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Abstract: This study investigated the effects of nano-magnesium and unbalanced 

NPK fertilizers on nutrient content and bioactive compounds in rosemary 

(Salvia rosmarinus) during the 2021-2022 growing season in Al-Qadisiyah, Iraq. 

Nine treatments were applied: control, nano-magnesium (1 and 2 g/L), NPK 

(1 and 2 g/L), and their combinations, with three replications each. Foliar 

applications were administered to six-week-old seedlings, with harvest 

occurring 30 days post-treatment. Nutrient analysis revealed that the nano-

magnesium (1 g/L) + NPK (2 g/L) combination yielded the highest nitrogen 

content (1.96%), while nano-magnesium alone (2 g/L) produced the lowest 

(0.98%). Phosphorus peaked at 0.277% with nano-magnesium (2 g/L) versus 

0.100% in controls. Potassium reached 1.211% with combined nano-magnesium 

+ NPK (both 1 g/L), while NPK alone (2 g/L) showed the minimum (0.588%). 

Total lipids increased from 0.852% (control) to 1.038% (nano-magnesium + NPK, 

both 2 g/L). Carbohydrate content varied dramatically, with the highest value of 

13.77% (nano-magnesium 2 g/L + NPK 1 g/L) contrasting sharply with 4.675% 

(both fertilizers at 2 g/L). GC-MS profiling revealed substantial variation in 

bioactive compounds: control plants contained 16 compounds, while treatments 

ranged from 2 compounds (nano-magnesium at 2 g/L alone) to 36 compounds 

(NPK at 1 g/L + nano-magnesium at 2 g/L). n-hexadecanoic acid emerged as the 

predominant compound across treatments, ranging from 3.26% to 35.17%. These 

findings demonstrate that nano-magnesium and NPK fertilization significantly 

enhance the nutritional and phytochemical profiles of rosemary, with combined 

applications showing synergistic effects on the diversity of bioactive compounds. 

Keywords: Salvia rosmarinus; nano-magnesium; NPK fertilizer; GC-MS analysis; 

n-hexadecanoic acid 

1. Introduction 
Rosemary (Salvia rosmarinus), formerly classified as Rosmarinus officinalis, is 

an evergreen, aromatic shrub belonging to the Lamiaceae family, characterized 

by needle-like leaves and bilaterally symmetrical flowers ranging from light blue 

to white [1]. This Mediterranean native species thrives in dry, rocky 

environments and has adapted to various soil types, though it shows a 

preference for clay soils [2]. The plant exhibits remarkable morphological 

diversity, leading botanists to classify it into three distinct species: Salvia 

rosmarinus, Salvia jordanii, and Salvia granatensis [3]. The therapeutic and 

commercial value of rosemary stems from its rich phytochemical profile. 
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Essential oils extracted from rosemary have been shown to possess documented antibacterial, antifungal, 

antiviral, anti-inflammatory, antitumor, anticoagulant, and antioxidant properties [4,5]. These characteristics 

have facilitated widespread applications in food preservation, cosmetic formulations, and pharmaceutical 

preparations [6]. Phytochemical analyses have identified key bioactive molecules, including flavonoids such 

as eriocitrin, luteolin, hesperidin, diosmin, and various glucosides, distributed throughout the leaves, flowers, 

and roots during different developmental stages [7]. 

Agricultural nanotechnology represents a paradigm shift in crop production systems, offering 

solutions to enhance yield while reducing synthetic chemical inputs [8,9]. Nanofertilizers exhibit superior 

solubility and distribution characteristics compared to conventional fertilizers, thereby minimizing nutrient 

mineralization and enhancing bioavailability [10]. These materials, typically ranging from 1 to 100 nanometers 

in diameter, exhibit enhanced penetration through plant surfaces due to their high surface area-to-volume 

ratio [11]. Magnesium plays crucial roles in photosynthesis as the central atom in chlorophyll molecules, in 

the formation of ATP, in enzyme activation, and in protein synthesis [12]. In higher plants, magnesium 

concentrations typically range from 80 μmol/g dry weight, constituting 0.5-3% of total dry matter [13,14]. A 

magnesium deficiency disrupts protein synthesis and reduces chlorophyll content, ultimately affecting 

photosynthetic efficiency [15,16]. Nitrogen, phosphorus, and potassium (NPK) represent essential 

macronutrients for plant growth and development [17]. Global NPK consumption exceeds 21.6 million tons 

annually, with China alone accounting for a substantial portion of this usage [18]. Foliar application of NPK 

fertilizers can effectively address nutrient deficiencies, particularly when soil conditions limit nutrient 

availability due to pH, moisture, or competition with other ions [19, 20, 21]. 

Despite extensive research on conventional fertilization strategies for medicinal plants, limited 

information exists regarding the synergistic effects of nano-magnesium and NPK fertilizers on the bioactive 

compound profiles of rosemary. This study aimed to evaluate the individual and combined effects of nano-

magnesium and unbalanced NPK fertilizers at varying concentrations on the nutrient content and phytochemical 

composition of rosemary plants, using comprehensive analytical techniques, including GC-MS profiling. 

 

2. Materials and Methods 
2.1 Experimental Site and Design 

This study was conducted in a private nursery in Al-Jamaa district, Al-Qadisiyah Governorate, Iraq 

(31°56'N, 44°55'E) during the 2021-2022 agricultural season. The experiment was conducted in a completely 

randomized design with nine treatments and three replications per treatment, resulting in a total of 27 

experimental units. The soil's physical and chemical properties were analyzed prior to planting, according to 

established methods [22]. The effect of foliar spraying of magnesium nano-fertilizer with its recommended 

and half-recommended concentrations, and unbalanced NPK fertilizer with its recommended and half-

recommended concentrations as well, in addition to the mixture between them, on some characteristics. 

Botanical and chemical properties of the rosemary plant. Rosemary seedlings, at the age of six weeks, were 

transferred to poles that had been previously prepared on October 15, 2021. The plants were sprayed with 

different concentrations of the fertilizers used in this study on January 15, 2022. The date of harvest and taking 

the necessary measurements for the study was February 15, 2022. These piles were filled with a mixed soil of 

predetermined physical and chemical characteristics before planting, with the addition of Dutch peat moss at 

a 1:2 mixing ratio. 

2.2 Plant Material and Treatment Application 

Six-week-old rosemary (Salvia rosmarinus) seedlings were transplanted into prepared pots on October 

15, 2021. The growing medium consisted of local soil mixed with Dutch peat moss at a 2:1 ratio. The treatments 

included: (1) Control (distilled water); (2) Nano-magnesium 1 g/L; (3) Nano-magnesium 2 g/L; (4) NPK 1 g/L; 

(5) NPK 2 g/L; (6) Nano-magnesium 1 g/L + NPK 1 g/L; (7) Nano-magnesium 1 g/L + NPK 2 g/L; (8) Nano-

magnesium 2 g/L + NPK 1 g/L; (9) Nano-magnesium 2 g/L + NPK 2 g/L. Foliar applications were administered 

on January 15, 2022, using a hand sprayer until complete leaf coverage was achieved. Plants were harvested 

on February 15, 2022, for analysis. 
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2.3 Nutrient Analysis 

Total nitrogen was quantified using the Kjeldahl method [23]. Digested samples (10 mL) were mixed 

with 35% NaOH (10 mL) in a Macro Kjeldahl distillation apparatus (Germany). Ammonia was distilled for 30-

40 minutes into 4% H₃BO₃ (50 mL) and titrated with 0.05 M H₂SO₄. Nitrogen percentage was calculated using: 

N (%) = (Acid volume × Acid normality × 14) / (1000 × Sample weight) × 100 

Phosphorus content was determined using the ascorbic acid-ammonium molybdate method [24]. 

Digested samples (10 mL) were diluted to 50 mL. An aliquot (10 mL) was mixed with ascorbic acid (0.1 g) and 

ammonium molybdate reagent (4 mL), heated until a blue color developed, and measured spectrophotometrically at 

620 nm. A standard curve was prepared using KH₂PO₄ solutions (1-6 mg/L). Potassium was measured using 

flame photometry (ELICO model CL 361, India) following established protocols [25]. 

2.4 Biochemical Analysis 

Total lipids were extracted and quantified according to the sulfuric acid-phosphovanillin method [26]. 

Fresh samples (1 g) were homogenized in extraction solvent (10 mL) for 10 minutes, followed by centrifugation 

at 10,000 rpm for 10 minutes. The supernatant was stored at 2-8°C for 48 hours. A sample extract (10 μL) was 

mixed with concentrated H₂SO₄ (1 mL), incubated at 100°C for 20 minutes, cooled, and then mixed with 

phosphovanillin reagent (2 mL). Absorbance was measured at 530 nm after 15 minutes. Total carbohydrates 

were determined using the phenol-sulfuric acid method [27]. This colorimetric method provides a reliable 

means of quantifying the total carbohydrate content in plant tissues. 

2.5 GC-MS Analysis of Bioactive Compounds 

Bioactive compound extraction and analysis were performed using modified protocols [28]. Dried 

plant material (1 g) was extracted with 99% methanol (10 mL) with continuous stirring for 5 minutes, then 

kept in darkness for 6 hours at room temperature. The extract was filtered through 0.45 μm syringe filters and 

concentrated with hexane (1 mL). GC-MS analysis was performed on an HP-5MS capillary column (30 m × 

0.25 mm i.d., 0.25 μm film thickness) with helium carrier gas at 1.0 mL/min. Injection volume was 1 μL in 

splitless mode. Temperature programming: initial 50°C (2 min), ramped at 3°C/min to 200°C, then 10°C/min 

to 280°C (held 10 min). Injector, interface, and ion source temperatures were 250°C, 280°C, and 230°C, 

respectively. Mass spectra were recorded at 70 eV, scanning from 40 to 450 m/z. Compounds were identified 

by comparing them with NIST and Wiley libraries, and retention indices were determined based on n-alkane 

standards [29]. 

2.6 Statistical Analysis 

The data were subjected to analysis of variance (ANOVA) using appropriate statistical software. 

Means were compared using the least significant difference (LSD) test at P ≤ 0.05 significance level. 

3. Results and Discussion 
3.1 Effects on Macronutrient Content 

Nitrogen concentration in rosemary plants exhibited substantial variation across treatments, ranging 

from 0.98% to 1.96% (Table 1). The combined treatment of nano-magnesium (1 g/L) with NPK (2 g/L) achieved 

the highest nitrogen accumulation (1.96%), followed by NPK (2 g/L) alone (1.82%) and the combination of 

nano-magnesium (2 g/L) with NPK (1 g/L) at 1.75%. Control plants maintained intermediate nitrogen levels 

at 1.42% (Table 1). Notably, nano-magnesium treatments alone showed contrasting effects: the 1 g/L 

concentration enhanced nitrogen to 1.56% (9.9% increase over control), while 2 g/L significantly reduced it to 

0.98% (31% decrease) (Figure 1). This concentration-dependent response aligns with studies demonstrating 

that excessive nano-particle concentrations can disrupt nitrogen metabolism through interference with nitrate 

reductase activity [30,31]. Phosphorus accumulation demonstrated a clear dose-response relationship with 

nano-magnesium application. The 2 g/L nano-magnesium treatment resulted in the maximum phosphorus 

content (0.277%), representing a 177% increase over the control plants (0.100%). The 1 g/L concentration also 

enhanced phosphorus uptake to 0.234% (134% increase). NPK fertilization alone yielded moderate 

improvements, with 1 g/L and 2 g/L treatments resulting in 0.189% and 0.212% phosphorus, respectively. 

Combined treatments showed intermediate effects, with values ranging from 0.156% to 0.223%. These findings 
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correspond with reports that nano-formulations enhance phosphorus solubility and reduce fixation in soil-

colloid complexes, thereby increasing bioavailability [32,33]. Potassium dynamics revealed complex 

interactions between treatments. The synergistic combination of nano-magnesium (1 g/L) with NPK (1 g/L) 

resulted in the highest potassium concentration (1.211%), a 102% increase over the control (0.599%). Individual 

nano-magnesium treatments at 1 g/L and 2 g/L resulted in 0.812% and 0.945% potassium, representing 

increases of 35.6% and 57.8%, respectively. Conversely, NPK (2 g/L) alone slightly reduced potassium to 

0.588%, suggesting potential antagonistic effects at higher NPK concentrations. This phenomenon has been 

attributed to competitive inhibition between NH4+ and K+ ions for root uptake sites [34,35]. 

Table 1. Effects of nano-magnesium and NPK fertilization on macronutrient content and biochemical composition of 

rosemary (Salvia rosmarinus) 

Treatment N (%) P (%) K (%) 
Total Lipids 

(%) 

Total 

Carbohydrates 

(%) 

Control 1.42 ± 0.08c 0.100 ± 0.006f 0.599 ± 0.021e 0.852 ± 0.015f 8.213 ± 0.32c 

Nano-Mg 1 g/L 1.56 ± 0.09b 0.234 ± 0.011b 0.812 ± 0.028c 0.912 ± 0.018d 6.892 ± 0.28d 

Nano-Mg 2 g/L 0.98 ± 0.06e 0.277 ± 0.013a 0.945 ± 0.031b 0.967 ± 0.020c 5.747 ± 0.24e 

NPK 1 g/L 1.67 ± 0.10b 0.189 ± 0.009c 0.734 ± 0.025d 0.889 ± 0.017e 5.438 ± 0.22ef 

NPK 2 g/L 1.82 ± 0.11a 0.212 ± 0.010b 0.588 ± 0.020e 0.923 ± 0.019d 5.174 ± 0.21f 

Nano-Mg 1 + NPK 1 g/L 1.48 ± 0.09c 0.178 ± 0.008cd 1.211 ± 0.038a 0.934 ± 0.019d 7.456 ± 0.30d 

Nano-Mg 1 + NPK 2 g/L 1.96 ± 0.12a 0.156 ± 0.007de 0.823 ± 0.029c 0.978 ± 0.021bc 6.234 ± 0.26e 

Nano-Mg 2 + NPK 1 g/L 1.75 ± 0.10ab 0.223 ± 0.011b 0.967 ± 0.032b 0.989 ± 0.022b 13.77 ± 0.48a 

Nano-Mg 2 + NPK 2 g/L 1.23 ± 0.08d 0.167 ± 0.008d 0.856 ± 0.030c 1.038 ± 0.023a 4.675 ± 0.19g 

LSD (0.05) 0.14 0.021 0.067 0.034 0.58 

Values are means ± SE (n = 3). Different superscript letters within columns indicate significant differences at 

P ≤ 0.05 according to the LSD test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Heatmap visualization of nutrient responses to fertilization treatments 
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3.2 Biochemical Composition Changes 

Lipid biosynthesis responded positively to most fertilization treatments, with content ranging from 

0.852% in controls to 1.038% in plants receiving nano-magnesium (2 g/L) + NPK (2 g/L) (Table 2). Individual 

nano-magnesium treatments increased lipids to 0.912% (1 g/L) and 0.967% (2 g/L), representing 7.0% and 

13.5% enhancements, respectively. NPK alone showed moderate effects, with 0.889% at 1 g/L and 0.923% at 2 

g/L. The highest lipid accumulation in combined high-concentration treatments (a 21.8% increase) correlates 

with magnesium's role as a cofactor in acetyl-CoA carboxylase, the rate-limiting enzyme in fatty acid 

biosynthesis [36, 37]. Carbohydrate accumulation exhibited inverse relationships with fertilizer concentration, 

contrasting with other parameters. Control plants maintained 8.213% carbohydrates. Individual nano-

magnesium treatments reduced carbohydrates to 6.892% (1 g/L) and 5.747% (2 g/L), representing decreases of 

16.1% and 30.0% compared to the control. NPK treatments showed similar trends: 5.438% at 1 g/L and 5.174% 

at 2 g/L. Remarkably, the combination of nano-magnesium (2 g/L) with NPK (1 g/L) produced the highest 

carbohydrate content (13.77%), a 67.7% increase over the control. However, both fertilizers at 2 g/L resulted in 

the lowest value (4.675%), a 43.1% reduction (Table 3). This biphasic response suggests that moderate 

fertilization enhances carbohydrate storage, whereas excessive levels promote utilization for growth processes 

[38, 39]. 

Table 2. Biochemical composition changes in rosemary under different fertilization regimes 

Treatment 
Total Lipids 

(%) 

Change vs 

Control 

(%) 

Total 

Carbohydrates 

(%) 

Change vs 

Control 

(%) 

Lipid: 

Carbohydrate 

Ratio 

Control 0.852 ± 0.015f — 8.213 ± 0.32c — 0.104 

Nano-Mg 1 g/L 0.912 ± 0.018d +7.0 6.892 ± 0.28d -16.1 0.132 

Nano-Mg 2 g/L 0.967 ± 0.020c +13.5 5.747 ± 0.24e -30.0 0.168 

NPK 1 g/L 0.889 ± 0.017e +4.3 5.438 ± 0.22ef -33.8 0.163 

NPK 2 g/L 0.923 ± 0.019d +8.3 5.174 ± 0.21f -37.0 0.178 

Nano-Mg 1 + NPK 1 g/L 0.934 ± 0.019d +9.6 7.456 ± 0.30d -9.2 0.125 

Nano-Mg 1 + NPK 2 g/L 0.978 ± 0.021bc +14.8 6.234 ± 0.26e -24.1 0.157 

Nano-Mg 2 + NPK 1 g/L 0.989 ± 0.022b +16.1 13.77 ± 0.48a +67.7 0.072 

Nano-Mg 2 + NPK 2 g/L 1.038 ± 0.023a +21.8 4.675 ± 0.19g -43.1 0.222 

Values are means ± SE (n = 3). Different superscript letters indicate significant differences at P ≤ 0.05. 

 

Table 3. Carbon allocation patterns under different fertilization treatments 

Treatment 

Primary 

Metabolites 

(%) 

Secondary 

Metabolites* 

(%) 

Storage: Structural 

Ratio 

Metabolic 

Efficiency Index** 

Control 9.065 — 9.64 1.00 

Nano-Mg 1 g/L 7.804 ↓ 7.56 0.86 

Nano-Mg 2 g/L 6.714 ↓↓ 5.94 0.74 

NPK 1 g/L 6.327 ↑ 6.12 0.70 

NPK 2 g/L 6.097 ↑ 5.61 0.67 

Combined (optimal)*** 14.759 ↑↑↑ 13.93 1.63 

Combined (high)**** 5.713 ↑↑ 4.50 0.63 

*Based on GC-MS compound diversity; **Normalized to control = 1.00; ***Nano-Mg 2 + NPK 1 g/L; 

****Nano-Mg 2 + NPK 2 g/L 

 

3.3 Detailed GC-MS Profile Analysis 

Control plants exhibited a baseline metabolite profile of 16 bioactive compounds. n-hexadecanoic acid 

dominated at 24.30%, followed by 14-β-H-pregna (18.45%), 9-Octadecenoic acid (12.78%), and Oleic acid 

(8.92%) (Table 4). Minor constituents included Heptacos-1-ene (5.34%), Triacontane (4.67%), 3-Methyldotriacontane 

(3.89%), and 1-Tetracosene (0.35%). This profile represents the inherent metabolic capacity of unfertilized 
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rosemary under experimental conditions [40]. Nano-magnesium (1 g/L) drastically simplified the metabolite 

profile to four compounds: 9-Tricosene emerged as the principal constituent (43.18%), followed by 2-Diazo-

1,3-di(2'-naphthyl) propane-1,3-dione (35.41%), Cyclotetracosane (18.16%), and n-Hexadecanoic acid reduced 

to 3.26%. This 75% reduction in compound diversity suggests metabolic streamlining under mild nano-particle 

stress [41]. At 2 g/L, nano-magnesium further reduced diversity to only two compounds: Z-12-Pentacosene 

(64.83%) and n-Hexadecanoic acid (35.17%). The emergence of Z-12-Pentacosene, absent in all other 

treatments, indicates activation of specific biosynthetic pathways possibly related to stress response 

mechanisms [42,43]. NPK (1 g/L) substantially enhanced metabolite diversity to 27 compounds. n-

hexadecanoic acid remained predominant (17.37%), accompanied by newly synthesized compounds 

including endo-Borneol (0.88%), various long-chain alkenes (1-Hexacosene: 3.45%, 9-Hexacosene: 2.89%), and 

complex terpenoids. Eight compounds overlapped with the controls, suggesting an enhancement rather than 

a disruption of basal metabolism [44]. NPK (2 g/L) maintained high diversity with 24 compounds. Pentacos-

1-ene became the principal constituent (24.45%), while n-Hexadecanoic acid decreased to 13.76%. Unique 

compounds included 2-Methylhentriacontane (1.08%) and various branched-chain hydrocarbons, indicating 

altered lipid metabolism pathways [45]. The combination of NPK (1 g/L) with nano-magnesium (1 g/L) yielded 

29 distinct compounds. n-hexadecanoic acid (9.29%) remained significant, while 14-β-H-pregna appeared 

twice with different retention times (2.71% and 2.90%), suggesting structural isomers. Hexanedioic acid bis(2-

ethylhexyl ester) (4.56%) and Heptacosane (0.89%) represented new biosynthetic products [46]. NPK (2 g/L) + 

nano-magnesium (1 g/L) produced 27 compounds with n-Hexadecanoic acid at 10.85%, endo-Borneol at 

0.86%, and enhanced terpenoid diversity. The presence of both volatile (endo-Borneol) and non-volatile 

compounds suggests activation of multiple biosynthetic pathways [47]. The NPK (1 g/L) + nano-magnesium 

(2 g/L) combination maximized compound diversity, resulting in 36 metabolites. Octadec-9-enoic acid (6.88%) 

and n-Hexadecanoic acid (6.94%) showed similar abundances. Novel compounds included Neophytadiene 

(0.68%), associated with chlorophyll degradation, and Hexacosane-1-iodo (0.68%), indicating halogenation 

reactions [48, 49]. NPK (2 g/L) + nano-magnesium (2 g/L) maintained high diversity with 28 compounds. n-

Hexadecanoic acid (9.25%) and 14-β-H-pregna (2.11%) remained consistent markers, while Tetracosane 

appeared at the lowest concentration (0.60%) [50]. 

3.4 Metabolic Pathway Implications 

The observed metabolite profiles suggest differential regulation of biosynthetic pathways. The 

predominance of fatty acids (C16-C30) across treatments indicates active lipid metabolism (Figure 2), which is 

essential for maintaining membrane integrity and signaling [51]. The presence of terpenoids, such as endo-

Borneol, in NPK treatments suggests enhanced methylerythritol phosphate (MEP) pathway activity, which is 

responsible for monoterpene biosynthesis [52]. The reduction in metabolite diversity observed with nano-

magnesium alone, in contrast to the enhancement in combined treatments, supports the hypothesis of 

hormetic responses to nanoparticles. Low-level stress may prime defensive pathways, while optimal nutrition 

enables expression of full metabolic potential [53,54]. These findings demonstrate that targeted fertilization 

can manipulate both nutritional and phytochemical profiles of rosemary. The 102% increase in potassium with 

combined nano-magnesium (1 g/L) + NPK (1 g/L) has implications for osmotic regulation and drought 

tolerance [55]. The variable n-hexadecanoic acid content (3.26-35.17%) across treatments presents 

opportunities for producing rosemary with specific antimicrobial properties suitable for pharmaceutical 

applications [56]. The inverse relationship between carbohydrate storage and fertilizer concentration suggests 

that timing is crucial for optimal harvest. Lower fertilizer rates may be preferable when targeting 

carbohydrate-derived products, while higher rates optimize lipid and specialized metabolite production [57]. 

The maximum compound diversity (36 metabolites) achieved with NPK (1 g/L) and nano-magnesium (2 g/L) 

represents optimal conditions for producing chemically complex essential oils, valued in the aromatherapy 

and perfumery industries [58]. 
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Figure 2. Metabolic pathway network diagram showing fertilization effects on biosynthetic routes 

4. Conclusions 

This study demonstrated that nano-magnesium and unbalanced NPK fertilizers, both individually 

and in combination, significantly alter the nutritional and phytochemical profiles of rosemary (Salvia 

rosmarinus). The most striking finding was the concentration-dependent and treatment-specific responses 

across all measured parameters, highlighting the complex nature of plant responses to nano-fertilization. The 

combined application of nano-magnesium (1 g/L) with NPK (2 g/L) optimized nitrogen accumulation (1.96%), 

while nano-magnesium alone at 2 g/L maximized phosphorus content (0.277%). The synergistic combination 

of both fertilizers at 1 g/L each produced the highest potassium concentration (1.211%), demonstrating that 

optimal nutrient accumulation requires balanced fertilization rather than maximum application rates. The 

inverse relationship observed between lipid and carbohydrate accumulation, particularly the 67.7% increase 

in carbohydrates with nano-magnesium (2 g/L) + NPK (1 g/L) versus the 43.1% decrease with both at 2 g/L, 

indicates fundamental shifts in carbon allocation patterns under different fertilization regimes. GC-MS 

profiling revealed that metabolite diversity ranged dramatically from 2 compounds (nano-magnesium 2 g/L 

alone) to 36 compounds (NPK 1 g/L + nano-magnesium 2 g/L), suggesting that combined treatments activate 

multiple biosynthetic pathways simultaneously. The consistent presence of n-hexadecanoic acid across 

treatments, albeit at varying concentrations from 3.26% to 35.17%, establishes this compound as a potential 

biomarker for assessing the effects of fertilization on rosemary quality. From a practical perspective, these 

findings suggest that nano-magnesium at 1 g/L, combined with NPK at 1-2 g/L, represents the optimal 

fertilization strategy for enhancing both nutritional content and bioactive compound diversity in rosemary 

cultivation. The dramatic reduction in metabolite diversity with nano-magnesium alone at 2 g/L warns against 

excessive nano-fertilizer application, which may induce stress responses rather than beneficial effects. 
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