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RESUMEN

CLE14 pertenece a una familia de péptidos que son secretados por las plantas y que
interactuan con receptores con actividad de cinasa y repetidos ricos en leucina (LRR-
RLK) en su estructura, importantes para la comunicacion celular. En este trabajo, a través
de enfoques farmacoldgicos, genéticos y de biologia celular, se investigé la funcién de
CLE14 para determinar el equilibrio entre la divisidon celular y la diferenciacién, asi como

su impacto en la callogénesis y la regeneracion de la punta de la raiz.

Las concentraciones nanomolares de CLE14 o su sobreexpresiéon en Arabidopsis
reprimen el crecimiento de la raiz primaria y desencadenan la ramificacion de la raiz y la
formacion de pelos radiculares. La aplicacion farmacoldgica del péptido en el medio de
crecimiento disminuye la expresion del factor de transcripcion de respuesta a etileno
ETILENE RESPONSE FACTOR 115 (ERF115) durante el proceso de regeneracion.
Después de la escisidon de la punta de la raiz primaria, la expresion de pCLE14:GUS-
GFP se localizé especificamente en la capa celular adyacente al corte y en la capa celular
mas externa de la cofia. Las mutantes clel4 tuvieron una regeneracion de la punta de la
raiz comparable con las plantas normales, mientras que las plantulas 35S:CLE14 no
logran regenerar la punta de la raiz ante el corte con un bisturi. La desdiferenciacion
celular se analizé en explantes de tallo de plantas normales, clel4 y 35S:CLE14
cultivados en medios inductores de callos. Los resultados mostraron una produccion de
biomasa celular comparable para plantas normales y clel4, pero una callogénesis

drasticamente reducida para los explantes 35S:CLE14.

CLE14 interactua con el receptor PEPR2 en plantas expuestas a estrés por deficiencia
de fosfato y esto induce la pérdida del meristemo. Para conocer la relacion entre PEPR2
con los procesos de regeneracion, se analizaron plantas transgénicas que expresan la
construccion pPEPR2:GUS en respuesta al corte de la raiz. En las raices de las plantas
que no sufrieron dano, el receptor no se expresa en el meristemo o en la zona de
diferenciacion, en cambio, una vez realizado el corte de la punta de la raiz, se manifesto

una fuerte expresion, evidenciada por la coloracién azul producto de la actividad de la



beta glucuronidasa en los tejidos adyacentes al corte y también en regiones distales al

dafo, incluyendo el meristemo apical del follaje.

La expresion de PEPR2 se indujo por herida en los cotiledones y también en la raiz en
respuesta al tratamiento con zeocina, un antibiético que induce la muerte celular en
células de la pro-vasculatura. Finalmente, la aplicacion de acido jasmoénico indujo la
expresion de PEPR2 de manera constitutiva, indicando un papel importante de esta
fitohormona en los procesos de adaptacion al dafio celular. En conjunto, nuestros
resultados proporcionaron informacién valiosa sobre el vinculo entre el péptido CLE14 y
el receptor PEPR2 en los procesos de organogenesis en plantas, asi como en la

respuesta a herida o dafio celular y en la sefializacion del acido jasmonico.
Palabras clave: Regeneracién celular, material biologico, raiz, semillas.



ABSTRACT

CLE14 belongs into a family of plant-secreted peptides that interact with leucine-rich
repeat receptor-like receptor kinases (LRR-RLK) important for cell communication in
plants. Here, through pharmacological, genetic and cell biology approaches, the function
of CLE14 was investigated to determine the balance between cell division and
differentiation, as well as its impact on callogenesis and root tip regeneration. Nanomolar
concentrations of CLE14 or its overexpression in Arabidopsis repress taproot growth and
trigger root branching and root hair formation. The pharmacological application of the
peptide in the growth medium decreases the expression of the ethylene response
transcription factor ETHYLENE RESPONSE FACTOR 115 (ERF115) during the
regeneration process. After resection of the primary root tip, pCLE14:GUS-GFP
expression localized specifically to the cell layer adjacent to the cut and to the outermost
cell layer of the root cap and clel4 mutants had root tip regeneration comparable to
normal plants, whereas 35S:CLE14 seedlings fail to regenerate the missing root tip after
excision. Dedifferentiation of proliferative tissue was analyzed in WT, cle1l4 mutants, and
35S:CLE14 stem explants grown in callus-inducing media. The results showed
comparable biomass production for normal and clel4 plants, but drastically reduced

callus production for 35S:CLE14 explants.

CLE14 interacts with the PEPR2 receptor in plants exposed to phosphate deficiency
stress and this induces meristem loss. To know the relationship between PEPR2 in
regeneration processes, transgenic plants expressing the pPEPR2:GUS construct in
response to root cutting were analyzed. In the roots of plants that did not suffer damage,
the receptor is not expressed in the meristem or in the differentiation zone, however, once
the cut of the root tip was made, a strong expression was manifested, evidenced by the
blue coloration product of the activity of beta glucuronidase in the tissues adjacent to the

cut and also in regions distal to the damage, including the shoot apical meristem.

PEPR2 expression was induced by wounding in the cotyledons and also in the root in
response to treatment with zeocin, an antibiotic that induces cell death in highly
proliferative cells of the pro-vasculature. Finally, the application of jasmonic acid induced

the expression of PEPR2 constitutively, indicating an important role of this phytohormone
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in the adaptation processes to cell damage. Together, our results provided valuable
insights into the link between the CLE14 peptide and the PEPR2 receptor in plant-

mediated organogenesis, wounding response and jasmonic acid signaling.



1. INTRODUCCION

Las plantas manifiestan una gran capacidad para adaptarse a los cambios en las
condiciones ambientales a través de la regeneracion tisular y la organogénesis de novo.
El dafio fisico de las hojas, tallos y raices puede ocurrir por el ataque de herbivoros y
patdgenos, asi como durante la exploracién del suelo o la exposicion a contaminantes,
para lo cual la cicatrizacion de heridas o el reemplazo de tejidos dafiados orquestan la

respuesta adaptativa (Ikeuchi et al. 2016; Mathew y Prasad 2021).

Los péptidos de la familia CLAVATA3/EMBRYO SURROUNDING (CLE) interaccionan
con receptores membranales con actividad de cinasa activando rutas de transduccion de
sefales mediante eventos de fosforilacion (Cock y McCormick 2001; Sharma et al. 2003;
Fletcher 2020; Willoughby y Nimchuk 2021). Dichas interacciones modulan procesos
criticos durante el desarrollo de la planta, incluida la actividad meristematica (Hirakawa
et al. 2021), las respuestas nutricionales de las raices (Gutiérrez-Alanis et al. 2017) y la
senescencia (Zhang et al. 2022). En particular, el péptido CLE14 actua como un represor
del crecimiento de la raiz y como inductor de la formacién de pelos radiculares en
Arabidopsis, arroz y tomate (Hayashi et al. 2018; 2019), asi como en la represion de la
actividad del meristemo radicular en condiciones de limitacion de fosfato, actuando a
través de los receptores CLAVATA2/PEPR2 (Gutiérrez-Alanis et al. 2017).

La regeneracion completa de plantas a partir de esquejes es una herramienta importante
para la multiplicacién de material vegetal, teniendo un impacto positivo en la horticultura
y la floricultura (Ikeuchi et al. 2016). Este proceso implica la formacién de células
pluripotentes derivadas de diferentes partes, a partir de las cuales es factible producir
tallos o raices a través del manejo del equilibrio entre las auxinas y las citocininas (Ikeuchi
et al. 2016; Mathew y Prasad 2021). La regeneracion de brotes a partir del tejido madre
implica la desdiferenciacién de las células y la entrada en mitosis, aspecto que
comunmente conduce a la formacion de callos (Ikeuchi et al. 2016; Mathew y Prasad
2021).

Un avance importante hacia la comprension de la regeneracion de la raiz fue el hallazgo
de que después del corte de la punta de la raiz en Arabidopsis que elimina la parte mas

distal, incluida la cofia y las células madre del meristemo, las células dentro del tejido
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sobreviviente se transdiferencian para desarrollar un nuevo centro quiescente necesario
para reconstruir los tejidos faltantes (Heyman et al. 2013; 2016; Ruiz-Aguilar et al. 2020).
Este proceso implica cambios en los gradientes de auxinas, asi como la sefalizacion de
acido jasmonico y brasinoesteroides (Zhang et al. 2019; Zhou et al. 2019; Canher et al.
2020; Takahashi y Umeda 2022). Actualmente, se desconocen las funciones de los

péptidos CLE en procesos de regeneracion o callogénesis.

2. ANTECEDENTES

2.1. Regulacion hormonal del desarrollo de las plantas

Las plantas son organismos extraordinariamente sensibles y adaptables, que a diferencia
de los animales pueden cambiar su forma en respuesta a los estimulos del ambiente,
mediante cambios discretos en los niveles de fitohormonas, compuestos de naturaleza
quimica que influyen sobre el crecimiento y desarrollo. El concepto de “fitohormona” hace
referencia a un compuesto bioactivo que proviene y/o actua en un vegetal modificando
procesos celulares en concentraciones pequenas, usualmente nano o micromolares.
Dichas substancias pueden actuar directamente sobre las células que las sintetizan y
pueden translocarse a otros tejidos a través de proteinas transportadoras presentes en
las membranas. Las principales hormonas descritas son las auxinas, las citocininas, el
etileno, las giberelinas, el acido abscisico, el acido jasmonico, los brasinosteroides, asi
como peéptidos pequeinos que actuan como ligandos para la activacion de respuestas del

crecimiento, desarrollo e inmunidad (Blazquez et al. 2020).

La especie vegetal empleada tradicionalmente para el analisis genético de los procesos
del desarrollo es Arabidopsis thaliana (Arabidopsis), una planta dicotiledénea
perteneciente a la familia Brassicaceae (Meinke et al. 1998). El estadio vegetativo de
Arabidopsis consiste en una roseta de alrededor de 8 cm de diametro, de donde surgen
posteriormente tallos florales que alcanzan una altura de entre 30 a 40 cm, dependiendo
de la nutricidon y otros factores del crecimiento. La planta adulta produce flores con 4
sépalos que se alternan con 4 pétalos, y en el centro se localiza el ovario, rodeado por

los estambres productores de polen. Al ser hermafrodita, las flores de Arabidopsis se
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auto-fecundan, dando lugar a la formacion de un fruto denominado silicua, el cual puede

contener de 30 a 60 semillas (Meinke et al. 1998).

Los estudios con Arabidopsis, extensivos durante la segunda mitad del siglo XX,
posicionaron a esta planta como modelo central en investigacién cientifica debido a que
reune diversas caracteristicas, incluyendo su crecimiento rapido, la posibilidad de
crecerla in vitro utilizando cajas de Petri, la produccion de una alta cantidad de semillas
en condiciones de laboratorio, se cuenta con la secuencia completa de su genoma, y hay
disponibles lineas transgénicas reporteras en muchos de sus genes y mutantes en
practicamente cada uno de sus genes. Por lo tanto, la convierten en un excelente modelo
para el estudio de la regulacion hormonal del desarrollo, y las rutas de transduccién de

sefales implicadas en la percepcion de estimulos ambientales (Koorneef y Meinke 2010).

Gracias al estudio de Arabidopsis se han descubierto los principales sistemas de
sefalizacion hormonal, al respecto nos referimos a las vias de las auxinas y del acido

jasmonico, que son de relevancia para este trabajo.

2.2. Laraiz: estructuray funciones

En las plantas, la organogénesis ocurre primordialmente después de la germinacién con
la formacion del sistema aéreo conformado por tallos, ramas y hojas, asi como del
sistema radical. Las raices generalmente se encuentran debajo de la superficie del suelo,
donde crecen y responden a una amplia variedad de estimulos ambientales, brindan
soporte estructural al follaje y son esenciales para la adquisicién de agua y nutrientes.
La supervivencia de la planta depende de un correcto desarrollo y crecimiento de la raiz.
Sin embargo, el estudio detallado de los procesos asociados a su morfogénesis
representa un desafio, debido a que estas son poco accesibles. La mayor parte de las
especies vegetales presentan sistemas radiculares complejos y su observacion a

menudo requiere de medidas invasivas o destructivas (Petricka et al. 2012).

El sistema radicular de Arabidopsis esta conformado por la raiz primaria que es el eje
principal de crecimiento del cual surgen raices laterales a partir de las células del
periciclo. Tanto de la raiz primaria como de las raices laterales se forman prolongaciones

de las células epidérmicas conocidas como pelos radiculares, las cuales extienden la



superficie de absorcion (Motte et al. 2019; Magbool et al. 2022).

En los apices de crecimiento de la raiz primaria, asi como de las raices laterales se
definen tres regiones subsecuentes, la zona meristematica, la zona de elongacion y la
zona de diferenciacion. Las células presentes en el meristemo mantienen una capacidad
de proliferacion celular alta y un crecimiento lento, aspectos coordinados por el centro
quiescente, formado por 4 células y cuya posicion y mediante eventos de senalizacion,
mantiene el estado indiferenciado de las células madre adyacentes. El meristemo se
caracteriza por la presencia de células mitéticamente activas, donde se encuentra el
centro quiescente (CQ), y las células madre que dan origen a los tejidos, en la zona de
elongacion las células provenientes del meristemo disminuyen su actividad proliferativa
para comenzar a crecer y posteriormente alcanzan una morfologia y funcién
determinadas en la zona de diferenciacion (Perilli et al. 2012). En la zona de elongacion,
las células aumentan hasta 20 veces su tamafio y se forma una gran vacuola central que
ayuda a mantener el equilibrio osmaético. Cuando la punta de la raiz se encuentra frente
a una barrera mecanica, las raices giran y pueden desviar su crecimiento a través del
crecimiento diferencial de sus células. En la zona de diferenciacion, las células adquieren
su funcion final y esta region se identifica facilmente por la presencia de pelos radiculares

(lvanov y Dubrosvsky 2013).
2.3. El meristemo apical de laraiz

El meristemo apical de la raiz se forma durante la embriogénesis, y su principal funcién
es proporcionar células para el crecimiento indeterminado. Esta formado por el centro
quiescente rodeado por un nicho de células madre, que producen todos y cada uno de
los tejidos incluyendo el xilema, el floema, el periciclo, la endodermis, la corteza y la
epidermis, las cuales se extienden longitudinalmente en torno al eje de crecimiento (Di
Mambro y Sabatini 2018).

El centro quiescente es esencial para el mantenimiento del meristemo y su identidad
puede ser controlada a través de dos vias de sefializacion paralelas: (i) la ruta
PLETHORA (PLT) Yy (ii) la ruta SHORT-ROOT (SHR)/ SCARECROW (SCR). Mutaciones
en estos genes provocan la pérdida del centro quiescente y el arresto prematuro del

crecimiento de la raiz. Los genes PLT codifican para factores de transcripcion del tipo
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AP2, mientras que SHR y SCR codifican miembros de la familia de factores de
transcripcion tipo GRAS. Los niveles mas altos de proteinas PLT se encuentran en la
region del nicho de células madre, donde promueven la divisién celular, mientras que la
proteina SHR se mueve desde la endodermis hacia las capas celulares adyacentes para
activar la transcripcion de SCR que da como resultado la division asimétrica y la mitosis
(Aida et al. 2004; Shaar-Moshe y Brady 2022).

La alta tasa mit6tica del meristemo implica que el ciclo celular debe contar con todos los
nutrientes necesarios para que ocurra la duplicacion del ADN durante la fase S, aspecto
tremendamente delicado, ya que antibidticos producidos por microorganismos o agentes
téxicos como salinidad o metales interfieren con la replicacion causando la muerte
celular, y este dano, es suficiente para inducir la diferenciacion del meristemo y
comprometer el crecimiento de la raiz (Raya-Gonzalez et al. 2018). Se han identificado
mutaciones que comprometen la viabilidad de las células meristematicas, por ejemplo,
las causadas en los genes que codifican para la subunidad 18 del complejo MEDIADOR
(MED), o en la subunidad mayor de la RNA polimerasa Il, las cuales desarrollan una raiz
de menor tamano que las plantas normales (Raya-Gonzalez et al. 2018; 2022). Los
reportes mencionados proporcionaron las primeras evidencias de la importancia de la

transcripcion para la viabilidad celular y el crecimiento de la raiz.
2.4. Respuesta de laraiz ante el agobio ambiental

Por su caracteristica sésil, las plantas responden y se adaptan a una amplia gama de
factores ambientales a través de procesos bioquimicos, fisiolégicos y moleculares muy
dinamicos, proceso conocido como plasticidad vegetal (De Jong et al. 2020). El estrés
abidtico reduce el crecimiento y el rendimiento por debajo de los niveles 6ptimos y puede
incluso comprometer la reproduccion y sobrevivencia de las plantas, aqui se incluyen el
estrés por temperatura (frio o calor), la sequia, la salinidad, la escasez de nutrientes o la
presencia de metales o agentes toxicos (Zhang et al. 2022). Por otra parte, el dafio por
herida es uno de los principales tipos de estrés, provocado tanto por factores ambientales
como el viento, la lluvia, el granizo o biolégicos, como el ataque por herbivoros o insectos.

Las heridas representan una amenaza constante para la supervivencia de las plantas



debido a que no solo se destruyen fisicamente los tejidos, sino que ademas propician

una via de entrada para la invasion de patégenos (Hilleary y Gilroy 2018).

Las respuestas moleculares al estrés implican interacciones con multiples vias de
sefalizacion. Cuando las plantas perciben dafio en alguno de sus 6rganos, se activan
respuestas de defensa que incluyen la produccién de especies de oxigeno reactivas
(ROS, por sus siglas en inglés) y las especies de nitrogeno reactivas (RNS, por sus siglas
en inglés), lo que modula la actividad enzimatica y la expresion génica (Suzuki y Mittler
2012). Sin embargo, una consecuencia secundaria de la produccion de ROS, es su dano
a macromoléculas como el ADN vy proteinas, asi, para contrarrestar el estrés oxidativo,
se producen compuestos antioxidantes como los carotenoides, xantofilas, glutation,
tocoferol y ascorbato, y ocurre la activacion de enzimas como superéxido dismutasa,

catalasas y peroxidasas que detoxifican las ROS producidas (Pitzschke et al. 2006).

Las hormonas son reguladores importantes de las respuestas al estrés abidtico. El acido
abscisico (ABA), el etileno (Et) y el acido jasménico (AJ) se consideran mensajeros
celulares importantes ante una sefal de estrés. Bajo condiciones de sequia, se evita la
pérdida de agua inhibiendo la transpiracion mediante el cierre de estomas, una respuesta
fisiologica dependiente de ABA (Chen et al. 2020). De igual manera, el etileno y el AJ
estan involucrados en un gran numero de respuestas asociadas al estrés abiotico,
incluyendo sequia, ozono, hipoxia y anoxia, calor, frio, heridas y luz U.V. (Waadt et al.
2022). Algunas moléculas como el 6xido nitrico (NO, por sus siglas en inglés) y los
gradientes de Ca®* intracelulares estan implicados en multiples respuestas de defensa
de tipo bidtico y abidtico. De hecho, las células guardianas se abren o cierran bajo el
control del ABA en respuesta a estrés por sequia mediante cambios en los niveles de
NO y Ca?" y una activacion de la sefalizacion dependiente de proteinas cinasas
activadas por mitégeno (MAPK), enzimas involucradas en multiples procesos de
desarrollo y crecimiento vegetal, asi como en respuesta a estrés bidtico y abiotico (Neill
et al. 2008). Por lo tanto, la capacidad de las plantas de reconocer y responder a las
diversas sefiales ambientales a través de la modulacion de los niveles espacio-temporal

de las fitohormonas y moléculas sefializadoras determina su adaptacion
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2.5. Respuestas fisioldgicas y moleculares ante un dafio al ADN

La capacidad de un organismo para reparar el dafio del ADN de manera oportuna es
esencial para la integridad y el mantenimiento de su genoma. Diferentes tipos de estrés,
incluyendo la exposicion a distintos mutagenos ambientales como la radiacion ultra-
violeta, metales pesados, y antibiéticos secretados por microorganismos de la rizésfera
causan estrés genotdxico y comprometen la integridad del genoma. Cuando se detecta
dafo, el ciclo celular se detiene y los mecanismos de reparacion entran en accion
(Balestrazzi et al. 2011).

El ADN puede sufrir ruptura sencilla o doble de su cadena, lo cual puede conducir a la
activacion de procesos de muerte celular programada y diferenciacion. Dependiendo del
dafo se activan respuestas moleculares especificas a través de elementos que actuan
como sensores, mediadores y efectores (Gentric et al. 2021). La cinasa de deteccion de
dafnos en el ADN ATAXIA-TELANGIECTASIA MUTATED (ATM) se activa mediante
rupturas de ADN de doble cadena, actuando principalmente en los puntos de control
G1/S y G2/M del ciclo celular. ATM al igual que ATR (RAD3-RELATED) son blancos de
SUPPRESSOR OF GAMMA RESPONSE 1 (SOG1), los cuales en conjunto controlan los
genes relacionados con la respuesta de dafo y genes implicados en los puntos de control
del ciclo celular (Gentric et al. 2021). Estos son algunos de los mecanismos por los cuales

las plantas logran adaptarse y sobrevivir a las diferentes condiciones de crecimiento.

2.6. Regeneracion celular

La célula es la unidad basica para la regeneracién de tejidos, fendmeno que puede ocurrir
en multiples niveles de organizacion bioldgica. La lesibn mas pequeina requiere de la
reparacion de una sola célula, mientras que un trauma severo podria requerir el
reemplazo de un 6rgano completo a través de la morfogénesis coordinada mediante
sefalizacion entre distintos tipos de tejido, lo que se conoce como transdifferenciacion
(Thowfeequ et al. 2007).

La regeneracion ocurre ampliamente en el reino animal, aunque la restauracién tisular

varia considerablemente. En los invertebrados, se pueden regenerar 6rganos completos,
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por ejemplo, en las planarias del género Turbellaria, el organismo logra sobrevivir a
traumatismos severos y compensan la pérdida de células a través de la re-especificacion
celular y entrada a mitosis (Reddien 2018). Dependiendo del grado de dafio, el proceso
regenerativo implica varios pasos, entre ellos puede ocurrir la cicatrizacion de la herida,
el cambio de identidad celular (i.e. formacién de blastema) y la diferenciacion. Mediante
el uso de distintos organismos modelo, incluyendo a Drosophila, Hydra, Xenopus, y
raton, se ha revelado que la apoptosis puede ser una fuerza impulsora de la proliferacion
celular que conduce a la formacion de blastema y la regeneracion de tejidos, un
fendbmeno que se conoce como "proliferacion compensadora inducida por apoptosis”

(Fan y Bergmann 2008; Krasovec et al. 2022).

Las plantas, ademas de poseer la capacidad de reemplazar los 6rganos perdidos,
muestran una sorprendente habilidad para regenerar partes dafadas, siendo ésta una
de las caracteristicas mas importantes para su supervivencia. Las especies arbdreas
pueden regenerar nueva corteza y vasculatura después de una herida (Xu 2018). Esto
ocurre por la activacion de genes especificos del floema, como ALTERED PHLOEM
DEVELOPMENT (APL), KANADI (KAN) y DNA binding with one finger (DOF) y del
cambium como CLAVATA1L (CLV1), CLV2, AINTEGUMENTAL (ANT1), SHR y SCR que
contribuyen en el establecimiento de la identidad de los tejidos regenerados
(Pulianmackal et al. 2014).

El proceso de regeneracion de raices a partir de explantes de tallos o ramas ha sido de
utilidad en tecnologias agricolas, como los esquejes para la propagacion vegetativa. Aqui
ocurren tres fases sucesivas: una sefalizacion temprana al momento de la herida,
acumulacion localizada de auxinas en el sitio de dafo y transicidén del destino celular que
involucra dos tipos de células con diferentes funciones, la célula convertidora que percibe
las sefales tempranas para influir sobre las células vecinas y la célula competente para

la regeneracion que experimenta la transicion del destino guiada por auxinas (Xu 2018).

El potencial regenerativo es variable dependiendo de los tejidos, por ejemplo, la
eliminacion de la punta de la raiz regenera un meristemo completo si el corte se realiza
a la altura del centro quiescente, pero si el corte se realiza en la zona de formacion de

pelos radiculares, la herida cicatriza y el crecimiento termina (Efroni et al. 2016). A
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diferencia de la regeneracion de un centro quiescente que ocurre cuando el meristemo
sufre un dafio por tratamiento con laser, la reprogramacioén de la identidad celular perdida
en el meristemo de la raiz después de su eliminacion con corte por navaja, no requiere
de células madre pre-existentes, mas bien sucede por un cambio de identidad de las

células adyacentes que adquieren totipotencia (Efroni et al. 2016).

Mediante analisis finos en respuesta a la pérdida del meristemo en puntas de raices de
Arabidopsis thaliana se han identificado diferentes elementos genéticos implicados en
estos procesos regenerativos, incluyendo el complejo heterotrimérico conformado por los
factores de transcripcion ETHYLENE RESPONSE FACTOR 115 (ERF115) vy
PHYTOCHROME A SIGNAL TRANSDUCTION 1 (PAT1) (Heyman et al. 2016). El
complejo ERF115-PAT1 dirige la regeneracion de las plantas para reemplazar de manera
eficiente las células dafiadas por otras nuevas (Heyman et al. 2016). Un fendmeno similar
se observo en plantulas de Arabidopsis expuestas al compuesto genotdxico bleomicina,
cuya capacidad de unirse al DNA y promover su ruptura, desencadena la muerte de las
células en rapida division, en especial las de la pro-vasculatura. Se observo que plantas
tratadas con bleomicina sobre-expresan los genes ERF115 y PAT1, principalmente en
las células vecinas al dafo, un patron de expresion similar al que sucede durante el
programa regenerativo de la punta de la raiz. Estos resultados muestran la relevancia
del complejo ERF115-PAT1 sobre el potencial regenerativo ante un dafio en tejidos u
organos (Heyman et al. 2016).

2.7. Callogénesis

La aplicacion de diferentes reguladores del crecimiento en medios de cultivo se ha
utilizado durante mucho tiempo para propagar plantas in vitro y es la base del cultivo de
tejidos. Con las ventajas de la totipotencia de las células vegetales, es factible obtener
segmentos de tallos, hojas o raices e inducir la organogénesis para producir plantas
completas, en este sistema, la aplicacion de auxinas conduce a la formacion de raices
en tanto que las citocininas producen hojas (Yan et al. 2020; Zhai y Xu 2021; Temmerman
et al. 2022). La combinacion de altas concentraciones de auxinas y citocininas induce la

produccion de callos in vitro, que aparece inicialmente a partir de tejido diferenciado y
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adquiere las caracteristicas de un tipo de neoplasia o tumor, que es generalmente

indiferenciado.

En los callos derivados del tejido de Arabidopsis, las células se asemejan al meristemo
de las raices y tiene el potencial de producir brotes y raices (Rosspopoff et al. 2017;
Hanano et al. 2020). Se ha documentado que los tratamientos con citocininas cambian
la identidad de los primordios de las raices laterales para formar meristemos de follaje
(Rosspopoff et al. 2017). Aunque la induccién de callos se ha utilizado como una
estrategia para la multiplicacién celular y propagacion de materiales vegetales, se conoce
muy poco de los mecanismos moleculares que conducen a las transiciones en los
estados diferenciado-indiferenciado, asi como a la adquisicién de nuevas caracteristicas.

2.8. Comunicacién celular mediada por péptidos y receptores con
actividad de cinasa

La comunicacion celular en las plantas implica el reconocimiento de una amplia gama de
estimulos bidticos y abiodticos que afectan el crecimiento y desarrollo, asi como la
respuesta inmune. En las ultimas dos décadas se han logrado avances muy importantes
en el entendimiento de los mecanismos de percepcién de sefales entre las que
participan hormonas como las auxinas, citocininas, etileno, brasinoesteroides y péptidos.
(Murphy et al. 2012; Richardson y Torii 2013; Shinohara y Matsubayashi 2015).

En las plantas, diversos péptidos de entre 12 a 14 aminoacidos de la familia
CLAVATA3/EMBRYO SURROUNDING (CLE) actuan a través de su unién a proteinas
de la membrana plasmatica que son estructural y funcionalmente similares a receptores
con actividad de cinasa codificados en los genomas de los animales, y que desempefian
funciones muy importantes en el desarrollo y en la adaptacion ante el agobio ambiental
Por esta razén se les ha denominado receptores similares a proteinas cinasas o

Receptor-Like Kinases (RLK), por sus siglas en inglés (Fig. 1).
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Figura 1. Los péptidos de lafamilia CLE y su papel en el desarrollo vegetal y la adaptacién al estrés.
El balance entre crecimiento y respuesta al estrés depende de una percepcion correcta de sefiales en el
ambiente. Los péptidos pequefios de la familia CLE actuan como ligandos celulares y afectan el
funcionamiento de meristemos, el desarrollo foliar, la floracién y apertura de estomas, o la respuesta a
patégenos, deficiencia de nutrientes y toxicidad por metales.

La primera RLK se encontré en el maiz (Walker y Zhang 1990), y hasta la fecha se han
descrito en un gran numero de especies vegetales (Zhu et al. 2023) con al menos 610
miembros en Arabidopsis y 1131 en arroz (Shiu et al. 2004). Un RLK tipico consiste de
un solo dominio transmembranal, un dominio cinasa intracelular y una region extracelular
de composicién variable, a través de la cual se detectan las sefales externas como
fitohormonas y péptidos pequefios. Los receptores RLK facilitan la comunicacion
intercelular durante crecimiento de las plantas, desarrollo y respuesta al estrés. Por
ejemplo, un péptido pequefio bien estudiado es CLAVATA1 (CLV1), que se asocia con
el receptor CLAVATAS y regula la homeostasis del meristemo apical del follaje. La
sefalizacion mediada por RLK promueve la activacion transcripcional de genes
implicados en la defensa contra patégenos, como en el caso del reconocimiento de las

bacterias, en que un epitope de un componente estructural del flagelo (flagelina22;
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FLG22) se une al receptor Flagelin Sensible 2 (FLS2) para iniciar el reclutamiento de los
correceptores BAK1 para formar heterodimeros y la posterior transfosforilacién de su

dominio citoplasmico.

2.9. Clasificacion de los receptores tipo cinasa

La mayoria de los RLK vegetales tienen tres dominios proteicos importantes: el dominio
extracelular; el dominio transmembranal; y el dominio citoplasmatico con actividad de
cinasa. El dominio extracelular se encuentra en el extremo amino terminal y esta
conectado con el péptido sefal, puede detectar un estimulo externo, polimeriza con otros
receptores homologos o heterdlogos, y luego Inicia el proceso de transmision de la sefal.
El dominio transmembranal atraviesa la membrana citoplasmatica y contiene entre 22-
28 aminoacidos y es responsable de fijar las proteinas a la membrana. El dominio cinasa
intracelular esta ubicado en el extremo carboxilo terminal y esta altamente conservado,
con sitios de fosforilacion de serina/treonina, y transmite la transmisién de la senal a otras
proteinas cascada abajo a través de eventos de fosforilacion. Hay muchos tipos de
dominios extracelulares y segun sus caracteristicas, los RLK se pueden dividir en al
menos once subfamilias, de las cuales las proteinas con dominios extracelulares con
repetidos ricos en leucina (LRR-RLKs) son los mas abundantes con al menos 223
miembros (Ou et al. 2021) (Fig. 2). Ademas de los RLK tipicos, hay un gran numero de
RLK atipicos denominados cinasas citoplasmaticas similares a receptores que se fijan

en la membrana plasmatica, pero carecen de dominios de union extracelular.
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Figura 2. Estructura general de los receptores con actividad de cinasa de Arabidopsis thaliana. El
dominio citoplasmico es la regién mas conservada de las proteinas y posee actividad de cinasa. El dominio
extracelular es variable y une a diferentes ligandos, entre ellos péptidos pequefios de la familia CLE.

2.10. Funciones de los receptores tipo cinasa

El crecimiento y desarrollo de las plantas ocurre gracias a la actividad mitética que se
realiza en los meristemos de la raiz y del follaje. En estos sitios, el ciclo celular se
mantiene constante, lo que permite la division celular, por lo tanto, la producciéon de
biomasa durante todo el ciclo de vida del organismo. En Arabidopsis, la actividad mitética
del meristemo del follaje esta controlada por el receptor CLAVATA 1 (CLV1), un miembro
de la subfamilia LRR-RLK mediante el reconocimiento del dodecapéptido CLV3 y cuya
interaccion afecta la expresion del factor de transcripcion WUSCHEL (WUS) que se
expresa en la region central del meristemo y promueve a su vez la expresion de CLV3
(Clark et al. 1993; 1997). CLV1 recluta a otros receptores tipo cinasa para formar un
complejo receptor/co-receptor, y posteriormente media las senales de retroalimentacion
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CLV3-WUS, modulando el tamano del meristemo y el nimero de 6rganos florales que se
producen (Suzaki et al. 2004).

En el meristemo de la raiz se han descrito varios tipos de receptores qué a través la
interaccién con diferentes ligandos, promueven o afectan la integridad tisular. Los
péptidos de la famila CLV3/EMBRYO SURROUNDING REGION-related (CLE)
interaccionan con diferentes RLKs con efectos distintivos sobre los meristemos y el
crecimiento de la raiz. Por ejemplo, el péptido CLE40 interacciona con la cinasa ACR4 y
restringe la expresion del factor de transcripcion WOX5 en el centro quiescente,
afectando el nicho de células iniciales (Stahl et al. 2009). El péptido ROOT GROWTH
FACTOR (RGF1), interactua con una familia de 5 receptores, denominados RGF1
INSENSITIVE (RGI) con dominios extracelulares ricos en leucina. El fenotipo de una
mutante quintuple rgil/2/3/4/5, es similar al de las mutantes con pérdida de funcién en
las proteinas cinasas activadas por mitogenos MPK3 y MPK6, MKK4 y MKKS5, o YDA,
mostrando un fenotipo de raiz corta, que se asocia con una actividad mitotica reducida y
una menor expresion de los factores de transcripcion PLETHORA 1 (PLT1) / PLT2 en el
meristemo (Lu et al. 2020; Shao et al. 2021). En un trabajo reciente, Pelagio-Flores y col.
(2020) mostraron que la mutacion y la sobreexpresion del receptor CRK28,
respectivamente, afecta de manera contrastante el crecimiento y desarrollo de
Arabidopsis. Las mutantes crk21-1 produjeron raices de mayor longitud y pelos
radiculares cortos, en tanto que las sobreexpresoras 35S:CRK28 presentaron raices
cortas con pelos radiculares muy largos, fenotipo similar al observado con la aplicacion

de diferentes dodecapeptidos.

La familia RLK contiene varias proteinas que participan en el desarrollo de las hojas. El
receptor ERECTA (ER) pertenece a la subfamilia LRR-RLK, incluyendo también a
ERECTA-LIKE1 (ERL1) y ERL2. Desempefan un papel importante en la regulacion de
la morfologia foliar, desarrollo de los estomas y respuesta al estrés bidtico y abidtico. Los
péptidos EPIDERMAL PATTERNING FACTOR-LIKE2 (EPFL2) y EPFL9 ricos en
cisteina, interactuan con ERECTA, asi promueven el crecimiento de los cotiledones, la

produccion de évulos en etapa reproductiva, la formacion de las semillas y el crecimiento
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de los frutos (Kawamoto et al. 2020; Fujihara et al. 2021). En el arroz y jitomate la

expresion de un homologo de ERECTA confirié tolerancia al calor (Shen et al. 2015).

El receptor tipo cinasa mejor conocido y ampliamente estudiado, denominado
BRASSINOSTEROID RESPONSE 1 (BRI 1), se identifico en la busqueda de genes que
median la respuesta de Arabidopsis a los brasinosteroides. BRI1 es un LRR-RLK tipico
que se dimeriza con sus co-receptores SOMATIC EMBRYOGENESIS RECEPTOR
KINASE 3 (SERK3) y BAK1 (Clouse et al. 1996, Zheng et al. 2019; Hohman et al. 2020).
BAK1 y SERKS3 actuan como correceptores de varios receptores RLK y actuan en
diversos procesos de crecimiento y desarrollo de las plantas activando al factor
transcripcional BRI1-EMS-SUPPRESSOR1 (BES1). SERK2 es un componente de la
sefalizacion por brasinosteroides en arroz, ya que su sobreexpresion aumenta el tamafo
del grano y confiere resistencia al estrés salino (Dong et al. 2020). El crecimiento
retardado de la raiz en las lineas de Arabidopsis que sobreexpresan la construccion
35S:CRK28 correlacion6 con el aumento en la expresion de genes inducibles por acido
abscisico y de los factores de transcripcion ABI4 y ABIS (Pelagio-Flores et al. 2020).
Hasta la fecha, no existe informacion detallada sobre la participacion de los receptores
con actividad de cinasa y los péptidos que estos reconocen sobre procesos de viabilidad
celular, regeneracion y callogénesis, por lo que lograr algunos avances en este campo

seria de gran relevancia para entender sus funciones en las plantas.

3. JUSTIFICACION

Con base en los antecedentes, este trabajo parte de la premisa de que existe una
relacion funcional entre la regulacion de la sefalizacion por CLE14 y procesos de estrés
abidtico en el desarrollo de la raiz de Arabidopsis. Queda por determinarse hasta qué
punto existe una correspondencia funcional en relacibn a procesos de dafo,
regeneracion celular y/ formacién de callos. Por lo anterior, este trabajo se plantea para
esclarecer si la sefalizacion dependiente de CLE14 esta implicada en procesos de la

viabilidad y regeneracién celular en Arabidopsis thaliana.

19



4. HIPOTESIS

La senalizacion dependiente de CLE14 participa en procesos de viabilidad vy

regeneracion celular en Arabidopsis thaliana.

5. OBJETIVOS

5.1. Objetivo general

Determinar la funcion del péptido CLE14 y el receptor PEPR2 en procesos de viabilidad

y regeneracion celular en Arabidopsis thaliana
5.2. Objetivos especificos

l. Determinar el efecto del péptido CLE14 y su sobreexpresion en el desarrollo

de la raiz de A. thaliana.

I. Analizar el papel de CLE14 en la regeneracion de la punta de la raiz y la

formacion de callos en explantes de tallo de A. thaliana.

1. Estudiar la regulacion de la expresion de PEPR2 en respuesta a diferentes

factores inductores de estrés.

6. MATERIALES Y METODOS

6.1. Material biolégico y reactivos

Se utilizaron semillas de Arabidopsis thaliana del ecotipo silvestre Columbia 0 (Col-0),
asi como de las lineas transgénicas pERF115:GUS-GFP (Heyman et al. 2016),
CLE14:GUS-GFP (Gutiérrez-Alanis et al. 2018) PEPR2:GUS (Wu et al. 2016), para
determinar la funcion del péptido CLE14, sobre el procesos de regeneracion celular, los
Dres. Alanis y Herrera nos compartieron semillas de plantas que sobreexpresan el marco

de lectura abierto de CLE14 bajo el control del promotor fuerte y constitutivo del virus del
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mosaico de la coliflor 35S (35S:CLE14). Para el medio suplementado con el péptido
CLE14 se solicitdé una muestra del péptido sintético de 12 amino acidos a los Dres.
Dolores Alanis y Luis Herrera Estrella, adscritos al Laboratorio Nacional de Gendémica
para la Biodiversidad del CINVESTAV, campus Irapuato, quienes nos proporcionaron
amablemente una muestra (Genscript) que tiene una pureza del 98%, las
concentraciones evaluadas del péptido se realizaron en un rango de 0,001 a 1 uM. El
yoduro de propidio (IP) y el 5-bromo-4-cloro-3-indolil-B-D-glucurénido (X-Gluc) se

adquirieron en la casa comercial Sigma-Aldrich.

6.2. Preparacion de semillay condiciones de crecimiento

Las semillas fueron sembradas y crecidas en medio de cultivo para tejido vegetal bajo
condiciones axénicas. Para esto, se utilizaron sales comerciales Murashige y Skoog (MS)
0.2x base del medio de cultivo, adicionado con sacarosa como fuente energética y agar
como gelificante. El pH del medio de cultivo se ajusté a pH 7.0 para posteriormente ser
sometido a un proceso de esterilizacion en una autoclave bajo una presion de 15 Ibs por
20 minutos. ElI medio de cultivo, se vertid en cajas Petri estériles, y una vez gelificado,
las semillas de Arabidopsis previamente desinfectadas con etanol y cloro fueron
sembradas y germinadas sobre el medio de cultivo, todo esto en una campana de flujo
laminar. Las placas Petri con las semillas de Arabidopsis se colocan en una camara de
crecimiento vegetal en posicion vertical bajo condiciones 6ptimas de crecimiento con un
fotoperiodo de 16 horas de luz y 8 horas de oscuridad, a una intensidad de luz de 100

umol m?s™' a 22°C de temperatura.
6.3. Analisis histoquimico de la actividad de la B-glucuronidasa

Las lineas pERF115:GUS-GFP, PEPR2:GUS y CLE14:GUS-GFP se transfirieron a cajas
de microtitulo con X-Gluc al 0.1% (5bromo-4-cloro-3-indolil-R-D-glucoronido) en
amortiguador de fosfatos (NaH2PO4 Na2HPO4, 0.1 M, pH 7) y se incubaron por 6 horas
a 37 °C. Posteriormente, se retira la solucion de X-Gluc y las plantas se clarifican con
una solucién de HCI 0.24 N en metanol al 20% (v/v) durante 60 minutos a 62 °C, después
la solucién se removid y se agregé NaOH al 7% (v/v) en metanol al 60% (v/v) por 25

minutos a temperatura ambiente. La solucion fue retirada y el tejido se deshidratd con
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tratamientos de etanol al 40, 20 y 10% (v/v) por 20 minutos cada uno. Una vez retirado
el etanol al 10%, se adicioné glicerol al 50% (v/v) y se colocaron en portaobjetos para su
analisis mediante microscopia de contraste de interferencia diferencial (DIC; por sus

siglas en inglés) en un microscopio Leica DM 5500 B.
6.4. Ensayos de corte deraizy regeneracién

Se utilizaron plantas de Arabidopsis de cuatro dias de edad y las puntas de las raices se
cortaron con un bisturi estéril con ayuda de un microscopio estereoscopico (Leica MZ6)
en condiciones axénicas. Los cortes se realizaron en la punta de la raiz por encima de
las células del QC. El andlisis de la estructura del meristema apical de la raiz (RAM), la
viabilidad y la regeneracion celular se realizé cada 24 h durante 3 dias después del corte.
Para esto, las raices de las plantas se tifieron con yoduro de propidio (YP) y se colocaron
en portaobjetos para ser observadas con un microscopio confocal (Olympus FV1200;
Olympus Corp., Tokio, Japon).

6.5. Tincion con yoduro de propidio (IP) y deteccién de la proteina verde
fluorescente

Para el analisis de las lineas transgénicas CLE14:GUS-GFP y pERF115:GUS-GFP se
tomaron las plantas del medio y se incluyeron en una solucién de yoduro de propidio al
0.1% (v/v) sobre un portaobjetos y finalmente se analizaron en un microscopio confocal
Olympus Fluo-View FV1000-PME. Para la deteccion de la fluorescencia de GFP se utiliza
una longitud de onda de excitacién de 488 nm y el registro de un haz de 509 nm, para el
YP se utiliza la longitud de onda de 568 nm para la excitacion y una ventana de emision
de 585-610 nm.

6.6. Analisis estadistico

Los datos obtenidos de los experimentos se analizaron estadisticamente con el software
STATISTICA 10 (Statsoft, 2010), aplicandoles andlisis de varianza, ANOVA de una via 'y

pruebas de significancia de Tukey con una P<0.05.
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7. RESULTADOS

7.1. La aplicacion de CLE14 o su sobre-expresion inhiben el
crecimiento de la raiz y promueven la diferenciacion celular en
Arabidopsis

En estudios previos, se analizé farmacolégicamente la bioactividad de CLE14 en el
crecimiento de la raiz y la formacion de pelos radiculares, lo que indicod efectos
contrastantes del péptido en estas caracteristicas (Hayashi et al. 2018; 2019). Con
el objetivo de conocer mas a detalle las propiedades de regulacion de la arquitectura
de la raiz por CLE14, en una primera serie de ensayos, se crecieron plantas de
Arabidopsis del ecotipo Col-0 en cajas de Petri que contenian medio nutritivo de
Murashige y Skoog (MS) al 0.2% sin o con un suministro de CLE14 en concentracion
final de 1 uM. La aplicacion del péptido causé la represion del crecimiento de la raiz
primaria y la formacion de raices laterales (Fig. 3a, b). Un analisis detallado de la
region meristematica por microscopia confocal evidencio el adelgazamiento de la

raiz y la formacion de pelos radiculares en la punta (Fig. 3c).

Una estrategia para conocer la funcién de genes especificos en procesos del
desarrollo y la morfogénesis es la sobreexpresion en plantas transgénicas. Los
Dres. Alanis y Herrera nos compartieron semillas de plantas que sobreexpresan el
marco de lectura abierto de CLE14 bajo el control del promotor fuerte y constitutivo
del virus del mosaico de la coliflor 35S (35S:CLE14). La comparacién del
crecimiento de las plantas normales (Col-0) con las transgénicas, crecidas lado a
lado en la misma caja de Petri conteniendo medio nutritivo de Murashige y Skoog
(MS) al 0.2x, mostré el fenotipo de raiz corta en la linea transgénica (Fig. 4a, b).
Estos resultados indican que CLE14 ejerce efectos antagdnicos inhibiendo el
crecimiento y promoviendo la diferenciacion celular epidérmica en la raiz de

Arabidopsis.
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c Control 1 uM CLE14p

Figura 3. La aplicacidon de CLE 14 detiene el crecimiento de laraiz de Arabidopsis y promueve
la ramificacién de la raiz y la formacién de pelos radiculares. a-b) Efecto de la aplicaciéon de
CLE14 a los medios de crecimiento sobre el fenotipo de las plantulas de Arabidopsis de 10 dias
después de la germinacion. c¢) Estructura del meristemo de la raiz de plantulas cultivadas en medio
carente de CLE14 (izquierda) o suplementadas con 1 yM de CLE14 (imagenes media y derecha).
Se muestran imagenes representativas de plantas incubadas con yoduro de propidio para denotar
en color rojo la estructura tisular (n=12). Las flechas blancas indican los pelos radiculares. Las letras
en (a) indican medias con diferencia significativa (P<0.05). El experimento se realizé al menos tres
veces con resultados similares. Barra de escala en (b)=1 cm y en (c)= 50 pm.
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Figura 4. La sobre-expresion de CLE14 inhibe el crecimiento radicular en Arabidopsis. Se
muestran plantas de 8 dias del ecotipo Col-0 y transgénicas 35S:CLE14 germinadas y crecidas en
la misma placa. La grafica muestra la media y la desviacion estandar de 12 plantulas analizadas. El
experimento se repitid tres veces. Las imagenes de las placas son representativas de 4 cajas
independientes. Diferentes letras en (b) indican medias con diferencia significativa (P<0.05). Barra
de escala= 1 cm.

7.2. CLE14 se expresa durante la regeneracion de la punta de la raiz
de Arabidopsis

Las plantas manifiestan una fuerte capacidad para recuperar los tejidos faltantes
después del dafio, a través de la reversion del estado diferenciado y la adquisicion
de identidad celular pluripotente (Heyman et al. 2013; 2016; Ruiz-Aguilar et al. 2021;
Takahashi et al. 2022). La eliminacién de la punta de la raiz de Arabidopsis con un
bisturi se ha utilizado para caracterizar el potencial de regeneracion, mediante dicha
estrategia ha sido posible observar la reconstruccién de los tejidos faltantes a través
de la activacion de la divisién celular (Ruiz-Aguilar et al. 2021). En plantas intactas,
el analisis de la expresion de pCLE14:GUS-GFP mediante tincion con yoduro de
propidio y deteccion de fluorescencia de la proteina verde fluorescente (GFP) por
microscopia confocal, mostro la sefial verde en la capa mas externa de la columela,

que permanecié desde los 4 hasta los 7 dias posteriores a la germinacion, tiempo
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en que se realiz6 el estudio (dag, Fig. 5a-d). La eliminacién de la punta de la raiz
permitid detectar la proteina verde fluorescente en la capa celular adyacente al corte
(Fig. 5e, f), y a medida que el proceso de regeneracion avanza, a partir de 2-3 dias
después del corte, se formd una nueva punta de raiz, y la expresion se restable,
restringiéndose a la capa celular externa de la cofia (Fig. 5g-h). Estos resultados
muestran la induccién de la expresién de CLE14 en respuesta a un dafio celular y

durante el proceso regenerativo.

pCLE14:GUS-GFP

4 ddg 5 ddg 6 ddg 7 ddg

Figura 5. CLE14 se expresa en células del borde después de la escision de la punta de la raiz.
Imagenes por microscopia confocal del apice de la raiz primaria de Arabidopsis que expresan
pCLE14:GUS-GFP tefiidas con yoduro de propidio 4-7 dias después de la germinacién (a-d), y los
cambios en la fluorescencia de GFP durante la regeneracion de la punta de la raiz (e-h). Las
imagenes son representativas de seis individuos independientes. El experimento se repitié tres veces
con resultados comparables. Barra de escala= 100 uym.
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7.3. El tratamiento con CLE14 disminuye la expresion del factor de
transcripcion ERF115 durante la regeneraciéon de la raiz

El factor de transcripcion de respuesta a etileno ETILENE RESPONSE FACTOR
115 (ERF115) mantiene la funcidon del meristemo al promover la renovacion celular
después de la pérdida de células madre (Heyman et al. 2016). La muerte celular en
el meristemo de la raiz causada por heridas, antibioticos o estrés ambiental
promueve la actividad de ERF115 en células que estan en contacto directo con las
células dafadas, promoviendo divisiones que reponen las células madre
colapsadas. La participacion de ERF115 en la recuperacion completa del nicho de
células madre se ha documentado tras la escisidén de la punta de la raiz, en mutantes
con muerte celular espontanea en el meristemo y en raices expuestas a metales
como cromato (Heyman et al. 2016; Raya-Gonzalez et al. 2018; Ruiz-Aguilar et al.
2020). Con el objetivo de dilucidar una posible influencia de CLE14 sobre la
expresion de ERF115 durante el proceso de regeneracién, se comparo la formacion
de la punta de la raiz ante el corte de la misma con un bisturi desde las 24 h después
del corte hasta los 4 dias, tiempo que permitio la observacion de una nueva cofia.
En los diferentes tiempos analizados, en plantas transgénicas que expresan
pPpERF115:GUS-GFP tefidas con yoduro de propidio, se logré6 detectar la
fluorescencia del gen reportero por microscopia confocal, mostrando ésta la mayor
expresion en los tejidos en proximidad con el sitio de corte, los cuales disminuyeron
a medida que la regeneracién avanza (Fig. 6a-e). El tratamiento con CLE14 en
concentracion de 1 yM disminuyo la sefial verde en las diferentes etapas (Fig. 6f-j),
lo que sugiere que CLE14 actua como un regulador negativo sobre la expresion de
ERF115 durante la regeneracion celular. Se puede observar, ademas, que esa
disminucion en la expresion de ERF115 inducida por esa concentracion del péptido

CLE14, no impidi6é que se completara el proceso de regeneracion.

27



Control 1 ddc 2 ddc 3 ddc 4 ddc

Control

AR -

Figura 6. Efecto de CLE14 sobre la expresién de pERF115:GUS-GFP durante la regeneracion
de la raiz. Imagenes por microscopia confocal de la regeneracion del apice de la raiz primaria de
plantas de Arabidopsis que expresan pERF115:GUS-GFP tefiidas con yoduro de propidio en los dias
1-4 después del corte con un bisturi (a-e). (f-j) Cambios en la fluorescencia de GFP en respuesta al
tratamiento con una concentracion de CLE14 de 1 yM. Las imagenes son representativas de seis
individuos independientes. El experimento se repitio tres veces con resultados similares. Barra de
escala= 100 ym.

ERF115:GUS-GFP

1uM CLE14p

7.4. Lasobreexpresion de CLE14 impide la regeneracion de la punta
de laraiz después del corte

La herida causada por el corte con el bisturi promueve una fuerte reaccion defensiva
necesaria para mantener fuera microbios potencialmente peligrosos a través del
sellado de la herida o, alternativamente, para impulsar la regeneraciéon del tejido
faltante y reiniciar el crecimiento (Zhang et al. 2019; Zhou et al. 2019). A
continuacion, comparamos el proceso de regeneracién de la punta de la raiz
después de cortar en plantas silvestres (Col-0), mutantes clel4 y sobre-expresoras
35S:CLE14. Las imagenes representativas a los 1, 3 y 5 dias después del corte
(ddc) mostraron que las mutantes clel4 tienen un buen potencial de regeneracion,
comparable en tiempo y caracteristicas del tejido regenerado con el que se observa

en plantas normales Col-0, mientras que las plantulas 35S:CLE14 no logran
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regenerar la punta de la raiz faltante (Fig. 7a-l). Estos resultados indican que la

sobreexpresion de CLE14 interfiere con el proceso regenerativo.

Control 1 ddc 3 ddc 5 ddc

Figura 7. Regeneraciéon de la punta de la raiz primaria de Arabidopsis después del corte con
un bisturi. Imagenes por microscopia confocal de raices de plantas normales (Col-0), la mutante
clel4 y la linea sobre-expresora 35S::CLE14 tefiidas con yoduro de propidio a los 1, 3 y 5 dias
después del corte. Las imagenes son representativas de seis registros independientes. El
experimento se repitio tres veces con resultados similares. Barra de escala= 100 ym.

cle14 Col-0

35S::CLE14
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7.5. Los explantes de brotes 35S:CLE14 manifiestan una disminucién
en la formacion de callos

La regeneracién de brotes a partir de tejido diferenciado, ya sea de la raiz o del
follaje, implica la desdiferenciacion de las células y la entrada en mitosis, un proceso
promovido por las auxinas y las citocininas (lkeuchi et al. 2013). La aplicacion de
dichas hormonas al medio de cultivo, permite la obtencién de masas celulares
indiferenciadas a partir de explantes de brotes de Arabidopsis nos permitié
comparar el proceso de desdiferenciacién y proliferacion subyacente a la formacién
de callos. La biomasa del callo se cuantifico a los 25 dias después de la
transferencia de los explantes provenientes de plantas normales (Col-0), clel4 y
35S:CLE14 en medio inductor de callos. Los datos muestran una biomasa
equiparable para plantas normales y clel4, pero una reduccion drastica en la linea
35S:CLE14 (Fig. 8a). Las imagenes tomadas directamente de los cultivos mostraron
claramente la respuesta reducida de formacion de callos en los causada por la
sobreexpresion de CLE14 (Fig. 8b). Los resultados anteriores indican que CLE14

interfiere con el proceso de divisidon celular que posibilita la callogenesis.

30



O
o
(%))
1
Lo

o o
w E =N
T T

Peso fresco (mg)
o
¥

0.1+
b

Col-0 cle14 35S::CLE14

Figura 8. La sobreexpresiéon de CLE14 interfiere con la formacién de callos. (a) Mediciones de
peso fresco de biomasa de callos producidos en explantes Col-0, clel4 y 35S::CLE14 cultivados en
medio inductor de callos. (b) Imagenes de explantes productores de callo, provenientes de plantas
normales (Col-0), mutantes clel4 y sobre-expresoras 35S::CLE14. Diferentes letras en (a) indican
medias con diferencia significativa (P<0.05). El experimento se repitid tres veces con resultados
similares. Barra de escala= 2 mm.

7.6. El corte delaraiz induce la expresion del receptor con actividad
de cinasa PEPR2

El gen PEPR2 codifica para un receptor con actividad de cinasa que contribuye a
las respuestas de defensa en Arabidopsis (Yamaguchi et al. 2010) y su expresion
aumenta en respuesta a deficiencia de fosfato (Gutiérrez-Alanis et al. 2017,; Wu et
al. 2016). En las plantas bajo estrés nutricional el modulo CLE14/PEPR2 conduce
al acortamiento de la raiz y a la diferenciacién del meristemo (Gutiérrez-Alanis, et
al. 2017). Lo anterior nos motivo a caracterizar la regulacion de la expresion de

PEPR2 en plantas transgénicas que expresan la construccién pPEPR2:GUS en

31



respuesta al corte de la raiz y durante el proceso de regeneracion. En las raices de
las plantas que no sufrieron dafio, el receptor no se expresa en el meristemo o en
la zona de diferenciacién, en cambio, una vez realizado el corte de la punta de la
raiz, se manifesté una fuerte expresion, evidenciada por la coloracién azul producto
de la actividad de la beta glucoronidasa en los tejidos adyacente al corte, que
perdura hasta el momento de la regeneracion completa de la raiz (Fig. 9a-f). Un
analisis mas detallado de la zona de diferenciacién de la raiz, denoté la expresion
en la zona cubierta por pelos radiculares y sitios de formacién de raices laterales
(Fig. 9g-l). Estos resultados indican que la expresion de PEPR2 es inducible por
heridas y puede ocurrir en lugares de la planta distantes al sitio donde ocurri6 el

dafo.

pPEPR2:GUS
1 ddc 2ddc

3 ddc 4 ddc
oy |

Meristemo apical
de la raiz

Zona de diferenciacion

Figura 9. Induccion de la expresion del receptor PEPR2 durante el corte y regeneracion de la
raiz. Imagenes tomadas mediante microscopia de campo claro antes y después del corte de la punta
de la raiz, mostrando la expresion de pPEPR2:GUS durante la regeneracion (a-f) y en la zona de
diferenciacion (g-I). Las imagenes son representativas de seis registros independientes. El
experimento se repitio tres veces con resultados similares. Barra de escala= 100 ym.
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7.7. El cortedelaraizinduce la expresion de PEPR2 en el follaje

El receptor con actividad de cinasa atPEPR1 participa en la detecciéon de la
sistemina y del péptido PEP1, los cuales son péptidos pequefios que se producen
en las hojas dafadas por herbivoria, lo que induce la expresion de inhibidores de
proteasas a través de la acumulacién de acido jasmonico (Huffaker et al. 2006;
Yamaguchi et al. 2006; Holmes et al. 2018). A continuacion examinamos la
expresion de pPEPR2:GUS en respuesta al corte de la raiz en los tres dias
subsecuentes, en los tejidos aledafos al meristemo del follaje y en los cotiledones.
En las plantas que no sufrieron dafio, o al momento del corte, el receptor no se
expresa en el meristemo del follaje ni en los cotiledones, pero a las 24 y 48h, se
incrementd notablemente la expresion tanto en el meristemo (Fig. 10a-e) como en
los cotiledones (Fig. 10f-j) y dicha expresion correlaciona y termina con la
regeneracion de la raiz (Fig. 10a-j). Con base en lo anterior, podemos concluir que
la expresion de PEPR2 en el follaje ocurre de manera sistémica ante el corte de la

raiz y se mantiene durante el proceso de regeneracion.

pPEPR2:GUS

Conrol 0 ddt; 1 ddc 2 ddc 7 ddc

Meristemo apical
del follaje

Coti_l_edén -

Figura 10. Expresién sistémica de PEPR2 en el follaje en respuesta al corte de laraiz. Imagenes
tomadas mediante microscopia de campo claro antes y después del corte de la punta de la raiz,
mostrando la expresion de pPEPR2:GUS en el meristemo del follaje (a-e) y en los cotiledones (f-j).
Las imagenes son representativas de seis registros independientes. El experimento se repitio tres
veces con resultados similares. Barra de escala= 100 ym.
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7.8. Laexpresion de PEPR2 se induce por herida en los cotiledones

Las heridas provocadas en las hojas causan la acumulacion localizada de acido
jasmonico y en esta reaccion defensiva participan péptidos que contribuyen en la
inmunidad (Yamaguchi et al. 2006; Holmes et al. 2018). Para investigar la posible
participaciéon de PEPR2 en la respuesta a herida en el follaje, se realizaron heridas
con una aguja esterilizada en uno de los dos cotiledones de plantas transgénicas
de Arabidopsis que expresan pPEPR2:GUS y se comparé la actividad del gen
reportero mediante una deteccion histoquimica a las 3, 6 y 12 h después de la herida
con las plantas que no fueron dafadas. Observamos qué desde las tres horas de
haber pinchado uno de los cotiledones, se induce fuertemente la expresién de
PEPR2 en el cotiledon danado. Interesantemente, la expresion de PEPR2 se
extiende hacia los peciolos e inclusive hasta el segundo cotiledon y perdura hasta
las 24 h (Fig. 11a-h). Estos resultados resaltan el patron de expresion local y
sistémica de PEPR2 inducible por herida, lo cual podria contribuir con el sellado de
la herida, con la regeneracion del tejido dafiado o con procesos de comunicacion a

larga distancia.

Control 3 hdc 6 hdc 24 hdc

/
J
R
?
)
}’/J

Meristemo apical
del follaje

Cotiledon
/

Figura 11. Induccidn de la expresion de PEPR2 en respuesta a herida en los cotiledones.
Imagenes tomadas mediante microscopia de campo claro en cotiledones intactos (a, e) y heridos (b-
d; f-h), mostrando la expresién de pPEPR2:GUS. Las imagenes son representativas de seis registros
independientes. El experimento se repitio tres veces con resultados similares. Barra de escala= 500
pm.
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7.9. El dafio celular por agentes genotoxicos induce la expresion de
PEPR2 en la provasculatura de la raiz.

La zeocina es un antibidtico glicopeptidico de Streptomyces verticillus de amplio
espectro, efectivo frente a la mayoria de bacterias, hongos filamentosos, levaduras
y células vegetales y animales, que provoca la muerte celular intercalandose en la
cadena de ADN e induciendo en ella roturas de doble cadena (Chankova et al.
2007). La aplicacion de zeocina y otros antibidticos causa la muerte de células
altamente proliferativas en el meristemo de la raiz de Arabidopsis, utilizandose como
herramientas farmacologicas para estudiar procesos de viabilidad celular en
respuesta al dafio del ADN (Fulcher y Sablowski, 2009). Para conocer si el dafno en
la raiz reportado ante el tratamiento con zeocina podria inducir la expresion de
PEPR2, se realizaron analisis comparando la estructura de los meristemos de
plantas control y transferidas a un medio con 10 uM de zeocina a las 24 y 72h. Los
resultados indican que la exposicion de la raiz a la zeocina causa la induccién de la
diferenciacion, evidenciada por la formacion de pelos radiculares que no se observa
en las plantas control. Este cambio en la estructura del meristemo coincide con la
expresion clara y especifica de pPEPR2:GUS en la regién de la pro-vasculatura, en
donde ocurre dafio celular, y que se magnifica mayormente a las 72h (Fig. 12a-d).
Estos resultados sugieren una posible participacion de PEPR2 en la adaptacion al

dano celular y al estrés genotoxico causado por la zeocina.
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pPEPR2:GUS
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Control

10 uM zeocina

Figura 12. Efecto de la zeocina sobre la expresion de PEPR2 en el meristemo de la raiz.
Imagenes tomadas mediante microscopia de campo claro en meristemos de la raiz primaria de
plantas control (a, b) y transferidas a un medio con 10 yM de zeocina (c, d), alas 24 (a, c)y 72 h
(b,d), respectivamente, mostrando la expresién de pPEPR2:GUS. Las imagenes son representativas
de seis registros independientes. El experimento se repitid tres veces con resultados similares. Barra
de escala= 200 pym.

7.10. El promotor de PEPR2 se induce de manera constitutiva por
acido jasmaénico
La funcion principal del acido jasmonico es regular las respuestas de las plantas
ante el estrés abidtico y bidtico, asi como el crecimiento y desarrollo (Ghorbel et al.
2021). Como ya hemos visto, las heridas en la raiz y las hojas inducen fuertemente
la expresion de PEPR2, por lo que cabe la posibilidad de que dicha induccién ocurre
por incrementos en los niveles de acido jasmonico. Para evaluar lo anterior, se

comparo la expresion de pPEPR2:GUS en plantas intactas de Arabidopsis crecidas
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en un medio control o suplementado con una concentracién de acido jasmonico de
4 uM. El registré de la expresion del gen reportero en el follaje, el tallo y la raiz
mostro la induccién de la expresion de PEPR2 en todos los tejidos (Fig. 13a-j),

indicando un patrén de induccién constitutiva por el acido jasmonico.

Control

4 pM JA
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Figura 13. Expresion de PEPR2 en plantas de Arabidopsis tratadas con acido jasménico.
Imagenes tomadas mediante microscopia de campo claro en meristemos del follaje, segmentos de
tallo, cotiledones y raiz primaria de plantas control (a-e) y suplementadas con 4 yM de acido
jasmonico (f-j), mostrando la expresion de pPEPR2:GUS. Las imagenes son representativas de seis

registros independientes. El experimento se repitid tres veces con resultados similares. Barra de
escala= 200 ym.

Meristemo apical
del follaje
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y cotiledon

meristematica
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8. DISCUSION Y CONCLUSIONES

La integracién del desarrollo, la defensa y la adaptacién de las plantas ante los
cambios continuos en el ambiente implica la coordinacién de una sofisticada red de
respuestas que ocurren de manera local y sistémica. En la raiz, ocurre la deteccion
de los niveles de agua y nutrientes, pH, presencia de metales, moléculas de
microorganismos a través de receptores y mecanismos especificos de
reconocimiento (Ravelo et al. 2023). Uno de los grupos clave en la recepcion de
estimulos son las proteinas receptoras con actividad de cinasa, elementos ubicuos
tanto en plantas como animales, de los cuales en Arabidopsis se han identificado
mas de 610 miembros y 1131 en arroz (Shiu et al. 2004). Esta enorme abundancia,
asi como su distribucion tanto en monocotiledoneas como dicotileddneas sugiere la
existencia de un gran numero de ligandos, entre los cuales destacan pequeios

péptidos de la familia CLE.

Estudios previos ya habian sugerido la importancia de la interaccion de péptidos
CLE con algunos receptores con actividad de cinasa, destacando la relacion de
CLE14, un péptido conformado por 12 amino acidos, con los receptores PEPR1 y
CLAVATA, cuya interaccidon en condiciones de limitacion de fosfato, causa la
terminacién del ciclo celular en el meristemo y su posterior diferenciacion (Gutiérrez-
Alanis et al. 2017). Estos autores, nos proporcionaron amablemente materiales
valiosos para realizar la presente investigacion, particularmente con la donacién de
una cantidad significativa del péptido sintético, asi como semillas homocigas de

plantas mutantes y transgénicas que sobre-expresan el péptido CLE14.

En un primer analisis, la incorporacién del péptido al medio de crecimiento de
plantas de Arabidopsis cambié drasticamente la arquitectura de la raiz. Nuestros
resultados son consistentes con lo reportado por Meng y Feldman (2010), quienes
mostraron que CLE14 detiene irreversiblemente el crecimiento de la raiz primaria a
través de la reduccion de la division celular y la expresion de Ciclina B1 en el
meristemo, y con los de Hayashi et al. (2018) donde CLE14 deterioré el crecimiento
de la raiz y promovi6 la formacion de pelos radiculares. Estos datos confirman el

importante papel de CLE14 como inhibidor de la proliferacion celular y como
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inductor de la diferenciaciéon, que podria ser compartido por otros miembros de la
familia CLE, ya que se ha reportado que la sobre-expresion CLE8, CLE12, CLE19
y CLE22 conduce a la diferenciacion del meristemo radicular (Fiers et al. 2005; Ito
et al. 2006; Strabala et al. 2006; Jun et al. 2010). El patréon de expresiéon de CLE14
en cofia de la raiz se reporté por primera vez por Meng y Feldman (2011). Es
importante mencionar que, bajo condiciones éptimas de crecimiento, CLE14 se
expresa especificamente en la ultima capa celular de la cofia, la cual se sabe que
entra a procesos de muerte celular programada como un proceso de recambio
celular, sugiriendo que CLE14 podria estar implicado en estos procesos. Aqui
observamos su induccion especifica en la capa celular inmediata adyacente al sitio
de corte durante la regeneracién, donde el yoduro de propidio marca un parche rojo
en las células dafadas. Por lo tanto, es posible que CLE14 pueda estar involucrado
en el proceso de reconstruccidon y adquisicién de destinos celulares a medida que
avanza la construccion de la punta de la raiz o en la cicatrizacion de heridas después

del dano.

Zhang et al. (2019) mostraron la induccién del factor de transcripcidon de respuesta
a etileno ETILENE RESPONSE FACTOR 115 (ERF115) por el acido jasménico, una
hormona que actua como centinela tanto para la defensa de las plantas. La herida
provoca la biosintesis rapida y sefalizacion dependiente del acido jasmdnico que
conduce al reforzamiento de la pared celular, la produccién de fitoalexinas e
inhibidores de proteasas en tejido foliar (Glauser et al. 2008; Koo et al. 2009). A
diferencia de lo descrito sobre las respuestas de defensa en hojas, poco se sabe
del mecanismo inductor en la raiz. Un aspecto parece ser comun, esto es, la herida
de la raiz con navaja al momento del corte, potencia la expresion de pCLE14:GUS-
GFP en células adyacentes al corte, lo que podria conducir a la cicatrizacidon de la
herida, ya que como pudimos observar en los estudios de regeneracion, la
sobreexpresion de CLE14 interfiere con el proceso de reconstitucion de la punta de

la raiz conduciendo al sellado de la herida.

A pesar de su reconocida utilidad en la investigacion y sus aplicaciones para la

propagacion asexual de plantas, existe muy poca informacién sobre las bases
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moleculares de la formacion de callos. La correlacion encontrada en nuestro trabajo
de que el péptido CLE14 compromete el funcionamiento del meristemo, inhibe la
regeneracion, asi como la formacion de callos en explantes de hipocotilo revela los
puntos en comun en estos procesos. El equilibrio entre la division celular y la
diferenciacion es critico para la adaptacion al estrés abiotico, en plantas bajo
escasez de fosfato, el meristemo de la raiz se agota y sus células se diferencian
produciendo pelos radiculares a través de la accién de CLE14 y sus receptores
CLV2 y PEPR2 (Gutiérrez-Alanis et al. 2017). Ademas de PEPR2, el genoma de
Arabidopsis codifica también para PEPR1, y ambos estan implicados en respuestas
de dano celular inducida por organismos patdégenos (Ortiz-Morea et al. 2016).
Nuestros resultados apoyan la hipétesis de que el destino celular y la organogénesis
dependen de las interacciones de varios péptidos que actuan como ligandos cuyos

blancos moleculares quedan por esclarecerse.

Las células vegetales detectan la presencia de microorganismos potencialmente
patdogenos en el apoplasto a través de receptores localizados en la membrana
plasmatica. Los receptores activados desencadenan cascadas de sefalizacion
mediadas por fosforilacién que protegen a la célula de la infeccion. Se cree que la
sefalizacion activada por sefiales exdégenas, como la flagelina bacteriana, puede
ser amplificada por sefales enddgenas, como hormonas o segundos mensajeros
que amplifican la sefal. Por ejemplo, la percepcion de flagelina y otras moléculas
microbianas da como resultado una mayor expresion de péptidos de la familia CLE
que potencian la respuesta inmune. Las fitohormonas como el metil-jasmonato
también inducen la expresion de varios péptidos CLE, lo que sugiere relaciones de

retroalimentacion locales y sistémicas.

La evaluacién de la respuesta inmune por el receptor AtPEP1 en mutantes
afectadas en el receptor de jasmonato CORONATINE-INSENSITIVE 1 (COI1) se
compromete la resistencia a patégenos (Holmes et al. 2018). Nuestros resultados
también demostraron que la expresion de PEPR2 se induce por herida, estrés
genotoxico, y tratamientos con acido jasmonico, sugiriendo que la percepcion de
esta fitohormona juega un papel importante en las respuestas inmunes moduladas
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por AtPEP1 y AtPEP2. Aun queda por determinarse si las mutantes en el gen
AtPEP2 o su sobreexpresion en plantas transgénicas comprometen o maximizan
las respuestas de crecimiento e inmunidad inducidas por factores ambientales y

hormonas como el acido jasmaonico.

Interesantemente, el corte en la punta de la raiz principal, asi como la herida en uno
de los cotiledones, activo la expresion sistémica del receptor PEPR2 en tejidos u
organos distantes. Se ha descrito que el péptido CLE25 actua en la transmision de
sefales de deficiencia de agua de la raiz hacia el follaje, lo que conduce en la
acumulacion de la hormona ABA en las hojas y por lo tanto el control de la apertura
y cierre de estomas (Takahashi et al. 2018). CLE25 producido en la raiz es
movilizado hacia las hojas y en asociacion con el receptor BARELY ANY
MERISTEM (BAM) activan respuestas de estrés a la deshidratacion (Takahashi et
al. 2018). Poniendo en contexto nuestros resultados con lo descrito anteriormente,
sugiere fuertemente que existe una sefial a larga distancia, posiblemente algun(os)
péptido(s) CLE, que viaja de la zona del estimulo hacia regiones distantes, para la
activacion de la biosintesis y/o sefalizacién de hormonas, como el AJ, posiblemente

como una respuesta de alerta de la planta en tejidos no danados.

En conclusion, se demostré que el péptido CLE14, se encuentra implicado en
multiples procesos fisiologicos, celulares y moleculares de las plantas, regulando
procesos de viabilidad celular, callogenesis y regeneracion de novo de la raiz de
Arabidopsis. Las perspectivas de esta investigacién si la sobreexpresion del
receptor de CLE14, PEPR2, comprometen o maximizan las respuestas de
crecimiento e inmunidad inducidas por factores ambientales y hormonas como el

acido jasmaonico.
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Abstract

The RNA polymerase II drives the biogenesis of coding and non-coding RNAs for gene expression. Here, we describe new
roles for its second-largest subunit, NRPB2, on root organogenesis and regeneration. Down-regulation of NRPB?2 activates
a determinate developmental program, which correlated with a reduction in mitotic activity, cell elongation, and size of the
root apical meristem. Noteworthy, nrpb2-3 mutants manifest cell death in pro-vascular cells within primary root tips of plants
grown in darkness or exposed to light, which triggers the expression of the regeneration gene marker ERF115 in neighbor
cells close to damage. Auxin and stem cell niche (SCN) gene expression as well as structural analysis revealed that NRPB2
maintains SCN activity through distribution of PIN transporters in root tissues. Wild-type seedlings regenerated the root
tip after excision of the QC and SCN, but nrpb2-3 mutants did not rebuild the missing tissues, and this process could be
genotypified using pERF115:GFP, DR5:GFP, and pWOX5:GFP reporter constructs. The levels of reactive oxygen species
increased in the mutants four days after germination and strongly decreased at later times, whereas nitric oxide accumulated
as the root tip differentiates. These results show the importance of the transcriptional machinery for root organogenesis, cell
viability, and regenerative capacity for reconstruction of tissues and organs upon injury.

Keywords Arabidopsis thaliana - RNA Pol II - root system configuration - stem cell niche maintenance - root tip
regeneration

Introduction

The phenotype of living beings is tightly controlled at the
transcriptional level since the amount of RNA being pro-
duced in time and space enables further stages of regula-
tion of gene expression. Lesions in RNA polymerase II, the
protein complex that recognizes gene promoters and drives
RNA biosynthesis, may have a profound effect on growth,
development, and adaptation, and given their pleiotropic
consequences on the phenotype, very little is known about
the specific functions of the polypeptides that comprise the
whole holoenzyme on the biology of plants (Kaufmann et al.
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2010).

Signaling between shoot and root is critical for plant
adaptation to the ever-changing environment. Reconfigura-
tion of root architecture controls the plant’s ability to obtain
water and nutritional resources, compete with neighbors and
respond to biotic and abiotic stimuli. Integration of environ-
mental signals into cellular programs required for adaptation
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occurs through multiple signal transduction pathways that
influence root organogenesis (Sanchez-Calderén et al. 2005;
Durgaprasad et al. 2019; Raya-Gonzalez et al. 2019). Within
the root apical meristem (RAM), the stem cell niche (SCN)
modulates the indeterminate developmental program that
strongly depends on continuous cell replenishment and may
persist during the entire plant life cycle. The SCN consists
of the quiescent center (QC), a four-cell cluster with low
mitotic activity that instructs the neighboring initial cells
to divide, giving rise to all cell types that comprise the root
body. SCN identity, maintenance, and cell positioning occur
through the activity of several transcription factors, includ-
ing WUSCHEL-RELATED HOMEOWOX 5 (WOX5),
SCARECROW (SCR), SHORT ROOT (SHR), and the AP2-
family transcription factors PLETHORA1-4 (Aida et al.
2004; Sanchez-Calderén et al. 2005; Galinha et al. 2007).

During plant phase transitions, distinct internal and/or
external inputs may cause meristem exhaustion and root
tip differentiation as the conforming cells are highly sensi-
tive to agents that damage DNA, but also to physical stress
caused by nematodes, wounding, and/or mechanical dam-
age. However, during this process cell regeneration might
be activated for cell replenishment in order to replace the
missing tissues and support root growth (Sanchez-Calderén
et al. 2005; Fulcher and Sablowski 2009; Hashimura and
Ueguchi 2011; Raya-Gonzalez et al. 2018; Marhava et al.
2019; Zhou et al. 2019).

Cell regeneration is essential for survival owing to the
sessile lifestyle of plants. Ablation of initial cells and the
excision of the SCN in the Arabidopsis primary root tip have
been used to study regeneration and to unravel the genetic
and hormonal components involved in this process (Sena
et al. 2009; Heyman et al. 2013, 2016; Zhang et al. 2018).
After root tip excision, auxins are re-mobilized and accumu-
late in wound-adjacent, neighbor cells via PIN-FORMED
(PIN) efflux transporters to fine tune restorative cell division
and cell re-specification (Hashimura and Ueguchi 2011;
Hoermayer et al. 2020). Besides auxin, the transcription fac-
tor ERF115, a member of ETHYLENE RESPONSE FAC-
TOR (ERF) family, has arisen as a key player in cell division
and regeneration in response to multiple inputs, including
genotoxic stress, cell ablation, root tip excision, healing,
mechanical damage, and cell death triggered by specific
gene mutations (Heyman et al. 2013, 2016; Raya-Gonzalez
et al. 2018, 2019; Zhang et al. 2018; Canbher et al. 2020;
Hoermayer et al. 2020; Matosevich et al. 2020).

Recently, mutation of the HALTED PRIMARY ROOT
(HPR1) locus in Arabidopsis unveiled an interesting mech-
anism by which death of pro-vasculature cells within root
meristems was sufficient to change primary root growth
from indeterminate to determinate. Although the molecular
identity of HPR1 remains unknown, the study of the root
phenotype of the mutant helped to clarify the relationship
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among root cell viability and the auxin response (Raya-
Gonzélez et al. 2019). Moreover, mutations of the gene
encoding Mediator18 (MED18) sub-unit of the MEDIATOR
transcriptional complex also lead to spontaneous programed
cell death (PCD) in the meristem pro-vasculature cells that
exacerbates with age, light exposure or treatment with gen-
otoxics, which correlated with expression of ERF115 and
CYCLIN D6 (CYCD6) (Heyman et al. 2016; Raya-Gonzalez
et al. 2018).

MEDIATOR is a multi-subunit protein complex that acts
as a bridge between transcription factors and RNA poly-
merase II (Pol II) (Kidd et al. 2009). In Arabidopsis, Pol II
is integrated by 12 subunits, being NRPB1, NRPB2, and
NRPB3 the three major polypeptides of the catalytic site
(Larkin et al. 2009). Arabidopsis plants with alterations on
C-terminal domain (CTD) of NRPB1 manifest cell cycle
disruption and decreased size of root and shoot meristems
(Zhang et al. 2018), whereas NRPB3 has been involved with
the pattering of stomata and differentiation through physic
interaction with FAMA and INDUCER OF CBF EXPRES-
SION (ICE1) transcription factors (Chen et al. 2016).
Interruption of NRPB?2 in three different alleles, namely
nrpb2-1, nrpb2-2, and nrpb2-3, affects embryo, leaf, and
floral organ development (Onodera et al. 2008; Zheng et al.
2009). Lack of maternal transmission in nrpb2-1 and nrpb2-
2 generates small unfertilized ovules, which leads to lethality
(Onodera et al. 2008; Zheng et al. 2009). However, nrpb2-3
having a G-to-A mutation in the coding region is a weak
allele because the NRPB2 protein still accumulates, but at
a reduced level when compared to the WT, which enables
its study (Kim et al. 2011). MED18 and the RNA Pol II,
through their second-largest subunit, NRPB2, functionally
interact to control non-coding RNA biogenesis in Arabi-
dopsis (Kim et al. 2011). However, nothing is known about
the roles of NRPB2 during root development. Regarding its
critical function as part of the transcriptional machinery, it
is possible that NRPB2 could act as a key regulator of root
system processes such as cell viability and/or regeneration.

Here, we provide evidence for a critical role of NRPB2
in root development, cell viability, and root tip regeneration.
Arabidopsis seedlings with diminished NRPB2 expression
show several defects on root architecture, including short
primary roots, full differentiation of the root meristem, and
higher root hair formation, which correlates with an altered
local auxin distribution, low mitotic activity and reduction
in cell size. Cellular damage within the root meristem of
nrpb2 mutants was accompanied by an induced expression
of ERF115 and changes in detection of oxidative and nitro-
sative molecular species. Cell tissue regeneration assays
further showed that NRPB?2 is required for de novo root tip
meristem reconstruction after excision. These data demon-
strate the critical function of RNA Pol II components in root
organogenesis and regeneration.
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Materials and methods
Plant material and growth conditions

Arabidopsis thaliana WT (Col-0), the transgenic Arabi-
dopsis lines CycBl1:uidA (Colén-Carmona et al. 1999),
EXP7:uidA (Cho and Cosgrove 2002), DR5:GFP (Otten-
schlager et al. 2003); pERF115:GFP (Heyman et al. 2016),
pPINI::PINI-GFP (Benkova et al. 2003), pPIN2::PIN2-
GFP (Blilou et al. 2005), pPIN3::PIN3-GFP (Blilou et al.
2005), pWOX5:GFP (Ding and Friml 2010), pSHR::SHR-
GFP (Cruz-Ramirez et al. 2012), pSCR::SCR-YFP (Cruz-
Ramirez et al. 2012) and the mutant line nrpb2-3 (Zheng
et al. 2009), were used in this work. Seeds were disinfected
by using 95% (v/v) ethanol and 20% (v/v) commercial
bleach. After five washes with distilled water, seeds were
plated on Murashige and Skoog (MS) medium 0.2X, with
0.6% sucrose and 1% agar. Plates were placed in a plant
growth chamber at 21 °C in a 16 h light/8 h darkness cycle
and light intensity of 200 pmol m™ s”!. Primary root length
was scored using a ruler, and root meristem length, root
width, and distance from QC to first root hair were scored
from microscope images of Arabidopsis root tips.

Root tip excision and regeneration

Root tips were excised by hand using a sterile scalpel and a
stereoscope microscope in a laminar flow cabinet. The exci-
sions were performed at the QC, and the seedlings were
transferred to fresh medium. Expression analysis of genetic
markers was performed for the WT and nrpb2-3 seedlings
every 24 h for 3 d after cutting. The seedlings were stained
with propidium iodide and placed on microscope slides to
be visualized by confocal microscopy. Root tip regeneration
was measured via counting the number of seedlings that
regenerated a functional SCN, whereas a negative score was
used when roots collapsed and failed to reconstitute the root
meristem. The experiment included at least 40 seedlings for
each treatment/line and was replicated at least three times

Propidium iodide staining and GFP detection

RAM structure, cell viability, and cell regeneration were
assessed in roots of seedlings submerged into a propidium
iodide (PI) solution (10 mg/ml) during 1 min. After two
washes with distilled water, seedlings were placed on micro-
scope slides and visualized with a confocal microscope (Olym-
pus FV1200, Tokyo, Japan). Wavelengths specific for IP (568
nm excitation; 585-610 nm emission) and GFP (500-523 nm
emission; 488 nm excitation) were used and recorded sepa-
rately when necessary. For GFP/PI pictures, the two images

were merged to generate the final image. Fluorescence quan-
tification was scored as relative fluorescence.

Detection of reactive oxygen species and nitric
oxide

Reactive oxygen species (ROS) and nitric oxide (NO) lev-
els were detected and visualized by using the specific
probes 2,7'-dichlorofluorescein diacetate (H,DCF-DA) and
4,5-diaminofluorescein diacetate (DAF-2DA), respectively.
WT and nrpb2-3 Arabidopsis seedlings were incubated in 10
pM dilutions of H,DCF-DA or DAF-2DA during 30 min in
darkness conditions. Seedlings were washed three times and
placed on microscopy slides, and fluorescence signals were
observed and detected by a confocal microscope.

Histochemical analysis

B-glucuronidase (GUS) histochemical detection was per-
formed incubating overnight Arabidopsis seedlings at 37 °C in
phosphate buffer pH 7.4 supplied with the enzymatic substrate
(0.5 mg ml"! 5-bromo-4-chloro-3-indolyl-B-D-glucoronide dis-
solved in 0.24 N sodium phosphate, pH 7.0). Seedlings with
GUS activity were cleared and fixed by using the protocol
described by Malamy and Benfey (1997), in which seed-
lings were incubated by 60 min in a solution 0.24N HC1/20%
methanol at 63 °C. Then, the seedlings were transferred to 7%
NaOH/60% ethanol solution by 30 min at room temperature,
and finally, a dehydration process was performed by using eth-
anol treatments at 40, 20, and 10% (v/v) for 20 min period each
at room temperature. Seedlings were stored and mounted with
glycerol 50% on microscope slides and visualized by differ-
ential interference contrast microscope (DIC), using a LEICA
DM500B microscope. For each transgenic line, the root tips
of at least 20 stained seedlings were recorded and analyzed.

Starch staining

Arabidopsis WT and nrpb2-3 seedlings were germinated and
grown by 2, 4, and 8 d in MS 0.2X medium, cleared and fixed
by using the protocol described by Malamy and Benfey (1997),
and incubated with lugol solution 10 s. Then, seedlings were
mounted in 50% glycerol solution and visualized by differen-
tial interference contrast microscope (DIC), using a LEICA
DMS500B microscope. For each genotype, at least fifteen root
tips from WT and nrpb2-3 were analyzed and recorded.

@ Springer
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Results
NRPB2 controls Arabidopsis primary root growth

Two homozygous mutants with NRPB2 loss-of-function
have been isolated, nrpb2-1 and nrpb2-2 (Onodera et al.
2008). However, both are embryo-lethal, indicating the
essential role of this RNA Pol II subunit for plant sur-
vival. In this work, we used a self-fertile, weak allele pre-
viously reported, nrpb2-3, in which NRPB2 transcript is
still detected, but at a reduced level (Zheng et al. 2009).

Fig. 1 NRPB2 supports
indeterminate root develop-
ment in Arabidopsis thaliana.
Wild-type (Wt; Col-0) and
nrpb2-3 mutant seedlings were
germinated and grown for 10 d
on 0.2x Murashige and Skoog
(MS) medium. (a) Photograph
of representative Wt and
nrpb2-3 seedlings grown side
by side. (b) Primary root growth
of Wt and nrpb2-3 plants
recorded every 24 h for 10 d.
(c) Photographs of representa-
tive Wt and nrpb2-3 root tips.
(d, e) Wt and nrpb2-3 roots
expressing CycBI:uidA (d) and
EXP7:uidA (e) gene constructs.
(f) Meristem and elongation
zones measured from QC to first
root hair. (g) Number of CycBI
expressing cells recorded as
blue spots. (h) Root meristem
length. (i) Root width. Bars
represent means + SE from 30
seedlings analyzed. Different
letters indicate means that dif-
fer statistically (P<0.05). The
experiments were repeated three
times with similar results. Scale
bar = 1 cm (a); 200 pm (c, e);
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Number of CycB1 expressing cells

Arabidopsis wild-type (WT; Columbia-0 [Col-0]) and
nrpb2-3 seedlings were germinated and grown on MS
agar-solidified media for 10 days, and primary root elonga-
tion was recorded every 24 h after germination (Fig. 1a-b).
Sustained root growth was observed in WT seedlings
during the analysis, consistent with their indeterminate
developmental program, whereas nrpb2-3 mutants not
only showed a slower root growth rate, but also primary
root elongation stopped 4 d after germination, accompa-
nied by an induction of root hair development and more
lateral roots emerging close to the root tip (Fig. la—c, f).
These defects were also manifested when root elongation
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occurred under darkness where nrpb2-3 seedlings had
reduced growth rates and altered root meristem structure
(Fig. S1).

Root growth is modulated by cell division, elonga-
tion, and differentiation. To determine whether these pro-
cesses are altered in nrpb2-3 mutants, the expression of
CycB1:uidA and EXP7:uidA gene markers were analyzed
in 10-d WT and nrpb2-3 seedlings via out-crossing mutant
seedlings with pollen from transgenic Arabidopsis plants
expressing the markers. CycB1 monitors cell cycle activity
on root meristems (Colén-Carmona et al. 1999), whereas
EXP7:uidA reveals the differentiated status of root epider-
mal cells (trichoblasts) that give rise to root hairs (Cho and
Cosgrove 2002). Reduction in the primary root meristems in
nrpb2-3 correlated with a weak expression of CycB1:uidA
and advancement of EXP7:uidA expression toward the root
tip (Fig. 1d, e). The number of cells expressing CycBI:uidA
and the root meristem length inversely correlated with root

Fig.2 NRPB2 is required for
cell viability in root meristems.
Wt (Col-0) and nrpb2-3 seed-
lings were grown on 0.2x MS
medium, and cell integrity was
analyzed 2 d (a, f),4 d (b, g), 6
d(c,h),8d(d, i), and 10d (e, j)
after germination. (k) Kinetics
of dead cell area. (1) Area of
epidermis, cortex, and endoder-
mis cell layers. Representative
photographs are shown from at
least 10 seedlings of each condi-
tion/line, stained with IP, and
visualized by confocal micros-
copy. Bars represent means +
SE from 10 seedlings analyzed.
Different letters indicate means
that differ statistically (£<0.05).
The experiments were repeated
three times with similar results.
Scale bar = 100 pm.

Col-0

nrpb2-3

tip width in the mutants (Fig. 1g—i). This suggests that
NRPB?2 plays a key role in root morphogenesis by positive
modulation of cell proliferation processes in the meristem.

NRPB2 supports cell integrity in root meristems

The alterations in nrpb2-3 mutants on root development
prompted us to analyze root cell organization, morphology,
and integrity in root tips. With this aim, WT and nrpb2-
3 seedlings were stained with propidium iodide (PI) and
root tips were visualized by confocal microscopy. In liv-
ing cells, PI stains the cell walls, which allows visualization
and analysis of each cell tissue, whereas in dead cells PI
freely penetrate, what is observed by red patchy patterns
(Truernit and Haseloff 2008). The RAM from Arabidopsis
WT and nrpb2-3 seedlings was analyzed every 48 h during
the first 10 days after germination by confocal microscopy.
WT roots showed comparable root tip structure, without
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any apparent phenotypical change during the experiment
(Fig. 2a—e). Interestingly, nrpb2-3 primary root tips, lat-
eral root tips, and adventitious root tips showed extensive
patches of cell death 2 days after germination, indicating
that reduction in NRPB2 expression compromises viability
of vascular precursor cells within root meristems (Figs. 2f—j
and S2). Kinetic analysis of cell death and cell size indicated
that the meristem consumption and root tip differentiation
advances with time (Fig. 2k, 1). Previously, we reported that
light is a conditional factor for cell damage in root meristem,
which impedes primary root elongation in med!8 mutants
(Raya-Gonzalez et al. 2018). In nrpb2-3 seedlings, even
growth under darkness caused cell damage symptoms and
a reduction in root growth (Fig. S1). These results suggest
that NRPB2 is required for cell viability in Arabidopsis root
meristems.

NRPB2 influences auxin signaling and controls stem
cell niche maintenance in Arabidopsis

Auxin is a major plant growth regulator that orchestrates
root morphogenesis. To determine whether auxin signaling
is involved in nrpb2-3 root phenotype, the auxin-inducible
gene marker DR5:GFP was introduced into nrpb2-3 back-
ground by out-crossing and homozygous mutant seedlings
harboring the marker were analyzed by confocal microscopy.
From here, 4-d old seedlings were used for further experi-
ments, since nrpb2-3 line showed halted root growth that
coincides with depletion of the root meristem (Fig. 1a— e).
In WT seedlings, DR5:GFP expression was visualized in
QC, columella, and pro-vasculature cell tissues, as well as
in the lateral root formation zone and emerging lateral roots
(Figs. 3a and S3). For nrpb2-3 mutants, DR5:GFP expres-
sion in primary roots was extended toward the epidermis,
lateral root cap, and along the vascular tissues and lateral
root primordia, suggesting its influence on root system
development through auxin signaling (Figs. 3e, and S3).
In vivo detection of auxin efflux transporters via confocal
microscopy in pPINI::PINI-GFP, pPIN2::PIN2-GFP, and
pPIN3::PIN3-GFP in the WT and nrpb2-3 seedlings, indi-
cates that NRPB2 influences both the level and position-
ing of the auxin transporters within root tissues, since GFP
detection driven by the reporter fusions strongly decreased
in the mutants (Fig. S4).

Local auxin levels maintain distal stem cells in root
tips involving WOXS5, SHR, and SCR transcription factors
(Sabatini et al. 2003; Tian et al. 2014). As the auxin sign-
aling appears to be modified in nrpb2-3 root tips, we now
examined the expression of the QC and SCN markers. For
QC activity, we analyzed the expression and quantified the
number of pWOXS5:GFP-expressing cells from root tips of 4
d-old seedlings. In WT plants around four GFP-expressing
cells were found, whereas in nrpb2-3 around twenty cells
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showing WOX5 expression at the proximal meristem (PM)
above the QC could be quantified (Fig. 3b, f, j), suggesting
that NRPB2 restricts WOXS5 expression to the QC. Because
WOX5 moves from QC to columella stem cells toward
maintaining their un-differentiated status (Pi et al. 2015)), it
could explain the alteration of columella cell morphology
and structure in nrpb2-3 seedlings, which marks the transit
from cell division to differentiation, as supported by starch
staining with lugol (Fig. S5). We next examined the expres-
sion of pSHR::SHR-GFP and pSCR::SCR-YFP in WT and
nrpb2-3 seedlings. SHR and SCR are expressed in stele and
endodermis, respectively (Fig. 3c—d) (Galinha et al. 2007).
SHR and SCR expression was drastically reduced in nrpb2-
3 mutants (Fig. 3g-h, k-I), being more pronounced for
SCR-YFP (Fig. 3h), which was consistent with fluorescence
quantification compared with WT roots (Fig. 31). Together,
these results indicate that NRPB2 is a key regulator of root
meristem activity and maintenance trough modulation of
WOXS5, SHR, and SCR stem cell niche genes in Arabidopsis
thaliana.

NRPB2 influences expression of ERF115
in Arabidopsis root tips

In root tips, cell damage promotes regeneration through
ERF115 activity (Sena et al. 2009; Heyman et al. 2016;
Raya-Gonzalez et al. 2018). To assess whether cell dam-
age in nrpb2-3 activates a cell regeneration program,
we analyzed the expression of ERF115 by transferring
pERF115:GFP gene construct into nrpb2-3 background
and comparing the expression with the WT where ERFI115
is not expressed in standard growth conditions (Fig. 4a—c).
A strong and specific ERF115 expression could be found
on adjacent cells of injured tissues in nrpb2-3 mutants
(Fig. 4d-g).

Arabidopsis root tip resection has been used to study
cell regeneration in plants (Sena et al. 2009; Heyman et al.
2013). We employed this strategy to investigate the role of
NRPB2 on root tip recovery by evaluating the capacity of
WT and nrpb2-3 seedlings to regenerate a functional root
meristem. Compared with un-excised SCN of WT plants
(Fig. 5a—e), a functional SCN was regenerated from 3 days
after root tip excision and accompanied with transcrip-
tional induction of ERF115 adjacent to the excision site
that was later reduced as the new SCN becomes functional
(Fig. 5k—o). In un-excised SCN in nrpb2-3 mutant seedlings,
ERF115 expression was induced in primary root meristems
as mentioned above (Fig. 5f—j). However, although a strong
ERF115 expression in adjacent cells correlates with the cell
damage after root excision in nrpb2-3 seedlings, it failed to
re-establish a functional SCN as only ~3% of nrpb2-3 roots
were able to regenerate a novel root tip compared with 100%
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Fig.3 NRPB2 determines DR5:GFP
auxin signaling and SCN gene
expression in Arabidopsis root
tips. Wt and nrpb2-3 seed-

lings expressing DR5:GFP

(a, e), pPWOX5:GFP (b, 1),
pSHR::SHR-GFP (c, g), and
PpSCR::SCR-YFP (d, h) gene
constructs were germinated

and grown for 4 d in 0.2x

MS medium, stained with
propidium iodide (PI) , and
visualized by confocal micros-
copy. Graphs (i, k, 1) illustrate
expression measured as relative
fluorescence for DR5:GFP (i),
PSHR::SHR-GFP (k), and (1)
PpSCR::SCR-YFP. (j) Number of
WOX5 expressing cells in root
meristems of Wt and nrpb2-3.
Bars represent means + SE
from 10 seedlings analyzed.
Different letters indicate means
that differ statistically (P<0.05).
The experiments were repeated
three times with similar results.
Scale bar = 50 pm.
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of WT roots (Figs. Sp—t, and Fig. S6), indicating that de novo
root tip formation critically depends of NRPB2.

Changes in the auxin response during regeneration
of the Arabidopsis root tip

Local auxin biosynthesis and accumulation via PIN-medi-
ated transport are necessary for root tip regeneration after
wounding (Matosevich et al. 2020). To assess whether
auxin response is deficient in nrpb2-3 root tips after root
excision, we monitored DR5:GFP expression in WT and
nrpb2-3 mutants every 24 h during 3 d in 4 d-old WT and
nrpb2-3 seedlings and after excision of the root tip at the
QC. In un-excised SCN WT plants, DR5:GFP expression
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was comparable at all indicated points (Fig. 6a—e), whereas
in nrpb2-3, a stronger GFP expression was observed,
which disappeared at the end of the experiment, which cor-
related with root tip differentiation and the lack of regen-
eration (Fig. 6f—j). The fact that root tip excision induced
DR5:GFP expression on the adjacent cells of damaged
areas, 24 and 48 h after excision (Fig. 6k—0), indicated that
the loss of SCN by wounding activated the formation of a
novel auxin pattern that triggered SCN re-specification and
further regeneration. Interestingly, when auxin response
was analyzed in nrpb2-3 root tips after excision, DR5:GFP
expression was increased, but it was confined to vascular
tissues (Fig. 6p—t), indicating that nrpb2-3 was unable to
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Fig.4 Cell damage in nrpb2-3 mutant triggers ERF115 expression.
Wt (a-c) and nrpb2-3 (d-f) seedlings harboring pERF115:GFP gene
construct were germinated and grown for 4 d in MS 0.2X and stained
with IP. Then, ERF115 expression was visualized by confocal micros-
copy. Graph in (g) represents the expression of ERFI115 measured
as relative fluorescence. Different letters indicate that differ statisti-
cally (P<0.05). The experiment was repeated three times with similar
results. Scale bar = 50 pm.

re-create auxin patterning after excision, and that it most
likely induces a cell differentiation program.

Expression of the quiescent center marker,
pWOX5:GFP during root tip regeneration

To understand how NRPB2 mutation affects the spatial
dynamics of cell identity within the stem cell niche during
root regeneration, we analyzed the pWOX5:GFP reporter,
which marks cells with QC identity (Fig. 7a—e). Starting
at 1 dpe (days post excision), WOX5 was co-expressed
within the zone proximal to cell damage. Between 2 dpe
and 3 dpe, it marked the new domain corresponding to QC
tissue (Fig. 7k—o). Next, we analyzed WOX5 expression
in nrpb2-3 root tips. In excised seedlings, WOX5 was co-
expressed in QC and neighboring cells, but disappeared in
an age-dependent manner (Fig. 7f—j). Similarly, the WOX5
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expression was observed in nrpb2-3 seedlings after excision,
disappearing after 3d, suggesting that nrpb2-3 is affected in
re-establishment of a functional SCN (Fig. 7p-t).

Mutation of NRPB2 changes the levels of reactive
oxygen species and nitric oxide in root tips

Accumulation of reactive oxygen and nitrogen species
(ROS; RNYS) is a hallmark of aerobic metabolism and might
be related to cell death (Zhao 2007). By using fluorescence
probes and confocal microscopy, we analyzed ROS and
nitric oxide (NO) levels in root tips at four and eight-days
after germination in WT and nrpb2-3 Arabidopsis seed-
lings. ROS signal could be detected in several cell tissues,
including epidermis, cortex, stem cell niche, and root cap of
the WT (Fig. 8a). Interestingly, four-day-old nrpb2-3 seed-
lings showed higher ROS levels than WT seedlings, which
decreased at a time of full meristem consumption (Fig. 8a,
¢). NO signal could be detected in epidermal and cortex lay-
ers in WT roots at the two times assayed, whereas in nrpb2-3
mutants, the fluorescence was increased in the epidermal
layer and a new signal pattern was found in a central region,
which correlates with the cell death patches (Fig. 8b, d).
Thus, ROS and NO levels change in nrpb2-3 mutants during
cell differentiation programs ending with meristem exhaus-
tion caused by NRPB2 dysfunction.

Discussion

The RNA Polymerase II (Pol II) is a macromolecular com-
plex, which interacts with gene promoters and biosynthe-
sizes the encoded RNA messengers of the open reading
frames. In this report, we employed a range of strategies
to unravel the role of the second largest subunit of Pol II,
NRPB2, on root system architecture, cell viability, and cell
regeneration processes in Arabidopsis thaliana. To the best
of our knowledge, no previous studies on this matter have
been done with this subunit, since its complete loss-of-func-
tion led to lethality at the embryo stage.

An advantage of having at hand a non-lethal allele, such
as nrpb2-3, whose corresponding mutant seedlings are able
to grow and self-fertilize producing homozygous progeny is
the possibility to perform detailed phenotypical and molecu-
lar comparisons with the WT. Reduction on NRPB2 protein
levels resulted in repression of primary root elongation,
death of pro-vasculature cells, and impeded the regenera-
tion of the root tip after excision, suggesting that NRPB2 is
necessary for the expression of major genes for cell division/
regeneration.

The main observable effect of knocking down NRPB2 in
Arabidopsis seedlings is a determinate primary root growth,
which is tightly related to cell death in pro-vasculature cells
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Fig.5 ERFI115 expression dur-
ing root tip regeneration in Wt
and nrpb2-3 seedlings. ERF115
expression in 4d-old Wt (a-e,
k-o0) and nrpb2-3 (f-j, p-t) seed-
lings after root tip excision for
the indicated time points. (a-e)
Un-excision of Wt seedlings
and after excision of the root
tip (k-0). (f-j) Un-excision of
nrpb2-3 seedlings and after
excision of the root tip (p-t).
Representative photographs
from at least 10 seedlings of
each condition, stained with

PI, and visualized by confocal
microscopy. The experiment
was repeated two times with
similar results. dpe= days post
excision. Scale bar = 100 pm.

PERF115:GFP

nrpbh2-3/
PERF115:GFP

pPERF115:GFP

nrpbh2-3/
PERF115:GFP

and alteration of auxin signaling, a phenomenon previously
reported for nrpb2 mutants at several embryo developmental
stages (Xiong et al. 2019). Our data are also consistent with
the phenotype of an Arabidopsis mutant termed constitutive
auxin response with DR5:GFP (CARD1), which encodes
for NRPB1, the RNA Pol II’s largest subunit (Zhang et al.
2018). Interestingly, nrpb2-3 and cardl both show higher
auxin responses at the meristem and share several root phe-
notypes, including reduction in root growth and patterning
of stem cells through regulation of transcription factors
involved in morphogenesis (Zhang et al. 2018). CARD1
and NRPB2 form the catalytic site of RNA Pol II. The fact
that the corresponding mutants produce short roots whose
meristems disappear a few days after germination indicates
their critical role for proper root development.

The magnified DR5:GFP expression in nrpb2-3 seed-
lings in neighbor tissues to cell death areas is coincident
with recent reports that vasculature stem cell damage by
laser or genotoxic stress triggers auxin biosynthesis in

the cells immediately adjacent to the wound, or induces
its accumulation in the endodermis, which in turn con-
fers a capacity for regeneration of vasculature stem cells.
DRS5:GFP patterns inversely correlated with in vivo detec-
tion of PIN1, 2 and 3. The weaker PINI, PIN2, and PIN3
expression in nrpb2-3 may be simply explained if the
corresponding genes are directly regulated by NRPB2
or alternatively from the structural damage imposed to
meristems.

Upon root exposure to biotic and abiotic stress that trigger
cell damage, ERF115 expression is induced and this appears
to depend on auxin signaling, which is required for further
tissue recovery (Canher et al. 2020; Hoermayer et al. 2020).
Here, we found an over induction of ERF115 in nrpb2-3
root meristems, which suggests a possible mechanism to
replenish the missing tissues. However, nrpb2-3 seedlings
fail to rebuild the root tip after excision of the SCN, thus the
seedlings require functional transcriptional machinery for
tissue regeneration.
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Fig.6 Auxin signaling and

de novo root tip regeneration

in Wt and nrpb2-3 mutants.
DRS5:GFP expression during
root regeneration in 4d-old Wt
(a-e, k-0) and nrpb2-3 (f-j, p-t)
seedlings after root tip excision
for the indicated time points.
(a-e) Un-excision of Wt seed-
lings and root tips after excision
(k-0). (f-j) Un-excision of
nrpb2-3 seedlings and root tips
after excision (p-t). Representa-
tive photographs of at least 10
seedlings of each condition/line,
stained with IP, and visualized
by confocal microscopy. The
experiment was repeated three
times with similar results. dpe=
days post excision. Scale bar =
100 pm.

DR5:GFP

nrpb2-3/
DR5:GFP

DR5:GFP

nrpb2-3/
DR5:GFP

It has been shown that production and accumulation of
ROS and nitric oxide regulate root system configuration
by modulating the polar transport and redistribution of
auxin (Méndez-Bravo et al. 2010; Su et al. 2016). ROS
determines the boundaries between the meristem and cell
elongation zone of the primary root and act in concert
with NO for growth (Tsukagoshi et al. 2010; Fernandez-
Marcos et al. 2011). In consonance with NO detection and
the phenotype of nrpb2-3 seedlings, application of NO
donors to Arabidopsis seedlings induced root meristematic
defects and growth inhibition affecting the PIN-FORMED
1 (PIN1)-auxin translocation (Fernandez-Marcos et al.
2011), which is also consistent with the reduction in PIN1
observed in the nrpb2-3 meristems. Therefore, NRPB2
appears to be an important factor in transducing the NO
signaling either as a driver of NO production or as a con-
sequence of the differentiation of the root tip that corre-
lates with more NO in root tip cells and reduction in PIN
transporters.
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Previously, we showed that the loss-of-function of
MEDI18 triggers cell death in root meristems and affects
auxin signaling (Raya-Gonzélez et al. 2018), two alterations
also manifested in nrpb2-3 mutants, suggesting that com-
monalities exist between the transcriptional machinery and
the Mediator complex in gene regulation. On the other side,
Kim et al. (2011) showed that med20a and nrpb2-3 mutants
exhibit comparable morphological phenotypes and by micro-
array-based transcript profiling, they found that both mutants
share several sets of genes regulated differentially, including
miRNAs, suggesting a degree of overlap between Mediator
and RNA Pol I in gene expression. Recently, PLT2 arose as
a key player in root tip regeneration specified by its expres-
sion gradient (Kareem et al. 2015; Durgaprasad et al. 2019).
PLT?2 expression is triggered early, 8h after root tip excision,
around cell damage areas, and down-regulation of PLT2 in
distinct sets of plt2 mutants failed to reconstruct the root
tip after resection, which leads to cell differentiation (Dur-
gaprasad et al. 2019). It is tempting to speculate that PLT2
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Fig.7 Quiescent center re-
specification during root tip
regeneration in Wt and nrpb2-3
seedlings. WOX5 expression in
4d-old Wt (a-e, k-0) and nrpb2-
3 (f+j, p-t) seedlings after root
tip excision for the indicated
time points. (a-e) Un-excision
of Wt seedlings and after
excision of the root tip (k-0).
(f-j) Un-excision of nrpb2-3
seedlings and after excision of
the root tip (p-t). Representa-
tive photographs from at least
10 seedlings of each condition,
stained with PI, and visualized
by confocal microscopy. The
experiment was repeated three
times with similar results. dpe=
days post excision. Scale bar =
100 pm.

WOX5:GFP

nrpb2-3/
WOX5:GFP

0 dpe

WOX5:GFP

nrpb2-3/
WOX5:GFP

acts or is influenced by NRPB2 during root tip regeneration,
but this remains to be investigated.

Although several questions remain to be answered about
the molecular mechanisms by which NRPB2 controls root
system configuration and regeneration, our work supports
that: (i) NRPB2 activity is essential for cell division, cell
size, and cell differentiation, three key processes involved
in root patterning; (ii) NRPB2 regulates auxin signaling as
well as oxidative and nitrosative signaling pathways that
control PIN transporters in root tips; (iii) NRPB2 protects
root meristems against damage to maintain an SCN func-
tional and an active RAM, and (iv) NRPB2 function is
required for auxin redistribution and cell re-specification
to grant root tip reconstruction after excision. A model is
provided that shows the role of NRPB2 on root morpho-
genesis (Fig. S7), in which NRPB2 acts as a positive regu-
lator to control stem cell niche maintenance, cell division,
and cell viability modulating the auxin response pathway

1 dpe 2 dpe 3 dpe 4 dpe

and the activity of WOXS5, SHR, and SCR transcription
factors. As previously proposed (Heyman et al. 2016;
Raya-Gonzalez et al. 2018; Durgaprasad et al. 2019),
and on the basis of results provide here, NRPB2 acting
through the auxin pathway, and ERF115-PLT?2 signaling,
for root tip rebuild after tissue cell damage and/or loss,
which grants a correct root growth and development as
well as the possibility to adapt to damage caused by biotic
or abiotic factors.

To the best of our knowledge, NRPB2 is one of a few
master genes already identified, which orchestrates the
balance between death and regeneration in highly prolif-
erative, root meristem cells, which may be of tremendous
adaptive importance as the root grows and explores the
soil in search of nutrients and water resources and to drive
discrete movements as it encounters obstacles or pollutants
or as a response to the rhizosphere microbiota.
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Fig.8 Detection of reactive a
oxygen species (ROS) and
nitric oxide (NO) in root tips

of Wt and nrpb2-3 seedlings.
(a) Detection of ROS using the
specific probe H2DCF-DA by
confocal microscopy in four and
eight-day-old Wt (Col-0) and
nrpb2-3 seedlings. (b) Detection
of NO via the specific probe,
DAF-2DA. Seedlings were
germinated and grown on Petri
plates containing agar-solidified
0.2x MS medium and processed
at the indicated times. Graphs

in (c, d) represent the ROS (c)
and NO (d) levels measured as
relative fluorescence. Asterisks
indicate that differ statistically
(P<0.05). Photographs were
chosen from 5 seedlings of each
genetic background. Note that
cell damage zone showed by
nrpb2-3 mutant in the root tip
correlates with NO accumula-
tion (white arrow). The experi-
ment was repeated two times
with similar results. Scale bar =
100 pm.
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Abstract

The modulation of plant growth and development through reactive oxygen species (ROS) is a hallmark during the interac-
tions with microorganisms, but how fungi and their molecules influence endogenous ROS production in the root remains
unknown. In this report, we correlated the biostimulant effect of Trichoderma atroviride with Arabidopsis root development
via ROS signaling. T. atroviride enhanced ROS accumulation in primary root tips, lateral root primordia, and emerged lateral
roots as revealed by total ROS imaging through the fluorescent probe H2DCF-DA and NBT detection. Acidification of the
substrate and emission of the volatile organic compound 6-pentyl-2H-pyran-2-one appear to be major factors by which the
fungus triggers ROS accumulation. Besides, the disruption of plant NADPH oxidases, also known as respiratory burst oxidase
homologs (RBOHs) including ROBHA, RBOHD, but mainly RBOHE, impaired root and shoot fresh weight and the root
branching enhanced by the fungus in vitro. RbohE mutant plants displayed poor lateral root proliferation and lower superoxide
levels than wild-type seedlings in both primary and lateral roots, indicating a role for this enzyme for 7. atroviride—induced
root branching. These data shed light on the roles of ROS as messengers for plant growth and root architectural changes
during the plant-Trichoderma interaction.

Keywords Trichoderma atroviride - Arabidopsis thaliana - Reactive oxygen species - Plant biomass - Root development

Introduction

Plant roots are inhabited by a myriad of soil microbes due
to the attraction exerted by sugars and other exudates (Nath
et al. 2016). Some of these microbes, which mostly belong
to bacteria and fungi, can colonize the rhizosphere or live
inside plant tissues, resulting in enhanced host growth or
improved protection against stress and diseases (Hassani
et al. 2018; Pascale et al. 2020). Fungal species belonging to
the Trichoderma genus effectively spread into the roots and
behave as probiotic organisms that promote root branching
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and nutrient absorption, along with their widely recognized
biocontrol properties (Villalobos-Escobedo et al. 2020;
Esparza-Reynoso et al. 2021).

Studies with T. atroviride-Arabidopsis interaction indi-
cated that root exudation of sucrose changes fungal metab-
olism, thus decreasing the expression of genes encoding
degradative enzymes, whereas the release of auxins extends
the branching capacity of roots for better soil exploration
(Villalobos-Escobedo et al. 2020; Alfiky and Weisskopf
2021). During this chemical dialog, the production of ROS
by NADPH oxidases in T. atroviride determines its ability
to perceive plants and to assimilate simple forms of sugars
(Villalobos-Escobedo et al. 2020). On the other hand, ROS
production in the plant host increases by biotic and abiotic
stresses and occurs as an early response to Trichoderma
inoculation, activating afterward an antioxidant mechanism
that confers tolerance to the oxidative stress imposed by
pathogens or environmental factors (Choudhary et al. 2020;
Nogueira-Lopez et al. 2018; Huang et al. 2019; Nawrocka
et al. 2019; Alfiky and Weisskopf 2021).

In plants, the NADPH oxidases (NOXs) also known as
respiratory burst oxidase homologs (RBOHs) are the main
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enzymes that catalyze the apoplastic reduction of molecu-
lar oxygen (O,) into the superoxide anion (O,-—), which in
turn is spontaneously or enzymatically dismutated into the
more stable form hydrogen peroxide (H,0,) (Hu et al. 2020).
RBOHs encompass a group of membrane-bound enzymes
with homology to the mammalian phagocyte gp91phox
(NOX2). These enzymes are directly activated in response
to the rapid influx of Ca** or intracellular phosphorylation
events by protein kinases (Chapman et al. 2019; Lee et al.
2020). The Arabidopsis genome encodes ten Rboh genes
potentially involved in plant resilience toward environmental
stress as well as developmental responses (Chapman et al.
2019). RBOHD and RBOHF play an important role in ROS
production and are required for proper lateral root develop-
ment (Otulak-Koziet et al. 2020). The corresponding genes
show comparable expression patterns in the developing
lateral root primordia (Orman-Ligeza et al. 2016; Chap-
man et al. 2019), but their function and/or regulation as a
response to probiotic fungi that enhance root branching has
not been assessed.

In this report, we show that Trichoderma atroviride
induces the accumulation of ROS at several stages of root
development, which could be attributed to the signaling
exerted by fungal acidification of the medium and to the
release of its major volatile 6-pentyl-2H-pyran-2-one (6-PP).
Consistently, comparison of the growth and biomass produc-
tion in WT Arabidopsis seedlings and mutants affected in
genes encoding ROBHA, RBOHD, and RBOHE enzymes
indicates the importance of these RBOHs for root branching
and biomass production elicited by the fungus. Detection of
superoxide anion in rbohE mutant, which fails to mount an
effective response to the fungal phytostimulation, further
established the link between ROS levels with root branch-
ing patterns, and hence the whole capacity of plants for soil
exploration.

Materials and methods
Plant material and growth conditions

A. thaliana ecotype Columbia (Col-0) was used as a wild-
type (WT) plant throughout the study. The mutant lines
RbohA (SALK_047391), RbohD (SALK_044865), and
RbohE (SALK_030395) were obtained from the Salk Insti-
tute for Biological Studies (La Jolla, California, USA).
Seeds were surface disinfected using 95% (v/v) ethanol and
20% (v/v) bleach for 5 and 7 min, respectively, followed by
five washes with distilled, sterilized water. The seeds were
stratified for two days at 4°C, and grown on Petri dishes
containing 0.2X Murashige & Skoog (MS) basal salt mix-
ture (M524, PhytoTech Labs), 0.6% (w/v) sucrose 1% (w/v)
agar micropropagation grade (A111, PhytoTech Labs), and
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pH 7.0, 5.5, or 4.5. Petri dishes were placed vertically (at an
angle of 65°) in a plant growth chamber (Percival AR-95L)
at 22°C under continuous light conditions (300 pmol m? s_l)
and photoperiod (16 h of light/8 h of darkness).

Fungal growth and inoculum preparation

Trichoderma atroviride strain IMI206040 used to perform
plant-fungus interaction assays was kindly provided by Dr.
Alfredo Herrera-Estrella (CINVESTAV-Irapuato). Four days
after germination, seedlings were inoculated with a 1 x 10°
conidia at 5 cm from the root tip and incubated for additional
four days to evaluate the plant responses to Trichoderma.
The fungal growth trial and spore harvest were performed
according to Pelagio-Flores et al. (2017).

6-PP treatments

Arabidopsis seedlings were germinated and grown in each
Petri dish containing 0.2X MS medium supplemented with
micromolar concentrations (0, 75, and 150 pM) of 6-PP
(Sigma-Aldrich), prepared according to Garnica-Vergara
et al. (2016). The seeds were sown to one side of the plate,
placing 10 individuals in a row, and at least three plates were
included for each treatment. Ten days after germination, the
determination of the dose-response effect of 6-PP in plant
growth related to ROS accumulation was performed.

Analysis of plant traits

The length of primary roots was measured with a ruler, while
the lateral root length was measured using the IMAGE]J soft-
ware (http://rsbweb.nih.gov/ij/). The quantitation of total lat-
eral roots was determined by counting all mature roots that
emerged from the primary root using a stereomicroscope
(Leica MZ6). Lateral root density was scored as the lateral
root number per centimeter of primary root, and was calcu-
lated by dividing the number of lateral roots by the primary
root length for each seedling. Fresh weights of shoots or
roots were determined using an analytical scale. Petri dish
images were taken using a digital camera (Nikon D5600,
Japan).

ROS visualization in roots

The production of intracellular ROS was assayed using the
oxidation-sensitive fluorescent probe 2’,7'-dichlorodihydro-
fluorescein diacetate (H2DCF-DA). H2DCF-DA is readily
membrane-permeant and is trapped within cells by bind-
ing the chloromethyl group to cellular thiols. It becomes
fluorescent when oxidized by hydrogen peroxide and down-
stream free radical products of hydrogen peroxide. Arabi-
dopsis seedlings were incubated in 10 pM of H2DCF-DA
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(Invitrogen™) in Trizma® hydrochloride buffer solution at
10 mM (pH 7.4) for 60 min at room temperature and in
darkness. The roots were rinsed and mounted with fresh
buffer solution on microscope slides for fluorescent imaging
measurements using a confocal laser scanning microscope
(Olympus FV1200). The 2',7'-dichlorofluorescein (DCF)
fluorescence was detected through excitation and emission
wavelength of 485 nm and 500-535. Fluorescence from
at least 8 treated seedlings was measured by calculating
the green pixels in a determined area of each image using
IMAGE] software (http://rsbweb.nih.gov/ij/). The means of
the relative fluorescence of each treatment were normalized
according to the pixel values from the control condition.

Histochemical in situ detection of superoxide anion

Intracellular superoxide anion was detected using nitroblue-
tetrazolium (NBT), which forms an insoluble dark blue
formazan precipitate after reduction by superoxide. Arabi-
dopsis seedlings co-cultivated with Trichoderma were incu-
bated in 10 mM sodium phosphate buffer (pH 7.8) with 10
mM NaNj; and 1 mg mL~' NBT (Sigma-Aldrich) and kept
at room temperature (26°C) and darkness for 5 min. The
reaction was stopped by removing the NBT staining solu-
tion and washing roots twice in distilled water. The seed-
lings were mounted on glass slides to visualize intracellular
color change through Nomarski’s differential interference
contrast microscopy. For each treatment, at least 8 plants
were analyzed. Quantification of the NBT staining of roots
was assessed by measuring the pixel intensity of comparable
areas by ImageJ software. The means of the relative NBT
staining were normalized in a similar way to fluorescence.

Data analysis

The data were analyzed through univariate and multivariate
analyses followed by Tukey’s post hoc tests using STATIS-
TICA 10.0 program (Dell StatSoft, Austin, Texas, USA). All
experiments were repeated three times. Different letters were
used to indicate means that differ significantly (P < 0.05).

Results

T. atroviride increases ROS accumulation
within Arabidopsis roots

Root colonization by Trichoderma triggers ROS production,
which accounts for plant protection against pathogens (Sara-
vanakumar et al. 2016; Chen et al. 2019). To visualize ROS
in the root before physical contact between the plant and
the fungus, we used the fluorescent cell-permeable probe
H2DCF-DA and detected the corresponding fluorescence

in root tissues through confocal microscopy. Arabidopsis
seedlings were inoculated with T atroviride 4 days after ger-
mination at 5 cm below the root tip and allowed to grow for
4 days. Trichoderma-mediated ROS accumulation increased
in the cells surrounding lateral root primordia during their
development (Fig. 1(a, b)) and emergence from the primary
root (Fig. 1(c, d)), in primary root tips (Fig. 1(e, f)), and
in mature lateral roots (Fig. 1(g, h)). Quantification of the
fluorescence indicated that the surrounding layers of the pri-
mordia had around a 50% increase in ROS detection in inoc-
ulated seedlings, being much more evident in the primary
root tip and mature lateral roots, which reached roughly 2.5
and 3-fold higher fluorescence, respectively, under fungal
cocultivation when compared to axenically grown seedlings
(Fig. 1(i-1)). These results clearly showed that Trichoderma
triggers ROS accumulation on the root as an early response
before root colonization.

Low pH induces ROS accumulation in roots

Two major factors from the fungus influence root architec-
ture in Arabidopsis-T. atroviride interactions, acidification
of the growth medium, and emission of 6-PP (Garnica-
Vergara et al. 2016; Pelagio-Flores et al. 2017). To assess
whether any of these factors may cause ROS overaccumu-
lation within the root, we detected the ROS using H2DCF-
DA and confocal microscopy on lateral root primordia and
primary root tips of Arabidopsis seedlings grown on 0.2X
MS agar medium adjusted to pH 4.5, 5.5, and 7.0. The more
acidic pH (5.5 and 4.5) induced ROS accumulation in cell
layers bordering the lateral root primordia (Fig. 2(a—c, g)),
as well as at the meristematic zone of the primary root tip,
including the stem cell niche and root cap (Fig. 2(d—f, h)).
In mature lateral roots, acidity increased ROS accumulation,
which was comparable to the pattern already observed in the
primary root, suggesting that increases in ROS production
occur in root branches (Fig. 3(a—d)). These data indicate
that rhizosphere acidification by T. atroviride enhances ROS
levels within the Arabidopsis root system.

The fungal volatile 6-pentyl-2H-pyran-2-one
induces ROS accumulation in roots

Before direct contact with fungal hyphae, plants perceive the
organic volatile compounds emitted by Trichoderma atrovir-
ide from which 6-PP is a major constituent (Garnica-Vergara
et al. 2016; Carillo et al. 2020). Therefore, we hypothesized
that 6-PP might be another factor for ROS accumulation
in roots regarding its reported effects in both cell division
and elongation (Garnica-Vergara et al. 2016). Supplemen-
tation of 75 and 150 pM 6-PP to the medium increased the
detection of total ROS in primary root meristem and root
elongation zones (Fig. 4(a—c)). Besides, quantification of
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Fig. 1 Detection of total reac-
tive oxygen species (ROS) in
roots of Arabidopsis seedlings
inoculated with T. atroviride.
Intracellular ROS fluorescence
using the probe H2DCF-DA
and confocal microscopy.
Representative micrographs of
endogenous ROS levels around
lateral root primordia (a, b), lat-
eral roots leaving the parent root
(¢, d), primary root tips (e, f),
and mature lateral roots (g, h).
The graphs (i-1) show the mean
fluorescence intensities for 8
independent seedlings that were
imaged. Relative fluorescence
quantitation around lateral root
primordia (i), lateral roots leav-
ing the parent root (j), primary
root tips (k), and mature lateral
roots (1). Different letters
indicate significant statistical
differences (P < 0.05). Scale
bar: 100 pm. The experiment
was repeated three times with
comparable results

fluorescence confirms that 6-PP provokes ROS accumula-
tion within the root meristem, which is dependent on the
concentration of fungal compound supplied to the growth
medium (Fig. 4(d)). Interestingly, in plants grown under 150
pM 6-PP, reduction in the width of the root tip and shorten-
ing of the meristematic and elongation zone were observed
(Fig. 4(c)). Thus, we propose that the inhibitory effect of 150
M of 6-PP in primary root growth is caused by ROS over-
production, affecting cell division and expansion processes.

T. atroviride induces superoxide anion production
in roots

The above results showed that Trichoderma atroviride
increases ROS production before root colonization, possi-
bly due to the effect of the perception of volatiles. Since the
superoxide anion accounts for the formation of all major
ROS species, namely hydrogen peroxide, singlet oxygen, and
hydroxyl radical, we next analyzed its distribution in roots of
T. atroviride inoculated and non-inoculated seedlings using
NBT, which forms a water-insoluble blue formazan precipi-
tate upon reaction with superoxide. The accumulation of
superoxide, detected by NBT staining, was observed at the
tip of the primary and lateral roots of un-inoculated plants
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(Fig. 5(a—d)). Noteworthy, Trichoderma-inoculation led to
a stronger NBT signal detection in the lateral roots, and
the primary root, respectively (Fig. 5(e, f)). Thus, T. atro-
viride inoculation causes a superoxide-dependent burst that
may act in early signaling events influencing root growth
processes.

NADPH oxidases RBOHA, RBOHD, and RBOHE are
required for Trichoderma-induced plant growth
promotion

NADPH oxidases, also known as RBOHs in plants, are the
main enzymes that catalyze the production of superoxide
in the apoplast, which is rapidly dismutated to hydrogen
peroxide (Hu et al. 2020). RBOH-dependent ROS produc-
tion regulates a wide range of biological processes includ-
ing plant development and stress responses. To investigate
the role of NADPH oxidase-generated ROS in Tricho-
derma-plant interaction, we compared the biostimulant
effect of T. atroviride in wild-type Arabidopsis seedlings
(Col-0) and mutants defective in RBOH genes (RbohA,
RbohD, and RbohE). The wild-type (WT) and mutant
seedlings were grown for 4 days after germination and
inoculated with T. atroviride at 5 cm from the root tip.
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Fig.2 Effect of acidic pH on
ROS accumulation in Arabidop-

sis lateral root primordia and
primary root meristems. Arabi-
dopsis seedlings were germi-
nated and grown for 8 days on
agar plates containing MS 0.2x
medium with pH adjusted to
7,5.5, and 4.5. Representative
micrographs of the detection of
endogenous ROS levels around
lateral root primordia revealed
by H2DCF-DA (a—c), and pri-
mary root tips (d—f). The graphs
show the means of relative fluo-
rescence levels around lateral
root primordia (g), and from
the meristematic zone (h) of 8
seedlings + SD. Different letters
indicate statistically significant
differences (P < 0.05). Scale
bar: 100 pm. The experiment
was repeated three times with
comparable results

After 4 days of co-cultivation in vitro, the WT seedlings
inoculated with T. atroviride showed a clear phytostimu-
lation when compared to un-inoculated plants, roughly
reaching a 2- to 2.5-fold increase in shoot and total fresh
weight, which significantly decreased in each RbohA,
RbohD, and RbohE mutant (Fig. 6(a—j)). Consistently, the
primary root growth was slightly affected by co-cultiva-
tion with the fungus, whereas the number and length of
lateral roots increased by 4-fold and 3-fold, respectively,
compared to axenically grown seedlings. This response
correlated with root biomass accumulation (Fig. 7(a—d)).
In contrast, the increased root branching and root biomass
production elicited by T. atroviride diminished in the
Rboh mutants. In particular, the RbohE mutant showed
an impressive reduction of the lateral root number, lat-
eral root length, and root fresh weight when compared to
the WT in presence of T. atroviride (Fig. 7(b—d)). Taken
together, these results suggest that RBOH-mediated ROS
production determines the Trichoderma-induced lateral
root formation and biomass production.

7.0 4.5 3.5
pH

= Relative fluorescence

Relative fluorescence
o

7.0 45 3.5
pH

Loss of function of RBOHE compromises the ability
of T. atroviride to increase superoxide accumulation
in Arabidopsis roots

RBOH genes show an overlapping expression pattern in
different sites of the root, and their corresponding enzy-
matic activity regulates primary root growth and lateral
root formation (Mase and Tsukagoshi, 2021). To further
evaluate the role of RBOH-dependent ROS synthesis in
growth promotion by 7. atroviride in Arabidopsis, we used
NBT staining to detect superoxide anion in roots of wild-
type plants and rbohE mutant, which was among the rboh
mutants the less responsive to the Trichoderma-mediated
plant growth promotion. We observed that fungal inocu-
lation increased superoxide levels in the primary roots of
wild-type seedlings (Fig. 8(a—b)), and the overall superox-
ide amount in the whole root was about 60% compared to
non-inoculated plants (Fig. 8(e)). However, the superoxide
levels in rbohE mutant roots were lesser than wild-type
roots with or without Trichoderma presence (Fig. 8(c—d)).
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Fig.3 Effect of acidic pH on ROS production in lateral root meris-
tems. Representative micrographs of the detection of endogenous
ROS levels in mature lateral roots (a—d). The graph show the means
of relative fluorescence from meristematic zone for lateral roots at
compable developmental stages, from 8 independent seedlings + SD.
Different letters indicate significant statistical differences (P < 0.05).
Scale bar: 100 pm. The experiment was repeated three times with
comparable results
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Fig.4 6-PP enhances ROS accumulation in meristems of Arabidop-
sis primary roots. Seedlings were germinated and grown on 0.2x MS
medium supplemented with 0, 75, and 150 pM 6-PP. Ten days after
germination, detection of endogenous ROS levels was performed
using H2DCF-DA. Representative micrographs show ROS accu-
mulation in root meristems (a—c). The graph (d) represent the mean
values of the relative fluorescence from 8 seedling root meristems =+
SD. Different letters indicate statistically significant differences (P <
0.05). Scale bar: 100 pm. The experiment was repeated three times
with comparable results

Interestingly, rbohE mutants showed shorter meristem
and elongation zones than WT roots due possibly to the
imbalance of ROS accumulation (Fig. 8(f, g)). Regard-
ing lateral roots, NBT detection unveiled lower levels of
superoxide in lateral root tips of the rbohE mutant, which
also was impaired in the promotion of root branching by
T. atroviride (Fig. 9(a, b)). These results involve RBOHE
for the Trichoderma-induced ROS production in roots and
the configuration of root system architecture.
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Fig.5 T. atroviride induces the
accumulation of superoxide
anion in the root. Visualization
of superoxide was recorded
through NBT staining. Arabi-
dopsis seedlings were co-cul-
tured for 4 days with or without
T. atroviride. Micrographs show
lateral roots and primary roots
of plants stained with NBT
(a—d). The graphs illustrate
differences in NBT staining
intensity present in the elonga-
tion zone of lateral roots (e) and
primary roots (f). Scale bar:
200 and 100 pm, respectively.
The values shown represent the
means for root tips imaged from
8 independent seedlings + SD.
Different letters indicate means
that are statistically different

(P < 0.05). The experiment
was repeated three times with
comparable results

Fig.6 Effect of T. atroviride
on biomass production of
Arabidopsis WT and rboh
mutants. Four-day-old WT
Arabidopsis seedlings and
mutants lacking the functional
isoforms of RbohA, RbohD,
and RbohE enzymes were
inoculated with Trichoderma at
5 cm from the root tip. After 4
days of co-culture, representa-
tive photographs of seedlings
co-cultivated with 7. atroviride
were taken (a—h), and shoot
fresh weight (i), and total fresh
weight (j) were recorded. Bars
show the means + SD, among
three groups of ten plants

each that were weighed on an
analytical scale. Different letters
indicate statistically significant
differences (P < 0.05; n = 15).
Scale bar: 1 cm. The experiment
was repeated three times with
comparable results
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Fig.7 Effect of T. atroviride
on the root system architec-
ture of Arabidopsis WT and
Rboh mutants. Four-day-old
WT Arabidopsis seedlings and
mutants lacking functional
isoforms of RbohA, RbohD, and
RbohE enzymes were inocu-
lated with Trichoderma at 5 cm
from the root tip and allowed
to grow for 4 additional days.
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three times with comparable
results
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Discussion

Trichoderma positively influences plant health and produc-
tivity by stimulating growth and development, and suppress-
ing diseases caused by pathogens (Guzman-Guzman et al.
2019; Alfiky and Weisskopf 2021). The versatile mecha-
nisms employed by these fungi to promote plant growth
include synthesis of phytohormones (mainly IAA-related
indoles), solubilization of soil nutrients, increased uptake
and translocation of minerals, enhanced tolerance to abiotic
stress, improved photosynthesis and sucrose metabolism,
and production of secondary metabolites (Guzman-Guzman
et al. 2019; Ramirez-Valdespino et al. 2019; Khan et al.
2020; Esparza-Reynoso et al. 2021; Harman et al. 2021;
Vinale and Sivasithamparam 2020). All these functions
rely upon a dedicated plant-fungus communication in which
rhizosphere acidification and the emission of the unsatu-
rated lactone 6-PP orchestrate root growth and branching
(Garnica-Vergara et al. 2016; Pelagio-Flores et al. 2017,
Estrada-Rivera et al. 2019; Guzman-Guzman et al. 2019).
In a recent report, Villalobos-Escobedo et al. (2020)
showed the importance of ROS production by fungal
NADPH oxidase for the mutual Arabidopsis-T. atroviride
recognition, for which mutation of NoxR changed the sap-
rophytic behavior toward the more effective usage of sugars
secreted from roots as energetic sources, and this in turn
led to a stronger plant defense response. ROS have been
considered second messengers in signal transduction path-
ways; in particular, during plant-microbe interactions, the
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host-produced ROS includes the superoxide anion and H,0O,,
which accumulate at both colonized sites and distal parts
(Contreras-Cornejo et al. 2011; Huang et al. 2019; Nawrocka
et al. 2019; Xu et al. 2020; Gonzélez-Lopez et al. 2021).
With this in mind, we visualized ROS in several parts of
Arabidopsis roots prior to physical contact with a growing
colony of T. atroviride. According to the H2DCF-DA fluo-
rescence detection, the intracellular ROS levels were higher
in the roots of plants inoculated with 7. atroviride compared
with non-inoculated plants, showing a higher ROS accumu-
lation in cell layers bordering the lateral root primordia, as
well as the root apex of primary and lateral roots.

ROS accumulation at the root tip could influence the bal-
ance between cell proliferation and elongation processes
which are the hallmark of the indeterminate growth pat-
tern of healthy roots. Our data are consistent with previous
reports, in which exogenous application of H,0O, to Arabi-
dopsis seedlings stimulates lateral root development (Su
et al. 2016; Orman-Ligeza et al. 2016). H,0O, also affects the
directional transport of auxin through changes in the expres-
sion of auxin carriers, mainly PIN transporters, a process
also observed in plants exposed to Trichoderma atroviride
or its main volatile 6-PP (Ivanchenko et al. 2013; Orman-
Ligeza et al. 2016; Su et al. 2016; Velada et al. 2020).

The acidification generated by Trichoderma induces a
redistribution of auxin within the root apex that originates a
reorientation of the root growth, previously to growth ces-
sation (Pelagio-Flores et al. 2017), and this deviation from
the normal gravity-response also follows ROS generation
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Fig. 8 Effect of T. atroviride in
the RBOH-mediated super-
oxide anion accumulation in a
primary roots, root meristem
length, and elongation zone
length. NBT staining of the
roots of wild-type and rbohE
mutant roots grown axenically
or inoculated with Trichoderma
(a—d). Bars graphs show differ-
ences in NBT staining intensity
in the meristem of the primary
roots (e), measurements of
meristem length (f) from the
quiescent center to the start of
the elongation zone, and elonga-
tion zone length (g). The values
shown represent the means of 8
seedling roots + SD. Differ-

ent letters indicate statistically
significant differences (P <
0.05). Scale bar: 100 pm. The
experiment was repeated three
times with comparable results

Col-0
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(Eljebbawi et al. 2021). Therefore, we hypothesized that T.
atroviride through acidification of the rhizosphere, and/or
emission of 6-PP, may account for ROS overproduction. To
test this hypothesis, we analyzed the impact of acidic pH on
the architecture of the Arabidopsis root system. According
to the results obtained, the plants grown at acidic pH (5.5
and 4.5) manifested stronger intracellular ROS accumula-
tion in the whole root tissues and their lateral roots were
shorter than those of plants grown in medium with pH 7.0.
Such result fits well with previous reports, since exposure to
low-pH stress causes root growth and developmental altera-
tions that correlate with excessive accumulation of ROS,
such as superoxide anion and H,0O, in root tips (Koyama
et al. 2001; Zhang et al. 2015; Long et al. 2019; Gragas et al.
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2020). Lager et al. (2010) indicated that pH sensing by the
plant triggers the regulation of gene expression resembling
the transcriptional response provoked by auxin or pathogen
defense signaling. They also assume that perception of envi-
ronmental pH may act as an underlying signal to the cellular
responses of auxin and pathogens. Under this assumption,
we suggest that low pH-dependent accumulation of ROS
functions as a downstream component in signal transduction
during plant-Trichoderma recognition, although deciphering
the molecular components of such signaling mechanisms is
still pending.

The inhibitory effect of 6-PP on primary root growth
at high concentrations was associated with an increased
accumulation of ROS in root tips, which was missing in
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Fig.9 Effect of T. atroviride in the RBOH-mediated superoxide
anion accumulation in lateral roots. NBT staining of lateral roots of
wild-type and rbohE mutants grown axenically or inoculated with
Trichoderma (a). The graph shows differences in NBT staining inten-
sity in lateral root tips (b). The values shown represent the means of
8 seedlings + SD. Different letters indicate statistically significant dif-
ferences (P < 0.05). Scale bar: 200 pm. The experiment was repeated
three times with comparable results
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Arabidopsis mutants defective on the gene encoding ETH-
YLENE INSENSITIVE 2 (EIN2), and this led to insensi-
tivity to primary root growth stoppage (Garnica-Vergara
et al. 2016). The emission of 6-PP largely varies according
to environmental factors, growth media, presence of plants,
etc. (Garnica-Vergara et al. 2016). In this study 0, 75, and
150 uM 6-PP were used as the two later concentrations show
clear changes in the configuration of the Arabidopsis root
architecture according to a previous report (Garnica-Vergara
et al. 2016), and would help to correlate these changes with
endogenous ROS detection. Interestingly, the inhibitory
effect of 150 pM of 6-PP in primary root growth may be
caused by ROS overproduction, affecting cell division and
expansion processes.

Inhibition of root growth and superoxide anion
accumulation in roots are typical effects of ethylene or its
precursor ACC (Lv et al. 2018); thereby, we anticipated that
6-PP could regulate primary root elongation via ethylene-
dependent ROS homeostasis. Intriguingly, EIN2 is required
for the exacerbated oxidative stress and root growth repression
caused by plant-pathogen effectors such as bacterial flagellin
(fig22) and pyocyanin; however, loss-of-function of EIN2
enhanced the generation of ROS under salinity stress too,
indicating the involvement of ethylene/ROS crosstalk in
activation of both biotic and abiotic stress, clearly modulated
in plants colonized with Trichoderma (Mersmann et al. 2010;
Lin et al. 2013; Beck et al. 2014; Ortiz-Castro et al. 2014).
Besides, Trichoderma triggers the specific accumulation of
superoxide at the apex of lateral roots and inner tissues that
form the stele. This vascular tissue-dominated accumulation
of superoxide matches well with the gene expression of
NADPH oxidase RBOHF, which can be induced by salinity
or ACC treatment, suggesting the possible involvement of this
RBOH isoform in Trichoderma-mediated oxidative signaling
in roots (Jiang et al. 2012, 2013; Chapman et al. 2019).
Recently, RBOH-mediated ROS production was involved in
important root developmental processes, such as primary root
elongation, and lateral root formation (Chapman et al. 2019).

Orman-Ligeza et al. (2016) reported the ROS generation
by RBOH enzymes, which facilitates cell wall remodeling of
overlying cell layers for the outgrowth and emergence of lat-
eral root primordia. Rboh genes comprise a large, function-
ally redundant family, which makes very difficult to assign
specific functions to particular members. Nevertheless, we
decided to evaluate the rbohA, rbohD, and rbohE mutants
because the expression patterns of the corresponding genes
are in endodermis, cortex, and epidermal cells overlying lat-
eral root primordia (Orman-Ligeza et al. 2016). Moreover,
RbohE was selected for more detailed analysis because this
mutant exhibited a semi-dwarf phenotype and showed less
response to the promoting effects of Trichoderma. The wild-
type (Col-0) seedlings and RBOH-deficient mutants rbohA,
rbohD, and rbohE were inoculated with 7. atroviride for
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4 days and their growth and root developmental responses
were compared to wild-type seedlings. T. atroviride pro-
moted root and shoot biomass production and increased
root branching in WT seedlings compared to non-inocu-
lated plants; however, the mutations in RBOH genes slightly
decreased the growth-promoting activity of Trichoderma and
root branching. Interestingly, the RbohE mutant plants dis-
played poor lateral root proliferation and lower superoxide
levels, indicating that the loss of RBOHE is critical for ROS
generation during the plant-fungus interaction.

The evaluation of ROS production in rbohE mutant plant
also demonstrated that ROS accumulation in lateral roots is
mainly dependent on this isoform and this coincided with the
specific pattern of RbohE expression in the cells overlying/
surrounding the lateral root primordia and the mutant pheno-
type, which exhibits a delayed development of the primordia
(Chapman et al. 2019; Eljebbawi et al. 2021). This is consist-
ent with the phenotype of rbohE mutants, which exhibited
a root meristem shorter than the wild-type due to decreased
cell proliferation. On the other hand, RBOHA showed a
comparable expression pattern to RBOHE within lateral root
primordia, and the maturation zone of the primary root (stele
and endodermis) and both were auxin-inducible, suggesting
that RBOHA also participates in the initial stages of devel-
opment of lateral roots (Orman-Ligeza et al. 2016; Chap-
man et al. 2019). RBOHD and RBOHF have been reported
as regulators of lateral root formation (Otulak-Koziet et al.
2020; Mase and Tsukagoshi, 2021), which indicates devel-
opmental stage-specific functions for each RBOH. In this
sense, we cannot exclude possible redundant functions for
RBOHA, RBOHD, and RBOHE for the root branching pro-
cess being stimulated by Trichoderma and its metabolites.
The possibility is open that their encoding genes could act
as downstream target genes of the auxin-dependent growth
programs and/or defense response signaling pathway elicited
by Trichoderma in plants.

Conclusions

Taken together, the data presented in this work add a missing
piece in the signal transduction events in the Arabidopsis-
T. atroviride interaction. The notion that ROS are merely
toxic molecules changed in recent times owing their func-
tion in modulating transcription factors and other regula-
tory proteins, which led the proposal of the term “oxida-
tive signaling” for the ROS control of plant morphogenesis.
Here, we described the dynamic changes in total ROS levels
and superoxide anion at several stages of root development,
which coincided with root growth and branching patterns
stimulated by T. atroviride, its acidification of the rhizo-
sphere and emission of its highly bioactive volatile 6-PP.
Although the RBOH family includes many members, and

functional redundancy may account for the dynamic ROS
production in a tissue-specific manner and in response to
abiotic or biotic stimuli, our work uncovered the impor-
tant function of RBOHE for the phytostimulation and
root architectural configuration driven by Trichoderma in
Arabidopsis. Overall, the current data increase our knowl-
edge into how plants interact with a fungal partner, widely
applied in agriculture as a biocontrol agent and biostimulant
microorganism.
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CLE14 belongs into a family of plant secreted peptides that interact with leucine-rich
repeat receptor-like kinase (LRR-RLK) receptors to orchestrate plant morphogenesis.
Previous studies indicated that CLE14 plays an important role in cell division,
phosphate homeostasis and senescence, but its specific involvement in cell fate
determination and organogenesis remains largely unexplored. Here, through
pharmacological, genetic and cell biology approaches, we show the critical roles for
CLE14 in determining the balance between cell division and differentiation in root tip
regeneration and callogenesis. Nanomolar concentrations of CLE14 or its
overexpression in Arabidopsis represses primary root growth and triggers root
branching and root hair formation. After resection of the primary root tip, pCLE14:GUS-
GFP expression was located specifically at the cell layer adjacent to the cutting and at
the outermost external cell layer of the root cap as the newly root cap formed. cle14
mutants had comparable root tip regeneration when compared to WT seedlings,
whereas 35S:CLE14 seedlings fail to regenerate the missing root tip after resection.
The de-differentiation of tissue into proliferative growth was analyzed in WT, cle14, and
35S:CLE14 stem explants grown in callus-inducing media. The results showed
comparable callus-biomass production for WT and cle14, but a dramatically reduced
callogenesis for 35S:CLE14 explants. Our data show that CLE14 acts as a “brake” for
root tip regeneration as well as callus formation.

Javier Raya-Gonzalez, PhD
Universidad Michoacana de San Nicolas de Hidalgo
Morelia, Michoacan MEXICO

Universidad Michoacana de San Nicolas de Hidalgo

Adrian Avalos-Rangel

Adrian Avalos-Rangel

Leon Francisco Ruiz-Herrera
Dolores Gutiérrez-Alanis
Luis Herrera-Estrella

Javier Raya-Gonzalez, PhD

José Lépez-Bucio

Lewis L Feldman, PhD

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Berkeley City College
lifeldman@berkeley.edu
He is expert in root biology, root meristem, and root cap.

John Paul Délano Frier
CINVESTAV IPN: Centro de Investigacion y de Estudios Avanzados del Instituto

Politecnico Nacional
john.delano@cinvestav.mx
He is expert in small peptide signaling associated to biotic and abiotic stress.

Javier Pozueta-Romero
javier.pozueta@csic.es
He is expert in plant hormonal signaling.

Keywords: CLE14; secreted peptides; root architecture; cell division; regeneration

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Manuscript Click here to access/download;Manuscript;renamed_36c¢cd8.docx %

Click here to view linked References

1

2

3

g 1 Professor Jutta Ludwig-Mueller

g 2 Editor-in-chief

g 3 Journal of Plant Growth Regulation
10 4
11
12 5  Dear Prof. Ludwig-Mueller:
13
14 6
15
16 7  Please find enclosed our manuscript entitled “CLE14 peptide impairs root tip regeneration
g 8 and callogenesis in Arabidopsis” by Avalos-Rangel et al. that we would like you to consider
19 9 for publication in Journal of Plant Growth Regulation as a brief communication.
20 . .
21 10  After damage, plants activate cellular and molecular mechanisms to seal the wounds and/or
22 11  regenerate the missing tissues via hormonal changes, including auxin and jasmonic acid
gi 12 signaling, which is critical for adaptation. Little is known about the genetic elements
o5 13  orchestrating these responses.
ég 14  CLAVATAS (CLE3)/Embryo Surrounding Region (ESR) (CLE) peptides encode for small
28 15  peptides (12 or 13 amino acids residues in their functional form), which are involved in basic
29 16  cellular processes as well as adaptation to biotic and abiotic stress. The Arabidopsis
22 17 genome contains 32 CLE genes so the function of each CLE family member in plant
32 18  development has just begun to be elucidated.
33 . .. . .
34 19 In our manuscript, we show that CLE14 is involved in cell damage and regenerative
35 20 processes in the Arabidopsis root. Stem cell resection of primary root tip triggers CLE14
2‘75 21  expression at the outermost external cell layer, and after root tip reconstruction, CLE14
38 22 expression returns to its basal domain, the external cell layer of the root cap. Analysis of
39 23 CLE14 over expressor lines in root tip regeneration and callogenesis assays, suggests that
40 24  CLE14 is a critical modulator of these processes.
41
42 25 We believe that these data may be of broad interest to plant biologists and deserves
j’j’r 26 publication as a brief communication in JPGR.
45 27
46
j; 28  We thank you in advance for your time and consideration.
49 29
50
51 30  Respectfull
50 p Y,
gi 31  José Lépez Bucio
gg 32 Javier Raya-Gonzélez
57
58 33
59
60 34
61
62
63
64


https://www.editorialmanager.com/jpgr/download.aspx?id=137826&guid=efe24abe-676f-4f43-80ff-2ee0984a16cb&scheme=1
https://www.editorialmanager.com/jpgr/download.aspx?id=137826&guid=efe24abe-676f-4f43-80ff-2ee0984a16cb&scheme=1
https://www.editorialmanager.com/jpgr/viewRCResults.aspx?pdf=1&docID=6587&rev=0&fileID=137826&msid=4221a3d6-6be5-46b9-b0cf-39d76003bacd

O©CoO~NOUAWNE

35

36
37

38
39
40
41
42
43
44
45
46
47
48
49
50
51

52

53

54

55

56

57

58

59

60

61

CLE14 peptide impairs root tip regeneration and callogenesis in Arabidopsis

Authors: Adrian Avalos-Rangel!, Ledn Francisco Ruiz-Herrera!, Dolores Gutiérrez-

Alanis?, Luis Herrera-Estrella?3, Javier Raya-Gonzalez*, José Lépez-Bucio*

YInstituto de Investigaciones Quimico-Bioldgicas, Universidad Michoacana de San
Nicolas de Hidalgo. Edificio B3, Ciudad Universitaria; 58030, Morelia, Michoacan,
México.

2Institute of Genomics for Crop Abiotic Stress Tolerance (IGCAST), Department of
Plant and Soil Science, Texas Tech University, 1006 Canton Ave #3135, Lubbock,
TX 79409

SUnidad de Genodmica Avanzada, Laboratorio Nacional de Gendmica para la
Biodiversidad, Centro de Investigacion y de Estudios Avanzados del IPN, Campus
Irapuato, Km. 9.6 Libramiento Norte Carretera Irapuato-Ledn; 36821 Irapuato,
Guanajuato, México.

4Facultad de Quimico Farmacobiologia, Universidad Michoacana de San Nicolas de
Hidalgo, Avenida Tzintzunzan 173, Col. Matamoros, 58240, Morelia, Michoacéan,
México.

*Corresponding authors:
José Lépez-Bucio

E-mail; jbucio@umich.mx

ORCID: 0000-0002-4849-5212
Javier Raya-Gonzélez

E-mail: javier.raya@umich.mx

ORCID: 0000-0002-6685-5090

Running title: CLE14 represses root tip regeneration and callus formation


mailto:jbucio@umich.mx
mailto:javier.raya@umich.mx

O©CoO~NOUAWNE

62

63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81

82

83

84

85

86

87

88

89

Abstract

CLE14 belongs into a family of plant secreted peptides that interact with leucine-rich
repeat receptor-like kinase (LRR-RLK) receptors to orchestrate plant
morphogenesis. Previous studies indicated that CLE14 plays an important role in
cell division, phosphate homeostasis and senescence, but its specific involvement
in cell fate determination and organogenesis remains largely unexplored. Here,
through pharmacological, genetic and cell biology approaches, we show the critical
roles for CLE14 in determining the balance between cell division and differentiation
in root tip regeneration and callogenesis. Nanomolar concentrations of CLE14 or its
overexpression in Arabidopsis represses primary root growth and triggers root
branching and root hair formation. After resection of the primary root tip,
pCLE14:GUS-GFP expression was located specifically at the cell layer adjacent to
the cutting and at the outermost external cell layer of the root cap as the newly root
cap formed. clel4 mutants had comparable root tip regeneration when compared to
WT seedlings, whereas 35S:CLE14 seedlings fail to regenerate the missing root tip
after resection. The de-differentiation of tissue into proliferative growth was analyzed
in WT, clel4, and 35S:CLE14 stem explants grown in callus-inducing media. The
results showed comparable callus-biomass production for WT and clel4, but a
dramatically reduced callogenesis for 35S:CLE14 explants. Our data show that

CLE14 acts as a “brake” for root tip regeneration as well as callus formation.

Keywords: CLE14, secreted peptides, root architecture, cell division, regeneration.
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Introduction

Plants as sessile organisms adapt to biotic and abiotic stressors through root
regeneration and de novo organogenesis. Physical damage of leaves, stems and
roots may occur upon attack by hervibores, pathogens and during soil exploration or
exposure to pollutans, for which wound healing or tissue replacement orchestrate
the adaptive response (lkeuchi et al. 2016; Mathew and Prasad 2021). However the
molecular players and mechanisms underlying cell fate decisions during organ

regeneration and differentiation events remain obscure.

The CLAVATA3/EMBRYO SURROUNDING REGION-RELATED (CLE) peptides
comprise a large class of molecular ligands, able to bind to leucine-rich repeat
receptor-like kinase (LRR-RLK) receptors (Cock and McCormick 2001; Sharma et
al. 2003; Fletcher 2020; Willoughby and Nimchuk 2021). These interactions
modulate critical processes during plant development, including meristematic activity
(Hirakawa et al. 2021), nutritional root responses (Gutiérrez-Alanis et al. 2017), and
senescense (Zhang et al. 2022). In particular, the CLE14 peptide has been reported
as a repressor of root elongation and as inducer of root hair formation in Arabidopsis,
rice and tomato (Hayashi et al. 2018; 2019) as well as in stoping root meristem
activity under low phosphate conditions acting through the CLAVATA2/PEPR2

receptors (Gutiérrez-Alanis et al. 2017).

An important advancement towards understanding root regeneration was the finding
that after root tip resection in Arabidopsis that eliminates the most distal part of the
root tip, including the root cap and root meristem initials, cells withing surviving tissue
transdifferentiate to develop a new quiescent center necessary to build the missing
tissues (Heyman et al. 2013; 2016; Ruiz-Aguilar et al. 2020). This process involves
changes in auxin gradients within the regenerating root tip as well as jasmonic acid
and brassinosteroid signaling (Zhang et al. 2019; Zhou et al. 2019; Canher et al.
2020; Takahashi and Umeda 2022). Shoot regeneration from stem tissue involves
de-differentiation of cells and the entrance into mitosis, a process promoted by auxin
and cytokinins (Ikeuchi et al. 2016; Mathew and Prasad 2021). Complete plant

regeneration from cuttings is an important tool for safe plant propagation, with an
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impact in horticulture and floriculture (Ikeuchi et al. 2016). This process involves the
formation of pluripotent cells derived from callus tissue, from which, new stems or
roots can differentiate via management of the cytokinin-auxin balance (lkeuchi et al.
2016; Mathew and Prasad 2021). Considering the key role of CLE-peptide signaling
in cell division and differentiation and their tight link with abiotic stress, CLE14
peptide could play a role in promoting or antagonizing root tip regeneration or
callogenesis.

In this report, pharmacological, genetic and cell biology approches were applied to
uncover the role of CLE14 in Arabidopsis root architecture configuration, root tip
regeneration and callogenesis.

Materials and methods
Plant material and growth conditions

Arabidopsis thaliana WT (ecotype Columbia-0, Col-0), the transgenic lines
pCLE14:GUS-GFP and 35S::CLE14 (Gutierrez-Alanis et al. 2017) and the mutant
line cleld4 (Yamaguchi et al. 2017) were used in this report. Seeds from each
genotype were disinfected with 95% (v/v) ethanol for five minutes,20% (v/v)
commercial bleach for seven minutes and washing five times with sterile distilled
water. The seeds were stored at 4°C for 48 h, and plated on Murashige and Skoog
(MS) medium 0.2X supplemented with 0.6% sucrose and 1% phytagar (commercial
grade). Plates were placed into a Percival AR95L chamber at 21°C and 16 h light/8
h darkness, in a vertical position. The length of the primary root was measured with

a ruler and an analytical balance was used to quantify the fresh weight of callus.

Callus induction

For callus induction, seeds were germinated and grown for 4 days in Gamborg’s B5
medium with 2% sucrose, solidified with 0.8% phytagar and supplemented with 10
MM 1-naphthaleneacetic acid (NAA). Then, seedlings were transferred onto the
callus-inducing media (CIM) according to Wang. et al. (2015), and analyzed after 21
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d. Callogenesis capacity for each line was evaluated measuring the fresh weight of
15 explants. For the medium supplemented with the CLE14 peptide, we applied
concentrations from 0.001 to 1 uyM of the synthetic CLE14 peptide (purity of 98%),

which was generated by GeneScript Biotech Corp.

Root cutting-assay and regeneration

Four-day-old Arabidopsis seedlings were used and root tips were cut by hand using
a sterile scalpel and a stereomicroscope microscope (Leica MZ6) under axenic
conditions. The cuts were made at quiescent center of the primary root tip. The
analysis of root apical meristem (RAM) structure, cell viability and cell regeneration
were performed every 24 h for 3-5 days post-cutting. For this, plant roots were
stained with propidium iodide (PI) and placed on slides to be observed with a
confocal microscope (Olympus FV1200; Olympus Corp., Tokyo, Japan). The
experiment included 45 seedlings for each genotype and was repeated at least three

times.

Pl staining and GFP detection

Arabidopsis seedlings were incubated in a 10 pg/ml PI solution (Sigma) for 1 min,
then plant roots were placed on microscope slides, and observed in a confocal
microscope (Olympus FV1200; Olympus Corp., Tokyo, Japan). Specific
wavelengths were used for IP (568 nm excitation; 585-610 nm emission) and GFP
(500-523 emission; 488 nm excitation) and recorded separately when necessary to

generate the final image.

Results and discussion

Nanomolar applications of CLE14 drive cell differentiation events within the
Arabidopsis primary root

Previous studies have tested pharmacologically the bioactivity of CLE14 on root

growth and root hair formation, which indicate contrasting facets of the peptide on
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these root traits (Hayashi et al. 2018; 2019; Gutiérrez-Alanis et al. 2017). The
repression of root growth and concomitantly, the loss of apical dominance of the
main root axis could be reproduced in our experiments, in which 1 puM or lower
concentrations of CLE14 repressed Arabidopsis primary root growth (Fig. 1a), which
coincided with root branching (Fig. 1b), and the formation of root hairs at the root tip
(Fig. 1c). Comparison of growth of wild-type (Col-0) seedlings and CLE14
overexpressing seedlings (35S:CLE14) side-by-side showed the short root
phenotype of the transgenics (Fig. 1d, e). Our results are consistent with the report
of Meng and Feldman (2010), which showed that CLE14 halts irreversibly
Arabidopsis primary root growth through the reduction of both cell division in the
meristem and CyclinB1 expression, and with those of Hayashi et al. (2018) where
CLE14 impaired root growth and promoted root hair formation. These previous and
present data confirm the important role of CLE14 as an inhibitor of cell proliferation
and as an inducer of differentiation, which may be shared by other members of the
CLE family since the root meristem arrest has been evidenced for CLE8, CLE12,
CLE19 and CLE22 overexpression lines (Fiers et al. 2005; Ito et al. 2006; Strabala
et al. 2006; Jun et al. 2010).

CLE14 is expressed during Arabidopsis root tip regeneration

Plants as sessile organisms manifest a strong capacity to rebuilt the missing tissues
after damage, via reversion of the differentiated status and acquiring pluripotent cell
identity (Heyman et al. 2013; 2016; Ruiz-Aguilar et al. 2021; Takahashi et al. 2022).
Resection of the Arabidopsis primary root has been used to characterize the
regeneration potential, which after cutting with a scalpel at the quiescent center zone
rebuilds the missing tissues through an activation of cell division (Sena et al. 2009).
An analysis of pCLE14:GUS-GFP expression via propidium iodide staining and GFP
fluorescence detection by confocal microscopy showed the green signal at the
outermost external cell layer of the columella that remained comparable from the 4-
7 days after germination (dag, Fig. 2a-d). Interestingly, after resection of the root tip,

GFP expression was detected at the outermost external cell layer of the root (Fig.
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2e, f). From 2-3 days after cutting a novel root tip with root cap was formed, and the
CLE14 expression was now restricted to the external cell layer of the cap

comparable with intact roots (Fig. 2g-h).

The CLE14 expression pattern at the root cap was first visualized by Meng and
Feldman (2011), and here we noted its specific induction in the cell layer immediately
adjacent to the cutting site, where propidium iodide marks a red patch in damaged
cells (Fig. 2e). Thus, CLE 14 could be involved either in the process of reconstruction
and acquisition of cell fates as root tip regeneration proceeds or in wound healing

after damage.

CLE14 represses root tip regeneration after resection

Wounding promotes a strong defensive reaction necessary to keep outside
potentially dangerous microbes via sealing of the wound or alternatively, to drive the
regeneration of the missing tissue to restart growth (Zhang et al. 2019; Zhou et al.
2019). Next, we compared the process of root tip regeneration after cutting in WT
(Col-0) seedlings, clel4 mutants and 35S:CLE14 overexpressors. Representative
images at 1, 3 and 5 days after cutting (dac) showed that clel4 mutants have
comparable regeneration potential compared to the WT, whereas 35S:CLE14
seedlings fail to regenerate the missing root tip (Fig. 3a-l). In this sense, Zhang et al.
(2019) demonstrated the induction of CLE14 by jasmonic acid, a hormone actin as
a sentinel for both plant immunity and defense. Wounding elicits the rapid
biosynthesis and signaling of jasmonic acid (Glauser et al. 2008; Koo et al. 2009),
which may explain the expression pattern of pCLE14:GUS-GFP in border cells
during root tip resection. This inducible expression may account for sealing the
wound, since CLE14 overexpression interferes with the normal regeneration process

as shown in Fig. 2.
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CLE14 overexpression halts callus formation

Shoot regeneration from stem tissue involves de-differentiation of cells and the
entrance into mitosis, a process promoted by auxin and cytokinins (Ikeuchi et al.
2013). Undifferentiated cellular masses can be obtained from dark-grown
Arabidopsis shoot explants transferred to media enriched with auxins and cytokinins,
which enabled us to compared the de-differentiation process and proliferation
underlying callus formation. To determine the relationship between CLE14 and de-
differentiation process, callus biomass was quantified 25 days after transfer of WT
(Col-0), clel4, and 35S:CLE14 stem explants into callus-inducing media. The data
show comparable callus-biomass for WT and clel4, but a dramatically reduced
biomass for 35S:CLE14 explants (Fig. 4a). Images taken directly from the explants
clearly showed the highly reduced callus in 35S:CLE14 explants (Fig. 4b), which can
be explained by their overall inhibitory effect on mitosis. Despite its well-recognized
utility in plant research and horticultural applications for plant asexual propagation,
the molecular basis of callus formation has remained obscure. The correlation found
in our work that the CLE14 peptide both represses cell division in root meristem and
during root regeneration or callus formation reveals the commonalities in these

processes.

The balance between cell division and differentiation is critical for adaptation to
abiotic stress, noteworthy, in plants experiencing phosphate scarcity stress, the root
meristem becomes exhausted and their cells differentiate producing root hairs
through the action of CLE14 and their receptors CLV2 and PEPR2 (Gutierrez-Alanis
etal. 2017). Ligand interaction down-regulates the master stem genes short root and
scarecrow, which operate through the PIN/AUXIN pathway. The current report
extends what is known into how CLE14 influences organogenesis by controlling the
balance between cell division and differentiation. If CLE14 operates through CLV2-
PEPR2 receptors and/or involving SHR-SCR module to regulate root tip

regeneration and callus formation remains to be revealed.
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Figure legends

Figure 1. CLE14 nanomolar concentrations halts Arabidopsis primary root
growth, and promotes root branching and root hair formation at the root tip.
(a) Effect of CLE14 application to the growth media on primary root growth. b)
Phenotypes of Arabidopsis seedlings grown in medium lacking CLE14 (left) or
supplemented with 1 uM CLE14 peptide (right). (c) Estructure of the primary root tip
in control (left) and CLE14-treated seedlings (medium and right). Right image is
presented at low magnification to show the proliferation of root hairs (white arrows).
(d) Representative images and quantitation of root growth in WT and 35S:CLE14
seedlings into the same plate. Graphs show the mean and standard deviation from
12 seedlings analyzed. Different letters indicate means that differ statistically
(P<0.05). The experiment was repeated three times with comparable results. Images
of plates are representative from 4 independent plates. Confocal images were
selected from six independent individuals. Scale bar=1 cm (a, d); 50 um (c).

Figure 2. CLE14 is expressed in border cells after root tip excision. Confocal
images of Arabidopsis root tips expressing pCLE14:GUS-GFP stained with
propidium iodide 4-7 days after germination (a-d), and the changes in GFP
fluorescence during regeneration of the root tip (e-h). Images are representative from
six independent individuals analyzed. The experiment was repeated three times with

comparable results. Scale bar= 100 pm.

Figure 3. Primary root tip regeneration after excision in WT, cleld4 and
35S::CLE14 Arabidopsis seedlings. Confocal images of WT (Col-0), clel4, and
35S::CLE14 Arabidopsis root tips stained with propidium iodide at control condition
and 1, 3 and 5 days post-cutting. Images are representative from six independent
individuals analyzed. The experiment was repeated three times with comparable

results. Scale bar= 100 pm.
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Figure 4. Overexpression of CLE14 impairs callus formation. Fresh weight
measurements of callus biomass produced in fifteen WT (Col-0), clel4, and
35S::CLE14 shoot explants grown in callus-inducing media (a). Images of calli-
producing explants from WT (Col-0), clel4, and 35S::CLE14 seedlings. Images of
explants are representative from 3 independent plates. Note that 35S::CLE14 fails
to develop callus. Different letters indicate means that differ statiscally (P<0.05). The
experiment was repeated three times with comparable results. Scale bar=5 mm.
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