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ABSTRACT

Background/Objective. Biological control offers new strategies for disease
management in agriculture. In the present study, the antifungal activity of volatile
organic compounds (VOCs) emitted by rhizobacteria, was evaluated in the growth
and infective capacity of four isolates of E. turcicum obtained from symptomatic
corn plants, in northern Sinaloa.

Materials y methods. The fungal isolates were characterized morphologically and
molecularly, and their pathogenicity was corroborated in a detached leaf assay.
The ability of VOCs to inhibit mycelial growth and infection of maize leaves by
E. turcicum was evaluated in in vitro assays, in divided Petri dishes. Bacterial
hydrogen cyanide production was qualitatively determined.

Results. The mycelial growth of E. turcicum was reduced by VOCs of at least one
rhizobacteria, registering inhibitions between 22% and 63%. Leaves infection was
reduced between 63% and 98% in the presence of rhizobacterial VOCs. Hydrogen
cyanide production was detected in strains B3 and B9.

Conclusion. Strain B95 was more effective in reducing mycelial growth and
infection by E. turcicum. The production of hydrogen cyanide could be involved in
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its antagonistic effect. In-plant tests are required to corroborate its effectiveness, as
well as characterize its volatile profile.

Keywords: Biocontrol, Bacillus, Pseudomonas, leaf blight, volatile compounds.

INTRODUCTION

Maize leaf blight, caused by Exserohilum turcicum, is one of the most important
leaf diseases in the world. The development of the disease is favored by high relative
humidity (> 90%) and a mean daily temperature of 18-26 °C. Typical symptoms are
long lesions (2.5 and 15 cm in length), elliptical, and grayish green in color. As the
disease spreads, lesions become tan with dark areas and coalesce to form the blight.
The reduction of the photosynthetic area may reach up to 65%, leading to losses
between 15 and 75% in yield (Félix-Gastélum et al., 2018).

The current management of maize blight implies the use of synthetic fungicides
of the dithiocarbamate, nitrile, triazole and strobilurin chemical groups (De Rossi et
al., 2020). However, the ordinary use of synthetic fungicides increases the selection
pressure on the population of the pathogen, leading to the development of resistance
to fungicides and inconsistencies in chemical control (Wise and Mueller, 2011).

In recent years, bioprotection has arisen as an alternative to the chemical
control of multiple plant diseases. Some rhizobacteria have a great potential for
the suppression of phytopathogens, due to their capacity to produce a wide range
of lytic enzymes and diffusible and volatile antimicrobial compounds, that limit the
growth and infection of phytopathogens, as well as stimulating the growth of plants
with the production and modulation of phytohormones (Sartori et al., 2015, 2017,
Sehrawat et al., 2022).

Volatile organic compounds (VOC) are secondary metabolites of low molecular
weights and low polarity, making them easily diffusible in the soil and the atmo-
sphere (Zhao et al., 2023). Several VOCs emitted by rhizobacteria are able to inhib-
it the growth of phytopathogenic fungi, hence their potential to be used to control
diseases in planta and post-harvest (Poulaki and Tjamos, 2023; Zhao et al., 2023).
This antifungal effect is attributed to the alteration of the cell wall integrity, the cell
membrane fluidity, the disruption of the redox balance, and even to the alteration
of the transcriptome of the pathogen, reducing the expression of the virulence and
energetic metabolism genes.

Some of the main VOCs-producing rhizobacteria genera with antifungal ac-
tivity include Bacillus, Pseudomonas, Paenibacillus, Brevibacillus and Ralstonia
(Zhao et al., 2023). Alongside its antifungal activity, some bacterial VOCs promote
growth and induce systemic resistance in plants, which allows them to defend fast-
er and more effectively against pathogens (Poulaki and Tjamos, 2023).
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Hydrocyanic acid, or hydrogen cyanide (HCN), is a VOC with antimicrobial
activity that joins cytochrome ¢ oxidase and interferes with cell respiration (Anand
et al., 2023). Some rhizobacteria such as Pseudomonas use this molecule as one of
its main mechanisms to fight pathogens in plants (Anand ez al., 2020).

Due to this, the aims of this study were to: 1) obtain and characterize maize
Exserohilum turcicum isolates; 2) evaluate the effect of the VOCs produced by
rhizobacteria on mycelial growth and the in vitro infection of E. turcicum; and 3)
determine the production of hydrocyanic acid or hydrogen cyanide (HCN), an im-
portant VOC with antifungal effect, produced by rhizobacteria.

MATERIALS AND METHODS

Obtaining and purifying fungal isolates. In February and March, 2020, maize
leaves with typical symptoms of leaf blight were gathered from the municipal areas
of Ahome, El Fuerte and Guasave, in Sinaloa, Mexico. The leaves were cut into
small pieces (25 mm?) from the edge of the lesion, disinfested for 3 min in a 0.5%
sodium hypochlorite solution and washed three times with sterile distilled water.
The pieces of disinfested tissue were placed in Petri dishes with Potato Dextrose
Agar (PDA; MCD LAB, Tlalnepantla, State of Mexico), supplemented with
neomycin (0.1125 mg/mL) and streptomycin sulphate (0.5 mg/mL), and incubated
at 25 °C for 3 days. The fungal cultures were transferred to dishes with PDA and
incubated at 25 °C for 14 days. Monosporic cultures were obtained and stored in
filter paper at 4 °C (Hiruma and Saijo, 2016).

Morphological characterization of fungal isolates. In order to evaluate the
morphological characteristics of the isolates, they were cultivated on PDA and V8-
agar and incubated at 25 °C for 10 and 15 dias, respectively. The mycelial growth
rate and the macroscopic characteristics of the cultures (texture, type of edge
and pigmentation of front and back) were evaluated on PDA. The shape, number
of septa, length and width of 30 conidia of each isolate, cultivated on V8, was
evaluated under an Axio Imager M2 microscope (Carl Zeiss).

Molecular identification of fungal isolates

DNA extraction, PCR and sequencing. The genomic DNA was extracted from
50 mg of fresh mycelia, of PDA cultures grown for 10 days, using the YeaStarTM
Genomic DNA kit (N. cat D2002, Zymo Research, Irvine, CA, USA), following
the manufacturer’s protocol. The amplification of the ITS region, the actin (act)
and the second largest subunit of the polymerase RNA II (rpb2) genes, was carried
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out using the primers ITS1/ ITS4 (White et al., 1990), Ex-actF/Ex-actR (5 -
CCCCGAGCAGTCTTCCGTA - 3°/5° - GTACGTCCAGAGGCGTACAG - 37
480 pb) y Ex-rpb2F/Ex-rpb2R (5’ - CTTCGTCGAACAAAYACWCCTG - 3°/5°
- CRCAGTGRGTRTAGGCATGG - 3’; 760 pb), respectively. The primers for act
and rpb2 were designed for this study, using the program Primer3 (Untergasser et
al., 2012). The PCR was carried out in an Apollo ATC-201 thermocycler (Nyx
Technik, San Diego, CA, USA) with 1 ng of DNA, 1.5 mM of MgCl,, 0.2 mM
of each ANTP, 0.5 mM of each primer and 1 U of polymerase DNA (Invitrogen,
Brazil, Cat. N° 11615-050) in a final volume of 25 mL. The PCR program consisted
of 5 min of initial denaturation at 94 °C, followed by 35 denaturation cycles at 95
°C for 40 s, annealing at 55 °C for ITS and 60 °C for act and rpb2 for 40 s, a 1 min
extension at 72 °C and a final extension at 72 °C for 5 min. The PCR products were
sequenced at Macrogen Inc. (Seoul, South Korea).

Multigene phylogenetic analysis. The sequences were edited in BioEdit v 7.0.5.3
(Hall, 1999) and compared in the NCBI data base using the BLASTn algorithm.
A concatenated alignment act+ITS+rpb2 was generated with MUSCLE (Edgar,
2004), implemented in MEGA X (Kumar et al., 2018). The partition scheme was
evaluated in PartitionFinder v 1.1.1 (Lanfear et al., 2012), based on Akaike’s
Information Criterion (AIC). Phylogenetic reconstruction was performed with
the Maximum Likelihood (ML) method in RAXML v 7.2.8 (Stamatakis, 2006),
using the model GTRGAMMALI and 1000 bootstrap replicates. The phylogram was
edited using iTOL (Letunic and Bork, 2021; https://itol.embl.de/).

Pathogenicity test

Detached leaf assay. The pathogenicity of four E. turcicum isolates was evaluated
following the methodology by Perochon and Doohan (2016), with modifications.
Leaf fragments of 6 cm in length, were taken from the second true leaf of 20-
day old maize plants, grown under controlled conditions in the laboratory. The
leaf fragments were disinfested superficially with a 0.75% sodium hypochlorite
solution for 1 min, followed by four washes with sterile distilled water. After
being disinfected, they were placed in squared Petri dishes (100 mm x 100 mm),
adaxial side up. The tips of the leaves were placed between two layers of water
agar supplemented with 50 pg/mL of 6-benzylaminopurine (BAP; Sigma-Aldrich,
Steinheim, Germany), as in a “sandwich” (Aregbesola et al., 2020).

The leaves were inoculated with three 5-mL drops (~ 120 conidia) of a conidial
suspension at 2.4 x 10* conidia/mL, obtained from a 15-day old culture on V8 agar.
Leaves inoculated with a sterile 1% Tween 80 solution were used as a control. The
plates were incubated at 25 °C, with a 12 h light/12 h dark photoperiod for 6 days
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in a completely randomized design, with three repetitions per treatment. The assay
was carried out twice.

Antifungal effect of the bacterial VOCs on E. turcicum

Bacterial strains. The antagonistic effect of six rhizobacteria, previously isolated and
characterized by Morales-Ruiz (2022), was evaluated. Strains B2 (Staphylococcus
warneri), B3 (Bacillus aryabhattai), B9 (Staphylococcus saccharolyticus), B11
(Acinetobacter radioresistens) and B15 (Bacillus velezensis) were isolated from the
rhizosphere of Arundo donax (carrizo), and strain B95 (Pseudomonas aeruginosa)
was taken from the rhizosphere of maize.

Divided Petri dish assay. The assay of antagonism by VOC was carried out in Petri
dishes with two divisions (90 mm in diameter), containing Nutrient Agar (NA) and
PDA, respectively. The bacterial strains were streak-inoculated on the NA side of
the dish and incubated at 25 °C for 12 h. A PDA disk with mycelial growth of the
fungal isolate (5 mm in diameter) was then inoculated in the side of the Petri dish
containing PDA. Immediately afterwards, the dishes were sealed and incubated
at 25 °C for 10 days, in a completely randomized arrangement, with 5 repetitions
for each bacteria/fungus combination. Petri dishes with PDA inoculated with the
fungal isolate in the absence of bacteria were used as controls. The diameter of
the fungal cultures was measured and the percentage of inhibition was calculated
using the formula proposed by Vincent (1947). The assay was carried out twice,
independently, in different times.

Detached leaf assay. The bacteria that displayed inhibition percentages >40%,
with at least two E. turcicum isolates in the divided dish assay, were selected to
evaluate their effect in the reduction of maize leaves infection by four E. turcicum
isolates. The assay was performed in divided Petri dishes (100 mm x 15 mm); on
one side, the maize leaf was placed and inoculated with a suspension of fungal
conidia, following the methodology previously described for the pathogenicity
test. A 35 mm diameter Petri dish, containing AN medium with the bacterial strain
streak-inoculated, was placed on the other side of the plate. Pathogenicity controls
with no bacteria inoculated on the 35 mm Petri dish containing sterile AN medium,
were used for each fungal isolate. Additionally, non-inoculated leaves, exposed to
bacterial VOCs were used as bacterial controls to rule out a possible phytotoxic effect
of the bacterial VOCs on the maize leaf, which could interfere with the estimation
of the damage caused by the fungus. The plates were tightly sealed to prevent VOC
leakage. Four replicates were performed per treatment. The plates were distributed
in a completely randomized design and incubated at 25 °C, with a photoperiod of

Fonseca-Chavez et al., 2024. Vol. 42(4): 41. 5



Mexican Journal of Phytopathology. Scientific Article. Open access

16 h light/ 8 h darkness, for six days. The percentage of leaf area affected (%LAA)
was estimated using the Image J software, version 1.8.0 (Schindelin ef al., 2012).
The assay was carried out twice, independently and at different times.

Hydrocyanic acid (HCN) production test. The production of HCN in four bacterial
strains was evaluated following the methodology reported by Anand et al. (2020).
Filter paper squares (1 cm?) were dipped in the Feigl and Anger reagent, which
consists of 10 mL of chloroform (CTR Scientific, Mexico City, Mexico), 50 mg of
copper ethyl acetoacetate (II) (Thermo scientific, Waltham, Massachusetts, USA)
and 50 mg of 4,4-methylene bis (N, N-dimethylaniline) (Sigma Aldrich, San Luis,
Missouri, USA), until saturation. The filter paper was removed from the reagent
and left to dry all night at room temperature (25 °C). The bacteria were streaked on
AN medium in Petri dishes (60 mm in diameter), the filter paper was placed on the
inner side of the Petri dish lid. Three replicates were performed per treatment. The
plates were sealed and incubated at 25 °C for 48 h. Strains were considered positive
for HCN production if the filter paper turned blue.

Statistical analysis. The statistical analyses were carried out in R Studio version
1.4.1106 (RStudio Team 2020), using the “agricolae” package (de Mendiburu,
2020). The diameter of the fungal culture and the %LAA were analyzed with an
analysis of variance (ANOVA) and Tukey’s post hoc means separation test (a =
0.05). The %LAA was transformed with the arcsine formula before the statistical
analysis. The normality of the residuals was corroborated using the Shapiro Wilks
test and with a Normal QQ plot.

RESULTS

Morphological characterization of fungal isolates. Four monosporic isolates
were obtained, with morphological characteristics that varied slightly (Table S1,
S2). Growth rates fluctuated between 7.56 and 19.89 mm/day. The cultures were
cottony, olive-green color in the front, and fimbriate margin (Figure 1A). On the
opposite side, they were olivaceous black in color, with white- or cream-colored
edges (Figure 1B). The conidia of the four isolates were tapered, slightly curved to
straight, elongated, olive colored, with a prominent hilum (Figure 1C), a length of
54.49 t0 124.34 um (91.77 um £ 16.75), a width of 11.81 t0 29.86 um (21.01 pm +
3.24), and an average of six septa (Table S2).

Molecular identification of fungal isolates. The sequences comparison of the act
and rpb2 genes, as well as the ITS region, displayed percentages identity of 96.63
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Exserohilum turcicum Moc2-1
Exserohilum turcicum Bac7-2

601 Exserohilum turcicum Por14-1
"8~ Exserohilum turcicum Moc2-11
Exserohilum turcicum CBS 690.71ET
Exserohilum turcicum CBS 330.64
Exserohilum turcicum BRIP 12267
100 Exserohilum turcicum CBS 384.58
Exserohilum monoceras BRIP 122714
Exserohilum oryzicola CBS 502.90'
Exserohilum pedicellatum CBS 322.64ET
Exserohilum protrudens BRIP 148147
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Bipolaris maydis CBS 136.29PT

0.02

Figure 1. Characterization of Exserohilum turcicum isolates. A-C) Morphological characteristics of representative
isolate Bac7-2. A) Frontal view of the culture in PDA; B) Reverse view of the culture in PDA; C) Conidium;
D) Maximum Likelihood phylogram inferred from the combined matrix of the markers act+ITS+rpb2 from
Exserohilum.

to 100% with the species Exserohilum turcicum. The sequences of the isolates were
deposited in the GenBank data base and the accession numbers are shown in Table
S1.

Figure 1D shows the phylogram inferred from the concatenated alignment
acttITS+rpb2, where isolates Bac7-2, Por14-1, Moc2-1 and Moc2-11 are shown

Fonseca-Chavez et al., 2024. Vol. 42(4): 41. 7
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to belong to Exserohilum turcicum, since they group into the same clade as the E.
turcicum CBS 330.64 type isolate (bootstrap of 100%).

Pathogenicty tests. The four E. turcicum isolates produced typical lesions on the
leaves, in the detached leaf assay (Figure 2). The first lesions, such as chlorotic spots
in the inoculated area, were observed four days after the inoculation and progressed
to necrotic lesions (Figure 2). The leaves of the control treatment remained free of
lesions during the assay (Figure 2A).

Control Bac7-2 Moc2-1 Moc2-11 Por14-1

Figure 2. Pathogenicity test. A) Detached leaf system used to confirm the pathogenicity; B) Symptoms caused by the

Exserohilum turcicum isolates in the detached maize leaves.

Antifungal effect of the bacterial VOCs on E. turcicum

Divided Petri dish assay. The mycelial growth of the E. turcicum isolates, except
for isolate Moc2-11, was reduced by the VOCs of at least one rhizobacteria (Figure
3; Table 1). The VOCs of strains B3 and B95 inhibited fungal isolates in a greater
proportion. Strains B9 and B15 only inhibited the growth of isolates Bac7-2 and
Moc2-1, and favored the growth of isolate Porl14-1. Strain B15 showed greater
inhibition of the isolate Bac7-2 (63.29%). Strains B2 and B11 only reduced the
growth of isolate Bac7-2 and favored the growth of isolate Por14-1 (Table 1).

Detached leaf assay. Based on the results of the divided plate assay, strains B3, B9,
B15 and B95 were chosen to evaluate the protective effect of their VOCs against
infections caused by the E. furcicum isolates on detached maize leaves. The %LAA
exposed to the bacterial VOCs was statistically lower (p < 0.05) to the one recorded

Fonseca-Chavez et al., 2024. Vol. 42(4): 41. 8
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Exserohilum turcicum isolates
Moc2-1 Moc2-11 Porl14-1

Figure 3. Effect of the bacterial volatile organic compounds on the mycelial growth of Exserohilum
turcicum in divided Petri dishes.

Fonseca-Chavez et al., 2024. Vol. 42(4): 41. 9
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Table 1. Effect of the bacterial volatile organic compounds (VOCs) on the mycelial growth of Exserohilum turcicum in

divided plates.
Bac7-2 Moc2-1 Moc2-11 Por14-1
Strain ('lolony % MGI ?olony % MGI ('Zolony % MGI (.Jolony % MGI
diameter diameter diameter diameter
B2 35217 26.13 £9.41 52.95¢2 - 32.38¢ - 49.48 2 -
B3 20.86 < 56.22 +3.08 31.35% 3752 +8.38 15.08°  39.48 +13.81 19.56 ¢ 33.83 +£5.40
B9 19.91 « 58.22+2.19 25.10°¢ 49.99 +£2.08 18.02  27.68 +7.70 48.752 -
B11 37.14° 22.09 +£3.33 42.40®  15.52+10.47 25.42® - 47.392 -
B15 17.50 ¢ 63.29 +1.46 23.96 ¢ 52.26 +2.19 21.66% 13.10+4.84 52.04 ¢ -
B95 28.14 b 40.96 +£5.70 23.25¢ 53.67 +£2.34 15.87°  36.33+3.63 19.12¢ 35.32+8.74
CTRL 47.67° - 50.19 ¢ - 24.92 - 29.57°" -

* Means are shown.

%MGI Percentage of mycelial growth inhibition.

- Indicates no inhibition.

Data followed by different letters in the same column are statistically different, according to Tukey’s test (p < 0.05).

in the leaves of the control group (Figure 4, Table 2). The lowest %LAA values
were recorded in the treatments with the B95 strain, with reductions of the infection
that ranged between 95.58 and 98.63% in the leaves infected with isolates Por14-1
and Moc2-1, respectively. The VOCs of strain B15 reduced the infection (>80%)
in the maize leaves after being inoculated with the fungal isolates. No phytotoxic
effects by the bacterial VOCs were observed in the maize leaves (Figure 4).

Production of hydrocyanic acid (HCN). HCN production was found in strains B3
and B95. After 24 h of incubation of the rhizobacteria, a color change was observed
(from white to blue) in the filter paper on the culture of the B95 strain, which
intensified after 48 h of incubation. In strain B3, a slight blue color was observed in
the filter paper after 48 h. The intensity of the blue color in strain B95 suggests that
it produces a higher concentration of this VOC than strain B3 (Figure 5).

Fonseca-Chavez et al., 2024. Vol. 42(4): 41. 10
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Rhizobacteria

Bac7-2
w
]
=
=)
-2 Moc2-1
s
2
2
N
3
s
=
§ Moc2-11
>
=
3]
Porl14-1

Figure 4. Effect of the bacterial volatile organic compounds on the infective capacity of Exserohilum turcicum on detached

maize leaves.
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Table 2. Effect of the bacterial volatile organic compounds (VOCs), in the infective capacity of Exserohilum turcicum in

detached maize leaves.

. Bac7-2 Moc2-1 Moc2-11 Porl14-1
Strain. = A %RI %LAA %RI %LAA %RI %LAA %RI

B3 423" 92.82+1.92 8.93° 84.17+4.79 4.47° 89.98 £4.74 16.63°  63.74+12.08

B9 18.41° 68.82 £7.24 4.44%  92.12+2.80 5.48° 87.71 £3.98 11.47%  7497+7.59

B15 7.12°%¢ 87.92+4.22 7.59° 86.55+4.17 8.48° 80.98 +4.88 485"  89.40+5.26

B95S 1.54¢ 97.37+1.32 0.76 ¢ 98.63 +0.28 1.23°  97.24+1.04 2.02° 9558 +1.85
CTRL 59.06* 56.48* 44.65* 45872

%LAA Percentage of leaf area affected.

%RI Percentage reduction of the infection.

* Means are shown.

Data followed by different letters in the same column are statistically different, according to Tukey’s test (p < 0.05).

Figure 5. Detection of volatile hydrocyanic acid emitted by rhizobacteria.

DiscusSsION

The morphometric and microscopic characteristics of fungal isolates were
similar to those reported for other E. turcicum isolates in the region (Félix-Gastélum
et al., 2018) and worldwide (Hernandez-Rastrepo et al., 2018). The phylogenetic
multigene analysis verified the identity of the four pathogenic fungal isolates.

The observed variation of the diseased severity induced by the isolates, has been
reported in other studies and it has been attributed to the high genetic diversity in

Fonseca-Chavez et al., 2024. Vol. 42(4): 41. 12
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the populations of this fungal species, along with the susceptibility of the maize
varieties and/or the combination of both (Ahangar ef al., 2016; Nieuwoudt et al.,
2018; Cui et al., 2022; Bankole et al., 2023).

Strains of bacterial genera such as Pseudomonas, Bacillus, Pantoea,
Paenibacillus and Sinomonas have been proven to inhibit the mycelial growth of
E. turcicum by producing diffusible compounds and hydrolytic enzymes (Sartori
et al., 2020; Chen et al., 2022). However, the effect of the bacterial VOCs on this
phytopathogen has been scarcely explored.

This study shows the capacity of VOCs of bacterial strains (B3, B9, B15 and
B95), to inhibit the mycelial growth of E. turcicum and protect maize leaves against
the attack of this fungus by reducing the leaf area affected. The antifungal activity
of these bacterial strains was previously evaluated against Rhizoctonia zeae and
recorded inhibitions of the mycelial growth between 40% and 50% via diffusible
compounds (Morales-Ruiz et al., 2022). The same authors reported that strain B95
was inefficient in the inhibition of R. zeae, which contrasts with the results of this
study, since this strain displayed high inhibition values by VOCs and diffusible
compounds (Data not shown), against all E. turcicum isolates. In addition, the
VOC:s of strain B95 reduced the %LAA in maize leaves inoculated with the fungal
isolates by more than 90%.

Sartori et al. (2020) reported mycelial growth inhibition of E. turcicum by
VOCs emitted by Curtobacterium, Pantoea and Bacillus strains, the latter genus
displaying the greatest fungal inhibition. Among the VOCs produced by these
bacteria we can mention 2-Nonadecanone, indole, D-limonene, 2-Tridecanone and
dimethyl trisulfide, whose fungal antifungal activity has already been shown (Wu et
al.,2019). Gao et al. (2017) reported inhibitions between 83 and 91% of Alternaria
alternata and Botrytis cinerea, respectively, using VOCs from B. velezensis, ZSY-1
strain. This antifungal effect was attributed to the VOCs pyrazine, benzothiazole,
phenol and 1,1-dimethylethyl. The mycelial growth inhibition of the E. turcicum
isolates by B. velezensis strain B15 VOCs, is similar to the values reported by Gao
etal (2017).

Pseudomonas species such as P. aureaginosa and P. fluorescens produce VOCs
such as 2,5-Dimethyl-3(2H)-furanone, silanediol, 2,4,4-Trimethyl-1-pentene,
HCN, dimethyl disulfide (DMDS), dimethyl trisulfide (DMTS), with proven anti-
fungal activity against Botryosphaeria rhodina, R. solani, Pythium aphaniderma-
tum, Penicillium italicum, and others (Michelsen and Stougaard, 2012; Wang et al.,
2020: Morales et al., 2023). The variations regarding the percentages of inhibition
(4 and 80%) reported by these authors for P. aureaginosa and P. fluorescens were
attributed to the bacterial (antagonist) and fungal strains (pathogen). The inhibition
values of E. turcicum isolates by P. aureaginosa B95 were high, especially against
isolate Moc2-1, which was inhibited by 98%. This value is greater to those docu-
mented by the authors mentioned above.

Fonseca-Chavez et al., 2024. Vol. 42(4): 41. 13
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The use of members of the Staphyloccocus genus as a biological control agent
is not frequent. However, some species that produce VOCs with antifungal ac-
tivity have been identified. Alijani et al. (2019) documented a 34.52% mycelial
growth inhibition and 82.81% inhibition in the conidia germination of Colletotri-
chum nymphaeae, due to the effect of the VOCs emitted by Staphylococcus sciuri.
Mesityl oxide, acetic acid, toluene, o-xylene, 4-methtldecane and 2-methylpropyl
ester were the most commonly produced VOCs by S. sciuri, all with verified anti-
microbial activity (Nakkeeran et al. 2020).

The inhibition values of the B2 (S. warneri) and B9 (S. saccharolyticus) strains
in this study are different to those reported by Alijani et al. (2019). Strain B9 in-
hibited isolates Bac7-2 and Moc2-1 to greater extents, whereas strain B2 only in-
hibited isolate Bac7-2 by 26.13%. The reduced %LAA observed in maize leaves
inoculated with the E. turcicum isolates and then exposed to the VOCs of strain B9,
may be due to an inhibition of the conidial germination of the E. furcicum isolates,
since these were used as inoculants to infect the maize leaves.

HCN is a VOC with an antifungal effect, which interferes with cell respiration
by inhibiting the cytochrome ¢ oxidase. It is produces by rhizobacteria, especially
by Pseudomonas, although cyanogenic strains of Aeromonas, Chromobacterium,
Burkholderia and Bacillus have also been reported (Sehrawat et al, 2022).
Antifungal species P. aeruginosa, P. fluorescens, P. chlororaphis, P. putida, B.
cereus, B. subtilis, B. paramycoides and B. aryabhattai have been reported as HCN
producers (Anand et al., 2020; Shastri et al., 2020; Sehrawat et al., 2022; Riera et
al., 2023). Based on the ability of strains B95 and B3 to produce HCN, it could be
suggested that their antagonistic effect can be attributed to this VOC, especially
in strain B95. However, it is possible that other VOCs are involved. On the other
hand, the antifungal effect of strains B9 and B15 is caused by VOCs other than
HCN, such as those reported by Alijani et al. (2019) for Staphyloccocus (mesityl
oxide, acetic acid, toluene, o-xylene, 4-methyldecane, 2-methylpropyl ester),
or those reported by Sartori et al. (2020) for Bacillus (2-Nonadecanone, indole,
D-limonene, 2-Tridecanone and dimethyl trisulfide). However, the involvement of
non-previously reported VOCs cannot be ruled out.

CONCLUSIONS

The fungal isolates recovered from maize leaves with leaf blight symptoms
were identified as E. turcicum, and their pathogenicity was verified. The mycelial
growth and infective ability of E. turcicum were affected by the VOCs emitted
by the evaluated rhizobacteria. Strains B3 (Bacillus aryabhattai), B15 (Bacillus
velezensis) and B95 (Pseudomonas aeruginosa) were the most efficient in the
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mycelial growth inhibition of the fungal isolates and in the reduction of the % LAA.
Strain B95 has a higher potential as a biocontrol agent against E. turcicum, and its
further study is needed to verify its effectiveness in planta. The HCN produced by
strains B3 and B95 may be involved in the antifungal effect on E. turcicum. Strains
B9 and B15 produced no HCN, suggesting that the antagonism against E. turcicum
may be due to other antifungal VOC:s. It is necessary to study the volatile profile of
the four bacterial strains and their individual and collective (mixed) effects on E.
turcicum, in order to explore a possible synergic effect between VOCs and between
bacterial strains.

ACKNOWLEDGMENTS

The authors wish to thank the Direccion General de Educacion Superior Universitaria e
Intercultural (DGESUI) for funding this project through the call for Support for the Incorporation
of NPTC (Project UDO-PTC-071). IAMM acknowledges the Consejo Nacional de Humanidades
Ciencias y Tecnologias (CONAHCYT) master’s scholarship granted la beca de maestria otorgada.
All authors thank Dr. Ignacio Maldonado Mendoza and Dr. Damian Cordero Ramirez for kindly

providing the bacterial strains evaluated in this study.

LITERATURE CITED

Ahangar MA, Bhat ZA, Sheikh F, Dar ZA, Lone AA, Hooda KS and Reyaz MA. 2016. Pathogenic variability in Exserohilum
turcicum and identification of resistant sources to turcicum leaf blight of maize (Zea mays L.). Journal of Applied and Natural
Science 8:1523-1529. https://doi.org/10.31018/jans.v813.994

Alijani Z, Amini J, Ashengroph M and Bahramnejad B. 2019. Antifungal activity of volatile compounds produced by Staphylococcus
sciuri strain MarR44 and its potential for the biocontrol of Colletotrichum nymphaeae, causal agent strawberry anthracnose.
International Journal of Food Microbiology 307:108276. https://doi.org/10.1016/j.ijjfoodmicro.

Anand A, Chinchilla D, Tan C, Méne-Saffrané L, L’Haridon F and Weisskopf L. 2020. Contribution of hydrogen cyanide to
the antagonistic activity of Pseudomonas strains against Phytophthora infestans. Microorganisms 28(8):1144. https://doi.
org/10.3390/microorganisms8081144.

Anand A, Falquet L, Abou-Mansour E, L’Haridon F, Keel C, Weisskopf L. 2023. Biological hydrogen cyanide emission globally
impacts the physiology of both HCN-emitting and HCN-perceiving Pseudomonas. mBio 14:¢00857-23. https://doi.org/10.1128/
mbio.00857-23

Aregbesola E, Ortega BA, Falade T, et al., 2020. A detached leaf assay to rapidly screen for resistance of maize to Bipolaris maydis,
the causal agent of southern corn leaf blight. European Journal of Plant Patholology 156:133—145. doi:10.1007/s10658-019-
01870-4.

Bankole FA, Badu AB, Salami AO. et al. 2023. Variation in the morphology and effector profiles of Exserohilum turcicum isolates
associated with the Northern Corn Leaf Blight of maize in Nigeria. BMC Plant Biology 23:386. https://doi.org/10.1186/s12870-
023-04385-7

Cafiedo V and Ames T. 2004 Manual de laboratorio para el manejo de hongos entomopatégenos. Centro Internacional de la Papa
(CIP). Lima, Pert.

Fonseca-Chavez et al., 2024. Vol. 42(4): 41. 15



Mexican Journal of Phytopathology. Scientific Article. Open access

Chen B, Han H, Hou J, Bao F, Tan H, Lou X, Wang G and Zhao F. 2022 Control of Maize Sheath Blight and Elicit Induced
Systemic Resistance Using Paenibacillus polymyxa Strain SF05. Microorganisms 10(7):1318. https://doi.org/10.3390/
microorganisms10071318.

Cui L, Deng J, Zhao L, Hu Y and Liu T. 2022 Genetic Diversity and Population Genetic Structure of Setosphaeria turcica From
Sorghum in Three Provinces of China Using Single Nucleotide Polymorphism Markers. Frontiers in Microbiology 13:853202.
https://doi.org/10.3389/fmicb.2022.853202

De Mendiburu F and Yaseen M. 2020. Agricolae: Statistical Procedures for Agricultural Research.R package version 1.4.0. https://
myaseen208.github.io/agricolae/https://cran.r-project.org/package=agricolae.

De Rossi RL. 2020. Aportes epidemioldgicos para la generacion de herramientas de manejo del tizon foliar comtin del maiz
(Exserohilum turcicum (Pass.) Leonard & Suggs). Dissertation, Universidad Catdlica de Cordoba.

Edgar RC. 2004 MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Research 32:1792—
1797. doi: 10.1093/nar/gkh340.

Félix-Gastélum R, Lizarraga-Sanchez GJ, Maldonado-Mendoza IE, Leyva-Madrigal KY, Herrera-Rodriguez G and Espinoza SM.
2018 Confirmation of the identity of Exserohilum turcicum, causal agent of maize leaf blight in Sinaloa. Revista Mexicana de
Fitopatologia 36(3):468-478. https://doi.org/10.18781/R.MEX.FIT.1803-1.

FuY, Yan R, Liu D, Zhao J, Song J, Wang X, Cui L, Zhang J and Xiang W. 2019. Characterization of Sinomonas gamaensis sp.
nov., a novel soil bacterium with antifungal activity against Exserohilum turcicum. Microorganisms 7(6):170. doi: https://doi.
org/10.3390/microorganisms7060170.

Gao Z, Zhang B, Liu H, Jucai H, and Zhang Y. 2017. Identification of endophytic Bacillus velezensis ZSY-1 strain and antifungal
activity of its volatile compounds against Alternaria solani and Botrytis cinerea. Biological Control 105:27-39. https://doi.
org/10.1016/j.biocontrol.2016.11.007

Hall TA. 1999 BioEdit: A User-Friendly Biological Sequence Alignment Editor and Analysis Program for Windows 95/98/NT.
Nucleic Acids Symp Ser 41:95-98.

Hernandez R M, Madrid H, Tan YP, da Cunha KC, Gené J, Guarro J and Crous PW. 2018. Multi-locus phylogeny and taxonomy of
Exserohilum. Persoonia 41: 71-108. https://doi.org/10.3767/persoonia.2018.41.05.

Hiruma K and Saijo Y. 2016. Methods for long-term stable storage of Colletotrichum species. In: Environmental Responses in
Plants: Methods and Protocols, Methods in Molecular Biology, Springer Science+Business Media, New York. https://doi.
org/10.1007/978-1-4939-3356-3_23

Kumar S, Stecher G, Li M, Knyaz C and Tamura K. 2018. MEGA X: Molecular Evolutionary Genetics Analysis across Computing
Platforms. Molecular Biology and Evolution 35(6):1547—1549. https://doi.org/10.1093/molbev/msy096.

Kumar S and Mauriya AK. 2015. Effect of fungicides and plant extracts for management of turcicum leaf blight of maize. The
bioscan 10(4):1687-1690.

Lanfear R, Calcott B, Ho SYW and Guindon S. 2012. PartitionFinder: Combined Selection of Partitioning Schemes and Substitution
Models for Phylogenetic Analyses. Molecular Biology and Evolution 29(6):1695—1701. https://doi.org/10.1093/molbev/mss020.

Letunic I and Bork P. 2021. Interactive Tree Of Life (iTOL) v5: an online tool for phylogenetic tree display and annotation. Nucleic
Acids Res 49(W1): W293-W296. https://doi.org/10.1093/nar/gkab301.

Marag PS and Suman A. 2018. Growth stage and tissue specific colonization of endophytic bacteria having plant growth promoting
traits in hybrid and composite maize (Zea mays L.). Microbiologycal Research 214:101-113. https://doi.org/10.1016/].
micres.2018.05.016.

Michelsen CF and Stougaard P. 2012. Hydrogen cyanide synthesis and antifungal activity of the biocontrol strain Pseudomonas
fluorescens InS from Greenland is highly dependent on growth medium. Canadian Journal of Microbiology 58(4): 381-390.
https://doi.org/10.1139/w2012-004.

Morales CLR, Barajas BIA, Parra CFI, Valenzuela RV, de los Santos V S, Loeza LPD, Herrera PA, del Carmen OM and Santoyo
G. 2023. Evaluation of Biocontrol Potential of Bacillus spp. and Pseudomonas fluorescens UM270 against Postharvest Fungal
Pathogens. Microbiological Research 14:511-1523. https://doi.org/10.3390/

Morales-Ruiz E, Zamudio-Aguilasocho GM, Martinez-Valenzuela CM, Maldonado-Mendoza IE and Cordero-Ramirez JD. 2022.
Isolation and characterization of endophytic bacteria from maize and giant reed with biotechnological and biocontrol potential

Fonseca-Chavez et al., 2024. Vol. 42(4): 41. 16



Mexican Journal of Phytopathology. Scientific Article. Open access

against Rhizoctonia zeae Pp:76-94 In: Investigaciones Biologicas, Agricolas y Ambientales de México. Pantanal Editora. Brasil.
131 pp. https://doi.org/10.46420/9786581460594

Nakkeeran S, Priyanka R, Rajamanickam S. et al. 2020. Bacillus amyloliquefaciens alters the diversity of volatile and non-volatile
metabolites and induces the expression of defence genes for the management of Botrytis leaf blight of Lilium under protected
conditions. J Plant Pathol 102: 1179-1189. https://doi.org/10.1007/s42161-020-00602-6

Nieuwoudt A, Human MP, Craven M and Crampton BG. 2018. Genetic differentiation in populations of Exserohilum turcicum from
maize and sorghum in South Africa. Plant Pathology 67: 1483-1491. https://doi.org/10.1111/ppa.12858

Perochon A and Doohan FM. 2016. Assessment of Wheat Resistance to Fusarium graminearum by Automated Image Analysis of
Detached Leaves Assay. Bioprotocol 6(24): €2065. https://doi.org/10.21769/BioProtoc.2065.

Poulaki EG and Tjamos SE. 2023 Bacillus species: factories of plant protective volatile organic compounds. Journal of Applied
Microbiology 134(3): 1xad037. doi: https://doi.org/10.1093/jambio/Ixad037. PMID: 36822621.

R Core Team (2020) R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna,
Austria. https://www.R-project.org/.

Riera N, Davyt D, Duran R, Iraola G, Lemanceau P and Bajsa N. 2023. An antibiotic produced by Pseudomonas fluorescens
CFBP2392 with antifungal activity against Rhizoctonia solani. Frontiers in Microbiology 14:1286926. https://doi.org/10.3389/
fmicb.2023.1286926

RStudio Team. 2020. RStudio: Integrated Development for R. RStudio, PBC, Boston, MA. http://www.rstudio.com/.

Sartori M, Nesci A, Formento A and Etcheverry M. 2015. Selection of potential biological control of Exserohilum turcicum with
epiphytic microorganisms from maize. Revista Argentina de Microbiologia 47(1):62-71.

Sartori M, Nesci A, Garcia J, Passone MA, Montemarani A and Etcheverry M. 2017. Efficacy of epiphytic bacteria to prevent
northern leaf blight caused by Exserohilum turcicum in maize. Revista Argentina de Microbiologia 49(1):75-82. https://doi.
org/10.1016/j.ram.2016.09.008.

Sartori M, Bonacci M, Barra P, Fessia A, Etcheverry M, Nesci A and Barros G. 2020. Studies on Possible Modes of Action and
Tolerance to Environmental Stress Conditions of Different Biocontrol Agents of Foliar Diseases in Maize. Agricultural Sciences
11:552-566. https://doi.org/10.4236/as.2020.116035.

Sehrawat, A, Sindhu SS, and Glick BR. 2022. Hydrogen cyanide production by soil bacteria: Biological control of pests and
promotion of plant growth in sustainable agriculture. Pedosphere 32(1):15-38. https://doi.org/10.1016/s1002-0160(21)60058-9

Schindelin, J, Arganda CI, Frise E, Kaynig V, Longair M, Pietzsch T and Cardona A. 2012. Fiji: an open-source platform for
biological-image analysis. Nature Methods 9(7):676—682. https://doi.org/10.1038/nmeth.2019

Shastri B, Kumar R. and Lal RJ. 2020. Isolation, Characterization and Identification of Indigenous Endophytic Bacteria Exhibiting
PGP and Antifungal Traits from the Internal Tissue of Sugarcane Crop. Sugar Tech 22:563-573 https://doi.org/10.1007/s12355-
020-00824-z

Stamatakis A. 2006 RAXML-VI-HPC: maximum likelihood-based phylogenetic analyses with thousands of taxa and mixed models.
Bioinformatics 22(21):2688-2690. doi:10.1093/bioinformatics/btl446.

Stenberg JA, Sundh I, Becher PG, ef al., 2021. When is it biological control? A framework of definitions, mechanisms, and
classifications. Journal of Pest Science 94:665-676. https://doi.org/10.1007/s10340-021-01354-7.

Untergasser A, Cutcutache I, Koressaar T, Ye J, Faircloth BC, Remm M and Rozen SG. 2012. Primer3--new capabilities and
interfaces. Nucleic Acids Research 40(15): e115.

Vincent JM. 1947. Distortion of fungal hyphae in the presence of certain inhibitors. Nature 159(4051):850. https://doi.
org/10.1038/159850b0.

Wang Z, Zhong T, Chen K, Du M, Chen G, Chen X, Wang K, Zalan Z, Takacs K and Kan J. 2020. Antifungal activity of volatile
organic compounds produced by Pseudomonas fluorescens ZX and potential biocontrol of blue mold decay on postharvest
citrus. Food Control doi: https://doi.org/10.1016/j.foodcont.2020.107499.

White TJ, Bruns T, Lee S and Taylor J. 1990. Amplification and direct sequencing of fungal ribosomal RNA genes for phylogenetics.
In: Innis, M.A., Gelfand, D.H., Sninsky, J.J. and White, TJ, Eds, PCR Protocols: A Guide to Methods and Applications, Academic
Press, New York, 315-322. https://doi.org/10.1016/B978-0-12-372180-8.50042-1.

Fonseca-Chavez et al., 2024. Vol. 42(4): 41. 17



Mexican Journal of Phytopathology. Scientific Article. Open access

Wise K and Mueller D. 2011. Are fungicides no longer just for fungi? An analysis of foliar fungicide use in corn. APSnet Features.
https://doi.org/10.1094/APSnetFeature-2011-0531.

Wu Y, Zhou J, Li C, Ma Y. 2019. Antifungal and plant growth promotion activity of volatile organic compounds produced by
Bacillus amyloliquefaciens. Microbiologyopen 8(8):¢00813. https://doi.org/10.1002/mbo3.813.

Zhao X, Zhou J, Tian R and Liu Y. 2023. Microbial volatile organic compounds: Antifungal mechanisms, applications, and
challenges. Frontiers in Microbiology 13:922450. https://doi.org/10.3389/fmicb.2022.922450

Fonseca-Chavez et al., 2024. Vol. 42(4): 41. 18



