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Effect of the steroidal plant growth promoter SPGP4 on the microbial diversity of soils cultivated with maize and beans

Efecto del promotor del crecimiento vegetal esteroidal SPGP4 sobre la diversidad microbiana de suelos cultivados con maíz y frijol
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ABSTRACT
Soil microbial diversity is of great importance for plant development, as well as for the control of pathogens through the production of metabolites. In this study, the effect of the compound 22-Oxocholestanes SPGP4, an analogue of brassinosteroids, on microbial diversity was evaluated when applied to soils where maize and beans are grown.  The soils were analyzed using metagenomic study to determine the populations of bacteria and fungi before and after the application of the compound. The results show that the main bacterial Phyla are Actinobacteria, Acidobacteriota, and Proteobacteria; while the main genera are Bacillus, Streptomyces, Nocardioides, Vicinamibacteraceae, Solirubrobacter and Sphingomonas were the most abundant. With regard to fungi, the main Phyla were Ascomycota and Basidiomycota; the main genera being Aspergillus, Fusarium, Chrysocorona, Penicillium, Humicola, Chaetomium and Curvularia. The alpha diversity showed that there was no significant difference (p> 0.05) in the soil microbial communities, which indicates that the application of 22-Oxocholestanes SPGP4 at a concentration of 0.5 mg/L does not affect the microbial diversity of the soils.

Keywords:  Brassinosteroids, Metagenomic, Microbiota.

RESUMEN
La diversidad microbiana del suelo es de gran importancia para el desarrollo de las plantas, así como para el control de patógenos a través de la producción de metabolitos. En este estudio se evaluó el efecto del compuesto 22-Oxocolestanos SPGP4, un análogo de los brasinoesteroides, sobre la diversidad microbiana al ser aplicado a suelos donde se cultiva maíz y frijol. Los suelos fueron analizados mediante estudio metagenómico para determinar las poblaciones de bacterias y hongos antes y después de la aplicación del compuesto. Los resultados muestran que los principales filos bacterianos son Actinobacteria, Acidobacteriota y Proteobacteria; mientras que los principales géneros Bacillus, Streptomyces, Nocardioides, Vicinamibacteraceae, Solirubrobacter y Sphingomonas fueron los más abundantes. Con respecto a los hongos, los principales filos fueron Ascomycota y Basidiomycota; siendo los principales géneros Aspergillus, Fusarium, Chrysocorona, Penicillium, Humicola, Chaetomium y Curvularia. La diversidad alfa mostró que no hubo diferencia significativa (p > 0,05) en las comunidades microbianas del suelo, lo que indica que la aplicación de 22-Oxocolestanos SPGP4 a una concentración de 0,5 mg/L no afecta la diversidad microbiana de los suelos.
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INTRODUCTION
Mexico is a nation rich in cultural and biological diversity, its history dates back to approximately 12,000 years ago when various human groups from the north of the American continent went from being nomadic to sedentary. They used more than 100 plant species to feed themselves, build houses, or make utensils for everyday use. They domesticated some plants such as maize (Zea mays L.), chili (Capsicum annum L.), and beans (Phaseolus vulgaris); 59 races of maize (Zea mays L.) have been reported (Rocandio-Rodríguez et al., 2020; Rocandio-Rodríguez et al., 2022) and five domesticated bean species: Phaseolus vulgaris L., P. coccineus, P. lunatus, P. acutifolius, and P. dumosus (Rocandio-Rodríguez et al., 2022). These became the basis of their economy, having enough surpluses to feed themselves. The cultivation of maize and beans is an important part of the diet of the families of indigenous peoples, as well as being part of the civilizations. Currently, great challenges are faced in being able to produce food and meeting the demand for food due to the increase in population worldwide, with the challenge of not affecting the environment, biodiversity, and soil ecosystems (Zhao et al., 2021; Jain and Pandey, 2025).
There are alternatives that can increase production such as brassinosteroids (plant steroid hormones) that participate in different processes of plant growth. Approximately 40 types of compounds are known, structurally and functionally related to brassinosteroids, that have applications in agriculture, promoting plant growth, germination, nitrogen fixation, senescence, abscission, and stress tolerance (Anastassiadou et al., 2020; Darvish et al., 2021; Ren et al., 2021; Deng et al., 2022; Chen et al.,2024; Garrido-Auñón et al., 2024). The family of plant growth promoters of the 22-oxocholestanic compound, an analogue of brassinosteroids, stands out at a comparative level of the brassinosteroids brassinolide and homobrassinolide (Zeferino-Díaz et al., 2017).
These compounds have a potent growth-promoting activity similar to brassinosteroids in rice lamina inclination test. This activity is related because they act on the BRI 1 receptor, the same one in which brassinosteroids act (Zeferino-Díaz et al., 2015). The activity of the new Steroidal Plant Growth Promoters (SPGP) against phytopathogens was also evaluated in silico molecular docking; these tests were carried out with the chitinase B and 1,3-β-glucanase enzymes of the phytopathogens. Furthermore, this SPGP does not affect symbiotic fungi that is beneficial to the natural plant system.
Microorganisms are essential for maintaining soil functions, due to their participation in key processes such as maintaining its structure through the formation of aggregates, decomposition of organic matter, detoxification, and the nutrient cycle, mainly carbon, nitrogen, phosphorus, and sulfur. Furthermore, microorganisms play key roles in suppressing soil-borne plant pathogens, promoting plant growth, and changing vegetation (Guseva et al., 2022). Soil is an important source of nutrients for crops and helps plant growth by providing nutrients, as well as for the biocontrol of pests and diseases, so soil microorganisms are essential for all these functions through their participation in biogeochemical cycles to contribute to plant nutrition and soil health (Clagnan et al., 2024). The application of pesticides (amendments with chitin, compost or manure) and the introduction of genetically modified microorganisms have been shown to affect soil microbial community structures (Guseva et al., 2022). Therefore, the objective of this work is to determine the effect of the application of the compound 22-Oxocholestanes SPGP4 on the microbiota of soils cultivated with maize and beans.
MATERIALS AND METHODS
Maize and bean plants used in this study
Maize (Zapalote chico) and beans (Cuarentano) seeds were used and placed in a container with a solution of the plant growth promoter 22-Oxocholestanes SPGP4 at a concentration of 0.5 mg/L (Balbuena-Hernández et al., 2023). Subsequently, the compound was applied by spraying the corn and bean plants 45 days after sowing.
Soil collection
Soil samples were collected from plots located in the municipality of Santo Domingo Ingenio, Oaxaca State, Mexico, at the following coordinates: 19°24'41'' N 94°44'48'' W, 16°35'15'' N 94°45'49'' W, and 16°34'22'' N 94°47'02'' W. Sampling consisted of collecting samples from five different points in each plot. Two sampling events were conducted: the first before the application of the plant growth promoter 22-Oxocholestanes SPGP4 and the second after application. The samples were identified as follows: Soil before planting (Basal), Soil without application of the plant growth promoter 22-Oxocholestanes (Control), and Soil with application of the plant growth promoter 22-Oxocholestanes (Treatment).
Soil preparation and DNA extraction
The soil samples from each plot were dried and sifted with a 2 mm sieve to obtain homogeneous samples. For DNA extraction, 10 g samples were taken from each of the plots and were processed with the Dneasy PowerMax Soil kit according to the manufacturer's instructions. The DNA obtained was stored at -20 °C.
Library preparation and sequencing
DNA was quantified with a Qubit 3.0 fluorometer using the Qubit dsDNA HS assay kit (Life Technologies, Carlsbad, CA, USA). For the sequencing of the amplicons of the soil DNA samples, the oligonucleotides of variable regions 3 and 4 of the 16S rRNA gene and the ITS regions were used, respectively. (Klindworth et al., 2013). Amplicon libraries were constructed as described in the Illumina Sequencing Library Preparation Protocol for 16S and ITS (Illumina, Inc., San Diego, CA, USA) and sequenced on the Illumina MiSeq platform (Illumina, Inc., San Diego, CA, USA) with a 600-cycle paired-end read configuration. Reads passing the QC filters (read quality ¼ Q20) were used to reconstruct the original amplicon region (450–490 bp).
Bioinformatic analysis 
The Illumina paired-end raw reads (2x300) were processed using the QIIME2 pipeline. The amplicon sequences variants (ASVs) were resolved using the DADA2 plugin (Callahan et al., 2016), with the following parameters for the 16S libraries: truncation length 280, truncation length reverse 200, trim left 30, trim left reverse 30, min overlap 12 and chimera method consensus”. For the ITS libraries, the following parameters were used: “truncation length 220, truncation length reverse 200, trim left 20, trim left reverse 20 min overlap 12 and chimera method consensus”. Representative ASVs were classified using the V-SEARCH plugin (Rognes et al., 2016), utilizing the SILVA 138 database (Glöckner et al., 2017) for 16S and the UNITE 9.0 database (Nilsson et al., 2019) for ITS. For each data type, a phylogeny of the representative ASVs was performed using the align to tree mafft fasttree plugin, which performs sequence alignment with the MAFFT program (Katoh and Toh, 2008) and the phylogenetic tree with FastTree2 (Price et al., 2010).
All data were imported into the R environment using the phyloseq library (McMurdie and Holmes, 2012). The sample sizes were normalized using the SRS library (Beule and Karlovsky, 2020) to a depth of 60.956 and 68.280 for the 16S and ITS amplicons, respectively. Alpha diversity indices (ASVs observed, Shannon, Chao1, Simpson, Fisher, and inverse of Simpson) were calculated, and beta diversity was determined based on the unweighted UniFrac distance and plotted in a Principal Coordinates Analysis (PCoA). Differential abundance of ASVs between sample groups was determined using the DESeq2 library (Love et al., 2014). 
RESULTS
Microbial Diversity
After quality trimming of the initial sequence reads, a total of 1,977,655 high-quality reads were obtained. A total of 3015 and 2348 ASVs were obtained for the 16S and ITS amplicons, respectively. Table 1 shows the alpha indices of each treatment. In the soils before and after applying the treatment with the compound 22-Oxocholestanes SPGP4, the alpha diversity of bacteria and fungi can be observed through the rarefaction curves that reached the plateau phase, which is indicative that the bacterial and fungal diversity represents reality (Fig. 1). We can also observe that to determine the complexity of the bacterial and fungal communities, the Shannon and Simpson diversity indices were estimated, which indicates the diversity. There was no significant difference in terms of the diversity that exists in the treatments in the bacterial populations (Table1, Fig. 2a). Similarly, the diversity in fungal populations was also estimated using the Shannon and Simpson diversity indices. We can also observe that there was no significant difference (Table 2, Fig. 2b).
Taxonomic diversity of ASV associated with maize and bean cultivation soils
 The total ASVs observed in the soils where maize and beans are grown, before treatment and after treatment with 22-Oxocholestanes SPGP4, were taxonomically assigned into 15 phyla (Fig.3a) and 45 bacterial genera (Fig.3b). The most abundant bacterial phyla were Actinobacteriota (37.6 %), Acidobacteriota (13.2 %), and Proteobacteria (11.2 %) in the soil samples before sowing maize and beans (Basal). In the control soils where maize and beans were sown without compound, the most abundant phyla were Actinobacteriota (40.2 %), Proteobacteria (17.7 %), Acidobacteriota (6.9 %), Firmicutes (10.4 %), Chloroflexi (6.4%), and Planctomycetota (4.8%). A very similar behavior was observed in the soils where the compound 22-Oxocholestanes SPGP4 was applied to maize and bean crops: Actinobacteriota (40.5 %), Proteobacteria (16.6 %), Firmicutes (9.1 %), Acidobacteriota (8.7 %), Planctomycetota (6.9 %), and Chloroflexi (5.5 %) (Fig. 3a). The most abundant genera were in the Basal treatment, Bacillus (3.2 %), Streptomyces (2.6 %), Nocardioides (2.5 %), Vicinomibactereoceae (1.9 %), Solirubrobacter (1.7 %), Sphingomonas (1.3 %). In the control treatment they were Nocardioides (13.5 %), Bacillus (10 %), Streptomyces (2.7 %), Vicinamibacteraceae (1.1 %), Solirubrobacter (1.1 %), Sphingomonas (1.0 %). Finally, in the treatment with the application of the compound 22-Oxocholestanes SPGP4, the percentages of the genera were very similar to the control, Nocardioides (12.8 %), Bacillus (8.5 %), Streptomyces (2.9 %), Solirubrobacter (2.0 %), Sphingomonas (1.6 %), and Vicinamibacteraceae (1.2 %).
With regard to fungi, five phyla (Fig. 3c) and 44 genera were assigned. The most abundant fungal phyla were Ascomycota (96.3 %) and Basidiomycota (2.7 %) in the soil samples before planting maize and beans, treatment (Basal), and in the control soils where only maize and beans were planted without compound. In the control treatment, they were Ascomycota (92.3 %), Basidomycota (3.5 %), and Mortierellomycota (1.7 %). Finally, in the treatment with the compound 22-Oxocholestanes SPGP4, they were Ascomycota (93.6 %), Mortierellomycota (2.0 %), and Basidomycota (1.7 %) (Fig. 3d). The most abundant genera were Aspergillus (21.2 %), Fusarium (10.0 %), Ascomycota (6.6 %), Chrysocorona (3.5 %), Botryosphaeriaceae (3.3 %), Penicillium (3.2 %), and Humicola (2.7 %); in the Basal treatment Chaetomium (2.2 %) and Curvularia (2.1 %); in the control treatment, Fusarium (35.6 %), Chaetomium (9.1 %), Humicola (4.7 %), Curvularia (4.4 %), Aspergillus (3.7 %), Chrysocorona (2.3 %), and Ascomycota (1.4 %); and in the treatment with the application of the compound 22-Oxocholestanes SPGP4, Fusarium (38.3 %), Chaetomium (11.8 %), Humicola (5.9 %), Curvularia (3.4 %), Aspergillus (3.0 %), Chrysocorona (2.6 %), and Ascomycota (2.2 %).

DISCUSSION
Soil microbiota plays an important role in plant health through the provision of nutrients, as well as through the production of metabolites and enzymes that are involved in pathogen biocontrol and promote plant immunity in general. Two important factors that determine soil diversity are plant type and soil type (Guseva et al., 2022). In the analysis of the soils, the phyla Actinobacteria, Acidobacteriota, and Proteobacteria were found to be the most abundant taxa across treatments Chaudhary et al., 2021 also reported that Proteobacteria are the most abundant in the microbiota of the maize rhizosphere when Pseudomonas taiwanensis and nanogypsum were added. However, when performing the analysis of relative abundance (ASVs) between the treatments, no significant difference was found at (p < 0.05), this indicates that the compound 22-Oxocholestanes SPGP4 does not affect soil microbiota.
No significant differences were found in the most abundant bacterial genera reported, such as Bacillus, Streptomyces, and Nocardioides. The most abundant genera, such as Bacillus, are related to different mechanisms that promote plant growth such as the production of indoleacetic acid and phosphate solubilization, as well as the production of antibiotics and lytic enzymes that protect plants from pathogens. A strain of Bacillus thuringiensis was reported with entomopathogenic activity against different insects (Ragasruthi et al., 2024), in this study the presence of the genus Bacillus was detected in the soils of the plots studied. For the genus Streptomyces, some species with the capacity for biocontrol have been reported. In the genus Nocardioides, some species isolated from the maize rhizosphere are related to pesticide and hydrocarbon degradation processes (Ma et al., 2023; Ayswaria et al., 2020; Singha and Pandey, 2021). With respect to microbiota, the most abundant phyla in the treatments were Ascomycota and Basidiomycota; however, when comparing the relative abundance analysis (ASVs) between the treatments, no significant difference was found (p < 0.05) in microbial diversity (Fig. 3c, 3d). This same behavior was reported by Qu et al. 2022, where the predominant communities in subtropical forest soils in China are Ascomycota and Basidiomycota. This also agrees with what was reported by Wang et al. 2023, where the most abundant phyla detected were Ascomycota and Basidiomycota in six different forest soils, which may be involved in the ecological and biochemical processes of forests. This has also been reported in agricultural soils, where microorganisms are fundamental in biogeochemical cycles. Furthermore, the presence of certain fungi can confer resistance to water and heat stress in crops (Cruz-Cárdenas et al., 2021).
The dominant microbial groups are those that influence the productivity of maize when intercropped with legumes. The main genus identified was Aspergillus, which is important in the carbon and phosphorus cycles. The compound 22-Oxocholestanes SPGP4 did not affect soil microbial diversity, but it has been reported to have growth promoting activity and increased maize production in a range of 8.9-32.5 % in the plots evaluated in fields in the State of Oaxaca. The same effect was observed in bean crops, increasing production by 12.3 to 28.3 % (López-Castillo et al., 2024). 

CONCLUSIONS
The metagenomic analysis of microbial diversity in the soils showed that the application of the compound 22-Oxocholestanes SPGP4, a brassinosteroid analogue, does not affect the communities of bacteria and fungi at the concentration evaluated; this could be observed with the metagenomic results obtained from the diversity, where no significant differences were found in the different plots, as well as in the variety of maize and bean that were planted.
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TABLES AND FIGURES LEGEND 
Table 1. Bacterial diversity indices in soils with and without 22-Oxocholestanes SPGP4 treatments in maize and bean crops.


	Index
	Basal
	Control
	Treatment

	Observed 
	630
	386
	343

	Chao1
	667.64
	397.71
	368.64

	Chao1 SE
	16.35
	6.85
	14.97

	ACE
	645.88
	394.14
	351.99

	ACE  SE
	11.27
	9.22
	8.86

	Shannon
	6.02
	5.36
	5.31

	Simpson
	0.99
	0.98
	0.99

	InvSimpson
	331.05
	129.34
	118.22

	Fisher
	135.57
	81.42
	73.08







Table 2. Indices of fungal diversity in soils with and without 22-Oxocholestanes SPGP4 treatments in maize and bean crops.









	Index
	Basal
	Control
	Treatment

	Observed
	467.33
	513.50
	531.66

	Chao1
	467.33
	513.55
	531.66

	Chao1 SE
	0
	0.17
	0

	ACE
	467.33
	513.61
	531.66

	ACE SE
	8.69
	8.67
	8.63

	Shannon
	4.34
	3.72
	3.64

	Simpson
	0.96
	0.89
	0.89

	InvSimpson
	36.79
	11.26
	14.77

	Fisher
	61.95
	64.03
	64.60


Fig. 1. Rarefaction curves used to determine the richness of sequence species in maize and bean crop soils. UTS=Plot number. CC= Soils with compounds; SC= Soils without compounds. a) 16S gene sequences b) ITS sequences.
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[image: ]Fig. 2. The alpha diversity of the bacterial and fungal communities of maize and bean crop soils. a) bacterial and b) fungal ASV.










































Fig. 3 Relative taxonomic abundance of bacterial ASVs in maize and bean crop soils: a) Phylum, b) Genus. Relative taxonomic abundance of fungal ASVs in maize and bean crop soils: c) Phylum, d) Genus. Bars designated as "Other" indicate ASVs with a relative abundance of less than 1 %.
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