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ABSTRACT
Aims: The study aims to evaluate the efficacy of Trichoderma koningii in combination with Arbuscular mycorrhizal fungus (Glomus claroideum) application in the control of Meloidogyne arenaria (Neal) infecting fluted pumpkin (Telfairia occidentalis) in Calabar. 
Study design: The experiment was laid out in a completely randomized design (CRD) with three replications.
Methodology: One gram of T. koningii at different inoculum load; 2.50×107 CFU/g, 1.38×107 CFU/g, 1.20×107 CFU/g and 9.0×106 CFU/g of millet were applied in combination with Arbuscular mycorrhizal fungus at 50, 100 and 300 spores/plant. Unamended soil served as control. Two weeks old Pumpkin plants were inoculated with (5,000) second stage larvae of M. arenaria in a heat sterilized soil. Number of galls, number of leaves, number of pods, gall index, and fresh pod weight/plant were recorded.  
Results: Fluted pumpkin was highly susceptible to M. arenaria with gall index rated 5.00 (G. I) without Arbuscular mycorrhizal fungus or T. koningii. Increase in Arbuscular mycorrhizal fungus concentration and inoculum load of T. koningii applied singly significantly (P = .05) reduced root galling of M. arenaria in the plant. The combination of T. koningii at 2.50 × 107 CFU/g of millet with 300 spores per plant significantly reduced the susceptibility rating of pumpkin to (GI = 2.00). The combination of T. koningii with Arbuscular mycorrhizal fungus significantly (P = .05) enhanced growth, number of pods, fresh pod and root weight/plant. The highest fresh pod yield (98.14/g plant) was obtained on 2.50×107 CFU /g of T. koningii in combination with 300 spores per plant of Arbuscular mycorrhizal fungus.
Conclusion: Increase in Arbuscular mycorrhizal fungus and T. koningii when applied singly, significantly reduced root galling. Combined application of Arbuscular mycorrhizal fungus at 300 spores/plant, with T. koningii at 2.50×107 CFU/g of millet significantly reduced root galling than single application.
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1. INTRODUCTION
Fluted pumpkin (Telfairia occidentalis) is classified among the three most commonly consumed vegetables within domestic households and commercial establishments throughout Nigeria (Udofia & Udiba, 2020). The pulp derived from the fruit of the pumpkin has applications in the production of marmalade, whereas the toxic extracts obtained from the roots are utilized as rodenticides and in ordeal poison preparations. Research has indicated that fluted pumpkin possesses the capacity to facilitate the bioremediation of soil contaminated with heavy metals (Umoren et al., 2024; Datti et al., 2020). Notwithstanding its considerable potential, the cultivation of fluted pumpkin is hindered by pests and diseases, prominently including root-knot nematodes from the genus Meloidogyne (Maheswari et al., 2023). Plant-parasitic nematodes, among other factors, have been identified as a significant limitation to the production of fluted pumpkin. The infestation of plant-parasitic nematodes poses a threat to plants and is typically widespread, characterized by a high reproduction rate that complicates management efforts, thus resulting in considerable damage and yield losses in the crop (Chapagain et al., 2025).
Root-knot nematodes are among the most prevalent and widely distributed nematodes, affecting virtually all crops and thereby constraining agricultural productivity (Maheswari et al., 2023). Meloidogyne arenaria stands out as the primary species detrimentally influencing pumpkin production. M. arenaria induces symptoms such as wilting, chlorosis, stunted growth, and the formation of galls on the roots of numerous crops, which can ultimately lead to root degradation, suboptimal growth, reduced yield, and crop failure once the nematode population surpasses the economic threshold level (Fourie, 2014).
The management strategies for M. arenaria have primarily relied upon conventional methods involving synthetic nematicides, which, while effective, present considerable risks to both environmental integrity and human health. These chemicals have the potential to contaminate soil and water resources, adversely affect non-target organisms, and contribute to the emergence of nematode resistance (Gao et al., 2021). The escalating apprehensions regarding the safety and sustainability of chemical nematicides have stimulated interest in alternative nematode management strategies that are more environmentally benign (Khan et al., 2020). Arbuscular mycorrhizal fungi, obligate root symbionts, and Trichoderma species have been employed as biocontrol agents against various species of nematodes.
Arbuscular mycorrhizal fungi are estimated to colonize over 80% of terrestrial plant species. They enhance plant growth by facilitating increased nutrient uptake in exchange for photosynthetic carbon from their host (Smith et al., 2010). Furthermore, these fungi are capable of mitigating plant stress induced by both abiotic and biotic factors, including attacks from plant-parasitic nematodes (Gianinazzi et al., 2010). The biocontrol efficacy of arbuscular mycorrhizal fungi has been demonstrated across a broad spectrum of plant species and against numerous pathogens, predominantly soil-borne fungal pathogens responsible for root-knot or wilting, although successful biocontrol has also been documented against aerial pathogens such as Alternaria solani in tomato (Bagyaraj, 2018). Both necrotrophic and biotrophic pathogens have been reported to be suppressed by arbuscular mycorrhizal fungi (AMF), either directly (Veresoglou and Rillig, 2012). Additionally, arbuscular mycorrhizal fungi have been shown to suppress plant-parasitic nematodes, as previously reviewed by Poveda et al. (2020).
In a similar vein, Trichoderma species are widely acknowledged for their effectiveness in managing various plant pathogens that afflict pumpkin (T. occidentalis), including root-knot nematodes, Sclerotium rolfsii, and Fusarium oxysporum, among others (Etim et al., 2025). Trichoderma species possess high efficacy to adapt to various environmental conditions and can suppress pathogen through their fast growth rate to colonized pathogens (Al-Dahmoshi et al., 2019). However, the current understanding of Trichoderma induced nematode resistance lags far behind that of resistance to other biotic attackers, such as fungi, virus and bacteria (Al-Dahmoshi et al., 2019). Thus, the study aims to evaluate the efficacy of T. koningii in combination with Arbuscular mycorrhizal fungus (G. claroideum) application in the control of M. arenaria infecting fluted pumpkin (T. occidentalis) in Calabar, Cross River State, Nigeria.
2. MATERIALS AND METHODS
2.1 Experimental site
Experiment was carried out in screenhouse at Botanic Garden University of Calabar. Other laboratory works were carried out at the Department of Botany, Faculty of Biological Sciences, University of Calabar Post Graduate Laboratory. 
	
2.2    Source of experimental materials
Fluted pumpkin seed (T. occidentalis) used for the trial was obtained from Cross River State Ministry of Agriculture. Arbuscular mycorrhizal fungus (G. claroideum) was obtained from Institute of Agricultural Research (IAR), Zaria, Kaduna State, Nigeria, while T. koningii was isolated from the Department of Botany Post Graduate Research Laboratory University of Calabar, Calabar, M. arenaria was extracted also from the Department of Botany Post Graduate Laboratory, University of Calabar. 
2.3   Soil collection, sterilization and analysis
The loamy soil collected for this work was gotten from behind the faculty of Biological Sciences block University of Calabar, Calabar. The soil samples collected at the depth of 0-15cm using a shovel were thoroughly mixed and sterilized by using the inverted steam-pan method at a temperature of 1000C for 15 minutes to kill other pathogenic organisms. The heat sterilized soil was spread out in a shade for 7 days to cool before use for planting (Bollen, 2010). Soil sample was subsequently sieved in the Laboratory using a 2mm mesh size sieve. After that, the physico-chemical properties of the sieved soil sample were analyzed at Soil Science Laboratory, University of Calabar, Calabar.

2.4 Nematode inoculum preparation, extraction and identification
Nematode inoculum preparation for extraction was carried out according to Etim et al. (2024). Heavily galled roots of Indian spinach were carefully uprooted, rinsed in distilled water, and transported to the lab in moistened bags. The roots were chopped, blended with water into a slurry, and stirred to avoid inactivating nematode larvae. The suspension was adjusted to contain approximately 5,000 larvae per 30 ml, as determined by stereomicroscopic counting. Mature females of root-knot nematode (M. arenaria) were dissected out from infected roots and were identified using the perineal pattern methods of identification according to (Taylor and Sasser, 2013).  

2.5 Collection, sterilization, media preparation, isolation and identification of T. koningii
2.5.1     Collection
Soil was collected around the animal farm Faculty of Agriculture, Forestry and Wildlife Resource Management university of Calabar using polyethylene bags, laboratory gloves, masking tape, nose mask and hand trowel.
2.5.2    Sterilization of materials
The laboratory work-bench was sterilized using sodium hypochlorite (bleach) solution and 99% ethanol. Sterilization was done by wet steam method in an autoclave at 1600C for 30 minutes. The glass Petri dishes and conical flasks were first washed with detergents under running tap in the laboratory and then rinsed properly with distilled water before sterilization. 

2.5.3   Preparation of media for culturing of Trichoderma koningii
Media preparation followed Iqbal et al. (2017). Potato Dextrose Agar (PDA) was prepared by mixing 39g of PDA with 1000ml distilled water, stirred until paste-like. The mixture was sterilized in an autoclave at 121°C for 15 minutes. After cooling, 500mg of chloramphenicol was added to prevent bacterial growth. The medium was then poured into sterile, labeled petri dishes for fungal culturing. Nonabsorbent cotton wool covered with aluminum foil was used to seal the conical flask during sterilization.

2.5.4      Isolation of Trichoderma specie 
Isolation of fungi (Trichoderma specie) was carried out according to Etim et al., (2023). The infected soil samples were picked using spatula and dropped in petri dishes containing potato dextrose agar (PDA) solution and labelled accordingly. The inoculated plates were incubated at room temperature of 27+ 1o c for 14days and daily observations were made for emergence of fungal colonies. 

2.5.5     Identification of Trichoderma specie 
A drop of lacto phenol in cotton blue was used to stain the slide. Sterilized inoculation needle was used to pick the spores of the fungi from culture plates and Placed on the slide containing the lacto phenol in cotton blue then covered with cover slide for observation and identification under a light microscope. (Olympus Optical Philippines) with magnification (x40). The morphological structures of the fungi were compared with those in the Atlas of Imperfect Fungi by Barnett & Hunter (1998) for identification. Colonies formed were subculture to obtain pure cultures of the isolate.

2.5.6   Preparation of carrier for Trichoderma specie
Preparation of carrier for T. koningii was carried out according to Hewavitharana et al. (2018). Bema bottles used for the trial were sterilized using sodium hypochloride (NaOcl) solution. Two hundred grams (200g) of millet grain was weighed using ohaus sensitive weighing balance, and was soaked in 200ml of distilled water for 24 hours to allow for fermentation. Fermented millet grains were poured into sterilized Bema bottles and sterilized in an autoclave at 121 degrees Celsius for 15 minutes, and allowed to cool before using a 5mm sterilized cork borer to pick the pure culture of T. koningii in Petri dishes and inoculate into the Bema bottles containing the millet grains. Filter paper was used to cover the mouth of the bema bottles and the bored holes of the cover bottles were used to seal the mouth after inoculation. The substrates were allowed to grow and sporulate in bottles up to 5 days.

2.5.7   Trichoderma species spore count
Spore count of T. koningii was carried out according to Schütz et al. (2020).  To quantify colony form unit (CFU/g) of T. koningii in Petri dishes, 1 gram of the fugus was scraped and weighed using Ohaus sensitive weighing balance. The weighed substrates were poured into conical flask and 10 ml of distilled water was added to the substrates and stirred using magnetic stirrer. This was later transferred to vortex mixer to obtain homogenous mixture. Using a pipette, 0.05ml of diluted samples (0.05ml) were transferred into the cell of hemacytometer. The colony form unit (Cfu) of T. koningii was counted by placing the already filled Hemacytometer chamber under a binocular microscope, and the 10ml was exhausted while counting. The spore concentration was determined as millions of spores Cfu per grams of millet sample. 

2.5.8	Arbuscular mycorrhizal root colonization
Percentage root colonization was done according to Shahzad & Ghaffar (2018) by counting the number of roots colonized by the fungus and divide it with the total number of root intersections examined, i.e   percentage of root colonization = (Number of infected intersections) / Total number of intersections) × 100. 

2.6 Experimental design and layout
The screenhouse work was laid down in Completely Randomized Design (CRD) having 20 treatment combinations and three replicates to give a total of 60 experimental units.

2.7    Planting of Pumpkin (T. occidentalis) seeds on pots/ inoculation of M. arenaria
Each pot was sown with three seeds of fluted pumpkin at the depth of 3 cm per pot in 5kg of sterilized loamy sand and later thinned to one plant per pot at two weeks after planting (2WAP). M. arenaria was introduced into the plant by excavating the base of the plant, and the suspension of 30ml (5,000) larvae was poured thereafter covered immediately with the soil in the pot.

2.8     Inoculation of test plants with Trichoderma koningii
The millet grain carrier of 200 grams in Bema bottles containing the spores of T. koningii were taken to screenhouse for inoculation into pots. Holes were made around the base of pumpkin plants and 1g containing the different spore loads was used to inoculate pots receiving treatment of T. koningii. The inoculated areas were covered with soil immediately.

2.9 Inoculation of test plants with Arbuscular Mycorrhizal Fungus (Glomus 	claroideum)

This inoculation method follows the procedure of Pavithra & Yapa (2018). Starter culture of Arbuscular mycorrhizal fungus (G. claroideum) gotten from Institute of Agricultural Research (IAR), Zaria, Kaduna State, Nigeria at different inoculum densities of (50, 100 and 300) spores per plant were used to inoculate plants receiving treatments. While other pots served as control. 
 
2.10  Data collection
Data were collected at two weeks interval starting from three weeks after planting. Data were collected on number of galls per plant, gall index per root system, plant height, number of leaves, number of pod/plants, fresh pod weight, and mean weight of pod/plant. While The height of each plant per pot was measured with a meter rule from the ground surface to the top of the shoot and was expressed as average per plant, the total number of leaves, galls, pods, and number of nematodes per plant were counted and expressed as average per plant. The total fresh pod weight per plant was measured using (Ohaus) Sensitive weighing balance. 

Gall index (GI) was assessed according to Taylor and Sasser (2013), following the standard scale of 0-5. This scale is explained as follows: where;
Zero gall (0) 		= Immune.
1 or 2 galls (1)		= highly resistant.
3 – 10 galls (2)            = light galling (resistant).
11– 30 galls (3)	= moderate galling (Moderately susceptible).
31– 100 galls (4)	= heavy galling (susceptible).
 >100 galls (5)		= very heavy galling (highly susceptible).

2.11     Statistical analysis
Data collected for Screenhouse experiments were subjected to analysis of variance (ANOVA) and significant means were compared using Duncan New Multiple Range Test (DNMRT) at 5% probability level. 
                                    
3 	RESULTS
3.1 	The effects of Arbuscular mycorrhizal fungus (G. claroideum) 	application and T. koningii inoculation on number of galls per root system of pumpkin (T. occidentalis) plants inoculated with M. arenaria.		
The application of different concentrations of Arbuscular mycorrhizal fungus (G. claroideum) to the soil significantly (P = .05) reduced root galling by the nematode specie with the highest concentration of Arbuscular mycorrhizal fungus (300 spores) recording the least number of galls per plant (Table 1). Soil infestation with Trichoderma with the least inoculum load 9.0×106 CFU/g recorded pumpkin stands with significantly fewer galls than Arbuscular mycorrhizal application with the highest concentration of (300) spores per plant. Increased inoculum density of T. koningii significantly (P = .05) increased root galling. The highest inoculum load of T. koningii had plants with significantly fewer number of galls. The combination of Arbuscular mycorrhiza with T. koningii resulted in a significant decrease in number of galls. However, T. koningii at the highest inoculum load of 2.50×107 CFU/g in combination with highest concentration of Arbuscular mycorrhizal application at 300 spores per plant produced pumpkin plants with the least number of galls.
3.2 	 The effects of Arbuscular mycorrhizal fungus (G. claroideum) application and Trichoderma koningii inoculation on galls index (GI) of pumpkin (T. occidentalis) plants inoculated with M. arenaria	 
Pumpkin was highly susceptible to M. arenaria infection in pots without Arbuscular mycorrhiza as gall index was rated 5.00 (Table 2). Arbuscular mycorrhiza concentration reduced the susceptibility rating of pumpkin plants from highly susceptible (G.I = 5.00) to susceptible (G.I = 4.00). Infestation of T. koningii alone at the highest inoculum load of 2.50x107 CFU/g of millet (TV1) reduced the susceptibility rating to moderately susceptible and this was the trend where T. koningii was also combined with different concentration of Arbuscular mycorrhiza. However, the highest inoculum load of T. koningii in combination with the highest concentration of Arbuscular mycorrhiza at 300 spores per plant changed the susceptibility rating to (G.I-2.00) as shown in (Table 1).
3.3	The effect of Arbuscular mycorrhizal fungus (G. claroideum) application and T. koningii inoculation on number of pods per plant of pumpkin (T. occidentalis) inoculated with M. arenaria.
Amendment of soil with Arbuscular mycorrhizal fungus significantly (P = .05) enhanced pumpkin fruit setting compared with the control (Table 1). Inoculation of soil with different inoculum load of T. koningii alone did not have any significantly (P = .05) increase in the number of pods produced compared with the control. Hence, the combined application of Arbuscular mycorrhizal and infestation with Trichoderma produced plants that significantly (P = .05) had greater number of pepper pods than individual application. However, the highest inoculum load of (2.50 × 107 CFU/g) of T. koningii in combination with the highest concentration of Arbuscular mycorrhiza (300) spores per plant (TV1 + AMF 3) produced plants that significantly (P = .05) had the highest number of pods.
3.4 	The effects of Arbuscular mycorrhizal fungus (G. claroideum) 	application and T. koningii inoculation on fresh pod weight per 	plant of pumpkin (T. occidentalis) inoculated with M. arenaria.
Increase in concentration of Arbuscular mycorrhizal fungal application significantly (P = .05) increased fresh pod weight compared with the control (Table 1). Infestation of soil with highest inoculum load of Trichoderma alone (TV 1 and TV 2) significantly (P = .05) enhanced fresh pod weight of pumpkin compared with the control, while lower inoculum load produced similar fresh pod weight as the control. Combination of Arbuscular mycorrhizal fungal at various concentration with different inoculum load of T. koningii which significantly (P = .05) had higher fresh pod weight compared with individual application at the specific rates of Arbuscular mycorrhizal fungal or spore load of T. koningii. However, the combination of the highest concentration of Arbuscular mycorrhizal fungal at 300 spores per plant (AMF 3) with the inoculum load of T. koningii at 2.50 × 107 CFU/g (AMF3+ TV1) significantly (P = .05) produced plants with the highest fresh pod weight. There were no significant differences in fresh pod weight among plants treated with T. koningii at 2.50 × 107 CFU/g in combination with 100 spores of Arbuscular mycorrhizal fungal concentration. Also T. koningii (TV1) in combination with 50 spores per plant of Arbuscular mycorrhizal fungus.


TABLE 1
The effects of Arbuscular mycorrhizal fungus (G. claroideum) application and Trichoderma koningii inoculation on number of galls, gall index (GI), number of pods, and fresh pod weight of pumpkin (T. occidentalis) plants inoculated with M. arenaria	
	Treatment/concentration 
	Number galls per plant
	
	Gall Index
	Number of pods per plant 
	Fresh pod weight (g)
	
	

	AMF 0 (control)
	161.67 ± 6.00a
	
	5.00+0.00a
	1.54 ± 0.262t
	13.00 ± 1.641t
	
	

	AMF 1 (50 spores per plant)
	84.67 ± 2.603b
	
	4.00+0.00b
	4.56 ± 0.294p
	23.28 ± 1.033p
	
	

	AMF 2 (100 spores per plant)
	74.33 ± 1.202c
	
	4.00+0.00b
	5.90 ± 0.2950
	37.00 ± 1.171o
	
	

	AMF 3 (300 spores per plant)
	65.00 ± 1.732d
	
	4.00+0.00b
	7.98 ± 0.374m
	40.00 ± 1.638mn
	
	

	
	
	
	
	
	
	
	

	TV1- 2.50x107 CFU/g
	57.67 ± 1.453k-m
	
	 3.72+0.333c
	2.50 ± 0.227rs
	20.00 ±1.737mn
	
	

	TV2 -1.38x107   CFU/g
	51.00 ± 0.882hi
	
	4.00+0.00b
	2.18 ± 0.875s
	17.00 ±1.271q
	
	

	TV2 - 1.20x107 CFU/g
	47.33 ± 0.577f
	
	4.00+0.00b
	1.62 ± 0.193t
	16.09 ± 1.842rs
	
	

	TV4 - 9.0x106   CFU/g
	43.67 ± 1.453e
	
	4.00+0.00b
	1.39 ± 0.176t
	15.21 ± 0.670rst
	
	

	
	
	
	
	
	
	
	

	TV1+ AMF 1
	41.67 ± 1.155o-q
	
	3.00+0.00d
	9.19 ± 0.3181
	57.00 ± 1.882k
	
	

	TV2+ AMF 1
	41.00 ± 1.453mm
	
	3.00+0.00d
	7.98± 0.689m
	57.30 ± 1.0241
	
	

	TV3+ AMF 1
	38.00 ± 0.577ij
	
	4.00+0.00b
	6.94 ± 0.902n
	41.31 ± 1.327mn
	
	

	TV4+ AMF 1
	37.67 ± 1.202gh
	
	4.00+0.00b
	10.19 ± 0.121j
	41.00 ± 1.052n
	
	

	
	
	
	
	
	
	
	

	TV1+ AMF 2
	35.33 ± 0.667s-u
	
	3.00+0.00d
	13.27 ± 0.241ef
	63.20 ± 1.070efg
	
	

	TV2+ AMF 2
	33.00 ± 1.000 p-r
	
	3.00+0.00d
	12.00 ± 0.762h
	63.07 ± 1.610ij
	
	

	TV3+ AMF 2
	32.33 ± 1.155n-p
	
	3.00+0.00d
	11.03 ± 0.143ij
	49.08± 0.834j
	
	

	TV4+ AMF 2
	31.00 ± 0.882kl
	
	3.00+0.00d
	10.14 ± 0.536k
	49.00 ± 3.137k
	
	

	
	
	
	
	
	
	
	

	TV1+ AMF 3
	12.00 ± 0.577vw
	
	2.00+0.00f
	17.59 ± 0.135a
	98.14 ± 1.160a
	
	

	TV2+ AMF 3
	16.00 ± 0.882uv
	
	3.34+0.00f
	16.28 ± 0.249b
	85.04 ± 0.817def
	
	

	TV3+ AMF 3
	18.00 ± 0.577r-t
	
	3.00+0.00d
	14.85 ± 0.0606d
	82.92± 0.732fg
	
	

	TV4+ AMF 3
	21.33 ± 0.667op
	
	3.00+0.00d
	13.15 ± 0.264efg
	72.21± 1.628hi
	
	


*Means within a column followed by the same letter of alphabet are not significantly different from one another based on Duncan New multiple range test (DNMRT) at 5% probability level.
	AMF = Arbuscular mycorrihizal fungus 		TV = Trichoderma koningii

3.5	The effects of Arbuscular mycorrhizal fungus (G. claroideum) application and T. koningii inoculation on plant height of pumpkin (T. occidentalis) plants inoculated with M. arenaria	
Amendment of soil with Arbuscular mycorrhizal fungal spore concentration and inoculation of T. koningii at 3 weeks after planting significantly (P = .05) enhanced plant height compared with the control (Table 2). Increase in the concentration of Arbuscular mycorrhizal fungal led to significant increase in plant height. However, there was significant enhancement in plant height when Arbuscular mycorrhizal fungal was combined with T. koningii with individual application of the control agent at given concentration of A. mycorrhizal application or inoculum density of T. koningii. The result at 5 and 7 WAP followed the trend of 3WAP. However, at 5WAP, plants inoculated with 9.0×106 CFU/g of T. koningii (TV4) were similar in height with that of the control plants (AMF O) and the same was shown for those inoculated with 1.20×107 CFU/g (TV3) and 9.0×106 CFU/g of T. koningii (TV4). In comparison, at all sampling periods inoculation of T. koningii at 2.50×107 CFU/g in combination with 300 spores per plant g/ml of Arbuscular mycorrhizal (AMF 3) significantly ( P = .05) produced the tallest plants.


TABLE  2
 Effect of Arbuscular mycorrhizal fungus (G. claroideum) application and T. koningii inoculation on plant height (cm) of pumpkin (T. occidentalis) inoculated with M. arenaria
	Treatment/concentration
	3WAP
	5WAP
	7WAP

	AMF 0 (control)
	3.08+ 0.33p
	10.47+ 0.441t
	24.00+ 0.441t

	AMF 1 (50 spores per plant)
	8.23+ 0.33mno
	21.33+ 0.333r
	32.33+ 0.601pq

	AMF 2 (100 spores per plant)
	9.00+ 0.333jk
	24.17+ 0.167no
	38.00+ 0.289kl

	AMF 3 (300 spores per plant)
	12.00+ 0.333hi
	27.00+ 0.289j
	42.00+ 0.289i

	
	
	
	

	TV1 (2.50x107 CFU/g)
	10.00+ 0.1671
	20.00+ 0.333lm
	30.17+ 0.726t

	TV2 (1.38x107 CFU/g)
	10.30+ 0.00lm
	22.00+ 0.333r
	28.50+ 0.289s

	TV3 (1.20x107 CFU/g)
	9.28+0.00no
	21.83+ 0.167rs
	27.83+ 0441st

	TV4 (9.0x106 CFU/g)
	8.54+ 0.333o
	21.50+ 0.289kl
	31.83+ 0.928q

	
	
	
	

	TV1+ AMF 1
	12.00+ 0.177hi
	26.17+ 0.167ij
	35.67+ 0.333n

	TV2+ AMF 1
	11.15+ 0.767jk
	24.67+ 0.333mn
	34.17 ± 0.1670

	TV3+ AMF 1
	11.14+ 0.767jk
	24.50+ 0.289p
	33.50 ± 0.2890

	TV4+ AMF 1
	9.83+ 0.167lm 
	21.33+ 0.333r
	32.17 ± 0.1670p

	
	
	
	

	TV1+ AMF 2
	12.45+ 0.167ef
	29.00+ 0.441fg
	42.50 ± 0.289h

	TV2+ AMF 2
	12.30+ 0.334hi
	27.50+ 0.289gh
	41.17 ± 0.167ij

	TV3+ AMF 2
	11.67+ 0.167ij
	25.83 + 0.167jk
	48.00 ± 0.667jki

	TV4+ AMF 2
	11.00+ 0.167jk
	25.83 + 0.167jk
	39.33 ± 0.667i

	
	
	
	

	TV1+ AMF 3
	18.00+ 0.167a
	30.67+ 0.333a 
	47.50 + 0.289a

	TV2+ AMF 3
	12.17+ 0.167c
	29.17+ 0.167de
	46.33 + 0.333f

	TV3+ AMF 3
	11.83 ± 0.167cd
	27.83 ± 0.167hi
	43.83 + 0.167fg

	TV4+ AMF 3
	10.33 ± 0.333de
	26.03 + 0.167jk
	42.00 + 0.333h


 *Mean within a column followed by the same letter of alphabet are not significantly different from one another based on Duncan’s New Multiple Range Test (DNMRT) at 5% probability level.
    AMF– Arbuscular mycorrhizal fungus 			TV – Trichoderma koningii

[bookmark: _Hlk199754657]3.6	The effect of Arbuscular mycorrhizal fungus (G. claroideum) application 	and T. koningii inoculation on number of leaves of pumpkin (T. occidentalis) inoculated with M. arenaria.
Pumpkin plant at three weeks after planting (3WAP) when inoculated with Arbuscular mycorrhizal fungal significantly (P = .05) enhanced leaf production in pumpkin plants compared with the control (AMF 0) as shown in Table 3. Soil inoculated with lower inoculum load 1.20 × 107 CFU/g and 9.0 × 106 CFU/g did not significantly (P = .05) enhance leaf production compared to the control pot. The concomitant inoculation of T. koningii with Arbuscular mycorrhizal fungus significantly led to increase in number of leaves produced by pumpkin plant compared with individual application of each control agent. At 5 and 7 weeks after planting, application of higher concentration of Arbuscular mycorrhizal fungus at 100 and 300 spores per plant significantly enhanced leaf production compared with the control. Inoculation of soil with T. koningii alone irrespective of the inoculum load produced plants with similar or less number of leaves compared to the control. However, the combination of T. koningii with 100 or 300 spores per plant of Arbuscular mycorrhizal fungus led to a significant enhancement in leaf production compared with the control plants. The highest leaf production was obtained when T. koningii (2.50 × 107 CFU/g) was combined with 300 spores per plant of Arbuscular mycorrhizal (TV1 + AMF 3).

TABLE 3
Effects of effect of Arbuscular mycorrhizal fungus (G. claroideum) application and T. koningii inoculation on number of leaves of pumpkin (T. occidentalis) inoculated with M. arenaria. 
	Treatment / concentration 
	3 WAP
	5 WAP 
	7 WAP 

	AMF 0 (control)
	4.00 ± 0.333k
	8.67 ±0.333m
	10.00 ± 0.333no

	AMF 1 (50 spores/plant)
	3.00 ± 0.333ghi
	6.27 ±0.333ki
	12.00 ± 0.577im

	AMF2 (100 spores/plant)
	  6.47 ± 0.333efg
	8.34 ±0.67fgh
	14.33 ± 0.333fg

	AMF3 (300 spores/ plant)
	7.00 ± 0.333cde
	8.98 ±0.333efg
	17.00 ± 0.577cd

	
	
	
	

	TV1(2.50 × 107 CFU/g)
	3.58 ±0333hij
	7.00 ± 0.577im
	6.00 ± 0.311op

	TV2 (1.38 ×107 CFU/g)
	3.00 ±0333ijk
	5.72 ± 0.333kl
	8.17 ± 0.311op

	TV3 (1.20 ×107 CFU/g)
	   2.34 ±0.00im
	4.00 ± 0.00im
	7.33 ± 0.311op

	TV4 (9.0 × 106 CFU/g)
	   1.00 ±0.00jk
	3.00 ± 0.333m
	     5.00 ± 0.00p

	
	
	
	

	TV1 + AMF 1
	6.00 ± 0.000def
	8.00 ±0.000ghij
	14.00 ±0.333fg

	TV2 + AMF 1
	5.67 ± 0.333efg
	7.67 ±0.333hijk
	15.00 ±0.333ijk

	TV3 + AMF 1
	5.46± 0.333fgh
	8.34 ±0.333fgh
	10.34 ±0.333ki

	TV4 + AMF 1
	5.45 ± 0.333fgh
	7.34 ±0.333ijk
	9.00 ±0.333m

	
	
	
	

	TV1 + AMF 2
	8.00 ± 0.00bc
	9.34 ± 0.333def
	14.00 ±0.577ef

	TV2 + AMF 2
	7.32 ± 0.333cde
	8.00 ± 0.00ghij
	13.00 ±0.577gh

	TV3 + AMF 2
	6.00± 0.00def
	8.34± 0.333fgh
	12.33 ±0.333ijk

	TV4 + AMF 2
	6.00 ± 0.00def
	7.20 ±0.333hijk
	11.33 ±0.333ki

	
	
	
	

	TV1 + AMF 3
	9.74± 0.333a
	14.00 ±0.333a
	19.00 ±0.333a

	TV2 + AMF 3
	8.67± 0.333bcd
	9.00 ± 0.577def
	15.00 ±0.333a

	TV3 + AMF 3
	6.34± 0.333cde
	9.00 ± 0.000defg
	14.00 ±0.333ijk

	TV4 + AMF 3
	6.00± 0.00def
	8.34± 0.333fgh
	11.67 ±0.333jki


*Mean within a column followed by the same letter of alphabet are not significantly different from one another based on Duncan’s New Multiple Range Test (DNMRT) at 5% probability level.
    AMF – Arbuscular mycorrhizal fungus 		T V– Trichoderma koningii




                                            


4. DISCUSSION
The pumpkin plant (T. occidentalis) used in this study showed high susceptibility to M. arenaria infestation, as evidenced by a gall index rating of 5.00 in soil lacking Arbuscular mycorrhizal fungi and T. koningii. This finding aligns with Pettigrew et al. (2015), who suggested that plants with a better nutrient status can tolerate higher densities of plant-parasitic nematodes in their roots. In the presence of Arbuscular mycorrhizal fungi and T. koningii, a reduction in root galling was observed, indicating that the nutrient status of the host plant can influence nematode population densities both positively and negatively. The severe root galling observed in pumpkins infested with M. arenaria may be attributed to the favorable soil conditions for nematode activity, particularly in sandy soils, as noted by Ayala-Doñas et al., (2020), which tend to support enhanced nematode activity.
The application of Arbuscular mycorrhizal fungi at increasing concentrations led to a significant reduction in root galling. Numerous studies have reported that biological control agents, whether of plant or animal origin, can suppress nematode populations in the soil and reduce the damage they cause (Stirling, 2018; Mendoza-de Gives, 2022). Several mechanisms have been proposed to explain this suppression, including the release of nematicidal compounds, such as organic acids and nitrogenous compounds, during the decomposition of these agents, as well as the enhancement of nematode antagonists, increased plant resistance, and changes in soil physicochemical properties. However, distinguishing the most effective mechanisms is challenging, as they likely operate simultaneously. It is possible that a combination of these mechanisms contributed to the suppression of M. arenaria in this study.
The infestation of soil with Arbuscular mycorrhizal fungi alone significantly inhibited root galling in both the soil and the pumpkin plants. The highest inoculum load of T. koningii proved to be the most effective. These results are consistent with those of previous studies (Windham et al., 2012; Prusty, 2017), which reported a reduction in M. arenaria populations and root galling, as well as enhanced plant growth when T. koningii was applied at different inoculum loads. Similarly, T. koningii and T. koningii significantly reduced M. arenaria infestations in maize hybrids (Windham et al., 2012).
Various biocontrol mechanisms of Trichoderma species and Arbuscular mycorrhizal fungi have been suggested, including antibiosis, competition, mycoparasitism, enzymatic hydrolysis, and induced systemic resistance (Poveda, 2020). In vitro studies have shown that T. koningii can penetrate M. arenaria eggs and colonize juveniles (Saeed, 2023). The combination of T. koningii and Arbuscular mycorrhizal fungi was found to be more effective in reducing root galling and suppressing nematode populations than the individual application of either agent. This observation supports earlier findings (Nafady et al., 2022). Soil amendments with organic matter or Arbuscular mycorrhizal fungi have been reported to stimulate soil food webs, which can increase the populations of free-living nematodes, promote plant growth, and support rhizobacteria, fungi, and nematode antagonists (Oka, 2010).
5. CONCLUSION

This screenhouse trial was conducted from January to March 2025 at the Botanic Garden and the Department of Botany Post Graduate Laboratory, University of Calabar. The primary objective was to identify the optimal concentration of Arbuscular mycorrhizal fungus (AMF) and T. koningii for managing M. arenaria on pumpkin (T. occidentalis), and to evaluate the efficacy of combining T. koningii with AMF (G. claroideum) in controlling root-knot nematodes. Various AMF inoculum densities of 50, 100, and 300 spores per plant were applied either alone or in combination with different concentrations of T. koningii (2.50×107, 1.38×107, 1.20×107, and 9.0×106 CFU/g). A total of 20 treatments were arranged in a completely randomized design (CRD) with three replications, resulting in 60 experimental pots. Three pumpkin plants were initially sown per pot, then thinned to one stand per pot at two weeks after planting. At this point, each plant was inoculated with 30 ml (5000) second-stage larvae of M. arenaria in heat-sterilized soil. Data collected were analyzed using Analysis of Variance (ANOVA), with significant means compared via Duncan’s New Multiple Range Test at a 5% probability level. Results indicated that the pumpkin plants were highly susceptible to M. arenaria in the absence of AMF and T. koningii, as reflected by a gall index of 5.00. However, increasing concentrations of AMF and T. koningii significantly reduced root galling. Notably, the combination of 300 spores per plant of AMF and 2.50×10^7 CFU/g of T. koningii was more effective in reducing root galling than either treatment alone.
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