.,, C.L,, JJW. and B.H.; resources, X.Y. and S.W.; data curation, Y.Y., ].N. and W.W.;
writing —original draft preparation, Y.Y. and ].N.; writing —review and editing, Y.Y., J.N., B.H., X.Y.
and S.W.; visualization, Y.Y., ].N. and W.W.; supervision, X.Y. and S.W.; project administration, X.Y.
and S.W.; funding acquisition, X.Y. and S.W. All authors have read and agreed to the published

version of the manuscript.

Funding: This research was funded by Department of Science and Technology of Zhejiang Province
grant number 2023C02002.

Institutional Review Board Statement: Not applicable. This study involved only loquat plants (Eri-

obotrya japonica Lindl.) and did not involve humans or animals.
Informed Consent Statement: Not applicable. This study did not involve humans.

Data Availability Statement: The original contributions presented in this study are included in the

article/supplementary material. Further inquiries can be directed to the corresponding author(s).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Shah, HM.S,; Khan, A.S; Singh, Z.; Ayyub, S. Postharvest Biology and Technology of Loquat (Eriobotrya japonica Lindl.). Foods
2023, 12, 1329. https://doi.org/10.3390/foods12061329.

2. Xu, H;; Chen, ]J. Commercial Quality, Major Bioactive Compound Content and Antioxidant Capacity of 12 Cultivars of Loquat
(Eriobotrya japonica Lindl.) Fruits. J. Sci. Food Agric. 2011, 91, 1057-1063. https://doi.org/10.1002/jsfa.4282.

3. Erdisli, S.; Gozlekdi, S.; Sengul, M.; Hegedus, A.; Tepe, S. Some Physicochemical Characteristics, Bioactive Content and Antiox-
idant Capacity of Loquat (Eriobotrya japonica (Thunb.) Lindl) Fruits from Turkey. Sci. Hortic. 2012, 148, 185-189.
https://doi.org/10.1016/j.scienta.2012.10.001.

4.  Ferreres, F.; Gomes, D.; Valentdo, P.; Gongalves, R.; Pio, R.; Chagas, E.A.; Seabra, RM.; Andrade, P.B. Improved Loquat (Eri-
obotrya japonica Lindl.) Cultivars: Variation of Phenolics and Antioxidative Potential. Food Chem. 2009, 114, 1019-1027.
https://doi.org/10.1016/j.foodchem.2008.10.065.

5. Cakmak, I; White, P.J. Magnesium in Crop Production and Food Quality. Plant Soil 2020, 457, 1-3.
https://doi.org/10.1007/s11104-020-04751-6.

6. Zhang, S.; Yang, W.; Muneer, M.A,; Ji, Z,; Tong, L.; Zhang, X,; Li, X.; Wang, W.; Zhang, F.; Wu, L. Integrated Use of Lime with
Mg Fertilizer Significantly Improves the Pomelo Yield, Quality, Economic Returns and Soil Physicochemical Properties under
Acidic Soil of Southern China. Sci. Hortic. 2021, 290, 110502. https://doi.org/10.1016/j.scienta.2021.110502.

7. Liu, X;; Hu, C,; Liu, X,; Riaz, M; Liu, Y.; Dong, Z; Tan, Q.; Sun, X.; Wu, S.; Tan, Z. Effect of Magnesium Application on the Fruit
Coloration and Sugar Accumulation of Navel Orange (Citrus sinensis Osb.). Sci. Hortic. 2022, 304, 111282.
https://doi.org/10.1016/j.scienta.2022.111282.

8.  Cakmak, I; Kirkby, E.A. Role of Magnesium in Carbon Partitioning and Alleviating Photooxidative Damage. Physiol. Plant.
2008, 133, 692-704. https://doi.org/10.1111/j.1399-3054.2007.01042.x.

9.  Farhat, N; Elkhouni, A.; Zorrig, W.; Smaoui, A.; Abdelly, C.; Rabhi, M. Effects of Magnesium Deficiency on Photosynthesis and
Carbohydrate Partitioning. Acta Physiol. Plant. 2016, 38, 145-154. https://doi.org/10.1007/s11738-016-2165-z.

10. Gransee, A,; Fiithrs, H. Magnesium Mobility in Soils as a Challenge for Soil and Plant Analysis, Magnesium Fertilization and

Root Uptake under Adverse Growth Conditions. Plant Soil 2013, 368, 5-21. https://doi.org/10.1007/s11104-012-1567-y.

https://doi.org/10.3390/plants15132099


https://doi.org/10.3390/plants15132099

Plants 2026, 15, 2099 16 of 17

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Han, H.; Chen, X.-L,; Liu, Y.-Z.; Zhou, T.; Alam, S.M.; Khan, M.A. Foliar Spraying Magnesium Promotes Soluble Sugar Accu-
mulation by Inducing the Activities of Sucrose Biosynthesis and Transport in Citrus Fruits. Sci. Hortic. 2024, 324, 112593.
https://doi.org/10.1016/j.scienta.2023.112593.

Zulfiqar, F.; Navarro, M.; Ashraf, M.; Akram, N.A.; Munné-Bosch, S. Nanofertilizer Use for Sustainable Agriculture: Advantages
and Limitations. Plant Sci. 2019, 289, 110270. https://doi.org/10.1016/j.plantsci.2019.110270.

Kah, M.; Tufenkji, N.; White, J.C. Nano-Enabled Strategies to Enhance Crop Nutrition and Protection. Nat. Nanotechnol. 2019,
14, 532-540. https://doi.org/10.1038/s41565-019-0439-5.

Wang, X.; Hussain, B.; Xin, X; Zou, T.; Huang, X.; Cheng, L.; Wu, Z.; Yang, Y.; Li, Y.; He, Z,; et al. Fate and Physiological Effects
of Foliar Selenium Nanoparticles in Wheat. ACS Nano 2025, 19, 21792-21806. https://doi.org/10.1021/acsnano.5c05670.

Hong, J.; Wang, C.; Wagner, D.C.; Gardea-Torresdey, J.L.; He, F.; Rico, C.M. Foliar Application of Nanoparticles: Mechanisms
of Absorption, Transfer, and Multiple Impacts. Environ. Sci. Nano 2021, 8, 1196-1210. https://doi.org/10.1039/DOEN01129K.
Avellan, A; Yun, J.; Morais, B.P.; Clement, E.T.; Rodrigues, S.M.; Lowry, G.V. Critical Review: Role of Inorganic Nanoparticle
Properties on Their Foliar Uptake and in Planta Translocation. Environ. Sci. Technol. 2021, 55, 13417-13431.
https://doi.org/10.1021/acs.est.1c00178.

Avellan, A.; Yun, J.; Zhang, Y.; Spielman-Sun, E.; Unrine, ].M.; Thieme, J.; Li, J.; Lombi, E.; Bland, G.; Lowry, G.V. Nanoparticle
Size and Coating Chemistry Control Foliar Uptake Pathways, Translocation, and Leaf-to-Rhizosphere Transport in Wheat. ACS
Nano 2019, 13, 5291-5305. https://doi.org/10.1021/acsnano.8b09781.

Hu, Y.; Zhong, X.; Wang, X.; Yi, J.; Luo, J.; Tang, G. Magnesium Nanoparticles Enhance Growth and Reshape the Rhizosphere
Microbial ~Community in  Soybean (Glycine Max L.). Plant  Physiol.  Biochem. 2025, 229, 110460.
https://doi.org/10.1016/j.plaphy.2025.110460.

Ali, S.; Ulhassan, Z.; Alj, S.; Kaleem, Z.; Yousaf, M.A.; Sheteiwy, M.S.; Ali, S.; Waseem, M.; Jalil, S.; Wang, J.; et al. Differential
Responses of Brassica Napus Cultivars to Dual Effects of Magnesium Oxide Nanoparticles. Environ. Sci. Pollut. Res. 2024, 31,
12446-12466. https://doi.org/10.1007/s11356-024-31977-z.

Cai, L.; Liu, M,; Liu, Z;; Yang, H.; Sun, X.; Chen, J.; Xiang, S.; Ding, W. MgONPs Can Boost Plant Growth: Evidence from
Increased Seedling Growth, Morpho-Physiological Activities, and Mg Uptake in Tobacco (Nicotiana Tabacum L.). Molecules 2018,
23, 3375. https://doi.org/10.3390/molecules23123375.

Thangavelu, R.M.; Da Silva, W.L.; Zuverza-Mena, N.; Dimkpa, C.O.; White, J.C. Nano-Sized Metal Oxide Fertilizers for Sustain-
able Agriculture: Balancing Benefits, Risks, and Risk Management Strategies. Nanoscale 2024, 16, 19998-20026.
https://doi.org/10.1039/D4NR01354A.

Yang, J.; Zhang, J.; Niu, X.-Q.; Zheng, X.-L.; Chen, X.; Zheng, G.-H.; Wu, ].-C. Comparative Transcriptome Analysis Reveals Key
Genes Potentially Related to Organic Acid and Sugar Accumulation in Loquat. PLoS ONE 2021, 16, e0238873.
https://doi.org/10.1371/journal.pone.0238873.

Ding, C.-K.; Chachin, K.; Ueda, Y.; Imahori, Y.; Wang, C.Y. Metabolism of Phenolic Compounds during Loquat Fruit Develop-
ment. J. Agric. Food Chem. 2001, 49, 2883-2888. https://doi.org/10.1021/jf0101253.

Zhang, K;; Ma, Q.; Wang, Y.; Yuan, Z,; Yang, Z.; Luo, X,; Zhang, H.; Xia, H,; Lv, X;; Wang, Y.; et al. Transcriptome and Biochem-
ical Analyses Reveal Phenolic Compounds-Mediated Flavor Differences in Loquat (Eriobotrya japonica Lindl.) Cultivars
Chunhua No.1 and Dawuxing. Food Chem. X 2024, 21, 101145. https://doi.org/10.1016/j.fochx.2024.101145.

Taj, H.; Noreen, Z.; Aslam, M.; Usman, S.; Shah, A.A.; Rafique, M.; Raja, V.; El-Sheikh, M. A. Effects of SNP, MgSO4, and MgO-
NPs Foliar Application on Spinacia Oleracea L. Growth and Physio-Biochemical Responses under Cadmium Stress. Sci. Rep.
2024, 14, 26687 . https://doi.org/10.1038/s41598-024-77221-z.

Abbas, Z.; Hassan, M.A.; Huang, W.; Yu, H.; Xu, M,; Chang, X.; Fang, X,; Liu, L. Influence of Magnesium Oxide (MgO) Nano-
particles on Maize (Zea Mays L.). Agronomy 2024, 14, 617. https://doi.org/10.3390/agronomy14030617.

Lowry, G.V,; Giraldo, J.P.; Steinmetz, N.F.; Avellan, A.; Demirer, G.S.; Ristroph, K.D.; Wang, G.J.; Hendren, C.O.; Alabi, C.A,;
Caparco, A.; et al. Towards Realizing Nano-Enabled Precision Delivery in Plants. Nat. Nanotechnol. 2024, 19, 1255-1269.
https://doi.org/10.1038/s41565-024-01667-5.

Kohay, H.; Wielinski, J.; Reiser, J.; Perkins, L.A.; Ristroph, K.; Giraldo, J.P.; Lowry, G.V. Nanocarrier Foliar Uptake Pathways
Affect Delivery of Active Agents and Plant Physiological Response. Environ. Sci. Nano 2025, 12, 660-674.
https://doi.org/10.1039/D4EN00547C.

Gao, X.; Kundu, A.; Persson, D.P.; Szameitat, A.; Minutello, F.; Husted, S.; Ghoshal, S. Application of ZnO Nanoparticles En-
capsulated in Mesoporous Silica on the Abaxial Side of a Solanum Lycopersicum Leaf Enhances Zn Uptake and Translocation
via the Phloem. Environ. Sci. Technol. 2023, 57, 21704-21714. https://doi.org/10.1021/acs.est.3c06424.

https://doi.org/10.3390/plants15132099


https://doi.org/10.3390/plants15132099

Plants 2026, 15, 2099 17 of 17

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Rodrigues, S.; Avellan, A.; Bland, G.D.; Miranda, M.C.R.; Larue, C.; Wagner, M.; Moreno-Bayona, D.A.; Castillo-Michel, H.;
Lowry, G.V.; Rodrigues, S.M. Effect of a Zinc Phosphate Shell on the Uptake and Translocation of Foliarly Applied ZnO Nano-
particles in Pepper Plants (Capsicum annuumy). Environ. Sci. Technol. 2024, 58, 3213-3223. https://doi.org/10.1021/acs.est.3c08723.
Ishfag, M.; Wang, Y.; Yan, M.; Wang, Z.; Wu, L.; Li, C.; Li, X. Physiological Essence of Magnesium in Plants and Its Widespread
Deficiency in the Farming System of China. Front. Plant Sci. 2022, 13, 802274. https://doi.org/10.3389/fpls.2022.802274.

Zeng, H.; Chen, H.; Zhang, M.; Ding, M.; Xu, F.; Yan, F.; Kinoshita, T.; Zhu, Y. Plasma Membrane H+-ATPases in Mineral
Nutrition and Crop Improvement. Trends Plant Sci. 2024, 29, 978-994. https://doi.org/10.1016/j.tplants.2024.02.010.

Wu, C.; Shen, X, Feng, W, Li, P; Chen, Y. Agricultural Nanotechnology. Coord. Chem. Rev. 2025, 543, 216906.
https://doi.org/10.1016/j.ccr.2025.216906.

Ali, M\M,; Hu, X,; Chao, P; Ali, S.; Akram, M.T.; Naveed, W.A ; Gull, S.; Deng, H.; Mosa, W.F.A.; Hou, Y.; et al. Magnesium’s
Impact on Fruit Quality of Loquat: Insights into Sugar and Acid Dynamics. Sci. Hortic. 2024, 328, 112972.
https://doi.org/10.1016/j.scienta.2024.112972.

Tian, G.; Qin, H; Liu, C; Xing, Y.; Feng, Z.; Xu, X,; Liu, J.; Lyu, M,; Jiang, H.; Zhu, Z.; et al. Magnesium Improved Fruit Quality
by Regulating Photosynthetic Nitrogen Use Efficiency, Carbon-Nitrogen Metabolism, and Anthocyanin Biosynthesis in ‘Red
Fuji” Apple. Front. Plant Sci. 2023, 14, 1136179. https://doi.org/10.3389/fpls.2023.1136179.

Qin, H.; Zhang, X; Tian, G.; Liu, C; Xing, Y.; Feng, Z.; Lyu, M,; Liu, J.; Xu, X;; Zhu, Z; et al. Magnesium Alleviates Growth
Inhibition under Low Potassium by Enhancing Photosynthesis and Carbon-Nitrogen Metabolism in Apple Plants. Plant Physiol.
Biochem. 2024, 214, 108875. https://doi.org/10.1016/j.plaphy.2024.108875.

Zhai, Y.; Fan, Z.; Cui, Y.; Gu, X.; Chen, S.; Ma, H. APETALA2/Ethylene Responsive Factor in Fruit Ripening: Roles, Interactions
and Expression Regulation. Front. Plant Sci. 2022, 13, 979348. https://doi.org/10.3389/fpls.2022.979348.

Liu, J.; Qiao, Y.; Li, C.; Hou, B. The NAC Transcription Factors Play Core Roles in Flowering and Ripening Fundamental to Fruit
Yield and Quality. Front. Plant Sci. 2023, 14, 1095967 . https://doi.org/10.3389/fpls.2023.1095967.

Liu, G.-S; Li, H.-L.; Grierson, D.; Fu, D.-Q. NAC Transcription Factor Family Regulation of Fruit Ripening and Quality: A
Review. Cells 2022, 11, 525. https://doi.org/10.3390/cells11030525.

Sun, L.; Huo, J; Liu, J.; Yu, J; Zhou, J.; Sun, C.; Wang, Y.; Leng, F. Anthocyanins Distribution, Transcriptional Regulation,
Epigenetic and Post-Translational Modification in Fruits. Food Chem. 2023, 411, 135540. https://doi.org/10.1016/j.food-
chem.2023.135540.

Wang, X.; Tan, N.\W.K,; Chung, F.Y.; Yamaguchi, N.; Gan, E.-S,; Ito, T. Transcriptional Regulators of Plant Adaptation to Heat
Stress. Int. |. Mol. Sci. 2023, 24, 13297. https://doi.org/10.3390/ijms241713297.

Jia, K; Wang, W.; Zhang, Q.; Jia, W. Cell Wall Integrity Signaling in Fruit Ripening. Int. ]. Mol. Sci. 2023, 24, 4054.
https://doi.org/10.3390/ijms24044054.

Zhang, Y.; Sun, Q.; Zhang, Q.; Tang, W.; Chen, X. Molecular Responses of Watermelon Seedlings to MgO Nanoparticles: Tran-
scriptome and Metabolome Insights. Plant Physiol. Biochem. 2025, 229, 110828. https://doi.org/10.1016/j.plaphy.2025.110828.
Wang, X.; Hussain, B.; Lian, J.; Xin, X.; Zou, T.; Huang, X.; Cheng, L.; Yu, H.; He, Z.; Yang, X. Time-Dependent Application
Strategies of Selenium Nanofertilizer to Enhance Biofortification in Rice and Wheat. Food Chem. X 2025, 31, 103174.
https://doi.org/10.1016/j.fochx.2025.103174.

Kim, M.; Nguyen, T.T.P.; Ahn, J.-H.; Kim, G.-J.; Sim, S.-C. Genome-Wide Association Study Identifies QTL for Eight Fruit Traits
in Cultivated Tomato (Solanum Lycopersicum L.). Hortic. Res. 2021, 8, 203-212. https://doi.org/10.1038/s41438-021-00638-4.
Prohaska, A.; Rey-Serra, P.; Petit, J.; Petit, A.; Perrotte, J.; Rothan, C.; Denoyes, B. Exploration of a European-Centered Straw-
berry Diversity Panel Provides Markers and Candidate Genes for the Control of Fruit Quality Traits. Hortic. Res. 2024, 11,
uhael37. https://doi.org/10.1093/hr/uhael37.

Guirao, A.; Martinez-Romero, D.; Solana-Guilabert, A.; Agulld, V.; Diaz-Mula, H.M.; Valverde, ]. M. Influence of Preharvest
Sorbitol and Calcium-Sorbitol Applications on the Ripening Process and Anthocyanin Biosynthesis in Blood Orange (Citrus
Sinensis Cv. Sanguinelli). Food Chem. 2025, 481, 144105. https://doi.org/10.1016/j.foodchem.2025.144105.

Dhuique-Mayer, C.; Fanciullino, A.-L.; Dubois, C.; Ollitrault, P. Effect of Genotype and Environment on Citrus Juice Carotenoid
Content. J. Agric. Food Chem. 2009, 57, 9160-9168. https://doi.org/10.1021/jf901668d

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/plants15132099


https://doi.org/10.3390/plants15132099

