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A. RESUMEN

Los ciclodipéptidos (CDPs) son las moléculas de origen peptidico mas pequefias
que pueden ser producidas por diversos organismos como bacterias, hongos y
animales. Han sido estudiados por sus diferentes propiedades bioldgicas como
antibacterianos, antifingicos, antivirales, anticancerigenos, entre otros. En el
presente trabajo, examinamos la capacidad de los CDPs producidos por la bacteria
Pseudomonas aeruginosa de activar la via de sefializacion de TOR (blanco de la
Rapamicina, por sus siglas en inglés) y regular la arquitectura de la raiz en
Arabidopsis thaliana. Esta bacteria es conocida como patégeno oportunista de
humanos y patégeno de plantas. P. aeruginosa produce cuatro ciclodipéptidos
bioactivos: ciclo(L-Pro-L-Leu), ciclo(L-Pro-L-Phe), ciclo(L-Pro-L-Tyr), and ciclo(L-
Pro-L-Val). Estas moléculas fueron capaces de modular los programas celulares
bésicos no soélo por la activacion de la via auxinica, sino por la promocion de la
fosforilacién de la cinasa de la proteina ribosomal S6 (S6K), un sustrato rio abajo
de la cinasa TOR. La inoculacién de plantas de Arabidopsis thaliana con P.
aeruginosa PAO1 (WT) 6 JM2 (cepa no patdégena Alasl/Arhll) o por la exposicion de
plantas a la mezcla de CDPs, estimul6 el crecimiento de la raiz primaria y promovi6
el incremento de raices laterales por un incremento en la proliferacion celular.
Mientras que con el uso de plantas de lineas afectadas en la expresién de TOR se

indico el papel determinante de esta via en la fitoestimulacién.

Palabras clave: ciclodipéptidos; promocion del crecimiento; interaccion planta-

bacteria; via TOR; fitoestimulacion.



B. Summary

Cyclodipeptides (CDPs) are the smallest molecules of peptide origin that can be
produced by several organisms such as bacteria, fungi and animals. These
molecules have been studied due to their different biological properties such as
antibacterial, antifungal, antiviral, anticancer, among others. In the present work, we
examine the ability of CDPs produced by the bacterium Pseudomonas aeruginosa
to activate the TOR signaling pathway (Rapamycin target) and regulate root
architecture in Arabidopsis thaliana. This bacterium is known as an opportunistic
human pathogen and a plant pathogen. P. aeruginosa produces four bioactive
cyclodipeptides: cycle (L-Pro-L-Leu), cycle (L-Pro-L-Phe), cycle (L-Pro-L-Tyr), and
cycle (L-Pro-L- Val). These molecules were able to modulate basic cellular programs
not only by activating the auxinic pathway, but by promoting the ribosomal protein
kinase S6 (S6K) phosphorylation, a downstream substrate of TOR kinase. The
inoculation of Arabidopsis thaliana plants with P. aeruginosa PAO1 (WT) or JM2 (a
non-pathogenic strain Alasl/Arhll) or by the exposure of plants to the CDPs mixture,
stimulated the primary root growth and promoted the growth of lateral roots by an
increasing cell proliferation. Moreover, the use of plants lines affected in TOR
expression, the determining role of this pathway in phytostimulation was indicated.



l. INTRODUCCION

La bacteria Gram negativa con forma de bacilo Pseudomonas aeruginosa, ha sido
ampliamente estudiada y es conocida como un patégeno oportunista en humanos y
patdogeno de plantas, es ubicua en la naturaleza, pero se pude localizar en la
riz6sfera, donde prolifera alimentandose de los exudados radiculares y otros
nutrientes del suelo (Plotnikova et al., 2000; Rahme et al., 1995). Est4 bacteria
puede evadir las defensas del hospedero a través de la produccion de diversos
factores de virulencia, como son: toxinas, adesinas, piocianina, ciclodipéptidos
(CDPs) y otros (Dela Ahator y Zhang, 2019). Los CDPs son moléculas cicladas de
tamafio pequefio, que estan compuestos de dos aminodcidos enlazados por
enlaces peptidicos. Estos compuestos pueden ser sintetizados por una gran
variedad de microorganismos como bacterias, hongos y animales (Canu et al., 2018;
Mishra et al.,, 2017). Los ciclodipéptidos tienen la capacidad de modular las
interacciones de quérum sensing y comunicacién cruzada entre especies de
organismos evolucionariamente distantes como bacterias y plantas (Gonzalez and
Keshavan, 2006; Ortiz-Castro et al., 2011). Se ha reportado que P. aeruginosa
produce los ciclodipéptidos ciclo(L-Pro-L-Leu), ciclo(L-Pro-L-Phe), ciclo(L-Pro-L-
Tyr) y ciclo(L-Pro-L-Val), que promueven el crecimiento y desarrollo de Arabidopsis
thaliana, mediante un mecanismo que parece sustituir a las auxinas en la unién con
Su receptor y son capaces de activar los genes de respuesta a auxinas (Gonzalez
et al., 2017; Ortiz-Castro et al., 2011).

El crecimiento y desarrollo de las plantas requieren la activacion de la via de TOR
(blanco de la Rapamicina, por sus siglas en inglés), que es el regulador maestro del
crecimiento en eucariontes (Rexin et al., 2015). La via de TOR desempefia un papel
central en la percepcion de estimulos intra y extracelulares como factores de
crecimiento, nutrientes, niveles de energia y el dafio celular, a través de la
integracion de estos estimulos, la activacion de TOR regula una variedad de
procesos celulares esenciales como el metabolismo, el ciclo celular, la autofagia y

10



la sintesis de proteinas, mediante la fosforilacion de diferentes proteinas blanco
(Deprost et al., 2007; Dobrenel et al., 2016; Rexin et al., 2015). La proteina cinasa
de la proteina ribosomal S6 (S6K) es uno de los blancos de TOR mas ampliamente
estudiados, debido a que la activacion de S6K induce un incremento en la sintesis
de proteinas (Fenton y Gout, 2011; Van Dam et al., 2011). Previamente nuestro
grupo de trabajo reporté que los CDPs producidos por P. aeruginosa activaron a la
proteina S6K en plantas de maiz (ZmS6K), como se menciond es un blanco de
TOR, por lo que podriamos decir que la via de TOR puede ser activada por los
CDPs (Corona-Sanchez et al., 2019). Si tomamos en cuenta que la via de TOR se
encuentra conservada entre maiz y Arabidopsis, entonces podriamos hipotetizar
gue los CDPs también pueden activar la via de TOR en A. thaliana. En el presente
trabajo determinamos que la promocion del crecimiento durante la interaccion
Arabidopsis-Pseudomonas requiere la activacion de la proteina S6K de A. thaliana
(AtS6K) y que los CDPs producidos por P. aeruginosa fueron responsables de dicha
activacion. Ademas, determinamos que los CDPs indujeron un aumento de la
proliferacion celular del meristemo de la raiz primaria y la maduracion de primordios
de raices laterales, indicando que los ciclodipéptidos estimulan la proliferacion
celular en plantas de A. thaliana mediante un mecanismo dependiente de la

activacion de la via de TOR.
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. MARCO TEORICO
1. Larizésfera

La rizosfera se refiere a la zona del suelo que se encuentra directamente
influenciada por las secreciones o exudados de las raices de las plantas. Estos
exudados constituyen una variedad de moléculas liberadas por las raices como son
acidos orgénicos, azucares, polisacaridos y otros, que pueden ser utilizados como
nutrientes por otros organismos como hongos, bacterias, protistas, nhematodos e
invertebrados. Entonces, la rizosfera se considera como una zona densamente
poblada. Est4 poblacion puede ser modificada por la secrecion de metabolitos
primarios (por ejemplo, &cidos organicos, carbohidratos y aminoacidos) vy
secundarios (por ejemplo, alcaloides, terpenoides y fenoles) de las raices que
ayudan a la atraccidon de organismos benéficos y a combatir patégenos. El proceso
de exudacion esta altamente regulado ya que la sintesis de metabolitos representa
un proceso altamente costoso, hablando en términos energéticos, por el consumo

de carbono y nitrégeno de la planta (Venturi y Keel, 2016).
1.1. Interacciones entre microorganismos

La rizosfera sirve como huésped de inmensa diversidad de microorganismos que
pueden establecer diferentes interacciones como comensales, mutualistas vy
parasiticas o también llamadas positivas o0 benéficas, negativas o patogénicas y
neutras (Fig 1) (Venturiy Keel, 2016). En el caso de las bacterias benéficas, también
llamadas rizobacterias promotoras del crecimiento de plantas (PGPR), colonizan
competitivamente las raices de las plantas, estimulan el crecimiento y pueden
mostrar una actividad de biocontrol hacia organismos patégenos que causan
enfermedades de plantas. Para llevar a cabo dichos procesos, lo realizan a través
de varios mecanismos como la fijacion de nitrégeno atmosférico, la solubilizacién
de fosfato y otras sales, la produccién de hormonas vy la liberacién de antibiéticos
y/o toxinas (Haas y Défago, 2005; Venturi y Keel, 2016; Vishwakarma et al., 2020).
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Algunas PGPR se denominan como biopesticidas por su propiedad biocontrol
sobresaliente. Estas PGPR pertenecen principalmente a los géneros Pseudomonas
y Bacillus (Haas y Défago, 2005). Al conjunto de organismos benéficos que
colonizan la rizosfera se le conoce como microbiota de la rizésfera o rizomicrobioma.
Esta colonizacion de la rizosfera, esta regulada directamente por la composicion de
los exudados radiculares y esta composicion se determina por los eventos de
comunicaciéon llevados a cabos entre los microorganismos, tanto benéficos y
patogénicos, y las raices de las plantas (Venturi y Keel, 2016; Vishwakarma et al.,
2020). La comunicacion entre microorganismos y plantas es llevada a cabo
mediante moléculas sefial. En bacterias, este mecanismo de comunicacion

mediante moléculas sefial se denomina “quérum sensing” (Venturi y Keel, 2016).

PN ) T

Defensa Exudados
Elicitores
de

defensa

Infeccion

Antibiéticos, PGPR biocontrol

Fig 1. Interaccion entre planta, patégenos, bacterias promotoras del crecimiento y suelo (tomada de
Haas y Défago, 2005).

13



2. Quorum sensing

Por mucho tiempo se pensé que las bacterias trabajaban como organismos
individuales disefiados para proliferar bajo diversas condiciones, pero incapaces de
interactuar con otros individuos y responder colectivamente a estimulos
ambientales, que es un comportamiento tipico de organismos pluricelulares (Juhas,
et al.,, 2005). Posteriormente se descubri6 que la percepcion de estimulos
ambientales se lleva a cabo de manera sincronizada a partir de la densidad de la
poblacién, como fue observado con el fendmeno de bioluminiscencia en la bacteria
Gram negativa Vibrio fischeri o la regulacién de la competencia genética en la
bacteria Gram positiva Streptococcus pneumoniae (Gonzalez y Keshavan, 2006).
Ambos fendmenos que parecen tan diferentes y aislados, son controlados por lo
que se conoce como “quorum sensing” o “percepcion del quérum” (QS). Se
denomina QS al proceso de comunicacion célula a célula en el cual las bacterias
usan la produccion y posterior deteccién de sefales quimicas extracelulares
llamadas autoinductores, esta sefial difunde al medio circundante (Reading y
Sperandio, 2006). Entonces, a medida que incrementa la poblacion se van
acumulando las sefales hasta que se llega al umbral de concentracién, una vez que
se excede un umbral de concentracion, esto lleva a la activacion de vias de
sefalizacion que, a su vez, activaran la expresion de genes relacionados a la
regulacion de una poblacién (Fig 2) (Gonzalez y Keshavan, 2006; Juhas et al.,
2005).
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Fig 2. Representacion esquematica de la regulacion de genes por quérum sensing (modificado de

Pérez-Velazquez et al., 2016).

Las bacterias usan la sefializacion por quoérum sensing para regular una variedad
de fendmenos, como la produccién de exopolisacaridos, la produccion de factores
de virulencia y la motilidad, las cuales son esenciales para el establecimiento exitoso
de una relacion simbibtica o patdégena con su respectivo huésped (Gonzalez y
Keshavan, 2006).

2.1. Quérum sensing en bacterias Gram negativas

El QS fue descubierto en la bacteria luminiscente marina Vibrio fischeri, que es un
simbionte facultativo de peces marinos y calamares. La bacteria vive en los érganos
de luz de estos animales marinos y es responsable de la produccion de
luminiscencia, lo cual se cree que ayuda a los animales a escapar de depredadores
y en la comunicacién. Interesantemente, la bioluminiscencia solo se presenta
cuando existe la interaccion simbidtica entre la bacteria y el érgano del pez y no
cuando esta en el estado de vida libre (Hastings y Nealson, 1977). Esta regulacién
de la bioluminiscencia esta mediada por el sistema LuxI-LuxR (6 LuxIR), que
pertenece a la red de sefializaciéon de quérum sensing (Fig 3). Este sistema funciona
cuando la proteina, Luxl, sintetiza en el citoplasma la sefial quimica que es una acil-
homoserina lactona (HSL) de seis carbonos, 3-oxo-hexanoil-HSL, la cual difunde a

través de la membrana plasméatica hacia el medio circundante y, a medida que las

15



HSL se acumulan llevan a la unién y activacion de su regulador especifico LUxR.
Cuando LuxR es activado, actua como factor transcripcional, de manera que se une
a secuencias palindromicas especificas del ADN, llamadas “caja lux”, favoreciendo
el reclutamiento de la ARN polimerasa, y asi activando la expresion de genes
especificos (Gonzalez y Keshavan, 2006; Ng y Bassler, 2009).

Ooé)OO O0000 000

OOOQ o OOO o
o P 9]

T o]
-

= Genes blanco

"\ LuxR ) |_>

Fig 3. Tipico sistema de quérum sensing tipo LuxIR de bacterias Gram negativas. Cuando LuxI
sintetiza HSL (pentagonos rojos) difunde al medio, cuando se alcanza la concentracion necesaria la
sefial activa a LuxR que actlla como regulador transcripcional para la activacion de genes blanco
(tomada de Ng y Bassler, 2009).

La gran mayoria de sistemas de QS en bacterias Gram negativas que han sido
estudiadas utilizan HSL como moléculas sefializadoras (de Kievit e Iglewski, 2000).
Ademas de las HSL, se sabe que existen otros tipos de sefales autoinductoras,
cuyas estructuras son quimicamente diferentes y cada una de ellas forman parte de
una red regulatoria diversa, como el autoinductor-2, los ciclodipéptidos, y otros
(Tabla 1) (Gonzalez y Keshavan, 2006; Atkinson y Williams, 2009).
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Tabla 1. Algunas moléculas autoinductoras identificadas en bacterias Gram negativas (tomada de

Gonzalez y Keshavan, 2006).

Fenotipo(s)

Autoinductores Estructura general Especies productoras
regulados
Gran diversidad Motilidad,
O R . . s .

bacterias gram- exopolisacaridos

HSL °: >\ ' )
L M" negativas otros
P. fluorescens, Cepasindicadorasde

2]
ciclo(L-Phe-L- - . N
pro), ciclo(L-Tyr-L- G;)\/@\R P. alkaligenes activacion cruzadade

quorum-sensing

Pro)
e ol U V. harvei, S. entérica Bioluminisencia,
07 ) fucns
A2 Ho t[\CH HO....HU serotovar transportadores ABC
Ho A Tiphymurium
B. japonicum Nodulacién

Bradioxetina

)\/\/\/\/:\ X. campestris Produccion

SO0H
DSF endoglucanasa

2.1.1. Autoinductores de bacterias Gram negativas
2.1.1.1. Acil-homoserina lactonas

Las HSL son el grupo de autoinductores mas ampliamente estudiado y su actividad
se ha relacionado principalmente en la regulacién de la patogenicidad. Estan
compuestos de un anillo de homoserina lactona y un grupo acilo de longitud
variable, siendo la cadena mas corta de 4 carbonos y 18 la cadena mas larga.
Ademas de la longitud, pueden variar en su estructura por el nivel de saturacién y
por la presencia de un grupo oxo o hidroxilo en el carbono 3 de la cadena acilo. Esto

provee variacion y especificidad a la comunicaciéon de quérum sensing, ya que
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determinadas bacterias solo pueden producir ciertos tipos de HSL (Debunne et al.,
2017; Gonzalez y Keshavan, 2006).

2.1.1.2. Autoinductor-2

El autoinductor-2 (Al-2), se ha descrito como una molécula sefial para la
comunicacion interespecies, ya que puede ser producida por bacterias Gram
positivas y negativas. Esta molécula se descubrié en Vibrio harveyi, identificada
como una furanosil borato diéster donde es responsable de la regulacion de la
bioluminiscencia. La molécula Al-2 aislada de Salmonella enterica serotovar
Typhimurium es una (2R,4S)-2-metil-2,3,3,4-hidroxitetrahidrofurano que carece de
Boro. Ambas bacterias reconocen estas dos formas de Al-2, que derivan del
precursor dihidroxil-2,3-pentanodiona. La sefializacion de Al-2 se ha relacionado
con la regulacion de la secrecion tipo 3 en E. coli O15:H7, el factor de virulencia VirB
en Shigella flexner y alrededor de 400 genes mediante un microarreglo en cepas de
E. coli (Debunne et al., 2017; Gonzalez y Keshavan, 2006).

2.1.1.3. Bradioxetina

La estructura de la bradioxetina, 2-{4- [[ 4-( 3-aminooxetan-2- il) fenil] (imino) metil]
fenil} oxetan-3-il amina es similar al sideréforo acido mugeneico y parece que la
bradioxetina es regulada por las concentraciones de hierro del medio. Esta molécula
se ha relacionado con la regulacion de los genes nod en Bradyrhizobium japonicum,
una bacteria simbionte fijadora de nitrdgeno en muchas plantas leguminosas.
Dichos genes nod son reprimidos a altas densidades poblacionales (Gonzalez y
Keshavan, 2006).

2.1.1.4. DSF

El factor de sefal difusible, acido cis-11-metil-dodecanoico (DSF), es una molécula
compuesta de un esqueleto de &cido graso insaturado. Es otra sefial de

comunicacion célula a célula que estd ampliamente conservada en diversas
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especies bacterianas. Esta se considera como una molécula de sefializacion inter e
intraespecie y se le ha implicado en la regulacion de la produccién de factores de
virulencia y biofilm. El sistema de quorum sensing dependiente de DSF fue
identificado en Xantomonas campestris pv. campestris y consta de RpfF, requerido
para la sintesis de DSF, y un sistema regulatorio de dos componentes, la cinasa
sensora RpfC y su regulador de respuesta RpfG (Dela Ahator y Zhang, 2019;
Gonzalez y Keshavan, 2006).

2.1.1.5. Ciclodipéptidos

Los ciclodipéptidos (2,5-dioxopiperazinas, 2,5-dicetopiperazinas o dipéptidos
anhidridos) y sus derivados las dicetopiperazinas (DKPs), son los compuestos
peptidicos mas pequefios, los cuales constituyen una gran clase de metabolitos
secundarios metabolizados por diversos microorganismos como bacterias, hongos
e incluso mamiferos (Belin et al., 2012; Nilov et al., 2018; Prasad 1995). Desde el
primer reporte, en 1924, han sido descubiertos un gran namero de ciclodipéptidos
bioactivos y recientemente han cobrado cierto interés debido a la diversidad de
actividades biologicas que muestran, como son antibacterial, antifungica, antiviral,
antitumoral, inmunosupresoras y antiinflamatorias (de Carvalho y Abraham, 2012;
Wang et al., 2017).

El papel bioldgico de los CDPs en los organismos que los producen permanece aun
poco claro. Se cree que algunos ciclodipéptidos pueden actuar como pequefias
moléculas difusibles involucradas en la comunicacion célula-célula. Estos parecen
constituir una nueva clase de sefiales de quérum sensing bacteriano o entre
especies bacterianas (Gonzalez et al., 2017; Martinez-Carranza et al., 2018).
Debido a los efectos en plantas y cultivos celulares humanos, incluso se considera
un nuevo mecanismo de comunicacién entre reinos (Hernandez-Padilla et al., 2017;
Ortiz-Castro et al., 2011).
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Los ciclodipéptidos, como su nombre lo indica, estan constituidos de dos
aminoacidos enlazados de manera ciclica por dos enlaces peptidicos, o que genera
un anillo central diceto y los grupos sustituyentes orientados hacia extremos
opuestos (Prasad, 1995). Por lo que se pueden obtener combinaciones de los 20

aminoacidos esenciales, ademas de aminoacidos no esenciales.

Como se menciono anteriormente, los CDPs pueden ser sintetizados por diversos
organismos. Dicha sintesis se puede realizar enzimaticamente mediante dos
mecanismos. El primer mecanismo, y el primeramente descubierto, se lleva a cabo
por la accion de las péptido sintetasas no ribosomales (NRPS) y el segundo
mecanismo es realizado por las ciclodipéptido sintasas (CDPS).

2.1.1.5.1. Péptido sintetasas no ribosomales.

Las NRPS son las enzimas responsables de la sintesis de muchos productos
naturales usados en la industria farmacoldgica, incluyendo antibiéticos (por e€j.
vancomicina, penicilina), compuestos anticancerigenos (por ej. bleomicina,
epotilona) e inmunosupresores (ciclosporina) (Wyatt et al., 2012). Las NRPS son
enzimas grandes, multimodulares involucradas en la sintesis de muchos péptidos
no ribosomales. Cada mddulo es responsable de la incorporacion de un aminoacido
y esta constituido generalmente por tres dominios: adenilacion (A), tiolacion (T) y
condensacion (C) (Fig 4) (Grinewald y Marahiel, 2006).
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Fig 4. Sintesis de ciclodipéptidos por el operdén de aureusimina en Staphylococcus aureus. A) El
operén esta conformado por los genes ausA, que codifica para una péptido sintetasa no ribosomal y
ausB, que codifica para una fosfopantetenil transferasa. B) Esquema de los dominios de AusA para
la sintesis de péptidos no ribosomales. Para el ensamble de los ciclodipéptidos consta de dos
modulos conformados por los dominios de adenilacion (A), tiolaciéon (T), condensacion (C) y
reductasa (Re). De la actividad de AusA se obtienen tres productos: aureusimina A (1), aureusimina
B (2) y leuvalina (3) (tomada de Wyatt et al., 2012).

El dominio A (~550 aminoéacidos) controla el primer paso de la sintesis enzimatica,
que es el reconocimiento y activacion del aminoacido. Este dominio cataliza dos
reacciones. Primero, selecciona el aminoacido de la poza disponible de sustratos,
seguido de la activacion como un aminoacil adenilado. El segundo paso, el
aminoacil adenilado activado es transferido al grupo tiol del cofactor 4-fosfopanteina
(ppan) del dominio T, el cual es el unico dominio de las NRPS sin una actividad

catalitica. El dominio T (~80 aminoacidos) facilita el transporte ordenado de
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sustratos y productos intermedios de elongacidbn a los centros cataliticos
(Grunewald y Marahiel, 2006).

La formacion del enlace peptidico es mediada por el dominio C (~450 aminoacidos).
Este dominio cataliza el ataque nucleofilico entre el grupo amino del aminoacido
unido al dominio T rio abajo con el tioéster electrofilico del aminoacido o péptido
unido al dominio T rio arriba. La direccionalidad de esta reaccion esta dada por un
sitio donador y un sitio aceptor para electrofilos y nucledfilos, respectivamente. De
acuerdo a este mecanismo el sitio aceptor une al nucledfilo con gran afinidad hasta
que la entrada del electréfilo completa el proceso de condensacion (Grinewald y
Marabhiel, 2006).

2.1.1.5.2. Ciclodipéptido sintasas.

En 2002, fue descubierto que para la formacion de la albonoursina (ciclo(a,[3-
deshidroPhe- a,B-deshidroLeu 6 cAFAL) producida por Streptomyces noursei se
requiere de AlbC, una enzima pequeiia (239 residuos) que fue caracterizada como
una CDPS y cuya actividad cataliza la formacion del ciclodipéptido ciclo(L-Phe-L-
Leu), que es el precursor de la albonoursina (Gondry et al. 2009). Esta enzima
mostré no estar relacionada estructural ni funcionalmente con las enzimas NRPS
anteriormente descritas, cuya accién cataliza la formacion de péptidos no
ribosomales (Gondry et al. 2009; Watanabe et al. 2007).

Las CDPS utilizan aminoacil-ARNt como sustratos para la formacion de diferentes
ciclodipéptidos y no son dependientes de ATP para la formacion del enlace
peptidico (Canu et al., 2019; Gondry et al., 2009). Desde la primera descripcion de
la proteina AIbC, ha aumentado considerablemente el numero de enzimas
identificadas con la actividad de sintetizar ciclodipéptidos, mas 120 miembros hasta
mediados de 2019 (Canu et al., 2019; Gondry et al., 2018; Jacques et al., 2015).
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Las CDPS usan dos aminoacil-ARNt como sustratos en un mecanismo secuencial
tipo “ping-pong” para formar los dos enlaces peptidicos del ciclo dipéptido (Moutiez
et al., 2014). Este mecanismo fue caracterizado en AlbC para la formacion de
ciclo(L-Phe-L-Leu) (Fig 5). Donde la unién del primer aminoacil-ARNt se lleva por el
enlace covalente del aminoéacido al residuo S37, generando un intermediario acil-
enzima. El segundo aminoacil-ARNt se une al intermediario acil-enzima para formar
un intermediario dipeptidil-enzima (Moutiez et al., 2014). Y finalmente, se lleva a
cabo la ciclacion intramolecular, donde el residuo T202 sirve como un donador de
protones y asi generando el ciclodipéptido. Ademas de los residuos mencionados,
que interactian directamente, también los residuos Y178 y E182 participan en el
anclaje y estabilizacién de los aminoéacidos a la enzima (Canu et al., 2019; Moutiez
et al., 2014). Estos cuatro residuos S37, T202, Y178 y E182, se han encontrado
conservados en todas las CDPS (Canu et al., 2019). Como estos residuos adoptan
posiciones similares en las estructuras de otras CDPS, podemos pensar que todas
las CDPS comparten el mismo mecanismo catalitico (Bourgeois et al., 2020; Canu
et al., 2019).
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Fig 5. Mecanismo catalitico propuesto para la formaciéon de ciclo(L-Phe-L-Leu) por AlbC de
Streptomyces noursei. 1) Incorporacion y estabilizacién del primer Phe-ARNt (color azul). 2)
Formacion de un intermediario acil-enzima. 3) Interaccion del segundo Leu-ARNt (color rojo) con el
acil-enzima y ataque del grupo amino de la primer Phe al ester carbonilo del segundo Leu-ARNt. 4)
Formacion del intermediario dipéptido-enzima. 5) Reaccién de ciclacién del dipéptido. 6) Liberacion

de la enzima para formar ciclo(L-Phe-L-Leu) (modificada de Canu et al., 2019)

Una caracteristica estructural importante de las enzimas CDPS es el alto grado de
similitud estructural con los dominios cataliticos de las aminoacil-ARNt sintetasas
de clase Ic, como TyrRS y TrpRS, sugiriendo que las CDPS pudieran derivar de un
precursor comun. Las CDPS constan de dos bolsillos, P1y P2, localizados cercanos
uno del otro. El bolsillo P1 es estructuralmente similar al bolsillo de TyrRS y TrpRS
en cuanto a la union del aminoacil, mientras que el bolsillo P2 no es equivalente a
esta clase de enzimas e interactia con el segundo aminoacil (Gondry et al., 2009;
Moutiez et al., 2014).

2.1.1.5.3. Comparacion de las enzimas que sintetizan CDPs.

Los sistemas enzimaticos de NRPS y CDPS producen DKPs en la naturaleza. Las
CDPS son proteinas pequefias (alrededor de 26 kDa), mientras que las NRPS son

sistemas multimodulares y multienzimaticos grandes, de alrededor de diez veces
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mayor tamafio comparado con las CDPS. La gran diferencia en tamafo se debe a
las estrategias que utilizan para la activacion de los aminoécidos: 1) las NRPS
utilizan a los dominios de adenilacion y tiolacion para reconocer y activar a los
aminoacidos, ademas de requerir del empleo de ATP; y 2) las CDPS utilizan
aminoacil-ARNt con lo que no requiere la activacion del aminoacido. Por lo tanto,
las CDPS estan restringidas a los aminoacidos canénicos enlazados a los ARNt
mientras que el rango de sustratos que pueden ser usados por las NRPS es muy
amplio, debido a que los sustratos pueden estar modificados previo o posterior a la
sintesis enzimatica y una variedad de origenes, ademas de aminoacidos pueden

emplear 4cidos grasos, anillos hidrocarbonados, azucares, etc.

En cuanto a su distribucién en la naturaleza, es interesante que las NRPS se
encuentran en ampliamente distribuidas en bacterias y hongos, pero no se han
encontrado en animales, y las CDPS han sido identificadas en bacterias, hongos,

protozoarios y animales.

Algo mas a resaltar es que de las DKPs obtenidas a partir de CDPS solamente se
tienen hipétesis acerca de su funcién, mientras que para las NRPS generalmente

se le ha asignado una funcion (sideréforos, toxinas, etc.).
2.2.  Quérum sensing en bacterias Gram positivas

Las bacterias Gram positivas utilizan principalmente oligopéptidos modificados
como autoinductores para la regulacion de genes por quérum sensing. A diferencia
de las HSL que difunden a través de la membrana, los péptidos son impermeables
a las membranas biologicas. Por lo que para su secrecion requieren de
transportadores especializados donde, generalmente, el proceso de transporte esta
asociado a modificaciones como la ciclacién del péptido. Una vez liberada la senial,
esta se acumula y a medida que incrementa la poblacion también incrementa la
concentracion de autoinductores, hasta que se rebasa el umbral de concentracion
y es percibida la sefial por un receptor membranal, que tipicamente son receptores
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tipo histidina cinasa, por lo que son llamados proteinas sefiales de dos
componentes. Una vez que es percibida la sefial est4 es transducida por varios
eventos de fosforilacion, hasta que es activado el regulador citoplasmico que
también funciona como regulador transcripcional que activa la expresion de genes
blanco (Fig 6) (Ng y Bassler, 2009).
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Fig 6. Tipico sistema de dos componentes del sistema de quérum sensing de bacterias Gram
positivas (tomado de Ng y Bassler, 2009).

Los péptidos autoinductores estan codificados genéticamente, por lo que cada
especie bacteriana puede producir péptidos con una secuencia especifica y Unica
(Fig 7), a diferencia de las HSL producidas por bacterias gran negativas que parten

de una molécula nuclear y s6lo hay modificaciones de la misma molécula.
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Fig 7. Algunos oligopéptidos autoinductores del quérum sensing de bacterias Gram positivas. En la
parte superior se muestran las secuencias de aminoacidos de los péptidos autoinductores ComX 'y
CSF de Bacillus subtilis y CSP de Streptococcus pneumoniae. En la parte inferior se muestran los
cuatro péptidos autoinductores producidos por Staphylococcus aureus (tomada de Ng y Bassler,
2009).

3. Generalidades de P. aeruginosa

Pseudomonas aeruginosa es una bacteria Gram negativa con forma de baston, con
metabolismo aerdbico, que mide alrededor de 0.5-0.8 um de ancho y 1.5-3.0 um de
largo, casi todas las cepas son moviles debido a un unico flagelo polar, pertenece a
la clase de las Gamma Proteobacterias. Es capaz de crecer en condiciones
atmosféricas adversas, por lo que ha colonizado una gran cantidad de nichos
ecologicos, asi su habitat esta ampliamente distribuido, considerandose como una

bacteria ubicua por su capacidad de colonizar suelos, aguas y otros ambientes
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naturales y artificiales (Jayaseelan et al., 2013). El género Pseudomonas fue
incluido en la familia Pseudomonadaceae. Otros miembros del género incluyen P.
alcaligenes, P. anguilliseptica, P. citronellolis, P. flavescens, P. jinjuensis, P.
mendocina, P. nitroreducens, P. oleovorans, P. pseudoalcaligenes, P. resinovorans

y P. straminae, entre otros.

En cuanto a la importancia clinica de P. aeruginosa, se refiere como un patégeno
oportunista, que se encuentra entre las principales causantes de infecciones
oportunistas en humanos, afectando a victimas de quemaduras, infecciones del
tracto urinario de pacientes cateterizados y neumonia en pacientes
intrahospitalarios. También es una causa predominante de morbilidad y mortalidad
en pacientes con fibrosis cistica. Estas infecciones son dificiles de erradicar debido
a la resistencia natural de la bacteria a los antibiéticos cominmente usados
(Karatuna y Yagci, 2010; Stover et al., 2000). P. aeruginosa es capaz de causar
infecciones en diversas especies, ademas de mamiferos, como insectos,
nematodos y plantas (Walker et al., 2004). Esta capacidad de invasion se puede
atribuir a la capacidad de producir una amplia variedad de factores de virulencia
(como toxinas, adhesinas, piocianina, ciclodipéptidos, entre otros) y mecanismos de
defensa (como bombas de expulsion, formacién de biofilm, entre otros) (Dela Ahator
y Zhang, 2019; Walker et al., 2004).

3.1. Regulacion de quérum sensing en P. aeruginosa

Uno de los sistemas de comunicacion célula a célula mas estudiados es el de P.
aeruginosa. En este organismo, al igual que otros patdgenos, se descubrid que el
circuito de QS regula la expresion de factores de virulencia, asi como la formacién
de biofilm y se ha especulado que la actividad patégenay la regulacion por QS estan
estrechamente ligadas, siendo un determinante para el establecimiento efectivo de
la infeccion (de Kievit e Iglewski, 2000; Juhas et al., 2005).
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3.1.1. Regulaciéon del quérum sensing por los sistemas las, rhl y pgs.

En P. aeruginosa, operan dos sistemas principales de QS intimamente ligados.
Estos son el sistema las, que consiste del activador transcripcional, LasR y de la
sintetasa de HSL, Lasl (Tabla 2), esta Ultima cataliza la sintesis de N-3-
oxododecanoil-homoserina lactona (30C12HSL); y el sistema rhl, que consiste del
regulador transcripcional, RhIR y de la sintetasa de HSL, Rhll (Tabla 2), esta ultima
cataliza la sintesis de N-butanoil-homoserina lactona (C4HSL) (Dela Ahator y
Zhang, 2019; Juhas et al., 2005; Schuster y Greenberg, 2006) (Fig 8). Los sistemas
las y rhl son homdélogos al sistema LuxIR de V. fischeri, por lo que el modelo de
sefalizacion por quérum sensing funciona de una manera similar, inicia con el
autoinductor (30C12HSL 6 C4HSL) que es producido a niveles basales a bajas
densidades celulares. Entonces conforme aumenta la densidad celular, también
incrementa la concentracion del autoinductor hasta que es alcanzado un umbral de
concentracion. A esta concentracién, el autoinductor se une a su proteina blanco
especifica (LasR 6 RhIR) y asi la activa, o que conduce a la expresion de diversos
genes, entre los que incluyen las sintetasas de HSL (Lasl y Rhll), creandose un
circuito de retroalimentcion o autoinduccién. Estos sistemas estan arreglados de
manera jerarquica donde el sistema las activa al sistema rhl, esto resulta en un
empalme en su regulén que ejerce un control trascripcional en la expresion de
factores de virulencia como elastasa, proteasa alcalina, la proteasa LasA, exotoxina
A, ramnolipidos, cianuro de hidrogeno, lecitinas citotoxinas y la motilidad bacteriana
(Pearson et al., 1997; Dela Ahator y Zhang, 2019).

29



Tabla 2. Estructuras de sefiales quimicas y sus derivados producidos por P. aeruginosa.
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Existe un tercer sistema de regulacién de QS en P. aeruginosa, es llevado a cabo
por sefiales de quinolonas, quimicamente caracterizado como 2-heptil-3-hidroxi-4-
quinolona (PQS) (Tabla 2). El grupo de genes pgqsABCD esté involucrado en la
produccion del precursor de PQS, 2-heptil-4(1H)-quinolona (HHQ), el cual es
convertido a PQS por PgsH. La produccién de PQS es regulada por el regulador
PgsR (también nombrada MvfR) y este sistema de quérum sensing controla la
sintesis de ciertos factores de virulencia como piocianina, ramnolipidos, elastasa,
lecitinas y afecta el desarrollo de biofilm (Dela Ahator y Zhang, 2019). El sistema
pgs provee un enlace entre los sistemas las y rhl. La transcripcion de genes
requerida para la sintesis de PQS es regulado positivamente por LasR pero esta
bajo control negativo del sistema rhl. Por lo que la produccion de PQS esta
directamente relacionado a las concentraciones de 30C12HSL y C4HSL, sugiriendo
un delicado balance entre los dos sistemas (Dela Ahator y Zhang, 2019; Juhas et
al., 2005).
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Fig 8. Sistema de comunicacién por quérum sensing de P. aeruginosa (tomado de Dela Ahator y
Zhang, 2019).
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3.1.2. Sefal IQS

También se ha identificado otro sistema de QS en P. aeruginosa, el cual es
controlado por la sefal quimica 2-(2-hidroxipentil)-tiazol-4-carbaldehido (IQS)
(Tabla 2), cuya sintesis es regulada por el grupo de genes ambBCDE. Este sistema
fue identificado bajo condiciones limitantes de fosfato, donde regula a los sistemas
pgs y rhl, y ademas se determind que este sistema es independiente de LasR y
dependiente de PhoB, que es un regulador de respuesta a fosfato (Fig 8). Aunque
aun se requiere mucha informacién sobre este mecanismo y su papel en la
regulacion del quérum sensing, por ejemplo, no se ha determinado el receptor de
IQS y el papel del antimetabolito acido L-2-amino-4-metoxi-trans-3-butenoico (AMB)

gue es sintetizado por las enzimas AmbCDBA (Dela Ahator y Zhang, 2019).
3.1.3. Factor de sefial difusible

P. aeruginosa produce un analogo de DSF, acido cis-2-decenoico (CDA) (Tabla 2),
que requiere de Dspl, considerado el homologo de PpfF y se cree que la percepcién
de la sefal es realizada por PA4982, que tiene un 32% de similitud con RpfC. En
esta bacteria, la mutacion de dspl abole la produccion de CDA y afecta la regulacion
de determinantes de virulencia como pioverdina y piocianina, la motilidad formacién
de biofilm y tolerancia a antibidticos (Dela Ahator y Zhang, 2019; Gonzalez vy
Keshavan, 2006). Ademas de responder a CDA, P. aeruginosa puede responder a
DSF y BDSF (de Burkholderia cenocepacia) para la regulacién de la virulencia,
formacion de biofilm, tolerancia al estrés y resistencia a poliximinas. Por el contrario,
CDA no puede ser percibido por B. cenocepacia ni por X. campestris, por lo que P.
aerginosa puede co-habitar con estas bacterias en infecciones de pulmén y plantas,
respectivamente. CDA y sus derivados modulan la formacion de biofilm y motilidad
en otras bacterias como Staphylococcus aureus, Escherichia coli, Klebsiella

pneumoniae, Proteus mirabilis, Streptococcus pyogenes, y Bacillus subtilis. Aln no
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se ha determinado si el sistema de regulacion por CDA cruza con otros mecanismos

de quérum sensing (Dela Ahator y Zhang, 2019).
3.1.4. Sistema de sefalizacion mediado por poliaminas

Se conocen como poliaminas a un grupo de policationes organicos lineares de bajo
peso molecular. En bacterias, la biosintesis de poliaminas involucra una serie de
descarboxilasas que utilizan como sustrato a los aminoacidos arginina, ornitina y
lisina. P. aeruginosa produce principalmente tres poliaminas, que son putresina,
espermidina y cadaverina (Tabla 2). Cuando se mutaron los genes del transportador
de espermidina, SpuDEFGH, se interrumpio la induccién de los genes del sistema
de secrecion tipo Il (T3SS). En P. aeruginosa, T3SS desempefia un papel
importante en la infeccién al inyectar proteinas efectoras para la supresién de la
respuesta inmune del hospedero y facilitar las infecciones sistémicas. Las
poliaminas y sus precursores también participan en la modulacion de procesos
como la respuesta al estrés, tolerancia acida y resistencia antimicrobiana (Dela
Ahator y Zhang, 2019).

3.1.5. Acido fenilacético

P. aeruginosa cuenta con multiples sistemas regulatorios que le permiten adaptarse
a diferentes condiciones y lograr una infeccion efectiva. Como se mencioné arriba
en el texto, T3SS es un importante marcador de la respuesta patégena de la
bacteria. En este sentido, se identificé que derivados del tript6fano como los es el
acido 3-indolacético (AIA) inhibié la sefal T3SS. Mas tarde, se identificé que P.
aeruginosa produce durante la fase estacionaria otro derivado del triptéfano
denominado &cido fenilacético (PAA) (Tabla 2), que funciona como un inhibidor mas
potente de T3SS, por lo que funciona rio arriba de los sistemas reguladores de
T3SS. Fue reportado que un derivado de PAA, el acido 3-fenilacético, tiene actividad
antifngica contra  Fusarium  sporotrichioides, Aspergillus fumigatus vy
Kluyveromyces marxianus. Aun se desconoce detalladamente la regulacion por
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PAA en P. aeruginosa, pero se considera que funciona como un mecanismo que

ayuda a generar infecciones cronicas y persistentes (Dela Ahator y Zhang, 2019).
3.1.6. CDPs en P. aeruginosa.

En sobrenadantes del cultivo de P. aeruginosa PAOL1 se identifico la presencia de
los CDPs ciclo (L-Pro-L-Leu), ciclo (L-Pro-L-Phe), ciclo(L-Pro-L-Tyr) y ciclo(L-Pro-L-
Val) (Tabla 2). Mediante analisis de genética reversa, se identificaron a 10 posibles
genes PSNR como responsables de la sintesis de estos compuestos, entre estos
genes se encuentran a las proteinas hipotéticas PA3327 y PA4078, enzimas
relacionadas con la sintesis de pioverdina PvdD, PvdJ, Pvdl y PvdL, la sintesis de
pioquelina PchE y PchF, y de sintesis de IQS como AmbB y AmbE (Gonzélez et al.,
2017). Los ciclodipéptidos se descubrieron por su capacidad de activar biosensores
de HSL, aunque se requieren concentraciones muy altas con su sustrato especifico,
por ejemplo, se requiere una concentraciéon de 0.3 mM de CDPs para la activacion
de LasR, mientras que solo se requiere de 1 nM de 30C12HSL. Incluso, los CDPs
ciclo(L-Ala-L-Val), ciclo(L-Pro-L-Tyr) y ciclo(L-Phe-L-Pro) tienen una actividad
antagonista competitiva con 30OC12HSL por la unién con LasR e inhiben los genes
regulados por el quérum sensing. Resulta interesante que en algunas cepas
bacterianas los CDPs actian como agonistas y en otras como antagonistas, por
ejemplo, ciclo(L-Ala-L-Val) antagonizé la bioluminiscencia de una cepa biosensor
de E. coli y en Chromobacterium violaceum CV026 activé la produccién del
pigmento violaceina (Dela Ahator y Zhang, 2019). Ademas del papel de los CDPs
en la comunicacién bacteriana célula a célula, se les ha atribuido un papel
importante en la comunicacion entre reinos, donde presentan diferentes efectos. Por
ejemplo, en plantas de A. thaliana, los CDPs producidos por P. aeruginosa PAO1,
promueven el crecimiento vegetal mediante la activacion de la via auxinica, mientras
gue en cultivos celulares de la linea cancerosa Hela tienen un efecto citotdxico por
un mecanismo que involucra la via Akt/mTOR/S6K (Hernandez-Padilla et al., 2017;

Ortiz-Castro et al., 2011).
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3.2. Regulacion del quérum sensing sobre otros sistemas regulatorios.

El QS de P. aeruginosa es un sistema de regulacién global, bastante complejo, que
afecta diversas funciones celulares. En este sentido, parece evidente que el sistema
de regulacion por QS actua dentro de una red de regulacion global, con multiples
interconexiones (Schuster y Greenberg, 2006). Est4 regulacion sugiere que la
activacion de la mayoria de los genes controlados por quérum sensing no es
Gnicamente detonado por la acumulacién de la sefial o autoinductor, y parece
requerir de factores adicionales. De acuerdo con esta hipoétesis, se han identificado
varios sistemas regulatorios que afectan el quérum sensing mediado por los

sistemas las y rhl en P. aeruginosa (Fig 9).

r L L T l ]

[ QS regulon 1

Fig 9. Interconexion del sistema de qudérum sensing con otras redes regulatorias en P. aeruginosa

(tomada de Schuster y Greenberg, 2006).

Las interacciones entre los sistemas regulatorios y el quérum sensing es un tanto

ambiguo. Sin embargo, es conocido que existen por lo menos dos niveles de
36



jerarquia que pueden funcionar para la interconexion de las diferentes sefales
producidas por P. aeruginosa. El regulador del sistema las, LasR, representa el
punto central con la mayor interconexion de las vias. Esto se fundamenta en el
hecho de que regula la expresion de cientos de genes, incluidos algunos de los
reguladores dentro de la red de regulacion. Un segundo nivel de integracion de
sefales parece ocurrir por los reguladores que tienen una interaccién directa con
LasR, asi teniendo un empalme en los genes que pueden ser regulados por diversos
reguladores. Este empalme de diversas vias de sefalizacion que regulan la
expresion de genes permite respuestas especificas ante varias condiciones de
crecimiento, lo cual puede explicar la excepcional versatilidad y adaptabilidad

ambiental de P. aeruginosa (Schuster y Peter Greenberg, 2006).

A continuacion, se describen algunos de los componentes principales de la red de
regulacion de P. aeruginosa y la ubicacién de cada uno de estos componentes se

puede observar en la Fig 9.

Vrf. El represor catabdlico homologo Vrf, un regulador global de las funciones de
virulencia de P. aeruginosa, esta responde a la alarmona AMPc, que induce

directamente la transcripcion de LasR.

RelA. La proteina de respuesta astringente RelA, es responsable de la sintesis de
tetrafosfato de guanosina (ppGpp) bajo condiciones de deficiencia de aminoé&cidos,
lleva a la induccién temprana de muchos procesos controlados por quérum sensing,

produccién de HSL, asi como la expresion de lasR y rhiR.

GacAS/RsmAZ. El sistema regulatorio de dos componentes GacA/GacS afecta el
guérum sensing post-transcripcionalmente a través del pequefio ARN regulatorio
RsmZ y la proteina de union a ARN RsmA. RsmZ, el cual es activado por GacA,
antagoniza la actividad de RsmA. En ausencia de RsmZ, RsmA reprime la sintesis

de sefales HSL. RsmA también regula la produccion de muchos factores de
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virulencia controlados por quérum sensing, reprimiendo a algunos (acido cianhidrico

y piocianina) e induciendo a otros (lipasa y ramnolipidos).

ANR. El regulador anaerébico ANR, activa la expresion de los genes biosintéticos
del &cido cianhidrico hcnABC que son controlados por quorum sensing. La
activacion ocurre en conjunto con LasR y RhIR y requiere un elemento de secuencia
conservado, llamado caja FNR/ANR, en la region regulatoria rio arriba de hcnABC.
ANR parece ser un factor importante en la co-regulacion de genes controlados por

guorum sensing bajo condiciones limitadas de oxigeno.

RsalL. El gen rsalL, que es activado directamente por LasR, codifica para una
proteina de 11 kDa que se ha visto que inhibe el quérum sensing al reprimir la

transcripcion de lasl.

RpoS. El factor sigma de fase estacionaria RpoS, afecta la expresion del 40 % de
los genes controlados por quérum sensing, la mayoria de los genes son inducidos,
pero algunos otros son reprimidos. RpoS puede regular directamente la expresion

de genes controlados por quérum sensing.

QscR. P. aeruginosa posee a QscR que es un tercer regulador tipo Lux, el cual
carece de una sintetasa cognada, por lo que puede activarse en respuesta a HSL
de otras especies bacterianas. Parece que QscR retrasa la activacion de genes
controlados por quérum sensing a través de la formaciéon de heterodimeros con
LasR y RhIR. Sin embrago, también puede actuar como activador transcripcional de

genes blanco.

VgsR. El regulador transcripcional VgsR, que es activado por LasR, es esencial
para la produccion de HSL y la expresion de muchos genes regulados por quérum
sensing. VgsR es miembro de la superfamilia de los factores trasncripcionales FixJ-
NarL, que son similares a las proteinas tipo LuxR, pero sin el dominio de union a
HSL.
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MvfR. La proteina MVfR activa los genes requeridos para producir el precursor
directo de PQS, y esté bajo control de LasR, ademas hay un gran empalme entre
los regulones del quérum sensing y MVfR, principalmente regula genes controlados
por el sistema rhl sin afectar la produccion de sefales de HSL o la expresion de
lasR y rhiR.

4. Proteina cinasa TOR

La proteina blanco de la rapamicina (TOR, por sus siglas en inglés) es una proteina
cinasa evolutivamente conservada relacionada a la cinasa de 3-fosfoinostol (PI13K),
que controla multiples procesos celulares como el metabolismo, ciclo celular,
autofagia y sintesis de proteinas, bajo varios estimulos intra y extracelulares
(Dobrenel et al., 2016; Rexin et al., 2015; Tatebe y Shiozaki, 2017). La proteina TOR
consta de 5 dominios conservados, en el extremo amino se encuentra el dominio de
repeticiones HEAT (Huntinting, factor de Elongacion 3, proteina fosfatasa 2A y
cinasa TOR1 de levaduras), seguido del domino FAT (FRAP, ATM y TRRAP o
domino de adhesion focal), el dominio FRB (FKBP12, proteina 12 de union a
farmacos/unién a rapamicina), un dominio cinasa Ser/Thr y un dominio FATC en
extremo carboxilo (Fig 10a) (Bakshi et al., 2019). La secuencia de la proteina TOR
de Arabidopsis (AtTOR)comparte una conservacion de dominios de alrededor de
40% con TOR de levaduras (ScTOR) y mamiferos (mTOR). Por ejemplo, la similitud
entre los dominios FATC es de alrededor del 70%, la secuencia del dominio cinasa
de TOR de plantas y humanos comparten una similitud de alrededor de 75% (Xiong
y Sheen, 2014), mientras que el dominio FRB de Arabidopsis tiene una
conservacion muy baja y esta puede ser la causa de la insensibilidad a la rapamicina
en este organismo (Bakshi et al., 2019), por lo que en plantas es necesario el uso
de inhibidores competitivos de ATP de nueva generacion como AZD8055, Torinl y
2, KU-63794, PP242, etc (Montané y Menand, 2019). En cuanto a la funcién de los
dominios, el dominio FAT provee estabilidad estructural y esta involucrado en

interacciones proteina-proteina, en el dominio FRB se lleva a cabo la inhibicion de
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la proteina por la union con el complejo rapamicina/FKBP12 y FK506 (Fig 10b), el
dominio cinasa Ser/Thr se encarga de la actividad cinasa de la proteina y el dominio
FATC cumple funciones similares a FAT (Bakshi et al., 2019; Rexin et al., 2015).

TOR esta codificado en un solo gen en mamiferos y plantas, mientras que, en
levaduras existen dos genes que codifican para la proteina TOR (Shimobayashi y
Hall, 2014). Para llevar a cabo su funciéon, TOR se puede asociar con diferentes
proteinas con las que forma dos complejos diferentes en funcion y composicion
TORC1 y TORC2, que han sido identificados en levaduras y mamiferos (Bakshi et
al.,, 2019; Rexin et al., 2015; Ryabova et al., 2019; Shimobayashi y Hall, 2014).
Mientras que, en plantas no se ha podido determinar la presencia de TORC2, por lo
gue se considera que solo cuenta con TORC1 (Bakshi et al., 2019; Rexin et al.,
2015). Los componentes esenciales de TORCL1 son las proteinas TOR, la proteina
regulatoria asociada a TOR (RAPTOR) y la proteina letal con SEC13-8 (LST8);
TORC?2 esta formado por las proteinas TOR, la proteina acompafante de TOR
insensible a rapamicina (RICTOR), la proteina 1 de interaccion con SAPK (SIN1) y
LST8 (Fig 10c) (Shimobayashi y Hall, 2014). A estos componentes esenciales se
pueden sumar otros componentes segun el organismo al que se haga referencia
(Bakshi et al., 2019).
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Fig 10. Estructura de TOR y sus complejos. a) TOR se conforma de 5 dominios: dominio de

repeticiones HEAT, dominio FAT, dominio FRB de unién a rapamicina, dominio cinasa Ser/Thr y
dominio FATC. b) La union del complejo rapamicina-FKBP12 al dominio FRB de TOR resulta en la
inactivacion de TOR. ¢) TOR puede formar dos complejos distintos en levaduras y mamiferos TORC1
y TORC2, mientras que en plantas no esta clara la existencia de un complejo TORC2 (tomada de
Bakshi et al., 2019).
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La via de TOR ha sido ampliamente estudiada, principalmente en mamiferos y
levaduras, donde se han encontrado una gran cantidad de componentes de dicha
via. mMTORC1 puede ser activado por factores de crecimiento (por ejemplo, insulina),
nutrientes (como aminoacidos) y por el estado energético (alta disponibilidad de
ATP) (Fig 11) (Bakshi et al., 2019; Shimobayashi y Hall, 2014). Los factores de
crecimiento, como la insulina, activan a mTORCL1 a través de la via PI3K-cinasa 1
dependiente de fosfoinositidos (PDK1)-AKT, denominada como via clésica.
Posteriormente AKT fosforila al complejo 2 de esclerosis tuberosa (TSC2, también
llamado tuberina) para inducir la inhibicibn de TSC1 (también llamado hamartina)
por disociacién del complejo TSC, este complejo actia como una proteina
activadora de GTPasa (GAP) de la proteina GTP pequefia homologa de RAS
enriquecida en cerebro (RHEB). Cuando RHEB esta cargada con GTP, se une al
dominio catalitico de mTOR para activar a TORC1 por un mecanismo aun
desconocido (Shimobayashi y Hall, 2014; Tatebe y Shiozaki, 2017). La regulacion
de mTOR por aminoacidos, es llevada a cabo por un heterodimero RAG, que media
la translocaciéon de TORCL1 del citoplasma hacia el lisosoma, donde puede ser
activado por RHEB. Para el caso de la regulacion por disponibilidad de energia, se
determina por la relacion ATP/AMP. Cuando hay una relacion baja ATP/AMP (baja
energia), la proteina cinasa dependiente de AMP (AMPK) fosforila a TSC2 en Ser-
1387 y a RAPTOR en Ser-792, que lleva a la inhibicion de mTORC1 (Shimobayashi
y Hall, 2014). Una vez que TORC1 esta activo, fosforila a diferentes proteinas
blanco, regulando diferentes procesos celulares como la autofagia, la respuesta al
estrés, el ensamblaje de polisomas, la funcién mitocondrial, el metabolismo de
glucosa, el ciclo celular y la sintesis de proteinas. Entre los blancos mejor
caracterizados esta la cinasa de la proteina ribosomal S6 (S6K). Una vez que S6K
es activada, fosforila a la proteina ribosomal S6 (S6RP) y de esta manera es
inducida la sintesis de proteinas al promover la traduccion de ARNm que contienen

una etiqueta de oligopirimidinas en 5’ (5" TOP). Entre los ARNm que contienen 5’
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TOP se encuentran componentes de la maquinaria de traduccidén, como proteinas
ribosomales y factores de elongacién (Shimobayashi y Hall, 2014; Tatebe y
Shiozaki, 2017).
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Fig 11. Via de sefializacion de TOR en mamiferos (mMTOR). Las flechas indican activacion y las lineas

truncas indican inhibicién (modificada de Bakshi et al., 2019).

En cuanto a la regulacién de TORCZ2, es poco lo que se conoce en comparacion a
la regulacién de TORC1. Se sabe que la actividad cinasa de TORC2 es activada
por factores de crecimiento, por una via que depende de PI3K (Fig 11). TORC2
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regula procesos como la organizacion del citoesqueleto, la polarizacion de actina 'y

esta implicado en la regulacion del metabolismo (Shimobayashi y Hall, 2014).
4.1. Viade TOR en plantas

La via de TOR es esencial para la regulacion del crecimiento y desarrollo, procesos
gue requieren ser altamente regulados y por lo cual, la via de TOR patrticipa en todas
las etapas de crecimiento y desarrollo importantes durante el ciclo de vida de las
plantas, desde la germinacion, el crecimiento vegetativo, la floracién, hasta la
senescencia (Quilichini et al., 2019). Como se menciond anteriormente, la mayor
parte del conocimiento de la via de TOR se ha obtenido por el estudio de la via en
mamiferos y levaduras. A pesar de que se han realizado un gran namero de
investigaciones de la via de TOR en plantas, no se han logrado encontrar ortélogos
funcionales para todos los componentes de la via encontrados en mamiferos y
levaduras, por ejemplo, en plantas no se han encontrado proteinas ortologas para
formar un TORC2. Para explicar esto, se ha hipotetizado que la divergencia en la
via de TOR proviene del ultimo ancestro eucarionte comun (LECA), cuando existio
la divergencia evolutiva que dio origen a plantas y algas, y se considera que TORC2
se origind después de este suceso (Tatebe y Shiozaki, 2017). A pesar de la aparente
ausencia de TORC2 en plantas, se han identificado homadlogos de los componentes
de TORC1, ademas de TOR, estan presentes RAPTOR (RAPTOR1y RAPTOR2) y
LST8 (LST8-1 y LST8-2). La via de sefializacién de TOR en plantas responde a
sefiales como la luz, estrés bittico y abidtico, disponibilidad de energia (ATP) y
nutrientes (como aminoéacidos), factores de crecimiento (similares a insulina) y

hormonas (como auxinas) (Rexin et al., 2015; Schepetilnikov y Ryabova, 2017b).

MTORCL1 puede ser activado por glucosa para inducir el crecimiento de la raiz
(Xiong y Sheen, 2014). Ademas de la glucosa, otros nutrientes funcionan como
reguladores de la via de TOR. Por ejemplo, leucina y arginina activan la via por
diferentes sensores, pero convergen en la activacion de GTPasas RAG
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heterodiméricas para reclutar a TORC1 a la membrana lisosomal, donde las
GTPasas RAG se asocian con el complejo Ragulador, v-ATPasa y RHEB, por lo
que actian como activador de mTOR. Aunque, las plantas carecen de estos
sensores de aminoacidos de mamiferos y RAGs, los aminoacidos pueden activar la
sefalizacion de TOR en plantas (Shi et al., 2018; Tatebe y Shiozaki, 2017). También
los niveles de otros nutrientes como nitrégeno, fosfato y azufre funcionan como
reguladores de la actividad de TOR en plantas (Shi et al., 2018; Wu et al., 2019).

Se ha reportado ampliamente la activacion de la via de sefializacion de TOR por
factores de crecimiento en levaduras y mamiferos. Aunque, en plantas se ha
identificado un factor de crecimiento similar a insulina, y este es capaz de activar la
via (Reyes de la Cruz et al.,, 2004), las plantas producen otros factores de
crecimiento y hormonas que son funcional y estructuralmente diferentes a
mamiferos y levaduras. De las principales hormonas vegetales reguladoras del
crecimiento en plantas podemos encontrar a las auxinas, las cuales pueden activar
la sefializacion de TOR a través de la proteina G pequefia tipo Rho, ROP2
(Schepetilnikov y Ryabova, 2017a). Las sefales de luz, glucosa y auxinas, actian
de manera sinérgica en la activacion de TOR. Por el contrario, la via de sefializacién
del acido abscisico (ABA) inhibe la via de TOR, a través de la fosforilacién de
RAPTOR por SnRK2 (Bakshi et al., 2019).

A pesar de que varios componentes de la via de TOR en plantas esta ausente,
existe una gran conservacion de las proteinas blanco de TOR, por lo que la via de
sefalizacion de TOR en plantas participa en la regulacion de procesos similares a
los reportados en levaduras y mamiferos (Fig 12). Al igual que en mamiferos, uno
de los blancos mas ampliamente estudiados es la cinasa S6K (Rexin et al., 2015).
En Arabidopsis thaliana, S6K es una cinasa Ser/Thr homologa funcional y
estructuralmente a p70S6K de humanos, que esta codificada por dos genes, S6K1
y S6K2, las cuales tienen una gran similitud en su secuencia y por splicing se

pueden producir dos isoformas de cada una, p70 y p85 de S6K1 y, de S6K2 se
45



pueden obtener p54 y p56 (Turck, 2004; Yaguchi et al., 2020). Las S6Ks de
mamiferos contienen cuatro dominios, el dominio amino terminal, el dominio cinasa,
la region enlazadora y el dominio carboxilo terminal. Las S6Ks de plantas,
comparadas con mamiferos, contienen un dominio amino terminal mas largo, no
contiene un dominio carboxilo terminal, pero conserva una alta homologia en el
domino cinasa y conservacion en los tres sitios importantes de fosforilacion, el sitio
T-loop, el sitio TM y el sitio HM (Fig 13). La fosforilacion del sitio HM es mediada por
TOR vy la fosforilacion del sitio T-loop es mediada por PDK1 y se considera que la
fosforilacidon en el sitio TM es mediada por TOR, aunque aun no se conoce a detalle
(Yaguchi et al., 2020). La fosforilacion ocurre en orden jerarquico, ocurriendo
primero la fosforilacion en TM y después puede ser fosforilado el sitio T-loop (Turck,
2004). Una vez que S6K es fosforilado, se considera es completamente activa y
desarrolla su actividad cinasa sobre varias proteinas blanco, la primeramente
descubierta y mas estudiada es la proteina ribosomal S6 (S6RP) que es fosforilada
en S240 por S6K. Una vez que S6RP es activada induce la sintesis de proteinas,
por la traduccion de ARNm que poseen una region no traducida (UORF) en su
extremo 5’ (5’ UTR) (Schepetilnikov y Ryabova, 2017a).
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ll.  JUSTIFICACION
Durante la interaccion planta-microorganismo existen diferentes eventos de
comunicacién. Especificamente, durante la interaccion entre P. aeruginosa y A.
thaliana ocurre la regulacion vegetal por sustancias liberadas por la bacteria
conocidas como ciclodipéptidos. Sin embargo, se han descrito parcialmente las vias

de sefializacion que participan durante la regulacion del crecimiento vegetal.

La via de TOR se ha considerado como uno de los reguladores maestros del
crecimiento, por lo que es de nuestro interés estudiar la participacion de esta via en
el desarrollo inducido en A. thaliana por la interaccion con P. aeruginosa y mutantes

afectadas en la produccion de CDPs.
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\Y2 HIPOTESIS

Los ciclodipéptidos producidos por Pseudomonas aeruginosa promueven el
desarrollo de la raiz primaria y la maduracion de primordios de raices laterales de

Arabidopsis thaliana a través de la activacion de la ruta TOR/S6K.
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V. OBJETIVOS

Objetivo general:

Determinar la participacion de los ciclodipéptidos de Pseudomonas aeruginosa en
la activacion la ruta de sefalizacion TOR/S6K de Arabidopsis thaliana durante la

promocioén del desarrollo.
Objetivos especificos:

1. Evaluar el efecto de los ciclodipéptidos producidos por P. aeruginosa sobre

el crecimiento y la proliferacion celular de la raiz de plantas de A. thaliana.

2. Determinar el efecto de los ciclodipéptidos producidos por P. aeruginosa
sobre la actividad de la via TOR/S6K durante la induccion del desarrollo de

A. thaliana.
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VI. Resultados

Los resultados mas importantes obtenidos durante el presente proyecto se
muestran divididos en los siguientes capitulos. El capitulo 1 corresponde al articulo
publicado més recientemente en Journal of Plant Physiology titulado “Growth
promotion in Arabidopsis thaliana by bacterial cyclodipeptides involves the TOR/S6K
pathway activation”, en donde se participd como primer autor. El capitulo 2
corresponde al articulo publicado en 2019 en PeerJ titulado “Cyclodipeptides from
Pseudomonas aeruginosa modulate the maize (Zea mays L.) root system and
promote S6 ribosomal protein kinase activation”, donde se particip6 como segundo
autor. El capitulo 3 corresponde al articulo publicado en 2016 con el titulo “Non-
ribosomal Peptide Synthases from Pseudomonas aeruginosa Play a Role in
Cyclodipeptide Biosintesis, Quorum-Sensing Regulation, and Root Development in
a Plant Host”, donde se particip6 como primer autor. Finalmente, los capitulos 4y 5
corresponden a los articulos de divulgacion publicados en la revista de divulgacion
Saber més titulados “Quorum sensing o percepcion del quorum” y “Una bacteria

“‘mala” que también es “buena™.
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Capitulo 1.
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Growth promotion in Arabidopsis thaliana by bacterial cyclodipeptides

involves the TOR/S6K pathway activation

Omar Gonzalez-Lopez , Brenda Berenice Palacios-Nava, César Arturo Pena-Uribe,
Jests Campos-Garcia, José Lopez-Bucio, Ernesto Garcia-Pineda, Homero Reyes de la Cruz*

Ingino de Invedigad ones Quimic o Biologoas, Universidad Michoacena de San Nicokis delfidalyo, BY BI, B3, AT, U3, Cavded Uniwrsitaria, Movelio, Michoacan, (P
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ARTICLE INFO ABSTRACT

Keoywords!
Cychadipeptides

Plant growdh promodon
Plant-hacteria interaction
TOR/S6K pataway

COyclodipeptides (CDPs) are the smallest peptidic molecules that can be produced by diverse organisms such as
bacteria, fungi, and animals, They have multiple biclogical effects. In this paper, we examined the CDPs pro-
duced by the bacteria Pseudomonas aeruginosa PAOL, which are known s opp istic pathogens of h and
plants on TARGET OF RAPAMYCIN (TOR) signaling pathways, and regulation of ot system architecture. This
bacterium produces the bicactive CDPs: eyelo{ L-Pro-L-Lew), cvelo{L-Pro-L-Phe), cyclo{L-Pro-L-Tyr), and cyclo{L-
Pro-I-Val). In a previous report, these molecules were found to modulate basic cellular programs not only via
andn mechanisms but also by pr ing the phosphorylation of the S6 rib | protein Knase (86K), a
downstream substrate of the TOR kinase. In the present work, we found that the inoculation of Ambidopsis plants
with P. aeniginosa PAOI, the non-pathogenic P. aeruginosa Alasi/arkll strain (JM2), or by direct exposure of
plants to CDPs influenced growth and promoted mot branching depending upon the treatment imposed, while
genetic evidence wsing Ambidopsis lines with enhanced or decreased TOR levek indicated a critical role of this

pathway in the bacterial phytostimulation,

1. Introducton

Psendomonas eeruginosa, a well-known, ubiguitous, opportunistic
human and plant pathogen, proliferates in the rhizosphere —the soil
zone infl d by root exud (Plotni kova et al, 20006; Rahme et al,,
1995). Pseudomonas aeruginose overcomes host defenses through the
production of toxins, adhesins, pyocyanin, cyclodipeptides (CDPs), and
other virdence factors (Ahator and Zhang, 2019). Cyclodipeptides are
cyclized molecules comprising two amino ad ds linked by peptide bonds,
and they are produced by a wide range of organisms, from bacteria to
fungi and animals {Canu et al, 2018; Mishra et al,, 2017), These mol-
ecules belong to a wide group of organic substances capable of modu-
lating quorum sensing and cross-kingdom interactions in evolutionarily
distant organisms such as bacteria and plants (Gorzilez and Keshavan,
2006; Ortiz Castro et al., 2011). It has been shown that mutants of
P. aeruginosa that overproduce the CDPs cyclo(i-Pro-L-Val), cyclo
(L-Pro-i-Leu), and cydo(l-Pro-L-Tyr), such as the JM2 (4lasi/arhi)
strain, promote plant growth and development, partly because these
molecules fit well into the auxin pocket of the TIRI receptor protein,

* Comesponding author.
E-mail address: delacriz@ umich.mx (H. Reyes de la Cruz).

hitps://dol.org/1 0. 016/ jplple 2020.1 53343

acting as auxin signal mimics in Arebidopsts theliana (Gonzdlez et al.,
2017; Ortiz-Castro et al,, 2011).

Plant growth and development require the activation of the target of
rapamycin (TOR) pathway, which is the master regulator of growth in
eukaryotes (Rexin et al., 2015). The TOR pathway plays a central role in
the perception of extracellular stimuli, such as growth factors and nu-
trients and internal stimuli (such as energy levels and cellular damage)
and regulates a variety of processes, such as metabolism, cell cyde,
autophagy, and protein synthesis (Deprost et al,, 2007, Dobrenel et al,,
201 6; Rexcin et al,, 2015), We previously reported that the S6K protein in
maize plants (ZmS6K), which is a downstream target of TOR, was acti-
vated by the CDPs produced by P. aeruginose (Corona-Sinchez ot al.,
2019). The Arabidopsis genome contains two nearly identical genes,
termed ArS6k1/Apkl /ATPKG and AtS6k2/Apk2/ATPKI9 (Turck et al.,
2104}, Both proteins, S6K1 {52 KDa) and S6K2 {53 KDa), are able to
phospharylate $6 ribosomal protein, but only SGK1 has been extensively
studied, whereas S6K2 functions are less well-known (Bakshl et al,
2019; Turck et al, 2004). Thus, it is possible to dissect the plant response
and the auxin-TOR interaction underlying the probiotic effects of CDPs

Received 20 March 2020; Receivad in revised form 8 December 2020; Accepted 9 December 2020

Available online 15 December 2020
0176-1617/0 2020 Elsevier GmbH. All rights reserved.



0, Gommtle-Lopes ot al

in Arahidopsis thaliona, & plant amenable to geretlc analysis. In the
present study, we report that plant growth promaotion in the Arabidop-
sis-Psendomones interaction system required the activation of ASGE
proteinand that the COPs produced by P, gsruginoss were respons ble for
this activation, The effecr of COPs on plant cell proliferation showed by
the induction of cyclin Bl (CYCED) expression indicates that the acti-
vation of the TOR pathway i3 invalved,

2, Materals and methods
2.1, Culture condiions

Pseydomonas aeruginesa PACT (WT) and JM2 (Alasizarhll) were
grown in LB broth or minimal medium M9 with 0.2 % glucose at 30 °C
and supplied wirh or without 1% agar, For P. geruginosa salection, we
used 200 pg/mL streptomycin and 60 pg/mL tetracycline for WT and
JM2, respectvely,

2.2, Plonr growth conditions

Arabidopss tholiona Cold), G548 (over-expressing TOR, OX-TOR)
(Deprost et al, 2007), and twores (esradiol-inducible tor mutant)
(Kiomg et al, 2013 seeds were surface-sterilized with 70 % (vw/v)
ethanol for 5 min and & 20 % (v/v)} commercial bleach solution for 5
min, After seven washes with sterile distilled water, vernaliza ion at 4 °C
was carried out for 48 b The seeds were germinated and grown on agar
plates containing a 0.2x Murashige and Skoog (M5} medium (0866 g/L
of salts lacking amino acids and vimmins 10 g/L phymgar [micro-
propagation grade], and & g/L sucrose). Plants were placed in a plant
growth chamber (Percival Sdentific AR-95 1, Perry, Towa, USA) with a
photoperiod of 168 h light/darkness (i ght intensity of 100 pmol m*/s),
B0 % humidity, and a temperature of 22 °C,

2.3, Arcbidopsis-Pseudormoncs nieracion assaqy

Siw-day-old A rhaliana seedlings were inoculated at 5 cm or 1 ¢m
from the root dp by placing a bacteral streak at a denslty of 2.5 = 10°
colony forming uni ts {CFUY, as described by (Gonziler etal , 2017), The
seedlings in the interacton system were grown for a further 10-day
period by placing the plates in the growth chamber,

2.4, Cytoplasmic protein exfrecton

Arabidopss thaliana seedlings from di ferent treatments were ground
in liquid nitrogen, and the powder was transferred to a tube containing
an extracton huffer {ssodium vanadate 1 mM, sodium molybdate 1
mM, benzamidine 1 mM, sodiun fuoride 20 mM, phenylmethylsulfonyl
fluoride 0.2 mM, dithiothreitol 2 mM, 4-(2-Hydroxyethy Dpiperazine-1 -
ethanesulfonic add 50 mM, pH 7.6}, After vortexing, the homogenate
was centrifuged at S = gat 4 °C for 30 min, The supermatant was
removered and protein quantified using the Bradford method (Bradiond,
1976}

2.5, Protedn pel blor analyses

Protein extract samples were resolved by a 12 % SDS-PAGE and
blatted on Polyvinylidene fluoride (PVDF) membranes (Millipore, Bur-
lington, MA, USA). Membranes were incubated with and-AS6K poly-
clonal antibody (1:1000 diludon) (Agrisers AS12 1855) or ant-AS6K
phosphorylawed polyclonal andbody (11000 dilution) {Agrisera AS13
2664) at 4 “C overnight. Then the membranes were incubated with
horseradish  peroxddase-conjugated goat antl-rabbit g6 antibody
{1:3000 diluton) (Bio-Rad Laboratories, Inc., Hercules, GA, USA) at
room emperatiee (—25 °C) The peroxidase reaction was revealad using
luminol and detected in a ChemiDoc™ XHS — system (Bio-Rad Labo-
ratories, Ine. ). Densitometry analysis of the resuldng dots was performed

Jourmal of Plare Physlalogy 257 {2041) 15343
wsing Image Lah software (Bio-Rad Laboratories),
26. Two-dimensionel electrophoresi

After treatment, the plant dssues were ground in lguid nitrogen, and
the powder was mansferred to a tube containing an extraction buffer
{phenol 50 % [v/v], EDTA 10 nM, sucrose 900 mb, [~mercaptocthanol
04 % [v/v], s-sodium vanadate 5 mM, sodium Quoride 5 mM, fsodium
glycerophosphate 25 mM, Tris—HCL 100 mM, pH 8.8), hamogenized,
angd centrifuged at WK = g at 4 "C for 15 min, The organic phase was
recovered amd washed with this extractdon buffer. A precipitation so-
lution (100 mM ammonium acetate on methanol) in a proportdon of 1:4
wiats added and it was allowed to sitovern ght at—20°C, Subsequently, a
pellet was obtained by centrifuga don at 9000 = gat4 " Cfor 15 min, The
pellet was washed three tmes with predpitation soludon, and a fnal
wash with B0 % cold acetone was carried out, After washing, centrifu-
gathon was performed at 900 = gat £ °C for 10 min The resuldng pellet
was dissolved inisoelechic focusing buffer (8 M urea, 4% CHAPS [w/v],
7 mM dithiothreitol, 2% amphaoly tes pH 3-10 [w/v] ) and proteins were
quantified according to the 2-D Quant Kit (GE Heal theare Life Sciences,
Pittsburgh, Pennsylvama, USA) specifications.

For overnight rehydration of 13 em strips, 200 pg of each protein
sample was used with an bmmobilized pH gradient of 3-10 (PG DiyStrip
pH 3-10 KL, 13 cm, GE Healthcare Life Sciences), [soelectric focusing
s performed undl 18000 Vh was reached in an Ettan 1PGphor 3
Isoelectric Focusing Unit, for the first-dimension sepavati on, Afterward,
the strips were subjected to 12 % SDES-PAGE for the second-dimension
separation, Then, the resulting gels were bloted on PVDF membranes
Millipore), and the membranes were incubated with an anti-ZmS6K
polyclonal antihody (1:1000 dilution) (Abbiotec, San Diego, CA, USA) at
4 °C overnight Next, the membrane was Incubated with horseradish
peroxidase-conjugated goat and-rabbit IgG antdbody (1:3000 dilution)
(Blo-Rad Laboratories, Ine. ) at room temperatuee for 2 h, The peroxddase
reacton was revedled wwing huminol and detected in a ChemiDoc™ XRS
= system (Bio-Rad Laboratovies, Ine). Densitometry analysis of the
resulting immunohblots was performed using Image Lab software (Bio-
Bad Labocatories, Inc. ).

27. Transgenic plant analyses

Transgenic A. thaliena CycB1::uidA (Colon-Carmans et al,, 1999) that
express the widA reporter gene [Jeferson et al,, 1987) was processed in
@1 % S-bromo-4-chlore-Findolyl-p-o-glucuronide (X-Glue), dissolved
in phosphate buffer (.1 M NaH:POy, 0.1 M NaHPO4, pH 7}, and
supplemented with 2 mM potassium ferrocyanide (Ko [Fe(CN ] -3H200
and 2 mM potassium ferricyanide (K; [Fe(CNJ, 1) for 18 h at 37 °C, Plants
were cleared and fixed as previowsly described (Milsmy snd Benfey,
19077, At least 10 ransgenic plants were analyzed for each marker line
and for each weatment

28. Cyclodipepride preparation

The extraction of COPs was performed as previously reported by
Hermdndez-Padilla et al (2017) (Hermandee-Padilla et al, 2017). In
brief, 2.5 = 10% CFUaf P. aerygingse WT or JM2 were cultured in 100 mL
of minimal medium M9 and fneubaved ina groweth cabinet for 242 hat 30
“C, Cell-free superna tants were extracted by centrifugation at 10,000 « g
at 23°C for 15 min. The resuling supernatant was extracted twice with
twio volumes of ethyl acetate plus acetic add (0.1 mL/L). The extracts
were evaporated o domess ina roavapor at 60 °C under vacuum and
weighted The residue was dissolved in 1 mlL of acetonitrile far char-
acterization by high-performance ligudd chromatography (HPLC), which
was performed using a photodiode array detector and a Sephasil-Peptide
C18, 12 pm, 46 mom = 250 mm (Amersham) reverse-phase HPLC cal-
umn for the ssmple analysis. Fractions were eluted with water/-
acetonile, starting with an equilibration solvent mix of k100,
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followed by a linear gradient of 60:40, with a flow of 1 mL/min for 15
min, Finally, the mixture was remumed to 0:100 solvent mix for 3 min
and an equilibrium phase for 2 min. The resulting peaks were corrobo-
rated with standards cyclo(l.-Pro-I-Val), cyclo(I-Pro-L-Phe), and cyclo
(L-Pro-L-Tyr} (Bachem Co., Torrance, CA, USA). CDPs quantitation was
assessed by comparing the area units from each CDP peak showed in
chromatograms from the HPLC analysis with those of its corresponding
standard, The proportion of each CDP in the mix was 0.75:1.0:0.75,
respectively,

3. Resuits

3.1. Cycodpepndes from Psewlomonas aeruginose induced changes in
Arabidopsis thaliana root architecture

To determine the ability of CDPs to induce growth and development,
CDPs were extracted from the P. aaugnosa growth medium with sol-
vents according to Herndndez-Padilla et al. (2017}, and a mixture of
CDPs was obtained, Then, 4-day-old A. thaliana Col-0 were transferred
on solidified MS (0.2x) supplemented with the CDP mix (in concentra-
tions ranging from 0.1-100 pg/ml) and incubated for 8 days {Fig. la),
We observed a significant increase in primary root growth, lateral root
number and biomass productionin 1 and 10 pg/ml of COP mix (Fig. 1),

[CDPs] (pg/mL)
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In contrast, at 100 pg/mL, primary rootlength was observed to decrease,
Thus, CDPs reconfigured root architecture in a dose-dependent manner.,

32, Cycdodpeptides activate cel probiferation

Cell proliferation in the meristematic zone is a key process in root
growith. To determine whether the effect of CDPs involves this process,
the expression of the mitotic marker CYCBI was analyzed. To this end,
six-day-old Arebidops's thaliane CycBI:1idA seedlings were treated with
the CDP mix for 24 h, and GUS activity was determined (Fig. 2). It was
observed that CyCB1:midA seedlings treated with 1 and 10 pg/mL of
CDPs showed increased cell division in the primary root meristem
compared with non-treated plants (Fig. 2a and ¢}, Moreover, the expo-
sure of seedlings to 100 pg/mL of CDPs for 8 days showed that CycB1
expression was drastically reduced in primary root meristems {Supple-
mentary Fig La, upper panel), correlating with the marked reduction in
primary root length (Vg 1). Additionally, we evaluated the lateral root
primordium (LRP) maturation stages according to Jing and Smade
(2019), and analyzed the CYCBI expression in the primary root and
lateral root meristems in four<days CyCB1:wdA germinated seedlings
ransferred to solidified MS supplemented with the CDP mix and growth
for 8 days asin Fig 1. It was observed that after 8 days, CDPs induced
LRP maturation (Supplementary Fig, 1b} and inaeased cell division in

Fig. 1. Effect of cyclodipeptides (CDPs) on the growth and
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Fig., 2. Cyclodipeptides (CDPs) incuced CYCH! expression
Representative photographs of CyCBLaddd expresion of 6-
day-eld seedling roots treated for 24 h with a) CDPs or b)
COPs + PEATOR67 160 nM. The scale bar represents 100 pm.
€) Number of dividing cells in the ot meristem. Data e
presentad & mem 4 5D (n = 7). One-way ANOVA, with apest-
hoc Tukey test (P = 0.05) was perfformed. Differont letters
represent statistically different mears. The experiment was
repeated twies, with simila results.
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primary root and in the matwe lateral voot meristem at 10 pg/ml
(Supplementary Fig. La), further indi cating that at this concentraton the
COPs mix induce root growth by simulating LRP matraton and
increasing cell division, To determine whether the inaeased prolifera-
tion induced by 24 h of CDPs treatment was due o the TOR pathway
activation, PEA70867 —a specific S6K inhibitor—was applied to the
culture media (Pearce et al, 2000), PR-470867 at 016 M reduced
cellular division, and co-sdministration of this inhibitor with CDPs did
not inarease cell division as much as COPs alone (Fig 2bhand ¢, All these
data suggest that CDPs induced growth and development in A, thaliang
in g TOR pathway acivatdon.dependent manner by inducing cell
proliferation.

3.3, Cydodpepides activate the TOR/S6K pathway

The inoeased cell division by CDPs required TOR pathway acdva-
tion. To elucidate whether CDPs acdon was through the TOR pathweay,
A thaliona tores (inducible estradiol siRNAY seedlings, which were

incubated with eswadiol 5 mM for & days, were {ransferred for an
additional @ days to a medinom supplemented with the CDPs mix (0-100
pg/mL; Fig. 43, Our resuliz shown that only the concenratdon of 10 pg’
ml statistically increased fresh weight, and that none of the concen-
mations used of CDPs modified either the length of the main root ar the
number of lateral roots, indicating that the promoting effect and root
changes ohserved by CDPs an plant growth required the TOR protein
involvement (Fig. 3b).

‘We then evaluated the TOR pathway activation by analyzing the
downstream S6K (S6K1) protein by protein gel blot analysis on protein
extracts from plants weated with the COPsmixar0.1— 100 pgsmL for 2 h
{Fig. 4a). The resulis showed an increase in 56K phosphorylation in Thr-
449 after 2 hof treatment and no significant changes in ol S6K protein
levels. Next, we selected the concentration of 1 pg/ml of CDPs to
analyze S6K protein phosphorylation and total protein levels, and
exposed plants for 30, 60, 90, and 120 min o this CDPs concentration
(Flg. 4b), The time-course results indicared & peak of S6K phosphory-
latdon at 90 min and a subsequent signal decrease at 120 min, with no
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Estradiol 5 uM + CDPs (pg/mL)
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Fig. 3. Effect of cyclodipeptides (CDPs) o
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changes in S6K total protein levels. This shows a cyclic S6K phosphor-
ylation and, therefore, suggests cydic TOR activation, To corroborate
that S6K phosphorylation induced by the CDP mix was dependent on
TOR, we used increased AZDS0S5 concentrations (Fig 4¢), which
reduced S6K phosphorylation levels. However, when plants were treated
with AZD8055 1 pM plus CDPs 0100 pg/mlL, the inhibitor was not
sufficient to decrease the S6K phosphorylation induced by CDPs addi-
tion (Mg, 4d).

3.4. Pseudomonas aeruginose PAO1 induced electrophoretic shift of SOK
protein

In the Arebidopsis-Psendomonas plant lnueracdon system, CDPs
mediated plant growl:h promotion in an auxin d

oo-cultivated with P. aeruginasa Col-0 (WT) or IM2 (Alasi/Arkil) for 10
days (Flg. 5a, Supplementary Fig. 2). P. aerugiosa has two mainly
N-acyla-homoserine lactone (AHL)-dependent quor sing (QS)
systems: the ias and rhl systems. In the las system, the Last AHL synthase
directs the synthesis of 3-0x0C12-AHL, which interacts with the tran-
seription factor LasR to target gene promoters. In the rhi system, the Rhil
synthase directs the synthesis of C4AHL, which interacts with the
cognate regulator RhIR and controls manscription of target genes
(Pearson 2t al,, 1994; Pesci et al,, 1997). It was shown that CDPs were
accumulated in P. aerug) Alasi/Arhl double mutant (JM2) extracts,
suggesting that AHL signals modulate the production of compounds
directly involved in plant grow th promotion (Ortiz Castro ot al, 2011),
Moreover, the production of virulence factors in P. eeuginese is
mmxolled accordlng to cell density through both las and rhi QS systems;

(Ortiz-Castro et al,, 2019). Here, we explored the connection between
plant growth prcmouon induced by CDPs and the TOR pathway during
the interaction. We used 6-dayold A thaiane Col-0 seedlings

ddit y to CDPs inaease, the JM2 strain have reduced
[moducﬂon of vnrulenoe factors (Pesci et al., 1997).
The co-inoculation with the bacterial strains showed an increase in
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lateral root number and fresh weight (Fig. 5S¢ and d), as previously re-
ported by Ortiz-Castro ¢tal. (2011} These plants were used to prepare
protein exracts, which were analyzed by two-dimensional PAGE {2-D}
and protein gel blot analysis using the anti-S6K antibody (¥ig. Ga and b).
tic mobility and intensity of AIS6K spots were
observed in the proteins from co-inoculated plants with P. aeruginose
PAOT or JM2, compared with wntreated plants, The spots detected by
protein gel blot analysis were mobilized towards the positdve pole,
suggesting an increase in S6K phosphorylation and, therefore, TOR
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Fig. 4. Activation of S6K protein by cych-
dipeptides (CDPs). Proteln extracts from 6-day-
old A. thdimia ColO seedlings treated with
DPs were resolved by SDSPAGE and analyzed
by pretein gel blot hybrdization 1sing anti-
AS6K or anti-AtS6K-phosphorylatad (Thr 449)
antibodies, Treatment with a) 0, 0.1, 1, 10, and
100 pg/ml, COPs, b) 1 pg/ml CDPs for 0, 30,
64, 90 and 120 min, ¢)0,0.01,0.1, 1 and 10 M
AZDS0SS for 2 h, and d) | M AZDSOSS + 0,
01,1, 10, and 100 pg/mL COPs for 2 h In a
growth chamber. The experiments were
repeated twice, with similar results,

Fig. 5. Co-inoculation of Ambidopsis thaliana
with Pseudomonas aeruginesa WT (PAC1) and
JM2 (alaslzarhll). a) Representative photo-
graphs of 6-day-old seedlings oculated with
P. aenuginesa WT and JM2 at 5 cm from the ot
tip that were placed in a growth chamber for 10
days. Quantitative data of b) primary root
length, ¢) lateral root number, and d) fresh
weight, Data are presented as mean 4 SD (n =
20), One-way ANOVA, with a post-hoc Tukey
test (* P < 0.05, * P < 0,01, *** P < 0001
was performed. The experment was repeated
three times, with similar results,

activation, although other post-translational modifications could be
possible, In addition, we demonstrated the relevance of TOR expression
in Arabidopsis-Pseudomonas interaction, Arebidopsts thaliana Col, G548
(over-expressing TOR, OX-TOR) or tores seedlings were used and
co-inoculated with P. aeruginose PAOY ar JM2 strains at the front {1 em)
of the primary root dp (Fig. 7a, supplementary Fig. 3). An increased
biomass in OX-TOR seedlings compared with Col0 seedlings was
observed with both strains (Fig. 7b). However, inoculation with JM2 or
PAO1 strains did not induce maorphological changes or increased
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Fig. 6. Analysis of S6K protein from Ambidopsis
thaliana Col-0 plants co-lnoculated with Pseu-
damonas aerugiiosa strains. a) Representative
photographs of 2-D protein gel blot malysis of
S6K isoforms (left) and the comesponding 3D
view (right). b) Quantification of S6K spots in
control plants and P, aenginosa PAOL- or JM2-
treated plants. ¢) Nomalization of Intensity
spots from the S6K isoform. The experiment
was repeated twice, with similar results. The
spot numbers are indicated with amows.

Fig. 7. Interaction of Arabidopsts thalima lines
with modified TOR expression and Pseudan aias
aeruginosa strains. 4) Representative photo-
graphs of 6-day-okd seedlings (Col0, OX-TOR,
and those sekected with 5 M estradiol [tor
es5]) inoculated with P. aengiiosa PAOL or
JM2 at the limit of the wot tip and placed ina
growth chamber for 10 days b) fresh weight
data Data & presented as mean + SD (n = 20).
One-way ANOVA, with a post-hoc Tukey test
(*** P < 0,001 ) wis performed. The experiment
was replicated twice, with similar results.
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biomass production in tores seedlings, further indicating thar TOR
protein is involved in the plant growth-promoting effect of CDPs pro-
duced by the hacteria, Although both hacterial swains increased the
hiomass, it was observed that the roots of the plants that were growing
with the PAOL strain modified their growth when approaching the
bacterial streak (Fiz. 7a, Supplementary Fig. 3), suggesting that the
virulence fictors produced by the PAO] strain are perceived by plants
and redirect their growth,

4. Discussion

COPs have attracted considerable attention  because of  their
remarkahle hialogical actvity in plants, Using an in vire interaction
system, Poaerugnose was shown to promote A thelane growth by
produdng CDPs (Ortlz-Castro et al., 20010, In the present study, a mix of
COPs was extractesd from bactedal cell-free cultures, and  their
growth-promotng activity was evaluated {Flg. 1a) by determining the
quantity of CDPs required 1o induee plant growth promotion It was
shown that the CDP mix induced growth and developmentat 0.1 and 10
pg/mL, whereas at higher concentratdons of the CDP mix (100 pg/ml),
A thaligna growth of the primary root was repressed. This effect is
largely reminiscent of the acdvation of an auxin signaling pathway in
which primary root growth s repressed and lateral root formation and
growth are induced, as previously sugpested by OrteCastio et al,
(2011%

Induction of dssue growth could be due 1o an ingease in cell pro-
liferation and/or elongation. To investigate by which of these two pro-
cesses CDPs indoce plant growth, we evaluated CYCBD expression to
evialuate proliferation  using  the  reporter  line  Cyoll:wdA
(Colan-Carmona et al., 1999 (Fig. 2, Supplementary Fig. 1) The CYCB1
protein is expressed around the G2/M cell eycle tansi ton phase (Shaul
etal, 1990, therefore it can be used a5 a reporier for cell division, It was
abserved that the ex posure of the A. thaliane CyCEI:ddA transgenic line
to the COP mix for 24 h increased reporter gene expression in a
dose-dependent manner, indicating thatcell proliferation is activated by
CDPs, However, PE470871, an 56K inhibitor, restoved the cell division
rate induced by CDPs when both compounds were added to the plant
media, This observation indicted that COPs were able o induce cell
proliferaton in A. thaliane roots, and that this effect involved an active
TOR pathway. At eight days of exposure, COP mix increased CyCEIL:
widd reporter gene exession in primary roots, except for 100 pg/mL
(Supplementary Fig. 1a), which is consistent with the effedt on primary
root growth observed.

Addidonally, it was found that the increase in lateral root number
induced by the 10 pg/mlL of COPs treatment is due to the increased
maturation of LEP (Supplementary Fig, 1b), and expression of CYCB1
protein in lateral root primordivm Supplementary Fig. 1a), This in-
dicates that root branching induced by this concenration of CDPs is due
to an inerease in cell proliferation in primary and lateral roots. Although
there is no obvious effed in CyeBl expression at 100 pg/ml of CDPs
(Supplementary Fig. 1a, lower panel), a slight increase in the number of
lateral roois was abserved (Fe . Le); this inerease could be explained by
the effect of this CDPs concentration in the lateral root primordia
maturation observed (Supplementary Fig. 10},

The TOR kinase is considered & master regulator of growth in en-
karyoves, It funcrions as a sensor of cell conditions and an be acivared
by plant hormones such as awdns (Deng et al., 2006 Turd: ef al., 2004),
in a pathway that lnvolves the the small GTPase ROP2 (Sche petilnthoy
and Ryabova, 20171 As mentioned above, CDPs possess awdn-like ac-
tivity; therefore, we investiga ted whether CDPs were able w activate the
TOR pathway, Previous reports indicate that TOR expression is not
modified under growth Inducer treatments but instead induced TOR
pathway activation by phosphorylation (Beltran-Pena et al, 2002;
Sehepetilnikoy and Ryabova, 2007), For this reason, o correlate the
effect of CDPs with the TOR pathway, plants with altered TOR expres-
siom {tor-es) were used and reated with 0— 100 pg/ml of COP mix added
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o growth media (Fig. 3).

Cyclodipeptides induce reduced morphological changes in tores
plants, conversely to what was previously observed in incubared WT
plants (Fig 1) indicating the relevance of TOR expression in plant
growth induced by CDPs from P. aemiginase. We also analyzed whether
the COP mix indured changes in the phosphorylation status of 4 TOR
downsteam target, the 56K protein, To this end, Cold plants were
exxposed to 0.1-100 pg/mL of COPs for 2 h, with the sim of analyzing
pathway activation (Flg. 4). Changes in electrophore tic mobility have
been observed in p70S6K from Swiss 3T3 cells, depending on the
phosphoryladon status of the protein (Pearson et al, 1995), The act-
vation of S6K proteins is brought about by moltiple phosphorylation
sites, and a set of key regulatory sites is perfectly conserved in the S6K1
protein from Arabidopsis (Turck e al, 2004). Only S6K1 has been
extensively studied in this plant, and frequently has been ligated 1o S6K
activity (Baksi et al,, 201%; Deng et al., 2016; Turck ef al., 2004),

Tt was observed that the CDP mix was able to increase the phos-
phorylation of S6K at all doses compared with control plants (Fig. 4a).
Additional ly, a time-course treamment was realized in plants using 1 pg/
ml of COP mix for 30, 60, 940, and 120 min (Fig. b)), where a gradual
56K phosphorylation induction was observed, with a maximum at 90
min of weament, and & decrease in phosphorylation ar 120 min,
Furthermore, with the inhibiton of TOR with AZDSOSS (Flg 4c), as
expected, a decrease in 56K phosphorylation was observed, and with the
co-administration of AZDEOS5 and COP mix, an increased phosphory-
lation of 56K was observed (Fig <d), suggesting that S6K phosphory-
lation was induced by CDPs through TOR activation, This is shown by
different bands detected by the corresponding antibody (Fig. 4band d}.
All these results indicated that CDPs were able to activate the TOR
pathway in A thalione seedlings without changing S6K  protein
expression

To further correlate the activation of the TOR pathway indoced by
COPs with the growth and development promotion induced by these
oompounds, we used an interaction system in which A. thaliono seed-
lings were grown in the presence of P. agnginosa PAO] (wild-type) or
JM2 (Alasi/arhin straing for 10 days (Fig. 5, Supplementary Fig. 2).
Proteln extracts from these planis were prepared and proteins were
analyzed by 2.0 elecirophoresis and protein gel blot analysis to assess
post-translatdonal modifications of S6K (g, 6}, It was observed that co-
inoculation of Arebidepsts plants with P aeginose PAOL or JM2
induced changes in S6K electrophoretic mobility towards the positive
pole (56K has a thearetical isoeledric point of 6.3), indicating post-
wanslatdonal changes such as phosphoryladon (or others affecting 56K
Ip or Mw), thereby suggesting an inaeased S6K phosphoryladon and
TOR activation

Similar shifis in S6K elecrophoretic mobility due to prowin phos-
phorylation have heen ohserved during maize germinadon (Feyes de 1o
Crue et al, 2004, Both strains produced COPs, but it has been reported
that the JM2 mutant did not produce virlence factors amounts that
would affect or interfere with the activation of S6K and, therefore, the
growth-promoting effect induced by CDPs, Indeed, Corons-Sincher
et al, (2019) established a connection between CDPs, growth induction
of maize plants, and 56K electrophoretic mobilization in & similar way
(Corgna-Sanches et al, 2009, Finally, in this interaction system, using
A thalinna seedlings over- or down-expressed TOR (OX-TOR and tor-es,
respectively ) (Hg. 7, Supplementary Fig. 3), we observed that OX-TOR
seedlings increased blomass  production when  Inoculawed  with
P aeruginosa PAOL or JM2 (Fig. 7b), compared with Col-0 seedlings, and
or-es did not show morphological or biomass changes following the
inoculation, Thess results reinforee the TOR-dependence of growth and
development induced by P. aeniginesa, Based on these results, we can
comelude that COPs produced by P eeryginosa induce growth and
development through activation of S6K and, therefore, by activation of
the TOR pathway in A. thalicna,
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5. Conclusions

Cyclodipeptides produced by Psendomiones aeruginose PAOT induce
primary root growth and promote lateral root development in a dose-
dependent fashion in Arebidopsis thaliona through & mechanism that
requires activaton of the TOR/S6K pathway.
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ABSTRACT

Background: Pseudomonas aeruginosa is an opportunistic and pathogenic bacterium
with the ability to produce cyclodipeptides (CDPs), which belong to a large family
of molecules with important biological activities, Fxcessive amounts of CDPs
produced by Psewdomonas strains can activate an auxin response in Arabidopsis
thalmna and promote plant growth. Target of rapamycin (TOR] 5 an evolutionarily
conserved eukaryotic protein kinase that coordinates cell growth and metabolic
processes in response to environmental and nutritional signals. Target of rapamydn
kinase phosphorylates various substrates, of which 56 ribosomal protein kinase
(S6K) is particularly well known, The PI3K/Ak/mTOR/S6K signaling pathway has
been studied extensively in mammals because of its assodation with fundamental
biological processes induding cell differentiation. However, evidences suggest

that this pathway also has specific and conserved functions in plants and may thus be
conserved, as are several of its components like TOR complex 1 and S6K proteins,
In plants, TOR-56K signaling has been shown to be modulated in response to
plant growth promoters or stressors,

Methods: In this study, we evaluated the effects of P. aeruginosa CDPs on the growth
and root development of maize plants (Zea mays L) by adding different CDPs
concentrations on culture plant media, as well as the effect on the phosp horylation of
the maize 56K protein (ZmS6K) by protein electrophoresis and western blot.,
Results: Our results showed that P. aeruginosa CDPs promoted maize growth and
development, including modifications in the root system architecture, correlating
with the increased ZmS6K phosphorylation and changes induced in electrophoretic
mobility, suggesting post-translational modifications on ZmS6K. These findings
suggest that the plant growth-promoting effect of the Pseudomonas genus, associated
with the CDPs production, involves the TOR/S6K signaling pathway as a mechanism
of plant growth and root development in plant-microorganism interaction,

Hend 1o elle this article Corona-Sinchez I, Pefia-Unibe CA, Gonzder-Laper 0, Villegas | Campos-Garcia [ Feyes de la Oz 1. 2012
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INTRODUCTION

Living organisms can typically adjust their metabolism in response to resource availability
in their environment. Favorable environmental stimuli (availability of nutrients, energy,
or growth factors) promote anabolic processes in cells, which leads to an increase in
size and biomass. In contrast, exposure to stressors such as nutrient or energy deficits,
hypoxia, or DNA damage leads to the downregulation of macromolecule synthesis and
upregulation of catabolic processes like autophagy (Wullschlgger, Loewith & Hall, 2006).

Inoculation of Arabidopsis thaliana plants with a Pseudomonas aeruginosa lasifrhll
double mutant strain substantially increased shoot and root biomass production. This
mutant strain lacks both fas] and rhil genes, therefore is unable to produce N-acyl-L-
homoserine lactones, which are quorum sensing molecules that regulate virulence factors
production. The compounds responsible for this increase in plant growth were identified
as cydic dipeptides (cydodipeptides (CDPs)): cyclo(L-Pro-L-Tyr), cyclo{L-Pro-L-Val ),
and cyclo(L-Pro-L-Phe), which also activated the auxin-inducible DR5:uidA marker in
transgenic Arabidopsis plants (Oriiz-Castro et al, 201 1), Cyclodipeptides are non-
ribosomal peptides synthesized by a large number of organisms and constitute a novel
family of heterocyclic compounds with different impartant biological activities (Befin of al,
2012 Hermandez-Padilla et al, 2017). Cyclodipeptides have been shown to affect plant
development by eliciting various responses including growth promotion (Cronan o al,
1998, Deprassi ef al., 2002; Kimura et al, 2005), germination and h:.rdric stress resistance
(lenaga et al,, 1990), expression of pathogen resistance genes (Park et al, 2016), and
promotion of lateral root formation (Ortiz-Castro ¢f al,, 200 I; Gonzilez ef al, 2017 Ortiz-
Castro, Campos-Garcia & Lopez-Bucio, 2019,

Target of Rapamycin (TOR) protein kinase is a key cell growth regulator in eukaryotes
and it is important for cell growth control and metabolic responses to environmental
signals. The genomes of most examined eukaryotes contain a single copy of the TOR gene
and knockout studies indicate that the mutation of this gene is lethal, inducing
developmental arrest at an early stage (Menand et al, 2002 Gangloff ef al, 2004; Xiong
et al., 2006). In mammals, TOR forms part of two complexes referred to as mTORCI and
mTORC2 that differ in functions, subunit composition, and susceptibility to rapamycin,
an antifungal macrolide with strong im munosup pressive and antiproliferative properties
(Vézinag, Kudelski ¢~ Sehgal, 1975 Martel, Klicius & Galef, 1977; Eng Sehga & Vezina,
1984). The mTORC2 complex (comprising the TOR, RICTOR, and mLSTS subunits) is
not inhibited by rapamycdin and its function is associated mainly with actin cytoskeleton
polarization and endocytosis (Kamada et al, 2005; Niles ¢ Powers, 2014; Rispal et al,
2015). In contrast, the mTORCI complex is susceptible to rapamyan inhibition and forms
part of a signaling pathway that upregulates anabolic processes and suppresses catabolic
processes when the environmental conditions are favorable for growth,

The mTORC1 complex regulates cell growth in response to four main factors: insulin,
insulin-like growth factors (IGF), nutrients, energy levels, and stressors (e.g., lack of
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nutrients or energy, hypoxia, or DNA damage). Eukaryotic translation initiation factor 4E
(eIF4E}-binding protein (4EBP) and the S6 protein kinase (S6K]), which phosphorylates
the 56 ribosomal protein (a component of the small ribosomal subunit) were the first
metazoan targets of mTORCI to be identified (Meyuhas & Dreazen, 2009% Fenton & Gout,
2001 1), Activation of S6K by mTOR is essential for overall protein synthesis effidency and
cell size control (Meyuhas, 2015) and modulates transcription, lipid synthesis, cell
growth and size, and cellular metabolism (Magruson, Ekim ¢ Fingar, 201 2). Compared to
animals and yeasts, TOR signaling has not been extensively studied in plants; however,
conserved components of this signaling pathway have been identified in plants and were
found to exert functions similar to those of their mammals and yeasts counterparts
(Dobrenel et al, 2016a; Schepetilnikov & Ryabova, 2018; Bakshi et al, 2019,

In maize, the presence of TOR-S6K signaling pathway components has been confirmed,
induding a TOR kinase protein (ZmTOR) (Agredano-Morene ef al, 2007), an insulin-like
growth factor (ZmIGF) (Garcia Flores of al,, 2001), and an 56K protein kinase
(ZmS6K) ortholog of the human p7056K isoform (Reves de la Cruz Aguilar o Sanchez de
fiménez, 2004), Maize S6K comprises two of the main target residues that are essential
for p7056K activation in animals, namely Thr-229 (Ser-308 in Zm36K) and Thr-389
(Thr-468 in ZmS6K), which is phosphorylated by TOR kinase and s critical for S6K
activation ( Wullschleger, Loewith & Hall, 2006),

In plants, TOR signaling has been shown to be activated by auxins and exposure to light,
as well as glucose and amino acids, likely because a TOR signaling pathway evolved in
plants as a consequence of sedentariness and photo-autotrophy ( Dobvenel of al, 20166
Schepetilnikov ¢~ Ryabova, 2018; Bakshi et al,, 201 9), Pseudomonas aeruginosa PAOQL CDPs
can modulate several aspects of A. thaliana development (Ortiz-Castro of al, 2011;
Gonzdlez et al, 2017); thus, in the present study, we assessed the effects of CDPs on growth
and development of maize plants (Zea mays L.). Furthermore, we examined whether CDPs
treatment induces the activation of the TOR signaling pathway through stimulation of
S6K kinase phosphorylation,

MATERIALS AND METHODS

Plants and growth conditions

Zea mays L. 'Chalqueno’ seeds were used in all the experiments. The seeds were surface-
sterilized using 50% (viv) sodium hypochlorite (NaCIO, 6% active Cl) for 5 min and
washed three times with deionized water. The seeds were then treated with 70% (viv)
ethanol for 5 min and again washed three times with deionized water. After this, the seeds
were placed in cotton beds soaked with sterile water for germination (72 h, 25 = 2 °C,
in darkness). Seedlings that showed homogeneous growth were selected, and the
endosperm was removed using a scalpel. Seedlings were surface-sterilized with sodium
hypochlorite and ethanol, as detailed above, and placed in 25 x 150 mm tubes containing
tive mL of liquid MS medium (Murashige ¢~ Skoog 1962) according to Martinez-de la Cruz
et al (2005). Solutions containing CDPs at different concentrations (0.5, 1, 10, 20, and
50 pM) or 12 pM indole-3-acetic acid (1AA) were added to the tubes. The highest amount
of DMSO used for preparing the different concentration of CDPs was used for control
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treatments (1.5 pl. DM50/mL of medium) because CDPs stock was prepared in 80%
DMS0, The tubes were placed in a plants growth chamber with a photoperiod of 16 h light
and & h darkness at 22 + 2 °C for & days. Afterthis, plant growth was assessed by recording
the shoot length, primary root length, number of lateral roots on the primary root,
number of seminal roots, and number of crown roots,

To evaluate the effect of CDPs on maize plants, maize seeds were surface-sterilized as
outlined above and germinated for 24 h. Seeds with homogeneous germination were
selected, placed in pots with sterilized soil, and grown for 30 days. The seedlings were
irrigated every third day. The control group received sterilized water, and the CDPs
treatment group received sterile water containing CDPs at a concentration of 20 pM.
The P. acruginosa CDPs mixture used in the different treatments were obtained as
described by Ortiz-Castro et al (2011) and Gonzdlez et al. (2017).

Plant growth analyses

The foliar and primary root lengths of plants were measured using a ruler. The numbers of
lateral roots on primary, seminal, and crown roots were counted manually, and total root
length, number of lateral roots, average root diameter, root volume, and surface area
were recorded by automated scanning using an Epson Expression 11000XL A3 flatbed
photo scanner and WhinRHIZO root imaging software (Regent Instruments Inc., Chemin
Sainte-Foy, Quebec, Canada). Quantitative data were analyzed with GraphPad Prism 5
(GraphPad Software Inc,, La Jolla, CA, USA), A one-way ANOV A was performed followed
by a Dunnett's post-hoc test and a Student's t-test for independent samples. The results are

expressed as the arithmetic means + standard error.

Protein extraction

Embryonic axes from seeds germinated for 22 h were dissected and incubated in flasks
containing either MS medium only or MS medium supplemented with CDPs at
concentrations of 0.5, 1, 10, 20, or 50 pM, or with 12 uM TAA, The flasks were kept with
slight agitation (120 rpm) for 2 h, and the embryonic axes were subsequently frozen using
liquid nitrogen and then ground using a mortar. After this, an extraction buffer (50 mM
HEPES, | mM sodium orthovanadate, 1 mM sodium molybdate, | mM EDTA, 1 mM
benzamidine, 20 mM NaF, 80 mM beta-sodium glycerophosphate, 0.2 mM PMSF, and
2mM DTT at pH 7.6) was added to the sample powder and the mixture was centrifuged at
9,000xg at 4 °C for 30 min. The protein content was determined on supernatants by the
Bradford method (Bradford, 1976),

Protein gel blot analyses

Protein extract samples (30 pg) were separated by SDS-PAGE (12% acrylamide) and
blotted on PVDF membranes (Millipore, Burlington, MA, USA). The membranes were
incubated with either an anti-human-phospho-p7056K-Thr3g9 (p-p70S6K) polyclonal
antibody (1:1,000 dilution) (Santa Cruz Biotechnology, Dallas, TX, USA), or with an anti-
ZmSeK polyclonal antibody (1:1,000 dilution) (Abbiotec, San Diego, CA, USA) at 4 °C
overnight. Membranes were washed with 0.15 M TEST for 10 min, then with 1 M TBST for
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10 min, and then twice with 0,15 M TBST for 10 min, After this, the membranes were
incubated for 2 h with a peroxidase-conjugated goat anti-rabbit IgG antibody (1:3.000
dilution) (Bio-Rad Laboratories, Inc., Hercules, CA, USA) at room temperature. The
membranes were washed five times with (.15 M TBST for 5 min each. The peroxidase
reaction was revealed using luminol and detected using a ChemiDoc™ XRS+ system
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). Densitometry analysis for each protein
blot was performed using Image] software (NTH, Bethesda, MA, USA).

2D gel blot

For 2D gel blot assays, the 8-day-old maize plants were dissected in two parts: root and
shoot, of which only the root was used because obvious changes were observed in this
area by CDPs treatment. Tissues were ground with liquid nitrogen and the powder
placed in extraction buffer (50% phenol [viv], 0.9 M sucrose, 10 mM EDTA, 0.4%
2-mercaptoethanol [v/v], 100 mM Tris) with an equal part of phenol solution (equilibrated
with 10 mM Tris HCI, pH 80, ImM EDTA), homogenized in vortex and centrifuged at
9.000xg at 4 *C for 10 min, The organic phase was recovered and an equal amount

of extraction buffer was added. The sample was homogenized and centrifuged at 9.000xg
at 4 °C for 10 min, The organic phase was recovered again and a predpitation solution
{ammonium acetate/methanol} was added to precipitate the proteins at =20 °C overnight,
After this period, the sample was centrifuged at 9,000xg at 4 °C for 10 min, and the
precipitate washed three times with precipitation solution and final wash with cold acetone
at 80%, performing a centrifugation at 9,000xg at 4 °C for 5 min between washes. The
pellet was dissolved in isoelectric focusing buffer IEF (8M urea, 4% CHAPS, 7mM DTT,
2% ampholytes) and proteins were quantified by the Bradford method. Each protein
sample (150 pg) was placed in 13 cm strips with an immobilized pH gradient of 3-10 (IPG
DryStrip pH 3-10 NL,13 cm; GE Healthcare Life Sciences). The strips were left to hydrate
with the samples overnight, Fist dimension separation of proteins was performed with
“Ettan IPGphor 3 Isoelectric Focusing Unit”, Subsequently, the strips were placed in 12%
acrylamide gels for SDS-PAGE. Then, the gels were blotted on PVDF membranes
(Millipore}. Membranes were incubated with anti-ZmS6K (1:1,000 dilution}, peroxidase-
conjugated anti-rabbit antibody (1:3,000 dilution) and revealed as described above,

RESULTS

Modification of maize growth and development by P aeruginosa CDPs
To evaluate the effect of CDPs on maize growth and development, we performed
experiments using the in vitro system described in Martinez-de la Cruz et al, (2015), except
that in the step of growing embryonic axes of 24 h in agar-solidified MS medium and
cultured for 7 days, in this work the seeds were allowed to germinate 72 h and the seedlings
were surface disinfected and placed in liquid M5 media supplemented with CDPs or
IAA as described in the “Materials and Methods” section. It was previously shown that
12 puM of TAA modify the maize root development (Marfinez-de la Cruz et al, 200 5).
Maize seedlings treated with P. aeruginosa CDPs for & days showed no significant
changes in shoot growth at any treatment concentration compared to both the control and
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the 12 pM IAA-treated seedlings (Fig 1), Shoot growth (shoot length and primary root
length) was not significantly different between plants treated with CDPs or IAA and the
controls (Figs, 2A and 2B), In contrast, 20 uM CDPs treatment elicited a substantial
increase in root system development compared to the other CDPs concentrations, TAA
treatment, or control. The 20 uM CDPs and 12 pM TAA treatments led to a significant
inarease in the number of lateral roots (Fig. 2C), Moreover, there was a significant increase
in the number of seminal roots, but not crown roots, in 20 uM CDP-treated versus control
plants (Figs. 2D and 2F, respectively).

The effect of CDPs on maize plants was assessed over longer exposure periods to
determine whether the previously observed effects would also occur at more advanced
developmental stages. For this, maize plants were grown for 30 days in pots and treated
with 20 pM CDPs based on the results obtained previously with the 8-days treatment.
After 30 days, the treated maize plants showed increased growth and development,
evidenced by increased shoot length and root biomass as showed at 20 pM CDPs treatment
(Fig. 3). All the parameters showed increasing trends in CDPs-treated plants (Fig, 4, except
for root diameter); however, only the differences in shoot length (Fig 4A), total root length
(Fig. 4B), lateral roots number (Fig. 4C), root volume (Fig. 4E), and root surface area
(Fig. 4F) showed significant statistical differences compared to the controls, whereas the
differences in root diameter, where a slight decrease was observed, were not significant
(Fig. 413}, These results indicate that at advanced plant development stages, the CDPs
significantly induces shoot and root development.

Effect of P. aeruginosa CDPs on S6K activation

The TOR kinase signaling pathway has been implicated in regulating growth and
development in photo-synthetic and non-photosynthetic eukaryotes, To assess the
association of the TOR pathway with the promotion of plant growth in CDPs-treated
maize plants, protein gel blot analyses were performed using antibodies against anti-
human p70-56K phosphorylated at Thr389 (p-p70S6K), which is phosphorylated by TOR
kinase and is critical for S6K activation. The results showed that CDPs treatment elicited
a dose-dependent increase in ZmS6K phosphorylation (Fig. 5A), with the highest
ZmS6K phosphorylation level occurring with 20 uM CDPs treatment, exceeding that of
the 12 pM TAA treatment (Fig. 5B). Immunodetection with an antibody against
ZmS6K showed that protein concentrations were not modified by either CDPs or TAA
treatments (Fig. 5A). To further evaluate the effect of CDPs on ZmS6K activation,

a 2D-PAGE protein gel blot analysis was performed using antibodies against ZmS6K,
In our experimental conditions, two protein spots were detected at the molecular weight
and pH range, corresponding to the ZmS6K protein. The results showed that there
were changes in ZmS6K protein electrophoretic mobility in protein extracts from
CDPs-treated plants; these changes could be observed as a displacement of protein spots
towards more acidic pH (Fig. 6), indicating the appearance of ZmS6K isoforms with
post-translational modifications, correlating with the increased levels of ZmS6K
phosphorylation observed.
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Figure | Effect of cyclodipeptides (CDPs) on maize seedling growth, Maize seedlings removed from
seeds that germinated after 72 h were grown for 8 days in liquid MS medium, Control plants (A) and
plants treated with 12 uM [AA (B) or CDPsat the indicated concentrations (C-G} are shown. Each group
contained at least eight plants, and the experiments were repeated three times with similar results. Scale
bar, one cm. Full-size S DOE 10.7717/peeti 7494/fig-1

DISCUSSION

We assessed the plant growth-promoting effects of CDPs produced by the P. aeruginosa
PAQI strain on maize plants. Maize plants treated with 20 pM CDPs for 8 days elicited a
significant increase in lateral and seminal root formation (Figs. | and 2). As CDPs
treatment significantly affected root development, but not shoot growth, the treatment
period was extended to examine the effect of CDPs on the long-term growth and
development of maize plants. Plants treated with CDPs (20 pM) for 30 days showed a
slight increase in shoot growth (Figs. 3A and 4A) in addition to a significant increase in the
number of lateral roots, root volume, and root surface (Figs. 3C, 4C, 4F, and 4F,
respectively). These effects may have been due to the key role of this root type in early
maize development since lateral roots provide stability and increase the soil contact and
absorption area (Grzesiak, 2009).

Although the specific mechanism by which CDPs promote plant growth remain
unknown, a mimicking of auxin signals was suggested and is supported by computational
molecular docking analysis (Ortiz-Castro et al, 2011). This study indicated that CDPs
molecules may fit in the A. thaliana auxin receptor binding pocket in a manner
similar to the natural hormone IAA, although with different affinities, as observed for
1-naphthaleneacetic acid (NAA) and 2,4-dichloro-phenoxyacetic add (Ortiz- Castro et al,
2011).

The promoting effect of CDPs on lateral roots is likely due to an auxinic response.
Auxins are essential for lateral root formation in maize, as shown in studies using chemical
auxin-transport inhibitors (Jansen er al, 2012). Moreover, it was shown that the highest
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Figure 2 Quantitative effect of oydodipeptides (CDPs) on maize seedlings. Measurements of different parameters in the plants shown in Fig. 1
(A) shoot length: (B) primary root length: (€] lateral root number of primary roots; (D) seminal root number; and (E) crown root number. The
asterishs indicate statistically significant differences compared to the control treatment. Bars indicate means + standard ervor (6 = 24) from three
independent experiments, One-way ANOVA, Dunnett's post-hoe multiple comparison test (*°, P < 0L011,
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Figure 3 Effect of cyclodipeptides (CDPs) on maize plants after 30 days, The images show treated and
control plants. (A) Representative plants for each treatment. (B) Representative root system images of
control and (C) CDPs-treated plants. Full-size Sl DOL 107717/ peerj 7494/fig-3

auxin concentrations occur in the phloem, where auxin is crucial for lateral root formation;
auxin deficit results in random divisions of pericycle and endodermis cells, which hamper
the formation of new organs (Jansen et al., 2012).

Lateral roots are crucial for maize plant development within the first 2 weeks of growth. In
this stage, lateral roots are the main sites of water absorption from the soil, whereas primary
and seminal roots are responsible for water transport to the shoot (Afimed et al, 2016).

The CDPs treatment induces notable root development on maize plants; however, ata
concentration of 20 uM, CDPs treatment elicited statistically significant effects on maize
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Fignre 6 Effect of Pseudomonas aeruginosa PADL coyclodipeptide (CDP) treatment on ZmS6K
electrophoretic mobility. The images show ZmS6K immunodetection by 20-PAGE and protein gel
blot analysis. (A} Shows representative images of immunoddected proteins from contral and CDP-
treated (20 mM) plants using an anti-ZmS6 K antibody and detected with the Chemi Doc ™ KRS+ system.
(8] Shows 3D views of the images in (A} converted with Im,agtlahmm&mm[iih-ﬂ_nd Labaratories, Inc,
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root architecture, which may have been due to a lower affinity of CDPs compared to auxins
such as indole-butyric acid (IBA) and NAA, which exert effects at lower concentrations.
Treatment of maize plants with various auxins has been shown to exert different dose-
dependent effects on root architecture. At concentrations ranging from 1.5 to 3 pM,
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IBA and NAA promoted lateral root formation and led to shortened primary roots, a
phenotype associated with high concentrations of auxins; moreover, at concentrations
ranging from 6 to 24 uM, TAA was shown to induce dear changes in root architecture
(Martinez-de la Cruz et al, 2015).

As in lateral roots, the effects of CDPs on maize seminal root initiation may be due to an
auxinic activity (Figs. 2-4), Seminal and lateral root numbers are determined by intrinsic
developmental programs; however, previous studies indicated that initiation of seminal
root formation was affected by several factors such as nutrient levels (ie., growth in media
with high or low phosphorus concentrations) (Zhu ef al, 2006) and the effects of auxin-
induced genes (Taraminoe ¢f al, 2007),

Crown root formation was not significantly affected by CDPs treatment; however, it
would be interesting to examine potential CDPs effects on adult plants with root systems
dominated by crow roots.

Target of rapamycin kinase is the master regulator of cellular development by
orchestrating nutrition/energy status with growth-induced signals. Studies on plants and
mammals indicate that TOR only mediates the phosphorvlation of RPS6 via 56K, which
impact on the overall protein synthesis. 56 protein kinase phosphorylation at Thr3gs/ 389
is conserved both in animals and plants and is a widely used method for determining TOR
activity [:‘:—.‘I??Ig o~ Sheen, 2012 Schepetilmikov et al, 2013; Ahn, Ahn e Pai, 2014).
Regarding the effect of CDPs on ZmSeK phosphorylation, the highest level of
phosphorylation was observed at a CDPs concentration of 20 uM (Fig. 5) Interestingly, a
stronger activation of ZmS6K was observed in the 20 pM CDPs treatment group than in
the other groups, in agreement with the overall results for growth and development.
Furthermore, ZmS6K phosphorylation levels decreased with 50 uM CDPs treatment,
suggesting an inhibitory effect at higher CDPs concentrations; however, no toxic effects
were ohserved in the treated plants,

In agreement with the previous results, the 2D-PAGE protein gel blot analysis showed
that 20 uM of CDPs treatment induced changes in Zm5S6K electrophoretic mobility
(Fig 6). The changes may have resulted from post-translational modifications to which
S6K is susceptible, mainly the addition of phosphate groups at multiple sites for complete
S6K activation (Fenton ¢ Gout, 201 1). These results correlate with the increase in ZmS6K
Thr-389 phosphorylation (Fig. 5), as well as the growth-promoting effect observed in
maize plants treated with 20 yM CDPs for # and 30 days, suggesting an association
between TOR kinase-mediated ZmS6K activation and the maize growth -promoting effects
of the bacterial CDPs,

CONCLUSIONS

The role of the TOR/S6K signaling pathway as the central regulator of cell growth and
development in enkaryotes has been established since the past decade. Conservation of the
TORC1 complex and vp and downstream components have been revealed in plants,
and currently there is a growing interest in the plant sdentific community to clarify the
steps of the signaling pathway involved in plant adaption processes regulated by it, to
control plant growth and development. On the other hand, biotechnological strategies for
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the development of products that increase the production of crops have been implemented,
leading to the characterization of rhizospheric microorganisms, also as compounds
produced by these microorganisms with plant growth promotion properties. P. aeruginosa
is @ ubiquitous bacterium that can be found colonizing plant roots causing pathogenesis;
however, in our workgroup compounds able to improve the development of A. thaliana
has been isolated from this bacterium, thus we now tested whether these compounds (CDPs)
can have the same plant growth-promoting effect on maize. a cereal with economic interest
worldwide. Our results showed that P. aeruginosa CDPs promote maize plant growth
and development by modulating the root system architecture. The CDPs-induced
promotion of growth and development in maize plants was correlated with increased
levels of ZmSeK phosphorylation, suggesting the involvement of the TOR-56K signaling
pathway in the plant promoting effects of CDPs. This is the first study to show that
plant-microorganism interaction phenomena mediated by organic molecules such as
CDPs produced by members of the genus Pseudomonas involves the TOR/S6K signaling
pathway as molecular signaling mechanism of plant growth promotion,

As previously discussed, it was established that the bacterial CDPs activate the auxin
pathway in A, thaliana, however, the effects of CDPs on growth and development in
this plant are different than those induced by auxinic compounds, opening the possibility
that the activation of TOR signaling pathway in plants is also induced through alternative
mechanisms, In ouor lab we are working on clarifying the CDPs action mechanism
in plants, trying to find the molecular targets involved. As occurs in Arabidopsis,
maolecular dodking studies could reveal some of the TOR pathway component
nvolved in the CDPs interaction. In addition, with transcriptional studies we could
establish whether the CDPs modify the expression of some plant TOR signaling
pathway actors,
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PLANT MICROBE INTERACTIONS

Non-ribosomal Peptide Synthases from Pseudomonas aeruginosa
Play a Role in Cyclodipeptide Biosynthesis, Quorum-Sensing
Regulation, and Root Development in a Plant Host
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Abstract Diverse molecules mediate cross-kingdom commu-
nication between bacteria and their eukarvotic parmers and
determine pathogenic or symbiotic relationships. N-acyl-L-
homoserine lactone-dependent gquorum-sensing signaling re-
presses the biosynthesis of bacterial cyclodipeptides (CDPs)
that act as suxin signal mimics in the host plant Arabidopsis
thaliana. In this work, we performed biomnformatics, bio-
chemical, and plant growth analvses to identify non-
ribosomal peptide synthase (NRPS) proteins of
Pseudomanas aeruginosa, which are involved in CDP syn-
thesis. A reverse genetics strategy allowed the identification of
the genes encoding putative multi-modular-NRPS (MM-
NRPS). Mutations in these genes affected the synthesis of the
CDPs cyclo(L-Pro-L-Val ), cyclo(L-Pro-L-Leu), and cyclo(L-
Pro-L-Tyr), while showing wild-type-like levels of virulence
factors, such as violacein, elastase, and pyocyvanin, When ana-
hyzing the bioactivity of purified, naturally produced CDPs, it
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was found that cyclo (L-Pro-L-Tyr) and cyclol L-Pro-L-Val) weme
capable of antagonizing quorum-sensing-LasR (QS-LasR)-de-
pendent signaling i a contrasting manner i the cell-free super-
natants of the selected NRPS mutants, which showed QS induc-
tion, Using a bacteria-plant interaction system, we firther show
that the pudd, ambB, and pehE P aeruginoss mutants failed o
repress primary root growth, but improved root branching in
A thaliana seedlings. These resuls indicated that the CDP pro-
duction i P geruginosa depended on the functional MM-
NRPS, which mfluences quorume-sensing of bacterta and plays
a role in root architecture remodeling .

Keywords Psewdomonas aeruginosa - Cyelodipeptides -
Mon-ribosomal peptide synthases - Quorum-sensing -
Plant- growth promotion . Sidemphores

Introduction

Bacteria establish pathogenic or symbiotic relationships with
their eukaryotic hosts. Psewndomonas aeruginosa, a well-
known human and plant pathogen, proliferates in the rhizo-
sphere, a narmw zone of soil mfluenced by root exudates. The
mechanisms ocowring in 2 geruginosa to overcome host de-
fenses mchude the production of toxins, adhesins, pyocyanin,
and other virulence factors; however, there is very little
knowledge about the mechanisms by which P aeruginosa
modulates plant growth and development [1, 2],

P geruginosa performs cellto-cell communication via a
regulatory mechanism known as guorum-sensing (S, which
regulates gene expression in response to fluctuations in the
bacterial density and coordinates many physiological process-
es, such as production of virulence factors, resistance to oxi-
dative stress, antibiotic resistance, motility, and biofilm forma-
fion [3-5]. The las and rif QS systerns are dependent on N-(3-
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oxododecanoyl l-L-homoserine lactone (3-oxo0-C12-HSL) and
N-butanoyl-L-homoserine lactone (C4-HSL), respectively.
These compounds are synthesized by the acyl-L-homoserine
lactone { AHL) synthases, encoded by the fas/ and rhil genes
[4, 6, 7). A third QS system involves the 2-heptyl-3-hydroxy-
4-( 1H)-quinolone (POS) md 2-heptyl-4-hydroxy quinelone
{HHO), encoeded by the pgs gene cluster [4, 8]. These systems
further link signal transduction to transcription factors of the
LysR-type, namely LasR, RhiR, and PgsR, which specifically
respond to the cognate signal molecules and activate hundreds
of genes [4]. Signaling hierarchy, upstream of the pgs and i/
systems, is further defined by the signaling molecule, 242-
hydroxy phenyl -thiazole-4 carbaldehyde (108, also called as
seruginaldehyde), which s synthesized by the ambBCDE
gene cluster and plays an important role in pathogenesis via
the production of pyochelin siderophores [4, 5, 9] The
ambBCOE cluster encodes enzyvmes for L-2-amino-4-
methox y-rrans- 3-butenoic acid (AMB) biosynthesis, which
occurs via a non-ribosomal peptide synthase (NEPS) pathway
and shows toxic effects to prokmryotes and eukaryotes [10].

A vastnumber of natural, organic molecules modulate QS and
cross-kingdom interactions in evolutionay distant organisms,
especially the cyclodipeptides (CDPs ) and 2. 5-diketopiperzines.
CDPs are cyclized molecules comprising two amine acids linked
by peptide bonds; they are produced by a wide range of ogan-
isms, from bacteria to fimgi and animals [11]. CDPs belong to the
non-ribosomal peptides that are synthesized by either NRPS,
which use free amino acids, or CDP synthases, which utilize
amino-acylated transfer RNAs (aa-tRNAs) as substmtes [12].
NRPS symthesize peptides independently of the mBENA nbosom-
al machinery via their multi-modular sructure, which is charac-
terized mamly by thiee core domains: an adenylation domain
1A), responsible for the selection, activation, and transfer of the
amino acid; a thiclation domam (T) that binds the amino acid
covalently to the thiol of the 4"-phosphopantetheme prosthetic
group {also called as PCP domam), and ransports it to the con-
densation domain (C), for peptide bond formation from the C o
M direction between the upstream and downstream aminoacy|
thioesters. Release of the former peptide from the NEPS is often
accompanied by the cyelizaton through the activity of the
thivesterase (TE) domain, and subsequent modifications, such
as reduction, methylation, or epimerization, may occur m the
CDP molecule during the peptide synthesis [13, 14].

Recent data points o CDPs as a novel group of biomole-
cules influencing QS signaling. The CDPs: cyclo(D-Ala-L-
Wal) and cyclo(L-Pro-L-Tyr), inhibit the activity of regulatory
LuxR-type protems that are involved in AHL-dependent QS
regulation [13, 16]. In addition, the fasi-dependent S system
represses the CDP biosynthesis, and this is a determinant fac-
tor in the underlving interaction with Arabidopsis thaliana
plants. since cyclo(L-Pro-L-Tvr), cyclo(L-Pro-L-Val), and
eyclol L-Pro-L-Phe) appear tv mimic the biological role of
auxin, a natural phytohormone [17].

&) Springer

In this report, we employed bioinformatics and fimetional
approaches w identify probeble NRPS from P aeruginosa
PAOT wild-type (WT) strain and studied the role of CDPs in
bacterial phyvsiology and interaction with planiz, Selected mu-
tants defective in putative MM-NRPS had altered CDP pro-
duction, which however, did not affect their virulence, but
mterfered with the QS systems in high concentrations, possi-
bly interacting with the binding site of the cognate AHL to its
receptor. By using the dual P geruginosa-A. thalizna co-
cultivation systems, we demonstrated that the capacity of the
selected WT and NRPS nutants to repress root growth and
promote root branching s tightly related o AHL-dependent
05 status and is modified by CDPs levels in vivo,

Materials and Methods
Bacterial Strains, Plasmids, and Culture Conditions

Mutant bacterial swains were derived from the £ geruginosa
PAOT WT strain (Table 1), The ransposon nsertion site in
most mutants is located within the open reading frame [19].
The strains were grown in Luria-Bertani (LB) broth or M9
minimal medium (MM-9) with 0.2% (w'v) glacose at 30°C,
with shaking. Soludified media were prepared by adding 1.5%
{wivh agar. Antibiotic concentrations used for 7 aeruginosa
selection were 200 pg/ml. streptomyein and 60 pgml tetra-
cycline, and for Escherichia coli IM109 (pSB1075) was
100 pg/ml. ampicillin.

Solvent Extraction and Chemical Characterization
of Cyclodipeptides

Approximately, 2.5 = 10° CFUs of P aeruginosa WTand mu-
tant strains were inoculated in 100 mL of MM-9 and incubated
n a growth cabmet for 24 b at 30 °C, Cell-free supematants
were extracted by cenrifugation at 10,000=g at 20-25 *C for
10 min. The CDPs from these cultures were extracted and
purified as previously described [17]. The resulting supema-
tant was exracted twice with two volumes of ethyl acetate
supplied with acetic acid (0.1 mL/L). The extracts were evap-
orated to dryness using a rotavapor at 60 *C under vacuum,
The residue was dissolved in methano Lacetonitrile (1:1), con-
centrated and dissolved to 1 mL of in high performance liquid
chromatography (HPLC j-grade acetonitrile, HPLC was done
by using a Photo Diode Array detector and a Sephasil-Peptide
CI8, 12 p 4.6 mm =250 mm (Amersham) reverse-phase
HPLC colummn for the sample analvsis. Fractions were elued
with water/acetomitrile, starting with a equilibration solvent
mix of 0:100: followed by a linear gradient of 60:40, with a
flow of 1 mL/min for 15 min: finally, following with aretum
to 0:100 solvent mix for 3 min and an equilibrium phase for
2 min. The detonized water asnd HPLC- grade acetonitrile were
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Table | Badenal srans md

utanis used in this work Strain Characteristic Reference
Pewdomonas aeruginosa PACH Lahomtory standard straim of Prasdomonas aerginosg [ 18]
Ini2 B aeruginara PAON, Adasl, Arfd! douhle mutint;, Te! | 18]
PAOT; fasf B aeruginora PAOT, Adosd, mmntant; T |1E]

PAZ40Z (1D 468)
PAZ424 (ID T7H)
PAZ400 (1D 3265)
PAZIOZL (D 4216)
PAZI0S (D BIR4)

PASOTE (ID 21(85)
PA4225 (D 41376)

PAIIZT (1D 45465)
PALZ 6 (1D 49903
Chromohacteriam wolaoeum

ATCC 31532
. violacem CVO26

FAO trnsposon [S/acZhah mutant in the ORF PAZ40Z,  [19]
(Do

PACH transpaoson [5lacZhah mutant in the ORF PAZ424, | 19]
{Apwil)

PACH trnsposon [50acZhah mutant in the ORE PAZ400, [ 19]
(Apuwlh

FACH transposon 150achah mastant in the ORF PAZ 32, | 19]
{AambE)

PACH transposon [$/acihah mutant in the ORF PA230S,  [19]
{Aamhi

PACH transposan [SacZhah mutant im the ORF PA4O7S | 19]

PACH transposon [SiacZhah mutant in the ORF PA4225,  [19]
{ApchF)

PAOT tmnsposon 15/achah mutant in the ORF PA3 327 119]

PACH transposon ISlacdhah mutant in the ORF PA4 226, [19]
{.ﬂpﬂllﬁ:l

Lahomtory standard straim of Clmmo bhaaeriun vinlaceam [20]
ATCC 31532
. vindacewm mini-Tns mutnt of ATCC 311532 stmm |20]

filrated and degasified. The extmcets were analyvzed for CDPs
identification by gas chromatography coupled to mass spec-
wometry (GC-MS) as previously deseribed [17]. CDP quanti-
tation was assessed by measwing the area units showed in
chromatograms, obtained from the HPLC analysis. For puri-
fication of CDPs, | mL of ethyl acetate extmet was applied to
the HPLC svstem using a Oy semi-preparative column
(Econosil Cig 10 U 250 mm = 22 mm; Alltech). HPLC frac-
tions were eluted in water/acetonitrile, starting with a calibra-
tion system of O:100, followed by a linear gradient of 60:40,
with a flow of 5 mL/min for 40 min: a linear gradient o f90:10,
with a flow 5 mL/min for 10 min; a linear gradient of 0:100
with a flow 5 mL/min and ending with a calibration for 1 5 min
with a flow 5 mL/min. The deionized water and HPLC-grade
acetonitrile were filrated and degasified. The fractions were
collected and concentrated by [yophilization, The purified
fractions were subsequently analyzed by HPLC and GC-MS.

Induction of Violacein by F geruginosa Strains
in the Biosensor Strain Chromobactenium violaceum
V026

Fifty microliters of an overmight culture of C volaceum
CVO26 was plated over the surface of agar dishes supplied
with LB medium. Then, 5 puL LB liquid cultures of the
P aeruginosa strains was placed over the surface of the plates
and meubated at 37 °C to menitor the violacein synthesis by
measuring the purple pigmentation halos [20].

Determination of Pyocyanin and Elastase in Cultures
of the P! qeruginesa Strains

Pyocyanim was exiracted from the supematant fraction of
P aeruginosa cultures grown in LB medium at 37 °C for
4% h. The supernatant (1 mL) was mixed with | mL of chlo-
roform and the organic fraction was collected, and mixed with
| mL 0.2 N HCL The organic fraction was separated and the
absorbance was measured at 520 nm for pyocyanin determi-
nation [21], Elastase was measured in cultwe supematants
from P aeruginesa shains using the Elastin Congo Red assay
(ECR) [22]. Briefly, strains were grown overnight in 1 mL of
LB medium and the culture was harvested by centrifugation at
OO0 rpm for 10 min, Supematant (230 ul.) was added with
10mg of ECR. dissolved in 0.1 M Tris-HCl and 1 mM CaCl,,
pH 7, and incubated for 16 h at 37 °C with shaking. The
remaining ECR was eliminated by centrifugation at
10,000 for 5 min, and the absorbance of the supematant
wis measured at 495 nm in a spectrophotometer.

Quorum-Sensing Assays

The Q8 AHL-dependent assay was performed using the
E coli IM109 reporter strain transformed in the pSB 1075
plasmid, which contains the transcriptional fusion
plasRiasiRITTwvCDABE, and produces luminescence in re-
sponse to J-oxo-C 12-HSL [23]. £ cofi MI109 (pSB1075) was
grosvn overnight in LB liquid medium at 37 “C with shaking,
Then the culture was diluted with fresh LB medium to obtain an
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aptical densaty {OD) of 0.1 at &0 nm {ODiggqeh and 200 pl. was
distributed m each well of a M-well culure plate. Two or 100
of the zsobvent or 3-oxe-C12-HSL { Signa-Akirich) was added 10
the bacterial prowth media and ncubated for 2 h. Subsequenthy,
different concentrations of CDP mix, purification fractions, or
50 pl of P aernginasa culnre supermamnts were added, follow-
ad by moubation at 37 2C, with slight shakang. Both the ODggg
and hminescence were determined by wsing a ChemiDoc MP
maging system {BicRad).

Plant Materinl, Growih Conditions, and Bacterinl
Cocultivation Assays

A. thafiana {Col-0) seeds were surface sterilized with 95% {v/
v ethanal for 5 min, and 20% {v/v)bleach for 7 mim . Afer five

washes with sterile distlled water, seeds were plced o per-
minate and grow on the surface ofagar plates contaming 0 2=
Murashige and Skoog mednm (Murashige & Skoog basal
salts mixtume, Sigma). The suggested formulation s 43 gL
of salts for preparing 1% concentration of mednm [17]; we
wsed 0.9 g/l of sahs, which we referred to as MS 02+ This
medium lacked amine acids and vitamins. We used Phytagar
{Micropropagation grade; Phytotechnolegy) to solidify the
media and prepare the plates. The plates containing the seeds
were placed in a plant prowth chaniber with a photoperiod of
16 h light {1600 pmolinn™s), & h darkmess, and 20% humidity at
a tempemture of 22 *C.

Bacterial densities of 2.3 * 10° CFU were inoculated by
streaking on the agar plates containing 02* MS medium.
Six-day-old perminated Arabidopsis seedlings {eight

Tatle 2 Daa obtained of the prowin sequence alignment of AusA from X aireiwr with P aemiginara PAOL genome
DRE Product name -3 E- Query cover  Domays # #aol
identity value % modulez  AA

Ausd Aureuzimine synthetasee [ Saphdaononr — - - C-Aa1M0-X-AaT-R [ {2397
i)

Lgra Crramicidin synthetase [Breviiacifis 34 il A0 Fl-Aa-1-C-As- 140 ] {(X275)
hanz)

BA240 2 P:.'D‘pﬂlﬁncsynﬂm 1, Pwdl 6 il 94 C-X-Ae 1-0C-As 1-C-X-Aa-T-0-C-Aa-T (4) {5149

PAZ424* Pyovendine synthetase L, PwdL is Li] a1 A-TC-X-Aa-10-X- Aa-T-0-C-Aa- T {4 4343

PA2Y99* Pyovendinesymthetase 13, Pyd D 35 0 a1 C-X-AsT-0-X-Aa-TTE e {2448

PA2400* Pyovendine synthetase I, Pyl 34 0 &9 C-X-AxT-C-X-Aa-T I 2157

BA332T+ Probable nonriboeomal pepride 3l Li] 83 C-Aa T C-A-T-TE [ (2350
mynthetese

PAXI0S* Noribozomal peptide synthetase, 30 G107 77 Aa-TL {1 {1249
Ambb

PA40TE* Pmobable nonribosnmal peptide 32 2RO 51 Aa-T-R {1 991
gynthetase

Pagkrse P:.'Ddldin sj‘nﬂm. PehF 28 2eff 85 C-NRS-A-MT-T-TE {1 (LR

PA4Z26* Dibydmacrsginaie acid symthetase, PehE 26 Se63 &2 E-C-NRS-A-T {1 {1428

PA2Y02* Merribosomal peptide synthemse, AmbE 24 4e-52 B4 A-MTTC-TTE N 214

PA12}1  Hypothetical proiein 28 fe-51 49 Aa-T {inc) {&18)

PA4TI3  Acoyl-comzyme A synthetaee, AcsB 24 228 41 NES-As {inc) {645)

PAGRRT Acotyl-comzyme A synthetase, Acsd 24 Be28 N NRS-aa {inc) {651)

PA2SS7  Pmbable AMP-binding erryme 268 le25 29 Aa {inc) {564)

PAIND  Lang-chainfaty-acid—CoA |igase 24 Be28 21 Aa {inc) [t
Eadly?®

PAI2Y  Long-chain-fatty-acid—CoA |igase 24 Je28 21 Aa {inc) {SE2
EadDl

PA42IE  Pyochdin biogynthesis protein, PchD> bt} 311 38 As {inc) {547

PA4198  Pmbable AMP-binding ermyme 24 Te-11 37 Aa {inec) {5401

PA3GED  Pmobable AMP-binding erryme 24 Se-10 37 Aa {inc) {630

PAIG24  Probable medium-chain acy [-CoA ligase 22 2e09 35 Aa {inc) {560

PA3SEE  Probable acetybood symthetase 21 307 32 T-As {inc) {E28)

PAXSSS  Pmobable AMP-binding erryme 24 Y0 25 Aa {ine) {553)

A the ademylation doman of normmibosomal peptide synthetases { NRPS), o additiona| domain fund in the © terminal of the adenylation domain (4), €
condensation domain, T'thio lation domain, X, HxxPE-repeated domain of MR PS, F7, fermyl-transkersse domain, £ NA D P-binding motils, T mechyl-
translerase domain, T eserases and lipases domain, NRS ademylation domain of NRPS, ise incomplete o ol multidomsing deseribed in muative

MRPS {A-T-C), # o' AA number ol aming acids eontained in the protein
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seedlings per plate) were grown to one side of the plate, op-
posite to the inoculation site. Inoculation was performed at &
S-cm distance from the root tip. The seedlings were grown for
a further 8-day period by placing the plates in the growth
chamber in a completely randomized design. In another set
of experiment, 6-day-old Arabidopsis seedlings were trans-
ferred to plates with a bactenal steak, placing the roots in
direct contact with bacterial colonies. All experiments were
replicated at least three imes.

Analysis of Growth and Statistical Analysis

Growth of primary roots was measured using a rufer. Lateral
root (LE) mumber and lateral root density (LRD) was deter-
mined by counting the number of lateral roots present in the
primary root from the tip to the root/stem ransition. Lateral
root density was determined by dividing the ateral root num-
ber by the primary root length and expressed as LRDVoent-
meter. For all experiments, the overall data were statistically
analyzed by using the Graph Pad program: one-way analvsis
of variance (ANOWVA) analyvses with a Bonferroni or Tukey's
post-hoc test were performed for testing differences in growth
and root developmental parameters,

Bioinformatics Procedu res

To identify putative NRPSs in the P geruginosa PAOL ge-
nome, a blastp algorithm (BLOSUMG2) of the NCBI home
page (www.nchi.org) was applied in the protein alignment
using the dimodular amino acid sequence as targets, the
AusA NRPS from Staphylococcus awreus [24], and the
LgrA NRPS from Brevibacilius brevis NBRC 100599 [14].
Additionally, the putative NRPSs with the major identity
percent (30-36%) were used to re-run the blastp analvsis over
the PAO] genome, The resulting putative NRPSs were further
analyzed to identify functional domains in the amino acid
sequences using the PHMMER software (http:/www. ebi.ac.
uk/Tools'hmmer/search/phmmer).

For docking analysis, AutoDock 4.2.6 softwore for rigid
and flexible molecular docking calculations was used [25].
The LasR transcriptional regulator was obtained from
P aeruginosa PAO] crystallized structre (PDB 1D: 31X3)
with its 3-ox0-C12-HL ligand (PDB ID: OHN), CDP mole-
cules used as co-higands were cyvelo{L-Pro-L-Tyr), cyclo(L-
Pro-L-Val), and cyclo(L-Pro-L-Phe), whose modeling was
carried out with V1 EWDD molecular editor (Rome Center
for Molecular Design, Lab), The LasR docking site was de-
termined from the LasP crysallized stuctwe with OHN i-
gand: a grid box was set to cover the docking site. One hun-
dred docking nins were performed, using the Lamarckian ge-
netic algorithm m AutoDock 4.2.6. A file comprising all pos-
sible conformers was mnalyvzed by AutoDock Tools [25]. The
surface potential was calculated using the PDB2POR server

(http:fnber-222 ucsd.edu/pdb2pgr_2.0.00) [26]. Figures were
generated by using the PvMOL Molecular Graphics System
vl 2rl (Schrodinger, LLC). The CDPs docked-conformers
were tested according to the following: (i) CDPs conformers
with similar orientation to 3-oxo-C12-HSL in the LasR mod-
el; (it CDPs orientation overlapping with the 3-oxo-C12-HSL
binding site in Lasi: and (iti ) CDPs conformers with the min-
imum binding-energy to Lask.

Results

Sereening of Putative NRPS in the P aeruginosa PAO1
Genome

To identify putative NEP'S in the P aeruginosa PAO] ge-
nome, an amino acid sequence alignment was done using
the blastp algorithm by comparing with the amino acid se-
quence targets, the AusA from 8. auwrens [24] and the LgrA
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Fig. 1 Comparisan of the putative locus of the P. aerginasa PAO|T
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(htped dwwwpseudomonas,com), The genomic region is indicated with
numbers abowe each gare chuster; length of genes based on the mamber
af amino acids 1= indicated with a rumber below fre mrows, Dark armows
denote the gees cormesponding to each cluster, Sizes of gones on ORFs
are not at the same scales. Asrerinks denote mutagenived genes

ﬂ Springer



0. Gonziler o al

from B. brevis NBRC 100599 [14]. The alignment results
revealed the adenylation domain (A) in around 55 putative
NRPS homologues, Comparison of the amino acid sequences
with major identity percent by a blastp analysis over the PACGI
genome identified 22 proteins (Table 2) and their fimctional
domains A, T, C using the PHMMER software. This criterion
led us to select 10 amino acid sequences as potential NRPS
candidates (Tahle 2).

The target protein, AusA from & aureus, possessed a
duplicated A, T, C domain, following the pattermn C-Aa-T-
C-X-Aa-T-R. A similar structure was observed in the bi-
modular LgrA amino acid sequence from B. brevis, FT-Aa-
T-C-Ag-T-C (Table 2, Fig. 81, Supplementary materiaf).
More detailed analyses yielded three domains, which have
not been well described in the AusA protein sequence: the
adenylation C-terminal domain (a), which is always

located in the C-terminal of the A domain; the HxxPF
domain (X), which is found m NRPS and the reduction
domain ().

We ohserved that some ofthe putative NRPS proteins were
mtegral 1o membolic pathways that have been already de-
scribed (Table 2). In the first group, the proteins PvdD
(PA2399), Pvdl (PAZ400-PA2401), Pvdl (PA2402), and
PvdL (PA2424 )y were involved in the synthesis of pvovendine,
and the comesponding genes were located on two different,
but adjacent gene clusters of the 2 aernginosa PAO] chromo-
some (Fig. 1). Another group of NRPS catalyzes the synthesis
of pyochelin, PchF (PA4225) and PchE (PA4226). A third
group includes AmbB (PA2305) and AmbE (PA2302) pro-
teins, associated with [Q8 biosynthesis, with ther penes be-
longing into the ambABCOE cluster. Finally, two hypothetical
proteins with unknown functions were cataloged, 1.e., PA3327

Fig. 2 Cnantification of a) 1 =
eyelodipeptides produced in the 500 r
cultures of £ aeuginosa PAOT | 135 min
mutants, 8 Represemtative HPLC ano 4 2\‘
chromaingmms of culture :_;
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Pesks with retention times oo+
comesponding to eyclofL-Pro-L-
Tyri, eyclofL-Pro-L-Val,
eyclo(L-Pro-L-Leu), snd eyelofL-
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and PA4078 ORFs with 2352 amino acids (showing two
multi-modules)and 991 amino acids (with one multi-module),
respectively (Table 2, Fig. 1), Interestingly, the Pvdl and PvdL
sequences consist of around 5000 amine acids (showing four
multi-modules each); the PvdD, Pvd], and PA3327 with
around 2000 amino acids (with two multimodules each):
amd the shorter proteins AmbE, AmbB, PchF, PchE, and
PA4078 with around 1000 amino acids (showing only one
multi-module) (Table 2). Another screening exploved the ex-
istence of CDP synthases, aa-tRNAs-dependent enzymes,
which are smaller compared with the multi-modular NRPS.
Using the AIbC from Streptomyees noursei [27, 28], and
MNozA and NedA sequences from the actinomycete
Nocardiopsis sp. CMB-M0232 [29], possible homologue pro-
teins o CDPS dependent on as-tRNAs wemre identified, but
these showed low identity scores and lacked cntical domains
(Table 51, Supplementary material), suggesting that PAO1
genome lacked aminoacy HRNA -dependent cyclodipeptide
synthases, The above data allowed us to select members of
the MM-NREIS svnthases group to perform a reverse genetics
study in order to identify P aeruginosa enzymes possibly
involved in CDP synthesis.

Production of Cyclodipeptides in P aeruginosa
NRPS-Related Mutants

To assess the possible function of NRPS candidate proteins,
the WT PAO], PyvdL, Pvd), Pvdl, AmbB, AmbE, PchE, PchF,
PA332T, and PALOTE P aeruginosa mMUlanis were grown in
MM-9 and CDF content in the comesponding culture super-
natants was determined by HPLC. Compound peaks of HPLC
chromatograms cormsponding to CDPs i the PAO] culure
were identified as follows: cyclo(L-Pro-L-Tyr) with retention
time KT =12.5 min, cyclo(L-Pro-L-Val) with RT= 12,9 min,
cyclo(L-Pro-L-Leu) with RT = 13.7 min, and cyclo(L-Pro-L-
Phe) with RT=16.3 min (Fig. 2a; Fig. 82, Supplementary
matertal}.

Quantification of the relative area ofthe peaks showed that
the cyclolL-Pro-L-Val) mnd the cyclo(L-Pro-L-Leu) slightly
incressed in concentration in the pwd mutants with respect to
the PAO! strain, whereas the concentration of these CDPs
diminished significantly m the PA3327 ORF mutant and were
undetected in the ApchE and ApehF mutants (Fig. 2b, d).
Interestingly, the cyclo{L-Pro-L-Tyr) increased significantly
in the Apvd/, APA332T, AambB, AambE, APA4OTE, and
ApehE mutamts, but diminished in the ApehF mutam
(Fig. 2c). With respect to the eyclo(L-Pro-L-Phe), it was in-
creased significantly in the AambB and APA40TR mutants in
similar levels as that of the lasf-rill double mutant. These
findings mdicated that the mutations in the putative NRPS
wentified directly or indirectly modified the synthesis of
CDPs in the P aeruginosa PAO] strain.

a] Viclacein production by C. violaceum CV 026
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Fig, 3 Detamination of virulence factars in the cultures of putative
MEPS B aeugingra PAOL mutants, a, b Determination of violacein
halo in © violacewm CVO26 plates co-noculated wath £ acruginosa
mutants, ¢, d Determination of elastase and pyocyamn in the cultue
supematants of P aeruginosa WT and mutants s described in
*Materials and Methods.™ Bars nepresent the mean= SE of three
independent experiments, One-way ANOVA analysis was carried out,
with Tukey s past-hoc test n =3, Values for SE (P < 005) are shown in
lowercage letiers
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Effect of the Mutation in the Putative NRPS on QS
Signaling of P. aeruginosa

Recent data indicates that the CDPs from natural origin or
with synthetic modifications may function as agonists or an-
tagonists of QS regulation in bacteria [15]. Thus, we deter-
mined the effect of the mutation in the putative NRPS on the
QS-dependent bacterial responses mediated by the las and pgs
systems using a biosensor, C. vielaceum CV026 strain [20].
When compared to the WT P aeruginosa PAO 1, the QS lasl-
rhil double mutant, which is unable to produce AHLs, could
not induce violacein production (Fig. 3a. b). In contrast, all the
tested NRPS mutants showed aninduction of violacein similar
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to the WT PAO1 strain m C. violaceum CV026 (Fig. 3b). As
expected, the levels of the virulence factors elastase and pyo-
cyanin decreased in the fas/-rhil double mutant, but not in
most NRPS mutants, whose levels remained similar to that
of the P aemginosa WT strain (Fig, 3¢). Interestingly, pyocy-
anin production was increased in the Apvd/ mutant (Fig. 3d).
To assess the effect of the differential content and type of
CDPs in the NRPS-PAO] mutants on QS signaling, experi-
ments were performed using a transcriptional fusion
plasR: ixCDABE into E. coli IM109 (pSB1075) &s a biosen-
sor strain [15, 23]. The solvent-extract from P aeruginosa
PAQI clearly induced the biosensor, and the bactena emitted
light. In contrast. the extracts from the fas/™ and las/ #hil
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generation. The assay was performed using the £ coli IMI09 reporter
strain, transformed in the pSB1075 plasmid, which produces
lumineseence in response to 3-0x0-CI12-HSL [23]. a Representative
image of bioluminescence of £ cali IM109 (pSB 1075) cultures m a
96-well culture plate afier treatment. b Effect of the £ aeruginasa
PAOI CDPs and purified CDPs in the prestnce or absence of 3-0xo0-
CI2-HSL indueer. ¢ Effeat of the solvent-extracts of the P aeuginosa
strains: PAOT WT, PAOL:Alas! mutant and PAOT: Alasl/ Arll mutant,
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supernatants of P aeuginosa mutants grown for 48 h in LB broth in the
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mutants failed to induce luminescence (Fig. 4a-¢). The PAOI
CDPs mix at concentrtions in the range of 2-100 uM also
induced light production in similar levels as that of the 3-oxo-
C12-HSL (Fig. 4b). Greater concentrations of purified
cyeclolL-Pro-L-Tyr) and cyclo{L-Pro-L-Val) antagonized the
F-ox0-C12-HSL induction of the QS-HSL-dependent biosen-
sor, while cyclo(L-Pro-L-Leu) and cyclo(L-Pro-L-Phe) did
not antagonize (Fig. 4a. b). These purified fractions were fur-
ther tested as inducers ofthe fuv-transcriptional fusion domain
in a medium lacking 3-oxo-C12-HSL, which caused a slight
induction of the biosensor, but consistently the eyvelo{L-Pro-L-
Tyr) and cyclo(L-Pro-L-Val) showed an antagonist effect on
the biosensor strain at concentrations greater than 100 pM
(Fig. 4a, b).

O the other hand, the cell-free supematanis of the putative
NEPS mutants grown on LB medium showed a slight, but
significant decrease of luminescence in the presence of i
inducer 3-0x0-C12-HSL (Fig, 4d, ¢). The supematants of
MNEPS mutant cultures were capable of inducing the biosensor
fux-transcriptional fusion in the medium lacking of 3-oxo-
C12-HSL, showing similar levels of luminescence with re-
spect to the PAO1 WT strain in the Apwdl, AambB,
AambE- and ApehE mutants. and decreased levels of lumi-
nescence (around 50%) in the Apvdl, Apvdl, APA3I2T,
APA407R, and ApchF mutants (Fig. 4e). These results indi-
cate that mutation in the putative NRPSs differentially

Fig. 5 Moleoular docking of a‘"
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affected the QS-AHL response, suggesting that the CDPs:
cvelo{L-Pro-L-Tyr) and cyclo(L-Pro-L-Val), produced in high
concentrations by P aeruginose PAOT WT strain, and in di-
verse proportion in the NRPS mutants, which in tum antago-
nized the 08 response mediated by 3-oxo-C12-HSL/LasRk
and [Q)S/IgsR systems.

Molecular Modeling of ! aeruginosa LasR Regulator
with the CDPs

The antagonistic effect of the CDPs on the Q3-LasR-
dependent system i P aeruginose PAO] suppested its mo-
lecular interaction with LasR transcriptional regulator. We
evaluated whether CDPs could act a5 AHL signal mimics of
the LasR protein using an in silico molecular coupling model-
ing. in which the crvstal structure of LasR with its 3-oxo0-C'12-
HSL ligand was compared with three CDPs (Fig. 5a,b). These
analyses showed that the 3-ox0-C12-HSL-interaction site
in LasR repulator occurred in a well-defined pocket,
interacting with the Ser129, Asp73, and Trp60 residues
(Fig. 5b). The CDPs coupled with high scores into the
AHL-binding cavity of the LasR regulator, with a binding
encrgy near the range of re-docked 3-oxo-C12-HSL-LasR
[HSL =—7.3 kcal'mol; cvelo{L-Pro-L-Tyr} = —5.9 kcal/mol,
cyclo(L-Pro-L-Val) =—5.8 kcal/mol and cyclo(L-Pro-L-
Phe)=~7.8 kcalimol]. Also, the dimension of the prid from

Cydol-Prodl-Tyw) CydolPro-L-Val) CycloilPro-L-Pha)
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the P aeruginosa LasR protein structure with the 3-oxo0-C12-
HSL and the CDPs was similar (=1 A) (Fig. 5b).

Effect of Mutation in the Putative NRPS of P aeruginosa
on Growth and Root Development in A. rthaliana Seedlings

CDPs may affect the cross-kingdom signaling between
P aeruginosa and plants acting as inducers of auxin signaling
[17]. We tested the in vivo effects of the WT and putative
P aeruginosa NRPS muiants on the plant growth and root
system architecture, We first co-cultivated 6-day-old
Arabidopsis seedlings grown on agar plates containing MS
(0.2x) medium with a streak of bactenia at a 5-cm distance
from the primary root tip. and after 8 days of growth, root
architecture parameters were determined. As previously de-
scribed [17]. the P aeruginosa lasl-rhll double mutant

Fig. 6 Effeatofco-moculation of a)
A thaliana with P aauginosa
WT and NRPS mutants on oot
development. a Four-day-okd
Arahidopsis seedlings were
inoculated with Pseud

strains at 5 am distance from the
primary root tip and grown for an
additional 8-day peniod. Pictures
represent the axenically grown
Arahidopsis seedlings or
seadimgs co-inoculated with

P aeruginosa PAO1 mutants, b
Pictures represent the Arabidapsis
wot hair development in
interaction with selected the

P aeruginosa PAOT mutants. The
expenment was repeated three
times with similar results

=

APA407S (21095)
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exhibited lesser repressing effect on the growth of primary
roots, when compared to the P aeruginosa PAO1 WT strain,
whose ioculation is deleterious to plants (Figs. 6 and 7).
Interestingly. the ApvdJ, AambB, and ApchE mutants
showed primary root lengths (PRL) similar to the double mu-
tant fasl-rhil (Fig. Ta). The number of LR was stimulated in
similar proportion in response to inoculation with most of the
mutants when compared to plants without bacteria, and a
slight mcrement in LR was observed in the APA4078 and
ApchE mutants (Fig. 7b). LR density values was decreased
in the Alasl-Arhil, ApwdJ, and AambB strains, suggesting
that some factors independent of QS were altering the bacte-
rial sensing by the roots (Fig. 7c).

In a second set of experiments, we analyzed the growth and
development of Arabidopsis roots in direct contact with a
bacterial streak for several days. In this assay, most
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P aernginosa mutants affected the growth of Arabidopsis
similar to the WT stain. An exception was the Apvd/ mutant,
which behaved similarly to the fasi-i{ double mutant and
promoted plant growth by mducing LR formaton (Fig, Ba-d).

Discussion

CDPs are compounds with diverse biological activities and
current knowledge points to their key role in bacteria-plant
nteraction [ 17]. In this study, we aimed at identi fying proteins
in the P aeruginosa PAO] genome, with roles in CDP syn-
thesis, by using reported NRPS sequences. The NRPS se-
quences matched with the pmteins involved in the synthesis
of pyoverdine (PvdD, Pvdl, Pwvdl, and PvdL), pyochelin
(PchF and PchE), AMB/IQS quorum-sensing molecule
(AmbB md AmbE), and two hypothetical proteins with un-
known functions (PA3327 and PA40TE). The synthesis of
pvoverdine, a chromo-peptide, and pyochelin, a siderophore
with a 2-hydroxyphenyl-thiazolinyl-thiazolidine scaffold, in-
creased under ron-limiting conditions. The latter is involved
in the chelation of metals such as Fe(lll), Cu(ll), and Zn(ll),
and is considered as a virulence factor contributing to
P aeruginosa pathogenesis, Mutations i the pohf and pohf
genes distupt pyochelin synthesis as well as the production of
the dihydroseruginoic acid, the precursor of seruginoic acid,

i
‘pﬁ‘ééq?';;;‘.é& ;‘b; ,;_‘S;a

PP PESEIIE S

aeruginaldehyde, and aeruginol [31], The ApchF and ApchE
mutants were mainly defective in the production of cyclo(L-
Pro-L-Val), cyclo(L-Pro-L-Leu), and cyclo{L-Pro-L-Tyr).
This observation mdicated that the corresponding WT pro-
teins participated m the synthesis of CDTs, along with their
proposed role in pyochelin siderophore biosynthesis. The se-
quence analysis showed that the PchE and PehF proteins were
NRPS comprising a single module of domains, which could
prefeentially bind L-Pro as the scaffold residue, and subse-
quently incorporate it with more relaxed substmte specificity
to either L-Val or L-Leu, a3 occurs in the dimodular NRPS
AusAoin 5 gurens [32). Our findings also indicate that other
NRPS already existed in the £ aeruginosa PAO] genome,
since the ApehE and ApchF mutanis were capable of produc-
ing cyclo(L-Pro-L-Phe), similar to the levels produced by the
WT strain.

The pvd gene cluster plays a role n the biosynthesis of
pyvoverdine, and the pwdD, pvd/f, and pyvdl gene mutations
abolish the synthesis of this molecule [33]. In the Apvd/ mu-
tant, the ransposon distupts the open reading frame of the
gene; it is possible that in the incomplete enzyme generated,
some modules might stll have actvity and the CDPs could be
produced premarurely through siderophore synthesis, and in
consequence, the CDP cyclo(L-Pro-L-Tyr) could be accumu-
lating as a by-product. This hypothesis is supponed by the fact
that pyoverdine, which consists of a chromophore group

i Springer
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Fig. 8 Effectof dmect contact
cocultivation of A thaliana with
P aeruginosa W1 and NRPS
mutant strains on plant growth.
Six-day-old A. thaliana seedlings
were co-cultivated in direct
contact with 2 aeruginosa WT or
mutants defective in the HSL
synthases: Rhil/Lasl or putative
NRPS mutants and grown for

8§ days. a Pictures represent the
plates for cach treatment, b
Quantitative data about the
primary oot growth; ¢ lateral root
number; and d latem| root density.
Data points at all treatments
represent mean= SD (r = 30).
Different letters indicate means,
which were statistically different
at P <005, This expeniment was
repeated three times with smilar
results
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§
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attached to a variable peptide chain, comprises around 6-12
amino acids that are specific for each Pseudomonas species,
and for which the peptide might be first synthesized before the
chromophore assembly [34], Another possibility involves an
increased availability of substrates (amino acids) in the mutant
for CDPs biosynthesis by another NRPS. Mutagenesis in the
PA3327 and PA4078 genes also lead to an increased produc-
tion of the CDPs: cyclo(l.-Pro-L-Tyr) and cyclo(L-Pro-L-
Phe). which might be explained by an increased availability
of substrates in these mutants.

Some CDPs can act as QS-inhibitors since cyclo(L-Pro-
L.Phe) inhibited bioluminescence in Vibrio fischeri[15], and
cyclo(L-Phe-L-Pro) and cyclo(L-Tyr-L-Pro) intetfered with
the Staphylococcal QS-system agr, a key regulator of viru-
lence genes. and repressed the expression of TSST-1 in
S aureus [35]. In this work, we found that mutation in the
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putative NRPS did not affect the production of violacein in
the biosensor strain CV026, or the virulence factor elastase.
but it increased the pyocyanin production in the
P aeruginosa Apwd) mutant. These results indicate that
the CDPs produced in increased or decreased physiological
amounts in the P aeruginosa NRPS mutants failed to inter-
fere with AHL signaling. A library of synthetic CDPs eval-
uated for assessing the ability to modulate LuxR-type QS
showed that cyclo(L-Pro-L-Val), cyclo(L-Pro-L-Leu),
cyclo(L-Pro-L-Phe), and cyclo(L-Pro-L-Tyr) could partially
inhibit the biosensor LuxR [15]. Our system of using
P aeruginosa PAO] strain for the experiment was in agree-
ment with the previous report, as we found the mechanism
of interference of the CDPs with the AHL-mediated QS
occurred at high concentrations (greater than 100 uM), and
the cyclo(L-Pro-L-Val) and cyclo(L-Pro-L-Tyr) were capable



Cyelodipeptide Synthases in Plant-Bacteria Interaction

of significantly inhibiting the luminescence of the LasR-
dependent biosensor. This finding suggested that some
CDPs could bind to the QS-dependent 3-oxo-C12-HSL/
LasR protein. Molecular modeling analyses further revealed
similar conformational cluster for the CDPs and the 3-oxo-
C12-HSL ligand in its binding pocket of the LasR regulator.
In addition, their structural annlogies with QS-ligands, such
as J-omo-C12-HSL, C4-HSL, POS, 108, and p-coumaroyl-
L-homoserine lactone (pC-HSL) from Rbodopsetdormonas
palusteis [30], might explain the suggested agonistic/
antagonistic (S activities of CDPs.

During bacteria-plant interactions, several Psendomonas
species have the ability to colonize the rhizosphere (Le,
Pseudomonas fluorescens, Pseudomonas putida,
Preudomonas aureofactens, and Peeudomonas cliloraphilis),
where they can act as plant-beneficial bacteria by antago-
nizing pathogens or through the production of compounds
that mfluence plant-disease resistance and growth [3, 36].
Root growth is very sensitive to bacterial metnbolites, in-
cluding the plant hormone auxin, AHLs, pyocyanin, and
CDPs [21, 37]. When analyzing the interaction between
the Arabidopsis seedlings and P aeruginosa PAQ1 WT
and mutants defective in AHL synthase las/, it was found
that the inhibition of primary root growth was correlated
with production of C12-HSL, as P aernginesa lasi/vhil
double mutant defective in C12-HSL/AC4-HSL synthesis
did not inhibit primary root growth. However, in this mu-
ant, the abundant induction of LR was associated with an
mecreased production of cyclo(L-Pro-L-Tyr), cyclolL-Pro-
L-Phe}), and evclol L-Pro-L- Valy [ 17]. The current data sug-
gested that the most effective bacteria promoting plant
growth produced higher amounts of CDPs, which directly
shaped reot architecture, since Aamb8 and Apvdd mu-
ants, which produced an increased number of LRs, were
the strains that produce the highest levels of the CDPs:
cyclo(L-Pro-L-Phe) and cyclo(L-Pro-L-Tyr). Although
the Apvdl mutant is still pathogenic, the co-cultivation
assay m which roots are grown in direct contact with the
bacterial streak showed an mduction of LE formation,
which is also consistent with its increased levels of pyocy-
anin, a compound previously reporied to promote LR for-
mation [21]. To our knowledge, this is the first report that
explores the complexity of CDP biosynthesis in
P aeruginosa, mdicating that multiple pathways contribute
to the CDP pool in bacterial exudates. Understanding QS
signaling and CDPs biosynthesis could be a promising
strategy to obtain new bacterial strains in order to establish
beneficial relationship with plants by means of cell-to-cell
communication.
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(Qué es el quorum sensing?

a palabra “quérum” proviene del latin
L “quorum”, que es el nimero de individuos ne-

cesario para tomar una decision determina-
da y cuyo uso principal se ha referido a la politica;
por otro lado “sensing”, proviene del inglés “sense”
y significa “deteccion” o “percepcion”, por lo que
podemos decir que el “quorum sensing” se inter-
preta como la deteccion de un determinado nime-
ro de individuos. Entonces en términos biolégicos
el "quorum sensing” es la percepcion de cuérum o
autoinduccion de una poblacion de bacterias que
regula su comportamiento dependiente de la den-
sidad poblacional.
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Las bacterias y otros microorganismos ;se pue-
den comunicar entre si?

Ahora sabemos que las bacterias forman co-
munidades llamadas colonias y que algunas presen-
tan un estilo de vida libre, también hay simbidticas
porque se asocian a un arganismo sin causar dafo,
y otras son patdgenas, porque causan infecciones
a diversos organismos como las plantas. Con diver-
sas investigaciones se determind que las bacterias
no actian de manera independiente, que las aso-
ciaciones que ellas hacen no solo dependen de la
disponibilidad de nutrientes, sino que su poder de
infeccion se ha relacionado con la densidad de po-
blacién, es decir, que generan una infeccion en un
organisma o tejido hasta que alcanzan un cierto nu-
mero de bacterias. Es por ellg, que este comporta-
miento bacteriano generd varias preguntas, ;como
saben los individuos de una colonia cuando tienen
un nimero suficiente para realizar una infeccién?
¢los individuos actian de manera aislada o actban
de manera coordinada? Estas interrogantes solo se

pueden responder si las bacterias cuentan con un
mecanismo de comunicacion, que les permita per-
cibir la cantidad de los miembros de su poblacién
(densidad poblacional) y de esta manera realizar
acciones de manera coordinada. Este mecanismo
de comunicacién fue descubierto hace tres déca-
das y se denomina “quorum sensing” (ver Saber Mds

343132).

;Como se lleva a cabo el “quorum sensing”?

La comunicacién entre bacterias se produce
a través de moléculas quimicas que sirven como
sefial, también llamadas “autoinductores”, que son
muy variadasy su estructura depende de la especie
bacteriana que los produce. En ciertas condiciones,
una célula bacteriana las produce y libera a su en-
torno, a medida gque aumenta la densidad pobla-
cional, también incrementa la cantidad de sefales,
hasta que éstas sobrepasan un limite, lo que lleva
a activar otras vias de sefializacidn que inducen la
expresion de genes especificos, que modifican el

Bacterias gram negativas
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L {m
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comportamiento de la po-
blacion. De esta manera,
las bacterias pueden rea-
lizar acciones de forma
coordinada, por ejemplo,
las relacionadas a la inva-
sion de organismos como
su movilidad y la produc-
cion de toxinas.

;Qué tipos de “quorum
sensing” existen?

Los tipos de quorum
sensing se pueden separar
en dos grades grupos. En
el primer grupo esta el em-
pleado por bacterias Gram
positivas, que utilizan mo-
léculas sefial formadas por
“oligopéptidos” (pequenas
cadenas formadas por ami-
noacidos, los bloques con
los que se construyen las
proteinas), cuya estructura
dependedelasecuencia de
aminoacidos y la longitud
de la cadena. Un ejemplo
de bacteria que utiliza este sistema es Staphylococ-
cus aureus, que es ampliamente conocida por cau-
sar enfermedades como infecciones de piel y hue-
sos, endocarditis (infeccion cardiaca), intoxicacion
intestinal, neumonia y sindrome de shock toxico
(infeccion generalizada grave que puede causar la
muerte). El otro grupo, las bacterias Gram negati-
vas, utilizan una gran variedad de moléculas senal,
como las acil homoserina lactonas (formadas por
un anillo de lactona enlazado por una amida a una
cadena acilada de 4 hasta 14 atomos de carbono),
que son ampliamente estudiadas. Existen muchas
otras senales que se producen, dependiendo las
condiciones ambientales de los microorganismos.

¢El “quorum sensing” se lleva a cabo sélo entre
organismos de la misma especie?

El “quorum sensing” es un mecanismo de
comunicacion tan importante, que se considera

Coordinacion de la Investigacién Cientifica
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esencial para la supervivencia bacteriana. Como

sabemos, en la naturaleza existen comunidades
microbianas que coexisten en el mismo ambiente,
por lo que es determinante que sean percibidos por
los organismos vecinos, ya sea de la misma espe-
cie o de especies diferentes, Las bacterias deben
reconocer las sefales quimicas producidas por las
diferentes especies de su entorno, incluso hay per-
cepcion de estas moléculas sefal entre organismos
diferentes a las bacterias, como los hongos, las
plantas e incluso animales mamiferos, que pueden
reconocer las sefiales de las bacterias y asi diferen-
ciar si son organismos benéficos o nocivos, que les
permite activar o no sus mecanismos de defensa
para combatirlas. Este tipo de interacciones entre
diferentes organismos se puede encontrar en los
seres humanos, donde cohabitamos con una gran
diversidad de microorganismos que conocemos
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como la microbiota, que habita en nuestra piel
¥ MuUCosas, y es necesario que nuestros tejidos
detecten a estos microorganismos para saber si
pueden causar algin dafio o no.

Importancia de estudiar el “quorum sensing”
Las aplicaciones del

estudio de “guorum sen-

sing” san muy diversas.

Por ejemplo, la produc-

cién de antibidticos esta

requlada por este

mecanismo, en-

tonces podemos “

incrementar  la J

produccion  de

antibiéticos o in-

cluso modificarlos para

mejorarios. O en este sentido, bloguear la comuni-

cacion entre los organismos patégenos para dismi-

nuir infecciones. Para esto se han encentrado mo-

léculas que interfieren con la comunicacién, como

algunos extractos de plantas y hongos, o molécu-

las disefiadas artificialmente. A este proceso de

interrupcion del “quorum sensing” se le denomina

“quorum quenching”, un area de estudio relativa-

mente nueva.

Rojas-Badia M.M. (2011). Quorum sensing en la
asociacién beneficiosa de las bacterias con las
plantas. Revista Colombiana de Biotecnologia,
13(2):135-143.
https:/frevistas.unal.edu.cofindex.php/biotec-
nologiafarticle/view/27959/38328

Marguina-Diaz D. y Santos de la Sen A. (2020).
Sisternas de quorurn sensing en bacterias. Redu-
ca (Biologia). Serie Microbiologia, 3(5):39-55.

http:/frevistareduca esfindex.phpfbiclogia/arti-

Otra aplicacion, es la
identificacion de cepas pa-
tégenas, variaciones de
una especie bacteriana
gue no es considerada
una especie diferente.
Por ejemplo, la bac-

teria Es-
cherichia coli es parte
de nuestra microbiota, sin em-
bargo existen cepas de ésta, que se consideran
muy peligrosas por su patogenicidad, como la E.
coli O157:H7, que responde de manera répida a pe-
guefas cantidades de moléculas sefial.

Aungue el “quorum sensing” fue descubierto
recientemente, es un mecanismo ancestral y deter-
minante en la seleccién y evolucidn de los microor-
ganismes, per lo que es esencial su estudio para
comprender la construccion de nuestro ecosistemna
actual.

clefview/820/835

Flores-Encarnacion M., Aguilar-Gutiérrez G.R,,
Cabrera-Maldonado C., Guzman-Flores J.E. y
Flores-Encarnacion M.S. (2011). El impacto bio-
logico de los autoinductores bacterianos. Revis-

ta de la Sociedad Venezolana de Microbiologia,
31[2}:1!34-111.
http://ve.scielo.orgfscielo.php?script=sci_art-
text&pid=51315-2556 2011000200008
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Una bacteria “mala” que
también es “buena”

Omar Gonzalez Lopez

vando escuchamos el término “bacteria” sa-

bemos que se refiere a organismos micros-

copicos que tienen como caracteristica ge-
neral que no cuentan con un nicleo que contenga
el material genético. Estos microorganismos han
sido ampliamente estudiados, pero el conocimien-
togeneral se ha centrado casi exclusivamente a los
efectos negativos que producen en los seres vivos,
como son las enfermedades que producen. Pero las
bacterias también pueden ser usadas para obtener
un beneficio. Por lo que para su estudio comun-
mente se han separado en dostipos: las patégenas
0 “malas” como aquellas que son responsables de




causar enfermedades; y las benéficas o “buenas”
como las utilizadas en la industria alimenticia para
la elaboracion de cerveza, bebidas y productos lac-
teos. Aqui te presento ejemplos muy claros de las
bacterias “buenas”.

Bacterias en la industria alimenticia

En el sector de elaboracion de alimentos es
quiza donde mas requerimos de |a ayuda de mi-
croorganismos como las bacterias para transformar
las materias primas en productos alimenticios, por
ejemplo: los productos fermentados como yogurt,
vinos y quesos. Estos microorganismos son suma-
mente importantes para diversificar y enriquecer la
alimentacion de la poblacion, ya que pueden mejo-
rar las propiedades alimenticias, el sabor o prolon-
gar el tiempo de almacenamiento, Pero también es
un area delicada cuando estos productos alimenti-
cios se han contaminado con bacterias indeseadas,
provocando la descomposicion de los alimentos o
produciendo sustancias toxicas que al ser ingeridas
provocan dafio.

Importancia en el drea clinica

Enel drea clinica se han realizado un sinfin de
investigaciones de los dafos provocados por bacte-
rias causantes de enfermedades y como combatir-

Ao B /Noviembre-Dicembre/ No. 48| U.M.5.N.H.

las o contramestar los efectos dafinos provocados.
Algunas de las enfermedades mas importantes por
su importancia epidemiologica podemos mencio-
nar a la tuberculosis, neumonia, meningitis, gono-
mea, colera, infecciones intestinales, entre muchas
otras. Pero también se emplean bacterias con efec-
tos positivos sobre la salud, como lo es el uso de
probioticos que mejoran el funcionamiento intes-
tinal, protegen las mucosas intestinales, previenen
infecciones urinarias o ayudan a fortalecer el siste-
mainmune.

También se pueden usar para aislar compues-
tos benéficos como los diferentes antibioticos pro-
ducidos por bacterias que se han empleado para
combatir enfermedades causadas por otras bacte-
fiasy hongos. Aungue lamentablemente se ha abu-
sado del uso de los antibidticos y actualmente esto
ha provocado organismos resistentes a los antibid-
ticos mas empleados, aun se buscan nuevos anti-
hicticos y otros tipos de compuestos efectivos que
las bacterias pueden brindarnos.

Uso de bacterias en el cuidado del medio ambien-
te

Parece raro asociar el cuidado del medio am-
biente con el uso de bacterias, ya que se les con-
sidera como contaminantes del ambiente, pero al
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estudiar ciertas propiedades especiales, se pueden
aplicar de forma muy interesante. Por ejemplo, se
estan empleando bacterias capaces de producir
bioplasticos que tienen la ventaja de auto degra-
darse en un tiempo mucho menor que su contra
parte, como lo son los pldsticos sintéticos, que in-
clusotardan cientos de afios en degradarse.

Otros microorganismos se han estudiado
por su capacidad de degradar compuestos conta-
minantes que usan como fuente de alimentacion,
como los generados en derrames de petréleos y
otros compuestos toxicos generados por practicas
industriales, que contaminan suelos y aguas. De
esta manera, las bacterias potencialmente pueden
remediar los dafios causados al medio ambiente,
que son muy dificiles de limpiar por otros métodos.

Empleo de bacterias en el drea agricola

Las bacterias conocidas como rizobacterias
promotoras del crecimiento vegetal (PGPR, por
sus siglas en inglés) se han usado ampliamente en
diversos cultivos para favorecer el crecimiento de
plantas e incrementar la produccion de alimentos.
Estas bacterias son obtenidas del por suelo pre-
sentar propiedades como la fijacién de nitrégeno,
la produccion de hormonas vegetales y otros com-
puestos favorables para el crecimiento de plantas,

y algunas especies son capaces de eliminar otros
microorganismos patégenos causantes de enfer-
medades en raiz, hojas, tallos, flores y frutos. Este
tipo de bacterias PGPR son (tiles para aumentar la
produccién agricola y se buscan debido a que tie-
nen grandes ventajas en el medio ambiente, a di-
ferencia del impacto negativo que causa el uso ex-
cesivo de agroquimicos fertilizantes y plaguicidas.
Actualmente se contintan aislando y estudiando
bacterias desconocidas y su posible aplicacion por
esta razon, en diferentesy muy variados dmbitos...
Entonces

;Es un buen sistema clasificar a las bacterias en
buenas o malas?

Como se menciond anteriormente, las bacte-
rias se pueden separar en “buenas” o *malas”; pero
no siempre se cumple con esta clasificacion, un
ejemplo de esto es la bacteria Pseudomonas aerugi-
nosa, que se CONOCe por ser un agente patégeno o
sea que causa enfermedades como infecciones en
pacientes con cancer, trasplantados, quemados y
fibrosis cistica, y que en afos recientes ha atraido
la atencién como agente causal de infecciones hos-
pitalarias resistentes a multiples antibidticos, que
también se les ha llamado “sUper bacterias”.

Sin embargo, compuestos producidos por
esta bacteria, conocidos como ciclodipéptidos, in-




ducen el crecimiento y desarrollo de plantas, pro-
moviendo un mayor crecimiento por un mecanismo
en el cual parecen sustituir a las hormonas natura-
les de plantas como son las auxinas, por lo que se
podrian usar a nivel agronémico para generar cul-
tivos con un mayor rendimiento. Estas moléculas
pueden tener un papel importante para obtener
una mejoria en el nimero y calidad de productos
vegetales, necesarios para alimentar a toda la po-
blacion. Ademas de esta propiedad, los ciclodipép-
tidos poseen actividad anticancerigena.

La bacteria P. aeruginosa, también es ca-
paz de producir una gran variedad de compuestos
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como pigmentos, bactericidas y una variedad de
enzimas, con un alto potencial til para el ser hu-
mano. Entonces, el estudio extensivo de los orga-
nismos, incluso aguellos que consideramos nocivos
nos puede llevar a descubrir compuestos y propie-
dades de éstos que son benéficas en las distintas
dreas del conocimiento. Este microorganismo es un
claro ejemplo de que no cumple con la clasificacion
que expliqué antes...

zes una bacteria “buena”? O
ces una bacteria “mala”?

SaberMa
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VIl.  DISCUSION DE RESULTADOS

En la siguiente discusion de resultados, se hara alusion al capitulo 1 de los
resultados y el numero de figuras a las que se hace referencia corresponden al

namero de figura asignado en dicho capitulo.

Los ciclodipéptidos han atraido la atencion debido a sus importantes actividades
biologicas, entre estas actividades, esta la modificacion de la arquitectura en
plantas. Mediante un sistema de interaccion in vitro, se demostré que mediante la
produccion de CDPs, P. aeruginosa es capaz de promover el crecimiento de A.
thaliana (Ortiz-Castro et al., 2011). Mientras que, en el presente estudio se utilizd
una mezcla de CDPs que se extrajeron del medio de cultivo de P. aeruginosa y se
evalu6 su capacidad en la promocion del crecimiento (Fig 1). Se observé que la
mezcla de CDPs indujo el crecimiento y desarrollo en concentraciones de 0.1 hasta
10 pg/mL. Mientras que, a la dosis mayor que se prob6 de 100 pug/mL, se reprimio
el crecimiento de la raiz primaria de A. thaliana. Si tomamos en cuenta el fenotipo
clasico de la administracion de dosis altas de auxinas, donde se reprime la longitud
de la raiz primaria y se estimula el nUmero de raices laterales, entonces podriamos
atribuir este efecto a la activacion de la via de sefializacion de auxinas que los CDPs
son capaces de activar por interaccion con el receptor de auxinas TIR1 (Ortiz-Castro
et al., 2011).

El crecimiento a nivel de tejido se puede atribuir a un incremento en la proliferacion
y/o elongacion celular. Para investigar si los CDPs son capaces de estimular la
proliferacion, evaluamos la expresion de CYCB1 inducida por diferentes
concentraciones de la mezcla de CDPs en plantas transgénicas de la linea
CycB1::uidA. La proteina CYCBL1 se expresa durante la transicion de la fase G2/M
del ciclo celular, por lo que se puede usar como gen reportero de la division celular

(Colén-Carmona et al., 1999). Se observé que la administracion por 24 h de la
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mezcla de CDPs a 1 y 10 ug/mL al medio de cultivo de las plantas reporteras
incremento la expresion del marcador en el meristemo de la raiz (Fig 2), indicando
que los CDPs pueden inducir la proliferacion celular. Enseguida, se probé6 si el
incremento de la division celular se mantenia a los 8 dias de tratamiento con la
mezcla de CDPs, observando que a las concentraciones de 0.1 hasta 10 pg/mL
existe un incremento en la proliferacion en el meristemo de la raiz inducido por los
CDPs, excepto a 100 pg/mL (Fig S1), lo cual es consistente con el efecto en la raiz
primaria previamente observado en la Fig 1. Ademas, se determiné la etapa de
desarrollo de LRP para determinar si el incremento en el nimero de raices laterales
inducido por los CDPs se debe a un incremento en la maduracion de LRP (Fig S1b).
Con lo que se confirmo6 que los CDPs inducen un aumento de raices laterales al
estimular la maduracion de LRP. Esto indica que el incremento en el crecimiento y
desarrollo de la raiz de A. thaliana por los CDPs, se debe a un incremento en la
proliferacion celular en la raiz primaria y raices laterales. Adicional a esto, para
relacionar el efecto de los CDPs sobre el crecimiento y desarrollo de la raiz con la
via de TOR, se utilizé PF-470871, un inhibidor de la proteina S6K (Pearce et al.,
2010). Al utilizar PF-470871 0.16 uM, como se esperaba, disminuyd la division
celular en el meristemo de la raiz. Mientras que, al administrar el inhibidor y los
CDPs en conjunto, la mezcla de CDPs a 100 pg/mL lograron reestablecer la
proliferacion a valores normales, indicando que se requiere una via de TOR activa

para la promocion del crecimiento inducida por los ciclodipéptidos (Fig 2b y c).

La proteina cinasa TOR se considera como el regulador maestro del crecimiento en
organismos eucariontes, involucrada en las principales etapas del crecimiento y
desarrollo durante el ciclo de vida de las plantas (Shi et al., 2018). Esta funciona
como un sensor de las condiciones celulares y puede ser activada por diferentes
estimulos internos y externos, como las auxinas (Deng et al., 2016; Turck, 2004),
en una via que involucra a la proteina G pequefia ROP2 (Schepetilnikov & Ryabova,

2017a). Como se mencioné anteriormente, los CDPs tienen una actividad tipo
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auxina, por lo que determinamos si los CDPs son capaces de activar a la via de
TOR. Por este motivo, usamos plantas con una expresion reducida de TOR (tor-es)
y se trataron con diferentes dosis de CDPs (Fig 3). Donde se observaron cambios
morfolégicos menores y si los comparamos con el tratamiento en plantas Col-0,
podemos resaltar la importancia de la expresion TOR en el efecto promotor vegetal
de los CDPs. Ya que en condiciones normales la expresion de TOR no se ve
modificada, sino su activacion por fosforilacién. Por esta razén se determiné la
activacion de la via por el cambio en la fosforilacion de S6K1, un blanco directo de
TOR (también llamada Unicamente S6K). En la cinasa S6K, se han identificado
multiples sitios de fosforilacion relevantes conservados entre mamiferos vy
Arabidopsis, siendo relevante la fosforilacibn en Thr-449, ya que se usa como
indicador de la actividad de TOR (Rexin, Meyer et al., 2015; Turck, 2004). Donde
observamos que la mezcla de CDPs incremento la fosforilacion de S6K en todas las
dosis probadas en un tiempo de 2 h (Fig 4a). Después se selecciono la dosis de 1
pHg/mL para realizar un tratamiento en diferentes tiempos de 30, 60, 90 y 120 min
(Fig 4b), donde se observo un incremento gradual en la fosforilacion, hasta que se
observa un maximo a los 90 min y una disminucion de la fosforilacion a los 120 min,
indicando que la activacion ciclica de S6K por los ciclodipéptidos. Ademas, para
corroborar el efecto de los CDPs sobre la via de TOR, se usé AZD8055, que es un
inhibidor de TOR. Conforme a lo esperado, la aplicacion de AZD8055 1 uM
disminuyo la fosforilacion de S6K (Fig 4c) y cuando se us6 conjuntamente el
inhibidor y los CDPs se vio un aumento en la fosforliacion de S6K (Fig 4d), indicando
que el aumento en la fosforilacion S6K inducida por los CDPs se lleva a cabo a
través de TOR y esta fosforilacion indica un aumento en la actividad de la via de
TOR.

Arriba en el texto, se establecid que la mezcla de ciclodipéptidos obtenida del
extracto del medio de cultivo de P. aeruginosa PAO1, indujo la promocion del

crecimiento por un aumento de la proliferacién celular y maduracién de primordios
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de raices laterales, y que este efecto es dependiente de la actividad de la via
TOR/S6K. Por lo que, enseguida se determiné la importancia de la via de TOR
durante la interaccién de P. aeruginosa con A. thaliana. Para esto, se utilizaron
plantulas de A. thaliana Col-0 co-inoculadas con P. aeruginosa PAO1 (cepa
silvestre) y JM2 (Alasl/Arhll) por 10 dias, se usaron extractos de proteina de estas
plantas y se analizaron por electroforesis 2-D, para la deteccién de la proteina S6K
se utilizé un anticuerpo especifico (Fig 6), con esto se pudo observar cambios post-
traduccionales en S6K. Donde, con la co-inoculacion con ambas cepas bacterianas
(PAO1 y JM2) se observo un desplazamiento en la movilidad electroforética de S6K
hacia el polo positivo, indicando cambios como la fosforilacion que, a su vez, indica
una activacion de la via de TOR. Aungue la inoculacién con ambas cepas indujo un
desplazamiento hacia el polo positivo, solo la inoculacion con PAO1 indujo cambios
en el peso molecular. Esto se puede atribuir a que P. aeruginosa produce otras
moléculas, ademas de los CDPs, que pueden modificar la arquitectura radicular de
A. thaliana, como la pioverdina y HSL, que inducen un aumento en el nimero de
raices laterales y el numero y longitud de pelos radiculares (Ortiz-Castro et al., 2008;
Ortiz-Castro et al., 2014), por lo que esta variedad de moléculas producidas por P.
aeruginosa podrian ser los responsables de inducir diversos cambios post-

traduccionales en S6K.

Previamente, Corona-Sanchez et al. (2019) determinaron la capacidad de los
ciclodipéptidos producidos por P. aeruginosa de activar a S6K en maiz (ZmS6K),
mediante inmunodeteccion (Capitulo 2). Si bien es importante, en el presente trabajo
determinamos la relevancia de la via de TOR en el efecto promotor vegetal de los
CDPs utilizando otro modelo de estudio. Arabidopsis thaliana se usa ampliamente
como organismo modelo debido sus caracteristicas como tamafo pequefio, ciclo de
vida corto, alta produccion de semillas, un genoma relativamente pequefio y
completamente secuenciado, facilidad de manipular sugenoma y la disponibilidad

de una biblioteca de mutantes de practicamente todos los genes (The Arabidopsis
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Genome Initiative, 2000). De estas lineas modificadas de A. thaliana se obtuvieron
y probaron las lineas sobreexpresoras de TOR (OX-TOR) y con expresion baja de
TOR (tor-es) en interaccidon cercana con las cepas P. aeruginosa PAO1 y JM2 (Fig
7). Con lo que se observo que en las plantulas tor-es no se observaron cambios
morfologicos significativos, contrario a lo observado con plantulas Col-0 que hubo
grandes cambios morfoldgicos. Por el contrario, con las plantulas OX-TOR se
incrementd la biomasa, comparado con las plantas control Col-0. Esto resalta la

importancia de la via de TOR en el efecto promotor inducido por los CDPs.

Ortiz-Castro et al (2011) determinaron que los CDPs son capaces de imitar a las
auxinas, incluso a nivel del receptor de auxinas, por lo que los CDPs podrian activar
la via de TOR através de ROP2, que funciona como activador de TOR en respuesta
a auxinas (Schepetilnikov et al., 2014). Ademas, en lineas celulares cancerigenas
humanas, los CDPs inducen un efecto citotéxico, donde se identificd la participacion
de la via de TOR por la inhibicion de la fosforilacion de AKT en Ser-473 y S6K en
Thr-389 (rio arriba de TOR y rio abajo de TOR, respectivamente) (Hernandez-
Padilla et al., 2017). En el presente trabajo, se determin6 que los CDPs inducen la
fosforilacidon de S6K, dependiente de TOR en A. thaliana, por lo que, parece
importante determinar si los CDPs pueden afectar la via de AtTOR en componentes
rio arriba de TOR. Aunque hasta el momento no se ha encontrado una proteina

homologa de AKT en plantas, se podria rastrear la activacion de otros componentes.
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VIIl.  CONCLUSION

Los ciclodipéptidos producidos por P. aeruginosa PAO1 inducen el crecimiento de
la raiz primaria y el desarrollo de raices laterales en A. thaliana de manera

dependiente de la dosis, por un mecanismo que involucra la activacion de la via

TOR/S6K.
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