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Effects of Arbuscular Mycorrhizal Fungi on Chlorophyll Content and Foliar Nutrient Yield of Amaranthus hybridus under Fusarium oxysporum Stress





.     
.
              . 
                     
	.
..


.

____________________________________________________________________________________________

*Corresponding author: Email: XYZ@ABC.COM
ABSTRACT 
	Background: The genus Amaranthus has gained global attention for its nutritionally important species cultivated as leafy vegetables and grains. However, despite their role in diversifying diets in Nigeria, the capacity of arbuscular mycorrhizal fungi (AMF) to mitigate pathogen stress in sandy loam soils remains poorly understood.
Aim: This study evaluated the effects of AMF on chlorophyll content and foliar nutrient yield of Amaranthus hybridus under Fusarium root rot stress in a pot experiment.
Study design:  The experiment was structured as an 8 × 3 completely randomized design, consisting of eight treatments with three replicates each, resulting in a total of 24 pots.
Place and duration of study: The study was conducted in Calabar, located in the south-south region of Nigeria, between February and May 2025.
Methodology: Amaranthus hybridus seedlings were inoculated with two arbuscular mycorrhizal fungi (AMF) strains, Glomus mosseae and Glomus gigaspora. The inocula comprised spores, mycelia, and infected root fragments. Prior to sowing, 50g of crude inoculum was applied 3cm below the soil surface in AMF-treated pots. Following thinning at one week after emergence, uniform seedlings height was selected and inoculated with 50mL of Fusarium spore suspension under field conditions.
Results: Inoculation of Amaranthus hybridus seedlings with arbuscular mycorrhizal fungi (AMF) reduced the severity of Fusarium root rot. Seedlings treated with the combined AMF inoculation of Glomus mosseae and Glomus gigaspora in the presence of Fusarium (Gm+Gg+Fo) recorded the lowest disease severity among infected plants, indicating effective suppression of pathogen activity. Plants treated with Glomus mosseae in combination with Fusarium (Gm+Fo) showed improved chlorophyll b and total chlorophyll contents, with mean values of 105.66μg/g⁻¹FW and 206.48μg/g⁻¹FW, respectively, compared with pathogen-inoculated plants. In contrast, seedlings inoculated with Fusarium alone exhibited marked reductions in chlorophyll a, chlorophyll b, and total chlorophyll contents. Furthermore, seedlings treated with Gm+Gg+Fo showed significant (P ≤ 0.05) increases in foliar phosphorus, potassium, and magnesium yields compared with inoculated seedlings under pathogen stress conditions. Similarly, AMF-pathogen treatments (Gm+Fo and Gg+Fo) reduced pathogen effects and produced the highest foliar nitrogen and calcium yields, with values of 14.45 and 8.07g/plant⁻¹, respectively. Conversely, Fusarium stress alone reduced foliar nutrient yield in all measured parameters. Enhanced foliar nutrient accumulation, particularly phosphorus, appears to be a key mechanism underlying disease resistance in mycorrhizal plants.
Conclusion: The findings indicate that the combined application of the AMF species Glomus mosseae and Glomus gigaspora with Fusarium oxysporum was the most effective treatment for suppressing root rot disease and improving overall plant nutrition. In contrast, the combination of Glomus mosseae and Fusarium oxysporum (Gm+ Fo) was more effective in enhancing leaf chlorophyll content. These results reinforce the potential of AMF species as a biological means of protecting plants against soil-borne pathogens.
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1.	Introduction
Amaranthus hybridus (bush green) is widely distributed across the world and can grow under a broad range of climatic conditions, producing both grains and leafy vegetables (Ifesan et al., 2014). In recent years, interest in A. hybridus has increased because of its significant nutritional value and widespread consumption in many parts of sub-Saharan Africa, particularly Nigeria (Dada et al., 2017). The plant possesses several health-promoting properties, including therapeutic benefits against cardiovascular diseases, and it is rich in phytosterols, which help reduce cholesterol levels and may contribute to cancer prevention (Dada et al., 2017).The genus Amaranthus has received considerable research attention due to the high nutritional value of several species used as vegetables and grains. The leaves contain approximately 17.5–38.3% dry matter protein, of which about 5% is lysine (Girija et al., 2011). In addition, the leaves are rich sources of vitamins A and C. Despite these nutritional advantages, several factors continue to limit the growth and productivity of A. hybridus, particularly unfavorable climatic conditions and poor soil characteristics. The growth of A. hybridus is often constrained by low or erratic rainfall (Cunningham et al., 1992), low soil fertility, and other abiotic stresses. Nutrient availability in soils is also influenced by low pH, coarse soil texture, and nutrient leaching, which reduce essential base cations such as Ca²⁺, Mg²⁺, and K⁺. Nitrogen deficiency is considered one of the most common limiting factors affecting crop productivity in many soils (Craine and Jackson, 2010). Arbuscular mycorrhizal fungi (AMF) are beneficial soil fungi known to improve plant growth and soil health under both biotic and abiotic stress conditions. These fungi belong to the phylum Glomeromycota and form symbiotic associations with plant roots, enhancing nutrient and water uptake from the soil (Kaushik, 2021). AMF are highly adapted to terrestrial environments and play important roles in improving plant growth and development. In addition to enhancing nutrient acquisition, AMF have been reported to reduce the harmful effects of several soil-borne pathogens. Previous studies have shown that AMF can suppress plant diseases indirectly by improving plant vigor and modifying rhizosphere microbial communities rather than directly eliminating pathogens (Kaushik and Saini, 2019). Kaushik and Saini (2019) reported that rhizosphere soil extracts from mycorrhizal plants reduced Phytophthora cinnamomi sporangial formation compared with extracts from non-mycorrhizal plants. The authors suggested that mycorrhizal associations may increase populations of microorganisms that inhibit pathogen sporulation or reduce populations that stimulate sporulation. Several researchers have further demonstrated the potential of mycorrhizal symbiosis in protecting plants against soil-borne pathogens (Erman, 2011; Bandi, 2021). These protective effects are attributed to improved nutrient uptake, compensation for pathogen-induced damage, competition for infection sites, anatomical and morphological modifications in root systems, and changes in rhizosphere microbial communities. Yield losses in A. hybridus caused by soil-borne pathogens have become a major concern among local farmers. However, information regarding the role of AMF in mitigating pathogen-induced stress in A. hybridus remains limited. Therefore, the present study was conducted to evaluate the effects of two AMF species, Glomus mosseae and Glomus gigaspora, on chlorophyll content and foliar nutrient composition (N, P, K, Ca, and Mg) of Amaranthus hybridus under Fusarium stress conditions.
2. MATERIALS AND METHODS
2.1 Study Area 
The field work was conducted from February to April 2025 and lasted for 12 weeks in the Botanic Garden and Research Center of the Department of Plant Science and Biotechnology, University of Cross River State, Nigeria. Calabar lies in the tropical high rainforest agro-ecology of the equatorial climatic belt of Nigeria (Latitude 5000’ and 5040’N, Longitude 8004’ and 8062’E) and is about 70m above sea level (Iwena, 2008). It has a bimodal annual rainfall distribution that ranges from 2500mm – 3500mm with a mean annual temperature range of 22.20C to 38.20C and a relatively humidity that ranges from 75-90%. 
2.2 Plant Seedlings, AMF Inocula, Soil and pathogen
The top soil (0-25cm depth) was collected from the study area and analyzed using standard methods for determining soil physico-chemical properties (A.O.A.C., 2003). The sieved soil was sterilized by heating using the hot air oven at 1600C for 2 hours and used as the growth medium. The seeds of Amaranthus hybridus were provided by Collage of Agriculture, Science, and Technology, Ovonum-Adun Obubra L.G.A, Cross River State, in January, 2025 and were subjected to pre-treatment according to the methods adopted by (Annih et al. 2020). Two AMF strains Glomus mosseae and Glomus gigaspora of inocula consisting of spores, mycelium and infected root fragments were acquired from International Institute of Tropical Agriculture (IITA), Ibadan. Fusarium oxysporum pathogen was isolated from tomatoes roots exhibiting typical symptoms of root rots according to the method, described by Eke et al, (2020). 
2.3 Inoculation, Treatments and Experimental Design
The experiment was set in 8 x 3 completely randomized design (CRD) which comprised of eight treatments with 3 replicates, totaling 24 pots. The treatments consisted of uninoculated and without Fusarium Uninoculated (control), Inoculated with Glomus mosseae (Gm), Inoculated with Glomus gigaspora (Gg), Inoculated with Glomus mosseae in combination with Glomus gigaspora (Gm+ Gg), Inoculated with Fusarium oxysporum (Fo), Inoculated with Glomus mosseae in combination with Fusarium oxysporum (Gm+ Fo), Inoculated with Glomus gigaspora in combination with Fusarium oxysporum (Gg+ Fo), Inoculated with Glomus mosseae in combination with Glomus gigaspora and Fusarum oxysporum (Gm+Gg+Fo)
The pots (39cm diameter and 49cm deep) were each filled with 9kg sterilized soil and placed on racks under natural field conditions. These were watered to field capacity and left to drain overnight. 50g of crude inoculum was placed 3cm below the surface of the soil in AMF designated pots before sowing to produce mycorrhizal plants (Rabic and Almadini, 2005). Seedlings of uniform height were selected after thinning at one week after emergence (WAE). Two weeks after emergence of the Amaranthus hybridus seedlings 50ml of spore’s suspension of Fusarium was applied by pipettes just below the collar region around the hypocotyls of the designated plants (Sohriabi et al., 2015). 
2.4 Disease severity, Leaf Chlorophyll Content and Foliar Nutrient Yield.
The symptomatic plants (roots) were carefully excavated at harvest (12 weeks after emergence) to determine the disease severity rating. Each plant root was then rated using a 0–5 visual scale based on the percentage of root tissues with discoloration, lesions or necrosis using the method outlined by Filion et al., (2003); The FRR severity was calculated using formula by AL-Askar and Rashad; (2010); and Salih (2021).
   
 Fresh leaves from each treatment were harvested for chlorophyll analysis. Standard methods were used for the estimation of leaf chlorophyll content (Sohriabi et al., 2015: Chen et al., 2017). Chlorophyll a (Chl a) and Chlorophyll b (Chl b) were extracted using 0.2g of fresh leaves in 10mls of 80% acetone and the absorbance of the extracts was determined at 663nm and 643nm wavelengths respectively, using spectrophotometer. The chlorophyll content was computed as:
Chl a= [11.6A663-1.3A643] VX-1 Chl b= [19.1A643-4.7A663]VX-1
Where: X= fresh weight of sample V= volume of 80% acetone.
Total Chlorophyll was then calculated as the sum of chlorophyll a and b.
Total chlorophyll = Chl a + Chl b (µg/gFW).
Foliar nutrient analysis was carried out according to the method described by Eno and Gollardo (2009). The leaves were harvested, dried in an oven and maintained at 70oC to a constant weight. The dried samples were macerated to powder and stored in sample bottles for analysis. The powdered samples were oven dried at 1050C for 2 hours, 1.0g weighed into a platinum crucible and placed in a muffled furnace maintained at 4000C. The powdered plant materials were ashed for 5 hours and then dissolved with 10cm3 of 1M HCl. The solution obtained was filtered through Whatman No. 1 filter paper into 50cm3 volumetric flask and made up to the required mark, with distilled deionized water. Standard reagents for analytical experiment were used and contents of mineral elements (N, P, K, Ca and Mg) in the solution were determined using Atomic Absorption Spectrophotometer (AAS) of Unicam Model. Nutrient uptake was calculated as the product of percentage nutrient concentration and yield (Okon, 2011).
2.5 Statistical Analysis
 Mean values obtained from the replicate readings were used to calculate standard error. Differences between means were determined by two way analysis of variance (ANOVA) and Duncan’s Multiple Range Test was employed to separate the means at p ≤0.05. All data were analyzed using the statistical package for social sciences (SPSS) for windows (version 27.0).

3. results and discussion

3.1 Physical and Chemical Composition of the Experimental Soil and Disease severity
The physicochemical analysis of the experimental soil indicated that the soil texture consisted of 45.30% sand, 25.00% silt, and 29.70% clay. The soil contained 1.72% organic matter and had a pH of 5.27. Chemically, the soil was characterized by 0.10 mg kg⁻¹ total nitrogen, 26.90 mg kg⁻¹ available phosphorus, 4.00 cmol kg⁻¹ calcium, 1.20 cmol kg⁻¹ magnesium, and 0.09 cmol kg⁻¹ nitrogen
The assessment of Fusarium root rot (FRR) disease severity of Amaranthus hybridus plants is shown in (Table 1). There was no Fusarium oxysporum inoculation in the control. Meanwhile, seedlings inoculated with the pathogen alone (Fo) gave the highest significant (P≤ 0.05) percentage root rot severity 12 Weeks After Emergence. Meanwhile, (Gm+Fo and Gg+Fo) both significantly (P≤ 0.05) reduced disease severity compared to (Fo) alone. However, plant inoculated with G. mosseae in combination with G. gigaspora and Fusarium (Gm+Gg+Fo) gave the lowest percentage disease severity among infected plants (Table 1).
3.2 Effects on Chlorophyll Content.
In this research, there was a significant (P≤ 0.05) effect between (control, Gm, Gg, Gm+Gg, Fo, Gm+Fo, Gg+Fo and Gm+Gg+Fo on the chlorophyll “a” content of Amaranthus hybridus. Meanwhile, plants infected with Fusarium (Fo) alone significantly (P≤ 0.05) reduced chlorophyll “a” content of Amaranthus hybridus plants 12WAE (Table 2). Although, Gm, Gg, Gm+Gg maintained chlorophyll “a” at level compared to control. While, plants inoculated with Gm+Fo, Gg+Fo and Gm+Gg+Fo restored chlorophyll “a” close to normal.
For chlorophyll ‘b’ content, plants inoculated with the soil-borne pathogen significant (P≤ 0.05) caused a strong decline in chlorophyll ‘b” with mean value 72.56 (g/gFW) even lower than the uninoculated control and inoculated Gm, Gg and Gm+Gg 12WAE (Table 2). Moreso, plants inoculated with G. mosseae in combination with Fusarium (Gm+Fo) showed the highest mean value 105.66g/gFW indicating strong recovery under stress. In total chlorophyll, inoculated Amaranthus hybridus plants with Fusarium (Fo) significantly (P≤ 0.05) reduced total chlorophyll 12WAE (Table 2) with value 162.73g/gFW. In the same vein, Amaranthus hybridus plants inoculated with G. mosseae in combination with Fusarium (Gm+Fo) gave the highest total chlorophyll, not only restored chlorophyll but in some cases exceeded control levels showing strong stress mitigation. 
3.3 Effect on Foliar Nutrient Yield
The highest foliar phosphorus, potassium and magnesium yield mean values of 0.89, 8.92 and 1.67g/plant‑1 respectively were recorded in (Gm+Gg+Fo) inoculated Amaranthus hybridus plants. While, plants inoculated with G. mosseae in combination with Fusarium oxysporum (Gm+Fo) gave the highest foliar nitrogen and the other G. gigaspora in combination with Fusarium oxysporum (Gg+Fo) recorded highest foliar calcium yield of 14.45 and 8.07g/plant‑1 respectively. Meanwhile, the lowest foliar nitrogen, phosphorus, potassium, calcium and magnesium yield of 2.54, 0.16, 1.75, 1.53 and 0.25g/plant-1 was found in Fusarium oxysporum (Fo) inoculated plants (Table 3).















Table 1. Effect of Fusarium oxysporum inoculation on the severity of Amaranthus hybridus seedlings.  
Treatment                (%) DS at harvest 12WAE              
Control                        0.00  0.00a                                                  
Fo                               25.00  0.00c    
Gm+Fo                        7.77  2.22b                                            
Gg+Fo                         6.10  0.55b                                          
Gm+Gg+Fo                  3.33  0.96b
*Mean of three replicates  S.E.M, Means with different letters within treatments were statistically significant at P0.05 according to Duncan’s Multiple Range Test.
WAE: Weeks After Emergence; Gm: Glomus mosseae; Gg: Glomus gigaspora; Gm+Gg: Glomus mosseae + Glomus gigaspora; Fo: Fusarium; Gm+Fo: Glomus mosseae + Fusarium; Gg+Fo: Glomus gigaspora + Fusarium; Gm+Gg+Fo: Glomus mosseae + Glomus gigaspora + Fusarium


Table 2: Effect of mycorrhizal inoculation on chlorophyll  content of Amaranthus hybridus infected by Fusarium oxysporum (g/gFW).  
Treatment            Chlorophyll a                                              Chlorophyll b                      	         Total chlorophyll  			 		               12WAE (at harvest)			     12WAE (at harvest)
Control              106.78  1.27b             	85.86  0.44b           		192.65  1.60b           
Gm                    103.37  1.53b                                    	         88.26  4.22b			191.95  5.59b
Gg                     104.58  2.44b		                 	         90.52  5.98c 			194.60  3.64b
Gm+Gg              101.36  4.94b			         94.52  4.54c			195.89  2.61b
F0                      90.17  9.65a    			      72.56  9.64a  			162.73  19.24a                           
Gm+Fo               100.82 4.47b			         105.66 7.47d			206.48 4.82c
Gg+F0                101.78  4.26b			      97.71  2.47c			199.50  6.25b
Gm+Gg+Fo         102.76  0.89b			        99.27  10.23c			202.03  9.34c
*Mean of three replicates  S.E.M, Means with different letters within treatments were statistically significant at P0.05 according to Duncan’s Multiple Range Test.
WAE: Weeks After Emergence; Gm: Glomus mosseae; Gg: Glomus gigaspora; Gm+Gg: Glomus mosseae + Glomus gigaspora; Fo: Fusarium; Gm+Fo: Glomus mosseae + Fusarium; Gg+Fo: Glomus gigaspora + Fusarium; Gm+Gg+Fo: Glomus mosseae + Glomus gigaspora + Fusarium


Table 3: Effect of Mycorrhizal inoculation on Foliar Nutrient Yield of Amaranthus hybridus seedlings infected with Fusarium oxysporum (g/ Plant-1)

Treatment         Nitrogen                 Phosphorus                Potassium                     Calcium                  Magnesium
Control            5.95  1.05b            0.36 0.09b                3.16 1.81b                  2.85  0.62b            1.01 0.19c
Gm                  3.85  1.01a            0.40 0.10b                2.72  0.91b                 2.84  0.76b             0.69 0.14b
Gg                   4.73  0.84b            0.29 0.08a                2.97 0.85b                  2.89  1.81b             0.59 0.14b
Gm+Gg            6.27  1.22b            0.42  0.12b               4.35  2.44b                4.47  1.25b             0.67  0.01b
Fo                   2.54 0.49a              0.16 0.02a                1.75  0.49a                 1.53  0.34a             0.25  0.08a
Gm+Fo            14.45 2.38c            0.63 0.19c                8.28 1.22c                 7.36  1.26c             1.16   0.26c
Gg+F0             7.83  4.54b             0.74 0.19c                5.96  3.49c                8.07 2.40c              0.89  0.19b
Gm+Gg+F0      11.69  2.28c           0.89 0.21c                8.92  2.18c                6.56  3.35c             1.67  0.43c
*Mean of three replicates  S.E.M, Means with different letters within the same column were statistically significant at P0.05 according to Duncan’s Multiple Range Test.
WAE: Weeks After Emergence; Gm: Glomus mosseae; Gg: Glomus gigaspora; Gm+Gg: Glomus mosseae + Glomus gigaspora; Fo: Fusarium; Gm+Fo: Glomus mosseae + Fusarium; Gg+Fo: Glomus gigaspora + Fusarium; Gm+Gg+Fo: Glomus mosseae + Glomus gigaspora + Fusarium

4.0 Discussion  
The findings of the present study demonstrated that inoculation of Amaranthus hybridus seedlings with Glomus mosseae and Glomus gigaspora improved leaf chlorophyll content and foliar nutrient composition under Fusarium oxysporum stress conditions. In contrast, the control plants were not inoculated with F. oxysporum. The triple inoculation treatment (Gm+Gg+Fo) significant (P ≤ 0.05) reduced disease severity in A. hybridus seedlings (Table 1). Similar observations were reported by Sohrabi and Mohammad (2015), who found that Glomus species significant (P ≤ 0.05) reduced the severity of Bayoud disease caused by Fusarium oxysporum f. sp. albedinis in date palm. Likewise, wilt disease severity caused by Verticillium sp. was significant (P ≤ 0.05) reduced in artichoke plants colonized by Glomus viscosum (Sohrabi and Mohammad, 2015). Similarly, Arabi et al. (2013) reported that inoculation of barley plants with Glomus intraradices, G. constrictum, and G. claroideum significant (P ≤ 0.05) reduced the severity of common root rot caused by Cochliobolus sativus. In the present study, plants treated with triple inoculation exhibited lower pathogen infection compared with single inoculation treatments (Table 1). These findings are consistent with those of Bilgili (2025), who reported enhanced disease suppression following combined AMF inoculation. The significant (P ≤ 0.05) reduction in pathogen severity may be attributed to improved nutrient uptake, changes in root morphology, and competition between mycorrhizal fungi and pathogens for colonization sites, as previously suggested by Spagnoletti et al. (2021). Chlorophyll a content was comparable among the AMF-inoculated treatments and the control plants. However, A. hybridus seedlings inoculated with G. mosseae in combination with F. oxysporum (Gm+Fo) recorded superior chlorophyll content, suggesting enhanced chlorophyll biosynthesis due to improved nutrient availability and increased synthesis of chlorophyll precursors. Furthermore, inoculation with AMF species significant (P ≤ 0.05) increased chlorophyll content (Table 2) relative to the control treatment. These findings agree with previous reports by Sohrabi and Mohammad (2015), Dada et al. (2017), Chen et al. (2017), Xiuxiu et al. (2019), and Li et al. (2024). Similarly, Kumari and Prabina (2019) observed significant (P ≤ 0.05) increased total chlorophyll content in marsh plants following AMF inoculation. Conversely, F. oxysporum infection significant (P ≤ 0.05) reduced chlorophyll parameters in A. hybridus plants (Table 2). This reduction may be associated with the production of fungal toxins that interfere with plant physiological processes and inhibit chlorophyll biosynthesis. Similar findings were reported by Yakasai and Rabiu (2025) and Sohrabi and Mohammad (2015), who observed significant (P ≤ 0.05) reductions in chlorophyll content in plants infected with F. oxysporum compared with uninoculated controls. The pathogen may also have utilized nutrients that would otherwise have been available for plant growth and development. The significant (P ≤ 0.05) increases in foliar magnesium and calcium concentrations observed in AMF-treated plants (Table 3) suggest enhanced nutrient uptake facilitated by mycorrhizal associations. Likewise, the increase in foliar nitrogen content may be attributed to the expanded soil exploration capacity of AMF hyphae, increased nutrient mobility, modifications in the rhizosphere environment, and improved nutrient storage. AMF are particularly efficient in phosphorus acquisition due to their extensive hyphal networks, which enhance soil nutrient absorption beyond the root depletion zone. These findings support previous reports that AMF do not directly supply nutrients as fertilizers but rather enhance the uptake of available nutrients such as N, P, K, Ca, and Mg from the soil solution (Akande et al., 2018; Sohrabi and Mohammad, 2015). In addition, the significant (P ≤ 0.05) increased nutrient content in inoculated plants (Table 3) may be linked to the ability of AMF hyphae to improve water uptake, thereby enhancing nutrient transport within colonized roots (Wang et al., 2022; Chafai et al., 2023; Samri et al., 2021; Coskun, Alptekin and Demir, 2023). The positive effects of AMF on nutrient accumulation may therefore result from improved nutrient acquisition and enhanced soil water retention. The significant (P ≤ 0.05) increase in foliar potassium concentration and chlorophyll content (Table 2 and 3) observed in mycorrhizal plants may be associated with improved potassium absorption and translocation to the leaves, as similarly reported by Wang et al. (2022). The significant (P ≤ 0.05) higher phosphorus concentration (Table 3) detected in A. hybridus leaves may be attributed to enhanced phosphorus availability in the soil mediated by mycorrhizal fungi. Wang et al. (2022) reported that AMF improve phosphorus availability under nutrient-limited conditions commonly associated with organic farming systems. Rouphael et al. (2015) further explained that the improvement in phosphorus uptake is linked to the extensive external hyphal network of AMF, which increases the surface area available for nutrient absorption. Additionally, AMF produce phosphatases and organic compounds capable of solubilizing unavailable phosphorus forms in the soil. Mycorrhizal fungi may also indirectly improve nutrient availability through enhanced soil aggregate stability mediated by glomalin production, thereby promoting root growth and nutrient uptake (Wu et al., 2021).
4. Conclusion

This study demonstrated that the Fusarium pathogen significantly reduced chlorophyll a, chlorophyll b, total chlorophyll content, and foliar nutrient yield in Amaranthus hybridus seedlings. AMF inoculation had a significant effect on the total chlorophyll content of the seedlings. Furthermore, AMF inoculation significantly increased foliar nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), and magnesium (Mg) yields in Amaranthus hybridus seedlings, even under pathogen-stressed conditions. The highest total chlorophyll content in Amaranthus hybridus observed in plants inoculated with Glomus mosseae in combination with Fusarium (Gm+Fo) and with G. mosseae in combination with G.gigaspora, and Fusarium (Gm+Gg+Fo) was supported by increased foliar magnesium (Mg) yields. Dual inoculation (Gm+Gg+Fo) proved to be the most effective treatment, providing maximum disease suppression and indicating a synergistic interaction among the inoculants. Based on these findings, AMF can be regarded as a sustainable biocontrol strategy against Fusarium wilt, consistent with the hypothesis outlined in the introduction.
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