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Using Bacillus thuringiensis and Trichoderma harzianum in managing root-knot nematodes (Meloidogyne incognita) on tomato crop under pot conditions 

Abstract
The study was conducted to evaluate the nematicidal effects of three local Bacillus thuringiensis and Trichoderma harzianum isolates to control root-knot nematodes, Meloidogyne incognita, on tomato plants, under shade conditions. Molecular diagnosis was conducted to identify the three local Bacillus thuringiensis and Trichoderma harzianum isolates, as well as Meloidogyne incognita. Universal primers were used to amplify the ITS region, 16S rRNA, and 28S rRNA. B. thuringiensis, T. harzianum isolates, and M. incognita were identified and documented using sequencing techniques based on their ITS, 16S rRNA, and 28S rRNA genes. The results of the sequencing of the three local isolates of T. harzianum, B. thuringiensis, and M. incognita were deposited at NCBI under the accession numbers PQ069313.1, PQ069314.1, PQ069315.1, PQ069308.1, PQ069309.1, PQ069310.1, and PQ6008991, respectively. The results of the pot trial revealed that the lowest gall index, reproduction factor, and the maximum shoot fresh weight, shoot dry weight, root fresh weight, root dry weight, plant height, and root length of tomato were observed with the combination treatment of Bt isolate Sh.Sa.3 (30 ml) + Th isolate Sh.Sa.6 (30 ml) and were in the ranges of 0.33, 0.515, 82.67 g, 21.72 g, 15.25 g, 3.66 g, 93.67 cm, and 36.33 cm, respectively, compared with control groups and other treatments. The results showed that all isolates, both pre-nematode inoculation and post-nematode inoculation, had significant effects on root gall index and enhanced plant growth parameters compared with control groups. 
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1. Introduction
 Tomato (Solanum lycopersicum L.) is an important vegetable crop. About 182 million tons of fresh tomatoes are produced from 4.8 million hectares (FAOSTAT, 2017). Tomato belongs to the Solanaceae family, which contains more than 3,000 species, including plants of economic importance such as potatoes, eggplants, tobacco, petunias, and peppers (Bai and Lindhout, 2007). It contributes important components in the human diet, like potassium, phosphorus, magnesium, and iron, as well as antioxidants such as carotenoids, lycopene, and phenolic compounds. It also contains vitamins A, C, and E. The cultivated area in Iraq with tomato crops is 32,736 hectares, and the production rate is 744,166 tons (FAOSTAT, 2022). 
Root-knot nematode Meloidogyne spp. Identification is an important tool for the effective design of nematode management practices, such as plant resistance and crop rotation, which requires precise species identification and also for quarantine purposes (Zijlstra and Van Hoof, 2006). The use of molecular tools is a significant complement to morphological identification to identify individuals precisely to the species level, whereby several molecular techniques have been developed (Blok and Powers, 2009). Many fungi, bacteria, and plant-parasitic nematodes have been detected via polymerase chain reaction (PCR). PCR is a technique that uses a set of primers to amplify a specific region of the genome. PCR can be used to compare genetic similarity or variability between and among species when combined with restriction fragment length polymorphism (RFLP) or sequencing (Churamani, 2014). 
Biological control methods are environmentally sound and effective for reducing or mitigating other crop diseases (Sahebani and Hadavi, 2008). Application of cultural filtrates of Bacillus subtilis, as a soil drench, reduced nematode parameters in eggplant roots in the greenhouse experiment (El-Nagdi and Abd-El-Khair, 2008). Bacillus coagulans when applied with vermicompost or Glomus aggregatum, decreased the root-knot nematode population and improved the plant growth of tomato (Serfoji et al., 2010). B. subtilis and Trichoderma harzianum, alone or in combination, could suppress the M. incognita, viz., number of galls, immature stages, number of second stage juveniles (J2), and total final population of nematode, and enhance the growth parameters of eggplant in the greenhouse (Farfour and El-Ansary, 2013). B. subtilis, B. thuringiensis, Psudomonas fluorescens, and Serratia marcescens, alone or as a mixture, inhibited egg-hatching and J2 of Meloidogyne javanica and highly reduced the numbers of galls and egg masses per root system and J2/ 250 soil as well as increased the dry weights of root and shoot in eggplants (Mokbel and Alharbi, 2014).
2. Materials and methods 
2.1 DNA extraction of biological agents and Meloidogyne incognita 
For molecular identification, the genomic DNA of Bacillus thuringiensis, Trichoderma harzianum isolates, and Meloidogyne incognita was extracted using the FavorPrep Total DNA Mini Kit, FavorPrep Fungi/Genomic DNA Extraction Mini Kit, and ABIOpureTM Total DNA, respectively, according to the manufacturer's protocol.
2.2 Inoculating tomato seedlings with second-stage juveniles 
After extracting the Meloidogyne incognita eggs using the Hussey and Barker (1973) method from infected roots using sodium hypochlorite (household bleach), the roots were cut and washed, then shaken with a 1% solution for 3 minutes to release the eggs, followed by a thorough washing on sieves to collect the eggs. Inoculation with root-knot nematodes was performed by making three holes in the potting soil around the roots, each 1.5 cm deep, to avoid root damage. Five mL of nematode suspension containing 1000 J2/kg soil was applied into each hole using a syringe, and the holes were then covered with sterilized soil.
2.3 Assessment of nematicidal activity in pots
A shade-house experiment was conducted to evaluate the nematicidal activity of selected B. thuringiensis and T. harzianum isolates against M. incognita. Sterilized soil mixed with peat moss at a 2:1 ratio, autoclaved at 121 °C under 1 bar pressure for 20 minutes. One-month-old tomato seedlings (2–3 true leaves) were transplanted into 5 kg capacity plastic pots. Nematode suspension (1000 J2/kg soil) applied as described in the section above. Each bacterial and fungal isolate was applied at 10, 20, and 30 mL per plant (1.6 × 10⁸ and 1.5 × 10⁷ CFU/mL, respectively), either 3 days before or 3 days after nematode inoculation. Carbofuran 10% GR (2.5 g/plant) + RKN and NGB medium + RKN as control in addition to nematodes only (positive control) and healthy plants without nematodes (negative control).
2.4 Determination of gall index and plant growth parameters
Seventy-five days after inoculation, plants were carefully uprooted, and roots were washed free of soil. Parameters recorded: plant height, shoot fresh and dry weight, root fresh and dry weight, root length, and number of galls per root system. Gall Index (GI) was scored according to Taylor and Sasser (1978):
0 = no galls
1 = 1–2 galls
2 = 3–10 galls
3 = 11–30 galls
4 = 31–100 galls
5 = >100 galls or egg masses
2.5 Statistical analysis
The data from the pots experiment was analyzed using a randomized complete block design (RCBD). All trials included three replications, with one plant per replication for the pot trial. Whereas significant differences between means were compared with the least significant difference (LSD) test at a significance level of 0.05.
3. Results and discussion
3.1 DNA Extraction of Bacillus thuringiensis, Trichoderma harzianum isolates, and Meloidogyne incognita
Total genomic DNA was extracted from bacterial cells, fungal cultures, and nematode egg masses using the FavorPrep Fungi/Genomic DNA Extraction Mini Kit, FavorPrep Total DNA Mini Kit, and ABIOpureTM Total DNA, respectively, following the manufacturer’s instructions. The good efficiency of the quantity and quality of the DNA was obtained without requiring degradation. The quality and quantity of the DNA were checked through 1% agarose gel electrophoresis (Figure 1). 
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Figure 1: Electrophoresis of genomic DNA extracted from fungal cultures, bacterial cells, and nematode egg masses was performed on a 1% agarose gel stained with red safe dye, and checked under UV light.
3.2 Determination of concentration and purity of DNA 
The concentration and purity of DNA were assessed by UV absorbance using a NanoDrop spectrophotometer. The concentration of genomic DNA isolated from bacterial cells, fungal cultures, and nematode egg masses ranged from 67 to 119 ng/µl, with purity ratios (260/280) ranging between 1.78 and 1.97 (Table 1). 
Table 1: Concentration and purity of DNA samples extracted from the fungal cultures, bacterial cells, and nematode egg masses.
	Source
	Isolate name
	Nucleic acid Concentration (ng/µl)
	Purity 260/280

	B. thuringiensis
	Sh.Sa.1
	89
	1.9

	
	Sh.Sa.2
	119
	1.97

	
	Sh.Sa.3
	110
	1.9

	T. harzianum

	Sh.Sa.4
	110
	1.9

	
	Sh.Sa.5
	88
	1.9

	
	Sh.Sa.6
	87
	1.8

	M. incognita
	Sh.Sa.22
	67
	1.78


3.3 Molecular identification of Bacillus thuringiensis and Trichoderma harzianum isolates
For further confirmation, 16S rRNA and ITS regions were amplified by PCR for B. thuringiensis and T. harzianum, respectively. Universal primers were used for amplification. All three Bt isolates (Sh.Sa.1, Sh.Sa.2, Sh.Sa.3) yielded the expected 1250 bp amplicons, while the three T. harzianum isolates (Sh.Sa.4, Sh.Sa.5, Sh.Sa.6) produced the expected 550 bp amplicons. The sequences were deposited in the National Center for Biotechnology Information (NCBI) under accession numbers PQ069308.1, PQ069309.1, PQ069310.1 (for Bt), and PQ069313.1, PQ069314.1, PQ069315.1 (for T. harzianum). Sequence alignment showed 99% similarity between Bt isolates and the strain from China (MT534571.1). For T. harzianum, 100% similarity was observed with a strain from India (MN306150.1) (Table 2). Amplification of ribosomal DNA using universal primers MF/MR produced a specific fragment of 500 bp for the genus Meloidogyne in all purified single egg mass cultures. All isolates of root-knot nematodes were identified and documented by sequencing the 28S rRNA gene. The sequence of the M. incognita isolate (Sh.Sa.22) was deposited in the NCBI database under accession number PQ600899.1. Alignment with 13 universal nucleotide sequences obtained from GenBank revealed 100% similarity with M. incognita strains from Ethiopia (KX752363.1) (Table 2). El-Kersh et al. (2012) investigated the phenotypic characterization and identification of recovered Bt isolates using the morphological properties of colonies, spores, and parasporal crystals in addition to hemolytic activity. They amplified the 16S rRNA gene to establish Bt species identification and distinguish between spore-forming bacilli. Gezgin et al. (2023) used the nuclear ribosomal internal transcribed spacer (ITS primers) for molecular identification of Trichoderma isolates. Bastidas et al. (2019) used the molecular diagnosis to identify the Meloidogyne spp. by using universal primers. From 50 collected roots, 50 females of Meloidogyne spp. of the sampled crops were identified molecularly by extracting DNA from these females, thus specific genes were amplified.  
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Table 2: Sequence alignment of T. harzianum, B. thuringiensis, and M. incognita isolates with NCBI reference strains.
	Source
	Isolate name
	Type of substitution
	Location
	Nucleotide
	Sequence ID with compare
	Sequence ID with submission
	Identities

	B. thuringiensis
	Sh.Sa.1
	Transversion
	458
	C\A
	ID: MT534571.1
	ID: PQ069308.1
	99%

	
	
	Transversion
	459
	C\A
	
	
	

	
	Sh.Sa.2
	Transversion
	218
	T\G
	ID: MT534571.1
	ID: PQ069309.1
	99%

	
	
	Transversion
	649
	T\G
	
	
	

	
	Sh.Sa.3
	Transversion
	449
	G\C
	ID: MT534571.1
	ID: PQ069310.1
	99%

	T. harzianum
	Sh.Sa.4
	-------------
	---------
	--------
	ID: MN306150.1
	ID: PQ069313.1
	100%

	
	Sh.Sa.5
	-------------
	---------
	--------
	ID: MN306150.1
	ID: PQ069314.1
	100%

	
	Sh.Sa.6
	Transversion
	226
	A\T
	ID: MN306150.1
	ID: PQ069315.1
	99%

	
	
	Transversion
	227
	A\T
	
	
	

	
	
	Transition
	393
	A\G
	
	
	

	M. incognita
	Sh.Sa.22
	--------
	------
	----
	ID: KX752363.1
	ID: PQ600899.1
	100%



3.4 Impact of Bacillus thuringiensis and Trichoderma harzianum on Gall Index, Reproduction Factor, and Plant Growth Parameters
3.4.1 Application three days before inoculation
Table 3 shows significant differences between treatments in gall index, reproduction factor, and growth parameters when treatments were applied three days pre-inoculation. The combined treatment of Bt Sh.Sa.3 (30 ml) + T. harzianum Sh.Sa.6 (30 ml) gave the lowest gall index (0.33), lowest reproduction factor (0.515), and the highest growth traits: shoot fresh weight (82.67 g), shoot dry weight (21.72 g), root fresh weight (15.25 g), root dry weight (3.66 g), plant height (93.67 cm), and root length (36.33 cm). In contrast, the weakest effect was observed with T. harzianum Sh.Sa.6 (10 ml), showing a gall index of 3.00 and a reproduction factor of 14.020. These results are consistent with earlier findings, such as Ravari and Moghaddam (2015), who showed Bt strains reduced gall numbers by 51% and improved growth. Chen et al. (2024) reported reduced gall numbers using Bt metabolite 3-(methylthio) propionic acid. Chamzurni et al. (2023) found Bt reduced galling in patchouli roots by up to 67%. Ramalakshmi et al. (2020) showed that Bt reduced female populations and egg masses in tomatoes. Yaseen et al. (2025) reported dose-dependent gall reduction and improved growth using T. harzianum. Yass et al. (2025) showed that Bt in a pot trial reduced root gall index and improved plant growth parameters. 
3.4.2 Application three days after inoculation
Table 4 shows similar trends when treatments were applied three days post-inoculation. The combined Bt Sh.Sa.3 (30 ml) + T. harzianum Sh.Sa.6 (30 ml) yielded the best results: gall index 1.33, reproduction factor 2.477, and improved plant growth (shoot fresh weight 73.67 g, plant height 85.67 cm, root length 33.00 cm). These results are in agreement with studies by Liang et al. (2022), Maulidia et al. (2020), Zheng et al. (2016), Ali et al. (2022), and Adomako et al. (2025), all reporting the nematicidal and growth-promoting effects of Bt and Trichoderma species.

Table 3: Evaluation of the impact of Bacillus thuringiensis and Trichoderma harzianum isolate on the gall index, reproduction factor, and plant growth parameters three days before nematode inoculation.
	Treatment
	Gall index
	Reproduction factor 
	Shoot fresh weight/g
	Shoot dry weight/g
	Root fresh weight/g
	Root dry weight/g
	Plant height/cm
	Root length/cm

	Negative control
	0.00
	0.000
	35.00
	7.55
	4.21
	0.97
	57.67
	17.00

	Positive control
	5.00
	98.180
	23.33
	4.97
	12.03
	0.93
	42.00
	10.33

	Carbofuran
	2.67
	9.707
	25.33
	5.71
	3.23
	0.82
	47.67
	12.67

	NGB
	5.00
	82.444
	24.00
	5.15
	6.63
	0.94
	44.00
	11.33

	PDA
	5.00
	88.275
	24.67
	5.26
	6.88
	0.95
	46.00
	12.00

	Bt isolate Sh.Sa.3 (10ml)
	1.67
	2.723
	54.33
	12.50
	7.52
	1.44
	72.33
	23.33

	Bt isolate Sh.Sa.3 (20ml)
	1.33
	2.011
	58.67
	14.23
	9.02
	1.79
	76.00
	25.00

	Bt isolate Sh.Sa.3 (30ml)
	1.00
	1.582
	62.67
	15.81
	10.72
	2.37
	79.33
	28.67

	Th isolate Sh.Sa.6 (10ml)
	3.00
	14.020
	65.00
	16.60
	11.56
	2.64
	81.33
	30.33

	Th isolate Sh.Sa.6 (20ml)
	2.67
	9.370
	69.00
	17.75
	12.44
	2.81
	84.00
	32.00

	Th isolate Sh.Sa.6 (30ml)
	2.33
	5.494
	73.67
	18.83
	13.00
	2.92
	86.33
	33.33

	Bt isolate Sh.Sa.3 (10ml) +Th isolate Sh.Sa.6 (10ml)
	1.00
	1.410
	76.67
	19.54
	13.56
	3.05
	88.33
	34.33

	Bt isolate Sh.Sa.3 (20ml) +Th isolate Sh.Sa.6 (20ml)
	0.67
	1.046
	79.00
	20.17
	14.06
	3.19
	91.00
	35.33

	Bt isolate Sh.Sa.3 (30ml) +Th isolate Sh.Sa.6 (30ml)
	0.33
	0.515
	82.67
	21.72
	15.25
	3.66
	93.67
	36.33

	LSD 5%
	2.13**
	6.453**
	1.29**
	1.46**
	4.42**
	5.47**
	0.23**
	0.71**


* Means are averages of three replicates
Table 4: Evaluation of the impact of Bacillus thuringiensis and Trichoderma harzianum isolate on gall index, reproduction factor trait, and plant growth parameters three days after nematode inoculation.
	Treatment
	Gall index
	Reproduction factor 
	Shoot fresh weight/g
	Shoot dry weight/g
	Root fresh weight/g
	Root dry weight/g
	Plant height/cm
	Root length/cm

	Negative control
	0.00
	0.000
	35.00
	7.55
	4.21
	0.97
	57.67
	17.00

	Positive control
	5.00
	98.180
	23.33
	4.97
	12.03
	0.93
	42.00
	10.33

	Carbofuran
	2.67
	9.707
	25.33
	5.71
	3.23
	0.82
	47.67
	12.67

	NGB
	5.00
	82.444
	24.00
	5.15
	6.63
	0.94
	44.00
	11.33

	PDA
	5.00
	88.275
	24.67
	5.26
	6.88
	0.95
	46.00
	12.00

	Bt isolate Sh.Sa.3 (10ml)
	2.67
	6.621
	46.00
	9.99
	5.14
	1.03
	62.00
	20.00

	Bt isolate Sh.Sa.3 (20ml)
	2.33
	4.507
	50.00
	11.24
	6.16
	1.22
	67.00
	21.33

	Bt isolate Sh.Sa.3 (30ml)
	2.00
	3.115
	52.00
	12.01
	7.10
	1.33
	70.00
	22.67

	Th isolate Sh.Sa.6 (10ml)
	4.00
	20.260
	56.67
	13.36
	8.08
	1.53
	74.33
	24.33

	Th isolate Sh.Sa.6 (20ml)
	3.67
	17.400
	60.67
	15.24
	10.07
	2.11
	77.67
	27.33

	Th isolate Sh.Sa.6 (30ml)
	3.33
	16.548
	63.00
	16.19
	11.03
	2.40
	79.67
	28.67

	Bt isolate Sh.Sa.3 (10ml) +Th isolate Sh.Sa.6 (10ml)
	2.00
	2.747
	63.00
	16.19
	11.14
	2.42
	80.33
	29.67

	Bt isolate Sh.Sa.3 (20ml) +Th isolate Sh.Sa.6 (20ml)
	1.67
	2.590
	68.33
	17.64
	12.32
	2.79
	83.67
	31.67

	Bt isolate Sh.Sa.3 (30ml) +Th isolate Sh.Sa.6 (30ml)
	1.33
	2.477
	73.67
	18.79
	13.01
	2.93
	85.67
	33.00

	LSD 5%
	0.70**
	5.965**
	4.30**
	1.35**
	1.36**
	0.30**
	5.26**
	2.25**


*  Means are averages of three replicates
4. Conclusion
The isolates were identified as Bacillus thuringiensis, Trichoderma harzianum, and Meloidogyne incognita using PCR and amplification of the 16S rRNA, ITS sections, and 28S ribosomal RNA gene partial sequence. All three isolates of B. thuringiensis and T. harzianum, as well as M. incognita, yielded the expected 1250 bp, 550 bp, and 500 bp amplicons. Treating plants three days before infection by root-knot nematodes, Meloidogyne incognita, with fungal and bacterial suspensions led to a decrease in the number of eggs, juvenile stages, and females within the root system, and also reduced the number of root galls formed, which led to improved plant growth parameters.
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