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Abstract

The influence of abiotic factors on the abundance of microorganism populations in soil has been sparsely studied,
especially regarding Bacillus thuringiensis (Bt) bacteria. Therefore, this research was aimed at analyzing the
relationship between the chemical and textural characteristics of the soil of the Cerrado (savanna) of Maranhdo
State on the abundance of Bacillus thuringiensis. Soil samples were collected in different municipalities in eastern
Maranhdo: Sdo Mateus do Maranhdo, Alto Alegre, Coroata, Timbiras and Codé. The soil samples were obtained
in the 0-0.1 m layer for soil fertility and texture analysis. Then, in the same area for the isolation of Bt, 1 g of soil
was collected. The colonies obtained in the isolation that featured morphological characteristics of Bacillus spp.
were visualized under phase contrast microscopy. Principal component analysis, clustering and correlations were
peformed. Results: The sand content correlated positively with the Bacillus thuringiensis index (iBt). The cluster
analysis allowed for verifying that the soils not showed iBt in function of high concentrations of aluminum (Al)
and potential acidity (H+Al). Considering as these attributes (Al and H+Al) alter the availability of P in the soil, the
abundance of Bacillus thuringiensis may have been impaired by the deficiency of this element in the environment.
Conclusion: Bt has correlations with soil texture, and high concentrations of aluminum and potential acidity in
the soil influencing the permanence of Bacillus thuringiensis in Maranhdo eastern Cerrado.

Keywords: bacteria, soil fertility, acidity.

Resumo

A influéncia de fatores abidticos sobre a abundancia de populagdes de microrganismos no solo tem sido pouco
estudada, principalmente com relacdo a bactéria Bacillus thuringiensis (Bt). Assim, objetivou-se analisar a rela¢cdo
entre as caracteristicas quimicas e texturais do solo do Cerrado maranhense na abundancia de Bacillus thuringiensis.
As coletas de solo foram realizadas em municipios do leste maranhense: Sio Mateus do Maranhdo, Alto Alegre,
Coroata, Timbiras e Codé. As amostras de solo foram obtidas na camada de 0-0.1 m, para andlise da fertilidade do
solo e sua textura. As colonias obtidas no isolamento que apresentaram caracteristicas morfolégicas de Bacillus
spp. foram visualizadas sob microscopia de contraste de fase. Em seguida, na mesma area para o isolamento do
Bt, foi coletado 1g de solo. De posse dos dados procedeu-se andlise de componentes principais, agrupamentos
e correlagdes. Resultados: A areia correlacionou-se positivamente com o indice de Bacillus thuringiensis (iBt). A
andlise de agrupamento permitiu verificar que os solos que ndo apresentaram iBt, possuiam altas concentragdes
de aluminio e acidez potencial (H+Al). Como estes atributos alteram a disponibilidade de P no solo, a abundancia
de Bacillus thuringiensis pode ter sido prejudicada pela deficiéncia deste elemento no ambiente. Conclusdo: Bt
possui correlagdes com a textura do solo, e altas concentragdes de aluminio e acidez potencial no solo influenciam
na permanéncia de Bacillus thuringiensis no Cerrado do leste maranhense.

Palavras-chave: bactéria, fertilidade do solo, acidez.

1. Introduction

Bacillus thuringiensis (Bt) is a ubiquitous, gram-  insecticidal proteins used to control insect pests of the
positive, spore-forming bacterium, which has one or more  orders Lepidoptera, Diptera, and Coleoptera (Jouzani et al.,
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2017; Rabinovitch et al., 2017). Early research on the ecology
of this bacterium worked with the hypothesis that Bacillus
thuringiensis had its natural habitat within certain insect
species (Prasertphon et al., 1973; Suzuki et al., 2004).
Soil is still noted today as one of the environments in
which there is the greatest amount of Bt spores (Dagga et al.,
2016; Khodyrev et al., 2020). This environment has the
ability to provide microhabitats that vary in their nutrient
availability, in their physicochemical characteristics, in the
characteristics of soil aggregates (Moreira and Siqueira,
2006), in intraspecific, interspecific interactions, and among
the abiotic factors of the external environment and the
soil itself (Cotta, 2016; Fierer, 2017; Rahman et al., 2024).
The classic article by Bernhard et al. (1997) that analyzed
2363 soils from 80 countries showed the local and world
variation in the population density of Bt. Bt is known to
easily adapt to the conditions of a number of different soils
(Mishra et al., 2017), which can only support a minimal
amount for each bacterial population due to the limited
nutritional resources that each microhabitat provides.
However, the influence of these factors on the abundance
of soil microorganism populations is poorly known, in
part because most microbes and their interactions cannot
be directly observed or measured (Karimi et al., 2019).
However, new Bacillus thuringiensis strains with high
toxicity rate to A. aegypti have been found in Atlantic
Forest soils (Santos et al., 2012). Similarly, other authors
have collected them in Cerrado, Amazon and Caatinga soils
(Soares-da-Silva et al., 2015), in restinga and mangrove
soils (Vieira-Neta et al., 2021) and continue to raise
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questions about the characteristics and the influence of
abiotic factors of the environment and the soil in obtaining
Bacillus thuringiensis isolates.

Thus, the objective was to analyze the relationship
between the chemical and textural characteristics of soil
from areas of native Cerrado forest on the abundance of
Bacillus thuringiensis.

2. Materials and Methods

2.1. Collection of soil for analysis of fertility, soil texture
and Bacillus thuringiensis

In five municipalities from central to eastern Maranhdo
State, Sao Mateus do Maranhdo (SM), Alto Alegre do
Maranhdo (AT), Coroata (CT), Timbiras (TB) and Cod6 (CD),
areas of the Cerrado biome (native forest) were selected,
where data collection took place in January 2020 (Figure 1).
The main soils in these municipalities are: (i) Ultisols
(Argissolos), Oxisols (Latossolos) and Plinthic of Oxisols
(Plintossolos) in Sdo Mateus do Maranhado, (ii) Plinthic of
Oxisols (Latossolos) and Ultisols (Argissolos) in Alto Alegre
do Maranh, (iii) Ultisols (Argissolos), Oxisols (Latossolos)
and Plinthic of Oxisols (Plintossolos) in Coroata, (iv) Ultisols
(Argissolos), Oxisols (Latossolos) and Plinthic of Oxisols
(Plintossolo) in Timbiras, and (v) Ultisols (Argissolo),
Plinthic of Oxisols (Plintossolo) and Entisoils (Neossolo
Quartzarénico) in Cod6 (Jacomine, 1986).

The collections in the conserved environments (native
forest area) were conducted by collecting 15 sub-samples,
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Figure 1. Soil sampling areas in the Cerrado, Maranhdo state, Brazil.
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randomly, and each sub-sample being 10 m apart, to form
a composite sample in each area, three areas of native
Cerrado forest per municipality being surveyed (sampled),
totaling 15 total samples. The soil was collected using a
Dutch auger, also used for the analysis of chemical and
texture attributes, and specifically for the analysis of
Bacillus thuringiensis; a wooden spatula was used for soil
collection, with subsequent storage in previously sterilized
Falcon-type centrifuge tubes.

2.2. Isolation of Bacillus thuringiensis

Isolation of Bacillus thuringiensis was performed in
the Laboratory of Medical Entomology-LABEM - CESC/
UEMA in compliance with the protocol recommended
by the World Health Organization (WHO, 1985), which
consisted of mixing 1g of soil from each sample to 10 ml
of salt solution (0.006 mM FeS0O,.7H,0; 0.01 mM CaCO,.
7H,0; 0.08 mM MgSO,.7H,0; 0.07 mM MnSO,.7H,0;
0.006 mM ZnSO,.7H,0).

Next, the samples were then diluted serially (10! and
10-2) in saline solution (NaCl at 1%). Subsequently, a Tml
aliquot of the last dilution was homogenized on a vortex
tube beater and subjected to heat shock at 80°C for 12 min
ina water bath, and then in ice for 5 min. After this process,
100 pl of the solution was transferred to Petri dishes
containing nutrient agar (AN) culture medium (peptone
5 g/, sodium chloride 5 g/l, meat extract 1.5 g/Ll yeast
extract 1.5 g/l and agar 15 g/1) (Himedia). The dishes were
inverted and stored in a bacteriological oven at 28 °C for
48h for growth of bacterial colonies.

After growth, the colonies were evaluated for
morphology (shape, edge, elevation, structure, size and
color), according to Rampersad and Ammons (2005). Those
colonies showing typical characteristics of Bacillus spp.
were visualized by phase-contrast microscope (1000 X
magnification) to check for the presence of paraspore
inclusions (protein crystals). The colonies positive to
Bacillus spp. were seeded on Petri dishes containing agar
and incubated in a bacteriological incubator for 48 hours.
Upon completion of this step, each colony was plated
separately, incubated in an incubator for five days, and
properly stored. For the Bt index (iBt), the percentage of
colonies was calculated out of the total number of colonies
obtained in the isolation.

The isolates identified as Bacillus thuringiensis were
deposited in the Banco de Bacilos Entomapatogénicos do
Maranhdo - BBENMA (Entomapathogenic Bacilli Bank of
Marando State), at the Medical Entomology Laboratory of
CESC/UEMA. For each isolate that was identified, a code
formed by four letters (BtMA: Bt - Bacillus thuringiensis
and MA - Maranhdo) was generated, added by the number
corresponding to its storage sequence in the Bank.

2.3. Analysis of chemical attributes and soil texture

The chemical attributes that were analyzed included:
pH (H,0), organic matter - MO (Walkley-Black method),
phosphorus - P (method: Mehlich1 extractor), potassium
- K*(method: Mehlich1 extractor), sodium - Na* (method:
Mehlich1 extractor), calcium - Ca** (method: KCl extractor),
magnesium - Mg?* (method: KCl extractor), aluminum - AI*
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(method: KCl extractor), potential acidity - H+Al (method:
extractor: Ca acetate), sum of bases (SB) = K*+Ca?*+Mg?*+Na*,
cation exchange capacity (CEC) = SB + H+Al, base saturation
(BS) = (SB/CEC)*100 and aluminum saturation were also
calculated (m) = Al/(SB+AI1)*100; sand, silt and clay contents
(pipette method) were also determined (Teixeira et al.,
2017).

2.4. Statistical analysis

Once data from the soil fertility and texture analysis and
the Bacillus thuringiensis colony index (iBt) were obtained,
they were submitted to principal component analysis (PCA)
(Jolliffe, 1986) and clustering using Euclidean distance and
the UPGMA (Unweighted Pair-Group Average) method.
The analyses were performed by the R statistical computing
software (R Development Core Team, 2020) using the
packages “FactoMineR” (Lé et al., 2008) e “factoextra”
(Kassambara and Mundt, 2020).

3. Results

The 15 soils collected permitted obtained 192 bacterial
colonies and 63 (32.8%) were identified as Bacillus
thuringiensis. The rate of Bacillus thuringiensis colonies
(iBt) in relation to the number of bacterial colonies varied
from zero to 0.64 (Table 1).

The value mean of attributes of soil fertility were
4.42 for pH, 0.9 (dag kg') for OM, 6.49 (mg dm) for
P, 0.25 (cmol_dm?) for K, 0.05 (cmol, dm-) for Na,
2.12 (cmol_dm) for Ca, 0.91 (cmol_dm3) for Mg,
1.54 (cmol_ dm?) for Al, 10.44 (cmol_dm?) for H+Al,
3.32 (cmol_dm?)for SB, 13.76 (cmol_dm) for CEC, 23.57 (%)
for BS, 32.67 (%) for m and the mean content of sand, clay
and silt were 56.92, 13.80 and 29.28 (%), respectively.

Despite being considered areas of native vegetation,
the areas under analysis show significant variability for
chemical attributes and soil texture, the coefficient of
variation presented the following decreasing order for the
analyzed attributes: Na > Al > K> m > Mg > Clay > Ca > SB
> Silt > BS > Sand > H+Al > CEC > OM > P > pH (Table 1).

Principal component analysis generated three
components that explained 87.04% of the isolation and
attribute mean data (Table 2). In the PCA, the Cos2 and the
contributions (%) were used to select the variables with the
greatest contribution to the variability of the data. The first
two components explained 76.18% of the variability of the
samples. The first principal component correlated with
twelve of the 17 variables studied. The attributes K, Ca,
Mg, H+Al, OM, SB, CEC, BS, clay and silt correlated highly
positively and negatively with sand and iBt (Table 3 and
Figure 2).

In the cluster analysis of the similarity between the
different sampled points, three groups were formed: (G1)
composed of samples SM01, SM02, SM03, TB11, CD13,
CD14 and CD15; (G2) composed of samples CTO7 and
CT08, and (G3) composed of samples AT04, AT05, ATO6,
CT09, TB10 and TB12 (Figure 3). And Table 4 shows the
means of chemical and physical attributes of three groups
formed, G1 - iBt: 0.46 (%), pH: 4.26, O0M: 0.75 (dag kg'), P:
6.75 (mgdm),K: 0.12 (cmol_dm), Na: 0.04 (cmol_dm),
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Table 2. Estimated variances (eigenvalues) and accumulated
percentage of the total variance (%) obtained through the principal
component (PC) analysis considering 15 samples of soils in the
Maranhdo eastern Cerrado.

PC Eigenvalues % Accumulated
1 8.63 50.74
2 433 76.18
3 1.85 87.04

Table 3. Correlation, quality of representation (Cos2) and
contribution (%) between original variables and principal
components (PC) in iBt and the chemical and physical attributes
of soils in the Maranhdo eastern Cerrado.

Correlation

Variables Cos2 Contribution

PC1 PC2 (%)

iBt -0.64** -0.04 0.41 3.17
pH 0.23 -0.93** 0.92 7.08
OM 0.77** 0.38 0.73 5.67
P -0.24 -0.25 0.12 0.93
K 0.83** -0.10 0.70 5.37
Na 0.29 0.23 0.14 1.04
Ca 0.83** -0.44 0.87 6.73
Mg 0.88** -0.06 0.77 5.98
Al 0.18 0.92** 0.88 6.82
H+Al 0.75** 0.62* 0.95 730
SB 0.93** -0.31 0.97 7.47
CEC 0.91* 0.36 0.96 7.40
BS 0.57* -0.80** 0.96 743
m -0.49 0.86** 0.97 7.48
Sand -0.94** -0.15 0.90 6.98
Clay 0.86"* 0.38 0.88 6.78
Silt 0.91** 0.01 0.82 6.37

**Significant at 1%; *Significant at 5%. iBt: index of Bacillus thuringiensis;
OM: organic matter; P: phosphorus; K: potassium; Na: sodium; Ca:
calcium; Mg: magnesium; Al: aluminum; H+Al: potencial acidity; SB:
sum of bases; CEC: cation exchange capacity; BS: base saturation; m:
aluminum saturation.

Ca: 114 (cmol, dm=),0.49 (cmol_dm), Al: 1.87 (cmol_dm),
H+Al: 9.37 (cmol. dm), SB: 1,79 (cmol_ dm~), CEC:
11.15 (cmol_dm=), BS: 16.03 (%), m: 50.44 (%), Sand: 69.86 (%),
Clay: 10.12 (%) and Sil: 20.02 (%); G2 - iBt: 0.00 (%), pH: 4,27,
OM: 141 (dagkg™"),P: 4.71 (mg dm=),K: 0.37 (cmol_dm), Na:
0.04(cmol _dm),Ca: 3.35(cmol_dm), Mg: 1.52 (cmol dm),
Al: 3.29 (cmol, dm), H+Al: 17.05 (cmol_dm-3), SB:
5.28 (cmol, dm™), CEC: 22.33 (cmol,_ dm=), BS:
23.83 (%), m: 36.62 (%), Sand: 24.44 (%), Clay: 27.77 (%)
and Silt: 47.80 (%); and G3 - iBt: 0.30 (%), pH: 4.66, OM:
0.89(dagkg"),P:6.70 (mg dm),K: 0.36 (cmol_dm), Na:
0.05 (cmol_dm), Ca: 2.86 (cmol_dm), Mg: 1.19 (cmol_
dm3), Al: 0.56 (cmol_dm-=), H+Al: 9.49 (cmol_dm-=), SB:
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Figure 2. Biplot showing the association between iBt, chemical
and physical attributes in soil samples in the Maranhdo eastern
Cerrado. Note: High Cos2 values are associated with a color
scale and proximity to the circle of correlations; the warmer
the color (red) and closer to the circle of correlation the greater
the importance of these variables for the interpretation of these
components. iBt: index of Bacillus thuringiensis; OM: organic
matter; P: phosphorus; K: potassium; Na: sodium; Ca: calcium;
Mg: magnesium; Al: aluminum; H+Al: potencial acidity; SB: sum
of bases; CEC: cation exchange capacity; BS: base saturation; m:
aluminum saturation.
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Figure 3. Similarity dendrogram between iBt, chemical and
physical soil attributes in the Maranhdo eastern Cerrado. Notes:
A: Group 1 (G1) in the red line cluster, Group 2 (G2) in the green
line cluster, Group 3 (G3) in the purple line cluster. B: Legend of
the abbreviations SM: Sio Mateus do Maranhdo; AT: Alto Alegre;
CT: Coroata; TB: Timbiras; CD: Codé. Source: Authors.

4.45 (cmol_dm=), CEC: 13.94 (cmol_dm), BS: 32.29 (%), m:
10.61 (%), Sand: 52.65 (%), Clay: 13.45 (%) and Silt: 33.90 (%).

4. Discussion

The soils from these areas feature a sandy texture,
with low organic matter values and base saturation,
and high aluminum concentrations (Sousa et al., 2004;
Donagemma et al., 2016).

The results obtained in this research agree with the work
of Lobo et al. (2018), in the Cerrado in Maranhdo State, the
percentage found in 45 samples was 31.2% of Bt. It is known
that access to substrate and energy sources vary among
microhabitats (Moreira and Siqueira, 2006). In microhabitat,
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however, the percentages found in 1g of Cerrado soil may
point to a minimum amount of environment support for
the survival of Bacillus thuringiensis per gram of soil.

The variation obtained in the index presented therefore
enhancing the fact that in each microenvironment there
is competition for nutrients, beneficial interactions, and
antagonistic inhibitions that can make microbial abundance
restricted or enhanced (Karimi et al., 2019).

The biochemistry of the soil solution is mainly formed
by acid-base and redox reactions (Voroney and Heck,
2015). These reactions can affect the microorganisms in
their enzymatic functions, or can favor one or another
antagonist (Voroney and Heck, 2015). In the analyzed soil,
which s acidic and of low fertility, these results point to the
metabolic adaptability of Bacillus thuringensis, confirming
its characteristic of generalist bacteria and its presence in
various types of soil.

Considering that the soils evaluated are native Cerrado,
whose characteristic is low fertility, with high values
of attributes linked to acidity and aluminum, and low
in basic cations and phosphorus (Amorim et al., 2020),
thus we can justify the contrasting result between the
mentioned chemical attributes and iBt, since there is a
need for an adequate pH and nutrient concentrations for a
satisfactory development of microorganisms (Medhi et al.,
2017), including Bt, as reported in Rabinovitch et al. (2017).
Furthermore, for a good conditions for bacterial growth
includ temperature and pH, so in low value of pH, that
represent high levels of H+Al and Al in soils of Cerrado
could be explain the results founded (Kalsoom et al., 2023).

As for the positive relationship between iBt and sand
content shown in the multivariate analysis, this may be
linked to better aeration and mineral stability that sand
may favor Bacillus thuringiensis. Evidence of this association
of Bt with sand content had already been pointed out by
Hossain et al. (1997), in soils of Bangladesh, which indicates
that the texture may exert some influence on the survival
of Bacillus thuringiensis in the soil.

The contributions, BS and m were the variables that
contributed most to the variability of the principal
components (Table 4). In relation, the response variable,
iBt, the m in the first component has a directly proportional
relationship and inversely in the second component
(Figure 2).

Thus, it can be seen that G2, composed of samples
CT07 and CTO8, presented zero iBt (Table 4) and are located
in soils that have high concentrations of aluminum and
potential acidity (H+Al). High values of Al and H+Al are
characteristic of acidic soils, which act on P fixation by
forming stable compounds and decreasing the availability
of this nutrient, which makes it non-label for plants and
microorganisms (Paul et al., 2017). Moreover, this group
exhibits the highest values of clay, which is also a factor
that contributes to greater P fixation (Zhang et al., 2019).

In a soil with lower phosphorus content, this becomes
a selecting factor that can limit the amount of individuals
of a microbial community as well as its establishment and
development in local soils, besides being a limiting factor for
rare microbial communities (Peng et al., 2021). Therefore,
the lower availability of P may also have contributed to
the absence of Bt in this cluster.
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Phosphorus deficiency limits the reproduction
and productivity of any microorganism, mainly due
to its presence in DNA molecules. In addition, Bacillus
thuringiensis is part of a group of bacteria that is able to
solubilize unavailable phosphate to available phosphate,
thus due to an absence of this attribute in the soil the
metabolism of this bacterium can become inactive
and thus contribute to the decline in population rate
(Delfim et al., 2018).

5. Conclusion

There are a local variation in the Bacillus thuringiensis
population associated with the soil texture of the Cerrado,
with positive relationship between iBt and sand content.

The absence of Bacillus thuringiensis in soils of
Maranhao’s eastern Cerrado is associated with higher
concentration of potential acidity (H+Al) and aluminum (Al).

The groups formed by cluster analysis permitted
differing the characteristics that proportion the presence
(high value of P and low value of Al, H+Al and clay) or
absence (low values of P and high values of Al, H+Al and
clay) of iBt.
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