Applied and Environmental Soil Science
Volume 2019 (2019), Article ID 3075153, 8 pages
https://doi.org/10.1155/2019/3075153
Research Article
Lysinibacillus sphaericus as a Nutrient Enhancer during Fire-Impacted Soil Replantation
A. M. Aguirre-Monroy, J. C. Santana-Martínez, and J. Dussán
Centro de Investigaciones Microbiológicas (CIMIC), Departamento de Ciencias Biológicas, Universidad de Los Andes, Carrera 1 No. 18A-10 J-206, Bogotá,  Colombia
Correspondence should be addressed to J. Dussán; jdussan@uniandes.edu.co
Received 19 October 2018; Revised 5 February 2019; Accepted 14 February 2019; Published 12 March 2019
Academic Editor: Claudio Cocozza
Copyright © 2019 A. M. Aguirre-Monroy et al. This is an open access article distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Abstract. 
Over the past ten years, more than twenty fires have affected the El Noviciado estate located in Cerro Majuy, Colombia, leading to a loss of soil nutrients and infertility. Lysinibacillus sphaericus, a Gram-positive, mesophilic, and spore-forming bacterium, can be used in soil amendment in the replantation processes, given its ability to fix nitrogen, and nitrify, and solubilize phosphorus, increasing soil nutrients used for plant growth. In this study, we evaluated the soil-amendment potential of L. sphaericus by monitoring the nutrient content of a selected fragment of soil in the El Noviciado estate. For this purpose, we added a mixture of L. sphaericus OT4b.31, OT4b.49, CBAM5, III(3)7, and 2362 strains and determined the ammonium, nitrites, nitrates, phosphorus, and indole acetic acid concentrations in soil. Alnus acuminata sbsp. acuminata, a native model plant known for its restoration effect, was used for replantation. Results indicated that soils with added L. sphaericus presented significant differences in ammonium, nitrites, nitrates, phosphorus, and indole acetic acid concentrations when compared to control soils. Further, results showed no significant differences between soil that had been pre-inoculated in greenhouse and soil directly inoculated in field. We propose that L. sphaericus could be a good nutrient enhancer and plant growth promoter that can be used for the amendment of fire-impacted soils and replantation treatments.

1. Introduction
Wildfires significantly change soil properties and composition with physical effects such as altered pore size, water repellency, runoff response, and aggregates stability [1], and biological effects consisting of changes ranging from vegetation lost or removal to changes in biomass production and the composition of microbial communities [1, 2]. High temperatures reached during a long fire can decrease microbial biomass and, in extreme cases, lead to soil sterilization. Fires also alter microbial communities, stimulating the proliferation of microorganisms with resistant structures or those capable of growing in polluted environments containing combustion products, but inhibiting the communities without these traits [2, 3]. Chemical effects include changes in the availability of nutrients. Organic matter combustion leads to an increase in C, while some other nutrients such as N and P are volatilized in short-term due to high temperatures [3, 4]. However, processes of volatilization occur partially to the soil N and P [2]. Inorganic forms of these nutrients can also be generated during fires, resulting in a greater number of available compounds for plants, but it can be lost without plant uptake as a result of vegetation removal. Concerning N from organic matter, fires transform it into ammonium and nitrates, which can be lost by denitrification and leaching. During fires, orthophosphates, the only available P form for plants uptake, are primarily released from organic P pool in litter [5]. Nevertheless, high-intensity fires remove the litter by combustion, depleting the organic P source [6]. Additionally, orthophosphates can precipitate to slightly available mineral forms [2].
The effects of fire on the physical, chemical, and biological properties of soil are related to each other. For instance, the reduction of soil microbial biomass is closely related to the mid- and long-term decrease of nutrients given that soil fungi and bacteria are essential in N and P cycling [7]. Water repellency and runoff result in moisture decrease, leading to stressful conditions for bacteria and fungi on topsoil, which, in turn, cause a decrease in the metabolic rate of these organisms and consequently a loss of organic matter [8, 9]. Changes in soil pH lead to changes in soil microbial communities and their activity, for example, influencing fungal/bacteria ratio [10].
Bacteria whose activity affects soil chemical properties can be plant-growth promoting bacteria (PGPB). Part of the bacteria classified in this group are reported to play an important role in nitrogen and phosphorus cycling, since they have the ability to fix nitrogen, and nitrify, and solubilize phosphorus, increasing soil nutrients that plants use for their growth [11]. Studies reported the use of PGPB in soil restoration, showing an enhancement of soil nutrients when adding an inoculum of PGPB consortium in degraded soils during replantation with native trees [12] and the direct effect of these bacteria inoculum on plant growth [13].
Lysinibacillus sphaericus is a spore-forming, aerobic, and mesophilic Gram-positive bacterium. Previous studies reported the isolation of this bacterium from soil and water and its activity as a PGPB [11]. There are also reports of L. sphaericus being used to promote the production of phytohormones, such as indole acetic acid (IAA) [11], involving in the radicular plant growth and plant nutrient uptake [14]. Furthermore, the genomes of L. sphaericus strains OT4b.31, CBAM5, and III(3)7 contain annotated genes that are involved in nitrogen cycling [11, 15–17].
Along with the soil nutrient amendment with PGPB, impacted forests and soils are also reclaimed with replantation methods [12, 18]. An evaluation of tree species in a replantation process found establishment and utility to be the most determinant tree characteristics for successful reforestation [19]. Accordingly, Alnus acuminata sbsp. acuminata is a native tree distributed in the Americas, from Mexico to northern Argentina, which gives rise to the cloud forests present in the Andes given its ability to establish in dry, wet, and very wet areas. The importance of this tree is based on its restoring effect when reforesting, which consists of improved soil fertility, the formation of litter cover that increases the organic matter in soil, soil conservation, slopes stabilization, and nitrogen fixing capacity through the formation of symbiotic nodules. In addition, A. acuminata sbsp. acuminata exhibits fast growth and good adaptability to nutrient-poor soils [20].
In Colombia, the El Noviciado estate, located in the Majuy hills, is a natural reserve, preserving primary and secondary forests, which allow soil protection [21]. Temperatures in the region range from 5 to 14°C. A section of the estate is designated to native forest self-regeneration and replantation [21], given that it has been affected by over twenty fires over the last 10 years, with the most destructive in 2013. This wildfire caused the complete loss of 65 ha of forests and severe damage in terms of soil nutrients content and fertility [22]. Despite the fact that some PGPBs are reported as good enhancers of soil nutrients for replantation of damaged soils [7], there are no reports for the action of L. sphaericus, its effects on fire-impacted soil nutrients, and its role in replantation in growth temperatures lower than the optimum range reported (14–37°C) [15]. For these reasons, the aim of this study was to determine the effect of L. sphaericus on fire-impacted soil nutrients while replanting with A. acuminata sbsp. acuminata seedlings. For this purpose, a fragment of fire-impacted soil in the El Noviciado estate was selected for field trials, where the mean temperature is 13.5°C, ranging from 5 to 14°C [22]. Further, the nitrogen (ammonium, nitrates, and nitrites), phosphorus, and IAA contents were monitored after a mixture of L. sphaericus OT4b.31, 4OT4b.49, CBAM5, III(3)7, and 2362 strains were added.
2. Materials and Methods
2.1. Site Description
El Noviciado estate (4°50′19.7″N, 74°05′31.9″W) is located in the Cota municipality, Cundinamarca, Colombia. It is classified as cool savanna and is located at latitude 2550–2975 m.a.s.l. The mean precipitation for the area is of 800 mm3 a year, and it has a mean temperature of 13.5°C, ranging from 5 to 14°C. The region has two rainy periods a year—one from April to May and the other from September to December—and two dry periods a year—one from January to February and the other from July to August. The estate covers 331 ha, and it is situated in an Andean bioclimatic floor, consisting of a characteristic hilly landscape and Andean forest vegetation. Soil in the estate is classified as half-dry, which consists of 57% clay and sandstone. It also has a high content of cinder and organic matter, but its fertility is very low [22]. The soil is slightly acidic with a moderate to high Al saturation, a moderate and low organic C content, and a low N, P, K, and Ca content. Soil exposes an average drainage with pronounced slopes and high susceptibility to erosion [22].
2.2. Field Seedlings Treatments
Four treatments were established for field trials (Table 1), each consisted of 15 four-month-old Alnus acuminata sbsp. acuminata seedlings. All individuals in the treatments were randomly distributed and transplanted in a fragment of 40 m × 25 m (length × width) of fire-impacted soil at the El Noviciado estate. Each seedling was watered biweekly in field with 400 mL. Thirty of the total seedlings were previously maintained in greenhouse conditions and watered in two-day intervals. In greenhouse, two preliminary treatments were established: 15 seedlings were watered with a mixture of five L. sphaericus strains (explained below) every six weeks during the four months of growth (GB) and 15 were maintained with no bacterial addition (G) as a negative control. Before transplantation, the other 30 seedlings, which were not submitted to greenhouse conditions, were assigned to two different treatments (B) and its respective negative control (C). Treatments GB and B were watered with a mixture of five L. sphaericus strains at week zero and week six. Week zero corresponded to the transplanting date.
Table 1: Field trial treatments with their respective conditions. Greenhouse (G) indicates seedlings were maintained previously in green house conditions. Bacterial inoculum (B) indicates the mixture of the 5 L. sphaericus strains was added to seedlings.
	

	Treatments	Greenhouse (G)	Bacterial inoculum (B)
	

	GB	✓	✓
	G	✓	X
	B	X	✓
	C	X	X
	



2.3. L. sphaericus Strains Inoculum
Five L. sphaericus strains previously reported as PGPB [11] were used in this study: OT4b.31, OT4b.49, III(3)7, CBAM5, and 2362. Strains OT4b.31 and OT4b.49 were originally isolated in Colombia from coleopteran larvae. Strain III(3)7 was originally isolated in Colombia from oak forest soil. Strain CBAM5 was originally isolated from subsurface soil of oil well explorations in Colombia’s Eastern Plains. All four strains OT4b.31, OT4b.49, III(3)7, and CBAM were isolated by CIMIC and belong to its culture collection. Finally, the WHO reference strain 2362 originally isolated from adult Simulium damnosum (Diptera: Simuliidae) in Nigeria was acquired from the Pasteur Institute.
For the initial activation, each of the five strains was grown in nutrient broth (Oxoid) at 30°C for 16 h in order to obtain an overnight (ON) liquid culture. Following this, the overnight cultures were transferred into 6 autoclaved trays containing 500 mL of SPC agar and were incubated for 24 h at 30°C. The bacterial inoculum of each strain was collected from the trays, resuspended on a 0.85% saline solution, and stored at 4°C, until they were added to the field trials. In the estate, the five strains inocula were combined and diluted in a 16 L water pail, and then 400 mL were used to water each of the 30 individuals of the GB and B treatments. The inoculum was added twice during the entire study: once at week zero right after sample collection, and once at week six. Final concentrations of the strains OT4b.31, OT4b.49, III(3)7, CBAM5, and 2362 in water were ∼107, ∼108, ∼109, ∼108, and ∼108, respectively.
2.4. Nutrients and Bacterial Titer Determination
Nine soil samples were collected per treatment every third week, beginning in week zero to week 12. Each sample consisted of ∼40 g of soil collected at 15 cm depth from the bottom of seedlings. Further, soil samples in the treatments were randomly grouped into three and combined to simplify the measurements.
The concentrations of ammonium, nitrites, nitrates, and phosphorus in the three combined soil samples per treatment were determined using commercial Merck Test kits refs. 114752 (0.010–3.00 mg/L NH4), 1.14776.0002 (0.07–3.28 mg/L NO2), 109713 (0.4–110.7 mg/L NO3), and 114848 (0.0057–11.46 mg/L PO4), respectively.
Indole acetic acid concentrations in the combined soil samples were measured following the protocol suggested by Sarwar et al. for the colorimetric determination of auxins [14], but tryptophan addition was skipped, since L. sphaericus presents a tryptophan operon and the five strains used were reported to produce IAA in vitro, without the addition of tryptophan to the medium [23]. Finally, cultivable bacterial titer was also determined for each combined sample using the plating method on SPC agar [24].
2.5. Statistical Analyses
R v3.1.1 [25] and Rstudio v 1.1.383 [26] software were used for statistical analyses. The Shapiro–Wilcoxon test [27] was used to evaluate the data for normality. Ammonium, nitrites, nitrates, phosphorus, and IAA concentrations were analyzed using an analysis of variance (ANOVA) followed by a Tukey–Kramer test to determine significant differences between averages between the treatments. Cases where data were not normally distributed, a Kruskal–Wallis test followed by a Nemenyi test was used to determine significant differences between averages between treatments. A principal components analysis (PCA) was used as a multivariate analysis to elucidate the relationships between nutrient concentrations, time, indole acetic acid production, and cultivable bacterial titers.
3. Results and Discussion
3.1. Free Phosphorus Concentration and L. sphaericus Growth
Comparisons between free phosphorus concentrations in all four treatments showed significant differences at weeks three, six, nine, and 12 (Figure 1; ANOVAs: FW3 = 30.88, , FW6 = 10.71, , FW9 = 49.68, , and FW12 = 4.906, , respectively). Regarding GB, free phosphorus concentrations did not show significant differences through week zero to week 12 (Figure 1; t-test: ) or when comparing them to control G at the end of the study (week 12) (Figure 1). However, at week nine, a significant difference was found between GB and G treatments, and a decreasing tendency was observed in the G treatment (Figure 1). Considering B, free phosphorus concentrations showed a rising tendency contrary to control C, which decreased through time (Figure 1), and a significant difference was found between both treatments at weeks three, six, nine, and 12. Also, significant differences were found between week zero and week 12 in the B treatment (Figure 1; t-test: ). Even though treatments GB and B both had PGPB added, only the soil without a previous treatment showed significant differences in free phosphorus concentrations from week zero to week 12. This was probably due to the GB treatment already having slightly high concentrations of the nutrient by week zero as a result of L. sphaericus activity on soil during the four months in greenhouse, as it was inoculated before the transplanting date.


	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	
	
		
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
				
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
				
			
			
				
			
				
			
		
		
			
				
					
					
					
					
					
					
					
					
					
					
					
					
					
				
			
			
				
			
				
			
				
		
	
	
		
			
				
					
					
					
					
					
					
					
					
					
					
				
			
			
				
					
				
					
				
			
		
		
			
				
					
					
					
					
					
					
					
					
					
					
					
				
			
			
				
					
				
					
				
					
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
		
			
		
		
			
				
			
				
			
				
		
		
			
		
			
		
			
		
			
		
			
		
			
			
				
			
				
					
				
					
			
		
		
			
			
				
					
				
				
			
		
		
			
		
			
	
	
		
		
			
		
			
		
			
		
			
				
			
				
			
				
		
		
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
		
		
			
				
			
				
			
				
			
		
		
		
		
	
	
		
			
			
				
			
				
			
				
			
				
			
				
			
				
					
				
					
				
					
			
			
				
					
				
					
				
					
			
			
				
			
				
			
				
			
				
		
		
			
			
			
			
			
		
	
	
		
		
			
				
			
				
			
				
		
		
			
		
			
				
					
				
					
				
					
			
			
				
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
					
				
					
						
					
						
				
			
			
				
		
		
			
		
			
	

Figure 1: Free phosphorus concentrations per treatment across time. Means within a time measured followed by the same letter are not significantly different according to the Tukey–Kramer test or Nemenyi test in case of no normality.


As bacterial count in treatments GB and B increased throughout the whole study, from week zero to week 12 (Figure 2), we suggest that there might be a relationship between the action of the bacteria and the free phosphorus concentrations in these treatments, probably due to the role of L. sphaericus in solubilizing this nutrient [28, 29]. Considering that phosphorus is an essential macronutrient that determines plant growth [30], the role of microorganisms in this nutrient cycling is crucial, and it can be fundamental in a replantation process in fire-impacted soil. Phosphorus in soil is mostly found in an insoluble form or associated with Fe, Al, and Mn oxides, which are difficult to assimilate by plants [30]. The role of PGPB in this nutrient cycling consists of their capacity to synthesize organic acids, so that the consequent soil acidification can lead to phosphorus release from mineral phosphate, turning it into soluble and available forms for plants uptake [30, 31]. Studies reported L. sphaericus solubilization activity in silicate medium agar and biochar, supporting our results [28, 32]. Presumably, L. sphaericus c-binding capacity followed by the secretion of organic acids and phosphatases is the mode of action that allows the solubilization of phosphorus even when undergoing pH changes [28, 32]. Our results, together with these reports, indicate the potential for the use of this microorganism in fire-impacted soil amendment in replantation processes, due to its capacity to release phosphorus from biochar.


	
		
			
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
				
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
				
			
			
				
			
		
		
			
				
					
					
					
					
					
					
					
					
					
					
					
					
					
				
			
			
				
			
				
		
	
	
		
			
				
					
					
					
					
					
					
					
					
					
					
				
			
			
				
				
			
		
		
			
				
					
					
					
					
					
					
					
					
					
					
					
				
			
			
				
					
				
					
			
		
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
		
		
			
			
			
			
			
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
			
		
			
		
			
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	

Figure 2: Cultivable bacterial titers per treatment across time. Means within a time measured followed by the same letter are not significantly different according to the Tukey–Kramer test or Nemenyi test in case of no normality.


Additionally, in both treatments, B and GB, an oscillating pattern was observed for free phosphorus concentrations, similar to the one described by Rodríguez and Fraga [30], where phosphorus levels rise and fall. They propose an explanation that after an increase of the nutrient, the consequent decrease in phosphorus concentrations is the result of uptake of the nutrient as a source by plants and soil microorganisms [30, 33].
Cultivable bacterial titer across time showed significant differences between treatments in weeks three, six, and 12 (Figure 2; ANOVA: FW3 = 505.3, , FW6 = 5.874, , and FW12 = 130.3, ). As expected, treatments with L. sphaericus presented higher bacterial titers than treatments with no bacteria added, which presumably had less microorganisms once environment was affected by wildfires. Significant differences were also found for treatments GB and B between week zero and week 12 (Figure 2; t-test:  and ). These results together indicate that L. sphaericus might have a great potential to establish in soils impacted by wildfires, even in lower growth temperatures than the optimum range reported [15], such as the one previously mentioned for the El Noviciado estate (ranging from 5 to 14°C) [22]. As a result, the increased bacterial titer can indicate a more active bacterial metabolism and a consequent increase in soil nutrients.
3.2. Ammonium, Nitrite, and Nitrate Concentration and L. Sphaericus Growth
Results of soil ammonium concentrations showed significant differences in weeks three, nine, and 12 (Figure 3; ANOVA: FW3 = 10.44, , FW9 = 20.68, , and FW12 = 43.46, ). Despite the fact that ammonium concentrations tend to increase in GB and B treatments, no significant differences were found between week zero and week 12 (Figure 3; t-test:  and , respectively). However, in contrast to these treatments, C and G controls showed a decreasing tendency. Nitrification or denitrification processes might influence diminishing soil ammonium concentration [34], yet results exhibited that PGPB can help stabilize soil ammonium levels or even increase them when compared to soil with no bacteria, as shown in our results and in a previous study [11].


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
	
	
	
		
		
		
	
	
		
		
		
	
	
		
			
		
			
		
			
	
	
		
			
		
			
		
			
	
	
		
			
		
			
		
			
	
	
		
			
		
			
		
			
	
	
		
			
		
			
		
			
	
	
		
			
		
			
		
			
	
	
		
		
		
	
	
		
		
			
		
			
	
	
		
		
		
	
	
		
			
		
			
		
			
	
	
		
			
		
			
		
			
	
	
		
			
		
			
		
			
	
	
		
		
		
	
	
		
			
		
			
		
			
	
	
		
			
		
			
		
	
	
		
			
		
			
		
			
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
		
			
		
			
	
	
		
	
	
	
	
	
	
		
		
		
	
	
	
	
	
	
	
	
		
			
				
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
				
			
			
				
			
		
		
			
				
					
					
					
					
					
					
					
					
					
					
					
					
					
				
			
			
				
			
				
		
	
	
		
			
				
					
					
					
					
					
					
					
					
					
					
				
			
			
				
				
			
		
		
			
				
					
					
					
					
					
					
					
					
					
					
					
				
			
			
				
					
				
					
			
		
	

Figure 3: Ammonium concentrations per treatment across time. Means within a time measured followed by the same letter are not significantly different according to the Tukey–Kramer test or Nemenyi test in case of no normality.


With regard to nitrite concentrations, significant differences were observed in weeks three, nine, and 12 (Figure 4; ANOVA: FW3 = 53.49, , FW9 = 13.70, , and FW12 = 10.59, ). Similarly to ammonium, nitrite concentrations in the GB and B treatments tended to increase across time; however, results between week zero and week 12 did not show significant differences (Figure 4; t-test:  and , respectively). Nitrites are the most unstable nitrogen form, and once they are present in soil, they are rapidly transformed into other more stable compounds [35].


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
	
	
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
	
	
		
	
		
	
		
	
	
		
			
				
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
				
			
			
				
			
		
		
			
				
					
					
					
					
					
					
					
					
					
					
					
					
					
				
			
			
				
			
				
		
	
	
		
			
				
					
					
					
					
					
					
					
					
					
					
				
			
			
				
				
			
		
		
			
				
					
					
					
					
					
					
					
					
					
					
					
				
			
			
				
					
				
					
			
		
	

Figure 4: Nitrite concentrations per treatment across time. Means within a time measured followed by the same letter are not significantly different according to the Tukey–Kramer test or Nemenyi test in case of no normality.


Nitrate concentrations exhibited significant differences in weeks nine and 12 (Figure 5; ANOVA: FW9 = 16.21, , and FW12 = 14.37, ), suggesting the nitrifying activity of the mixture of the 5 L. sphaericus strains used. In this case, nitrate concentrations presented in treatment B were significantly different between weeks zero and 12 (Figure 5; t-test: ), but, once again, in treatment GB they were not (Figure 5; t-test: ). The GB treatment was previously inoculated, and bacterial activity was probably already evident by week zero.


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
	
	
		
			
				
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
				
			
			
				
			
		
		
			
				
					
					
					
					
					
					
					
					
					
					
					
					
					
				
			
			
				
			
				
		
	
	
		
			
				
					
					
					
					
					
					
					
					
					
					
				
			
			
				
				
			
		
		
			
				
					
					
					
					
					
					
					
					
					
					
					
				
			
			
				
					
				
					
			
		
	

Figure 5: Nitrate concentrations per treatment across time. Means within a time measured followed by the same letter are not significantly different according to the Tukey–Kramer test or Nemenyi test in case of no normality.


A relationship between the ammonium, nitrite, and nitrate concentrations was found in cases where L. sphaericus was added. By week three nitrite concentrations in GB and B treatments were higher than ammonium and nitrate concentrations, respectively, to their corresponding controls (Figures 3–5). In this sense, when nitrogen is fixed in the form of ammonium, the nitrifying bacteria in soil turn ammonium into nitrites, but they are rapidly converted into nitrates that can then be taken up by the seedlings [11]. Oscillations in all nitrogen-form concentrations (ammonium, nitrite, and nitrate) in treatments GB and B reflect the bacterial activity and their role in nitrogen cycling [36, 37], which is consistent with the bacterial titers found across time (Figure 2). Moreover, these results are supported by a previous study, where it was shown that while nitrogen is fixed as ammonium in the soil, nitrates are available for plant uptake ultimately, thanks to bacterial metabolism [11]. We propose that PGPB are essential in replantation programs because they provide the only means by which to transform N sources into available forms for plant uptake.
3.3. Indole Acetic Acid Production
Given that L. sphaericus presents a tryptophan operon, this bacterium has the ability to synthesize tryptophan amino acid [11, 23, 38], which is one of the precursors to indole acetic acid [39, 40]. In this sense, results showed that indole acetic acid could be determined directly from soil samples without the addition of tryptophan. In our study, indole acetic acid showed significant differences by weeks nine and 12 in the treatments where the mixture of the 5 L. sphaericus strains was added (Figure 6; Kruskal–Wallis: HW9 = 10.38, ; ANOVA: FW9 = 8.876, ), in contrast to control soils, suggesting a relationship with the presence of the bacteria. This result indicated the bacterial ability to promote the plants’ auxins production and its own capacity of producing IAA [11, 14]. There is also an oscillatory pattern in the auxin concentrations observed over time, suggesting that while IAA is produced by the plant and the bacteria, it is also used for root growth, allowing the roots of the seedlings to expand and take nutrients from the soil more efficiently [41, 42]. Thus, L. sphaericus plays a crucial role in fire-impacted soil replantation processes, as it can enhance nutrients in soil and improve seedlings’ nutrient uptake capacity through auxin production and its IAA production-promoting activity.


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
			
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
				
					
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
					
				
				
					
				
					
				
			
			
				
					
						
						
						
						
						
						
						
						
						
						
						
						
						
					
				
				
					
				
					
				
					
			
		
		
			
				
					
						
						
						
						
						
						
						
						
						
						
					
				
				
					
						
					
						
					
				
			
			
				
					
						
						
						
						
						
						
						
						
						
						
						
					
				
				
					
						
					
						
					
						
				
			
		
	
	
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	
	
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
		
		
			
			
				
			
			
				
			
				
		
	
	
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	
	
		
		
			
				
			
				
			
				
			
		
		
			
				
			
				
			
				
			
		
		
			
				
			
				
			
				
			
		
		
			
		
			
		
			
		
		
			
				
			
				
			
				
			
		
	

Figure 6: Indole acetic acid per treatment across time. Means within a time measured followed by the same letter are not significantly different according to the Tukey–Kramer test or Nemenyi test in case of no normality.


3.4. Principal Components Analysis
The analysis showed two noticeable clusters of dots, differentiated by treatments with and without the addition of L. sphaericus addition, separated horizontally from left to right (Figure 7). Cultivable bacterial titers; time; ammonium, nitrite, nitrate, and phosphorus concentrations; and indole acetic acid production all have a significant effect on the clustering distribution, with less influence from time and nitrites (Figure 7). We suggest that the distribution shown indicates the influence of bacteria in soil amendment regarding all variables. Thus, the addition of L. sphaericus to GB and B treatments enhanced the availability of nutrients and the production of auxins. As such, we consider L. sphaericus to be a good candidate for use in reforestation or replantation processes.


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
			
			
				
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
	
	
		
			
			
			
			
		
	
	
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
	
	
		
			
			
			
		
	
	
		
		
		
	
	
		
			
			
			
		
	
	
		
		
		
	
	
		
			
			
			
		
	
	
		
		
			
				
			
		
	
	
		
		
			
				
				
			
		
	
	
		
		
			
				
			
		
	
	
		
		
			
				
			
		
	
	
		
		
		
	
	
		
			
			
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
		
	

Figure 7: Autoplot showing the results of the principal components analysis (PCA) to illustrate the relationships between treatments and soil determinations. The length of the vectors indicates the influence of the parameter in the ordination of the data.


4. Conclusions
The importance of this study is related to the need to preserve the natural reserve in the El Noviciado estate, due to the role it plays in the reduction of factors that cause the degradation of biodiversity and ecosystem characteristics. We consider decisive the contribution of native vegetation replantation processes to revert the destructive processes and improve environmental conditions for preventing forest fires. This study is the first report of L. sphaericus used in fire-impacted soils in lower than previously reported growth temperatures. We propose that L. sphaericus can grow and have an active metabolism at a temperature range of 5 to 14°C, reported as the temperature range for the study site [22]. Given the fact that our study showed a significant difference in the free phosphorus, nitrogen, and indole acetic acid contents in soil when the bacterium was added, we suggest that L. sphaericus could be a good nutrient enhancer and plant growth promoter that can be used for fire-impacted soil amendment and replantation purposes. Finally, we successfully donated and transplant 60 Alnus acuminata sbsp. acuminata seedlings for the reforestation of a fire-impacted fragment of soil in the El Noviciado estate.
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