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ABSTRACT 
The optimalisation of mycorrhiza as a beneficial symbiont combined with salicylic acid as an elicitor offers a promising strategy to enhance plant performance and metabolite production. Despite its considerable economic importance, the productivity and quality of citronella (Cympopogon nardus L.) essential oil remain below optimal level. This study evaluated the interactive effect of salicylic acid (SA) and arbuscular mycorrhizal fungi (AMF) on citronella growth, physiological traits, and essential oil productions through a factorial Completely Randomized Design comprising four mycorrhizal doses (0, 20, 30, and 40 g plant-1) and four SA concentration (0, 100, 150, and 200 mg L-1). The interaction between AMF and SA significantly enhanced vegetative growth, particularly leaf number and tiller formation, whereas individual treatments showed that AMF recorded at 40 g plant-1 significantly improved biomass production with the high shoot fresh and dry weight, while SA application at 150-200 mg L-1 significantly increased chlorophyll b and total chlorophyll (52.1-20.97%). Moreover, the maximum essential oil yield was achieved under the combined application of 30 g plant-1 AMF and 200 mg L-1 SA, while the highest oil content was obtained with 100 mg L-1 SA without AMF. GC-MS analysis identified citronellal, citronellol, and geraniol as the dominant constituent. Mycorrhizal colonization reached up to 55% at moderate SA level. These results provide the findings that while AMF promotes biomass accumulation and oil yield, while SA enhance physiological performance and oil quality. Optimizing their combined application is essential for improving citronella productivity and essential oil characteristics.  
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INTRODUCTION 
Citronella (Cymbopogon nardus L.) is an economically important aromatic crop cultivated for its essential oil, which is rich in commercially valuable monoterpenes such as citronellal, citronellol, and geraniol (Bergman et al., 2022). These compounds are widely utilized in cosmetic, pharmaceutical, food preservation, aromatherapy, and biopesticide industries due to their characteristic aroma and diverse biological activities (Rosman, 2012; Aziz et al., 2018). In Indonesia, citronella constitutes one of the major essential oil export commodities alongside patchouli and vetiver oils (Sulaswatty et al., 2019; Rahma et al., 2026). In addition to its industrial applications, citronella oil exhibits antioxidant, antibacterial, antiviral, antifungal, antihypercholesterolemic, and anticancer activities, and has also demonstrated potential for biofuel development (Aini et al., 2006; Innsan, 2011; Nakahara et al., 2013; Bimantio and Wardoyo, 2020; Milenia et al., 2022; Weni et al., 2023). Nevertheless, citronella productivity and essential oil quality remain inconsistent, limiting its competitiveness and industrial value. Improving biomass accumulation and optimizing essential oil biosynthesis therefore represent important challenges for sustainable citronella production (Chanthai et al., 2012).

The productivity and chemical composition of essential oils are strongly influenced by plant nutritional status and physiological performance. In aromatic and medicinal plants, sustainable cultivation strategies increasingly emphasize the role of beneficial soil microorganisms in enhancing nutrient acquisition and secondary metabolite production (Fageria, 2007). Among these microorganisms, arbuscular mycorrhizal fungi (AMF) are particularly important due to their symbiotic association with plant roots (Smith et al., 2003; Cavagnaro, 2008). AMF improve phosphorus and water uptake (Smith et al., 2003; Miransari, 2014) through extensive extraradical hyphal networks, thereby enhancing plant growth (Nell et al., 2010), stress tolerance, and soil fertility (Smith et al., 2003; Cavagnaro, 2008; Miransari, 2014). Beyond their effects on plant nutrition, AMF have also been reported to modulate secondary metabolism and stimulate the accumulation of essential oils and other bioactive compounds in aromatic crops (Zeng et al., 2013; Herawati et al., 2020; Zhao et al., 2022). Increased nutrient availability and enhanced photosynthetic capacity under AMF symbiosis may contribute to greater carbon allocation toward terpene biosynthesis, thereby improving essential oil yield and composition (Koide and Mosse, 2004; Campanelli et al., 2013; Prabudi, 2014).

In addition to biological approaches, chemical elicitors have been increasingly applied to stimulate plant defence responses and enhance secondary metabolite biosynthesis, including essential oil production (Baenas et al., 2014; Gorni and Pacheco, 2016). Among these elicitors, salicylic acid (SA) functions as an important signaling molecule involved in the regulation of photosynthesis, stress responses, and secondary metabolism (Es-sbihi et al., 2020; Gorni et al., 2020). Exogenous SA application has been shown to improve growth performance, physiological activity, and essential oil accumulation in various aromatic and medicinal plants (Mohd et al., 2021). Nevertheless, the effectiveness of SA may depend on its interaction with plant–microbe symbioses, particularly AMF, which can influence nutrient acquisition and metabolic regulation (Gorni et al. 2020).

The integration of AMF and SA represents a promising strategy for enhancing citronella productivity through the simultaneous improvement of nutrient acquisition, physiological performance, and essential oil biosynthesis. Although the individual effects of AMF and SA have been widely reported, information regarding their synergistic interaction in citronella cultivation remains limited. Understanding the combined influence of these two factors is particularly important for developing sustainable cultivation systems capable of improving both essential oil yield and chemical quality. Therefore, this study evaluated the combined effects of arbuscular mycorrhizal fungi and salicylic acid on plant growth, physiological responses, essential oil productivity, and oil composition of citronella (Cymbopogon nardus L.), with particular emphasis on their interaction in regulating biomass accumulation and essential oil biosynthesis.

MATERIALS & METHODS 
Site and experimental period
The experiment was conducted in the Greenhouse of the Faculty of Agriculture, Universitas Sebelas Maret, at 170 m above sea level (7°37'48.82" S, 110°56'52.17" E). Plant cultivation was conducted for 14 weeks after planting (December–March 2025), followed by postharvest evaluation and subsequent laboratory analyses. During the cultivation phase, environmental conditions such as temperature, relative humidity, and light intensity were recorded using a thermo-hygrometer and lux meter (Fig. 1). The experiment used ultisol soil with chemical properties by pH 6.3, N 0.23%; P 18.77 ppm; K 0.33 %; C Organic 0.27%; Organic matter 0.47%; C/N ratio 1.18. 
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Fig. 1 ( Temperature and relative humidity recorded in the greenhouse during the observation period (A); Light intensity at above and below canopy during the observation period (B) 
Materials and equipment
The plant material used was citronella (C. nardus) of the Lenabatu variety, obtained from Balai Besar Penelitian dan Pengembangan Tanaman Obat dan Obat Tradisional (B2P2TOOT; Center for Research and Development of Medicinal and Traditional Plants), Tawangmangu. Other materials included ultisol soil, salicylic acid, mycorrhizal inoculant, and chemical reagents for laboratory analysis. The equipment employed consisted of a lux meter, thermo-hygrometer, oven, UV-Visible Spectrophotometer (Genesys 150, Thermo Scientific), distillation apparatus, and Gas Chromatography-Mass Spectrometry (GC-MS, Shimadzu GCMS-QP2010).

Experimental design and layout
The experiment was conducted using a Completely Randomized Design (CRD) arranged in a factorial combination of two factors. The first factor was salicylic acid concentration at four levels (0, 100, 150, and 200 mg L⁻¹), and the second factor was mycorrhizal dose at four levels (0, 20, 30, and 40 g plant⁻¹). These combinations generated a total of 16 treatments, each replicated four times, yielding 64 experimental units. Parameters observed comprised number of leaves and tillers; chlorophyll content; shoot fresh weight; shoot dry weight; essential oil yield; and essential oil content.

Planting and mycorrhizal application
Prior to planting, a consortium of arbuscular mycorrhizal fungi, comprising Glomus claroideum, Acaulospora rugosa, Acaulospora colossica, Glomus fasciculatum, Glomus mosseae, and Glomus etunicatum, was applied around the root zone. Arbuscular mycorrhizal fungi (AMF) inoculum was applied around the root zone at a 2 cm depth according to the treatment dosage (0, 20, 30, and 40 g plant⁻¹) (Parapasan & Gusta 2014). Citronella grass stem cuttings were planted individually in polybags (50 × 50 cm spacing) and watered to field capacity. All cuttings were planted simultaneously (Uloli et al. 2022).
Salicylic acid application 
Salicylic acid (SA) was applied as a foliar spray in the morning by spraying five times directly onto the plant canopy according to the treatment (Gorni et al. 2020). The SA concentrations consisted of 0 mg L⁻¹ (A0), 100 mg L⁻¹ (A1), 150 mg L⁻¹ (A2), and 200 mg L⁻¹ (A3). The application was initiated 30 days after planting (DAP) and repeated at two-week intervals during the 4, 6, 8, 10, and 12 weeks after planting (Mohd Idrees et al. 2010, Choudhary et al. 2021).
Chlorophyll content
Chlorophyll content was determined following Arnon (1949) as adapted by Sumiati (2021). Leaf samples of citronella grass (0.5 g) were ground in 10 mL of 80% acetone, filtered, and the extract transferred to a glass vial. Absorbance was measured at 645 nm and 663 nm using a UV-Visible Spectrophotometer (Genesys 150, Thermo Scientific), with solvent transmittance set to 100%. Chlorophyll a, b, and total chlorophyll (mg g⁻¹) were calculated according to Arnon (1949): 
	Chlorophyll a 
	= (12.7 × A663 – 2.69 × A645) 
× (10 mL/(1000 x 0.5 g))

	Chlorophyll b
	= (22.9 × A645 – 4.68 × A663) 
× (10 mL/(1000 × 0.5 g))

	Total Chlorophyll
	= (20.2 × A645 + 8.02 × A663) 
× (10 mL/(1000 × 0.5 g))  


Where, A663 is the absorbance at 663 nm and A645​ is the absorbance at 645 nm.

Essential oil extraction 

Fresh leaves of citronella were cut into 3-5 cm. Leaves material (100 gram) was shifted to Hydrodistillation in 250 mL water in a Clevenger apparatus (500 mL) for hours at boiling temperature (100 °C) for essential oil isolation. Finally, the essential oil was collected and measured, and sodium sulfate anhydrous (Na2SO4) was used to remove the trace amount of water present in the essential oil.  

Gas Chromatography–Mass Spectrometry (GC-MS) analytical method

Essential oil constituents analysed (selected treatments on the control (A0M0) and the highest oil production (M3A2)) using Shimadzu GCMS-QP2010 at Universitas Gadjah Mada. The analysis employed an Agilent DB-5MS UI capillary column (30 m × 0.25 mm i.d., 0.25 µm film thickness) with helium as the carrier gas at a flow rate of 0.25 mL/min. The oven temperature program was set at 50 °C for 5 min, increased to 240 °C at 5 °C/min, and held for 17 min. Ion source and interface temperatures were 210 °C and 260 °C, respectively. Injection was performed in split mode (split ratio 1:29.9) at 250 °C with a pressure of 13.5 kPa. The total gas flow was 79.0 mL/min, and detection was conducted in full scan mode (m/z 28–600) using Electron Ionization (EI) at 70 eV. Identified compounds were reported with their relative percentage composition.

Preparation and observation of mycorrhizal colonization 

Mycorrhizal colonization was assessed in citronella roots after harvest following the staining method of Irmayani and Winarni (2022). Root segments (1–2 cm, 25 pieces per treatment) were cleared in 10% KOH at 90 °C until softened, rinsed with distilled water, and immersed in 1 N HCl for 5–10 min. Roots were then stained with 0.05% lactophenol trypan blue for 24 hours at room temperature. Twenty stained root segments were mounted on microscope slides and observed under a compound microscope. The percentage of arbuscular mycorrhizal colonization was calculated using the standard formula.

Data Analysis
Environmental parameters, essential oil yield, essential oil constituents, and mycorrhizal colonization were analyzed descriptively. Growth, physiological, and yield parameters were subjected to Analysis of Variance (ANOVA) at a 90% confidence level. When significant differences were observed, mean separation was performed using Duncan’s Multiple Range Test (DMRT) at a 95% confidence level. Regression analysis was used to model the relationship between the treatment variables and the growth, physiological, and yield parameters. Data are presented as mean ± standard deviation (X ± SD).

RESULTS
Number of leaves 

The single application of salicylic acid (SA) or mycorrhizal inoculation did not significantly influence leaf number. In contrast, a significant interaction between SA and mycorrhiza was observed, indicating that leaf production was determined by the combined rather than independent effects of both factors (Fig. 3). This pattern was supported by the regression analysis, where each mycorrhizal level (0–40 g plant⁻¹) showed a distinct quadratic response of leaf number to increasing SA concentrations (Fig. 4), with model fits ranging from R² = 0.5103 to 0.9961. These results demonstrate that the effect of SA on leaf development is dose-dependent and becomes meaningful only in conjunction with mycorrhizal inoculation.
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Figure 3. Effects of Salicylic Acid and Mycorrhizal Inoculation on the Number of Leaves of Citronella Grass
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Figure 4. Regression analysis of the number of leaves in citronella grass
Number of tillers

The single application of SA or mycorrhizal inoculation did not significantly influence tiller number. In contrast, a significant interaction between SA and mycorrhiza was observed, indicating that leaf production in citronella grass was determined by the combined effect of both treatments rather than by each factor independently (Fig. 5). This interaction was further supported by the regression analysis (Fig. 6), where each mycorrhizal level (0–40 g plant⁻¹) showed a distinct quadratic response to increasing SA concentrations, with coefficients of determination ranging from R² = 0.5761 to 0.9699. These patterns demonstrate that the effect of SA on tiller formation is dose-dependent and is modulated by the level of mycorrhizal inoculation, resulting in varied positive or negative responses across treatment combinations.
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Figure 5. Effects of Salicylic Acid and Mycorrhizal Inoculation on the Number of Tillers of Citronella Grass
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Figure 6. Regression analysis of the number of tillers in citronella grass
Chlorophyll content

Chlorophyll content, comprising chlorophyll b (Fig. 7) and total chlorophyll, was significantly influenced by SA application. Neither mycorrhizal inoculation nor the interaction between factors showed significant effects, indicating that chlorophyll accumulation in citronella grass was primarily regulated by SA treatment (Fig. 8). Regression analysis further demonstrated a positive linear relationship between SA concentration and chlorophyll content (Fig. 9), with chlorophyll b and total chlorophyll showing coefficients of determination of R² = 0.117 and R² = 0.113, respectively. Although the R² values indicate a modest proportion of variance explained, the regression trends support the observed dose-dependent increase. The application of 200 mg L⁻¹ SA produced the highest chlorophyll levels, significantly exceeding the control and lower concentrations, while remaining statistically comparable to the 150 mg L⁻¹ treatment. At 150 mg L⁻¹, chlorophyll b increased by 52.17% and total chlorophyll by 20.97% relative to the control, both significantly higher than the 100 mg L⁻¹ treatment.
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Figure 7. Effects of Salicylic Acid and Mycorrhizal Inoculation on the Chlorophyll b of Citronella Grass
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Figure 8. Effects of Salicylic Acid and Mycorrhizal Inoculation on the Total Chlorophyll of Citronella Grass
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Figure 9. Regression analysis of (A) chlorophyll b and (B) total chlorophyll in citronella grass
Fresh shoot weight

Fresh shoot weight of citronella grass was not significantly affected by SA application. In contrast, mycorrhizal inoculation showed a highly significant effect, demonstrating its strong role in increasing fresh shoot biomass (Fig. 10). The highest shoot fresh weight was obtained at the 40 g plant⁻¹ mycorrhizal dose, reaching 145.94 g, which represented a significant increase of 71.93% compared with the control. The interaction between SA and mycorrhiza was not significant, indicating that SA did not alter the positive response induced by mycorrhiza application. Regression analysis further supported this pattern (Fig. 11), showing a positive quadratic relationship between increasing mycorrhizal doses and fresh shoot weight, although the model explained a modest proportion of variance (R² = 0.258). This biomass increase was also visually evident in plant appearance, where the treatment with the highest essential oil yield (A3M2) exhibited larger and denser shoots compared with the control (Fig. 12). 
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Figure 10. Effects of Salicylic Acid and Mycorrhizal Inoculation on the Fresh Shoot Weight of Citronella Grass
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Figure 11. Regression analysis of the fresh shoot weight in citronella grass
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Figure 12. Appearance of citronella grass biomass under (A) the control treatment (A0M0) and 
(B) the treatment with the highest total essential oil yield (A3M2)
Dry shoot weight

Dry shoot weight was not significantly influenced by SA application. Mycorrhizal inoculation, however, significantly increased dry biomass, indicating that improved nutrient uptake through the symbiosis contributed to greater dry matter accumulation (Fig. 13). The highest shoot dry weight occurred at the 40 g plant⁻¹ mycorrhizal dose, reaching 34.93 g, which represented a 65.55% increase compared with the control. No significant interaction between SA and mycorrhiza was observed, suggesting that SA did not modify the biomass-enhancing effect of mycorrhizal inoculation. Regression analysis supported this trend, showing a positive quadratic response of dry shoot weight to increasing mycorrhizal levels, with the model explaining a moderate proportion of variance (R² = 0.348) (Fig. 14).
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Figure 13. Effects of Salicylic Acid and Mycorrhizal Inoculation on the Dry Shoot Weight of Citronella Grass
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Figure 14. Regression analysis of the dry shoot weight in citronella grass
Essential oil yield and content 

Two key parameters in evaluating essential oil production are oil yield (g) and oil content (%). Correlation analysis was performed to examine the relationships between plant growth variables, such as shoot fresh weight and shoot dry weight, with oil yield and oil content (Table 3). A very strong and significant correlation was observed between oil yield and oil content (r=0.884; p<0.001), indicating a close association between these two parameters. Shoot fresh weight and shoot dry weight were also strongly and significantly correlated (r=0.916; p<0.001), confirming a tight relationship between the two growth traits. In contrast, oil yield showed a moderate positive correlation with shoot fresh weight (r=0.472; p=0.065) and shoot dry weight (r=0.489; p=0.055), although these values were not statistically significant. Meanwhile, oil content did not show significant correlations with either fresh or dry shoot weight (p>0.05).
Table 2. The Pearson correlation results between essential oil yield, oil content, and growth variables
	Variable
	Shoot Fresh Weight
	Shoot Dry Weight
	Oil Content

	Oil Yield
	r = 0.472 (p=0.065)
	r = 0.489 (p=0.055)
	r = 0.884 (p<0.001)

	Shoot Fresh Weight
	
	r = 0.916 (p<0.001)
	r = 0.060 (p=0.826)

	Shoot Dry Weight
	
	
	r = 0.116 (p=0.668)


r = Pearson correlation coefficient, p = p-value (level of significance)
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Figure 15. (A) Essential oil yield and (B) essential oil content of citronella grass (C. nardus). A0 = without SA, A1 = SA 100 mg L⁻¹, A2 = SA 150 mg L⁻¹, A3 = SA 200 mg L⁻¹, M0 = without mycorrhiza, M1 = 20 g plant⁻¹, M2 = 30 g plant⁻¹, M3 = 40 g plant⁻¹
The combination of SA at 200 mg L⁻¹ and mycorrhiza at 30 g plant⁻¹ produced the highest essential oil yield per plant, reaching 0.105 g or 4.2 kg ha⁻¹. A relatively high yield was also obtained with 40 g plant⁻¹ mycorrhiza alone, producing 0.082 g or 3.28 kg ha⁻¹, highlighting the important role of mycorrhiza in enhancing oil production even without SA. In contrast, lower doses such as 20 g and 30 g plant⁻¹ mycorrhiza without SA resulted in very low yields, indicating that suboptimal doses were less effective without additional supporting treatment (Fig. 15). 
Essential oil content of citronella grass (C. nardus) was significantly influenced by the applied treatments (Fig. 15). The highest oil content was recorded in plants treated with 100 mg L⁻¹ SA without mycorrhiza (0.072%). Relatively high values were also observed in the combinations of 100 mg L⁻¹ SA with 20 g plant⁻¹ mycorrhiza (0.066%) and 200 mg L⁻¹ SA with 30 g plant⁻¹ mycorrhiza (0.062%). In contrast, the combination of 200 mg L⁻¹ SA and 40 g plant⁻¹ mycorrhiza, which produced the highest oil yield per plant, resulted in the lowest oil content (0.0277%). These results suggest that moderate SA application (100 mg L⁻¹) was more efficient in enhancing oil content, whereas higher SA and mycorrhizal doses were more effective in increasing total oil yield.
Essential oil constituents

Chemical composition analysis of citronella grass (C. nardus) essential oil was performed using GC–MS, and compound identification was based on mass spectra comparison with the Wiley and NIST libraries. The GC–MS chromatogram of the control treatment showed 24 peaks, whereas the combined treatment of SA at 200 mg L⁻¹ and mycorrhiza at 30 g plant⁻¹, which produced the highest oil yield, displayed 26 peaks (Fig. 16). 
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Figure 16. Chromatogram of citronella grass (C. nardus) (A) control treatment; (B) the treatment with the highest total essential oil yield (salicylic acid 200 mg L-1 and mycorrhiza 30 g plant-1)
GC–MS analysis further revealed that citronellal, citronellol, and geraniol were the dominant compounds (Table 3). In the control treatment, their relative abundances were 15.28%, 19.27%, and 44.80%, respectively. Under the combined application of 200 mg L⁻¹ SA and 30 g plant⁻¹ mycorrhiza, citronellal increased to 19.87%, while citronellol and geraniol decreased to 16.73% and 41.32%. The increase of 4.59% in citronellal indicates that this treatment induced a shift in volatile biosynthesis, accompanied by changes in minor constituents such as α-pinene, citronellyl acetate, and trans-caryophyllene.
Table 3. Essential oil constituents of citronella grass (C. nardus) under the control treatment (A0M0) and the treatment with the highest total essential oil yield (A3M2)
	No
	Constituents
	Molecul Name
	Structure
	Retention Time (min)
	Area (%)
	Biological Activity

	
	
	
	
	A0M0
	A3M2
	A0M0
	A3M2
	

	1
	α-Pinene
	C10H16
	
[image: image21.emf]
	14.56
	14.56
	0.36
	1.26
	Anti-inflammatory, antimicrobial, antioxidant, antitumor, analgesic, and neuroprotective (Miguel dan Antunes, 2019)

	2
	α-Ocimene
	C10H16
	
[image: image22.emf]
	14.94
	-
	0.17
	-
	Perfume due to its sweet aroma, anti-inflammatory agent, antifungal, and semiochemical for plant defense (Zeng et al. 2017).

	3
	trans β-ocimene
	C10H16
	
[image: image23.emf]
	-
	14.94
	-
	0.62
	Plant semiochemical for attracting pollinating insects and as perfume (Farré-Armengo et al. 2012).

	4
	Melonal
	C9H16O
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	-
	15.19
	-
	0.10
	Strong and distinctive fragrance and flavoring agent, resembling fresh melon fruit (Yajima et al. 1999).

	5
	Linalool
	C10H18O
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	16.87
	16.86
	0.42
	0.52
	Antimicrobial, antifungal, sedative, and improving sleep quality (Krapez et al. 2024)

	6
	Citronellal
	C10H18O
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	18.73
	18.75
	15.28
	19.87
	Repellent (particularly against mosquitoes), antifungal, and fish anesthetic (Vasconcelos et al. 2024).

	7
	Decanal
	C10H20O
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	20.43
	20.42
	0.32
	0.42
	Citrus-like fragrance and flavoring agent, antifungal, insect pheromone (Caccioni et al. 2008).

	8
	Citronellol
	C10H20O
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	21.17
	21.16
	19.27
	16.73
	Active ingredient in insect-repellent lotions and sprays (mosquitoes), rose-like fragrance (Melo et al. 2020)

	9
	Citral
	C10H16O
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	21.48
	21.47
	0.60
	0.70
	Antimicrobial, anti-inflammatory, antifungal, and disinfectant (Melo et al. 2010).

	10
	Geraniol
	C10H18O
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	22.06
	22.04
	44.80
	41.32
	Antifungal, insect repellent, anti-inflammatory, and antibacterial (Vasconcelos et al. 2024). 

	11
	Z-Citral
	C10H16O
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	22.42
	22.41
	0.88
	0.79
	Antimicrobial, anti-inflammatory, antifungal, and disinfectant (Melo et al. 2010).

	12
	Citronellyl acetate
	C12H22O2
	
[image: image32.emf]O

O


	24.75
	24.74
	0.76
	1.17
	Aroma component and insect repellent (Xu et al. 2017).

	13
	Geranic Acid
	C10H16O2
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OH


	24.90
	25.57
	0.30
	2.38
	Therapeutic agent due to strong anti-inflammatory activity (Koo et al. 2017).

	14
	β-elemene
	C15H24
	
[image: image34.emf]
	-
	26.04
	-
	0.10
	Non-cytotoxic antitumor and anticancer activity against lung, liver, and breast cancers (Ni et al. 2022)

	15
	Geranyl acetate
	C12H20O2
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O


	25.57
	-
	1.60
	-
	Aromatic component and insect repellent (Xu et al. 2017).

	16
	Methyleugenol
	C11H14O2
	
[image: image36.emf]O

O


	26.24
	26.23
	1.94
	1.89
	Flavoring and fragrance agent, insecticidal, anesthetic in rodents (National Toxicology Program, 2000).

	17
	Trans-Caryophyllene
	C15H24
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H


	26.97
	26.97
	0.77
	1.04
	Anti-inflammatory, analgesic, antimicrobial, activates CB₂ receptors in endocannabinoid system (Jha et al. 2021).

	18
	α-caryophyllene
	C15H24
	
[image: image38.emf]
	-
	27.95
	-
	0.19
	Significant anti-inflammatory activity (Fernandes et al. 2007).

	19
	Germacrene-D
	C15H24
	
[image: image39.emf]
	28.64
	28.63
	0.51
	0.63
	Insect pheromone, precursor of other compounds, insecticidal and antimicrobial activity (Soares et al. 2008).

	20
	Methyl cis-isoeugenol
	C11H14O2
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O


	28.88
	28.87
	4.82
	4.28
	Specific attractant for male fruit flies in monitoring and pest control (Siderhurst dan Jang, 2004).

	21
	α-muurolene
	C15H24
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H


	-
	29.03
	-
	0.18
	Woody aroma of essential oil, antimicrobial, antioxidant, and cytotoxic against cancer cells (Akkari et al. 2017).

	22
	δ-Cadinol (torreyol)
	C15H26O
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H

H


	29.03
	32.76
	0.17
	0.64
	Strong antifungal activity, particularly against wood-decaying fungi, with potential as an anticancer agent (Cheng et al. 2003).

	23
	γ-Muurolene
	C15H24
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H


	29.46
	29.46
	0.53
	3.32
	Antioxidant and anticholinesterase activities relevant for neurodegenerative disease research (Kizil et al. 2017).

	24
	δ-Cadinene
	C15H24
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	-
	29.54
	-
	0.57
	Cytotoxic against cancer cells, antimicrobial, and anti-inflammatory (Hui et al. 2015).

	25
	Copaene
	C15H24
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H

H


	-
	29.92
	-
	0.16
	Hepatoprotective, anti-inflammatory, and antioxidant (Vinholes et al. 2014).

	26
	Aromadendr-1-ene
	C15H24
	
[image: image46.emf]
	29.55
	-
	0.82
	-
	Woody aroma in essential oil contributing to its antimicrobial activity (Čmiková et al. 2023).

	27
	Germacrene D-4-OL
	C15H26O
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	31.16
	-
	3.56
	-
	Potent antifungal activity against various pathogenic fungal strains (Anžlovar et al. 2020).

	28
	Caryophyllene Oxide
	C15H24
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H

H

H


	31.33
	31.33
	0.44
	0.32
	Antioxidant, anti-inflammatory, antiviral, anticarcinogenic, and analgesic (Dougnon dan Ito, 2021).

	29
	1β-Cadin-4-en-10-ol
	C15H26O
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H
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	32.77
	-
	0.72
	-
	Anti-inflammatory and cytotoxic (Tseng et al. 2014).

	30
	α-Cadinol
	C15H26O
	
[image: image50.emf]OH

H

H


	33.08
	33.07
	0.99
	0.81
	Anticancer agent with apoptotic activity in breast cancer cells (Aziz et al. 2016).


Mycorrhizal colonization

Mycorrhizal colonization in citronella grass roots was absent under SA treatments without inoculated mycorrhiza (Table 4, Fig. 17). Inoculation with mycorrhiza, either alone or in combination with SA, resulted in a marked increase in colonization. Colonization rose from 31% at 20 g plant⁻¹, to 43% at 30 g plant⁻¹, and reached 51% at 40 g plant⁻¹. The highest colonization level (55%) was observed under the combinations of 150 mg L⁻¹ SA with 30 g plant⁻¹ mycorrhiza and 200 mg L⁻¹ salicylic acid with 30 g plant⁻¹ mycorrhiza, followed by 100 mg L⁻¹ SA with 40 g plant⁻¹ mycorrhiza (50%). Meanwhile, the combinations of 100 and 200 mg L⁻¹ SA with 40 g plant⁻¹ mycorrhiza showed lower colonization levels of 50% and 45%, respectively.
Table 4. Effect of salicylic acid and mycorrhiza on mycorrhizal colonization (%) in citronella grass (C. nardus)
	Treatment
	Mycorrhizal Colonization

	SA (mg L-1)
	Percentage (%)
	Classification

	0
	34
	Moderate

	100
	29
	Moderate

	150
	31
	Moderate

	200
	31
	Moderate

	Mycorrhiza (g plant-1)
	
	

	0
	0
	(Control)

	20
	31
	Moderate

	30
	43
	Moderate

	40
	51
	High
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	Mycorrhiza 0 g plant-1
	Mycorrhiza 20 g plant -1
	Mycorrhiza 30 g plant -1
	Mycorrhiza 40 g plant -1

	Fig. 17 Vesicles in the roots of citronella grass (C. nardus)


DISCUSSION
The present study revealed that the interaction between salicylic acid (SA) and mycorrhizal inoculation exerted a synergistic effect on the vegetative growth of citronella grass, particularly in enhancing the number of leaves and tillers. Neither SA nor mycorrhiza applied individually resulted in substantial improvements, suggesting that vegetative growth was predominantly regulated by their combined action. This finding aligns with earlier reports that SA enhances ion uptake, stabilizes membranes, improves photosynthetic performance, stimulates proline accumulation, and activates antioxidant defenses that collectively support stress adaptation (Roshdy et al. 2021, Thepbandit et al. 2024, Barus et al. 2021). Complementarily, mycorrhizal fungi promote growth through improved nutrient and water absorption efficiency, phosphorus mobilization via phosphatase activity, and the expansion of effective root surface area by extraradical hyphae (Abror & Mauludin 2016, Saputri & Lapanjang 2022). These complementary physiological mechanisms explain the enhanced vegetative growth observed under combined treatments. 
A notable finding was the significant effect of SA on photosynthetic pigments, particularly chlorophyll b and total chlorophyll. The application of 150–200 mg L⁻¹ SA increased chlorophyll b and total chlorophyll by 52.17% and 20.97%, respectively, compared with the control. These improvements are likely due to SA-mediated stimulation of pigment biosynthesis and protection of thylakoid membranes against oxidative stress, thereby enhancing photosynthetic efficiency (Omidi et al. 2022, Khan et al. 2015). In contrast, mycorrhizal inoculation alone did not influence pigment concentration but significantly enhanced biomass production. This distinction indicates that SA primarily functions as a biochemical regulator, while mycorrhiza contribute mainly through nutrient-driven mechanisms. Biomass accumulation was greatest at 30–40 g plant⁻¹ mycorrhiza, with shoot fresh and dry weights increasing by up to 71.93% and 65.55%, respectively, relative to the control, consistent with previous evidence that arbuscular mycorrhizal fungi enhance both macro- and micronutrient acquisition (Putri et al. 2021). Interestingly, SA alone did not markedly increase biomass, suggesting that the tested concentration range was insufficient to stimulate meristematic activity. Similar inconsistencies have been documented, with biomass responses to SA being genotype- and dose-dependent, and in some cases even inhibitory (Zhang et al. 2022), although appropriate concentrations have been shown to promote biomass accumulation (Andriani & Handayani 2015).

The response of essential oil production further highlighted the distinct yet interconnected roles of SA and mycorrhiza. The maximum oil yield (0.105 g plant⁻¹; 4.2 kg ha⁻¹) was achieved under the combined application of 200 mg L⁻¹ SA and 30 g plant⁻¹ mycorrhiza, while mycorrhiza alone at 40 g plant⁻¹ also produced a relatively high yield (0.082 g plant⁻¹; 3.28 kg ha⁻¹). These findings emphasize the pivotal role of mycorrhiza in driving oil yield through biomass accumulation and nutrient uptake (Prasasti & Purwani 2013, Rydlová et al. 2016). By contrast, moderate SA application (100 mg L⁻¹) without mycorrhiza yielded the highest oil content (0.072%), suggesting that SA primarily enhances oil quality rather than total yield. This trade-off between content and yield is consistent with observations in other aromatic plants, where SA improved oil quality and composition (Ghassemi-Golezani & Farhadi 2021), while mycorrhiza contributed to yield through growth enhancement. The combined application of 200 mg L⁻¹ SA and 40 g plant⁻¹ mycorrhiza, despite producing high biomass, resulted in a sharp reduction in oil content (0.027%), likely due to a dilution effect where excessive vegetative growth lowered metabolite concentration.
Gas chromatography–mass spectrometry (GC–MS) analysis confirmed that SA and mycorrhiza not only influenced yield but also modulated the chemical composition of citronella oil. While citronellal, citronellol, and geraniol remained the dominant constituents, their relative proportions shifted under combined treatments. For instance, 200 mg L⁻¹ SA combined with 30 g plant⁻¹ mycorrhiza increased citronellal to 19.87%, whereas citronellol and geraniol decreased to 16.73% and 41.32%, respectively, compared with control levels of 15.28%, 19.27%, and 44.80%. This suggests that SA–mycorrhiza interaction stimulated the biosynthesis of aldehyde-type monoterpenes such as citronellal, which possess strong antimicrobial and insecticidal properties (Kumar et al. 2011), while reducing alcohol monoterpenes. Additionally, minor compounds such as α-pinene, citronellyl acetate, geranic acid, and trans-caryophyllene were enriched under combined treatments, enhancing aroma and bioactivity. Similar shifts have been reported in peppermint and basil, where SA and mycorrhizal inoculation altered essential oil profiles (Afkar et al. 2024, Youssef et al. 2020). These findings confirm the complementary roles of elicitors and symbionts in regulating secondary metabolism (Gershenzon & Dudareva 2007).
Nonetheless, the major compound concentrations in this study exceeded ISO 3849:2003 standards for citronella oil (citronellal 3–6%, citronellol 3–8.5%, geraniol 15–23%). While such elevated levels may increase bioactivity, they limit compliance with international market standards. Variations could be influenced by environmental factors, plant age, extraction methods, and cultivation practices (Lawrence 2007, Azizan et al. 2020). Refinement methods such as vacuum fractional distillation have been shown to adjust component ratios, with Le et al. (2023) successfully enhancing citronellal purity while balancing geraniol content. Thus, while SA–mycorrhiza interactions can boost yield and bioactivity, further optimization of agronomic practices and post-harvest processing is required to meet commercial quality standards.

Mycorrhizal colonization analysis further explained the physiological responses observed. Colonization was absent in SA-only treatments, confirming that SA does not independently promote symbiotic establishment. Mycorrhizal inoculation, however, increased colonization from 31% at 20 g plant⁻¹ to 51% at 40 g plant⁻¹. The highest colonization (55%) occurred with 30 g plant⁻¹ mycorrhiza combined with 150–200 mg L⁻¹ SA, suggesting that moderate SA levels can support mycorrhizal efficiency. Excessive SA, however, suppressed colonization, consistent with reports that SA activates plant defenses and restricts hyphal penetration by inducing PR proteins (Pozo & Azcón-Aguilar 2007, Doornbos et al. 2012). Treatments with higher colonization, particularly moderate SA combined with 30–40 g plant⁻¹ mycorrhiza, were consistently associated with greater biomass and higher oil yield. In contrast, excessive SA reduced colonization and oil content despite high biomass.
Overall, this study demonstrates that SA and mycorrhiza play distinct but complementary roles in C. nardus. SA regulates pigment biosynthesis, photosynthetic performance, and oil quality, while mycorrhiza enhance nutrient acquisition and biomass production. Their interaction not only improved growth and oil yield but also reshaped the chemical composition of citronella oil. These findings highlight the importance of balancing plant defense signaling and symbiotic efficiency to maximize productivity and quality. Future research should focus on long-term field validation, integration with other elicitors, and post-harvest refinement to fully exploit the SA–mycorrhiza synergy for sustainable citronella cultivation and market-standard essential oil production
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