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Abstract. There are three races of Fusarium
oxysporum f. sp. cubense (Foc) that affect bananas
and plantains, though the Cavendish group banana
cultivars are resistant to Foc race 1 (FocR1) and
Focrace 2 (FocR2). However, there are no effective
control methods for the Tropical Race 4 (R4T).
The foregoing makes it necessary to generate
biological control strategies for FocR2 fungal
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Resumen. Existen tres razas de Fusarium oxys-
porum f. sp. cubense (Foc) que afectan a bananos y
platanos, los cultivares de banano grupo Cavendish
son resistentes a Foc raza 1 (FocR1) y Foc raza 2
(FocR2). Sin embargo, no existen métodos de con-
trol efectivos para la Raza 4 Tropical (R4T). Lo an-
terior, hace necesario generar estrategias de control
biolodgico utilizando a FocR2 como modelo fungico
que esta presente en México, y que coadyuven ante
la posible introduccion de FocR4T al pais. Se eva-
lué la inhibicion in vitro de las cepas bacterianas
Bacillus subtilis (BASU), B. velezensis (BAVE),
B. sonorensis (BASO) contra tres aislamientos de
FocR2 (MIC17188, MIC17191 y MIC17192) obte-
nidos de muestras vegetales colectadas en tres sitios
de produccion de platano de Puebla, Michoacan y
Oaxaca. A los 14 dias, la cepa BASU tuvo en pro-
medio, mayor inhibicion (55.1%) con respecto a
BAVE y BASO (45.8 y 21.7%, respectivamente)
contra las tres cepas fingicas antes mencionadas.
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model that is present in Mexico, forecasting the
potential introduction of FocR4T into our country.
In vitro inhibition was evaluated of bacterial strains
Bacillus subtilis (BASU), B. velezensis (BAVE),
and B. sonorensis (BASO) against three isolates of
FocR2 (MIC17188, MIC17191 and MIC17192),
obtained from plant samples collected in three
banana production sites in the states of Puebla,
Michoacan and Oaxaca. At 14 days, the strain
BASU had in average high inhibition (55.1%) in
comparison to BAVE and BASO strains (45.8 and
21.7%, respectively) against the three fungal strains
mentioned before. In addition, the in vitro inhibition
of Paenibacillus sp. (BSP 1.1) and Serratia sp.
(AC35) was also evaluated by considering three
pre-inoculation timings; the strain BSP1.1 showed
high inhibition (80.1%) when pre-inoculated
individually seven days before the fungus and at
seven days of confrontation.

Key words: Fusarium wilt, Paenibacillus sp.,
Serratia sp., Bacillus subtilis, Bacillus velezensis,
Bacillus sonorensis.

Fusarium oxysporum f. sp. cubense (Foc), causal
agent of Fusarium wilt or musaceae Fusarium wilt,
was reported for the first time in Australia, in 1874,
and later in 1890, it was reported in Panama and
Costa Rica (America); therefore, it is assumed that
this pathogen spread from these two countries to
the rest of this continent (Ashby, 1913; Fish, 1970).
There are three races of this pathogen that affect
plantains and bananas: i) Race 1 (FocR1), affects
Musa textilis (abacd), bananas from the Gros Michel
clones (AAA), Maqueiio (AAB), Silk (AAB), Pome
(AAB), Pisang Awak (ABB) and IC2 (AAAA); ii)
Race 2 (FocR2), affects bananas from Bluggoe
clones (ABB) and other AAAA genome hybrids;
and iii) Tropical Race 4 (FocR4T) is an aggressive
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También se evalud la inhibicion in vitro de las bac-
terias Paenibacillus sp. (BSP 1.1) y Serratia sp.
(AC35) en tres tiempos de pre-inoculacion bacte-
riana. La cepa BSP1.1 presentd mayor inhibicion
(80.1%) cuando se pre-inocul6 de manera indivi-
dual, siete dias antes del hongo y durante siete dias
de confrontacion.

Palabras clave: Marchitez por Fusarium, Paeni-
bacillus sp., Serratia sp., Bacillus subtilis, Bacillus
velezensis, Bacillus sonorensis.

Fusarium oxysporum f. sp. cubense (Foc), agen-
te causal de la marchitez por Fusarium o Fusario-
sis de las musaceas, se reportd por primera vez en
Australia, en 1874, y posteriormente, en 1890 se
reportd en Panama y Costa Rica (América); por lo
que, se asume que este patdgeno se disperso desde
estos dos paises al resto de este continente (Ashby,
1913; Fish, 1970). Existen tres razas de este pa-
togeno que afectan platanos y bananos: i) Raza 1
(FocR1), afecta a Musa textilis (abaca), bananos de
los clones Gros Michel (AAA), Maqueiio (AAB),
Silk (AAB), Pome (AAB), Pisang Awak (ABB) e
IC2 (AAAA); ii) Raza 2 (FocR2), afecta bananos
de clones Bluggoe (ABB) y otros hibridos del ge-
noma AAAA; y iii) la Raza 4 Tropical (FocR4T),
es un patdgeno agresivo en los cultivares Caven-
dish (AAA), como Dwarf Cavendish, Grand Nain
y Williams, asi como en los demas cultivares sus-
ceptibles a FocR1 y FocR2 (Su et al., 1986; Ploetz,
2005). En México, esta enfermedad se reportd por
primera vez en 1932 (Ploetz, 2018); asi mismo,
Florencio-Anastasio et al. (2022) determinaron
mediante un analisis filogenético que cuatro aisla-
mientos de Foc obtenidos de muestras de los esta-
dos de Puebla y Michoacan se agruparon dentro del
Clado VI de la clasificacion propuesta por Fourie et
al. (2009) y Karangwa et al. (2018). FocR1 ha pro-

127



MExiICAN JOURNAL OF PHYTOPATHOLOGY
RevisTA MExicaNa DE FITOPATOLOGIA

FuLLy BILINGUAL

pathogen in Cavendish cultivars (AAA), such as
Dwarf Cavendish, Grand Nain and Williams, as
well as in other cultivars susceptible to FocR1 and
FocR2 (Su et al., 1986; Ploetz, 2005). In Mexico
this disease was reported for the first time in 1932
(Ploetz, 2018); Likewise, Florencio-Anastasio
et al. (2022) determined through a phylogenetic
analysis that four Foc isolates obtained from
samples from the states of Puebla and Michoacan
were grouped within Clade VI of the classification
proposed by Fourie et al. (2009) and Karangwa
et al. (2018). FocR1 has caused severe epidemics
that impacted the banana industry in America,
whose production was based on the Gros Michel
variety, which caused the disappearance of most of
the commercial plantations of this variety between
1950 and 1960, causing economic losses of up to
$2.3 billion dollars (Dita et al., 2013). In the Ulua
Valley (Honduras) 30,000 ha were lost from 1940
to 1960; while in Suriname and Quepos (Costa
Rica) 4,000 and 6,000 ha were damaged in a period
of eight and 12 years, respectively (Ploetz, 2000).
In Mexico, during the 1960s and early 1970s,
close to 40,000 ha cultivated with the Gros Michel
variety were destroyed; Only in 1994 there were
around 4,000 ha of Manzano plantains, which
were reduced to 1,260 ha, in 2004 (Orozco-
Santos, 2013) and for the 2020 cycle, 1,690 ha
had been established (SIAP, 2022). To counteract
the economic losses caused by FocR1, the global
solution consisted of replacing those plantations
established with Gros Michel by cultivars of the
Cavendish subgroup, which represent more than
99 % of export bananas (Dita et al., 2018). On the
other hand, FocR4T was first reported in Taiwan
in 1989 (Ploetz, 2018), by 2022 its distribution
includes Australia, Burma, China, Colombia, the
Philippines, India, Indonesia, Mayotte Islands
(France), Israel, Jordan, Laos, Lebanon, Malaysia,
Pakistan, Peru, United

Mozambique, Oman,
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vocado severas epidemias que impactaron en la in-
dustria bananera en América, cuya produccion fue
basada en la variedad Gros Michel, lo que provocod
la desaparicion de la mayoria de las plantaciones
comerciales de esta variedad en el periodo de en-
tre 1950 a 1960, provocando pérdidas econémicas
de hasta $2.3 mil millones de dolares (Dita et al.,
2013). En el Valle de Ultia (Honduras) se perdieron
30,000 ha en el periodo de 1940 a 1960; mientras
que en Surinam y Quepos (Costa Rica) se dafiaron
de 4,000 y 6,000 ha en un periodo de ocho y 12
afos, respectivamente (Ploetz, 2000).

En México, durante la década de 1960 y prin-
cipios de 1970, cerca de 40,000 ha cultivadas con
la variedad Gros Michel fueron arrasadas; tan solo
en 1994 habia alrededor de 4,000 ha de platano
Manzano, las cuales se redujeron a 1,260 ha, en
2004 (Orozco-Santos, 2013) y para el ciclo 2020
se tenian establecidas 1,690 ha (SIAP, 2022). Para
contrarrestar las pérdidas economicas provocadas
por FocR1, la solucion a nivel mundial consistid
en reemplazar aquellas plantaciones establecidas
con Gros Michel por cultivares del subgrupo Ca-
vendish, que representan mas del 99 % del banano
de exportacion (Dita et al., 2018). Por otra parte,
se reportd por primera vez a FocR4T en Taiwan
en 1989 (Ploetz, 2018), para 2022 su distribucion
comprende Australia, Birmania, China, Colombia,
Filipinas, India, Indonesia, Islas Mayotte (Francia),
Israel, Jordania, Laos, Libano, Malasia, Mozambi-
que, Oman, Pakistan, Perti, Reino Unido, Tailan-
dia, Taiwan, Turquia y Vietnam (Ploetz et al., 2018;
Promusa, 2018; DOA. 2019; ICA, 2019; Aguayo et
al., 2021; Garcia-Bastidas et al., 2020; Ozarslan-
dan y Akgiil, 2020; SENASA, 2021).

La presencia de este patdogeno en dos paises de
América (Colombia y Pert), incrementa el riesgo
de su introduccion a México (Florencio-Anastasio
etal.,2022). Aun cuando los bananos del grupo Ca-
vendish son resistentes a las razas 1 y 2 (Su et al.,
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Kingdom, Thailand, Taiwan, Turkey, and Vietnam
(Ploetz et al., 2018; Promusa, 2018; DOA, 2019;
ICA, 2019; Aguayo et al., 2021; Garcia-Bastidas et
al., 2020; Ozarslandan and Akgiil, 2020; SENASA,
2021).

The presence of this pathogen in two countries
of America (Colombia and Peru) increases the
risk of its introduction to Mexico (Florencio-
Anastasio et al., 2022). Although Cavendish group
bananas are resistant to races 1 and 2 (Su et al,
1986), there are no resistant banana or plantain
cultivars or chemicals effective against FocR4T
(Cook, 2005). Likewise, some biological control
schemes based on the use of antagonistic bacteria
and fungi against Foc breeds have been proposed
(Bubici et al., 2019); for example, the bacterium
Burkholderia cenocepacia 869712 presented 44.4%
inhibition in vitro, and reduced the incidence of
FocRA4T in Cavendish bananas by 86.1% in the field
(Ho et al., 2015). Pseudomonas fluorescens and P.
Sfluorescens WCS417 also reduced (83.4 and 87.4%,
respectively) the severity of FocR4T in Cavendish
bananas in greenhouse. The use of biofertilizers
based on pig manure in combination with Bacillus
amyloliquefaciens NJN-6 reduced the incidence
of FocR4T in greenhouse Cavendish bananas by
75% (Shen et al., 2015), while the same bacterium
decreased the incidence of FocR4T by 68.5%. in
the field (Xue et al., 2015). On the other hand, B.
amyloliquefaciens W19 reduced the incidence of
Foc by 42.8 and 44.4% in two Cavendish banana
fields (Wang et al., 2016); In addition, B. subtilis
N11 reduced the incidence of FocR4T by 82.1%,
while the combination of Paenibacillus polymyxa
SQR21 + Trichoderma harzianun T37 reduced the
incidence of FocR4T by 64.3% in Cavendish banana
(Zhang et al., 2011). The bacteria Paenibacillus sp.
BSP.1.1, Serratia sp. AC35, Pseudomonas tolaasii
P61, Bacillus pumilus BFIEST 4C, B. pumilus R44,
B. pumilus A1, and Serratia liquefaciens CPA C53
inhibited mycelial growth in vitro of five Foc Race
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1986), no existen cultivares de banano o platano
resistentes o productos quimicos efectivos contra
FocR4T (Cook, 2005). Asi mismo, se han propues-
to algunos esquemas de control biologico basados
en el uso de bacterias y hongos antagonistas contra
las razas de Foc (Bubici et al., 2019); por ejem-
plo, la bacteria Burkholderia cenocepacia 869T2
present6 44.4% de inhibicion in vitro, y redujo en
86.1% la incidencia de FocR4T en banano Caven-
dish en campo (Ho et al., 2015). También Pseudo-
monas fluorescens y P. fluorescens WCS417 redu-
jeron (83.4 y 87.4%, respectivamente) la severidad
de FocR4T en banano Cavendish en invernadero.
El uso de biofertilizantes basados en abono de
cerdo en combinacion con Bacillus amyloliquefa-
ciens NIN-6 redujo 75% la incidencia de FocR4T
en banano Cavendish en invernadero (Shen et al.,
2015), mientras que la misma bacteria disminuyo
68.5 % la incidencia de FocR4T en campo (Xue
et al., 2015). Por otra parte, B. amyloliquefaciens
W19 redujo 42.8 y 44.4% la incidencia de Foc en
dos campos de banano Cavendish (Wang et al.,
2016); ademas, B. subtilis N11redujo 82.1% la in-
cidencia de FocR4T, mientras que la combinacion
de Paenibacillus polymyxa SQR21 + Trichoderma
harzianun T37 redujo 64.3% la incidencia de Fo-
cR4T, en banana Cavendish (Zhang et al., 2011).
Las bacterias Paenibacillus sp. BSP.1.1, Serratia
sp. AC35, Pseudomonas tolaasii P61, Bacillus pu-
milus BFIEST 4C, B. pumilus R44, B. pumilus A1,
y Serratia liquefaciens CPA C53 inhibieron el cre-
cimiento micelial in vitro de cinco aislamientos de
Foc Raza “1 02” en 46.6, 26.6, 12.0,11.9, 10.1,9.7
y 4.9%, respectivamente (Florencio-Anastasio et
al., 2022). Por lo anterior, la presente investigacion
evalué el efecto in vitro de cinco bacterias antago-
nistas sobre el desarrollo micelial de FocR2, como
hongo fitopatégeno modelo, dada su presencia en
el pais, para valorar su aplicacion potencial en fu-
turos esquemas de manejo fitosanitario, ante una
eventual introduccion de FocR4T a nuestro pais.
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“1 or 2” isolates at 46.6, 26.6, 12.0, 11.9, 10.1, 9.7
and 4.9%, respectively (Florencio-Anastasio ef al.,
2022).

Therefore, the present investigation evaluated
the in vitro effect of five antagonistic bacteria on
the mycelial development of FocR2, as a model
phytopathogenic fungus, given its presence in the
country, to assess its potential application in future
phytosanitary management schemes, in the event of
a possible introduction of FocR4T to our country.

Phylogenetic analysis. To determine the race to
which the isolates evaluated in the present study
belong (Table 1), the same methodology reported
by Florencio-Anastasio et al. (2022), phylogenetic
analysis of the IGS (Intergenic spacers) region of
the rDNA amplified with the primers PNFo and
PN22 (Edel et al., 1995) was performed.

FocR2 isolates. The fungi isolates were donated
by Centro Nacional de Referencia Fitosanitaria del
Servicio Nacional de Sanidad, Inocuidad y Calidad
Agroalimentaria (SENASICA). Which were
isolated from banana plantations in Hueytamalco,
Puebla (MIC17188; MIC17189; MIC17190),
Tacambaro, Michoacan (MIC17191) and Villa
de Tututepec de Melchor Ocampo, Oaxaca
(MIC17192), from samples of individual plants

Analisis filogenético. Con la finalidad de deter-
minar la raza a la cual pertenecen los aislamientos
evaluados en el presente estudio (Cuadro 1), se si-
guié la misma metodologia reportada por Floren-
cio-Anastasio et al. (2022), se realizd el analisis
filogenético de la region IGS (Intergenic spacers)
del rDNA amplificada con los iniciadores PNFo y
PN22 (Edel et al., 1995).

Aislamientos FocR2. Los aislamientos del hongo
fueron donados por el Laboratorio de Micologia
del Centro Nacional de Referencia Fitosanitaria del
Servicio Nacional de Sanidad, Inocuidad y Calidad
Agroalimentaria (SENASICA). Los cuales fueron
aislados de plantaciones bananeras de Hueytamal-
co, Puebla (MIC17188; MIC17189; MIC17190),
Tacambaro, Michoacan (MIC17191) y Villa de Tu-
tutepec de Melchor Ocampo, Oaxaca (MIC17192),
a partir de muestras de plantas individuales colec-
tadas por el Programa Nacional de Vigilancia Epi-
demiologica Fitosanitaria (PVEF) para la vigilan-
cia y deteccion oportuna de FocR4T. Las muestras
colectadas consistieron en fragmentos de 5 x 1.5
cm de haces vasculares de plantas platano con sin-
tomas de amarillamiento.

Cepas bacterianas evaluadas. Para el bioensayo
1, se utilizaron las cepas bacterianas Bacillus sub-

Table 1. Origin of the isolates of Fusarium oxysporum f. sp. cubense race 2, deposited in the
collection of Laboratorio de Micologia, del Centro Nacional de Referencia Fitosanitaria
(DGSV-Senasica) (Florencio-Anastasio et al., 2022).

Cuadro 1. Origen de los aislamientos de Fusarium oxysporum f. sp. cubense raza 2, depositadas

en la coleccion del Laboratorio de Micologia, del Centro Nacional de Referencia
Fitosanitaria (DGSV-Senasica) (Florencio-Anastasio et al., 2022).

Aislamientos Municipio / Estado Latitud Longitud  No. de accesion
CNRF-MIC17188  Hueytamalco, Puebla 20.00857 -97.24197 MN702818
CNRF-MIC17189  Hueytamalco, Puebla 20.00882 -97.2419 MN702819
CNRF-MIC17190 Hueytamalco, Puebla 20.00928 -97.24209 MN702820
CNRF-MIC17191  Tacambaro, Michoacan 19.21827  -101.45857 MN702821
CNRE-MIC17192 Vil de Tututepec de 16.04554  -97.70423

Melchor Ocampo, Oaxaca
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collected by the National Program Phytosanitary
Epidemiological (PVEF) for
surveillance and timely detection of FocR4T.
The collected samples consisted of 5 x 1.5 cm
fragments of vascular bundles from banana plants

Surveillance

with yellowing symptoms.

Evaluated bacterial strains. For bioassay 1,
the bacterial strains Bacillus subtilis (BASU),
B. sonorensis (BASO), B. velezensis (BAVE)
were used, which were provided by Laboratorio
de bacterias, Centro Nacional de Referencia
Fitosanitaria del SENASICA (Table 2) to evaluate
its effect on the mycelial growth of three FocR2
isolates (MIC17188, MIC17191 and MIC17192)
(Table 1). On the other hand, in bioassay 2, the
bacterial strains Paenibacillus sp. BSP 1.1 and
Serratia sp. AC 35, which were provided by
Laboratorio de Microbiologia, Postgrado de
Edafologia, Colegio de Postgraduados, Campus
Montecillo, to determine their influence on the
mycelial growth of the FocR2 strain CNRF-
MIC17188 (accession number MN702818).

Bioassay 1. In vitro inhibition of bacteria against
three isolates of FocR2. For this bioassay, the
antagonistic effect of the bacterial strains: BASU,
BASO, BAZE (Table 1) on the mycelial growth of
the isolates MIC17188, MIC17191 and MIC17192
(Table 2) was evaluated using the technique

tilis (BASU), B. sonorensis (BASO), B. velezensis
(BAVE), las cuales fueron proporcionadas por el
Laboratorio de bacterias, Centro Nacional de Re-
ferencia Fitosanitaria del SENASICA (Cuadro 2)
para evaluar su efecto en el crecimiento micelial de
tres aislamientos de FocR2 (MIC17188, MIC17191
y MIC17192) (Cuadro 1). Por otra parte, en el bio-
ensayo 2, se utilizaron las cepas bacterianas Pae-
nibacillus sp. BSP 1.1 y Serratia sp. AC 35, las
cuales fueron proporcionadas por el Laboratorio de
Microbiologia, Postgrado de Edafologia, Colegio
de Postgraduados, Campus Montecillo, para deter-
minar su influencia en el crecimiento micelial de
la cepa FocR2 CNRF-MIC17188 (ntimero de acce-
sion MN702818).

Bioensayo 1. Inhibicion in vitro de bacterias con-
tra tres aislamientos de FocR2. Para este bioen-
sayo se evalud el efecto antagonista de las cepas
bacterianas: BASU, BASO, BAZE (Cuadro 1),
sobre el crecimiento micelial de los aislamientos
MIC17188, MIC17191 y MIC17192 (Cuadro 2)
utilizando la técnica propuesta por (Pineda-Men-
doza et al., 2019). Las bacterias se reactivaron
en agar nutritivo (Merck®) Se establecieron cua-
tro tratamientos (tres bacterias mas el testigo) con
cuatro repeticiones cada uno. En los extremos de
las cajas de Petri con medio PDA (Potato Dextrose
Agar, Merck®), se colocd una asada (linea de 5 cm)
de las cepas bacterianas de siete dias de crecimiento.

Table 2. Origin of the antagonistic bacteria evaluated against
Fusarium oxysporum f. sp. cubense race 2.
Cuadro 2. Origen de las bacterias antagonistas evaluadas contra
Fusarium oxysporum f. sp. cubense raza 2.

Bacteria Clave asignada  Origen de las bacterias
Bacillus subtilis BASU SENASICA
Bacillus sonorensis BASO SENASICA
Bacillus velezensis BAVE SENASICA
Paenibacillus sp. BSP 1.1 COLPOS
Serratia sp. AC 35 COLPOS
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proposed by (Pineda-Mendoza et al., 2019). The
bacteria were reactivated in nutrient agar (Merck®).
Four treatments were established (three bacteria
plus the control) with four repetitions each. At the
ends of the Petri dishes with PDA medium (Potato
Dextrose Agar, Merck®), a streak (5 cm line) of
the seven-day-old bacterial strains was placed. The
Petri dishes were incubated in the dark at 28 + 2
°C for 24 h; Subsequently, 7 mm diameter agar
disks of each FocR2 isolate were placed, which
were removed from the margins of the seven-day-
old fungal cultures and placed on the opposite side
of each Petri dish, 5 cm from each other. distance
from bacterial growth. The control consisted of
only placing fungal growth disks in PDA culture
medium. The dishes were incubated again in dark
at 28 + 2 °C; at 3, 7, 10 and 14 days after sowing,
the radius of mycelial growth of each fungal
isolate was measured, four measurements of fungal
growth were taken with a vernier, to calculate the
percentage of inhibition by utilizing the reported
formula was used by Landa et al. (1997):

R-r

Percentage of inhibition x 100

Where, r is the growth radius of the fungus in the
presence of the bacteria and R is the growth radius
of the fungus without the bacteria (control).

Bioassay 2. In vitro inhibition of Paenibacillus
sp. (BSP 1.1) and Serratia sp. against the FocR2
isolate MIC17188 at three pre-inoculation
times. In this bioassay, the inhibitory effect in vitro
of the bacterial strains Paenibacillus sp. (BSP 1.1)
and Serratia sp. (AC 35) together and separately
(Table 1) against the FocR2 isolate MIC17188
(Table 2) was evaluated, in previous studies, this
isolate presented a higher in vitro growth rate
(Florencio-Anastasio et al., 2022), three different
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Las cajas fueron incubadas en oscuridad a 28 + 2
°C por 24 h; posteriormente, se colocaron discos de
agar de 7 mm de diametro de cada aislamiento de
FocR2, los cuales fueron removidos de los marge-
nes de los cultivos fungicos de siete dias de creci-
miento, y se colocaron en el lado opuesto de cada
caja, a 5 cm de distancia del crecimiento bacteria-
no. El testigo consistio en solo colocar discos del
crecimiento fungico en medio de cultivo PDA. Las
cajas se incubaron nuevamente en oscuridad a 28 +
2°C;alos 3,7,10y 14 dias después de la siembra,
se midio el radio de crecimiento micelial de cada
aislamiento fungico, se tomaron cuatro mediciones
del crecimiento fingico con un vernier, para calcu-
lar el porcentaje de inhibicidn se utilizo la formula
reportada por Landa et al. (1997):

R-r

Porcentaje de inhibicion x 100

Doénde, r es el radio de crecimiento del hongo en
presencia de la bacteria y R es el radio de creci-
miento del hongo sin la bacteria (testigo).

Bioensayo 2. Inhibicion in vitro de Paenibaci-
llus sp. (BSP 1.1) y Serratia sp. contra el ais-
lamiento MIC17188 de FocR2 en tres tiempos
de pre-inoculacion. En este bioensayo se evaluo el
efecto inhibitorio in vitro de las cepas bacterianas
Paenibacillus sp. (BSP 1.1) y Serratia sp. (AC 35)
juntas y separadas (Cuadro 1) contra el aislamien-
to MIC17188 de FocR2 (Cuadro 2), en estudios
previos, dicho aislamiento presentd mayor ritmo
de crecimiento in vitro (Florencio-Anastasio ef al.,
2022), se evaluaron tres diferentes tiempos de pre-
inoculacion a 2, 4 y 7 dias de pre-inoculacion (DPI)
en el medio de cultivo (pre-inoculacién se refiere a
la siembra de las bacterias en la caja de Petri previo
a la siembra de los aislamientos del hongo, con la
finalidad de que las bacterias produzcan y secreten
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pre-inoculation times at 2, 4 and 7 days of pre-
inoculation (DPI) in the culture medium (pre-
inoculation means to the seeding of the bacteria in
the Petri dish prior to seeding the isolates of the
fungus, in order to allow the bacteria to produce
and secrete antifungal metabolites). The same
inoculation procedure described in Bioassay 1 was
used. A 7 mm disk of the fungus was placed in
the center of the Petri dish and 5-cm streak of the
bacterial strains were placed at opposite ends, in
such a way that the bacterial growth was initially
separated 3 cm from the fungus and 6 cm from each
other. Four replicates were established for each
treatment, including the control which consisted
of a 7 mm disk of the fungus, and the Petri dishes
were incubated again in the dark at 28 + 2 °C. The
radius of mycelial growth of the isolation of the
fungus was measured at 2, 4, 6 and 7 days.

Experimental design and statistical analysis. For
each trial, a completely randomized experimental
design was established and they were performed
separately, to avoid possible cross effects due to
volatile compounds produced by antagonistic
bacteria. The inhibition data were analyzed with
the statistical package SAS for Windows (SAS
Institute Inc, 2002), performing an analysis of
variance and Tukey’s mean comparison test (o <
0.05).

Phylogenetic analysis. BLAST analysis of the
consensus sequences of the isolates MIC17188,
MIC17189, MIC17190 (Hueytamalco, Puebla) and
MIC17191 (Tacdmbaro, Michoacan) confirmed
the identity of Fusarium oxysporum f. sp. cubense
race 2 with 100 % cover and grouped with the race
within Clade VI proposed by Fourie et al. (2009)
and Karangwa et al. (2018) (Figure 1).

Bioassay 1. In vitro inhibition of bacteria against
three isolates of Foc R2. The BASU bacterial
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metabolitos antifingicos). Se utilizé el mismo pro-
cedimiento de inoculacion descrito en el Bioensa-
yo 1. Se coloco un disco de 7 mm del hongo en el
centro de la caja de Petri y se colocaron asadas de 5
cm de las cepas bacterianas en extremos opuestos,
de tal manera que el crecimiento bacteriano quedo
separado inicialmente a 3 cm del hongo y a 6 cm
entre si. Se establecieron cuatro repeticiones por
cada tratamiento, incluyendo el testigo el cual con-
sisti6 de disco de 7 mm del hongo, y las cajas de
Petri se incubaron nuevamente en oscuridad a 28 +
2 °C. Se midi6 el radio de crecimiento micelial del
aislamiento del hongo a los 2, 4, 6 y 7 dias.

Disefio experimental y analisis estadistico. Para
cada ensayo se establecio un disefio experimental
completamente al azar y se realizaron por separa-
do, para evitar posibles efectos cruzados por com-
puestos volatiles producidos por bacterias antago-
nistas. Los datos de inhibicion se analizaron con el
paquete estadistico SAS para Windows (SAS Ins-
titute Inc, 2002), realizando un analisis de varianza
y la prueba de comparacion de medias de Tukey (o
<0.05).

Analisis filogenético. El analisis BLAST de las se-
cuencias consenso de los aislamientos MIC17188,
MIC17189, MIC17190 (Hueytamalco, Puebla) y
MIC17191 (Tacambaro, Michoacan) permitioé con-
firmar la identidad de Fusarium oxysporum f. sp.
cubense raza 2 con 100 % de cobertura y agrupa-
das con la raza dentro del Clado VI propuesto por
Fourie et al. (2009) y Karangwa et al. (2018) (Fi-
gura 1).

Bioensayo 1. Inhibicion in vitro de bacterias con-
tra tres aislamientos de Foc R2. La cepa bacteria-
na BASU fue la que provoco la inhibicion mayor
del desarrollo micelial de los tres aislamientos de
FocR2, con un 55.1% en promedio, a los 14 dias
de la confrontacién. Por su parte, las cepas BAVE y
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Figure 1. Phylogenetic analysis of four isolates of Fusarium oxysporum f. sp. cubense (MIC17188, MIC17189, MIC17190,
MIC17191) from Puebla and Michoacan, Mexico.

Figura 1. Analisis filogenético de cuatro aislamientos de Fusarium oxysporum f. sp. cubense (MIC17188, MIC17189,
MIC17190, MIC17191) de Puebla y Michoacan, México.

strain was the one that caused the greatest inhibition
of mycelial development of the three FocR2
isolates, with an average of 55.1%, 14 days after
the confrontation. On the other hand, the BAVE
and BASO strains showed an average inhibition
percentage of 45.8 and 21.7%, respectively (Table
3; Figures 2 and 3).

Bioassay 2. In vitro inhibition of Paenibacillus
sp. (BSP 1.1) and Serratia sp. against the FocR2
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BASO mostraron un porcentaje de inhibicion pro-
medio de 45.8 y 21.7%, respectivamente (Cuadro
3; Figuras 2 y 3).

Bioensayo 2. Inhibicién in vitro de Paenibacillus
sp. (BSP 1.1) y Serratia sp. contra el aislamien-
to MIC17188 de FocR2 en tres tiempos de pre-
inoculacion. A los 7 dias de evaluacion, la cepa
bacteriana Paenibacillus sp. BSP 1.1, por si sola
tuvo el mayor efecto inhibitorio en el crecimiento
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Table 3. Comparative fungal inhibitions (average of the three strain
isolates of Fusarium oxysporum f. sp. cubense race 2) obtained
from fungal confrontations with three bacteria, 14 days after
evaluation.

Cuadro 3. Inhibiciones flingicas comparativas (promedio de los tres
aislamientos cepas de Fusarium oxysporum f. sp. cubense
raza 2) obtenidas de confrontaciones filingicas con tres
bacterias, a los 14 dias de evaluacion.

Bioensayo 1

Inhibicion fungica® (%)

Bacillus subtilis (BASU) 55.1a
Bacillus velezensis (BAVE) 458D
Bacillus sonorensis (BASO) 21.7 ¢

“Values estimated from the control fungal growth data for the corresponding
bioassay. Identical letters are not significantly different (Tukey, a < 0.05),
n=4. / “Valores estimados a partir de los datos de crecimiento flingico
del testigo para el bioensayo correspondiente. Las letras idénticas no son

significativamente diferentes (Tukey, a < 0.05), n=4.

isolate MIC17188 at three pre-inoculation
times. After 7 days of evaluation, the bacterial
strain Paenibacillus sp. BSP 1.1, by itself, had the
greatest inhibitory effect on the mycelial growth of
the MIC17188 isolate at 4 and 7 DPI of 75.9 and
80.1%, respectively, followed by the combination
of Paenibacillus sp. BSP 1.1 + Serratia sp. AC35
whose inhibition was 52.7 and 75.5%, respectively;
While the bacterial strain Serratia sp. AC35
presented inhibition values of 46.8 and 52.3% on
the same pre-inoculation dates (Table 4; Figure 4).

The in vitro inhibition capacity of the BASU,
BAVE and BASO bacterial strains considered
in this work had not been previously determined
against any pathogen; these strains inhibited the
mycelial growth of three FocR2 strains, by 40.87%
in average, being BASU (55.1%) and BAVE
(45.8%) the most effective, while BASO showed
the least effectiveness (21.7%). There are reports
indicating that several bacterial strains of B. subtilis
exert in vitro inhibition towards F. oxysporum and
at the same time reduce the incidence of FocR1
when inoculated into vitroplants of banana variety
red banana (AAA) under greenhouse conditions
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micelial del aislamiento MIC17188 alos 4y 7 DPI
de 75.9 y 80.1%, respectivamente, seguido de la
combinacion de Paenibacillus sp. BSP 1.1 + Serra-
tia sp. AC35 cuya inhibicion fue de 52.7 y 75.5%,
respectivamente; Mientras que la cepa bacteriana
Serratia sp. AC35 presentd valores de inhibicion
del 46.8 y 52.3% en las mismas fechas de pre-ino-
culacion (Cuadro 4; Figura 4).

La capacidad de inhibicion in vitro de las cepas
bacterianas BASU, BAVE y BASO consideradas
en este trabajo, no se habia determinado previa-
mente contra ningun patégeno; estas cepas inhibie-
ron el crecimiento miceliar de tres cepas de FocR2,
en 40.87% en promedio, siendo las mas efectivas
BASU (55.1%) y BAVE (45.8%), en tanto que
BASO mostré la menor efectividad (21.7%). Exis-
ten reportes donde indican que varias cepas bac-
terianas de B. subtilis ejercen inhibicion in vitro
hacia F. oxysporum y a la vez reducen la incidencia
de FocR1 cuando se inoculan en vitroplantas de
banana variedad Red banana (AAA) en condicio-
nes de invernadero ya sea solas o en combinacion
con Pseudomonas fluorescens Pf1 (Rubio-Tinajero
et al., 2021; Kavino y Manoranjitham, 2018). De
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Figure 2. In vitro inhibition of Bacillus subtilis (BASU), B. sonorensis (BASQO), and B. velezensis (BAVE) against the isolates
MIC17188, MIC17191, and MIC17192 of Fusarium oxysporum f. sp. cubense race 2, after 14 days of evaluation.
A) Mycelial growth, and B) Percentage of inhibition. Means+Standard error. n=4.

Figura 2. Inhibicion in vitro de Bacillus subtilis (BASU), B. sonorensis (BASQO), y B. velezensis (BAVE) contra los aislamientos
MIC17188, MIC17191 y MIC17192 de Fusarium oxysporum f. sp. cubense raza 2, a los 14 dias de evaluacién. A)
Crecimiento micelial, y B) Porcentaje de inhibicion. MediastError estindar. n=4.

either alone or in combination with Pseudomonas
fluorescens Pfl (Rubio-Tinajero et al, 2021;
Kavino and Manoranjitham, 2018). Similarly, the
effectiveness of B. subtilis has been evaluated in
in vivo trials, based on its ability to reduce the
incidence of F. oxysporum in Dioscorea villosa
tubers (Khan et al, 2017). Some species of B.
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igual forma, la efectividad de B. subtilis se ha eva-
luado en ensayos in vivo, con base en su capacidad
de reducir la incidencia de F. oxysporum en tubér-
culos de Dioscorea villosa (Khan et al., 2017). En
particular algunas especies de B. velezensis han
mostrado cierta efectividad en la reduccion de la
incidencia de F oxysporum en plantulas de banano,
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Figure 3. In vitro mycelial growth of the isolates MIC17188, MIC17191 and MIC17192, of Fusarium oxysporum {. sp. cubense
race 2 in the presence of Bacillus subtilis (BASU), B. sonorensis (BASO) and B. velezensis (BAVE) bacteria, at 3, 7,
10 and 14 days of evaluation. Means + Standard error. n=4.

Figura 3. Crecimiento micelial in vitro de los aislamientos MIC17188, MIC17191 y MIC17192, de Fusarium oxysporum f. sp.
cubense raza 2 en presencia de las bacterias Bacillus subtilis (BASU), B. sonorensis (BASO) y B. velezensis (BAVE),

alos 3,7,10 y 14 dias de evaluacion. Medi

Table 4. Inhibitory effect

as + Error estandar. n=4.

of Paenibacillus sp. (BSP 1.1), Serratia sp.

(AC 35) and its combination, against Fusarium oxysporum f.

sp. cubense race
pre-inoculation a

2 (MIC17188), with seven days of bacterial
nd seven days of confrontation.

Cuadro 4. Efecto inhibitorio de Paenibacillus sp. (BSP 1.1), Serratia

sp. (AC35)ys
f. sp. cubense
inoculacion ba

u combinacién, contra Fusarium oxysporum
raza 2 (MIC17188), con siete dias de pre-
cteriana y siete dias de confrontacién.

Tratamiento Inhibicion fungica (%)*
BSP 1.1 80.15a
BSP 1.1 +AC 35 75.51b
AC 35 52.31¢

*Estimated value from the fungal growth of the control of the corresponding

bioassay. Identical letters

in the column are not significantly different

(Tukey, a.<0.05). n=3. / *Valor estimado a partir del crecimiento fingico
del testigo del bioensayo correspondiente. Letras idénticas en la columna
no son significativamente diferentes (Tukey, a < 0.05). n=3.
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Figure 4. In vitro inhibition of the bacteria Paenibacillus sp. (BSP 1.1) and Serratia sp. (AC35) against the isolate MIC17188
of Fusarium oxysporum f. sp. cubense at three times of bacterial inoculation (two, four and seven days). A) Mycelial
growth, and B) Percentage of inhibition. After seven days of evaluation. Means + Standard error. n=3.

Figura 4. Inhibicion in vitro de las bacterias Paenibacillus sp. (BSP 1.1) y Serratia sp. (AC35) contra el aislamiento MIC17188
de Fusarium oxysporum f. sp. cubense a tres tiempos de inoculacién bacteriana (dos, cuatro y siete dias). A)
Crecimiento micelial, y B) Porcentaje de inhibicion. A los siete dias de evaluacion. Medias + Error estindar. n=3.

velezensis have shown some effectiveness in
reducing the incidence of £ oxysporum in banana
seedlings, under greenhouse conditions (Cao et
al., 2018), and especially the incidence of FocR4T
in plants of Cavendish banana var. Brazil (Huang
et al., 2019). This agrees with that report from
Segura-Mena et al. (2021) who mention that the
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en condiciones de invernadero (Cao et al., 2018),
y de manera especial la incidencia de FocR4T en
plantas de banano Cavendish var. Brazil (Huang et
al., 2019). Lo anterior concuerda con lo reportado
por Segura-Mena et al. (2021) quienes mencionan
que la utilizacion de bacterias benéficas/antagonis-
tas son parte de practicas de manejo del suelo para

138



FuLLy BILINGUAL

MEXICAN JOURNAL OF PHYTOPATHOLOGY
REvISTA MEXICANA DE FITOPATOLOGIA

use of beneficial/antagonistic bacteria are part of
soil management practices to reduce the incidence
and severity of diseases caused by Fusarium.

The results obtained suggest that B. subtilis and
B. sonorensis could potentially be evaluated in
greenhouse and later in the field, to be considered in
the future as part of a management program against
FocR2 and against FocR4T, before an eventual
introduction of it; either through bacterization
practices of plantain vitroplants before their
establishment in the field or in the preparation of
biofertilizer formulations that could be applied once
the crop is established in the field, as has already
been reported by Kavino and Manoranjitham
(2018) and Huang et al. (2019).

Regarding the inhibition of mycelial growth
of FocR2 MIC17188, a previous study showed
that the bacterial strains Paenibacillus sp. BSP1.1
and Serratia sp. AC35 exerted an inhibition of 45
and 27% when pre-inoculated one day before the
fungal confrontation (Florencio-Anastasio et al.,
2022); in the present work, this inhibition increased
to 80.1 and 52.3%, respectively, when the bacteria
were pre-inoculated in vitro, seven days before
the confrontation, which suggests that the longer
the bacteria have to establish themselves in the
culture medium, the greater the inhibitory effect.
This gives consistency to what was suggested by
Caballero-Hernandez (2011) when recommending
the protection of banana plants with antagonistic
bacteria applied seven days before the inoculation
of the pathogen.

Furthermore, the strain Paenibacillus sp. BSP1.1
has also been effective in inhibiting the mycelial
growth of Rhizoctonia sp. (Pineda-Mendoza et
al., 2019), this bacterial strain is attractive for
its biotechnological use as part of an integrated
management program for the biocontrol of Foc,
due to the high percentage of inhibition against five
isolates of Foc Race “1 or 2” (Florencio-Anastasio
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reducir la incidencia y severidad de enfermedades
causadas por Fusarium.

Los resultados obtenidos sugieren que B. subti-
lis y B. sonorensis podrian ser potencialmente eva-
luadas en invernadero y posteriormente en campo,
para en un futuro también ser consideradas como
parte de un programa de manejo contra FocR2 y
contra FocR4T, ante una eventual introduccion de
este ultimo; ya sea mediante practicas de bacteriza-
cion de vitroplantas de platano antes de su estable-
cimiento en campo o en la elaboracion de formu-
laciones de biofertilizantes que se podrian aplicar
una vez que el cultivo esta establecido en campo,
como ya ha sido reportado por Kavino y Manoran-
jitham (2018) y Huang et al. (2019).

Respecto a la inhibicidn del crecimiento micelial
de FocR2 MIC17188, un estudio previo, demostrd
que las cepas bacterianas Paenibacillus sp. BSP1.1
y Serratia sp. AC35 ejercieron una inhibicion de
45y 27% cuando se preinocularon un dia antes de
la confrontacién fingica (Florencio-Anastasio et
al., 2022); en el presente trabajo, esta inhibicion se
incremento6 hasta 80.1 y 52.3%, respectivamente,
cuando las bacterias se preinocularon in vitro, siete
dias antes de la confrontacion, lo que sugiere que
entre mas tiempo tengan las bacterias para estable-
cerse en el medio de cultivo, mayor sera el efecto
inhibitorio. Lo anterior, da consistencia a lo sugeri-
do por Caballero-Hernandez (2011) al recomendar
la proteccion de plantas de banano con bacterias
antagonistas aplicadas siete dias antes de la inocu-
lacion del patogeno.

Ademas, la cepa Paenibacillus sp. BSP1.1 tam-
bién ha sido eficaz para inhibir el crecimiento mi-
celial de Rhizoctonia sp. (Pineda-Mendoza et al.,
2019), esta cepa bacteriana es atractiva para su
utilizacién biotecnologica como parte de un pro-
grama de manejo integrado para el biocontrol de
Foc, debido a alto porcentaje de inhibicién contra
cinco aislamientos de Foc Raza “1 o 2” (Florencio-
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et al. 2022). In addition, this bacterium produces
auxins and indoles, and solubilizes phosphates,
which is why it is considered a good promoter of
plant growth and improves seed germination and
the growth of Capsicum annum plants (Angulo-
Castro et al., 2018; Pineda-Mendoza, 2015; Pineda-
Mendoza et al, 2019). Therefore, Paenibacillus
sp. BSP1.1 can potentially be used in biological
control programs as a “bacterization practice”
one week before its establishment in the field to
induce greater protection in plantain and banana
vitroplants.

CONCLUSIONS

The bacterial strain Paenibacillus sp. BSP 1.1,
by itself, had the greatest inhibitory effect on the
mycelial growth of the FocR2 isolate MIC17188
when pre-inoculated at seven days.

The inhibitory effect of the combined inoculation
of the bacterial strains Paenibacillus sp. BSP 1.1
and Serratia sp. AC35 was lower compared to the
single inoculation of the Paenibacillus sp. BSP 1.1.
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Anastasio et al. 2022). Ademas, esta bacteria pro-
duce auxinas e indoles, y solubiliza fosfatos, por lo
que se considera un buen promotor del crecimiento
vegetal y mejora la germinacion de semillas y el
crecimiento de plantas de Capsicum annum (Angu-
lo-Castro et al., 2018; Pineda-Mendoza, 2015; Pi-
neda-Mendoza et al., 2019). Por lo tanto, Paeniba-
cillus sp. BSP1.1 potencialmente puede utilizarse
en programas de control bioldgico como “practica
de bacterizacion” una semana antes de su estable-
cimiento en campo para inducir mayor proteccion
a vitroplantas de platano y banano

CONCLUSIONES

La cepa bacteriana Paenibacillus sp. BSP 1.1,
por si sola tuvo el mayor efecto inhibitorio en el
crecimiento micelial del aislamiento MIC17188 de
FocR2 cuando se pre-inocul6 a los siete dias.

El efecto inhibitorio de la inoculacién combina-
da de las cepas bacterianas Paenibacillus sp. BSP
1.1y Serratia sp. AC35 fue menor en comparacion
con la sola inoculacion de la cepa Paenibacillus sp.
BSP 1.1.
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