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ABSTRACT:

Introduction. Due to the absence of totally effective cither economically viable chemical agents for the control of Fusarium wilt,
the use of antagonistic microorganisms is of great interest since it could represent a more economically and ecologically sustainable
alternative. Objective. To analyze the antifungal effect of the Bacillus amyloliquefaciens CCIBP-AS strain against Fusarium
oxysporum. Materials and methods. The work was carried out in the Laboratory of Applied Microbiology of the Instituto de
Biotecnologia de las Plantas, Cuba, between September 2017 and June, 2018. The in vitro and in vivo antifungal activity of its
culture filtrate and cell against F. oxysporum has been assayed. Results. The results indicated that the metabolites present in the
culture filtrate of B. amyloliguefaciens CCIBP-AS significantly influenced the growth and morphology of the mycelium and the
conidia. They also caused oxidative damage to the lipid molecules of F. oxysporum. In addition, this strain showed inhibitory effects
on the development of the disease under controlled conditions. These aspects are key when selecting a bacterial candidate as a
biological control agent. Conclusions. The results showed that the B. amyloliquefaciens CCIBP-AS5 strain, isolated from Musa
sp., had an iz vitro antifungal effect against the vegetative and reproductive structures of Foc race 1 as well as on the Musa spp.-F.
oxysporum interaction. This strain is suggested for the development of a bioproduct for Fusarium wilt management.

KEYWORDS: antagonist, biological control, Fusarium wilt, metabolites.

RESUMEN:

Introducién. Debido a la ausencia de agentes quimicos totalmente efectivos o econdmicamente viables para el control del
marchitamiento por Fusarium, el uso de microorganismos antagonistas es de gran interés ya que podria representar una alternativa
mis sostenible desde el punto de vista econémico y ecoldgico. Objetivo. Analizar del efecto antiftingico de la cepa Bacillus
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amyloliquefaciens CCIBP-AS5 contra Fusarium oxysporum. Materiales y métodos. El trabajo se realizé en el laboratorio de
Microbiologia Aplicada del Instituto de Biotecnologia de las Plantas, en Cuba, entre septiembre 2017 y junio 2018. Se analizd
la actividad antifiingica iz vitro ¢ in vivo de las células y su filtrado de cultivo frente a F. oxysporum. Resultados. Los metabolitos
presentes en el filtrado de cultivo de B. amyloliquefaciens CCIBP-AS influyeron significativamente en el crecimiento y la morfologia
del micelio y los conidios. También causaron dafio oxidativo en las moléculas de lipidos de F. oxysporum. Ademds, esta cepa
mostrd efectos inhibitorios sobre el desarrollo del patdgeno en condiciones controladas. Estos aspectos son clave cuando se
selecciona un candidato bacteriano como agente de control biolégico. Conclusiones. Los resultados mostraron que la cepa de
B. amyloliquefaciens CCIBP-AS, aislada de Musa sp., tuvo un efecto antifiingico iz vitro contra las estructuras vegetativas y de
reproduccién de Foc raza 1, asi como en la interaccién Musa spp. - F. oxysporum. Esta cepa se propone para el desarrollo de un
bioproducto para el manejo de la marchitez por Fusarium.

PALABRAS CLAVE: antagonista, control bioldgico, marchitez por Fusarium, metabolitos.

INTRODUCTION

The production of bananas and plantain is affected by numerous diseases, among which the Fusarium wilt,
caused by the fungus Fusarium oxysporum Schlecht f. sp. cubense (E.F. Sm.) Snyder and Hansen could be
highlighted. This disease is considered the tenth most significant in the history of agriculture due to the large
economic losses it has caused (Dita-Rodriguez et al., 2013) bringing about the most destructive effects on
the plant (Anthony et al,, 2017).

Fusarium oxysporum f. sp. cubense is genetically and pathogenically diverse since it has more than 20
vegetative compatibility groups (VCG’s), distributed in four pathogenic races (race 1, 2, 3 and 4) (Pérez-
Vicente & Dita, 2014; Ploetz, 2015a). Its geographic distribution is very wide and causes great economic
losses in Latin America, Africa, and a large part of Asia (Stover & Simmonds, 1987).

Due to the absence of totally effective either economically viable chemical agents for the control of the
disease (Ploetz, 2015b), producers have integrated different preventive methods obtaining certain success
in the cultivation of the different cultivars. Among the most widely used methods are shifting cultivation,
annual staggered plantings, the search for pathogen-free land (Pérez-Vicente, 2016), crop rotation (Huanget
al.,2012) and the use of certified plants as pathogen-free, obtained from tissue culture (Dita-Rodriguez et al.,
2013). However, these actions only allow the cultivation of susceptible cultivars for short periods, since the
fungus reappears in the soil to devastate the plantations (Pérez-Vicente, 2016). Given this scenario, the use of
antagonistic microorganisms is of great interest since it could represent a more economically and ecologically
sustainable alternative.

To evaluate the fungal growth, different methods have been used, among which stand out: measurement
of the radial growth of the colonies (Herndndez-Castillo et al., 2008), determination of the dry mass of the
mycelium and the reading of turbidity by absorbance (Brockaert et al., 1990). The last one has been used in
studies by Cruz-Martin et al. (2013) to quantify the iz vitro growth of Pseudocercospora fijiensis Morelet.

It has been shown that certain bacterial strains under controlled conditions suppress the growth of F.
oxysorum (Ho et al., 2015; Sekhar & Thomas, 2015; Simonetti et al., 2018; Zacky & Tiny, 2013). Within
these bacterial groups several strains of the genus Bacillus have been described (Wiyono & Widono, 2013;
Xue et al,, 2015). This genus, in particular, has been widely studied as a biological control agent due to its
multiple mechanisms of antagonistic action such as antibiosis, competition, and the induction of systemic
resistance in plants (Chowdhury et al., 2015; Fan et al,, 2017). In addition, it is distinguished from other
bacterial genera such as Pseudomonas by forming endospores that allow them to survive for long periods
under unfavorable environmental conditions (Radhakrishnan et al., 2017). These characteristics make the
biofertilizers based on Bacillus spp. more active, since it increases the viability of the cells within the
formulations (Gang et al., 2013).

Various strains of B. amyloliquefaciens have been previously studied for their antifungal properties against
a large number of phytopathogenic fungi. This bacterial species has been widely recognized for combining
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several of its antifungal mechanisms, which promotes efficient biocontrol (Liu et al., 2017). Other studies
have shown that the mycelial growth of various phytopathogenic fungi such as: Botrytis cinerea, Ralstonia
solanacearum, and Endothia parasitica(Murrill) Barr, were inhibited by compounds produced by strains of B.
amyloliquefaciens (Raza et al., 2016). In a recent report, the isolate CCIBP-AS, out of 17 bacillus strains, was
selected for achieving the highest percentage values of radial growth inhibition activity against F. oxysporum
(Leyva et al., 2017). Also, this strain was able to produce volatile and diffused antifungal metabolite on
in vitro condition. Metabolites with antifungal activity produced by Bacillus spp. present diverse chemical
structures which determine their biological activity (Bacon & Hinton, 2011). Antibiotics of lipopeptide
nature constitute one of the most important (Gond et al., 2015). However, these compounds can stimulate
the formation of chlamydospores in several filamentous fungi at certain concentrations below the inhibitory
minimum (Li et al,, 2012). Other authors indicated that the antifungal effect of several strains of Bacillus
against F. oxysporum f. sp. lycopersici, including a strain of B. amyloliquefaciens, was mediated by the action
of lipopeptide compounds and also by the action of hydrolytic enzymes such as chitinases (Abdallah et al.
2017). The current study was carried out with the objective to the analyses of antifungal effect of Bacillus
amyloliquefaciens CCIBP-AS strain against Fusarium oxysporum.

MATERIAL AND METHODS

The research was made in Laboratory of Applied Microbiology of the Instituto de Biotecnologia de las
Plantas, Cuba, between September 2017 and June 2018.

The strains CCIBP-AS was isolated from banana phyllosphere, and phenotypic characterization by
physiological and biochemical tests was performed according to standard methods (Krieg and Holt, 1984).
To confirm their identification, 16S rDNA sequence homology analysis was undertaken. The 16S rDNA
gene of CCIBP-AS was amplified using the forward primer 27F (AGAGTTTGATCMTGGCTCAG)
and the reverse primer 907R (CCGTCAATTCMTTTRAGTTT) (Lane, 1991). Sequence comparison to
standard databases was performed using BLAST through the NCBI server.

For culture filtrated (CF) preparation, an overnight grown culture of strain CCIBP-AS5 was centrifuged
(10 min at 4 °C and 12 000 g) and cells were adjusted to an OD 600 nm of 0.1 in deionized water. 1 mL
of bacterial suspension was inoculated in 100 ml nutrient broth (NB) culture media (Fluka, Germany). The
strain treated for 72 h at 30 °C and 120 rpm in an orbital shaker (Gerhardt), centrifuged at 12 000 g for 10
min at 4 °C and filtered with 2 0.2 pm membrane (Millipore).

The pathogenic fungus F. oxysporum strain CCa 1.1 VCG (Foc) was donate by Instituto Nacional de
Sanidad Vegetal (INISAV), Havana, Cuba. This fungus was grown in potato dextrose broth (PDB) culture
media (BioCen, Cuba) for 7 days at 28 °C with a rotatory shaker at 120 rpm. The fungi culture was passed
through a 100 pm sieve. The micelial suspension (MS) was prepared by mixing the mycelium in Ultra-Turrax
T25 homogenizer (Rose Scientific Ltd., Canada) for I mm and the concentration was adjusted using a

hematocytometer (5 x 10° fragment ml™"). The supernatant was centrifuged (10 min at 4 °C and 8000 g)
(Eppendorf Centrifuge 5810 R), and conidial suspension were adjusted to 106 conidia ml™ with sterile water.

In order to determine the antifungal activities of diffused compounds, the effect of CF on Foc vegetatives
and reproductives structure were evaluated.

The culture filtrate (CF) was diluted at 1:10 and 1:100 (v/v) in MS and incubated for 120 h at 28 °C. The
incubation time of the conidial suspension with the CF was decided from previous studies carried out by
Abdallah et al. (2015). The researchers showed that in the Bacillus strains evaluated, three and four days are
the optimal incubation duration for the production of more effective antifungal metabolites. In addition,
they reported that the extracellular metabolites found in the CF of these strains had significant bioactivity
against F. oxysporum f. sp. lycopersici about 50-100 °C.
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The control treatment contained NB inoculated with MS. Fungal growth was determined by absorbance
reading according to Cruz-Martin et al. (2013) using 96 wells microtiter plates. In addition, mycelia were
observed under the optical microscope (400 x, 1000 x) and described. The experiment was repeated twice
using eight replies per treatment. Similar assay was conducted to evaluate the effect of CF on conidial
germination. Instead of MS, conidial suspensions were used.

The effect of CF in oxidative stress was assessed by determination of lipid peroxidation. The samples were
obtained by inoculating the MS in a flask with PDB medium and diluted in CF (1:10). The flasks were
incubated for 48 h at 28 °C in the dark and mycelia were separated by centrifugation for 5 min at 4 °C and
10 000 g. The extent of lipid peroxidation [malondialdehyde (MDA) as principal product] was estimated
using the thiobarbituric acid assay described by Choi et al. (1996).

In order to validate the potential of bacterial strain, its effect on the development of the disease under
controlled conditions was evaluated. Following the protocol described by Cong et al. (2017) with some
modifications, the plants were placed in 1 L capacity containers with 250 mL of Hoagland solution. Three-
month acclimatized Gros Michel (AAA) plants (five per treatment) were used and the following treatments
were included: Plants in Hoagland solution (T1), Plants in Hoagland solution with a conidial suspension
(T2), and a root immersion was performed in a bacterial suspension of strain CCIBP-AS5 for 30 min and
subsequently placed in Hoagland solution with conidial suspension (T3).

The plants were placed in the growth chamber (FITOTRON) where the environmental conditions were
adjusted to 28 °C day / 25 °C night, relative humidity of 50-70 % and a photoperiod of 16 light hours, 8 dark
hours. In addition, 3 daily irrigations were performed by manual spraying. The evaluation of the experiment
was carried out after 22 days and consisted in the visual observation of the typical symptoms of Fusarium
wilt in the plants according to the scale proposed by Dita et al. (2014). This scale has been used for evaluation
of Fusarium wilt of banana in greenhouse conditions based on external and internal symptoms. Classes for
external symptoms were: 1: no symptoms, 2: initial yellowing mainly in the lower leaves, 3: yellowing of all
the lower leaves with some discoloration of younger leaves; 4, all leaves with intense yellowing, 5: plant dead.
Internal symptoms were: 1: No symptoms; 2: initial rhizome discoloration; 3: slight rhizome discoloration
along the whole vascular system, 4: rhizome with most of the internal tissues showing necrosis, 5: rhizome
totally necrotic.

RESULTS

The strain CCIBP-AS5 was molecularly corroborated as Bacillus amyloliquefaciens. The partial 16S rDNA
sequences determined in this study revealed 99 % homology with Bacillus amyloliquefaciens subsp. plantarum
strain Ht1-1 in the GenBank (JF899275.1).

Effect of culture filtrate on mycelium

The methodology used showed that the compounds present in the culture filtrate (CF) of the selected
strain significantly inhibited the growth of Foc (Figure 1A). When the CF was used in a ratio of 1:10 and
1:100, the mycelial growth of Foc was inhibited by 25 and 23.46 %, respectively, in relation to the control.
These results indicated that the compounds present in the CF had an antifungal effect, even at very low
concentrations. As a result of microscopic observation, it was found that the CF of strain CCIBP-AS caused
changes in the mycelial morphology of Foc (Figure 1B). Deformities and swelling were observed in the
hyphae, abundant vacuolization in the protoplasm and the formation of chlamydospores.
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FIGURE 1

Effect of culture filtrate (CF) of B. amyloliquefaciens CCIBP-AS on in vitro growth of F. oxysporum race
1. Laboratory of Applied Microbiology, Instituto de Biotecnologia de las Plantas, Cuba, 2018. A) F.
oxysporum mycelial suspension in the presence of CF at a ratio of 1:10 and 1:100 (v/v) after five days of
incubation. The different letters in the columns indicate significant differences (p<0.05) for the Kruskal-
Wallis/U test of Mann Whitney (n=_8) and the vertical bars indicate standard deviation. B) Effect of CF
of B. amyloliguefaciens CCIBP-AS in a ratio of 1:10 (v/v) on the morphology of F. oxysporum mycelium
after five days of incubation. Control (F. oxysporum mycelial suspension without CF) (a). The white
arrows indicate deformations and abundant vacuolization in the hyphae (c and d) and the black arrows

the formation of chlamydospores (b and c). Magnification: 1000X (a, ¢, and d). Magnification: 400X (b).

Figura 1. Efecto del filtrado de cultivo (CF) de B. amyloliquefaciens CCIBP-AS en el crecimiento i7 vitro de F. oxysporum

raza 1. Laboratorio de Microbiologfa Aplicada, Instituto de Biotecnologfa de las Plantas, Cuba, 2018. A) Suspensién

micelial de F. oxysporum en precencia del CF a razén de 1:10y 1:100 (v/v) después de cinco dfas de incubacién Letras
diferentes en las columnas indican diferencias significativas (p<0,05) por la prueba Kruskal-Wallis/U de Mann Whitney

(n=8) y las barras verticales indican la desviacién estdndar. B) Effecto del CF de B. amyloliquefaciens CCIBP-AS en
relacién 1:10 (v/v) en la morfologia del micelio de . oxysporum después de cinco dias de incubacién. Control (Suspensién
micelial de F. oxysporum sin CF) (a). Las flechas blancas indican deformaciones y abundante vacuolizacién en las
hifas (c y d) y las flechas negras formacién de clamidosporas (b y c). Aumento: 1000X (a, ¢ y d). Aumento: 400X (b).

Effect of culture filtrate on conidia
In this bioassay, the absorbance values obtained from the conidial suspension in the presence of culture

filcrate (CF) of CCIBP-AS, decreased significantly in respect to the control (Figure 2A).
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FIGURE 2

Effect of culture filtering (CF) of B. amyloliguefaciens CCIBP-AS on the growth and germination of
F. oxysporum race 1 conidia. Laboratory of Applied Microbiology, Instituto de Biotecnologia de las
Plantas, Cuba, 2018. A) I vitro growth of F. oxysporum from a conidial suspension in presence of
CF of B. amyloliquefaciens CCIBP-AS in a ratio of 1:10 and 1:100 (v/v) after five days of incubation.
The different letters in the columns indicate significant differences (p<0.05) by the Mann Whitney
Kruskal-Wallis/U test of Mann Whitney (n=38) and the vertical bars indicate standard deviation.
B) Conidia morphology of F. oxysporum on different stages of germination in the presence of CF
in a ratio of 1:10 (v/v) after five days of incubation (d, ¢, f and g). Conidia morphology without

the presence of CF (a, b and c). Magnification: 400X (a, b, d, ¢, f and g). Magnification: 1000X (c).

Figura 2. Efecto del filtrado de cultivo (CF) de B. amyloliquefaciens CCIBP-AS en el crecimiento y la germinacién de conidios de
F. oxysporum raza 1. Laboratorio de Microbiologfa Aplicada, Instituto de Biotecnologfa de las Plantas, Cuba, 2018. A) Crecimiento
in vitro de F. oxysporum a partir de suspensiones conidiales en presencia de CF de B. amyloliquefaciens CCIBP-AS5 arazén de 1:10'y

1:100 (v/v) después de cinco dias de incubacién. Letras diferentes en las columnas indican diferencias significativas (p<0,05) por la
prueba Kruskal-Wallis/U de Mann Whitney (n=8) y las barras verticales indican la desviacién estandar. B) Morfologia de conidios
de F. oxysporum en diferentes estadios de germinacién en presencia del CF a razén de 1:10 (v/v) después de cinco dias de incubacién

(d, e, fy g). Morfologia de conidios sin la presencia del CF (a, by ¢). Aumento: 400X (a, b, d, ¢, fy g). Aumento: 1000X (c).

With the use of CF in a ratio of 1:10 and 1:100, an inhibition of Foc was observed in 49 and 36.9 % in
relation to the control, respectively. The results of the microscopic observations let to verify the effects of the
CF of the strain CCIBP-AS on the germination of the conidia. The CF caused changes in the morphology

of Foc conidia during different stages of germination (Figure 2B).
Effect of culture filtrate on the cytoplasmic membrane

With the implemented methodology, it was possible to verify the presence of an oxidative stress in the Foc
mycelium incubated with the culture filtrate (CF) of B. amyloliquefaciens CCIBP-AS. This type of damage
could be verified by the significant increase (p<0.05) of the malondialdehyde (MDA) concentrations in the

mycelial suspensions treated with the bacterial CF (Figure 3).
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FIGURE 3

Production of malondialdehyde (MDA) as a result of the lipoperoxidation of the mycelium of
F. oxysporum race 1 in presence of culture filtrate (CF) of B. amyloliquefaciens CCIBP-AS at
48 h of incubation. Different letters in the columns indicate significant differences (p<0.05)

according to Kruskal-Wallis H test (n=8) and the vertical bars indicate standard deviation.

Figura 3. Produccién de molondialdehido (MDA) como resultado de la lipoperoxidacién del micelio de . oxysporum raza 1
en presencia del filtrado de cultivo (CF) de B. amyloliquefaciens CCIBP-AS5 alas 48 h de incubacién. Letras diferentes en las
columnas indican diferencias significativas (p<0,05) segtin Kruskal-Wallis (n=8) y las barras verticales indican la desviacién estdndar.

Antifungal potential of the strain in plants under controlled conditions
As a result of the evaluation of the experiment 22 days after the inoculation (dpi), typical symptoms
of Fusarium wilt were found in the plants used for the study. These symptoms varied according to the

treatments as shown in Figure 4.
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FIGURE 4

Evaluation of the symptoms of Fusarium wilt in Gros Michel plants according to the scale
proposed by Dita et al. (2014) at 22 dpi under controlled conditions. Laboratory of Applied
Microbiology, Instituto de Biotecnologia de las Plantas, Cuba, 2018. (a) External symptoms

(b) Internal symptoms. T1: Control; T2: Plants inoculated with F. oxysporum race 1; T3:

Plants inoculated with F. oxysporum in the presence of B. amyloliquefaciens CCIBP-AS.

Figura 4. Evaluacién de los sintomas de la Marchitez por Fusarium en plantas de Gros Michel de acuerdo a la escala
propuesta por Dita et al. (2014) a los 22 dpi bajo condiciones controladas. Laboratorio de Microbiologfa Aplicada, Instituto
de Biotecnologfa de las Plantas, Cuba, 2018. (a) Sintomas externos (b) Sintomas Internos. T1: Control; T2: Plantas
inoculadas con F. oxysporum raza 1; T3: Plantas inoculadas con F. oxysporum en presencia de B. amyloliquefaciens CCIBP-AS.
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The results indicated that strain CCIBP-AS had an effect on the development of Fusarium wilt disease in
Gros Michel plants under controlled conditions. At 22 dpi it was observed that the inoculated plants where
the bacterium was not applied (T2) 60 % of them reached the grade 3 and 40 % grade 2, while in 100 % of
the plants in the presence of the bacterial strain (T3) showed external symptoms only in grade 2.

When the internal symptoms were analyzed, greater differences were observed between the treatments
in relation to the degrees of the disease in the same evaluation period (Figure 4). For example, 100 % of
the plants inoculated with Foc (T2) showed typical internal symptoms of the disease according to the scale
used, which varied from grade 2 to grade 4 with grade 3 and 4 predominating by 40 %. In contrast, in the
case of plants in the presence of CCIBP-AS, only 60 % of them showed typical symptoms of the disease and
corresponding only to grade 2.

DiscussIioN

The antifungal assay results of B. amyloliguefaciens CCIBP-AS5 match those of a study conducted by Abdallah
et al. (2017), which demonstrated (using a different methodology) that culture filtrate (CF) of a strain of
B. amyloliquefaciens was able to significantly reduce mycelial growth in F. oxysporum £. sp. lycopersici. Other
studies also demonstrate the inhibitory effects of the diffusible metabolites of Bacillus spp. present in CF
against Fusarium species (Nourozian et al., 2006).

The changes observed in the morphology of the Foc mycelium have been described by several authors
in other phytopathogenic agents. For example, a study by Liao et al. (2016) noted that malformations
occurred in hyphae of Pyricularia oryzae Cavara such as swelling due to the presence of lipopeptides type
fengicinas. These results also coincide with those obtained by Tang et al. (2014). On the other hand, Li et
al. (2005), showed that a lipopeptide antibiotic produced by a strain of B. subtilis, induced the formation of
chlamydospores in Trichoderma harzianum Rifai and Glioladium roseum at low concentrations

Chlamydospores are survival structures that originate in response to unfavorable environmental
conditions. The production of these structures induced by the presence of CF of the strain CCIBP-AS,
suggests a stressful effect on the mycelium of Foc, however, these results may not be the most favorable for
the application of CF in ex vitro conditions. Therefore, Bacillus and its lipopeptides can have an important
impact on the microbe interaction in soils, not always with desired results. In general, other studies are
required to determine the viability of these chlamydospores in the presence of CF of the bacterial strain.The
changes observed in the morphology of the Foc hyphae in the presence of CF of strain CCIBP-AS, could be
related to the action of a metabolite of protein nature produced by the strain, present in the filtering.

The absorbance values obtained from the conidial suspension in the presence of CF of CCIBP-AS
suggested that the compounds present in CF have a negative effect on Foc conidia, even at very low
concentrations. Both the 1:10 and 1: 100 dilutions reduced the absorbance by more than 36 % compared to
the control. Although this methodology constitutes an indirect measure to evaluate the germination of the
conidia. Those effects were similar to observed in conidia of other Fusarium species in presence of CF of B.
amyloliquefaciens strains (Abdallah et al., 2017; Lee et al., 2017). In the presence of CF, deformations were
observed in the germ tubes of the conidia related to the winding and sometimes the lysis of these structures.
Accordingto Li et al. (2012) the presence of lipopeptides at concentrations close to the minimum inhibitory,
caused lysis of conidia and mycelium in two species of Fusarium. Similar results were described by Liao et
al. (2016) who demonstrated that lipopeptide compounds such as fengicina can cause deformations in the
germ tube of the conidia of fungal agents.

The effect of metabolites on conidial germination and mycelial growth was observed, even using very low
concentrations of CF. However, the effectiveness of the metabolites presents in the CF, capable of inhibiting
the growth and development of Foc at very low concentrations, may have unexpected results on soils (Li et
al, 2012).
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The type of damage observed could be confirmed by the significant increase in the concentrations of
MDA in the MS treated with CF. Lipids represent a group of molecules very susceptible to damage caused
by reactive oxygen species, mainly those of unsaturated type which are oxidized very easily (Yin et al,,
2011). Different types of environmental stress can lead to oxidative stress, which in turn stimulates lipid
peroxidation processes. The fungal membranes are rich in polyunsaturated fatty acids, so this process can
cause direct damage to the structures of the cell membrane and/or indirectly to other cellular components.
One of the final products of the peroxidation of unsaturated fatty acids is MDA, which has been used as one
of the markers of this type of stress in animal and vegetable tissues (Ayala et al., 2014).

Taking into account these criteria and the results obtained with MDA values, it could be inferred that the
antifungal effect of the metabolites present in the CCIBP-AS CF may be partially related to the oxidative
damage, mainly in the lipid compounds of plasma membrane of Foc. It has been shown that some changes
in the plasma membrane represent the first step of a cascade of events that promote an internal osmotic
imbalance and a disorganization in the cytoplasm. Also, it is characteristic that these processes induce an
abundant vacuolization, the increase of the cytoplasm aggregation and the loss of organelles (Wang et al.,
2002). In this way, the morphological deformations observed on the Fusarium mycelium in the presence
of CF could be also related in part to oxidative damage. Furthermore, with the in vivo experiment, it was
possible to verify that the strain had the effect of reducing the development of the disease in artificially
inoculated plants. This was evidenced by the decrease in the number of plants with symptoms of the disease
(external and internal), as well as in the degrees of the disease in the same evaluation period. These results
could be related to the antifungal effect observed iz vitro, of the metabolites produced by this strain. In this
sense, several studies have reported the potentialities of strains of the Bacillus genus to promote plant growth
(Rojas-Solis et al., 2013). These effects can be divided into direct and indirect mechanisms. The first are those
where the bacteria can positively influence the growth of the plant through the synthesis and excretion of
phytostimulatory substances. Likewise, indirect methods are those where the bacteria synthesize antibiotics
or other compounds that have an inhibitory effect on phytopathogenic organisms and even that strengthen
plant immunity. Specifically, B. amyloliquefaciens has been indicated as an antagonistic species of plant
pathogens through mechanisms such as: competition for essential nutrients (Wu et al., 2016), production
of antibiotics (Srivastava et al., 2016) and induction of systemic resistance in plant (Ng et al., 2016).

CONCLUSION

The results of this research indicated that the metabolites present in the culture filerate (CF) of B.
amyloliquefaciens CCIBP-AS significantly influenced the growth and morphology of the mycelium and the
conidia. They also caused oxidative damage in the lipid molecules of F. oxysporum £. sp. cubense race 1 which
could be related to the morphological damage observed in the mycelium. Taking into account previous
studies, it is suggested that the observed antifungal activity could be partly associated with the action of lytic
enzymes and /or lipopeptide compounds present in the CF.

B. amyloliquefaciens CCIBP-AS strain, isolated from Musa sp, has an iz vitro antifungal effect against F.
oxysporum as well on the Musa spp. - F. oxysporum interaction. These aspects are key when selecting a bacterial
candidate as a biological control agent. That’s why, these results constitute a starting point for the use of this
strain for the development of a bioproduct for the management of Fusarium wilt.

474



MiLEIDY CRUZ-MARTIN, ET AL. ANTIFUNGAL ACTIVITY OF BACILLUS AMYLOLIQUEFACIENS AGAINST FUSARIUM OX...

COMPLIANCE WITH ETHICAL STANDARS

The research does not involve any human participants or animals. The materials in the article have not been
published in another journal. All authors have been actively involved in substantive work leading to the
manuscript and will hold themselves jointly and individually responsible for its content.

CONFLICT OF INTEREST
The authors declare that they have no conflict of interest.

REFERENCES

Abdallah, A. B., Jabnoun-Khiareddine, R. H., Mokni-Tlili, S., Nefzi, A., Medimagh-Saidana, S., & Daami-Remadi,
M. (2015). Endophytic Bacillus spp. from wild Solanaceae and their antifungal potential against Fusarium
oxysporum f. sp. lycopersici elucidated using whole cells, filtrate cultures and organic extracts. Journal of Plant

Pathology and Microbiology, 6,324-330. https://doi.org/10.4172/2157-7471.1000324

Abdallah, A. B., Stedel, C., Garagounis, C., Nefzi, A., Jabnoun-Khiareddine, H., Papadopoulou, K. K., & Daami-
Remadi, M. (2017). Involvement of lipopeptide antibiotics and chitinase genes and induction of host defense
in suppression of Fusarium wilt by endophytic Bacillus spp. in tomato. Crop Protection, 99, 45-58. https://doi
.0rg/10.1016/j.cropro.2017.05.008

Anthony, K. K., George, D. S., Baldev Singh, H. K., Fung, S. M., Santhirasegaram, V., Razali, Z., & Somasundram, C.
(2017). Reactive oxygen species. Activity and antioxidant properties of Fusarium infected bananas. Journal of
Phytopathology, 165(4), 213-222. https://doi.org/10.1111/jph.12552

Ayala, A, Munoz, M., & Argiielles, S. (2014). Lipid Peroxidation: Production, metabolism, and signaling mechanisms
of malondialdehyde and 4-Hydroxy-2Nonenal. Oxidative Medicine and Cellular Longevity, 2014, Articule
€360438. https://doi.org/10.1155/2014/360438

Bacon, C.W., & Hinton, D.M. (2011). Bacillus mojavensis: its endophytic nature, the surfactins, and their role in the
plant response to infection by Fusarium verticillioides. In D.K. Maheshwari (Ed.), Bacteria in agrobiology: Plant
growth responses (pp. 21-39). Springer-Verlag.

Brockaert, W.F, Terras, F., Cammue, B., & Vanderleyden, J. (1990). An automated quantitative assay for fungal
growth inhibition. FEMS Microbiology Letters, 69, 55-69. https://doi.org/10.1111/j.1574-6968.1990.tb0417
4x

Choi, G., Jae Lee, H., & Yun-Cho, K. (1996). Lipid peroxidation and membrane disruption by vinclozolin in
dicarboximide-susceptible and resistat isolates of Botrytis cinerea. Pesticide Biochemestry and Physiology, 55(1),
29-39. https://doi.org/10.1006/pest.1996.0032

Chowdhury, S.P., Hartmann, A., Gao, X., & Borriss, R. (2015). Biocontrol mechanism by root-associated Bacillus
amyloliquefaciens FZB42 a review. Frontiers in Microbiology, 6, Article 780. https://doi.org/10.3389/fmicb.20
15.00780

Cong, L.L., SunY., Wang, ].M., Kang, TJ., Zhang, B., Biligetu, B., & Yang, Q.C. (2017). A rapid screening method for
evaluating resistance of alfalfa (Mendicago sativa L.) to Fusarium root rot. Canadian Journal of Plant Pathology,
40, 1-22. https://doi.org/10.1080/07060661.2017.1402822

Cruz-Martin, M., Acosta-Suérez, M., Mena, E., Roque, B., Leiva-Mora, M., Pichardo, T., del Pilar-Castro, R., &
Alvarado-Capd, Y. (2013). Cuantificacion del crecimiento 77 vitro de Mycosphaerella fijiensis mediante lecturas
de absorbancia. Biotecnologia Vegetal, 13(4), 219-224.

Dita-Rodriguez, M., Echegoyen-Ramos, P., & Pérez-Vicente, L. (2013). Plan de contingencia ante un brote de la raza 4
tropical de Fusarium oxysporumf. sp. cubense en un pais de la region del OIRSA. Organismo Internacional Regional

475


https://doi.org/10.4172/2157-7471.1000324
https://doi.org/10.1016/j.cropro.2017.05.008
https://doi.org/10.1016/j.cropro.2017.05.008
https://doi.org/10.1111/jph.12552
https://doi.org/10.1155/2014/360438
https://doi.org/10.1111/j.1574-6968.1990.tb04174.x
https://doi.org/10.1111/j.1574-6968.1990.tb04174.x
https://doi.org/10.1006/pest.1996.0032
https://doi.org/10.3389/fmicb.2015.00780
https://doi.org/10.3389/fmicb.2015.00780
https://doi.org/10.1080/07060661.2017.1402822

AGroNOMIiA MESOAMERICANA, 2021, voL. 32, No. 2, MAY0O-AGosTo, ISSN: 2215-3608

de Sanidad Agropecuaria. https://www.ippc.int/sites/default/files/documents/20130812/plandecontingencia
contrafocr4toirsa_2013081213%3A52--6.59%20MB.pdf

Dita, M. A., Pérez-Vicente, L., & Martinez, E. (2014). Inoculation of Fusarium oxysporum f. sp. cubense causal agent
of Fusarium wilt in banana. In L. F. Pérez-Vicente, M. Dita, E. Martinez de la Parte (Eds.), Technical manual
prevention and diagnostic of Fusarium wilt (Panama disease) of banana caused by Fusarium oxysporum f. sp. cubense
Tropical Race 4 (TR4) (pp. 55-58). Food and Agriculture Organization.

Fan, H., Zhang, Z., Li, Y., Zhang, X., Duan, Y., & Wang, Q. (2017). Biocontrol of bacterial fruit blotch by Bacillus
subtilis 9407 via surfactin-mediated antibacterial activity and colonization. Frontiers in Microbiology, 8, Article
1973. https://doi.org/10.3389/fmicb.2017.01973

Gang, G., Bizun, W., Weihong, M., Xiaofen, L., Xiaolin, Y., Chaohua, Z., Jianhong, M., & Huicai, Z. (2013). Review:
Biocontrol of Fusarium wilt of banana: Key influence factors and strategies. African Journal of Microbiology
Research, 7,4835-4843. https://doi.org/10.5897/AJMR2012.2392

Gond, S. K., Marshall, S. B., Torresa, M. S., & White, J. J. (2015). Endophytic Bacillus spp. produce antifungal
lipopeptides and induce host defense gene expression in maize. Microbiology Research, 172,79-87. https://doi.
org/.1016/j.micres.2014.11.004

Hernandez-Castillo, F., Lira-Saldivar, R H., Cruz-Chévez, L., Gallegos-Morales, G., Galindo-Cepeda, M., Padrén, E.,
& Herndndez-Sudrez, M. (2008). Potencial antifungico de cepas de Bacillus spp. y extracto de Larrea tridentata
contra Rhizoctonia solani en el cultivo de la papa (Solanum tuberosum L.). OYTON, 77, 241-252.

Ho, Y. N., Chiang, H. M., Chao, C. P., Su, C. C,, Hsu, H. F., Guo, C., Hsich, J. L., & Huang, C. C. (2015). In
planta biocontrol of soilborne Fusarium Wilt of banana through a plant endophytic bacterium, Burkholderia
cenocepacia 869T2. Plant Soil, 387,295-306. https://doi.org/10.1007/s11104-014-2297-0

Huang, Y. H., Wang, R. C,, Li, C. H., Zuo, C. W., Wei, Y. R,, Zhang, L., & Yi, G. J. (2012). Control of Fusarium
wilt in banana with Chinese leck. European Journal of Plant Pathology, 134, 87-95. https://doi.org/10.1007/s
10658-012-0024-3

Krieg, N. R, & Holt, J. (1984). Bergey’s manual of systematic bacteriology (9 Ed.). Williams & Wilkins.

Lane, D. (1991). 165/23S rRNA sequencing. In E. Stackebrandt, & M. Goodfellow (Eds.), Nucleic acid techniques in
bacterial systematics (pp. 115-175). John Wiley & Sons, Inc.

Lee, T., Park, D., Kim, K., Lim, S. M., Yu, N. H,, Kim, S., Kim, H. Y., Jung, K. S, Jang, J. Y., Park, J. C., Ham, H,,
Lee, S., Hong, S. K., & Kim, J. C. (2017). Characterization of Bacillus amyloliquefaciens DA12 showing potent
antifungal activity against mycotoxigenic Fusarium species. Plant Pathology, 3, 499-507. https://doi.org/10.54
23/PPJ.FT.06.2017.0126

Leyva, L., Cruz-Martin, M., Acosta-Sudrez, M., Pichardo, T., Bermtdez-Caraballoso, I., & Alvarado-Capé, Y. (2017).
In vitro antagonist of Bacillus spp. strains against Fusarium oxysporum f. sp. cubense. Biotecnologia Vegetal, 17(4),
229-236.

Li, L, Ma, M., Huang, R,, Qu, Q., Li, G., Zhou, J., Zhang, Q., Lu, K., Niu, X,, & Luo, J. (2012). Induction of
chlamydospore formation in Fusarium by cyclic lipopeptide antibiotics from Bacillus subtilis C2. Journal of
Chemistry and Ecology, 38, 966-974. https://doi.org/10.1007/s10886-012-0171-1

Li, L., Qu, Q., Tian B. Y., & Zhang, K. Q. (2005). Induction of chlamydospores in Trichoderma harzianum and
Glioladium roseum by antifungal compounds produced by Bacillus subtilis C2. Journal of Phytopathology, 153,
868-693. hteps://doi.org/10.1111/j.1439-0434.2005.01038.x

Liao,]J. H., Chen, P. Y., Yang, Y. L., Kan, S. C., Hsich, F. C., & Liu, Y. C. (2016). Clarification of the antagonistic effect
of the lipopeptides produced by Bacillus amyloliquefaciens BPD1 against Pyricularia oryzae via in situ MALDI-
TOF IMS analysis. Molecules, 21, Article 1670. https://doi.org/10.3390/molecules21121670

Liu, K., Newman, M., McInroy, J. A., Hu, C. H., & Kloepper, J. W. (2017). Selection and assessment of plant growth-
promoting rhizobacteria for biological control of multiple plant diseases. Phytopathology, 107(8), 928-937. htt
ps://dx.doi.org/10.1094/PHYTO-02-17-0051-R

476


https://www.ippc.int/sites/default/files/documents/20130812/plandecontingenciacontrafocr4toirsa_2013081213%3A52--6.59%20MB.pdf
https://www.ippc.int/sites/default/files/documents/20130812/plandecontingenciacontrafocr4toirsa_2013081213%3A52--6.59%20MB.pdf
https://doi.org/10.3389/fmicb.2017.01973
https://doi.org/10.5897/AJMR2012.2392
https://doi.org/.1016/j.micres.2014.11.004
https://doi.org/.1016/j.micres.2014.11.004
https://doi.org/10.1007/s11104-014-2297-0
https://doi.org/10.1007/s10658-012-0024-3
https://doi.org/10.1007/s10658-012-0024-3
https://doi.org/10.5423/PPJ.FT.06.2017.0126
https://doi.org/10.5423/PPJ.FT.06.2017.0126
https://doi.org/10.1007/s10886-012-0171-1
https://doi.org/10.1111/j.1439-0434.2005.01038.x
https://doi.org/10.3390/molecules21121670
https://dx.doi.org/10.1094/PHYTO-02-17-0051-R
https://dx.doi.org/10.1094/PHYTO-02-17-0051-R

MiLEIDY CRUZ-MARTIN, ET AL. ANTIFUNGAL ACTIVITY OF BACILLUS AMYLOLIQUEFACIENS AGAINST FUSARIUM OX...

Ng, L. C,, Sariah, M., Sariam, O., Radziah, O., & Abidin, M. A. Z. (2016). PGPM-induced defense-related enzymes in
acrobic rice against rice leaf blast caused by Pyricularia oryzae. European Journal of Plant Pathology, 145, Article
167. https://dx.doi.org/10.1007/510658-015-0826-1

Nourozian, ., Etebarian, H. R., & Khodakaramian, G. (2006). Biological control of Fusarium graminearum on wheat
by antagonistic bacteria. Songklanakarin Journal of Science and Technology, 28, 29-38.

Pérez-Vicente, L. (2016, April 19-22). Banana farm best practices for prevention of Fusarium wilt TR4 and other exotic
banana diseases [Conference presentation]. XXI International ACORBAT Meeting, Miami, FL, USA. https:/
/www.musalit.org/seeMore.php?id=18309

Pérez-Vicente, L., & Dita, M. A. (2014). Fusarium wilt of banana or panama disease by Fusarium oxysporum f. sp.
cubense: A review on history, symptoms, biology, epidemiology and management. In L. F. Pérez-Vicente, M.
Dita, E. Martinez de la Parte (Eds.), Technical manual prevention and diagnostic of Fusarium wilt (Panama
disease) of banana caused by Fusarium oxysporum f. sp. cubense Tropical Race 4 (TR4) (pp. 5-30). Food and
Agriculture Organization.

Ploetz, R. C. (2015a). Fusarium wilt of banana. Phytopathology, 105, 1512-1521. htep://doi.org/10.1094/PHYTO-
04-15-0101-RVW

Ploetz, R. C. (2015b). Management of Fusarium wilt of banana: A review with special reference to tropical race 4. Crop
Protection, 73,7-15. https://doi.org/10.1016/j.cropro.2015.01.007

Radhakrishnan, R., Hashem, A., & Abd-Allah, E.F. (2017). Bacillus: A biological tool for crop improvement through
bio-molecular changes in adverse environments. Frontiers in Physiology, 8, Article 667. https://doi.org/10.338
9/fphys.2017.00667

Raza, W, Ling, N., Yang, L., Huang, Q., & Shen, Q. (2016). Response of tomato wilt pathogen Ralstonia solanacearum
to the volatile organic compounds produced by a biocontrol strain Bacillus amyloliguefaciens SQR-9. Scientific
Reports, 6, Article 24856. https://doi.org/10.1038/srep24856

Rojas-Solis, D., Contreras-Pérez, M., & Santoyo, G. (2013). Mecanismos de estimulacién del crecimiento vegetal en
bacterias del género Bacillus. Bioldgicas, 15(2), 36-41.

Sekhar, A. C., & Thomas, P. (2015). Isolation and identification of shoot-tip associated endophytic bacteria from
banana cv. Grand Naine and testing for antagonistic activity against Fusarium oxysporum t. sp. cubense. American
Journal of Plant Science, 6, 943-954. https://doi.org/10.4236/ajps.2015.67101

Simonetti, E., Roberts, I. N., Montecchia, M. S., Gutierrez-Boem, F. H., Gomez, F. M., & Ruiz, J. A. (2018). A novel
Burkholderia ambifaria strain able to degrade the mycotoxin fusaric acid and to inhibit Fusarium. Microbiology
Research, 206, 50-59. https://doi.org/10.1016/j.micres.2017.09.008

Srivastava, S., Bist, V., Srivastava, S., Singh, P. C., Trivedi, P. K., Asif, M. H., Chauhan, P. S., & Nautiyal, C. S. (2016).

Unraveling aspects of Bacillus amyloliquefaciens mediated enhanced production of rice under biotic stress of
Rhizoctonia solani. Frontiers in Plant Science, 7, Article 587. https://doi.org/10.3389/fpls.2016.00587

Stover, R. H., & Simmonds N. W. (1987). Bananas (3" Ed.). Longmans.

Tang, Q., Bie, X, Lu, Z., Lv, F., Tao, Y., & Qu, X. (2014). Effects of fengycin from Bacillus subtilis fmb] on apoptosis
and necrosis in Rbizopus stolonifer. Journal of Microbiology, 2, 675-680. https://doi.org/10.1007/512275-014-
3605-3

Wang, C., Xing, J., Chin, C. K., & Peters, J. S. (2002). Fatty acids with certain structural characteristics are potent
inhibitors of germination and inducers of cell death of powdery mildew. Physiology and Molecular Plant
Pathology, 61,151-161. https://doi.org/10.1006/pmpp.2002.0429

Wu, B., Wang, X., Yang, L., Yang, H., Zeng, H., Qiu, Y., & He, Z. (2016). Effects of Bacillus amyloliquefaciens ZM9
on bacterial wilt and rhizosphere microbial communities of tobacco. Applied Soil Ecology, 103, 1-12. https://d
o0i.org/10.1016/j.apso0il.2016.03.002

Wiyono, H., & Widono, S. (2013). Vigor of plantlet from microplantlet treated by filtrate and cell suspension of some
isolates of Bacillus and resistance to banana wilt pathogen after acclimatization. ESci Journal of Plant Pathology,

2(2),70-75.

477


https://dx.doi.org/10.1007/s10658-015-0826-1
https://www.musalit.org/seeMore.php?id=18309
https://www.musalit.org/seeMore.php?id=18309
http://doi.org/10.1094/PHYTO-04-15-0101-RVW
http://doi.org/10.1094/PHYTO-04-15-0101-RVW
https://doi.org/10.1016/j.cropro.2015.01.007
https://doi.org/10.3389/fphys.2017.00667
https://doi.org/10.3389/fphys.2017.00667
https://doi.org/10.1038/srep24856
https://doi.org/10.4236/ajps.2015.67101
https://doi.org/10.1016/j.micres.2017.09.008
https://doi.org/10.3389/fpls.2016.00587
https://doi.org/10.1007/s12275-014-3605-3
https://doi.org/10.1007/s12275-014-3605-3
https://doi.org/10.1006/pmpp.2002.0429
https://doi.org/10.1016/j.apsoil.2016.03.002
https://doi.org/10.1016/j.apsoil.2016.03.002

AGroNOMIiA MESOAMERICANA, 2021, voL. 32, No. 2, MAY0O-AGosTo, ISSN: 2215-3608

Xue, C., Penton, C. R, Shen, Z., Zhang, R., Huang, Q., Li, R,, Ruan, Y., & Shen, Q. (2015). Manipulating the banana
rhizosphere microbiome for biological control of Panama disease. Science Report, S, Article 11124. hetps://doi
.0rg/10.1038/srep11124

Yin, H., Xu, L., & Porter, N. (2011). Free radical lipid peroxidation: mechanisms and analysis. Chemical Reviews,
111(10), 5944-5972. https://doi.org/10.1021/cr200084z

Zacky, F. A., & Tiny, S. Y. (2013). Investigating the bioactivity of cells and cell-free extracts of Streptomyces. Biological
Control, 66,204-208. https://doi.org/10.1016/j.biocontrol.2013.06.001

NOTES

1 This work was part of a master’s thesis in the Plant Biotechnology excellence program of Ms. Liliana Leyva. This work
was supported by national project “Strategies to prevent future affectations by FOC race 4 (TR4) in the commercial
production of Musa spp. in Cuba™ developed at Instituto de Biotecnologia de las Plantas, Cuba.

ALTERNATIVE LINK

https://revistas.ucr.ac.cr/index.php/agromeso/index (html)

478


https://doi.org/10.1038/srep11124
https://doi.org/10.1038/srep11124
https://doi.org/10.1021/cr200084z
https://doi.org/10.1016/j.biocontrol.2013.06.001
https://revistas.ucr.ac.cr/index.php/agromeso/index

