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Novelty statement

These results show that the use of Trichoderma harzianum and selected Bacillus spp. can significantly increase the germination of wheat seeds as well as reduce plant pathogens in seedlings. Tests also found that the initial growth of seedlings was higher from seeds that were not infected with pathogens.
The results can help to wheat producers to cultivate wheat in reduced use of pesticides in production as is organic. These results provide solution for the increased seed germination, which for agronomic practice means reduced seed quantities to achieve the desired number of plants. All is aimed to obtain more economical establishment.
Abstract
This work describes effect of treatment with Trichoderma harzianum and Bacillus spp. on the germination and seedling development of wheat varieties under laboratory conditions as well as their efficacy in control of fungal seed plant pathogens. The results indicated a statistically significant influence of wheat cultivar (cv.) on germination and the presence of fungal pathogens on seeds (P≤0.05 or P≤0.01). The tested treatments as well as the interactions of varieties x treatment had a significant effect (P≤0.05 to P≤0.01) on all tested traits. The highest germination (91%) was obtained in variety Salazar using T. harzianum. Also, T. harzianum treatment showed the greatest efficiency in increasing seedling development, including both primary shoot and root length in all three tested wheat cvs. compared to the untreated control. By applying optimal treatments for each cv., it can be possible to increase seed germination by 4-8%. Presence of fungal pathogens on the seed in all tested cvs. had negative influence on germination [the most significant had the presence of Fusarium sp. in the cv. Zemunska rosa r= -0.649 (P≤0.05)]. Between the seedling growth and the presence of plant pathogens on the seed, a negative correlation was found in all cvs.
Keywords:Seed-borne fungi; Seed quality; Seedling quality; Biological control of plant pathogens.

Introduction

On a global scale, in addition to rice, wheat is a cereal that is mostly used in human nutrition. Seed-borne fungi can affect seed quality losses such as abortion, rot, necrosis, reduction or elimination of germination capacity, then seedling damage and their nutritive value and also variation in plant morphology (Pathak and Zaidi 2013). Among the most common plant pathogens in association with wheat seed worldwide are fungi from genera Alternaria, Aspergillus, Curvularia, Drechslera, Fusarium, Penicillium, Mucor, Pythium, Rhizopus (Majida et al. 2014). Yield losses caused by seed-borne pathogens are found to be among 15 to 90% of untreated wheat seeds grown in fields (Wiese 1984). Regarding that, numerous researches have been conducted for the possibility of biological control of undesirable seed pathogens and increase of germination (Moura et al. 2018; Benítez et al. 2004). Also, there are various investigations in order to increase the areas in organic farming (Ji et al. 2019). Variation of the total content of polyphenols and phenolic acids in einkorn, emmer, spelt and common wheat grain as a function of genotype, wheat species and crop year (Zrcková et al.  2019). One of the currently used strategies to preserve the health of cultivated plants in organic agriculture is the use of microorganisms that manifest beneficial effects on plant growth and development (Vinale et al.). Since fungi Trichoderma spp. displayed broad-spectrum of antagonistic activities against various plant pathogens (Singh et al. 2013; Keswani et al. 2014) it has been considered as the major biocontrol agent in biopesticide industry (Woo et al. 2014) and used for seed treatment (Jain et al. 2014). Bacillus species also have a positive effect on plant growth and development by regulating the metabolism of plant hormones (auxins, cytokinins, gibberellins), which affects nitrogen fixation and phosphate availability and thus affects seedling growth. In addition, Bacillus spp. produce substances such are antibiotics, enzymes, hydrogen cyanide, which are an important tool in the biological control of plant pathogens (Compant 2005).The aim of this study was to examine the effect of treatment with Trichoderma harzianum isolate and eight isolates of Bacillus spp. on the germination and seedling development of three wheat varieties under laboratory conditions. The presence of fungal seed plant pathogens was also evaluated to consider the possible use of these isolates as potential bio-fungicides.

Materials and Methods
Experimental material 

Fungus T.harzianum was isolated in the laboratory for mycology, Department of Plant Physiology of the Institute for Biological Research "Siniša Stanković" Belgrade. Eight bacterial isolates (coded as B1-B8) belonging to the genus Bacillus were isolated from the soil in the Department of Plant Diseases of the Institute for Plant Protection and Environment, Belgrade.

Treatments. After the wheat harvest in 2019 and 2020, seeds of three wheat cultivars (cvs.): Apicol, Salazar and Zemunska rosa were separately treated with isolate of T. harzianum and eight isolates of Bacillus spp. Tested seeds were treated with a spore suspension of T. harzianum at a concentration of 3.6 107 CFU mL-1. Bacillus spp. isolates were grown on Luria-Bertani (LB) medium and incubated at temperature 30°C for 24 h and adjusted to a concentration of approx. 108 CFU mL-1 (Nikolić et al. 2019). Wheat seeds were soaked in isolates suspensions and kept for a 24 hours, after which they were placed on germination according to the classic procedure for seed germination (ISTA 1966) in the Laboratory for testing the quality of seeds and planting material of the Institute for Plant Protection and the Environment. As a control samples, seeds were treated with sterile water. Experiments were conducted in four repetitions, each contain 100 seeds. Eighth day after placing the seeds on the germination test, the germination and the presence of fungal pathogens were evaluated. The presence of following fungal genera common found on naturally infected wheat seed: Fusarium, Alternaria, Penicillium and Mucor was expressed as the percentage of infected seeds. Plant pathogens were identified based on standard agar plate methods used for detection of seed-borne fungi and morphology observed by light microscopy (ISTA 1966). The final seedling count was made after 8 days for all three cvs. On healthy seedlings, the primary root length (cm) and primary shoot length (cm) were measured after the final counting. The seedling length was measured using a ruler.

Statistical analysis. The analysis of variance was applied (ANOVA F test) for the influence of the examined factors: years–Y, cv. - C, treatment - T (T. harzianum isolate and eight isolates of Bacillus spp.), and their interactions C x T. For testing the effects of the treatments, Tukey’s multiple range test was used as well as coefficient of variation (CV %). Standard error of the mean was calculated to indicate variation around the mean (± s.e.m.).The Pearson’s correlation between germination and other examined parameters was calculated using simple correlation coefficients (r). Arcsine transformation (√x/100) was applied to seed germination data and percentages of infected seed before being subjected to the analysis of variance. Cluster and Principal Component Analysis (PCA) was performed based on comparing the impact of treatments on three wheat varieties for the germination, presence of fungi (genus Fusarium, Alternaria, Penicillium and Mucor), and shoot and root length. The program Minitab, version 19.1.0 was used to process data (free version).

Results

Influence of factors (years/cultivars/T. harzianum, Bacillus spp).  Influence of the year, and the interaction of the Y x C and Y xT was not significant (P≥0.05, given values are an average of two years), significant (P≤0.05 to P≤0.01) influence for variety factor and factor treatments as well as their interaction for all examined traits was found (Table 1).

Germination effect. In general, in all examined cvs., T. harzianum seed treatments showed the highest efficiency on seed germination, which is statistically significantly higher compared to the control(Table 2).In addition to treatment with T. harzianum, similar efficiency in increasing germination but with a slightly lower level of significance (P≤0.05) was shown by isolate B5 (Bacillus) in all three wheat cvs., as well as B7, B8 in Salazar and Zemunskarosa (Table 2). On the other hand, between the treatment with T. harzianum and Bacillus isolates B1, B2, and B4, a significant difference was found for treatments on germination in the cv. Apicol (P≤0.05). In the cv. Salazar, a significant difference was found between the effects of T. harzianum and Bacillus isolates B2, B4, and B6. In the cv. Zemunska rosa, a significant difference was found between T. harzianum and Bacillus isolates B1, B3, B4, and B6. The examined treatments had an increase in germination by 4%, compared to the control in the cvs. Apicol (treatmentsT. harzianum and B5) and Zemunska rosa (treatments T. harzianum and B7). In the cv. Salazar, the largest increase of 8% was found after the treatment with T. harzianum (Table 2).

Seedling infectionand growth effect. Treatment with T. harzianum on seeds showed the highest efficacy in reducing seedling infection with the pathogens from the genus Fusarium, Alternaria, Penicillium and Mucor. Thus, in all tested cvs. percentages of infected seedlings with Fusarium sp. and Alternariasp. was 1% compared to the control with 4% and 3-4%, respectively, while the presence of Penicillium sp. and Mucor sp.did not detected on the treated seedlings (Table 2).Seeds treated with T. harzianum, as well as with Bacillus isolates B5, B7, B8 were developed seedlings which had the largest increase (Table 2). 

Correlation, PCA and Cluster analysis. In all wheat cvs. a negative but not significant (P≥0.05) dependence between germination and the presence of examined pathogens was found (Table 3).Only in the variety Zemunska rosa, between germination and the presence of Fusarium sp. was found significant (P ≤0.05) and negative dependence (r=-0.649). Both between the seedling growth (which includes the growth of primary roots and shoots), and the presence of the examined pathogens, a negative (but not significantly) correlation was found in all wheat cvs. (P≥0.05). Contrary, the highest (P≤0.001) and positive dependence was found between seed germination and primary shoot length in all tested cvs. (r=0.911-0.983).The same applies to the correlation between the germination and primary root length in cvs. Salazar (r= 0.960) and Zemunska rosa (r= 0.903), while in the Apicol a correlation of lower significance was obtained (r=0.785). A positive correlation on the highest significance level (P≤0.001) was found between shoot length and root length in the cvs. Apicol (r=0.893) and Salazar (r= 0.955), while in the cv. Zemunska rosa it was on the lower significance level (r=0.863) (Table 3).

Based on the examined effects of the treatments on three cultivars and their influence on germination, presence of plant fungi pathogens and shoot and root length, the cluster analysis clearly singed out the influence of T. harzianum on all three examined cvs. Treatments with Bacillus isolates (Fig. 1) had an impact on the varieties Zemunska rosa (B5, B7 and B8) and Salazar (B8). PCA analysis confirmed that treatments with T. harzianum and with Bacillus isolates B8, B5 and B7 were classified in the same group – A1 (Fig. 2). Treatments with B3 and B4 in the cvs. Apicol and Zemunska rosa were also classified in the same group but closer to the border with group B1.

Species of the genus Trichoderma have developed several mechanisms that contribute to increasing plant resistance to disease, growth and development and root morphology, as well as increasing seed germination (Vinale et al. 2008; Mastouri et al. 2010). Plant growth promotion by Trichoderma has been observed in many crops. In this paper, the results of seed treatment of three wheat varieties with T. harzianum indicated a positive effect of this saprophytic fungus on seed germination and seedling growth. 

Discussion

It is recommended that the production of wheat in the world take place in the reduced use of pesticides or without their use. These measures reduce the risk of negative effects of wheat products on human health (Compant et al. 2005; Wang et al. 2020). Bacteria that produce extracellular antifungal compounds that indirectly stimulate the self-defense system of the host plant capable of acting antagonistically on pathogens. Because of this action they are ideal for biological control (Guardado-Valdivia et al. 2018).

According to Ji et al. (2019) organic cereal production methods result in significantly lower pesticide residues in wheat flour. The positive effect of T. harzianum treatment on the wheat primary root length increasing its growth by 2.8-3.8 cm depending on the cv. should be especially emphasized. In addition to the direct effect on seed germination, some species of Trichoderma have a bio control effect and are used as bio pesticides against fungal plant diseases (Abdel-Monaim et al. 2014). 

On the soybean, an increase in seed germination by up to 20% after treatment with 6 different species of Trichoderma was found (Mukhtar et al. 2012). Several reports have shown that theroot colonization with T. harzianum Rifai strain 22 (T22) induces strong changes in the proteome of shoots of corn seedlings, even though T22 is present only in roots (Shoresh and Harman 2008). In the present study T. harzianum efficiently supressed growth of several fungal pathogens of wheat seeds including Fusarium, Alternaria, Penicillium and Mucorand thus it could be used as an agent to preserve the health of wheat seeds. Species of the genus Bacillus affect the synthesis of inhibitory chemical compounds, antibiotic production, and enzyme activity. Similar to Trichoderma spp., species of the genus Bacillus have a stimulating effect on germination and an antagonistic effect on other pathogens in the seed. However, the three Bacillus strains did not show a significant difference compared to non-inoculated seeds (Bahadir et al. 2018). This is somewhat confirmed by our results because we also had some strains of Bacillus in all the studied characteristics that did not differ from the control (Table 2). In contrast, reported a 20% higher germination of Marshmallow (Althea officinalis) seeds achieved thanks to the application of optimal treatment with Q3 strain of Bacillus sp. (Starović et al. 2013). Acordingto Iqbal et al. (2020) use of Bacillus subtilis ZE15, B. megaterium ZE32, ZR19, B. subtilis ZR2 andB. subtilis ZR3 in wheat influenced on improvement of seedling vigor index (69%), root length (31%), shoot length (29%), root dry biomass (33%) and shoot dry biomass (36%).
Conclusion
Treatments with T. harzianum and isolates from the genus Bacillus can increase the germination of wheat seeds by 4% to 8%. The minimum germination was 83% in the cv. Apicol with the treatment of isolate B1, and the maximum was 91% in the cv. Salazar with the treatment T. harzianum. The relatively high germination in relation to the control confirms the positive influence of the applied treatments on this feature. Seed treatments with T. harzianum and selected Bacillus isolates caused a reduction of plant pathogenic fungi: Fusarium sp., Alternaria sp., Penicillium sp., and Mucor sp. which is confirmed by negative correlation between the seed germination and the presence of most investigated pathogens in all examined wheat cvs. Since plant diseases can significantly affect agricultural production, sustainable strategies for disease management are necessary in order to reduce the use of pesticides in agriculture. Due to the positive effects on the seed quality and the seedling growth, selected isolates of Bacillus sp. (B5, B7, B8) and especially fungus T. harzianum could be observed as bio control agents for plant fungi pathogens in the organic system of wheat cultivation.
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Tables: 

Table 1: ANOVA for assess the influence of year, cv. and treatment on the tested features: germination (%), Fusarium sp. (%), Alternaria sp. (%), Penicillium sp. (%), Mucor sp.(%), shoot and root length (cm). 

	              Feature

Factor

Year (Y)

Cv. (C)
	Germination (%)
	Fusari

um sp. (%)
	Alternariasp. (%)
	Penicilliumsp. (%)
	Mucor sp. 

(%)
	Shoot leng. (cm)
	Root length

(cm)

	
	ns
	ns
	ns
	ns
	ns
	ns
	ns

	
	*
	**
	**
	**
	**
	*
	*

	Treatment (T)
	***
	***
	***
	***
	***
	*
	*

	Interaction YxT
	ns
	ns
	ns
	ns
	ns
	ns
	ns

	Interaction YxS
	ns
	ns
	ns
	ns
	ns
	ns
	ns

	Interaction SxT
	*
	*
	*
	**
	**
	*
	*


Significancy of the F tests at the:*P≤0.05, **P≤0.01, *** P≤0.001; ns – not significant (P≥0.05)

Table 2: Influence of one Trichoderma harzianum isolate and eight different strains of Bacillus spp. to influence germination, seedling growth and the presence of some plant-pathogenic fungi (Fusarium sp., Alternaria sp., Penicillium sp., and Mucor sp.), seed germination, and initial seedling growth (primary shoot and root length) on seeds of three wheat cvs. 
	Cv.
	Treatment
	Fusarium sp. (%)
	Atern

ariasp.

 (%)
	Penici

lliumsp. (%)
	Mucor sp.

 (%)
	Germina

tion (%)
	Shoot length

(cm)
	Root length (cm)

	Apicol
	T. harzia.
	1± 0.58c
	1± 0.58 b
	0± 0.00 b
	0± 0.00 b
	90± 0.29 a
	7.56± 0.33 a
	13.4± 0.66 a

	
	Bacillus 1
	4± 0.96 b
	3±0.58ab
	0± 0.50 b
	0± 0.50 b
	83± 0.31 b
	6.03± 0.81 b
	11.1±0.75 ab

	
	Bacillus 2
	4± 0.82 b
	3±0.82ab
	0± 0.00 b
	0±0.00  b
	86± 0.19 b
	6.52±0.48 ab
	11.4±0.89 ab

	
	Bacillus 3
	2± 0.96 c
	2±0.96  b
	1± 0.00 a
	1±0.58ab
	87±0.18 ab
	6.67±0.51 ab
	11.2±0.88 ab

	
	Bacillus 4
	4± 0.96 b
	4± 0.82 a
	0± 0.50 b
	0±0.00  b
	85± 0.09 b
	6.56±0.67 ab
	10.8± 0.81 b

	
	Bacillus 5
	5± 0.78 ab
	2±0.96  b
	0± 0.00 b
	0±0.00  b
	90± 0.22 a
	7.52± 0.51 a
	12.8± 0.55 a

	
	Bacillus 6
	6± 0.65 a
	4± 0.50 a
	0± 0.00 b
	2±0.96  a
	88±0.36 ab
	6.99±0.80 ab
	11.9±0.46 ab

	
	Bacillus 7
	3± 0.82 bc
	4± 0.50 a
	0± 0.50 b
	3±0.58  a
	88±0.21 ab
	7.03± 0.71 a
	12.6± 0.81 a

	
	Bacillus 8
	4± 0.00 b
	3±0.58ab
	1± 0.58 a
	1±0.58ab
	87±0.36 ab
	6.98± 0.55 a
	12.9± 0.92 a

	
	Control
	4± 0.96 b
	4± 0.00 a
	1± 0.58 a
	1±0.00ab
	86± 0.48 b
	6.01± 0.31 b
	10.6± 0.95 b

	Salazar
	T. harzia.
	1± 0.58c
	1± 0.00 b
	0± 0.00 b
	0±0.00  b
	91± 0.26 a
	7.77± 0.44 a
	13.7± 0.38 a

	
	Bacillus 1
	5± 0.29 ab
	1± 0.58 b
	0± 0.00 b
	0± 0.00 b
	85±0.38 bc
	6.65±0.55 ab
	11.2±1.08 ab

	
	Bacillus 2
	2± 0.00 c
	2± 0.00 b
	0± 0.00 b
	0±0.00  b
	86± 0.22 b
	6.72± 031 ab
	11.5±0.55 ab

	
	Bacillus 3
	3± 0.82 bc
	3±0.58ab
	0± 0.50 b
	1±0.00ab
	85±0.26 bc
	6.69±0.48 ab
	10.9±0.28 ab

	
	Bacillus 4
	3± 0.82 bc
	3±0.58ab
	1± 0.00 a
	0±0.50  b
	86± 0.38 b
	6.71±0.68 ab
	11.7±0.77 ab

	
	Bacillus 5
	2± 0.96 c
	4± 0.00 a
	0± 0.00 b
	0±0.00  b
	89±0.17 ab
	7.21± 0.78 a
	12.9± 0.81 a

	
	Bacillus 6
	4± 0.82 b
	4±0.96  a
	0± 0.50 b
	2±0.00  a
	86± 0.32 b
	6.66±0.66 ab
	10.4± 0.89 b

	
	Bacillus 7
	6± 0.46 a
	4± 0.82 a
	0± 0.50 b
	0± 0.00 b
	90± 0.24 a
	7.71± 0.51 a
	13.3± 0.98 a

	
	Bacillus 8
	3± 0.00 bc
	1± 0.58 b
	1± 0.58 a
	0± 0.00 b
	90± 0.22 a
	7.68± 0.63 a
	13.2± 0.75 a

	
	Control
	4± 0.96 b
	3±0.00ab
	0± 0.00 b
	0± 0.00 b
	83± 0.26 c
	6.06± 0.52 b
	10.1± 0.86 b

	Zemunska Rosa
	T. harzia.
	1± 0.00c
	1± 0.00 b
	0± 0.00 b
	0± 0.00 b
	89± 0.41 a
	7.59± 0.28 a
	14.1± 0.46 a

	
	Bacillus 1
	4± 0.96 a
	2± 0.00 b
	0± 0.00 b
	0± 0.00 b
	86±0.32 bc
	6.35±0.31 ab
	11.3±0.35 ab

	
	Bacillus 2
	3± 0.82 ab
	4± 0.50 a
	0± 0.50 b
	0± 0.00 b
	88±0.26 ab
	7.55±0.52 ab
	11.7±0.68 ab

	
	Bacillus 3
	4± 0.00 a
	2±0.96  b
	0± 0.00 b
	0± 0.00 b
	85± 0.31 c
	6.08± 0.83 b
	11.1±0.70 ab

	
	Bacillus 4
	2± 0.96 b
	3±0.58ab
	0± 0.00 b
	0± 0.50 b
	87± 0.36 b
	6.62±0.74 ab
	11.8±0.68 ab

	
	Bacillus 5
	3± 0.82 ab
	1± 0.58 b
	0± 0.50 b
	0± 0.50 b
	88±0.48 ab
	7.58± 0.51 a
	13.5± 0.87 a

	
	Bacillus 6
	4± 0.96 a
	3±0.82ab
	0± 0.00 b
	1±0.58ab
	86±0.31 bc
	6.59±0.43 ab
	10.6± 0.53 b

	
	Bacillus 7
	3± 0.00 ab
	2±0.96  b
	0± 0.00 b
	0± 0.00 b
	89± 0.17 a
	7.62± 0.49 a
	13.6± 0.88 a

	
	Bacillus 8
	4± 0.82 a
	1± 0.00 b
	0± 0.50 b
	0± 0.00 b
	88±0.21 ab
	7.53± 0.82 a
	13.4± 0.81 a

	
	Control
	4± 0.96 a
	4±0.96  a
	1± 0.58 a
	1±0.00ab
	85± 0.32 c
	5.59± 0.67 b
	10.3± 0.62 b


Tukey test, significance level P≤0.05, was used to assess the mean treatment, for each variety separately.

Table 3: Correlation dependence (r) between the germination and other examined parameters in three wheat cvs. (n = 10).

	Cv.
	Examined feature
	Fusar

iumsp. 
	Aterna

ria sp.
	Penic

illiumsp. 
	Mucorsp. 
	Primary shoot length 
	Primary root length 

	Apicol
	Germination
	-0.181 ns
	-0.488 ns
	-0.106 ns
	-0.199 ns
	0.911 ***
	0.785 **

	
	Fusarium sp.
	-
	0.595 ns
	-0.178 ns
	0.106 ns
	-0.174 ns
	-0.522 ns

	
	Aternaria sp.
	
	-
	0.000 ns
	0.510 ns
	-0.535 ns
	-0.522 ns

	
	Penicillium sp.
	
	
	-
	0.134 ns
	-0.301 ns
	-0.211 ns

	
	Mucorsp.
	
	
	
	-
	-0.087 ns
	-0.146 ns

	
	Primary shoot length
	
	
	
	
	-
	0.893 ***

	Salazar
	Germination
	-0.257 ns
	-0.150 ns
	-0.177 ns
	-0.264 ns
	0.983 ***
	0.960 ***

	
	Fusarium sp.
	-
	0.306 ns
	-0.106 ns
	0.121 ns
	-0.165 ns
	-0.268 ns

	
	Aternaria sp.
	
	-
	-0.250 ns
	0.416 ns
	-0.213 ns
	-0.240 ns

	
	Penicillium sp.
	
	
	-
	-0.234 ns
	0.191 ns
	0.228 ns

	
	Mucorsp.
	
	
	
	-
	-0.271 ns
	-0.505 ns

	
	Primary shoot length
	
	
	
	
	-
	0.955 ***

	Zemunska

rosa
	Germination
	-0.649 *
	-0.459 ns
	-0.484 ns
	-0.553 ns
	0.954 ***
	0.903 ***

	
	Fusarium sp.
	-
	0.223 ns
	0.272 ns
	0.408 ns
	-0.495 ns
	-0.589 ns

	
	Aternaria sp.
	
	-
	0.515 ns
	0.545 ns
	-0.500 ns
	-0.562 ns

	
	Penicillium sp.
	
	
	-
	0.667 *
	-0.614 ns
	-0.467 ns

	
	Mucorsp.
	
	
	
	-
	-0.572 ns
	-0.643 *

	
	Primary shoot length
	
	
	
	
	-
	0.863 **


*P≤0.05, **P≤0.01, ***P≤0.001, NS – not significant (P≥0.05)

Figures:
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Figure 1: Cluster analysis for the treatment effect on germination, presence of fungi (Fusarium, Alternaria, Penicillium, Mucor), and on the shoot and root length
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Figure 2: Principal Component analysis (PCA) for the treatment effect on germination on the presence of fungi (Fusarium, Alternaria, Penicillium, Mucor) and on the shoot and root length
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