ISOLATION AND IDENTIFICATION OF BROAD-
SPECTRUM ANTAGONIST BACTERIA AGAINST

PATHOGENIC FUNGI OF MAIZE CROP
Brazilian Journal of Maize and 5orghum ABSTRACT - Fungal diseases may cause significant damage to crops worldwide,
generating yield losses, poor grain quality, and health risks to humans and animals.
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Biological control using antagonistic bacteria offers innovative solutions for sustainable
management aiming at plant protection. However, beneficial plant-microorganism
interactions are particular, and few antagonists with broad-spectrum activity have been
reported. In this work, two bacteria isolated from sorghum seeds were identified by
partial sequencing of the 16S rRNA gene and tested in vitro for their capacity to control
six important pathogenic fungi of maize: Fusarium verticillioides, Macrophomina
phaseolina, Stenocarpella sp., Fusarium graminearum, Colletotrichum graminicola,
and Bipolaris sp. The molecular identification revealed that the bacterial isolates belong
to the genera Bacillus (strain LIS05) and Paenibacillus (strain LIS04). Both bacterial
isolates inhibited the growth of all six phytopathogens by at least 49%. The isolate LIS05
showed the most significant antagonistic potential against the fungal pathogens tested,
at an average of 73% inhibition. The highest antagonist activity (86.1% inhibition) was
observed in the confrontation test between the isolate LIS05 and C. graminicola. In
addition to the mycelial growth inhibition, the isolate LIS04 blocked the production of
dark pigments by Bipolaris sp. This study showed that LIS05 and LIS04 are promising
alternatives for developing integrated management strategies to control fungal diseases
in maize and sorghum.

Keywords: Zea mays, phytophatogenic fungi, biocontrol, Bacillus sp., Paenibacillus
sp.

RESUMO - ISOLAMENTO E IDENTIFICACAO DE
BACTERIAS ANTAGONISTAS DE AMPLO ESPECTRO
CONTRA FUNGOS PATOGENICOS DO MILHO

RESUMO - As doengas fungicas podem causar danos significativos as culturas em
todo o mundo, gerando perdas de rendimento, ma qualidade dos graos e riscos a saude
de seres humanos e animais. O controle biologico utilizando bactérias antagonistas
oferece solugdes inovadoras para um manejo sustentavel visando a protegao das plantas.
No entanto, as interagdes benéficas planta-microrganismo sdo particulares, e poucos
antagonistas com atividade de amplo espectro foram relatados. Neste trabalho, duas
bactérias isoladas de sementes de sorgo foram identificadas por sequenciamento parcial
do gene 16S rRNA e testadas in vitro quanto a sua capacidade de controlar seis fungos
patogénicos relevantes na cultura do milho: Fusarium verticillioides, Macrophomina
phaseolina, Stenocarpella sp., Fusarium graminearum, Colletotrichum graminicola e
Bipolaris sp. A identificagdo molecular revelou que os isolados pertencem aos géneros
Bacillus (cepa LIS05) e Paenibacillus (cepa LIS04). Ambos os isolados inibiram em
pelo menos 49% o crescimento de todos os seis fitopatdgenos testados. O isolado LIS05
apresentou o maior potencial antagonista contra os fitopatogenos, com média geral de
73% de inibi¢do. A maior atividade antagonista (86,1% de inibi¢do) foi observada no
teste de pareamento entre o isolado LIS05 e o fungo C. graminicola. Além de inibir o
crescimento micelial, o isolado de LIS04 inibiu a produgdo de pigmentos escuros pelo
fitopatogeno Bipolaris sp. As bactérias Bacillus sp. (cepa LIS05) e Paenibacillus sp.
(cepa LIS04) sdo promissoras para o desenvolvimento de novos bioprodutos para uso
na agricultura. Esse estudo mostrou que LISO5 e LIS04 sdo alternativas promissoras
para o desenvolvimento de estratégias de manejo integrado de doencas fingicas nas
culturas do milho e do sorgo.
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Maize is the second most important crop
in the Brazilian agricultural scenario, surpassed
by soybean (CONAB, 2022). Although Brazil
is one of the world’s largest maize producers,
its average productivity is still lower than
the leading producer countries. This scenario
has been attributed to factors affecting maize
yield, including soil type, low fertility, water
stress, sowing period, hybrid yield potential,
weeds competition, insect attack, and diseases
(Barroso et al., 2017). Crop damages and yield
losses caused by fungal diseases have raised
concerns for producers and technicians (Lanza
et al., 2012), affecting the quantity and quality
of the grains produced (Nguyen et al., 2017).

It is estimated that more than 15% of all
losses in agricultural production worldwide
are due to plant diseases, with more than 70%
being caused by fungi (Dobrzynski et al.,
2023; Asad, 2022; Liu et al., 2017). Diseases
are the second cause of grain deterioration
in maize, bypassed only by insect attacks.
Contamination of grains by fungi can occur
at any stage of the productivity chain. It may
be influenced mainly by factors such as the
physical and sanitary condition of the grains,
storage conditions, presence of insects and
mites, climatic conditions, water availability,
the chemical composition of grains, and
agricultural practices, among others (Silva et
al., 2017).

Symptoms of maize diseases in the field
are often observed in plants and are caused by

various phytopathogens. Stem rot caused by

Fusarium verticillioides, Fusarium graminearum,

Stenocarpella  maydis, and  Colletotrichum
graminicola are currently considered the most
important diseases of maize due to the damages,
yield losses, and reduction of grain size and
quality they cause to the crop (Reis & Casa,
1996; Wordell Filho & Casa, 2010; Sabato &
Fernandes, 2014; Pfordt et al., 2020). In addition,
these phytopathogens also cause ear rot with the
formation of burnt kernels, resulting in a reduction
of the product’s value in the market since a
percentage referring to the presence of these grains
is deducted from the sale value. (Silva et al., 2015).
In addition, burned grains have a high reduction in
their nutritional value, besides lighter than healthy
grains, leading to a reduction in productivity
(Costa et al., 2011).

Fusarium and F.

graminearum cause seedling death and ear-, root-

verticillioides

and stem rot, leading to loss of productivity and
grain quality worldwide (Munkvold, 2003). Both
species produce mycotoxins, toxic metabolites
harmful to humans and animals that consume
the contaminated grains (Deepa & Sreenivasa,
2017; Blacutt et al., 2018). Fumonisins are the
most common mycotoxins associated with F.
verticillioides (Lanza et al., 2014; Pitt, 2014;
Blacutt et al., 2018), while deoxynivalenol (DON)
and nivalenol (NIV) of the type B trichothecene
group are frequent in F. graminearum (Munkvold
1997).

by mycotoxins may constitute an obstacle to

& Desjardins, Grain contamination
international trade due to phytosanitary barriers

imposed by consumer countries with strict control
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of'the maximum permitted limits of mycotoxins
in imported products (Mulunda et al., 2013).
Along with rot diseases caused by
Fusarium species, the white ear rot caused by
Stenocarpella maydis is the primary disease
affecting maize ears in Brazil, with losses
greater than 70% (Costa, 2013). Stenocarpella
maydis causes ear rot in almost all countries
where maize is cultivated, thus, a growing
concern worldwide (Rossouw et al., 2009).
This phytopathogen is also responsible for
leaf spots seed- and stem rot. Stem rot impairs
the plant’s normal development and weakens
the base of the stem, resulting in lodging and
premature death of the plants (Shurtleft, 1992;
Reis & Casa, 1996; Sabato & Fernandes, 2014;
White, 1999; ). When the plant is lodged, the
ear comes into direct contact with the soil,
favoring contamination by storing fungi and
compromising grain quality (Casa et al., 2000).
Macrophomina phaseolina is also a
critical phytopathogen of maize causing the
disease known as macrophomina rot or gray
rot, whose symptoms are characterized by
black lesions on the roots and stems of infected
plants, which can progress to wilting, falling
plants and until an early death. When death
does not occur, the plants wilt, drop leaves and
reduce productivity. (Singh et al., 1990, Costa
et al., 2019). Colletotrichum graminicola 1is
another permanent fungus species in the maize
crop, causing the stem rot known as stem
anthracnose. This phytopathogen can infect

all plant parts, resulting in different symptoms

on the leaves, stem, ear, roots, and tassel (White,
1999). The fungus colonizes the stem tissues,
reducing the absorption of water and nutrients, thus
reducing weight and compromising the regular
filling of the grains, which results in significant
yield losses (Parreira et al., 2016). Bipolaris
maydis affect maize crops in hot and humid regions
around the world, causing the foliar disease known
as bipolaris spot (Costa et al., 2014). The increase
of lesions on the leaf surface consequently impairs
the photosynthetic area of the plants, generating
losses or reductions in crop productivity (Agrios,
2005). Losses were more significant than 70%
reported in temperate regions and hot and humid
tropical areas, where bipolaris spot occurs more
severely. In Brazil, high disease severity was
detected in some states, such as Rondonia, Mato
Grosso, Goias, and Tocantins (Costa et al., 2014).

Biological control involves using organisms
that interfere with developing pathogens and plant
pests. Biological control is a natural tool and an
eco-friendly alternative to overcome the hazards
of chemical methods for plant protection (Saito et
al.,2009; Brito et al., 2013). Thus, microorganisms
with antagonistic activity may depict a promising
approach for fungal disease management besides
their simple cultivation, environmental safety, and
low-cost compared to conventional methods (Silva
etal.,2003; Britoetal.,2013). Antagonistorganisms
can prevent the growth of phytopathogenic fungi
through different modes of action, such as releasing
toxic substances into the environment, such as
antibiotics and extracellular hydrolytic enzymes

(chitinases, cellulases, glucanases, proteases, and
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lipases (Mabood et al., 2014). In addition,
many microbial biological control agents
induce the plant defense mechanisms against
pathogens by acting as elicitors that induce a
signal to stimulate the plant defense mechanism
against pathogens (Zehra et al., 2021), or
controlling phytopathogens by mycoparasitism
(Deacon, 1980). Currently, biological control
using antagonistic microorganisms has been
consolidating as a viable alternative to control
the development of phytopathogens in different
crops (Tariq et al., 2020).

Antagonistic microorganisms can be
isolated from soil (rhizosphere) or different
parts of plants (epiphytic and endophytic) of
different species. On the other hand, isolating
native microorganisms increases the efficiency
ofbiological control, as they present adaptations
to compete and survive in their original
environment (Figueroa-Lopez et al., 2016).
Therefore, in this work, epiphytic bacteria
isolated from sorghum seeds without apparent
fungal growth were selected for in vitro tests
against F. verticillioides since it constitutes one
of the primary source of grain contamination.

Many strategies have been proposed
to control these phytopathogens (Khan et al.,
2017), including a promising alternative to
biological control (Rahman, 2018). This strategy
has the advantages of being environmentally
safe and inexpensive compared to conventional
methods for controlling fungal diseases (Brito
etal., 2013).

Among the bacterial genera used as

biocontrol agents, many species of Bacillus and
Paenibacillus stand out (O’Brien, 2017; Padda et
al., 2017; Bonaterra et al., 2022). Bacteria from
these groups have unique traits, such as producing
secondary bioactive metabolites with antagonistic
activity against pathogenic fungi and bacteria,
giving them a valuable advantage as biological
control agents (Saharan and Nehra, 2011). In
addition, producing spores resistant to heat and
drying is another crucial advantage for choosing
Bacillus and  Paenibacillus in commercial
formulations. This trait ensures more remarkable
survival of the strains under field conditions and
extends the shelf life of the inoculants compared
with the agrochemicals lifetime (Wu et al. 2015).

Most studies involving biological control
have been characterized by evaluating the
effectiveness of a single biocontrol agent against a
single phytopathogen (Wilson & Backman, 1999;
Bressan, 2003; Domenech et al., 2006; Bressan &
Figueiredo, 2010; Lietal. 2011; Koberl etal. 2013;
Prabhukarthikeyan et al., 2014; Abdullah et al.,
2017). However, under natural conditions, several
diseases often occur in the same culture during its
life cycle. Therefore, tests with at least the most
relevant phytopathogens of a culture can increase
the chance of success of a bioformulation. Thus,
in this study, two bacterial isolates from sorghum
seeds were tested in vitro for antagonistic activity
against six phytopathogenic fungi of different

genera frequently infesting maize crops.
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Material and Methods

Microorganisms and culture conditions

In the study, the phytopathogenic strain
CML 2778 of Fusarium verticillioides from the
Mycological Collection of the Federal University
of Lavras/MG (CML), and the phytopathogens
Macrophomina  phaseolina,  Stenocarpella
sp., Fusarium graminearum, Colletotrichum
graminicola, and Bipolaris sp. from the
Phytopathology Laboratory of Embrapa Maize
and Sorghum (CNPMS) were tested.

Seed

bicolor L.) were collected in the experimental

samples of sorghum (Sorghum
field of Embrapa Milho e Sorgo, located in
the Cerrado region in Sete Lagoas/MG. In the
laboratory, the hundred seeds were disinfected by
immersiong in a 3% (v/v) hypochlorite solution
for 5 minutes, followed by three washes with
deionized water. After this procedure, the seeds
were placed in gerbox plastic boxes, measuring
11 x 11 x 3 cm, containing three layers of filter
paper moistened with sterile deionized water.
For each treatment, 100 seeds were distributed
in four replicates of 25 seeds per box. The boxes
were incubated at 22 + 2 °C, with a 12-h light
photoperiod. Seed with visible bacterial mass
without mycelial growth were used for bacterial
isolation (Figure 1). Samples of bacterial mass
were collected using sterile platinum loops and
inoculated through streaks on the surface of
plates containing TSA Soy Triptone Agar culture
medium (Kasvi, Brazil). Colonies with different
characteristics

macromorphological were

collected and purified until pure cultures were
obtained. Afterward, the isolated colonies were
stored at -20 °C and -80 oC in TSB Tryptone Soy
Broth with 20% glycerol, and deposited in the
Embrapa Maize and Sorghum Microorganism
Collection (CMMF).

In vitro antagonist test of bacterial isolates
against phytopathogenic fungi

The in
phytopathogens was evaluated by the Direct

vitro  antagonism  against
Confrontation (DC) test using a solid medium
according to methodology adapted from Sagahon
et al. (2011). Initially, a 5 mm disk from the
edge of the pure culture of the pathogen, grown
for seven days in Potato Dextrose Agar (PDA)
medium, was transferred to the center of a Petri
dish (90 mm in diameter) containing the same
medium. At four points equidistant from each
other and from the center, 10 puL of bacterial
suspension was
concentration of 108 CFU/mL, grown for 24 h at

28 °C. The test was performed in triplicate, and

added at an approximate

the control was composed of plates containing
only the phytopathogen. The measurement of the
radius of the phytopathogen colony was carried
out in the presence and absence of the antagonist
microorganisms when the entire surface of the
medium was colonized by the pathogen in the
control treatment, approximately seven days
after incubation at 28°C with a photoperiod of 12
hours of light. The inhibition by the isolates was
calculated concerning the mycelial growth in the

control plate according to the formula:
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Figure 1. Sorghum seeds collected from plants growing in the experimental area of Embrapa Maize

and Sorghum Research Center showing different degrees of colonization by bacteria and filamentous

fungi. The arrows show the seeds with bacterial mass without apparent fungus infestation.

1Z(%) = (N1 — N2) x 100
N1

Where: [IZ| = Inhibition Zone; N1= mycelial

radius in the absence of antagonist; N2=mycelial

radius in the presence of antagonist (Campanile
et al., 2007).

Molecular identification of the bacterial
isolates
DNA extraction

The DNA extraction 16S rRNA

amplifications of the bacterial isolates were
performed according to Diniz et al. (2022),
using pure cultures grown in Luria Bertani

liquid medium at 28 °C for 24 h under agitation

at 150 rpm. After this period, the culture was
centrifuged at 16,000 rpm, and the supernatant
was discarded. Genomic DNA extraction was
performed with the kit Wizard® Genomic
DNA Purification (Promega, EUA), following
DNA
integrity was assessed by electrophoresis on a
1% (w/v) agarose gel in 1X TAE buffer (10 mM
Tris, 20 mM acetic acid, and one mM EDTA;
pH 8.0), stained with GelRed solution (Biotium,
USA). The DNA samples were visualized

in a Transilluminator under UV light and

the manufacturer’s recommendations.

photographed in the Gel Logic 200 equipment
(KODAK Company, USA). DNA quantification
in an ND-1000 UV/VIS

spectrophotometer (NanoDrop Technologies,

was performed

USA), and the samples were diluted to a
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concentration of 20 ng/uL.

16S rRNA gene amplification

PCR reactions were made with the
universal primers 8F and 1492R (Lane et al.,
1985; Turner et al., 1999). DNA amplification
was performed with a final reaction volume of
20 pl, containing 2 uL of DNA (20 ng/uL); 2
pL 10X reaction buffer (Invitrogen); 1.0 pL of
deoxynucleotide triphosphate (ANTP) 2.5 mM
each; 4 uL of Dimethylsulfoxide (DMSO) 20%
(v/v); 0.8 uL of each primer (10 uM); 0.2 puL of
Taq DNA Polymerase 5 U/ uL-1 (Invitrogen),
0.6 uL of 50mM MgCl2, and 8.6 pL of ultrapure
water. Amplification was performed in a Veriti
thermocycler (Applied Biosystems, USA) with
initial denaturation at 95 °C for 2 minutes,
followed by 30 cycles of denaturation at 94 °C
for 30 seconds, annealing at 59 °C for 30 seconds,
extension at 72 °C for 1 minute and 30 seconds
and a final extension of 10 min at 72 °C. The
PCR product was subjected to electrophoresis
on a 1% agarose gel (w/v) for one hour at 100 V
in 1X TAE buffer. The gel was stained with Gel
Red solution (Biotium, USA), visualized under
UV light, and photographed in the Gel Logic
200 equipment (KODAK Company, USA).

DNA sequencing

Theamplified DNA fragments were purified
with 4 pL of Exo-Sap enzyme (GE HealthCare,
USA) in a 15 pL product of the PCR reaction.
Then, the samples were incubated at 37°C for 30

minutes and 80°C for 15 minutes. Sequencing

reactions were performed with 4 pL of purified
PCR product, 1 pL of primers 1492R, 8F, 902R,
or 515F (Laneetal., 1985; Turneretal., 1999),0.5
uL Big Dye V3.1 (Applied Biosystems, USA),
1.75 pL of reaction buffer (Applied Biosystems,
USA) and 2.75 pL of ultrapure water. Then, the
plates were incubated in a thermocycler under
the following conditions: 96 °C for 1 minute, 96
°C for 2 seconds, 50 °C for 15 seconds, 60 °C for
4 minutes, repeated 30 times. After the end of the
reaction, 60 pL of absolute ethanol plus 5 pL of
EDTA (125 mM) were added. Then, the samples
were homogenized and incubated in the dark for
15 minutes at room temperature. After this time,
the samples were centrifuged at 4.000 rpm for
45 minutes. The supernatant was discarded, and
100 pL of 70% (v/v) ethanol was added to each
sample. Again, the samples were centrifuged
at 4.000 rpm for 10 minutes. Then, the ethanol
was discarded, and the samples were centrifuged
upside down at 300 rpm with low acceleration
and deceleration. Subsequently, they were
placed in an oven at 65 °C for 3 minutes or
until complete drying. Finally, 10 pL of HI-DI
formamide (Applied Biosystems, USA) were
added to each sample, followed by denaturation
in a thermocycler at 95 °C for 5 minutes. The
samples were analyzed in the DNA sequencer
model ABI PRISM 3500xL Genetic Analyzer
(Applied Biosystem, USA), and the sequences
obtained were aligned using the Sequencher
4.1.4 program (Genes Codes Corporation).

The isolates were identified by sequence
the Center for

comparison to National

Revista Brasileira de Milho e Sorgo, v.22, e1342, 2023
DOI: https://doi.org/10.18512/rbms2023v22e1342



8 Diniz et al.

Biotechnology Information (NCBI) database
using the BLASTN program (http://blast.ncbi.
nlm.nih.gov). The sequences were deposited

in Genbank and received the following access
codes: OR542589.1 and OR548005.1.

Results and Discussion

Identification of bacteria isolated from
sorghum seeds and antifungal activity

During an experiment aiming to isolate
pathogenic fungi from sorghum seeds, the
observation of seeds completely colonized by
fungi and seeds without fungi but colonized
by bacteria indicated that those bacteria were
antagonists of seed-colonizing or saprophytic
fungi. Thus, the seeds without fungi were selected
for further experiments. After the bacterial
colonies grew in the medium, two colonies were
replicated until pure colonies isolation.

The two bacterial isolates showed a broad
spectrum and high growth inhibition activity
against the six phytopathogenic fungi relevant
to the maize crop: Fusarium verticillioides,
Bipolaris sp., C. graminicola, F. graminearum,
M. phaseolina and Stenorcapella maydis (Figure
2, Table 1.). Both bacterial isolates showed
inhibition values above 49% (Table 1). As
expected, the inhibition zone was not observed
in plates used as a negative control, where fungal
mycelia covered the entire surface of the culture
medium. The Bacillus isolate LISOS statistically
showed the highest percentages of inhibition

of the five phytopathogens (overall average of

73% inhibition). The highest overall inhibition
percentage was also observed with the isolate
(LISOS5) against the fungus C. graminicola
(86.1%), which causes anthracnose disease in
maize.

Plants face constant challenges against
fungal diseases in their natural environment,
and several diseases caused by different
phytopathogens may occur in the same crop
throughout its life cycle (Fernandes et al., 2021).
However, most studies involving biological
control start by evaluating the effectiveness
of a single biocontrol agent against a single
phytopathogen in a single host-single disease
system (Wilson & Backman, 1999; Bressan,
2003; Domenech et al., 2006; Bressan &
Figueiredo, 2010; Li et al. 2011; Koberl et al.
2013; Prabhukarthikeyan et al., 2014; Abdullah
et al., 2017).

community shelters abundant microorganisms

However, the rhizosphere

and small animals living in complex interactions
with surrounding plants (Praeg & Illmer, 2020;
Liu et al., 2023). Environmental conditions, soil
types, plant species, and even cultivars of crops
modulate the microbial community, making it a
highly dynamic micro-ecossistem (Jiang et al.,
2017). In addition, almost every time, plants in
natural environments face attacks of multiple
pathogens. Unfortunately, in vitro studies in
laboratories cannot reproduce the myriad of
parameters defining the complex rhizosphere
environment. Therefore, evaluating the isolates
selected in this work regarding the potential

to inhibit different pathogens can contribute to
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LISO5 Bipol

Colletotrichum graminicola

LISOS

Figure 2. Antagonistic activity of Paenibacillus sp. LIS04 and Bacillus sp. LIS05 against
phytopathogenic fungi relevant to the maize crop: Bipolaris sp., Colletotrichum graminicola, Fusarium

graminearum, Macrophomina phaseolina, Stenorcapella maydis, and Fusarium verticillioides.
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selecting broad-spectrum agents effective against
different pathogens that cause plant diseases.

The two bacterial isolates with antagonist
activity were identified by partially sequencing
the 16S rRNA gene and compared with nucleotide
sequences deposited in Genbank. The result
revealed that the isolates belong to the genera
Bacillus (LIS05) and Paenibacillus (L1S04), with
similarity values above 98%. Bacteria of these
two genera are non-pathogenic, gram-positive,
aerobic, form endospores, are widely found in
the most diverse agricultural systems, and form
symbiotic interactions with plants (Tsotetsi et al.,
2022). Several Bacillus strains are being used as
biological pesticides (Dominguez-Arrizabalaga
et al., 2020), plant growth-promoter (Blake
et al.,, 2021; Gohil et al., 2022), abiotic stress
(Lastochkina, 2019), biofungicides (Lastochkina
et al., 2019; Bonaterra et al., 2022; Nievierowski
et al., 2023), and nematicidal (Hussain et al.,
2020; Zhou et al.,, 2022). The antagonistic
potential of Paenibacillus for a wide range of
pathogenic fungi, such as Fusarium sp., is well
documented (Hsu et al., 2017; Luo et al., 2018;
Li & Chen, 2019). In addition to their biocontrol
activity, representatives of the genera Bacillus
and Paenibacillus also directly promote plant
growth and health through phytostimulatory and
biofertilizer characteristics (Kavamura et al.,
2013; Abdel-Rahman et al., 2017; Vurukonda et
al., 2018), and Its ability to form durable, heat-
resistant endospores allows for easy formulation
(Emmert & Handelsman, 1999; Adesemoye et
al., 2009).

A notable effect observed in this study
was the inhibition of the production of dark
pigments by the hyphae of Bipolaris sp. by
metabolites secreted by the isolate (LIS04) of
Paenibacillus sp. (Figure 3).

Melanin production is related to fungi
pathogenicity (Butler et al., 2001; Aranda et
al., 2023) and confers survival and adaptation
advantages in extreme environmental
conditions (Nosanchuk & Casadevall, 2003).
Melanized fungi are more resistant to lysis
caused by cell wall-degrading enzymes
released by antagonistic microorganisms,
especially in soil. As demonstrated by Butler et
al. (1989), the cellular integrity of a melanized
fungus was maintained in the presence
of high concentrations of lytic enzymes
for several days, while its albino mutants
(without melanin) were destroyed in a matter
of minutes. Controlling a pathogenic fungus
by interfering with its infection mechanism
is an exciting strategy, as it does not involve
interference in biological processes common
to other organisms and causes fewer effects
on the host plant. (Jennings et al., 2000).
Thus, the inhibition of melanin synthesis by
LIS04 is a vital control mechanism that must
be considered when selecting antagonists to
develop new biofungicides.

Diseases caused by fungi in maize crops
have been a serious problem worldwide, and
different strategies have been proposed to
control these pathogens (Khan et al., 2017).

Biological control has been presented as a
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Figure 3. Inhibition of melanin production by the phytopathogen Bipolaris sp. by the antagonist

bacterium LIS04 of Paenibacillus sp. Growth on the control plate of the phytopathogen Bipolaris

sp. with the production of dark pigments (A). Inhibition of fungus and pigment production by

Paenibacillus sp. LIS04 (B).

promising alternative in this case (Rahman,
2018), as it has the advantages of being safe
for the environment and low cost compared to
conventional treatment methods (Brito et al.,
2013). In this work, the in vitro selection method
made it possible to evaluate bacteria of the genera
Bacillus and Paenibacillus with broad-spectrum
antagonistic potential more quickly and at a
lower cost. Furthermore, it allowed us to identify
another possible mechanism of action used by
antagonists: the inhibition of the production
of dark pigments by the phytopathogen. These
results open new perspectives for using LIS04
and LISO5 strains to develop multifunctional

biofungicides.
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