INSTITUTO POLITECNICO NACIONAL

CENTRO INTERDISCIPLINARIO DE
INVESTIGACION PARA EL DESARROLLO
INTEGRAL REGIONAL

UNIDAD SINALOA Unidad Sinalea

DEPARTAMENTO DE BIOTECNOLOGIA AGRICOLA

Caracterizacion de los mecanismos de antagonismo que emplea Bacillus

cereus seleccionado para el control de Fusarium verticillioides

ALEJANDRO MIGUEL FIGUEROA LOPEZ

TESIS
PRESENTADA COMO REQUISITO PARCIAL

PARA OBTENER EL GRADO DE

DOCTOR EN CIENCIAS EN BIOTECNOLOGIA

Guasave, Sinaloa, noviembre de 2016




M INSTITUTO POLITECNICO NACIONAL
' SECRETARIA DE INVESTIGACION Y POSGRADO

CARTA CESION DE DERECHOS

En la Ciudad de Guasave, Sinaloa el dia 11 del mes noviembredel afio 2016, la que suscribe
Alejandro Miguel Figueroa Lopezalumno del Programa de Doctorado en Ciencias en
Biotecnologia, con numero de registro A120314, adscrito al CIIDIR Unidad Sinaloa,
manifiesta que es el autor intelectual del presente trabajo de Tesis bajo la direccion del Dr.
Ignacio Eduardo Maldonado Mendoza y Dra. Luz Estela Gonzélez y cede los derechos del
trabajo titulado “Caracterizaciéon del los mecanismos de antagonismo que emplea
Bacilluscereusseleccionada para el control de Fusariumverticillioides”, al Instituto

Politécnico Nacional para su difusion, con fines académicos y de investigacion.

Los usuarios de la informacion no deben reproducir el contenido textual, graficas o datos
del trabajo sin el permiso expreso de la autora y/o directores del trabajo. Este puede ser
obtenido escribiendo a las siguientes direcciones alejandro_miguelS58@yahoo.com.mx;
imaldona@ipn.mx y leb0058@auburn.edu. Si el permiso se otorga, el usuario debera dar el

agradecimiento correspondiente y citar la fuente del mismo.

Alejandro Miguel Figueroa Lépez



SIP-13BIS
INSTITUTO POLITECNICO NACIONAL
SECRETARIA DE INVESTIGACION Y POSGRADO

ACTA DE REGISTRO DE TEMA DE TESIS
Y DESIGNACION DE DIRECTORES DE TESIS

México, D.F. a 25 de Noviembre del 2013

El Colegio de Profesores de Estudios de Posgrado e Investigacién de CIIDIR-SINALOA en su sesion

ordinaria No. VI celebradaeldia 13 delmesde junio conocid la solicitud
presentada por el(la) alumno(a):

Figueroa Lopez Alejandro Miguel

Apellido paterno Apellido materno Nombre (s)

Con registro: [A [1 [2 [0 [3 [1 [4 |

Aspirante de:

1.- Se designa al aspirante el tema de tesis titulado:
Caracterizacion de los mecanismos de antagonismo que emplea Bacillus cereus seleccionado para el
control de Fusarium verticillioides

De manera general el tema abarcara los siguientes aspectos:
Determinar el posible mecanismo microbiano implicado en el efecto inhibitorio contra F. verticillioides

Identificar y probar los posibles metabolitos implicados en tal efecto.

Evaluar el efecto de bioproteccion en planta contra Fusarium verticillioides

2.- Se designan como Directores de Tesis a los Profesores:
Dr. Ignacio Eduardo Maldonado Mendoza y la Dra. Luz Estela Gonzalez

3.- Eltrabajo de investigacion base para el desarrollo de la tesina sera elaborado por el alumno en:
CIIDIR-SINALOA

que cuenta con los recursos e infraestructura necesarios.

4.- Elinteresado debera asistir a los seminarios desarrollados en el area de adscripcion del
trabajo desde la fecha en que se suscribe la presente hasta la aceptacion de la tesis por
la Comision Revisora correspondiente:

Directores de Tesis

Dr. Ignacio Eduardo Maldonado Mendoza Dra. Luz Estela Gonzalez
Aspirante Presidente del Colegio
4 g
\ | 2 oN (ZW Stz Pl

M.C. Alejandro Miguel Figueroa Lopez _ \Y V¥Dr. J6rgé&Montiel Montoya







El proyecto de tesis — Caracterizacion de los mecanismos de antagonismo que
emplea Bacillus cereus seleccionado para el control de Fusarium verticillioides —
se realizo en las instalaciones del Departamento de Biotecnologia Agricola del
Centro Interdisciplinario de Investigaciéon para el Desarrollo Integral Regional
(CIIDIR) Unidad Sinaloa del Instituto Politécnico Nacional (IPN), bajo la direccion
del Dr. Ignacio Eduardo Maldonado Mendoza (CIIDIR) y de la Dra. Luz Estela
Gonzalez (CIBNOR). El presente trabajo fue financiado por la Fundacién Produce
Sinaloa (FPS 2013-2015) y la Secretaria de Investigacion y Posgrado del IPN (2012-
2016). El alumno Alejandro Miguel Figueroa Lopez fue apoyado con una beca para
Estudios de Doctorado (No. becario 302070) por el Consejo Nacional de Ciencia 'y
Tecnologia (CONACyT).



“Nuestra mayor debilidad radica en renunciar.
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CAPITULO 1. INTRODUCCION

Sinaloa se ubica como el principal estado productor de maiz en México, produciendo
aproximadamente 3, 686, 000 toneladas en el 2014. La produccion nacional de maiz ha
venido en aumento en los ultimos cinco anos; de 17, 566,000 toneladas cosechadas en
2011, la produccion paso a 24, 946, 000 toneladas en 2015, situandose Sinaloa con
rendimientos de productividad por encima de la media nacional (SIAP-SAGARPA,

WWWw.siap.gob.mx).

Entre las enfermedades del maiz mas importantes estan las pudriciones de mazorcas y
tallos. Fusarium graminearum y F. verticillioides son los patdgenos fungicos mas
comunes asociados a maiz (Butron et al., 2015). Morales-Rodriguez (2007) report6 a
siete especies de Fusarium asociadas a la pudricion de la mazorca en los Valles Altos de
México; al igual que en otras partes del mundo, F. verticillioides fue la especie mas
importante. Fusarium verticillioides (Saccardo) Neirenberg (Sindnimo, F. moniliforme
Sheldon; teleomorfo, Gibberella moniliformis) es la especie de hongo mas comun que
infecta a maiz causando la pudricién de la mazorca y del tallo (Butron et al., 2015). F.
verticillioides es el responsable de importantes pérdidas econdomicas a nivel mundial
desde su aparicion en los campos de maiz. La infeccion del maiz por F. verticillioides se
puede presentar de diferentes maneras, una de €stas puede ser sistémica a través de las
semillas, en el tallo y raices, causando la pudricién de la totalidad de la planta (Nelson,
1992). Ademas, este hongo produce un grupo de micotoxinas llamadas fumonisinas, las
cuales contaminan el maiz y los productos obtenidos de este cereal y que son causantes

de dafios a la salud humana (Picot ef al., 2012).

La rentabilidad del cultivo se basa en el monocultivo intensivo en el estado de
Sinaloa, a consecuencia de esto se han propiciado las condiciones necesarias para la
proliferacion de enfermedades que representan un alto riesgo para el cultivo. La junta
local de Sanidad Vegetal del valle del Fuerte (JLSVVF) realizé6 un monitoreo en lotes
del norte de Sinaloa que mostraban los sintomas caracteristicos de Fusariosis enfocado a
determinar el agente causal de esta sintomatologia, esto fue durante los ciclos otofio-
invierno (OI) 2006-2007 y primavera-verano (PV) 2007. Se identificé a F. oxysporum

mediante claves taxondmicas como el agente casual, siendo detectado en 84% de las



parcelas en el ciclo Ol y 70 % de las parcelas en el ciclo PV. La severidad reportada fue
mayor en el ciclo PV donde el 32 % de las plantas fueron dafiadas en comparacion con
el 13 % de plantas dafiadas en el ciclo OI. La sintomatologia que presentaron las plantas
afectadas fue pudricion en el tallo, marchitez, amarillamiento en hojas inferiores, poco
crecimiento y otros. Estos hallazgos sugieren que el patégeno se encuentra ampliamente
distribuido en el norte de Sinaloa, en los municipios de Ahome, El fuerte y Choix
(Quintero-Benitez y Apodaca-Sanchez, 2008). En respuesta a esto, la JLSVVF sugirio
que esta enfermedad iba en aumento y se tenian que tomar medidas de prevencion y
emplear estategias de control proponiendo un manejo integral mediante rotacion de
cultivos, fungicidas, hibridos resistentes y el uso de microoganismos antagonistas

(Quintero-Benitez y Apodaca-Sanchez, 2008).

En un estudio previo en nuestro grupo se describieron 161 aislados de los cuales 117
han sido identificados a la fecha como F. verticillioides (Fv) asociados a la presencia de
fusariosis en maiz, a partir de semillas y raiz y se describieron otras tres especies F.
nygamai, F. andiyazi y F. thapsinum (Leyva-Madrigal et al., 2015). Con esto se sugiere
que en Sinaloa, a la fusariosis se asocian diferentes especies de Fusarium que afectan la
produccion de maiz en Sinaloa. En conjunto, los datos muestran que en la fusariosis
mas de una especie de Fusarium puede intervenir y ubicarse éstas de manera diferencial
en la planta infectando raiz (Fv), tallo (Fo) o mazorca (Fv) (Leyva-Madrigal et al.,

2015).

En trabajo previo de nuestro grupo de trabajo se identificaron molecularmente tres
aislados como F. verticillioides (se utilizaron 5 marcadores moleculares los cuales
fueron: el ITS del ADN ribosomal, el gen de la calmodulina (Ver y CI), B-tubulina e
histona-3) (Leyva-Madrigal et al., 2015; Figueroa-Lopez et al., 2016). Uno de los tres
aislados flingicos fue seleccionado para pruebas de antagonismo de potenciales
bacterias antagonicas a este hongo. La seleccion se realizdo en un ensayo en liquido
evaluando la capacidad antagonica hacia este hongo a partir de 11, 520 aislados
correspondientes a una coleccion de bacterias proveniente de la rizésfera del maiz y se
seleccionaron 622 aislados como posibles antagonistas. Despues de varias pruebas de
seleccion, se obtuvieron 14 aislados bacterianos que fueron analizados en los hibridos
de maiz Cebu y Garafion (Asgrow) (Figueroa-Lopez et al., 2016). A partir de éstas

pruebas se seleccionaron tres aislados pertenecientes al género Bacillus, siendo el



aislado Bacillus cereus sensu lato B25 el que mejor funcion6 en las variedades de maiz
analizadas tanto en estudios de laboratorio e invernadero, como en campo (Lizarraga-
Sanchez et al., 2015; Figueroa-Lopez et al., 2016). Este aislado presento diferentes
mecanismos de promocion de crecimiento analizados en el laboratorio como la
produccion de agentes quelantes (sideroforos), enzimas proteoliticas, enzimas
celuloliticas y la mas importante relacionada con la inhibicion de hongos patogenos,

enzimas quitinoliticas o quitinasas (Figueroa-Lopez et al., 2016).

La produccién de enzimas hidroliticas lo hace un potencial agente de bioncontrol contra
hongos patogenos (Bressan and Fontes-Figueiredo, 2010). Estas enzimas son empleadas
por una gran variedad de bacterias rizosféricas y representan una via por la cual las
plantas se ven beneficiadas debido a la inhibicion de hongos patdégenos o por la
induccion de resistencia sistémica (Slimene ef al., 2015). Las quitinasas han ganado
interés recientemente y se utilizan para diferentes aplicaciones biotecnoldgicas (Karthik
et al., 2014). La busqueda y el uso de estas enzimas va en aumento y existe un gran
interés por incrementar su produccion, los métodos de biologia molecular estan siendo
explotados para tener una fuente de quitinasas estable mediante el mejoramiento de
microorganismos al introducirle modificaciones en su contenido genético para que las
produzcan en mayor proporcion (Karthik et al., 2014). Desde hace décadas se ha venido
trabajando en tratar de incrementar la capacidad de los microorganismos para producir
estas enzimas. Una amplia variedad de sistemas de expresion se ha desarrollado para la
produccion y clonacion de genes pertenecientes a otros organismos (Felse and Panda,
1999). La tecnologia del ADN recombinante permitié elaborar construcciones aislando
la secuencia codificante de las quitinasas e insertarlas en bacterias reingenieradas para
una eficiente expresion con alto rendimiento en la cantidad de proteina producida para
evaluar su actividad antifungica (Pan et al., 2006). Estas enzimas se han utilizado para
modificar plantas y sobre-expresar estas enzimas quitinoliticas, insertandoles genes de
quitinasas pertenecientes a hongos micoparasiticos y hacerlas tolerantes o

completamente resistentes a patdgenos fungicos (Lorito et al., 1998).

En este trabajo se estudia el posible papel de las quitinasas de Bacillus cereus B25 en la
inhibicidén de Fusarium verticillioides como principal mecanismo de antagonismo. Se

analiza mediante técnicas moleculares los niveles de transcrito de los dos genes



implicados en la produccidon de esta enzima inducidos con lisado fungico y quitina
coloidal, asi como también la actividad quitinolitica extracelular. Se realizd también la
caracterizacion parcial de estas dos enzimas mediante su produccion recombinante en E.

coli y el patron de colonizacion de Bacillus cereus B25 en plantas de raices de maiz.

El conocer el mecanismo de esta bacteria con el cual ejerce efecto antagdnico
sobre este patdgeno, aportara informacion que se puede utilizar a futuro como uno de
los criterios a considerar para la formulaciéon de un producto agrobiologico que
contenga una cepa con las caracteristicas necesarias para combatir este patogeno en
maiz. Adicionalmente, €ste conocimiento puede llevarnos a formulaciones a partir de
¢ésta cepa que puedan emplearse para el control de €éste u otros hongos fitopatogenos en

otros cultivos ademas de maiz.



CAPITULO II. ANTECEDENTES

El maiz y la fusariosis

El maiz es un cultivo que se originé en México de donde se extendid a todo el
mundo como uno de los principales cultivos alimenticios. Esta especie es ahora
cultivada ampliamente en el mundo (Morris, 2002). Aunque es cosmopolita, es uno de
los alimentos basicos de muchos paises de América latina, y se consume en Europa

oriental y el Sureste de Asia incluyendo China (Christensen, 2002).

En México, el maiz es parte de la alimentacion diaria, constituye un insumo para
la ganaderia y para la obtencion de numerosos productos industriales, por lo que, desde
el punto de vista alimentario, econémico, politico y social, es el cultivo agricola mas
importante (SIAP 2015). México posee el séptimo lugar en produccion de maiz,
precedido por EUA, China, Brasil, Union Europea, Ucrania y Argentina. Hablando en
términos nacionales, el estado que lidera la produccién de maiz es Sinaloa, seguido por
Jalisco, Michoacéan, Estado de M¢éxico, Guanajuato, Chihuahua y Guerrero (SIAP-

SIACON, 2015.

Entre las enfermedades del maiz mas importantes estan las pudriciones de
mazorcas y tallos. Se han estudiado en paises como Iran, Suiza y México, los agentes
causales de estas pudriciones; en Irdn se reporta F. verticillioides (Fv), F. proliferatum
(Fp), F. fujikuroi, F. nygamai (Fn);, siendo Fv y Fp los mas abundantes en maiz
(Mohammadi et al., 2016); en Suiza se reporta la incidencia de F. graminearum, F.
verticillioides, F. proliferatum y F. subglutinans (Dorn et al., 2011); y en México se
reportd a cuatro especies de Fusarium asociadas a la pudricion de maiz, F. nygamai,
andiyazi, F. thapsinum y F. verticillioides; asociados a diferentes o6rganos de la planta

(Leyva-Madrigal et al., 2015).

Fusarium verticillioides es el responsable de importantes pérdidas econémicas a
nivel mundial desde su aparicioén en los campos de maiz. La infeccion del maiz por el
hongo puede ocurrir sistémicamente a través de la semilla, tallo y raices, causando la
pudriciéon de toda la planta (Nelson, 1992). Ademas, este hongo produce un grupo de

micotoxinas llamadas fumonisinas, las cuales contaminan el maiz y los productos



obtenidos de este cereal. El consumo de estas micotoxinas causa efectos nocivos en los

animales y en la salud humana (Mohammadi et al., 2016).

Fusarium verticillioides (Saccardo) Nirenberg (sindénimo: F. moniliforme
Sheldon; teleomorfo Gibberella moniliformis) pertenece a la seccion Liseola,
especificamente al complejo de Fusarium fujikuroi (Sawada) Wollenweber (Geiser et
al., 2013). Es capaz de causar pudricion en tallos y mazorcas, también puede

contaminar las semillas de cultivos como el trigo, arroz, avena y sorgo.

La enfermedad se inicia cuando el hongo logra penetrar a la planta con ayuda de
insectos o por simple dafilo mecénico en las raices, cuando crecen las raices secundarias.
Durante el proceso de invasion a la planta, el hongo puede sintetizar fumonisinas, una
familia de micotoxinas, que frecuentemente contaminan el grano del maiz y estan
asociadas a un gran nimero de enfermedades en animales, incluyendo el cancer (Luna-
Olvera, 2000). El hongo puede encontrarse en el suelo o simplemente ser acarreado
hasta la parte aérea de la planta por insectos vectores o accion del viento. Este produce
pudricién de las raices y tallos una vez que entra en el tejido de la planta. Cuando la
planta cumple su ciclo, los residuos de las plantas infectadas pueden ser depositados el

suelo y sirven como indculo para el proximo cultivo (Figura 1).

Residuos
infectados

Infeccién del grano
N Dafio por
488 insectos
Accién del ] = ]
. Semillas A Infeccién
viento . p
contaminadas de raices

Figura 1. Ciclo de la fusariosis del maiz causada por Fusarium verticillioides.

El ciclo biologico de F. verticillioides es complejo ya que este hongo es un

patogeno no obligado que carece de un hospedero especifico. Sus distintas fases de vida



estan conformadas por un estado saprofitico y otro parasitico. Durante la primera etapa,
F. verticillioides obtiene los nutrientes de los tejidos vegetales muertos, produciendo
estructuras infectivas como los macroconidios y los microconidios (Figura 2). Los
microconidios en F. verticillioides consisten en células aisladas, mientras que los
macroconidios son células grandes, septadas y menos abundantes (Sutton et al., 1998).
En su estado parasitico, después de la extensiva colonizacion intracelular, el hongo
destruye el tejido del cual se alimenta, liberando altas concentraciones de fumonisinas

(Luna-Olvera, 2000; Oren et al., 2003).

Figura 2. Estructuras infectivas del hongo F. verticillioides. A) Las flechas rojas
indican los microconidios y la flecha azul muestra un macroconidio (400X). Fotografia
de Figueroa-Lopez. B) macroconidios, C) microconidios. Barra de escala = 25 pm.
Fotografias B y C obtenidas de Leslie y Summerell, 2006, D) Microconidios en cadena
caracteristica de Fusarium verticillioides. Fotografia obtenida de Duncan and Howard

(2009).

La muerte de las plantas de maiz no es comun durante el estado parasitico, pero
causa pérdidas econdmicas. Este fitopatogeno, ademas de sobrevivir en restos organicos
de cultivos anteriores (Cotton and Munkvold, 1998), también se transmite a través de
semillas (Bacon et al., 1992). En el suelo, F. verticillioides regularmente no produce
clamidosporas, sino hifas de pared engrosadas que aparentemente prolongan su

persistencia (Nelson et al., 1983).

Un estudio reciente en nuestro grupo de trabajo encontrd que las plantas de maiz

en cultivos de la region se encuentran infectadas por F. verticillioides, F. nygamai, F.



andiyazi y F. thapsinum. Se encontrd tambien una distribucion de las especies en
diferentes organos de la planta; F. verticillioides fue el mas frecuente en las semillas
mientras que F. nygamai predomind en las raices. Se reporta tambien infecciones
mixtas entre F. verticillioides/F. thapsinum y F. verticillioides/F. nygamai en semillas y
raices respectivamente. Los ensayos de patogenicidad de los aislados revelaron que
estas cuatro especies pueden infectar maiz y causar diferentes niveles de severidad de la
enfermedad. Este es el primer reporte de F. nygamai y F. thapsinum infectando maiz en

México (Leyva-Madrigal et al., 2015).

Problemas para el control de la fusariosis; agroquimicos y resistencia genética

Las causas de la fusariosis en maiz esta relacionada a diversos factores, principalmente
la persistencia, estos patdogenos pueden sobrevivir en residuos infectados de cultivos
anteriores actuando como un reservorio (Cotton and Munkvold, 1998), sirviendo estos
residuos como fuente de inoculo para los cultivos siguientes en especial si se trata de
labranza de conservacion (Vogelgsang et al., 2011). Otro factor es la resistencia a
fungicidas, las cepas infectivas de Fusarium pueden desarrollar caracteristicas genéticas
que les permita adquirir resistencia a fungicidas (Chen et al., 2014). El mecanismo de
resistencia a fungicidas se puede dar de varias formas: 1) se puede modificar el sitio de
unién donde actua el fungicida reduciendo la union de este; 2) se puede sintetizar una
enzima alternativa que es capaz de sustituir la enzima afectada por el fungicida; 3)
sobreproduccion de los compuestos que afectan el fungicida; 4) hacer mas eficiente el
sistema de eflujo del fungicida desde el interior de las células o 5) reducir la toma de
este; 6) y/o romper o degradar la molécula del fungicida (Zhonghua and Michailides,
2005). También se menciona que no existe algun compuesto quimico fungicida capaz
de eliminar el complejo de las especies de Fusarium en Europa, hasta el momento, las
buenas practicas agrondmicas para controlar Fusarium en maiz han tenido un éxito
limitado para controlar la infeccion y la acumulacion de micotoxinas (Dorn et al.,
2011). Posiblemente esta sea una de las razones por la cual es complicado erradicarla,
la resistencia es un punto clave en la limitaciéon de la vida util y eficacia de los
fungicidas, también es importante para el entendimiento de los procesos moleculares de
como los hongos adquieren resistencia a cierto grupo de compuestos quimicos (Avenot

and Michailides, 2010).



El mejoramiento genético del maiz ahora se vuelve una alternativa viable para la
busqueda de hibridos resistentes a la fusariosis y reduccion en la acumulacion de sus
toxinas (Dorn et al., 2011). Se han desarrollado varias lineas de maiz que presentan
resistencia a la infeccion de Fusarium vercillioides y otros patogenos que afectan este
cultivo (Loffler et al., 2010; Balconi et al., 2014). Williams y Windham (2009)
estudiaron la acumulacion de fumonisinas y aflatoxinas usando germoplasma de maiz
resistente a la acumulacion de aflatoxinas, encontraron que en las lineas resultantes
Mp715, Mp717 y GA209 se encontraron niveles reducidos de fumonisinas y
aflatoxinas; estas lineas fueron empleadas para generar hibridos resistentes. Small et al.,
(2011) evaluaron 24 lineas parentales como recurso para obtener lineas que mostraran
resistencia a la infeccion con F. verticillioides en Africa del Sur. Las pruebas se
realizaron en invernaderos mostrando menos del 5% de incidencia, las lineas resistentes
fueron CML390, CML 444, CML 182, VO 617Y-2 y RO 549 W. En el trabajo, se
sugieren que las lineas CML444 y CML 390 son potencial recurso para ser utilizadas en

programas de mejoramiento de maiz.

El mapeo genético es otra estrategia que se ha venido desarrollando a nivel
mundial para abordar la problematica de la pudricion de mazorca por Fusarium. La
busqueda de marcadores moleculares ligados a genes de resistencia para Fusarium,
especialmente a F. graminearum, ha permitido identificar 11 QTLs (Quantitative trait
loci) para la resistencia a pudricion de mazorca seguido de la inoculacion en los
estigmas y 18 QTLs después de la inoculacion en el grano. En este estudio estos alelos

provenian de una linea parental resistente (CO387) (Ali et al., 2005).

Reicentemente, en un estudio de asociacion gendmica (GWAS: Genomic-wide
association study) se identificaron SNPs (single-nucleotide polymorphisms) asociados
con la resistencia a pudricion de mazorca causada por Fusarium en maiz, encontrando
tres SNPs en 273 lineas parentales pertenecientes a la Universidad de Carolina del Norte
en Estados Unidos de America (Zila ef al., 2013). Posteriormente otro analisis similar
en 1687 lineas parentales de maiz se encontraron ahora siete SNPs relacionados con la
resistencia a la pudriciéon de mazorca causada por Fusarium (Zila et al., 2014). La
identificacion de variantes alélicas especificas en el maiz contribuye al mejoramiento
del maiz con caracteristicas de resistencia a patogenos fungicos y en especifico a

Fusarium.



En México se han orientado estudios hacia la busqueda de resistencia de los
hibridos a enfermedades como la pudricion de mazorca causada por Fusarium y
Diplodia. Algunos genotipos de maiz al ser evaluados en distintas condiciones
climaticas en regiones diferentes del pais, presentan rendimientos variables, asi como un
comportamiento diferente en lo que respecta a la respuesta a la enfermedad. Durante
este proceso se identificd un hibrido de cruza simple entre las lineas CML-271 y CML-
310 del Centro Internacional para el Mejoramiento del Maiz y Trigo (CIMMYT) que
tiene resistencia a pudricion de mazorca causada por los hongos de los géneros Diplodia
y Fusarium; dicho material fue competitivo en el rendimiento con los hibridos
comerciales. Se enfatizd en este estudio que la variabilidad de los patogenos en cada

region es determinante para la seleccion de hibridos resistentes (Betanzos et al., 2009).

Control biolégico de Fusarium spp. en maiz

El uso de microorganismos como potenciales agentes de control biologico en la
agricultura resulta una alternativa promisoria para combatir enfermedades de plantas en
cultivos de interés (de Souza et al, 2015). En la agricultura actual, se busca la
sostenibilidad de la productividad agricola, aunque el uso de agroquimicos ha permitido
obtener incrementos substanciales en la produccidon agricola; no obstante, sus efectos
adversos impactan significativamente la sostenibilidad de esta actividad, ademas los

patogenos pueden adquirir resistencia a estos quimicos (Chen et al., 2014).

En la actualidad, se busca implementar técnicas de control bioldgico de
enfermedades, ¢ de organismos-plaga, para diferentes cultivos a nivel regional. El
control biolégico de plantas puede ser una alternativa promisoria para el manejo de
plagas y enfermedades; ademas de limitar el uso de pesticidas sintéticos (Nagorska et
al., 2007). Se han reportado que algunas bacterias, tienen un efecto indirecto en las
raices de las plantas, al secretar metabolitos como lo son los antibioticos, sideroforos y
acido cianhidrico, que inhiben el desarrollo de organismos fitopatogenos (de Souza et

al., 2015).
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Se han realizado estudios para implementar métodos que ayuden a los
agricultores a combatir el problema de la fusariosis en el cultivo del maiz, pues durante
los ultimos afios las enfermedades causadas por Fusarium spp. se han incrementado. Al
evaluar la efectividad biologica in vitro de bacterias como P. fluorescens y
Burkholderia sp. contra F. verticillioides in vitro, se determind que éstos inhibieron de
38-68% el crecimiento del fitopatogeno. En pruebas in vivo estas bacterias
disminuyeron los sintomas de la enfermedad 67-88% cuando las plantas de maiz se
inocularon con estas bacterias y posteriormente se sembraron en suelo infestado con el

hongo (Hernandez-Rodriguez et al., 2008)

Bacillus amyloliquefaciens y Mycobacterium oleovorans son bacterias que
inhiben el crecimiento de F. verticillioides, ademas de disminuir la concentracion de
fumonisinas en los granos del maiz (Pereira et al., 2007). En estudios in vitro,
Azotobacter armeniacus y Arthrobacter globiformis inhibieron en 80 a 100% y 71 a
80% al mismo hongo, respectivamente (Cavaglieri et al., 2004). Bacillus subtilis
también inhibe el desarrollo in vitro de F. verticillioides en 28-78% y reduce la

produccion de fumonisinas entre 29 y 50% (Cavaglieri et al., 2005).

A menudo es dificil entender exactamente cémo los agentes de biocontrol
controlan a los patogenos debido a que pueden emplear una amplia variedad de

mecanismos de defensa (Shali ef al., 2010).

La rizosfera como fuente para la obtencion de microorganismos para el control

biologico de enfermedades vegetales

El término rizosfera fue introducido por Hiltner en 1904, y se define como el
volumen de suelo inmediato a la raiz en el cual se estimula el crecimiento de
microorganismos (Sorensen, 1997). La rizésfera es de mucho interés ya que es un
habitat en el cual se llevan a cabo diversos procesos bioldgicos e interacciones (Schroth
and Hancock, 1982). En la rizosfera existe una amplia gama de compuestos organicos,
tales como exudados de raices de bajo peso molecular, secreciones, muscigeles y lisados
celulares. Estos compuestos propician que las raices actien como una fuente de
carbono organico, para los microorganismos que crecen en la rizdsfera; por ello la

densidad de las poblaciones de microorganismos es considerablemente mas alta en la
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rizosfera que en el suelo lejano a la raiz (Walker ef al., 2003). Se ha estimado que cerca
del 30% de los fotosintatos producidos por la planta son secretados como exudados de

las raices (Baetz and Martinoia, 2014).

Los exudados de las plantas en la rizosfera, contienen aminoacidos y azlcares,
los que proveen una fuente rica de energia y nutrientes para las bacterias, resultando en
poblaciones mayores en esta zona que en otras partes del suelo. La mayoria de los
microorganismos se encuentran dentro de los 50 um de superficie radical y las
poblaciones dentro de los 10 um de superficie pueden alcanzar 1.2 x 10® células por
centimetro cubico 6 10°-10'? células por gramo de suelo. A pesar del elevado nimero de
bacterias en la rizosfera, solo un 7-15% de la superficie radical es colonizado (Pinton et
al., 2001). La diversidad de microorganismos es dindmica con un cambio frecuente en
la estructura de la comunidad y la abundancia de especies (Vranova et al., 2013). Un
grupo importante de estos microorganismos que ejercen efectos benéficos en el
crecimiento de plantas mediante la colonizacion de las raices fueron denominados como
bacterias promotoras del crecimiento vegetal (BPCVs; o sus siglas en inglés PGPRs:

plant growth-promoting rhizobacteria) (Kloepper, 1978).

Microorganismos de la rizosfera: bacterias promotoras del crecimiento vegetal
(BPCVs)

La mejora en el crecimiento de las plantas por efecto de las bacterias promotoras
de crecimiento se mide como un incremento en la germinacidn, el vigor, biomasa,
proliferacion del sistema radical y rendimiento en varias especies de plantas. Desde su
reconocimiento como un subconjunto importante de microorganismos colonizadores de
raiz, se han identificado bacterias promotoras de crecimiento en diferentes sistemas de
cultivo y zonas agroecolodgicas (Vessey, 2003; Zahir et al., 2003; Ping and Boland,
2004).

Las BPCVs han ganado atencion como un grupo importante de bacterias
benéficas para la agricultura ademas de las bacterias simbidticas fijadoras de nitrégeno.
La proteccion a patogenos de suelo que ejercen algunas BPCVs al ser inoculadas en
plantulas fue observada inseparablemente de la actividad promotora de crecimiento
(Manjula and Podile, 2001; Guo et al., 2004). Sin embargo, el uso de las BPCVs como

bio-fertilizantes se ha redescubierto con el incremento de la importancia de los cultivos
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organicos con la aplicaciéon minima de insumos (Teplitski ez al., 2000). El conocimiento
de los mecanismos implicados en la accion de las BPCVs y de su genética y de su
actividad bioquimica y fisiologica, ha hecho posible el uso de las BPCVs, tanto para
estimular el crecimiento de las plantas como para el control de enfermedades (Podile

and Kishore, 2006).

Cepas de géneros como Aeromonas, Azoarcus, Azospirillum, Azotobacter,
Arthobacter, Bacillus, Clostridium, Enterobacter, Gluconacetobacter, Klebsiella,
Pseudomonas y Serratia, han sido identificadas como BPCVs (Podile and Kishore,
2006). La diversidad de las BPCVs en la rizosfera varia ampliamente segun el tipo de
planta y de suelo y nutrientes disponibles (Tilak et al., 2005). Entre la diversidad de
BPCVs identificadas, Pseudomonas y Bacillus spp, tienen una amplia distribucién y son
los géneros mas estudiados; Azospirillum, un género de bacterias fijadoras de N; es un
grupo importante de BPCVs, ya que el tratamiento con la mayoria de cepas y especies
de este género afecta positivamente la biomasa de raiz y de parte aérea (Bashan ef al.,

2004).

Bacterias endofiticas de la rizosfera

Exploraciones iniciales para la identificacion de las BPCVs se concentraron en
bacterias de la rizdsfera, y experimentos posteriores demostraron la aplicacion potencial
de los endofitos de raiz como BPCVs (Vessey, 2003). Esto sugiere que la mayoria de
las bacterias endofiticas tienen su origen en la rizosfera, y posteriormente invaden los
tejidos de raiz y colonizan las células de cortex (Kuklinsky-Sobral ef al., 2004). Las
rizobacterias que se establecen dentro de las raices de las plantas, formando
asociaciones mas intimas, son endofitas. En estas se incluyen una amplia gama de
bacterias que forman asociaciones semejantes a la simbiosis rizobias-leguminosas; los
microorganismos endofitos estimulan la promocion de crecimiento de modo directo o
indirecto. Entonces, una bacteria endofita se define como aquella bacteria que coloniza
el tejido interno de la planta sin mostrar un efecto negativo a su hospedero (Schulz and
Boyle, 2006), y se calcula que cerca de 300 000 especies de plantas son hospederas de

uno o mas endofitos (Ryan et al., 2008).
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Las bacterias endofitas o endofiticas colonizan un nicho ecolégico similar al de
los fitopatogenos, esto las hace una alternativa promisoria para el control biologico
(Berg et al., 2005). En efecto, existen reportes mostrando que los microorganismos
endofiticos pueden tener capacidad de control de patdégenos de plantas (Duijff et al.,
1997), insectos (Azevedo et al., 2000) y nematodos (Hallmann et al., 1998). Estas
bacterias son capaces de disminuir o prevenir los efectos nocivos de ciertos organismos
patogenos. Los efectos benéficos de estas bacterias en sus hospederos parecen ocurrir a
través de mecanismos similares a los descritos para las bacterias asociadas a la rizésfera
(Ryan et al., 2008). El origen de las enfermedades fungicas, bacterianas y virales en
algunos casos, incluso el dafio causado por insectos y nematodos puede ser reducido

después de la inoculacion previa con organismos endofitos (Berg ef al., 2005).

Mecanismos de accion de las bacterias endofiticas

Dentro de los mecanismos de antagonismo a hongos fitopatdgenos esta el
parasitismo, en el cual los hongos patégenos son inhibidos por bacterias mediante la
produccién de enzimas hidroliticas que degradan la pared celular. Esta es una estructura
con gran plasticidad, que da la forma a la célula, controla la permeabilidad y la protege
de los cambios osmoticos. Ademas de estas funciones, constituye el lugar de interaccion
con el medio externo, localizandose en ella las adhesinas y un gran numero de
receptores de naturaleza proteica que tras su activacion, desencadenan una compleja

cascada de senales en el interior de la célula (Ponton, 2008).

La quitina y B-1,3-glucanos son los principales componentes estructurales de la
pared celular de los hongos. Las quitinasas y las B-1,3-glucanasas secretadas por los
antagonistas se han sugerido como las enzimas claves en el proceso litico durante la
accion micoparasitica (Lorito et al., 1994). Como principal componente estructural de la
pared fingica, al interaccionar con otros organimos es espacialmente el primer lugar de
contacto en la interaccion, teniendo un papel clave en el proceso de la inhibicion

fungica (Chaffin et al., 1998; Nimrichter et al., 2005; Ponton et al., 2001).

La quitina es esencial en el desarrollo de los hongos, su ausencia causaria efectos

negativos en su crecimeinto y morfologia. Dada su importancia como compontente
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estructural, se considera un sitio clave para atacar a los hongos mediante compuestos

antifungicos (Heitman, 2005).

Quitina

La quitina es un polimero lineal de B-(1-4)-N-acetilglucosamina (GIcNAc) que
le sigue a la celulosa en abundancia. Forma parte del exoesqueleto de artrépodos y la
pared celular de los hongos filamentosos. Esta constituida por unidades de N-acetil-
glucosamina con enlaces [-1,4-glicosidicos (Carrillo, 2003). La degradacion por la
quitinasa produce poca cantidad de N-acetil-glucosamina y preferentemente forma
oligbmeros (quitobiosa, quitotriosa) (Figura 3). Los oligdbmeros son convertidos en

monodmeros por la -N-acetil-glucosaminidasa (Carrillo, 2003).
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Figura 3. Estructura quimica de la quitina. A) Molécula de glucosamina, monoémero de quitina;
B) Molécula de quitobiosa, producto de la desintegracion de la molécula de quitina; C)

Polimero lineal de quitina.

La biosintesis de la quitina ha sido estudiada en una gran variedad de
organismos. La enzima para la sintesis es llamada quitina sintetasa. Se han reportado
tres quitina sintetasas en Saccharomyces cerevisiae: CS 1, CS Il y CS III. Son diferentes
entre si en términos de funcion y actividad catalitica. La mayor parte de la quitina es
sintetizada por la CS III (Bulawa, 1993). Las quitina sintetasas de hongos se agrupan en

dos familias y cinco clases (Roncero, 2002). En insectos existen dos genes de quitina
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sintetasa (Merzendorfer, 2006). En nematodos hay dos genes de quitina sintetasas que
se expresan diferencialmente (Veronico et al., 2001). Por lo tanto, los organismos
pueden tener diferentes enzimas quitina sintetasas que llevan a cabo funciones
diferentes, estas usan UDP-N-acetilglucosamina como sustrato para producir fibras de
quitina (Cohen, 2001). Los genomas de algunos clorovirus contienen algunos genes de
quitina sintetasa (cs). Al introducir el gen de clorovirus CVK2 en células de Chlorella,
una alga que no posee genes para sintetizar quitina, ésta adquiere la capacidad de

producir quitina (Kawasaki et al., 2002).

Quitinasas

Las quitinasas, son enzimas que hidrolizan quitina, se presentan en un amplio
rango de organismos incluyendo los virus (Hawtin ef al., 1995), bacterias (Wen et al.,
2002), hongos (Gruber et al., 2011), insectos (Sakuda et al., 1987), plantas superiores
(Kasprzewska, 2003) y mamiferos (Bussink et al., 2007). La mayoria de los
organismos (bacterias, insectos y plantas) poseen familias de varios genes de quitinasas
con funciones distintas, en la digestion, muda de cuticula, y diferenciacion celular.
Basadas en la similitud de la secuencia de aminoacidos, las enzimas quitinoliticas estan
agrupadas dentro de las familias 18, 19 y 20 de las glicosil-hidrolasas (Henrissat and
Bairoch, 1993). La familia 18 es diversa en términos evolutivos, ya que engloba
quitinasas de organismos como bacterias, hongos, virus, animales y algunas plantas. La
familia 19 comprende quitinasas presentes en plantas y en Streptomyces. La familia 20

incluye a la B-N-acetil-hexosaminidasa que se encuentra en Streptomyces y humanos.

Las quitinasas se clasifican en dos grandes categorias de acuerdo al lugar en donde se
lleva cabo la reaccion de hidroélisis en el sustrato: endo- y exo-quitinasas. Las endo-
quitinasas son enzimas que rompen en sitios internos, lo cual genera multimeros de bajo
peso molecular de GIcNAc, como la quitotriosa y quitobiosa. Las exo-quitinasas a su
vez se dividen en dos sub-categorias, las quitobiosidasas y las p-1-4 N-

glucosaminosidasas (Dahiya et al., 2006).

Las quitobiosidasas catalizan la liberaciéon de diacetilquitobiosa comenzando con los
extremos terminales no reducidos de las microfibras de la quitina, y las B-1,4 N-

acetilglucosaminidasas se unen a productos oligoméricos de endoquitinasas y
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quitobiosidasas, generando mondémeros de GIcNAc. Las quitinasas se clasifican también
de acuerdo al grupo de organismos que las producen, partiendo para ello de las
secuencias de los dominios cataliticos. Asi tenemos que en plantas, las quitinasas se
clasifican en cinco clases y se representan con los nimeros romanos I, I, III, IV y V.
En los hongos se clasifican en grupos, siendo estos el A y B, por ultimo en las bacterias,
las quitinasas estan claramente separadas en tres subfamilias que son A, B y C (Dahiya

et al. 2006).

Por otro lado, la expresion de los genes de quitinasas en microorganismos es controlada
por medio de un sistema inductor/represor, en el cual, la quitina u otros productos de la
degradacion actuan como inductores. En hongos, se han observado que la glucosa y
otras fuentes de carbono funcionan como represoras del sistema. La expresion de los
genes ech4?2 y chit33 de Trichoderma harzianum es inducida por fragmentos de paredes
celulares, por quitina coloidal o por la ausencia de carbono, por otro lado, la presencia
de altas concentraciones de glucosa o de glicerol inhibe su expresion (Carsolio et al.,
1994; Limon et al., 1995). La transcripcion del gen ech42 puede ser inducido por otros
medio como el estrés fisioldgico, bajas temperaturas y por una alta presion osmotica

(Felse y Panda 1999).

Papel de las quitinasas en los organismos

Las quitinasas juegan un papel importante y muy diverso en diferentes
organismos. En invertebrados, las quitinasas usualmente son parte del tracto digestivo.
En insectos y crustaceos, las quitinasas estan asociadas a la necesidad de la degradacion
parcial de la cuticula que necesitan para realizar la muda. En plantas, las quitinasas
estan involucradas en la resistencia contra patogenos debido a su actividad antifingica
(Taira et al., 2002). En los hongos se cree que juegan un papel auto-litico, nutricional y
morfogenético. Y en virus, estdn involucradas en patogénesis (Patil et al., 2000). En
bacterias, las quitinasas son elementales en la nutricion y parasitismo. Ademas de las
posibles aplicaciones anteriores, se pueden usar para la produccion de quito-
oligosacaridos, los cuales se les ha encontrado funcién como agentes antibacteriales,

inductores de lisozima e inmuno-mejoradores (Wen et al., 2002). También estas
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enzimas pueden ser usadas en la agricultura para controlar patogenos de plantas

(Karasuda et al., 2003).

Las quitinasas en el control biologico de hongos fitopatogenos por BPCVs

Una alternativa para los fungicidas es el uso de bacterias benéficas. Ademas de
las Pseudomonas, el género Bacillus es probablemente el mas ampliamente estudiado y
comercializado como agente de biocontrol (Paulitz and Bélanger, 2001). Algunas de las
caracteristicas de este género asociadas a los mecanismos de biocontrol incluyen la
produccion de diversos compuestos entre ellos estan las enzimas liticas que contribuyen
a la degradacion de paredes celulares fungicas (Paulitz and Bélanger, 2001). Especies de
Bacillus han mostrado ser efectivos y son comercialmente aplicados como agentes de

biocontrol contra hongos, nematodos y plagas (Jiang et al., 2006).

Las quitinasas purificadas de B. subtilis AF1 (Manjula et al, 2004), Serratia
marcescens (Ordentlich et al., 1988; Kishore et al, 2005) y S. plymuthica son
consideradas como muy eficaces y altamente antifngicas (Frankowski et al., 2001).
Dentro del complejo de metabolitos que produce B. subtilis también puede secretar una
serie de proteinas tales como bacisubina (41.9 kDa) (Liu et al., 2007), endo-1-4-3-
glucanasa (46.60 kDa), bacilomicina D sintetasa C (309.04 kDa) (NCBI) que ya estan
reportadas para esta cepa (Li et al., 2009; Xie et al., 1998) y estas proteinas secretadas
tienen efecto inhibitorio contra diferentes patdégenos de plantas como Fusarium

oxysporum, Rhizoctonia solani, F. moniliforme y Sclerotinia sclerotiorum (Li et al.,

2009).

Bacillus cereus es una bacteria que causa enfermedades intestinales a humanos, y
posiblemente algunas de las proteasas que produce estén implicadas en sus procesos de
infeccion (Orhan et al., 2005). Pero de igual forma puede producir proteinas con
actividad antifungica, las cuales poseen un efecto inhibitorio sobre patogenos de plantas
como F. oxysporum, F. solani y P. ultimum. El efecto observado en este estudio se lo
atribuyeron a una proteasa secretada por B. cereus (Chang et al., 2010). Ademas de
producir proteasas anti-fungicas B. cereus tiene la capacidad de producir una enzima

llamada quitosanasa D11 la cual recibe este nombre porque se identifico de la cepa B.
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cereus D11 la cual puede inhibir el desarrollo micelial de Rhizoctonia solani (Gao et al.,

2008).

Diferentes especies del género Bacillus pueden producir quitinasas, entre estas se
encuentran B. amyloliquefaciens (Sabry, 1992), Bacillus subtilis que produce una
quitinasa llamada NPUOO1 que inhibe el crecimiento del hongo Fusarium oxysporum
(Chang et al., 2010); Bacillus cereus produce enzimas hidroliticas antifungicas, como
quitinasas, quitosanasas y proteasas, cuando crece en un medio de cultivo adicionado
con cascara de camardn en polvo. Fue capaz de inhibir el crecimiento de F. oxysporum,
F.solani y Pythium ultimum (Chang et al., 2007). El peso molecular de las quitinasas
producidas por el género Bacillus varia entre 35 y 89 kDa (Chang et al., 2003).
Mitsutomi et al. (1995) purificaron dos quitinasas de la cepa Streptomyces griseus
HUT6037, ambas quitinasas presentan un peso molecular de 27 kDa y tienen una
temperatura optima de 55°C. El agente de biocontrol S. lydicus WYEC108, es capaz de
lisar las oosporas de Phythium ultimum y de igual forma causar dafio en la estructura de
la hifas. WYEC108 produce altos niveles de quitinasa cuando se encuentra creciendo
con quitina obtenida de la pared celular de este hongo adicionada al medio de cultivo
(Yuan and Crawford, 1995). El-Sayed et al. (2000) identificaron dos quitinasas, A y B,
purificadas del sobrenadante de un cultivo de Streptomyces albocinaceus S-22, estas
enzimas mostraron actividad antifingica lisando la pared celular. Ambas enzimas tienen
un peso molecular de 43 y 45 kDa y presentaron actividad Optima a una temperatura y

pH de 40°C y 5.6 respectivamente.

Los microorganismos quitinoliticos han demostrado ser eficientes para controlar
enfermedades causadas por patogenos fungicos (Nagpure et al., 2013). Unos de los
mecanismos responsables de la inhibicion de hongos patdégenos es la produccion de
enzimas liticas extracelulares, y es también uno de los mecanismos de biocontrol mas

importantes para controlar enfermedades de plantas (Gohel et al., 2006).

BPCYVs endofiticas y control biologico de hongos fitopatogenos

Las interacciones benéficas entre microorganismo-planta que promueven la salud

y el desarrollo de éstas son de gran interés (Ryan et al., 2008). Dentro de estas relaciones

se encuentra una en especial que trataremos en este trabajo; los organismos endofitos son
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un ejemplo de una interaccion mutualista y se pueden describir como aquellos que pueden
colonizar los tejidos internos de las plantas sin mostrar una sefal aparente o efecto
negativo hacia su hospedero (Schulz and Boyle, 2006). Se considera que cerca de 300 000
especies de plantas que existen en la tierra son hospederas de uno o mas microorganismos
endofitos y solo pocas de estas plantas han sido estudiadas para analizar sus organismos
endofitos (Strobel et al., 2004). Consecuentemente, la oportunidad de encontrar nuevos
microorganismos endofitos de plantas en los diversos ecosistemas es considerable (Ryan
et al., 2008). Muchos de los organismos endofitos colonizan diferentes compartimentos en
la planta, en el apoplasto, incluyendo espacios intercelulares y haces vasculares; algunos
colonizan érganos reproductivos de la planta, por ejemplo flores, frutas y semillas (Ryan

et al., 2008).

Las bacterias endofitas colonizan un nicho ecologico similar al de los patégenos por que
las hace adecuadas como agentes de biocontrol (Berg et al., 2005). La colonizacién al
interior de la planta inicia generalmente con el establecimiento de las bacterias en las
raices, seguido de la colonizacion en la rizésfera y posteriormente el anclaje al rizoplano
(Balsanelli et al., 2010). Los sitios preferidos de adhesion de las bacterias y posterior
entrada es la zona apical de la raiz (sitio activo de penetracion), y la zona de raices basales
con pequeias grietas causadas por la emergencia de raices laterales (zona de penetracion
pasiva) (Zachow et al., 2010). En la zona de penetracion activa las bacterias endoéfitas
deben contar con una bateria de enzimas capaces de hidrolizar la pared celular de las
raices (Compant et al., 2005). Después de establecerse en la planta, los organismos
endofitos pueden influenciar positivamente el crecimiento de la planta y su resistencia a
diferentes condiciones de estrés (Ryan et al., 2008). En el presente trabajo se aborda el
empleo de la bacteria Bacillus cereus sensu lato cepa B25 para el control bioldgico del
hongo Fusarium verticillioides y se propone que ésta es capaz de controlar Fusarium
verticillioides en maiz, debido a que ambos microorganismos compiten por el mismo

nicho dentro de la planta como se aborda en el capitulo VI.

20



CAPITULO IIL. HIPOTESIS Y OBJETIVOS

HIPOTESIS
Las quitinasas secretadas por Bacillus cereus tendran actividad antagdnica y
participaran en la supresion del crecimiento de Fusarium verticillioides, el agente causal

de la pudricién de raiz, tallo y mazorca en cultivos de maiz.

OBJETIVO GENERAL
Demostrar que las quitinasas producidas por B. cereus B25 participan en la

inhibicién contra Fusarium verticillioides.

OBJETIVOS ESPECIFICOS
1. Evaluar los niveles de expresion de los genes de quitinasas ChiA y ChiB de
Bacillus cereus B25 es respuesta a quitina coloidal en un ensayo de antagonismo

in vitro contra Fusarium verticillioides.

2. Evaluar las quitinasas recombinantes ChiA y ChiB de Bacillus cereus para

demostrar su actividad anti flingica y enzimatica.
3. Determinar el patron de colonizacion de raiz de maiz por Bacillus cereus

mediante la técnica de hibridacion fluorescente in situ con el fin de mostrar la

localizacion de esta bacteria en el tejido vascular de la raiz.

21



CAPITULO 1V. INDUCTION OF Bacillus cereus CHITINASES AS A
RESPONSE TO LYSATES OF Fusarium verticillioides

Published in Romanian Biotechnological Letters
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Abstract

This study was carried out to evaluate the relative expression and enzymatic activity of
Bacillus cereus sensu lato B25 chitinases in response to a Fusarium verticillioides (Fv)
lysate. Phylogenetic studies revealed that B25 chitinases are closely related to chitinases
from other Bacillus species clustering with type A and B chitinases from B.
thuringiensis and B. cereus. The transcript levels of both ChiA and ChiB chitinases
showed peaks of accumulation at 72 and 24 h, respectively, after the addition of either
fungal lysate or colloidal chitin. Furthermore, an induction of exochitinase and
endochitinase activity was detected in the supernatant of B25 after addition of colloidal
chitin and fungal lysate and putatively attributed to ChiA and ChiB, respectively. These
enzymatic activities were induced after 12 h and remained constant up to 72 h after the
addition of treatments. Combined, the responses of ChiA and ChiB to Fv lysate suggest
that these chitinases may partake in the antagonistic mechanism that B25 exerts upon

Fv, possibly resulting in fungal growth inhibition.
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Introduction

Maize has a central role in the Mexican agriculture, and its importance as a crop
is reflected in the large land area dedicated to its cultivation. This crop is affected by
multiple pathogens, of which one of the most common is Fusarium verticillioides (Fv),
triggering the development of Fusarium stalk, ear and root rot (SERR) with significant
economic losses (Lizarraga-Sanchez et al., 2015).

Chitin is the main structural component of the fungal cell wall, a homopolymer
of B-1,4 N-acetyl-D-glucosamine (GIcNAc), the second-most abundant polysaccharide
in nature after cellulose (Nagpure et al., 2013). Fungi such as Trichoderma and bacteria
from the genera Bacillus, Serratia and Alteromonas can hydrolyze chitin by means of
chitinase production making them valuable for biotechnological control approaches, due
to their potentially important role in the inhibition of pathogenic fungi (Ashwini and
Srividya, 2014).

Chitinases from different Bacillus spp. exhibit antifungal activity against several
phytopathogenic fungi (Liang et al., 2014). Bacillus cereus strain CH2 has been
reported to suppress Verticillium spore growth (Li et al., 2008), whereas chitinases from
the strain YQ 308 inhibit the growth of phytopathogenic fungi such as F. oxysporum, F.
solani and Pythium ultimum (Chang et al., 2003).

Recently, we screened a collection of 11,520 bacterial isolates from the
rhizosphere of maize in order to identify a biological control agent for Fusarium SERR.
From this work, three Bacillus isolates (B. megaterium, Bacillus sp. and B. cereus sensu
lato) showing promising potential as antagonists against Fv, the causative agent of
Fusarium SERR of maize were selected both in vitro and in planta (Figueroa-Lopez et
al., 2016). Additional field trials have shown that strain B25 was the most effective
bacterium at decreasing the incidence and severity of Fusarium stalk rot (FSR) and
Fusarium ear rot (FER), as well as fumonisin levels in grain (Lizarraga-Sanchez et al.,
2015). Moreover, in vitro assays indicate that B25 produces siderophores and exhibits
protease, glucanase and chitinase activities (Figueroa-Lopez et al., 2016). Based on
these findings, coupled with the report that chitinase activity has an antifungal effect
(Nagpure et al., 2013). we hypothesized that B25 chitinases are part of the antagonistic
mechanisms used by this strain against Fv. Some properties and characteristic on
Bacillus chitinases have been reported. Nevertheless, the relative expression has not
been studied in B. cereus chitinases. This work investigates the effect of Fv lysates on

B25 ChiA and ChiB transcript levels and their corresponding enzymatic activities.

24



Materials and Methods

Organisms and culture conditions

The bacterial strain was stored at =70 °C in Luria Bertani (LB) broth (Sigma,
Cat. No. L3022, St. Louis, MO, USA) with glycerol (15 %, v/v), activated on LB agar
and cultured overnight at 25 °C for 24 h. The following day, one single colony was
taken and placed on LB broth to be cultured for 24 h at 30 °C and a bacterial suspension
containing 1 x 10° c.f.u./ml was used in the experiments.

Fungal isolate Fv PO3 was previously molecularly identified (Leyva-Madrigal et
al., 2014). This fungal strain is maintained as a frozen stock (-70 °C) in potato dextrose

broth (BD, Cat. No. 25492, Le Pont de Claix, France) containing 15% of glycerol.

Preparation of colloidal chitin and fungal lysate (chitin sources)

Colloidal chitin (CC) was prepared from commercial chitin powder (Sigma
Aldrich, Cat. No. C7170, St. Louis, MO, USA) according to Wiwat ef al. (1999). An Fv
lysate was obtained from a 7-day old culture grown at 25 °C in potato dextrose agar
(BD, Cat. No. 213400, Le Pont de Claix, France). Mycelia were collected with a
stainless steel spreader of bacteria in distilled water, dried in an oven at 50 °C for 2
days, and subsequently ground up in a mortar (Anitha and Rabeeth, 2010). Heat
treatment does not damage chitin composition of the fungal cell wall (Deguchi et al.,
2015). Thus, in order to obtain sterile fungal lysate (FL) this was autoclaved at 121 °C

for 15 min and stored at 4 °C until use.

Chitinase induction assay

B25 chitinase induction assays consisted of the addition of two chitin sources as
chitinase inducers: colloidal chitin (CC) and fungal lysate (FL); the B25 strain without
inducers or chitin served as the control. The induction experiment was performed in 500
ml flasks at 30 °C for 72 h containing 100 ml of medium with the following components
in g/l: 2 tryptone, 0.5 yeast extract, 1 NaCl, 0.125 KH,PO4, 0.125 K,HPO4, 0.05
calcium acetate and 0.05 magnesium acetate (Sato and Araki, 2007). The B25 strain
was grown for 8 h in the medium described above, after this the chitinase inducers (CC

and FL) were added at a concentration of 0.1 % w/v. At different time points (0, 12, 24,
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72 h), 1 ml samples from each flask (three flasks per inducer used) were taken with a
micropipette and placed in a 1.5 ml Eppendorf tube and centrifuged at 2,000 g for 5 min
to separate bacterial cells, used for molecular analyses, from the culture supernatant

employed for enzymatic activity assays. This experiment was performed by triplicate.

Quantitative PCR (qPCR)

Cell pellets from 1 ml of cell culture were collected and 300 ul of lysis buffer
(0.03 M Tris-HCI, 0.01 M EDTA and 20 g/l lysozyme) were added and incubated for 30
min at 37 °C. Total RNA was isolated using TRIzol® Reagent (Thermo Fisher
Scientific, Cat. No. 15596-026, Waltham, MA, USA), according to the manufacturer’s
instructions. RQ1 DNAse (PROMEGA, Cat. No. M6101, Fitchburg, WI, USA) was
used to avoid DNA contamination. First-strand cDNA was prepared from total RNA
using random hexamers with SuperScript™ III reverse transcriptase (Thermo Fisher
Scientific, Cat. No. 18080-044, Waltham, MA, USA), following the manufacturer’s
instructions. Reagents and qPCR conditions were prepared as described in (Cervantes-
Gamez et al., 2015). All gPCR reactions were performed in a Rotor Gene-Q Real time
PCR system instrument (Qiagen, Cat. No. 9001550, Hilden, Ger.) using SYBR Green
Master Mix (Qiagen, Cat. No. 204074, Hilden Ger.). For PCR amplification, the
thermocycler was programmed for 40 cycles at 95 °C for 5 s and 60 °C at 10 s, after an
initial denaturation at 95 °C for 5 min. Dissociation curves were performed at the end of
each run to confirm single amplifications. The 30S ribosomal protein 21(rpsU) was
used for data normalization (Table 1) (Reiter et al., 2011). Two primer pairs were
designed for each gene, based on the B25 chitinase nucleotide sequences allowing for
amplification of two different nucleotide regions (Table 1). The comparative threshold
cycle method 2" was used to analyze relative mRNA expression, as previously
reported (Cervantes-Gamez et al., 2015). In this method, the expression of the chitinase
gene was normalized according to rpsU gene expression across all treatment conditions.
Subsequently, the normalized expression of each treatment was compared to that of the
control condition. The result was used to determine the relative expression (i.e. the 2°

AACt value).
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Table 1. Oligonucleotides used for gPCR

Gene Position Oligo sequence 5’23’ Reference

Chi A 64f CCTTTCCAAGCACAAGCAG This study
1661 TCCCATTTTGGTGAAACGTC

Chi A 557f GCATGGCTCCTGAAACAGC This study
692r CTACCAGCGTTGTAGTGTTG

) 391f TCAGGGACAACTTGGGAAG This study

chi b 513r CCAAGTCCAGCCACCAAC

Chi B 1561f GCTGGAGAAGAGAAATGGAG This study
1673r GATTTATTTCCAGCAGCATC

GTCTTTGGAGGATGCACTTCG (Reiter et al., 2011)
sy GCTTTCTTGCCGCTTCAGAT

Chitinase activity

The substrate-specific chitinase activity was determined using a chitinase assay
kit (Sigma Aldrich, Cat. No. C7170, St. Louis, MO, USA). One unit of chitinase
activity was defined as the amount of enzyme required to release 1 pumol of 4-
methylumbelliferone from the substrate per minute at pH 5.0 and 37 °C. Each type of
enzymatic activity was assayed using three biological replicates per sampling point in

two independent experiments.

Phylogenetic analysis

Sequences were obtained from the B25 genome sequencing analysis conducted
in our laboratory (unpublished results). Chitinase sequences were deposited in GenBank
at the NCBI (National Center for Biotechnology Information) under accession numbers
KR809875 (ChiA) and KR809876 (ChiB). Nucleotide sequences of the B25 chitinases
were compared in GenBank using the BLAST-N and BLAST-X algorithms. MEGA
6.06 (Tamura et al., 2011) was used for alignment and phylogenetic analysis. Deduced
amino acid sequences were aligned using the MUSCLE alignment program (Edgar,
2004). The phylogenetic tree was constructed using the Whelan and Goldman (WAG)
model and the maximum likelihood (ML) method. Tree topology support was assessed

by 1000 bootstrap replicates.

Statistical analysis
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The results were analyzed using SAS software version 9 (SAS Institute Inc.,
Cary, NC, USA). Chitinase activity data were subjected to a repeated-measure analysis
of variance (ANOVA, PROC MIXED procedure), to analyze the effects of treatment,
time and their interaction on the measured variable. Data were fitted to different
covariance structures and the best fit was used for further analysis. Heterogeneous
autoregressive structure was assumed for endochitinase activity and Toeplitz with two
bands structure for exochitinase activity. Tukey's adjusted least-square-means test was
used to assess the differences between treatments (P<0.05). All tests were carried out

using triplicate samples and were performed at least twice.

Results and Discussion

Sequence analysis of B25 chitinases

The ChiA and ChiB chitinases from B25 share similar features with other
chitinases reported from B. cereus CH (Mabuchi and Araki, 2001) and B. thuringiensis
serovar sotto (Zhong et al., 2005). The B25 ChiA gene contains a 1083 nucleotide-long
open reading frame (ORF) that encodes a 360 amino acids peptide, with a calculated
molecular mass of 39.4 kDa and a theoretical isoelectric point of 7.36 (Acc. No.
KR809875) (Figure 1). The ChiB gene contains a 2025 nucleotide-long ORF encoding
a 674 amino acids peptide, with a calculated molecular mass of 74.2 kDa and a
theoretical isoelectric point of 5.88 (Acc. No. KR809876) (Figure 2). A putative Shine-
Dalgarno sequence (AGGAG) located 8-9 bp upstream of the ATG initiation codon was
previously predicted (Huang et al., 2005).

Our analysis of the ChiA and ChiB sequences revealed the presence of predicted
signal peptides (SignalP 4.0) at their N-terminal regions (27 and 32 amino acids,
respectively), providing evidence that these are secreted proteins. In addition, both
ChiA and ChiB contain within their active sites three essential conserved amino acid
residues in a DxDxE motif; this motif is highly conserved in a variety of chitinases
(Yamabhai et al., 2008) (Figure 1 and 2). The catalytic domain of ChiA shows
homology with type A chitinases from B. cereus (Sato and Araki, 2007) and B.
thuringiensis (Murawska et al., 2013) (Figure 1).

Multiple sequence alignment revealed several amino acid substitutions that
characterize the ChiB sequence: in position 13, the leucine observed in type B

chitinases from other Bacillus strains is replaced by an isoleucine; and the Asp-190
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within the ChiB active site differs from the other four Bacillus chitinases, which all
contain Glu-190 (Figure 2). The ChiB catalytic domain is categorized as belonging to
the family of 18-glycosyl hydrolases on the basis of amino acid sequence (Henrissat and
Bairoch, 1993). Similar to other Bacillus chitinases, the ChiB protein contains a
fibronectin type-IIl like domain (FnlIll) and a cellulose-binding domain in the C-
terminal region (Figure 2) (Driss et al., 2005). These sequence and domain analyses
confirm the categorization of B25 ChiA and ChiB as type A (exochitinase activity) and

B (endochitinase activity) chitinases, respectively.
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Figure 1. Multiple sequence alignment of the deduced amino acid sequence of ChiA chitinase of
Bacillus cereus sensu lato B25 (bold case). An amino acid change detected in the B. cereus B25
chitinase respect to the other included sequences is indicated with an asterisk. A gray box
indicates the GH18 glycosyl hydrolase domain. Amino acids of the active site are indicated with

dots.
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Figure 2. Multiple sequence alignment of the deduced amino acid sequence of ChiB chitinase of Bacillus
cereus sensu lato B25 (bold case). Amino acid changes detected in the ChiB chitinase respect to other
chitinase sequences included are indicated with asterisks. A gray box indicates the GHI18 glycosyl
hydrolase domain. An open box indicates the fibronectin type III domain. The cellulose-binding domain
is represented by a dotted box. Amino acids of the active site are indicated with black dots.
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Type A
chitinases

Type B
chitinases

Figure 3. Maximum likelihood tree (log likelihood = -9212.82) based on complete amino acid sequences
of type A and B chitinases from different Bacillus species. The tree was constructed with Mega 6.0
(bootstraps = 1000), using the Whelan and Goldman (WAG) substitution model with gamma distribution
(+G). Chitinase sequences from B. cereus B25 are shown in boldface. The corresponding sequences of
Paenibacillus sp. were used as an out-group. Database accession numbers of the sequences are provided
in parentheses. Bootstrap values are shown as percentages. The scale bar indicates the expected number
of amino acid substitutions per unit branch length.

Phylogenetic relationship of ChiA and ChiB

Phylogenetic analysis of the B25 ChiA and ChiB sequences indicates that they
cluster with type A and type B chitinases, respectively, and are most closely related to
chitinases from B. thuringiensis and B. cereus (Figure 3). These results complement our
findings from the sequence and domain analyses of ChiA and ChiB (Figure 1 and 2).
Specifically, B. thuringiensis and B. cereus belong to the B. cereus group (also
composed of B. anthracis, B. mycoides, B. pseudomycoides and B. weihenstephanensis),
although it is difficult to differentiate the identity of these species. Bacillus
thuringiensis produces crystal proteins during sporulation, and this feature is used to

phenotypically distinguish it from B. cereus (Rasko et al., 2005). Overall, several

studies have revealed that these species are quite similar genetically, and may even
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constitute a single species (Zwick et al., 2012), resulting in the term B. cereus sensu

lato to describe members of this species complex.

ChiA and ChiB transcript levels increase in response to the inducers
colloidal chitin (CC) and fungal lysate (FL)

Chitinases play an important role in fungal pathogen control, and several studies
have shown that application of fungal cell walls to bacteria induces bacterial chitinases
(Anitha and Rabeeth, 2010). The relative expression of the B25 ChiA and ChiB genes
was evaluated by quantitative PCR, in order to investigate their responses when
challenged with colloidal chitin and fungal lysate. Colloidal chitin was used as an
induction control of chitinases transcription (Liu ef al, 2011). Both chitinases
transcripts were detected from zero time, this supports their constitutive expression as
reported before for other B. cereus strains (Sato and Araki, 2007). In the presence of
fungal lysate, ChiA transcript levels increased along time and a peak of induction at 72
h with 7.3-fold change, whereas in colloidal chitin the induction was 4.2-fold change
relative to the rpsU control gene (Figure 4A). ChiB gene expression was induced by
colloidal chitin and fungal lysate; an induction peak was found at 24 h, showing the

highest induction when the fungal lysate was added with 8.6-fold change (Figure 4B).
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Figure 4. Differential expression of B. cereus sensu lato B25 ChiA and ChiB chitinases, induced by
colloidal chitin and fungal lysate. The relative expression of ChiA and ChiB under these treatments (in
comparison to rpsU in the control condition at each time) is presented in A) and B), respectively. Error
bars indicate the standard deviation.

The sequential increase in ChiB (24 h) and ChiA (72 h) transcript levels
suggests that both genes might act together to degrade chitin from the fungal lysate in a

32



time-coordinated manner. It has been reported that gene expression in B. cereus CH
chitinases is induced by a variety of chitin oligomers since 12 h of induction (Sato and
Araki, 2007). However, little information is available on how chitinase transcript levels
change in response to phytopathogenic fungal lysates. Our results demonstrate that both
colloidal chitin and fungal lysate are good inducers of B25 ChiA and ChiB expression.
Furthermore, these responses may be part of the mechanism that enables degradation of

chitin in the fungal cell wall.

Extracellular chitinase activity

Next, we investigated the presence of extracellular chitinase activity in the
supernatant culture media. We assumed that when the bacterium is grown in liquid
medium added with colloidal chitin or fungal lysate, the supernatant of the culture
media will contain ChiA and ChiB proteins, since both chitinases contain signal
peptides that could allow for their extracellular allocation. We then quantitated the
different types of chitinase activity using various fluorochromic substrates that can
distinguish diverse endo- and exochitinase activities. A significant increase in both exo-
(4-fold increase on average) and endochitinase (2-fold increase on average) activities
was observed for both colloidal chitin and fungal lysate treatments with respect to the
control condition (Table 2, significant treatment effect; Table 3). This increase was
detected at 12 h and remained constant throughout time (Table 2, significant time effect;
Table 3), as reported by Sato and Araki (2007). No significant differences were
observed for the endo- and exochitinase activities after 12 h of induction at any other

time between colloidal chitin and fungal lysate (Table 3).

Table 2. Summary of repeated measure analysis of variance (ANOVA) for chitinase activity of Bacillus
cereus sensu lato B25 at four different times.

Effect DF* F’ P*
Endochitinase activity

Treatment 2,6 302.92 <0.0001
Time 3,18 1215.04 <0.0001
Treatment *Time 6,18 190.34 <0.0001

Exochitinase activity

Treatment 2,3 1164.75 <0.0001
Time 3,9 1768.73 <0.0001
Treatment *Time 6,9 131.49 <0.0001

* Numerator, denominator degrees of freedom (Proc Mixed, SAS).b Fisher test. © Probability.

On the other hand, we did not find a direct correlation between transcripts

accumulation of ChiA and ChiB and chitinase activity. Exochitinase activity was
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detected at the starting point of the experiment when the colloidal chitin and fungal
lysate were added. Other secreted chitinases from B. cereus and B. thuringiensis (Wang
et al., 2001) sharing high homology (98%) with ChiA from this report (Data not shown)
also act as exochitinases (Li et al., 2008). We only can suggest that ChiA may act as an
exochitinase based on its similarity to other ChiA proteins. The peak of induction for
the ChiB gene was observed at 24 h (Figure 4B). Using a combination of gene cloning
and expression analysis, Chen et al. (2009) demonstrated that the activity of a Bacillus
cereus ChiB gene sharing a 97% amino acid sequence similarity with the ChiB gene
from this study. Other chitinases similar to ChiB have been characterized as
endochitinases from Bacillus cereus and B. thuringiensis (Casados-Vazquez et al.,
2015). It is possible to suggest B25 ChiB may act as an endochitinase.

The lysis process of insoluble chitin consists of three main steps: (1) cleavage of
the polymer into water-soluble oligomers; (2) splitting of these oligomers into dimers;
and (3) cleavage of dimers into monomers (Beier and Bertilsson, 2013). We suggest that
ChiB could possibly act as an endochitinase that generates chitin dimers and/or
oligomers; after their release, these products would then become substrates for
exochitinases such as ChiA, which could degrade them into monosaccharides. This
agrees with enzymatic activity measurements showing the induction of endo- and
exochitinase activities after 12 h of culture under colloidal chitin and fungal lysate
treatments (Table 3). Since transcripts for both chitinases are present from the beginning
of the experiment (Figures 4A, B) it is possible to suggest that: 1) ChiA and ChiB
transcripts level might be sufficient to cause an accumulation in the ChiA and ChiB
protein amount and an increase in their enzymatic activity (Table 3); 2) the presence of
the ChiA and ChiB proteins since the beginning of the experiment (Table 3) can cause
the accumulation in time of chitin oligomers that may induce enzyme activity as
reported by Sato and Araki (2007); 3) pre-made ChiA and ChiB proteins are only
activated by the addition of colloidal chitin or fungal lysate (Nielsen et al., 2011). The
assay for the exochitinase activity with 4-Methylumbelliferyl N-acetil-B-D-

glucosaminide was carried out, but this activity was no detected in the culture medium.
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Table 3. Chitinase activity measured in supernatants samples of induction experiment. Exochitinase
activity using 4-Methylumbelliferyl N,N-"diacetyl-pf-D-chitobioside as the substrate. Endochitinase
activity using 4-Methylumbelliferyl -D-N,N’, N"’-triacetylchitotriose as the substrate.

Chitinase activity (U/ml)

Treatment Endochitinase Exochitinase

0h 12h 24 h 72 h 0Oh 12h 24 h 72 h

Control 6.6+£1.24 20.6 £0.72 18.8+0.62 12.7+0.01 33.8+0.59 119+4.47  119.9£1.92 121.9+£0.74
a, A a,B a,B a,B a, A a,B a,B a,B

Colloidal 4.5+0.30 79.2+5.32 75.1£7.93 79.9+1.93 34.9+0.94 284+3.58  270.1£0.04 272.4+6.34
chitin ab, A b,B b,B b,B a, A b,B b,B b,B

Fungal 2.5+£0.15 84.5£2.6 72.8+£0.58 80.8+10.1 32.6£0.91 274.449.14 280.1+13.91 262.842.74
lysate b, A b, BD b, C b, CD a, A b,B b,B b,B

Different lower case letters in the same column indicate differences (P<0.05) between treatments at a given time.
Different upper case letters in the same line indicate differences (P<0.05) between times in a given treatment. U: the
amount of enzyme needed to release 1 umol 4-methylumbelliferone from the substrate per minute at pH 5.0 and 37
°C.

The relative expression peaks for ChiB at 24 h and ChiA at 72 h could be related
to the increase on chitin oligosaccharides generated by ChiB subsequently used by
ChiA: however we cannot currently substantiate this since we found no direct
correlation between the relative expression of chitinase and enzymatic activity. Recent
advances in post-translational studies of the regulatory processing in mRNA and
proteins, found that the abundance of protein may or not correlate with the mRNA
levels due the RNA is less stable than proteins (Vogel and Marcotte, 2012). The mRNA
half-life of ChiA and ChiB in B. cereus have not been studied but in B. subtilis is about
7 min (Hambraeus et al., 2003), while in B. licheniformis the half-life of the chitinase

protein has been calculated as long as 20 days when grown at 37 °C (Nguyen et al.,

2012).

Conclusion

We identified two chitinases in the genome of Bacillus cereus sensu lato B25, ChiA and
ChiB, which were putatively identified as exo- and endochitinase respectively, by
sequence analysis and comparison to other sequences previously reported for other
Bacillus species. Both chitinases were induced by colloidal chitin and fungal lysate,
showing the possible role of these enzymes on fungal inhibition as a part of a broad
range of mechanisms that the bacterium employs to inhibit fungal growth. The lack of
correlation between the expression and enzymatic activity results may be due to the

different mechanisms of RNA and protein processing. To confirm these findings,
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cloning, expression, purification and enzymatic characterization of these two genes are

currently being addressed in our laboratory.
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Abstract

Chitin, a B-(1,4)-linked polymer of N-acetyl D-glucosamine (GlcNAc), is widely
distributed as a structural polysaccharide and can be found in fungal cell walls and the
exoskeletons of arthropods. Microorganisms from very diverse genera have been
reported to produce chitinases including the Bacillus species. Chitinases have received
increased attention in recent years due to their wide range of biotechnological
applications. Bacillus cereus B25 posseses two chitinases (ChiA and ChiB) as
mentioned in the previous chapter and the aim of this study was the expression and
purification of both recombinant proteins for further caracterization. The chitinase B
gene from Bacillus cereus sensu lato B25 was cloned in Escherichia coli DH5a and
expressed on Escherichia coli BL21 Star'™ (DE3) using a Gateway technology.
Previously the chitinase was pre-characterized as an endochitinase based on finding and
sequence analysis. The purification of recombinant protein ChiA could not be
accomplished, possible due to the formation of inclusion bodies in the recombinant
bacteria. The expression and purification of recombinant protein ChiB allowed
evaluating its enzymatic activity and confirming the results observed in previous results.
The chitinase assay with specific substrates showed endochitinase activity as expected,
but the susbtrate for chitobiosidase activity (exochitinase) was hydrolyzed too;
suggesting that the recChiB have two kinds of chitinase activities. The elucidation of
chitinase activity provides us with more clues about how Bacillus cereus sensu lato
strain B25 degrades chitin, the recChiB was able to hydrolyze chitotriose and
chitobiose, this is a very interesting feature and it may constitute a possible major

mechanism to affect fungal growth.
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Introduction

Chitin, a B-(1,4)-linked polymer of N-acetyl D-glucosamine (GlcNAc), is widely
distributed as a structural polysaccharide and can be found in fungal cell walls and the
exoskeletons of arthropods (Lenardon ef al., 2010). Although it is not present in plants,
chitin is the most abundant organic compound following cellulose (Kurita, 2000).
Chitin is structurally identical to cellulose, with the exception that its acetamide group (-
NHCOCH3,-NAc) is replaced by a hydroxyl (—-OH) group at C2 (Kurita, 2000).
Glycosyl hydrolases cleave the glycosidic bond between two or more carbohydrates or
between a carbohydrate and a non-carbohydrate moiety (Davies and Henrissat, 1995).
This catalytic glycosyl hydrolase domain is common to all chitinases (EC 3.2.1.14)
which fragment chitin by breaking the f-1,4-glycosidic bonds between N-acetyl-
glucosamine chitin residues (Li and Greene, 2010). Chitinases play very diverse roles in
the organisms. For example, they have been implicated in resistance against plant
fungal pathogens due to their inducible nature and antifungal activities in vitro (Taira et
al., 2002); they are also thought to have autolytic, nutritional, and morphogenetic roles
in fungi (Reetarani et al., 2000). Chitinases can be classified into two major categories:
endo- and exochitinases. Endochitinases (EC 3.2.1.14) cleave chitin randomly at
internal sites, generating soluble low molecular weight oligomers of N-
acetylglucosamine (e.g. chitotetraose, chitotriose and the dimer di-acetylchitobiose)
(Cohen-Kupiec and Chet, 1998). Exochitinases are divided into two subcategories:
chitobiosidases (EC 3.2.1.29), which catalyze the progressive release of di-
acetylchitobiose starting from the non-reducing end of the chitin microfibrils; and 1-4-
B-N-acetylglucosaminidases (EC 3.2.1.30), which cleave the oligomeric products of
endochitinases and chitobiosidases, generating monomers of GIcNAc (Cohen-Kupiec
and Chet, 1998). Microorganisms from very diverse genera have been reported to
produce chitinases (Sharma et al., 2011), and can be used in free or immobilized form
against fungi. Chitinolytic microorganisms such as bacteria are a great source for
obtaining various chitinases, due to their low production cost and the availability of raw
materials (Sharma et al., 2011). Chitinases have received increased attention in recent
years due to their wide range of biotechnological applications. This includes uses during

fungi protoplast preparation (Yabuki et al., 1984); as a protective agent against fungal
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phytopathogens (Shali et al., 2010; Taira et al., 2002); and as biologically active
substances in the production of oligosaccharides (Usui ef al., 1990).
Chitinase-producing microorganisms are reported to be effective in controlling crop
plant diseases caused by different fungal pathogens (Nagpure et al., 2013). A variety of
mechanisms exist for plant disease control, including the production of extracellular
lytic enzymes that inhibit pathogenic fungi. Specifically, the ability of certain bacteria
(especially Actinomycetes) to parasitize and degrade spores of fungal plant pathogens
has been well established (Gohel et al., 2006). Although cell wall-degrading enzymes
produced by biocontrol strains of bacteria have been documented, there is little direct
evidence for their presence and activity in the rhizosphere (Chang et al., 2010).

Several chitinase-producing bacterial species have been reported with wide practical
applications, notably including Ewingella americana (Inglis and Peberdy, 1997),
Massilia timonae (Adrangi et al., 2010), Microbispora sp. V2 (Nawani et al., 2002),
Micrococcus sp. AG48 (Annamalai et al., 2010), Monascus purpureus (Wang et al.,
2002), Paenibacillus sp. D1 (Singh and Chhatpar, 2011), Paecilomyces variotii
(Nguyen et al., 2009), Pseudomonas aeruginosa K-187 (Wang and Chang, 1997),
Pseudomonas sp. TKUOO8 (Wang et al., 2010), Ralstonia sp A-471 (Ueda et al., 2005),
and Serratia marcescens NK1 (Nawani et al., 2002).

Bacillus cereus B25 posseses two chitinases (ChiA and ChiB) as mentioned in the
previous chapter and the aim of this study was the expression and purification of both
recombinant proteins for further caracterization. Previously in chapter IV, we assayed
the Bacillus cereus sensu lato B25 on culture media containing colloidal chitin and
fungal lysate to induce the expression of both genes and then measured the chitinase
activity on culture medium (Chapter IV. Table 3). At the same time the secuence
analyses of both chitinases was carried out, showing that ChiA has the same protein
domains present in the type A chitinases of several Bacillus species, this indicated us
that chitinase A will be an exochitinase as it is reported. In the similar way, the ChiB
showed the same domain structure of the type B chitinases of Bacillus species reported
as endochitinases.

Based on these observations and the evidence of the presence of two chitinase
activities found in supernatant of medium where Bacillus cereus sensu lato B25 was
grown (exochitinase activity using 4-Methylumbelliferyl N,N-"diacetyl-f-D-
chitobioside as a substrate, and endochitinase activity using 4-Methylumbelliferyl -D-
N,N’, N"'-triacetylchitotriose as a substrate.), we hypothesized that each of the two
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genes contained one type of enzymatic activity and we postulated ChiA to have

exochitinase activity and ChiB endochitinase activity.

Materials and Methods

DNA isolation and plasmid constructions

Genomic DNA of Bacillus cereus B25 was isolated using the DNeasy Blood and
Tissue kit (QIAGEN) following the manufacturer’s instructions. The primers for the
PCR amplifications were designed according to the chitinase sequences (GenBank
accession numbers: KR809875 for ChiA and KR809876 for ChiB) of Bacillus cereus B25
obtained from its genome sequencing data (Douriet-Gamez et al., 2016) including a
TOPO adapter for directional cloning; for ChiA amplification G2ChiA-TP-F (5'-
CACC ATG TTA AAC AAG TTC AAA TTT TTT TGT TGT ATT TTA- 3") and
G2ChiA-R (5'- TTA TTT TTG CAA GGA AAG ACC ATC-3") primers were used; for
the ChiB gene ChiBTP-F (5'CACC ATG AGG CTC CAA AAA TTC ACA CTG CTA
TTA CTA 3) and ChiBTP-R (5" CTA GTT TTC GCT AAT GGA TGC ATT TAC
AAG TTC 3’) were used. The conditions for a standard PCR reaction were as follows
Buffer 1X, 1.5 mM MgCl,, 0.5 mM of each primer, 500 uM each deoxynuleotide
triphospate (ANTP), and 1 U of Platinum Taq DNA polymerase (ThermoFisher
Scientific) in a volume of 25ul. PCR amplification was performed using the following
program: 1 cycle at 94 °C for 5 min, 30 cycles at 94 °C for 30 s, 60 °C for 20 s and 72 °C
for 2 min and an aditional final step at 72 °C at 10 min. The amplified gene products
were visualized using ethidium bromide after agarose gel electrophoresis and purified
using QIAquick Gel Extraction Kit (QIAGEN). The products were ligated into pGEM-
T easy vector (Promega; Madison, WI, USA) following the manufacturer’s instructions.
The plasmids were tranformed in E. coli DH5a chemical competent cells, positive
colonies were verified by restriction (Ncol-EcoRI for ChiA/pGEM-T and Ncol for
ChiB/pGEM-T) and colony PCR; plasmid was isolated by QIAprep Spin Miniprep kit
(QIAGEN). For the expression of both genes they were amplified with Accuprime™
Pfx Polymerase (ThermoFisher Scientific) using the ChiA-ChiB/pGEM-T plasmid as a
DNA template to generate blunt-end PCR products and they were purified using
QIAquick PCR purification kit (QIAGEN), the products were ligated on pENTR™/D-
TOPO® and transformed on OneShot®TOP10 Chemical competents E.coli cells
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(ThermoFisher Scientific), positive colonies were verified by restriction analysis (Asel
for ChiA-pENTR/D-TOPO and Nhel-EcoRV for ChiB-pENTR/D-TOPO) and
sequencing. The plasmids were isolated and used to carry out an LR recombination
reaction (ThermoFisher Scientific) to insert the genes into Gateway pDEST17
expression vector. This vector has a 6xHis tag fusion needed for the purification of the
recombinant protein. At this step an expression clone was generated that was

transformed in E. coli BL21 Star'™ (DE3) chemical competent cells.

Expression of recombinant chitinases

The expression of chitinases from Bacillus cereus B25 was caried out as
follows: one tube with 5 ml of LB broth containing 100 ug/ml of carbenicillin was
inoculated with a single colony containing the expression vector pDEST17/ChiB and
incubated on a rotary shaker at 200 rpm/min at 37°C until they reached an ODgg of 0.6-
1. One tube for ChiA and ChiB. The LB culture of ChiA and ChiB were splitted to
inoculate two flasks with 2.5 ml for each transformant (two for ChiA and two for ChiB)
on a 15 ml of fresh LB broth containing 100 ug/ml of carbenicillin. One of the cultures
were added L-arabinose at the final concentration of 0.2 % w/v. One flask contains L-
arabinose (induced) and one flask serve as control condition (uninduced) for each ChiA
and ChiB. In a control used to supress the expression, glucose was added at the final
concentration of 0.2 % w/v. The expression experiment was incubated at 37 °C for 6 h
in a rotary shaker at 200 rpm/min. Cells were harvested by centrifugation at 14 000 rpm
for 5 min and freezed at -20 until use. For the protein analysis the cell pellets were
suspended in 350 ul on lysis buffer (20 mg/ml lyzosyme; 10 mM Tris-HCI, pHS8) and
cell debris was colected by centrifugation at 8000 rpm for 2 min, which was used for
subsequent protein purification by immobilized metal affinity columns. The protein
purification was performed according to the Ni-NTA Spin kit manufacturer instructions
(Qiagen, Cat. No. 31314). The column was equilibrated with Buffer B according to the
purification protocol and was done under denaturing conditions. After the protein has
been added it was washed three times with Buffer C from the kit and the protein was
eluted with Buffer E. In the purification procces all the flowtrough wash steps were
recovery and the two final elution steps were stored at -20 °C. the major purified protein
concentration were recovery in the final elution step in 200 ul final volume. All the
flowtrough samples were analized by SDS-PAGE at 12 % (80v for 2 h). The purified

enzyme was stored at 4°C for subsequent characterization.
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Chitinase activity

The substrate-specific chitinase activity was determined using a chitinase assay
kit (Sigma Aldrich, Cat. No. C7170, St. Louis, MO, USA). One unit of chitinase
activity was defined as the amount of enzyme required to releasing 1 pmol of 4-
methylumbelliferone from the substrate per minute at pH 5.0 and 37 °C. Each

recombinant chitinase activity (endo and exo) was assayed using three replicates.

Zymogram to evaluate chitinase activity

The zymography was performed as follows; standard SDS-PAGE (12%
acrylamide) was performed adding to the gel colloidal chitin at a final concentration of
0.3%. The SDS-PAGE gel was run in a vertical chamber during 2h at 80v, the
polyacrilamide gel was incubated on sodium acetate buffer (0.1 M, pH 6, Triton X100
5%) for 1 h and subsequently incubated overnight on a rocking table at 37°C on sodium
acetate buffer (0.1 M, pH 6). Chitinase activity bands were visualized by Congo red
staining for 20-30 min at room temperature and then unstained until the excess of
Congo red was eliminated with 1M of NaCl. Chitinase activity was positive when a

clear band was developed with the dye.

Results

Expression of recChiB and recChiA

The ChiB gene coding for one chitinase from Bacillus cereus B25 was
successfully cloned into the pDEST17 expression vector and inserted in E. coli BL21.
This expression vector contains the ChiB gene fused to a 6xHis tag used for the
purification of the recombinant protein. After 4 h of induction of recombinant ChiB, the
cells were harvested, lyzed and analized by SDS-PAGE to verify production of
recChiB.
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50 kDa —> <«— 74 kDa

20 kDa—>

Figure 1. SDS-PAGE analysis of ChiB recombinant protein. M, marker proteins (Benchmark protein
ladder); 1, insoluble fraction uninduced; 2 insoluble fraction induced; 3, soluble fraction uninduced and 4,

soluble fraction induced. In all lines 5 ul of sample were added.

The insoluble fraction seemed more appropiate to use for the purification step, as shown
in the figure 1, since a major band corresponding to a peptide with the reported

molecular mass for ChiB (~74 kDa) (Huang et al., 2005) was induced (Figure 1, lane 2).

1 2 3 4 5 6 M

<«— 74 kDa

Figure 2. SDS-PAGE analysis of purified recombinant chitinase ChiB. Lane 1, crude extract of induced
cells; lane 2, first wash with buffer C; lane 3, second wash with buffer C; lane 4, third wash with buffer
C; lane 5, first elution; lane 6, second elution of recombinant protein. M, molecular marker. In all lines 5

ul of sample were loaded.

The purification of the recombinant ChiB (recChiB) was performed as shown in figure
2, the purified His-tagged chitinase B showed one single band in the elutions steps 5
and 6. The purified protein shows a ~74 kDa molecular weight band which corresponds

to the reported size of Bacillus ChiB (Huang ef al., 2005).
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The purification of recChiA was not succesful, we atributed the failure to purify it to the
formation of inclusion bodies on the recombinant strain of E. coli. When the E.coli is
used for the expression of recombinant proteins the accumulation of the foreign
pepdtide can form aggregates of recombinant proteins called inclusion bodies, this
inclusion bodies can be active or inactive (Martinez-Alonso et al., 2009). We tried
measuring chitinase activity of the cell pellets without any success. Further work will be

required to purify and characterize ChiA.

Substrate specificity and chitinase activity of recChiB

The activity of recChiB was evaluated with various fluorescent chitinase
susbstrates as part of the characterization procedure. We tested three different
fluorogenic susbtrates to determine one of the specific chitinase activities: 1) N-acetil
glucosaminidase (exochitinase) (4-Methylumbelliferyl N-acetil-B-D-glucosaminide), 2)
chitobiosidase (exochitinase) (4-Methylumbelliferyl N, N'-diacetil-B-D-chitobioside)
and 3) endochitinase (4-metilumbeliferil f-D-N, N ', N"- triacetylchitotriose).

Our initial hyphotesis was that the enzymatic activity for this chitinase was that
of an endochitinase, based on the phylogenetic analysis with the ChiB aminoacid
sequence and the existence of similar domains (see previous chapter) with those of

chitinase B of B. cereus (Chen et al., 2009).

As expected, purified recChiB was able to degrade 4-metilumbeliferil f-D-N, N
', N"- triacetylchitotriose a substrate that demonstrates its activity as one endochitinase
(Figure 3A). Unexpectedly, the recChiB was also able to hydrolyze 4-
methylumbelliferyl N,  N'-diacetil-B-D-chitobioside = exhibiting  additionally
chitobiosidase (exochitinase) activity (Figure 3B). As observed in the previous Chapter
IV when chitinase activity was tested for exochitinase (glucosaminidase activity) with
the substrate 4-methylumbelliferyl N-acetil-B-D-glucosaminide on the crude culture
media where Bacillus cereus B25 was grown this exochitinase activity was not detected.
In order to confirm this finding, this type of exochitinase activity was assayed in
recChiB again confirming the absence of this enzymatic activity in this recombinant

protein (Figure 3C).
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The results obtained suggest that recChiB possesses two diferent chitinase
activities [endochitinase and chitobiosidase (exochitinase)]; the presence of the two
chitinase activities in one single chitinase has been previously reported for other
chitinases like ChiA of Serratia marcescens BJL200 (Brurberg et al., 1996) and
ChiA74 of Bacillus thuringiensis (Casados-Vazquez et al., 2015).

A B C
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Figure 3. Chitinase activity of recChiB on specific substrates. A) Endochitinase acitivity tested on 4-
metilumbeliferil B-D N, N ', N"- triacetylchitotriose. B) Exochitinase activity tested on 4-
Methylumbelliferyl N, N'-diacetil-B-D-chitobioside. C) Exohitinase activity tested on 4-
Methylumbelliferyl N-acetil-B-D-glucosaminide. The abbreviation recChiB means purified recombinant
protein of ChiB gene; N/I recChiB means cell debris of non-induced cells containg the expression
vector with ChiB gene. U: the amount of enzyme needed to release 1 umol 4-methylumbelliferone from

the substrate per minute at pH 5.0 and 37 °C.

Zymogram analysis

Chitinase activity of the purified recChiB was confirmed using zymograms. The
chitinase activity was observed in the supernanant after lysate induced cells containing
the recChiB gene, and was observed in lane 1 of the figure 4. The cells debris showed
chitinase activity and the presence of other proteins; and the purified protein show a
single cleared band, suggesting that chitinase activity from this recombinant protein is

degrading the coloidal chitin in the polyacrylamide gel.

46



<— 74 kDa

Figure 4. Zymogram analysis of chitinase activity of recChiB. Lane 1, supernanant of recChiB without
purification. Lane 2, cell debris of recChiB without purification. Lane 3, Final eluate of the purification

process. Lane 4, molecular marker (BenchMark protein ladder).

Conclusion

Here we showed the production of recombinant chitinase ChiB in E. coli using
an expression vector based on Gateway technology, and we demonstrated the ability
of this protein to exhibit a dual chitinase activity: endo- and exo-chitinase activity.

The elucidation of chitinase activity provides us with more clues about how
Bacillus cereus sensu lato strain B25 degrades chitin, the recChiB was able to
hydrolyze chitotriose and chitobiose, this is a very interesting feature and it constitutes
a possible major mechanism that may affect fungal growth as discussed in the
following chapter.

The recChiA could not be purified, another strategy will be needed to achieve
this goal. Future work will be directed to make this happen, since it is necessary to
evaluate ChiA activity to elucidate the complete mechanism used by B. cereus sensu

lato strain B25 to degrade chitin.

47



48



CAPITULO VI. COLONIZATION PATTERN OF Bacillus cereus B25 ON MAIZE
ROOTS, EVIDENCE FOR ENDOPHYTISM AND A PROPOSED ROLE OF THIS
BACTERIUM IN THE CONTROL OF Fusarium verticillioides IN MAIZE.
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Abstract

Biological control is becoming increasingly relevant, in line with concerns for
more sustainable agricultural practices that can help reduce environmental and health
impacts caused by agrochemicals. Our understanding of the mechanisms employed by
many biological control agents is still expanding, making this an opportune time to
investigate novel theories of interaction between plants and microorganisms relevant to
biocontrol. The focus of this chapter is on fungal diseases, which are a serious threat to
many different crops. Chitin, a structural polysaccharide found in fungal cell walls, is
one of the first points of interaction between the fungus and its plant host. Chitinases
have been implicated in plant resistance against fungal pathogens, due to their inducible
nature and antifungal effect. Plant chitinases function as a surveillance mechanism to
help monitor the presence of fungal invaders. This is achieved through inhibiting fungal
growth directly or indirectly, by releasing small signaling molecules (elicitors) from the
fungal cell wall that alert the plant of the fungal invader presence and initiate the plant
defense responses. Some fungi, such as the maize pathogen Fusarium verticillioides,
evade this surveillance mechanism by producing effector proteins that act upon plant
chitinases, allowing the fungus to escape the plant’s defenses. Chitinolytic bacteria thus
exhibit great potential for the control of fungal phytopathogens. A tripartite interaction
exists between host plant, fungal invader and biological control agent (e.g. endophytic
chitinolytic bacteria). We propose that bacterial chitinases may be used to counteract the
mechanism that allows fungi to evade plant defenses. This situation could give the
upper hand to plants, allowing them to survive and overcome the fungal invasion.
Potential means to corroborate this proposed mechanism by future research are

discussed.
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Introduction

The extensive use of biocontrol strategies aimed at fungal phytopathogens has
been held back by the absence of sufficient information regarding the mechanisms by
which microorganisms such as bacteria exert their control over phytopathogens (Shali
et al., 2010). In addition, it is often difficult to fully comprehend how these biocontrol
agents work against plant pathogens, as they employ a wide variety of strategies (Shali
et al., 2010). Recent research has focused on using biological methods to protect crops
from the invasion and spread of pathogens, an approach that is mainly promoted by
current worldwide food safety regulations and food export/import requirements.

Pathogen management using antagonistic microorganisms or their secondary
metabolites is now considered to be a viable disease control strategy (Kim et al.,
2011). Nevertheless, in many cases, identifying the contributing mechanisms requires
a systematic approach to directly evaluate individual traits and their roles within the
overall operating mechanisms.

Fv is a fungal pathogen that causes ear, stem and root rots in maize and other
crops. In maize seeds, Fv produces fumonisins, a type of mycotoxin that is toxic to
horses, swine, poultry, and has been correlated with human toxicity (Bullerman, 1996;
Marasas et al., 2004; Riley et al., 1993). Fumonisins are commonly found on maize,
most likely due to the endophytic nature of mycotoxin-producing strains of Fv.
Therefore, it is important to develop control strategies that could attack both the
endophytic and saprophytic fungal stages. The endophytic stage serves both as a source
of mycotoxin production and as an infection source (Bacon and Hinton, 2011). The
endophytic stage also makes fungicide control extremely difficult (Bacon and Hinton,
2011).

During a pathogen attack, the plant-pathogen interaction induces a variety of
plant defense mechanisms including cell wall strengthening (Bradley et al., 1992), de
novo production of antimicrobial compounds (Gupta et al., 2010), and rapid localized
cell death (Alvarez, 2000). For example, plants encode a variety of chitinases that are
involved in defense-mediated responses against fungal pathogen invasion; these
enzymes then cleave chitin oligosaccharides from fungal cell walls, which are then
detected by plant receptor proteins that induce or “elicit” a defense response (Shibuya

and Minami, 2001). This defense mechanism is known as pathogen-associated
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molecular patterns (PAMP), and it triggers general plant defense responses referred to
as PAMP-triggered immunity (PTI) (Boyd et al., 2013). These plant defense responses
are activated following the recognition of PAMPs by the plant (Boyd et al., 2013), and
they have been well documented in different plant species including Oriza sativa L.
(Kaku et al., 2006) and Arabidopsis thaliana (Miya et al., 2007).

Although fungal disease resistance has been successfully achieved by transgenic
overexpression of plant chitinases (see Cletus et al. (2013) for a current review), recent
evidence suggests that this strategy is not compatible for all fungal diseases. Fungal
pathogens are able to suppress the different components of PTI via “effector” proteins
delivered into the plant (Boyd et al., 2013).

In a study to evaluate maize chitinases in a protein extract from maize seed was
found that some fungi altered the chitinolytic activity; western blots of protein extracts
from maize seeds parasitized by the ear-rot pathogen Bipolaris zeicola lack two major
chitinase activity bands that are present in seed protein extracts of non-inoculated ears.
Combining protein extracts from B. zeicola-parasitized seeds with those from non-
inoculated seeds results in the loss of these two chitinase activity bands; it was therefore
hypothesized that this is due to a specific molecular interaction between a fungal
effector and a targeted maize chitinase (Naumann et al., 2009). Maize seeds contain
abundant amounts of two chitinases: ChitA and ChitB (Huynh et al., 1992). Maize
chitinases are modified by effector proteins from B. zeicola and are referred to as Bz-
cmp (Bipolaris zeicola-chitin modified protein). These proteins affect the size of
chitinases, resulting in an apparent reduction in their molecular weight. This is
accompanied by the loss of ChitA’s chitin-binding ability whereas the chitinase
enzymatic activity remains intact, indicating that Bz-cmp modifies the chitin binding
domain of ChitA (Naumann et al., 2009). These proteins have also been found in maize
seed inoculated with Stenorcarpella maydis (Naumann and Wicklow, 2010), F.
graminearum, F. oxysporum, F. proliferatum, F. subglutinans and Fv (Naumann et al.,
2011). Subsequent amino acid sequence analysis in a maize - Fv interaction revealed
that Fv-cmp cleaves maize ChitA in a region that is conserved in other class IV plant
chitinases, suggesting that this effector protein may truncate chitinases from other plants
(Naumann and Wicklow, 2010). To explain these observations, two mechanisms have
been proposed: either the modification of the maize chitinases directly suppresses
fungal growth inhibition, or it suppresses the induction of defense responses (Naumann

et al., 2011). This last mechanism could help explain how Fv successfully colonizes
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maize plants.

The present study focuses on the maize—Fv interaction and the role that
endophytic bacteria may play in the control of this fungal disease. Here we discuss a
possible mechanism for fungal growth inhibition in plant-bacteria-fungus tripartite
associations. Importantly, we propose a possible role for endophytic bacterial chitinases

from the Bacillus cereu sensu lato strain B25 in the control of Fv infection in maize.

Materials and Methods

Sequence alignment of maize and B25 chitinases

Sequences of B25 were taken from the sequenced genome of this bacterium (Douriet-
Gamez et al., submitted) and plant chitinase sequences were taken from Naumman et
al., (2011). Alignment of the sequences was conducted using the software MUSCLE
(Edgar, 2004).

Colonization experiment in maize plants

This experiment was set up in magenta boxes. Each experimental unit consisted
of three seeds and fungal inoculum in 200 grams of sterile sand as substrate containing
1x10° Fusarium verticillioides conidia per gram of substrate. Boxes were incubated at
16 hours light at 25 °C and 8 hours darkness at 20 °C.After two weeks, the plants were
harvested and roots were taken for further analysis.

For bacterial colonization using B. cereus sensu lato B25 similar conditions were

employed except that the substrate was completely sterile and free of fungal inoculum.

Confocal laser microscopy

Images were taken from separate experiments using plants inoculated with only B.
cereus or F. verticillioides. Red fluorescence counter-staining was made with
rhodamine B, a dye which stains plant cell walls (Blachutzik et al., 2012). Green
fluorescence of both microorganisms is caused by the staining in the root tissues by
staining with the wheat germ agglutinin (WGA) coupled to the fluorophore Alexa-
Fluor 488 nm™. WGA is a lectin, which binds to chitin residues of fungal cell walls
or to peptidoglycan cell walls in Gram positive bacteria, such as B. cereus. The lectin

is coupled to the fluorophore Alexa Fluor which is excited at 548 nm and emits
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fluorescence at 488 nm. Images were obtained using a Leica TCS SP8 confocal laser
microscope using a white laser and capturing the green fluorescence emitted at 488nm
and the red counter staining with rhodamine B by exciting it at 553 nm and registering

the emission at 627 nm.

Results and discusion

Fungal effector proteins can modify class IV chitinases of plants, but they cannot

affect bacterial chitinases

Fungal effector proteins can modify class IV chitinases of plants, but they cannot affect
bacterial chitinases since the amino acid sequence in their chitin binding protein domain
is different (Table 1). Sequence alignment of the Fv-cmp target region of chitinases
from Bacillus cereus and maize indicate that the cleavage site catalyzed by Fv-cmp is

nonexistent in the bacterial sequences (Table 1).

This suggests that B. cereus and possibly other chitinase-producing bacterial strains are
good potential candidates for biocontrol of Fv. In particular, the chitin binding ability of
these proteins will not be affected by Fv-cmp. Additionally, bacterial chitinases may
inhibit fungal growth of this pathogen, even though maize chitinases will be inactivated.
This may represent a novel protection mechanism by chitinolytic bacteria, which could

enable them to counteract the fungal invasion mechanism.

Table 1. Sequence alignment of chitinases from Bacillus cereus and maize. Modified from Naumman et

al. (2011).
Chitinase Chitin binding domain Accession Reference
Fv-cmp target region

ChitA-LH82 D D Y € G D G € Q S G P C R ACX37090 (Naumann and Wicklow, 2010)

ChitA-B37 DAY CGDGTZ COQS G P CR AAA33444 (Huynh et al., 1992)
ChitB DEY CGDGZCOQS G P CR AAA33445 (Huynh et al., 1992)
ChiA LK DVS PKWDVINVS KR809875 (Douriet-Gamez et al., 2016)
ChiB LK DVS PKWDVINVS KR809876 (Douriet-Gamez et al., 2016)

An alternative fungal defense mechanism could involve Bacillus spp., whose

occurrence as endophytes has been reported from different plants including pigeon pea
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(Rajendran et al., 2008), wheat, kudzu (Selvakumar et al., 2008), and soybean nodules
(Bai et al., 2002). B. cereus has been reported as a plant endophyte of such species as
grapevine (West et al., 2010), wheat (Wang et al., 2011), coffee (Shiomi et al., 2006)
and maize (Orole and Adejumo, 2011). Once bacteria possessing fungal phytopathogen
antagonistic mechanisms penetrate the interior of a plant, they will likely be employed
in the same way as non-endophytic bacteria growing outside of the plant. Intercellular
spaces and xylem vessels are the most commonly reported locations for endophytic
bacteria (Reinhold-Hurek and Hurek, 1998). By sharing similar niches as vascular
fungal phytopathogens, endophytes can potentially be exploited for biotechnological

use in fungal disease control (Hallmann et al., 1997).

Our review of the literature leads us to lead us to postulate and explore the endophytic

nature of the B. cereus sensu lato strain B25.

B25 and F. verticillioides are both endophytic

Preliminary results from our research group suggest that a chitinolytic B. cereus
strain (Link to Video) and Fv both colonize the vascular vessels of the maize root, thus
sharing a similar niche (Figure 1). Confocal laser microscopy has enabled us to reveal
the presence of both organisms growing within the root vessels, suggesting that they
grow endophytically. This observation could explain why this B. cereus strain
demonstrates potential as an effective Fv control agent in planta (Cordero-Ramirez,
2014; Leyva-Madrigal et al., 2015) and in maize field tests (data not show) when
applied as seed coverage at planting time. Specifically, B. cereus establishes and
persists in vascular vessels within the plant host. If the plant root is attacked by Fv, the
pathogen will eventually arrive at the root vascular vessels after breaking through plant
defense mechanisms (e.g. plant chitinases). Upon entry into the vascular tissue, the

fungus will be confronted by B. cereus.
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Figure 1. Confocal laser scanning microscopy showing a similar endophytic location in vascular vessels

in maize roots of Bacillus cereus Bc25 and F. verticillioides. A) Bacillus cereus colonization of vascular
vessels, arrows show bacteria’s cell. B) Bacillus cereus colonization on cortical cells, C)
microphotograph showing the vascular localization of F. verticillioides. Letter “c” in the image indicates

the cortex cells and letter “v” indicate the vascular cells.

Bacillus cereus sensu lato B25 may exert its biological control against F.
verticillioides due to its endophytic nature

By sharing similar niches inside the host plant, chitinase-producing endophytic
B. cereus may be able to control Fv in maize. Fv and other fungi colonize maize
successfully because they overcome the plant defense mechanisms, as reviewed above.
This fungus develops through vascular vessels that produce conidia, spreading infection
in the plant through the stem, ears and roots (Figure 2A). If bacteria colonizing the
vascular vessels are present in the same niche as Fv, a scenario can be envisioned in
which bacterial chitinases may be released in response to Fv and thereby inhibit fungal
development. This should result in the effective control of Fv since the fungus cannot
recognize and cleave the chitin binding domain of B. cereus chitinases, due to

differences in the amino acidic sequence of the plant chitin binding domain (Figure 2B).
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Figure 2. Proposed mechanism of F. verticillioides (Fv) biological control exerted by Bacillus cereus
chitinase activity. A) Plant infected with Fv. 1) Sensing of the fungal infection and release of chitinases
by plant cells 2) Modification of plant chitinases due to the action of chitinase effector proteins (Fv-cmp)
released by Fv resulting in the lack of binding to chitin residues of the fungus. B) Plant infected with Fv
and colonized endophytically with the biological control agent B. cereus. 1. Release of bacterial
chitinases in response to infection of Fv. 2. Chitinase effector proteins (Fv-cmp) from Fv cannot affect the
bacterial chitinases. 3. Bacterial chitinases can bind to chitin and inhibit Fusarium development by

degrading the fungal cell wall.

B25 produces chitinases as part of its antagonistic arsenal of mechanisms,
which differ from the endogenous plant versions and thus will not be annihilated by the
fungus Fv-cmp effector proteins. Release of chitin oligosaccharides may possibly act as
elicitors of the plant response, provoking a dual attack by the bacteria and the plant,
inhibiting fungus growth. This plausible scenario will require confirmation in the near

future.

Conclusion

To this end, our laboratory is currently investigating B. cereus chitinases at the
molecular level and conducting confocal scanning laser microscopy analyses to confirm

the endophytic colocalization pattern of the bacterium and the fungus within the
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vascular vessels of maize roots. Other experiments are needed to confirm these
observations, such as immunolocalization of B25 chitinases and Fv-cmp in the maize

roots.

58



References

Adrangi S, Faramarzi M, Shahverdi AR, Sepehrizadeh Z (2010) Purification and
characterization of two extracellular endochitinases from Massilia timonae.
Carbohyd Res 345 (3):402-407.

Ali ML, Taylor JH, Jie L et al. (2005) Molecular mapping of QTLs for resistance to
Gibberella ear rot, in corn, caused by Fusarium graminearum. Genome 48
(3):521-533.

Alvarez ME (2000) Salicylic acid in the machinery of hypersensitive cell death and
disease resistance. Plant Mol Biol 44 (3):429-442.

Anitha A, Rabeeth M (2010) Degradation of fungal cell walls of phytopathogenic fungi
by lytic enzyme of Streptomyces griseus. Afr J Plant Sci 4 (3):61-66.

Annamalai N, Giji S, Arumugam M, Balasubramanian T (2010) Purification and
characterization of chitinase from Micrococcus sp. AG84 isolated from marine
environment. Afr J Microbiol Res 4:2822-2827.

Ashwini N, Srividya S (2014) Potentiality of Bacillus subtilis as biocontrol agent for
management of anthracnose disease of chilli caused by Colletotrichum
gloeosporioides OGC1. 3 Biotech 4 (2):127-136.

Avenot HF, Michailides TJ (2010) Progress in understanding molecular mechanisms
and evolution of resistance to succinate dehydrogenase inhibiting (SDHI)
fungicides in phytopathogenic fungi. Crop Protection 29 (7):643-651.

Azevedo JL, Maccheroni Jr. W, Pereira JO, de Aratjo WL (2000) Endophytic
microorganisms: a review on insect control and recent advances on tropical
plants. Electron J Biotech 3:15-16.

Bacon CW, Bennett R, Hinton D, Voss K (1992) Scanning electron microscopy of
Fusarium moniliforme within asymptomatic corn kernels and kernals associated
with equine leukoencephalomalacia. Plant Dis 76 (2):144-148.

Bacon CW, Hinton DM (2011) Bacillus mojavensis: Its endophytic nature, the
surfactins, and their role in the plant response to infection by Fusarium
verticillioides. In: Maheshwari DK (ed) Bacteria in Agrobiology: Plant Growth
Responses. Springer Berlin Heidelberg, pp 21-39.

Baetz U, Martinoia E (2014) Root exudates: the hidden part of plant defense. Trends in
Plant Science 19 (2):90-98.

Bai Y, D'Aoust F, Smith DL, Driscoll BT (2002) Isolation of plant-growth-promoting
Bacillus strains from soybean root nodules. Can J Microbiol 48 (3):230-238.

Balconi C, Berardo N, Locatelli S et al. (2014) Evaluation of ear rot (Fusarium

verticillioides) resistance and fumonisin accumulation in Italian maize inbred
lines. Phytopathol Mediterr 53 (1):14-26.

59



Bashan Y, Holguin G, de-Bashan LE (2004) Azospirillum-plant relationships:
physiological, molecular, agricultural, and environmental advances (1997-2003).
Can J Microbiol 50 (8):521-577.

Beier S, Bertilsson S (2013) Bacterial chitin degradation - mechanisms and
ecophysiological strategies. Front Microbiol 4 (149).

Berg G, Eberl L, Hartmann A (2005) The rhizosphere as a reservoir for opportunistic
human pathogenic bacteria. Environ Microbiol 7 (11):1673-1685.

Betanzos ME, Ramirez FA, Coutifio EB et al. (2009) Hibridos de maiz resistentes a
pudricidén de mazorca en Chiapas 'y Veracruz, México. Agr Téc Mexico 35:389-
398.

Blachutzik JO, Demir F, Kreuzer I ef al. (2012) Methods of staining and visualization of
sphingolipid enriched and non-enriched plasma membrane regions of
Arabidopsis thaliana with fluorescent dyes and lipid analogues. Plant Methods 8
(1):28.

Boyd LA, Ridout C, O'Sullivan DM et al. (2013) Plant—pathogen interactions: disease
resistance in modern agriculture. Trends Genet 29 (4):233-240.

Bradley DJ, Kjellbom P, Lamb CJ (1992) Elicitor- and wound-induced oxidative cross-
linking of a proline-rich plant cell wall protein: a novel, rapid defense response.
Cell 70 (1):21-30.

Bressan W, Fontes-Figueiredo JE (2010) Chitinolytic Bacillus spp. isolates antagonistic
to Fusarium moniliforme in maize. J Plant Pathol 92.

Brurberg MB, Nes IF, Eijsink VGH (1996) The chitinolytic systema of Serratia
marcescens. In: Muzzarelli RA (ed) Chitin Enzymology. Atec, Italy, pp 171-
180.

Bulawa CE (1993) Genetics and molecular biology of chitin synthesis in fungi. Ann
Rev Microbiol 47 (1):505-534.

Bullerman LB (1996) Occurrence of Fusarium and fumonisins on food grains and in
foods. Adv Exp Med Biol 392:27-38.

Bussink AP, Speijer D, Aerts JM, Boot RG (2007) Evolution of mammalian chitinase(-
like) members of family 18 glycosyl hydrolases. Genetics 177 (2):959-970.

Butron A, Reid LM, Santiago R et al. (2015) Inheritance of maize resistance to
Gibberella and Fusarium ear rots and kernel contamination with deoxynivalenol
and fumonisins. Plant Pathology 64:1053-1060.

Carrillo L (2003) Actividad microbiana. In: Carrillo L (ed) Microbiologia Agricola.
Universidad Nacional de Salta, Argentina.

Carsolio C, Gutierrez A, Jimenez B et al (1994) Characterization of ech-42, a
Trichoderma harzianum

60



endochitinase gene expressed during mycoparasitism. Proc Natl Acad Sci USA 91:10
903- 910 907.

Casados-Vazquez LE, Avila-Cabrera S, Bideshi DK, Barboza-Corona JE (2015)
Heterologous expression, purification and biochemical characterization of
endochitinase ChiA74 from Bacillus thuringiensis. Protein Expr Purif 109:99-
105.

Cavaglieri L, Orlando J, Rodriguez MI et al. (2005) Biocontrol of Bacillus subtilis
against Fusarium verticillioides in vitro and at the maize root level. Res
Microbiol 156 (5-6):748-754.

Cavaglieri L, Passone A, Etcheverry M (2004) Screening procedures for selecting
rhizobacteria with biocontrol effects upon Fusarium verticillioides growth and
fumonisin B1 production. Res Microbiol 155 (9):747-754.

Cervantes-Gamez RG, Bueno-Ibarra MA, Cruz-Mendivil A et al. (2015) Arbuscular
mycorrhizal symbiosis-induced expression changes in Solanum lycopersicum
leaves revealed by RNA-seq analysis. Plant Mol Biol Rep 34:89-102.

Chaffin WL, Lopez-Ribot JL, Casanova M et al. (1998) Cell wall and secreted proteins
of Candida albicans: identification, function, and expression. Microbiol Mol
Biol Rev 62 (1):130-180.

Chang W-T, Chen M-L, Wang S-L (2010) An antifungal chitinase produced by Bacillus
subtilis using chitin waste as a carbon source. World J Microbiol Biotechnol 26
(5):945-950.

Chang WT, Chen CF, Wang SL (2003) An antifungal chitinase produced by Bacillus
cereus with shrimp and crab shell powder as a carbon source. Curr Microbiol 47
(2):102-108.

Chang WT, Chen YC, Jao CL (2007) Antifungal activity and enhancement of plant
growth by Bacillus cereus grown on shellfish chitin wastes. Bioresour Technol
98 (6):1224-1230.

Chen WM, Chen GH, Chen CS, Jiang ST (2009) Cloning, expression and purification
of Bacillus cereus endochitinase in the Escherichia coli AD494(DE3) pLysS
expression system. Biosci Biotechnol Biochem 73 (5):1172-1174.

Chen Z, Gao T, Liang S et al. (2014) Molecular mechanism of resistance of Fusarium
fujikuroi to benzimidazole fungicides. FEMS Microbiol Lett 357 (1):77-84.

Christensen LA (2002) Soil nutrient and water management systems used in US corn
production. Agriculture Information Bulletin No. 774. United States Department
of Agriculture,

Cletus J, Balasubramanian V, Vashisht D, Sakthivel N (2013) Transgenic expression of

plant chitinases to enhance disease resistance. Biotechnol Lett 35 (11):1719-
1732.

61



Cohen E (2001) Chitin synthesis and inhibition: a revisit. Pest Manag Sci 57 (10):946-
950.

Cohen-Kupiec R, Chet I (1998) The molecular biology of chitin digestion. Curr Opin
Biotech 9 (3):270-277.

Cordero-Ramirez JD (2014) Identification of novel antagonists against Fusarium
verticillioides through screening of culturable rhizospheric bacteria in maize.
PhD Thesis, National Polytechnic Intitute, Guasave Sinaloa

Cotton TK, Munkvold GP (1998) Survival of Fusarium moniliforme, F. proliferatum,
and F. subglutinans in maize stalk residue. Phytopathology 88 (6):550-555.

Dahiya N, Tewari R, Hoondal GS (2006) Biotechnological aspects of chitinolytic
enzymes: a review. Appl Microbiol Biotechnol 71 (6):773-782.

Davies G, Henrissat B (1995) Structures and mechanisms of glycosyl hydrolases.
Structure 3 (9):853-859.

de Souza R, Ambrosini A, Passaglia LMP (2015) Plant growth-promoting bacteria as
inoculants in agricultural soils. Gen Mol Biol 38:401-419.

Deguchi S, Tsujii K, Horikoshi K (2015) In situ microscopic observation of chitin and
fungal cells with chitinous cell walls in hydrothermal conditions. Sci Rep
5:11907.

Dorn B, Forrer HR, Jenny E et al. (2011) Fusarium species complex and mycotoxins in
grain maize from maize hybrid trials and from grower’s fields. J Appl Microbiol
111 (3):693-706.

Douriet-Gamez ND, Maldonado-Mendoza IE, Ibarra-Laclette E ef al. (2016) Genomic
analysis of Bacillus sp. strain B25, a biocontrol agent of maize pathogen
Fusarium verticillioides. Gen Mol Biol Submitted.

Driss F, Kallassy-Awad M, Zouari N, Jaoua S (2005) Molecular characterization of a

novel chitinase from Bacillus thuringiensis subsp. kurstaki. J Appl Microbiol 99
(4):945-953.

Duijff BJ, Gianinazzi-Pearson V, Lemanceau P (1997) Involvement of the outer
membrane lipopolysaccharides in the endophytic colonization of tomato roots by
biocontrol Pseudomonas fluorescens strain WCS417r. New Phytologist 135
(2):325-334.

Duncan KE, Howard RJ (2009) Biology of maize kernel infection by Fusarium
verticillioides. Mol Plant-Microbe Inter 23 (1):6-16.

Edgar RC (2004) MUSCLE: multiple sequence alignment with high accuracy and high
throughput. Nucleic Acids Res 32 (5):1792-1797.

El-Sayed A, Ezzat SM, Ghaly MF et al. (2000) Purification and characterization of two
chitinases from Streptomyces albovinaceus S-22. World J Microbiol Biotechnol
16 (1):87-89.

62



Felse PA, Panda T (1999) Regulation and cloning of microbial chitinase genes. Appl
Microbiol Biotechnol 51 (2):141-151.

Figueroa-Lopez AM, Cordero-Ramirez JD, Martinez-Alvarez JC et al. (2016)
Rhizospheric bacteria of maize with potential for biocontrol of Fusarium
verticillioides. SpringerPlus 5 (1):1-12.

Frankowski J, Lorito M, Scala F et al. (2001) Purification and properties of two
chitinolytic enzymes of Serratia plymuthica HRO-C48. Arch Microbiol 176
(6):421-426.

Gao X, Ju W, Jung W, Park R (2008) Purification and characterization of chitosanase
from Bacillus cereus D-11. Carbohyd Polym 72 (3):513-520.

Geiser DM, Aoki T, Bacon CW et al. (2013) One Fungus, One Name: Defining the
Genus Fusarium in a Scientifically Robust Way That Preserves Longstanding
Use. Phytopathology 103 (5):400-408.

Gohel V, Singh A, Vimal M et al. (2006) Bioprospecting and antifungal potential of
chitinolytic microorganisms. African J Biotech 5 (2):054-072.

Gruber S, Kubicek CP, Seidl-Seiboth V (2011) Differential regulation of orthologous
chitinase genes in mycoparasitic Trichoderma species. Appl Environ Microbiol
77 (20):7217-7226.

Guo J-H, Qi H-Y, Guo Y-H et al. (2004) Biocontrol of tomato wilt by plant growth-
promoting rhizobacteria. Biol Control 29 (1):66-72.

Gupta V, Misra A, Gupta A et al. (2010) Rapd-Pcr of Trichoderma isolates and in vitro

antagonism against Fusarium wilt pathogens of Psidium guajaval. J Plant Protec
Res 50 (3):256-262.

Hallmann J, Quadt-Hallmann A, Mahaffee WF, Kloepper JW (1997) Bacterial
endophytes in agricultural crops. Can J Microbiol 43 (10):895-914.

Hallmann J, Quadt-Hallmann A, Rodriguez-Kabana R, Kloepper JW (1998)
Interactions between Meloidogyne incognita and endophytic bacteria in cotton
and cucumber. Soil Biol Biochem 30 (7):925-937.

Hambraeus G, von Wachenfeldt C, Hederstedt L (2003) Genome-wide survey of
mRNA half-lives in Bacillus subtilis identifies extremely stable mRNAs. Mol
Gen Genom 269 (5):706-714.

Hawtin RE, Arnold K, Ayres MD et al. (1995) Identification and preliminary
characterization of a chitinase gene in the Autographa californica nuclear
polyhedrosis virus genome. Virology 212 (2):673-685.

Heitman J (2005) A fungal achilles' heel. Science 309 (5744):2175-2176.

Henrissat B, Bairoch A (1993) New families in the classification of glycosyl hydrolases
based on amino acid sequence similarities. Biochem J 293 (3):781-788.

63



Hernandez-Rodriguez A, Heydrich-Pérez M, Acebo-Guerrero Y et al. (2008)
Antagonistic activity of cuban native rhizobacteria against Fusarium

verticillioides (Sacc.) Nirenb. in maize (Zea mays L.). Appl Soil Ecol 39
(2):180-186.

Huang CJ, Wang TK, Chung SC, Chen CY (2005) Identification of an antifungal
chitinase from a potential biocontrol agent, Bacillus cereus 28-9. ] Biochem Mol
Biol 38 (1):82-88.

Huynh QK, Hironaka CM, Levine EB et al. (1992) Antifungal proteins from plants
purification, molecular cloning, and antifungal properties of chitinases from
maize seed. J Biol Chem 267 (10):6635-6640.

Inglis PW, Peberdy JF (1997) Production and purification of a chitinase from Ewingella
americana, a recently described pathogen of the mushroom, Agaricus bisporus.
FEMS Microbiol Lett 157 (1):189-194.

Jiang Z-Q, Guo Y-H, Li S-M et al. (2006) Evaluation of biocontrol efficiency of
different Bacillus preparations and field application methods against
Phytophthora blight of bell pepper. Biol Control 36 (2):216-223.

Kaku H, Nishizawa Y, Ishii-Minami N et al. (2006) Plant cells recognize chitin
fragments for defense signaling through a plasma membrane receptor. Proc Natl
A Sci 103 (29):11086-11091.

Karasuda S, Tanaka S, Kajihara H et al. (2003) Plant chitinase as a possible biocontrol
agent for use instead of chemical fungicides. Biosci Biotechnol Biochem 67
(1):221-224.

Karthik F, Akanksha K, Pandey A (2014) Production, purification and properties of
fungal chitinases-a review. Indian J Exp Biol 52 (11):1025-1035.

Kasprzewska A (2003) Plant chitinases-regulation and function. Cell Mol Biol Lett 8
(3):809-824.

Kawasaki T, Tanaka M, Fujie M et al. (2002) Chitin synthesis in chlorovirus CVK2-
Infected Chlorella cells. Virology 302 (1):123-131.

Kim YC, Leveau J, McSpadden Gardener BB et al. (2011) The multifactorial basis for
plant health promotion by plant-associated bacteria. Appl Environ Microbiol 77
(5):1548-1555.

Kishore GK, Pande S, Podile AR (2005) Biological control of late leaf spot of peanut
(Arachis hypogaea) with chitinolytic bacteria. Phytopathology 95 (10):1157-
1165.

Kloepper JW, & Schroth, M. N. (1978) Plant growth promoting rhizobacteria on
radishes. In: Proceedings of the fourth International Conference on Plant
Pathogenic Bacteria. vol 2. Argers, France: Station de Pathologie Vegetale et
Phytobacteriologyie, INRA, pp 879-892.

64



Kuklinsky-Sobral J, Aratjo WL, Mendes R et al. (2004) Isolation and characterization
of soybean-associated bacteria and their potential for plant growth promotion.
Environ Microbiol 6 (12):1244-1251.

Kurita K (2000) Controlled functionalization of the polysaccharide chitin. Prog Polym
Sci 26 (9):1921-1971.

Lenardon MD, Munro CA, Gow NAR (2010) Chitin synthesis and fungal pathogenesis.
Curr Opin Microbiol 13 (4):416-423.

Leyva-Madrigal KY, Larralde-Corona CP, Apodaca-Sanchez MA et al. (2015)
Fusarium species from the Fusarium fujikuroi species complex involved in

mixed infections of maize in Northern Sinaloa, Mexico. J Phytopathol 163
(6):486-497.

Leyva-Madrigal KY, Larralde-Corona CP, Calderon-Vazquez CL, Maldonado-
Mendoza IE (2014) Genome distribution and validation of novel microsatellite

markers of Fusarium verticillioides and their transferability to other Fusarium
species. J Microbiol Methods 101 (0):18-23.

Li H, Greene LH (2010) Sequence and structural analysis of the chitinase insertion
domain reveals two conserved motifs involved in chitin-binding. PLoS ONE 5
(1):e8654.

Li J, Yang Q, Zhao L-h et al. (2009) Purification and characterization of a novel

antifungal protein from Bacillus subtilis strain B29. J Zhejiang Univ Sci B 10
(4):264-272.

Li JG, Jiang ZQ, Xu LP et al. (2008) Characterization of chitinase secreted by Bacillus
cereus strain CH2 and evaluation of its efficacy against Verticillium wilt of
eggplant. BioControl 53 (6):931-944.

Liang TW, Chen YY, Pan PS, Wang SL (2014) Purification of chitinase/chitosanase
from Bacillus cereus and discovery of an enzyme inhibitor. Int J Biol Macromol
63 (0):8-14.

Limoén MC, Lora JM, Garcia I et al. (1995) Primary structure and expression pattern of
the 33-kDa chitinase gene from the mycoparasitic fungus Trichoderma
harzianum. Curr Genet 28 (5):478-483.

Liu Y, Chen Z, Ng TB et al. (2007) Bacisubin, an antifungal protein with ribonuclease
and hemagglutinating activities from Bacillus subtilis strain B-916. Peptides 28
(3):553-559.

LiuY, Tao J, Yan Y ef al. (2011) Biocontrol efficiency of Bacillus subtilis SL-13 and
characterization of an antifungal chitinase. Chin J Chem Eng 19 (1):128-134.

Lizarraga-Sanchez GJ, Leyva-Madrigal KY, Sanchez-Pefia P et al. (2015) Bacillus
cereus sensu lato strain B25 controls maize stalk and ear rot in Sinaloa, Mexico.
Field Crops Res 176 (0):11-21.

65



Loffler M, Kessel B, Ouzunova M, Miedaner T (2010) Population parameters for
resistance to Fusarium graminearum and Fusarium verticillioides ear rot among
large sets of early, mid-late and late maturing European maize (Zea mays L.)
inbred lines. Theor App Gen 120 (5):1053-1062.

Lorito M, Hayes CK, Di Pietro A et al (1994) Purification, characterization, and
synergistic activity of a glucan 1,3-B-glucosidase and an N-acetyl-B-

glucosaminidase from  Trichoderma  harzianum. vol 84. American
Phytopathological Society, St. Paul, MN, ETATS-UNIS

Lorito M, Woo SL, Fernandez IG et al. (1998) Genes from mycoparasitic fungi as a
source for improving plant resistance to fungal pathogens. Proc Natl A Sci 95
(14):7860-7865.

Luna-Olvera HA (2000) Supresion de Fusarium moniliforme por Bacillus thuringiensis.
Ciencia UANL 1:58-66.

Mabuchi N, Araki Y (2001) Cloning and sequencing of two genes encoding chitinases
A and B from Bacillus cereus CH. Can J Microbiol 47 (10):895-902.

Manjula K, Kishore GK, Podile AR (2004) Whole cells of Bacillus subtilis AF 1 proved
more effective than cell-free and chitinase-based formulations in biological
control of citrus fruit rot and groundnut rust. Can J Microbiol 50 (9):737-744.

Manjula K, Podile AR (2001) Chitin-supplemented formulations improve biocontrol
and plant growth promoting efficiency of Bacillus subtilis AF 1. Can J
Microbiol 47 (7):618-625.

Marasas WF, Riley RT, Hendricks KA et al. (2004) Fumonisins disrupt sphingolipid
metabolism, folate transport, and neural tube development in embryo culture and
in vivo: a potential risk factor for human neural tube defects among populations
consuming fumonisin-contaminated maize. J Nutr 134 (4):711-716.

Martinez-Alonso M, Gonzéalez-Montalban N, Garcia-Fruités E, Villaverde A (2009)
Learning about protein solubility from bacterial inclusion bodies. Microb Cell
Fact 8 (1):4.

Merzendorfer H (2006) Insect chitin synthases: a review. J Comp Physiol B 176 (1):1-
15.

Mitsutomi M, Hata T, Kuwahara T (1995) Purification and characterization of novel
chitinases from Streptomyces griseus HUT 6037. J Ferm Bioengin 80 (2):153-
158.

Miya A, Albert P, Shinya T et al. (2007) CERK1, a LysM receptor kinase, is essential
for chitin elicitor signaling in Arabidopsis. Proc Natl A Sci 104 (49):19613-
19618.

Mohammadi A, Shams-Ghahfarokhi M, Nazarian-Firouzabadi F et al. (2016) Giberella
fujikuroi species complex isolated from maize and wheat in Iran: distribution,

molecular identification and fumonisin Blin vitro biosynthesis. J Sci Food Agri
96 (4):1333-1340.

66



Murawska E, Fiedoruk K, Bideshi DK, Swiecicka I (2013) Complete genome sequence
of Bacillus thuringiensis subsp. thuringiensis strain IS5056, an isolate highly
toxic to Trichoplusia ni. Genome Announc 1 (2):e00108-00113.

Nagorska K, Bikowski M, Obuchowski M (2007) Multicellular behaviour and
production of a wide variety of toxic substances support usage of Bacillus
subtilis as a powerful biocontrol agent. Acta Biochim Pol 54 (3):495-508.

Nagpure A, Choudhary B, Gupta RK (2013) Chitinases: in agriculture and human
healthcare. Crit Rev Biotechnol 34 (3):215-232.

Naumann TA, Wicklow DT (2010) Allozyme-specific modification of a maize seed
chitinase by a protein secreted by the fungal pathogen Stenocarpella maydis.
Phytopathology 100 (7):645-654.

Naumann TA, Wicklow DT, Kendra DF (2009) Maize seed chitinase is modified by a
protein secreted by Bipolaris zeicola. Physiol Mol Plant P 74 (2):134-141.

Naumann TA, Wicklow DT, Price NP (2011) Identification of a chitinase-modifying
protein from Fusarium verticillioides: truncation of a host resistance protein by a
fungalysin metalloprotease. J Biol Chem 286 (41):35358-35366.

Nawani NN, Kapadnis BP, Das AD et al. (2002) Purification and characterization of a
thermophilic and acidophilic chitinase from Microbispora sp. V2. J Appl
Microbiol 93 (6):965-975.

Nelson PE (1992) Taxonomy and biology of Fusarium moniliforme. Mycopathologia
117 (1):29-36.

Nelson PE, Toussoun TA, Marasas WF (1983) Fusarium species: an illustrated manual
for identification. he Pennsylvania State University Press, Pennsylvania, USA

Nguyen HA, Nguyen TF, Nguyen TF et al. (2012) Chitinase from Bacillus
licheniformis DSM13: expression in Lactobacillus plantarum WCFS1 and
biochemical characterisation. Protein Exp Pur 81 (2):166-174.

Nguyen VN, Oh 1J, Kim YJ et al. (2009) Purification and characterization of chitinases
from Paecilomyces variotii DG-3 parasitizing on Meloidogyne incognita eggs. J
Ind Microbiol Biotechnol 36 (2):195-203.

Nielsen JS, Larsen MH, Lillebaek EMS et al. (2011) A small RNA controls expression
of the chitinase ChiA in Listeria monocytogenes. PLoS ONE 6 (4):¢19019.

Nimrichter L, Rodrigues ML, Rodrigues EG, Travassos LR (2005) The multitude of
targets for the immune system and drug therapy in the fungal cell wall. Microb
Infec 7 (4):789-798.

Ordentlich A, Elad Y, Chet I (1988) The role of chitinase of Serratia marcescens in
biocontrol of Sclerotium rolfsii. Phytopathology 78 (1):84-88.

67



Oren L, Ezrati S, Cohen D, Sharon A (2003) Early events in the Fusarium
verticillioides-maize interaction characterized by using a green fluorescent
protein-expressing transgenic isolate. Appl Environ Microbiol 69 (3):1695-1701.

Orhan E, Omay D, Gviienilir Y (2005) Partial purification and characterization of
protease enzyme from Bacillus subtilis and Bacillus cereus. Appl Biochem
Biotechnol 121 (1):183-194.

Orole OO, Adejumo TO (2011) Bacterial and fungal endophytes associated with grains
and roots of maize. J Ecol Nat Environ 3 (9):298-303.

Pan H, Wei Y, Xin F et al. (2006) Characterization and biocontrol ability of fusion
chitinase in Escherichia coli carrying chitinase cDNA from Trichothecium
roseum. Zeitschrift fiir Naturforschung C 61 (5-6):397-404.

Patil RS, Ghormade V, Deshpande MV (2000) Chitinolytic enzymes: an exploration.
Enzyme Microb Technol 26 (7):473-483.

Paulitz TC, Bélanger RR (2001) Biological control in greenhouse systems. Ann Review
Phytopathol 39 (1):103-133.

Pereira P, Nesci A, Etcheverry M (2007) Effects of biocontrol agents on Fusarium
verticillioides count and fumonisin content in the maize agroecosystem: Impact
on rhizospheric bacterial and fungal groups. Biol Control 42 (3):281-287.

Picot A, Hourcade-Marcolla D, Barreau C et al. (2012) Interactions between Fusarium
verticillioides and Fusarium graminearum in maize ears and consequences for
fungal development and mycotoxin accumulation. Plant Pathol 61 (1):140-151.

Ping L, Boland W (2004) Signals from the underground: bacterial volatiles promote
growth in Arabidopsis. Trends Plant Sci 9 (6):263-266.

Pinton R, Varanini Z, Nannipieri P (2001) The rhizosphere as a site of biochemical
interactions among soil components, plants, and microorganisms. In: Pinton R,
Varanini Z, Nannipieri P (eds) The Rhizosphere. Mercel Dekker, Inc., New
York, USA, pp 1-18.

Podile A, Kishore GK (2006) Plant growth-promoting rhizobacteria. In:
Gnanamanickam S (ed) Plant-Associated Bacteria. Springer Netherlands, pp
195-230.

Pontén J (2008) La pared celular de los hongos y el mecanismo de accién de la
anidulafungina. Rev Iberoam Micol 25 (2):78-82.

Pontén J, Omaetxebarria MJ, Elguezabal N et al. (2001) Immunoreactivity of the fungal
cell wall. Med Mycol 39 (1):101-110.

Rajendran G, Sing F, Desai AJ, Archana G (2008) Enhanced growth and nodulation of
pigeon pea by co-inoculation of Bacillus strains with Rhizobium spp. Bioresour
Technol 99 (11):4544-4550.

68



Rasko DA, Altherr MR, Han CS, Ravel J (2005) Genomics of the Bacillus cereus group
of organisms. FEMS Microbiol Rev 29 (2):303-329.

Reetarani SP, Vandana G, Mukund VD (2000) Chitinolytic enzymes: an exploration.
Enzyme Microb Tech 26 (7):473-438.

Reinhold-Hurek B, Hurek T (1998) Life in grasses: diazotrophic endophytes. Trends
Microbiol 6 (4):139-144.

Reiter L, Kolsto AB, Piehler AP (2011) Reference genes for quantitative, reverse-
transcription PCR in Bacillus cereus group strains throughout the bacterial life
cycle. J Microbiol Methods 86 (2):210-217.

Riley RT, Norred WP, Bacon CW (1993) Fungal toxins in foods: Recent concerns.
Annu Rev Nutr 13 (1):167-189.

Roncero C (2002) The genetic complexity of chitin synthesis in fungi. Curr Genet 41
(6):367-378.

Ryan RP, Germaine K, Franks A et al. (2008) Bacterial endophytes: recent
developments and applications. FEMS Microbiol Lett 278 (1):1-9.

Sabry SA (1992) Microbial degradation of shrimp-shell waste. J Basic Microbiol 32
(2):107-111.

Sakuda S, Isogai A, Matsumoto S, Suzuki A (1987) Search for microbial insect growth
regulators. II. Allosamidin, a novel insect chitinase inhibitor. J Antibiot 40
(3):296-300.

Sato Y, Araki Y (2007) Analyses of ChiA and ChiB production by Bacillus cereus CH:
induction, gene expression, and localization of two chitinases. J Environ
Biotechnol 7 (1):27-32.

Schroth MN, Hancock JG (1982) Disease-suppressive soil and root-colonizing bacteria.
Science 216 (4553):1376-1381.

Schulz B, Boyle C (2006) What are endophytes? In: Schulz BE, Boyle CC, Sieber T
(eds) Microbial Root Endophytes, vol 9. Soil Biology. Springer Berlin
Heidelberg, pp 1-13.

Selvakumar G, Kundu S, Gupta AD et al. (2008) Isolation and characterization of
nonrhizobial plant growth promoting bacteria from nodules of kudzu (Pueraria

thunbergiana) and their effect on wheat seedling growth. Curr Microbiol 56
(2):134-139.

Shali A, Ghasemi S, Ahmadian G et al. (2010) Bacillus pumilus SG2 chitinases induced
and regulated by chitin, show inhibitory activity against Fusarium graminearum
and Bipolaris sorokiniana. Phytoparasitica 38 (2):141-147.

Sharma N, Sharma KP, Gaur RK, Gupta VK (2011) Role of chitinase in plant defense.
Asian J Biochem 6:29-37.

69



Shibuya N, Minami E (2001) Oligosaccharide signalling for defence responses in plant.
Physiol Mol Plant P 59 (5):223-233.

Shiomi HF, Silva HS, Alves M et al. (2006) Bioprospecting endophytic bacteria for
biological control of coffee leaf rust. Sci Agr 63:32-39.

Singh A, Chhatpar H (2011) Purification and characterization of chitinase from
Paenibacillus sp. D1. Appl Biochem Biotech 164 (1):77-88.

Slimene IB, Tabbene O, Gharbi D et al. (2015) Isolation of a chitinolytic Bacillus
licheniformis S213 strain exerting a biological control against Phoma
medicaginis infection. Appl Biochem Biotechnol 175 (7):3494-3506.

Small IM, Flett BC, Marasas WFO et al. (2011) Resistance in maize inbred lines to
Fusarium verticillioides and fumonisin accumulation in South Africa. Plant Dis
96 (6):881-888.

Sorensen J (1997) The rhizosphere as a habitat for soil microorganisms. In: Elsas JDv,
Trevors JT, Wellington EMH (eds) Modern soil microbiology. Marcel Dekker,
New York, pp 21-45.

Strobel G, Daisy B, Castillo U, Harper J (2004) Natural products from endophytic
microorganisms. J Nat Prod 67 (2):257-268.

Sutton DA, Fothergill AW, Rinaldi MG (1998) Guide to clinically significant fungi. 1st
edn. Williams and Wilkins, Baltimore.

Taira T, Ohnuma T, Yamagami T et al. (2002) Antifungal activity of rye Secale cereale
seed chitinases: the different binding manner of class I and class II chitinases to
the fungal cell walls. Biosci Biotech Bioch 66 (5):970-977.

Tamura K, Peterson D, Peterson N et al. (2011) MEGAS: Molecular evolutionary
genetics analysis using maximum likelihood, evolutionary distance, and
maximum parsimony methods. Mol Biol Evol 28 (10):2731-2739.

Teplitski M, Robinson JB, Bauer WD (2000) Plants secrete substances that mimic
bacterial N-Acyl homoserine lactone signal activities and affect population

density-dependent behaviors in associated bacteria. Mol Plant-Microb Interact
13 (6):637-648.

Tilak K, Ranganayaki N, Pal KK et al. (2005) Diversity of plant growth and soil health
supporting bacteria, vol 89. vol 1. Current Science Association, Bangalore,
INDE.

Ueda M, Kotani Y, Sutrisno A et al. (2005) Purification and characterization of
chitinase B from moderately thermophilic bacterium Ralstonia sp. A-471. Biosci
Biotechnol Biochem 69 (4):842-844.

Usui T, Matsui H, Isobe K (1990) Enzymic synthesis of useful chito-oligosaccharides

utilizing transglycosylation by chitinolytic enzymes in a buffer containing
ammonium sulfate. Carbohyd Res 203 (1):65-77.

70



Veronico P, Gray L, Jones J ef al. (2001) Nematode chitin synthases: gene structure,
expression and function in Caenorhabditis elegans and the plant parasitic
nematode Meloidogyne artiellia. Mol Genet Genom 266 (1):28-34.

Vessey JK (2003) Plant growth promoting rhizobacteria as biofertilizers. Plant and Soil
255 (2):571-586.

Vogel C, Marcotte EM (2012) Insights into the regulation of protein abundance from
proteomic and transcriptomic analyses. Nature rev Genet 13 (4):227-232.

Vogelgsang S, Hecker A, Musa T et al. (2011) On-farm experiments over 5 years in a
grain maize/winter wheat rotation: effect of maize residue treatments on

Fusarium graminearum infection and deoxynivalenol contamination in wheat.
Mycotoxin Research 27 (2):81-96.

Vranova V, Rejsek K, Skene KR et al. (2013) Methods of collection of plant root
exudates in relation to plant metabolism and purpose: A review. J Plant Nutr
Soil Sci 176 (2):175-199.

Walker TS, Bais HP, Grotewold E, Vivanco JM (2003) Root exudation and rhizosphere
biology. Plant Physiol 132 (1):44-51.

Wang G, Liu F, M. W, Peng L (2011) Motility of endophytic bacteria strain B3-7
involved in endophytic colonization of wheat roots and biological control of
wheat take-all. Acta Phytopathol Sin 41 (5):526-533.

Wang SL, Chang WT (1997) Purification and characterization of two bifunctional
chitinases/lysozymes extracellularly produced by Pseudomonas aeruginosa K-

187 in a shrimp and crab shell powder medium. Appl Environ Microbiol 63
(2):380-386.

Wang SL, Hsiao WJ, Chang WT (2002) Purification and characterization of an
antimicrobial chitinase extracellularly produced by Monascus purpureus
CCRC31499 in a shrimp and crab shell powder medium. J Agric Food Chem 50
(8):2249-2255.

Wang SL, Liang TW, Lin BS et al. (2010) Purification and characterization of chitinase
from a new species strain Pseudomonas sp. TKUO008. J Microbiol Biotechnol 20
(6):1001-1005.

Wang SY, Moyne AL, Thottappilly G et al. (2001) Purification and characterization of
a Bacillus cereus exochitinase. Enzyme Microb Tech 28 (6):492-498.

Wen CM, Tseng CS, Cheng CY, Li YK (2002) Purification, characterization and
cloning of a chitinase from Bacillus sp. NCTU2. Biotechnol Appl Biochem
35:213-219.

West ER, Cother EJ, Steel CC, Ash GJ (2010) The characterization and diversity of
bacterial endophytes of grapevine. Can J Microbiol 56 (3):209-216.

Williams WP, Windham GL (2009) Diallel analysis of fumonisin accumulation in
maize. Field Crops Res 114 (2):324-326.

71



Wiwat C, Siwayaprahm P, Bhumiratana A (1999) Purification and characterization of
chitinase from Bacillus circulans No.4.1. Curr Microbiol 39 (3):134-140.

Xie D, Peng J, Wang J et al. (1998) Purification and properties of antifungal protein
X981 from Bacillus subtilis. Wei Sheng Wu Xue Bao 38 (1):13-19.

Yabuki M, Kasai Y, Ando A, Fujii T (1984) Rapid method for converting fungal cells
into protoplasts with a high regeneration frequency. Exp Mycol 8 (4):386-390.

Yamabhai M, Emrat S, Sukasem S et al. (2008) Secretion of recombinant Bacillus

hydrolytic enzymes using Escherichia coli expression systems. J Biotechnol 133
(1):50-57.

Yuan WM, Crawford DL (1995) Characterization of Streptomyces lydicus WYEC108
as a potential biocontrol agent against fungal root and seed rots. Appl Environ
Microbiol 61 (8):3119-3128.

Zahir ZA, Arshad M, Frankenberger Jr WT (2003) Plant growth promoting
rhizobacteria: applications and perspectives in agriculture. In: Advances in
Agronomy, vol Volume 81. Academic Press, pp 97-168.

Zhong WF, Fang JC, Cai PZ et al. (2005) Cloning of the Bacillus thuringiensis serovar
sotto chitinase (Schi) gene and characterization of its protein. Genet Mol Biol
28:821-826.

Zhonghua M, Michailides TJ (2005) Advances in understanding molecular mechanisms
of fungicide resistance and molecular detection of resistant genotypes in
phytopathogenic fungi. Crop Protection 24 (10):853-863.

Zila CT, Ogut F, Romay MC et al. (2014) Genome-wide association study of Fusarium
ear rot disease in the U.S.A. maize inbred line collection. BMC Plant Biol 14
(1):372.

Zila CT, Samayoa LF, Santiago R et al. (2013) A genome-wide association study
reveals genes associated with Fusarium ear rot resistance in a maize core
diversity panel. G3: Genes|Genomes|Genetics 3 (11):2095-2104.

Zwick ME, Joseph SJ, Didelot X ef al. (2012) Genomic characterization of the Bacillus
cereus sensu lato species: backdrop to the evolution of Bacillus anthracis.
Genome Res 22 (8):1512-1524.

72





