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RESUMEN

Las plantas perciben muchas sefales ambientales que pueden modificar la expresion
genética y por lo tanto su morfogénesis. Las interacciones ecolbgicas planta-planta y
planta-microorganismo, asi como la disponibilidad de nutrientes son una caracteristica
importante para la regulacion del desarrollo vegetal. El hierro es un micronutriente
esencial y su disponibilidad se encuentra frecuentemente limitada en los suelos,
conduciendo a las plantas a la activacion de respuestas adaptativas.

Arabidopsis posee un sistema de captacion de hierro tipo Estrategia |;
recientemente se ha descrito un nuevo mecanismo que permite la regulacion de la
homeostasis en la que participan los genes BTS, PYE e ILR3. Las rizobacterias influyen
en la adquisicion de hierro a través de la produccion de compuestos volatiles (VOCs),
pero las rutas de transduccion de sefiales que participan en la percepcion de dichas
moléculas han sido poco estudiadas.

En este trabajo, reportamos que la densidad poblacional es un factor importante en
el crecimiento y desarrollo de Arabidopsis thaliana y que la emisiébn de compuestos
volatiles determinan las interacciones planta-planta. Por otra parte, evidenciamos que la
rizobacteria promotora del crecimiento vegetal Arthrobacter agilis UMCV2 emite VOCs
que modifican la arquitectura del sistema radicular, promoviendo el crecimiento y
aumentando el contenido de clorofila, a través de los genes ILR3 y BTS. Utilizando
microscopia confocal, encontramos una correlacién entre los efectos de los VOCs
producidos por la cepa UMCV2 con un incremento en la expresion de los genes
reporteros ProBTS:GFP y ProPYE:.GFP.

La cepa UMCV2 de A. agilis produce el compuesto N,N-dimetil hexadecilamina
(C16-DMA). El andlisis del efecto de éste compuesto sobre el crecimiento vegetal, revelo
un efecto dependiente de la concentracion inhibiendo el crecimiento de la raiz primaria de
Arabidopsis con la participacion especifica de ILR3; este efecto fue distinto al producido
por el total de VOCs de la cepa UMCV2. Nuestros resultados indican que la regulacion de
la morfogénesis de la raiz implica la percepcion de VOCs provenientes de otras plantas y
microorganismos; ademas, las respuestas de Arabidopsis thaliana a los VOCs de la cepa
UMCV2 de A. agilis involucran la participacion de los genes de respuesta a la deficiencia
de hierro BTS e ILR3.

PALABRAS CLAVE: Arabidopsis thaliana, Arthrobacter agilis UMCV2,

Comunicacién planta-planta, Comunicacion planta-microorganismo



ABSTRACT

Plants perceive many environmental signals that modulate plant morphogenesis and gene
expression. Ecological interactions, such as plant-plant or plant microbe relationships, as
well as nutrient availability, are important traits for plant development. Iron is an essential
micronutrient for plant development and its availability is frequently limited in soils, leading
plants to activate iron deficiency responses.

Arabidopsis plants possess a Strategy | Fe-uptake system. Recently, a new
homeostasis signaling mechanism has been described, where BTS, PYE and ILR3 genes
are important components. Some rhizobacteria can regulate plant growth triggering Fe-
uptake systems using different mechanisms, such as production of volatile organic
compounds (VOCs), but the signal transduction pathways mediating VOCs sensing are
not fully understood.

In this work, we report that plant density is a critical factor for growth and
development of Arabidopsis thaliana y and that VOCs emissions determine plant-plant
interactions. On the other hand, plant growth promoting rhizobacteria Arthrobacter agilis
UMCV2 modulate Arabidopsis thaliana growth and development through BTS and ILR3
activation via VOCs emission. We show that in a separate compartments system, VOCs
emitted by A. agilis UMCV2 modified Arabidopsis root system architecture promoting plant
growth, and increasing chlorophyll content. Using confocal microscopy and imaging, the
effects of UMCV2 VOCs on root architecture were found to be correlated with
ProBTS:GFP and ProPYE:GFP gene expression increased.

A. agilis UMCV2 produce N,N-dimethylhexadecylamine (C16-DMA). Analisys of
C16.DMA on plant growth revealed a concentration-dependent primary root growth
inhibition involving Arabidopsis ILR3 participation; this effect was different to that produced
by the full UMCV2 VOCs. Our results indicate that root morphogenesis regulation integrate
VOCs signals released both by plants and rhizobacteria; furthermore, A. thaliana
responses to A. agilis UMCV2 VOCs involve the participation of iron deficiency responses
genes, BTS and ILR3.

KEY WORDS: Arabidopsis thaliana, Arthrobacter agilis UMCV2, Plant-plant

communication, Plant-microorganism communication.



1. INTRODUCCION

Las plantas son organismos eucariontes, pluricelulares, con gran plasticidad
fenotipica en respuesta a sefales bidticas y abiodticas; como productores
primarios, desempefian una funcion fundamental en la existencia de la vida en el
planeta (Callaway et al., 2003; Valladares et al., 2007). Debido a ésta funcion en
los ecosistemas, sus interacciones con el medio ambiente resultan de gran
importancia. Entre estas interacciones destacan los factores que modulan su
crecimiento y desarrollo, como son: la disponibilidad de agua, diéxido de carbono y
minerales, la composicién y estructura del suelo, la percepciéon de las
comunidades bacterianas, de elementos volatiles y de los exudados radiculares
propios y de otras plantas, asi como la percepcién de tropismos como luz y
gravedad (Gersani et al., 1998; Kegge y Pierik, 2010).

Las interacciones que permiten la comunicacion planta-planta y planta-
microorganismo, pueden darse de manera directa como en el caso de la
herbivoria, o indirecta durante el consumo individual de recursos que necesitan
dos o méas organismos (Novoplansky, 2009). Estas interacciones resultan en
respuestas que van desde la simbiosis, pasando por el neutralismo y pueden
llegar hasta la competencia por recursos como son los nutrientes minerales, el
agua y la luz solar. Para mediar esta comunicacion se involucran sefales
quimicas, por ejemplo la produccion de compuestos alelopaticos y liberacion de
sustancias toxicas, tanto de las plantas como de los microorganismos, llevando asi
a una respuesta final de estimulacion o supresion del desarrollo, particular o mutua
(Ortiz-Castro et al., 2011; Kigathi et al., 2013).

En especies de importancia econémica, la competencia por recursos puede
variar manipulando varios parametros, entre ellos la densidad de individuos en un
area determinada (Shennan, 2008). Se ha hecho relativamente poco trabajo para
entender el efecto de la densidad poblacional sobre la regulacion de la morfologia
y fisiologia de las plantas, asi como de los mecanismos que median estas

respuestas.



Los reguladores de crecimiento son un grupo de moléculas pequefias
derivadas de diferentes vias metabdlicas que funcionan como integradoras de
informacion y cuyas vias de sefializacion con frecuencia interactian con otras para
regular la morfogénesis vegetal en respuestas a cambios ambientales, por
ejemplo, la densidad poblacional (Lopez-Bucio et al., 2003). Un solo regulador de
crecimiento puede afectar una amplia gama de aspectos celulares y procesos del
desarrollo y a su vez un solo proceso puede ser regulado al mismo tiempo por
multiples vias de sefializacién (Gray, 2004). Se ha determinado que las auxinas
(los reguladores del crecimiento vegetal mas estudiados), participan modulando
cada aspecto del crecimiento y desarrollo de la planta como son la organogénesis,
la arquitectura general de la raiz y el follaje, el control de la abscision, la division
celular, el desarrollo reproductivo y la dominancia apical; en respuesta a diversos
procesos como la densidad poblacional, variacion en la cantidad de luz y
precepcion de la gravedad (Woodward y Bartel, 2005; Teale et al., 2006).

En nuestro grupo de trabajo, se caracterizd6 a la mutante pftl-2 como
sensible a bajas concentraciones de auxinas, esto evidenciado por la actividad de
los marcadores de respuesta a auxinas DR5:GFP y DR5:uidA, lo que sugeria que
PFT1/MED?25, podria estar involucrado en el transporte de auxinas, posiblemente
mediando la regulacién transcripcional y distribucion del transportador de eflujo
PIN1 (Raya-Gonzalez et al., 2014). Posteriormente, reportamos que el incremento
en densidad poblacional vegetal, es un factor clave en la regulacion de la
arquitectura radicular, la morfogénesis general y la productividad final de
Arabidopsis. Estas respuestas se correlacionan con una afectacion en la expresion
de genes de respuesta a auxinas, como PIN1 y PIN2. Ademas se encontré que
mutaciones en la subunidad PFT1/MED25 del Complejo Mediador, provocan una
insensibilidad al efecto del aumento de la densidad poblacional, durante el
crecimiento radicular.

La percepcion de organismos vecinos ha sido poco estudiada en plantas. El
reconocimiento planta-planta puede ocurrir de dos formas: i) mediante un contacto
directo o ii) a distancia, es decir sin necesidad de contacto fisico entre los

organismos (Masclaux et al.,, 2012). Sin embargo, poco se conoce sobre los



mecanismos de reconocimiento planta-planta y las vias de sefalizacion que éstos
desencadenan. Reportes recientes indican que este reconocimiento puede ocurrir
mediante la produccion y percepcion de moléculas bioactivas, difusibles o volatiles
(Masclaux et al., 2012).

En Arabidopsis, las respuestas adaptativas reportadas durante la
interaccion planta-planta estan coordinadas por reguladores del crecimiento, como
las auxinas y el etileno. Entre estas respuestas se encuentran la sincronia en el
crecimiento y la regulacion de procesos fisiolégicos que modifican la arquitectura
radicular, y produccion de biomasa (Masclaux et al., 2012). Aunque adn no se han
reportado moléculas especificas que median esta percepcion, nosotros
reportamos el efecto de la percepcién planta-planta en el crecimiento de
Arabidopsis provocado por compuestos volatiles de manera dependiente de la
densidad poblacional vegetal.

Las interacciones ecologicas de los organismos vegetales son complejas e
involucran continuamente mas de un estimulo. Una de las caracteristicas
importantes para el desarrollo de los organismos vegetales es la disponibilidad de
nutrientes. Las respuestas a los parches de nutrientes en la rizosfera modulan la
expresion de genes en la planta y con ello el desarrollo vegetal.

El hierro (Fe) es uno de los micronutrientes necesarios para el 6ptimo
funcionamiento del metabolismo. Debido a su capacidad de ganar o perder
electrones, los iones de Fe son participes importantes en los procesos metabolicos
que mantienen la homeostasis celular, como son la cadena de transporte de
electrones durante la fotosintesis en cloroplastos y la cadena respiratoria en la
mitocondria (Hell y Stephan, 2003; Vigani et al., 2013).

El mantenimiento de los niveles adecuados de hierro a nivel celular en los
organismos, tiene implicaciones de importancia econdmica y de salud publica.
Debido a que el contenido de hierro en las plantas varia desde 3 hasta 11 gramos
por kilogramo de materia vegetal deshidratada, se convierten en una fuente
importante para la nutricibn animal y humana, al ser la ingesta vegetal el principal

mecanismo de adquisicion. La deficiencia de hierro desencadena anemia



ferropénica, uno de los desordenes nutricionales mas comunes en el mundo, que
afecta a mas de dos mil millones de personas.

La mayoria de los suelos cultivables presentan condiciones de pH alcalino,
por lo que el hierro tiene una baja solubilidad, esto promueve respuestas
adaptativas en las plantas (Morrisey y Guerinot, 2009). Las monocotiledéneas no
gramineas y dicotiledéneas como Arabidopsis thaliana, presentan respuestas a la
deficiencia de hierro mediadas por un mecanismo conocido como Estrategia |
(Hindt y Guerinot, 2012). Estas respuestas incluyen cambios morfologicos del
sistema radicular, como una mayor formacion de raices laterales y pelos
radiculares, area destinada a la reduccion y adquisicion de Fe (Muller y Schmidt,
2004; Martinez-Trujillo et al., 2014). En afios recientes se ha descrito un segundo
mecanismo que modula la homeostasis del hierro a través de la participacion de
factores transcripcionales miembros de la familia bHLH (basic Helix-Loop-Helix),
como son POPEYE (PYE) e IAA-LEUCINE RESISTANT 3 (ILR3) (Rampey et al.,
2006; Long et al., 2010; Selote et al., 2015; Zhang et al., 2015).

Para poder adquirir el hierro de la rizosfera de manera mas eficiente, las
plantas han desarrollado relaciones estrechas con los microorganismos. Las
rizobacterias promotoras del crecimiento vegetal o PGPR (plant growth-promoting
rhizobacteria) modifican la disponibilidad de nutrientes a través de cambios en el
pH del medio, 0 mejoran su solubilidad y/o captacion (Masalha et al., 2000; Rroco
et al., 2003; Pii et al., 2016). De esta forma al asociarse con las plantas mejoran su
crecimiento mediante diversos mecanismos; algunos de éstos incluyen la
interaccién con compuestos volatiles o fitohormonas como el acido jasmédnico
(Ortiz-Castro et al. 2008; Ortiz-Castro et al. 2011; Raya-Gonzalez et al., 2017).

Arthrobacter agilis UMCV2, microorganismo perteneciente a las
Actinobacterias, se relaciona con la raiz y promueve el crecimiento de Phaseolus
vulgaris, Medicago truncatula y Medicago sativa, especies con sistemas de
absorcién de hierro tipo Estrategia | (Valencia-Cantero et al., 2007). En Medicago
sativa, el compuesto volatil N,N-dimetil hexadecilamina (C16-DMA) producido por
A. agilis UMCV2 es el responsable de la activacion de la Estrategia I. Ademas,

C16-DMA induce la expresion de genes de respuesta al acido jasmoénico y de esta



manera modula el desarrollo del sistema radicular (Velazquez-Becerra et al., 2011;

Orozco-Mosqueda et al., 2013; Raya-Gonzalez et al., 2017).

2. ANTECEDENTES

2.1. Arabidopsis thaliana como modelo de estudio

Arabidopsis thaliana es una especie dicotiledonea, miembro de la familia
Brassicaceae (Cruciferae), que aunque no es una planta de importancia agricola ni
economica, ha sido el modelo de estudio mas utilizado en genética, bioquimica y
fisiologia vegetal por mas de 30 afios. Arabidopsis se ha utilizado para dilucidar
los posibles mecanismos moleculares de accion y/o funciones de una gran
variedad de compuestos que produce.

Las principales caracteristicas que la han posicionado como modelo de
estudio por excelencia son sus requerimientos basicos como cualquier otro
organismo autotrofo: luz, agua y nutrientes, un ciclo de vida entre seis y ocho
semanas; produccion de una gran cantidad de semillas, y un espacio pequefio
para su crecimiento. Esta Ultima caracteristica permite su cultivo in vitro y en
invernaderos. Ademas, se ha secuenciado su genoma, el cual consta de 120
megapares de bases, distribuidas en cinco cromosomas, que contienen alrededor
de 25, 000 genes (Bennetzen, 2001).

Adicionalmente, la creacion de semillas mutagenizadas ha permitido
obtener una amplia coleccion de lineas mutantes y transgénicas. El genoma de
Arabidopsis es relativamente pequefio, comparado con el de otras especies
cultivables como el maiz (19 veces mas grande), la cebada (39 veces mas grande)
o el trigo (128 veces mas grande); los cuales presentan ademas, duplicacion de
genes por eventos de poliploidia (Bennetzen, 2002). Con la secuencia completa
del genoma disponible, ahora es posible analizar la funcion de un gran nimero de
genes que participan en diferentes rutas de sefializaciéon en los programas de

crecimiento y desarrollo (Dinneny y Benfey, 2008).



2.2. Morfologia de Arabidopsis

Los dos sistemas principales que presenta la morfologia de una planta son:
i) el aéreo, formado por tallo, hojas; y flores y frutos durante la etapa reproductiva;
i) y el radicular, que consta de una raiz primaria, raices laterales, pelos radiculares
y en ocasiones raices adventicias (Fig. 1A).

En el sistema aéreo, primero emerge el hipocotilo y el o los cotiledones;
posteriormente se forman las hojas verdaderas. Este sistema se encuentra
adaptado para la realizacion de la fotosintesis, principalmente en las hojas, cuyas
células contienen cloroplastos, donde la clorofila (pigmento verde) se especializa
en la absorcion de luz. Durante la fotosintesis, la planta utiliza la energia solar y el
CO- que capta del ambiente, para oxidar el agua absorbida en las raices. De esta
manera libera O, y reduce CO, para formar trifosfato de adenosina (ATP), glucosa
y otros carbohidratos que utilizara durante su desarrollo (Taiz y Zeiger, 2002) (Fig.
1A).

2.3. El sistema radicular

El sistema radicular capta agua y nutrientes del suelo y proporciona sostén
a la parte aérea. Las raices son oOrganos heterotréficos porque su nutricion
depende de la fotosintesis producida por las hojas; sin embargo, ésta ultima
depende de la captacion de agua y minerales absorbidos por la raiz.
Adicionalmente el sistema radicular tiene una funcién de secrecion de una gran
cantidad de compuestos al ambiente que le rodea, denominado rizosfera
(Narasimhan et al., 2003).

La raiz se diferencia del tallo por su estructura, el modo en que se formay
la falta de apéndices como yemas y hojas. La primera raiz derivada de la planta se
conoce como radicula, la cual, se origina durante la germinaciéon de la semillay a
partir de ella se forma la raiz primaria. Las raices desarrolladas a partir de la raiz
primaria se denominan raices laterales o secundarias. Las raices que crecen a

partir de otras partes de la planta, como el tallo, se conocen como adventicias



(Scheres et al., 2002). Ademas, este sistema presenta pelos radiculares, que son
proyecciones de células especializadas de la epidermis (tricoblastos) y que
proporcionan a la planta una mayor superficie para la captacidon de agua y
nutrientes (Fig. 1B).

Debido a que las plantas son sésiles, su estrategia para una mejor
adaptacion a los cambios ambientales es la plasticidad en los programas de
desarrollo que modifican su arquitectura. De acuerdo a Lopez-Bucio et al. (2003),
se distinguen tres procesos principales que pueden afectar la arquitectura de la
raiz: i) la division celular en los meristemos formando nuevas células, ii) la
formacion de raices laterales aumentando la capacidad exploratoria y iii) la
formacion de pelos radiculares incrementando el area de absorcion de agua y
nutrientes. Estos procesos son particularmente sensibles a cambios internos y
externos, tanto bidticos como abidticos. De igual forma en respuesta a estos
estimulos, el sistema aéreo puede modificar el tamafio del hipocotilo, los peciolos,
las hojas y los tallos (Franklin et al., 2003).

Particularmente, la raiz de Arabidopsis tiene caracteristicas que la hacen un
modelo ideal para estudiar procesos fisiolégicos, entre ellas la simplicidad de su
organizacion celular y la actividad del meristemo apical (Scheres y Wolkenfelt,
1998). Un numero pequefio de células fuente genera todos los tipos celulares a
través de divisiones en el meristemo apical de la raiz (RAM, root apical meristem),
seguidas de una expansion en la zona de elongacidbn y una posterior
diferenciacion celular en la zona de diferenciacion. Debido a que el crecimiento de
la raiz primaria es indeterminado, estos procesos son continuos (Scheres et al.,
1994).

Dicho crecimiento ocurre en el RAM a través de la produccion de células en
dos direcciones. Una capa de tejido llamado cofia, que abarca el extremo distal de
las raices, protege la punta de la raiz a medida que crece a través del suelo y
también percibe y procesa los estimulos ambientales, modulando la direccion del
crecimiento en funcion de la gravedad (gravitropismo), la luz (fototropismo),

obstaculos (tigmotropismo), gradientes de temperatura (termotropismo), humedad



(hidrotropismo), nutrientes y otras sustancias quimicas (alelopatia o
quimiotropismo) (Ishikawa y Evans, 1990; Okada y Shimura, 1990).

El sistema radicular es una estructura formada por diferentes tejidos
celulares: la epidermis, el cortex, la endodermis, el periciclo y los haces vasculares
(Fig. 1B). Las células que forman los diferentes tejidos se producen a partir de
cuatro células iniciales localizadas en el apice de la raiz (Dolan et al., 1993). Los
linajes celulares se pueden reconocer por la formacion de columnas o filas de
células organizadas a lo largo del eje longitudinal (Schiefelbein et al., 1997).
Internamente y en contacto con las células iniciales se encuentra un numero
pequefio de células llamado centro quiescente (QC, quiescent center), el cual
presenta escasa actividad mitdtica, y cuya funcidon principal es mantener la
organizacion de células adyacentes. A medida que va creciendo la raiz, la zona de
division celular (zona meristematica) dara paso a una fase de expansion celular y
al inicio de la zona de diferenciacion (Fig. 1B). Una vez que incrementan su
tamafo, las células se diferencian en su forma y funcion final, este proceso esta
evidenciado por la aparicién de pelos radiculares (en la zona de diferenciacion),
que son células epidérmicas de la raiz primaria, especializadas en la captura de
agua y nutrientes. Por otra parte, mediante eventos de divisién celular en el
periciclo, en la zona de diferenciacion de raices laterales de la raiz primaria, se
forman las raices laterales, 6rganos que incrementan la superficie total de

exploracion del suelo y contribuyen a un mejor anclaje.
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Figura 1. Morfologia tipica de Arabidopsis. A) Sistemas que conforman un organismo vegetal. El
aéreo en donde se lleva a cabo la fotosintesis, utilizando diéxido de carbono y agua para formar

glucosa, oxigeno y ATP; este sistema incluye hojas, tallos, flores y frutos. El radicular consta de
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una raiz primaria, raices laterales y pelos radiculares. B) Acercamiento de la punta de la raiz

primaria donde se muestran sus tres zonas principales: meristematica (meristemo basal y apical),
de elongacion (alargamiento) y de diferenciacion. Se puede observar el corte longitudinal y el

transversal de la raiz. Los diferentes colores indican los tejidos vegetales (Modificada de Taiz y
Zeiger, 2002; De Smet et al., 2015).

2.3.1. Raices laterales

Después de que el patrén de crecimiento de la raiz primaria ha sido establecido y
las capas celulares individuales han comenzado a diferenciarse, el aumento en
biomasa esta basado en eventos de ramificacibn mediante la formacion de raices
laterales (RL). La mayor parte del sistema radicular esta formado por RL,
originadas a partir de la raiz primaria. El desarrollo de RL esta controlado por
diferentes factores incluyendo la concentracion de nutrientes dentro de la planta y
en el suelo (Lépez-Bucio et al., 2003). Por lo tanto, las plantas optimizan su

desarrollo en funcion de la necesidad de absorcion de agua y/o nutrientes o



percepcion de cambios ambientales, modulando el desarrollo de las RL o de los
pelos radiculares (Grierson et al., 2014).

En Arabidopsis, las RL se originan a partir de células del periciclo,
adyacentes a los polos del xilema; un subgrupo de esas células (denominado zona
de oscilacién) una vez estimuladas por un incremento de auxinas y la posterior
activacion del ciclo celular, se diferencian y proliferan formando un primordio de
raiz lateral (PRL) (Dolan et al., 1993, Petricka et al., 2012). Se ha sugerido que la
formacién de RL puede ocurrir a través de dos procesos: i) La estimulacion de la
diferenciacion y proliferacion en la capa del periciclo que formara el PRL
(formacion de novo) vy; ii) La formacién del meristemo de la raiz lateral en PRL ya
existentes (Celenza et al., 1995; Laskowski et al., 1995).

Malamy y Benfey (1997), clasifican el desarrollo de las RL en las siguientes
etapas: |) iniciaciéon del primordio en un plano longitudinal con aproximadamente 8
divisiones a partir de una célula del periciclo. 1) el primordio consta de dos capas
celulares obtenidas por una division periclinal de la primera capa. Ill) se lleva a
cabo otra division periclinal para dar lugar a la formacién de una tercera capa de
células. 1V) el primordio consta de cuatro capas. V) el primordio alcanza el cértex.
VI) el primordio forma un domo que alcanza la epidermis. VII) ocurre la

emergencia de la raiz al romper la epidermis y formar una raiz lateral (Fig. 2).
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Figura 2. Cambios morfolégicos durante el proceso de formaciéon y desarrollo de raices
laterales de Arabidopsis. A) Las raices laterales se originan de la raiz primaria a partir de células
del periciclo. B) Esquema de los siete estados del desarrollo (Malamy y Benfey, 1997), y C)
Imégenes representativas de dichos estadios. Las barras de escala representan 20 um (Modificada
de Péret et al., 2009).

2.4. Regulacién del crecimiento vegetal en respuesta a las interacciones

ecolégicas

Uno de los principales temas de la sinecologia, es la funcion que presentan las
interacciones vegetales determinando la coexistencia y el desempefio de los
organismos dentro de las comunidades (Dicke, 2009; Trewavas, 2009). Las
interacciones entre organismos o especies, en donde la aptitud o adecuacion de
uno se ve modificada por la presencia de otro, puede ser de dos tipos: i)
intraespecifica, entre individuos de la misma especie o ii) interespecifica, entre
individuos de diferentes especies.

Las interacciones bioldgicas, incluyen estimulos bidticos y abidticos. La
limitacion de uno o varios recursos necesarios para la sobrevivencia (luz, agua,
nutrientes o alimento, territorio, parejas de apareamiento y compuestos) conducen
a respuestas adaptativas en los organismos, entre las que destacan: i) el
neutralismo, cuando dos especies interactian sin afectarse entre ellas; ii) la
simbiosis, que es una relacion obligada entre dos organismos o especies, que

puede o no beneficiar a ambas vy iii) la competencia, en la cual dos o mas
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organismos 0 especies se disputan uno o varios factores medioambientales
necesarios (Novoplansky, 2009). Estas respuestas pueden ser intensas, débiles o
imperceptibles debido a los requerimientos y las diferencias morfolégicas de cada
especie (Gurevitch et al. 1992); desencadenando un proceso selectivo en el que
sobreviven solo los organismos mejor adaptados (Biedrzycki y Bais, 2009).

Debido al estilo de vida sésil de las plantas, éstas han perfeccionaron su
capacidad de respuesta a un gran numero de estimulos externos mediante la
regulacion genética de rutas metabdlicas que funcionan a través de programas de
sefalizacion intracelular especificas que conducen al encendido o apagado de
genes y de esta manera modifican su crecimiento y desarrollo, capacidad

conocida como plasticidad fenotipica (Maathuis y Diatloff, 2013).

2.5. Densidad poblacional

Las investigaciones que se han enfocado en el fendmeno de competencia, la
refieren como dependiente de la densidad poblacional, que es el niumero de
individuos por unidad de area. Mientras mayor sea la densidad en una poblacion y
el recurso por el que compiten los organismos sea limitado, la probabilidad de
relaciones intraespecificas 0 interespecificas irA en aumento; y las sefiales
percibidas induciran respuestas de adaptacion para un mejor aprovechamiento de
recursos y asi lograr la supervivencia.

Las adaptaciones descritas en respuesta a la densidad poblacional
incluyen: el vigor de la planta en etapas tempranas (tamafio, altura, biomasa), el
desarrollo del follaje (Barberi, 2002; Caton et al. 2003; Bertholdsson, 2005;
Masclaux et al., 2012), la produccion de compuestos quimicos que influyen en el
crecimiento, supervivencia o reproduccién de organismos vecinos (alelopatia)
(Bertholdsson, 2005; Ni y Zhang, 2005), la habilidad de consumir un recurso dado
y/o la plasticidad del crecimiento en respuesta a la disponibilidad espacio-temporal
de los recursos (Craine, 2005; Fargione y Tilman, 2006; Masclaux et al., 2012). Sin

embargo, poco se sabe sobre las sefales que inducen estos mecanismos y la
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sefalizacion genética que antecede estas respuestas (Masclaux et al., 2012) (Fig.
3).

inducidos reprimidos total

Hoja 196 134 330

Raiz 158 99 257
Raiz Hoja

Figura 3. Genes expresados diferencialmente en respuesta a la competencia por densidad
poblacional. Plantas de Arabidopsis crecieron en densidad de A) una o B) veinte en condiciones
hidropdnicas en macetas con perlas de barro cocido. Se realizaron ensayos de microarreglo de
genoma completo para analizar el efecto de la competencia sobre la expresién génica. El nimero
de genes regulados de manera diferencial en condiciones de competencia en hojas y raiz se
presentan en el panel C). D) El diagrama de Venn indica el nimero de genes que maostraron una
expresion diferencial y cuya induccién 1, o represion | ocurrié en raiz, hoja o se traslap6 en ambos.
(Modificada de Masclaux et al., 2012)
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2.6. Nutricion mineral vegetal

Quiza la respuesta de los sistemas vegetales mejor estudiada, es la habilidad que
presentan para responder a zonas del suelo ricas en nutrientes, mediante la
proliferacion de raices laterales. Desde hace décadas, es objeto de investigacion
conocer los requerimientos nutricionales de especies vegetales, principalmente de
importancia econémica, que permitan su cultivo con mayor facilidad y mejoren la
produccion de biomasa y rendimiento final (Murashige y Skoog, 1962).

Es importante destacar que la abundancia o carencia de nutrientes también
depende de la densidad poblacional que haga uso de ellos. Los efectos que
provoca la carencia de nutrientes, pueden ser considerados también respuestas
de competencia, aunque aun no se han descrito los procesos del desarrollo
involucrados en dicha respuesta (Kegge y Pierik, 2010).

Las plantas requieren nutrientes minerales, ademas del oxigeno
atmosférico y el agua adquirida del suelo. Estos son elementos quimicos
esenciales para que la planta complete su ciclo de vida, y entre ellos no pueden
reemplazarse, por lo que cada uno es indispensable (Barker y Pilbeam, 2007;
Maathuis y Diatloff, 2013). Se ha demostrado la presencia de 60 elementos
qguimicos en los tejidos vegetales, de los cuales 16 son considerados esenciales
(Taiz y Zeiger, 2005; Rao et al., 2006; Barker y Pilbeam, 2007). Un grupo
denominado “macronutrientes” son necesarios en cantidades relativamente altas
(Maathuis, 2009) y comprenden nitrdgeno, potasio, calcio, magnesio, fésforo y
azufre. El segundo grupo, conocido como “micronutrientes” o “elementos traza”;
son necesarios en concentraciones menores, e incluyen al cloro, cobre,
manganeso, hierro, zinc, cobalto, molibdeno, niquel, sodio y silicio (Marschner,
2012) (Fig. 4).
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Figura 4. Nutriciéon mineral vegetal. Los principales nutrientes que requieren los organismos
vegetales, provienen del aire y de la materia del suelo. Los macronutrientes: N, K, Ca, Mg, Py S; y
los micronutrientes: Cl, Cu, Mn, Fe, Zn, Co, Mo, Ni, Na y Si, estan representados como parte de la

rizosfera y el aire.

En el suelo, las formas asimilables de los nutrientes minerales normalmente
se encuentran presentes en bajas concentraciones, y esta disponibilidad se
modifica de manera espacio-temporal, dependiendo de factores ambientales como
la precipitacion, la temperatura y el viento y/o factores fisicoquimicos como la
erosion, el tipo de suelo y el pH (Maathuis y Diatloff, 2013). Las plantas enfrentan
frecuentemente una heterogeneidad espacial para captar los nutrientes del suelo,
y para mantener su crecimiento han desarrollado mecanismos adaptativos y
flexibles que les permiten la adquisicion y distribucion de dichos elementos
mediante la modificacion de sus programas de crecimiento y desarrollo (Gross et
al., 1995; Farley y Fitter, 1999; James et al., 2003; Zhou et al. 2012).
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Los mecanismos de asimilacion de nutrientes, normalmente tienen varias
fases. Por ejemplo, la toma de aniones (NO3, PO,*, SO4*) y de la mayoria de los
micronutrientes requiere de energia, lo cual ocurre acoplando su transporte al
gradiente de protones (H). Por otro lado, los cationes (K*, Ca®*, Mg®", NH4")
entran mediante sistemas de transporte pasivo (canales iénicos) (Fig. 5). Las
plantas han desarrollado adaptaciones morfolégicas en respuesta a deficiencias o
abundancias de nutrientes localizadas en el suelo (Lopez-Bucio et al., 2003), como
la exudacién de compuestos que permiten la liberacién de los elementos de las
particulas del suelo o los convierten a formas quimicas asimilables, que entran a la

raiz a través de las vias apoplastica y/o simplastica (Maathuis y Diatloff, 2013)
(Fig. 6).

Cationes Micronutrientes y aniones
K, Ca?, Mg, NH,* Fe*, PO, NO,, SO 2
A M
Moleculas para A )
transp\ortar Proteina de Bomba de
Q O Proteina () transporte protones H*

/ Membrana

\ ' Y \ Energia Bajo
i O
Difusion simple Gradiente
e # ADP _ ) de potencial
Transporte pasivo Transporte activo primario  glectroquimico
(en direccion del gradiente (en direccion opuesta al
electroquimico) gradiente electroquimico)

Figura 5. Tres clases de proteinas de transporte de membrana: canales transportadores y
bombas. Los canales y los transportadores median el transporte pasivo de solutos a través de
membrana por difusion simple o difusion facilitada en direccion del gradiente de potencial
electroquimico de los solutos. Las proteinas de canal, actian como poros en la membrana y su
especificidad esta determinada principalmente por las propiedades biofisicas del canal. Las
proteinas de transporte unen a la molécula que sera transportada en un lado de la membrana y la
liberan al otro lado. El transporte activo primario se lleva a cabo mediante proteinas bomba que
usan energia directa, usualmente hidrolizando ATP, para bombear solutos en contra del gradiente
de potencial electroquimico. Modificado de Taiz y Zeiger, 2002)
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Figura 6. Mecanismos de absorcidon de agua y minerales en la raiz. En linea color verde, se
encuentra marcada la via del apoplasto: 1) el agua y los minerales son absorbidos por las paredes
hidrofilicas de la rizodermis y difunden a lo largo de las paredes celulares permeables en el cortex.
2) Una vez que llegan a la banda de Caspary, esta barrera cerosa del apoplasto los obliga a
cruzar una membrana celular para entrar a las células en la endodermis y filtrar los materiales
antes de entrar a la estela o cilindro vascular. La solucién filtrada es liberada por las células de la
endodermis nuevamente al apoplasto y al otro lado de la banda de Caspary, de este modo 3)
atraviesa el periciclo y entra al xilema en donde transita a la parte aérea de la planta. En linea color
amarilla, se marca la via del simplasto: 1) el agua y los minerales son filtrados inmediatamente
mientras cruzan la membrana del pelo radicular para entrar al simplasto. 2) Posteriormente, son
movilizados célula-célula a través de los plasmodesmos hacia el cilindro vascular, 3) evitando asi

la barrera de la banda de Caspary. (Tomado de Kelvinsong, 2016)

2.6.1. El hierro

El hierro es el cuarto elemento mas comun de la corteza terrestre, superado en
abundancia Unicamente por el oxigeno, el silicio y el aluminio; y contribuye con un
5% a la composicion total de la tierra 'y con 3.8 % al peso total. Por su funcién y las
cantidades requeridas en los tejidos vegetales, se le considera un micronutriente
esencial (Tabla 1) (Maathuis y Diatloff, 2013)

Una de las principales caracteristicas del Fe, es que en condiciones

aerobias, neutras y alcalinas su solubilidad es muy baja. Se cree que hace
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millones de afios, cuando aparecieron los organismos fotosintéticos y comenzo la
produccion de oxigeno, esta nueva condicidbn permitid la oxidacion de hierro

soluble Fe?* (ferroso) a hierro insoluble Fe** (férrico) (Maathuis y Diatloff, 2013).

Niveles en tejido vegetal

Composicion de la corteza terrestre (%) Macronutrientes Micronutrientes
Oxigeno 46.6 Nitrogeno 100 Cloro 0.05
Silicio 27.7 Potasio 50 Hierro 0.03
Aluminio 8.1 Calcio 25 Boro 0.03
Hierro 5.0 Magnesio 10 Manganeso 0.02
Calcio 3.6 Fosforo 8 Zinc 0.007
Sodio 2.8 Azufre 5 Cobre 0.002
Potasio 2.6 Niquel 0.0004
Magnesio 2.1 Molibdeno 0.0001
Otros 1.5

TABLA 1. Composicién elemental de la corteza terrestre (%) y del tejido vegetal. La
composicién de la corteza terrestre estd en proporcién al peso con el que contribuye el elemento
de un total de 100%. La proporcion relativa tipica de minerales encontrada en los tejidos vegetales,

asumiendo que el nivel de nitrégeno es el 100% (Adaptado de Maathuis y Diatloff, 2013).
2.6.2. Estrategias para la captacion de hierro en plantas

Las plantas adquieren el Fe principalmente de la rizosfera. En suelos aerobios o
con pH mayor a 7, el hierro se encuentra mayoritariamente como Oxido férrico
insoluble. En suelos con bajo pH, el hierro se libera de los 6xidos volviéndose
disponible para su adquisicion por la raiz (Marschner, 2012).

En el mundo, aproximadamente el 30% de los suelos cultivables tienen pH
alcalino, lo que ocasiona que la solubilidad del Fe®** sea demasiado baja, este es
un problema particularmente importante en los suelos semiaridos del subtréopico

(L6pez-Bucio et al., 2000; Ramirez-Rodriguez et al., 2005). Ademas, algunas
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especies de importancia econOmica como el arroz, son extremadamente
susceptibles a la deficiencia de hierro (Takahashi et al., 2001). Por ello, se estan
realizando investigaciones enfocadas a dilucidar los mecanismos por los cuales
estos organismos se adaptan a la escasez de hierro (Colangelo y Guerinot 2004;
Dinneny et al., 2008).

Las plantas han desarrollado dos mecanismos que le permiten adquirir el
hierro del suelo:

Estrategia 1. La utilizan las monocotiledoneas no gramineas Yy
dicotiledoneas como Arabidopsis thaliana. Dicha estrategia se basa en la
reduccion del hierro para su posterior internalizacion (Fig 7A.). En respuesta a la
deficiencia de hierro, una citocromo b5 reductasa 1 (CBR1) a través de un
mecanismo desconocido, aumenta el contenido de acidos grasos insaturados en
la raiz (Oh et al., 2016), que permiten la activacion de H*-ATPasas de membrana
en la epidermis de la raiz. Durante la hidrdlisis del ATP, exportan protones al
exterior de la célula, disminuyendo asi el pH del suelo y solubilizando el Fe
(Schmidt et al., 2003; Santi et al., 2005). En Arabidopsis, hay doce miembros de
esta familia, de los cuales AHA2 y AHA7 (Arabidopsis H+ -ATPase) son
esenciales para una correcta respuesta a la deficiencia de hierro (Kim y Guerinot,
2007; Santi y Schmidt, 2009; Jeong et al., 2017). Posteriormente, la proteina
ferrico-quelato-reductasa dependiente de NADPH, AtFRO2, reduce el Fe** a Fe?*.
Los electrones se transfieren del NADPH citosolico a través de grupos hemo
cofactores, que se encuentran estabilizados por cuatro histidinas en el espacio
transmembranal, hacia el hierro en la rizosfera (Finegold et al., 1996; Robinson et
al., 1999; Connolly et al., 2003). En Arabidopsis se han descrito ocho proteinas
que pertenecen a la familia de Fe (lll) quelato reductasas (AtFROSs), de las cuales
FRO2 (FERRIC REDUCTION OXIDASE 2) es la responsable de la reducciéon de
hierro a nivel de la superficie de la epidermis de la raiz (Wu et al., 2005).

Una vez reducido, el Fe?* puede ser transportado al interior de las células
epidérmicas a través del transportador de metal divalente AtIRT1 (Henriques et al.,
2002; Vert et al., 2002). IRT1 también transporta Zn, Mn, Cd, Co y Ni (Eide et al.,
1996; Korshunova et al., 1999; Schaaf et al., 2006). Vert et al. (2002) y Connolly et
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al. (2003) reportaron que la pérdida de funcion de la mutante irtl-1 disminuyo
significativamente la acumulacion de Fe, Mn, Zn y CO, lo que sugiere que AtIRT1
es el principal transportador de estos metales en condiciones de deficiencia de
hierro.

Estrategia Il. La utilizan las plantas gramineas, que dependen de la
adquisicion de hierro quelado por sideréforos solubles con alta afinidad por el Fe®*
(Marschner, 2012). En respuesta a la deficiencia de hierro, las plantas sintetizan a
partir de L-metionina, fitosideroforos derivados del &cido mugineico, los cuales son
liberados posteriormente desde la epidermis de la raiz (Negishi et al. 2002). El
complejo resultante Fe**-fitosiderdforo se transporta al interior de la epidermis por
un sistema de alta afinidad (Curie et al., 2001) (Fig. 7B). Esta estrategia es menos
sensible al pH de suelo y existe una correlacion entre la cantidad de fitosideroforos
liberados y la resistencia de las plantas a las condiciones de deficiencia de Fe
(Nagasaka et al., 2009).
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Figura 7. Estrategias para la captacion de hierro en plantas. a) Reduccion del hierro. En las
células de la epidermis, las proteinas H'-ATPasas (AHA2), exportan protones al exterior de la
célula disminuyendo el pH del suelo y solubilizando el Fe. Posteriormente, la proteina férrico-
quelato-reductasa (FRO2), reduce el Fe** a Fe**, el cual puede ser transportado al interior de las
células epidérmicas a través del transportador IRT1. En el interior de la células, el Fe(ll) es
almacenado en la vacuola a través del transportador FPN2 o llevado a otros tejidos de la planta. b)
Quelacion del hierro. Las plantas sintetizan fitosideroforos que son liberados a la rizosfera desde la
epidermis de la raiz a través de los transportadores de eflujo TOM (transporter of mugineic acid
family phytosiderophores 1). En la rizosfera se forma el complejo Fe(lll)-fitosideréforo que es de
inmediato transportado al interior de la epidermis por un sistema de afinidad que involucra a las
proteinas YS y YSL. (Modificado de Morrisey y Guerinot, 2009)
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2.6.3. Transporte y almacenamiento de hierro en planta

Una vez que el hierro ha sido captado en la epidermis, debido a su potencial
reactividad se une a quelantes o “chaperones” a partir de los cuales es
transportado mediante las vias apoplastica y simplastica (Fig. 6). En las raices, el
hierro se almacena principalmente en el apoplasto, en forma de hidroxido de
hierro, fosfato férrico o se une a componentes de la pared celular como la pectina
y la hemicelulosa, los cuales son polisacaridos con alta carga negativa que
participan como sitios de intercambio de cationes (Bienfait et al., 1985; Jin et al.,
2007; Lei et al., 2014) (Fig. 8). El hierro unido a la hemicelulosa es el reservorio de
Fe mas grande en la pared celular, el cual se ve disminuido en condiciones de
deficiencia, mientras aumenta la abundancia de Fe soluble en raices (Curie y Mari,
2016).

En el simplasto, el hierro es inmediatamente quelado para evitar que forme
radicales hidroxilo. Su transporte ocurre a través del citoplasma interconectado
entre las células, probablemente difundiendolo a través de un gradiente de
concentracion (Marschner, 2012). Cuando se ha transportado el Fe a la
vasculatura, es quelado para evitar su precipitacion. Se considera que para cada
ambiente especifico existen quelantes que se unen al Fe; algunos ejemplos de
ellos son el citrato que une al Fe*" en el xilema a un pH de 5.5; y la nicotianamina
que une indistintamente a Fe?* y Fe®* para prevenir su precipitacién en el floema a
un pH de 7.5 (von Wiren et al., 1999; Curie et al., 2009) (Figs. 8, 9).

En Arabidopsis, el citrato es internalizado al xilema mediante el
transportador FRD3 (Fe-DEFICIENCY RELATED 3), el cual se expresa en la
vasculatura de la raiz (Green y Rogers, 2004). Sin suficiente de citrato, el Fe no se
moviliza de manera eficiente a través del xilema y por tanto no llega al follaje, sino
gue precipita en las paredes del apoplasto (Durrett et al., 2007). Para la
movilizacion del Fe al interior y exterior del floema, se han propuesto ocho
transportadores Yellow Stripe Like (YSL) en Arabidopsis, los cuales transportan el

Fe unido a nicotianamina (Curie et al., 2009).
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El floema transporta el Fe hacia las semillas. Las semillas en desarrollo
reciben Fe desde las raices y hojas senescentes. El nivel de reciclaje de Fe del
follaje a las semillas varia de acuerdo a cada especie (Morrissey y Guerinot,
2009). OPT3 (OLIGOPEPTIDE TRANSPORTER 3) es un miembro de la familia
gue incluye a las proteinas YSL y tiene una funcién esencial en el transporte de Fe

a las semillas (Fig. 9).

Figura 8. Moléculas quelantes de hierro. A) Hidroxido de hierro (ll), B) fosfato férrico, C)
complejo hierro-citrato, D) nicotianamina, E) fitato, F) grupo hemo, G) complejo hierro-azufre
estabilizado con residuos de cisteina (Cys) y H) estructura terciaria de la ferritina en color verde y
iones de Fe en color rojo. (Modificado de Chasteen y Harrison, 1999; von Wirén et al., 1999)
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Figura 9. Transporte del hierro en plantas, desde la rizosfera hasta la semilla. En el exterior
de la planta, el hierro se puede encontrar como Fe(ll) o Fe(lll). Las flechas anaranjadas indican el
transporte del Fe(ll), el cual ingresa a las células de la rizosfera por medio del transportador IRT,
una vez en el simplasto se asume que se une a moléculas quelantes y de ahi es transportado al
xilema. Las proteinas AtFRD3 y OsFRDL1 ingresan citrato al xilema donde éste se une al hierro,
posteriormente el hierro es internalizado al floema posiblemente a través de proteinas YSLs. Una
vez en el floema, el Fe(ll) se une a nicotianamina y es transportado a la parte superior de la planta
para finalmente ingresar a la semilla a través de transportadortes tipo OPT3 o YSL1/3. Las flechas
rojas indican el transporte del Fe(lll) en plantas tipo Estrategia 2; el complejo Fe(lll)-PS ingresa al
simplasto a través del transportador YS y posteriormente al xilema en donde se encuentra unido a
citrato para posteriormente ser transportado al floema a través de IRT1. Una vez en el floema, el
Fe(lll) es reducido a Fe(ll) y transportado a la parte superior de la planta en donde se almacena
unido a quelantes como la nicotianamina o forma complejos Fe-P. (Modificado de Morrisey y
Guerinot, 2009)

Se asume que el almacenamiento del hierro posiblemente ocurre en la
vacuola de las células, unido a fitato o algun otro agente quelante (Morrisey y
Guerinot, 2009) (Fig. 8). Las vacuolas acumulan el exceso de hierro y lo liberan al
citosol cuando disminuye su disponibilidad en el suelo. En Arabidopsis se ha
reportado a VIT1 como el transportador de ingreso de Fe?* a la vacuola (Kim et al.,
2006), asi como a NRAMP3 y NRAMP4 como transportadores de salida (Lanquar
et al., 2005) (Fig. 10).

El Fe se puede encontrar en los plastidios unido a ferritinas, proteinas de
almacenamiento. En Arabidopsis se han encontrado cuatro genes que codifican
para dicha proteina (Petit et al., 2001). Se ha sugerido que los plastidios tienen
una funcién importante almacenando hierro, lo cual podria regular su transporte a

larga distancia (Ravet et al., 2009). Los cloroplastos contienen cerca del 90% del
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Fe en las hojas (Terry y Abadia, 1986), en donde es requerido para la fotosintesis,
biosintesis de grupos hemo, y formacion de complejos hierro-azufre (Fe-S) (Jeong
et al., 2008; Vigani et al., 2013) (Figs. 8, 10).

En las mitocondrias, el hierro es requerido para la respiracion, la biosintesis
de grupos hemo, y la formacion de complejos Fe-S (Balk y Lobreaux, 2005; Vigani
et al.,, 2013). La combinacion de electrones y Fe libre, es altamente toxica; de
modo que la regulacion de su homeostasis en la mitocondria es vital. El Unico
transportador mitocondrial de Fe reportado es el ATM, que se localiza en la
membrana interna y se cree que permite la salida de agregados Fe-S desde la
matriz mitocondrial (Kispal et al., 1997). Ademas, las proteinas ferritina y frataxina
tienen una funcidn esencial debido a que ademas de secuestrar el Fe, median su
entrega durante la formacién de los agregados Fe-S (Levi et al., 2001; Bencze et
al., 2006; Missirlis et al., 2006; Santambrogio et al., 2007) (Fig. 10).
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Figura 10. Transporte intracelular del hierro en plantas. El hierro es movilizado al interior de la
vacuola por medio de los transportadores FPN2 y VIT1 (que se expresan en varios tejidos). Al
interior de la vacuola, el hierro forma un complejo con fitato o nicotianamina (NA). Las proteinas
NRAMP3 y NRAMP4 transportan el hierro al exterior de la vacuola principalmente en condiciones
de deficiencia de hierro y durante el proceso de germinacidon. En la mitocondria, el Fe es
“secuestrado” por la ferritina (FER) y la frataxina (Fh), principalmente para minimizar el estrés
oxidativo. La Fh también tiene una funcién importante en el ensamblaje o la reparaciéon de los
agregados hierro-azufre (Fe-S). ATM3 permite el transporte de los agregados Fe-S al exterior de la
matriz mitocondrial. Para ingresar al cloroplasto, el Fe (lll) es reducido por la proteina férrico
quelato reductasa FRO7 y posteriormente es internalizada por un transportador de Fe (ll),
posiblemente por medio del PIC1, localizado en la membrana interna. Al interior del cloroplasto, el

hierro es incorporado a ferritina (FER). (Modificado de Morrisey y Guerinot, 2009)

2.5.4. Homeostasis del hierro

En Arabidopsis thaliana, los genes bHLH (basic Helix-Loop-Helix) constituyen una
de las familias de factores transcripcionales mas amplias con 162 miembros, que
se encuentran modulando diversas vias de sefalizacion del metabolismo

secundario, diferenciacion celular y respuestas a factores ambientales, una de
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ellas es la sefalizacién en respuesta a la deficiencia de hierro (Heim et al., 2003;
Jones, 2004; Pires y Dolan, 2009; Zhang et al., 2015).

El dominio bHLH de las proteinas, est4 conformado por 50-60 aminoéacidos
y consta de dos regiones con funciones distintas: i) la region béasica (bHLH)
formada por alrededor de 15 aminoacidos que se localiza en el extremo N terminal
y es la encargada de la union al DNA vy ii) la region HLH (bHLH), estructurada
principalmente por residuos hidrofébicos que forman dos hélices a separadas por
una region de secuencia y longitud variables y que se localiza en el extremo C-
terminal; la cual permite la dimerizacion proteica (Heim et al., 2003; Toledo-Ortiz
et al., 2003) (Fig. 11). Evidencias cristalograficas mostraron que la interaccién
entre dos regiones HLH lleva a la formacion de homodimeros y/o heterodimeros,
mientras que la region basica de cada uno se une a una mitad de la secuencia de
reconocimiento del DNA conocida como caja E (5-CANNTG-3") (Heim et al.,
2003; Toledo-Ortiz et al., 2003).

27



A

AEQGOL/GLS
A006/RAPL
At006/PIM2
Ato13
Ar020
At026 /EPR1
ArQ34
At037
At042
ArRDS1L
At069
ALO070
AED?E6
Ar0380
Ac083
AE101
AmaDEL
@HDBLG1
GMYCl
JAF13
LBJAI
LiRRMZ2477
McAAD11428
Q8Rn
pEMYCEP
PEMICRP
PhaN1
ovPGl
BoySATL
TyGBOF1l
ZmIN1

ZmMYCTE
ZnSn

Conaansusa

Figura 11. Dominio basic Helix-Loop-Helix en plantas. A) Alineamiento de algunos dominios
bHLH en plantas. Los simbolos entre el alineamiento y la secuencia consenso indican residuos
importantes para la union a ADN o interaccién proteina-proteina (puntos verdes indican
aminoacidos que hacen contacto con bases nucleotidicas, puntos rojos indican aminoécidos que
hacen contacto con el esqueleto del ADN y puntos azules indican residuos no polares que
participan en interacciones proteina-proteina). En la parte superior se muestra el limite de las
regiones b, H, L, H. En plantas, muchos dominios bHLH tienen una secuencia de residuos (H-E-R)

en las posiciones 5, 9, 13 (marcadas con asteriscos) que son conservadas y en animales son la
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caracteristica del grupo B de las proteinas bHLH. (Tomado de Heim et al., 2003)

La dimerizacion y el reconocimiento de diferentes cajas E, proporcionan un
mecanismo a través del cual las proteinas bHLH, generan suficiente diversidad
para regular una gran variedad de diferentes programas transcripcionales. En este
contexto, estas proteinas podrian funcionar como reguladores negativos de otras

de la misma familia, mediante la formacion de heterodimeros incapaces de unirse

al DNA (Heim et al., 2003; Toledo-Ortiz et al., 2003).
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En condiciones de deficiencia de hierro, se incrementa la expresion de un
miembro de la familia bHLH (Bauer et al., 2007), el factor transcripcional FER-LIKE
IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR (FIT), el cual forma
heterodimeros con las proteinas bHLH38 o bHLH39 (Yuan et al., 2008), y regula
positivamente la expresion de FRO2, asi como también la acumulacion de IRT1 y
de mas del 40% de los genes inducibles en deficiencia de hierro (Eide et al., 1996;
Robinson et al., 1999; Vert et al., 2002; Colangelo y Guerinot, 2004).

Long et al. (2010) reportaron una segunda via de regulacién de la
homeostasis del hierro e identificaron dos genes clave del inicio de las respuestas
a la deficiencia de hierro; uno de ellos al que denominaron POPEYE (PYE),
codifica para una proteina bHLH. La linea mutante de Arabidopsis afectada en
este gen mostré una respuesta hipersensible a la deficiencia nutrimental, con
sintomas aumentados de clorosis en el follaje, inhibicion del crecimiento de la raiz
y pérdida de la capacidad de acidificacion de la rizosfera (Fig. 12 A, B). El segundo
gen denominado BRUTUS (BTS), fue identificado mediante el analisis in silico de
la co-expresion de PYE con otros posibles genes blanco; en donde se muestra en
una red de interacciones, probables genes que podrian estar regulando la
homeostasis del hierro en respuesta a la deficiencia de éste nutriente (Fig. 12C).
La linea mutante btsl mostré un fenotipo contrario al de pyel, sugiriendo
funciones opuestas en la regulacion de la homeostasis del Fe en condiciones de
deficiencia (Fig. 12D). La construccion de las lineas reporteras ProPYE:GFP y
ProBTS:GFP confirmé la expresion de estos genes en respuesta a la deficiencia
de Fe, ademas de una localizacion en los mismos tejidos de la raiz, como son las

células del periciclo (Long et al., 2010).
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Figura 12. PYE y BTS tienen una funcidon opuesta en la regulacion de las respuestas a la
deficiencia de hierro. A) Plantas del ecotipo silvestre (WT) y la mutante pyel crecidas siete dias
en medio con deficiencia de hierro. B) Acidificacion de la rizosfera en plantas WT y pyel a los tres
dias después de la exposicion a medio deficiente de hierro. Las plantas se transfirieron a medio
gue contiene purpura de bromocresol durante 24 horas para observar la acidificacién evidenciada
por el amarillamiento del medio alrededor de las raices. La linea de escala indica un tamafio de 3
mm. C) Con base en un analisis in silico de la co-expresiéon de genes de Arabidopsis en deficiencia
de hierro, se identificaron genes que son probables blanco directo de PYE y se presentan en la
imagen como una red de probables interacciones proteicas. Los blogues octagonales indican
proteinas que contienen dominios de unién a ADN. Las lineas amarillas indican blancos directos de
PYE. La linea verde indica a la proteina BTS. D) Plantas de once dias del ecotipo silvestre y la
mutante btsl crecidas en medio con deficiencia de hierro. Las flechas amarillas indican las puntas

de laraiz. La linea de escala indica un tamafio de 2 mm (Modificada de Long et al., 2010).

En mamiferos, la proteina FBXL5 (F-BOX AND LEUCINE-RICH REPEAT
PROTEIN 5) fue identificada como el sensor de hierro y en su estructura contiene
un dominio hemeritrina (HHE) de unién a Fe y un dominio F-box para ubiquitinar y
degradar a IRP2 (IRON REGULATORY PROTEIN2), la cual participa en la
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regulacion de la homeostasis de hierro (Salahudeen et al., 2009; Vashisht et al.,
2009). En Arabidopsis BTS posee un dominio HHE de unién a Fe?*, un dominio
RING que se ha descrito para proteinas tipo E3 ligasas (Selote et al., 2015). Se ha
sugerido que BTS podria tener entonces dos funciones debido a los dominios en
su estructura, la primera como regulador transcripcional y la segunda como E3
ubiquitina ligasa interactuando con proteinas blanco para causar su degradacion.
También se ha reportado que la mutante btsl, tiene la capacidad de acumular un
exceso de Fe y la expresién de genes inducibles por deficiencia de hierro se ve
significativamente incrementada. Debido a lo antes mencionado, se ha propuesto
gue BTS es un potencial sensor de hierro que regula negativamente la estabilidad
de factores transcripcionales rio abajo, modulando asi la adquisicién de hierro en
Arabidopsis (Zhang et al., 2015; Liang et al., 2017) (Fig. 13). Ademas se identifico
una interaccion proteina-proteina entre BTS e ILR3/bHLH105, esta ultima también
participa en la homeostasis del hierro (Long et al., 2010; Rampey et al., 2006;
Zhang et al., 2015).

El gen ILR3 codifica para un factor de transcripcion miembro de la familia
bHLH. En Arabidopsis, las proteinas bHLH-ZIP, presentan el dominio bHLH
seguido directamente por un motivo tipo zipper de leucina e incluyen a dos
subgrupos dentro del grupo 1V: i) ILR3/bHLH105, bHLH115, bHLHO034, bHLH104 y
i) bHLHO47, bHLHO11, bHLH121. Aunque soOlo estas siete proteinas tienen
Zippers de leucina en Arabidopsis, las proteinas bHLH-ZIP son muy comunes en
animales (Buck y Atchley, 2003; Heim et al., 2003; Toledo-Ortiz et al. 2003).

Los miembros de la familia a la que pertenece ILR3 son ampliamente
conservados en plantas con flores; se han encontrado ort6logos en arroz, alamo,
tomate, soya, Medicago, uva y pino (Rampey et al.,, 2006). La presencia de
homologos bHLH-ZIP de ILR3 en monocotiledéneas y pino, sugiere la posibilidad
de funciones distintas, ancestrales y evolutivamente conservadas en plantas con
semillas.

En plantas de Arabidopsis, ILR3 se expresa en varios tejidos de durante el
desarrollo sugiriendo una funcién en mdultiples etapas (Rampey et al., 2006).

Ademas, la expresiéon en areas donde también se expresan genes hidrolasas de
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IAA-conjugado propone a ILR3 con una probable funcién reguladora de la
actividad hidrolasa (Rampey et al., 2006). La mutante ilr3-1 mantiene intactos los
dominios bHLH-ZIP; esto, aunado a un incremento considerable en la acumulacion
de Fe, sugiere que la lesion ilr3-1 confiere una ganancia de funcion (Rampey et
al., 2006). El fenotipo de ilr3-1 en plantas crecidas bajo concentraciones normales
de Fe, no presenta diferencias observables comparado con el ecotipo silvestre
(Zhang et al., 2015); y el andlisis de la expresion de los genes FIT, FRO2, IRT y Ib
reveld una regulacién rio debajo de ILR3, indicando una funcién positiva en las

respuestas a la deficiencia de Fe (Zhang et al., 2015).

Aumento de Fe

Figura 13. Genes activados por BTS. La proteina BTS puede formar heterodimeros con ILR3 o
bHLH115. Reportes indican que puede activar la transcripcion de bHIH115, que posteriormente
puede homodimerizar con bHLH115 o heterodimerizar con bHLH34, bHLH104 o ILR3/bHLH105.
BTS también induce la transcripcion de Ferritina (FER) llevando asi a un aumento en la
acumulacion de hierro. Puede también inducir la transcripciébn de FIT, que a su vez forma
heterodimeros con bHLH38, bHLH39, bHLH100 y bHLH101 y de esta forma regula la transcripcion
de FRO2 e IRT. Ademas BTS también regula al gen PYEL, que a su vez inhibe la transcripcion de
NAS4 y promueve la de ZIF1. Finalmente se ha reportado que regula la transcripcion del 40% de
los genes inducibles por deficiencia de hierro (GIDF) (Rampey et al., 2006; Long et al., 2010;
Zhang et al., 2015).
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2.6.5. Promotores inducibles por deficiencia de hierro

El uso de construcciones con promotores de genes de respuesta a rutas de
transduccion de sefiales en plantas, son Utiles para monitorear la expresion de
genes en diversas condiciones de crecimiento vegetal (Kovtun et al., 2000). Entre
los reporteros ampliamente utilizados se encuentran la B-glucuronidasa (uidA) y la
proteina verde fluorescente (GFP) (Jefferson et al., 1987; Ottenschalager et al.,
2003).

En Arabidopsis, existen promotores de varios genes de respuesta a la
deficiencia de hierro (como PYE, BTS e ILR3), unidos a genes reporteros. Para su
construccion se utilizé una gran variedad de métodos genéticos y moleculares; por
ejemplo, la transformacion de plantas silvestres con construcciones génicas, que
contienen la secuencia del promotor del gen PYE o del gen BTS, rio arriba de la
secuencia codificante para la GFP (ProPYE:GFP, ProBTS:GFP) (Long et al.,
2010). Para confirmar los patrones de expresion de estas lineas, se realiz6 una
inspeccion visual y caracterizacion molecular utilizando andlisis de microarreglo
(Long et al., 2010).

Para el caso de ILR3, una region reguladora de 1.8 kilobases (que van
desde -1863 a -1 pares de bases, considerando el inicio de la transcripcion ATG),
se amplificaron y purificaron a partir de ADN del ecotipo silvestre usando la
reaccion en cadena de la polimerasa (PCR); posteriormente se clonaron en el
vector pCR4-TOPO, y el plasmido fue secuenciado para verificar la ausencia de
mutaciones derivadas del proceso de la PCR. El fragmento promotor de ILR3 fue
separado del plasmido mediante el uso de enzimas de restriccion (Hindlll y
BamHI) y posteriormente se fue introducido por electroporacion en la cepa
Agrobacterium tumefaciens GV3101. Finalmente, por inmersion se transformaron
plantas silvestres (Col-0) de Arabidopsis. Las lineas transformadas que llevaban la
construccion del promotor del gen ILR3 unido al gen codificante para la enzima [3-
glucuronidasa (GUS) crecieron en medio de seleccion (12 pg/mL de Kanamicina).

Para confirmar la seleccion de lineas resistentes, se sembraron y crecieron (1-8
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dias) semillas resistentes a kanamicina, progenie de la generacion filial 1 y fueron
tefidas para observar la localizacion del gen reportero (Rampey et al., 2006).

Dichas construcciones son en herramientas poderosas para monitorear los
eventos de expresion de estos genes de respuesta a la deficiencia de hierro en
una amplia variedad de érganos y tejidos, durante las respuestas de crecimiento y
desarrollo causadas por cambios en la disponibilidad de hierro (Rampey et al.,
2006; Long et al., 2010) (Fig. 14).

A ProPYE:GFP B ProBTS:GFP
0 days -Fe 4 days -Fe 0Lms ’F‘T s k: & e F(eﬁ"g))?)

s

Figura 14. Patrones de expresién de PYE y BTS. A) Induccién de ProPYE:GFP en células del
periciclo después de 4 dias en deficiencia de hierro. Las barras de escala indican 50 um. B)
Induccién de ProBTS:GFP en el periciclo después de 2 dias de exposicién a la deficiencia de
hierro. Las barras de escala indican 100 um en B1 y 50 um en B2 y B3 (Modificada de Long et al.,
2010).
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2.7. Las bacterias y su relacién con las plantas

Las raices estan rodeadas por una porcién de suelo denominada rizosfera (Walker
et al., 2004; Bais et al., 2006), en la que la planta libera una amplia variedad de
compuestos incluyendo azlcares, acidos organicos y vitaminas, los cuales son
utilizados como nutrientes o sefales para los microorganismos como las bacterias
(Rudrappa et al., 2008; Badri et al., 2009). La interacciébn de los organismos
vegetales con microorganismos de la rizosfera es necesaria para el
funcionamiento de los ecosistemas (Shi et al., 2016), ya que una gran variedad de
bacterias prolifera en esta regién (Smalla et al., 2006).

Las plantas pueden modular el microbioma de la rizésfera estimulando
selectivamente la proliferaciéon de microorganismos con caracteristicas benéficas
para su crecimiento. Se ha observado que las rizobacterias promotoras del
crecimiento vegetal (Plant Growth Promoting Rhizobacteria, PGPRs) pueden
ejercer su efecto a través de mecanismos directos o indirectos. Los primeros
incluyen la secrecion de sustancias promotoras del crecimiento vegetal como
auxinas, citocininas, giberelinas y compuestos organicos volatiles (VOCs, volatile
organic compounds). Todas estas moléculas influyen en el desarrollo vegetal
modulando los niveles de fitohormonas o estimulando el rapido establecimiento de
las raices, ya sea por la proliferacién celular en la raiz primaria, la formacion y
emergencia de raices laterales y/o raices adventicias, y la formacién de pelos
radiculares, que incrementan el potencial exploratorio del sistema radicular
(L6pez-Bucio et al., 2003; Ryu et al. 2004; Valencia-Cantero et al. 2007; Badri et
al., 2009;). Los segundos incluyen la secrecion de antibiéticos, que incrementan el
desarrollo de la planta al inhibir el crecimiento de microorganismos perjudiciales
(Fig. 15).

35



NN T

P A
P .
/ A

~—~——

N

Y

’ -
-
B

-~

~

—
&~
p -

\

/
7
o
/’/\
b %

A

/]

-
e

7~

\\.

—

Regulacién
=+ del crecimiento

Compuestos .
difusibles
y volatiles

Figura 15. Regulacién del crecimiento vegetal mediado por compuestos quimicos liberados
a la rizosfera. Los microorganismos Yy las plantas liberan a la rizosfera una variada cantidad de
compuestos quimicos que permiten una comunicacion “informativa” sobre el ambiente, una vez que
ocurre el reconocimiento quimico, las plantas modifican sus procesos del desarrollo de manera

dependiente de la sefial percibida.
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2.7.1. Adquisicion de hierro en plantas, estimulada por la comunicacion con
Arthrobacter agilis UMCV2

Los organismos vegetales requieren mecanismos eficientes para adquirir hierro
del suelo y cubrir sus requerimientos nutrimentales durante su desarrollo, evitando
efectos toxicos. Los microorganismos de la rizosfera pueden contribuir de manera
importante a que las plantas tengan un mayor acceso al Fe rizosférico, a través de
la suplementacion del Fe necesario (Masalha et al., 2000; Rroco et al. 2003).

Algunas PGPRs pueden incrementar la adquisicion de hierro a través de la
reduccién de Fe** a Fe?" en la superficie de la raiz. Valencia-Cantero et al. (2007)
aislaron la cepa Arthrobacter agilis UMCV2 proveniente de rizosfera de maiz (Zea
mays L.) y la identificaron como una especie ferri-reductora con capacidad de
incrementar la toma de Fe en plantas de frijol. Estudios posteriores mostraron que
Arthrobacter agilis UMCV2 produce N,N-dimetil hexadecilamina, un VOC que
modifica la arquitectura del sistema radicular en plantas de Medicago sativa
(alfalfa), M. truncatula, y A. thaliana (Velazquez-Becerra et al., 2011; Orozco-
Mosqueda et al.,, 2013; Velazquez-Becerra et al.,, 2013; Raya-Gonzalez et al.,
2017) (Fig. 16). Orozco- Mosqueda et al. (2013) y Castulo-Rubio et al. (2015)
mostraron que los VOCs de A. agilis UMCV2 tienen una funcién importante en la
modulacion del crecimiento vegetal en plantas de M. truncatula y Sorghum bicolor,
mediante la regulacion de la expresion de genes que participan en la captacion de
hierro (Fig. 16).
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FIGURA 16. Arthrobacter agilis UMCV2 promueve el crecimiento de plantas de Medicago
truncatula. Plantas de M. truncatula se colocaron en frascos de vidrio con medio MS. Después de
cinco dias, A. agilis UMCV2 se inoculé en viales con agar nutritivo y se incubaron por cinco dias. A)
Longitud de follaje y raiz. Los valores representan la media + Error Estandar n=9. B) Fotografias
representativas del sistema de interaccion planta-bacteria, control e inoculado con A. agilis
UMCV2, cinco dias después de la inoculacién. C) Estructura de la N-N,dimetilhexadecilamina
producida por A. agilis UMCV2. (Modificada de Orozco-Mosqueda et al., 2013; Velazquez-Becerra
etal., 2013)
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3. JUSTIFICACION

Las interacciones que se presentan entre los organismos en las comunidades
naturales, se ven influenciadas por factores ambientales como la densidad de
individuos, que hacen uso de los recursos minerales necesarios para Su
supervivencia. La regulacion de los mecanismos genéticos de los organismos
vegetales en respuesta a estimulos biéticos como son la comunicacion planta-
planta y planta-microorganismo, ocasiona cambios en las respuestas adaptativas
gue modifican la morfologia de las plantas. Desde hace afios se intenta elucidar
coémo se llevan a cabo los procesos involucrados en estas respuestas, como forma
de contribuir al mejor entendimiento del proceso de comunicacién vegetal durante
las interacciones ecologicas. Por lo tanto, analizar el efecto de la interaccion
planta-planta y planta-microorganismo utilizando como modelo de estudio a
Arabidopisis thaliana y Arthrobacter agilis UMCV2, en condiciones Optimas de
crecimiento y de estrés nutricional causado por deficiencia de hierro, aportara
informacion valiosa sobre ecologia molecular vegetal, y potenciales aplicaciones
para incrementar la produccion agricola a través del uso de microorganismos para

la adquisicibn mas eficiente de nutrientes minerales.
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4. HIPOTESIS

Los compuestos volatiles producidos por las plantas y las bacterias modifican la
arquitectura radicular y el crecimiento de Arabidopsis thaliana mediante
mecanismos regulados por genes que participan en las respuestas a la deficiencia

de hierro.
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5. OBJETIVOS

5.1. General

Identificar genes de Arabidopsis thaliana que participan en las interacciones

planta-planta y planta-bacteria, que modulan el crecimiento y la nutricion férrica.

5.2. Especificos

1. Estudiar el impacto de los compuestos volatiles emitidos por Arabidopsis in
vitro y en suelo en densidades de siembra contrastantes.

2. Caracterizar el efecto de la interaccion de los compuestos volatiles de
Arthrobacter agilis UMCV2 sobre el crecimiento y desarrollo radicular de
Arabidopsis thaliana en distinta disponibilidad de hierro.

3. Analizar la participacion de los genes de respuesta a la deficiencia de hierro
PYEL, BTS1 e ILR3 durante la interaccién de Arabidopsis thaliana con los
compuestos volatiles de Arthrobacter agilis UMCV2 en condiciones de

disponibilidad contrastante de hierro.
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RESULTADOS

Los principales resultados obtenidos durante la realizacion de este proyecto de
tesis se presentan en los siguientes capitulos:

CAPITULO I

Mufioz-Parra E., Pelagio-Flores R., Raya-Gonzalez J., Salmer6n-Barrera G.,
Ruiz-Herrera LF., Valencia-Cantero E., Lopez-Bucio J. 2017. Plant-plant
interactions influence developmental phase transitions, grain productivity and root
system architecture in Arabidopsis via auxin and PFT1/MED25 signaling. Plant,
Cell and Environment 40: 1887-1899. DOI: 10.1111/pce.12993.

CAPITULO IL.

Mufioz-Parra E., Salmeron-Barrera G., Ruiz-Herrera LF., Valencia-Cantero E.,
Lépez-Bucio J. 2017. Self-plant perception via long-distance signaling. Plant
Signaling and Behavior 12: €1404218. DOI: 10.1080/15592324.2017.1404218.

CAPITULO III.
Mufioz-Parra E. 2018. Del hierro de las estrellas a nuestro cuerpo. Saber mas 41.:
25-27. www.sabermas.umich.mx/archivo/articulos/352-numero-41/641-del-hierro-

de-las-estrellas-a-nuestro-cuerpo.html

CAPITULO IV.
Volatile compounds from Arthrobacter agilis UMCV2 regulates Arabidopsis thaliana
development through iron-deficiency response genes BTS and ILR3 and

dependently of iron availability.
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Plant—plant interactions influence developmental phase
transitions, grain productivity and root system architecture in
Arabidopsis via auxin and PFT1/MED25 signalling

Edith Mufioz-Parra, Ramon Pelagio-Flores, Javier Raya-Gonzilez, Guadalupe Salmeron-Barrera, Ledn Francisco Ruiz-Herrera,

Eduardo Valencia-Cantero & José Lopez-Bucio (2

Instituto de Investigaciones Quimico-Biologicas, Universidad Michoacana de San Nicolds de Hidalgo, Edificio B3, Ciudad

Universitaria C. P. 58030 Morelia, Michoacdn, Mexico

ABSTRACT

Transcriptional regulation of gene expression influences plant
growth, environmental interactions and  plant-plant
communication. Here, we report that population density is a
key factor for plant productivity and a major root architectural
determinant in Arabidopsis thaliana. When grown in soil at
varied densities from 1 to 32 plants, high number of individuals
decreased stem growth and accelerated senescence, which
negatively correlated with total plant biomass and seed
production at the completion of the life cycle. Root
morphogenesis was also a major trait modulated by plant
density, because an increasing number of individuals grown
in vitro showed repression of primary root growth, lateral root
formation and root hair development while affecting auxin-
regulated gene exp and the levels of auxin transporters
PINT and PIN2. We also found that mutation of the Mediator
complex subunit PFTUMED25 renders plants insensitive to
high density-modulated root traits. Our results suggest that
plant density is critical for phase transitions, productivity and
root system architecture and reveal a role of Mediator in self-
plant recognition.

Key-words: Arabidopsis thaliana: growth regulation: plant
density: plant-plant communication: root architecture.

INTRODUCTION

Neighbour perception is a major survival trail in most species
from bacteria to plants and animals (Callaway er al. 2003). High
organismal density often reduces the availability of resources,
which may affect growth. fitness and reproduction and may lead
to competition or cooperation relationships. In bacteria, cell to
cell communication is controlled via a quorum-sensing (0S)-
mediated mechanism, where hormone-like signals known as
auto-inducers are released into the medium, influence

Carrespondence: J. Lopez-Bucio. Telephone: 52 (443) 3265788; Fax:
+32 (443) 3265788; e-mail: jhucio@umich.my

02017 John Wiley & Sons Ltd

population gene expression and synchronize behavioural traits
(Fuqua et al. 1996; Walters & Bassler 2005). Recent research
suggests that animals and plants interpret QS signals and
respond accordingly to the nature of the interacting bacleria.
Plant perception of Pseudomonas aeruginosa QS signals
induces the canonical auxin response pathway and influences
root developmental plasticity, whereas animal cells interpret
0S molecules to modulate inflammation or immunity (Ortiz-
Castro eral. 2011; Grabiner er al. 2014). This information points
to the existence of signalling mechanisms mediating intra or
interspecific  perception  of neighbours  in  eukaryotic
populations.

Plant density is a major trait controlling productivity in
natural and agricultural ecosystems. Plants as sessile organisms
cannot escape from depredation or environmental challenges
and instead develop sophisticated phenotypic plasticity to
efficiently capture light, or take up nutrients and water
(Callaway et al. 2003; Kegge & Pierik 2010). Currently, how
plants perceive other plants and the developmental
consequences for growth under high or low densities remain
as open questions. Masclaux er al (2013) performed
transcriptome  analysis  of intraspecific  competition in
Arabidopsis, which revealed organ-specific changes in gene
expression related to transport processes, metabolism, nutrient
acquisition and stress response pathways. This study also
identified overregulated genes that correspond 1o salicylic acid
(SA). abscisic acid (ABA) and methyl jasmonate (MJ)
signalling, suggesting a complex hormonal crosstalk for biotic
and abiotic stress adaptation. In another report, Misyura et al.
{2014) showed that in rice, ethylene-regulaled genes were
differentially expressed in response to high plant density, which
indicates that this gaseous phytohormone serves as a plant-
plant communication signal.

The shade avoidance syndrome (SAS) that initiates upon
changes in red:far red ratio of light reprograms shoot growth
by adjusting the levels of plant growth regulators such as auxin,
ethylene, gibberellins, brassinosteroids  and  jasmonates
(Franklin et al. 2003: Pierik et al. 2009; Keuskamp er all 2010:
de Witetal. 2012; Gommers eral. 2013; Leone eral. 2014; Crepy
& Casal 2015). Root-root interactions have been characterized
in some plant species including Arabidopsis, making clear that

1887
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plants are able 1o distinguish their oswn rools aod roots {rom
neighbours amd changes rool number and length, which was
bypethesized to veeur through pereeption of  seeondary
metabolites present in exudates (Kraooitz & Caldwell 1995
Ealik e of 20003: Catfare et ol 2013). Ethyleuc and jasnumates
are strong candidates as the enntled signals from plants during
competition because they are volatile organic compounds
(VOOs), but currently neither genetie nor molecular evadence
has been reported to explain the erirical role of these or other
phytohormenes  on inter  or  intraspecific plant plant
recognition.

The Mediator complex is a large multiprotein complex
conserved in all evkarvotes, from yeast to human, Mediator
acts as a bridge between the RNA polymerase [T complex
and the transcription factors that control pene expression
(Kim er Al 1994; Koleske & Young 1994) und, therefore,
repulates a variety of physiological processes such as Aowering
time, hormone signalling pathways, a5 well as hiolic and abintic
stress adapoation. The  PIIYTO{OTIROME AND
FLOWERING TIMED (PFT1¥MLEDIATORZS subunit was
originally described as a regulatar of shade avoidance. which
promotes flowering in response to changes in licht quality
(Cerdan & Chory 2003} The Arahidopsis med22 mutant also
showed reduced transceription of a number of plant defence
genes, particularly those responsive to the plant hormone
jasmontic acid (TA)Y (Kidd e af 2009}, but increasina root
responsivensess o auxin suggesting PECLMED2S a5 an
important transcriptional regulator of root system architectuee
through auxin-related muoechanisms (Raya-Gonzilez er all
2004y, These findings sugeest that PEITMED2Y may
orchestrute rootshoot sensing in response o eaviconmental
and adaptive cues.

To understand the role of plant plant commumcation vn
morphogenesis  programs  and  the  undeclving  molecular
responses. in this work. we evaluated the effects of growth of
Arabidopsie w1 different densiies on developmental
transitions, gram prodoctivity and changes of oot system
architecture. Qur dida show that plant density s a major
determunant for sheot and root development influencing wuxin
responses and acting via PETIIMED2S.

MATERIALS AND METHODS
Plant material and growth conditions

Arahidopsiz thudiane wild-type Coluombia- (Col-(4, el
(Guzman & Dicker 1990, jar? (Staswick e ol 1992). pftl-1
{Cerdan & Chory 2003), pfif-2 (SALK_129555) and pfl-7
(SALK_039316}1 mutant plants. and D R3:GFP {Ottenschliger
ef o, 2003), PINTOPINDDGES (Vieten e al 205} and £ANZG
PIN22GEP (Blilow ef af 2003) transgenic lines were used for
the ditferent experiments. Sceds were surface disinfected with
3% (wiv] ethanol tor 5 min, 20% (vv) Meach for 7 min and
five washes in distilled water. Seeds were then stratified at
4 4C o promote and svnchronize germination,

The seeds were genminated and grown on Petri plates
containing apar solidified 0.2X M3 medivm. The MS medivm
{Murashige sod Skoog Basal Salts Mixture. catalogue no.

M>5324)  wus  puwrchased  from Sigma. Phytagar
{MicTopropagation grade) wis  purchased {rom
PhytoTuchnology  Luboratories. The  plast number  was

establsbed by placing 1-10-32 sceds in each plate following a
logarithinic scale. Phites were placed vertically al au angle of
637 1o allow root growth along the agar surface and allow
unimpeded acrial growth of the hypocotyls. Plants were placed
in a plant growth chamber {Percival Scientiic AR9SL) at
220 with o 16 b light/8 h darkness photaperiod. light intensity
of 100 gmolm s ! and 80% humidity. For in seil analysis,
12 d after seed germination. seedlings were transferred to a soil
mixture conpased of organic matter {Shunshine)}, perlite and
vermiculite in a 3:1:1 proportion, and transterred plants were
again placed in the plant growth chamber to analyse and
measre changes in developmental transitions during their life
cyele.

Analysis of growth

Plant traits analysed dunng vegelative growth were rosclle
diameter, namber and length of Jeaves and peticles, height
of the main stemn and stem nwmber. “Total yicld was also
analvsed by counting ot (siiguey number per plant.
vumber of sceds por silique and silique size, and thes the
overall vield per plant was caleulated. Seed length and width
were  alse determined using a stereoscopic microscope
{Leica, M6, Leica Microsystems, Welelar, Germany)h Seed
germination analysis was performed in a 72 h kinetics
experiment. counting germination percentage of 100 seeds
every 12 I

Arahidopsis root svstem was analysed measoring primary
root length vsing a rule. Lateral root number was determined
counting the lateral roots present in the primary root. from
the tip to the root/stem transition zone using a sterecscopic
niicroscope, and lateral oot density was determined dividing
the lateral root mimber value by the primary root length for
cach secdling. Root hairs were measured in a 500 gm region
from the primary raat tip. The average length of root hairs
was determined measuring LN hairs lor each treatment, taking
az a reference the roor protoxylem plane to locate the radical
hair base in the epidermal cell.

For all esperiments, the overall data were stanstically
analysed in the SPSS 10 program (SPS8 Inc. Chicago, 1L,
USAY Univariare and multivariare analyses swith Tukey's post
hoe test were used tor testing the ditferences in growth and roat
developmental responses in all plans. Different letters arc
used o indicate the means that ditfer significantly (72 = 0.413).

Determination of the developmental stages of
lateral root primordia (LRP}

Lateral rool primordia were quantiticd 7 d after geemmation,
Seedling roats were first cleared to enable prinondia to be
visualized and counted at carly stages of development. Each
primordium  was  classiticd  according 1o s stage  of
development {Malamy & Benfey 1997),

€ 2017 John Wiley £ Sons Ld, Plawr, Cell and Exvirennmeni. 0. 158T-1404
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Propidium iodide staining and green fluorescent
protein detection

For fluorescent staining with propidium iodide, plants were
transferred from the growth medium to 10 mg mL

propidium iodide solution for 1 min. Seedlings were rinsed
in water and mounted in 50% (v/v) glycerol on microscope
slides. The sample was recorded separately at
wavelengths specific to propidium iodide fluorescence, with
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a 568 nm excitation line and an emission window of 585 to
610 nm, and GFP emission, with a 500 to 523 nm emission
filter (488 nm excitation line), using a confocal microscope
(Olympus  FV1000), after which the two images were
merged to produce the final image.

Green fluorescent protein fluorescence in primary root
tips was quantified by determining the green pixels
present in an area comprised of the first 20 cells upward
from the quiescent centre. using the IMAGE] software
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Figure 1. Plant density modulates vegetative growth. Arabidopsis seedlings were germinated and grown in 0.2X MS media and 12 d after
germination were transferred to soil. (a) Rosette diameter. (b) Rosette leaf number. (¢) Leaf diameter. (d) Petiole length. (¢) Representative
photographs of Arabidopsis rosettes of plants grown alone (1) or in a group of 32 plants 24 d after transfer to soil. (f) Representative Arabidopsis leaves
24 d after transplanting. Error bars represent standard errors. Different letters indicate statistical differences at P < 0,05. The experiment was repeated
three times with similar results. [Colour figure can be viewed at wileyonlinelibrary.com|
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(http:/rsbweb.nih.gov/ij/), in 10 micrographs per genotype and RESULTS
treatment. We then obtained an arbitrary unit value

(AU = green pixels/um) for each individual, and means were
obtained from whole data sets. AU means for single plant
treatments were given a value of 1, and those higher plant
densities were adjusted relative to these, and are thus referred
to in figures as relative fluorescence.

Plant density modulates shoot growth and
development

Population size is a well-known factor modulating plant
phenotypic plasticity when foraging for resources (Falik ef al.
2003, 2006: Caffaro er al. 2013: Misyura et al. 2014). To
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Figure 2. Plant density modulates reproductive development and stem formation. (a) Main stem height of Arabidopsis plants grown under different
plant density. (b) Stem number per plant. (c) Dry stem weight. (d) Representative photographs showing the effect of density on reproductive and
senescence developmental stages at 24 and 54 d in soil. at 1. 4 and 16 individuals. (¢) Representative photographs of Arabidopsis stem sections. Scale
bar represents S mm. Error bars represent standard errors. Different letters indicate statistical differences at < 0.05. The experiment was repeated
three times with similar results. [Colour figure can be viewed at wileyonlinelibrary.com]
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understand how population density affects Arabidopsis growth
and development, seedlings were germinated and grown on
0.2X MS-agar-media at varying densities from [-10-32
individuals per plate. Twelve days after germination the
seedlings were transferred to soil containing boxes, at varying
density, and grown to complete their life cycle. To define
alterations in shoot system. time course measurements of
rosette diameter, rosette leaf number, leal diameter and petiole
length were done at 6, 12, 18 and 24 d after transfer. We found
that plants grown at low densities of one, two and four plants
per box showed bigger rosette size. higher rosette leaf number
and increased leal diameter and petiole length than those
grown at higher densities (Fig. la-f).

Plant density modulates stem height, stem number
and senescence

To gain further i

ight into the plant density role on
developmental phase transitions, we analysed its effects on
stem development, stem height, stem number and width, and
leal senescence. The stem emergence time was similar at all
plant densities from 1 to 32 plants (Fig. 2a). However, clear
differences in stem growth were observed starting at 24 d in soil
and during the remaining time until senescence. At day 54 after
transfer, the main stem height for single plants was 43 cm.
whereas in plants grown at a density of 32 individuals, the main

stem was of 18 cm (Fig. 2a). Stem number was also modified by
plant density, for instance, single plants produced between four
and five stems, whereas under the highest plant densities only
one main stem was produced (Fig. 2b), which correlated with
a decrease in dry weight and width of stems under high density
(Fig. 2c.e). It could be also observed that population density
affected the activity of the shoot apical meristem and
senescence in leaves, evidenced by reduced flower production
and increased leaf yellowing after 42 d, this latter symptom
appearing first in plants grown at high density (Figs 2d & S1).

Plant density determines fruit and seed production

The reproductive phase is an important stage during the life
cycle of plants. determining progeny fitness for dispersion
and population viability. In Arabidopsis, the reproductive
stage starts with stem initiation followed by flower and fruit
formation. To determine if plant density could affect fruit
and sced production, we counted the number of siliques
per plant and the number of seeds per silique at increasing
density from 1 to 32 plants. In this experiment, a single plant
was able to produce than 400 siliques with
approximately 52 seeds each, whereas in the highest density,
plants produced in average 40 siliques with approximately 38
seeds each: this means that a single plant grown alone
produced nearly 25 000 seeds, whereas plants at the highest
density only produced around 1500 seeds (Fig. 3). These
results indicate that seed production is a major trait modified
by plant density.

To determine whether plant density affects seed quality, we
analysed the size and germination of seeds produced by each

more
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Figure 3. Plant density determines fruit and seed production, (a) Number
of siliques per plant. (b) Number of seeds per silique. (c) Total seeds
per plant. (d) Representative images of siliques taken from the middle
part of stem in all treatments at 42 d in soil. Scale bar represents 5 mm.
Error bars represent standard errors, Different letters indicate statistical
differences at P < 0.05. The experiment was repeated three times with
similar results. [Colour figure can be viewed at wileyonlinelibrary.com)|
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Figure 4. Plant density modulates vegetative and reproductive growth in ein2 and jarl Arabidopsis mutants. (a) Rosette leaf number and (b) Petiole
length at 24 d in soil. (¢) Main stem height at 54 din soil. (d) Total seeds per plant at the end of life eyele. Error bars represent standard errors. Different
letters indicate statistical differences at P < 0.05. The experiment was repeated two times with similar results.

parent plant previously grown under varied density. Neither
seed length nor seed width was affected by parent plant density
in the progeny (Fig. S2). However. a detailed study of
germination in a 72 h Kinetic experiment indicated that parent
density growth severely affected progeny germination because
as parent density increased, seed germination decreased from
100% in the lowest density to 83% in the highest density
(Fig. §2).

EIN2 and JAR1 do not participate in plant density
response in Arabidopsis

Previously, neighbour perception was suggested to be
perceived via phytohormone signalling elements, mainly from
ethylene and JA pathways. To test this, the growth of
Arabidopsis WT seedlings was compared to that of mutants
defective at the ETHYLENE INSENSITIVE 2 (ein2) and
JASMONIC ACID RESISTANT 1 (jarl) loci. which are
affected in ethylene and jasmonate signalling. respectively.
Regarding rosette leaf number and petiole length, the mutant
response to population density was indistinguishable from the
WT (Fig. 4a.b). After 54 d of growth in soil both mutants
reached maximum stem height (Fig. 4c). and although seed
production varied in each mutant compared to the WT, the

inhibitory effect on productivity caused by high density was
similar in the WT and mutants analysed (Fig. 4d).

Plant density regulates root system architecture

The number of plants growing closely can be perceived by
neighbour plants and modulate a subset of growth and
development responses in the shoot system (Ballaré er al.
1988: Pierik er al. 2004, de Wit ef al. 2012: Masclaux et al.
2013; Misyura ef al. 2014). To determine if root developmental
programs are sensitive to the number of plants grown together,
we evaluated the consequences of increasing neighbour
number of A. thaliana seedlings grown over the surface of agar
plates on primary root length, lateral root number and lateral
root density. We found that all these traits were affected by
high plant density (Fig. 5a—c.f).

The lateral root primordia (LRP) stages at varied plant
densities were classified according to Malamy and Benley
(1997). The total number of LRPs per seedling changed
drastically in response to neighbour number (Fig. 5d).
Moreover, LRP stage 1, clearly decreased in high density-
grown plants. but they increase in both stage IV and V. whereas
the number of emerged lateral roots decreased in a density-
dependent manner (Fig. Se). These data suggest that plant
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density affects several stages during the lateral root formation
program.

We then analysed whether plant density could alter root
hair morphogenesis. Root hair measurements at the
maturation zone of the primary root (Fig. S3C, upper panel)
show a small but significant effect of plant density repressing
root hair growth (Fig. S3A). Quantification of the number of
root hairs at the epidermis layer of the primary root
comprising 500 #m in length indicates that plant density does
not affect root hair initiation (Fig. S3B). Moreover,
representative images show that the root hairs at the root tip
develop normally regardless the number of plants grown
together (Fig. S3C. lower panel).

© 2017 John Wiley & Sons Ltd, Plani, Cell and Environment, 40, 1887-1899
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Plant density modifies auxin response and PIN
transporter levels in roots

The changes of root system architecture in response to plant
density suggest that auxin, a phytohormone implicated in the
control of root architectural configuration. could mediate these
growth responses. Therefore, we evaluated in vivo the
expression of the auxin-responsive gene marker DR5:GFP in
transgenic Arabidopsis seedlings grown at varied population
density by confocal microscopy. Figure 6 shows that DRS5:
GFP expression decreases in primary root tips and root
transport tissues as plant density increases. Because auxin is
directly transported in root tissues via PIN family proteins,
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Figure 6. Plant density affects the auxin maximum in primary roots and the level of auxin transporters. Arabidopsis seedlings harbouring the DRS:

GFP, PINI:PINI:GFP and Pl

:PIN2:GFP gene construct were germinated and grown at different plant densities for 7 d in agar-solidified 0.2X

MS medium and photographs show representative individuals of at least 10 seedlings analysed by confocal microscopy. Note that seedlings grown at
lower densities show stronger GFP reporter expression and seedlings grown at higher densities show weaker GFP reporter expression in roots. The
graphs illustrate the differences in DR5:GFP expression between the single plant treatment (left bar) and higher plant densities (right bars), assessed
as relative fluorescence intensity. [Colour figure can be viewed at wileyonlinelibrary.com|

which are tissue specific auxin efflux transporters in the root
(Gilweiler er al. 1998: Miiller et al. 1998; Wisniewska er al.
2006), we next analysed PINI:PINI:GFP and PIN2:PIN2:
GFP expression in response to plant density. The results show
both PINI:PINI:GFP PIN2:PIN2::GFP
diminished in a plant density dependent manner. Together,
our that plant density modulates auxin
transport-dependent regulation of root architecture.

and detection

data indicate

Arabidopsis PFT1/MED25 plays a role in the root
response to plant density

PFTI/MED?25 links flowering time and auxin responsiveness
of roots (Cerdan & Chory 2003; Raya-Gonzilez er al. 2014),
thus represent an interesting candidate as a plant-plant
communication gene. To determine if PFTI/MED2S5 could

modulate plant density responses, WT and pft7-2 mutants were
grown side by side at increasing densities from 1 to 32
individuals, and 10 d after germination root system architecture
was analysed. pft/-2 mutants showed resistance to the plant
density effects, which repress primary root growth, lateral root
number and lateral root density (Fig. 7). pft/-2 seedlings
developed a long primary root and increased number of lateral
roots even at the highest neighbour number (Fig. 7). Two PFT1
alleles (pftl-1 and pfil-3) showed similar pft/-2 phenotypes
(Fig. S4), indicating the critical role of PFTI/MED2S in

mediating interactions that influence root

architecture.

plant-plant

PFT1/MED25 mediates plant density changes, auxin
response and PIN1 and PIN2 levels in roots

The previous observation of plant density modulating auxin
response and PIN1 and PIN2 levels in roots, together with
the contrasting plant density responses in pfi/-2 seedlings
prompted us to compare DR5:GFF, PINI:PINI:GFP or
PIN2:PIN2:GFP expression in WT and pftl-2 seedlings.
Firstly, seedlings harbouring these marker constructs were
grown for 7 d on agar-solidified 0.2X MS medium at varying
densities from 1 to 32 plants and then GFP was analysed
in vivo by confocal microscopy. DR5:GFP, PINI::PINI::GFP
or PIN2::PIN2::GFP expression decreased in WT seedlings in
response to high plant density, but not in pft/-2 mutants (Fig. 8).
These findings suggest that plant density affects auxin
responsiveness and auxin transporter levels in roots and that
PFTI modulates root responses to plant density.

Auxin induces primary growth of Arabidopsis
seedlings grown at high density

Because the auxin maximum at the root tip decreased in
plants grown at high density, we investigated its effects on

© 2017 John Wiley & Sons Ltd, Plant, Cell and Environment. 40, 18871899
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the srowth of Arabidopsic primary roots and expression of
DR5.GFF Interestingly, 10 nM TAA statistically increased
root growth, and normalized DR5:GFFP expression at primary
rool tips at a density of 32 seedlings per plate (Fig. %ab). It is
possible that the phenotypic effects observed in plants grown
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at high density can be attribuited to reduced local synthesis or
distribution of auxin,

DISCUSSION

Population densitly influences resource competition impacting
developmental processes such as vegetative growth and plant
fitness and the genetic mechanisms underlying these responses
are starting to be revealed (Caffaro ez al. 2013; Masclaux et o/,
2013; Misyura et af. 2014; Bou-Torrent er al. 2014). This study
characterizes plant density as a trigpering factor for plant
phase tramsitions and productivity in A. rhaliana and shows
the critical role of PFTI/MED25 and auxin responsivencss
for the configuration of root architecture under varied plant
density.

Plant-plant interactions are driven by resource competition,
which oceurs when two or more individuals are grown together
and the resources, mainly nuirients or light, taken up by one
individual become limiting to the others, thersby decreasing
its performance. Previous reports by Masclaux ef af (2013}
and Misyura ef ol. (2014) showed that high plant density repress
growth in Arabidopsis and rice plants. Qur results extend these
findings by showing that Arabidopsis plants changes
developmental and growih programs (hroughout its Tife cycle
that directly impacts plani productivity. Our data imply that
either a growth repressing factor is accumulating or an essential
clement {s} is (are) becoming limiting for plants grown at high
density, which directly affects cell division or elongation
programs determining organ formation, biomass accumulation
and grain preductivity.

In our experiments, the plants were cultivated using a
substrate with optimal nutrient supply similar to a high-nutrient
soil environment, and were maintained into a growth chamber
with a photoperiod of 16 h light/8 h darkness to avoid short day
effects or the so-called shade avoidance response, a set of
responses that plants display when they are subjected (o the
shade of another plant. In the highest density of individuals
grown together (32 plants), the inhibitory effect in stem length
15 I opposition 10 the reported shade avoidance responses,
which protnoies stem elongation {(Kebrom & Brutnell 2007,
Keuskamp er gf. 2010). Thus, light competition or shade effects
are unlikely the signalling mechanisms responsible for growth
repression under high density,

Considerable progress has been made in understanding the
developmental and molecular mechanisms controlling rool
resporses to low noirient availability (Léopez-Bucio ef al
2003; Ruiz-Herrera et af. 2315). The root architectural changes
in plants grown in high density differ from the previously
reported changes elicited by low phosphate or nitrate. Low Pi
induces the consumption of the root apical meristem while
promoting lateral root elongation and root hair differentiation
(Sanchez-Calderdn et al 2005). In the case of low nitrate
availability, the role of the root meristem in root growth
remains unclear; however, lateral roots also clongate into
nitrate-containing soil zones if the remaining root system is
nitrogen deficient (Remans ef al 2006). Because we observed
a general repressing effect in roots of plarts grown at high
density, including decreased primary root growth, lateral root
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formation and root hair elongation that differ from the
reported nitrogen and phosphorus deficiencies, we cannot
assume that the inhibitory effects on growth and productivity
of plants are caused by low nutrient availability. Moreover. if
nutrients such as nitrogen or phosphorus became limiting for
plant growth under the conditions tested, then the performance
of an individual plant or some plants would be reduced if the

neighbours take up these nutrients, and the best competing
individuals should grow better than the others. but this is not
the case. We consistently observed that all plants growing
together either in soil or in vitro synchronize its growth and
development, indicating that a signal (s) is (are) perceived that
influence growth behaviour in the population, a response
similar to QS signalling of bacteria (Walters & Bassler 2005).

© 2017 John Wiley & Sons Ltd, Plant, Cell and Environment, 40, 1887-1899
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Growth and developmental responses in plants are mediated
by phytohormones, such as auxins, ethylene and jasmonates
(Depuydt & Hardtke 2011). Genes participating in ethylene
and jasmonic acid signalling pathways are induced in response
to plant density in Arabidopsis and rice plants (Masclaux ef al.
2013: Misyura et al. 2014). Our analysis of growth of ethylene
and jasmonate-related mutants ein2 and jarl indicates that
plant density perception does not involve these genetic
components, as the corresponding mutants showed similar
growth inhibition to wild type plants under increasing
neighbour number.

Our data revealed highly repression effects of neighbours on
root morphogenetic processes. including the inhibition of
primary root growth, lateral root formation and root hair

© 2017 John Wiley & Sons Ltd, Plant, Cell and Environment, 40, 1887-1899
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clongation. Auxin plays an important role in root
development,  shoot  development and  root-shoot
communication (Wolters & Jiirgens 2009; Depuydt & Hardtke
2011: Leyser 2010). The findings that plant neighbour number
affects the auxin maximum in the primary root as well as the
detection of auxin transporters PIN1 and PIN2 reveal a novel
facet of auxin in mediating plant-plant interactions. While
low plant density have beneficial effects in Arabidopsis growth
and productivity, which correlated with formation of robust
root systems and may have a direct consequence in nutrient
and water uptake, high plant density repress root development
interfering with either local biosynthesis. transport and/or
sensing of auxin. Thus, sensing of neighbours coordinates shoot
patterns such as phyllotaxis, branching and stem initiation,
which may be dependent on the multiple feedback loops in
the auxin machinery, coupled with plant phase transitions that
change the feedback relationships as patterning proceeds
(Leyser 2010).

The reported phenotypes of Arabidopsis pftl mutants
(Cerdan & Chory 2003; Raya-Gonzalez et al. 2014) and the
current data that auxin supplementation restores primary root
growth and normalizes DR5:GFP expression in roots of plants
grown at a high density suggest PFT1/MED2S as a signal node.
linking shoot patterning through their requirement to access
common auxin response/transport pathways to the
configuration of the root system. However, at present, we
cannot discard a role for root exudates in mediating root-root
interactions, as plants release blends of molecules, which
depend on plant size, photosynthetic activity and growth
conditions, giving the potential to provide detailed chemical
information to neighbours. Interactions between plant roots
appear to be an important factor explaining the relation
between population size and plant productivity.
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Figure S$1. Plant density modulates shoot apical meristein
activity and plant senescence. Representative photographs of
mean stem tip and first stem leaf at varied plant densities 24
and 42 d after transfer to soil. Note that higher densities
decrease flower primordia while accelerating leaf senescence.
The experiment was repeated three times with similar results.
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Figure S$1. Plant density modulates shoot apical meristein
activity and plant senescence. Representative photographs of
mean stem tip and first stem leaf at varied plant densities 24
and 42 d after transfer to soil. Note that higher densities
decrease flower primordia while accelerating leaf senescence.
The experiment was repeated three times with similar results.

Figure 82. Growth of parents at increased plant density does
not affect progeny seed size but decreases germination. (A)
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Seed length. (B) Seed width. {C) Germination perventage. (F)
Represenlative photographs of seeds produced from plants at
cach treatment. Scale bar represents 500 pm. Error bars
represent standard errors. Different letters indicate statistical
differences at P < 0,05, The experiment was repeated three
timezs with simmilar resulls,

Figure 83. Plant density affects root hair growth. Root hair
length (A) and number (B) at the epidermis layer of the
primary Toot comprsing 500 um in length. (C) Representative
photographs of root hairs at the matucation (upper panel} and

©@ W17 John Wiley & Sons Lid, Plent, Celf ond Enviresmen:, 40 1587-13899
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Auxin and PETI/MEDZE in self plant recognition 1899

root tip (lower panel)y zone of the primary oot as alected by
plant density. Scale bar represents 500 pm. Ermror bars
represent standard errors. Diflerent letters indicate statistical
differences at 2 < 0.05. The expernnent was repeated three
times with similar results.

Figure 54, PFT aileles show resistance to plant density efects
on root system architeciure. (A) Primary rool length. {B)
Lateral root number. (C) Laleral root density. Dillereru letters
indicate statistical differences at P < (.05. The experiment was
repeated three times with similar results.
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Self-plant perception via long-distance signaling
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Michoacan, México

ABSTRACT

Plant growth and development are influenced by the interactions with other organisms including bacteria,
fungi, herbivores and neighboring plants. Plant density influences the phase transitions during the entire life
cycle and root architecture through a mechanism involving auxin and MEDIATOR 25 in Arabidopsis thaliana,
but the nature of the signals that are perceived in response to increasing number of neighbors remains
elusive. Here, we report that plant-plant perception can occur distantly, since root growth and auxin response
in Arabidopsis seedlings grown at high plant density into half-divided Petri plates, decreased both primary
root growth and lateral root formation in comparison with single plants grown alone, which correlates with
reduced auxin response at the primary root tip. It is possible that a diffusible, yet unidentified volatile can be
perceived by neighbors to synchronize physiological and developmental behavior.

Introduction

Population size changes the competitive behavior of plants by
modifying gene expression and is a critical factor for plant
phase transitions, productivity and root architecture.'” An
increasing number of plants grown together in vitro or in soil
have a growth deleterious effect depending upon the size of the
population, which correlates with an altered auxin-response in
roots and decreased expression of auxin transporters PIN1 and
PIN2 in a process linked to the MEDIATOR (MED) complex
subunit PFT1/MED25."

Plant-plant recognition mechanisms operate via local diffus-
ible or air volatile bioactive molecules, which are naturally pro-
duced by most organisms including plants, bacteria or fungi
and act as neighbor detection signals.* " In Arabidopsis, volatile
compounds (VCs) from microorganisms influence growth and
development”™ while molecules from plants orchestrate adapta-
tion to light deficiency, herbivory, pathogen attack, low nutrient
availability and drives self-recognition."*”'* These responses
are coordinated by plant growth-regulators such as auxins,
jasmonates and ethylene."”™™ Auxins are involved in most
developmental processes in plants and minor changes in auxin
levels can modify root architecture modulating cell division,
elongation and/or differentiation.'™"

Our previous observations” indicate that diffusible substan-
ces, either phytohormones or allelochemicals, or VCs released
by plants grown at increasing densities might be perceived as
signals for neighbor detection, in a similar way to the bacteria
communication system termed quorum sensing (QS)."” How-
ever, the precise mechanisms explaining this process are still
unknown. Here, we show that plants are able to perceive the
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composition of neighbor populations located to some distance
and synchronize growth and physiological processes.

Results

Long distance signaling determines plant-plant
communication

To clarify whether plant neighbor density is perceived via local
diffusible substances or through long distance signaling, the
effect of growing a single Arabidopsis seedling on one side of a
divided Petri plate containing agar-solidified Murashige and
Skoog (MS) 0.2x medium, and an increasing number of seed-
lings grown together at the opposite side was analyzed 10 days
after germination. Single seedlings grown alone (1/0) or in the
vicinity of another plant (1/1) exhibited bigger roots and shoots
than those grown in front of the greatest (1/16 and 1/32) den-
sity of individuals, which in turn developed shorter and less
branched roots in a highly synchronized manner and transmit-
ted the information to seedlings on the other side of the plate
(Fig. 1). This suggests that plants can perceive themselves via
long distance signaling.

The auxin response is sensitive to the environment
of an increasing number of plant neighbors

The influence of an increasing number of neighbors on the
root auxin response of single seedlings grown on opposite
sides of divided Petri plates was tested via monitoring DRS5:
GFP expression by confocal microscopy and propidium

CONTACT José Lopez-Bucio ) jbucioaumich.mx (&) Instituto de Investigaciones Quimica-Biologicas, Universidad Michoacana de San Nicolas de Hidalgo. Edificio B3,
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Figure 1. Population size modulates root growth in single neighboring plants grown at distance. (A) Primary root length (cm). (B) Lateral root number. (C) Lateral root
density. (D) Representative photographs from four plates per treatment of 1/0, 1/1, 1/16 and 1/32 populations grown side to side. Note the growth synchronization of sin-
gle plants (left side) grown next to variable neighbor numbers (right side). Error bars represent standard errors. Different letters indicate statistical differences at p < 0.05.

The experiment was repeated three times with similar results.

iodide staining. In single plants grown alone (1/0) or in those
in the vicinity of another plant (1/1), the auxin maximum
revealed by GFP green fluorescence was located in collumela
and protoxylem root tissues (Fig. 2A, B). However, in roots
from single plants exposed to the influence of the greatest

(1/32) density of individuals, GFP fluorescence slightly dimin-
ishes and this correlates with decreased root thickness
(Fig. 2A-C), indicating that plants at the opposite side of
plates synchronize its physiological response according to the
number of neighbors.
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Figure 2. Plant density modulates DRS5:GFP reporter gene expression in root tips of neighbor plants grown at distance. Arabidopsis seedlings harboring the DR5:GFP gene
construct were germinated and grown side by side at 1/0, 1/1, 1/16 and 1/32 plant densities for 10 days. (A) Representative photographs of at least 5 seedlings analyzed
by confocal microscopy. (B) The graph illustrates the differences in DR5:GFP expression among the treatments, assessed as relative fluorescence intensity. (C) Root tip
thickness, Values shown represent the mean of 16 seedlings from five plates per treatment =+ standard error. Different letters are used to indicate means that differ signif-

icantly (p < 0.05). The experiment was repeated three times with similar results.
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Discussion

The field of plant-plant communication is just emerging and
has many implications and possible direct applications for agri-
culture, since plant population size is an important determinant
for biomass and grain productivity.® Little is known on how
plant neighbors are perceived, and thus, this work contributes
by showing that long distance signaling is important for self-
recognition. Although the biochemical and/or molecular iden-
tity of the signals that are released by seedlings grown at high
density remain unknown, it is tempting to hypothesize that
VCs production and/or accumulation is modified depending
upon the number of individuals grown together. These modifi-
cations in the environment are clearly perceived by closer
neighbors but also by single plants located at some distance
from the whole population to synchronize growth and physio-
logical behavior (Fig. 3).

Additionally, as part of the volatile blends emitted by plants,
the level of CO, available for photosynthesis may be another
important factor for shoot and root biomass production, since
sugars can act not only as energy and carbon resources, but also
as regulatory signals for developmental processes.'® Roots are
highly energy demanding organs, and although the growth
medium used in this research was supplemented with a low con-
centration of sucrose (0.6%), the availability of carbon in the

‘ A Low plant density

fs Self-perception

Optimal root
system growth

B High plant density

MO\ \olatile
Long distance compounds
s

Growth
synchromization

-—Ve
L Auwxin =

signaling

Root system growth

Figure 3. Model sch izing the Arabidop p to single or many neigh-
bors. The model hypothesizes that VCs are strong candidates as the emitted sig-
nals. (A) At low plant densities, growth and d p occurs optimally, since
plants are plenty of resources and space while no deleterious or competing factors
are perceived. (B) At high plant densities, increasing VCs production and/or accu-
mulation causes growth synch ion among individuals, while repressing pri-
mary root growth and lateral root f due to their istic effects on
auxin signaling. A less developed root system is compromised for water and nutri-
ent acquisition and negatively impacts bi and seed production.
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shoot and its transport to the root may be required to strengthen
root meristem activity and sustain cell production for prolific
root growth. In this sense, very recent reports have evidenced
the important role of the TARGET OF RAPAMYCIN (TOR)
kinase to orchestrate sugar sensing, auxin biosynthesis and root
growth and patterning.'"'*

A few genes have just been identified that coordinate sugar-
induced growth with auxin signaling. Among them, the
MEDI12 and MED13 subunits are critical for the configuration
of root architecture since the corresponding Arabidopsis
mutants exhibit short primary roots with decreased meristem
activity that correlate with low levels of auxin. Interestingly,
sucrose supplementation reactivates both cell division and
elongation in primary roots as well as auxin-responsive and
stem cell niche gene expression in these mutants.'” These data,
together with the role attributed to MED25 in high density-
modulated root traits,” provides strong support to MEDIATOR
as a master regulator of self-plant recognition. Ongoing
research should clarify the magnitude of the contribution of
CO; and photosynthesis for growth and development at varied
plant density, as well as the chemical identity of bioactive VCs
released by plants, its purification and application will further
determine if they act as a class of plant quorum sensing signals.

Materials and methods
Plant material and growth conditions

Arabidopsis thaliana (L., Heynh.) wild-type Columbia-0 (Col-
0) and DR5:GFP*" transgenic lines were used for the different
experiments. Seeds were surface disinfected with 95% (v/v)
ethanol for 5 minutes, 20% (v/v) bleach for 7 minutes, and
five washes in distilled sterilized water. Seeds were then strati-
fied at 4°C for 48 hours. The seeds were germinated and
grown on Petri plates containing agar solidified 0.2x MS
medium supplemented with 0.6% sucrose. The MS medium
(Murashige and Skoog Basal Salts Mixture, catalog no.
M5524) was purchased from Sigma-Aldrich Co., St. Louis,
MO, USA. Phytagar (Micropropagation grade) was purchased
from PhytoTechnology Laboratories, Lenexa, KS, USA. The
plant number was established by placing 1/0, 1/1, 1/16 and 1/
32 seeds in each plate. Plates were placed vertically at an angle
of 65° to allow root growth along the agar surface and allow
unimpeded aerial growth of the hypocotyls. Plants were
placed in a plant growth chamber (Percival Scientific AR95L,
Perry, 1A, USA) at 22°C, with a 16 h light/8 h darkness photo-
period, light intensity of 100 7zmol/m*/s and 80% humidity.

Analysis of growth

Growth of Arabidopsis primary root was measured using a rule.
Lateral roots number was determined by counting the lateral
roots present in the primary root, from the tip to the root/stem
transition zone using a stereoscopic microscope (Leica MZ6;
Leica Microsystems, Wetzlar, Germany). Lateral root density
was determined by dividing the lateral root number value by
the primary root length.

For all experiments, the overall data were statistically ana-
lyzed in the SPSS 10 program (IBM Corp., Endicott, NY, USA).
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Univariate and multivariate analyses with Tukey's post hoc test
were used for testing the differences in growth and root devel-
opmental responses in all plants. Different letters are used to
indicate the means that differ significantly (P < 0.05).

Propidium iodide staining and GFP detection

For fluorescent staining with propidium iodide, plants were
transferred from the growth medium to 10 mg/mL ™" propidium
iodide solution for 1 min. Seedlings were rinsed in water and
mounted in 50% (v/v} glycerol on microscope slides. The same
sample was recorded separately at wavelengths specific to propi-
dium iodide fluorescence, with a 568-nm excitation line and an
emission window of 585 to 610 nm, and GFP emission, with a
500- to 523-nm emission filter (488-nm excitation line), using a
confocal microscope (Olympus FV1000; Olympus Corp., Tokyo,
Japan), after which the two images were merged to produce the
final image. GFP fluorescence in primary root tips was quantified
by determining the green pixels present in the root area using the
IMAGE ] software (http://rsweb.nih.gov/ij/) in at least 5 micro-
graphs per treatment. We then obtained an arbitrary unit value
(AU = green pixels) for each individual, and means were
obtained from whole data sets. AU means for 1/0 treatment
was given a value of 1, and those for other treatments were
adjusted relative to these and are thus referred as relative fluo-
rescence. The average root thickness was determined upon
measuring thickness of primary root for at least five seedlings
per treatment, taking as a reference the root protoxylem plane
to locate the layer of epidermal cells using IMAGE ] software.
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ARTICULO

Del hierro de las estrellas
a nuestro cuerpo

Edith Mufioz Parra

Todo comienza en una estrella

as estrellas son cuerpos celestes compuestos fun-
Ldamentalmente de hidrégeno, el cual por un pro-

ceso denominado fusion nuclear une los nicleos
atomicos para formar otros elementos mas pesados,
de modo que a partir del hidrogeno se forman el resto
de los atomos. El elemento mas pesado que puede for-
marse en el interior de una estrella es el hierro, ya que el
calor que se requiere para que se formen elementos mas
pesados no se alcanza de manera normal en el interior
de la estrella.

Cuando el hidrégeno casi se ha agotado al con-
vertirse en otros elementos, la estrella se expande y
finalmente termina convirtiéndose en una supernova
con una explosion que dura unos pocos segundos. Las
condiciones de la explosion permiten que se formen
elementos aun mas pesados como la plata, el oro y el
mercurio. Con esta explosion todos los elementos se

La M.C. Edith Mufioz Parra, es estudiante
del Programa Institucional de Doctorado en
Ciencias Bioldgicas de la Opcion en Biologia
Experimental, del Instituto de Investigaciones
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San Nicolds de Hidalgo.
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dispersan por el espacio hasta que nuevamente se unen
formando nuevas estrellas o planetas como el que habi-
tamos.

El hierro en los origenes de la vida en la Tierra

En nuestro planeta, aproximadamente el go%
de la composicion del nicleo terrestre es hierro, que se
mantiene en estado liquido debido a la alta temperatu-
ra que se presenta a esa profundidad. Los depdsitos de
hierro liquido generan el geomagnetismo terrestre, de-
terminando la localizacion de los polos magnéticos.

Pero el hierro no solamente se encuentra en el
centro de la tierra, las teorias actuales sobre el origen de
lavida en nuestro planeta, han propuesto que hace apro-
ximadamente 3 goo millones de afos, las sustancias que
darian origen a los primeros organismos se encontraban
en un “caldo primitivo”, en donde el hierro era parte im-
portante para conservar estos compuestos y finalmente
se podrian formar las primeras células. Se sugiere que
al paso de unos 1 500 millones de afios, algunas bacte-
rias (organismos unicelulares sin nicleo) adquirieron la
capacidad de usar la energia proveniente de la luz para
construir (sintetizar) sus propias moléculas organicas
complejas, a partir de las moléculas inorganicas simples
que se encontraban a su disposicion, es decir adquirie-
ron la capacidad de realizar fotosintesis.

Las bacterias con formas avanzadas de la fotosin-
tesis empezaron a utilizar la energia de la luz para rom-
per moléculas de agua (H O) y quedarse con algunos
de los electrones de esa molécula (poder reductor) que
empleaban para la sintesis de sus propias biomoléculas,
mientras que el oxigeno contenido en el agua fue libe-
rado a la atmosfera donde empezo a acumularse. El au-
mento de oxigeno en la atmosfera cred las condiciones
para la evolucién de un segundo tipo de bacterias que
utilizaban el oxigeno para oxidar compuestos organicos
y obtener energia en un proceso que se denomina respi-
racion aerobia.

Los estudios realizados a la fecha, indican que las
bacterias con respiracion aerobia se fusionaron con un
tipo de organismo unicelular, que si bien era mas com-
plejo por ser eucariota (poseia nucleo), no tenia la ha-
bilidad de realizar la respiracion aerobia, en esta esta
fusion, la bacteria se trasformo en el organulo respira-
dor de la célula eucariota (es decir la mitocondria), lo
que permitiria después la evolucion de organismos mas
avanzados como son los hongos y los animales, inclu-
yendo a nuestra especie.

Posteriormente, este organismo eucariota pri-
mitivo, pero ya con mitocondria, habria de fusionarse
con el otro tipo de bacteria (el de tipo fotosintético) y
esto daria origen a los cloroplastos en organismos como
algas y plantas. Con el surgimiento de los organismos
vegetales se acentud la acumulacion de oxigeno en la
atmosfera, hasta alcanzar su composicion actual que
permite el éxito de la vida que conocemos.

JY qué tiene que ver todo esto con el hierro?
Bueno, para realizar tanto la fotosintesis como la
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respiracion, las plantas y los animales requerimos que
los electrones que tomamos de los compuestos que
consumimos, puedan circular por varios sistemas den-
tro de las células y esto se puede llevar a cabo gracias al
hierro. El hierro es un buen conductor de electrones en
las células, ya que tiene la capacidad de tomar y donar
facilmente esos electrones en los lugares especificos re-
queridos, aqui opera eso de que facil llega, facil se va.

El hierro y las plantas

El hierro, ademas puede combinarse facilmente
con otros elementos formando compuestos de diversos
tipos. En la mayoria de los suelos, el hierro no se encuen-
tra en una forma en que las plantas puedan absorberlo
directamente. En respuesta a este problema desarrolla-
ron mecanismos adaptativos:

Primer mecanismo.- Por si mismas, las plantas
pueden acidificar el medio que rodea la raiz permitiendo
que el hierro pueda cambiar a una forma en que su inter-
nalizacion a la planta sea posible.

Segundo mecanismo.- Permite la secrecion de
compuestos afines al hierro, que lo atrapan y ayudan a
acarrearlo al interior de la planta sin tener un efecto to-
xico.

Tercer mecanismo.- Es asociarse con microorga-
nismos como son las conocidas “bacterias ferri-reducto-
ras” que modifican el hierro convirtiéndolo a una forma
disponible para la planta y se lo proporcionan facilmen-
te a cambio de habitar cerca de la raiz en donde la planta
vierte compuestos organicos que le sirven de alimento.

El contenido de hierro en plantas varia desde 3
hasta 11 g por kilo de materia vegetal deshidratada, lo
que convierte a las plantas en una importante fuente
para la nutricion animal y humana. En altas cantidades
el hierro puede ser muy toxico, por lo que las células de-
ben regular las concentraciones en su interior.

En plantas, la deficiencia de hierro ocasiona la
aparicion de una tonalidad amarilla de las hojas (cloro-
sis) debido a que ya no es posible producir clorofila de
manera optima, también se presenta un acortamiento
en el crecimiento del sistema foliar y radicular, ademas
la acumulacion de hierro en las semillas se vuelve escasa
y éstas no seran capaces de germinar apropiadamente.

El hierro en nuestro organismo

Los organismos como los seres humanos, debe-
mos ingerir hierro a través de la dieta diaria en cantida-
des adecuadas, nuestra principal fuente son las carnes
rojas magras, verduras de hoja verde como espinacas y
acelgas, legumbres como frijoles, lentejas y garbanzos,
y frutos secos como nueces, pistaches y almendras. Una
vez que el hierro es consumido en la ingesta, se absorbe
en el intestino delgado, de donde es transferido direc-
tamente al torrente sanguineo. Cada dia se requieren
aproximadamente mil millones de atomos de hierro
para formar la hemoglobina necesaria para los nuevos
eritrocitos en la sangre.

Saber
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La deficiencia de hierro (anemia ferropénica) es
uno de los desordenes nutricionales mas comunes en el
mundo, afectando a mas de dos mil millones de perso-
nas (aproximadamente el 30% de la poblacion mundial),
donde en particular riesgo se encuentran las mujeres
embarazadas. La organizacion mundial de la salud ad-
virtio que el porcentaje de mujeres embarazadas que
presentan esta deficiencia varia de un 14% en paises
industrializados hasta un 75% en paises en desarrollo,
siendo asi el Unico nutriente cuya deficiencia permanece
en todo el mundo.

Nuestro cuerpo puede regular la absorcion de hie-
rro en el intestino, en respuesta a las cantidades disponi-
bles de acuerdo a la ingesta diaria. Mientras en condicio-
nes normales nuestro requerimiento se encuentra entre
1y 8 mg diarios, las mujeres requieren 27 mg durante el
embarazo y 10 mg durante la lactancia. En los nifios re-
cién nacidos, se ha observado que la alimentacion basa-
da en lactancia materna, permite una mayor absorcion
de hierro que cuando la alimentacion es a base de for-
mulaciones lacteas.

La ingesta de hierro es el principal tratamiento
prescrito para tratar la anemia ferropénica, pero el hie-

Gomez-Caballero J.A. y Pantoja-Alor J.
(2003). El origen de la vida desde un punto de vista
geoldgico. http://www.jstor.org/stable/24920377

Juarez-Sans M. et al. (2007). Hierro en el sis-
tema suelo-planta
http://hdl.handle.net/10045/1845

igacion Cientifica

rro oral esta compuesto principalmente por sales ferro-
sas con una baja y variable taza de absorcion por lo cual
se recomienda al menos consumir 8o mg de hierro ele-
mental diarios, lo que equivale a una tableta de 250 mg.
En el caso de anemia severa, la transfusion sanguinea ha
sido el tratamiento mas eficiente.

Lo que falta por saber

AUn con todo el conocimiento que se tiene en la
actualidad sobre la importancia del hierro para la vida,
falta conocer a fondo cudles son los mecanismos que
utilizamos los seres vivos para mantener niveles opti-
mos y de este modo también plantear estrategias que
permitan mejorar el aprovechamiento de este mineral
tanto en el reino vegetal como en el reino animal, sin
ocasionar danos al ambiente y permitiendo una dismi-
nucion de los efectos daninos de su deficiencia en la sa-
lud de la poblacion mundial.

«Lo que ahora sabes, es que el hierro que esta en tu
organismo, proviene de las estrellas»

Organizacion Mundial de la Salud. 2017.
Metas mundiales de nutricion 2025: Documento
normativo sobre anemia.

http://www.who.int/nutrition/publications/
globaltargets2025_policybrief_anaemia/es/
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CAPITULO IV.

Capitulo en revision para su envio a la revista Plant and Soil

Volatile compounds from Arthrobacter agilis UMCV2 regulates Arabidopsis thaliana
development through iron-deficiency response genes BTS and ILR3, and
dependently of iron availability

ABSTRACT

Plants perceive many environmental signals that modulate plant morphogenesis and gene
expression. Nutrient availability is an important trait for plant development. Iron (Fe) is an
essential micronutrient for plant development and its availability is frequently limited in
soils, leading plants to activate iron deficiency responses. Arabidopsis plants possess a
Strategy | Fe-uptake system, recently had been described a new homeostasis signaling
mechanism, where BTS, PYE and ILR3 genes are important components. Some
rhizobacteria can regulate plant growth triggering Fe-uptake systems using different
mechanisms, such as production of volatile organic compounds (VOCSs), but the signal
transduction pathways mediating VOC sensing are not fully understood. In this work we
report that plant growth promoting rhizobacteria Arthrobacter agilis UMCV2 modulate
Arabidopsis thaliana growth and development trough BTS and ILR3 activation via VOCs
emission. We show that in a separate compartments system, VOCs emitted by A. agilis
UMCV2 modified Arabidopsis root system architecture promoting growth, and increase
chlorophyll content. Using confocal microscopy and imaging, the effects of UMCV2 VOCs
on root architecture were found to be correlated with ProPYE:GFP and ProBTS:GFP gene
expression. We tested the effect of N,N-dimethylhexadecylamine (C16-DMA), produced by
UMCV2 strain, on plant growth and found to be regulating root architecture, inhibiting
primary root growth. C16-DMA induced a dose-dependent effect with specific participation
of ILR3, but these effects are not comparable to those produced by the full UMCV2 VOCs.
Our results indicate that root responses to UMCV2 VOCs involve the components of iron
deficiency responses, BTS and ILRS.

INTRODUCTION

Iron (Fe) is a micronutrient, necessary for maintain cellular homeostasis during plant
growth and development (Hell and Stephan, 2003). It plays a role in a number of essential
biochemical reactions in the energetic metabolism of plant cells. Due to its ability to gain or
lose electrons, is an important participant in respiratory and photosynthetic electron
transport chains in mitochondria and chloroplast, respectively (Vigani et al., 2013). Fe
deficiency represents one of the main problems for crop production worldwide, although it
is one of the most abundant elements on earth, it is found mostly as insoluble ferric oxide

73



or hydroxides in basic soil environments, resulting in low bioavailability (Samira et al.,
2018). Because of this, plants have evolved different mechanisms to solubilize and absorb
Fe from soil (Schmidt, 1999; Walker and Connolly, 2008; Palmer and Guerinot, 2009).

Nongraminaceous plants such as Arabidopsis thaliana respond to iron deficiency with the
known reduction-based strategy (Strategy I) where, in response to iron deficiency, the
bHLH transcription factor FIT forms heterodimers with other bHLH proteins and regulates
expression of FRO2, an iron reductase that reduces Fe*, and also FIT regulates the
accumulation of IRT1 protein, the transporter of reduced Fe? into the symplast (Bauer et
al., 2007; Yuan et al., 2008; Walker and Connolly, 2008; Robinson et al., 1999; Eide et al.,
1996; Vert et al., 2002; Colangelo and Guerinot, 2004). After this, iron is bound to various
chelators, transported to the vasculature, and relocated to tissues where Fe is needed.
Two regulatory pathways controlled by bHLH transcription factors have been shown to
mediate these responses in Arabidopsis thaliana. The first is the previously described FIT-
regulated process. In the second, the bHLH transcription factor POPEYE (PYE) directly
regulates the expression of genes involved in intercellular transport, mitochondrial ferric
reduction, and other processes (Long et al., 2010). PYE physically interacts with PYE-like
(PYEL) proteins including ILR3; and several PYEL proteins directly target PYE
transcriptionally (Selote et al., 2015; Zhang et al., 2015; Li et al., 2016; Samira et al.,
2018). PYE and PYEL proteins can physically interact, but only PYEL proteins such as
ILR3 have been reported to directly interact with a third protein, BRUTUS (BTS). BTS, is
induced transcriptionally in response to iron deprivation and btsl mutants show increased
tolerance to iron deprivation, so that BTS and PYE/PYEL proteins act in opposing
manners controlling the iron deficiency response (Long et al., 2010; Selote et al., 2015).

In order to have success acquiring Fe from the rhizosphere, plants have additionally
developed close relationships with some important partners, microorganisms. Plant
growth-promoting rhizobacteria (PGPR) are able to modify the availability of nutrients
through changes in the environment (Pii et al., 2015; Terrazas et al., 2016) and also
stimulate plant growth via different mechanisms, including volatile compounds (VOCs)
interactions that modulate some plant growth regulators, including jasmonic acid (Ortiz-
Castro et al. 2008; 2011; Spaepen et al. 2009; Raya-Gonzalez et al., 2017). Different
mechanisms have been suggested by which microbial species enhance Fe availability to
plants, such as Fe movilization of soil iron via bacterial siderophores relese, direct
dissimilatory Fe-reducing process, or the induction of ferric-chelate reductase activity in
plant roots (Valencia-Cantero et al., 2007; Zhao et al., 2014; Pii et al., 2015; Orozco-
Mosqueda et al., 2013; Castulo-Rubio et al., 2015).

Some previous reports suggest that plant iron deficiency responses are related to plant
growth and defense regulation mechanisms (Rampey et al., 2006). A. agilis UMCV2 is a
rhizobacterium reported with capability to promote the growth of Phaseollus vulgaris,
Medicago truncatula, and Medicago sativa (plants with Strategy | Fe-uptake systems),
trough Fe reduction causing plants to uptake Fe (Valencia-Cantero et al., 2007). VOCs
emitted by A. agilis UMCV2 triggered M. sativa growth via emission of the VOC N,N-
dimethylhexadecylamine (C16-DMA) and induce expression of Strategy | Fe-uptake
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system (Velazquez-Becerra et al., 2011; Orozco-Mosqueda et al., 2013). C16-DMA was
also reported to activate the expression of Jasmonic acid-response gene and thus
modulate root development (Raya-Gonzalez et al., 2017).

Although some A. agilis UMCV2 VOCs effects, specifically those for C16-DMA have been
already reported, its relation with iron signaling in Arabidopsis had not been investigated
so far. In the present work, we use Arabidopsis thaliana plants as a Strategy | Fe-uptake
model system. We tested the interaction of A. agilis UMCV2 VOCs-A. thaliana to dissect a
plant mechanism and determine if C16-DMA was involved in the modulation of PYE
system (a Fe-homeostasis system) in plants grown under varying Fe availabilities. The
results confirm the PGPR effect of VOCs produced by A. agilis UMCV2, and also that this
effect occurred trough BTS signaling but it is not induced by C16-DMA. Even though, C16-
DMA does have an effect in plant growth regulation trough ILR3 participation.

MATERIALS AND METHODS
Biological material and growth conditions

A. thaliana wild-type Columbia-0 (Col-0), mutant plants pyel, btsl, ilr3-1 and transgenic
lines ProPYE:GFP and ProBTS:GFP (Long et al., 2010; Rampey et al., 2006) were used
for the different experiments. Seeds were surface disinfected with 95% (v/v) ethanol for 5
min, 20% (v/v) bleach for 7 min and five washes in distilled water. Seeds were then
stratified at 4 °C to promote and synchronize germination. The seeds were germinated and
grown on Petri plates containing the varying treatments of iron availability in agar solidified
0.2 X MS medium. The tested treatments were prepared as follow, Control treatment was
iron-sufficient media, a standard 0.2 X MS medium containing 20 uM of FeSO,4¢7H,0. Iron
deficient media, -Fe and -Fe+uM Ferrozine, are the same 0.2 X MS both without addition
of FeSQOy,, and the last carried Ferrozine as an iron chelator for iron trace amounts present
in phytagar. The MS medium (Murashige and Skoog Basal Salts Mixture, catalogue no.
M5524) was purchased from Sigma. Phytagar (Micropropagation grade) was purchased
from PhytoTechnology Laboratories. Ferrozine (3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine-
4' 4"-disulfonic acid sodium salt, catalogue no. P5338) was purchased from Sigma.

The PGPR strain Arthrobacter agilis UMCV2 was isolated from lightly acid soil (Valencia-
Cantero et al., 2007). The bacterium was grown on nutrient agar (NA) at 22°C. For
UMCV2 VOCs interaction experiments, petri plates had a physical barrier for two
compartments, where seeds were sown on a side and four days after germination, A. agilis
UMCV2 was inoculated on the other side, allowing only VOCs interaction per six days and
then seedlings were analyzed. For treatments with C16-DMA, the compound was added to
the medium before plants were sown. Petri plates were placed in a plant growth chamber
(Percival Scientific AR95L) at 22 °C, with a 16 h light/8 h darkness photoperiod, light
intensity of 100 pmol/m? and 80% humidity. Petri plates were placed vertically at an angle
of 65° to allow root growth along the agar surface and allow unimpeded aerial growth of
the hypocotyls.
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Analysis of growth

Arabidopsis root system was analyzed measuring primary root length using a rule. Lateral
root number was determined counting the lateral roots present in the primary root, from the
tip to the root/stem transition zone using a stereoscopic microscope, and lateral root
density was determined dividing the lateral root number value by the primary root length
for each seedling.

Determination of biomass and chlorophyll contents

For fresh weight measure, Arabidopsis seedlings were weighted using an analytical
balance. To determinate chlorophyll content, Arabidopsis leaves were detached and
weighed measured ten days after germination. Tissue was immediately immersed in
aqueous ethanol (96% v/v) for 30 minutes in darkness. Absorbance readings of the
solution were recorded at 648.6 and 664.2 nm. Total chlorophyll content was calculated as
(5.24*A663.2 + 22.24*A648.6)/1000*(fresh weight of leaves); calculated values were
reported as mg chlorophyll per g™ fresh weight, as described by Lichtenthaler (1987).

Propidium iodide staining and green fluorescent protein detection

For fluorescent staining with propidium iodide, plants were transferred from the growth
medium to 10 mg mL™ propidium iodide solution for 1 min. Seedlings were rinsed in water
and mounted in 50% (v/v) glycerol on microscope slides. The same sample was recorded
separately at wavelengths specific to propidium iodide fluorescence, with a 568 nm
excitation line and an emission window of 585 to 610 nm, and GFP emission, with a 500 to
523 nm emission filter (488 nm excitation line), using a confocal microscope (Olympus
FV1000), after which the two images were merged to produce the final image.

Data analyses

For all experiments, the overall data were statistically analyzed in the Statistica 10
program (StatSoft Inc., Tulsa, OK, USA). Univariate and multivariate analyses with Tukey’s
post hoc test were used for testing the differences in growth and root developmental
responses in all plants. Different letters are used to indicate the means that differ
significantly (P < 0.05).

RESULTS

Iron availability regulates root development, plant biomass and chlorophyll
production

Nutrient availability is a well-known regulator of plant growth and development. Iron is an
indispensable plant micronutrient and its homeostasis is needed to acquire optimal growth.
To first characterize the effect of iron availability in Arabidopsis development, root system
architecture, biomass and chlorophyll production were analyzed. Arabidopsis seeds were
sown and grown for ten days on optimal iron conditions (20 uM) as Control treatment, and
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on a series of treatments decreasing iron availability as an increase of Ferrozine was
added from 25 to 150 uM. To determine if root developmental programs are sensitive to
iron availability, we evaluated primary root length and lateral root number. We found that
low iron availability significantly inhibit the primary root growth as Ferrozine concentrations
increase (Fig. 1A) and also lateral root number increased as less iron is available (Fig.
1B). It has been reported that under low iron conditions, seedlings present lower
chlorophyll content and produced less total biomass, therefore we analyzed this
parameters for Arabidopsis. Ten days after germination, Arabidopsis seedlings were
weight-measured and then treated for chlorophyll quantification. The obtained results
indicate than both parameters decrease on an iron availability-dependent manner.
Biomass in control conditions was of 20 mg per plant, while in plants grown in 150 uM
Ferrozine treatment, biomass production was less than half. Moreover, while chlorophyll
content was of 0.8 mg/g™ FW in control, the treatment with less iron available show to
produce only 0.2 mg/g® FW. These data suggest that iron availability affects several
processes during seedling growth in Arabidopsis.
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Figure 1. Iron availability modulates Arabidopsis root development, biomass and chlorophyll
production. Arabidopsis Col-0 seedlings were grown in optimal iron conditions (Control), or Fe-
deficient treatments induced by the increasing addition of ferrozine (chelator). Measures were
realized ten days after germination. a) Primary root length, b) Lateral root number, c) Plant fresh
weight and d) Chlorophyll content. Data show the mean +SE for three groups of 15 seedlings. Error
bars represent standard errors. Different letters indicate statistical differences at P<0.05. The
experiment was repeated three times with similar results.
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Volatile compounds of Arthrobacter agilis UMCV2 regulates Arabidopsis
development dependently of iron availability

To determine the effects of UMCV2 VOCs on the growth of Arabidopsis seedlings grown
under different iron availability, we sown Arabidopsis seedlings in one side of one divided
Petri plates containing 0.2x MS media in control, -Fe and -Fe + 100 uM Ferrozine
treatments. Four days after germination A. agilis UMCV2 was inoculated on the other side
of the plate to allow only volatile communication. Primary root length, lateral root number,
biomass and chlorophyll production were determined six days after inoculation. The results
showed that UMCV2 VOCs increased 50% the growth of primary root length, and also
increased near twice lateral roots formation in control treatments (Fig. 2A, B), correlating to
a 100% more biomass production and 50% chlorophyll content increase (Fig. 2 C, D).
Interestingly, in -Fe treatments, even though UMCV2 VOCs showed a promoter effect, this
was diminished compared to control treatment, and for the 100 uM Ferrozine treatment,
UMCV2 VOCs were unable to promote any of the analyzed parameters (Fig. 2). This
indicates that the growth and development promoter effect of A. agilis UMCV2 VOCs is
dependent of iron availability in plant growth media.
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Figure 2. Volatile compounds produced by A. agilis UMCV2 increased Arabidopsis root growth,
biomass and chlorophyll production dependently of iron availability. Arabidopsis Col-0 seedlings
were grown in optimal iron conditions (Control), or Fe-deficient treatments. UMCV2 inoculation was
made four days after germination and measures were realized six days after. a) Primary root length,
b) Lateral root number, ¢) Plant fresh weight and d) Chlorophyll content. Data show the mean +SE
for three groups of 15 seedlings. Error bars represent standard errors. Different letters indicate
statistical differences at P<0.05. The experiment was repeated three times with similar results.
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PYE, a transcription factor involved in responding to iron deficiency shows an
expression induced by A. agilis UMCV2 volatile compounds

It has been reported that plants exposed to iron deprivation showed PYE activation, a
transcriptional factor that regulates iron homeostasis genes (Long et al., 2010). To analyze
if volatile compounds of A. agilis UMCV2 promote Arabidopsis development trough
activating iron stress response genes, we next analyzed the transgenic line ProPYE:GFP.
We sowed and grown ProPYE:GFP seeds in divided Petri plates under Control, -Fe and -
Fe + 100 uM Ferrozine treatments. Four days after germination A. agilis UMCV2 was
inoculated allowing only volatile communication, and six days after inoculation, seedlings
were stained and analyzed by confocal microscopy. Figure 3 shows that, in uninoculated
control ProPYE:GFP expression is not visible, but when iron deprivation is induced in
growth media, expression levels increased and become visible in the root vasculature,
columella root cap, and lateral root cap. Moreover, in treatments inoculated with A. agilis
UMCV2, ProPYE:GFP expression was increased for all treatments, both iron sufficiency
and deficiency, and also in the three analyzed tissues. These findings suggest that
although PYE expression is stronger under iron deprivation conditions, bacterial VOCs
form A. agilis UMCV2 had the capability to induce the expression of an iron stress gene in
seedlings growing under optimal iron conditions and increase PYE expression in iron
deprivation treatments compared to uninoculated controls.
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Figure 3. A. agilis UMCV2 volatile compounds modulate the expression of ProPYE:GFP, an iron
deficiency-responsive gene in primary root system. Arabidopsis thaliana transgenic ProPYE:GFP
seedlings were grown in optimal iron conditions (Control), or Fe-deficient treatments. UMCV2
inoculation was made four days after germination and six days later measure was performed.
Seedlings were stained with propidium iodide and analyzed by confocal microscopy. Micrographs
show individuals representative of at least 10 seedlings. Note that UMCV2 VOCs treatments
increase ProPYE:GFP reporter expression in primary root, vascular tissue and lateral roots.

BTS, a PYE-opposite player in iron deficiency response is induced by A. agilis
UMCV2 volatile compounds

BRUTUS (BTS), a RING E3 ligase plays a major role in regulating iron-deficiency
responses in A. thaliana (Long et al., 2010; Matthiadis and Long, 2016). Similar to PYE,
BTS is upregulated by iron deficiency specifically in the pericycle (Long et al., 2010), and it
had been proposed that BTS acts upstream PYE (Zhang et al. 2015). For this reasons and
our past results, we decide to evaluate ProBTS:GFP transgenic line under iron deficiency
treatments in contact with UMCV2 VOCs. We sowed and grown ProBTS:GFP seeds in
divided Petri plates containing Control growth media, -Fe and -Fe + 100 uM Ferrozine
treatments. Four days after germination A. agilis UMCV2 was inoculated to allow only
volatile communication, and six days after inoculation, seddings were stained and
analyzed by confocal microscopy. The results obtained showed that under uninoculated
tratments, ProBTS:GFP expression is induced mainly in vascular tissues, primary and
lateral roots only under iron deprivation (Fig. 4). Interestingly, in treatments inoculated with
A. agilis UMCV2, ProBTS:GFP expression was induced from control conditions in vascular
tissue, to iron deficiency treatments in the three analyzed tissues (Fig. 4). Our finding
suggests that BTS beside being induced by iron deprivation, its expression can also be
induced by bacterial VOCs form A. agilis UMCV2. It is worth noting that UMCV2 VOCs can
induce the activation of iron homeostasis genes in treatments with optimal iron quantities.
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Figure 4. A. agilis UMCV2 volatile compounds modulate the expression of ProBTS:GFP, an iron
deficiency-responsive gene in primary root system. A. thaliana transgenic ProBTS:GFP seedlings
were grown in optimal iron conditions (Control), or Fe-deficient treatments. UMCV2 inoculation was
made four days after germination and six days later measure was performed. Seedlings were
stained with propidium iodide and analyzed by confocal microscopy. Micrographs show individuals
representative of at least 10 seedlings. Note that UMCV2 VOCs treatments increase ProBTS:GFP
reporter expression mainly in vascular tissue

Arabidopsis development induced by volatile compounds of A. agilis UMCV2 is
dependent of BTS participation

To gain further insight into the role of PYE and BTS in response to A. agilis UMCV2
volatile compounds, we analyzed the response of wild type Columbia 0, and A. thaliana
mutant lines pyel and btsl, affected in those genes related to iron deficiency responses.
To investigate the involvement of UMCV2 VOCs in biomass production and root growth, A.
thaliana WT and mutant lines pyel and bts1 were grown on divided Petri plates containing
control or iron deficient (-Fe + 100 uM Ferrozine) growth media. Four days after
germination, A. agilis UMCV2 was inoculated and six days after inoculation plant fresh
weight and primary root growth were analyzed. The obtained results showed that in control
treatment volatile compounds from A. agilis UMCV2 induced biomass production and
primary root growth in Col-0 and pyel, but not in bts1. Under Fe deprivation treatment, the
opposite effect of pyel and btsl in response to low Fe availability appeared, pyel mutant
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showed Fe-deficiency hypersensitivity evidenced by a reduced biomass production and a
shortening in primary root growth compared to Col-0, while btsl mutant showed a
phenotype of resistance to Fe deprivation, having bigger biomass production and primary
root growth. Interestingly, UMCV2 VOCs were unable to induce any growth or
developmental promotor effect on btsl mutant. Together, these results indicate that
UMCV2 VOCs have a promotor effect during Arabidopsis growth and development and
this is dependent of BTS patrticipation (Fig. 5).
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Figure 5. A. agilis UMCV2 volatile compounds requires BTS, an iron deficiency response gene to
regulate Arabidopsis thaliana growth and development. Seedlings were germinated and grown
under optimal iron conditions (Control), or Fe-deficient treatment. UMCV2 inoculation was made
four days after germination and six days later measure was performed. a) Plant fresh weight, b)
Primary root length, ¢) Representative photographs of seedlings grown in analyzed treatments.
Photographs show representative plates; each treatment included three plates. Data from (a-b)
show the mean +SE for the three groups of 12 seedlings. Error bars represent standard errors.
Different letters indicate statistical differences at P<0.05. The experiment was repeated three times
with similar results.

N,N-dimethylhexadecylamine, a major volatile produced by A. agilis UMCV2 is
responsible for the promotor effect in growth and development in Arabidopsis.

Previous works had shown that C16-DMA, a volatile compound emitted by A. agilis
UMCV2, changes its abundance in presence of vegetal organisms like Medicago
truncatula and induce some plant responses to iron deprivation (Orozco-Mosqueda et al.,
2013). We wonder if C16-DMA was the VOC responsible for the previously observed plant
responses. To analyzed Arabidopsis plants in response to C16-DMA, we sown and growth
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Col-0, pyel and btsl plants in MS 0.2x media containing C16-DMA increasing
concentrations. Ten days after germination, root system architecture was measured. The
results indicate that for primary root growth, 2 uM of C16-DMA had a promotor effect, while
8 and 16 pM C16-DMA concentration causes a primary root growth inhibition compared to
control seedlings (Fig. 6A). Interestingly, the mutants tasted did not show significant
differences compared to WT in any of the analyzed concentrations (Fig. 6A). Lateral root
number and lateral root density showed a dose-dependent effect to increase as C16-DMA
concentration increases in WT and pyel seedlings, but for btsl this effect was opposite
(Fig. 6B, C). Together, the results suggest that low concentrations of C16-DMA are
responsible for the observed phenotype in primary root growth and C16-DMA might also
be playing a role in the regulation of lateral root development though a mechanism
involving BTS participation.
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Figure 6. Effect of N,N-dimethylhexadecylamine on A. thaliana root architecture. Arabidopsis
seedlings were germinated and grown on MS 0.2x MS agar medium supplemented with the solvent
(Control) or C16-DMA concentrations for 10 days and root phenotype was evaluated. a) Primary
root length, b) Lateral root number, c) Lateral root density (lateral root number/primary root length).
Note that in primary root, 2 uM C16-DMA had a growth promotion effect and in high concentrations
has an inhibitory effect, but no significant differences were observed in the analyzed mutants. Data
show the mean +SE from 12 seedlings. Different letters indicate statistical differences at P < 0.05.
The experiment was repeated three times with similar results.
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C16-DMA did not induce ProPYE:GFP nor ProBTS:GFP expression in primary root
tips of Arabidopsis seedlings

To confirm our pasts results, we next analyzed the transgenic lines ProPYE:GFP and
ProBTS:GFP in presence of 2 and 4 uM of C16-DMA, we used as positive control the
treatment -Fe + 100 uM Ferrozine. Seedlings were analyzed seven days after germination
by confocal microscopy and representative micrographs of the obtained results are shown
in figure 7. The results shows that in control treatment there were no expression of the
reporter genes, meanwhile in the positive control, plants shows the characteristic
expression induced by iron deprivation for both reporter genes in primary root. Treatments
with 2 and 4 uM of C16-DMA did not induce genes expression compared to its respective
positive controls. It is important to point out that primary root morphology of plants treated
with 4 uM of C16-DMA shows alterations on meristematic cell organization. Taken
together, these results suggest that C16-DMA, a volatile compound produced by A. agilis
UMCV?2 is responsible for primary root growth promotor effect independently of PYE and
BTS.

Control -Fe + 100 uM Fzn 2 yM C16-DMA 4 uM C16-DMA

ProPYE:GFP

ProBTS:GFP

Figure 7. C16-DMA does not induce ProPYE:GFP nor ProBTS:GFP expression in primary root tips.
A. thaliana transgenic ProPYE:GFP and ProBTS:GFP seedlings were grown in optimal iron
conditions (Control), Fe-deficient treatments (-Fe+100 uM Fzn) as positive control, or C16-DMA
treatments for seven days after germination. Seedlings were stained with propidium iodide and
analyzed by confocal microscopy. Micrographs show individuals representative of at least 10
seedlings. Note that C16-DMA treatments does not increase ProPYE:GFP nor ProBTS:GFP
reporter expression, but alters meristem cell organization in primary root tips. The experiment was
repeated twice with similar results.
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ILR3/bHLH105 participates in root growth regulation of Arabidopsis in response to
C16-DMA

The transcription factor IAA-LEUCINE RESISTANT3 (ILR3) has been described to
regulate iron deficiency responses in Arabidopsis, and also it has been suggested that
interacts with POPEYE (PYE), a bHLH homolog and BTS, a putative E3 ligase. Due to our
past results where PYEL and BTS1 did not respond to C16-DMA, we wonder if ILR3 might
be implicated in response to this volatile compound produced by A. agilis UMCV2. To test
this, we analyzed ilr3-1 function gain mutant line form Arabidopsis, in treatments with iron
deprivation, C16-DMA and a combination of iron deprivation treatment adding C16-DMA.
Plants were grown in the different treatments and analyzed ten days after germination.
The obtained results showed that in control treatment, ilr3-1 had a small primary root
compared to WT,; under iron deprivation treatment, Col-0 seedlings showed the
characteristic shortening in primary root while ilr3-1 showed the reported phenotype of
resistance to primary root inhibition; treatment with 8 uM C16-DMA causes hypersensitivity
in ilr3-1 mutant observed in the short size of primary root compared to Col-0 and finally,
the combined treatment of iron deprivation and C16-DMA shows that in Col-0 seedlings
seems to be a synergic effect causing the most significant primary root growth inhibition,
but for ilr3-1 mutant this effect did not occurred, because its primary roots had the same
size as control plants (Fig. 8). These results suggest that ILR3 plays a role in regulating
root system growth of Arabidopsis plants in response to C16-DMA volatile compound.
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Figure 8. C16-DMA requires ILR3, a bHLH iron deficiency response gene to regulate primary root
growth in A. thaliana. Seedlings were germinated and grown under optimal iron conditions
(Control), or Fe-deficient treatment with or without 8 uM of C16-DMA supplemented. Ten days after
germination, measure was performed. a) Primary root length, b) Representative photographs of
Col-0 and ilr3-1 mutant seedlings grown in analyzed treatments. Photographs are representative for
three replicates each treatment. Note that ilr3-1 shows resistance to iron-deficiency root growth
inhibition and hypersensitivity to C16-DMA treatment. Data from in panel a) show the mean +SE for
the three groups of 12 seedlings. Error bars represent standard errors. Different letters indicate
statistical differences at P<0.05. The experiment was repeated three times with similar results.
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DISCUSSION

Iron is one of the main microelements needed to acquire optimal plant development and
functioning. In Arabidopsis, iron homeostasis is known to be controlled by bHLH family
proteins (Long et al., 2010; Li et al., 2016; Samira et al., 2018; Cui et al., 2018), PYE
transcription factor is responsible to trigger one main pathways responsible for iron
deficiency responses (Long et al.,2010). Volatile organic compounds produced by plant
growth promoting rhizobacterium (PGPR) have been reported to stimulate plant growth
(Ryu et al., 2003; Park et al., 2015; Raza et al., 2016; Tahir et al.,, 2017). In previous
works, our group reported that bacterial volatile compounds emmited by the Actinobacteria
A. agilis UMCV2, can trigger growth promotion in Strategy | plants and also activate iron
deficiency responses (Valencia-Cantero et al, 2007; Orozco-Mosqueda et al, 2013).
However, is not completely clear which role are playing this responses in plant growth
induction. In this study, we identified two Arabidopsis genes with a reported role in iron
deficiency responses, PYE and ILR3 now functioning in plant growth promotion by volatile
compounds of A. agilis UMCV?2.

Iron availability modulate plant growth and development

Previous reports that suggest iron deprivation can be induced using iron chelators
(Stookey, 1970). Ferrozine (3-(2-pyridyl)-5,6-bis(4-phenylsulfonic acid)-1,3,4-triazine)
function as an iron chelator and has been used for the pasts years to induce plant iron
deficiency responses like root and vegetative growth inhibition in some plant species
(Stookey, 1970; Valencia-Cantero et al., 2007; Long et al., 2010; Zhang et al., 2015).
Reports using ferrozine in Arabidopsis showed that this compound induces plant chlorosis
and root growth inhibition (Long et al., 2010; Zhang et al., 2015), both characteristic
symptoms of iron deprivation. Our results nicely mesh with previous reports by showing
that iron deprivation caused by ferrozine treatments inhibits primary root growth, induces
lateral root formation and decreases biomass and chlorophyll production in a dose-
dependent way in Arabidopsis seedlings (Fig. 1). Interestingly, higher ferrozine
concentrations of up to 100 uM did not significantly affect primary root growth or lateral
root formation (Fig. 1A, B), indicating a maximum inhibitory effect of iron deprivation
toward regulating Arabidopsis growth and developmental processes like root system
architecture and confirming the iron chelator role played by ferrozine in Arabidopsis growth
media.

Arabidopsis growth and development can be modified by A. agilis UMCV2 VOCs

Once we were able to establish iron deprivation conditions by using ferrozine, and knowing
that A. agilis UMCV?2 volatile compounds were able to modulate plant growth in Medicago
truncatula and Sorgum bicolor plants by activating some genes of iron deficiency response
(Orozco-Mosqueda et al., 2013; Castulo-Rubio et al., 2015), we tested the hypothesis that
volatile compounds from A. agilis UMCV2 could modified the growth of Arabidopsis plants.
First, we determined Arabidopsis plant growth-promoting effect of A. agilis UMCV2 by
volatile compounds interaction in an in vitro system. We used a separate compartment
system to test the effect of A. agilis UMCV2 volatile compounds on the growth of
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Arabidopsis Col-0 plants, and to avoid the effect of direct plant-bacteria contact or
diffusible compounds. The analysis were performed after six days of VOCs interaction and
it showed that plants grown under VOCs interaction, produced a significant increase in
primary root growth and lateral root number under optimal iron conditions and this effect is
lost as iron availability decreases (Fig. 2A, B). Simultaneously, volatile compounds of A.
agilis UMCV2 induce a significant increase in plant fresh weight and chlorophyll content in
control treatment but when iron deprivation exist, this effect is also loosed (Fig. 2C, D).
These results suggest that volatile compounds of A. agilis UMCV2 are capable of regulate
plant growth and development. Similar results had been obtained in systems with
Arabidopsis-Bacillus subtilis GB03, Medicago truncatula-Sinorhizobium melioti, Nicotiana
tabacum-Pseudomonas fluorescens SS101 and Solanum lycopersicum-Bacillus subtilis
SYST2 (Xie et al., 2009; Orozco-Mosqueda et al., 2013; Park et al., 2015; Tahir et al.,
2017).

A. agilis UMCV2 VOCs induce Arabidopsis growth and development involving BTS
participation

To further explore the mechanisms of Arabidopsis in response to A. agilis UMCV2 volatile
compounds in seedlings grown under different iron availability treatments, we tested the
expression of ProPYE:GFP and ProBTS:GFP iron deficiency inducible markers. GFP
florescence increased in treatments with iron deficiency, consistent with an iron-deficiency
response mechanism (Long et al., 2010). Interestingly, we observed enhanced
ProPYE:GFP and ProBTS:GFP fluorescence after A. agilis UMCV2 volatile compounds
interaction in primary root tips, particularly in the vascular tissue and lateral root tips, which
indicates an activation of PYE pathway during root growth and development (Figs. 3, 4).
The iron deficiency responses activated by bacterial volatile compounds has been poorly
investigated. For the past ten years, a few works revealed that microorganisms are
capable of induce iron deficiency responses such as ferric reductase activity, rizosphere
acidification, and expression of genes associated to those responses (Zhang et al., 2009;
Orozco-Mosqueda et al., 2013; Castulo-Rubio et al., 2015; Montejano-Ramirez et al.,
2018; Zhou et al., 2018). The possibility that A. agilis UMCV2 volatile compounds could
modulate iron deficiency response pathways in Arabidopsis to induce plant growth
regulation, might be suggesting adaptive interkingdom communication evolutionary
conserved.

In rice and mammals, HRZs and FBXL5 are the respective known iron sensors that
negatively regulate iron acquisition (Salahudeen et al., 2009; Vashisht et al., 2009). In
Arabidopsis, BTS is its homolog, Long et al. (2010) reported bts1 mutant with tolerance to
iron deficiency and Zhang et al. (2015) propose a model in which BTS may function as the
Arabidopsis iron sensor by regulating the stability of downstream factors including PYE
and ILR3. Changes in iron deficiency response genes correlate with root system
architecture modulation (Valencia-Cantero et al., 2007; Long et al., 2010; Zhang et al.,
2015). Our finding that A. agilis UMCV?2 volatile compounds increase gene expression of
iron deficiency response genes in Arabidopsis primary root suggests that UMCV2 VOC’s
modifies root development by altering PYE pathway. Consistent with this hypothesis, btsl

88



mutant did not respond to UMCV2 VOCs, indicating the possible role of BTS in UMCV2
VOCs root responses. In the same treatments pyel mutant showed a normal response to
UMCV2 VOCs in primary root (Fig. 5). These results suggest that UMCV2 VOCs increase
in BTS expression, resulted in the activation of PYE pathway and drive to root growth
regulation, although PYE was activated, pyel mutant results suggest BTS plays a main
role in response to A. agilis UMCV2 VOCs by the probably activation of not only PYE, but
some others downstream genes.

N,N- dimethylhexadecylamine, one main VOC produced by A. agilis UMCV2 have a
distinct function than full VOCs emitted, and specifically needs ILR3 participation

N,N-dimethylhexadecylamine (C16-DMA) is an amino-containing lipid, identified from A.
agilis UMCV2 (Velazquez-Becerra et al., 2011) and it has been found to be produced by
some others rhizobacteria including genera of Bacillus, Sinorhizobium and Pseudomonas
(Liu et al., 2008; Orozco-Mosqueda et al., 2013; Hernandez-Leon et al., 2015). C16-DMA
has been found to modulate growth and development in several plant species including A.
thaliana affecting shoot biomass, stem length, chlorophyll production, and root system
architecture (RSA) (Velazquez-Becerra et al.,, 2011; Valencia-Cantero et al., 2015;
Castulo-Rubio et al., 2015; Raya-Gonzalez et al., 2017). Interestingly, in Sorgum bicolor
plants, C16-DMA increased root ferric reductase (FRO) gene expression, suggesting an
important role of this amine in modulating Fe nutritional status (Castulo-Rubio et al., 2015).
Here, we demonstrate that at varying increasing concentrations, C16-DMA inhibits
Arabidopsis primary root growth and that neither PYE nor BTS participate in this response
(Fig. 6A). However, BTS patrticipate in lateral root numbers formation, which suggest that
specific root developmental programs are regulated by C16-DMA where BTS plays an
important role.

To confirm whether BTS and PYE iron deficiency response genes are involved in A.
thaliana responses to C16-DMA, we evaluated the expression of ProPYE:GFP and
ProBTS:GFP in response to C16-DMA. No one of the analyzed Arabidopsis lines showed
that GFP fluorescence increased after seven days of treatment (Fig. 7). The lack of GFP
increase, associated with the primary root phenotype present in the higher C16-DMA
concentration, which is quite different to that present in A. agilis UMCV2 VOCs interaction,
supports our previous results, suggesting that C16-DMA is not the responsible VOC for
Arabidopsis growth promotion observed in interaction with full VOCs pool. This was not
entirely surprising, as recent studies have shown that C16-DMA regulates Arabidopsis root
development and activates jasmonic acid responsive gene expression involving JAR1,
COI1 and MYC2 elements (Raya-Gonzalez et al., 2017). We cannot exclude the possibility
that C16-DMA could modulate Arabidopsis development through the activation of some
other iron deficiency response genes due to the connections between iron and jasmonic
acid signaling (Martinez-Medina et al., 2017).

Another component in iron deficiency response signaling is IAA-LEUCINE RESISTANT 3,
which encodes a basic helix-loop-helix (bHLH) leucine zipper transcription factor,
bHLH105 that plays a role in metal ion-mediated auxin sensing (Rampey et al., 2006).
bHLH proteins commonly form homodimers and heterodimers that interact with
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downstream targets (Littlewood and Evan, 1998; Toledo-Ortiz et al., 2003). ILR3 was
suggested to act as an intermediary, binding directly with BTS or PYE playing a role in
iron-mediated auxin sensing in Arabidopsis roots (Rampey et al., 2006; Long et al., 2010;
Zhang et al. 2015). We were able to report here ilr3-1, a mutant with a gain of function to
IAA-Leu sensitivity (conferred by its high mRNA expression levels), now playing a role in
response to C16-DMA. Interestingly, the iron deficiency response of resistance presented
in ilr3-1 mutant was diminished in C16-DMA presence, revealing that the effect of this
compound and iron signaling converge in ILR3 to regulate primary root growth in
Arabidopsis seedlings. Based on these results, we suggest that C16-DMA acts trough
specific target genes to regulate specific root developmental traits.

In conclusion, this work showed that A. agilis UMCV2 VOCs, modulated A. thaliana
morphogenesis, promoted plant growth, and induced PYE and BTS expression, while
C16-DMA induces ILR3 and modified ilr3-1 response to iron deprivation. As far as we
know, this we are the first to relate components of an iron deficiency response mechanism
with plant growth promotion in response to bacterial VOCs in Arabidopsis thaliana. We
propose that A. agilis UMCV2 VOCs and C16-DMA produce a plant growth effect
dependent of specific iron deficiency response genes induction. The utility of bacterial
VOCs manipulation in plant physiology is a novel research field that will lead to future
important applications in agricultural production.
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7. DISCUSION GENERAL Y CONCLUSIONES

Uno de los principales enigmas en ecologia de comunidades, es el papel que
presentan las interacciones vegetales en determinar la coexistencia y desempefio
de los individuos dentro de la comunidad. Los organismos vegetales debido a su
caracter sésil, se encuentran bajo estimulos bidticos y abioticos, y las plantas
tienen la capacidad de modificar su morfologia y fisiologia en respuesta a
variaciones ambientales, particularmente en la busqueda de recursos (Hodge,
2004, 2006; Valladares et al., 2007; Dicke, 2009; Trewavas, 2009).

En especies vegetales de importancia econdmica, se han llevado a cabo
investigaciones sobre la busqueda de variedades competitivas, es decir que
presenten caracteristicas que les permitan obtener un recurso dado con una
menor inversion energética (Gibson et al., 1999). Aunque, aun existe controversia
al respecto, estas caracteristicas incluyen la habilidad de consumir recursos y/o la
plasticidad del crecimiento en respuesta a la disponibilidad espacio-temporal de
los recursos (Craine, 2005; Fargione y Tilman, 2006). Sin embargo, aun no se
encuentra completamente descrito cudles serian los mecanismos que inducen
estas caracteristicas en respuesta a estimulos especificos.

Debido a la complejidad de las interacciones ecolégicas que se presentan
en las comunidades naturales activando variadas rutas de sefalizacion; este
trabajo, se enfoco en dos tipos de interacciones principales: i) interaccion planta-
planta, analizando el efecto de la densidad poblacional sobre el crecimiento y
desarrollo de Arabidopsis thaliana, e ii) interaccion planta-microorganismo
utilizando a los modelos A. thaliana y Arthrobacter agilis UMCV2, en un sistema de
disponibilidades contrastantes de nutricion férrica para la planta. Los resultados
principales se discuten a continuacion.

La densidad poblacional es un factor ecol6gico que modula la morfologia
vegetal y los procesos del desarrollo, sin embargo sus efectos han sido
escasamente investigados. Se realizo el analisis de respuestas en programas del
desarrollo mediados por auxinas, en plantas de A. thaliana crecidas en diferentes

densidades de individuos tanto in vitro como en suelo.
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Inicialmente, se analizé la morfologia del crecimiento del sistema aéreo de
la planta, para determinar si la densidad poblacional podria modular algin proceso
fisiol6gico, que llevara a una respuesta en la plasticidad fenotipica de las plantas
de manera dependiente del nimero de individuos, como ya se habia reportado
previamente (Masclaux et al., 2012). Para esto se analizaron plantas de A.
thaliana crecidas en densidades crecientes de manera exponencial desde 1 hasta
32. Los resultados mostraron que, de manera dependiente de la densidad
poblacional se presenta una disminucion del tamafio de roseta en el nimero de
hojas que la componen, el tamafio de las mismas y los peciolos que las sostienen.
Lo anterior indica que la densidad poblacional modula el desarrollo del sistema
vegetativo (Cap. |, Fig. 1), reduciendo asi el area principal de la planta que se
encarga de realizar la fotosintesis y por tanto la produccién de biomasa.

En cuanto al tiempo de emergencia de los tallos, que son los que dan lugar
a las estructuras reproductivas, las flores y finalmente a los frutos, no se observé
una diferencia significativa (Cap. I, Fig. 2A). Conforme pasa el tiempo, plantas en
alta densidad llegan a una altura maxima antes que las que crecen en baja
densidad y esta altura fue aproximadamente igual en todos los individuos del
tratamiento (Cap. |, Fig. 2A, B). Junto con la aceleracion de la etapa reproductiva
en alta densidad, se presenta una aceleracion en la senescencia (Cap |. Figs.1C,
D; 2D y 3D), lo que coincide con la “decision” de las plantas de detener su
desarrollo vegetativo al iniciar el desarrollo reproductivo (Araki, 2001).

En el andlisis sobre la produccion de semillas se observé que la
disminucién en la produccion por planta es drastica, dependiente de la densidad
poblacional (Cap. I, Fig. 3). Desde el punto de vista ecoldgico, resulta interesante
notar la importancia de este trabajo en la agricultura, donde organismos de la
misma especie crecen de forma cercana en areas definidas, induciendo asi una
relacion intraespecifica. Este tipo de cultivos son el resultado de una seleccion
antropogénica con la intencion de obtener mayores rendimientos por area
cultivada. Los mejoradores han realizado selecciones de variedades, en base a
cambios positivos en la habilidad competitiva que permite una mayor produccion

de frutos (Weiner, 2003). Sin embargo, el desarrollo radicular no ha sido
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considerado por los mejoradores, e indirectamente pudo haber llevado sin
conocimiento alguno a una seleccion de variedades con reducida sensibilidad al
reconocimiento de individuos vecinos. Adicionalmente a las implicaciones del
reconocimiento de la raiz, el hecho de que las plantas respondan a la
identificacion de caracteristicas especificas de sus vecinos podria contribuir al
aumento en la habilidad competitiva, lo que resultaria en variedades con reducida
capacidad de reconocimiento de vecinos como una caracteristica que podria
incrementar el rendimiento de los cultivos.

Por lo anterior, fue importante el analisis sobre la morfologia de Arabidopsis
en etapas tempranas, donde los organismos son mas sensibles a los cambios en
el ambiente (Knezevic et al., 2002; Seem et al.,, 2003). Resulté entonces
importante analizar la arquitectura radicular de A. thaliana bajo condiciones de
crecimiento en diferente densidad de individuos. Los resultados indicaron que de
manera dependiente del aumento en densidad poblacional, se presentdé una
disminucién en el crecimiento de la raiz primaria, asi como de la formacion de
raices laterales y por tanto de la densidad de las mismas (Cap. I, Fig. 5). Dicho
efecto inhibitorio sobre la arquitectura radicular podria deberse a: i) que las plantas
estaban compitiendo por nutrientes del medio, CO, del ambiente o espacio en el
sistema, o ii) que estaban autoregulando su crecimiento de forma similar al
guorum sensing que se presenta en bacterias (Walters y Bassler, 2005).

Para analizar estas posibilidades se realizaron dos experimentos, el primero
fue el andlisis del sistema radicular en cajas divididas, para determinar si todas las
variaciones en la densidad poblacional afectaban el crecimiento de plantas
vecinas en baja densidad, sin contacto fisico. Se observé de manera dependiente
de la densidad poblacional una inhibicién del crecimiento de plantas vecinas (Cap.
I, Fig. 1), lo cual sugeria que la disminucion en el crecimiento de las plantas no se
debia a una limitante de nutrientes, debido a que las crecidas en baja densidad no
tenian ningln vecino que compitiera por espacio 0 nutrientes en el medio.
Ademas, el andlisis del presente estudio contrasta con el hecho de que los
fenotipos reportados en deficiencia de nutrientes, incluian siempre la inhibicion en

el crecimiento de la raiz primaria, no asi la formacion de raices laterales (Lépez-
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Bucio et al., 2002; Forde y Walch-Liu, 2009). En este estudio, los efectos de
represion del desarrollo observados fueron en ambos procesos a la vez,
descartando con esto que las plantas presenten esta respuesta por una deficiencia
de nutrientes, los resultados contrastan también con trabajos previos en donde
sugieren que las plantas responden al espacio en que crecen, mas que a la
cantidad de individuos que tengan a su alrededor (Schenk, 2006). Debido a que
las plantas no tienen un contacto fisico, este experimento también sugiere que la
regulacion del desarrollo puede estar mediada por compuestos volatiles. Algunos
reportes sugieren que en especies como Trifolium glomerata y Dactilus pratense
(Kigathi et al., 2013) la interferencia ocasionada por compuestos quimicos entre
las plantas altera las relaciones entre la densidad y el crecimiento vegetal
(Weidenhamer et al. 1989; Sinkkonen, 2001).

Los analisis del sistema radicular mostraron una disminucién en el nimero
de raices laterales de manera dependiente de la densidad poblacional, por lo que
analizamos si tal fenomeno se debia a la formacion de novo de primordios de
raices laterales o a una inhibicidn en la maduracién de los primordios existentes
de manera normal en las plantas. Los resultados obtenidos indicaron que en alta
densidad, se observan pocos primordios en todas las etapas de maduraciéon y las
raices laterales emergidas son menos, por lo que al analizar el nimero total de
primordios concluimos que la densidad estd afectando no solo la formacion de
novo debido a una deficiencia en la diferenciacion celular, sino ademas afecta la
maduracién de los primordios ya existentes, sugiriendo que el proceso de division
celular podria encontrarse afectado en alta densidad. Debido a que la divisiéon
celular es un proceso modulado por auxinas, se analizo el efecto de la densidad
poblacional sobre la expresion de la linea reportera DR5:GFP (Ottenschalager et
al., 2003), que permite analizar in vivo la expresion de la proteina verde
fluorescente y de esta forma, la acumulacion de auxinas en tejidos especificos de
la raiz. El andlisis mostr6é que la densidad poblacional permitié la acumulacién de
auxinas en la zona meristematica y de la cofia de la raiz, sugiriendo que la
cantidad de auxinas podria ser menor en alta densidad (Cap. I, Fig. 6). También,

el analisis anterior indicé que el transporte polar puede estar afectado debido a la
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pérdida de expresion en el estele de la raiz. Para probar esto, se analiz6 la linea
transgénica PIN1::PIN1:GFP (Benkova et al., 2003), que permite determinar en las
células, la expresion especifica del transportador de eflujo de auxinas, PIN1. Se
observé que dicho transportador se encuentra en cantidades significativamente
menores en alta densidad (Cap. I, Fig. 6). Los resultados anteriores, ponen en
evidencia que la expresion de PIN1 se encuentra regulada por las cantidades de
auxinas y no por el transporte de éstas, de manera dependiente de la densidad
poblacional. Con todo lo anterior se confirma que la densidad poblacional regula
procesos del desarrollo radicular de A. thaliana de manera dependiente de la
sefalizacion de auxinas.

A la fecha existe un gran nimero de mutantes de Arabidopsis afectadas en
el transporte o la sefalizacién de auxinas, que se caracterizan por su resistencia o
sensibilidad a la induccién de los procesos regulados por auxinas. En nuestro
grupo de trabajo, Raya-Gonzalez et al. (2014) describieron que la mutante pftl-2
presentaba un crecimiento mayor que el ecotipo silvestre Col-0, y una
hipersensibilidad a bajas concentraciones de auxinas. Los autores sugirieron que
PFT1 podria estar involucrado en el transporte de auxinas, mediando la regulacion
transcripcional y distribucion de PIN1. Por estos antecedentes se decidio analizar
a la mutante pftl-2 en los tratamientos de densidad poblacional. Los resultados
indicaron que pftl-2 presenta resistencia al efecto de la densidad poblacional, atn
en la densidad de 32 individuos, tanto en el crecimiento de la raiz primaria, como
en el numero y densidad de raices laterales (Cap. I, Fig. 7). Esto sugiere que
PFT1 podria estar participando directamente en la regulaciéon de la arquitectura
radicular de A. thaliana (crecimiento de la raiz primaria y formacion de raices
laterales) de manera dependiente de la densidad poblacional. En conjunto
nuestros resultados de la interacciéon planta-planta, sugieren que el mecanismo de
sefalizacion en respuesta a la densidad poblacional involucra varias vias: una
induccion mediada por la percepcion de compuestos volatiles y mecanismos de
respuesta que incluyen la sefalizacion de auxinas, en donde participan
especificamente el transportador de eflujo PIN1 y la subunidad del complejo
mediador PFT1/MED25 (Fig. 17).
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Dentro de las interacciones ecoldgicas, una de las respuestas mejor
estudiada, es la habilidad que presentan las plantas para responder a zonas del
suelo ricas o deficientes en nutrientes mediante la proliferacion de raices. Desde
hace décadas, es objeto de investigaciébn conocer los requerimientos de cada
especie vegetal que permitan su cultivo con una mayor facilidad, mejorando la
produccion de biomasa y rendimiento final, principalmente en especies de
importancia econdmica. En el campo de la investigacion, también ha sido
importante determinar los requerimientos nutricionales de los vegetales para
facilitar su estudio (Murashige y Skoog, 1962).

Dentro de los micronutrientes esenciales, uno de los principales requeridos
por las plantas es el hierro; este metal es necesario para el crecimiento vegetal ya
que participa tanto en la fotosintesis como en la cadena respiratoria, y es ademas
importante para el consumo humano debido a que es adquirido por medio de las
plantas. El hierro presenta una solubilidad limitada en la mayoria de los suelos, y
debido a esto hay cantidades poco accesibles en la rizosfera. Las plantas han
adquirido estrategias de adaptacion para una mejor adquisicion de Fe: la primera
denominada Estrategia |, es utilizada por plantas dicotiledoneas, como Arabidopsis
y se basa en la reduccion de Fe al exterior de la raiz para posteriormente
adquirirlo en forma asimilable (Hindt y Guerinot, 2012).

Algunos reportes muestran que las condiciones de deficiencia de hierro
pueden inducirse utilizando compuestos quelantes en el medio de cultivo
(Stookey, 1970). La ferrozina (3-(2-piridil)-5,6-bi(acido 4-fenilsulfonico)-1,3,4-
triazina) es el compuesto quelante mas utilizado durante los dltimos afios para
inducir en las plantas respuestas a la deficiencia de hierro entre las que se
incluyen clorosis del follaje e inhibicion del crecimiento radicular (Valencia-Cantero
et al., 2007; Long et al., 2010; Zhang et al., 2015).

Para caracterizar el efecto de la disponibilidad de hierro sobre el
crecimiento y desarrollo de A. thaliana se utilizaron semillas del ecotipo Columbia
0 en condiciones de distinta disponibilidad de hierro utilizando a la ferrozina (Fzn).
Se observo que de manera dependiente de la deficiencia de hierro, las plantas

presentan una disminucion en la produccion de biomasa y clorofila, mientras que
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el sistema radicular presenta una inhibicion del crecimiento de la raiz primaria y un
aumento en el numero de raices laterales. Esto sugiere que la disponibilidad de
hierro es una caracteristica limitante durante el crecimiento del sistema radicular
de Arabidopsis thaliana.

Los microorganismos que se asocian a la rizosfera, pueden mejorar el
crecimiento de las plantas a través de la suplementaciéon del Fe necesario para el
crecimiento y la fotosintesis (Masalha et al., 2000; Rroco et al., 2003). Se han
sugerido algunos mecanismos por los que las poblaciones microbianas
incrementan la disponibilidad de Fe, incluyendo secrecidon de sideroforos
bacterianos que movilizan el Fe del suelo a las raices (Masalha et al., 2000; Rroco
et al., 2003), o la transferencia de electrones de su metabolismo para procesos de
reduccion de Fe (Lovely, 1991), que es la caracteristica de las llamadas bacterias
ferrirreductoras entre las que se encuentran algunas especies de Bacillus,
Arthrobacter, Clostridium y Pseudomonas (Lovley, 1993; Ottow y Glathe, 1971).

A. agilis UMCV2 es una bacteria Gram positiva, encontrada cominmente en
el suelo, es aerobia obligada, con forma de bacilo durante la fase de crecimiento
exponencial y de coco durante la fase estacionaria. En nuestro grupo de trabajo,
Valencia-Cantero et al. (2007) aislaron una cepa de A. agilis (UMCV2) que al ser
inoculadas en P. wvulgaris promueven el crecimiento vegetal. En trabajos
posteriores se reportd que cultivos de A. agilis UMCV2 producen compuestos
volatiles como la N-N, dimetil hexadecilamina, y que ésta participa en la activacion
de mecanismos de respuesta a estrés por deficiencia de Fe en plantas de M.
truncatula y S. bicolor, incluyendo la acidificacién del medio y la modulacion de la
expresion de genes relacionados a adquisicion de hierro (genes FRO), lo que
facilita la captacion de Fe por las raices y su distribucion al sistema aéreo para
usarse en procesos como la fotosintesis (Velazquez-Becerra et al., 2011; Orozco-
Mosqueda et al.,, 2013; Castulo-Rubio et al., 2015). Estos estudios son los
primeros en tratar de dilucidar como se lleva a cabo la modulacion de la
acidificacion de la rizosfera y la actividad vegetal ferrireductora mediada por

compuestos bacterianos volatiles plenamente identificados.
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Para entender el papel in vivo de la interaccion de los compuestos volatiles
de A. agilis UMCV2 en interaccion con A. thaliana crecidas en distinta
disponibilidad de hierro, en este trabajo exploramos genéticamente la participacion
de los VOCs producidos por A. agilis UMCV2 en el crecimiento y desarrollo
vegetal. Para ello utilizamos un sistema de inoculacion in vitro en cajas Petri
divididas que permitieron Unicamente una interaccion via compuestos volatiles de
la cepa UMCV2 con el ecotipo silvestre Col-0 y las mutantes pyel y btsl afectadas
en estos genes (Long et al., 2010; Rampey et al., 2006). Analizamos la produccién
de biomasa, clorofila y cambios en la arquitectura del sistema radicular tanto en
condiciones oOptimas de hierro como en deficiencia de éste. Se encontré6 que en
condiciones control, la biomasa total y la produccion de clorofila incrementan en
plantas co-cultivadas con A. agilis UMCV2 (Cap. IV, Fig. 2), esto correlaciona con
un incremento en el crecimiento de la raiz primaria y en la produccion de raices
laterales, dependiente de la participacion de BTS, ya que la mutante bts1 al crecer
en co-inoculacion con A. agilis UMCV2 no present6 la estimulacion del crecimiento
en ninguno de los parametros utilizados (Cap. IV, Fig. 5). Resulta relevante
observar que la inoculacion con UMCV2 no estimula los parametros analizados en
condiciones de deficiencia de hierro, lo que sugiere que el efecto promotor de los
compuestos volatiles de A. agilis UMCV2 esta ligado a la disponibilidad de hierro
en que se encuentran las plantas (Cap. IV, Figs. 2, 5).

Nuestros resultados concuerdan con reportes previos, donde utilizando los
sistemas de interaccién Arabidopsis-B. subtilis GB03, M. truncatula-S. melioti, N.
tabacum-P. fluorescens SS101 y S. lycopersicum-B. subtilis SYST2, se habia
sugerido que la interaccion de los compuestos volatiles producidos por los
organismos bacterianos tienen la capacidad de modular el crecimiento en plantas
a través de la regulacion de mecanismos como la fotosintesis y la expresion de
genes de respuesta a la deficiencia de hierro (Xie et al., 2009; Orozco-Mosqueda
et al., 2013; Park et al., 2015; Tahir et al., 2017).

Para explorar mas a fondo el mecanismo por el cual Arabidopsis responde
a los compuestos volatiles de A. agilis UMCV2, analizamos la expresion de los

genes reporteros ProPYE:GFP y ProBTS:GFP, que son inducibles en deficiencia

101



de hierro (Long et al., 2010). De manera interesante, observamos un aumento en
la fluorescencia en las puntas de la raiz en los tratamientos en interaccion con los
compuestos volatiles de A. agilis UMCV2 desde condiciones control, lo que indica
la activacion de la ruta de sefalizacion que involucra a PYE y BTS (Cap. IV, Figs.
3, 4). Durante los ultimos afios, unos pocos trabajos han reportado que algunos
microorganismos tienen la capacidad de inducir la activacion de respuestas a la
deficiencia de hierro como la actividad reductasa, la acidificacion de la rizosfera y
la expresion de los genes asociados a estas respuestas (Zhang et al., 2009;
Orozco-Mosqueda et al., 2013; Castulo-Rubio et al., 2015; Montejano-Ramirez et
al., 2018; Zhou et al., 2018). Nuestros resultados sugieren que los compuestos
volatiles de A. agilis UMCV2 pueden modular los mecanismos de respuesta a la
deficiencia de hierro y con ello inducir una regulacién del crecimiento vegetal, esto
sugiere que puede existir una comunicacion entre organismos de distintos reinos y
ésta puede ser una caracteristica conservada.

Las bacterias tienen la capacidad de producir distintos tipos de compuestos,
en nuestro grupo de trabajo, se identificd que A. agilis UMCV2 produce N,N-dimetil
hexadecilamina (C16-DMA), un lipido de cadena principal de 16 carbonos que
contiene dos grupos metilo unidos a un nitrdgeno en su estructura (Velazquez-
Becerra et al., 2011). Se ha reportado que algunas otras rizobacterias incluyendo
Bacillus, Sinorhizobium y Pseudomonas también lo producen (Liu et al., 2008;
Orozco-Mosqueda et al., 2013; Hernandez-Leon et al., 2015). C16-DMA modula el
crecimiento y desarrollo de varias especies incluyendo A. thaliana donde regula la
produccion de biomasa, clorofila y la arquitectura del sistema radicular (Velazquez-
Becerra et al., 2011; Valencia-Cantero et al., 2015; Castulo-Rubio et al., 2015;
Raya-Gonzélez et al., 2017). Se encontré que en plantas de S. bicolor, C16-DMA
aumenta la expresion de genes FRO (reductasas férricas) en la raiz, lo que
sugiere que C16-DMA tiene un papel importante modulando el estatus nutricional
del hierro (Castulo-Rubio et al., 2015). En este trabajo, nosotros investigamos el
efecto de la C16-DMA sobre la regulacion del crecimiento y desarrollo en A.
thaliana y demostramos que un incremento en las concentraciones de C16-DMA

inhibe el crecimiento de la raiz primaria y los genes PYE y BTS no inducen su
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expresion en presencia de este compuesto, lo que excluye su participacion en esta
respuesta. Sin embargo, es importante mencionar que encontramos que BTS si
participa durante la formacién de raices laterales, lo que sugiere que C16-DMA
regula programas de desarrollo radicular especificos.

Un tercer componente caracterizado en respuesta a la deficiencia de hierro
es ILR3 (IAA-LEUCINE RESISTANT 3), gen que codifica para el factor
transcripcional bHLH105, miembro de la familia bHLH (basic Helix-Loop-Helix)
(Rampey et al., 2006). Las proteinas bHLH comunmente forman homodimeros o
heterodimeros que interactian regulando genes blanco (Littlewood y Evan, 1998;
Toledo-Ortiz et al., 2003). Se ha sugerido que ILR3 actia como intermediario
uniéndose directamente a BTS o PYE, teniendo un papel importante mediando la
sensibilidad a auxinas inducida por hierro en la raiz de Arabidopsis (Rampey et al.,
2006; Long et al., 2010; Zhang et al., 2015). Nosotros observamos que la mutante
con ganancia de funcion ilr3-1, participa en respuesta a la C16-DMA. Resultd
interesante que la respuesta caracteristica de resistencia a la inhibicién del
crecimiento en condiciones de deficiencia de hierro que presenta esta mutante, se
disminuy6 en presencia de C16-DMA, sugiriendo que el efecto de este compuesto
y la sefalizacion de hierro podrian estar convergiendo en ILR3 para la regulacion
del crecimiento de la raiz primaria. En conjunto, nuestros resultados nos permiten
sugerir que C16-DMA actla a través de genes blanco, especificos para regular el
desarrollo radicular.

La modificacion del crecimiento vegetal en respuesta a la disponibilidad
espacial y temporal de nutrientes involucra genes que participan en diversos
procesos del desarrollo, incluyendo estrategias para una mejor adquisicion y
mantenimiento de la homeostasis celular de los mismos. Las cepas bacterianas
gue modifican la capacidad vegetal de asimilacion de nutrientes y estimulan los
procesos del desarrollo de las plantas, tienen un potencial poco explorado que
podria representar una alternativa biotecnologica durante el cultivo de especies de
importancia economica. Los resultados obtenidos de este trabajo muestran el
papel de los compuestos volatiles de A. agilis UMCV2 en la modulacion de

programas del desarrollo de A. thaliana, sugiriendo la existencia de una regulacién
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muy especifica en la comunicacion entre organismos de diferentes reinos. Las
respuestas a los VOCs en condiciones de distinta disponibilidad de hierro indican
niveles de regulacion complejos. La produccion de compuestos volatiles
bacterianos especificos podria estas asociada a la regulacién de procesos del
desarrollo vegetal especificos, lo que sugiere que la manipulacion de cepas
bacterianas como A. agilis UMCV2, asi como de los compuestos volatiles que
produce, podria llevar a importantes aplicaciones en biotecnologia agricola para
mejorar la captacion de agua y nutrientes minerales en las plantas.

Con el presente trabajo, se propone un modelo del impacto de las
interacciones ecoldgicas planta-planta y planta-microorganismo sobre el
crecimiento y desarrollo de Arabidopsis. En la Figura 17 panel A, podemos
observar que conforme aumenta la densidad poblacional, se presenta una
sefalizacion de compuestos volatiles que lleva a la inhibiciébn de varios procesos
del desarrollo, incluyendo la el crecimiento del sistema radicular y del sistema
aéreo a causa de afectaciones en los procesos de diferenciacion y division celular,
los cuales estan regulados por auxinas. En el panel B se puede observar que
durante la interaccidbn Arabidopsis - A. agilis, la cepa bacteriana produce
compuestos volatiles que estimulan el crecimiento de Arabidopsis con la
participacion de BTS1. Finalmente el en panel C, se observa que la respuesta de
Arabidopsis al compuesto puro C16-DMA, producido por A. agilis UMCV2
involucra la participacion de ILR3.

En conjunto podemos concluir que durante la interaccion A. thaliana-A.
thaliana estimulada por compuestos volatiles, se induce la vias de sefalizacion de
las auxinas; mientras que durante las interacciones A. thaliana-A. agilis UMCV2
estimulada por compuestos volétiles, y A. thaliana-C16 DMA, se induce la
activacion de la via de sefalizacion de respuesta a la deficiencia de hierro.

Como perspectiva queda esclarecer si el mecanismo de induccion del
crecimiento en Arabidopsis estimulado por los compuestos volatiles bacterianos
incluye la percepcion y adquisicion de hierro. Ademas el analisis de la
participacion de subunidades del complejo mediador en las respuestas a

condiciones de estés durante la nutricién férrica; asi como la caracterizacion del
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mantenimiento del nicho de células fuente en el meristemo radicular de

Arabidopsis durante estrés por nutricion férrica.
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Figura 17. Modelo de las interacciones planta-planta y planta microorganismo mediadas por
la percepcién de compuestos voléatiles. A) En baja densidad de individuos, las plantas presentan
un crecimiento 6ptimo, debido a la escaza presencia de compuestos volatiles que modifiquen el
crecimiento; mientras que en alta densidad de individuos se presenta una percepcion de
compuestos volatiles que regulan patrones del desarrollo sincronizando el crecimiento de plantas
vecinas a través de la sefializacion de auxinas. B) Durante la interaccion planta-microorganismo
mediada por la totalidad de los compuestos volatiles de A. agilis UMCV2, se estimula el crecimiento
y desarrollo de Arabidopsis por un mecanismo regulado por BTS1 y PYEL. C) Las respuestas de
Arabidopsis durante la interaccion con C16-DMA, estd regulada por ILR3, la mutante ilr3-1

presenta hipersensibilidad al compuesto.
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Introduction

Summary

e Plants interact with root microbes via chemical signaling, which modulates competence or
symbiosis. Although several volatile organic compounds (VOCs) from fungi may affect plant
growth and development, the signal transduction pathways mediating VOC sensing are not
fully understood.

* 6-pentyl-2H-pyran-2-one (6-PP) is a major VOC biosynthesized by Trichoderma spp.
which is probably involved in plant-fungus cross-kingdom signaling. Using microscopy and
confocal imaging, the effects of 6-PP on root morphogenesis were found to be correlated
with DR5:GFP, DR5:VENUS, H2B::GFP, PIN1::PIN1::GFP, PIN2::PIN2::GFP, PIN3::PIN3::GFP
and PIN7::PIN7::GFP gene expression. A genetic screen for primary root growth resistance to
6-PP in wild-type seedlings and auxin- and ethylene-related mutants allowed identification of
genes controlling root architectural responses to this metabolite.

e Trichoderma atroviride produced 6-PP, which promoted plant growth and regulated root
architecture, inhibiting primary root growth and inducing lateral root formation. 6-PP modulated
expression of PIN auxin-transport proteins in a specific and dose-dependent manner in primary
roots. TIR1, AFB2 and AFB3 auxin receptors and ARF7 and ARF19 transcription factors influ-
enced the lateral root response to 6-PP, whereas E/IN2 modulated 6-PP sensing in primary roots.
* These results indicate that root responses to 6-PP involve components of auxin transport
and signaling and the ethylene-response modulator £/N2.

2011; Harman, 2011; Studholme eral, 2013; Martinez-
Medina eral, 2014; Percira etal., 2014; Rubio eral, 2014).

Providing healthy food sources, grains, fuels and fiber to an
ever-increasing global population is one of the greatest chal-
lenges of this century. New techniques and products are
needed for sustainable crop productivity withour damaging
soil and water resources. The Trichoderma genus includes
species that naturally associate with plant roots and are con-
sidered highly versatile beneficial fungi (Harman eral, 2004:
Harman, 2011; Mukherjee eral, 2013). Among their various
attributes, Trichoderma spp. benefir agricultural acrividies, act-
ing as biofungicides and in bioremediation of soils contami-
nated with metals or chemical wastes, and eliciting plant
development and defense (Chang eral, 1986; Bjorkman eral,
1998; Bjorkman, 2004; Vargas eral, 2009; Velizquez-
Robledo eral, 2011; Samolski eral, 2012; Pereira etal.,
2014; Zhao etal., 2014). These fungi produce plant growth-
promoting compounds, which have the capacity to increase
photosynthesis and biomass production and to clicit develop-
mental programs via regulation of gene expression (Chacén
etal, 2007; Shoresh & Harman, 2008; Vargas etal, 2009,

1496  New Phytologist (2016) 209: 14961512
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Trichoderma virens and Trichoderma atroviride produce the
auxins indole-3-acetic acid (IAA), indole-3-cthanol (IET),
indole-3-acetaldehyde  (IALD) and indole-3-carboxaldehyde
(ICALD). These compounds stimulate cell division, elongation
and/or differentiation processes, ultimately increasing the growth
and yield of the plant host (Contreras-Cornejo eral, 2009,
2011). The role of auxins from Trichoderma in plant morphogen-
esis was investigated in dewail in Arabidopsis thaliana by Contr-
eras-Cornejo eral. (2009). Fungal colonization of A. rhaliana
roots induced the expression of the auxin-inducible gene marker
DR5:uidA and increased development of lateral roots and root
hairs. It was found that mutations in genes involved in auxin
transport or signaling, including AUXI, BIG, EIRI and AXRI,
reduced the beneficial effects of Trichoderma on biomass produc-
tion and root branching. Interestingly, supplementation of A.
thaliana scedlings with all identified Tvichoderma auxins showed
a dose-dependent effect on biomass production, increasing yield
in small amounts (nM range) but repressing growth at higher
concentrations (mM range). In particular, application of ICALD
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inhibited primary root growth, induced adventitious root forma-
tion and increased the camalexin concentration in leaves, thus
suggesting a possible connection of auxin signaling with defense
and development (Contreras-Cornejo eral, 2011). Recent
research has further highlighted the critical role of auxin produc-
tion by Trichoderma in phystostimulation not only under stan-
dard growth conditions but also under stress imposed by abiotic
factors (Mastouri eral., 2010, 2012; Rawat eral, 2013, Contr-
eras-Cornejo et al., 2014a; Hashem et al., 2014).

The relationship between fungal produced auxins and root
developmental programs clicited by 7richoderma was found to
depend on mitogen activated protein kinase (MAPK) signaling
(Contreras-Cornejo etal., 2015). Co-cultivation of A. thaliana
roots with 7. atroviride modulated lateral root growth and root
hair formation and increased MPKG activity, these effects proba-
bly being dependent on ethylene (ET) and auxin signaling. It was
also found that ET, IAA and TALD produced by the fungus
induced MPKG activity, while auxin-inducible DR5:uidA gene
expression was concomitantly enhanced in A. thaliana mutants
defective in the CONSTITUTIVE TRIPLE RESPONSE 1
(CTRI) protein, a negative regulator of the ethylene response
pathway, which is thought to function as a MAPK kinase kinase.
Detailed analysis of root hair and lateral root responses to
T. atroviride in A. thaliana wild-type (WT) secedlings and
ethylene-related mutants etrl, ein2 and ein3 showed that the
effect of ET on root morphogenesis was apparentdy mediated by
auxin-ethylene crosstalk involving MPKG6, which fine-tunes
seedling growth and development in response to Trichoderma
(Contreras-Cornejo eral,, 2015). As a consequence, MPKG6, and
its MAP kinase associated cascade, probably involving CTR1 and
other components still to be identified, seems to be a regulation
node to maintain and/or amplify the hormonal effects underlying
plant development and/or defense.

The production of bioactive metabolites in Trichoderma spp. is
strain-dependent and, along with auxins, these metabolites
include volatile and nonvolatile substances such as sesquiterpenes,
G6-pentyl-2 H-pyran-2-one (6-PP), gliotoxin, viridin, harzianopy-
ridone, harziandione and pepraibols (Reino eral, 2008; Vinale
et al., 2008). Exposure of A. thaliana seedlings to volatile organic
compound (VOC) blends emitted by Trichoderma increased root
branching and biomass production and accelerated flowering
(Hung eral., 2013; Contreras-Corncjo et al., 2014b). Harziano-
lide and 6-PP promoted growth of pea (Pisum sativum) stems
and tomato (Lycopersicum esculentum) and canola (Brassica napus)
seedlings. Tomato plants sprayed with 6-PP had increased
biomass and a highly branched root system, which may account
for improved water and nutrient acquisition (Vinale et al., 2008).
These findings suggest that some Trichoderma metabolites may
be interpreted by plants as transkingdom signals to modulate
plant morphogenesis, but, currently, little is known about the cel-
lular, genetic and molecular mechanisms by which plants sense
these fungal metabolites.

Because 6-PP is involved in many developmental processes of
fungal growth and has emerged as a plant bioactive metabolite
(Vinale eral, 2008), it is important to uncover molecular com-
ponents specific to root architecture remodeling and their
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relationship with plant genetic programs. Here, we show that
Trichoderma atroviride produces 6-PP, whose concentrations
increase in co-cultivation with A. thaliana seedling. Supplying A.
thaliana seedlings with 6-PP enhanced shoot and root biomass
production in a dose-dependent manner and improved root
branching and root hair growth. 6-PP did not induce an auxin or
ethylene response in primary root tips or aerial plant parts, but
increased auxin responsiveness in lateral root primordia and dif-
ferentially modulated expression of auxin transporters PINT,
PIN2, PIN3 and PIN7. A genetic screen for 6-PP resistance
established that this compound required auxin receprors TIR1,
AFB2 and AFB3 and downstream transcription factors ARF7
and ARF19 to stimulate lateral root development. Intriguingly,
strong primary root growth resistance to 6-PP was conferred by a
loss-of-function mutant of the ethylene response regulator EIN2,
which indicates that root response to 6-PP did not occur consti-
wtively in all tissues but rather showed clear preference for speci-
fic root tissucs and signaling components. The plant response to
6-PP further uncovered the contribution of a specific component
in the ethylene pathway in root architectural remodeling and
highlights the complex network of signaling molecules involved
in the fungal-plant interaction.

Materials and Methods

Plant material and growth conditions

Arabidopsis thaliana (L., Heynh.) Columbia (Col-0) ccotype, the
transgenic A. thaliana lines DR5:GFP (Ouenschliger eral.,
2003), DR5:VENUS (Brunoud eral, 2012); H2B:RFP (Bois-
nard-Lorig eral, 2001); CycBl:uidA (Colon-Carmona eral,
1999); PINI:PIN1:GFP (Benkova etal, 2003), PIN2:PIN2:
GFP (Blilou etal., 2005), PIN3:PIN3::GEP (Zidnikova eral.,
2010) and PIN7::PIN7::GFP (Blilou et al., 2005) and the mutant
lines axrl-3 (Lincoln et al., 1990), auxl-7 (Picket eral., 1990),
tirl/afb2/afb3 (Parry et al., 2009), arf7-1/arfl19-1 (Wilmoth et al.,
2005), eirl (Roman eral, 1995), etrl (Hua & Meyerowitz,
1998), ein2 (Guzman & Ecker, 1990), and ein3 (Chao eral.,
1997) were used for the different experiments. Seeds were sur-
face-sterilized with 95% (v/v) cthanol for 5 min and 20% (v/v)
bleach for 7 min. After five washes in distilled water, seeds were
germinated and grown on agar plates contining 0.2 x
Murashige and Skoog (MS) medium (Murashige and Skoog
basal salts mixture). The MS medium was purchased from Sigma.
Phytagar (commercial grade) was purchased from Gibco-BRL
(Grand Island, NY, USA). Plates were placed vertically at an
angle of 65° to allow root growth along the agar surface and
unimpeded aerial growth of the hypocotyls. Plants were placed in
a plant growth chamber (Percival AR-95L; Percival Scientific,
Perry, 1A, USA), with a photoperiod of 16 h: 8 h, light: dark, a
light intensity of 300 gmol m? s ™', and a temperature of 22°C.

Fungal growth and plant inoculation experiments

Trichoderma  atroviride  Karsten  (formerly  Tvichoderma
harzianum) IMI 206040 was used. An inoculum of 1 x 10°
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spores was placed at 5 cm from A. thaliana primary roots germi-
nated and grown for 4d on agar plates containing 0.2 x MS
medium. The plates, which included 10 A. thaliana scedlings
cach, were arranged in a completely randomized design in a Per-
cival AR95L growth chamber. After 3 and 5 d of co-cultivation,
determinations of 6-PP accumulation and plant growth were per-

formed.

Effect of 6-PP on plant growth and development

6-PP (purchased from Sigma) was dissolved in ethanol. To inves-
tigate whether 6-PP could have an cffect on A. thaliana growth,
the compound was supplied at different doses (0, 50, 75, 100,
125, 150, 175 and 200 uM) to the plant growth medium. In
control conditions (‘C’ in most figure panels), we added an
cethanol volume equal to that present in the highest compound
concentration. Petri plates containing 30 plants under different
treatments were placed in a Percival AR9SL growth chamber for
10 d to estimate biomass production.

Arabidopsis thaliana root system and primary root (PR) meris-
tem integrity were analyzed with a stereoscopic microscope (Leica
MZ6; Leica Microsystems, Wertzlar, Germany). All lateral roots
(LRs) that emerged from the PR were counted at x 30 magnifica-
tion. Images were taken with a Samsung SCC 131-A digital color
camera adapted to the microscope and processed with the Zeiss
Ax10 VisioN 4AC software (Carl Zeiss). PR length was measured
for each root using a ruler. LR density was determined by divid-
ing the LR number by the PR length for each seedling analyzed.

Propidium iodide staining and GFP, VENUS and RFP
detection

For confocal microscopy, solvent- or 6-PP-treated transgenic
A. thaliana seedlings were transferred from the growth medium
t 10mgml ' propidium iodide solution for 1 min. Seedlings
were rinsed in water and mounted in 50% (v/v) glycerol on
microscope slides. Each sample was analyzed separately for
propidium iodide (with a 568-nm wavelength argon laser for
excitation, and an emission window of 585-610 nm) and GFP,
VENUS or RFP fluorescence (488 nm excitation/505-550 nm
emission, 514 nm excitation/527 nm emission, and 532 nm exci-
tation/588 nm emission, respectively), using a confocal micro-
scope (Olympus FV1000; Olympus Corp., Tokyo, Japan), after
which the two micrographs were merged to produce a final
image. Fifteen independent seedlings were analyzed per line,
and treatment representative images were selected for figure
construction.

Determination of developmental stages of lateral root
primordia

Lateral root primordia (LRPs) were quantified 6 d after germina-
tion. Seedling roots were first cleared to enable LRPs at early
stages of development to be visualized and counted. Each LRP
was classified according to its stage of development as reported by
Malamy & Benfey (1997). The developmental stages are as
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follows. Stage I: LRP initiation (in the longitudinal plane,
approximately cight to 10 ‘short’ pericycle cells are formed).
Stage IlI: the LRP is divided into two layers by a periclinal divi-
sion. Stage I1I: the outer layer of the primordium divides pericli-
nally, generating a three-layer primordium. Stage IV: an LRP
with four cell layers. Stage V: the LRP is midway through the
parent cortex. Stage VI: the LRP has passed through the parent
cortex layer and has penetrated the epidermis. It begins to resem-
ble the mature root tip. Stage VII: the LRP appears to be just
about to emerge from the parent root.

Analysis of VOCs and 6-PP determinations

The VOC:s released by 7 atroviride were analyzed in Petri dishes
containing 0.2 x MS medium with a solid-phase microextraction
(SPME) technique and GC-MS. The compounds were collected
for 1 h with a blue SPME fiber (PDMS/DVB; Supelco Inc., Bel-
lafonte, PA, USA) and desorbed ar 180°C for 30 s in the injector
port of a gas chromatograph (Agilent 7890B; Agilent, Foster
City, CA, USA), equipped with an MS detector (5977A; Agilent)
and Mass Hunter Workstation Software (Agilent Technologies,
Santa Clara, CA, USA) for data acquisition and processing. A
free  faty acid-phase  capillary  column  (HP-FFAP)
(30 m x 0.25 mm 1D; film thickness 0.25 pm) was used. In the
operating conditions, helium was used as the carrier gas
(Imlmin ') and the detector temperature was 250°C. The
column was held for 1 min at 60°C, and then programmed to
rise at a rate of 3°Cmin~' to a final emperature of 180°C,
which was maintained for 1 min. Three independent determina-
tions were made. The mass fragments were analyzed using elec-
tron impact ionization at 70 ¢V and a scan rate of 1.9 scans™ .
Fragments were read from 40 to 450 Da, and darta were evaluated
using total ion count (TIC). The chromatograms of the cluted
compounds were deconvoluted and their mass spectra matched
with those of the NIST 11 mass spectral database.

The identification of 6-PP was performed by comparing reten-
tion time (Rt) and the mass spectra from an authentic standard
with those obrained in the sample. To estimate the amount of 6-
PP produced by 7. atroviride from 3 and 5 d of growth and dur-
ing the interaction 7. atroviride-A. thaliana, we constructed an
external calibration curve using a 6-PP standard following a simi-
lar method to that established by Polizzi et al. (2011). A diluted
solution of 6-PP in ethanol was prepared. Petri dishes were filled
with 0.2 x MS medium; upon cooling of the agar, a piece of foil
(1 ecm?) was placed on the top with different concentrations
(10 uM 1o 10 mM) of 6-PP. The Petri plates were immediately
closed and scaled with parafilm and analyzed under the same con-
ditions as used for the fungal samples. A good linearity of the cal-
ibration curve (= 0.999) was found.

Data analyses

For all experiments with WT and mutant lines, the overall data
were statistically analyzed using spss 10 Software (IBM Corp.,
Endicott, NY, USA). Univariate and multivariate analyses with
Tukey's post hoc test were used to assess the significance of
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differences in growth and root development responses. Different
letters are used to indicate means that differ significantdy
(P<0.05). GFP fluorescence in primary root tips was quantified
by determining the green pixels present in an area comprised of
the first 20 cells upward from the quiescent center, using the
IMAGE] software (heep://rsbweb.nih.gov/ij/), in 15 micrographs
per line and treatment. We then obrained an arbitrary unit value
(AU = green pixels um ) for cach individual, and means were
obtained from whole data sets. AU means for control conditions
were given a value of 1, and those for 6-PP treatments were
adjusted relative to these, and are thus referred to in figures as rel-
ative uorescence. DRS5:GFP fluorescence in LR formation zones
was quantified similarly, excepr that the area measured comprised
the whole micrographs and statistics for these were omitted
because of technical difficulties in obtaining images on the same

focal planc.

Results

6-PP is the most abundant compound within the VOC
profile of T. atroviride

Previous reports have shown the VOC profile from 7. atroviride
grown in potato dextrose agar (PDA), malt extract agar (MEA),
or biomalt medium (BM) (Keszler ez al., 2000; Stoppacher et al.,
20105 Siddiquee et al., 2012; Jelen eral., 2014; Lee et al., 2015).
All this research identified the compound 6-PP within the corre-
sponding VOC profile. To assess the possible roles of 6-PP dur-
ing the interaction of 7. atroviride with plants, in this study we
analyzed the VOCs emitted from 7. arroviride in fungal colonies
grown for 5d in Petri plates supplied with 0.2 x MS agar solidi-
fied medium. This medium was chosen because it is commonly
used for A. thaliana growth and the cffects of 6-PP on plants

Table 1 Volatile organic compounds produced by Trichoderma atroviride
after 5 d of growth in 0.2 x MS medium, analyzed by solid-phase microex-
traction (SPME)-GC-MS

Normalized amount of

Compound volatile compound (%)
1,3-Octadiene 1244017
2-Heptanone 7.17+0.83
3-Octanone 1144117
2-Nonanone 1.11£0.08
3-Octanol 1.08 £0.05
1-Octen-3-ol 6.82+2.15
a-Bergamotene 5.51+0.11
2-Undecanone 1.72+£0.13
3-Methyl-1-octene 0.88 £ 0.04
[B-Sesquiphellandrene 1.49+0.15
Unknown (a 204 mw sesquiterpene) 0.86 +0.08
Unknown (a 204 mw sesquiterpene) 1.71+0.18
Unknown (a 204 mw sesquiterpene) 1.07 +£0.09
6-Pentyl-2H-pyran-2-one (6-PP) 57.94 +2.70

Compounds were tentatively identified on the basis of NIST 11 MS
Spectral library searches. Mean values + SE of the sum of three
independent determinations are given.
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could then be evaluated. Table 1 shows that 6-PP is the major
compound within the VOC profile (57.94%) from 7. atroviride.
This compound is an alkyl lactone, with an unsaturated six-
membered ring containing one oxygen atom and a ketone func-
tonal group. The isomer found in 7. atroviride according to
GC-MS analysis is denoted 2-pyrone, with an alkyl group at the
G-position (Fig. 1a). The identification of 6-PP was made by
comparison of the Re (37.21 min) and mass spectra of a standard
(Fig. 1b) with those obrained from 7. atroviride colonics
(Fig. 10).

To determine whether plant interaction could affect 6-PP pro-
duction by the fungus, we next estimated 6-PP amounts in the
plates containing single 7. atroviride colonies and at 3 and 5 d of
direct interaction with A. thaliana seedlings. It was observed that
6-PP emission increased with time (Fig. 1d). Interestingly, at 5d
of interaction with plants, when fungi had physical contact with
the root system, the emission of the compound increased by 40%
compared with the level recorded for single colonies (Fig. 1d). At
this stage, an induction of root branching by 7. atroviride was
evident (Fig. 1¢), indicating the possible participation of 6-PP in
the lateral roor formation process.

6-PP increases biomass production, root branching and
root hair development in A. thaliana seedlings

To investigate the plant growth-regulating activity of 6-PP, we
tested the effects of increasing, low micromolar doses of this
compound in A. thaliana (Col-0) secdlings, germinated and
grown on Petri plates containing agar-solidified 0.2 x MS
medium. The seedlings were treated with ethanol (control treat-
ment) or with 50-200 uM 6-PP dissolved in ethanol. After 10d
of growth in medium supplied with 50-175uM 6-PP, a
roughly two-fold increase in shoot, root and total plant biomass
was observed (Fig. 2a-c). By contrast, the greatest concentration
(200 uM) of the compound did not increase biomass accumula-
tion (Fig. 2a-c). Representative photographs of plates illustrat-
ing the effects of 6-PP are shown in Fig 2(d-g) and
photographs of individual plants are provided in Supporting
Information Fig. S1. It is noteworthy that 6-PP treatments
increased both lateral root number and density in a dose-
dependent manner, while an inhibition of primary root growth
was observed from 125 uM onwards (Fig. 3a-c). To determine
if the roxic effects of high 6-PP are responsible for primary root
growth inhibition, we analyzed the expression of the vital
marker H2B:REP, which is specifically expressed in the nuclei of
living cells (Boisnard-Lorig ez al, 2001), by confocal microcopy.
Our data indicate that 6-PP did not affect cell integrity in pri-
mary roots, as cells of roots supplied with 200 uM 6-PP did not
show cell damage or an absence or nuclei (Fig. S2a-d). To
investigate the pattern of cell division in response to 6-PP, we
analyzed the expression of CyCBI:uidA, which is expressed only
in cells in the G2/M transition of the cell cycle in the primary
root meristem (Colon-Carmona eral, 1999). Strong primary
root growth inhibition under 150 uM or greater concentrations
of 6-PP correlated with a reduction of GUS expression in the
primary root meristem of CycBl:uidA-expressing seedlings

New Phytologist (2016) 209: 1496-1512
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Fig. 1 Molecular characterization and production of 6-pentyl-2H-pyran-2-one (6-PP) by Trichoderma atroviride IMI 206040. (a) Chemical structure of
6-PP showing the major fragment ions (m/z) of electron ionization mass spectra. (b) Total ion chromatogram and mass spectra from commercial standard

(6-PP; Rt

=37.21 min). (c) Total ion chromatogram of volatile organic compounds (VOCs) from the fungus, indicating the presence of 6-PP at a retention

time (Rt) of 37.21 min. 6-PP was identified by comparison of mass spectra in the NIST 2011 library and those of a commercial standard. (d) Estimation of
6-PP content in T. atroviride and the Arabidopsis thaliana-T. atroviride interaction system. (e) Representative photographs of the fungal colonies at 3 and

5d of growth and during the interaction with plants. Bar, 1 cm.

(Fig. S3a-j).
accompanied by increased root hair formation and elongation,

The 6-PP effects on primary root growth were

but decreased marture trichoblast cell length (Fig. S4a-k), sug-
gesting that high 6-PP concentrations inhibit root growth,
affecting cell division and elongation programs.

We next determined the stages of LRP development affected
by 6-PP by quantifying the number of stage I-VII LRPs originat-
ing from primary roots 6 d after germination (dag) in scedlings
treated with the solvent (control) or 75 or 150 pM 6-PP; this last
treatment strongly increased LR density (Fig. 3c). We found that
the stage distribution of LRPs was clearly modulated by treat-
ment with 6-PP. In particular, LRP stages I-V1, which represent
young LRPs, were significandy decreased in  6-PP-treated
seedlings (Fig. 4a). By contrast, the number of emerged LRs was

2016) 209: 14961512
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increased two- or three-fold by 150 uM 6-PP in seedlings at 4
and 6 dag, respectively (Fig. 4b). The total number of LRPs per
seedling decreased in response to 6-PP treatments (Fig. 4c),
whereas the LRP density decreased (75 pM 6-PP) or did not sig-
nificandy differ (150 yM 6-PP) among rtrearments (Fig. 4d).
These data indicate that 6-PP probably increases LR branching
by inducing the emergence of preformed LRPs from pericycle
cells and accelerating the growth of LRs.

6-PP regulates primary and lateral root development
through auxin signaling

LR development is tightly correlated with auxin signaling
(Fukaki ez al,, 2007). To understand the role played by 6-PP in

2015 The Author
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Fig. 2 Effect of 6-pentyl-2H-pyran-2-one
(6PP) on plant biomass production
Arabidopsis thaliana (Col-0) seedlings were
germinated and grown for 12 d under
increasing 6-PP concentrations. (a) Shoot
biomass. (b) Root biomass. (c) Total biomass.
(d) Representative photographs of seedlings
grown in (d) 0.2 x MS medium supplied with
the solvent or (e) 75, (f) 125, and (g) 175 M
6-PP supplemented media. Photographs
show representative plates; each treatment
included three plates. Data from (a-c) show
the mean -+ SD for three groups of 30
seedlings that were recovered from the
medium, excised at the root-shoot junction,
and weighed using an analytical scale
Different letters represent means statistically
different at the 0.05 level. The experiment
was repeated three times with similar results.
Bar, 1cm

50

root system architecture remodeling and its possible relationship
with auxin signaling, we analyzed the expression of the auxin
responsive marker DR5:GFP in primary root tips, emerging LRs
and LRPs in transgenic A. thaliana seedlings expressing this
75 150 M 6-PP. DR5:GFP

marker and exposed to and

ab

75 100 125
6-PP (uM)

150 175

200

75

100
6-PP (uM)

125

75 100 125

6-PP (UM)

150 175 200

expression did not increase in primary root tips or in emerging
LRs at 75 uM or higher 6-PP concentrations (Fig. Sa-f). How-
ever, an analysis of DR5:GFP expression in stage 1T and V LRPs
showed an enhanced auxin-inducible expression in the vascula-
wure of primary roots and in developing primordia (Fig. 5g-1).
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Fig. 3 6-pentyl-2H-pyran-2-one (6PP) regulates Arabidopsis thaliana root
system architecture. Arabidopsis thaliana (Col-0) seedlings were
germinated and grown for 10 d under increased 6-PP concentrations. (a)
Primary root length. (b) Number of emerged lateral roots. (c) Lateral root
density (number of emerged lateral roots cm'). Values represent the
means of 30 seedlings + SD. Different letters represent means that are
statistically different (P < 0.05). The experiment was repeated three times
with similar results.

Lateral root density

To further analyze possible changes in auxin accumulation and/
or responsiveness in primary root tips caused by 6-PP, a detailed
analysis was conducted in A. rhaliana seedlings expressing DR5:
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or an auxin
(NPA)),

which represses root growth, or with increasing 6-PP concentra-

VENUS twreated with a concentration of auxin (IAA),
transport inhibitor (/N-(1-naphthyl)phthalamic acid
tions, As expected, both 1AA and NPA treatments increased the
auxin maximum domains in primary root tips, whereas only the
highest 6-PP concentrations tested (175 and 200 pM) produced
S5a-i).
data indicate that 6-PP did not induce auxin Auumul.mnn and/

These

\hghl]\ decreased DRS5 expression in roor tips (Fig

Or responsce Il1 prlmury root [II\\ l)lll IH\,'IACLL\L'(I [IK' -lllxl” ru\pon\c

ly stages of LR development.

6-PP modulates the expression and distribution of auxin
transporters in primary roots

Auxin is transported through the PIN family of proteins, which
are expressed in a tissue-specific manner (Vieten eral, 2005). To
test whether 6-PP could regulate primary root growth and/or LR
formation through differential expression of the PIN family of
auxin transporters, we analyzed the pattern of PIN1, PIN2, PIN3
and PIN7 localization in primary roots and LRPs of seedlings
expressing PINI:PIN1:GFP, PIN2:PIN2:GFP, PIN3::PIN3::
GFPand PIN7:PIN7::GFP. In seedlings grown in medium lack-
ing 6-PP, GFP fluorescence driven by PIN1, PIN3 and PIN7
was detected mainly in the stele of primary roots (Fig. 6a,i,m). By

contrast, PIN2 expression was detected in the cortex and epider-
mal cells (Fig. Ge). In transgenic seedlings expressing GFP fusions
with PINT, PIN2 and PIN3 supplied with 75 pM 6-PP, the GFP
fluorescence was significantly increased (Fig. 6b,f,j), whereas
when treated with 150 pM 6-PP the opposite effect was observed
for PIN1,

GFP florescence (Fig. 6¢,g,0). In marked contrast to the other

PIN2 and PIN7 localization, as shown by decreased

PIN transporters, PIN3 localization in response to 150 uM 6-PP
still displayed a strong expression in the stele (Fig. 6k).

These findings suggest that 6-PP affects the expression and
distribution of the PIN auxin transporters in primary roots and
that root responses to 6-PP did not occur in all tissues but rather
showed clear preference for specific tissues and  transport

components.

Effect of 6-PP on primary and lateral root development of
auxin- and ethylene-related A. thaliana mutants

Ethylene—auxin interactions regulate primary root growth and
LR initiation and emergence in A. thaliana (Ivanchenko eral.,
2008).

auxin and cthylene in controlling root responses to 6-PP, we ana-

To further determine whether there is crosstalk between

lyzed the response of WT and A. thaliana triple, double or single
mutants affected in genes related to auxin transport or response
(tirlafb2afb3, arf7arfl9, axrl-3, auxl-7
response (erl, ein2 and ein3) 1o 6-PP treatments. To investigate

and eirl) and ethylene

the involvement of auxin in primary and lateral root responses to
6-PP, A. thaliana WT
supplemented with the solvent only or with 150 uM 6-PP, and

and mutant lines were grown in medium

primary root growth and LR formation were analyzed at 10 dag.
It was found that all five auxin-related mutants tested showed

WT

responses to 6-PP in terms of primary root growth
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inhibition (Fig. 7a). By contrast, an induction of LR formation
was lacking in tirlafb2afb3, arf7arf19, axri-3 and auxi-7, while
eirl scedlings showed increased LR formation in response to 6-
PP (Fig. 7b,c). To analyze possible auxin resistance in some
selected auxin-related mutants, we performed an experiment
comparing primary root growth of WT (Col-0), axrl-3, auxi-7
and arf7arf19 seedlings in medium supplied with concentrations
of NPA or TAA that strongly repress primary root growth in the
WT (Fig. S6). As expected, all three murants rested had clear
resistance to inhibition of primary root growth by either NPA or
auxin (Fig. 56). These dara, together with the observation that
the auxin-related mutants axri-3, awxi-7 and arf7arfl9 sustain
normal primary root growth inhibition in response o 6-PP
(Fig. 7a), suggest thar an auxin-independent pathway is responsi-
ble of sensing 6-PT in primary roots.

In opposition to auxin, ethylene has been found o repress LR
formation (Lewis et al., 2011). Therefore, we focused our analysis
on root response to 6-PP, considering primary root growth.
Interestingly, the ein2 mutant was clearly resistant to primary
root growth inhibition even ar growth-repressing concentrations
of 150 uM 6-PP (Fig. 8a). This resistance was confirmed in a
dose-response curve of growth from 75 to 200 uM 6-PP (Fig. 8b,
c). Together, these data indicate that auxin signaling components
mediate the LR responses to 6-PP, while EIN2 is a crucial
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component mediating the primary root growth inhibition
response to this fungal signal molecule.

6-PP fails to induce an ethylene response

The sustained primary root growth of e mutants under
growth-repressing concentrations of 6-PP suggested the possibil-
ity that the ethylene response could be induced after treatment
with 6-PP. This possibility was investigated by comparing the
effects of the ethylene precursor 1-aminocyclopropane-1-
carboxylic acid (ACC) and 6-PP on the morphology of eriolated
seedlings. After 4 d of incubation ar 22°C in darkness, seedlings
germinated on agar plates containing 0.2 x MS medium were
readily distinguished from seedlings germinated in medium sup-
plied with 2 uM ACC, exhibiting highly elongated hypocotyls
and forming an apical hook ar the terminal parr of the shoot axis
(Fig. 9a). Conversely, ACC-treated seedlings developed the so-
called ‘triple-response” consistent with its role as an ethylene pre-
cursor (Guzmin & Ecker, 1990), which consists of exaggerated
tightening of the apical hook and swelling of the hypocotyl
(Fig. 9b), and inhibition of roor and hypocoryl clongation
(Fig. 9s,t). ACC also induced root hair development in dark-
grown seedlings (Fig. 9u,v). The visual features of the root—stem
transition zone treated with ACC and 6-PP are shown in

(2016) 209: 1496-1512
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Fig. 9(g-1), and those of the root tip in Fig. 9(m-r). Interestingly,
6-PP-treated seedlings did not develop the ‘triple response’
(Fig. 9c-£,5,1), and failed to form long root hairs at the differenti-
ation zone of the primary roots (Fig. 9m-r,u,v). We also com-
pared the growth of A. thaliana seedlings supplied with ACC or

6-PP and the ethylene inhibitor AgNO; simultaneously under

127

Fig.5 6-pentyl-2H-pyran-2-one (6PP)
modulates auxin-responsive gene expression
in the lateral root formation zone
Arabidopsis thaliana transgenic DR5: GFP
seedlings were grown in solvent added to
0.2 x MS medium (C), or supplemented with
75 or 150 pM 6-PP. Five days after
germination, seedlings were stained with
propidium iodide and analyzed by confocal
microscopy, Micrographs show individuals
representative of at least 15 seedlings. (a-c)
Primary root tip; (d-f) emerged lateral roots;
(g-i) stage Il lateral root primordia; (j-1) stage
V lateral root primordia. Note that 6-PP
treatments increase DR5: GFP reporter
expression in the lateral root formation zone,
while it remains largely unchanged in root
tips and emerged lateral roots. The graphs in
(c, f, i, ) illustrate the differences in DR5: GFP
expression between control (left bar) and 6-
PP treatments (middle and right bars),
assessed as relative fluorescence intensity
Bars, 100 um

’, _

16h: 8 h, light:dark photoperiod conditions. Although both

ACC and 6-PP were able to repress primary root growth, AgNO,
specifically antagonized the ACC response, normalizing roor
growth without affecting the 6-PP response (Fig. S7). These data
show that 6-PP did not induce an ethylene response in A
thaliana scedlings.
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Fig. 6 Expression of auxin efflux transporters in response to 6-pentyl-2H-pyran-2-one (6PP) in primary roots. Arabidopsis thaliana transgenic PIN1::PIN1
GFP, PIN2::PIN2::GFP, PIN3::PIN3::GFP and PIN7::PIN7::GFP seedlings were grown in solvent (C), or 75 or 150 uM 6-PP supplemented medium. Five
days after germination, the seedlings were stained with propidium iodide and analyzed by confocal microscopy. Representative micrographs of primary
root tips of (a—c) PINT::PINT::GFP, (e-g) PIN2::PIN2::GFP, (i-k) PIN3::PIN3::GFP and (m-0) PIN7::PIN7::GFP are shown (n = 15). Note that the increase of
PIN3::PIN3::GFP expression is proportional to the increase in 6-PP treatments. Graphsin (d, h, |, p) illustrate differences in each reporter expression,
assessed as relative fluorescence intensity. Values shown represent the means for 15 seedlings + SD. Different letters indicate means that are statistically
different (P < 0.05). Bar, 100 pm, Letters in (a) are used to indicate cell files: E, epidermis; C, cortex; En, endodermis; P, pericycle; S, stele
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Fig. 7 6-pentyl-2H-pyran-2-one (6PP)
requires components of auxin response and
transport to modify Arabidopsis thaliana
root system architecture. Arabidopsis
thaliana wild-type (Col-0) and tir1/afb2/
afb3, arf7-1/arf19-1, axr1-3, aux1-7 and
eir1, triple, double or single mutant
seedlings, respectively, were germinated and
grown for 10din 0.2 x MS medium
supplemented with the solvent (control) or
150 uM 6-PP 150 pM 6-PP. (a) Primary root length. (b)
Lateral root number. (c) Representative
photographs of A. thaliana seedlings grown
in the indicated 6-PP treatment. Values
shown represent the means of 15
seedlings + SD. Different letters indicate
means that are statistically different
(P<0.05), The experiment was repeated
twice with similar results. Bar, 1 cm.
Discussion The current work builds on previous observations that fungal

This study reveals a novel mechanism by which 7. arroviride
could promote plant growth and root branching via production
of 6-PP. Recently, the production of auxins and auxin precursors
has been reported from several Trichoderma species. In addition,
over 180 secondary metabolites have been characterized to date,
representing different classes of chemical compounds. These
compounds can be classified as volatiles, diffusible compounds
and pepraibols (Gams & Bissett, 1998; Reino ez al, 2008; Stop-
pacher ezal., 2010).

2016) 209: 14961512
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released volatiles increases biomass production and lateral root
formation (Hung et al, 2013; Contreras-Cornejo et al., 2014b).
Trichoderma viride, T. harzianum, and T. koningii are able to
produce G6-PP, which plays a role in biocontrol of phy-
topathogens such as Botrytis cinerea, Rhizoctonia solani, and
Fusarium oxysporum, and a strong relationship exists between the
biosynthesis of this metabolite and the biocontrol ability of the
producing strains (Scarsellerd & Faull, 1994; Worasatit eral.,
1994). Interestingly, 6-PP may be involved in cross-kingdom sig-
naling, as plants are able to respond to 6-PP by increasing growth

2015 The Author
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growth. Arabidopsis thaliana wild-type (Col- 6-PP (uM)
0) and etr7-1, ein2-1, and ein3-1 ethylene-
related mutant seedlings were germinated (c)

i
y

and grown for 10d in 0.2 x MS medium
supplemented with the solvent (control) or
150 pM 6-PP. (a) Primary root length, (b)
Primary root growth of ein2 mutants in
response to increasing concentrations of 6-
PP (c). Representative photographs of Col-0
and ein2 seedlings grown side by side in the
indicated 6-PP treatment. Values shown
represent the means of 15 seedlings + SD.
Different letters indicate means that are
statistically different (P <0.05). The
experiment was repeated twice with similar
results. Bar, 1cm.

and producing more branched root systems (Vinale ez al., 2008).
6-PP is, to our knowledge, the first non-auxin-like natural
molecule that has been found to induce LR formation and root
hair development, but its mechanism of action has not been pre-
viously examined.

To understand the possible role of 6-PP in phytostimulation,
we first monitored 6-PP production by 7. atroviride as part of
the blend of volatiles emitted by single fungal colonies alone or
in A. thaliana seedlings. GC-MS analysis
showed that the production of 6-PP was induced by the pres-

interaction with

ence of plants, which indicates its possible role in Trichoderma-
plant interactions. For instance, a recent report showed that
tomato plants elicited the production of harzianic acid (HA)
but negatively modulated the biosynthesis of its analog iso-HA,
suggesting that different forms of the same mewbolite have
specific roles in the molecular mechanism regulating the
Trichoderma-plant interaction (Vinale ez al., 2014). Very lite is

known about the mechanisms of 6-PP biosynthesis. Mutation

in the G alpha subunit gene TGAL of 7. atroviride leads to
decreased 6-PP production, continuous sporulation and elevated
internal cAMP concentrations, which correlates with loss of
mycoparasitic and antagonistic properties against R, solani,
B. cinerea, and Sclerotinia sclerotiorum during direct confronta-
tion (Reithner eral, 2005). The transcription factor ThCTF1
also regulates the biosynthesis of 6-PP in 7. harzianum. In
Thetfl mutants, the yellow pigmentation and coconut aroma
attributed to 6-PP production observed in the WT strain were

W0~ ein2 ~Col-0 ein2

150 uM 6-PP

affected, as wa

its antimicrobial activity (Rubio eral, 2009).
Although the interaction of Trichoderma strains defective in 6-
PP production with plants remains to be investigated, one pos-
sibility is that such strains may still stimulate plant growth and
LR formation, as these might be able to produce auxins; alter-
natively, the net effect on root branching may rather depend on
the auxin/6-PP by
Trichoderma. Our data clearly anticipate the existence of

balance  of production and re
Trichoderma species and/or strains that promote growth without
producing auxins, suggesting that 6-PP is another critical factor
in fungal phytostimulation.

6-PP improved shoot and root growth and total biomass pro-
duction of A. thaliana seedlings, and this was related to changes
in root morphogenesis. LRs and root hairs are critical for water
and nutrient acquisition and are important traits for plant adap-
tation to soil heterogeneity. The mechanism of LR formation is
directly or indirectly related to primary root growth inhibition,
which is mediated by the synergistic action of ethylene and auxin
signaling (Ruzicka ezal, 2007; Stepanova etal., 2007; Swarup
et al., 2007; Strader et al., 2010). Contreras-Cornejo ez al. (2015)
showed that the short root phenotype of mutants defective on
CONSTITUTIVE TRIPLE RESPONSE 1 was probably caused
by auxin being accumulated in primary root tips and that both
auxin and ethylene signaling are important for Trichoderma-
induced root hair and LR formation. LR development consists of
two successive steps: LR initiation and LR emergence from the
parent root, which are controlled by auxin fluxes mediated by
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PIN family membrane transporters (Zazimalova er al.,, 2010). To inducible markers. Interestingly, GFP fluorescence did not
further explore the mechanisms of auxin and ethylene crosstalk in increase in the root tip in response to 6-PP treatment, consistent
response to 6-PP, we tested the effects of 6-PP concentrations with an auxin-independent mechanism mediating the bioactivity
that cither promote (75 uM) or repress (150 pM) primary root of this compound. By contrast, we observed enhanced DR5:GFP
growth on the expression of DR5:GFP and DR5:VENUS auxin- fluorescence after 6-PP treatment in the LR-forming regions of
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roots, particularly in the vascular tissue and during LR pri-
mordium development, which indicates an activation of auxin
signaling during the LR initiation program. The structure/activ-
ity relationship of auxin signaling with small molecules has been
extensively investigated. More than 200 natural or synthetic aux-
inic compounds have been identified, including the bacterial
cyclodipeprides cyclo(i-Pro-1-Val), cyclo(1-Pro-1-Tyr), and cyclo
(L-Pro-1-Phe). These small molecules possess weak auxin activity
and were able to acrivate auxin-response gene markers in the A.
thaliana root system (Ortiz-Castro etal, 2011). An interesting
possibility is that 6-PP could modulate auxin homecostasis in
specific root regions, or, possibly, its positive effect in inducing
LRP emergence is explained as an adaprive response to primary
root growth inhibirion.

TAA enters cells through the action of influx carriers such as
AUXIN RESISTANT 1 (AUX1) and Like AUX (LAXI1, 2 and
3) (Bennett eral, 1996; Marchant eral, 2002; Swarup eral,
2008), and moves to adjacent cells via efflux proteins such as
PIN FORMED 1 (PIN1) and ATP BINDING CASSETTE B
19/P-GLYCOPROTEIN 19/MULTIDRUG RESISTANT 1
(ABCB19/PGP19/MDR1) (Galweiler eral, 1998; Noh eral,
2001). Defects in AUX1, LAX3, PINI, PIN2 and ABCB19
decrease initiation and/or clongation of LRs or negatively affect
roor gravitropism as a result of reduced auxin transport
(Marchant etal, 2002; Benkova eral, 2003; Wu eral, 2007;
Swarup et al., 2008). Changes in the abundance and localization
of auxin transport proteins may define the growth of primary
roots or the initiation of LRs (Raya-Gonzalez ef al., 2014). Our
finding that 6-PP increased auxin-induced gene expression in
regions of LR initiation suggests that 6-PP affects roor develop-
ment by altering auxin distribution. Consistent with this idea,
PIN1, PIN2 and PIN7-GFP fuorescence was increased or
decreased after 6-PP trearment, respectively, indicaring the possi-
ble role of PIN transporters in 6-PP root responses. At high 6-
PP concentrations (i.c. 150 uM), localized depletion of the fluo-
rescence of PIN1- and PIN7-GFP, normally found below the
primary root meristem, was evidenced. These results suggest that
6-PP treatment increased PIN transporter expression at low
doses, resulting in elevated auxin transport to the sites of LR ini-
dation t drive LR growth, whereas higher concentrations
repress primary root growth, probably blocking expression of
PIN1 and PIN7. The increased LR branching associated with
elevated expression of auxin transporters is not surprising, as
recent studies have shown that auxin positively regulates PIN1
and PIN2 expression (Raya-Gonzalez er al., 2014).

To investigate whether the TIR1 family of auxin receprors and
downstream signaling components are involved in A thaliana
responses to 6-PP, we evaluated primary root growth and LR for-
mation in response to this metabolite in WT (Col-0) A. thaltana
seedlings and in #rlafb2afb3, arf7arfl19, axrl-3, awxl-7 and eir!
triple, double and single mutants, respectively. In solvent-treated
WT seedlings, 6-PP decreased primary root length in WT and all
five auxin-related mutants. Inrerestingly, the increase in LR for-
mation observed in WT seedlings when treated with 6-PP was
dlearly reduced in tirlafb2afb3, arf7arfl9 and awxi-7 mucants.

Additional experiments testing primary root growth responses to
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6-PP in WT and cthylene-related mutants e, ein2 and ein3
revealed that this compound similarly inhibited primary root
growth in WT, errl and ein3 lines, whereas efn2 was resistant to
primary root growth inhibition by 6-PP, which was further con-
firmed in a kinetic experiment monitoring primary root growth
in response to a wide range of 6-PP concentrations. Alterations in
the response of dark-grown seedlings to ethylene (the “wriple
response’) have been used to characterize the ethylene signaling
pathway in plants. In response to exogenously applied ACC, erio-
lated A. thaltana seedlings show inhibition of hypocotyl and root
clongation, swelling of the hypocotyl, exaggerated rightening of
the apical hook, and induced root hair development. Although
ACC and 6-PP inhibit primary root growth, the phenotypes of
seedlings treated with ACC or 6-PP are clearly different. In fact,
6-PP-treated seedlings did not develop the ‘triple response” and
failed to form long root hairs at the differentiation zone of pri-
mary roots. An additional experiment comparing the growth of
A. thaliana scedlings supplied with ACC or 6-PP and the
cthylene inhibitor AgNOj5 simultancously showed thar AgNO,
specifically antagonized the ACC response, normalizing primary
root growth withour aftecting the 6-PP response. These dara
show that 6-PP did not induce an ethylene response in A
thaliana seedlings and that EIN2 is a specific and critical element
mediating root responses to this fungal molecule.

These results showing the involvement of 6-PP in roor devel-
opment add to the emerging funcrions of fungal molecules in
plants. Based on its growth-promoring activity and the involve-
ment of E/N2in its signaling pathway, 6-PI can be regarded as a
broad-spectrum molecule used ro modulate both root growth
and defense responses, and thus represents a novel compound
enabling cross-kingdom communication. Manipulating 6-PP-
dependent fungal-plant signaling and 6-PP biosynthesis in
Trichoderma may be a promising strategy for development of
fungal inoculants to enhance crop yields and plant protection in
A. thaliana and crop plants.
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Fig. S1 6-PP modifies Arabidopsis root system architecture. Arabidopsis (Col-0) seedlings were
germinated and grown for 10 d under increased 6-PP concentrations. (a—e) Photographs show

representative individual seedlings. Bar, 1 cm.
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Fig. S2 Effect of 6-PP on Arabidopsis cell viability. Arabidopsis H2B::RFP expressing seedlings
were grown for 10 d in media with the solvent only or supplied with increased concentrations of
6-PP. (a—d) Representative micrographs of primary root tips. Note that even under the highest

concentration of 6-PP tested, root tip cell remain viable and show red intact nuclei. Bar, 100 pm.
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Fig. S3 6-PP reduces the cell division zone in primary roots. Transgenic Arabidopsis
CyeB1:uidA4 seedlings were germinated and grown for 5 d on 0.2 x MS medium supplied with
increasing 6-PP concentrations. (a) Number of GUS expressing cells and (b) length of GUS
expression domain were quantified. (¢c—j) Photographs showing representative individuals from
20 GUS-stained seedlings obtained from three independent plates. Error bars represent SE from
20 GUS-stained seedlings analyzed. Different letters indicate means statistically different at P <

0.05. The experiment was repeated two times with similar results. Bar, 100 pm.
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Fig. S4 Effects of 6-PP on Arabidopsis root hair development and epidermal cell length. (a) Root
hair number, (b) root hair length, and (c) trichoblasts length. Arabidopsis thaliana seedlings were
grown for 5 d on MS 0.2 x media with or without the indicated concentrations of 6-PP. Date
points indicate mean £ SD (1 = 15). (d—k) Representative photographs of root hairs formed at the
primary root tip region of 5 d Arabidopsis seedlings supplied with the different 6-PP treatments.
The results (a—c) show mean of 500 epidermal cells located at the root hair-forming zone of the
primary root from 10 independent seedlings. This experiment was repeated twice with similar

results. Different letters indicate statistical differences at P < 0.05. Bar, | mm.
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(3) Control

Fig. S5 Effect of 6-PP on auxin responsive gene expression in primary root tips of Arabidopsis
DR5:VENUS seedlings. Seedlings were grown in MS 0.2 x media supplied with (a) solvent, (b)
0.06 uM TAA, (c) 2 uM NPA, (d) 75, (e) 100, (f) 125, (g) 150, (h) 175 and (i) 200 uM 6-PP.
Five days after germination seedlings were stained with propidium iodide and analyzed by
confocal microscopy. White asterisk and arrow in (a) indicate the epidermis and the area
surrounding the quiescent center, respectively. This latter zone defines an auxin maximum
response within the primary root tip. Note an induced expression by IAA or NPA treatments,
whereas high concentrations of 6-PP decreased expression. Micrographs show representative

individuals of at least 15 seedlings analyzed. Bar, 100 pm.

141



Primary root length (¢cm)
T T

c 2uMNPA 025 uMIAA
(b)

Control

Fig. S6 Effects of NPA and IAA on primary root growth of wild-type (Col-0) and auxin-related
mutants. Arabidopsis thaliana W'T and arf7arf19, axrl-3 and aux/ mutant seedlings were grown
for 10 d on MS 0.2x medium supplemented with the indicated concentration of NPA and [AA.
Values shown represent the mean primary root length of 15 seedlings = SD. Different letters
indicate statistical differences at P < 0.05. Representative photographs of Arabidopsis seedlings
grown in the indicated treatment .The experiment was repeated twice times with similar results.

Bar, 1 cm.
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Fig. S7 Effect of AgNO; on primary root growth inhibition induced by ACC or 6-PP.
Arabidopsis thaliana Col-0 seedlings were grown for 10 d on MS 0.2x medium supplemented
with the indicated concentration of ACC or 6-PP with or without AgNO;. Values shown
represent the mean primary root length of 30 seedlings + SD. Different letters indicate statistical
differences at P < 0.05. Representative photographs of Arabidopsis seedlings grown in the

indicated treatment . The experiment was repeated twice times with similar results. Bar, 1 cm.
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Growth and development of Arabidopsis thaliana
seedlings in interaction with fungi isolated from
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ABSTRACT ARTICLE HISTORY

The influence of Phomopsis viticola, Diaporthe phaseolorum Received 12 October 2018
and Pseudofusicoccum stromaticum isolated from avocado  Accepted 19 November 2018
stem-end rot on growth of Arabidopsis seedlings was inves-
tigated. We found responses that are specific for each fun- p it i
gus, whereas P. viticola and D. phaseolorum strongly A‘,e'".'e" 1oL avocaco;

7 > abidopsis thaliana; plant
repressed root growth, P. stromaticum induced growth and 46k oot
branching, and enhanced shoot biomass production. patterning; defense
Detailed microscopy and structural analyses revealed that
the fungi did not affect cell division in root meristems but
rather influenced cell elongation and differentiation, and
these responses were related to changes in auxin respon-
siveness. P. stromaticum strongly acidifies the growth
medium and this correlated with induction of the jasmonic
acid responsive gene construct LOX2:GUS in leaves, whereas
P. viticola and D. phaseolorum showed much reduced acid-
ification properties. Taken together, our results show that
fungal isolates from the stem-end of avocado fruits interact
with Arabidopsis plants in highly diverse and contrasting
manners influencing growth, patterning and defence.

KEYWORDS

1. Introduction

The plant disease stem-end rot of avocado fruits is caused by several
fungi. It is characterised by a dark brown to black coloration halo, which
further produces dark streaking of the water-conducting tissues, damages
the edible mesocarp and reduces quality and economic value post-har-
vest. Neofusicoccum, Phomopsis, Diaporthe and Colletotrichum have been
related to stem-end rot (Twizeyimana et al. 2013; Guarnaccia et al.
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Universidad Michoacana de San Nicolas de Hidalgo, Edificio B3, Ciudad Universitaria, Morelia, Michoacan C. P.
58030, México.
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2016). These fungi may be present on the avocado tree and grow into
the stem of the fruit before harvest to develop stem-end rot upon tissue
colonisation, afterwards the fungal pathogens proliferate taking up
nutrients, which leads to the appearance of disease symptoms such as
necrosis and black coloration of mesocarp, which reduces commercial
acceptance (Hartill and Everett 2002).

In response to pathogen challenge, plants establish structural, bio-
chemical and molecular responses to defend themselves, including cell
wall reinforcement as well as production of protective metabolites such
as phytoalexins that are toxic to pathogens and/or activate the so-called
hypersensitive response. This later consists of the appearance of small
necrotic patches around the infection site that restrict pathogen spread
(Lam et al. 2001). In addition, an increased expression of pathogenesis-
related (PR) proteins and defensins (PDFs) reinforces plant immunity
(Narasimhan et al. 2001). The plant hormones jasmonic acid (JA), ethyl-
ene (ET), and salicylic acid (SA) are the main defence regulators that
orchestrate signal transduction pathways involving both nitric oxide
(NO) and reactive oxygen species (ROS) as second messengers for regu-
lation of genes encoding inducible defence proteins (Bolwell 1999;
Robert-Seilaniantz et al. 2011).

Fungi are metabolically diverse and this enables their adaptation to
diverse habitats. Success of pathogens in colonising plants depends on
the release of toxic proteins and secondary metabolites collectively called
“effectors”, which can kill cells, suppress immunity or alter physiological
responses via hormonal regulation (Kazan and Lyons 2014; Presti et al.
2015; Chanclud and Morel 2016; Patkar and Naqvi 2017). Moreover, sev-
eral fungi change pH as consequence of metabolic activities or produce
plant hormones such as cytokinins or auxins that are perceived by their
hosts and affect growth, development or defence via modulating mitogen
activated protein kinase (MAPK) signalling (Contreras-Cornejo et al.
2009; Contreras-Cornejo et al. 2015; Pelagio-Flores et al. 2017; Spallek
et al. 2018). Thus, fungal metabolites, including effectors, are critical
players in cross-kingdom relationships between plants and fungi.

Arabidopsis thaliana is a good model for plant-pathogen studies since
more than three decades of research led to an extensive collection of
mutants and overexpressing lines for genes related to hormone homeo-
stasis. Moreover, an increasing number of lines are available, which
express defence-inducible promoters fused to reporter genes encoding
fluorescent proteins or enzymes that can be used to investigate in a tis-
sue specific level the effects of selected fungal isolates, such as those
related to stem-end rot disease (O’Connell et al. 2004; Andargie and Li
2016). Recently, in vitro growth systems have been developed to
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investigate the early steps in the plant-fungus communication and recog-
nition, allowing identification of auxin, JA and ET as critical components
in the molecular dialogue established (Contreras-Cornejo et al. 2009;
Splivallo et al. 2009; Casarrubia et al. 2016; Cordovez et al. 2017).

To enhance resistance of crops to pathogens, a better understanding of
plant hormone homeostasis as well as the subsequent metabolic readjust-
ments during the interaction. Although avocado stem-end rot is a tre-
mendous problem in several countries (Twizeyimana et al. 2013;
Guarnaccia et al. 2016), the mechanism is scarcely investigated. Advances
in this field may help develop breeding strategies to decrease disease
severity and improve post-harvest performance and quality.

Here, in vitro experiments were performed to test the effects of
Phomopsis viticola, Diaporthe phaseolorum and Pseudofusicoccum stroma-
ticum, isolated from stem-end avocado fruits in growth, development
and defence-related gene expression in Arabidopsis seedlings. The data
show a complex network of interactions, by which each fungus differen-
tially modifies root architecture and cell patterning likely influencing
auxin signalling. Moreover, we investigated the acidification capacity and
induction of jasmonic acid-related LOX2:GUS in leaves following root
exposure to all three fungal species, which showed the correlation
between acidification of the medium and plant defence response in inter-
action with P. stromaticum.

2. Materials and methods
2.1. Plant material and growth conditions

A. thaliana (Col-0) ecotype and transgenic plants that express the mitotic
cyclin CycBL1:GFP (Weimer et al. 2016), expansin protein EXP7:GUS
(Cho and  Cosgrove 2002), auxin-inducible construct DRS5:GFP
(Ottenschlager et al. 2003) and jasmonic acid-inducible LOX2:GUS
(Jensen et al. 2002) were used in this study. Seeds were first disinfected
with ethanol (95%) for 5min and bleach (20%) containing sodium hypo-
chlorite (NaOCI) as bioactive ingredient for 7 min, washed five times
with ‘distilled water, and stratified for 2 d at 4°C. Seeds were sown on
agar plates (9cm diameter) supplied with 0.2X Murashige and Skoog
medium (MS basal salts mixture, M524; PhytoTechnology), 0.6% sucrose
(Sucrose: Ultrapure, MB Grade, 21938; USB Corporation) and 1% Agar
(Agar, Micropropagation Grade, A111; PhytoTechnology) at pH 7. The
suggested formulation is 4.3 g/L of salts for 1x medium; we used 0.9 g/L,
which we consider and refer to as 0.2X MS. MES was included in the
medium and the pH was adjusted to 7.0. The plates were included into a
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Percival AR95SL growth chamber, with 6h light:8h darkness, 200 pmol
m/s light and 22°C of temperature. Seedlings were photographed using a
Nikon SMZ1500 stereomicroscope equipped with a digital camera
(Nikon SIGHT DS-Filc, Nikon Corporation, Tokyo, Japan).

2.2. Fungal strains and culture conditions

P. viticola 5480, D. phaseolorum 5185, P. stromaticum and Trichoderma
atroviride IMI 206040 were isolated from pericarp of avocado fruits cv.
“Hass” collected in the main avocado-producing area at the Michoacan
state in México. The isolates were phenotypically and molecularly charac-
terised and the disease symptoms were clearly demonstrated upon infec-
tion of fruits in vitro with P. viticola, suggesting it as a stem-end rot
causal agent in avocado. Although it remains to be determined if D. pha-
seolorum and P. stromaticum also cause fruit decay symptoms, the fact
that they were isolated from symptomatic fruits suggest that they might
be related to the disease.

Fungal inoculum was propagated on potato dextrose agar (PDA;
Difco), at 28 °C. One cm fragment of hyphae was placed at 4cm from A.
thaliana primary root tips germinated and grown for 5 days on agar
plates containing 0.2X MS medium. Each plate, which included five A.
thaliana seedlings were arranged in a completely randomised design and
the experiment included at least three plates per treatment. After 4 d of
co-cultivation, plant growth was determined. For acidification experi-
ments the fungi were inoculated on plates containing 0.2X MS medium
supplemented with bromophenol blue (0.006%) and analysed 4 d
every 24h.

2.3. Propidium iodide staining and GFP detection

A. thaliana seedlings expressing the GFP protein were grown axenically
or in co-cultivation with stem end fungi, then taken up from the
medium and included in microscope slides and covered by propidium
iodide (PI, 20 uM) solution. GFP detection was done in a confocal
microscope (Olympus FV1200; Olympus Corp., Tokyo, Japan), with a
568-nm wavelength argon laser for excitation, and an emission window
of 585-610 nm for propidium iodide and GFP fluorescence (488 nm exci-
tation/505-550 nm emission, 514nm excitation/527 nm emission, and
532 nm excitation/588 nm emission, respectively). Ten independent seed-
lings were analysed, and representative images were selected for figure
construction.
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2.4. Histochemical analysis of GUS expression

Seedlings expressing GUS protein were first grown for 5 d on the agar
plates supplemented with MS 0.2X salts and the fungal inoculum was
placed at two cm from the root tip and co-cultivated for a 4 d period.
GUS analyses were done via incubation of seedlings in 0.1% X-Gluc (5-
bromo-4-chlorium-3-indolyl-D-glucuronide) ~ in  phosphate  buffer
(NaH,PO, and Na,HPO,, 0.1 M; pH 7), 10mM EDTA, 0.1% (v/v)
Triton X-100 with 2mM potassium ferrocyanide and 2mM potassium
ferricyanide for 12h at 37°C. Plants were cleared and fixed using the
procedure by Malamy and Benfey (1997). The analysis included 15 trans-
genic seedlings and representative photographs showing the blue colour
indicative of GUS expression were taken.

2.5. Analysis of plant growth

The growth of the primary root was measured using a ruler. Lateral
roots were counted from the tip to the root/stem transition in primary
roots. Root hair images were taken using a digital camera (Nikon D3300
Osaka, Japan). Data were analysed using the STATISTICA 10 software
(Stat Soft, Inc. 2011). Univariate and multivariate analyses with a Tukey’s
post hoc test helped to establish significant differences among the means.
Different letters indicate means that statistically differ (P < .05).

3. Results
3.1. Effects of stem-end-related fungi on growth of Arabidopsis seedlings

Previous results showed that avocado fruits harvested from Michoacan
state, México orchards showing stem-end rot symptoms were colonised
with the fungi P. viticola, D. phaseolorum and P. stromaticum (Figure 1).
To understand the effects that each fungus has on A. thaliana seedlings,
biomass production and root growth patterns were analysed after 4 days
of fungal co-cultivation in close proximity to the primary root. Shoot
fresh weight, primary root length and lateral root number were quanti-
fied for 15 seedlings per treatment. While P. viticola and D. phaseolorum
did not significantly affect shoot biomass, P. stromaticum almost dupli-
cated the fresh weight, which correlated with a 5-five-fold increase in lat-
eral root number (Figure 2(a-d)). In contrast, P. viticola and D.
phaseolorum strongly repressed primary root growth (Figure 2(b,d)).
These data show the dynamic responses of Arabidopsis to stem-end-
related fungi, and the very contrasting influence of P. viticola and P. stro-
maticum on plant growth and development.
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3.2. Stem-end-related fungi P. viticola and D. phaseolorum increase root
hair length

Since P. viticola and D. phaseolorum strongly repressed primary root
growth (Figure 2(b)), it was of interest to evaluate if the root

Figure 1. Avocado stem-end rot. Representative images of avocado fruits. developing the
disease symptoms as ripening proceeds. The symptoms shown arise following infection with
P. viticola.
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Figure 2. Effects of stem-end-related fungi co-cultivation on Arabidopsis shoot biomass and
root architecture. (a) Shoot fresh weight; (b) primary root length; (c) lateral root number;
and (d) representative photographs of Arabidopsis seedlings co-cultivated with P. viticola
5480, D. phaseolorum 5185, and P. stromaticum. Arabidopsis seedlings were germinated and
grown for 5 d on the surface of agar plates containing MS 0.2X medium and then inocu-
lated with fungal mycelium at two cm from the root tip and grown for four additional days.
Different letters are used to indicate means that differ significantly (P < .05), n=15. Graph
bars show the means + SE. The experiment was repeated three times with similar results.
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377 Figure 3. Effects of stem-end-related fungi co-cultivation on Arabidopsis root hair differenti-
278 ation. (a) Root hair length and (b) representative photographs of root hairs developed on
279 Arabidopsis primary roots grown under axenic conditions or co-cultivated with P. viticola
280 5480, D. phaseolorum 5185, and P. stromaticum. Arabidopsis seedlings were germinated and
281 grown for 5 d on the surface of agar plates containing MS 0.2X medium and then inocu-
& lated with fungal mycelium at two cm from the root tip and grown for four additional days.
282 Different letters are used to indicate means that differ significantly (P < .05). Graph bars
283 show the means + SE. The experiment was repeated three times with similar results.
284
‘2'25 architectural adjustments elicited by these fungi, could influence epider-
. 6 mal cell differentiation. Root epidermal cells differentiate into root hairs,
;87 which are important for uptake of water and nutrients. We measured the
;82 length of 100 root hairs from primary roots of 15 independent
;g Arabidopsis seedlings grown in axenic condition or co-cultivated with P.
290 viticola, D. phaseolorum and P. stromaticum. From all three fungi exam-
‘;‘91 ined, P. viticola and D. phaseolorum could increase the length of root
;g‘z‘ hairs, whereas P. stromaticum had the opposite effect, decreasing root
‘2'9;1 hair growth (Figure 3(a,b)). These data show that root hairs develop as
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Figure 4. Effects of stem-end-related fungi co-cultivation on root cell division and differenti-
ation. (a) Confocal microscopy images of expression of cell division marker CycB1.GFP; (b)
cuantification of GFP fluorescence within primary root meristems; (c) expression of the cell
differentiation marker EXP7:GUS; and (d) Length of the primary root meristem. Five-day-old
Arabidopsis seedlings expressing the different genetic constructs were co-cultivated with P.
viticola 5480, D. phaseolorum 5185 and P. stromaticum and analysed 4 days later.
Photographs show representative images of at least 10 seedlings and data represent the
means of 15 seedlings. Scale bars = 100 um. These analyses were performed twice with
similar results. Note the increased expression of EXP7:GUS at the root hair forming zone of
plants co-cultivated with P. viticola 5480 and D. phaseolorum 5185, which correlated with
prolific growth of the cells.

primary root growth decreases and it occurs as a response to specific
stem-end-related fungi.

3.3. P. viticola and D. phaseolorum induce the expression of cell
differentiation gene EXP7:GUS

The expression of cell division and differentiation markers CycBI,1:GFP
(Weimer et al. 2016) and EXP7:GUS (Cho and Cosgrove 2002), respect-
ively, was assessed by growing plants under axenic conditions or in co-
cultivation with P. viticola, D. phaseolorum and P. stromaticum.
Interestingly, no changes in CycBI,1:GFP already occur in meristems of
primary roots from seedlings co-cultivated with the fungi (Figure
4(a,b)). However, these analyses revealed an increased expression of
EXP7:GUS at the root hair forming zone of plants co-cultivated with P.
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viticola and D. phaseolorum (Figure 4(c)), which correlated with prolific
growth of these epidermal cells. Consistently with expression of
CycB1,1:GFP, no significant changes were found in the length of the
primary root meristem in axenic controls or seedlings inoculated with
the fungi (Figure 4(d)). These data suggest that the inhibition of root
growth is unlikely due to the production of toxins or virulence factors,
since the root meristems remains viable (Figure 4(c), white lines) and
instead it may be due to readjustments in cell growth and differenti-
ation programs.

3.4. Effects of stem-end-related fungi on acidification of the
growth medium

Stem-end pathogens can inhabit the unripe end or fruit cuticle, remain
quiescent until ripening, and then proliferate. These fungal pathogens
secrete organic acids or ammonia, which modify the host pH environ-
ment (Alkan et al. 2013; Prusky et al. 2016). Moreover, recent data dem-
onstrated that fungi interacting with plants, such as T. atroviride induces
acidification, which re-configurates Arabidopsis root architecture and this
trait determines fungal phytostimulation (Pelagio-Flores et al. 2017). To
assess whether P. viticola, D. phaseolorum or P. stromaticum could mod-
ify pH of the medium, equal amounts of fungal mycelia in MS 0.2X
medium supplemented with bromophenol blue, which is used as a pH
indicator. P. stromaticum strongly acidifies the growth medium, a prop-
erty shared by T. atroviride. The growth repressing fungi P. viticola and
D. phaseolorum showed much reduced acidification properties (Figure 5).
Therefore, the amount of media acidification by stem-end-related fungi
is species specific.

3.5. Effects of P. viticola and D. phaseolorum on plant growth in
buffered media

To determine if the negative effects of P. viticola and D. phaseolorum
on primary roots of Arabidopsis seedlings could be related to acidifica-
tion, we evaluated the plant-fungal interactions in pH-buffered media.
Under these conditions, P. viticola and D. phaseolorum did not
increase shoot biomass production but strongly promoted lateral root
formation (Figure 6(a,c)). Indeed, the growth repressing effects of these
fungi on primary roots could not be attributed to acidification since
both fungal isolates still repressed growth in pH-buffered media
(Figure 6(b)). We conclude that acidification of the medium by stem-
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P. viticola 5480

D. phaseolorum
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Figure 5. Effect of stem-end-related fungi and T. atroviride on acidification of plant growth
medium. Stem-end-related fungi P. viticola 5480, D. phaseolorum 5185, and P. stromaticum,
and the plant symbiont T. atroviride were grown for the indicated times on 0.2x MS medium
supplemented with bromophenol blue pH indicator. Photographs show representative
images of plates in which yellow color indicates the degree of substrate acidification. Note
the similar acidification effects of T. atroviride and P. stromaticum.

end fungi is unlikely related to their pathogenic or growth repressing
effects on plants.

3.6. P. viticola and D. phaseolorum induce local auxin response in
primary roots

The results that P. viticola and D. phaseolorum strongly repress root
growth while inducing root hair development suggest the release of bio-
active metabolite (s) into the growth medium, thus triggering the
observed responses. Several fungi produce auxins (Contreras-Cornejo
et al. 2009). Therefore, we analysed the changes in auxin-inducible gene
marker DR5:GFP (Ottenschlager et al. 2003) in Arabidopsis primary roots
in interaction with stem-end fungi. In axenically grown seedlings, auxins
are distributed within the primary root tip in a narrow domain, which
mostly extends following interaction with P. viticola and D. phaseolorum
(Figure 7(a,b)). This increase in auxin response, at least in part, may
explain the reduction of primary root growth and induction of root hairs
caused by these fungi.
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Figure 6. Effects of fungal co-cultivation on Arabidopsis shoot biomass and root develop-
ment under buffered medium. (a) Shoot fresh weight, (b) primary root length, and (c) lateral
root number. Fifteen Arabidopsis seedlings were germinated and grown on 0.2x MS medium
buffered with MES 0.12%, after 5 days fungal mycelium was inoculated at 2cm distance
from the root tip and grown for four additional days. Different letters are used to indicate
means that differ significantly (P<.05). Error bars represents SE. The experiment was
repeated three times with similar results.

3.7. Stem-end related fungi induce the jasmonic acid responsive
gene LOX2:GUS

Several phytopathogens influence growth and defence responses via jas-
monic acid synthesis and signal transduction (Guo et al. 2018).
Therefore, we asked if the avocado stem-end fungi could modulate jas-
monic acid-inducible gene expression by testing the effect of Arabidopsis
co-cultivation with P. viticola, D. phaseolorum and P. stromaticum on the
expression of the jasmonic acid-responsive gene marker LOX2:GUS.
Arabidopsis seedlings expressing LOX2:GUS (Jensen et al. 2002) were co-
cultivated with each fungus and after four days in interaction, plants
were assessed for GUS activity and cleared to show gene expression in
cotyledons and leaves, which is manifested in blue color. Interestingly,
an enhanced GUS expression could be observed in petioles of cotyledons
and in leaves of seedlings co-cultivated with P. stromaticum (Figure 8),
which indicates that this fungus activates defense responses via jasmonic
acid signalling.

4, Discussion

Stem end rot pathogens colonise climacteric fruits such as avocado,
mango, as well as citrus fruits. In several countries avocado postharvest
losses have been mainly attributed to fruit decay caused by consortia of
latent fungi (Twizeyimana et al. 2013; Guarnaccia et al. 2016;
Montealegre et al. 2016; Fuentes-Aragoén et al. 2018). Many of these
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Control P. viticola 5480 D. phaseolorum 5185 P. stromaticum 20,

Figure 7. Effects of stem-end-related fungi co-cultivation on auxin-inducible gene expression
in primary roots. (a) Confocal microscopy images of expression of auxin-inducible DR5:GFP
gene construct and (b) relative GFP fluorescence at the root tip. Five-day-old Arabidopsis
seedlings expressing the construct were co-cultivated with P. viticola 5480, D. phaseolorum
5185, and P. stromaticum and analysed 4 days later. Photographs show representative
images of at least 10 seedlings and data were quantified for 15 seedlings. Scale bars = 100
um. These analyses were performed twice with similar results. Note the increased expression
at the columella region of plants co-cultivated with all three fungal species.

fungi are natural endophytic inhabitants of stem tissue and have been
identified prior to inflorescence emergence (Johnson et al. 1992).

Although during pre-harvest the use of fungicides is a common prac-
tice to control stem end rot, mesocarp damage on fruits has still been
observed postharvest in several countries. Many fungal species have been
isolated from symptomatic fruits and some of them have been proven to
be causal agents of avocado stem end rot, including Pestalotiopsis clavis-
pora, Neofusicoccum australe, Neofusicoccum parvum, Neofusicoccum
luteum, Colletotrichum  fructicola, ~ Colletotrichum gloeosporioides and
Phomopsis sp. (Valencia et al. 2011; Twizeyimana et al. 2013; Guarnaccia
et al. 2016; Montealegre et al. 2016; Fuentes-Aragén et al. 2018).
Considering the lack of details into the biology of the causative agents,
and that several fungi may act in consortia, very little is known about
the early responses of a plant host in terms of development and
defence responses that are activated during infection with stem-end
rot pathogens.

The aim of this study was to characterise the effects of three fungal
isolates, involved in this symptomatology and their possible relationship
with development and defence in A. thaliana, a model plant amenable to
genetic and molecular analyses. Every fungal species behaved differen-
tially in their interaction with Arabidopsis seedlings. P. viticola strongly
repressed primary root growth, which may be explained by the produc-
tion of phytohormones, secondary metabolites and/or virulence factors,
which accumulate in the growth medium as the fungal colony prolifer-
ates. Unexpectedly, P. stromaticum enhanced biomass production and
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Control P. viticola 5480

Figure 8. Effects of stem-end-related fungi co-cultivation on. jasmonic acid-inducible gene
expression in Arabidopsis shoots. Representative photographs showing expression of jas-
monic acid inducible LOX2:GUS gene marker. Five-day-old Arabidopsis seedlings expressing
the construct were grown under axenic conditions or co-cultivated with P. viticola 5480, D.
phaseolorum 5185, and P. stromaticum and analysed 4 days later. Photographs show repre-
sentative images of at least 10 seedlings. These analyses were performed twice with similar
results. Note the differential growth of leaves and the increased expression in shoots of
plants co-cultivated with P. stromaticum.

promoted lateral root formation and growth, similar to the effects
reported for plant symbionts such as T. atroviride (Contreras-Cornejo
et al. 2009). These data were certainly unexpected, but reveal the meta-
bolic diversity among stem-end rot fungi, and certainly it remains to be
tested if P. stromaticum is-a causal agent of avocado stem end.

The inhibition of primary root growth in plants co-cultivated with P.
viticola and D. phaseolorum correlated with the differentiation and elong-
ation of root hairs, which are epidermal cells specialised in water and
nutrient acquisition. Similar root architectural adjustments have been
reported for Arabidopsis seedlings exposed to environmental stress or in
response to nutrient deprivation, for which the primary roots stop grow-
ing, lose their meristems and activate root hair growth (Sdnchez-
Calderon et al. 2005; Ruiz-Herrera et al. 2015). One possible explanation
is that fungal metabolites are perceived at the root cap, a specialised sen-
sory structure of the root, which transmits information to the cell div-
ision and elongation zones, changes growth and patterning to redirect
growth to sites far away from the pathogen influence. In consonance
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with the strong induction of root hair growth, P. viticola and D. phaseo-
lorum enhanced expression of the cell differentiation marker EXP7:GUS.
Previously, the expression of the Arabidopsis EXP7 gene was tightly cor-
related to root hair initiation (Cho and Cosgrove 2002), thus, the positive
regulation of this gene in the plant-fungi interactions helped us to estab-
lish how developmental, hormonal, and environmental factors orches-
trate root growth and epidermal cell differentiation.

The metabolic diversity of stem-end rot fungi was also manifested
when we compared their acidification capacity. Here, we found that both
P. stromaticum and the plant beneficial fungus T. atroviride strongly
acidified the medium, whereas P. viticola and D. phaseolorum showed
much reduced acidification properties. These differences might depend
on H'-ATPase activity because treatment with the inhibitor sodium
orthovanadate (Na;VO,), reduced acidification (Pelagio-Flores et al.
2017). The highly contrasting acidification capacities of all three stem-
end rot fungi, indicates that pH lowering is unlikely linked to their
developmental effects in Arabidopsis, but might play a role in the decay
of avocado fruit when present as consortia.

Auxins repress root growth and concomitantly induce both lateral root
and root hair formation (Du and Scheres 2018). Moreover, these com-
pounds act as triggering factors for EXP7 gene expression in Arabidopsis
(Cho and Cosgrove 2002). Our analysis of expression of two auxin-indu-
cible gene markers, namely DR5:GFP and DR5:GUS in Arabidopsis pri-
mary roots in interaction with stem-end fungi showed that P. viticola
and D. phaseolorum increase the auxin response at the very root tip,
which suggest that at least in part, local activation of the auxin signalling
pathway may account for primary root inhibition and the induction of
root hairs as a response to plant co-cultivation with the fungi. We can-
not exclude the possibility that the fungi already produce auxins, auxin
precursors or auxin signal mimics, with bioactive functions in the
plant host.

The coordination of growth and defence occurs as a response to avail-
ability of resources, or under pathogen challenge, and requires prioritisa-
tion towards the stimuli encountered. Jasmonic acid is an important
mediator of trade-offs and has profound implications for adaptation and
success of plants. Indeed, it has been recently involved in the regulation
of root system architecture (Raya-Gonzdlez et al. 2012). To determine
possible interactions between defence and growth signalling pathways eli-
cited by stem-end rot fungi, the expression of the jasmonic acid-respon-
sive gene marker LOX2:GUS was assessed in Arabidopsis seedlings co-
cultivated with P. viticola, D. phaseolorum and P. stromaticum.
Consistently with the activation of defence, an increased expression of
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this marker was observed throughout the shoot of seedlings, regardless
the fungal species co-cultivated in the vicinity of the root. These data
show that stem-end fungi systemically activate defence responses in
leaves via jasmonic acid signalling concomitantly with the growth and
patterning changes elicited in roots.

In summary, the data presented here points to an extraordinary versa-
tility in the manner by which stem-end rot pathogens interact with
Arabidopsis seedlings. Understanding the molecular basis by which fun-
gal metabolites balance growth-defence trade-offs in fruits as well as in
model plants should provide a foundation to manage fungal-plant com-
munication through chemical means, and for development of breeding
strategies to protect avocado trees from stem-end rot or decrease the
severity of symptoms in other climacteric fruits.
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REGULACION DEL DESARROLLO VEGETAL POR INDOLAMINAS

REGULATION OF PLANT DEVELOPMENT BY INDOLEAMINES

Las indolaminas serotonina y melatonina, un neurotransmisor y
hormona de mamiferos respectivamente, las cuales participan en
la regulacion de importantes procesos fisioldgicos en dichos orga-
nismos, son también compuestos naturales de plantas. Debido a
su similitud estructural con el acido indol acético (AlA) la principal
auxina, estudios previos sugerian una actividad similar entre ellos.
En este estudio se caracterizaron los efectos de la serotonina y
melatonina sobre el crecimiento y desarrollo en plantas de Arabi-
dopsis thaliana. La serotonina causé efectos inhibitorios sobre el
crecimiento de la raiz primaria, el crecimiento de raices laterales
y en el desarrollo de pelos radiculares pero estimulé fuertemente
la formacion de raices adventicias de una manera dosis depen-
diente. Por el contrario, la melatonina promovi6 la formacion de
raices laterales y adventicias e inhibié minimamente el crecimiento
de la raiz primaria. Ademas se investigo el papel de la sefalizacion
por auxinas en las alteraciones del desarrollo observadas por se-
rotonina y melatonina en las plantas utilizando las construcciones
DR5:uidA, BA3:uidA y HS::AXR3NT-GUS como marcadores de la
respuesta auxinica. Interesantemente, las dos indolaminas no acti-
van la expresion de genes de respuesta a auxinas, por el contrario,
la serotonina inhibi6 fuertemente la expresion de DR5:uidAyBA3:ui-
dA. Nuestros resultados muestran que la serotonina y melatonina
tienen efectos diferentes sobre la arquitectura del sistema radicular
de Arabidopsis thaliana y que la serotonina puede actuar como un
inhibidor natural de la via de las auxinas en las plantas.

Palabras clave: Arabidopsis thaliana, serotonina, melatonina, arquitectura de la
raiz.
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Las plantas sintetizan y utilizan una gran variedad de compuestos
para coordinar su crecimiento y desarrollo durante todo el ciclo de
vida. Uno de los principales grupos de reguladores del crecimiento
son las auxinas, las cuales participan en una gran variedad de pro-
cesos del desarrollo (Woodward y Bartel, 2005). La principal auxina
de las plantas es el acido-3-indolacético (AlA). Aunque el AIA se en-
cuentra dentro de los derivados del triptéfano mejor caracterizados,
se han reportado altos niveles de compuestos relacionados al AlA
en las plantas, como son la serotonina y la melatonina. Estos com-
puestos participan en multiples funciones en neurotransmision, hor-
monales y mitogenicas en células animales (Hardelan et al., 2006).
En plantas, la serotonina y la melatonina se han encontrado en una
gran variedad de especies (Ramakrishna et al., 2011; Arnao, 2014).
Sin embargo, los procesos en los que participan han sido poco es-
tudiados y actualmente se desconocen sus mecanismos de accion.
Para profundizar en el estudio de los efectos y posibles mecanismos
de sefalizacion de la serotonina y melatonina en las plantas, en este
trabajo se caracterizaron sus efectos sobre el desarrollo y las res-
puestas mediadas por auxinas en Arabidopsis thaliana.
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FIGURA 1.

Efecto de la serotonina sobre la arqui-
tectura de la raiz y la formacidn de rai-
ces adventicias.

REGULACION DEL DESARROLLO VEGETAL POR INDOLAMINAS

MATERIALES Y METODOS
En este trabajo, se utilizd como modelo a Arabidopsis thaliana
del ecotipo Columbia Col-0, ademas de las lineas transgénicas
HS:AXR3NT-GUS (Gray et al, 2001), DR5:uidA (Uimasov et al.,
1997), y BA3:uidA (Oono et al., 1998). Las semillas fueron desinfec-
tadas superficialmente con etanol al 96% (v/v) por 5 min, hipoclo-
rito de sodio al 20% (v/v) agitando por 7 min y lavando con agua
destilada estéril, las semillas fueron germinadas y crecidas sobre
placas de agar que contiene medio MS 0.2X suplementado con
diferentes concentraciones de serotonina, melatonina o auxinas,
colocadas en una camara de crecimiento con condiciones con-
troladas (Percival AR-95L), con un fotoperiodo de 16 horas luz/ 8
horas obscuridad, hasta el momento del analisis y registro de cada
experimento.

RESULTADOS Y DISCUSION
La serotonina y la melatonina afectaron la arquitectura del sistema
radicular, de manera diferencial. Por un lado la serotonina inhibe el
crecimiento de la raiz primaria y la formacion de raices laterales,
pero favorece la formacion de raices adventicias de manera depen-
diente de su concentracionen en el medio (Fig. 1).
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La serotonina también inhibi6 el desarrollo de los pelos radiculares
(Fig. 2). Lo anterior evidencia la capacidad de la serotonina para
modular la arquitectura de la raiz de las plantas asi como su alta
actividad organogénica.
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FIGURA 2.
Efecto de la serotonina sobre el desa-
rrollo de pelos radiculares.
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Para determinar si los efectos de la serotonina sobre la arquitectura
de la raiz en Arabidopsis thaliana coincidian con la acumulacion
de este compuesto en las plantas, se cuantificd la serotonina en S .
muestras de raiz y follaje, encontrando que Arabidopsis produce i o

serotonina en pequenas cantidades, las cuales se incrementan en
medio suplementado con este compuesto, tanto en raiz como en
follaje (Fig. 3) lo cual se correlaciona con los efectos observados
(Pelagio-Flores et al., 2011).
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Por otro lado y a diferencia de lo observado con serotonina, la
melatonina afecté la arquitectura del sistema radicular, estimulan-
do la formacién de raices laterales sin inhibir significativamente el
crecimiento de la raiz primaria (Fig.4).
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Ademas de inducir también la formacion de raices adventicias @  “figyRa 3.
partir de explantes de tallo (Fig. 5A y B), sin comprometer signifi-
cativamente el desarrollo de los pelos radiculares (Fig. 4C), mos-
trandose con esto que la melatonina funciona como una molécula
benéfica para las plantas, al aumentar la ramificacion del sistema
radicular.

Cuantificacion de serotonina en plan-
tas de Arabidopsis thaliana.
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Efecto de la melatonina sobre la arqui-
tectura de la raiz.
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FIGURA 5.

Efecto de la melatonina sobre le for-
macion de raices adventicias y el de-
sarrollo de pelos radiculares.
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Para determinar si tanto la serotonina como la melatonina podian
actuar en una ruta de senalizacién relacionada a auxinas, se de-
termind su efecto sobre la expresion de los genes marcadores
DR5:uidA y BA3:uidA inducibles por auxinas. En plantas transgéni-
cas que expresan el marcador DR5:uidA, la expresion del gen re-
portero se localiza principalmente en los meristemos de la raiz y el
follaje, mientras que plantas tratadas con 1 uM de la auxina sintéti-
ca ANA, su expresion se presenta en toda la planta. En contraste,
en las plantas tratadas con serotonina, el gen reportero disminuye
fuertemente su expresion, aun bajo tratamiento con auxinas (Fig.
6A), este efecto fue similar en las plantas transgénicas BA3:uidA.
Para complementar el analisis de los efectos de la serotonina sobre
la via auxinica, se analizé su efecto sobre la degradacion de uno
de los represores de la respuesta a auxinas AXR3/IAA17 usando
la fusién HS::AXR3NT-GUS el cual es degradado en respuesta a
auxinas. Plantas de esta linea fueron tratadas con AlA y/o seroto-
nina, mostrando la degradacion del represor por el AlA a los pocos
minutos del tratamiento, sin embargo, la serotonina no indujo la
degradacion de este represor aun después de 60 minutos de tra-
tamiento (Fig. 6B). Estos resultados muestran que la serotonina re-
prime la expresion de los genes inducibles por auxinas y no induce
la degradacion de AXR3/IAA17 sugiriendo que la serotonina puede
actuar como un inhibidor natural de auxinas.
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FIGURA 6.

Efecto de la serotonina sobre la expre-
sién de genes regulados por auxinas.
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De manera similar nuestros resultados mostraron que la melatonina
no induce la expresiéon de DR5:uidA y BA3:uidA (Fig. 7), ni activa la
degradacion de HS::AXR3NT-GUS como lo hacen los compuestos
con actividad auxinica, indicando que los procesos del desarro-
llo modulados por la melatonina ocurren mediante un mecanismo
distinto de la senalizacion por auxinas (Pelagio-Flores et al., 2012).

La serotonina y la melatonina son compuestos naturales de plan-
tas que tienen la capacidad de regular la arquitectura de la raiz de
Arabidopsis thaliana de manera diferencial, dotando a la planta de
un mayor nimero de estructuras como son las raices laterales y
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adventicias que bajo determinadas condiciones pueden favorecer
su supervivencia. Se concluye ademas que ambos compuestos
actian de manera independiente a la ruta de senalizacion de las
auxinas y mas especificamente que la serotonina actia como un
represor de esta via.
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FRONTERAS EN LA BIOLOGIA

.. Los tres primeros capitulos de este libro presentan una SENALIZACION Y COMUNICACION DE LAS PLANTAS
revision actualizada de las vias de senalizacion de las
principales fitohormonas, haciendo un énfasis especial en las
auxinas, ya quec éstas participan pricticamente en la

cion de todos los procesos del desarrollo vegetal, desde
la embriogénesis hasta la senescencia. Es tal su importancia,
que en el capitulo tres se analiza su antagonismo con las
citocininas para regular ¢l mantenimiento de los meristemos
de la raiz y de los brotes apicales, y permitir ¢l crecimiento y
desarrollo continuo de las plantas.
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CAPITULO 2

Las auxinas: hormonas que coordinan el
crecimiento y desarrollo de las plantas y
su interaccion con el ambiente
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Las auxinas: hormonas que coordinan el
crecimiento y desarrollo de las plantas y
su interaccion con el ambiente

Elizabeth Garcia Cardenas, Edith Munoz Parra, José¢ Lopez Bucio y Elda Beltran
Pena

Las plantas son organismos multicelulares sésiles que
responden a estimulos ambientales con una gran plasticidad
fenotipica, modificando asi la arquitectura de sus raices y del
follaje para optimizar los recursos disponibles en su ambiente.
Las auxinas son los reguladores del crecimiento vegetal mas
estudiados, debido a que controlan las diferentes etapas del
ciclo de vida incluyendo la embriogénesis, los tropismos, la
organogeénesis de la raiz y del follaje, la resistencia al ataque
de patogenos, asi como la senescencia. L.a auxina natural mas
abundante es el acido indol-3-acético (AIA), molécula que
se produce en los brotes, en los meristemos y en los apices
de las hojas y se transporta a diferentes tejidos por proteinas
acarreadoras localizadas en la membrana plasmatica. En
este articulo se discute la informacion mas relevante sobre los
procesos del crecimiento y desarrollo de las plantas en los que
participan las auxinas, asi como sus mecanismos de transporte e
interacciones a nivel molecular.
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Capitnlo 2. Las auxinas: hormonas que coordinan ol crecimicnto ..

Introduccién

Las plantas son organismos autbvrofos, cs deciy,
labrican sus propios alimentos a partir de la luz del
sol, agua v nutrimentos mincrales que toman del
suelo. Aungne rradicionalmenre se les ha diferenciado
de los animales por su naturaleza sésil, cada vez
resulta mas cevidente su cnorme capacidad para
adaptarse a las fluctuaciones en las condiciones
ambicntales  cambiando  su morfologfa.  Esta
propicdad s conoce como plasticidad fenotipica, ¢
incluye la recepeidén, decodificacion e integracion de
setiales que provienen de factores abioticos y hidticos
como la intensicdad luminica, la disponibilidad de
agwa y nutrientes, los cambios en la temperatura, tas
condiciones fisicoquimicas del suelo v la presencia de
microorganismos [ Vanneste y Friml, 2013; Sathhal o
al, 2013 Diversos compuestos también conocidos
como fitchormonas, entre los que se incluye a las
citocininas, los brasinocsteroides, ¢l etileno, ¢l acido
salieilico, el acido abscisico, las estrigolactonas,
el acido jasmonico, las giberelinas y las auxinas
coordinan las respuestas de los tejidos a las senales
del ambiente con los procesos de crecimiento y
desarrollo subyacentes (Depuydr y Hardtke, 2011).
Las auxinas desempeiian un papel preponderante en
la organogénesis {fue va desde la germinacion hasta
la senescencia), ya que promueven la formacion de las
raices laterales, ¢l manenimiento de los meristemaos
apical v radicular, Ja formacion de yemas axilarcs v
de los tejidos vasculares, tos tropisntos y el desarrollo
del fruto. El concepto clasico de regulacidn hormoenal
mplka que una molécula se sintcuza en un érgano
desde donde se moviliza a owtros tcjidos dentro del
organismo, cstimulando  una respuesta celular
En ¢l caso de las auxinas, éstas se sintetizan en los
merisiemos ¥ hojas jdvenes, y se transportan o zouas
adyacentes o distantes mediante proteinas presenres
en las membranas de las células.

L.a respuesta cclular a las auxinas ocurre mediante
su p{f!'l.'(.‘})(j(’)li por un  gripo de p“)[{’ill&lﬁ que
acnian como receptores, (ue estan localizadas en el
nicleo de las ¢élulas. $i, ¢n ¢l micleo, este hallazgo
fie sorpresivo porque en la mayor parte de las
organisimos, los receptores de senales Upicamente se
localizan en la membrana plasmitica. Los receptores
de auxinas forman parte de un complejo cuya funcién
consiste cn modificar a atras proteinas ;las Aux/IAA,
represoras de los facteres de transcripcion ARL)
mediante la adicién de residuos de ubiquitina; este
matcaje permite un recambio activo al degradarse las
Aux/TAA por ¢l proteosoma, un complejo enzimatico
ubleuo en eucariontes. Pardcularmente relevante
¢s ¢l recambio de los factores de transcripadn que
determinan el fenotipo, las respuestas ambientales
y la cxpresién de genes. Cuando los factores de

ranscripeion ARF quedan libres, se nnen a los
promotores de los genes cuves productos regulan
¢l crecimicnto y desarrollo vegetal, modulando la
divisidn, clongacion y diferenciacion {Ortiz-Castro ef
al., 2009).

Las auxinas naturales principales son ¢l dcido
indok-3-acético (AIA) v cl édcido  indol-3-hutirico
(AIB) (Korasick et af., 2013). También existen diversos
compuestos sintéticos con actividad auxinica que por
sus propiedades sc han usado wadicionalmente como
herbicidas ¢n la agricultura v horticultura, algunos
ejemplos son el acido 2.4-diclorofenoxiacético (2,4-D),
¢l 4cido 2,4,5-triclorofenoxiacétco 2,4.5-Th, ¢l dcido
4-aminn-3.3,6-triclore-2-picolinico  picloramj y <l
4cido 3,6-dicloro-2-metoxibenzoico [dicamba) [Ljung,
2013). Las aplicaciones inherentes del conocimienta
sobre el funcionamicnto de las auxinas van desde la
posibilidad de cultivar plantas o algunas de sus partes
w vitro, hasta la formulacion de agroquimicos con
impacto en el manejo de los cultivos,

1. Homeostasis de las auxinas: biosintesis,
conjugacion y degradacion

Las auxinas son moléculas pequetias y moviles, que
s¢ acumulan en los tejidos vegetales en respuesta a
una amplia variedad de estimnlos. Se han descrito
dos rutas de biosintesis del AIA, una dependiente del
miptdlano y otra independiente de este aminodcdo.
La primera via involucra varios inlcrmediarios como
la indol-3-acetamida JAM:, el Acido indol-3-piravico
(TPA), Ja indol-3-acctaldoxima [ TAOX), v la triptamina
(TAM;. La via independicnte de triptdfano no ha sido
completamente dilucidada aunque se propone como
precursor un compuesto nddlico Finet y Jaillais,
2012}, Recientemenle, s¢ suginid que una proteina
que sintetiza indol, de localizacion  citosolica, ¢s
clave en la via independiente de miprofano, v tiene
un papel preponderante ¢n la embriogénesis de las
plantas {Wang ¢! af, 20151 La inactivacién mediante
conjugacion es una forma de regulacion de los niveles
de AIA, debido a que altas concentraciones de auxinas
son Loxicas pard la planta, lo que explica que diferentes
compuestos se piedan nsar como herbicidas. Tas
formas conjugadas del AIA se clasilican en tres
grupos: i) de bajo peso molecular, incluye la adicién
de azicares, 1i) de hajo peso molecular, en cuyo caso
la auxina se modifica con la adicion de aminoacidos
y iifj de alto peso molecular, lo cual ocurre mediante
la adicion de péptidos. Ly via mas conocida ¢n la
conjugacion del ALA con aminoacidos involucra a
la familia de genes GRETCHEN HAGEN (GH3) quc
coclifican amido sintasas v amido hidrolasas (Kramer
y Ackelsberg, 2015), Los genes GH3 se encuentran
ampliamente distribuidos en el reino vegetal y las
mutaciones con ganancia o pérdida de funcion de

19

176



estos genes alectan el crecimiento v desarrollo, comao
sucede en la mutante con ganancia de funcidn ydb7-D
que preserua una reduceidn on la raiz primaria, en cl
nimcero de rafces laterales y en la dominancia apical
{Westfall et of, 20100, El AIB v ¢l éster metl inactivo
del AlA IMeAIA) pueden almacenarse e lnter-
convertirse en auxinas activas (Korasick ef af, 2013).
La (amilia de genes ILRIAZILL, que codifican para
hidrolasas de aminoacidos, posthilitan ] catabolismo
de algunos conjugados, con lo que se mantiene
un balance en los niveles de auxinas conjugadas y
libres (Kramer v Ackelsberg, 20135 La inactivacién
wreversible de los conjugados con azicarcs so lleva
a cabo mediante oxidacion cuando los niveles de
auxinas st incremencan. Los metabolitos que son
producto de dicha degradacién se han idenuficado
como ¢l dcido 2-oxoindol-3-acético (oxAlA] ¥ glucosa
{oxATA-Glu’ {Ljung, 2013).

2. Distribucion de las auxinas

El rransporte de auxinas en las plantas se lleva a cabo
mediante dos vias distintas: {i el AIA que se distribuye
hacia zonas lcjanas de los sitios de biosintesis s¢ mueve
a raves del floema con el flujo de fotosintatos, y ii)
¢l transporte polar de auxinas (TPA) se lleva a cabo
entre tejidos, célula a célula y ocurre por la accion
de proteinas membranales de enwrada v salida
{Petrasek y Friml, 2009, Los acarreadores de entruda
pertenceen a la familia AUNT/LIKE AUXIL (AUX L/
LAX] v se identiticaron con la caracterizacion de una
mutante agravitropica llamada ausin resistant ! auxf)
de drabidopsis (Laiz v Zeiger, 2002). Por otra parte,
la salida de auxinas de las células cstd mediada por
proteinas transportadoras de la familia PIN [PIN-
FORMED;, que conticnende 10a 12 segmentos trans-
membranales separados por una region hidrofilica.
En Arabidopsis thaliane se han veportado ocho proteinas
PIN, las PIN 1, 3, 4 v 7 son importances durance la
organoginesis y en las respucstas gravitropicas de la
raiz {Barbnsa y Schwechheimer, 20145 Adamowski y
Friml, 2015} A diferencia de las PIN de la membrana
plasmatica, las PIN 5, 6 v 8 sc localizan on ¢l
retdeulo endoplismico, junto con los ransportadores
denominados LIKE PIN (PILS) {Barbez e af., 20142),
Los métodos para estudiar la localizacion de las PIN
y la determinacion de las concentraciones enddgenas
de auxinas durante los procesos del desarrollo se basan
en ¢l use de inhibidores del transporte de entrada a
las ¢flulas como ¢l dcido l-naftoxdacético [(1-NOA),
el dcido Z-nattoxaacético (2-NOA, el dado S-cloro-
4-hidroxifienil acético [CHPAA) v la cromoesaponina
natural; ast coma de inhibidores de salida, entre los
que se incluyen moléeulas sintéticas como ¢l acido
I-naftilftalamico (NPA, acido 2,3 5-tniodobenzoico
{TIBA) v algunos flavonoides naturales Hasek et al.,
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2012). Los flavonoides son un grupo de caompuestos
politendhicos que resultan del metabolismao secundario
de las plantas v que al modular el transporie de
anxinas afectan los tropismos (Petrasck v Frimil,
20019). Recientemente, se ha deserito otra familia de
transportadores de salida de auxinas de las células
denominada ABGCB/MDR/PGPE, que  wransportan
difcrences tipos de meléculas v cuva sobreproduccion
conficre resistencia a drogas o toxinas; aqui se
mcluve a las proteinas ABCB 1, 4, 19, 15 y 21
involucradas en la formacion de pelos radiculares,
de raices adventicias y ¢l [owtropismo (Reteer of
al, 2014). Las PGPs pertenceen a una sublamilia
de los transportadores ABCB que se descubrieron
inicialmente en lineas cancerigenas de mamiferos,
donele su sobreexpresidn  conleria  resistencia a
farmacos {Cho y Cho, 2013 En las plantas, sc¢
suginid que dichos transportadores funcionan como
bombas de eflyjo con accién inespecifica, después
se les aibuyd un papel en ¢l transporte de auxinas
en monocotileddneas v dicotileddneas. Come un
ejemplo de la importancia de este grupo de proteinas,
sc resaha el hecho que la mutante atpgp!, deficiente
en ¢l transportador PGP presenta reduccion en el
desarrollo de la raiz, transporw: de auxinas disminuido
y pérdida del gravitropismo (Geisler y Murphy, 2006).
El modclo vigente sugiere que las prorcinas PIN sc
distribuyen desde organelos internos como el reticulo
endoplasmico hacia le membrana denwro de vesiculas
secrctoras (Finer y Jaillais, 20123 La brefeldina A
{BFA) ¢s una toxina que inhibe ¢l flujo de las vesiculas
y promueve asi la acumulacion del transportador
PIN]1 en compartimentos internos. Las proteinas
ARF-GEF GNOM controlan el trifico vesicular y
e consceuencia ¢l transporte de auxinas, causando
diferentes  anormalidades en el desarrollo. Por
ejemplo, las mutantes grom muestran defectos desce
la crobriogénesis que conducen a la mallormacion
de drgancs (Adamowski y Framl, 20135). Existen otras
proteinas que regulan la distribucion vesicular de los
tramsportadores como la cinasa PINOID (PID/WAGH
y la tosfatasa PP2A| necesarias para re-direccionar ¢l
(lujo de auxinas Fig. 1),

3. Sefializacién de las auxinas

La percepcidn de las auxinas inicia con su unién
al receptor TIRT {TRANSPORT INHIBITOR
RESPONSELD, localizado ¢n ¢l nicleo de las células,
Esias mwléculas  actiian como  un “pegamento
molecular” v posibilitan la interaccion del receptor
con otras protwinas (Guilfoyle, 2007). En particular,
TIR1 es un co-receptor asociado con otras proteinas
para {brmar un complejo denominado SKP1-Cull-F-
Box (SCF"™!M®) (Calderon e al., 2012). Cuando los

niveles de auxinas son bajos, las prowinas represoras
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Figura 1. Localizacion de los transportadores
de las auxinas de la familia PIN. El wansporte de
dichas proteinas desde los sitios de biosintesis en el reticulo
endoplismico hacia la membrana plasmatica esta mediado
por reacciones de foslorilacion que regulan la localizacion
del transportador y por lo tanto la concentracion intracelular
de las auxinas.

Aux/IAA forman multimeros con los factores de
transcripeion de respuesta a auxinas denominados
ARFs (AUXIN RESPONSE FACTORS) mediante
interacciones proteina-proteina, bloqueando asi la
transcripcion de genes de respuesta a auxinas. Al
aumentar la concentracion de auxinas se promueve
la ubiquitinacion del represor Aux/IAA y entonces
ocurre su degradacion por el proteosoma 268, dejando
los ARF libres para la activacion de los promotores de
los genes de respuesta a auxinas. Interesantemente,
se encontrd un dominio de dimerizacion (DD) en
los ARFs que al unirse a la secuencia AuxREs de los
promotores forman dimeros para activar la expresion
de genes correspondiente a las familias GRETCHEN
HAGEN (GH3), Small Auxin Up Regulated (SAUR) v Aux/
144 (Tian et al., 2002). Recientemente se reporto que
los componentes en la senalizacion de auxinas también
pueden presentar modificaciones pos-traduccionales
que afectan la via. La nitracion de TIR1 conduce a
la degradacion de los represores Aux/IAA, en tanto
que los ARFs pueden ser fosforilados por la cinasa
BIN2 (BRASSINOSTEROID-INSENSITIVEZ)
suprimiendo con ello su interaccion con los represores
Aux/TAA y promoviendo entonces la transcripeion
de los genes de respuesta a auxinas (Wang v Estelle,
2014) (Fig. 2). A nivel transcripcional, el co-receptor
TIR1/AFB-Aux/IAA controla la via de senalizacion
auxinica, sin embargo, existen procesos que requieren
respuestas rapidas a las auxinas que no involucran
la transcripcion de nove de los genes (Vanneste y
Friml, 2013). ABP1 es una proteina de 22 kDa que
contiene un péptido senal de retencion en el reticulo
endoplismico; estudios iniciales sugirieron un papel

esencial para esta proteina en casi todos los aspectos
del desarrollo de las plantas, controlando la division
v expansion celular (Sauer y Kleine, 2011). Sin
embargo, un estudio controversial publicado por Gao
et al. (2015), mostrd que ABPI no era un componente
en la senalizacion de auxinas ni tampoco jugaba un
papel importante en la regulacion del desarrollo,
debido a que las mutantes abpl presentaban un
fenotipo normal. En conclusion, parece ser que las
investigaciones de la funcion de ABP1 han regresado
al siglo XX, por lo que valdria la pena revisar la
hipétesis propuesta desde la década de los 60 de que
los transportadores PIN podrian ser los receptores de
las auxinas (Strader y Zhao, 2016).

4. Eventos del crecimiento y desarrollo
vegetal regulados por auxinas

4.1.Embriogénesis

La formacién del embrion se lleva a cabo por
divisiones anticlinales del cigoto fertilizado. Desde
esta etapa, la distribucion de auxinas en forma de
un gradiente apical-basal en la hipdfisis conduce a la
formacion del meristemo radicular, En el estadio de
corazomn del embrion, la acumulacion de auxinas se
presenta mayoritariamente en los sitios de formacion
de los cotiledones, donde se diferencian grupos de
células para formar el meristemo del follaje (Wendrich
y Weijers, 2013). Durante la germinacion, la primera
estructura en salir de la testa de la semilla es la radicula,
en la que va se distinguen tres zonas bien definidas:
meristemdtica, de elongacion y de diferenciacion. En
el meristemo, las células se encuentran en division
constante para posteriormente crecer y aumentar
de volumen, En la zona de dilerenciacion se forman
los pelos radiculares a partir de los tricoblastos de
la epidermis v las raices laterales que emergen de
algunas células del periciclo (Satbhal et al,, 2015).

Las raices laterales permiten al sistema radical una
mejor exploracion del suelo para hacer mas eficiente
la captacion de agua y nutrientes y son componentes
clave para la adaptacion de las plantas a los cambios
en el ambiente (Lavenus ef al, 2013). En el desarrollo
de estos Grganos, el transporte de auxinas mediado
por los transportadores PIN1 y PIN3 es necesario
para regular el reflujo de auxinas entre la epidermis
y el periciclo. Cascada abajo en la senalizacion, el
factor de transcripcion (ARF5)/MONOPTEROS
(MP) participa en la formacion de las raices laterales
y activa la expresion de PIN1 a través de una
retroalimentacion positiva (Tian ef al., 2014).

4.2.Tropismos

Las auxinas estin involucradas en la orientacion
del crecimiento de las plantas a estimulos de luz
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LERVIV

Baja concentracion de auxinas

Nucleo

Alta concentracion de auxinas

Nucleo

Figura 2. Sefializacién de las auxinas. (A) Interaccion del represor Aux/IAA y el activador transeripcional AR a
través del dominio DIIIZDIV. (B) Las auxinas, en bajas concentraciones, no son percibidas por ¢l receptor nuclear TIR1/
AFB/Aux-IAA. (C) El represor forma un complejo multimérico con el activador que interactia por el dominio I con el co-
represor TOPLESS (TPL), constituido por desacetilasas de histonas (HDACS) lo que resulta en la represion de la transeripeion
de genes de respuesta a auxinas. (D) El co-receptor percibe una alta concentracion de auxinas y permite el acoplamiento y
ubiquitinacion del represor para su degradacion en el proteosoma 268, el activador queda libre y se dimeriza para unirse a
los clementos AuxRE de los promotores para activar la transcripeion de genes de respuesta a auxinas.

(fototropismo), tacto (tigmotropismo) v gravedad
(gravitropismo) (Taiz y Zeiger, 2002). La gravedad
es percibida por la raiz en las células de la cofia que
conticnen almidon, es ahi donde PIN3 se localiza
después de dicha percepcion. El flujo auxinico se
dirige entonces desde la punta de la raiz hacia la
zona de clongacion. PIN2 y AUXI son requeridos
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en esta ruta de transporte. Esto se dedujo al observar
que las mutantes de Arabidopsis deficientes en cada
uno de estos genes forman raices agravitropicas. Por
otra parte, se ha propuesto que los transportadores
ABCB podrian estar implicados en la respuesta a la
gravedad, ya que las mutantes abeb4, abeb19 y abebl
son agravitropicas (Petrasck y Friml, 2009). El calcio
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participa como un mensajero intracelular durante cl
gravitropismo inducide por auxinas, debido a4 que
su acumulacion colocaliza en la misma dircecion del
Nujo auxinico conducido por PIN3 v PIN7 {Vanmesie
y Friml, 2013}

4.3. Funcionamiento de los meristemos

Para el mantenimiento del meristemo la tasa de
diferenciacion debe serigual ala generacidn de nuevas
células. Poco despuds de la germinacion, ol meristemo
dela raiz alcanza un tamarfio estable que se conservaen
el tiempeo, permitiendo el crecimiento indeterminado.
El aumento de los niveles de la prowcinag SHY2,
inducible por auxinas v su interaccién con diversos
reeulaclores del crecimiento como las citocininas,
estrigolactonas, dcido abscisico, v brasinoestercides
permite ¢l balanee entre la division v la diferenciacion
celular requerido para el crecimiento y funcionalidad
de la raiz {Pacifici et al, 2015),

La formacién de érganos a partir del menstemo
apical del brote involucra a las auxinas (Vermoux ¢
al, 2010%. Este meristemo apical esta formado por
tres capas, un centro orgarnzacional (OC) rodeado
por un grupo de células fuente con poca actividad
proliferaiiva ubicado cn la base de la zona central
{C7). También se reportan una zona basal/medular
(RZ} v owra penférica (PZ) donde los nuevos drganos
laterales se forman, incluyendo las yemas axilares
v los primordios dc hojas. La luncidén que tiencn
las auxinas en la iniciacion de primordios de ralees
laterales y/o de las hojas depende de la localizacion
de los transportadores PIND y AUX/LAX [Kalve
et al, 204} Las auxinas también se coordinan con
la sefializacién por citocininas a través de uno de
los complejos que regulan ¢l ciclo celular, CYUDY/
CDK, que al fosforilar a la protwina represora
RB (RETINOBLASTOMA), libera al factor e
transcnipeidon E2F y entonces se induce la progresion
de la fase G1 a la 8 (sintesis de DNA) del ciclo celular
(Schaller e &, 2015).

4.4.Interaccién de la via auxinica con el
complejo MEDIADOR

La transcripcidn es un proceso catalizado por diversas
proteinas que funcionan en sincronia. En eucariontes,
las principales proteinasimplicadas sonla enzima ARN
Polimerasa II, los Factores de Transcripeion Generales
(GTFs por sus siglas en inglés *General Transcription
Factors™l, asi como activadores y represores que
acrian en frans, v el Complejo MEDIADOGR (MED)
{Kim et @/, 1994; Koleske v Younp, 1994; Malik ¢
al., 2003}, Desde su descubrimiento en Saccharmces
cerevisiae, las proteinas MEID se han encontrado en cast
todos los eucariontes (Boube ef af., 2002; Bourbon &

al.,, 2004; Bourban, 2008, En Adrebidepsis thaliana, s

conservan 21 subunidades incluyenda las del dominio
catalitico formade por MEDI12, MED13 v CDKS8
(Wang y Chen, 2004; Backstrom el af., 2007; Gillmor
et al, 2010; Io & of., 20117, Ademids de controlar ¢l
desarrollo de la planra, se ha demostrado que [as
subunidades MED modulan las respucstas a estrés
hidtico y abidtico, la flovacién y las vias de serializacién
hormonal, o contribuven en funciones esenciales de
los nicleos de las células come, la actinidad de la
helicasa del ADN, asi como ¢l empalme de intrones
y exones del ARN mensajero denominado “splicing™
(Fig. 3). Con los analisis de las mutantes afectadas
en MEDI4, se ha evidenclado la paricipacion del
Complejn Mediador en la orgamzacion del tamaro
de drganos vegetales y en la diferenciacion celular, va
que dichas mutaciones ocasionan una desorganizacion
del meristemo apical del brote (Autran of af., 2002,
Sundarvavelpandian ¢f af., 2012}, Ademas de MED4,
las mutantes del modulo cinasa med!2, medi3 v cdi8
muestran fenotipos de diferenciacién celular alterada
durante el desarrollo {Wang v Chen, 2004; Gillmor
et al, 2010; Ito of al., 2011) y se ven afectadas en la
transicion del embridn de la etapa globular al estadio
de corazén (Gillmor ef al, 2010). El efecto de la
mutacién en MED S sobre la diferenciacidn celular
ha sido explicado por una respuesta defectuosa a las
auxinas, cuyo [ujo direccional mediado por PINT e
visiblemenee anormal en la zona de divisién celular v
enlos cotiledones en desarrollo (o et od., 201171 El gen
AMED23, también conacido como PHYTOCHROAME
AND FLOWERING TIMET (PFT]), fue descrita coma
un regulador del proceso de adaptacion conocido
como Sindrome de Evasidn de la Sombra [SAS por
sus siglas en inglés “Shade Avoidance $yndrome’) que
promucve la floracién en respucsta a cambios en la
calidad de la luz (Cerdan v Chory, 2003) y podria ¢star
relacionado direcramente a una respuesra anxinica a
travis de la participacion de PIN3 {Keuskamp ef ol.,
2010}, Y1 reporte mas reciente de la participacion de
PEI1/MED25 en el desarrollo de Las plantas mostrd
e la pérdida de su fincion estimula el crecimienta
de la raiz primara y raices laterales, asi como la
formacién de nova de raices larerales y adventicias; por
el contrario, y coincidentemente la sobreexpresion de
PEFT1/MED25 redujo estas respuestas, lo que sugjere
quec PFI1/MED25 cs un clemente importante cu
la proliferacion celular del meristemo y en €l control
del tamaiio celular en la raiz primaria y las raices
laterales {Raya-Gonzalez ¢ al, 2014, Estos autores,
tambhién demostraron que PIFTI/MED2) regula
negativamente ¢l transporte de auxinas a wravés
de la modulacién de la expresion y distuibucion
del transportador PINT, v la expresion de genes de
respuesta a auxinas en toda la planta (Raya-Gonzdlez

of al,, 2014).
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Figura 3. El Complejo MEDIADOR como componente importante de la maquinaria transcripcional
eucariota. Algunas subunidades especificas son importantes para la regulacion de diversos procesos del desarrollo vegetal,

En particular, la subunidad MED25 participa en la respuesta auxinica y en los procesos celulares subyacentes, como la

formacion de los pelos radiculares y de las raices laterales,

Conclusiones

Las plantas pueden cambiar la arquitectura del follaje
y de la raiz ante las fluctuaciones en las condiciones
ambientales  aumentando o disminuyendo  las
concentraciones endogenas de los reguladores del
crecimiento vegetal como las auxinas. El acido
indol-3-acético puede ser producido por plantas y
por diversos microorganismos que forman parte del
microbioma vegetal, por lo que su participacion en
la interaccion entre organismos de diferentes reinos
es un area de investigacion activa. La homeostasis de
las auxinas en los tejidos vegetales involucra aspectos
de biosintesis, transporte, transduccion de senales y
metabolismo, cada uno de los cuales resulta esencial
para el desarrollo de las plantas. Con el advenimiento
de téenicas de secuenciacion masiva de transcritos y
de identificacion de proteinas y metabolitos a gran
escala, de abre un panorama amplio para dilucidar
la forma como las auxinas interacttan con otras
fitohormonas para coordinar los programas de
organogénesis que determinan la forma y funcion de
los vegetales y su adaptacion al ambiente.
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