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Growth and production of Solanum lycopersicum L. bio fertilized with Rhizophagus intraradices, Azospirillum brasilense and foliar application of homobrassinolide in nursery

Abstract
Solanum lycopersicum L. is a vegetable of daily consumption in our national population. It is native to America and has been widely adopted and cultivated in many regions of the world under various production systems. Currently, it is preferred when it is grown without agrochemicals and for this purpose, sustainable production processes that favor productivity are required. An alternative is to use soil microorganisms that establish symbiosis in the roots of the crops and favor their nutrition. In this study, the effect of the application of two beneficial microorganisms, Rhizophagus intraradices and Azospirillum brasilense, and a homobrassinolide compared with chemical fertilization (17N+17P+17K) was evaluated. Morphological and physiological yield components were recorded 14, 28, 42, 56 and 70 days after transplanting. Data were analyzed statistically and differences between treatments were compared according to Tukey (P≤ 0.05). The results indicate that the morphological yield components of S. lycopersicum L. exhibit differential response with R. intraradices and synthetic fertilization favored its growth. In contrast, foliar application of homobrasinolide (Hbr) stimulated flowering, rather than biomass accumulation or yield. Root dry matter allocation and leaf area increased with R. intraradices and with synthetic fertilization increased stem thickness, leaf dry weight and yield.
Keywords: Biofertilizers, Homobrassinolide, Yield components.
Introduction
Solanum lycopersicum L is a strategic crop due to its nutritional importance and its impact on the Mexican economy. It is native to the Americas and has been widely adopted and cultivated in many regions of the world under various production systems.
Its production has been through conventional agriculture that includes agrochemicals and soil management. However, consumer preference is currently increasing when agrochemicals are not used. This change requires sustainable production processes that favor productivity and improve crop resilience to adverse conditions, such as pests, diseases and climate variability.
An alternative of great validity is to use soil microorganisms that establish symbiosis in crop roots and favor the growth of the host plant in aerial and root biomass [1, 2], in the increase of flowering [3] and yield [4]. The above effects are the expression of various mechanisms of action. Endomycorrhizal fungi facilitate nutrient and water uptake [5,6] through the growth of mycelium that becomes root extension. In addition, mycorrhizal symbiosis generates various hormones that establish links with other microorganisms [7, 8] strengthening resistance to pathogens in the soil and inducing tolerance to abiotic factors [9]. However, in some cases these attributes are not expressed in some cases due to adverse effects of climatic conditions [10]. 
Mycorrhizal symbiosis has demonstrated its importance in increasing yield in crops such as Glycine max L. Merrill [11], Triticum aestivum L. [12,13], Allium cepa [14], Spinacia oleracea, [8], Zea mays and Phaseolus vulgaris L. [4], among others.
Azospirillum spp can promote plant growth through nitrogen fixation and the production of hormones such as indoleacetic acid (lA) in roots. These mechanisms of action are expressed in crop productivity as in Lactuca sativa L. [15], Ocimum basilicum L. [16], Capsicum annuum [17], Spinacia oleracea [18], Glycine max, Avena strigosa [19], Zea mays [20], among others. As well, in forest plants in greenhouse and nursery conditions, such as Cedrela odorata and Tabebuia donnell-smithii [21].
The symbiotic relationship between microorganisms and plants establishes interdependence [22], thereby contributing to the preservation of biodiversity and the functionality and stability of ecosystems [23].
On the other hand, brassinosteroids are natural compounds with broad biological activity, and induce resistance to biotic and abiotic stresses [24]. In Stevia rebaudiana increases leaf area, stevioside, rebaudioside and steviol content [2], improving production in Capsicum annuum [25] and Ananas comosus var. comosus [26].
The present research aims to identify the contribution in the growth and yield of S. lycopersicum L. when bio fertilized with R. intraradices, A. brasilense and a homobrasinoIide plus chemical fertilization is applied.
Materials and Methods
Study area's location and edaphoclimatic conditions
The present research was carried out in the greenhouse of the Faculty of Agricultural Sciences of the Autonomous University of Chiapas (UNACH) in Huehuetan, Chiapas, Mexico (15° 00 y 15° 30 N, 94° 30 y 95° 00 W and 44 m altitude).
The climate is generally warm and humid, with the influence of summer rains and monsoon. The average annual rainfall is 2500 mm and the average temperature, considered isothermal, is 25.4 °C [27].
The soil belongs to the eutric flavisole group and the substrate was a combination of soil and sand (80:20), previously solarized. Analyses were carried out at the laboratory of the Agricultural Science Faculty of the Autonomous University of Chiapas (UNACH). Physical and Chemical characteristics of the soil/sand are: sandy-loam texture, sand 70.4%, silt 21 ,3% and clay 8 ,1% (Bayoucus), 2.02% organic matter (Walkley-Black), pH 5,79 (1:2 H20), 0.12% N (MicroKjeldahi), P 12.20 mg kg' (colorimetry) y, 264.2 mg kg K (atomic spectrophotometry), 457 mg kg-1Ca++, 149.0 mgkg-1Mg++ (Atomic spectrophotometry) and 4.34 Meq.100g-1 cation exchange capacity (CEC). 0.04 ds.m-1 electrical conductivity (conductometer).
Seed sowing and germination
The seeds of S. lycopersicum L. var. "rio fuego" were germinated in polystyrene trays with 54 cavities and 25 ml of volume in each cavity in growing mix® peat moss substrate. Transplantation was performed 35 d after sowing in plastic bags (25x35 cm) of 5.0 kilos capacity, filled with the substrate previously perforated at the bottom to promote drainage. The bags were placed on wooden structures to avoid contact with the ground. The plants were watered with deep well water every day.
Biofertilizers and homobrassinolide
The endomycorrhizal fungus Rhizophagus intraradices (Schenk et Sm) Walker et Schuessler, was reproduced in sterile soil in the root system of Sorghum bicolor L. At the time of packaging there were 40 spores per gram of soil plus propagules, and the level of colonization in the root system was 95% (Micorriza INIFAP® data indicated on the product).
Azospirillum brasilense Tarrand, Krieg et Dobereiner, was produced by the company Biofabrica Siglo XXI in Xochitepec, Morelos, México, under the trade name AzoFer Plus, having a concentration of 500x106 bacteria.g-1 (Data indicated on the product).
Brassinosteroid CIDEF-4 (HBr) is a product of Natura del Desierto, S.A. de C.V. in Mexico with	80%	steroidal	content,	and	10 % active ingredient. Its soluble presentation is not toxic and it is compatible for its application with agrochemicals. 
Experiment setup and application of microorganisms and homobrassinolide.
The seeds of S. lycopersicum L. were sown in each treatment and the microorganisms were adhered to 4% of the weight of the seed with carboxymethyl cellulose. The bio fertilized seeds were sown 3 cm deep.
Homobrassinolide CIDEF-4 (Hbr) was used at 2 mgL-1, and the first foliar application of Hbr was carried out 14 days after sowing (das), subsequently the application foliar treatment was carried out every 14 days.	Comment by IMRAN: how it is possible that you will spray the foliar application subsequently after 14 days and you will use more concntration of homobrassinolide
The treatments were: 1) Control, 2) Rhizophagus intraradices, 3) Azospirillum brasilense, 4) 17N-17P-17K, 5) Homobrasinolide CIDEF-4 (Hbr). In each treatment there were five repetitions, and they were distributed in a completely randomized design. The experimental unit was one container with one plant. Plants were irrigated with water drawn from a deep well.
Variables
Destructive sampling of the plants was carried out at 28, 42, 56 and 70 (das). In addition, morphological variables (plant height, number of leaves, diameter of stem and number of clusters and flowers) and physiological variables (dry weight of aerial and root components and leaf area) were recorded at 14, 28, 42, 56 and 70 (das).
The physiological yield components of aerial and root were weighed on a semi­ analytical balance (Ohaus Adventurer Pro, USA) after drying in a forced air oven at 60-75 oC to constant weight. Leaf area (cm2) was obtained using a leaf area integrator (LICOR, LI 3000°, USA).
The percentage of mycorrhizal colonization was determined in the root at 28 das using the technique [28] and the number of spores by the wet sieving technique [29).
Statistical analysis
A completely randomized design was used, performing an ANOVA analysis of variance, using the SAS System for Windows Ver. 9.0 [30]. When the ANOVA was significant, and the parameters were compared by Tukey test (P ≤ 0.05). The data were plotted using Sigma Plot version 11.0.
Results
The morphological components of S. lycopersicum L. plant height and stem thickness increased with R. intraradices and 17N+17P+17K. fertilization treatments. R. intraradices increased plant height 34 % compared to the control, and 7 % less than the chemical fertilizer treatment. The number of leaves was higher throughout the evaluation when biofertilizing R. intraradices and represented 40.0% more than the control.
Flower emergence was counted from day 42 ddt, the number of live and dead flowers and the number of clusters was higher with the application of Hbr. The difference represented 125 % and 39 % more than the control when Hbr and R. intraradices were applied respectively (Table 1).	Comment by IMRAN: write the whole word

Table 1. Comparison of means of morphological components of L. esculentum L. bio fertilized with R. intraradices, A. brasilense and foliar application of Homobrasinolide in Soconusco Chiapas, Mexico.	Comment by IMRAN: do not mention the name of Mexico in tiltle of your table because it is not reflected in your title




	Time (days)
	Treatments
	Height (cm)
	Diameter of steam (cm)
	Leaves
	Flowers
	Clusters

	
	
	
	
	
	live
	dead
	

	[bookmark: _Hlk170335977]14
	Control
	18.7±0.5 c**
	1.9±0.07 d
	6.8±0.1 c
	
	
	

	
	[bookmark: _Hlk170164187]R. intraradices
	34.3±1.0 a
	4.9±0.1 a
	8.6±0.2 a
	
	.
	.

	
	A. brasilense
	18.5±0.3 c
	3.48±0.1 c
	7.3±0.2 bc
	-
	-
	-

	
	Hbr*
	22.8±0.4 b
	4.2±0.9 b
	6.8±0.1 c
	-
	-
	-

	
	17N+17P+17K
	35.5±1.2 a
	4.5±0.1 ab
	7.8±0.1 b
	-
	-
	-

	
	CV %
	7.7
	7.0
	8.7
	
	
	

	28
	Control
	30.4±1.1bc
	2.7±0.01c
	8.3±0.3bc
	-
	-
	-

	
	R. intraradices
	44.7±0.8a
	6.3±0.1a
	11.3±0.3a
	-
	-
	-

	
	A. brasilense
	26.8±0.8c
	4.9±0.1b
	9.1±0.2b
	-
	-
	-

	
	Hbr
	32.2±1b
	6.1±0.2a
	7.5±0.1c
	-
	-
	-

	
	17N+17P+17K
	48.1±1.1a
	6.4±0.1a
	9.5±0.2b
	-
	-
	-

	
	CV %
	6.9
	7.0
	7.8
	
	
	

	42
	Control
	35±0.5 c
	3.2±0.1 c
	9.1±0.3 b
	4.17±0.2 d
	3.1±0.1c d
	2.2±0.6 d

	
	R. intraradices
	51.4±1.4 a
	6.4±0.2 a
	12±0.2 a
	7.33±0.2 c
	2.8±0.2 d
	3.7±0.2 b

	
	A. brasilense
	29.9±0.6 d
	5.5±0.1 b
	10.6±0.4 a
	4.16±0.1 d
	3.6±0.2 bc
	2.8±0.7cd

	
	Hbr
	43.6±0.8 b
	6.4±0.2 a
	8.3±0.2 b
	13.8±0.3 a
	6.6±0.3 a
	4.8±0.6 a

	
	17N+17P+17K
	55.5±1.8 a
	6.8±0.1 a
	11±0.2 a
	9.66±0.3 b
	4.1±0.1 b
	3.6±0.7bc

	
	CV %
	8.7
	6.6
	7.6
	7.7
	10.9
	11.8

	56
	Control
	45.2±1.0 b
	3.6±0.1 c
	10.7±0.3bc
	5.5±0.2 d
	2.8±0.7 b
	3.6±0.2c

	
	R. intraradices
	65.1±1.9 a
	6.9±0.1ab
	11.8±0.3ab
	8.1±0.3 c
	2.7±0.2 b
	5.5±0.2b

	
	A. brasilense
	43.8±1.0 b
	6.2±0.1 b
	11.6±0.4abc
	6.5±0.2 d
	2.1±0.1 b
	3.1±0.1c

	
	Hbr
	48.9±1.9 b
	6.5±0.2 b
	10.3±0.2c
	17.3±0.3 a
	3.8±0.2 a
	7.5±0.2 a

	
	17N+17P+17K
	67.3±2.0 a
	1.8±0.1a
	13.0±0.4 a
	12.6±0.3 b
	2.2±0.3 b
	5.3±0.2 b

	
	CV %
	9.0
	8.7
	7.5
	7.0
	15.5
	9.6

	70
	Control
	50.5±1.4b
	4.3±0.1c
	10.66±0.3c
	6.7±0.2d
	4.6±0.2a
	3.8±0.1c

	
	R. intraradices
	68.7±2.3a
	7b
	14.33±0.3a
	12.3±0.2c
	4.1±0.3a
	7.1±0.3b

	
	A. brasilense
	48±0.4b
	6.6±0.1b
	13.7±0.2ab
	7.3±0.3d
	3.8±0.4a
	3.6±0.2c

	
	Hbr
	53.2±1.6b
	7.1±0.2b
	12.8±0.3b
	18.5±0.2a
	4.7±0.2
	8.6±0.2a

	
	17N+17P+17K
	73.63±2.2a
	7.8±0.2a
	13.5±0.2ab
	16.7±0.3b
	4.2±0.7a
	8.0±0.3ab

	
	CV (%)
	7.3
	5.4
	5.3
	5.3
	11.3
	10.7


*Hbr= Homobrassinolide. **Values with the same letter within each factor and column are equal according to Tukey's test at p<0.05. ± Standard error. CV (%)= coefficient of variation (%).

Dry matter allocation was differential across yield components and over time and all treatments outperformed the control (Table 2).



Table 2. Comparisons of means of physiological components of L. esculentum L. bio fertilized with R. intraradices, A. brasilense and foliar application of Homobrasinolide in Soconusco Chiapas, Mexico.
	Time (Days)
	Treatments
	Dry weight (g.plant-1)
	Leaf area (cm2.plant-1)

	
	
	Roots
	Stems
	Leaves
	

	
	Control

R. intraradices
	1.84 ±0.04b

2.23±0 06a
	6.07±0.06b

6.90±0.27a
	4. 77±0.01d

6.57±0.02b
	243 ± 6.9 a

250±11.7a 

	
28
	A. brasilense
	2.07±0.06ab
	6.41±0.20ab
	5.39±0.02c
	270 ±11 .6 a

	
	Hbr
	1.93 ±0.07b
	6.58±0.22ab
	6.41±0. 17b
	263 ±13.2 a

	
	17+17+17 %
	1.97±0.04b
	7.12±0.15a 
	7.05±0.01a
	287 ± 9.7 a

	
	CV (%) 
	7.0
	7.2
	3.2
	6.6

	
	Control
	2.17±0-07c
	6,69±0.22b
	4.77±0.02e
	295 ±10.5 b

	
	R. intraradices
	3.14±0.07b
	8.03±0.16a
	6.59±0.01 b
	373 ±11.6 a

	
42
	A. brasiiense
	2.24±0.09c
	8.11±0.20a
	5.41±0.02d
	294 ±10.8 b

	
	Hbr
	2.27±0.8c
	7.91±0.12a
	6,08±0.01c
	392 ±13.1 a

	
	17+17%+17% 
	3.78±0.06a
	8.52±0.16a
	7.08±0.01a
	401 ±15.7 a

	
	CV(%) 
	7.2
	5.6
	2.3
	3.5

	
	Control
	3.21±0.10c
	7.72±0.16c
	4.83±0.01e
	537 ±17. 9 C

	
	R. intraradices
	6.01 ±0.06a
	8. 77±0.21b
	6.57±0.01 b
	802 ± 23.8 a

	
	A. brasilense
	4.17 ±0 .10b 
	8.85 ±0.16b
	5.43±0.01d
	520 ±21 .4 C

	56
	
	
	
	
	

	
	Hbr
	4.16±0.08b
	8.72±0.32b
	6.07±0.02c
	675 ±16.6 b

	
	17+17+17 %
	5.66 ±0.19a
	9.79±0.07a
	7.07±0.2a
	640 ±23.2 b

	
	CV(%) 
	6 .1
	5.7
	2.3
	4.2

	
	Control
	4 .21±0.14c 
	8.45±0.22c
	4.75±0.02e
	804 ±30.2 C

	
	R. intraradices
	6.83±0.08a
	9.14±0.26abc
	6.59±0.1b
	1201±31 .1 a

	
	A. brasilense
	5.65 ±0.11b 
	9.32±0.13ab
	5.42±0.02d
	815 ±33.8 C

	70
	
	
	
	
	

	
	Hbr
	5.38±0.20b
	9.06±0.19bc
	6.07±0.01c
	992 ±35.7 b

	
	17+17+17% 
	6.60±0.20a
	9.86±0.06a
	7.07±0.01a
	993 ±30.3 b

	
	CV(%) 
	6.7
	5.0
	2.3
	5.3




*Hbr= Homobrassinolide. **Values with the same letter within each factor and column are equal according to Tukey's test at p<0.05. ± Standard error. CV (%)= coefficient of variation (%).
Root biomass increased throughout the sampling with R. intraradices biofertilization and when the 17N+17P+17K dose was applied after 42 ddt and were statistically superior. On the other hand, A. brasilense and Hbr showed lower root biomass. Stem dry weight and leaf dry weight were higher with the 17N+17P+17K dose during all samplings. In contrast, leaf area increased with R. intraradices biofertilization from 42 to 70 ddt and were statistically different (p≤0.05).

The number of fruits was higher with the fertilized treatment and when homobrasinolide was applied (Figure 1).







Figure 1. Number of fruits per plant of S. lycopersicum L. with different treatments. Values are averages of five plants per sampling date ± standard error.
At the end of the evaluation, the treatment fertilized with 17N+17P+17K produced 40% more fruit compared to the control.
The highest fruit weight was found in the fertilized treatment, with intermediate values for the biofertilizers and Hbr. All of them outperformed the control (Figure 2).










Figure 2. Fruit weight per plant of S. lycopersicum L. with different treatments. Values are averages of five plants ± standard error.
Root colonization and number of spores
The highest colonization (45 %) occurred when bio fertilized with R. intraradices; however, in the other treatments there was colonization of native mycorrhizae with an average of 12 to 18 %. At the beginning, 40 spores.g of soil-1 were counted in the treatments without the application of mycorrhizae, while at the end of the evaluation in the treatment bio fertilized with R. intraradices, 80 spores.g of soil-1 were counted.
Discussion 
Growth and yield of S. lycopersicum L. showed differential response among the treatments evaluated. The highest plant expression was with R. intraradices biofertilization and 17N+17P+17K chemical fertilization. The response of the fertilized treatment reflects the average fertility of the eutrophic Fluvisol soil. In addition, the number of spores found is high and together with the presence of other rhizosphere microorganisms, it is likely that they induced synergy with the chemical fertilizer to improve the growth and yield of S. lycopersicum L. According to Prisa et al. [31], low doses of chemical fertilizer are a good strategy to increase plant growth and improve soil fertility.
The increase in biomass over time with bio fertilized treatments seems to be influenced by the establishment of the symbiosis in the host plant root and the photosynthate demand of the microorganism. Consequently, the growth response of the plant depends on its ability to provide them [32]. In other plants such as Capsicum annuum L., this response has been evidenced with R. intraradices FS 18 and G. claroideum in height increase, adventitious root formation and number of leaves, compared to non-bio fertilized plants [33, 34]. Alvarado et al. [35] report greater plant height of L. esculentum var “El Cid” (Saladette type) by increasing mycorrhization by 12%. This has also been reported by other authors on the same plant (36, 37] and on other crops, with an increase in the number of leaves in C. canephora (Pierre) ex Froehner [38] and Theobroma cacao L. [39].
Microbial biofertilizers based on fungi and bacteria have demonstrated their influence in improving the growth rate of plants [40] by facilitating the availability of nutrients [41]. However, the response of biofertilizers in the field is also influenced by abiotic factors, and in this condition the rhizosphere microbiota is fundamental to favor growth [42]. The effect of biofertilizers is also reflected in the yield of the host plant [43, 42].
The response of S. lycopersicum to increase root biomass when bio fertilized with R. intraradices is enhanced by the increased nutrient and water uptake capacity of the root system, induced by mycelial branching [44]. The preference of mycorrhizae to transport phosphorus, a limiting nutrient in many tropical agricultural soils, is generally considered relevant [33, 34]. In contrast, with A. brasilense root growth was slightly lower than with R. intraradices biofertilization, even though, symbiosis with the bacterium produces indole acetic acid [45, 46, 47], cytokinins and gibberellins that induce root growth.
The positive effect of S. lycopersicum L. on chemical fertilization suggests interaction with native mycorrhizal populations in the substrate with the ability to colonize plant roots. In addition, low-dose chemical fertilization has been reported to induce higher crop growth and yield. In other plants under field conditions, this fact has been cited, as in corn [48, 4].
A greater response was expected in the induction of some morphological and physiological components of yield with the biofertilization of R. intraradices and A. brasilense separately, however, Xipeng Liu et al. [49] point out in a meta-analysis of research results on biofertilizers and various crops, that the individual biofertilization of the microorganisms increased plant growth by 29% and 48% in co-inoculation.
The increased stem growth with R. intraradices biofertilization is due to the increased phosphorus uptake capacity of the endomycorrhiza. Several studies show that mycorrhizal plants more efficiently absorb P from the soil [50] through hyphae that have an affinity for the phosphate ion [51]. In low-input production systems, mycorrhizal activity is more effective [52] when soils are of low fertility.
Leaf blade dry weight in all samples suggests plant dependence on improved soil fertility levels. In contrast, the leaf area responded better to R. intraradices biofertilization. This indicates functional compatibility with the host plant and suggests that the plant supplies sufficient carbon for the fungus. The above results explain the accumulation of dry matter in plant organs varies according to the microorganism applied and its effect is also differential over time
The number of fruits and their weight improved with chemical fertilization. However, the positive response of biofertilizers improves the possibility of their utilization [2]. Endomycorrhizal fungi represent a multifunctional interaction, which improves nutrient uptake by increasing the root surface and transport to the aerial part and reducing the need for inorganic fertilizers. Soil nutrition allows producing higher yields [53] and rhizobacteria provide benefits to reduce the amounts of chemical fertilizers [31].	Comment by IMRAN: please improve your discussion chapter

Conclusions	Comment by IMRAN: please make the correction it is conclusion or conclusions
Morphological yield components of S. lycopersicum L. exhibit differential response with R. intraradices and synthetic fertilization favored its growth.
Foliar application of homobrasinolide (Hbr) significantly stimulated flowering, rather than biomass accumulation or yield.
Root dry matter allocation and leaf area increased with R. intraradices and with synthetic fertilization increased stem thickness, leaf dry weight and yield.
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