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ABSTRACT

Background/Objective. The genus Fusarium comprises some of the most important
phytopathogenic fungi affecting maize crops. Fusarium cause diseases such as root, stalk, and ear
rot, agricultural productivity. In the search for

agrobiotechnological alternatives for controlling this fungus, this study was aimed to evaluate the

which negatively impact the crop's

antagonistic potential of Parkinsonia aculeata rhizobacteria against Fusarium spp. strains associated
with native maize varieties from the Bajio region of Mexico.

Experimental development. Two strains of Fusarium spp. (MC-03 and MC-05), isolated from
roots of native maize varieties from the Bajio region of Mexico, exhibiting Fusarium wilt symptoms,
were used. These fungi were tested in vitro against nine rhizobacteria of P. aculeata: Enterobacter
cloacae (BA1), Priestia megaterium (BA4 and BA-7B), Sinomonas halotolerans (BA10-B),
Staphylococcus warneri (BPS), P. endophytica (BP6), Bacillus subtilis (TP1 and TP2), and S.
hominis (TM6). Microscopic and macroscopic characterization of the fungal strains and biochemical
analysis of the rhizobacteria were performed. Radial growth inhibition of the fungal isolates was
determined by triplicate dual fungus-rhizobacteria confrontations. A completely randomized design
was used, analyzing the data obtained in the STATISTICA software using an ANOVA based on a
linear model of fixed effects and a mean comparison test by DMS (p>0.05).

Results. With the exception of P. endophytica (BP6), all rhizobacteria exhibited enzymatic activity
related to fungal antagonism mechanisms. B. subtilis (TP1) produced glucanases, lipases, and
proteases. Microscopic and macroscopic characterization of the fungal strains indicated that they
belong to Fusarium spp. In the rhizobacteria-MC-03 confrontation, the B. subtilis bacterial strains
(TP1 and TP2) were statistically similar and achieved the greatest inhibition of mycelial growth
(23%). With the fungal strain MC-05, P. endophytica (BP6) and S. hominis (TM6) were statistically
superior to the other rhizobacteria in inhibiting mycelial growth (17%), followed by the two B.
subtilis strains (TP1 and TP2), which inhibited 10% and 17%, respectively.

Conclusion. There was a significant variability in the mycelial growth response of the fungi to
rhizobacteria. B. subtilis (TP1 and TP2), S. hominis (TM6), and P. endophytica (BP6) exhibited an
antagonistic effect, inhibiting the mycelial growth of Fusarium spp. strains by up to 23% compared
to the absolute and commercial controls. This study establishes the preliminary scientific basis for
obtaining a biofungicide with specific inhibitory capabilities against the fungi studied.

Keywords: Bacillus subtilis, Phytopathogenic fungi, Priestia endophytica, Staphylococcus hominis,
Zea mays
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INTRODUCTION

The Fusarium genus comprises some of the most important pathogens in agriculture
from an economic point of view (Sumerell et al., 2010), which, along with its
phytopathogenic behavior, synthesize highly toxic mycotoxins in its infection process that
lead to health problems in humans and animals (Velarde et al., 2018). In the maize crop, it
causes the rot of root, stem and ear. Fusarium verticillioides is probably the most common
one in the world; however, other species such as F. subglutinans and F. proliferatum are
related to the same symptomatology (Leyva-Madrigal et al., 2014) and have been reported
in the Bajio region (Figueroa-Rivera et al., 2010). The rotting caused by the Fusarium
species in maize can hardly be controlled using chemical products due to different factors,
mainly the endophytic characteristic of the infection (Bacon et al., 2001). The current trend
is the search for bioprotective or biocontrol agents, with the use of microorganisms that
allow for the fighting of phytopathogenic diseases and present characteristics associated to
the promotion of plant growth (Canchignia-Martinez et al., 2024, Bhattacharyya and Jha,
2012). Different studies have shown that the infections caused by Fusarium in maize can
be fought with bacterial biocontrol agents (Bhargavi ez al., 2024; Sanchez-Ceja et al., 2023;
Ayala-Torres et al., 2023; Leyva-Madrigal et al., 2014).

In regard to this, Figueroa-Lopez et al. (2016) analyzed a collection of bacteria to
detect their potential activity against F. verticillioides. The assays that they carried out in
planta showed that three Bacillus isolates (B. megaterium, B. cereus sensu lato and Bacillus
spp.) displayed the greatest antagonistic activity, as well as a reduction of the disease.
Castro del Angel et al. (2021) evaluated the antifungal activity of two endophytic B.
amyloliquefaciens isolates against F. verticillioides under laboratory and greenhouse
conditions. The in vitro inhibition in dual crops of the phytopathogenic fungus was obtained
in a range of 59 to 62%. The endophytic bacteria reduced the incidence and severity of F.
verticillioides by over 80% in plants that received the treatment in regard to the control.

In recent years, our research group has focused on the search for
agrobiotechnological alternatives for the management of pests and diseases in crops of
interest in Mexico. A bank of rhizobacteria associated to P. aculeata under drougth and
salinity has been developed, which allowed us to obtain a group of molecularly identified
bacteria (Pefiuelas-Rubio et al., 2024b) with a potential antagonist (Herrera-Sepulveda et
al., 2023) and promoting the maize plant development (Argentel-Martinez et al., 2025),
which is an incentive for the analysis of the microbial biocontrol capacities of these species.
Due to this, our hypothesis is that, not only these rhizobacteria promote plant development,
they can biocontrol the mycelial growth of Fusarium from their biochemical properties.
Studies are also conducted on the isolation of fungal strains of the genus Fusarium from
the roots of native maize grown under different irrigation regimes (Pefiuelas-Rubio ef al.,
2024a). In this context, the aim of this investigation was to evaluate the potential antagonist
of rhizobacteria against Fusarium spp. strains associated to native maize.

EXPERIMENTAL DEVELOPMENT

Collection of rhizobacteria and fungi. Nine antagonistic bacteria and two fungi
associated to the roots of the maize crop that are a part of the Coleccion de
Microorganismos Edéficos y Rizosféricos del Instituto Tecnologico del Valle del Yaqui
(Collection of Edaphic and Rhizospheric Microorganisms of the Yaqui Valley
Technological Institute) were used. The bacteria used were Enterobacter cloacae (BA1;
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ON869243), Priestia megaterium (BA4; ON869245 and BA7B; ON869246),
Staphylococcus warneri (BP5; MH1982281.1), Priestia endophytica (BP6; MT373518.1),
Bacillus subtilis (TP1; MN538531.1 and TP2; MN756672.1), Sinomonas halotolerans
(BA10-B; ON869249) and Staphylococcus hominis (TM6; MT585539.1) isolated from the
rhizosphere of Parkinsonia aculeata in two geographic regions of the Sonoran semi-desert
(Pefiuelas-Rubio et al., 2024). These rhizobacteria displayed antagonistic capacity against
Fusarium strains isolated from tomato roots (data not published).

Biochemical characterization of the rhizobacteria. Biochemical hemolysis tests were
carried out (Khalil et al., 2021), production of enzymes: chitinases (Roberts and
Selitrennikoff, 1988), glucanases (Teather and Wood, 1982), proteases (Jones et al., 2007)
and lipases (Salwoom et al., 2019; Stead, 1984), as well as plant growth promoting
mechanisms (PGP): production of siderophores (Pérez-Miranda et al., 2007), indoleacetic
acid (Gravel et al., 2007) and phosphorous solubilization (Edi-Premono et al., 1996;
Pikovskaya, 1948). The PGP biochemical characterization of strains BA1 and BA7B was
published in an earlier study (Argentel-Martinez et al., 2025).

Macro and microscopic characterization of the fungi. The fungal strains were isolated
from the roots of Gavildn (Guanajuato) and Halcon (Michoacan) native maize that
displayed symptoms (necrosis) associated to the presence of Fusarium spp. (Pefuelas-
Rubio et al., 2024). Pathogenicity tests were performed using a rolled paper towel assay,
reported by Leyva-Madrigal et al. (2014), where the strains presented a severity of 80 and
100% according to the scale by Figueroa-Rivera et al. (2010). In this study, a macro and
microscopic characterization of these strains was carried out. For the evaluation of the
macroscopic growth, pieces of fresh mycelium were planted (~5 mm in diameter) in the
center of sterile Petri dishes containing PDA (Papa Dextrose Agar) medium. The dishes
were incubated at 28 °C for 10 days under partial darkness conditions. At the end of the
incubation period, the morphological characteristics of the growth were recorded, including
texture, color, shape and the presence of pigmentation in both the front (top surface of the
crop) and the back (base of the medium). For the observation of fungal structures,
microcultures were performed by placing a piece of fresh mycelium in the center of a Petri
dish containing freshly prepared PDA medium. On the inoculum, a sterile coverslip was
carefully placed. The fungal cultures were incubated at 28 °C for 5 days under partial
darkness conditions, enabling the development of reproductive structures adhered to the
inner surface of the coverslip. After the incubation period, the coverslip was removed using
sterile forceps and placed on a microscope slide with a drop of lactophenol blue as a
mounting and staining medium. Observations were made under a compound light
microscope (Primo Star, Zeiss, Germany) at 40 and 100X (with immersion oil),
documenting the mycelial and conidial structures of each strain. For both cases, images
were taken using a digital camera (MU-500, AmScope, United States) under standardized
light conditions to ensure the comparability between strains (Riddell, 1950).

Dual confrontation bioassay. The methodology proposed by Khalil et al. (2021) was
followed, in which the rhizobacteria were transferred to Luria Bertani (LB) agar and
incubated at 30 °C for 24-48 h at 200 rpm. The bacterial suspension to inoculate was
adjusted at 2x10® CFU mL". In the center of Petri dishes with SNA (Spezieller
Néhrstoffarmer Agar), a mycelial plug of the fungus (8 mm in diameter) was placed, and 2
cm away, 5 uL of the bacterial suspension were placed. The dishes were incubated for five
days at 28 °C.
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Bacteria

Figure 1. Diagram of the dual fungus-rhizobacteria confrontation assay. a) Distribution of microorganisms in
the Petri dish; b-¢) Macroscopic characteristics of the nine bacteria [E. cloacae (BA1), P. megaterium
(BA4 and BA7B), S. halotolerans (BA10B), S. warneri (BP5), P. endophytica (BP6), S. hominis
(TM6), B. subtilis (TP1 and TP2)] and two fungi (MC-03 and MC-05), respectively.

Experimental design and statistical analysis. A completely randomized design was used,
in which the fungi (MC-03 and MC-05) were confronted with the nine rhizobacteria (BA1,
BA4, BA7B, BP5, BP6, BA10B, TM6, TP1, TP2,) and two controls: the commercial
control (CC), based on B. subtilis (Biosutil Bs at 2 L Ha™'; FIASA) and an absolute control
(CA; fungus only). Each dual confrontation was performed in triplicate. Mycelial growth
was determined after 5 days of incubation with the radial measurement of the fungus (cm)
using a millimetric ruler, determining the distance between the fungal and the bacterial
growth. A homogeneity and normality test were carried out on the data obtained from the
mycelial growth. Subsequently, ANOV As were performed, based on a linear fixed effects
model. When statistically significant differences were presented between the means of the
fungal mycelial growths due to the effect of the treatments (rhizobacteria), the DMS means
multiple comparison test. To verify the efficiency of the mathematical model used, the
unadjusted determination coefficient (R?) was calculated. The STATISTICA for Windows
professional software, version 14.0, was used for these analyses.

According to Table 1, with the exception of BP6, all rhizobacteria presented
enzymatic activity; no rhizobacteria were positive to the chitinase test. B. subtilis (TP1 and
TP2) presented the ability to synthesize glucanases and P. megaterium (BA4) produce
proteases. S. warneri (BP5), S. hominis (TM6) and B. subtilis (TP1) were the most efficient
in the production of lipases. Regarding the plant growth promotion (PGP) mechanisms, E.
cloacae (BA1), S. halotolerans (BA10B) y B. subtilis (TP1 ad TP2) produce siderophores
most efficiently. On the ability of auxins synthesis (indoleacetic acid), E. cloacae (BA1),
P. megaterium (BA4 and BA7B) and BAI10B (S. halotolerans) were positive in
Salkowski’s reaction, E. cloacae (BA1) presented the highest production of auxins, and
was also the most efficient in the phosphorous solubilization test. In general terms, TP1 (B.
subtilis) presented the highest efficiency in the production of enzymes related to fungal
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antagonism mechanisms. These bacterial species have been reported for their antagonistic
potential (Sallam et al, 2024; Biedendieck et al., 2021).

Table 1. Biochemical characterization of rhizobacteria isolated from palo verde (Parkinsonia aculeata).

Enzymatic activity Mechanisms of PPG
Rhizobacteria Chitinases  Glucanases  Proteases Lipases Siderophores IAA 1 PSI
(ug mL™)

P. megaterium (BA4) - - +H+ + ++ 3.00 -
S. halotolerans (BA10B) - - - + 4+ 4.59 -
S. warneri (BP5) - - - +H+ + - 2.28
P. endophytica (BP6) - - - - - - 2.43
S. hominis (TM6) - - - +H+ - - 2.71
B. subtilis (TP1) - +H+ +H+ =+ =+ - -
B. subtilis (TP2) - +H+ +H+ - =+ - -

Results are expressed as the diameter of the halos formed around the colonies. Symbols: + <3 mm; ++ > 3 <4 mm;
+++ > 4 mm. IAA (indoleacetic acid), PSI (phosphorus solubilization index). All tests were performed in duplicate.
TAA and PSI values are the means obtained.

According to the macro and microscopic of the fungal strains presented in Figure 2,
the texture of the colonies was observed to be cotton-like, with aerial mycelia and the color
after 10 days was intensely wine-colored (Figure 2A). As single-celled characteristics,
conidial structures, typical of the Fusarium genus were observed (Figure 2B and C). For
both fungi, macro and microconidia were found, as well as chlamydospores (SENASICA,
2020).
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Figure 2. Morphological characterization of Fusarium fungal strains. A) Macroscopic characteristics of the
fungal strains: front (top) and back (bottom) views of Petri dishes with PDA medium 10 days after
sowing; B and C) Mycelial and conidial structures observed by optical microscopy at 40 and 100X
(with immersion oil), from microculture at 5 days after sowing and stained with lactophenol blue
(Riddell, 1950).

The results of the dual confrontation between strains MC-03 (Figure 3a) and MC-05
(Figure 3b), presented statistically significant differences (p<0.05) between the
rhizobacteria evaluated regarding the mycelial growth of both fungi.
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Figure 3. Mycelial growth exhibited by the Fusarium spp. strains MC-03 (a) and MC-05 (b) during dual confrontations with antagonistic
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bacteria. The treatments are shown on the Y-axis: CA: absolute control; CC: commercial control; antagonistic bacteria: BA1
(E. cloacae), BA4 and BA7B (P. megaterium), BA10B (Sinomonas halotolerans), BP5 (S. warneri), BP6 (P. endophytica),
TMG6 (S. hominis), TP1 and TP2 (B. subtilis).

In the confrontation between rhizobacteria and MC-03 (Figure 3a), the B. subtilis
strains (TP1 and TP2) were statistically equal and they achieved the greatest inhibition of
the mycelial growth (23%). With fungus MC-05, P. endophytica (BP6) and S. warneri
(TM6) were statistically superior to the rest of the rhizobacteria, as they inhibited 17% of
the mycelial growth, followed by the two B. subtilis strains (TP1 and TP2) that inhibited
10 and 7% respectively. Although P. endophytica (BP6) did not turn out positive for the
biochemical antagonisms tests, it stands out for its potential in both confrontations, which
suggests the possibility of this rhizobacteria being present in other Fusarium spp.
inhibition mechanisms that were not considered in this study, such as the production of
hydrogen cyanide (HCN) or cellulase, amylase and xylanase activity (Sharma et al., 2023).
The analysis of the unadjusted determination coefficient led to infer that, due to the effect
of the treatments, more than 98% of the contribution to the total variability of the fungi’s
mycelial growth was obtained. Therefore, these average percentages of the evaluation for
both fungi were the contribution of the linear fixed-effect mathematical model used to
process the data (Figure 3).

In both confrontations, the rhizobacteria E. cloacae (BAl), P. megaterium (BA4)
and S. halotolerans (BA10B), and the commercial control (Biosutil Bs), led to the growth
of both fungal strains, possibly related to the ability to produce compounds that the fungus
uses to grow (Pangihotan, 2025).

The control of phytopathogenic fungi using eco-friendly practices has developed
based on the use of antagonistic microorganisms which, by using competitive mechanisms,
antibiosis and the induction of resistance, limit their development. This analysis suggests
that rhizobacteria have different degrees of effectiveness in the inhibition of Fusarium
spp., possibly related to the production of specific secondary metabolites. This represents
a potential antagonist related to the typical characteristics of the bacteria. Additionally, this
study confirms that rhizobacteria present several characteristics related to the adaptation
to semi-arid regions, the synthesis of phytohormones, the solubilization of phosphates and
the synthesis of secondary metabolites (Pefiuelas et al., 2024b). Finally, the assay shows
the importance of exploring other metabolic pathways of the rhizobacteria; this approach
would allow the understanding of its action mechanisms and potential for biological
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control. In addition, the need to confirm the species-level identification of the evaluated
fungal strains is highlighted. For this purpose, it is crucial to characterize them using
molecular markers and the fulfilment of Koch’s postulates. These considerations open up
the possibility of future investigations that include a modification of the concentrations of
the bacterial inoculants or the formation of consortia between the rhizobacteria. Such
strategies can increase their antagonistic potential, improving their efficiency for Fusarium
biocontrol.

CONCLUSIONS

Rhizobacteria B. subtilis (TP1 and TP2), TM6 (S. hominis) and BP6 (P.
endophytica), presented an antagonistic effect, since they inhibited the mycelial growth of
the Fusarium spp. strains by up to 23% in regard to the absolute and commercial control.
The results prove the existence of significant response variability of the fungi against the
different rhizobacteria. This study establishes the preliminary scientific foundations to
obtain a biofungicide with specific capacities to inhibit the growth of the studied fungi.

Limitations. This study represents the basis for the selection of antagonistic bacteria that
can be tested in planta in future assays.
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