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ABSTRACT. Rhizosphere soil is one of the most diverse microbial environments worldwide and is
recognized as an ecosystem undergoing continuous transformation. Microorganisms inhabiting the
rhizosphere soil play diverse roles in maintaining and stabilizing the environment. Consequently, plant-
associated habitats serve as a dynamic environment influenced by various microbial composition factors.
Genetically modified plants have introduced numerous traits into agriculture to address productivity-
limiting factors, such as drought. This study aimed to assess the microbial diversity in the rhizosphere soils
of drought-tolerant transgenic (AtAREBI) and conventional (cultivar BR 16) soybean plants. Bacterial
communities were investigated using a cultivation-independent approach, utilizing pooled samples from
the respective soils, followed by pyrosequencing of the 16S rRNA gene. In addition, physicochemical
parameters of the soils were evaluated. The results indicated that the microbial diversity in the rhizosphere
soil of both transgenic and conventional plants remained unchanged, with similar taxonomic distributions
observed in both bacterial communities. Analysis of physicochemical parameters in both soils suggested a
potential direct relationship between these properties and the microbial community profile, with
implications for soil nutrient content and physical composition. These results are positive for biosafety
when using the transgenic cultivar compared with the conventional crop.
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Introduction

The rhizosphere is considered to be one of the most complex ecosystems on Earth, consisting of a narrow
zone of nutrient-rich soil that is influenced by plant roots. Diverse microorganisms, including fungi, bacteria,
protists, nematodes, and invertebrates, constitute the rhizosphere microbiome (Kumar & Dubey, 2020).

Soil microbial communities play a crucial role in nutrient cycling by mineralizing and decomposing organic
materials and releasing nutrients essential for plant growth into the soil. Various processes can influence the
availability of the nutrients supplied by these communities. Additionally, soil microorganisms may affect
nutrient uptake and plant growth through the release of growth-stimulating or inhibiting substances that
affect root physiology and architecture (Faria et al., 2021).

Thus, during coevolution, soil microorganisms have developed strategies to interact with plants, forming
important associations for plant development (Faria et al., 2021). The interaction between plants and their
environment is a dynamic process in which the root system not only provides anchorage and facilitates
nutrient and water uptake but also serves as a crucial interface for plant interaction with its surroundings.
Evidence suggests that plants can influence the structure of the soil microbiome by secreting root exudates.
Chemical signals emitted by soil microorganisms are received and recognized by plants, prompting the release
of chemical compounds in the form of root exudates, which constitute a complex mixture of compounds (Sun
et al., 2021). Given the sensitivity of the soil microbiome to small environmental changes or stresses resulting
from natural disturbances, it can serve as an indicator of soil quality (Hartmann and Six, 2023). The capacity
of root exudates to mediate and sustain the soil microbiome presents opportunities to exploit this
mechanism. It is conceivable that engineered or selectively bred plants could cultivate specific soil microbes
that are necessary for or beneficial to plant health (Sun et al., 2021).
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The soybean crop (Glycine max L. Merrill), native to Asia, holds significant global importance, playing a
crucial role in the production of various products and by-products in the agribusiness, chemical, and food
industries, with considerable potential to address nutritional needs. Soybean seeds are valuable for both
protein meal and vegetable oil production (Hartman et al., 2011). Brazil is the world's largest soybean
producer, with the 2023/2024 crop estimated at 146 million tons of grains (Companhia Nacional de
Abastecimento [CONAB], 2024; United States Department of Agriculture [USDA], 2024). However, this crop
faces challenges due to water stress, which severely hampers plant growth and yield, and is likely to be
exacerbated by climate change (Shin et al., 2015).

The adoption of genetically modified (GM) crops and their associated benefits has introduced new and
promising features to agriculture, with the aim of mitigating the detrimental effects of biotic and abiotic
factors, including water deficits. Barbosa et al. (2013) demonstrated that the introduction of the foreign
AREBI1 (abscisic acid responsive element binding) gene into soybean plants enhanced water deficit tolerance,
with GM plants showing more efficient survival than wild-type plants after 5 days of water deprivation.
Soybean plants overexpressing the transcription factor AtAREBI, identified in Arabidopsis thaliana and
involved in the abscisic acid (ABA)-dependent stress response pathway, were generated from embryos of the
conventional cultivar BR 16, which is known for its sensitivity to drought. The AREB1 gene, a basic
domain/leucine zipper transcription factor, binds to the abscisic acid (ABA)-responsive element motif in the
promoter region of ABA-inducible genes (Leite et al., 2014), thereby activating expression. GM plants
containing the AREB1 gene exhibit normal growth, high survival rates, no leaf damage after water stress, and
superior physiological performance under water deficit compared to their genetic background (Barbosa et al.,
2013; Leite et al., 2014). Moreover, they also displayed a greater total number of pods and seeds and an
increased dry matter content of seeds, indicating an improved capacity to withstand drought with no loss in
yield (Marinho et al., 2016).

Genetically modified plants can directly or indirectly influence the structure, function, and diversity of soil
and rhizosphere microbial communities, potentially driven by plant genotypes and changes in agricultural
management associated with transgenic plant cultivation. The rhizospheric microbiome comprises organisms
of interest in studies assessing the environmental impact of transgenic crops (Montanari-Coelho et al., 2018;
Turrini et al., 2015). Consequently, the construction and sequencing of 16S rRNA gene clone libraries via
Next-Generation Sequencing (NGS) provides an avenue to explore microbial diversity, serving as a method to
assess bacterial communities across various habitats, including rhizosphere soil (Garcia et al., 2016).

Therefore, studying the diversity of bacterial species in soils cultivated with transgenic and conventional
plants is crucial, given the essential role that these microorganisms play in sustaining this environment.
Moreover, this investigation is of significant importance for GMO biosafety. Hence, this study aimed to
examine the existing microbiome in rhizosphere soils cultivated with transgenic and conventional soybean
plants and to analyze the chemical composition of the soil in this region.

Material and methods

Experimental design

The soybean [Glycine max (L.) Merrill] conventional cultivar BR 16 (non-GM plants) and the transgenic
event 1Ea2939 (GM plants) (BR 16 cultivar modified with Arebl gene from Arabidopsis thaliana - 35S: AREB1
construction) were grown in an irrigated area belonging to the experimental field of Embrapa Soybean (23°11"
S, 51°11' W), in Londrina, PR, Brazil, during the 2014/15 crop season.

Collection of rhizosphere soil material and bacterial DNA extraction

The rhizosphere soil was collected at the Embrapa Soybean cultivation field on February 2, 2015, on a day
with an average temperature of 23.7°C and a relative humidity percentage of 82.4%. During the soybean crop
season, these plots were irrigated and not subjected to any type of treatment in addition to natural field
conditions. For soil collection, a Dutch auger was used at a depth of 0-15 centimeters from four non-GM
plants, and four GM plants randomly chosen, totalizing 8 samples. The samples were packed separately in
sterile plastic bags and stored in an insulated box with ice for transport. In the Laboratory of Microbial
Biotechnology Joao Alencar Pamphile (LBIOMIC), Universidade Estadual de Maringd (UEM), samples were
mixed and sieved to obtain a pool of rhizosphere soil samples corresponding to each soybean cultivar/GM
event. Total rhizosphere soil DNA was extracted using the Power Soil DNA Isolation Kit (MO BIO Laboratories,
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Inc., Carlsbad, CA, USA), according to the manufacturer's instructions. After extraction, DNAs were sent to
the company DSMA (Sustainable Development and Environmental Monitoring), located in Mogi das Cruzes,
SP, for pyrosequencing.

Analysis of rhizosphere microbiome via PCR-Pyrosequencing of 16S ribosomal genes

The pool of DNA extracted from the rhizosphere soil was assessed for quantity and quality on agarose gel
(1%). Bacterial diversity was evaluated using the 16S rRNA gene, which was amplified using the primers 968F
and 1378R. PCR was performed in a final volume of 50 uL containing 1x enzyme buffer, 5 mM Mg Cl;, 10 mM
dNTPs, 0.1 uM of each primer, and 2U Taq DNA Polymerase. The amplification reaction was programmed as
follows: initial denaturation at 95°C for 5 min, 35 cycles of denaturation at 94°C for 30 s, annealing at 62°C
for 30 s, extension at 72°C for 40 s, and a final extension at 72°C for 10 min. After amplification, the PCR
reaction was assessed using agarose gel electrophoresis (1%).

The PCR products were purified using a purification kit (GFX PCR DNA and Gel Band Purification Kit, GE
Healthcare), according to the manufacturer's instructions. After purification, the purity and quantity of the
amplicons were checked on agarose gel (1%) and spectrophotometry (NanoDrop®, Wilmington, USA). The
products of each PCR reaction resulting from each treatment were mixed proportionally in agreement with the
quantification and sequenced in high yield in GS-FLX Titanium (Roche Applied Science®) by pyrosequencing.

Pyrosequencing analysis and data processing

First, DNA sequences were selected based on the quality and size of the bases using the Pipeline Initial
Process tool available on the Ribosomal Database Project (RDP) pipeline. The selection criteria were quality
bases, fragment size, identified primer sequences, and unidentified bases. In order to obtain a set of sequences
with satisfactory quality for analysis, only base sequences with scores greater than 20 and bases with a
maximum probability of 1% error were used. Sequences with unidentified bases and those smaller than 380
bp were excluded. There was a 20% tolerance range for primer similarity (without adapter sequences). Thus,
the bases of adapters were cut off in the region flanked by the primers, eliminating the risk of truncated
sequences reducing the quality and interfering with the classification of the sequences.

Sequences were classified using the Mothur software (v. 1.34.4), based on the RDP database, where there
are gene sequences 16S rRNA of bacteria tested and evaluated for quality and the identification of microbial
isolates. The search parameters were based on similarity, where the higher the similarity, the lower the
taxonomic level identified.

Estimate of richness and diversity index

The level of alpha diversity (diversity estimator Chao-1, diversity index Shannon-Wiener, and Simpson)
in the samples was calculated using the PAST software.

Analysis of the physicochemical composition of the rhizosphere associated with the plant

Analyses of the physicochemical composition of the rhizosphere soil sampled from cultivated plots with
GM and non-GM plants (pH, organic matter, macro and micronutrients) were outsourced and were performed
by the company Laborfort Chemical Analysis, located in Cambira, PR.

Results

Analysis of the diversity of bacterial communities of rhizosphere soil

Pyrosequencing yielded 27,510 bacterial 16S rRNA sequences from the rhizosphere soil of GM plants and
15,432 sequences from the rhizosphere soil of non-GM plants. After screening using the RDP Pipeline, 8,829
sequences were obtained from the GM plant rhizosphere soil sample, and 4,082 sequences were obtained from
the non-GM plants rhizosphere soil sample.

Based on the total number of sequences obtained, approximately 496 and 377 operational taxonomic units (OTUs)
were obtained for the GM and non-GM plants-rhizosphere soil samples, respectively (Figure 1). A rarefaction curve
was generated to assess OTU richness at the 95% identity level, corresponding to the gene's taxonomic level.

Observing the midpoint of the rarefaction curve, as from about 4,000 sequences, there was a subtle difference
in richness of phylotypes between the two bacterial communities found in rhizosphere soil samples from GM
soybean plants (Figure 1). Both samples showed ascending curves but did not reach a plateau (Figure 1).
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Figure 1. Rarefaction curve indicating the sampling effort at the taxonomic genus level (95%). The continuous line corresponds to soil
samples from the conventional soybean cultivar (BR 16), and the dashed line corresponds to rhizosphere soil samples from the
transgenic soybean (1Ea2939 GM AREB1).

The values obtained with the Simpson diversity index indicated a diversity of OTUs in the rhizosphere soil samples
of GM and non-GM plants (Table 1). Similarly, the Shannon-Wiener index also demonstrated a pronounced similarity
between samples (Table 1), reflecting a consistent pattern of OTU diversity across the two groups.

Table 1. Simpson diversity index, Shannon-Wiener diversity, and Chao-1 richness calculated for rhizosphere soil samples of the
different soybean cultivars.

Index GM plants (1Ea2939 AREB1) Non-GM plants (BR 16)
Simpson 0.9748 0.9747
Shannon-Wiener 4.647 4.659
Chao-1 653.4 486.1

Regarding the Chao-1 richness index, the values suggested a higher richness of bacteria in the rhizosphere
soil of GM plants compared to the rhizosphere soil of non-GM plants, as presented in Table 1.

Analysis of rhizosphere soil from GM soybean plants revealed that Acidobacteria (26.47%), Actinobacteria
(24.10%), and Proteobacteria (21.42%) were the predominant phyla. Similarly, analysis of the rhizosphere soil
from non-GM plants revealed a similar pattern, with the predominant phyla being Acidobacteria (24.77%),
Actinobacteria (28.29%), and Proteobacteria (20.90%) (Table 2). Other phyla accounted for less than 1% of
the total sequences obtained from both samples (Table 2).

Table 2. Taxonomic distribution of the microbiota associated with rhizosphere soil samples from soybean transgenic plants (1Ea2939
AREB1) and conventional soybean plants (BR16) at the phylum level.

Phyla GM plants (1Ea2939 AREB1) Non-GM plants (BR 16)
Number of sequences (%) Number of sequences (%)
Actinobacteria 2128 24.1 1155 28.29
Acidobacteria 2337 26.47 1011 24.77
Proteobacteria 1891 21.42 853 20.9
Gemmatimonadetes 556 6.3 279 6.83
Chloroflexi 685 7.76 267 6.54
Verrucomicrobia 602 6.82 230 5.63
Nitrospira 229 2.59 119 2.92
Firmicutes 127 1.44 61 1.49
Not classified 77 0.87 23 0.56
Bacteroidetes 31 0.35 19 0.47
Chlamydiae 13 0.15 15 0.37
Planctomycetes 35 0.4 11 0.27
Synergistetes 38 0.43 10 0.24
Spirochaetes 18 0.2 8 0.2
Deinococcus-Thermus 14 0.16 5 0.12
Thermodesulfobacteria 7 0.08 5 0.12
Aquificae 14 0.16 4 0.1
Chlorobi 10 0.11 3 0.07
Thermotogae 3 0.03 2 0.05
Deferribacteres 8 0.09 1 0.02
Elusimicrobia 2 0.02 1 0.02
Chloroplasts 3 0.03 0 0
Armatimonadetes 1 0.01 0 0
TOTAL 8829 100 4082 100
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The microbiota of the rhizosphere soil of GM plants exhibited the following orders of Actinobacteria:
Actinomycetales (16.04%), Solirubrobacterales (5.26%), and Acidimicrobiales (1.99%). Acidobacteria
accounted for 21.64% of the sequences classified at the phylum level, with 2.21% classified under the order
Bryobacter. Within the phylum Proteobacteria, the orders Rhizobiales (5.05%), Myxococcales (2.54%), and
Xanthomonadales (1.88%) were prevalent (Table 3). Similarly, Actinobacteria from the non-GM cultivar were
of the orders Actinomycetales (20.14%), Solirubrobacterales (5.12%), and Acidimicrobiales (2.06%).
Acidobacteria accounted for 19.60% of the sequences classified only at the phylum level, with 3.33% classified
under the order Bryobacter. Proteobacteria belonged to the orders Rhizobiales (4.41%), Myxococcales (2.84%),
and Xanthomonadales (2.60%). Other orders had proportions of less than 1% of the total sequences obtained
in both samples (Table 3).

Table 3. Taxonomic distribution of the microbiota associated with rhizosphere soil samples from soybean transgenic plants (1Ea2939
AREB1) and conventional soybean plants (BR16) at the order level.

Orders Transgenic event 1Ea2939 (AREB1) Conventional soybean cultivar (BR 16)
Number of sequences % Number of sequences %
Acidimicrobiales 176 1.99% 84 2.06%
Actinomycetales 1416 16.04% 822 20.14%
Anaerolineales 260 2.94% 104 2.55%
Bryobacter 195 2.21% 136 3.33%
Chromatiales 117 1.33% 51 1.25%
Desulfuromonadales 80 0.91% 49 1.20%
Edaphobacter 161 1.82% 50 1.22%
Gemmatimonadales 556 6.30% 279 6.83%
Acidobacteria * 1911 21.64% 800 19.60%
Ktedonobacterales 116 1.31% 33 0.81%
Myxococcales 224 2.54% 116 2.84%
Nitrospirales 229 2.59% 119 2.92%
Rhizobiales 446 5.05% 180 4.41%
Rhodospirillales 273 3.09% 78 1.91%
Solirubrobacterales 464 5.26% 209 5.12%
Spartobacteria 342 3.87% 119 2.92%
Sphaerobacterales 95 1.08% 29 0.71%
Verrucomicrobia* 141 1.60% 56 1.37%
Syntrophobacterales 129 1.46% 56 1.37%
Thermomicrobiales 113 1.28% 53 1.30%
Xanthomonadales 166 1.88% 106 2.60%
Other orders with frequency <1% 1219 13.81% 553 13.55%
TOTAL 8829 100.00% 4082 100.00%

Physicochemical composition of the rhizosphere

Analysis of the physicochemical properties of rhizosphere soils sampled from plots cultivated with GM and
non-GM plants revealed pH values ranging from 6.27 to 6.32, respectively (Table 4). Both soils were classified
as Type 3, which is characterized as clay soil. This classification is supported by the lower proportion of sand
particles and higher proportions of clay, which enhance the soil water-holding capacity (Table 4). Table 4
presents the presence and quantity of organic matter, macro- and micronutrients in these soils. Notable
differences in macronutrients were observed, particularly in phosphorus; the soil of non-GM plants exhibited
higher levels of phosphorus. Regarding micronutrients, the soil of non-GM plants had higher levels of zinc,
manganese, boron, and organic matter content compared to the soil of GM. The manganese content in the
soil of non-GM plants was 20 mg dm® higher than in the soil of GM.

Table 4. Values of pH, macro and micronutrients in the rhizosphere soils of the GM plants (1Ea2939 (AREB1)) and the non-GM plants

(BR 16).
Parameter GM plants non-GM plants
pH SMP* 6.27 6.32
Macronutrients (mg dm?)
Phosphorus (P) 18.35 23.14
Potassium (K) 0.54 0.51
Calcium (Ca) 5.69 5.95
Magnesium (Mg) 2.19 2.06
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Micronutrients (mg dm?®)

Zinc (Zn) 3.33 4.42
Iron (Fe) 25.85 22.36
Manganese (Mn) 174.17 194.39

Boron (B) 0.56 0.58
Copper (Cu) 19.88 19.62

Organic matter (%) 2.44 2.64

* Method Shoemaker, Mac Lean and Pratt.

Discussion

The soil microbial community is considered to be fundamental to all terrestrial ecosystems because of its
ecological functions and interactions with vegetation. Understanding this community is essential for
determining the plant carrying capacity. In addition, introducing microorganisms that supply essential
nutrients to plants can improve the growth and development of plant communities.

Through analysis of 16S rRNA clone libraries using pyrosequencing, the bacterial diversity present in
rhizosphere soil samples from GM and non-GM plants was identified. Major phylogenetic groups, including
Acidobacteria, Actinobacteria, and Proteobacteria, were found in both samples. These phyla are commonly
found in soils across various terrestrial ecosystems and exhibit similar bacterial communities, although group
levels vary largely due to soil pH values (Chaparro et al., 2012).

Montanari-Coelho et al. (2018) described the endophytic microbiome associated with the leaves of the
same plant cultivars (GM soybean 1Ea2939 AREBI event and BR 16 conventional cultivar). They noted
minimal differences in the microbial communities. In this niche, Proteobacteria, Bacteroidetes, and
Firmicutes were identified as the dominant endophytic bacterial groups, in contrast to rhizospheric soil,
where Acidobacteria and Actinobacteria were the predominant microbial groups. This variation reflects the
capacity of the host plant to selectively modulate its microbial architecture, resulting in distinct interactions
between the plant and its microbiome (Verma et al., 2021). The microbial diversity of endophytic microbiota
is expected to be lower and more selective than that in other niches, such as epiphytic and rhizospheric
habitats, because the level of control within plant tissues is higher than that observed in soil (Trivedi et al.,
2020; Bashir et al., 2022; Sohrabi et al., 2023). However, it is inappropriate to compare the diversity index
obtained in this study with the data of Montanari-Coelho et al. (2018) because of differences in NGS
techniques. For example, this study employed pyrosequencing, resulting in 4,000-8,000 reads, whereas
another study used the Illumina platform, yielding 80,000—-90,000 reads. Therefore, comparisons between the
two studies may lead to misinterpretation of the results.

An analysis method utilizing rarefaction curves is considered excellent for comparing microbial
community types, where a community with a higher curve is deemed the most diverse (Hughes et al., 2001).
In this analysis, the diversity and richness indices of the microbial communities in the samples (GM and non-
GM soybean) showed no significant changes. Using the Shannon-Wiener diversity index to determine the
most diverse bacterial community and the Simpson index, which assigns values from 0 to 1 to each community
(with values closer to 0 indicating greater diversity), we demonstrated that rhizosphere soil samples from GM
and non-GM soybean cultivar exhibited similar bacterial diversity.

The nonparametric Chao-1 method was used to assess microbial diversity. According to this evaluation, the
values indicated greater bacterial richness in the rhizosphere soil of GM soybean plants than in the rhizosphere
soil of non-GM plants. However, nonparametric methods such as Chao-1 can be influenced by sample size.

Furthermore, genetic alterations may affect soil microbiota because communities associated with
genetically modified plants may differ from those present in wild plants (Stuart et al., 2010). However, given
the close similarity of the diversity index values obtained in this study, the increase in microbial richness
found in the rhizosphere soil of GM soybean plants is unlikely to be solely attributed to genetic modifications
in these plants.

The phylum Actinobacteria was predominant in the rhizosphere soil samples of GM and non-GM soybean
plants. Actinobacteria are among the largest taxonomic units (Stackebrandt & Schumann, 2006) and are
widely distributed in aquatic and terrestrial environments. Actinobacteria are Gram-positive bacteria with a
wide variety of forms. While the characteristics of this phylum are still being studied, it is known that these
bacteria require iron for development and are often found in arid and acidic soils (Yan et al., 2021).

The phylum Acidobacteria was the second most prevalent phylum in the analyzed rhizosphere soil
samples. Acidobacteria are widely distributed in various environments; however, their cultivation and
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maintenance in the laboratory are challenging (Eichorst et al., 2011). Acidobacteria are acid-tolerant
microorganisms that are an important component of soil microbes. They play crucial roles in soil ecology by
regulating biogeochemical cycles, decomposing complex polymers, secreting polysaccharides, and promoting
plant growth by producing phytohormones, antibiotics, siderophores, and other metabolites that can control
plant pests and diseases (Kalam et al., 2020).

The phylum Proteobacteria was abundant in the rhizosphere soil samples of both GM and non-GM plants.
This phylum is known among prokaryotes because of its diverse phenotypic characteristics, encompassing a
wide range of Gram-negative bacteria, including autotrophic microorganisms, and aerobic and anaerobic
heterotrophs. Proteobacteria thrive in systems with varying environmental conditions, owing to their
physiological diversity (Andreote et al., 2009).

The phyla Gemmatimonadetes, Chloroflexi, Verrucomicrobia, Nitrospira, and Firmicutes were found in
both rhizosphere soil samples, with values of less than 7%. Gemmatimonadetes are widely distributed in soils
with neutral pH, but are difficult to cultivate in laboratory settings (DeBruyn et al., 2011). Verrucomicrobia
are present in the microbial communities of soil, marine, and freshwater environments (Lee et al., 2009).
Nitrospira participates in the nitrogen cycle in aquatic environments through nitrate oxidation, and is also
found in soil samples (Dunbar et al., 1999). This genus belongs to a group of microorganisms called complete
ammonia oxidizers (Comammox), which can directly oxidize ammonia to nitrate. This makes them important
bacteria for the nitrogen biogeochemical cycle (Meng et al., 2023). Firmicutes are microorganisms that have
adapted to rapid development in soils with limited moisture (O'Neill et al., 2009).

Understanding how environmental factors influence the microbial community structure and the
relationship between microbial taxonomic and functional diversity remains unclear (Prosser, 2007). Dini-
Andreote et al. (2010) analyzed soil microbiomes in sugarcane cultivation by comparing soils with and without
herbicide application and examining the effects of transgenics on the microbiome. The authors observed the
presence of the phyla Proteobacteria (34.7%), Actinobacteria (28.1%), Firmicutes (16.2%), and Acidobacteria
(9.7%). These findings are consistent with those obtained in the present study and with the review conducted
by Bulgarelli et al. (2013) on the structure and function of the bacterial microbiota in plants. The review
emphasized that the taxonomic structure of the phyllosphere, including the rhizosphere and endosphere of
roots and leaves, is primarily composed of Actinobacteria (in the rhizosphere and endosphere of roots and
leaves), Bacteroidetes and Firmicutes (in the endosphere of roots), and Proteobacteria (in the rhizosphere).

The primary determinants of the soil microbial community structure include organic matter content, pH,
nutrients, and various root exudates (Garbeva et al., 2004). These factors can alter the chemical composition
of the rhizosphere and consequently affect the soil microbial diversity. Studies have suggested that species
richness and diversity are strongly influenced by pH (Lopes et al., 2021). Phyla such as Proteobacteria,
Chloroflexi, and Bacteroidetes respond positively to alkaline soil conditions, whereas Actinobacteria,
Verrucomicrobia, and Firmicutes tend to thrive in neutral to acidic environments (Lopes et al., 2021).

According to Lauber et al. (2009), soil harbors various bacterial populations, and the composition of soil
bacterial communities can vary widely across space. However, our understanding of the specific changes in
soil bacterial community structure that occur on larger spatial scales is limited. This is because most studies
either surveyed a small number of soils in detail or analyzed a large number of soils using techniques that
provided limited information about the phylogenetic structure of bacterial communities. Similar to the
approach used in this study, Lauber et al. (2009) used independent cultivation techniques based on
pyrosequencing to characterize soil bacterial communities. These authors characterized the microbiome of
88 soils from North and South America and obtained an average of 1,501 sequences per soil. They found that
the overall bacterial community composition was significantly correlated with the differences in soil pH
(R?2=0.79). This correlation was primarily driven by changes in the relative abundance of Acidobacteria,
Actinobacteria, and Bacteroidetes across a range of soil pH values. Furthermore, soil pH explained a
significant portion of the variability associated with the observed changes in phylogenetic structure within
each dominant lineage. The overall phylogenetic diversity of the bacterial communities was also related to
soil pH (R? = 0.50), with peak diversity observed in soils with near-neutral pH levels. Taken together, these
results suggest that the structure of soil bacterial communities is predictable at higher spatial scales and that
the influence of soil pH on bacterial community composition is evident at small taxonomic resolutions.

Phosphorus is the second most important essential inorganic nutrient in the environment after nitrogen
due to its structural, functional, and energy transfer roles. It is a limiting factor for plant development and a
component of biomolecules such as nucleic acids and ATP (Fernandez et al., 2005).
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The phosphorus values observed here were 18.35 mg dm? for GM soybean soil samples and 23.14 mg dm?
for non-GM soil samples. These values are significant and contribute to the stability of the bacteria. This
difference in phosphorus concentration could account for the observed differences in certain groups, such as
Nitrospora, which respond positively to this nutrient in the soil (Zhalnina et al., 2015).

Regarding the organic matter (OM) content, the observed values were 2.44% for the GM rhizosphere soil
samples and 2.64% for the non-GM rhizosphere soil samples. Soils with higher OM content tend to have more
stable microbial populations because the type and amount of OM influence functional diversity and microbial
abundance in soil ecosystems (Grayston et al., 2001).

Micronutrients, such as B, Cu, Fe, Mn, and Zn, are essential for plant growth, although they are required
in smaller quantities than macronutrients, such as N, P, K, Ca, Mg, and S. High concentrations of these
micronutrients in the soil can reach toxic levels for microorganisms (Lopes et al., 2006). The amounts of these
elements found in the analyzed rhizosphere soils were similar for both samples, indicating no significant
impact on the existing microbial communities.

Therefore, when comparing soils from the GM and non-GM cultivar, no significant differences in micro-
and macronutrients or pH (Table 4) were observed. This confirms our hypothesis that the homogeneity of the
bacterial communities in the rhizosphere soil of GM and non-GM plants was similar and that the transgenic
event had no adverse impact on microbial environment richness.

Conclusion

Based on our data, we can conclude that transgenic event 1Ea2939 does not affect the rhizospheric
microbiota of soybean plants. This finding highlights a positive aspect of GMO biosafety compared to
conventional farming, indicating that genome modification does not affect plant-microbiome interactions.
The rhizosphere is primarily composed of Acidobacteria, Actinobacteria, and Proteobacteria, with minimal
differences observed between them. Furthermore, the diversity index demonstrated minimal variation,
supporting the hypothesis that this genetic modification did not affect the microbiomes of the plants.
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