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““Cada uno de nosotros existe durante un tiempo muy breve, y en
dicho intervalo tan sélo explora una parte diminuta del conjunto del
universo. Pero los humanos somos una especie marcada por la
curiosidad. Nos preguntamos, buscamos respuestas...

..La filosofia no se ha mantenido al corriente de los desarrollos
modernos de la ciencia. Los cientificos se han convertido en los
portadores de la antorcha del descubrimiento en nuestra busqueda
del conocimiento”.

Stephen Hawking
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Resumen

Los patdgenos postcosecha causan graves pérdidas econédmicas en cereales, verduras y frutas, ya que su
calidad se puede ver mermada. Para inhibir las enfermedades causadas por patégenos, tales como hongos,
se usan agroquimicos con diversos efectos toxicos en la salud humana y en el ambiente. Por lo tanto, es
necesario tener alternativas inocuas y sustentables que reduzcan la incidencia de potenciales patdgenos.
En el presente trabajo se caracterizé taxondmica y funcionalmente la cepa bacteriana SER3, aislada de la
superficie de fresas, como un nuevo agente control bioldégico contra diversos hongos patégenos
postcosecha. Los resultados mostraron que la cepa SER en co-inoculacion directa inhibe el crecimiento de
varios de estos hongos por compuestos difusibles, principalmente. Al secuenciar su genoma completo, se
encontrd que tiene identidad del 100% con Rouxiella badensis DSM 10043 cuando comparamos el gen
ARNr 16S, asi como porcentajes de similitud del 99.6% con el algoritmo ANI (ldentidad Promedio de
Nucleétidos) y 98.2% con el algoritmo GGDC (Calculadora Distancia Genoma-Genoma). De forma
interesante, el programa anti-SMASH arrojé que la cepa posee grupos de genes para la produccidn de
metabolitos secundarios como: sideréforos, enzima péptido no ribosomal sintetasa (NRPS), tiopéptidos,
aril polienos, policétido sintetasa tipo | (T1PKS) y tipo Il (T3PKS), homoserilactonas, entre otros. Al realizar
la comparacion de estos grupos de genes con los de las bacterias filogenéticamente cercanas a la cepa
SER3, observamos que hay una similitud en el tipo de metabolitos que pueden producir, asi como en los
porcentajes de semejanza de los grupos de genes, resaltando los del género Rahnella, el cual ha sido
reportado como agente de control biolégico, debido a esta similitud en los grupos de genes, se sugiere
que el género Rouxiella también tiene actividad de control bioldgico. Cuando se corroboraron los
resultados de anti-SMASH en lo que corresponde a la sintesis de siderdforos, realizamos ensayos en medio
solido cromo azurol y en confrontacion con el patégeno Fusarium brachygibbosum 4BF en diferentes
tiempos de inoculacion con la cepa SER3. Los resultados mostraron que hay una relacién entre el tiempo
de inoculacion de la cepa con la concentracidon de sideréforos que produce, y que esta afecta el
crecimiento y la produccion de sideréforos del patdgeno. Ademads, al suministrar una solucién de FeCls en
el medio CAS el hongo restablece su crecimiento, lo cual comprueba que los sideréforos son los
responsables de la inhibicion del crecimiento de F brachygibbosum. El espectro obtenido con
espectrofotometria UV-Vis de nanodrop nos indica que el sobrenadante de la cepa en medio rico en
nutrimentos, asi como en medio pobre, contiene un sideréforo tipo hidroxamato, el cual se sugiere que se
trata de la desferroxamina E (nocardamina). Los experimentos in vivo realizados en fresas, mostraron que
la cepa SER3 y su sobrenadante tienen actividad de control biolégico contra Botrytis cinerea y F.
brachygibbosum, y que la cepa afecta la morfologia de las hifas de estos patdgenos cuando se realizan co-
cultivos. En conclusion, nuestros resultados muestran que la cepa SER3 de Rouxiella badensis posee rasgos
gendmicos-funcionales asociados al antagonismo de patdgenos fungicos postcosecha, siendo un excelente
agente de bicoontrol.

Palabras clave: patdgenos, postcosecha, control biolégico, metabolitos secundarios, bioinformatica.



Abstract

Postharvest pathogens cause significant economic losses in cereals, vegetables, and fruits as their quality
can be compromised. To inhibit diseases caused by pathogens such as fungi, agrochemicals with various
toxic effects on human health and the environment are used. Therefore, it is necessary to have safe and
sustainable alternatives that reduce the incidence of potential pathogens. In this study, the bacterial strain
SER3, isolated from the surface of strawberries, was taxonomically and functionally characterized as a new
biological control agent against various postharvest fungal pathogens. The results showed that the SER
strain in direct co-inoculation mainly inhibits the growth of several of these fungi through diffusible
compounds. By sequencing its complete genome, it was found to have 100% identity with Rouxiella
badensis DSM 10043T when comparing the 16S rRNA gene, as well as similarity percentages of 99.6% with
the ANI (Average Nucleotide Identity) algorithm and 98.2% with the GGDC (Genome-to-Genome Distance
Calculator) algorithm. Interestingly, the anti-SMASH program revealed that the strain possesses gene
clusters to produce secondary metabolites such as siderophores, non-ribosomal peptide synthetase
(NRPS) enzyme, thiopeptides, aryl polyenes, type | polyketide synthase (T1PKS) and type Il (T3PKS),
homoserine lactones, among others. When comparing these gene clusters with those of bacteria
phylogenetically close to the SER3 strain, we observed a similarity in the type of metabolites they can
produce, as well as in the percentages of gene cluster similarity, highlighting those of the Rahnella genus,
which has been reported as a biological control agent. Due to this similarity in gene clusters, it is suggested
that the Rouxiella genus also has biological control activity. When the anti-SMASH results regarding
siderophore synthesis were corroborated, we conducted assays in CAS medium and in confrontation with
the pathogen Fusarium brachygibbosum 4BF at different inoculation times with the SER3 strain. The
results showed that there is a relationship between the inoculation time of the strain and the
concentration of siderophores it produces, and that this affects the growth and siderophore production of
the pathogen. Additionally, supplying an FeCls solution in the CAS medium restored the growth of the
fungus, confirming that siderophores are responsible for the inhibition of F. brachygibbosum growth. The
spectrum obtained with UV-Vis nanodrop spectrophotometry indicates that the supernatant of the strain
in nutrient-rich as well as nutrient-poor medium contains a hydroxamate-type siderophore, which is
suggested to be desferrioxamine E (Nocardamine). In vivo experiments conducted on strawberries showed
that the SER3 strain and its supernatant have biological control activity against Botrytis cinerea and F.
brachygibbosum, and that the strain affects the morphology of these pathogens hyphae when co-cultured.
In conclusion, our results show that the SER3 strain of Rouxiella badensis possesses genomic-functional
traits associated with the antagonism of postharvest fungal pathogens, making it an excellent biocontrol
agent.



Introduccion

Los microorganismos constituyen una parte integral de frutas y vegetales, pueden encontrarse en
las superficies como epifitos o dentro de los tejidos como endéfitos. La mayoria de ellos no causan
enfermedad y estdn relacionados con la fisiologia de las frutas y vegetales en etapa postcosecha
y con la respuesta de defensa hacia patégenos (Zhang et al., 2021).

El darse cuenta de que en las frutas y vegetales se encuentran microorganismos benéficos
fomentd el campo del control biolégico utilizando estos microorganismos para desarrollar
productos comerciales (Droby & Wisniewski, 2018). Generalmente nos referimos a estos
microorganismos como agentes de control bioldgico o antagonistas microbianos. Estos agentes
pueden definirse como microorganismos que impiden la proliferacién y desarrollo de
microorganismos patégenos a través de diferentes mecanismos de accion. Sin embargo, la
aplicacién practica de estos agentes en productos comerciales se ve obstaculizada por su eficacia
comparada con los productos quimicos sintéticos. Por lo tanto, es importante entender cdmo
actuan los microorganismos benéficos, cudles son los mecanismos de accién que utilizan para
mejorar su eficacia y seleccionar las mejores cepas (Massart et al., 2015).

Cabe resaltar que los agentes de control bioldgico no solo pueden encontrarse en la superficie de
frutas y vegetales, también pueden ser aislados de distintas fuentes, cominmente son aislados
de alguna parte vegetal o del suelo en relacion con la planta, por ejemplo, de la rizosfera, filosfera
o como enddfitos (dentro de los tejidos de la planta) y pueden ser evaluados por su capacidad de
control bioldgico en frutas y vegetales en etapa postcosecha con el objetivo de evitar el deterioro
ocasionado por hongos (Morales-Cedefio et al., 2023).

Algunas de las caracteristicas con las que debe contar un agente de control bioldgico son que
debe ser genéticamente estable, no fastidioso de acuerdo a sus requerimientos nutricionales,
capaz de sobrevivir a diferentes condiciones ambientales, no debe producir metabolitos daninos
para humanos, no debe ser patdgeno del hospedero, que pueda ser formulado para almacenarse
y dispersarse adecuadamente, que sea compatible con otros tratamientos fisicos y quimicos que
se aplican a frutas y vegetales en etapa postcosecha, entre otros (Morales-Cedefio et al., 2021).

Para conocer las caracteristicas de un agente de control bioldgico, asi como los mecanismos de
accién que utiliza, se pueden emplear distintas metodologias. Los métodos microbioldgicos
suelen ser los primeros en utilizarse para evaluar la capacidad de antagonizar el crecimiento de
ciertos microorganismos patégenos haciendo cultivos duales. Los métodos bioquimicos son
utilizados para identificar proteinas o diversos metabolitos, por ejemplo, aquellos relacionados
con la resistencia del hospedero en confrontacién con el patégeno.

Las técnicas moleculares como la secuenciacidn, la metabolédmica, transcriptdomica, protedmica,
etc. Son otra metodologia que permite estudiar de una manera holistica los mecanismos de
accién de un agente de control biolégico (Massart et al., 2015).



La era de la genémica ha proporcionado herramientas para identificar en el genoma de los
agentes de control bioldgico grupos de genes biosintéticos para la produccién de antibidticos y
metabolitos secundarios. Los algoritmos que se han desarrollado para para buscar estos grupos
de genes incluyen: anti-SMASH, BAGEL, NP.searcher y PRISM. Muchos de estos algoritmos se
basan en patrones derivados de grupos de genes de antibiéticos conocidos y motivos proteicos
asociados.

Las estrategias de gendmica comparativa también pueden ser Utiles para identificar nuevos
grupos de genes biosintéticos. Esta técnica se basa en la comparacion de secuencias de genes
candidatos con los que se encuentran en el genoma de alguna cepa utilizando la herramienta
tblastn (Williams et al., 2020).

En lo que respecta a los mecanismos de control biolégico que puede utilizar un antagonista
microbiano, se han descrito distintos, los principales son: competencia con el patégeno por
espacio y nutrientes, antibiosis, parasitismo directo y resistencia inducida (Sharma et al., 2009).
Sin embrago, diversos autores han descrito algunos mas, por ejemplo: formacidn de biopeliculas,
guorum sensing, produccién de compuestos organicos voldtiles (VOCs) y produccidon de
siderdforos (Dukare et al., 2019),(Carmona-Hernandez et al., 2019).

Algunos mecanismos de accién pueden estar relacionados entre si, por ejemplo, el quorum
sensing, la comunicaciéon y la densidad de la poblacidon bacteriana tiene relaciéon con la
competencia por espacio y nutrientes y también se relaciona con la produccién de biofilm y ésta
a su vez puede ligarse con la resistencia del hospedero. La produccion de siderdforos también se
relaciona con la competencia por espacio y nutrientes ya que los sideréforos son compuestos
guelantes del hierro, de esta manera queda poco hierro disponible para lo patégenos y asi se
limita su crecimiento y proliferacion (Morales-Cedefio et al., 2020). Los mecanismos no solo
pueden estar relacionados, también puede ser que el agente antagonista utilice mas de un
mecanismo para biocontrolar un patdgeno, también se debe considerar que se implica una
interacciéon compleja entre el huésped, el patdgeno, el agente antagonista y el ambiente (Nunes,
2012).

La competencia por espacio y nutrientes es el mecanismo que se define como uno de los
principales, es utilizado por muchos agentes de control bioldgico. Se refiere a la capacidad que
tienen los antagonistas de adaptarse y utilizar los recursos o nutrimentos de una manera mas
eficiente que el patogeno. Para lograr esto el agente de control biolégico debe estar presente en
cantidades suficientes en el momento y sitio correcto (Spadaro & Droby, 2016). Por ejemplo, si hay
una lesién en la fruta y ésta se encuentra colonizada por algin microorganismo antagonista en
una concentracién importante, sera dificil que un patégeno pueda ocupar ese espacio y proliferar.

La competencia por espacio y nutrientes esta relacionada con la produccién de sideréforos, el
hierro es un micronutriente muy importante para el crecimiento y proliferacion de los
microorganismos, asi como un elemento necesario para el crecimiento y virulencia de los
patégenos. En la competencia por el hierro, los sideréforos producidos por los agentes de control



biolégico captan el hierro presente, limitando la ingesta de los patdgenos y de esta manera
impiden su crecimiento germinacién y patogénesis. (Dukare et al., 2019).

Los sideréforos son compuestos quelantes del hierro, forman un complejo fuerte y estable con
los iones de hierro con la finalidad de solubilizarlo y facilitar su toma a través de selectivos
receptores de membrana que realizan la importacién del complejo hierro-sideréforo. Producir
sideréforos también tiene un costo de energia por lo que los microorganismos no productores de
sideréforos tienden a incentivar la absorcidon de sideréforos que no producen, para lograrlo
necesitan de vias de absorcidn que pueden surgir por mutaciones de transportadores para captar
sideréforos exdgenos, o por transferencia genética horizontal de la via de captacion desde los
productores de sideréforos (Boiteau et al., 2019).

La prevalencia de esta “‘pirateria’” de siderdforos induce una presion selectiva para quienes los
producen, es decir, deben sintetizar nuevos sideréforos que no puedan ser tomados por los
competidores. Lo que se ve reflejado en cientos de sideréforos Unicos que se han esclarecido
estructuralmente. Pueden surgir nuevos sideréforos a partir de la evolucion divergente de las vias
de biosintesis, lo que da como resultado sideréforos estructuralmente similares con ligeras
diferencias en las propiedades quimicas (Fischbach et al., 2008).

Los siderdéforos también se relacionan con otro mecanismo de control biolégico ya que pueden
activar la resistencia sistémica inducida en el hospedero, sin embargo, el mecanismo por el cual
disparan esta respuesta es poco entendido (Orozco-Mosqueda et al., 2023).

Los cientos de siderdforos que se han descrito pueden clasificarse por su naturaleza quimica
principalmente en 4 tipos: carboxilatos, hidroxamatos, catecolatos y tipo mixto (Ghosh et al.,
2020).
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Antecedentes

Para conocer los mecanismos de accidn que posee un agente de control bioldgico es importante
utilizar una combinacién de diferentes métodos, es decir, utilizar tanto métodos microbioldgicos
y bioquimicos como moleculares, esto nos permite tener un panorama mads amplio, ya que
algunas veces, aunque un agente de control bioldgico tenga las caracteristicas que le permiten
desarrollar un mecanismo de accién, este no lo realiza bajo determinadas condiciones. Un
ejemplo de esto es mencionado en el trabajo de Tian et al., 2020, en donde observaron mediante
ensayos microbiolégicos (haciendo cultivos duales) que tanto la cepa de Bacillus sp. W176 como
su sobrenadante inhiben el crecimiento de Penicillium digitatum (figura 1), dados estos resultados
decidieron analizar el sobrenadante utilizando cromatografia liquida acoplada a espectrometria
de masas (LC-MS), en donde encontraron varios compuestos con actividad antimicrobiana como:
macrolactina, bacilaeno, micosubtilina y surfactina. También utilizaron métodos moleculares
como PCR para amplificar y detectar genes relacionados con la sintesis de compuestos
antimicrobianos, mediante este Ultimo andlisis encontraron genes necesarios para la produccion
de iturina, sin embargo, la iturina no fue encontrada en sobrenadante.

Figura 1. Cultivos duales de Bacillus sp. W176 (panel A) y su sobrenadante (panel B) con Penicillium digitatum.

Cuando se trata de evaluar la capacidad antagonista de un agente de control biolégico también
es importante comprobar que el efecto que se observa en los experimentos in vitro se observe
en los experimentos in vivo. Por lo cual también realizaron ensayos utilizando como modelo frutas
de mandarina (figura 2). Los resultados mostraron que cuando se utiliza la cepa w176 la incidencia
de enfermedad provocada por P. digitatum disminuye 90%, mientras que al utilizar el
sobrenadante la incidencia de enfermedad disminuye 57.5%.
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Figura 2. Efecto de la cepa w176 y su sobrenadante en el deterioro provocado por P. digitatum inoculado en
mandarinas. Panel (A): Frutas con 20uL de agua estéril. Panel (B): frutas con 10 plL de agua estéril y 10 uL de una
suspensién de conidios de P. digitatum. Panel (C): frutas 10 uL del sobrenadante libre de células de la cepa w176 y
10 pL de una suspension de conidios de P. digitatum. Panel (D): 10 pL de cultivo de la cepa w176 en PDBy 10 L de
una suspension de conidios de P. digitatum. La concentracién de la cepa w176 fue de 2X10% esporas/mL y la
concentracion de la suspension de conidios fue de 1X10° esporas/mL. Las frutas fueron incubadas en cdmaras
climaticas a 25°C y 90% de humedad relativa por 5 dias. Se utilizaron 20 frutas por cada replica, los ensayos se
repitieron 3 veces.

La secuenciacion de alto rendimiento ha permitido explorar los genomas bacterianos completos
y poder compararlos, esta técnica ha sido de gran ayuda en la taxonomia, pudiendo definir
caracteristicas de diferentes géneros bacterianos. También ha permitido hacer comparaciones
entre cepas de la misma especie, esto es Util porque nos permite definir porque algunas cepas
pueden ser potenciales agentes de control bioldgico y que es lo que las distingue de otras.

El trabajo realizado por Contreras-Pérez et al., 2019 es un ejemplo de la vasta informacion que
puede ser obtenida al secuenciar el genoma completo de una bacteria. Ellos aislaron a la cepa
COPE52, enddfita de raices de Rubus fruticosus, y utilizando diferentes herramientas
bioinformaticas, como la Identidad Promedio de Nucledtidos por sus siglas en inglés (ANI) y la
Calculadora de Distancia Genoma-Genoma (GGDC) pudieron calcular el indice General de
Relacion del Genoma, el cual ayudé a identificar taxondmicamente a la cepa COPE52 como
Bacillus toyonensis COPE52. Con el servidor RAST, pudieron identificar 5978 secuencias
codificantes, incluyendo secuencias que son importantes para la promocion directa e indirecta
del crecimiento vegetal (fig.3). Este estudio fue complementado con ensayos microbiolégicos y
bioquimicos, realizando cultivos duales confrontando a la cepa COPE52 con el patdgeno Botrytis
cinerea de manera directa y también indirecta, para evaluar el efecto de los compuestos organicos
volatiles (VOCs), al observar que estos tienen un efecto inhibiendo el crecimiento del hongo,
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decidieron hacer cromatografia de gases acoplada a espectrometria de masas (GC-MS), los
resultados de este analisis mostraron que la cepa COPE52 produce compuestos con actividad
antimicrobiana como el dimetildisulfuro, asi como acetoina y 2,3-butanodiol que son compuestos
gue inducen resistencia sistémica en las plantas (tabla 1). Otros ensayos bioquimicos que
realizaron mostraron que esta cepa produce acido indol acético (IAA), y proteasas (tabla 2).

m Virulencia, enfermedad y defensa (74)

m Respuesta a estrés (41)

m Motilidad y quimiotaxis (7)
Adquisicion y metabolismo del hierro (52)
Metabolismo del fosforo (42)

m Metabolismo de azufre (7)

Numero de secuencias
codificantes (CDS): 5978

7, /|\\’~

Figura 3. Distribucidn de secuencias codificantes agrupadas en categorias de B. toyonensis COPE52. Del lado derecho
se muestran el nimero de secuencias que son importantes para antagonismo, colonizacion rizosférica y endosférica.

Tabla 1. Compuestos organicos volatiles producidos por B. toyonensis COPE52 detectados con GC/MS.

Bacillus toyonensis

C tos Organicos Volatil T i
ompuestos Organicos Volatiles r (min) COPES2 (%)

Acetoina 1.4 3.8

2-Butanona 1.95 0.99
Propanoato de etilo 2.65 1.45
Isobutirato de etilo 2.76 6.78
Butanoato de etilo 4.28 6.55
2-metilbutanoato de etilo 472 6.45
Isovalerato de etilo 5.24 5.19
Dimetil disulfuro 5.35 2.63
Isobutano 6.43 4.6

S-Metil-tiobutirato 7.56 3.36
S-Metil 3-metilbutanotioato 11.55 7.84
Tiglato de etilo 12.26 5.16
Metil pirazina 13.63 1.04
3-Hidroxi-2-butanona 14.47 3.49
Acido acético 22.32 6.03
3-hidroxibutanoato de etilo 24.74 16.21
2-(Metiltio) etanol 25.12 2.75
Acido propanoico 25.83 0.97
2,3-Butanodiol 27.38 2.61
Fenil oxirano 28.42 1.65
Acido butanoico 29.33 1.11
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Mentol 29.39 0.78

Acido 3-Metilbutanoico 30.87 4.28
Salicilato de metilo 34.34 0.75
Fenilacetato de etilo 34.97 1.44
Butirato de butilo 37.74 0.33
Alcohol bencilico 38.27 1.75

Tabla 2. Ensayos microbioldgicos realizados para evaluar antagonismo por compuestos difusibles y volatiles
producidos por COPE52 y ensayos bioquimicos para detectar funciones relevantes en la promocién del crecimiento
vegetal.

. .. Actividad de
Endoflto IAA (ug/mL) Actividad de Siderdforos ACC Inhibicidn de Botrytis cinerea
bacteriano proteasas .
desaminasa
. Compuestos Compuestos
toi(:);lgzzis 24.08 + 0.50 28.6+1.6 ) i difusibles volatiles
+ +
COPES2 11.49+0.84 36.41+2.3

Los agentes de control biolégico pueden aislarse de diversas fuentes, por ejemplo, pueden habitar
cualquier tejido o superficie vegetal como: flores, frutos, tallos, hojas, raices, incluso el interior
de las semillas de los frutos (Morales-Cedefio et al., 2021). También pueden habitar distintos tipos
de suelo, desde campos de agricultura, suelos de minas o de ambientes extremos, como suelos
salinos, con altas o bajas temperaturas, etc. La mayoria de las cepas que han sido evaluadas como
agentes de control biolégico contra hongos causales de deterioro postcosecha en frutas y
vegetales, han sido precisamente aisladas de frutas y vegetales. En el proyecto de maestria
realizado por Morales-Cedefio, 2019, se aislé a la cepa SER3 de la superficie de frutas de fresa. Se
decidié caracterizarla definiendo algunas caracteristicas morfoldgicas y amplificando el gen
ribosomal 16S para establecer su taxonomia y, ademas, evaluarla como agente de control
bioldgico (figura 4). Los resultados de la morfologia mostraron que se trata de una bacteria Gram
negativa que forma colonias de un color claro. Sin embargo, los resultados de la comparacién del
gen ribosomal 16S utilizando la herramienta BLAST, mostraron que tenia un porcentaje de
identidad menor al 98.7%, por lo que no se pudo identificar su taxonomia (tabla 3).
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Figura 4. Morfologia macroscépica (panel A) y morfologia microscépica (panel B) de la cepa SER3 aislada de la
superficie de fresas. La morfologia microscépica fue observada con microscopio éptico con objetivo de 100x.

Tabla 3: Identificacién molecular con PCR del gen ADNr 16S y la herramienta de busqueda BLAST.
Aislado Género y especie Porcentaje de identidad
SER3 Rahnella aquatilis 94%

Durante un tiempo considerable el estdndar de oro para establecer la taxonomia procariota ha
sido la hibridacidn del ADN. Debido al avance de las nuevas tecnologias han surgido herramientas
gue han permitido crear un método bioinformatico que pueda remplazarla, este método se basa
en crear valores analogos a los de la hibridacién y se le dio el nombre de indice general de relacién
del genoma (OGRI), por definicidn este indice representa una medida que indica que tan similares
son dos secuencias gendmicas, puede utilizarse para comprobar si una cepa pertenece a una
especie conocida calculando la relacion entre el genoma de la cepa de interés y el genoma de la
cepa tipo de una especie. La identidad promedio de nucledtidos (ANI) y la calculadora de distancia
genoma-genoma (GGDC) son dos herramientas que se utilizan para calcular el OGRI. En la figura
5 se muestra el diagrama experimental propuesto por Chun et al., 2018 para calcular este indice.
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Ensamble del genoma

Obtener la secuencia
completa del gen 16S ARNr

tipo Busqueda l

Encontrar vecinos
filogenéticos

¢

Sila semejanza de la

; <98.7%
secuencia 16S es \
L ’
; > 98.7% /

Calcular OGRI

\ J

16S ARNr BD de cepas

Nueva especie

Genomas BD de

. <95~96% ANI| o0 70% dDDH
cepas tipo

1 =95~96% ANI 0 70% dDDH

Identificada como una
especie conocida

Figura 5. Flujo de trabajo de clasificacion procariota a nivel especie basada en el genoma. Para reconocer nuevos
géneros, se deben utilizar arboles filo gendmicos.

Le Fléche-Matéos et al., 2017 utilizaron el indice general de relacién del genoma (OGRI) para
poder identificar taxondmicamente dos cepas que fueron aisladas de suelos pantanosos en
Baden, Alemania. Mediante este método pudieron determinar que se trataban de dos nuevas
especies: Rouxiella badensis y Rouxiella silvae. Para poder caracterizar a dichas cepas,
secuenciaron sus genomas completos, utilizaron los algoritmos ANl y GGDC para calcular el OGRI
y determinaron algunas caracteristicas fenotipicas. En la figura 6 se muestra el arbol filogenético
gue construyeron con secuencias del gen ribosomal 16S. Podemos observar que ambas cepas son
cercanas a Rouxiella chamberiensis. Los resultados del OGRI mostraron que el porcentaje de
similitud utilizando el algoritmo ANI fue menor del 95% y con el algoritmo GGDC el porcentaje
fue menor del 70% estos resultados sugirieron que se trataba de nuevas especies. En la tabla 4 se
enlistan algunas caracteristicas bioquimicas y morfoldgicas que determinaron al caracterizar a
Rouxiella badensis.
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Erwinia amylovora LMG 20247 (Z96088) 0.01

Escherichia coli ATCC 117757
(X80725)

Enterobacter cloacas ATCC 130477 (A1251469)
l Klebsielia pneumoniae ATCC 138837 (X87276)

¥ Buttiaurella agrestis DSM 45867 (AJ233400)
Leclercia adecarboxylata LBV449 (AJ276393)

¥ - Pantoea agglomerans ATCC 271 557 (ABOO4691)

Kluyvera ascorbata CDC 0648-747 (AF176560)

Citrobacter freundii DSM 300397 (A)233408)

Cedecea davisae DSM 4568 (AF493976)

Serratia marcescens DSM 301217
(AJ233431)

Peclobacierium carotoverum LMG 24047 (Z96089)
Rouxiella badensis DSM 1000437
(KX784906) and 421 (KX?MSOT)\‘

Rouxiella silvae CIP 1111547 (KX784908
and 223 (KX784909) /

Rouxiella chamberiensis 1303337 (KJSQBQ?Q}/

e
Hafnia alvei
ATCC 13337
(HAFRR165A)
. Obesumbacterium proteus
Rahnefia aquatiis DSM 45847 ngm 27777 (A1233429)
(AJ233428)

Flesiomonas shigelloides

Ewingefia americana CIP 81.947 (JN175329) /‘ (PLIRR16SA)

Figura 6. Arbol filogenético construido con secuencias del gen ribosomal 16S. Valores de Bootstrap basados en 1000

replicados.

Tabla 4. Caracteristicas fenotipicas de Rouxiella badensis.

Forma y tincion Gram Bacilos GRAM (-)

Color de las colonias Sin pigmento

Crecimiento a 37°C
Reduccidn de nitratos

Produccién de 4cidos a partir de:
D-Fucosa

Glicerol

D-Maltosa

D-Melezitosa

D-Rafinosa

L-Ramnosa

D-Sucrosa

+ + + + + + + + + ]|+ +

D-Turanosa
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Justificacion

En un trabajo anterior se aisld a la cepa bacteriana SER3 de la filosfera de frutas de fresa, la cual
destacd por su capacidad de antagonizar diversas especies de hongos patdgenos postcosecha,
incluyendo los géneros Botrytis, Penicillium, Fusarium y Alternaria. Por lo tanto, la cepa SER3
podria tener una funcidn ecoldgica como antagonista de patdgenos flungicos y ser un promisorio
agente de control biolégico de enfermedades postcosecha. Sin embargo, se desconocen los
elementos genéticos y los potenciales metabolitos involucrados en dicho antagonismo. Por lo que
un analisis taxondmico y genédmico-funcional de SER3, asi como los metabolitos que produce en
interacciéon con hongos, permitirda explorar su principal modo de accién, conduciendo al
desarrollo de estrategias que protejan a las frutillas del ataque por patégenos postcosecha.
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Hipotesis

La cepa bacteriana SER3 posee rasgos gendmico-funcionales asociados al antagonismo de
patégenos flngicos postcosecha.
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Objetivos

Objetivo general
Definir las caracteristicas taxondmicas y gendmico-funcionales de la cepa SER3 asociadas al
antagonismo de patdgenos fungicos postcosecha.

Objetivos particulares

1.
2.

Establecer la afiliacién taxondmica y filogendmica de la cepa bacteriana SER3.

Identificar y validar grupos de genes asociados a la produccion de metabolitos
antifungicos encontrados en el genoma de la cepa SER3.

Determinar las propiedades bioquimicas y estructurales del o los metabolitos bioactivos
previamente identificados en el genoma de la cepa SER3.

Cuantificar in vitro el control de patégenos fungicos postcosecha por el o los metabolitos
bioactivos producidos por la cepa SER3.
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Functional and Genomic Analysis of
Rouxiella badensis SER3 as a Novel
Biocontrol Agent of Fungal
Pathogens

Luzmaria R. Morales-Cedefio’, Sergio do los Sanfos-Villalobos? and Gustavo Santoyo'*
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# insitiuio Tecnoligico o Sonore, Ciudad Ctvegan, Measco

In recent decades, various bacterial species have been characterized as biocontrol
agents for plant crop diseases; however, only a few genera have been predominanthy
reported In the literaiure. Therefore, the identification of new antagonists against
phytopathogens is essential for boosting sustainable food production systems. In
thiz study, we evaluated the role of strain SER2 from the recently discovered
Rougafla badensie as a2 biocontrol agent. SER3 was |solated from the phyllosphere
of decaying strawberry fruit (Fragara = ananassa) and showed diferant grades of
antagonism against 20 fungal pathogens of bernes, based on confrontation assays,
due to the action of ifs diffusible and volatile compounds. These fungal pathogens
were isolated from decayed strawberry, blackbemy, and blueberry fruit and were
characterized through intermal transcribed spacer (ITS) seguencing and homology
searches, exhibiting similarity with well-known postharvest pathogens such as Botryfis,
Fusarnum, Geotrchium, Mucor, Peniciifum, Aternara, and Botnosphaena. Koch's
postuiates were confirmed for most pathogens by reinfecting berry fruit. SER3 showed
good capacity o inhibit the growth of Bolrytis cinersa and Fusanum brachygibbosum
in strawberry fruit, affecting mycelial development. To gain better understanding of the
genetic and metabolic capacities of the SER3 sirain, its draft genome was determined
and was found to comprise a single chromosome of 5.08 Mb, 52.8% G + C confent,
and 4,545 protein-coding genes. Phylogenetic analysis indicated that the SER3 strain
iz affiiated with the R. badensis species, with an average nucleotide identity =96%
and a genome-to-genome distance >70%. A comparison cf the genomic properties
of R, badensiz SER3 and other close bacteral relatives showed several genes with
potential functions in biocontrol activities, such as those encoding siderophores, non-
rbosomal peptide synthetases, and pofyketide synthases. This is the first study to
demonstrate a novel mle of the recenily discovered R. badensis species (and any
other species of the genus Rouxieds) as a bioconirol agent against posthanvest

fungal pathogens.
Kaywords: gensmlc analysis, sustalnable agricutture, fungal antagonism, postharvest diseass, volatile organic
compaound
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INTRODUCTION

The demand for food is increasing worldwide, resulting in the
requirement to produce it under eco-friendly systems to ensure
food security (Allen and Prosperd, 2016). However, constant
attack by fungal and comycete phytopathogens reduces the yield
and quality of crops, causing huge losses at different stages of the
agricultural cyde (Dean et al., 2013 Kamoun et al., 2015). For
example, Botrytis cinerea has been reported to infect more than
200 plant species and cause losses of more than €1 billion/annum
globally (Romanerei and Felimani, 2014). Similarly, several
species of the penus Fusarium, together with Botrytis, are among
the top 10 pathogens worldwide that can cause serious yield lozses
in agriculture (Magan et al, 2010; Dean et al, 2012). Likewise,
invasion by non-native speciczs of phytopathogens owing to
transportation and storage of vegetables and froit is another
factor that affects products postharvest (Fried et al, 2007}

Thus, an cfficient alternative against crop infestation, which
includes the use of antagonistic biological agents, has been
developed to eliminate or reduce the use of pesticddes in
agriculture {Compant et al, 2005 Backer et al, 2018} One
of the advantages of biological agents such as Trichoderma
or bacteria is that they are safe and environment friendly
(Elad. 2000; Wang et zl, Z020). This group of beneficial
microorganisms associated with plants has emerged as a
viable, cconomical, and efficient alternative to control various
pre- and postharvest diseases (Morales-Cedefio et al, 2021)
Even antagonism in plant growth-promoting bacteria {PGPB)
toward phytopathogens is considered an indirect mechanism
to stimulate plant growth (Glick, 2012). Their mechanisms
of antifungal action against fungal pathopgens include the
production of diffusible compounds [e.g., hydrolytic enrymes,
siderophores, lipopeptides, phenarines, 1-aminocyclopropane-
1-carhoxylate (ACC) deaminese] or antibiotics and volatiles
compounds (e.g. dimethyl disulfide, hjdrogen cyanide, and
others) {Herndnder-Leon et al, 2001% Khan et al, 201E;
Rojas-5olis et al, 2018). Multiple species of PGPB have been
isolated and characterized based on their antagonism toward
phytopathogens, induding Pseudomonas spp. and Bacillus spp.,
among few other genera that are predominantly reported (Hifte
and Altier, 201(; 3antoye et al, 201%; Islam et al, 2007} Thaus,
the search for new antagomistic bacterial species is essential
to increase the possibility of developing new biofungicides for
commercial application (Cordova- Albores et al, 2020).

In this study, we propose a novel ecological role for Rouxiella
badensis strain SERY as an antagonist of postharvest pathogens of
bernes. R. badensis, together with Rowxiella silvae, was recently
proposed as a new bacterial species by Le Fléche-Matéos et al.
(2017). Some genera phylogenetically close to Rowsiella, sach
as Serrafia and Rahnella, have previously been described az
antagonists and PGPB. For example, Koo and Cho (2005)
isolated and characterized a strain of Serratiac sp. 8Y5, which
had the ability to stimulate the growth of maire seedlings under
stressful conditions. In addition, Sun et al. (2020} observed that
Rahnella aguatilis strain MEM40, isolated from the rhizosphere
of a rice plant, showed plant growth promoter effects and
entagonism against phytopathogens such es Magnaporthe oryzae

and F. graminearum. The only report on the genus Rowiells
described its role as an mhibitor of human pathogenic bacterial
growth, bot this strain has not been fully characterized, and
its taxonomic assignation remains at the genus level (Nam
et al., 2020). The isolation of a possible R. badensis strain 7
{among other 43 isolated endophytic strains) as an antagonist of
pathogenic bacteria and fungi has also been reported. However,
the characterization of strain 7{) was based only on a partial 165
rDNA sequence {1,023 bp); thus, ducdstion of its taxonomic
affiliation requires further analysis (Wang el el 2019). Herein,
we present the isolation and characterization of a novel ecological
role of B badensis as a biocontrol agent against 200 fungal
phytopathogens of berries (Fragaria = ananassa, Vaccinium
spp. var. Biloxi, Rubus subgenus Eubatus), also isolated and
characterized in this study. Furthermore, the & badensis SER3
genome was sequenced to support its taxenomic affiliztion and
mined for detecting biosynthetic gene dusters that could be
involved in its biocontrol capabilities.

MATERIALS AND METHODS

Isolation and Characterization of

Postharvest Fungal Pathogens

Endophytic fungel pathogens were isolated from bernes,
including strawberries (n = 33), blackberries (n = 36), and
blucberries (n = 49}, which were collected from commercial
markets. Berry fruits were surface sterilized according to a
previous study (Contreras et al, 2016). Briefly, berries were
immersed in 7% ethanol for 30 s, then washed with sodiom
hypochlorite {(NaOCl} solution {2.5% available C17) for 5 min,
and then rinsed with ethanol (70% w'v) for 30 5. Finally, the
fruits were washed five times with sterile distilled water. Aliquots
of sterile distilled water used in the final rinse were cultured
on plates containing nutrient agar {MA) mediom (Merck). The
plates were examined for bacterial growth afier incubation at
28°C for 4 days. The sterilized fruits were used iIn decaying
experiments to isolate potentally endophytic fungal pathogens.
Bricily, groups of 5-10 fruits (strawberries, blackberries, and
blucherries) were placed in disinfected containers, closed, and
kept in the dark at room temperature. Fruit weight and firmness
were measured on days 1, 5, and 10 {until the growth of fungal
mycelium was detected) with an analytical balance {(Benchmark
Scientific, Inc., Sayreville, NI, United States) and a penetrometer
(Model GY-1, Hangrhou Scientific Instruments), respectively.
Koch postulates of fungal endophytes were confirmed for most
of the pathogens (except Trichoderma) as follows: berry fruits
were sterilized as described above, placed inside sterile glass
bottles, and inoculated with the spores obtained from each fungal
culture {~1 x 107 gpores/ml). Mycelial growth of fungi on the
fruit was visualized after 5-10 days. Further characterization was
performed to confirm fungal identity.

Genomic DNA  was  extracted from fungal isolates
as per the protocol by Mahuko (2004), followed by
polymerase  chain  reaction  analysis  to amplify  the
intergenic  spacer {ITS) regions with the following
primers: IT54 (3"-TCCTCCGCTTATTGATATGC-31

Frontiers i Micooioiogy | www. romiiersin.ong

August 2021 | Voume 12 | Articie 708855

23



Moreies-Cadano el B

Rolndeda bagenss SEH1 83 3 Bioconirol Agent

and IT85 (3-GOAAGTAAAAGTCOTAACAAGG-Y)
(Hernénder-Leon et al, 2015). The amplified ITS regions of
each of the 20 fungal isolates were sequenced at Macrogen. Seoul,
South Korea. Sequences and most probable taxonomic afhliation

were deposited in GenBank, and the accession numbers are
shown in Table 1.

Isolation of SER3 and Confrontation

Bioassays

Strain SER3 was isoleted from the phyllosphere of strawberry
fruit and selected for antagonism against the fungal pathogen
F. brachypibbosum in a prescreening assay in dual culture
(Supplementary Fagure 1). The strain was grown at 30°C for 24 h
on NA mediem and maintained at 4°C.

Fungal antagonism by strain SER3 was evaluated as previously
reported for Petri dish-based bioassays (Hernandes-Ledn et al,
2015). Briefly, SER3 was streaked onio potato dextrose agar
(PDA) plates in a cross shape, and then, four mycelial plugs
(6-mm diameter}) from each of the 20 fungal isolates were
deposited n the center of cach quadrant. The plates were
incubated in the dark at 30°C, and the mycelial growth diemeter
was measured on day 6.

The antifungal effects of the volatile compounds produced by
strain SER3 were also evéluated in Petri plates. SER3 [100 ul,
at ~1 x 106 colony forming units {CFU)] was inoculated on
one side of the divided Petri plates, and in the other sections,
mycelial plugs of cach studied fungus (6-mm diameter) were
inoculated. The inoculated plates were incubated, and mycelial
growth was measured as described above. Both experiments
were independently performed in triplicate, and the inhibition

TABLE 1 | Funrgal sireins oiafed mm strewharies, biackbarmiss &nd busberes,
with e ciozeet dantiy hased onihe ITE SaOuENCe homnogy Searchas.

Access Source of

Strain  Closest Ganbank speckes  Identty |3)
Ienttty number Izolation

BEECY Boiryits cinerea D38 WNIESDMD.  Shrawbemes
B2 Botrytts =p. o34 MM3BSDSO.1
48F  Fusatum brechypnbosuT B2 MMIESDIS
HEF  Fusatum brachvpbbosum ORI MMIESDITA
FAB Geothchum candoum DEA MNIDAT
1EF Mucar ciinsioides D3 MKBSDASTI
] Mucr fragis 20 WM3B5051.1
Fria Muccr fragis 9 MN3648d1.1
IF Poniclim crustosum DEE MNOEOZIA
zan PEriCLTT SxpansLT e MNIEIE0E.1
&= FEnicilLITm ExpansLm O3 MNOE033IZ
AAF Trichodanma sp. B8 MM3BSDIE
s Alermans atemets 20 WNM3DTOE61  Blacnames
Tz Gealrichurn phuruesensis 38 WN3D7EET
A Alemans afemats 035 MKE3ID30]  Biusbames
3 Adlsrnens =p. o34 MMIEIEEE)
48 Alermans akemets DEZ  MM4I0SEZA
B Alernans atemals OF3  MMIESDES
4 Boényusphasnz Modina D34 MNIBATDSA
1B0A ClsCkEpOiAT 50 DER  MMIBIEIE.1

pereentage was calcolated using the following formula:% growth
mhibition = [{Ac — Ab)fAc] = 100, where Ac 15 the control
mycelial area, and Ab is the mycelial area under treatment.

Fungal Growth Inhibition Bioassay on
Strawberry Fruit and Microscopy
Visualization

The strawberries were washed with running water and
subsequently placed in a container with 70% ethanol for
| min. The ethanol was decanted, and then, the berries were
washed with 2.5% sodmm hypochlorite for 1 min. This process
was repeated three times, and finally, the strawberries were
rinsed thrice with sterile deionired water.

Faollowing the above procedure, strawberries were allowed to
dry in & laminar flow hood, and &n incision of approximately
3 mm length, width, and depth was made on each fruit with the
tip of a sterile scalpel. Four treatments were performed, wsing
the following: (i} sterile distilled water as the negative control;
(ii} @ mycelium plug, 7 mm in diameter, of the phytopathogen
B. cinerea 62BCY or F. brachygibbosum 4BF as a positive contral;
and (iii) a bacterial suspension of SER3 (100 pl, ~1 = 108 CFLT)
and a mycelium plug, 7 mm in diameter, of each phytopathogen;
and (iv) the supernatants {100 pl} of strain 5ER3 obtained from
nutrient broth after an overnight culture and the mycelium of
the two studied phytopathogens grown for 24 h at 29°C. Affer
treatment, the strawberries were placed in dosed sterile plastic
conteiners and maintained at room temperature for 3 days.

For microscopy visualization, strain SER3 was simultancously
striated with phytopathogenic fungi (B cimerea 62BCYV or
E. brachygibbosum 4BF) in separate Petri dishes containing PDA
The bacteria were streaked on the cross-shaped dishes, and a
7-mm paortion of the mycelium was deposited in the center
of each guadrant, as previously mentioned. Subsequently, a
mycelinm sample was stained with lactophenol blue and safranin
and visualired undera Velab VE-BC3 Plus optical microscope.

SER3 Genome Sequencing and Analysis

A single colony of strain SER3 was picked from a streaked
MA plate (BD Bioxon), which was maintained at 30°C
overnight.  SER3 genomic DMA was extracted following
standard protocols (Mahukw, 2004} and further purified
using a Wizard® Genomic DNA Purification Kit {Promega,
Fitchburg, WI, United S5tates). The quality and quantity
of the extracted DMNA were evaluated with agarose gel
electrophoresis and using a NanoDrop spectrophotometer
(Thermo Scientific, Waltham, MA, United States), respectively,
Genomic DNA from SER3 was sequenced commercially
(MR DHNA, Shallowater, TX, United S5tates) by using the
Mumina HiSeg technologies platform (2 = 3 bp). Fast(C
analysis, version (L11.5, of the raw reads was employed to
perform  quality control (Andrews. I010). Trimmomatic,
version (032, was used to remove bases of low guality and
adapter sequences (Bolger of al, 2014). Genome assembly was
performed with contigs obtained through the PATRIC' genome

Vhitpeiiwww. patrichoc.arg)
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service and SPAdes assembler version 3.10.0 (Ban
2012). The draft genome of SER3 was reordered according
to the reference genome of Rahnella aquatilis KM12 (NCBI

project  accession number:  ASM395610v2). PLACNETw
was used to explore the presence of plasmids in the SER3

genome (Vielva et zL, 2017).
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Taxonomic Affiliation of Strain SER3

The 168 rfRNA gene sequence was obtained from the genome
and used in basic local alignment search tool (BLAST) homology
searches to assign the possible taxonomic affiliation of strain
SER3. After that, a genome-level approach was adopted,
employing average nucleotide identity (ANI) > 95-96% (Yoon
ct al, 2017) and a genome-to-genome distance calculator
(GGDC) > 70% (Meier-Kolthoff et al,, 2013). This genome-level
approach was based on strains having cutoff values for species
delimitation established for the 165 rRNA gene (>98.7%) (Chun
etak, 2018).

Phylogenomic Analysis of SER3
Phylogenomic relationships of R. badensis SER3 and the bacterial
strains with high similarity according to ANI and GGDC

values were analyzed using the REALPHY pipeline (Bertels
ct &l 2014). The neighbor-joining method was used for tree
construction, and the nucleotide distance was measured using the
Jukes-Cantor model. Furthermore, bootstrap analysis with 1,000
replications was performed.

Genome Annotation and Mining for Plant
Growth-Promoting and Biocontrol Traits

The assembled genome was annotated using the Rapid
Annotation of the Subsystem Technology (RAST) server’.
Genome mining was performed by biosynthetic gene cluster
(BGC) prediction using antiSMASH 4.0 (Blin ¢t al, 2017) for
R. badensis SER3 and other close bacterial genomes and manually

2hetpedirast theseed org/ FiG /rast.cgi

7Z. The fungal growtn was cheaned at diferent timas, ranging fom S to 8 days:

FAIGURE 2 | Morphological sppeerance of the 20 lungal sirains Eoiated from st barmies, (A) Penichium crustosumn 1. (B) Mucor croneloioss 187, (C) Peniciiim
axpansum 230. [D) Mucar fraghs 22. (E) THChodanma sp. 4AF. [F) Fusarium brachygibbosum 4EF. (G) Peniciium expansum SF. (H) Botrytss sp. 62C. ) Botytis
cinerse 62BCV. (J) Mucor ragis FRA. (K) Geotrchum candicum FRE. (L) Fusanim brachygitbosum HEF. (M) Aemarnia atamsfa 1A (N) CBOoSpomm sp. 180A.
{0) Attamaris altamata 27, (P) Alamars sp. 34 (Q) Altemara stamata 44, (R) Botryosp¥ieans modne SA. (S) Atermans attemats BA. (T) Goolrichum phiuseaisis
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inspected from the annotations generated by the RAST server’
(Aziz et al,, 0B}, specifically the RASTtk pipeline.

RESULTS

Isolation and Characterization of
Postharvest Phytopathogens

In this study, the decay of berries over time showed a reduction
in fresh weight and fuit firmness berween days 5 and 10,
consistent with the appearance of decaying symproms cansed

1 hitpertfrast ompdrooeg

by fungal pathogens (Figore 1). Following the decay, 20
berry fungi were isolated. Figoee 2 shows the marphalogical
appearance of the isolated fungal strains. Sequencing of the
ITS from the isclated fungi showed high homology with
8. civerea, Botryptis sp., F. brachygibbasuen, Geetrichum candidn,
Geotrichurt  plturieaesis, Mucor circimelloides, Mucor fragitis,
Pewnicitifrm crusfosuwt, Penicillivm expansimn, Trichoderma sp,
Alvernaria alternata, Alterwaria sp., Bofryasphoeria roding, and
Cladosporium sp. (Table L). To determine the infection rates
of mungi, incduding those not reported as the main postharvest
phytopathogens of berries, Kochs postulates were confirmed,
thus corroborating their role in postharvest fungal infections

[Supplementary Figure 2).
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Confrontation Assays

Omce the growth and infection capacity of fungal phytopathogens
was confirmed in strawberry and blucherry fruit, confrontation
tests were performed using strain SER3. SER3 remarkably
inhibited mycehal growth through the action of diffusible
compounds against eight phytopathogens, such as Altermaria
alternata, Botryosphaeria rhoding, Mucer circinelloides, Botrytis
spp., and Fusarium spp. (Figore 3A). Although an inhibitory
trend was observed in the growth of some phytopathogens by the
action of volatile compounds from SER3, results showed that the
inhibition wes not sigrificant (Figure 3B).

In vivo Phytopathogen Inhibition Assay
Using Strain SER3

To evaluate the potential antagonism of strain S5ER3
against phytopathogens on fruit. two important postharvest
phytopathogens (B, cimerea S8IBCY  and  Fusarium
brachypgibosum 4BF) were sclected. Figure 4 shows that SER3
produced significant myceliom growih inhibition of B. cnerea
62BCY through direct interaction (42.66%), while the cell-free
supernatant (CFS) inhibited only 555% of phytopathogen
growth. With F brachyggibosum 4BE mycclial growth was
inhibited by 75.68%, while CFS restricted mycelial growth by
57.37%. Microscopic analyzis of the mycelia of each fungal
phytopathogen showed deformations and protrosions in their
hyphae on application of the bacterial strain or the cell-free
supernatant, whereas typical hyphae were observed in the
control in the absence of strain 3ER3 or its CF5 (Figuore 5.

Genome Features of Strain SER3

To gain better understending of the potential traits of strain
SER3 involved in postharvest phytopathogen biocontrol, its
genome was soquenced. The SER? genome consisted of 47
contigs, and the quality of the assembly was evaluated with
Quasr.". with approximately 5.08 Mb, a GC content of 51.8%,
and 4,545 open reading frames, among other genes that code
for ribosomal genes (Table 2 and Figore 6). Similar numbers
are also found m other Rouxrella genomes. The genome
sequences were deposited in GenBank under the following

steprifquass sourceforge net/ quast

TABLE 2 | Genome charectenstics of eirgin BERL

Elza Mibj 508
GC% 52.8%
Proten 4,545
rARAE 4
{FMAE 81
Ofner ANA B
Gene 4 E84
PrEogens &2
Scafloids 1
Conligs a7
NSO 255,898
L50 g

accession numbers: NZ_CP049603.1; BioProject, PRINA224116
and BioSample, SAMMN 14066751,

Taxonomic Affiliation of SER3

Based on the sequences of the 165 rRNA gene, SERF showed
100% identity with the type strains of R. badensis DSM 1000437
{Supplementary Figure 3). A phylogenomic approach confirmed
the close relationship with the R badensis DSM 100043 type
strain (Figure 7). Morcover, a comparison at the genomic level of
strain SER3 through ANI > 95-86% and the GGDC = 7% alsa
shiowed that it is strongly affiliated with B badensis {Table 3).

Search for Biocontrol Gene Clusters in
SERS3 and Related Genomes

The antiSMASH program was used to determine the potential
compounds involved 1n  the postharvest biocontrol of
phytopathogens by R. badensis SER3 and other closely related
species, including two R badensis strains (DSM 100043 and
WG36), Rhanella spp., and Serratin spp. In the SER3 genome,
hiosynthetic pene clusters involved in siderophores (1(H%) and
polyenes (77%) were observed. In addition, compounds such zs
thiopeptides, non-ribosomal peptide synthetases (NRP3), and
polyketide synthases (PKS) were identified (Table 4). Similar
biosynthetic clusters and percentages were observed in the other
two R badensis genomes analyred. corroborating their dose
phylogenomic similarity. & 100% similarity was observed for
siderophore biosynthetic dusters in Rhanells spp. and Ewingella
americana CCUG 14506, and in Obesumbacterium proteus D5M
2777 and Hafnia spp. with a good similarity score {75%) in their

respective genomes.

DISCUSSION

Berries {strawberries, blackberries, and blueberries) have a very
short shelf life after harvest. Therefore, they must be immediately
distributed for use, preferably under cold chain, which
considerably hinders their international commerdalization.
High postharvest fruit losses due to phytopathopenic funpgal
discases are related to high humadity levels, increased nutrients,
low pH wvalues, and low intrinsic resistance to postharvest
decomposition and fungal diseases {Dukare et al., 201%). During
the decomposition process, the fruit loses weight and decreases
in firmness and quality, resulting in economic losses. In many
instances, synthetic chernical compounds are used as coatings to
avoid pathopen infections and extend their shelf life; however,
toxic residues can be hazardous to humen health, in addition to
restricting the global commercialization of berries. Therefore, itis
important to describe the phytopathogens that affect postharvest
berries as well as to develop sustainable alternatives for their
binlogical control (Abeer et al., 2013 )

Here, 20 fungal strains were isolated from berries and
characterized by [TS sequencing and homology searches. They
showed similarity to Botrylis or Fusarium, among others.
Previous reports have shown that several of these genera are
phytopathogens that casse pre- and postharvest discases m
various crops, including strawberries (Chakare et al, 2019)
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In particular, B. cinerea can casily infect berries such as
strawberry, blueberry, blackberry, raspberry, cranberry, and
bilberry fruit, causing drastic losses after harvest (Leroux et al,
2002; Romanazrzi and Feliztani, 2014; Petrasch et al., 2019).
Another type of ascomycete fungus that causes damage to various
crops is Fusarium, which is best known for affecting the roots
and some acrial parts of plants, such as stems, and causes vascular
browning, leaf epinasty, stunting, progressive wilting, defoliation,
floral damage, and subsequent plant death (Dean et al, 2012).
Herein, two strains with highly similar identity (98.3 and
99.2%) to F. brachygibbosum were isolated from strawberry fruit
(Table 1). To our knowledge, F. brachygibbosum has not been
reported as a fruit phytopathogen; therefore, this would be the
first report as a postharvest pathogen in fruit such as strawberries.
Further studics on the morphology of F. brachygibbosum and
analysis of other molecular markers are being conducted by our
research group to corroborate this hypothesis.

Other fungal genecra found in berries were Alternaria,
Cladosporium, Geotrichum, Mucor, and Penicillium, which have
already been reported as causative agents of postharvest disease

in these fruit (Koike et al; 2003; Tournas and Katsoudas, 2005;
Gordon et al.,. 2016; Laper et al., 2016 Pastrana ct al, 2017;
Petrasch et al, 2019). It should be noted that fungi belonging
to beneficial species such as Trichaderma have also been found
in berries (Santoyo et al., 2021). In the present work, the strain
Trichoderma sp. AF4 did not produce any apparent damage when
reinoculated in strawberries and showed similar results as the
uninoculated controls. Morcover, preliminary studies performed
in our laboratory suggest that AF4 restricts the growth of some
postharvest berry pathogens.

In agreement with the aforementioned studies, the fruit
microbiome has been reported to contain not enly pathogenic
species but also microorganisms that can naturally help fight
postharvest discases, thus reducing losses through increased
shelf Iife and fruit quality (Droby and Wisniewski. 2018).
Consequently, we isolated the SER3 strain from the surface
of a strawberry fruit, and it showed antifungal activity against
Fusarium (Supplementary Figure 1). Furthermore, during
activity evaluation, SER3 exhibited significant antagonism against
the postharvest pathogens isolated herein. Moreover, the volatile
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Rahreily victorans DEM 27307 (G0A_004330298.1)
Rahnelia woolb sdingensic DS 2700 (GOA_00IBHI005.1)
Hahnalla hrachi DEM FTI08 (GOA_MI614975 1)

Raells varigana CIP 105568 [GCA_003E10915.1)
Rahmally inugitada DM ID0TE (G0A_0602055.1)

Hatwia pammihved ATCD 29027 (G0A_NHSS5005 1)
Ohaspmbactenim protews DSM2TTT (GCA_001 5848785, 1)
Hafra atved NCTC 8705 (GCA_S00457 105,7)

0,050

' Sarratia guintvorans NCTE 11544 (GCA_S0045T075.1)
T Serabia prolamaciians COUG 14590 (B0A_D0EIT0I65 1)
—W\E Sarratin grimesil NETE 14549 (BOA_R04E6595 1)
Sevratia bguelcars ATCC 37503 (G0A_DOD422085.1)

percentage. Hafis avel NCTC 8,506 was Lsad &8 an oufgoup.

FAGURE T | Phyiogencmic iree besed on the whols genome sequence cata of Roudells badansis strein SERS, Inchiding the relationship with ihar bactensl species.
The prylogenctic tree wes constnacied using e NEighbor-Ioning Sigonim. Bootstran ansys!s of 1,000 EpICEHoNs WES patonmed and 18 expressed a2 &

galis amen COUG 14506 (GCA_O0SFAT045.1)
Rousiaile sives 273 (GOA_002083625.1)

Rauxiala chamberensis 130323 (GEA_000a87135.1)
Rouxisife badensis SERY (GCA_0T1067265.1)

Rouxiaite bacanas DSAM 100047 (GCA_M20II665.1)

compounds of SER3 also exhibited inhibition of mycelial
growth, although to a lesser extent, with significant inhibition
being observed only against two species, vir, P expansum
and F. brachygibbosum. These results sugpested that SER3
antagonires the phytopathogens through the action of diffusible
{mainly} and volatile compounds, which is consistent with other
studies showing similar mechanisms of action in other bacterial

TABLE 3 | OGAls values obtaned from ihe genome comparnisan of stran S5A3
2nd Closasly related SpEcies.

Speckes/Strain 165 AN GGDC

=B8.7% =06 =T0%
Fouisls baderss DEM 1000437 100 BaEs BE.20
Rahnaliz varligens CIP 105588" 351 TEAl 2110
Ofwsumbactaniym profeus DSM 27777 B3.31 Taga 2130
Haftva parakal ATCC 202077 2331 7256 2040
Rounislis chambenenst 1305337 B3.3% BlL.ES 2380
Rahnelz bruchl DSM 273387 B33 B2 20.90
Rarmaks wooibadingenss OSM o730’ B33 7828 21.00
Ratnals hust=s DSM 300787 B TEAT 20,80
FRouvisls svae 2137 Ba.2% BO.E2 24.00
SeTatiz dquefaciens ATCC 275827 B3 12 7504 20,80
Seratia gramasi NERC 135377 312 T3.54 20,40
Ewingeas amencana ATOC 338537 B2 T6.61 21.30
Seratiz profeamacians COUG 145107 Ba.12 T4E5 2020
Seratie quinkomns NCTC 115447 E3.03 T4.61 2030
Rahnakz vickoriana DSM 273477 BA.0R TE.EE 2110
Hamia afvel ATCC 133377 B8T2 T2.T4 21.10

species (Herndndez-Ledn et al, 2015 Wallace et al, 2017). The
inhibition of mycelial growth of postharvest phytopathogens was
corroborated by in vivo tests on strawberry fruit using B. cinerea
and F. brachygibbosum. Following the coinoculation of the SER3
strain and B. cinerea or F. brachygibbosum, the hyphae presented
deformations and protrusions on the surface. This type of damage
in the fungal pathogen hyphac has been observed in other
studies and is associated with a reduction in fungal pathogenicity
(Wallace et al., 2017; Emanuel et al., 2020).

Given the relevant biocontrol properties of strain SER3,
its genome was sequenced, and its taxonomic affiliation was
assigned based on ANI and GGDC. Based on these parameters,
SER3 was cstablished to belong to the R badensis species.
. badensis 1s a relatively new species descrtbed i 2017; 5t 15
a Gram-negative bacillus that forms whitish colonies, can grow
optimally at 37°C, redoces nitrates, and prodoces acid from
different sugars (Le Fléche-Matéos et al,, 2017} To investigate the
possible antifungal mechanism of B badensis SER3, its genome
was analyzed using the antiSMASH server (Blin et al, 2017),
which led to the prediction of various antibiotic compounds and
antifungal compounds such as siderophores, NREPS, and PES.
These three compounds are extracellular and are produced by
a wide range of biocontrol bacterial species, such as Bacillus
and Pseudomonas, and close relatives of R. badensis, such as
Rahnella aquatilis, which have been characterized as antifungals
(Calvo et al, 2007; Chen et al, 2007 Santoyo et al, 2012
Carmona-Hernander et al, 2019). Likewise, NEPS and PKS are
not exclasive to bacterial strains but can also be synthesived
by phytopathogenic and beneficizl fung, such as Trichoderma
(Mukherjee et al, 2012). Other compounds reported to have
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been found in the R, bademsis SER3 genome were a cluster
of desferrioxamine-type siderophores (100% similarity), which
are iron-chelating compounds (Boitezu et al, 2019) and
can restrict the growth of pathogens (Kloepper et al, 1980
de los Santos-Villalobos ef al, 2012} They have been reported
in a wide range of biocontrol and plant growth promoter
species (Crowley, 2006; Wang et al., 2020). Interestingly, the
same compounds, such az siderophores, NRPS, and arylpolyene
compounds, with similar percentages of identity were detected
using antiSMASH in two other B badesis genomes. Similarly,
close relatives of R. badensis, such as Rahnells, slso presented
good similarity percentages with clusters for the synthesis of
siderophores, thiopeptides, and arylpolyenes in their respective
genomes. (ther bacterial species, including those belonging
to genera such as Ewingella {Roy Chowdhory et al, 2007),
Obesumbacterium (Amin et al., 2014), and Hafnia, contatn highly
similar clusters for the synthesis of potential compounds, such
as siderophores (100%). These results support the proven role
of SERY in the biocontrol of fungal pathogens and similar
roles reported by Calvo et al. (2007) and Chen et al. (2007) in
Rahnella and Serratia genera. To our knowledge, the potential
role in the biocontrol of plant fungal pathogens has not been
described for the rest of the bacterial species analyred here with
antiSMASH (Table 4).

CONCLUSION

In this study, a functional anealysis of the biocontrol activities
of the novel strain SER3 against postharvest pathogenic fungi
of berries was performed, which showed a high genomic
and phylogenctic sdentity with K. badensis. Thus, we propose
a new ccological role for this species and other species of
the penus Rowciells. Notably, SER3 genome provides some
indications of the antifungal modes of action; however, other
mechanisms of biocontrol by R badensis SER3 cannot be
excluded, since other antifungal activities, such as the activity of
Iytic enzymes, have not been explored. In addition, antiSMASH
analysis for other species analyred in this study provides some
clues of possible antagonistic action toward plant pathogens,
although this hypothesis requires further investigation. Lastly,
izolation of S8ER3 presents a mew option in the bocontrol of
postharvest pathogens of berries and provides new opportunities
to investigate its role as a promoter of plant growth through
direct mechanisms.
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Resultados adicionales

Inhibicidon de Fusarium brachygibbosum y produccion de sideréforos en medio cromo-
azurol (CAS)

Detectamos produccion de sideréforos en ensayos de confrontacién de la cepa SER3 con el
patégeno Fusarium brachygibbosum en medio cromo-azurol (CAS). Tanto la bacteria como el
patdégeno producen siderdforos (figura 7). Al inocular la bacteria y el hongo al mismo tiempo
observamos que no hay diferencias significativas en el crecimiento del hongo ni en el tamaiio del
halo de sideréforos que éste produce. Sin embargo, al inocular la bacteria 24 horas antes que el
hongo, el crecimiento de éste se reduce un 18% vy el halo de sideréforos producido por este
patégeno también disminuye su tamafio, mientras que el halo de la bacteria es ligeramente
mayor comparado que cuando se inoculan al mismo tiempo. Cuando la cepa SER3 se inocula 48
horas antes que Fusarium su crecimiento se muestra inhibido en un 28%. El halo de siderdforos
producido por este hongo es significativamente menor comparado con el control y con los
tratamientos donde se inocularon al bacteria y hongo al mismo tiempo y la bacteria 24h antes
qgue el hongo. También observamos que, si la bacteria se inocula 72h antes que el patégeno el
porcentaje de inhibicion es del 31%, el halo de siderdforos por parte del patdégeno se mantiene
aproximadamente del mismo tamaiio comparado con el tratamiento donde la bacteria se inocula
48h antes que el patdgeno. El halo de sideréforos producido por la bacteria es de mayor tamafio
comparado con los tratamientos donde se inocularon bacteria y hongo al mismo tiempo y la
bacteria 24 y 48 horas antes que el patdgeno.
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W Diametro de Fusarium brachygibbosum 4BF
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{2 Diametro del halo de siderdforos de SER3

Figura 7: Ensayos de confrontacion entre Rouxiella badensis SER3 y Fusarium brachygibbosum en medio CAS. Las
horas representan los tiempos de inoculaciéon de la bacteria antes de la inoculacién del patégeno. Las barras
representan la media de los tratamientos * error estandar (n=2). Las letras y los asteriscos indican que los promedios
difieren significativamente de acuerdo con la prueba de rango multiple de Duncan (p<0.05).
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Para comprobar que la deficiencia de hierro provocada por los sideréforos son la causa de la
inhibicidn del crecimiento de Fusarium brachygibbosum, se realizaron los mismos experimentos,
pero se le agregd una solucion de FeCls para ver si el crecimiento del hongo se restablecia al
proporcionar hierro. Si comparamos estos resultados con los del experimento anterior en
términos de porcentaje, el crecimiento del hongo se restablece al 100% cuando se administra la
solucion de FeCls. Los resultados se muestran en la figura 8.
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m Crecimiento de F. brachygibbosum en interaceidn con SER3

=m Crecimiento de F. brachygibbosum en interaceidn con SER3y con FeCl3

Figura 8: Ensayos de confrontacion entre Rouxiella badensis SER3 y Fusarium brachygibbosum en medio CAS. Las
horas representan los tiempos de inoculacién de la bacteria antes de la inoculacion del patégeno. Después de 72h
de interaccidn entre la bacteria y el hongo en cada tratamiento, se adiciond una solucion de FeCls. Las barras
representan la media de los tratamientos * error estandar (n=2). Las letras indican que los promedios difieren
significativamente de acuerdo con la prueba de rango multiple de Duncan (p<0.05).

Tipos de sideréforos detectados con espectrofotometria UV-vis en el sobrenadante de la
cepa SER3

El espectro obtenido con el sobrenadante de la cepa SER3 en caldo nutritivo muestra un pico
entre los 400 y 450nm lo que indica la presencia de siderdforos tipo hidroxamato de acuerdo con
(Neilandsl, 1981). La imagen del espectro obtenido se muestra en la figura 9.
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Figura 9: Espectro obtenido con espectrofotometria UV-vis realizado en el sobrenadante de la cepa SER3 en caldo
nutritivo. La presencia de un pico entre los 400 y 450nm indica la presencia de siderdforos tipo hidroxamato.

Mientras que la presencia de un pico a una longitud de 495nm indicaria la presencia de
siderdforos tipo catecolato. Este no fue encontrado en el sobrenadante de la cepa en caldo
nutritivo. La imagen del espectro obtenido se muestra en la figura 10.
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Figura 10: Espectro obtenido con espectrofotometria UV-vis realizado en el sobrenadante de la cepa SER3 en caldo

nutritivo. La presencia de un pico en los 495nm indicaria la presencia de sideréforos tipo catecolato.

Dado que la produccién de sideréforos se estimula en mayor proporcion por la deficiencia de
nutrimentos (particularmente Fe*), se realizaron los mismos experimentos de espectrofotometria

UV-vis utilizando el medio de cultivo M9.
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Figura 11: Espectro obtenido con espectrofotometria UV-vis realizado en el sobrenadante de la cepa SER3 en caldo
M?9. La presencia de un pico entre los 400 y 450nm indica la presencia de siderdforos tipo hidroxamato.

El espectro muestra la presencia de un pico entre los 400nm y 450nm detectando la presencia de
sideroforos tipo hidroxamato, (figura 11). Mientras que no se observo pico a los 495nm indicando
gue no hay presencia de sideréforos tipo catecolato (figura 12).
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Figura 12: Espectro obtenido con espectrofotometria UV-vis realizado en el sobrenadante de la cepa SER3 en caldo
M?9. La presencia de un pico en los 495nm indicaria la presencia de siderdforos tipo catecolato.

Grupo de genes involucrados en la produccién de Desferrioxamina E (nocardamina) y su
posicién en el genoma de Rouxiella badensis SER3

El grupo estd compuesto por 4 genes, en la figura 13 se observa su posicién en el genoma de R.
badensis SER3. El gen putativo dfoJ codifica para la enzima lisina/ornitina descarboxilasa
dependiente de piridoxal-fosfato. Descarboxila lisina produciendo cadaverina. El gen putativo
dfoA codifica para la enzima amina monooxigenasa. Conduce la oxigenacién en uno de los grupos
amino terminales de la cadaverina para producir 1-amino-5-(N-hidroxi)-aminopentano. El gen
putativo dfoC realiza la reaccion de acoplamiento de succinil-CoA con el 1-amino-5-(N-hidroxi)-
aminopentano para formar dcido N-5-aminopentil-N-(hidroxil)-succindmico, que es trimerizado y
ciclado en una reaccion dependiente de ATP por la proteina dfoC para formar desferrioxamina E.
El gen putativo dfoS codifica para una proteina de transporte de membrana MFS (superfamilia de
facilitadores principales) responsable de exportar de la célula la desferrioxamina E.
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Figura 13: Grupo de genes involucrado en la sintesis y excrecion del sideréforo desferrioxamina E, también conocido
como nocardamina E y su posicion en el genoma de la cepa SER3.

Efecto de la cepa SER3 en la morfologia de las hifas de Botrytis cinerea y Fusarium
brachygibbosum observado con microscopio electrénico de barrido

Utilizando el microscopio electrénico de barrido (MEB) observamos coincidencias con las
imagenes que se tomaron con el microscopio 6éptico, es decir, las hifas en contacto con la cepa
SER3 muestran deformidad, sin embargo, con el MEB también observamos otros detalles que se
pueden apreciar en las figuras 14 y 15. La figura 14 muestra las hifas de F. brachygibbosum en
contacto con la bacteria muestran rupturas y protuberancias, ademas las hifas de B. cinerea
(figura 15) tienen una forma aplanada. Esto nos indica que los compuestos de la cepa SER3 que
difunden al medio provocan una deformidad en las hifas de los patégenos y por lo tanto se inhibe
su crecimiento.

SEI MAG: 6000 x HV: 15.0 kV

Figura 14: Hifas de Fusarium brachygibbosum 4AF. Panel (A), (B) y (C) corresponden a las hifas en condiciones control
vistas a 400x, 3000x y 6000x, respectivamente. Panel (D), (E) y (F) corresponden a las hifas que estuvieron en co-
cultivo con la cepa SER3 vistas a 400x, 3000x y 6000x, respectivamente.
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Figura 15: Hifas de Botrytis cinerea 62BCV. Panel (A), (B) y (C) corresponden a las hifas en condiciones control vistas
a 400x, 3000x y 6000x, respectivamente. Panel (D), (E) y (F) corresponden a las hifas que estuvieron en co-cultivo con
la cepa SER3 vistas a 400x, 3000x y 6000x, respectivamente.
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Discusién general

Los agentes de control biolégico o antagonistas microbianos pueden ser aislados de diversas
fuentes, sin embargo, las fuentes mas comunes son la superficie o interior de las frutas o las
plantas. Cuando una cepa es propuesta como agente de control biolégico importante
caracterizarla de la manera mas completa posible, es decir, hacer uso de las diversas
metodologias como ensayos microbiolégicos, bioquimicos y moleculares para conocer su
taxonomia, conocer los potenciales genes involucrados en los mecanismos de accién que ejerce,
comprobar su capacidad antagonista en co-cultivos y en experimentos in vivo, realizar pruebas
bioquimicas para identificar los metabolitos que produce, verificar que estos no sean téxicos para
las personas o animales. Incluso hacer pruebas para proponer alguno de estos metabolitos como
nuevo compuesto antimicrobiano que pueda ser utilizado de forma aislada, en vez de utilizar las
células bacterianas.

La cepa SER3 con la que se trabajé en el presente proyecto, fue aislada de la superficie de frutas
de fresas, después de realizar co-cultivos para evaluar su capacidad de control bioldgico se decidié
caracterizarla y determinar los mecanismos de accién que utiliza contra los hongos patdégenos.
Definir las caracteristicas taxondmicas y gendmico-funcionales de la cepa SER3 asociadas al
antagonismo de patégenos fungicos postcosecha fue el objetivo general de este proyecto. Para
lograrlo fue necesario utilizar metodologias microbioldgicas, bioquimicas y moleculares como es
sugerido por (Massart et al., 2015).

Dentro de las metodologias moleculares estd la secuenciacién de alto rendimiento. Esta
herramienta nos permite avanzar rapidamente en diagndstico, taxonomia, epidemiologia,
gendmica comparada, virulencia, descubrimiento de genes o variantes de interés y asociacion de
microorganismos con deterioro de alimentos e infecciones transmitidas por alimentos (Quijada
et al.,, 2020). En este trabajo mediante la secuenciacion de alto rendimiento y el uso de
herramientas bioinformaticas pudimos ensamblar el genoma completo de la cepa SER3,
obtuvimos 47 contigs que fueron ensamblados en un solo scalfold. Una vez que obtuvimos el
genoma, realizamos las anotaciones, es decir, localizamos y encontramos funciones de los genes
presentes. Algunas de las caracteristicas del genoma es que tiene un tamafio de 5.08Mb, tiene
un contenido de GC del 52.8%

Los algoritmos Identidad Promedio de Nucledtidos por sus siglas en inglés (ANI) y la calculadora
distancia Genoma-Genoma (GGDC), son herramientas que nos permiten calcular el indice
General de la Relacion del Genoma (OGRI), este indice nos permite reemplazar la técnica de
hibridacion del ADN que por mucho tiempo fue el estandar de oro para establecer la taxonomia
procariota. El OGRI, es reconocido ahora como la herramienta para definir especies procariotas.

De acuerdo con Chun et al., 2018, una vez que el genoma completo es ensamblado, se localiza la
secuencia completa que corresponde al gen ribosomal 16S, se hace una comparacién de ésta con
secuencias de cepas tipo, de esta manera encontramos especies filogenéticamente cercanas a
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nuestra cepa de interés, si el porcentaje de identidad es menor al 98.7% podemos definirla como
una nueva especie, pero si es mayor a este valor, se debe calcular el indice General de Relacién
del Genoma (OGRI). Para calcular este indice, es necesario descargar secuencias de genomas
completos de cepas tipo filogenéticamente cercanas a nuestra cepa de interés de acuerdo con los
resultados de la comparacién del gen ribosomal 16S. La comparacion de genomas completos
debe hacerse con los algoritmos ANI y GGDC, si los valores de éstos son menor de 95% y 70%
respectivamente, se define como nueva especie, pero si son mayores a este valor entonces se
define como una especie conocida, a la especie con mayor porcentaje de identidad.

Mediante el uso de esta técnica pudimos identificar a la cepa SER3 como Rouxiella badensis SER3
de manera certera, ya que el porcentaje de identidad comparando el gen ribosomal 16S de la
cepa SER3 con el de Rouxiella badensis DSM 10043 fue de 100% vy utilizando los algoritmos ANl y
GGDC para comparar los genomas completos de estas dos cepas los porcentajes de identidad
fueron 99.6% y 98.2%, respectivamente.

Otra herramienta bioinformdatica que aporta valiosa informacién a partir del genoma ensamblado
es el programa anti-SMASH, éste identifica grupos de genes y su posicién para la produccion de
antibidéticos y metabolitos secundarios, por lo tanto, nos permite conocer los potenciales
metabolitos que una bacteria puede producir. Sin embargo, es importante mencionar que se debe
comprobar la presencia de los metabolitos de interés mediante alguna otra técnica, por ejemplo,
pruebas bioquimicas, cromatografia, o incluso la expresién de los genes utilizando RT-qPCR o
microarrays. De esta manera podemos constatar que los genes detectados con anti-SMASH se
estan expresando y en qué condiciones pueden hacerlo, por ejemplo, si la presencia o ausencia
de un patégeno influye en la expresion de un gen o en la produccién de un metabolito
determinado.

Los resultados de anti-SMASH mostraron que en el genoma de la cepa SER3 hay grupos de genes
para la produccién de diversos metabolitos de los cuales resaltan los sideréforos con un
porcentaje de semejanza del 100% vy los aril polienos con un porcentaje de similitud del 77%.
Estos porcentajes indican que la mayor parte de genes que constituye al grupo estan presentes y
gue por lo tanto el metabolito que expresan puede ser sintetizado, es decir, porcentajes mayores
al 70% indicarian grupos de genes con actividad bioldgica funcional. Los aril polienos son
policétidos bacterianos que contienen una parte arilo terminal conectado a un 4&cido
polienocarboxilico que en algunos casos esta esterificado con un sistema de dialquilresorcinol
(DAR). Se han descrito como pigmentos, compuestos antioxidantes similares a los carotenoides.
Se han descrito 4 tipos: xantomonadina, flexirrubina, arcuflavina y aril polieno tipo flexirrubina
(Grammbitter et al., 2019). Su estructura tiene cierta similitud con el antifungico anfotericina B
por los polienos, hasta el momento no hay estudios que demuestren que los aril polienos tienen
actividad de control biolégico. Estos compuestos no se venden de manera comercial y su
extraccidn requiere de técnicas sofisticadas y costosas, por lo que este proyecto se enfocd hacia
el otro metabolito con actividad bioldgica funcional detectada con antiSMASH, los sideréforos.
Los resultados de anti-SMASH mostraron dos tipos de siderdforos: uno tipo catecolato, que
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corresponde a la turnerbactina, este mostré un porcentaje menor al 70% aun asi se decidid
verificar su presencia en el sobrenadante del cultivo liquido libre de células de la cepa SER3, sin
embargo, éste no fue encontrado en ninguno de los cultivos liquidos realizados, ni en medio
nutritivo ni en medio pobre en nutrimentos. El otro siderdéforo es un tipo hidroxamato que
corresponde a la desferrioxamina E también conocida como nocardamina E, este tipo de
siderdforo si fue detectado con espectrofotometria uv-vis de nanodrop en los dos medios de
cultivos utilizados, tanto en el medio pobre en nutrimentos como en el nutritivo. El espectro
obtenido nos brinda la informacidn sobre el tipo de sideréforo que se encuentra presente en la
muestra. En el trabajo realizado por De los Santos-Villalobos et al., 2012 se identifican los tipos
de sideréforos producidos por Burkholderia cepacia XXVI utilizando espectrofotometria uv-vis,
donde describen que al agregar una solucién de cloruro de hierro al 2% al sobrenadante libre de
células y detectar un pico en el espectro a una longitud de onda de 495nm indica la presencia de
siderdforos tipo catecolato, mientras que la presencia de un pico a una longitud de onda entre
los 400nm y 450nm indica la presencia de sideréforos tipo hidroxamato. Con estos resultados y
los proporcionados por antiSMASH, se sugiere que el sideréforo turnerbactina (tipo catecolato)
no se produce y que el sideréforo tipo hidroxamato detectado con espectofotometria uv-vis
corresponde a la desferrioxamina E.

La presencia de sideréforos también fue detectada mediante otro ensayo bioquimico utilizando
el medio cromo azurol (CAS), en donde un cambio en la coloracién del medio de azul a naranja
indica la presencia de sideréforos. Utilizando este medio también se realizaron ensayos de
confrontacién con el patégeno Fusarium brachygibbosum 4BF y la cepa SER3 a distintos tiempos;
inoculando bacteria y hongo al mismo tiempo, la bacteria 24h antes que el hongo y asi mismo
48h y 72h antes que el hongo. Los resultados mostraron que no habia diferencia significativa en
el crecimiento del hongo cuando se inoculan ambos microorganismos al mismo tiempo, sin
embargo cuando la bacteria se inocula 24h antes que el patégeno el crecimiento de éste se ve
inhibido en un 18%, al comparar la produccion de siderdéforos del patégeno y la produccidn de
sideréforos de la bacteria con el tratamiento donde se inocularon al mismo tiempo, observamos
que los siderdforos del hongo disminuyen discretamente y los de la bacteria aumentan. Cuando
la bacteria se inocula 48h antes que el hongo el porcentaje de inhibiciéon es del 28%, vy si
comparamos la produccion de sideréforos del hongo y de la bacteria de este tratamiento con el
del tratamiento de 24h y con el de inoculados al mismo tiempo observamos disminucion
significativa en la produccion de sideréforos del hongo y aumento de la produccién de sideréforos
por parte de la bacteria. En el tratamiento de 72h observamos un efecto similar donde la
inhibicion del hongo es del 31%. Estos resultados muestran que el tiempo de inoculacion de la
bacteria afecta la produccién de sideréforos del hongo y su crecimiento, y que al tener mayor
tiempo de inoculacion que el hongo la bacteria tiene una mayor produccion de sideréforos, ya
gue tiene el tiempo suficiente para adaptarse y consumir el poco hierro presente en el medio, asi
gue cuando el hongo es inoculado, hay una menor cantidad de hierro que puede utilizar y se
restringe su crecimiento. Ademas, si se agrega una solucién que contenga hierro, el crecimiento
del hongo se restablece, lo que comprueba que la deficiencia de hierro provocada por los
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siderdforos es la responsable de inhibir el crecimiento, por lo que se sugiere que la competencia
por espacio y nutrientes es uno de los mecanismos de accidon que utiliza la cepa contra este
patégeno.

También se realizé un analisis de grupos de genes para la produccidon de metabolitos secundarios
de las bacterias filogenéticamente cercanas a la cepa SER3 con el programa anti-SMASH y se hizo
una comparacion con los resultados que se obtuvieron previamente con la cepa SER3. Con esta
comparacion pudimos observar que los grupos de genes del género Rahnella son muy similares
a los del género Rouxiella en el tipo de metabolitos que pueden llegar a producir y en los
porcentajes de semejanza de los grupos de genes. El género Rahnella ha sido descrito como
agente de control biolégico, y debido a los resultados obtenidos con este analisis, sugerimos que
el género Rouxiella también tiene actividad de control bioldgico.

Los experimentos in vivo que se realizaron con fresas mostraron que, al estar presente la cepa
hay porcentaje de inhibicion tanto de Botrytis cinerea como de Fusarium brachygibbosum, sin
embargo, la bacteria parece tener un mayor efecto inhibitorio ante Fusarium. Por otra parte, los
experimentos realizados con el sobrenadante de la cepa (filtrados libres de células), también
mostraron efectos de inhibicion, estos también fueron mas notables en el patégeno Fusarium
gue en Botrytis, esto puede ser debido a que, quizds, Fusarium sea mas susceptible a la falta de
hierro ocasionada por los sider6foros de SER3. Al comparar ambos resultados (los de
sobrenadante y los de células bacterianas), podemos observar que se logran mayores porcentajes
de inhibicién al utilizar la cepa (células bacterianas) que el sobrenadante. Este resultado es
frecuentemente observado en los experimentos de control biolégico en frutas y vegetales en
etapa postcosecha. Algunos autores lo atribuyen a que al estar presente la célula bacteriana se
puede estar realizando mds de un mecanismo de accidén, y por lo tanto es dificil atribuir el efecto
a un mecanismo en concreto. En el caso de nuestro experimento, este efecto puede deberse a
gue cuando la célula esta presente, la produccién de sideréforos es constante, mientras que al
utilizar el sobrenadante sélo hay una determinada concentracién.

Al visualizar con el microscopio optico las hifas de los patégenos que estuvieron en co-cultivo con
la cepa SER3, observamos deformidad de las hifas comparadas con las hifas de los patégenos que
no estuvieron en contacto con la cepa. Cuando visualizamos las hifas con el microscopio
electrénico de barrido (MEB) corroboramos los resultados, observamos deformidad de las hifas,
sin embargo, estas imagenes nos brindan aun mas detalles, como las protuberancias formadas y
las rupturas que se visualizan en las figuras 14 y 15. Debido a estas alteraciones se restringe el
crecimiento de los patogenos.

En este trabajo pudimos caracterizar a la cepa SER3 como Rouxiella badensis, realizamos analisis
in silico para conocer su maquinaria genética relacionada al control biolégico y mediante algunas
técnicas bioquimicas pudimos constatar la produccién de uno de sus metabolitos, los siderdforos
y sugerir que se trata en particular de la desferrioxamina E también conocida como nocardamina
E. Sin embargo, queda como perspectiva, realizar una cromatografia liquida acoplada a
espectrometria de masas (LC-MS), que nos podra confirmar la presencia de la desferrioxamina E
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en el sobrenadante del cultivo. Ademas de constatar los resultados obtenidos con anti-SMASH y
quizds demostrar la presencia de algin otro metabolito que pueda tener efecto de control
bioldgico y que pudiera estar presente en el filtrado libre de células, algo similar a lo sucedido en
el trabajo de Tian et al., 2020, donde encontraron genes relacionados a la sintesis de péptidos
antimicrobianos que no se detectaron en la LC-MS. En algunos trabajos se ha mencionado que la
expresion de ciertos genes se relaciona con la presencia de ciertas condiciones, por ejemplo, la
presencia o ausencia de los patdgenos, la temperatura, la presencia o ausencia de ciertos
nutrimentos, la respuesta de defensa del hospedero, etc. Recordando que para caracterizar los
mecanismos de accién de un agente de control biolégico de deben utilizar las técnicas
microbioldgicas, bioquimicas y moleculares, de esta manera se puede tener un panorama amplio
y no pasar por alto algin mecanismo o verificar en qué condiciones son efectivos los mecanismos
de accion identificados.
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Conclusion

La cepa bacteriana SER3 identificada como Rouxiella badensis, posee rasgos gendmico-
funcionales asociados al antagonismo de patdgenos fungicos postcosecha.
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Perspectivas

Analizar el filtrado libre de células de Rouxiella badensis SER3 con cromatografia liquida
acoplada a espectrometria de masas (LC-MS) para comprobar que el sideréforo tipo
hidroxamato detectado con espectrofotometria uv-vis se trata efectivamente de la
desferrioxamina E (nocardamina E) como lo sugieren los resultados predichos por
antiSMASH.

Extraer los aril polienos y evaluarlos para comprobar si poseen actividad antifungica.
Hacer un analisis con LC-MS del filtrado libre de células de un cultivo dual de Rouxiella
badensis SER3 y Fusarium brachygibbosum para comparar el cambio en la produccién de
metabolitos secundarios.
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ABSTRACT

Keywords:
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Sustainable sgriculture

Post-harvest crops

Plant growth-promoning mechanisms

Sustainable agriculture requires the recruitment of bacterial agents to control diverse plant diseases such az
bacterial endophytes. Bacterial endophytes colomize and inhabit intermnal plant tizsues withowt cassing any
apparent damage. Within the plant, these bacteria axert multiple beneficiary affectn, including direct stimulation
of plant growth by the action of phytohormones or the production of metabolites. However, bacterial endophytes
alzo protect their plant host throogh bisconwol pathogens or by inducing plant inmate immune syoem. The
present work male: 2 systematic and in-depth review on the curment state of endophytic bacterial diversity, theic
plant colonization srategies, and their potential roles a0 protective agents against plant diseases Juring pre- and
poat-harvest stages of crop productivigy. In addition, an exploration of their benaficial affect: on sustainable
agriculture by reducing/eliminating the 1me of toxic agrochemicals was conducted. Pinally, we propoce diverse
effactive strategies for the application of endophytic bacteria az bislogical agents during both pre- and poot-

harvest stages, with the aim of protecting crop plant and their agricoiooral produces.

L. Inroeductdon

Agricultural dizeases lead to considerable losses in the production of
itz and vegetables, during their cultvation, handling, ansportation,
and storage. To control these diseases, agricultural crops are commonly
mreated with synthetie fungicides, which despite their effectiveness in
controlling diseazes caused by phytopathogens, are not sustainable al-
termatives due to their high economic and environmental eosts (Sharms
eral , 20040 Several smdies show that they leave harmiful residues in the
soil, water, and the ammosphere, in addidon to inducing resiztance in
phytopathogenic straine (Villarreal-Delgado et al, 2018 Thus, the
development of efficient and envirommental friendly technologies
forused on the elimination or reducton of the application of synthetic
fungicides in agriculture iz highly desirable (Santove ec al, 20120
Additionally, the export of organic fruits and vegetables iz a widely
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accepred practice in world markers, and hence new techmologies and
afternatives to the use of chemicalz must be generaved. Ome of the
promising altematives to achieve this goal iz the uze of microbial
biocontrol agents (Vinale et al , 2007; Santovo =t al |, 2016).
Biocontrol agents, or bacterial antagonistz, are microorganizms that
decreaze the harmful effects of pathogens. There micToorganizms belong
o the group of plant growth promoting bacteria (PGPB], which consists
of bacteria that exert beneficial effectz on plants (Lugtenbery amd
Familowa, 2009). PGPB establish beneficiary relatonchips (which are
sometimes very specific) with variou: plant species, stimulating their
growth through direet and indirect mechanizms {Ullah er al, 2019} For
example, they facilitate the acguisition of nurents by plantz, such az,
biological nitregen fixation and mobilization of immobilized nutrients
as phosphoms and iron through the production of organic acids amd
siderophores, rezpectively (Glick, 2012). In addidon, they aid in the
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mdulation of hormone concentrations, zuch as auxins (indolacetic acid
or AlA) and cytokinins, n plants. Another important mechanism to
promaote plant growth by PGPE is to reduce plant ethylene levelz, which
iz a2 hormone produced by plants under certain soress conditions such as
floods, water, or zaline-induced stress, infection caused by pathogens,
among others (Gamalero and Glick, 2015). 1-aminocyclopropane- 1-car-
boxylate (ACC) produced by PGFB is the immediate precursor of the
hormone ethylene in plant: amd is hydrolysed by the enzyme ACC
deaminaze (Orozoo-Mosgqueda et al., 2020). The bacterial enzyme ACC
deaminaze Ametions by degrading ACC molecule into a-ketobutyrate
and ammeonia, and hence an increase in the producton of ethylene is
avoided under conditions of stresz and attack by pathogens, which in
‘urn promotes the growth and facilitating the survival of plants (Santoyo
etal, 20200 Also, plant growth can be increased through indirect action
of PGPE ac the growth or acdvity of phytopathogens iz prevented or
inhibited through various strategies, such as, competiton for space amd
nuirients, antibiosis, lytic enzyme production, toodn mhibition, and in-
duetion of plant defense mechanizms (Solanki etal | 2019; Weyens ecal.,
2009). The group of bacveria thar stimulate plant growth and can
colonize and survive without causing harm to the plant, are known as
plant growth-promoting bacterial endophytes (PGPBE) (Zantoyo et al.,
2016).

The way to suppress the activity of plant pathogens by PGFBE (and
PGPE) can be carried out during two periods, either before (pre-harvest)
or after (post-harvest) harvesting the fruit or vegetable product. Uzually,
the pre-harvest period could include prophylactic actions to eliminate
potential pathogens that reside in the agriculoural soil, as well as during
planting and plant development until obtaining the fruit, seed or plant
product by inoculating biocontrol agents (or other bio-compounds)
(Hernandez-Ledn et al, 2015; Solanki et al., 20190

Omee the fruits or vegetables have been collected, they hawve to be
ancported and stored, which continues to make them suzceptble to
pathogen attack Economic losses in both period: can vary but can
signify more than 50 % of the total harvest (Sharma et al, 2009).

Several of the pathogens found during pre-harvest periods may
caontnue to affect product quality during post-harvest. For example,
Botrytis cinerea, which cauzes Gray mobd dizease, affect: more than 200
species and plant products. Other important pathogens are Collefo-
richum musee, the cause of Anthracnose or Blossom end rot diseazes in
banana; Penicillium expansum (Blue mold in apple) or Alternate albormomn
(Altermnaria rot in Cherry), to name a few. A long list of pre- and post-
harvest pathogens can be found in other excellent works (Sharma
et al , 200%; Shafl et al, 2017

Henee, the isolation, characterization, and application of biological
contol agents in the fleld and in poct-harvest crops should be a priority
for sustainable food production for all the countrie: in the world,
especially those developing countries, since thiz will allow sustainable
agriculture generation in the long term. In fact, “Moah’s arks™ should be
created In every country of region to conserve, preserve, and study
microorganismes from various environments with multple effects on
different plant species and I varous environmental condidons,
including zoil conditions with poor nutrients, water scarcity, or mecal
contamination {de loz Santos-Villalobos et al, 2018a, bl

2. Plant azsociated bacreria

Plant-barteria associations have been studied for many decades,
which suggest that bacteria positively impact plant growth and health
while plants can “select” their microbiome or core microbiome to obtain
beneficial bacterial colonizers, including those living within plant tis-
zues, called endophytes (Santoyo et al, 20016; De Souza et al., 2016).
Some author: have proposed a functional definition of endophytc
behavior, conzidering any bacterium az an endophyte if it can be iso-
lated from the dizinfected surface of a plant tssue or exmacted from the
interior of the plant, without causing any apparent visible damage to the
plant (Hardoim et al., 2015). In ecological terms, it iz not clear whether
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reziding within plant tizzues iz an advantage for endophytic bacteria, as
opposed to living freely (saprophytically) in the area surrounding the
plant rooitz, zuch as rhizocpheric bacteria or living on the surfaces of the
aerial partz or the plant (phyllosphere bacteria) (Liv et al | 2017a, b;
Masoni et al., 2020). The rhizosphere iz the soil zone containing a
complex environment where plant roots interact physical and chemi-
cally with the soil. It iz defined as the area of the soil whose properties
are influenced by the presence and activity of the roots (Fichardson
et al, 2009). For example, soil nuimients such as phosphorus, are
rancferred to the root surface through the rhizosphere, or in the caze of
roots associated with mypeorrhizal fungi, through the mypeormrhizesphere,
prior to acquisition (Fichardson et al., 2009). Plants modify the physi-
cochemical propertes and biological composition of the rhizosphere
through several mechanizme, which include acidificaton through pro-
ton extruzion and the release of root exudates. Along with changes to soil
pH, root exudates influence the availability of nutrients for the plant
{Richardszon et al, 200%; Hardoim et al., 2015; Lin ez al, 2017a, bl

Bacterial endophytes could have advantages over bacteria inhabiting
the rhizosphere, zinee Lving within the tizsues of a plant represents an
oppornumiry to always be in contact with plant cells (and their metab-
olites), and therefore they can readily exert a direct beneficial effect
(Santoyo et al, 2016). However, bacteria that reside in the rhizosphere
hawe the potential to enter and colonize the plant roots; thus, the root
ecorystem has been widely lnown az one of the main sources for
endophytic bacterial colonization (Hardoim et al | 2015).

Different mechanizms are used by endophytic bacteria to enter plant
tzsues, partcularly the roots. The most common mode of enmy is
through lateral or primary fissures and various wounds in the tizsues
that ooceur because of plant growth. The wounds cccurring at the roots
cause leakage of plant me@bolites and become sites, which atiract these
bacteria {Santoyo et al., 2016).

Another plant zone of great importance and that has not been
explored az it zhould be, iz the phyllosphere. According to recent work
by Mamsond et al. (20200, it is suggested that the resident microbiota on
the surfaces of plant organs such as leaves or flowers, may be more
conserved than previoucly thought Therefore, itz adaptive role to the
phyllosphere could be more plant-specific with close interactions of
ecological or agronomical importance (Crombie et al, 2018; Herpell
et al., 2020).

3. Colonlzation of the plant endosphere

The plant roots are exposed to soil bacteria during their dewelopment
and growith, allowing bacteria to enter the plant and clearing the route
for colonization of the seeds (spermosphere) (Truyens et al, 2014;
Gehilez et al, 2015). Por this regand, several bacterial traitz are impor-
tant for plant colonizaton amd  endophydc — capacicy.
Chemotaxiz-induced modlity leading to root colonizadon iz probably
one of the most important mechanizms determining the endophytic
potental of so0il bacteria (Bacilio-Jirmenez et al., 2003). The next step in
the colonization route towards the seeds requires bacteria to enter the
root and become endophytes either through passive penemation at the
root tp, by the emergence of lateral roots or by pathogen entry zites, or
by acdve penetration using cell wall degrading enzymes, such as cellu-
laze am] pectinase (Hurel: et al , 1994; Ebeltagy eral., 2000; James et al.,
2002 In addition, transportadon of proteins for uptake of nuirients
synthesized by plants, zecretion and distribution syztems involved in
shﬂmﬁmaﬁ&h&m&mmu@hjﬁzﬁfﬂﬁgm
regulators for me@bolic adapration, quornum zencing, amd other detox-
ification mechanizms used in the protection againect coddative stress
imduced before or after host infection have been chowm to be de-
terminants of competent endophytes (Sesitzsch e al | 2012; Al et al |
20140

Bacterial colonization in the plant interior is attractive since the host
nuirients can be used efficiently and without competiion from high
bacterial numbers colonizing outside the roots (Liv et al., 20173, b). In
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addition, endophytic bacteria are more efficient in being protected from
abiotic stress than rhizospheric bacteria (Hardoim et al, 2015). Once
certain endophytes reach inside the plant, they are able to disperse
systemically and ultimately reach flowers, fruits, and seeds. Some en-
dophytes use the root xylem of their hosts to reach their meristems,
where they are assisted by the movement of their flagella and by the
plant transpiration current {James et al., 2002; Compant et al., 2005),
while others use the nutrient-rich intracellular zpaces, but this requires
the secretion of cell wall degrading enzymes (Truyens et al | 2014). The
bacteria that become seed endophytes are not exclusively soil derived,
since several alternative entry (and hosting) sitec might be present
including the caulosphere (stem), phyllosphere (leafs surface), ano-
sphere (flowers), spermosphere (seeds), and carposphere (fruits) (Fig. 1)

Anthosphere

cmahl
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(James eral | 2002; Berg et al | 2005; Compant et al, 2010, 2011} . Ina
recent review on endophytes that inhabit the carposphere, interesting
wviews on the microbiome associated with fruits are presented, either as
epiphytes {on the surface) or as endophytes, which can be used as
postharvest biocontrol agents (Droby and Wisniswski, 2018). Fig. )
shows the complete picture of the different colonizable zones or eco-
systems present in plants by bacterial endophytes.

Some of the key traite that distinguish endophytic PGPB from rhi-
zospheric bacteria can be predicted through a bicinformade approach.
In a previous study, Al et al. (201<) compared the genomic DNA se-
quences of a rhizospheric bacterium and an endophytic bacterium, both
of the genus Burkholderia spp. The authors identified the genes encoded
by the rhizocpheric strain and these were subtracted from the

-
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Ectorhizosphere Endosphere
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Fig. 1. Col by endophytic b ia, including caulosphere (atem), phyllocphere (zurface of leaves), anocphere (flowers), spermocphere
(leed:),mlurpocﬂxﬂ'e(ﬁ'un]mm dozphere, which iz i< md&imﬁugumithmmﬂmdhﬂmwﬁmh@ym
populations of bacteria can be foundd, compared to other i Bacterial inh g theoe & d in hoet plants might exert beneficiary effectz
on plant growth, ac well az, direct pr from p 1 inf: ﬁpad:ogma,wbynhmgmmrmm
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endophytic strain. Then, the remaining putative endophytic genes ware
compared with the complete genomes of eight different endophytic
PGPE. According to the study, genes that were identified to be common
to all these strains were considered to be potendally involved in endo-
phytic behavior. Most of the 40 genes identified by this study, which
were commen to all the srains encode for protein functions as suggested
by previous biochemical/functional studies, which are involved in
endophyte behavior including gene: encoding transporter proteins,
secretion systems, plant polymer degradation, transeriptional regula-
tors, devoxification, and redox potential maintenance, among other
hypothetical genes.

Since microorganizms play an important role in preserving and
preparing the environment for germination, seeds can benefit from the
microorganizms associated with them (Chee-Sanford et al, 2006).
Thus, when the seeds begin to germinate, they absorb water and secrete
exudates for attracting other rhizocpheric bacteria. Bazed on this, the
seedlings can benefit from the actvity of PGPB (Melson, 2004). Bacteria
already present within the seed alzo play important roles in the evolu-
tion of the microbial community present in the reedling, since they can
produce phytohormones, such az indolacetic acid, cytokininz, or gib-
berellinz, which efficiently stimulate their development (John-
ston-Monje and Raizada, 2011). Hence, zeed-bome endophytes are of
particular importance sinee they are passed between successive plant
generations via vertical ransmission. Thus, the seed-bome endophytes
ensure their presence and colonization in the progeny. This vertical
transmission of bacterial endophytes (and alzo other microbes zuch az
fungi or oomycetes), defined as the direct transfer of the parentz, should
be selected against pathogenic microorganisms and favor mutualizm for
the survival and reproduction of the host (Truyens et al., 2014; Shahzad
et al, 2018)

4. Diwersity of bloprotective bacterial endophytes

Determining the diversity of bacterial endophytes iz az complicated
as analyzing each of the nearly 300,000 plant species that exist an the
earth {Jantoyo et al, 2016). However, studies on endophytic diversicy
are biazed towards plant species with an agronomic importance which
are widely cultivated and consumed; for example, sugarcane (Saccharum
officinarum), com (Zea mays), rice (Oryza safiva), wheat {Triticum zpp.],
potato (Solonum fuberosum), or soy (Glycine max) to name a few. In a
recent study, Santoyo et al (2016) analyzed the diversity of bacterial
endophytes that promote plant growth, and suggested that the most
common specie: reported in multiple soudies are Arthrobacter, Bacillus,
Burkholderia, Enterobacter, Methylobacterizom, Microbacterium, Micro-
coccus, Peenbocillus, Pontoca, Phyllobocterium, Pseudomonas, Rhanella,
Rhodagnobacter, Sphingomonas, and Stemotophomonaos. Hence, it iz
adwisable to isolate bacterial endophytes in plants that have ecological
rather than agricultural importance, particularly in places where envi-
ronmental conditions are extreme and the possibility that a beneficial
microbiome for the plant has been zelected for millions of years to
survive in such condidons. There are zeveral rtudies, which looked at
idenrifying endophytes in different hosts and reported on their benefi-
ciary interactions with plants of agronomic importance (Hardoim et al.,
2008; Smurz ec al., 2000). Hence, these studies highlight the importance
of specific bacterial-host benefits, and alzo state that those bioprotective
bacterial endophytes could exert antagonistic activity towards muldple
pathogens that affect other crops during pre- and post-harvest periods.

5. Bloconorol mechanisms

Plant growth-promoting bacterial endophytes have the ability wo
restrict the growth of plant pathogens. This is because they syntheszize a
seriez of antibiotic compowunds and enzymes with antagoniztic actvicy
towarnds phytopathogens, as well as igniting the innate plant defense
system, knowm az induced systemic resistance (ISR) (Perez-Montano
et al, 2Z014). Other biocontrol mechanizsms may be the ability to
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colonize plant tsswes, howewver this is difficult to sudy in quantitative
terms {even in inhabitants of the rhizosphere). Howewer, there is indi-
rect evidence that competidon and colonization of zpaces by beneficial
bacteria can limit the severity and incidence of plant diseazes (Glick,
2012). The biocontrol mechanizms detailed below can be shared be-
oween endophytic bacteria with other bacteria that inhabit the bulk soil,
the rhizosphere or phyllosphere, zo the possibility of exploring exclusive
mechanizms of endophytic agents in a comparative way has not been
evaluated so far.

5.1. Antibiosis

The ability to synthezize varows andmicrobial compounds has been
extensively studied to inhibit, restrict, or eliminate the growth of
phytopathogenic organisms (Liv et al, 2017a, b). Preudomonas amd
Bacillus are the main bacterial genera studied for their ability to produce
antibiotics, such as 2 4-diacetylfloroglucinol acid,
phenazine- 1-carbonylic acid, phenazine-1-carboxamide, pyroluteorine,
pyrolnitrine, comyein A, wviscotinamide, butyroaminectone, lkyan-
ocaminectone, zymicrolactone, ymicrolactone A, aerugina, rhammnoli-
pids, cepacyamide A, ecomycinz, psendomonic acid, azomyein, amd
cepafungins (Santoyo et al, 2019). A large number of strains of the
genus Poeudomonas are recognized for producing a wide varety of an-
dhioties that contribute to the suppression of agricultural diseases, for
example I'. fourescens produces pyoluteorin and 2, 4-diacetylflorogluei-
nol to suppress root rot of the tobacco, caused by Thielmiopsis basicold;
on the other hand, 2 4-diacetylfloroglucinol also conmibutes to the
suppression of take-all dizease in wheat caused by Gocumanmentyces
graminis. Finally, pioluteorin and pyrrolnitrin have been showm to
effectively suppresz watercress dizease caused by Pythium ultimum amnd
Rhizgctonia solani, respectively (Milner et al., 20190

52 Lytic engymes

these enzymes are involved in the cellular wall degradadon of
phytopathogenic microorganizms, being one of the most reported bio-
logical control mechanisms: mainly against fungal pathogens (Villar-
real-Delgado et al., 2018). The fungal cellular wall (including plant
pathogens) consists of glycoproteins, polyzaccharides, and other com-
ponents that vary depending on the fungal species (Bowman and Free,
2006). The polyzaccharide fraction comprizes up to 30 % of the cell wall
(Latgé, 2007). These polysaccharides have a determining structural role
in the stiffnezs of the cell wall, through an extensive network of glyeo-
sidic bonds; therefore, the interference in these bondsz by Iytic enzymes
can deteriorate the cell wall of phytopathegenic fungi, causing their lyzis
and cell death (Jadhav et al., 2017). Among the most studied lytic en-
zyvmes produced by biological control agents are chitinases, cellulases,
proteazes, and p-1,3-glocanases, which modify, perforate, and/ or
degrade the soructure of the cell wall (Mota et al., 2017). Mishra amd
Arora (2012) reported the role of an extracellular chitinase -isolated
from P. agruginosa- in the biological control of Xanthomonas campestris,
which causes black rot dizeaze. Furthermore, strains of Pseudomonas
isolated from the chickpea rhizosphere have been reported to produce
chidnazes and cellulazez with antagonistic activity against Rhizoctonia
zolami amd Pythiom aphenidermurtum (Sindho and Dadarwal, 2001
Similarly, Bacillus subglis has been reported for its biological control
capacity against B solani, the causzatwve agent of black scabies in po-
matoes, through the production of chitinases (Zaber et al., 2015

5.3. Induction of systemic response (ISR) in plants

thiz mechanizm can be induced by chemical signals (elicitors) pro-
duced by beneficial microorganizms (Pérez-Montano et al., 2014). 18R
signaling iz dependent on jasmonic acid and ethylene (Kannojia et al |
2019). So far, not all the molecular mechanizms that regulate plant-
beneficial microbe interactions hawe been described; however, the main
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routes by which theze agentz regulate I5E in plantz have been identified:
i) phytohormones, i) pathogen-astociated molecular pamems (PAMPz)S
microbe- aszociated molecular patterns (MAMPz), and ifi) seweral elici-
torz (volatile orgamic compounds, siderophores, phytazes, miRMAs,
among others) (Abdul Malik ecal., 2020; Rodriguez et al, 2019). ISR has
been evidenced i wbacco plants, where PRZ (encodes a -1,3 gluca-
nase) and PR3 (encodes a chitinasa) were activated in rezponze to vol-
atile compounds produced by Bocilus, conferring resistance to
Rhisoctonio solani and Phytophthora nicotiomge (Fim et al, 2015). In
addition to PR. genes, Bacillus activates other protection mechanizmes in
plants, which include structural changes in the cell wall by the accu-
mulaton of lignin (Singh et al., 2016), or the prodwction of secondary
metabolites such az favonoids, phytoalexdns, awdns and/ or glocosi-
nolates (Pretali et al , 2016). Thus, ISR has been reported in a varety of
crops (beans, camations, cucumbers, radizhes, tobacco, amd tomatoes),
zignificantly reducing the pathogenicity of several plant pathogens,
inclwding fungi, bacteria, amd viruzes (Kannojia et al., 2019).

5.4. Production of f-endotoxdns

The é-endotoxine, produced by Baciflus thuringiensis (Bt), are para-
zparal bodies proteins made up of polypepdde units of different mo-
lecular weight=, from 27 to 140 kDa (Villarreal-Delgado et al., 2018). Bt
toxins are produced during the sporulation phaze, the Cry (crystal)
protein iz known for its specific toxic effects on a target organism (most
belong to the incect order); likewise, Cyt (cytolytic) proteins have been
reported with toxie effects on a wide vatety of insects, mainly diptera;
however, it cytotodeity against mammalian cellz has alzo been verified
(Anaya et al., 2020). The mechanizm of action of Cry proteins starts ance
they are proteclytically procesed through proteazes that are foumd in
the midgue of the host, separating a zection of amino acids in the
N-terminal region and at the C-terminal end ( depending on the nature of
the Cry protein), and thus releasing active and toode fragments that
interact with the receptor protein: present in intestinal cells of the in-
zect, signaling the formaton of a pre-pore oligomeric structure and
concequently the lytie pore, which generates an cemoitic imbalance, and
then destroving the intestinal epithelium and consequently causing cell
death (¥u et al, 2014). Currendy, at least 13 strains of Bt are used in
agriculoure, some of them are facultatve bacterial endophytes (Reg-
nault-Roger, 2012).

5.5 Siderophores production

‘These metabolives are produced by microbes in response to a Lmi-
tadon of iron in the environment; thus, some biological control agents
produce these low molecular weight (400-1500 Da) recepior protein
sructures with high affinity for iron. Siderophores are secondary me-
tabolites that act as sequestrants of iron, due to their high dissociaton
conctant by thiz element (between 107 and 107 Siderophare-
producing biological control agents can wze iron by two mechanisms:
i) directdy dwough the Fez'-ci.duupb:rre complex through the cell
membrane, or i) redueed extracellularly to Fe** complexes (Hider and
Fong, 20100 Thizs allows these agents to regulate the concentration of
iron in their habitars through the sequestradion of that element (Fa®* -
ziderophora), causing iron not to be available for phyto-pathogenic
microorganizms, and resmicting its growth (Fannojia et al, 2019).
Currently, zeveral bacterial sorains have been reported for their abilicy to
control plant diseazes through the siderophares production, limiting the
growth and colonization of iron-dependent phytopathogenic microor-
ganizms (Fgaier and Bberl 2011)L Yu et al (2011) reported that
B. subtlis CAS1S antagonized the growth (19-94 %) of 15 fungal phy-
topathogens belonging to the genus Funarium, Collotoirichum, Pyihium,
Mognaporthe  and Phytophthorn, through the producton of
catechaolate-type siderophores (Bacillibactin). On the other hand, de los
Santoe-Villalobos et al. (2012) reported the siderophore-producing ca-
pacity of Burkholderio anthing XV1, which are imvolved in the inhibition

T

Microbinlogical Research 242 (2027) 126612

of the cauzal agent of anthrarnose in mango, Colletotrichum glocospor-
ipides, at a minimum inhibitory concentration of 0.64 pg ml i

5.6. Production of lipapeptides

these molecules consist of a cyclic peptide linked to a Hhydroxy or
framino fatty acid chain, classified into 3 different families (iturins,
phengicines, and surfacting), bazed on their amino acid sequence and
fatty acid lengih (Falardeau et al., 3013; Valenzuela-Fuiz et al, 20200
non-ribosomal peptde smymthetase (WRPS), which are independent of
messenger RMA (Chowadhury et al | 2015; Valenzuela-Fuiz et al., 2019),
which are low-Molecular weight compounds with amphiphilic charac-
teriztics that protect to plantz during several phenoclogical stages by
directly suppressing the growth of pathogens or mducing systernic
registance (Hashem et al., 2019). Recenty, Coutte et al. (2017) reparted
263 different lipopeptides synthezized by 11 microbial genera, among
which the Bacilles genu: was the most abundant producer with 98
different lipopeptides, those were involved in the biological control of a
wide range of phytopathogens (bacteria, fungi and comyeetes), causing
dizeases in agricultural importance crops (Ongena and Jacques, 2008).
For example, multiple izoforme of phengicines and imurins have been
reported in cell-free extracts of liquid cultures of B. mubtilis GA, with the
ability to inhibit Botrytis cinmrea in apple fruits (Towure et al., 2004).

6. Blocontol of plant pathogens during pre-harvest perod

Various microorganizms, that form the microbiome of both the plant
and the fruit, and thoze that belong to environments not related to crops
have been extensively studied to test pre-harvest biocontrol actvity. In
thiz section, we mention recent riudies conceming pre-harvest biocon-
mwol, which include in viro assayz, as well as, in plamfo experiments
(greenhouse or feld mials) but without reaching the harvest stage.
Conventionally, microbial antagonists are isolated from the enwiron-
ment where the pathogen is prezent and are generally considered maore
affective for dizease control than isolates from unrelated emvironments.
Hence, Veldman et al. (2018) evaluated the effectz of 77 bacterial iso-
lates against Fusgrium mangiferae, which is the cauzative agent of mango
malformation, a serious disease that affects erops during pre-harvest.
Some of these izolates were obtained from mango orchards and others
from mine effluent. Surprisingly, it was shown that isolates obtained
from mine efluents were more effective against Pusaritem mangiforae
than those ob@ined from mango orchards. The authors suggest that this
was because mine izolates exhibited a beer combination of antagonistic
mechanizms than rhizcepherie strains, zuch az, competition for nutrents
and zpaces, production of volatile compounds, phenolic compounds, and
siderophores. This result generates a hypothesis that hostle enwiron-
mentz such az mines, select highly compettive and antagonistic or-
ganizms. More rezearch iz needed to prove this hypothesis.

Howewer, evidence suggests that microorganizms associated with
plants and fruits hawve a high ability to restrict the growith of pathogens,
being in some cases up to 100 %. This was seen in a sonudy condueted by
Sharma et al, 2018, where the authors obtained 383 isolatez from the
rhizosphere of mustard plants (Brassica juncea L), of which only & iso-
lates showed significant antagoniste activities. However, the HMER25
izolate showed a complete control of the blight dizease caused by
Alterngria bressicae, in additon to promotng plant growth, possibly
becausze thiz isolate produces a volatile compound cyanhydre acid
(HCN) and siderophores. Both theze compounds have been widely re-
ported as plant pathogen antagonists (Hemandez-Leon et al., 2015;
Mellmer et al., 2019).

Endophytes that imhabit certain plant species might function as
biocontrol agents for plants that have certain evolutionary kinship, For
example, Verma et al., 2018 ob@ined bacterial izolates from Leersia
oryeoides zeeds, a wild relative of fice (Orysa sativa), and demonsrated
that the bacteria obtained from L. oryseides are compatble with rice and
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muost of these were endophytic bacteria. These bacterial endophytes
induced graviomopic response of the root, increased root and stem
growth, stimulated the formation of root hairs, and alzo protected the
zeadlings from infection caused by zoil pathogens such asz Fusarium
DOYIPOTLITL

In a recent work, Chowdhury and Bae (2018) screened 256 bacterial
endophytes isolated from mountain-culdvated ginseng plants (Panoc
ginsemg Meyer), where 12 of them were selected by showing good
antagonizm againet 6 ginseng pathogens (Alternaria pamae, Bofrytis cin-
erea, Cylindrocarpon destructans, Phytophthora cactorum, Pythium sp., and
Rhisocoomia solani) using a dual culture assay. The endophyte Bur-
kholderia stabilis EB159 (PG159) exerted the greatest inhibitory activity
against all ginseng pathogens. In additon, this strain was able to sup-
press leaf spot disease caused by B. cingren. Interestingly, defence-related
ginzeng genes were significanty wpregulated in plant leave: meated
with the srain PG159, thereby chowing a potential mechanizsm to
induce protecion against the studied phytopathogen.

Trancgenic soybean (Glycine moe L Mermill) iz one of the most
cultivated crops around the world, partcularly in countories like Brazil
where the plant production iz around 85 million ton per wear (Babujia
et al, 2015). Some transgenic crops are not exempted from pathogenic
infection. For example, de Almedia-Lopes et al. (2018) searched for
bacterial antagonist against the pyhtopathogens Sclerotinia selerotiorum,
Phomopsiz sojoe, and Rhiroctonia solani in comventional and mansgenic
glyphozate-rezistant soyiean crops. The authors suggested that bacterial
endophytes izolated from conwentional and transgenic soybeans were
zigmificantly different in population diversity and in their antagoniste
capacity. Endophytes belonging to Becilus and Burkholderia genera were
the most effective isolates in controlling bacterial and fungal pathogens
in viro. Although the antimicrobial actvites of certain supermatants
were tezted n this work, it would be interesting to check whether the
endophytes have biccontrol activities during poct-harvest culdvation
Similardy, it would be relevant to conduct a more extensive study on the
endophytic diversity by mazsive sequencing methods.

Certain bacterial species, along with fungi or comycetes, can cause
zerious crop losses. For example, Agrobacterium tumefaciens is the causal
agent of crowm gall disease in several crop fruits worldwide, including
peach. To control this pathogen, Li et al. (2019) recently zereened 305
bacterial endophyte: for antagonistc acdvites and reported that 54
endophytes showed significant inhibidon against A wmefaciens. Some
pathogen antagonise were maost frequently detected in peach resistant
plants az compared to susceptible cultivars. These results are significant
az it iz suggested that the proportions of “defensive” bacteria could be
mare abundant in pathogen-resistant plantz, such az A, fumefacions.
Theze previous rezults confimm, in a different environment, that the
proportions of anagonistic bacteria (peeudomonads) are responsible for
inhibiting the growth of pathogens in dizeasze suppressing zoils (Mendes
et al, 2011).

Another most commeon prolific bacterial pathogen is Preudomonas
syringae, which wrually inhabite in the superficial desues of plants (the
phyllosphere) and subsequently penstrate the tissues through wounds or
namural openings such as stomata. In addition, P sywingoe contains
multiple virnlence factors, such as, small-molecule toxins, exopoly-
zaccharides, or cell wall-degrading enzymes (Zantoyo et al., 2016; Xin
et al., 201E). Therefore, it is very important to find bacterial endophytes
againet thiz pathogen For thiz regard, Wicakzono et al. (2018) screemned
for endophytes with antagonistic actvity against P gyringee pv. actnd-
diae in the medicinal plant Manuka (Leptospermum scoparium) from New
Zealand, which produces essential oilz with antimicrobial properties. In
particular, authors aimed to determine whether endophyte: from L
scoparium could be transferred to a different plant, A deficiosa (kiwi-
fruit) and whether their biocontrol activities are maintained. [nterest-
ingly, three endophytes were transmizzible to kiwifruit plants by wound
inoculation where they inhibited colonization by P. syringae pv. gctini-
dige, thereby, reducing the Canker dizease severity. Recently, Eominani
and Harighi (201 2) publizshed an investigation reporting the izolation of
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twio endophytic strains from wild Pistachio trees (Pistocig atfantica L),
Pb78 and Spl5, with inhibitory effectz against two pathogens, Pseudo-
monas syringae pyv. nringee and Pseudomonas tolagsi. Other straine also
exhibited direct mechanizms to induce root formation on carrot shices.
Endophytic sorains were chararterized and taxonomically associated to
Pantoea, Bacillus, Peendomonas, Saratie, and Stenorophomonas genera.

Becently, a novel Bocillus species was izolated as an endophytc
bacterium associated with wheat, Bocillus cabriolesii TE3T, which is
preserved in a national mierobial culture collecdon, Coleccidn de
Microorganismos Edaficos ¥ Endofitos Nativos (COLMENA, www itzon.
m,‘colmena) (de bos Santos-Villalobos et al, 2018a, b). This strain was
identified as a plant growth-stimulating bacterium, since wheat plants
inoculated with sorain TE3T increased their chlorophyll content, 57.2
SPAD Unit vs. 43.1 SPAD Unit (non-inoculated control). In additon, this
strain dizplayed the ability to solubilize phosphates (43.2 % + 1.7 %),
produce indoles (1.4 % + 0.1 %), and grow under thermal, zaline and
water stress conditions. TE3T strain was alzo identified as a biological
control agent againet an emerging wheat phytopathogen (Bipolaris sor-
okimiona) in the Yaqui Valley, causing spot blotch, and reducing the
infection [scale 1 (minimum) to 9 (maximum]] oo 35, and the number
of lesions,/em® to 3.06 + 0.6 in contrazt to plants inoculated only with
B, sorokiniana, which showed a dizease severity of 89 and 6.46 + 1.46
lesions/em® (Villa-Rodriguez et al., 2019).

Thus, to summarize, previous works have reported the relevance of
bacterial endophytes in displaying an in vitre or in plante antagonizm, all
during pre-harvest periods. However, biotic or abiotic conditions might
vary in long-term experiments {Santoyo et al, 20017), where biclogical
control of pathogens might include waiting for harvesting the product,
as well as, ransportation and subsequent commercialization. Therefore,
in the following paragraphs we will analyze smdies that include this
important stage of biological control, the post-harvest period.

7. Blocontrol of post-harvest pathogens by PGFBE

Pathogenic infections result in considerable deterioration of fuits
and wegetables during their handling, distribudon, and post-harvest
storage periods amd reduce their shelf livez. The deterioration caused
by Fungi iz primarily responsible for significant losses during the storage
of fruits and vegetables. Fruit infections by fungal pathogensz, both in the
fell amd after harvest, lead to postharvest decay. In addition to the
deterioration of quality and economic losses, fruits infected with fungal
pathogens might reprezent an imminent risk to human health, az several
genera of fungi, much az, Aspergilies, Albernaria, Fusarivm, and Penicilium,
produoce myeobosine (Dukare et al., 2018).

Due to the abovementioned reasons and also zince the chemieal
methods are not wsually favorable, the use of plant growith-promoting
bacterial endophytes (PGPBE) with antagonistic activities iz a good
srategy to conirol post-harvest decay. Alello et al. (2019) recenty
evaluated the biocontrol properties of Pecudomonas syruantha DLS65, an
isolated endophyte izolated from kiwi fuit tizcues, against Monilinia
fructicols and Monilinia fructigena, which are causzal agentz of
post-harvest browm rot of fruit with bone. Antagonizm assays were
performed in vitre and in vive and the results showed that P, syrooondha
DLS65 inhibitz 100 % of mycelial growth of Mondinio fructicola and
Momnilinia fructigena in pemi dishes with pomto dextroze agar (PDAL In
addition, growth of theze two microbes in peaches growth was partially
reduced (49.8 % and 24.9 %, respectively) using agar extracts. The
production of wolatile organic compounds by DLSGS strain reduced
myeelial growth of soodied phytopathogenic fungi, both in vitne and in
vivo. For this regard, in wivo tests showed that P'. symxantha is effective
even at low storage temperatures (10 and 0 *C). According to the au-
thors, competition for space and mumients, production of diffuzible
metabolites and wolatile organic compounds play an important role in
the antagonizm of . symooantha againet Mondinig fructcole and Monilinia
fructigena.

In another recent study, Stocco et al (2019) detected and quantfied
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the presence of the pathogen Alternaria during different stages of vine
cyele, az well as, in Red Globe variety table grapes. Thiz pathogen was
present from the flowering o the post-harvest storage periods in Men-
doza province in Argentina. They compared alternative meatment soa-
tegies for the use of 502 using chitocan and Metschnikowia pulcherrima
RCM2 yeast, and noticed that the pathogen Altermario alfonato was
found at all stages of the phenological cyele of the Red Globe varety
table grapes. They aleo notced that the highest incidence ocourred
during the Aowering period, followed by post-harvest periods at 90, 60,
and 30 days of cold storage (0-0.5 °C). They compared alternative
reatments to the uze of 502, such az, chitosan and Metschnikowia pui-
cherima RCM2 yeast The strain RCM2 causzes a reduction in the inei-
dence of the direase during the market period, but when comparing
these results with those obtained using the traditional chemical method
(502]), the chemical method was more afficient in reducing the inci-
dence of the dizease. Howewver, modification of the amount of moculom
and the tme of inoculation are factors that should be considered for
future tmialz. Chitosan was effective as a biocontrol agent in in vivo
post-harvest tests against A, altonate and the resulz obtained woere
zimilar to those obtained with the 502 method. Hence, the authors
zuggest that chitoran might replace traditional chemical methods to
reduce the incidence of A alternat in post-harvest grapes.

Certain bacterial agents hawve the ability to colonize on fuits and
zurvive at low temperatures; hence, they could be found in fruits that are
namurally stored for long periods. For example, Aureobasidizem pulluions
ApB was found on the surface of apples stored for & monthe. The srain
ApB was selected among other isolates due to its antagonistic activity
againct Botrytis cincrea. With regard to the pathogen inhibitory mecha-
nizm, the author: propose that siderophore producton would be
imvolved, although more smdies are required to test this hypothesis.
However, the strain ApB failed to grow abowe 35 °C, which iz an
important feature to be highlighted in the bicsecurity agent application

Vero et al., 2009). In a previous work, Aurcobasidiim pullulons ApB
sirain was not izolated from the intermal tdzswes of plantz or froics;
however, there are other studies that chow that the species Aureobasi-
divgm pullufons iz a common endophyte of sweet cherries. In fact, multiple
izolates belonging to A. pullulans showed post-harvest bioconool activ-
ities against Bodrytic cinerea and Monilinia laxa, protecting fruits such as
sweet cherries and table grapes, showing a decrease in their decompo-
zition that goes from 10 % to 100 % (Schena et al., 20030

Plant growth-promoting bacilli species are commonly astociated to
plants, either nhabiting the rhizospheric or endophytic environments
(Zantoyo et al., 2012). Thus, several studies have isolated and evaluated
antifingal agents of bacteria from these genera to control post-harvest
dizeases. For example, Chen et al. (2019) isolaved diverse bacilli
siraine, inclwling B. anmloliquefociens B5-25, B. bcheniformic MG-4,
B. subglic Z-14, and B. subtlic Pnf-4, az well as their culoure fAlrates
and extracts, which showed significant inhibitory effectz against the
gray mald caused by B. cinerea on post-harvest tomatoes, srawhberries,
and grapefruits. Multiple antagonistic maits were evaluated az potendal
mechanizmn of action, such as, lipopeptide production along with
cellulaze and proteaze activities.

In a recent worki, another bacilli strain, LYLB4, was izolated from
pear fuits and tested for its antfungal actvity against post-harvest
pathogens prezent in pears, such as, Alterngrig brassicae, Boryts cin-
erea, Fusarium graminear, F. exysporum £. zp. cubense, Pyricularia

oryzae, Rhisoctomia solami Kuhn, and Verticillium dehlioe Fleb. During
in vive az=ays (on wounded pears), LYLB4 strain significantly reduced
the disease severity caused by Bobyosphoerio dothidea and Rhisopus
sinlonifir. Interestingly, MALDI-TOF mas: spectrometry analysiz of sur-
face extracts isolated from whole cells of strain LYLBE4 revealed differ-
ential production of iturin family lipopepddes including Cie
Bacillomyein D and Cy7 Bacillomyein D. Such lipopeptide production
might be the cause of antagonizsm againet the fungal pathogens tested
(Wu et al, 2019).

Bananas are the most produced and consumed fruit worldwide, but
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they require the most care after harvest In addidon, banana iz highly
susceptible to diseases like amthracnose, which is caused by Colleto-
irichum musae, the main post-harvest pathogen of bananas. Therefore, it
iz relevant to develop biocontrol strategies using bacterial antagonists
against C. musae. Another antagonistic Becillus strain was isolated from
zizal plants grown in Brazil (among other rhizospheric and endophyrde
strains) and tested for its activity to protect banana (Musa zpp.) fuits
(Damaszceno et al, 20190 The bacilluz strain was characterized as
B. velezensis BLET. The results showed that BLEF showed similar activ-
ides to thiabendazole. Since B. welesensis iz not pathogenic to humans,
authors suggest i use az a bacterial agent, which can be directdy
sprayed on to the fruit or by applying the fruit immersion technique
(Damaszceno et al, 2019). Table 1 shows recent soudies deseribing the
role of bacterial endophytes during pre- and post-harvest protection

8. Applicaton methods of bacterial endophytes

Omee a potential and effective antagonist i identified or selected, itis
necessary to look for a method by which it iz effectively applied to
control or suppress the desired phytopathogen In general, microbial
antagonists are applied in two different stages: pre-harvest application
and post-harvest applicadon (Singh & Sharma 2009). In many cases,
pathogens infest fruits and vegemble: i the feld, and these latent in-
fections become the biggest factor of decay during transportation and
storage (Singh & Sharma 2009). The purpose of the application of bio-
logical control agents in pre-harvest stages is to prevent colonization on
the surface of the fruit, 5o wounds made during the harvest step can be
colonized by the antagonist before the pathogen (Ippolito and Migro,
2000). Howewer, after harvesting, since fruitz and wegetables are
perishable products, they zuffer an accelerated process of aging and
degradation, which can be accelerated by colonization of pathogens,
characterized by a worsening of physical state, including dehydration,
weight loss, wrinkling, color change or rotting, among other charae-
teriztics, in addition to the koss of organoleptic and mitritional propertes
due to the metabolic functions of the fruit/vegetable itzelf. Fig. 2 shows
the methods to apply bacterial endophytes during pre- and post-harvest,
az well as the objectives of each of the stages.

In a recent review, a number of studies were mentioned where
antagonistic microbial agents were applied during pre-harvest smges,
and also had a protective effect during post-harvest stages. For example,
Silva and De Costa (2014) evaluated the pre-harvest application of
Burkholderia spinosa strains to control various phytopathogens in banana
fruitz (Muza spp.). Likewise, other works also demonstrated great po-
tential in the pre-harvest application of antagonists such as Pantoea (and
other agents) to control post-harvest diseazes caused by pathogens such
as Penicillium digitotum and Pemicillium itolicem, which affect citres fruits
(Carmona-Hernandez et al., 2019). Howewver, a subsequent application
of these bacteria might be required later to improve protection during
ransportation and handling of the froit. Therefore, immediately after
harvesting, applicatdon of the bacterial agents is useful to control dis-
eares during trancportadon and storage. In this method, various mi-
crobial siraine are applied az aerosol: or by immerzion of froits and
wvegetablez in zoludons prepared with the antagonizt (Barkai-Golan,
2001; Irtwange, 2006). Henee, the antagonist is not exposed to the Aeld
conditions az is the case during pre-harvest applicaton amd it can be
maintained under controlled conditions.

As mentioned earlier, an important factor for the effectivensss of
controlling post-harvest dizeases iz the endophytic agent involved and it
must continue to produce its antagonistic effect at low temperatures
during storage {Stoceo et al., 2015). Temperamres can vary, from 0 °C to
107 C. Therefore, extending the shelf life of fruits and vegetables during
the post-harvest periods iz very important to increaze the marketing
period and obtain better prices in the market The positive consurmer
response iz restricted to products that meet certain quality requirements,
such as, good vizual appearance, good taste, adeguate phyzical qualides,
and resistance to cold storage and mansportation (Mditzhwa et al,
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Fig. 2. Methods of applicasion of bacterial endophytes during pre- and post-hanmeat stages. The objectives of =ach period are chowm in the boxes on the right Tharing
the pre-harves: inoculation stage, potential post-harest protection could be generated for products such 2 froic and vegstables, leading to protection against

2017). Por thiz regard, selecting endophyde isolater from endemic
plantz that inhabit areas near the poles, where losw temperatures are
present for much of the year, can be a viable opton to fnd antagonisgde
agents with these intrinzic characteristics. Bacterial endophytes, az well
as bacteria of another origin, such as rhizospheres, can withstand tem-
peratures of O °C or less, withour significantly decreasing their wiability
(Duam et al, 2013)

In some other caves, compounds produced by potental human
pathogens, such az Porudomonas aeruginosa, can be used in the biocon-
trol of plant pathogens (Sandani et al., 20158). However, additional
conciderarions should be mken with thiz type of antagonist, since itz use
iz riskier than other bacteria, which are harmless to humans.

Unformunately, only a mmall number of the microbial antagonists
reported in the hteramore to control postharvest dizeazes of fruits and
wegetables (under laboratory conditions) are marketed. There could be
zeveral reascons for this, but two of the main barriers are az follows: the
relatgve ineffectiveness of the antagonists compared to chemical control
procedures, and the lack of economic incentives (Wilzon and Yyiamiew-
zki, 1989). Howewver, once an effectve antagonist is identiffed, a search
for the methodology for itz formulation, storage, amd applicaton iz
conducted. For example, the Bocilley subtilis B-3 strain was the frst
patented organism as a post-harvest biological control agent for stone
fruitz in the United Saes of America (Pusey and Wilson, 1954). Puzsey
et al (1982) conducted a pilot test applying Baciflus subflis under
zimulated commercial condidons for the control of brown rot in
peaches, in which the bicagent was effectively incorporated into the wax
normally used in packaging lines. Bomytis rot was effectively controfled
by thiz procedure. Other commercial products have been developed,
commercialized, and zhown to be highly effective with rezpect to their
bio-control acdvides. For example, "BioSave ™ has been developed from
a zaprophytic strain of Preudomomaes gyringae by "EcoScience Corp.,
Orlando, USA, which iz highly useful for conmolling blue and gray mold

in apples and pears (Pyrs commumis L) (Janisiewics and Jaffers, 1997;
Janisiewies and Korsten, 2002).

In Mexdco, the fret biofungicide was developed by the Biotechnology
Institutes of UNAM and CIATEJ (Galindo et al., 201 3). This biofungicide
is bazad on the bacteria Bocille subflis and can be applied in various
crops, such as mango, avocado, papaya, lime, lemon, mandaring orange,
grapefruit, eggplant, chili, tomato, peel tomato, pumpkin,K squash,
squach, chayote, melon, cusumber, watermelon, srawberry, blusberry,
blackberry and razpberry, during both pre- and post-harvest stages. It is
applied az a powder containing Bocillzes spores. The producton of spores
by some biofungicidal agents iz an advantage ower other non-spomilant
species, since they can remain dormant until they find the right condi-
dons to reproduce in the Beld.

9, Perspectves of the role of bacterial endophytes on
zsuztalnable agriculural producdon

Pathogens cawsing pre- and post-harvest diseazes are attacked by
agriculiural producers with commercial chemicals o reduce their
negative impactz. Howewer, there iz a worldwide mend towarnds the
dizuze of chemicals that can harm dhe health of the consumer, as well az,
the farmer who applies these products to the crope (Seufert et al., 2012
Therefore, it iz necessary b0 increaze the options for pre- amd
poct-harvest protection of crops with non-wxde products, which are
riendly to the environment and alzo to animal and human healdh, such
as the use of bacterial endophytes. Previously, we enlisted a zeries of
advantages for the wse of agrochemicals. Even combinations between
antagonistic bacterial endophyrtes and other produets eould be a feazible
option {(Romanszoi ec al, 2006, 2007

Baith endophytic and rhizospheric bacteria have aomacted artention
based on their activities to promote plant growth amd biocontrol sta-
tegiez. Howewer, endophytic bacteria have cermain adwantages. By
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entering the plant tzsuwes, they protect themsshvez from the external
found in the rhizcaphere. In addition, endophyter are efficiently trams-
mitted to subsequent generations of the plant throwgh the seeds (vertical
thiz regand, immovative strategies have been proposed to generate seeds
with benaficial bacterial endophytes, which can act as bioprotectors of
future diseases during plant growth in the feld and during ranemizsion
in zeeds and fruits (Miter et al | 2017). This microbiome engineering
sirategy has high expectations to leave agrochemical: behind (Oroz-
co-Mosqueda et al , 20TEL

10. Conclusions

The green revoluton resulted in two main advances; improvements
in chemical imputs to plants, including pesticides, herbicides, and
breeding and genetic manipuladon. However, such gresn reveluton
sirategies have high environmental costs, mainky by the oweruse of
chemicalz in agricultural systems (Backer et al, 20108). Therefore, a
fresh green revolution or a new bic-revolution is needed to sobve for
teria emerge at i potental srategy sinee bacterial endophytes have
proven to be efficient agent: for controlling crop diseases during pre-
sirategies condnue to be carried out. in cemain cazes in a combinadon
with the application of compounds produced by bio-protective endo-
againct pathogens in fruits and vegetables, it iz expected for the redue-
tion, or ideally, the disuse of toxic chemicalz Finally, comprehensive
mechanizms and a collaborative sirategy benween academia and in-
dustry are required o successfully achieve these goals in order to
generate a long-term sustainable agriculmre production.
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Abstract: Fungal pathogens are the mam causal agents of postharvest diseases of froits and vepgeta-
blea To prevent this problem and avoid the wse of harmiul chernical fungicrdes, safer and greener
alternatves have been sought One of these alternabives s the wse of plant-grow th-prometng bactena
(PGPB). In this study, we evaluated invitro foor well-known PGPB strains (Psaudomonas flisorescens
UMIFQ, Baclles feyonensis COPESD, Bacillus ap. EXS, aned Baalhes theringimsis CRTL) for thear beocen-
trol potential against mane ken postharvest fungal pathogens. In vivo assays wene also performed,
and bacterial cells were inoculated on harvested strawbernes and grapes with the pathogens Botngiz
cinered, Alternaria altermnta, and Fusariem brachygbbosim to evaluabe loss of homness and disease inc-
dence. Cur esulls show that the four strains antagenized fungs in dinect and indirect condrontation
assays. Stronger entagormsm was observed by the action of diffusible metabelibes (DMa} compared to
volatile organic compound (VOC) activaty. All PGPB sigruhcantly improved the froit Armoness and
reduced disease incidence caused by the fungal pathogens tested. However, strain UMI70 showed
excellent biocontrol activity, neducing the disease incidence of Fusirium rachygibbosm, Botrigis
cneres, aned Alternaria alfermnta on steawberry fruits by 800, 35%, and 65%, respectively Daffusible
antifungals and VOCs such as 2 4-discety] phloroghucinol, sidetophomres, ausins, fenpycns, and
B, N-dimethyl-hexadecyl amine, among others, might be responaible for the benefical activities
observed. These resulls sugpest excellent ocontrol activites to mnbit postharvest pathogenic fung:
and improwe harvested frut quality,

Keywords PGPB; biocontbrol; postharvest pathogens

1L Imtroduction

Postharvest diseases cause considerable losses of fruits and vegetables during han-
dling, transportation, and storage [1]. Spoilage caused by fungi i= primarily esponsible
for significant losses during storage. Fruit infections caused by fungal pathogens both in
the field and after harvest result in postharvest deterioration or decay [2]. High levels of
Iosses due to fungal pathogens ame related to high levels of moisture, nutrients, low pH
values, and a decrease in intrinsic resistance after harvest [3]. Postharvest spoilage cansed
by fungi represents a concern not onky to producers and traders but also to consumers, due
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to the presence of mycotoxins, Indeed, some species of postharvest genera, ie., Boirtis,
Aspergillus, Penicillium, and Alternaria, produce towic secondary metabolites, which pose a
health risk to humans and animals [4].

Synthetic fungicides wene the first products to be used to control postharvest decay;
however, they are not the most appropriate option since they pollute the atmosphens,
damage the enwironment, leave harmful residues, and can lead to the development of
resistant strains, with the potential to harm consumer health [5]. According o reports from
the World Health Organization (WHO), there are about 20,000 unintentional deaths and
2 million poisonings each year, mostly caused by the mishandling of synthetic fungicides
in third-world countries. The use of synthetic fungicdes in the storage of food products
has had numerous adverse effects on human health, such as carcinogenicity, teratogenicity,
and hormonal imbalances, among others [&].

Menxico is the world's fourth-largest producer of berries. At the national level, 248512 tons
of blackberries are produced, of which Michoacan contributes more than 907 (238,832 tons).
Strawberry production nationwide is 468,000 tons and Michoacan contributes mome than
B (341,130 tons). The blueberry production in Michoacan is positioned in second place
nationally, with an annual production of 6000 tons (SEDRUA, 2007). Thenefore, searching
for agroecological alternatives to reduce postharvest pathogens is imperative and urgent
for producers.

A wviable, effective, and economical alternative to synthetic fungicides is the use of
microbial antagonists, also called biocontrol agents. These are microorganisms that de-
crease the damaging effects of pathogens, Glick [7] described plant-growth-promoting
bacteria {PGPB), and, as their name suggests, they stimulate plant grosth, either through
dimect mechanisms, such as facilitating the acquisition of resources or modulating the
fevels of plant hormones, or through indirect mechanisms, therefore reducing the effects of
pathogens acting as biocontrol bacteria. Doe o this biocontrol activity, these microorgan-
isms have the potential to control or reduce the effects of pathogens that affect postharvest
fruits and vegetables, without the harmful side effects associated with fungicides. There
are several modes of action of microbial antagonists, Some of these include competition
for space and nutrients, antibiosis, induced resistance, and direct parasitism [1,8,5]. Other
authors have also described mechanisms of action such as the production of biofilms and
quorum sensing [10].

Several studies have been carried out in which FGP'B have been effective in controlling
the growth of pathogenic fungi, in both in vitro and in vivo experiments, demonstrating
their ability as biocontrol agents. Badllus sp. strain E25 is an endophytic strain isolated
from husk tomato roots in Michoacan, Mexico, that has displayed excellent biocontrol and
plant-grow th-promoting activities. In silico analvsis showed that this strain has 17 gene
clusters to produce active antagonistic compounds, including bacteriocins, siderophores,
lanthipeptides, lipopeptides, ladderanes, and terpenes [11]. Rojas-5olis et al, 2018 [12]
evaluated the antagonistic capacity of the bacterial strains B. thuringiensis CR71 and Baciflus
sp. E25 against B. dnered. They found that both bacterial strains inhibit the growth of
B. cinerea. Through the production of volatile organic compounds (VOCs), E25 inhibits
mycelial growth by 40%, while strain CE71 inhibits it by 52%. However, the diffusible
compounds produced by E25 inhibit the growth of the fungus by 129, while CE71 inhibits
it by 24%,

2 Pseidomoenas fTuoresems strain UM270 was isolaied from the rhizosphere of wild Med-
icago. Hernandez-Salmeron et al [12] reported the draft genome and at first anabysis
revealed the presence of multiple genes participating in the synthesis of diffusible metabo-
fites and volatile organic compounds. Hernandez- Leon et al. [14] analyzed the antifungal
and plant-growth-promoting effects of diffusible compounds and VOCs produced by P fino-
rescens UMI70. This strain showed a high degree of antagonism against the phytopathogen
B. cinered during in vitro confrontation assays. Furthermome, during in vivo biocontrol
experiments, P fuorescens UM270 was able to protect M. truncatuls plants from B. cineren
infection by reducing stem disease symptoms and root browning. Furthermone, this strain
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can produce dimethy]-hexadecyl-amine, a compound with antifungal and plant-groswth-
prometing activities [15].

Contreras-Ferez et. al. [16] evaluated the bacterium Bacilius toyonensis strain COPES2,
an endophytic bacterium isolated from the roots of blackberry plants (Rubus fruticosus),
to demonstrate plant growth promotion activity; they also reported the draft genome to
detect the genes imvolved in this activity, COPES2 was able to produce [A A and showed
protease activity Furthermone, this strain restricied the mycelial growth of Botryiis cinerea
via diffusible compound and VO emission.

Due to the importance of berries in the state of Michoacan and the postharvest prob-
lems caused by fungi, as well as the problems caused by the use of fungicides and agrochem-
icals, it is important to look for safer and more ecological alternatives for the protection of
berries. Thus, the main objective of this work was to evaluate four plant growth-promoting
bacteria in respect of their biocontrel activity against postharvest fungal pathogens.

2 Materials and Methods
2 1. Biological Material

Fungal pathogens wem previously isolated and identified by Morales-Cedeno et al,
2020 [17]. Briefly, Botrytis cimerea 62BCV and Fusarium bradhpgibbosum 4BF were isolated
from decaying strawberry fruits and Altermaria alfermata 1A was isolated from decaying
blueberry fruits. Genomic DNA of the fungal strains was extracted using Mahuku's 2004
protocol [18] followed by PCR analysis to amplify the internal transcribed spacer {ITS)
regions with the primers ITS5 (5-CCAACTAAAACTCOTAACAACGA') and ITS4 (5
TCCTCOGCTTATTGATATGC-3). The amplified regions were sequenced at Macrogen,
Seoul, Korea. Homology blast analysis was performed and sequences wemr deposited in
CGenBank {accession numbers: MN365049.1, MN365015.1, MESS1020.1).

The plant-grow th-promoting bacteria used in this study belong to our endophytic
and rhizospheric bacterial collection. UM270 strain was isolated and characterized by
Hernandez-Leon et al, 2015 [14], COPES2 by Contreras-Perex et al, 2019 [16], and E25
and CE71 by Eojas-Solis et al, 2018 [12]). DNA of all the bacterial strains was extracted,
and PCR analysis was performed to amplify the ENAr 165 gene using the primers FD1
(B-CAGAGTTTCATCCTGOCTCAG-S") and RDT (5-AACCAGGTCATCCAGCC-A). To
determing the taxonomic affiliation, BLAST analysis was performed and sequences were de-
posited in GenBank {accession numbers: KJ8015681, CI031292.1, CPO3174901, CPO31748.1)

2.2 In Vitro Eoaluation of the Antagonisiic Effects of Diffusible and Vilatile Componmds Produced
by Bacteria

The antagonism of compounds produced by plant-growth-promoting bacteria against
the fungal pathogens was evaluated in bioassays performed in Petri dishes as previously
reported [12]. In brief, the bacterial strains {Pseudomanas fluorescens UM270, Bacllus toy-
onenss COPES2, Bacillus sp. E25, B. thuringiensis CR71) were streaked in a cross shape on
FDA plates; then, a 6 mm portion of the myeelium was deposited in the center of each
formed quadrant on the plates. Subsequently, the mycelium growth was measured, and
the inhibition percentage was calculated with the formula used by Hermnandez-Leon et al,
2015 [14], and described as follows: % of growth inhibition = [{Ac — Ab)/Ac] = 100, where
Ac is the control mycelial area and Ab is the mycelial area with treatment. To evaluate
the antifungal effect of VOCs emitted by plant-grow th-promoting bacteria, divided Petri
dishes with PDA were used. A bacterial inoculum of each strain (100 pL. O 1) was de-
poesited on one side of the Petri dish, and the & mm plug of the pathogenic fungi mycelium
was inoculated on the other side of the plate. Subsequently, the mycelium growth was
measured [14] Both experiments (diffusible and volatile compounds) were independently
performed three times.
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2.3 Strawherry and Grape Assay

Bacterial strains Pseudomonas Tuorescens UM270, Badllus toyonensis COPES2, Baallys
sp. E25, and B thuringfends CR71 were used to inoculate strawberries and grapes o
further evaluate their antagonism and biocontrel activity against thmee selected pathogens:
Fusarium rachygibbosum, Botrytis cineres, and Altermaria alternata. Similar assays were
previously reported by Shi and Sun et al, 2017 [19]; Tealgatidou et al., 2022 [20]; and Heo
etal, 2022 [21]. We followed their protocol with some modifications. Briefly, fruits were
washed with running water and subsequently placed in a container with 7 ethanol for
1 min. The ethanol was decanted and the berries were then washed with 2.5% sodium
hypochlorite for 1 min. This process was epeated three imes. Finally, the fruits were
ninsed thrice with sterile deionized water. Following this procedure, the fruits were allmwed
to dry in a laminar flow hood, and a cross indsion was made on each fruit with the tip
of a sterile scalpel A 20 pl aliquot of every one of the four bacterial strains used in
this study was culbured until a eading of 1 = 108 colony-forming units (CFUs)/ml was
obtained. In addition, 10 pL of each bacterial cell-free supemnatant of the same cultures and
10 ul. of sterilized distilled water as a control treatment were inoculated on the surface of
each fruit wound and incubated at room temperature for 1 h, before applying the fungi
(F. brachygibbosum, B cinere, or A. atermata). The conidial suspension was prepared by
flooding PDA plates of a 10-day-old solid culture with sterilized dH;O to gently emove
the conidia and adjust the concentration to approximately 1 = 10* spores/ml. Finally,
10 pL. of fungal spore suspension of each fungus was injected into each wound. Inoculated
strawberries and grapes were placed into plastic boxes to maintain high relative humidity
{approximately 60-80%) and incubated in a dark growth chamber at 26 °C for § days. The
experiment was conducted in triplicate (15 fruit/ replicate). The percentage of infected
fruits was calculated to assess discase mddence (DI} as follows: % discase incidence,
(DI} = number of infected fruits /total number of fruits > 100 [1%-21L

2.4 Comparison of Secondary Metabolite Biosymthesis Gene Clusters and VOCs

The gencme sequences of the four bacterial strains wenre downloaded from GenBank
according to the accession numbers reported in previous works in our lab by Hernandez-
Salmeron et al. [13], Flores et al. [22], Peres-Equihua et al [11], and Contreras-Perez
etal. [16]. Then, biosynthetic gene clusters (BGCs) for antibiotic and secondary metabolite
production were identified using the antiSMASH 4.0 pipeline. A comparison of the BGCs
produced by the four strains was performed. Volatile organic compounds produced by
the four strains were analyzed using SPME-GC-MS on FDMS/ T B fibers as previoushy
meported by Hemandez-Leon et al, 2005 [14]. The GC-MS was equipped with a DB-23
capillary column (30 m = (032 mm = .25 pm) and was operated under the following
conditions: helium was used as the carrier gas (1 mL/min) and the detector temperature
was 250 °C. The column was held for 1 min at 40 °C, then programmed to increase at a rate
of 3 “C per minute to a final temperature of 180 °C, which was maintained for 1 min. The
source pressure was 7 Pa, the filament voltage was 70 €V, and the scan rate was 1.% scan 5%,
Using the Mass Spectra Library (NIST/ EPA/NIH, “Chem Station” Agilent Technologies Rew.
D000 2002), the compounds were identified by comparison. Three independent determi-
nations were made for each bacterial strain. Information with respect to volatile organic
compounds produced by the four bacterial strains was compared according to the results
reported by Bojas-Soliset al. [12], Hemandez-Leon et al,, 2015 [14], and Contreras-Penex
etal, [12,14,16,23]

A5 Statistical Amalysis

The mesults were analyzed using Statistica 8.0 software. An analysis of varianoe and
[uncan's test wene performed for the comparison of means in bioassays (P-value < (L05).
For the biocontrol of pathogens in fruits, a Tukey analysts (pvalue < (0.05) was carried owt
using Microsoft Excel 2010,
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3. Results
3.1. Effect of PGPB Diffusibie Compounds on Fungal Mycelial Growth

The diffusible compounds of the antagonist bacteria showed inhibition of the growth
of the fungi that were isolated from strawberries, blackberries, and blueberries; the results
are shown in Table 1. Most of the bacterial strains exhibited significant differences in the
growth inhibition of the fungi. The strain causing the highest percentages of inhibition was
Pseudomonas fluorescens UM270, except with respect to Mucor circinelloides, where the
best percentage of inhibition was obtained with the bacterial strain E25, and strain CR71
exhibited the best results for Mucor fragilis.

Table 1. Inhibition pertentages of postharvest fungal pathogens in dual confrontation assays
{direct contact).

Fungal Growth Inhibition by Diffusible Compounds of Bacterial Strains (%)

Fungal Strain E“mf__‘;;’g:”m Bacillus sp. E25 5 "”g';’g”“ ? ﬂ‘_cp ::;iﬂ:’g’;;;u
Alternaria alternata 1A 283+ 49b 407 £58¢ 404+112¢ 36+48c
Alternaria alternata 22 - - - 244+68b
Alternaria altermata 44 164+93¢ 276 = 68be 320+ 102 be 4094+ 120b
Altermaria alternata 6A 19+ 06a 55+ 85ab labL70b 1478

Altermaria sp. 3A 49+ 11.2a 140 +96a 138+ 10.4a 366+95b
Botryosphacria rhoding 5A 92 L57ab B4+ 15ab 126 £ 38b 125 L89b
Botrytis odneren 62BCV 1.5+ 53ab 172+ 73ab 3B0O0+72Db 626+ 259 ¢
Botrytis sp. 62C 13.6 £ 217 ab 285 £ 96bc 454+ 60c 7B6L04d
Cladosporium sp. 1BOA 392+ 117 c 4.6 = 6.2 be 455 +£ B9bc 5954+53b
Fusarium brachygibbosim 4BF 140 £ B6ab B0 L7995 31+ 196¢ 451 L A8
Fusaritm brachygibbosum HBF 5+ 83¢ MIL28be 98+ 48c $50+122b
Ceotrichum candidium FRB 122 £ 93 ab 2124+ 95ab 2644+ 1390 607+ 231c
Geot richum phurieaemsis 72 27+41b T £73d 354+ 88d 526+ B3¢
Muicor circing loides 1BF 70+ 320ab 46+ 41k 142 £53b 121 £ 780
Miuecor fragilis 22 158 +64c 188 =54 ¢ 307 = 10.4b 128+ 44c

Mucor fragilis FRA - 21x2.2a B4+ 298a -

Peniciitinem crustosum 1F 58+282a 12+ 144a 173+ 92ab 408 + 101k
Penicillium expansim 230 97 +195a 69 £ 495 208+ 107a 454 £ 83b
Pericil livim expansunt 3F 33+ 144a F0x103a HM2+133ab 414+ 207 b

450 values. Lettors indicaw that the means differed significantly afer Duncan’s multiple range test (p < 0.05).

3.2, Effect of VOCs on Fungal Mycelial Growth

The results of the tests carried out to evaluate the antagonistic capacity of the bacterial
strains on the growth of studied pathogenic fungi via the production of volatile organic
compounds are shown in Table 2. Strain UMZ70 caused significant inhibition of the
pathogen Altemaria altemata, one of the main pathogens causing disease in blueberry fruits.
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Table L Inhibibion percentages of postharvest fungal pathogens by employing divided Petri plate
assays (VOCs emission).

Inhibition by Yolatile Compounds of Bacterial Strains (%)

Psendomonas

Bacillus toyonensis

B. thuringiensis

Fungal Species/Strain COPES? Bacillus sp. E15 CR7T1 fluorescens UM270
Altermaria alfernata LA 6.4 + 69 ab 54 + 87 ab 7it+hdab 1744+ 81b
Altermaria alternata 27 - - - -
Altermaria alfernata 44 136+ 149a 11.3+36a 204+129a XEL280a
Altermaria alternata 64 - - - 54+21b
Alternaria sp. 3A 0.5+52a 24+ b2a 41+21a 43£+5%a
Botryosphasria rhodina 54 35+61a L2+ 95a 284+ 13a 61+116a
Botrytis anereg 62BCV 87 +h7a 145+ 17.2a 197+ 141a 41+35a
Botrytis sp. 62C 33.1 +356a 364+ 27.2a 155+ 465a HhH=38Ba
Cladosperium sp. 1BOA - L3£150a 58+57a -
Fusarium brachygibbosim 4BF - 234 25a 17+ 67a -
Fusarium brachygibbosim HBEF - - - -
Geotrichum candidum FRB 04+23a 28+ 6%a - E8L75a
Geotrichum pluricaemsis 77 434 162a 57+192a 344+203a -
Mucor circing loides 1BF - - - -
Mucor fragilis 22 - - - -
Mircor fragilis FRA 124 + 144a 55 =106a 26+ 83a -
Peicilium cristosum 1F - 24 +368a - 6.5+ 388 a

Penicilliunt expansum 230

Pewiciffium expansum 5F

450 walues. Latters indicate that the means differed significantly after Duncan's multiple range est (p < (L05).

3.3. Biocontrol Assay on Strawberries and Grapes

The assays realized on strawberry fruits show that the four strains significanthy
avoided the loss of firmness caused by Botrytis cnerea and Alternaria alternata. When
the fruits were infected by Fusarium brachygibbosum, the strains UM270 and CRE71 main-
tained firmness by 87% and 94%, respectively, compared with the control. In addition,
the disease incidence due to the three phytopathogens was reduced significantly when
each of the bacterial strains was inoculated on the fruits; strain UM270 reduced the dizease
incidence of Fusarium brachygibbosum, Botrytis cineren, and Alternaria altemata by 60%, 55%,
and 65%, respectively.

On grapes, the four bacterial strains helped to maintain firmness when they were
infected by the studied phytopathogens. When grapes were infected with Fusarium brachy-
gibbosum, strain UM270 reduced the disease incidence by 47%, strain E25 reduced the
disease incidence by 40%, and CR71 reduced the disease incidence by 53%. When the
fruits were infected with Batrytis cinerea and Alternaria alternata, the four strains reduced
the disease incidence significantly compared with the control (Figure 1).

71



Microhinl. Res. 2023, 14

1517

Fungi

LMD

EIS

CETL

COPESD

Control

Fungl

LIMZTD

Ezh

CETL

ODPES2

Coniral

Frmaness

Frmmess.

g

Disea

Diskasi ncldance

i Iniidpn e

et

t
Fi

-

-|.lr.'r|lrx

Fraiee o

™
;s
I I I i I -
. : .
. T o

AR B A e s AL meS e aeTAl

- k= 9 . -
: £
u @

T

ExE

e

§ ic
I | | | l

N e RAEIE R R DR il

camzgraEgE
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Botrytis anereq, and the tard column with Allernaric alternata. Bars fepresent the mean = SE valuees;
letters mdicate that the means differed sagruficantly after Duncan’s multiple range test (p < 0,05).

14 Comparative Analysis of the Secondary Metabolite Biosynthesis Gene Ousters and
Produced VOCs

In previous works in our lab, we reported some biosynthesis gene clusters of the four
bacterial strains [11,15,22]. However, in this work, we decided to perform a new analysis
and compared the biosynthesis gene clusters between the four strains [12,14,16]. The results
are shown in Table 3. The studied strains from the genus Bacllus share gene clusters for
petrobacting bacillibactin, and moly bdenum cofactor. Baglius toymrensis COPES? also has
a gene cluster for bacitracin and pacninedin. The four strains have a gene cluster for
fengycin, a nonribosomal peptide synthetase cluster (MRPS), and unspecified ribosomally
synthesized and post-translationally modified peptide product (Ril'F) cluster. Paendomonsgs

fugresces UM270 has a gene cluster for the antibiotic 2 4-diacetyl phlomglucinol, fragin

and sercbactin, among others,

Table 3. Gene clusters predicied by antiSMASH pipelme by the four PGPR, Bacillus spp.; strams
COPES2, E25, CRFL, and Psawlomongs fluorescens stran UMITO,

Gene Cluster BEE’;E"' Bacillus sp. E25 E' ﬂ"g‘%“”“ m::_ "‘;s‘:__";’:ﬂ"{zm
Bacilraon 55 - - -
Petrolractin 1007%, 100% 100 -
Bacillibactin 46" 46% 46 -
Fengyemn 407 40rs, A1 13%
Molybdenum cofactar T T 7% -
Pasrunodin b - - -
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Table 3. Cont.

Gene Cluster E“'Eg;;;p' Bacilius sp. E25 B. m’g{:’}’i AR i f':ff’_‘c'i‘::“f”:é e
MEPS - - 4 b
LAP # = i =
RiFP-like # + 4 x
NEPS-like = 3 + _
.'1|.:|'|=||.'I.Je.~|'|-:lj.‘:-upl‘_u'|. BASRT S nestanuds A - 1004 10 -
Lassope plade - - } -
ransAT-PRS - i 3 -
S-layer glycan = FE T 25 _
Thusin - 100 (1 -
Serpbactin O B A = = _ 15%%,
Poy owerdin = 5 _ T,
Crodhelin A : z e )
Lankacadm C - = - 13%
Fragin - - - 7%
M-moety] glutamamy lelutamane smade - 5 Z "
Sacke |'-'.l|."|'|.-: e - - - L
Butbyrolactone - - _ %
2 4+-diaeetylphloroghscmaol - - = 1007
APE VI 2 = = 40"

Bansyrithetic gene cluster similaribe

Volatile organic compounds (VOCs) of the plant-growth-promoting bacterial strains
are shown in Table 4. The four strains can produce dimethy | disulfide, which has been
reported to exhibit antimicrobial activity P fluorescens UM270 produces several other sulfur
compounds and dimethylhexadecilamide, a compound that promotes plant growth and
has antifungal activity [24].

Table 4. Comparmson of the VOCs produced by the four bacterial steains, Boalhis spp., strains COPERZ,

E25, CR7L, and Psetdomonas fiuorescens stram URZR0.

Volatile Compound L'h-:'..?_‘?ﬂ F;? Cii?l COEEE
Methanethaed 1513 rud. d .
Dhme thyl sulfide 354 rud. med. .
2-Butamime e 232 M (.99
1- Mo 202 e md. rd.
Methy] thaolacetabe L17 nd. d. rid.
D thoy ] sl 5.62 211 265 263
1- D 0.53 nd. rud. rd.
I- Uicbecaricl 500 . fd .
2 4-Dathiapentans nd r.d. rud. rd.
1-Dode cene fud el . rd
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Thble 4. Ciorer.
UMXT0 E15 CRT1 COPES?
Yolatile Compaund
S S S S
Dhornethiyl brisulbde o.57 nd. nd. nd.
5.5-Dionethyl dithuecarbomatbe nd nd. nd, nd.
2-Memarene nd . . .
Dyl emicare nd nd. nd. nd.
Mlethy] methy Iecmethyl dsalfde nd . nd. rd.
2 Amine-5-methy] benzoic asd nd . nd. rd.
Thiazole 041 nd. nd. nd.
Buaty La bed hryd roncy beluen 044 nd. nd. nd.
Do thiy lhe cadecalanre D nd. nd. nd.
A e trme nd 1271 nd. rd.
Lopropyl aleohal nd Ord nd. nd.
Ethyl propuotiate nd 114 arwr nd.
Ethyl wobulby rake nd DAz 6.14 6.7
IMethy |- 1-perfanone nd .84 nd. rd.
Trichborome thane nd B nd. nd.
Ethyl-2-methvy o b be nd nd. 344 645
Ethyl weoralerab: nd nd. 195 5.149
3 Methy lbutarenitrile nd 1263 nd. nd.
S-Methyl tuo buby rate nd . 5.91 334
1- Butanad nd nd. 0.2 nd.
1.3-Dhaz e nd 1.3 .24 nd.
Ethyl bglabe: nd 192 14 5.14
Methyl pyrazoe nd 113 nd. 1
A cebran nd nd. 211 3B
Leobrutyl isothincyanabe nd 1047 1366 nd.
A et acid nd nd. 54 6.3
Ethyl-3-hyd cewybutanaate nd f.44 624 rd.
2-{Me thy L Eiok tharnel nd 1 174 17
Fropeonic acd nd nd. 118 nd.
2-Methy Lpropancec aad nd nd. 1.7z nd.
Py lencieare nd T43 214 1.65
Butanoie el nd nd. 11 111
3 Methy lbutanoic acsid nd nd. 13z 4723
Mlethyl saboy lake nd nd. 0.x .75
2- Bubenne aerd nd nd. 6.0 nd.
Aetasude nd 1.24 031 rd.
Berzyl aboehel nd D.45 1.15 17
Ethyl proparnoabe nd nd. nd. 145
Ethy] butamoak: nd nd. nd. 6.55
Locbnta e nd . nd. 16
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Table & Cont
UMITD E25 CRT1 COPES2
Vuolatile Compound - = = -
5-M¢_-m_-r-l .‘i-meﬂ'L}'Ebu!a.m.-ﬂﬁuatu md. nud. nd. 7.5
3 Hydrosy-2-butanone nd nd. nd, 345
Ethy] 3-hydmowy butaouna e nd nd. nd 16.21
Propanoc acud nd nd nd 1Lt
2 3-Butanediol nd LE nd. 24l
Menthol nd nd. n.d. 078
Ethyl phenylace take: nd nd nd. 144
Butyl butanoate fud nd. nd. 0.33

Aralysis of volatile arganic compounds produced by TM270 B25, TR, and COTEST strains, dete ded by GU7MS
anahysis (nd means not deeced)

4. Discussion

Postharvest fruit has a certain shelf life and undergoes a normal process of deteriora-
tion or decay due to respiration, ethylene produdion, the presence of fungi, and storage
conditions (humidity, temperature, atmosphere, etc ). During this process, the fruit loses
weight and firmness, and guality decreases. The main postharvest pathogens of a variety
of fruits and vegetables have been reported to be the genera Aspergillus, Botrytis, Fusar-
fum, Geptrichum, Gloepsporium, Monilia, Mucor, Penicilium, Alfermaria, and Rhizopus [2].
Botrytis, Fusarium, and Alfernaria are frequently found and are the major causative agents
of postharvest disease in berries [25-32]. In a previous work, we isolated 20 fungi from
berries in postharvest decay [17]. These isolates were characterized to belong mainly to
the genera Bofrytis, Fusarium, Geoirichum, Mucor, Pemicillium, and Alternaria, which belong
to the most common postharvest pathogens in fruits and vegetables [2]. In this work,
we performed antagonistic essays against these postharvest fungal pathogens using four
different plant-grow th-promoting bacterial strains. We also selected three fungal pathogens
(Fusarium brachygibbosun: 4BE, Botrytis anerea 62BCV, and Alfernaria dierniata 1A) to evaluate
the bacterizl strains for their biocontrol potential against the pathogens on strawberry and
grape fruits.

PGPB can be used to prevent fungal pathogen growth via their biocontrol proper-
ties [X1]. Tealgatidou et al, 2023 [33] evaluated the biocontrol and plant-grow th-promoting
activities of two distinct Bacillus halofoferans strains (Call30 and Cal.f4). The application of
the two strains individually and as a mixture significantly enhanced the growth parameters
of Arabidopsis and tomato plants. The two strains also significantly inhibited the
of Botrytis cneref. Im a previous work, the authors isolated the strain Cal 1.30 from the
medicinal plant Caletrdila oficinalis, and it was selected for its strong biclogical potential
against Botrytis cineres. The Bacillus halotolerans strain and its cell-free supernatant reduce
the gray mold disease severity index and disease incidence on harvested grapes and cherry
tomato fruits. It has also been shown via HPLC-HEMS analysis that this strain synthesines
and secretes metabolites with antimicrobial activity, including the lipope ptides fengycin,
surfactin, and mojavensin A, bacillaene isoforms, 1-dihydroanticapsin, and bacillibactin,
among others [20].

In Fef. [19] in this study, beneficial bacilli and pseudomonad strains showed significant
percentages of mycelial growth inhibition against these previously characterized pathogens
Fegarding the results of inhibition in vitro by diffusible and volatile compounds, it was
observed that the inhibition of several isolates was greater by diffusible compounds than
bv volatile organic compounds. A probable explanation for this result could be that the
compounds produced by bacteria that diffuse in the medium affect the growth of the
fungus mome directly since they ame in direct contact with the vegetative mycelium, and
perhaps harm the fungus in its ability to acquire nutrients and develop.
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The bacterial strain that caused the highest percentages of growth inhibition of the
isolated fungi in vitro was Peeudomonas fuorescens UM270. The results of trials carried
out on fruits demonstrate the importance of developing experiments further, ie., invivo,
where there is tripartite inferaction between the bacteria, the pathogen, and the host (Fruit).
Therefore, there ane other factors that could change the results that wemne observed in in vitro
ests. All the analyzed bacterial strains significantly reduced the disease incidence caused
by Fusarium brachygibbosum, Botrytis cinerea, and Alternaria altermata in strawberries and
grapes. In addition, most bacterial strains analyzed helped to maintain fruit firmness.

A comparison of the secondary metabolite bicsynthesis gene clusters between the
four bacterial strains was performed. This can help us to compare the characteristics that
the plant-growth-promoting bacteria have in common, and determine which of them are
related or are important for biocontrol activity. The UM270 genome has been sequenced
and analyvzed [13]. The results of that analysis showed that UMZF0 can produce various
antifungal compounds, incduding phenazine (phFABCD), pyocyanin (ponCDE), pyover-
dine {priPD), 2,4-diacetyl phloroglucino] (phIACED), and the volatile hydrogen oranide
(ke CB), which are important for the biological control of several plant diseases caused
bv phytopathogenic fungi, comy cetes, and bacteria. Further, the E25 strain contains gene
clusters to proeduce bacteriocins, siderophores, lanthipeptides, lipope ptides, ladderanes,
and Erpenes [11]. CEF 1 shames similar gene clusters to produce siderophores and peptide
antibiotics [22]. COPES2 has gene clusters to produce bacitracin and paeninodin, a family
lasso peptide; some of these lasso peptides exhibit antimicrobial activity [34].

We also compared the volatile organic compounds produced by the four bacterial
strains. We observed that bacilli strains have in common several volatile onganic com-
pounds; however, all the strains assayed can produce dimethy] disulfide, which has antimi-
crobial activity.

5 Conclusions

The biocontrol activity of PGPB such as Bacillus towermensis COPES2, B thu ringiensis
CR71, Bacillus sp. E25, and Psaudomonas Tuorescars UM270 can be used to inhibit postharvest
fungal pathogens. It is necessary to determine the complete characteristics of a biocontrel
agent microorganism through the application of microbiological, bicchemical, bivinformat-
ics, and molecular tools, and to improve or provide optimal conditions for proliferation

Author Contributions: Formal analyss; mvestigation, LEM-C, LA B-B. and M.d.C.O-M.; writing—
orgmal draft peeparation, LEMACwritng—review and editing, A FH-F, FLP-C, VAR, 84 L5-V,
PDI-L, MACO-M and G.5.; conceptualization, visualization, sapervision, propct administrs-
bon, and funding acquisibon, G5, All authors have ead and agreed to the published version
of the manuscript

Fundimg: Thues research received no external fundimg.

Institulional Review Board Statement: Nol applicable.

Infiorme d Consent Statement: Not appheable.

Data Awallability Stalement: The data iz available upon specific request.
Conflicts of Interest: The suthors declare no conflict of inberest.

L Sharma R E; Sngh, D.; Smgh, B Brologieal control of postharvest diseases of fruts and vegetables by mucrobal antagomsta: A
revigw, Biol. Comirol 2000, 50, 205-221. [CrossRef]

1 Dukame, AS; Paul 5; Namby, VE,; Gupta, K ; Singh, K ; Shalrma, K Vishwakarma, B K Explodation of sucroleal sntagormsts
foor the control of postharvest diseases of froits: A seview. Crit. Rer Food 5o Nitr. 2009, 58, 14981513, [CrossFed]

3 Dvoby 5; Chalute, E; Wilson, C1; Wisnsewska, MLE. Baologeal Control of Postharvest Dise pees: A Promasong Allernative bo the
Use of Synthetic Fungicides. Flryfoporasition 1992, 20, 5149-5153. [CrosaBai]

4  Sanzam, SM; Reverben, M ; Geisen, B Mycotoxins m harvested foubs and vegetables: Insiphts i producing fungg, Biological
robe, conducive condibons, and tools ks manage postharvest contanimation. Postharoest Biol. Techmol. 2016, 122, 95-105. [CrossHef]

76



Mirrohinl Res 2023, 14 b Fv]

o

=ogm s

10.

11

15

14

I8

16.

18.

18,

L

LS

=

=

B B

Winale, F; Sivasathamparam, K; Ghsalberty, E L ; Macra, B ; Woo, 5.1 Larito, M. Trichoderma-plant-pathogen interachons. Sal
Bipl Biochem. 2008, 40, 1-10. [CroasRad]

Stoceo, AE; Diaz, MLE; Romera, MC R Mercado, LA ; Rivero, ML Ponsone, M.1L Biocomtrol of postharvest Alfermaria deécay in
table grapes from Mendoza provinoe., Biol Confral 2009, 134, 114122 [CrossRef]

Glick, B.E. Flant Growth-Promoting Bacteria Mechanisms and A pplications. Scientifics 2012, 2077, 96340, [Cnm&.-!]

Munes, C A Biological control of poatharvest diseases of frait, Eur [ Plont Pathol. 2002, 133, 181-196. |CrossHaf]

[h Franeesco, A.; Marbim, C; Mari, M Biclopneal control of posthamest disesses by sucrobual antagomist=: How many mechanisms
of acton? Exr. [ Pluet Patliol 206, 145, 711-T17. [CrossFef]

Carmina-Hernandes, 5.; Reyes-Pérez, L1 Chigquito-Contieras, B.G.; Rincon-Enriguez, G.; Cerdan-Cabmera, C R ; Hernandez-
Montiel, LG, Bioconitrod of pestharvest frut fungal diseases by bacteoial antagonists A meview. Agroromy 2009, 9, 121, [CrozeRei]
Pémez-Equihua, A.; Santoyo, (z; Baltrues, DAL Tvaft Genome Sequence of Baallis sp. Strain E25, a Biecontrol and Plant Grow th-
Promoting Bactenal Endophyte liolated from Mexican Husk Tomato Roots (Physalis ixomrpa Brot. Ex Hormo . Microfral. Besour.
Annmnc. 2021, 10, [CrossRaf] [Pubbsed]

Reas-Solis, [0; Zetter-Salman, E; Contreras-Péree, M del Carmen Rocha-Granades, M.; Macias-Rodrigues, L; Santoyo, G,
Peeudomonas stutzen E25 and Steenotrophomeonas maltophilia CEF L endophytes produce anbifungal volable organic compounds
and eschibit sdditive plant grow th-promoting effects. Biooofal. Agric Biofedmal. 3018, 13, 4652, [CrossHaef]
Herndndez-Salmerdn, | E; Hemindez-Ledn, K.; Del Carmen Ornosco-Mosgueda, M.; Valencia-Cantero, E; Moreno-Hapgelsseb,
Gy Santoyo, G, Draft Genome Sequence of the Bioscontrol and Plant Growth-Fromoting Bhizobacte fum Pseagdomonas fliuerescens
atrain UM270. Stard. Genom. So. 2006, 11, 5. [Cro=sBef] [PubMed]

Hermandez-Ledn, B.; Rops-Selis, D.; Contreras-Pémez, M; del Carmen Onoeco-Mosqueda, M.; Maciss-Rodrigues, [LL; 1a Cruz,
HE-T); Valenes-Cantero, E.; Santoyo, G. Charsctenzation of the antifungal and plant growth-promoting effects of diffesable and
volatile organic compounds produced by Peeudomonis fuorescems strame. Biol. Control 25, 81, 83-92 [CrossRei]

del Carmen Ovoe co-Mosqueda, M.; Velizques-Becerra, C; Macias-Rodrigues, L1; Santoyo, G.; Flores-Cortes, L, Alfare-Cuoevas,
E.; Valenoia-Cantero, E. Arthrobacter agalis UMOV2 induwees won acquisition m Mediongo frincatila (strategy 1 plant) i vitro via
dimethylhexadecylamine emission. Plont Soil. 2013, 362, 51-66. [CrosaRei]

Comtreeas-Peérez, M.; Hemandez-Salmerim, |.; Rops-Solis, [ ; Rocha-Granados; C; del Carmen Orozco-Mosqueda, M. Parra-Cota,
EL; Santos-Villalobos, S.d.1.; Santoyo, . Draft genome analysis of the endophyte, Bacllus teyonmsis COPES2, a blueberry
{Vaccteiom spp. var, Bilow) grow the promoting bacterium. 3 Riofed 20109, 8 5370, [CrossRef] [Pobbled]

Morales-Cedeto, LE.; de los Santos-Villalobos, 5.; Sanfoyo, G Funchonal and Genomae Analysis of Rowctella badensis SER3 as &
Movel Biocontrol Agent of Fungal Pathogens, Fromt. Microbiol. 2021, 12, T09855. [CrosaBed]

Mahuku, G5 A Smmple Extracton Method Suitable for PCR-Based Analysis of Plant, Fungal, and Bactenal DMNA. Plart Mol. Biol
Report. 24, 22, T1-81. [CrossRed]

Shd, .E; Sun, C.Q. solabion, identification, and biccontrol of antagonistic bacterium against Bobrytis cinesea after tomato hanvest
Braz. [. Microbal. 2017, 48, 706714, [CrosaRaf]

Tealgatidou, F.C; Thomloodi, E-E ; Baira, E.; Papadimitriouw, K; Skagia, A ; Venderaki, A.; Katinakis, P! Integrated Genomic
and Metabolome Analyss Tlummates Key Secreted Metabohites Produced by the Novel Endophy te Baclhes halotolmans Cal 130
Evolved n Diverse Biological Control Activrbies. Microorgamismes 2022 10, 399, [CrossRef]

Hea, AY; Koo, YM.; Ched, HW, Biological Control Activity of Flant Grow th Promoting Rhizobacteria Burkdlderis contaminms
AN agaimst Tomats Fusarinm Wilt and Bacterial Speck Dhseases. Riology 2022, 11, 619, [CrossRef] [Pub®ed]

Floees, A Dhaz-Zamora, LT, del Carmen Oreseo-Mesqueda, Mo Chives, A ; Santos-Villalobos, 5.4.1.; Valenaa-Cantero, E.;
Santoyo, G, Brdging gencmics and feld research Draft genome sequence of Baglus nirivgenss TRV, an endophy bie back rum
that promotes plant growth and fruat yield in Crinmmis sations L. 3 Biotech 2020, 10, 220, [CrossHef] [PubMed]

Bhn, K ; Wolf, T; Chevoetbe, MG ; Lo, X; Schwalen, C]; Kavlsag 5 A ; Dusan, HG.S.; de Los Santes, ELC; Kum, HUL; Nave, b ;
et al. AntSMASH 4.0—Improvements in chemistry prediction and gene cluster boundary identification. Nudeic Adids Res. 2007,
45, W36-W4L [CrossHaf] [Pubbdad]

del Carmen Oroeco-Mosqueda, M.; Santoyo, G.; Ghek, B R Bemnt Advances in the Bacterial Phy toharmone Modulation of Plant
Goowrthe Plaets 3623, 12, 606, [Cross Ref]

Bell, 5K ; Herninder: Montiel, 1.G.; Gonedler Estrada, B R.; Gubérrer Martinez, F. Main diseases in posthanest blusherries,
corwventional and eco-friendly control methods A revioe. LWT 2021, 149, 112046, [Cro==Raf]

Mehra, LEK.; Maclean, D_D.;‘_:'navrlle. AT,; Scherm, H. Postharvest disease development on southern haghbush blueberoy Erait mn
relation to berry fesh type and harvest method. Plant Dis. 2003, 97, 213-221. [CrossRed]

Li, C; Krewer, GW; i, F; Scherm, H; Kays, 5.1 Gas sensor array for blueeberry inat disease detection and classshcatwon
Postharvest Biol. Techmol 2010, 55, 144-149. [CrosaRef]

Petrasch, 5.; Knapp, 5.].; van Kan, A L; Blanco-Ulate, B, Grey mould of strawberry, a devastabing disease cawsed by the
ubaguatows necrotiophae fungal pathopgen Botrybs cnersa. Mol Plant Patlal. 2019, 20, 577892, [CrosaRai]

Kmke, 5T; Gordon, TR Management of Fusarium wilt of strawbercry, Crop Prof. 2005, 73, 67-72. [CrosaHef]

Pastrana, AM.; Kirkpatnack, 5.C; Kong, M.; Broome, LC; Gorden, TR Frsarum auysporin L sp. morl 4 new forma speaalis
cansing fusarium will of Mackberry, Plant Cis 2007, 100, 20662072 [CrossHed]

77



Mirohinl. Res. 3023, 14 1523

L

Rivera, 5.A ; Zoffoh, [P Latorne, B A Infection risk and cribical period for the postharvest control of gray mold (Bobryghis cneren)
o blusberny m Chale. Pt Dis. 2013, 97, 1069-1074 [CrosaRed] [Pubbed]

Saates, 5.; Mhchalides, T]; Xaao, CL Fungiade sesstance prohlmg m Babrylls cmereg populabions froem bluebersy m Califora and
Washinpgton and their impact on contrel of gray mold. Mant Dis e, 100, 2087-2003, [CrossRef] [Pubbad]

Tealgatidow, PC; Thomlowd, E-E.; Delis, C; Nifakos, K ; Zambounis, A Veneraky, A.; Kabnaks, P, Compatble Consortiam
of Endophy tie Bacilus halofoleran s Strains Call30 and CalE2 Promotes Plant Grow th and Indwces Systemic Resistanoe agaimst
Botrytis cineren. Biology 2023, 12, 779, [CrosaRef] [Pubhded]

Chergg, ; Hoa, Z.C. Lasso Peplides: Helerologoos Production and Pokential Medical Apphcation. Front. Biseng. Biotechnol. 2030,
8, 571165. [CroasHel] [Pubhed]

Disclaimer Publisher's Note: The stakements, opimons and data contained 1 all publications are solely those of the individual
authors) and contributon(s) and not of MOP] and/ or the editor(s). MDPL and/ o the editon(s) disclaam responsabalily for any ingury to
people of propecty fesulting from any ideas, methods, mstiechons of products sefecned to m the content.

78



