POLYPHASIC CHARACTERIZATION OF Bacillus
STRAINS ISOLATED FROM MAIZE

Abstract — The use of bioinoculants with plant growth-promoting bacteria
(PGPB) is a sustainable agricultural practice that has been expanding worldwide.
Thus, it is fundamental to characterize these bacteria molecularly to provide
better security and traceability for bioinoculants production. This work aimed to
identify, characterize and develop specific molecular markers for Bacillus strains
related to plant-growing promotion. Five strains were identified as B. pumillus
(B32), B. thuringiensis (B116), B. megaterium (B119) and B. subtilis (B2082
and B2084), using /6S rRNA gene sequencing, MALDI-TOF mass spectrometry
and/or protein crystal detection. Repetitive element palindromic (Rep-PCR) and
amplified ribosomal DNA restriction analysis (ARDRA) techniques allowed the
discrimination of the strains, except B2082 and B2084 that presented identical
genetic profiles, indicating that they are the same or genetically close isolates.
Moreover, specific molecular markers were developed for B116 and B119 strains
and may be used for microbial inoculants quality control, strains traceability and
to detail PGPB colonization.

Keywords: Bacteria, molecular fingerprinting, plant growth-promoting, Zea mays
L.

CARACTERIZACAO POLIFASICA DE CEPAS DE
Bacillus ISOLADAS DE MILHO

Resumo - O uso de bioinoculantes com bactérias promotoras de crescimento de
plantas (BPCP) é uma pratica agricola sustentavel que vem se expandindo em todo
o mundo. Assim, ¢ fundamental caracterizar essas bactérias molecularmente para
proporcionar melhor seguranga e rastreabilidade para a producao de bioinoculantes.
Este trabalho teve como objetivo identificar, caracterizar e desenvolver marcadores
moleculares especificos para cepas de Bacillus relacionadas a promogao de
crescimento de plantas. Cinco cepas foram identificadas como B. pumillus (B32),
B. thuringiensis (B116), B. megaterium (B119) e B. subtilis (B2082 e B2084)
utilizando o sequenciamento do gene /6S rRNA, espectrometria de massas
MALDI-TOF e/ou a deteccdo de cristais proteicos. As técnicas de analise de
elementos repetitivos palindromicos (Rep-PCR) e restrigio do DNA ribossomico
amplificado (ARDRA) permitiram a discriminagdo das cepas, exceto B2082 e
B2084 que apresentaram perfis genéticos idénticos, indicando que s@o iguais ou
isolados geneticamente proximos. Além disso, marcadores moleculares especificos
foram desenvolvidos para as cepas B116 ¢ B119 e podem ser utilizados para
controle de qualidade de inoculantes microbianos, rastreabilidade das cepas e para

detalhar a colonizagdo por BPCP.

Palavras-chave: Bactéria, perfil molecular, promogdo de crescimento de

plantas, Zea mays L.
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Maize crop is one of the main commodities
of Brazilian agribusiness, given its different forms
of use, ranging from animal feed and human food
to the high-tech industry. To obtain high yield in
maize crop, it is necessary to apply several farm
inputs to the soil. Synthetic fertilizers comprise
most of maize production cost and can cause
several adverse environmental impacts, such
as the eutrophication of water sources, soil
degradation, micronutrient deficiency, toxicity to
different beneficial organisms and reduction of
microbiota biodiversity (Li et al., 2017). In this
context, soil management practices and efficient
genotypes, combined with bioinoculants, can be
an efficient and sustainable alternative to mitigate
these problems (Pereira et al., 2020; Santos et al.,
2019). The use of bioinoculants, including the
ones containing plant growth-promoting bacteria
(PGPB), is a sustainable agricultural practice
that has been expanding worldwide and shows
positive results for several crops, including
maize (Anzuay et al., 2017; Santos et al., 2019;
Pereira et al., 2020). Maize can associate with
several species of PGPB, including Bacillus
(Velloso et al., 2019; de Sousa et al., 2020; Paiva
et al., 2020). Bacillus is a heterogeneous group
of gram-positive bacteria widely distributed in
the environment, which comprises 293 species/
subspecies (Patel & Gupta, 2020). Some Bacillus
species are capable to solubilize phosphate
(Bahadir et al., 2018), produce indole-acetic
acid (IAA) and other phytohormones (Mohite,
2013), siderophores (Bjeli¢ et al., 2018), and
control plant pathogens and pest insects (Shafi

et al., 2017). Recently, the first commercial
bioinoculant was released, named BiomaPhos®,
carrying a consortium of two P-solubilizing/
mineralizing Bacillus strains (B. subtilis and B.
megaterium), which was developed by our group
(Paiva et al., 2020). Bioinoculants containing
Bacillus strains are stable in the environment
because of their ability to form spores, allowing
them to adapt to extreme abiotic conditions, such
as temperatures, pH or exposure to pesticides
(Bahadir et al., 2018). Despite isolating and
characterizing strains regarding plant growing-
promotion potential, it is necessary to have a fast
and efficient technique to identify the bacterial
strains in order to provide greater security and
traceability for biological products (Van Elsas &
Boersma, 2011; Reddypriya et al., 2018).

The most commonly employed target for
molecular identification of bacteria is the /65
ribosomal RNA gene (16S rDNA) sequencing,
followed by comparison with genomic databases
(Banik et al., 2015; Fuks et al., 2018; Johnson et
al., 2019). Mass spectrometry by matrix-assisted
laser desorption/ionization with a time-of-flight
analyzer (MALDI-TOF) is another technique
that has been used to discriminate close related
species, including members of the Bacillus genus
(Hotta et al., 2011; Ha et al., 2019).

Amplified DNA restriction
analysis (ARDRA) (Cihan et al., 2012) and
PCR-based techniques using repetitive element
palindromic PCR (Rep-PCR) (Versalovic et

al., 1991) have been used for identification

ribosomal

and taxonomy of prokaryotic microorganisms,
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including Bacillus genus (Kumar et al., 2014).
The DNA sequences are amplified from highly
conserved regions that present multiple copies in
the genome of bacteria and the polymorphic DNA
fragments are compared among the samples.
Several repetitive sequences, such as repetitive
extragenetic palindromes (REP), enterobacterial
repetitive intergenic consensus-PCR (ERIC-
PCR) and repetitive DNA elements (BOX) were
identified and used to study the genetic diversity
of Bacillus in different environments, allowing
phylogenetic studies and discrimination of
genetically close species (Rai et al., 2015; Wang
et al., 2020).

Thus, the objective of this work was
to identify, characterize and develop specific
molecular markers for genetic discrimination of
Bacillus strains previously selected as P-efficient
solubilizing and candidates to be part of maize

bioinoculants.

Material and Methods

Morphological characterization of bacterial
isolates

Bacillus strains B32, B116, B119, B2082
and B2084 were selected from the Collection
of  Multifunctional and Phytopathogenic
Microorganisms of Embrapa Milho e Sorgo for
their ability to solubilize inorganic phosphate in
vitro (Oliveira et al., 2009; Gomes et al., 2014;
Abreu et al., 2017), as well as their plant growth-
promoting capacity (de Sousa et al., 2018;

Ribeiro et al., 2018; de Sousa et al. 2020).

The Bacillus strains, stored in glycerol
15% (v/v) at -80 °C, were reactivated by
streaking on potato dextrose agar - PDA medium
(200 g.L! potato, 20 g.L'! dextrose and 15 g.L"!
of agar, pH 7.0) and incubating at 28 °C for 72 h.
The colonies morphological characteristics and
Gram coloration were evaluated in a microscopy
(Axioplan, Carl Zeiss, Germany) with digital
zoom (Paiva et al., 2013). B116 strain was also
grown in solid Luria-Bertani (LB) medium
and incubated at 29 °C for 72 hours to confirm
its identity. The cells were suspended with 10
mL autoclaved deionized water and used for
determination of protein crystal inclusions by

phase contrast microscopy.

Extraction of genomic DNA

A single colony from each strain was
inoculated into conical tubes containing 3 mL
of Tryptic Soy Broth - TSB medium (17
g.L! peptone casein, 3 g.L! soy peptone, 5 g.L"!
sodium chloride, 2.5 g.L'! dipotassium hydrogen
phosphate, and 2.5 g.L' glucose) and grown
at 28 °C at 150 rpm for 24 h. Subsequently,
the culture was centrifuged at 16,000 x g for
5 min. The supernatant was discarded and
the genomic DNA from bacterial cells was
extracted with the Wizard Genomic DNA
Purification Kit (Promega, USA), according
to the manufacturer’s recommendations. DNA
quantification was performed on a ND-1000 UV/
VIS spectrophotometer (Nanodrop Technologies,
USA) and the samples were diluted to 20 ng.puL".
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Amplification and sequencing of 168 rRNA
gene

The 16S rRNA gene was amplified with
8F and 1492R primers (Turner et al., 1999).
The 1,500 bp fragment was amplified with 20
ng DNA, 1.5 U Tag DNA Polymerase (Kapa
Biosystem, USA), 5% (v/v) DMSO, 0.5 uM of
each primer, 125 uM of dNTPs, 1X reaction buffer
(Kapa Biosystem, USA), and 2.5 mM MgCl,
in a final volume of 20 pL. The amplifications
were performed on a Veriti 96-Well Thermal
Cycler (Applied Biosystems, USA) with initial
denaturation at 95 °C for 2 min, 35 cycles of
30 s of denaturation at 94 °C; 30 s of annealing
at 55 °C; 1 min and 30 s of extension at 72 °C,
followed by a final extension for 10 min at 72
°C. PCR product was verified by electrophoresis
on 1.0% (w/v) agarose gel with GelRed (Biotium
Inc., USA). The amplified fragments were used
for DNA sequencing and restriction enzyme
analysis.

The 16S rRNA gene amplified products
were purified with Exo-Sap enzyme (GE
HealthCare, USA), following manufacturer’s
recommendations. The sequencing reactions
were prepared with Big Dye V3.1 kit (Applied
USA), as
manufacturer. The primers 8F, 1492R and the

Biosystems, recommended by
internal primers 515F (Turner et al., 1999) and
902R (Hodkinson & Lutzoni, 2009) were used
for DNA sequencing. The cycle conditions were
30 cycles of 96 °C for 20 s, 50 °C for 15 s,
60 °C for 4 min. Samples were sequenced on
ABI PRISM 3500xL DNA (Applied Biosystem,

USA) and sequences processed on Sequencher
4.1 program (Gene Codes Corporation, USA).
Nucleotide sequences were compared against the
Genbank database using the BLASTN program
(Altschul et al., 1997).

Amplified ribosomal DNA restriction analysis
(ARDRA)

The 16S rRNA gene sequences from the
five bacterial strains were analyzed in silico for
restriction enzyme sites using NEBcutter V2.0
(http://tools.neb.com/NEBcutter2/)
and then the /6S rRNA amplified products were
digested with 7aq I enzyme (Thermo Fisher, USA)
at 65 °C for 2 h and verified by electrophoresis

software

on 1.0% (w/v) agarose gel stained with GelRed
(Biotium Inc., USA).

Rep PCR - amplification with ERIC and REP-

PCR primers
DNA amplification of the isolates
was performed with primers ERICIR

(5’-ATGTAAGCTCCTGGGGATTCAC-3’) and
ERIC2 (5’-AAGTAAGTGACTGGGGT GAGG-
3’);REPIR (5’-ATTAAAGTTTCACTTT AT-
3’) and REP2 (5’-TTTAATC AGTGGGG-3’)
(Versalovic et al., 1991). The reaction was carried
out in final volume of 20 puL containing 20 ng of
DNA; 1 X reaction buffer; 2.5 mM MgCl; 250
uM of dNTP; 0.5 pM of primer; 5% (v/v) DMSO
and 1.5 U Platinum 7ag DNA Polymerase
(Invitrogen, USA). Amplification was performed
on the Veriti 96-Well Thermal Cycler (Applied
Biosystems, USA) with the following cycles: 95
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°C for 3 min, followed by 40 cycles of 94 °C for 1
min, 45 °C for 1 min, 72 °C for 2 min, and a final
extension of 72°C for 10 min. PCR products were

analyzed by electrophoresis on 1.0% (w/v) agarose
gel stained with GelRed (Biotium Inc., USA).

Development of specific primers based on
genome analysis

Specific primers were designed with the
software Primer 3 Plus (https://primer3plus.
com) based on BIl16 and BI19 genomes
previously  available  (JABXFG000000000.1
and JABXFF000000000.1, respectively). The
specificity of the primers was checked using the
BLAST N on GenBank (Altschul et al., 1997)
and used for the amplification with 40 ng of DNA
(from each Bacillus strain); 4% DMSO (v/v); 0.5
uM of each primer; 250 uM of ANTPs; 1 X reaction
buffer (Invitrogen, USA); 1.5 mM MgCl,and 1.5U
Platinum 7ag DNA Polymerase (Invitrogen, USA)
in a total volume of 20 pL. The cycle was 95 °C for
3 min, followed by 30 cycles at 95 °C for 30 s; 60.5
°C for 30 s; 1 min at 72 °C, and a final extension
at 72 °C for 5 min. A serial dilution of genomic
DNA from B116 and B119 strains (10 ng to 100
pg), mixed with 10 ng of maize DNA extracted
with the Wizard Genomic DNA Purification Kit
(Promega, USA), was performed in duplicate to
analyze primers specificity. The PCR fragments
were confirmed by DNA sequencing as described

above.

Taxonomic analysis by ribosomal protein
profile

The protein profile analysis from the
Bacillus strains was performed by MALDI-
TOF mass spectrometry (Barbuddhe et al.,
2008) at the facility on the National Reference
Laboratory for Aquatic Animal Diseases
(UFMG, Brazil). Mass spectra were processed
with the Bruker Daltonik MALDI Biotype
software package (Bruker, Germany) and the

results were obtained from the best identification

match.

Results
Bacillus colony morphological
characterization

The strains B32 and Bl116

predominantly circular beige colonies with

showed

convex elevation and smooth surface border.
B119 strain presented circular colonies with
giay coloration, convex elevation and a border
with slightly rough surface. The colonies of
B2082 and B2084 isolates were similar, with
a circular shape of beige coloration and a
convex elevation border with smooth surface.
All strains are Gram positive and rod-shaped
(Figure 1).
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Figure 1. Colony morphology (A) and Gram staining (B) of Bacillus strains isolated from maize

grown on Potato Dextrose Agar medium at 28 °C for 72 h.

Identification and bacterial fingerprint The
16S rRNA sequences of bacterial strains showed
lower E-values and an identity greater than 99%
comparing with known species (Table 1), which
corroborated the protein analysis by MALDI-
TOF, confirming that the isolates belong to
the genus Bacillus, identified as B. pumilus, B.
thuringiensis, B. megaterium and B. subtilis
(Table 1).

An alternative for fast characterization
and differentiation of Bacillus strains is ARDRA
(amplified ribosomal DNA restriction analysis)
and Rep-PCR (repetitive element palindromic
PCR with ERIC and REP primers) analyses.
During ARDRA, 16S rDNA sequences from the
five strains were aligned and compared in silico
to search for restriction sites. The restriction
enzyme 7agq I discriminated most of the isolates,
except B2082 and B2084, and it was used in

the digestion of the amplification products of

16S rDNA gene, showing three to five well
discriminated DNA fragments ranging from
100 to 1,000 bp for B32, B116 and B119 strains
(Figure 2A). The amplification of the DNA with
ERIC-PCR primers revealed between two and
nine fragments with sizes ranging from 250 to
2,000 bp, whereas for REP primers, between two
and six fragments with sizes ranging from 200 to
5,000 bp (Figure 2B and 2C). These approaches
allowed the genetic discrimination of the Bacillus
strains, except B2082 and B2084 that showed

identical profiles.

Development of specific molecular markers
Specific primers for detection of B116 (B.
thuringiensis) and B119 (B. megaterium) strains
were developed and their specificities were
confirmed by amplification and sequencing of
single PCR product of 533 and 550 bp, observed
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Table 1. Molecular identification of bacterial strains based on /6S rRNA gene sequencing and protein

profile using MALDI-TOF mass spectrometry

Best alignment with GenBank using Blast N MALDI-TOF
Strain 16S(J DNA Species E-value Similarity Genbank Species Scl;):::l:zlrth
p) (%) Access database*
B32 1,512 Bacillus pumilus 0.0 99.8 KR780583 B. pumilus 2.25
B116 1,416 B. thuringiensis 0.0 99.9 MG733925 B. thuringiensis** 1.96
B119 1,396 B. megaterium 0.0 99.9 MK629317 B. megaterium 2.05
B2082 1,490 B. subtilis 0.0 99.2 NR_102783 B. subtilis 2.05
B2084 1,516 B. subtilis 0.0 99.5 GQ421472 B. subtilis 227

*Values between 2.3 and 3.0 are equivalent to highly probable species identification; scores between 2.0 and 2.29 provide
secure genus identification and probable species identification;and between 1.7 and 1.9, probable genus identification.

** Bacillus thuringiensis confirmed by protein crystal inclusions (data not shown).
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Figure 2. Molecular fingerprinting of the Bacillus strains B32, B116, B119, B2082 and B2084
obtained by A) ARDRA, B) ERIC and C) REP primers. MM = 1 Kb plus DNA ladder (Invitrogen,
USA). The red rectangles highlight the identical profiles of B2082 and B2084 strains.
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only in B116 and B119 strains, respectively Discussion
(Figure 3). The PCR assays with developed

primers were sensitive enough to detect as little

as 1 pg of genomic DNA for B116 and 100 fg for focused their attention on sustainable agriculture
B119 strain (Figure 3). by exploiting beneficial microbes in order to

Scientists from all over the world have

increase the contribution of bioinoculants to
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Figure 3. Amplification products with strain-specific primers. A) PCR product amplified with specific
primers for B116 strain (Bacillus thuringiensis); B) PCR product with specific primers for B119
isolate (B. megaterium), C) Detection limit of primers specific for B116 strain and D) Detection
limit of primers specific for B119 strain. M: maize DNA (10 ng). The values represent bacterial DNA
quantity in ng used in PCR reaction containing 10 ng of maize DNA. WC: water control. MM = 1 Kb
plus DNA ladder (Invitrogen, USA). The red arrows indicate specific PCR products.
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increase food, animal feed and biofuel production.
Quality is one of the major concerns of bioinoculant
technology which often leads to poor performance
in the field and thereby loses the farmers’ faith
(Reddypriya et al., 2018). Strain authentication
and detection of contaminants and pathogens for
plant, animal, and human should be reinforced to
ensure and control the quality of the bioinoculants
produced (Soumare et al., 2020).

To address this issue, we explored different
molecular techniques to characterize five Bacillus
strains with plant growth-promotion capacity.
Initially, we uncovered significant phenotypic
differences among colonies on PDA medium.
Bacillus species show a very wide range of
colonial morphologies, both within and between
species. Medium composition and other incubation
conditions have a strong influence on colony
morphology (Claus & Berkeley, 1986). Despite
this diversity, Bacillus colonies on routine media
are not generally difficult to recognize (Logan &
De Vos, 2015). The colony morphology is a useful
tool for a first screening, but normally it is not
enough for the discrimination and/or identification
at specie level. However, morphological
description is useful, associated with molecular
analyses and phylogenetic studies to perform a
correct identification of the microorganisms (Silva
etal., 2016a).

These isolates were confirmed as belonging
to Bacillus genus by 16S rRNA gene sequencing,
the most commonly used method to identify
bacteria and construct phylogenetic trees (Johnson

et al.,, 2019). In some cases, due to the high

percentage of sequence similarity, its resolution
is limited, especially in species level. For
example, eight species genetically close to B.
subtilis could not be discriminated using /6S
rRNA gene sequencing as the gene sequence
similarities between the strains were 98.1—
99.8% (Wang et al., 2007). In our work, long
length 716S rRNA gene sequencing was used,
which provided higher species-level resolution
and accuracy and, when compared against
sequences deposited in GenBank database,
allowed Bacillus species identification. Our
data were also confirmed by the MALDI-TOF
approach that analyzes the profile of proteins,
producing a spectrum characteristically derived
mainly from ribosomal proteins of bacterial
cells. Identification of Bacillus species through
MALDI-TOF has been conducted for several
years and is often applied to important clinical
pathogens like B. anthracis and B. cereus (Jeong
et al., 2013; Weller et al., 2015). Fernandez et
al. (2013) compared the efficacy of proteomic
approaches and nucleotide sequencing in
the identification of Bacillus species. Their
analysis concluded that MALDI-TOF was a
good complementary approach to /6S rRNA
sequencing and even more accurate in the
classification of Bacillus species, especially for
differentiating B. subtilis and B. cereus from
B. amyloliquefaciens and B. thuringiensis,
respectively.

Bacteria of the genus Bacillus are gram-
positive, rod-shaped, and either aerobic or

facultative anaerobes. They are characterized
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by their multilayered cell walls and their
ability to form endospores resistant to various
abiotic factors, such as heat, cold, extreme pH
conditions, pesticides and fertilizers (Toyota,
2015). These features allow for the occupation
of several agroecosystems and are favorable in
the development of bioinoculants (Bahadir et al.,
2018). In the present study, the isolate B32 was
identified as B. pumilus, a species that has been
reported as aerobic, as well as having antifungal
activity (Kaushal et al., 2017; Cruz et al., 2018).
On the other hand, the isolate B116 was identified
as B. thuringiensis, a bacterium that normally
produces insecticidal crystal proteins against
several insects, nematodes, protozoa and mites,
being the species most widely used as biopesticide
(Chattopadhyay et al., 2004; Sanahuja et al.,
2011). In addition, under microscopy, it was
possible to visualize the formation of protein
crystal inclusions in the B116 strain (data
not shown), which are the main taxonomic
characteristic used in the differentiation of
B. thuringiensis from other Bacillus species
(Cherif et al., 2007). The species B. megaterium
(B119) and B. subtilis (B2082 and B2084) have
been reported to be efficient in phytopathogen
biocontrol (Egamberdieva et al., 2017; DeFilippi
etal., 2018) and in the amelioration of water stress
tolerance in maize (Lima et al., 2019). Moreover,
strains of the Bacillus genus isolated from both
rhizospheric and endophytic sources have been
reported to be efficient in growth-promoting of
several plant species, including maize, whose

main mechanism is normally associated with

phosphate solubilization, indole acetic acid
production and/or nitrogen fixation (Kumar et
al., 2014; Silva et al., 2016b; Bodhankar et al.,
2017; Khati et al., 2018; de Sousa et al., 2020).

The results based on ARDRA, ERIC and
REP-PCR identified DNA polymorphisms and
allowed for the strain differentiation, indicating
that these approaches have a high discriminatory
power. Only strains B2082 and B2084 (5.
subtilis) presented the same profile, indicating
that they probably refer to either the same or
genetically close isolates. ARDRA and Rep-PCR
are capable of revealing polymorphism in the
DNA fragments, making them useful for a quick
and detailed analysis of the genetic diversity
(Versalovicetal., 1991). These methods have been
used for the differentiation of bacterial species,
including the identification of isolates with plant
growing-promotion characteristics (Kumar et
al., 2014; El-Sayed et al., 2014), or even in the
characterization of strains within Bacillus species.
For example, Sato et al. (2017) discriminated
strains of B. coagulans using a combination of
the MALDI-TOF and rep-PCR analysis. The
use of different fingerprinting techniques, such
as rep-PCR (REP, ERIC and BOX-PCR) is an
interesting strategy to discriminated Bacillus
from environmental samples (Kumaretal.,2014).
The main advantage of these DNA fingerprinting
approaches, in contrast to 16S rDNA region
sequencing, is their wide coverage of genetic
diversity as they amplify regions distributed
throughout the bacterial genome.

PCR assays with specific primers for
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the B116 and B119 strains demonstrated high
sensibility without interference from maize DNA.
Specific primers are useful in the detection and
quantification of microorganisms. Oliwa-Stasiak
et al. (2010) developed a PCR assay for the
identification of B. cereus group species, based
on a unique conserved sequence of the motB
gene (encoding flagellar motor protein), with
detection limit equal to 1 pg. A DNA PCR assay,
based on the glucanase gene, was developed for
discrimination of B. subtilis, with a detection
limit as little as 500 fg of DNA (Ashe etal., 2014).
The primers developed in the present study will
be useful for the rapid identification of B116 and
B119 strains.

Integrative approaches among /6S rDNA
sequencing, mass spectrometry, rep-PCR and
protein crystal inclusions presence allowed the
identification and discrimination of Bacillus
species. The information generated can be useful
for bacterial traceability, quality control of
bioinoculants production, protecting commercial
isolates against misuse by third parties, aside
from contributing to the understanding of
the mechanisms associated with bacterial
colonization and plant growth-promotion. In
addition, knowledge of the genetic profile of the
Bacillus strains may contribute to the generation
of a genetic profile database that will help in
the genetic certification of the strains through

governmental regulatory policies.
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