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Resumen

La raiz de Arabidopsis thaliana (Arabidopsis) es un modelo experimental de gran importancia en biologia vegetal y
del desarrollo. Entre sus principales caracteristicas esta la posibilidad de analizar los distintos procesos involucrados
en el crecimiento a lo largo de su eje longitudinal. Para poder aprovechar esta caracteristica es necesario describir
cuantitativa y cualitativamente las diferentes regiones longitudinales, las cuales se diferencian por la relacién entre
proliferacién, alargamiento y diferenciacion celular. Actualmente no existe consenso acerca de cuantas regiones
existen en la zona de crecimiento de la raiz, ni en cémo delimitar estas regiones. En el presente trabajo se propone
que modelos de multiple cambio estructural (MCE) de los perfiles de las longitudes celulares solucionan ambos
problemas.

Los modelos MCE de las filas de las células de cértex de raices tipo silvestre (wt) de 7 y 9 dias posteriores a
la siembra (dps) aportan evidencias a favor de la existencia de tres regiones discretas en la zona de crecimiento
de la raiz de Arabidopsis: el dominio de proliferacién (DP), el dominio de transicién (DT) —estas dos regiones
pertenecen al meristemo apical (RAM por sus siglas en inglés)— y la zona de alargamiento (ZA). Ademais, se
muestra la correspondencia entre la posicion del limite DP/DT determinada por los modelos MCE con el patrén
de expresion de las lineas reporteras de la transicion G2/M de ciclo celular (CycB1;1DB:GFP) y endorreduplicacién
(pCCS52A1:GUS). Lo anterior, junto con el analisis de las pendientes de las rectas que corresponden a cada region
en los modelos MCE, muestra que la transicion DP/DT representa un cambio en la proliferacién celular, mientras
que la transicion RAM/ZA se relaciona con un cambio en la velocidad del alargamiento celular. Los modelos MCE

también pueden calcular los tamafios criticos de division celular (Lcritp) y de transicién a la ZA (Lcrita).

Adicionalmente se encontré que el gen MADS-box XAANTAL1 (XAL1) es necesario para el crecimiento del
DP durante las primeras dos semanas de crecimiento. Esto se relaciona con el crecimiento practicamente constante
de raices de pérdida de funcion (xall), en comparacién con el crecimiento acelerado de raices wt. Ademas raices

xall presentan alteraciones en los tamafios criticos Lcritd y LcritA.

Los modelos MCE son una herramienta objetiva en la descripcién de diferentes fondos genéticos, condiciones

experimentales o cambios a lo largo del tiempo en la zona de crecimiento de la raiz. Es necesario investigar si el
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mismo patrén longitudinal que se observa en Arabidopsis se encuentra en otras especies. Con el objetivo de facilitar

la aplicacion de modelos MCE en el estudio de raices se proporciona el sitio: www.ibiologia.com.mx/MSC _analysis.



Introduccién

El lograr comprender cémo se regula el balance entre la proliferacion y diferenciacion celular, de tal manera que
durante el desarrollo se producen estructuras complejas, es central en el estudio de la morfogénesis y sus alteraciones
o patologias. En los @ltimos afios se han identificado parte de los componentes de las redes reguladoras que
gobiernan, tanto en plantas como en animales, el balance entre proliferacién y diferenciacién celular. En estas redes
participan una plétora de factores transcripcionales, ARNs no codificantes, hormonas, mecanismos epigenéticos,
sefiales ambientales y restricciones mecanicas, entre otros muchos factores, que interactiian de modo combinatorio
y dindmico.

Si bien es cierto que en modelos animales hay avances muy importantes, realizar investigaciones integradoras
in vivo de los mecanismos y procesos involucrados en el balance entre proliferacién y diferenciacién celular que
abarquen diferentes niveles de complejidad, desde las redes reguladoras hasta tejidos y 6rganos, implica altos costos
operativos. En cambio, estos mecanismos y procesos se pueden estudiar «in vivo» en sistemas vegetales que son
mas accesibles desde el punto de vista econémico y técnico.

En general, el meristemo apical de las raices de las angiospermas y en particular el de la raiz de Arabidopsis
thaliana (de aqui en adelante Arabidopsis) presenta caracteristicas que la hacen un modelo adecuado para estudios
cuantitativos acerca de la regulacién del balance entre proliferacién y diferenciacion celular (Webster y MacLeod,
1980; lvanov, 1981, 1994; van der Weele et al., 2003; Iwamoto et al., 2006). Ente estas caracteristicas podemos
mencionar una organizacion estructural relativamente simple, que consta de pocos tipos celulares con una dispo-
sicién concéntrica; un patrén longitudinal que permite analizar el comportamiento celular en una sola dimension;
un tamafio reducido, por lo que resulta sencillo cuantificar el nimero de células proliferativas; y el hecho de que se
tienen las etapas de diferenciacion en regiones relativamente bien delimitadas (lvanov, 1981, 1994; Dolan et al.,
1993; lvanov y Dubrovsky, 2013). Ademas, las raices han servido como sistemas para probar el efecto de diversos
quimicos cancerigenos y radiacién sobre la proliferacion celular, el crecimiento y la diferenciacién celular (lvanov,
1981, 1994, entre otros).

Gracias a las caracteristicas de la raiz de Arabidopsis se tienen identificados numerosos componentes de las

redes que regulan el balance entre proliferacion y diferenciacién celular en ella. Entre los numerosos genes que
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participan en esta regulacién se encuentran miembros de la familia MADS-box (los cuales codifican reguladores
transcripcionales) como: ARABIDOPSIS NITRATE REGULATED 1 (ANRI) (Zhang y Forde, 1998; Gan et al.,
2005), XAANTALI (XAL1) (Tapia-Lépez et al., 2008) y XAL2 (Garay-Arroyo et al., 2013). Sin embargo, es
relativamente poco lo que se conoce de la funcién que tienen los genes MADS-box en la regulacién del desarrollo
de la raiz, a pesar de que diversos miembros de esta familia se expresan en este 6rgano (Alvarez-Buylla et al., 2000;
Burgeff et al., 2002; Nawy et al., 2005) y de la gran cantidad de informacién que se tiene acerca de la importancia
de éstos y los factores transcripcionales que codifican en la determinacién de la identidad de los verticilos florales
o la regulacién del inicio de la floraciéon (Coen y Meyerowitz, 1991; Egea-Cortines et al., 1999; Honma y Goto,
2001; Pelaz et al., 2001; Theissen y Saedler, 2001; Theissen, 2001). Esta falta de conocimiento de la funcién de
las proteinas de dominio MADS en la regulacién del desarrollo de la raiz se puede deber, entre otras cosas, a la
redundancia funcional que pueden presentar los miembros de esta familia y a que el principal interés de los grupos
de investigacion se ha concentrado en su funcién en la parte aérea de la planta. Ademas, los efectos en el fenotipo
de la ganancia o pérdida de funcién de genes MADS-box no siempre son tan evidentes y necesitan de anilisis
cuantitativos detallados para detectarlos.

El presente trabajo consisti6 en el estudio del balance entre proliferacién y diferenciacién celular en la raiz de
Arabidopsis a través del anélisis de la distribucion de longitudes celulares mediante modelos estadisticos. Estos
modelos estadisticos permitieron establecer la regionalizacién longitudinal de la raiz y proporcionaron un método
cuantitativo a través del cual se pueden analizar los efectos de diferentes condiciones experimentales en el balance
proliferacién /diferenciacién celular. Estos modelos estadisticos se usaron para profundizar en la caracterizacién

fenotipica de la funcion del gen MADS-box XALI en el desarrollo de la raiz.

El patrén de regionalizaciéon longitudinal de la raiz

Anatomia de la raiz de Arabidopsis y su relacion con el crecimiento

El crecimiento de la raiz se regula por la actividad combinada de dos procesos fuertemente relacionados entre
si: la division y el alargamiento celular. Gracias a su organizacién longitudinal y a que estos procesos ocurren de
manera diferencial en distintas regiones de la zona de crecimiento (revisado en: lvanov y Dubrovsky 2013), la raiz
de Arabidopsis en lo particular, es un modelo adecuado para realizar estudios cuantitativos de la relacién entre

estos dos procesos.

La raiz de Arabidopsis tiene una organizacion relativamente simple. Transversalmente tiene una organizacién
concéntrica que consiste de un cilindro vascular en la posicién central, formado por xilema, floema, parénquima

vascular y periciclo; alrededor del cilindro vascular se encuentran la endodermis y el cértex; y finalmente la epidermis,
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Figura 1: Micrografia Nomarsky del meristemo apical de una raiz de Arabidopsis de siete dias posteriores a la
siembra (dps). Fotografia del autor.

el anillo mas externo (Figura 1). La epidermis estd formada por dos tipos celulares, tricoblastos (desarrollan pelos
radiculares) y atricoblastos (no desarrollan pelos radiculares), cuya identidad depende de su posicién relativa a las
células de cortex con las que estdn en contacto. Las células de epidermis que estdn en contacto con las paredes
anticlinales que se encuentran entre dos células de cértex (o que se encuentran en contacto con dos células
corticales) se diferenciaran en tricoblastos, mientras que las células de epidermis que se encuentran en contacto
con una sola célula de cértex se diferencian en atricoblastos. En el extremo apical de la raiz se encuentran las

células de la columnela central y las células de la cofia lateral (ver: Dolan et al. 1993).

Longitudinalmente la raiz estd conformada, de manera general, por la zona de crecimiento (la regién mas
distal) y la zona de diferenciacién (ZD). La zona de crecimiento se conforma del meristemo apical o RAM (por
sus siglas en inglés Root Apical Meristem) y la zona de alargamiento (ZA) (Figura 2A). Estas dos regiones se
distinguen principalmente por los procesos celulares que predominan en cada una de ellas. En el RAM las células

tienen una alta probabilidad de dividirse. La ZA es la regién donde las células se alargan a tasas de crecimiento
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considerablemente altas, a una velocidad por lo menos seis veces mayor de lo que lo hacen en el RAM (van der
Weele et al., 2003), y ademas donde ya no son capaces de dividirse.

El RAM est4 constituido por dos dominios: el dominio de proliferacién (DP), donde las células tienen una alta
probabilidad de dividirse; y el dominio de transicién (DT), donde las células atin son capaces de dividirse, pero con
una probabilidad cercana a cero, y contintan alargdndose a la misma velocidad que las células del DP (lvanov y
Dubrovsky, 2013). El hecho de que las células en el DT practicamente sean incapaces de dividirse provoca que las
células en este dominio sean mas largas con respecto a las del DP (lvanov y Dubrovsky, 2013) (Figura 2B). En la
regi6n distal del DP se encuentra el centro quiescente (CQ) (Figura 1), nicho de células troncales conformado por
cuatro células con muy poca actividad mitética, rodeando a las células del CQ se encuentran las células troncales
iniciales (Clowes, 1956; Dolan et al., 1993; Sabatini et al., 2003). Las cuatro células troncales (o iniciales) dan
lugar a todos los tipos celulares de la raiz de la siguiente manera: las iniciales de tejido vascular, las de columnela,
cofia lateral y epidermis y las de cértex y endodermis. Mediante experimentos de ablacién celular por laser y datos
genéticos se determiné que el CQ inhibe la diferenciacion de las células iniciales que lo rodean (Berg et al., 1997).
Esta inhibicién de la diferenciacion celular se da en el rango de una sola célula, por lo que se da una divisién
asimétrica, donde después de cada divisién de las células iniciales, una de las células hijas contintia con identidad
de célula inicial, y la que ya no estéd en contacto con CQ queda libre de la inhibicién y puede diferenciarse (Berg

et al., 1997).

Problemas y conflictos en el analisis del patréon de regionalizacién

longitudinal de la raiz

Una adecuada descripcién y delimitacion de las diferentes zonas y dominios longitudinales de la raiz que se describen
arriba es de gran importancia para poder evaluar y entender los efectos que distintas alteraciones genéticas, quimicas
y fisicas pueden tener sobre la proliferacién celular, el crecimiento y la diferenciacién en el desarrollo radicular.
Por ejemplo, es comin que cuando se comparan distintas condiciones experimentales, el tamafio y/o el namero
de células proliferativas, normalmente medidos en una fila de cértex, sean parametros reportados (Casamitjana-
Martinez et al., 2003; Dello loio et al., 2007; Tapia-Lépez et al., 2008; Tsukagoshi et al., 2010; Zhou et al.,
2011; Garay-Arroyo et al., 2013). Sin embargo, aiin no existe un consenso acerca de cuantas regiones componen

longitudinalmente a la raiz o la nomenclatura que se usa para referirse a éstas (Ivanov y Dubrovsky, 2013).

Tampoco existe un consenso en la forma en la que se determinan los limites o fronteras entre estas regiones, y

en muchas ocasiones se utilizan métodos subjetivos. Lo anterior tiene consecuencias importantes porque se vuelve
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Figura 2: Patrén de regionalizacién longitudinal de la zona de crecimiento de una raiz de Arabidopsis. (A) El
meristemo apical (RAM) de la raiz y la zona de alargamiento (ZA) de una raiz tipo silvestre (wt) Col-0 de siete
dias posteriores a la siembra; imagen compuesta de una preparacién fija aclarada. (B) RAM de la raiz mostrada en
(A). Escala = 100 pm. Fotografia cortesia del bidlogo Ivan Ransom Rodriguez; composicién de la imagen disefiador
grafico Francisco José Guijarro Higuera.
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dificil comparar los resultados reportados por distintos laboratorios que usan diferentes terminologias y criterios
(Ivanov y Dubrovsky, 2013)*.

Respecto a las fronteras entre los dominios y zonas longitudinales de la raiz, se siguen distintas metodologias y
criterios para su determinacién. Por ejemplo, Casamitjana-Martinez y colaboradores (2003), definen la transicién
RAM/ZA como el punto donde las células comienzan a alargarse rapidamente. El incremento en la velocidad de
alargamiento se toma como Gnico criterio en numerosas publicaciones para distinguir entre las dos regiones (el
RAM y la ZA). Este criterio se realiza «a simple vista», sin haber medido las longitudes de las células, por lo
que la identificacion del punto donde hay un aumento drastico en la velocidad de alargamiento es muy variable
entre investigadores, producto de un alto grado de subjetividad. Un método mas objetivo para determinar esta
frontera consiste en encontrar la posicion en la cual la longitud de una célula en una fila es mayor que el doble de
la célula anterior (tomando al CQ como origen) (Gonzalez-Garcia et al., 2011). Sin embargo, este método puede
dar resultados sesgados porque es posible que antes de que haya un aumento en la velocidad de alargamiento, una
célula de mas del doble de largo que la anterior se encuentre antes de una mas corta (lo cual puede suceder con
relativa frecuencia en el DT), lo que indica que este criterio no siempre es suficiente para establecer la transicién
RAM/ZA. Recientemente se propuso un método geométrico para detectar la transicion RAM/ZA (French et al.,
2012). Este método consiste en trazar una linea recta entre el primer y Gltimo punto en una gréfica de la longitud
celular en funcién del namero de células, y define el punto con la mayor distancia perpendicular a esta linea
como la transicién RAM/ZA (que los autores denominan como zona de transicién) (French et al., 2012). Dicha
propuesta geométrica es relativamente facil de implementar y proporciona resultados similares a aquellos obtenidos
por expertos en el estudio de la raiz que utilizan otros criterios (French et al., 2012).

En numerosos estudios se establece la transicion RAM/ZA mediante alguno de los criterios o métodos men-
cionados (Dello loio et al., 2007; Tsukagoshi et al., 2010; Moubayidin et al., 2010; French et al., 2012), pero
la gran mayoria de las publicaciones no determinan la posicién de la transiciéon DP/DT. Esto se debe a que la
existencia y caracteristicas del DT es motivo de debate actualmente. Algunas escuelas de pensamiento establecen
que en una fila de células la transicién de la zona de proliferacion celular a la ZA es puntual y no consiste en una
regién celular (Dello loio et al., 2007; Moubayidin et al., 2010), y dado que esta transicién ocurre en diferentes
posiciones en distintas filas de células, la zona de transicién es simplemente la regién donde se encuentran las
fronteras RAM/ZA de todas las filas de células de una raiz (Dello loio et al., 2007). Esta definicién tiene un error
conceptual importante relacionado con el crecimiento simplastico,? el cual condiciona que todas las filas de células

se alarguen aproximadamente a la misma velocidad a la misma distancia del CQ. En algunas ocasiones el término

LEn esta tesis adopto la terminologia propuesta por Ivanov y Dubrovsky (2013).

2| a presencia de una pared celular rigida cementada entre células adyacentes, implica que en el crecimiento de los érganos vegetales
no se observen desplazamientos entre células adyacentes, a diferencia de lo que se observa en tejidos animales, por lo que la posicion
relativa entre células vecinas se mantiene a lo largo del tiempo. A este tipo de crecimiento se le conoce como «crecimiento simplastico»
(ver: Sinnott 1939; Ivanov et al. 2002; Weizbauer et al. 2011; Ivanov y Dubrovsky 2013).
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«zona de transicién» se usa para referirse a la frontera RAM/ZA en una sola fila de células (French et al., 2012),
lo que refleja la falta de consenso o el uso incorrecto de la terminologia.

El concepto de dominio de transicién en la raiz —definido como la regién donde las células realizan todos
los cambios fisiolégicos necesarios para pasar de la proliferacién a la ZA, y donde ademas poseen caracteristicas
funcionales nicas— es relativamente reciente, sin embargo esta regiéon empez6 a ser reconocida en trabajos tan
tempranos como «The Power of Movement in Plantsy» de Charles y Francis Darwin (revisado por Baluska et al.
2010). Quizas la evidencia reciente experimental mas fuerte en favor de la existencia del DT como regién y no como
una transicién puntual (cuando nos referimos a una fila de células) es la proporcionada por Hayashi y colaboradores
(2013), quienes demostraron que las células comienzan a endorreduplicar antes de que la velocidad de alargamiento
aumente drasticamente. Este cambio en el comportamiento proliferativo de las células concuerda con lo establecido
por lvanov y Dubrovsky (2013), que definen que la transicién del DP al DT implica un decremento considerable del
indice mitético (porcentaje de células capaces de dividirse al menos una vez mas) o una disminucién significativa
de la probabilidad de divisién celular. Por lo tanto, la transicion DP/DT implica esencialmente un cambio en el
comportamiento proliferativo de las células, mientras que la transicion RAM/ZA est4 caracterizada principalmente
por un aumento drastico en la velocidad de alargamiento. En el presente trabajo se muestran nuevos datos que
apoyan la existencia del DT como una regién que comprende mas de una célula. Por lo tanto, se aportan evidencias
de que en el eje longitudinal de la raiz existen tres transiciones en el comportamiento celular: 1) la transicién
DP/DT, que implica un cambio en el comportamiento proliferativo, sin cambiar la velocidad de alargamiento
celular; 2) la transicion RAM/ZA, que est4 asociada a un incremento dréstico en la velocidad de alargamiento
celular, y 3) la transicion ZA/ZD, donde las células terminaron de diferenciarse, y las tasas de proliferacién y
alargamiento celular son igual a cero (Pacheco-Escobedo et al., 2016).

Si se acepta la existencia de la transicion DP /DT es necesario determinar su posicién. La posicién de la transicién
DP/DT es mas dificil de determinar que la transicion RAM/ZA, ya que ésta tiene un caracter oscilatorio, su posicion
varia a lo largo del tiempo en una sola fila de células, y no necesariamente sucede a la misma distancia del CQ en
diferentes filas de células (lvanov y Dubrovsky, 2013; Baluska y Mancuso, 2013). En cambio, la transicion RAM/ZA
necesariamente tiene que ocurrir a la misma distancia del CQ en todas las filas, debido a las restricciones que impone
el crecimiento simplastico. Al igual que en el caso de la determinacion de la transicion RAM/ZA, existen diferentes
soluciones propuestas al problema de la posicién de la transicion DP/DT. Esta posicién se puede determinar como
el punto en el que la longitud celular promedio comienza a incrementarse ligeramente, o cuando la distancia entre
los nacleos de células contiguas a lo largo de una fila de células es igual o mayor al didmetro de los nicleos (Rost
y Baum, 1988; Dubrovsky et al., 1998a,b; Garay-Arroyo et al., 2013). El inicio del DT también se puede definir
como la posicién en donde el indice mitético se reduce aproximadamente un 50 % del valor maximo para el tejido

que se estad midiendo (lvanov y Dubrovsky, 2013). Sin embargo, esta altima propuesta puede ser dificil de aplicar
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y no necesariamente es valida para todas las especies (Joseph Dubrovsky, comunicacién personal). Todos estos
criterios para determinar la posicién de la transicion RAM/ZA pueden producir resultados variables o con un grado
de subjetividad considerable, o bien pueden exigir un alto grado de experiencia por parte de los investigadores para
poder obtener resultados confiables y reproducibles.

Por la importancia que tiene cada una de las regiones longitudinales de la raiz en el desarrollo y particularmente
en la regulacién del balance entre proliferacion y diferenciacién celular (Dello loio et al., 2007; Moubayidin et al.,
2010; Tsukagoshi et al., 2010), establecer correctamente la posicién de las transiciones RAM/ZA y DP/DT es
esencial para una descripcion fenotipica completa de la raiz en diferentes condiciones experimentales. Por lo
tanto, este problema requiere el desarrollo de criterios y metodologias cuantitativas que permitan la determinar
las posiciones de estas transiciones de manera objetiva y reproducible. En este trabajo se propone que modelos
poligonales o de mltiple cambio estructural (MCE) de las longitudes celulares de la zona de crecimiento (los cuales
se pueden obtener facilmente de preparaciones fijas) se pueden usar con dos propdésitos: determinar el nimero de
transiciones celulares que suceden en una fila de células de la raiz y aproximar la posicién de estas transiciones. Una
vez que se tienen los submodelos lineales para cada una de las regiones longitudinales de la raiz, éstos se pueden
utilizar para calcular distintos parametros celulares. De esta manera, los modelos MCE representan una solucién
a los dos problemas descritos en el patrén de regionalizacién longitudinal de la raiz: conocer cuéntas transiciones
existen y las posiciones de éstas.

Ademas de presentar brevemente el algoritmo utilizado para generar los modelos MCE, se muestra la utilidad
y versatilidad de este método al analizar perfiles de longitudes celulares de raices en distintas condiciones expe-
rimentales que abarcan: dos ecotipos (Col-0 y C24); dos fondos genéticos (tipo silvestre y un alelo de pérdida
de funcion de XAANTAL 1), en dos tiempos distintos (siete y nueve dias posteriores a la siembra); y diferentes
concentraciones de nitrégeno en el medio de cultivo. También se comparan los resultados obtenidos mediante los
modelos MCE, y aquellos por medio de marcadores moleculares.

También, con el objetivo de facilitar el uso de esta metodologia, se presenta un cédigo en lenguaje PHP
(Apéndice 4) que permite obtener modelos MCE de perfiles de longitudes celulares y calcular diversos parametros

atiles. Esta herramienta estd a disposicién de la comunidad el sitio: www.ibiologia.com.mx/MSC _analysis.

El gen XAANTAL1 y su papel en la regulacién del crecimiento de la
raiz

Antecedentes directos del presente trabajo muestran que el gen XAANTALI (XAL1), miembro de la familia MADS-

box, participa en la regulacién del balance proliferacién/diferenciacién celular en la raiz (Tapia-Lépez et al., 2008),
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esto representa uno de los pocos casos en que se ha logrado describir funcionalmente a un miembro de esta familia
en el desarrollo de la raiz. El desconocimiento que se tiene ain de la funcién que desempefian los MADS-box en el
desarrollo de |a raiz, contrasta con el amplio conocimiento que se tiene de ellos en la regulacién de la transicién a
la floracién y la determinacién de los verticilos florales (ver: Alvarez-Buylla et al., 2010). De hecho, la mayor parte
del conocimiento que se tiene acerca de los MADS-box en plantas esta relacionado a su funcién en el meristemo
floral.

Estudios genéticos de diversos mutantes homedticos florales condujeron a la propuesta del modelo ABC para el
desarrollo floral. Este modelo propone que mediante la acciéon combinatoria de tres conjuntos de genes, los genes
de funcién A, B y C, se especifica la identidad de los cuatro 6rganos florales: sépalos, pétalos, estambres y carpelo
(Bowman et al., 1989, 1991; Coen y Meyerowitz, 1991). En Arabidopsis, APETALA1 (AP1) y AP2 son los genes
de funcién A, PISTILLATA (Pl) y AP3 son los genes de funcién B, y AGAMOUS (AG) el gen de funcién C. Con
excepcion de AP2 todos estos genes pertenecen a la familia MADS-box.

Mediante experimentos de sobrexpresién in vivo, que lograron la conversién de hojas en pétalos, y analisis de
interaccion por dos hibridos en levadura se logré determinar que los factores transcripcionales de dominio MADS
(codificados por los genes MADS-box), AP1, AP3, Pl y AG, junto con SEPALLATA1L (SEP1), SEP2 y SEP3 (que
son también factores transcripcionales de dominio MADS) forman complejos proteicos que son la base combinatoria
molecular del modelo ABC (Honma y Goto, 2001; Pelaz et al., 2001). Previamente se demostré mediante ensayos
de dos hibridos en levadura que las proteinas DEFICIENS (DEF), SQUAMOSA (SQUA) y GLOBOSA (GLO) de
Antirrhinum majus son capaces de formar complejos multiméricos, que constan de un heterodimero DEF-GLO y
un homodimero SQUA-SQUA (Egea-Cortines et al., 1999).

Estos descubrimientos dieron como resultado que el modelo ABC, basado en los genes, se transformara en un
modelo basado en la combinatoria de factores transcripcionales. En este modelo, combinaciones de dos dimeros
MADS interactian para formar tetrdmeros proteicos con mayor complejidad y especificidad en sus funciones
reguladoras, por lo que se le denomin6 modelo de «cuartetos florales» (Theissen y Saedler, 2001; Theissen, 2001).

La capacidad de las proteinas de dominio MADS de formar complejos multiméricos es un mecanismo combi-
natorio que permite incrementar la diversidad de factores transcripcionales y la especificidad de sus sitios blanco.
A partir del anélisis de dos hibridos en levadura a gran escala, donde se utiliz6 el conjunto completo de proteinas
MADS en Arabidopsis, se logré determinar que al menos 269 dimeros son potencialmente posibles (de Folter et al.,
2005). Si ademas de la capacidad de estos dimeros de combinarse y formar tetrameros sumamos el hecho de que
las proteinas de dominio MADS de plantas son capaces de interactuar con proteinas de otras familias —como se
ha determinado para AP1y SEP3 con SEUSS (Sridhar et al., 2006); AGAMOUS-Like 15 (AGL15), SUPPRESSOR
OF OVEREXPRESSION OF CO 1 (SOC1) y AGL24 con miembros del complejo SIN3/HDAC, en particular con
SAP18 (Hill et al., 2008; Liu et al., 2009); y SHORT VEGETATIVE PHASE (SVP) también denominado AGL22
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con TERMINAL FLOWER 2 (TFL2) (Liu et al, 2009)—, tanto la diversidad de complejos proteicos de orden
superior y sus funciones, como la especificidad de sus blancos se incrementa enormemente. En este contexto es
evidente que para poder tener un conocimiento adecuado de las funciones de los factores transcripcionales MADS
es fundamental estudiarlos desde una perspectiva combinatoria.

Aunque adn no se tienen caracterizados complejos multiméricos MADS en la raiz de Arabidopsis, tal como los
que se han descrito en la parte aérea, no es dificil imaginar que este tipo de complejos existan y realicen funciones
importantes en este 6rgano. Dentro de los primeros pasos dados en la caracterizacién funcional de complejos
MADS en la raiz, estd la descripcion de los patrones de expresion por hibridacion in situ de los genes AGL12,
AGL17, AGL19 y AGL21 (Alvarez-Buylla et al., 2000; Burgeff et al., 2002). Posteriormente, se determiné que
ARABIDOPSIS NITRATE REGULATED 1 (ANRI) es parte de la via de sefializacién que regula el crecimiento de
las raices laterales en respuesta a la adicion de NO3 externo (Zhang y Forde, 1998; Gan et al., 2005).

Nawy y colaboradores (2005) encontraron que AGL42 tiene una fuerte expresion en las células del CQ, la
cual se debilita drasticamente en las células contiguas, por lo que usaron la expresién de este gen como marcador
molecular y realizaron un perfil transcripcional de las células del CQ. Ademas encontraron que PISTILLATA (PI)
también forma parte del conjunto de factores transcripcionales que se expresa en el CQ (Nawy et al., 2005). Como
ya mencioné, Pl es uno de los genes homeéticos del modelo ABC, que junto con AP3 determina la funcién B,
necesaria para la determinacién de pétalos y estambres (Bowman et al., 1989, 1991; Coen y Meyerowitz, 1991).
El heterodimero PI/AP3 activa transcripcionalmente al gen NAP (NAC-LIKE, ACTIVATED BY AP3/Pl) en la
flor (Sablowski y Meyerowitz, 1998). Es interesante que tanto P/ como NAP se expresan en el CQ de la raiz de
Arabidopsis, pero no AP3 (Nawy et al., 2005). Esto sugiere que el factor transcripcional Pl puede tener distintos
interactores y genes blanco en la raiz de los que tiene en flor, lo que pone de manifiesto una vez mas la riqueza
funcional, producto de la combinatoria, que tienen las proteinas MADS.

Un aspecto que es importante resaltar acerca de los factores transcripcionales MADS es la redundancia funcio-
nal. Esta caracteristica se manifiesta en la carencia de fenotipos de diversos mutantes sencillos, e incluso dobles,
de pérdida de funcién. Por ejemplo, diversos mutantes sencillos de pérdida de funcién de genes MADS, entre los
que se encuentran AGL42, Pl, AGL19, SOCI, AGL71 y AGL72 no mostraron alteraciones evidentes en el fenotipo
de la raiz; incluso dobles mutantes como agl42-1 agl19-1 y agl42-1 socl carecieron de fenotipos evidentes (Nawy
et al., 2005). Esta redundancia funcional es un factor que dificulta el estudio de la funcién de los complejos MADS
en la raiz, en donde su efecto es mas evidente que en la flor. Todo lo anterior nos indica que el estudio del papel
de los complejos MADS en la raiz no es trivial, que es necesario realizar desde una perspectiva combinatoria que
no es facil de realizar y que puede consumir una gran cantidad de tiempo (principalmente por el gran namero de
miembros de la familia). Estos estudios genéticos combinatorios se deben guiar con informacién espacial detallada

de la distribucion de los factores transcripcionales MADS vy de sus interactores (Nawy et al., 2005).
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A pesar de la redundancia funcional de los MADS-box mencionada, en raices de alelos de pérdida de funcién de
los genes AGLI2 y AGL14, que se renombraron como XAANTALI (XALI)y XAL2 respectivamente (Tapia-L6pez
et al., 2008; Garay-Arroyo et al., 2013), se pueden observar alteraciones en el desarrollo de la raiz, particularmente
en el balance proliferacion/diferenciacién celular. En el caso de XAL1 se encontré que alelos de pérdida de funcién
presentan raices mas cortas en relacién a las raices tipo silvestres (ecotipos Col-0 y Ler), producto de una duracién
del ciclo celular mayor y un menor niimero de células proliferativas (Tapia-Lépez et al., 2008). También se observé
que el alelo xall-2 (ecotipo Col-0) presenta células totalmente diferenciadas mas cortas respecto a las raices
silvestres y que la expresién de XALI es regulada positivamente en presencia de auxinas en el floema (Tapia-Lépez
et al., 2008). Recientemente XAL2 se caracterizé funcionalmente como un promotor de la proliferacién y del
alargamiento celular (Garay-Arroyo et al.,, 2013). Ademas, XAL2 es un regulador transcripcional directo de los
transportadores polares de auxinas PIN1 y PIN4 (Garay-Arroyo et al., 2013).

A través de modelos MCE en perfiles de longitudes celulares en raices tipo silvestre (wt) y xalI-2 (xall), se en-
contré que XAL1 es necesario para el crecimiento del DP durante los primeros dias de desarrollo (Pacheco-Escobedo
et al., 2016). Las raices de plantulas xall presentan una velocidad de crecimiento practicamente constante, en
contraposicion a la aceleracién positiva que se observa en las raices wt. Esta diferencia en las velocidades de
crecimiento se debe a que el namero de células proliferativas permanece casi constante en las raices xall, mientras
que en las raices wt se observa un crecimiento de la poblacién de células proliferativas. Ademas, la pérdida de
funcién de XAL1 provoca un aumento tanto en el tamafio critico de inicio de la divisién celular (Lcritb) como en
el tamafio critico de transicién a la ZA (Lcrita) (Pacheco-Escobedo et al., 2016). De esta forma se muestra cémo
los modelos MCE permiten un mejor aprovechamiento de las caracteristicas estructurales de la raiz de Arabidopsis
en particular, y de las angiospermas en general, al realizar una mejor caracterizacién fenotipica a nivel celular
se pueden comprender los cambios en las tasas de crecimiento, la distribucion de las divisiones celulares, el ciclo
celular y el patrén de regionalizacion longitudinal. El uso de los modelos MCE en la caracterizacién funcional de
otros genes MADS-box puede ayudar a comprender mejor el papel de los miembros de esta familia en el desarrollo
de la raiz, al proporcionar analisis cuantitativos de la zona de crecimiento de la raiz, sin los cuales alteraciones en
el desarrollo pueden pasar inadvertidas.

El presente trabajo consiste en la adaptaciéon de modelos MCE en el anilisis del patrén de regionalizacién
longitudinal de la zona de crecimiento de la raiz de Arabidopsis. Estos modelos estadisticos nos proporcionan
una solucién a dos problemas particulares: 1) Determinar cuantas regiones longitudinales existen en la zona de
crecimiento de la raiz; y 2) Determinar la posicién de las fronteras entre estas regiones. Se presenta una breve
descripcién de los modelos MCE y se discute su aplicacién en perfiles de longitudes celulares de raices de Arabidopsis
en distintas condiciones experimentales. También se analiza la utilidad de los modelos MCE como una herramienta

de facil implementacién en la caracterizacién fenotipica de la raiz. La mayor parte de estos resultados y detalles
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metodolégicos se encuentran en la publicacién que se incluye en la seccién de resultados (Pacheco-Escobedo et al.,
2016). Ademas se incluyen en los Apéndices 1 y 2 dos publicaciones (Garay-Arroyo et al., 2013; Garcia-Cruz
et al., 2016) que se enfocan en el papel de XAL1 y XAL2 en la raiz. En estas publicaciones participé en los analisis
celulares que se presentan en ellos. Las principales aportaciones de estos trabajos son el descubrimiento de XAL2
como regulador transcripcional directo de los transportadores de auxinas PIN1 y PIN4 (Garay-Arroyo et al., 2013)
y que XAL1 regula positivamente a distintos componentes del ciclo celular como CYCD3;1, CYCA2;3, CYCBI;1,
CDKBI1;1 y CDT1a (Garcia-Cruz et al., 2016). Los Apéndices 3 y 4 incluyen cédigos R y PHP, respectivamente,
para realizar modelos MCE de perfiles de longitudes celulares. Finalmente el Apéndice 5 muestra los resultados de
un analisis cuantitativo por modelos MCE de raices Arabidopsis C24. Estos resultados se incluyeron como material

suplementario en el articulo Pacheco-Escobedo et al. 2016.



Hipotesis

La zona de crecimiento de la raiz de Arabidopsis estd compuesta de tres regiones discretas: EI DP, DT (que
conforman el RAM) y la ZA. Estas tres regiones se pueden identificar y delimitar a través de modelos MCE de la

distribucién de longitudes celulares en la zona de crecimiento.
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Objetivos

1. Aplicar algoritmos de modelos MCE a perfiles de longitudes celulares en la zona de crecimiento de raices de

Arabidopsis.

2. Detectar a través de estos modelos la existencia de tres regiones en la zona de crecimiento de la raiz de

Arabidopsis: EI DP, el DT y la ZA.

3. Comparar las transiciones detectadas a través de los modelos MCE con los patrones de expresién de marca-

dores moleculares de proliferacién y endorreduplicacion.

4. Determinar el tamafio de cada una de las regiones, principalmente el DP, a través de los modelos MCE
generados y comparar los resultados con aquellos obtenidos con otros métodos comiinmente aplicados en la

investigacién (ver: Rost y Baum 1988; Dubrovsky et al. 1998a,b; Garay-Arroyo et al. 2013).

5. Utilizar los modelos MCE para caracterizar cuantitativamente la zona de crecimiento de raices wt y xal-1
en dos edades distintas. Por medio de estos resultados, analizar la funcién de XAL1 en la regulacién del

balance entre proliferacién y diferenciacién celular.

6. Generar herramientas de computo que permitan aplicar de manera sencilla modelos MCE al anilisis fenotipico

de raices.
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Resultados
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El patrén de regionalizacién

longitudinal de la raiz

Es mucho mejor contar con una respuesta aproximada a la pregunta adecuada...
que contar con una respuesta exacta a una pregunta mal planteada

John Tukey

Modelos de maultiple cambio estructural aplicados a perfiles de longi-
tudes celulares

En el caso del patron de regionalizacion longitudinal de la raiz podemos decir que existen dos problemas fundamen-
tales que hemos mencionado: 1) determinar el nimero de dominios o zonas que existen en la zona de crecimiento
activo, o dicho de otra forma, el namero de transiciones por las que pasan las células en la raiz a lo largo del eje
longitudinal; y 2) proponer un método objetivo para establecer la posicién longitudinal de dichas transiciones.

A partir de perfiles de velocidad de crecimiento con respecto a la distancia al CQ en Arabidopsis (la velocidad
con la que se aleja cada punto de la raiz del CQ), van der Weele y colaboradores (2003) establecen que en la raiz
se pueden distinguir tres regiones longitudinales: Una region que comienza en el CQ (x = 0) donde la velocidad
se incrementa, practicamente desde cero, gradualmente con respecto a la posicion; después, aproximadamente a
unos 500 um de distancia del CQ, se da un incremento drastico de la velocidad de crecimiento; y finalmente se
alcanza una velocidad constante, lo que indica el fin de la zona de crecimiento activo. Estas regiones corresponden
al RAM, la ZA y la ZD, respectivamente.

Dos aspectos importantes de estos perfiles de velocidad de crecimiento son que estas tres regiones estan
delimitadas por dos transiciones abruptas y que los incrementos de velocidad con respecto a la posicién parecen
ser lineales en el RAM y la ZA —los autores apoyan esta Gltima conclusién con el anélisis de residuales de las

ecuaciones lineales obtenidas para raices individuales y con referencias a trabajos previos hechos en diferentes
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especies— (van der Weele et al., 2003). Gracias a estas dos caracteristicas van der Weele y colaboradores (2003)
ajustaron los perfiles de velocidad a un modelo conformado por tres ecuaciones lineales unidas por dos puntos
de rompimiento (breakpoints) o transiciones abruptas. Para un modelo del perfil de velocidad de la zona de
crecimiento activo, la derivada, es decir la aceleracion, es una funcién compuesta por dos fases escalonadas que
corresponde a una tasa de alargamiento relativamente constante en el RAM, y una tasa, también constante, pero
mucho mas alta en la ZA con una rapida transicion entre estas dos fases (van der Weele et al., 2003).

Estos resultados apoyan la idea de ajustar los perfiles de longitud celular con respecto a la posicién relativa al
CQ a modelos poligonales, es decir modelos conformados por ecuaciones lineales para cada una de las regiones
separadas por puntos de rompimiento.3Estos modelos son conocidos como modelos poligonales, modelos segmen-
tados, modelos de linea quebrada, regresiones de multifase o modelos de Mltiple Cambio Estructural (MCE)
(Bai y Perron, 2003; Muggeo, 2003). En los modelos MCE, los puntos donde el comportamiento o respuesta de
la variable dependiente cambia drasticamente son conocidos como puntos de rompimiento, puntos de cambio o
puntos de transicion (Muggeo, 2003). Estos cambios drasticos o puntos de rompimientos, los podemos identificar
como cambios en la pendiente y/o cambios en la ordenada al origen de las rectas que forman el modelo. En los
perfiles de longitud celular (L) donde ésta es funcién de la posicién relativa al CQ (X), los puntos de rompimiento
corresponden a las transiciones o fronteras entre dos regiones longitudinales adyacentes de la raiz.

iPor qué hacer el andlisis en perfiles de longitud celular y no en perfiles de velocidad como los realizados por
van der Weele y colaboradores? Existen dos razones para elegir ajustar modelos MCE en perfiles de longitud celular
en lugar de perfiles de velocidad. En primer lugar, es mucho més sencillo obtener perfiles de longitud celular, los
cuales se pueden obtener de preparaciones fijas de raices. La segunda razén es que los perfiles de velocidad, al
menos como son obtenidos por van der Weele y colaboradores (2003), son capaces de distinguir cambios en la
tasa de alargamiento celular, pero incapaces de detectar cambios en la tasa de proliferacion celular en las distintas
regiones longitudinales de la raiz. Debemos recordar que el DP y el DT no difieren en la tasa de alargamiento, sino
en la tasa de proliferacién, por lo tanto si deseamos comprobar la existencia del DT y determinar la posicién de sus
limites, los perfiles de velocidad de anélisis cinematicos, que se basan en el seguimiento de puntos en la superficie
de la raiz (Beemster y Baskin, 1998; van der Weele et al., 2003), no son los adecuados porque no detectan si
dos puntos en la superficie pertenecen a una o a dos células diferentes. Por esta razén la presencia del DT no es
detectada por van der Weele et al. (2003).

Asi, la principal propuesta de este trabajo es que el ajuste de perfiles de longitud celular de raices individuales
a modelos MCE resuelve los dos problemas fundamentales del patron de regionalizacién longitudinal de la raiz

mencionados. A continuacién se explica brevemente los fundamentos de los modelos MCE.

3La idea de aplicar modelos poligonales a los perfiles de longitud celular surgié a partir de la colaboracién que tuve con el fisico
German Arriaga y el ingeniero Hibels Avila, ambos de la Escuela Superior de Fisica y Matematicas del IPN.
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El analisis de regresion consiste basicamente en ajustar los datos experimentales a un modelo o ecuacién mate-
matica relativamente sencilla. De manera general podemos suponer que Y es una variable cuantitativa dependiente
y que tenemos p diferentes variables independientes, X1, X, ..., X,. En el analisis de regresion se asume que

existe una relacién entre Y y X = (X1, Xo, ..., X,), la cual se puede escribir de la siguiente forma general:

YV =f(X)+e (1)

Donde f es una funcién determinada pero desconocida de X, Xo, ..., X, y € es un término de error aleatorio,
el cual es independiente de X y tiene una media igual a cero. En este planteamiento se puede decir que f representa
la informacion «sistematica» que nos proporciona X acerca de nuestra variable dependiente Y. Por lo tanto, el
analisis de regresion o ajuste a un modelo matematico consiste en conocer f. Los modelos matematicos que se
obtienen pueden tener, a grandes rasgos, dos propoésitos principales: hacer predicciones o realizar inferencias (James
et al., 2013).

En los modelos predictivos, el interés principal esta en calcular con cierto nivel de precisién el valor de Y,
mientras que la naturaleza exacta de f, es decir la relacién entre Y y X, no es nuestro principal objetivo. En
cambio, en los modelos inferenciales estamos interesados en conocer la forma en la que X afecta el cambio deY’,
no en predecir el valor de esta Gltima. Los modelos o funciones pueden cumplir con estos dos propésitos hasta
cierto grado, aunque en muchas situaciones es necesario decidir un propésito especifico (James et al., 2013). En
el caso del presente trabajo, los modelos que deseamos obtener son principalmente de caracter inferencial, ya
que es de poco interés predecir la longitud de cada una de las células de las raices; nuestro interés es conocer
cdmo cambia la longitud de las células en funcién de su posicién con respecto al CQ y en qué posiciéon cambia el
comportamiento de las células. El célculo de los tamafios criticos es un caso especial donde si es de interés calcular
la longitud de una célula especifica, en este caso hablamos de modelos predictivos.

Los métodos estadisticos paramétricos se basan en determinar a priori la forma de la funcién f. Por ejemplo,
en el caso de las regiones longitudinales de la raiz, se supone que los datos siguen una funcién lineal respecto a
la posicién. Dado que la funcién que calculamos no es f sino una aproximacién a esta que denotamos como f

tenemos:

f(X)=a+pBX (2)

Al hacer esta suposicidn, el problema de calcular f se reduce, ya que sélo es necesario calcular los coeficientes o
y 5 (la ordenada al origen y la pendiente respectivamente), es decir deseamos conocer los valores de los parametros
de la funcién. Dado que f(X) ~ L (la longitud celular respecto a la posicién) en el caso de los perfiles de longitud

celular tenemos:
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L~a+pX (3)

Refiriéndose a los perfiles de longitud celular « representa la longitud de la célula en la posicion cero y 3 la
tasa o velocidad de alargamiento respecto a la posicién.*

El método méas usado, aunque no el Gnico, para calcular el valor de los parametros de una funcién es el
método de los minimos cuadrados. La principal desventaja de los métodos paramétricos es que el tipo de funcién
seleccionada no necesariamente es el tipo de funcién real de los datos, lo que puede ocasionar que el poder
predictivo del modelo sea relativamente bajo (James et al., 2013).

En resumen, lo que se pretende obtener para cada una de las regiones longitudinales de la raiz es una ecuacién
lineal que modele las longitudes celulares que corresponden a cada una de estas regiones. Posteriormente, una vez
delimitadas las regiones se analizara si efectivamente se comportan efectivamente de manera lineal.

Los modelos MCE son una secuencia de submodelos lineales unidos entre ellos por puntos llamados de rom-
pimiento, si estos puntos son conocidos, el problema se reduce a ajustar cada uno de los conjuntos de puntos,
delimitados por los puntos de rompimiento, a una ecuacién o modelo lineal; si los puntos de rompimiento son
desconocidos, como en el caso del patr6n de regionalizacién de la raiz, el problema es de mayor dificultad (Bellman
y Roth, 1969).

En términos generales, la resolucién de este problema consiste en encontrar el conjunto de submodelos o rectas
con la mejor bondad de ajuste (pueden ser usados diferentes criterios, por ejemplo el minimo de la suma del
cuadrado de los residuales). A continuacion se describe el modelo general para un perfil de longitudes celulares
adaptando el planteamiento de Bai y Perron (2003) para la resolucion de este problema de manera computacional.

Para el caso de los perfiles de longitudes celulares, se puede escribir el sistema de ecuaciones lineales con m

puntos de rompimiento o transiciones (m + 1 regiones o zonas y dominios longitudinales) como:

ltZO(j—FJJ;Bj—FUt t:Tj_l—i—l,...,Tj (4)

para j =1,...,m + 1. En este modelo, donde cada ecuacién del sistema corresponde a una regién de la raiz,
l; es la longitud de una célula en la posicion ¢; x; (p x 1) es el vector con las posiciones ¢ con respecto al CQ; «; y
B; son los vectores de los coeficientes correspondientes a la region j, es decir, la ordenada al origen y pendiente de
cada region; u; es el error o desviacion en la posicién t. Los indices (T4, ...,T,,) corresponden a las transiciones

o puntos de rompimiento entre regiones longitudinales, los cuales son desconocidos. Se considera por convencién

4Es importante tener en cuenta que esta tasa o velocidad de alargamiento es respecto a la posicién, no respecto al tiempo. El
tiempo no esta considerado aqui.
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que To =0y T,a1 =T, lo que nos da todas las posiciones de las células que se incluyen en el perfil considerado.
En este contexto, el problema principal consiste en calcular los puntos de rompimiento.

El sistema de ecuaciones lineales (4) se puede expresar en forma de matriz como:

L=Za+ZBX+U (5)

donde L = (I1,...,l7), X = (z1,...,27) U = (u1,...,up), a = (a’l,a’z...,aﬁnﬂ)/,ﬁ = (Bi,ﬁé...7ﬁ,’n+1),,
y Z es la matriz que parte diagonalmente a Z en (T},...,T,,), es decir Z = diag(Z1,...,Zmys1) con Z; =
(Zr_ 410+, ZTi)/. Esta matriz contiene las ecuaciones lineales de todos los segmentos que es posible formar
con los puntos de un perfil de longitudes celulares con m transiciones. Lo que se busca es conocer los parametros
«verdaderosy de este sistema. Si los valores «verdaderosy de los parametros se indican con un superindice 0,

tenemos el sistema:

L=20"+28°X +U (6)

El cual contiene las ecuaciones lineales o submodelos para el MCE con las transiciones o puntos de rompimiento
en las posiciones (Tlo, e 7T,?l). Nuevamente, el principal problema consiste en determinar (Tlo, e 7T,?l) , una vez
hecho esto es facil conocer el valor de los coeficientes. Para encontrar los pardmetros de este sistema, Bai y Perron
(2003) utilizan el criterio de minimos cuadrados de los residuales, para cada particién posible con m transiciones
de un perfil de longitudes celulares:

m—+1 T;

(L—Za—2BX) (L-Za-28X) =Y > [~ 2o —za,8) (7)

i=1 t=T;_1+1

Sean & ({Z;}) y B({Z;}) los parametros calculados para una determinada regién longitudinal para un patrén
con m+1 con regiones longitudinales (Z1, ..., Z,,41), donde cada regién se denota con {Z;}. Sustituyendo estos
parametros en (7) y denominando la suma de residuales al cuadrado como St (T4, ...,T,,), las posiciones de las
transiciones o puntos de rompimiento calculadas (Tl, e ,Tm) seran aquellas que en conjunto minimicen el valor
de la funcién (7). De manera general, podemos decir que la estrategia a seguir es: 1) encontrar todos los segmentos
posibles que se puedan formar con el conjunto total de puntos que tiene nuestro perfil de longitudes celulares;
2) calcular las ecuaciones lineales para cada uno de estos segmentos; 3) calcular la suma de residuales para cada
modelo correspondiente a cada segmento; y 4) encontrar el conjunto de m + 1 segmentos (estos segmentos se
consideran conjuntos de puntos mutuamente excluyentes y comprenden el total de puntos del perfil de longitudes

celulares) que tenga la menor suma global de residuales.
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La estrategia anterior se implementd a través de algoritmos basados en programacion dindmica por primera
vez por Bellman y Roth (1969) y retomado posteriormente por Bai y Perron (2003). El algoritmo desarrollado por
Bai y Perron (2003) fue implementado en el paquete strucchange del lenguaje estadistico R (Zeileis et al., 2002,
2003). Este paquete determina la posicién 6ptima global de m transiciones en un perfil de longitudes celulares (la
aplicacion de modelos MCE en que estamos interesados), pero ademas calcula los intervalos de confianza de dichas
posiciones a través de la funcién de distribucién dada por Bai (1997). Este paquete puede ser usado de forma libre,
por lo que el patrén de regionalizacién de una raiz se puede realizar usando las funciones de strucchange. En el
Apéndice 3 se proporciona un ejemplo de cémo utilizar este paquete para analizar una raiz en el lenguaje R.

Con el objetivo de proporcionar una herramienta en linea que pueda ser utilizada de manera sencilla para
determinar la posicién de las transiciones en un perfil de longitudes celulares, se desarrollo un cédigo PHP que se
encuentra disponible al pablico en: http://www.ibiologia.com.mx/MSC _analysis/. Este programa toma una idea
similar a la de la programacion dindmica desarrollada por Bai y Perron (2003), pero esta enfocado exclusivamente a
encontrar las transiciones de un perfil de longitudes celulares. El programa permite calcular una o dos transiciones.

El cédigo se incluye en el Apéndice 4.

Calculo del nimero de transiciones o puntos de rompimiento

Diversos autores consideran que en la regién de crecimiento activo de la raiz existen dos regiones el RAM y la ZA,
es decir no consideran la existencia del DT (véase: Dello loio et al. 2007; Moubayidin et al. 2010). Por lo tanto, un
problema a considerar al momento de calcular modelos MCE de los perfiles de longitudes celulares es el nimero de
transiciones o puntos de rompimiento que son considerados. Uno puede determinar a priori cuantas transiciones
tendrad un modelo MCE y mediante el criterio de minimo cuadrado de los residuales calcular la posicion 6ptima de
estas transiciones. Sin embargo, el niimero de transiciones de un modelo puede ser un parametro arbitrario que no
tiene relacion necesariamente con el nimero de transiciones que realmente existe. Por lo tanto, es necesario un
criterio o método que permita determinar cudl es el nimero apropiado de transiciones para modelar un conjunto
de datos, en este caso un perfil de longitudes celulares.

Existen distintos procedimientos para determinar el namero de transiciones, los cuales consideran un criterio de
informacién (Yao, 1988; Liu et al., 1997; Bai, 1997; Bai y Perron, 2003; Kim et al., 2000, 2009). En este trabajo
se usa el criterio de informacién bayesiana (BIC por sus siglas en inglés) o criterio de Schwarz (Yao, 1988), el
cual tiene un buen desempefio cuando existe al menos una transicién o punto de rompimiento en los datos que se
modelan y es capaz de detectar cambios pequefios (Bai y Perron, 2003; Kim et al., 2009).

El BIC hace un ajuste o correccién a la suma de residuales conforme se introducen més transiciones o variables

independientes a un modelo. La suma del cuadrado de residuales ird disminuyendo conforme se introduzcan mas
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variables en un modelo, o en el caso de los modelos MCE si se introducen transiciones o puntos de rompimiento,
por lo que la suma de residuales no puede usarse como criterio para elegir dentro de un conjunto de modelos con
distintos nimero de transiciones (James et al., 2013). Para un modelo de suma del cuadrado de residuales (SCR)

con m transiciones o puntos de rompimiento el BIC est4 dado por:

BIC = % (SOR + 1og(n)ma?) (8)

donde n es el namero de observaciones o el nimero de longitudes celulares que se incluyen en el perfil que se
modela, o2 es la varianza calculada del error U asociada con cada medicién en (6). Se puede observar como el
BIC adiciona una penalizacién igual a log(n)mUA2 a la SCR que depende del niimero de transiciones o puntos de
rompimiento (James et al., 2013). Es evidente que la penalizacién se hace mayor conforme el modelo MCE tiene
mas transiciones.

De esta forma, para un mismo perfil de longitudes celulares se generan diversos modelos MCE con 0,1,2,....,n
puntos de rompimiento. Cada uno de estos modelos se genera como se describié en la seccién anterior, es decir,
se generan modelos con una, dos, tres o mas rectas con la menor SCR. Una vez que se tienen estos modelos
para un perfil de longitudes celulares determinado se calcula el BIC mediante (8) para cada modelo. El modelo
seleccionado sera aquel con el menor BIC calculado.

Los modelos MCE vy el uso del BIC como criterio para seleccionar el niimero de puntos de rompimiento que se
acaban de describir, son la base de los principales resultados que se obtuvieron durante mis estudios de doctorado.
A continuacién se presenta el articulo donde se publican estas aportaciones. Debo destacar la labor del biélogo
Ivdn Ransom que proporcioné la mayor parte de los perfiles de longitudes celulares que se analizaron, sin los cuales

mucho de lo presentado no se habria logrado.
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e Background and Aims The Arabidopsis thaliana root is a key experimental system in developmental biology.
Despite its importance, we are still lacking an objective and broadly applicable approach for identification of
number and position of developmental domains or zones along the longitudinal axis of the root apex or boundaries
between them, which is essential for understanding the mechanisms underlying cell proliferation, elongation and
differentiation dynamics during root development.

e Methods We used a statistics approach, the multiple structural change algorithm (MSC), for estimating the
number and position of developmental transitions in the growing portion of the root apex. Once the positions of the
transitions between domains and zones were determined, linear models were used to estimate the critical size of
dividing cells (L.p) and other parameters.

e Key Results The MSC approach enabled identification of three discrete regions in the growing parts of the root
that correspond to the proliferation domain (PD), the transition domain (TD) and the elongation zone (EZ).
Simultaneous application of the MSC approach and G2-to-M transition (CycBI,;IDB:GFP) and endoreduplication
(pCCS52A1:GUS) molecular markers confirmed the presence and position of the TD. We also found that the
MADS-box gene XAANTALI (XALI) is required for the wild-type (wt) PD increase in length during the first
2 weeks of growth. Contrary to wt, in the xa// loss-of-function mutant the increase and acceleration of root growth
were not detected. We also found alterations in L yp in xal/ compared with wt, which was associated with longer
cell cycle duration in the mutant.

e Conclusions The MSC approach is a useful, objective and versatile tool for identification of the PD, TD and EZ
and boundaries between them in the root apices and can be used for the phenotyping of different genetic back-
grounds, experimental treatments or developmental changes within a genotype. The tool is publicly available at
www.ibiologia.com.mx/MSC_analysis.

Key words: Arabidopsis thaliana, cell differentiation, cell proliferation, proliferation domain, transition domain,
elongation zone, root apical meristem, longitudinal zonation pattern, critical size of dividing cells, XAANTALI,

multiple structural change model, breakpoints.

INTRODUCTION

Plant growth and development are regulated by the combined
activity of two processes that are closely linked: cell division
and cell elongation. Fully elongated cells undergo terminal
differentiation. Reliable and quantitative characterization of
both processes in organs is thus essential for understanding
their role during development. The Arabidopsis thaliana
(arabidopsis) root is an important model system for molecu-
lar genetics and cellular studies of plant development, in-
cluding understanding cell cycle regulation and the balance

of proliferation and differentiation in complex organs. The
root is an excellent model system because of, among other
characteristics, its relatively simple longitudinal organization
and the possibility of observing different developmental
stages in the same root along its longitudinal axis. Another
advantage of the root is that it has few cell types, organized
concentrically around the vascular tissues, composed of xy-
lem, phloem, vascular parenchyma and pericycle. Outside of
the vascular tissues there are concentric rings of cells of en-
dodermis, cortex and epidermis, covered at the very tip by
the lateral root cap and columella cells. The growing part of

© The Author 2016. Published by Oxford University Press on behalf of the Annals of Botany Company.
All rights reserved. For Permissions, please email: journals.permissions@oup.com
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the root consists of two zones: the root apical meristem
(RAM) and the elongation zone (EZ) (Fig. 1A).

The RAM includes the proliferation domain (PD), where cells
have a high probability of dividing, and the transition domain
(TD) (Baluska et al., 1996). The most distal portion of the PD
contains the quiescent centre (QC), a stem cell niche, sur-
rounded by the initial (stem) cells (Clowes, 1956; Dolan et al.,
1993; Sabatini et al., 2003). In the TD domain cells can still di-
vide but at a low probability and continue elongating at the
same low rate as in the PD. Hence, cells in this domain are
slightly longer than cells in the PD (Fig. 1B) (Ivanov and
Dubrovsky, 2013). The EZ is the zone where cells of different
tissues simultaneously start rapid elongation at rates much

A

n =61

.y 61}

Elongation zone cells {52,

RAM/EZ boundary

52}

RAM cells {0,

higher than those in the RAM. The EZ is followed by the differ-
entiation zone (DZ), where elongated cells reach their final
length and differentiation state. The rootward border of the DZ
corresponds to the position at which cell elongation ceases (van
der Weele et al., 2003; Ivanov and Dubrovsky, 2013).
Therefore, identification of the boundary between the EZ and
DZ is straightforward and is based on either cell length profile
data or the appearance of the first root hair bulges, which is a
hallmark of termination of elongation (Dolan et al., 1993; Ma
et al., 2003; Dolan and Davies, 2004). Despite the importance
of being able to fully characterize the apical-basal patterning of
the root tip, no consensus on the domains and zones in the arabi-
dopsis root apex has been attained (Ivanov and Dubrovsky,

RAM/EZ boundary

-
N
Kol
~
el
Q
)
©
(8]
a
-
. PD/TD border
-
©
™
g
i)
®
o
o
a
. 0

FiG. 1. Anatomical topology of the arabidopsis root. (A) The root apical meristem (RAM) and elongation zone (EZ) of a wt arabidopsis Col-0 seedling root 7 d after
sowing; composite image from a cleared root preparation. (B) RAM of the root shown in (A). The numbers represent cell positions with respect to QC (zero posi-
tion). The n position corresponds to the first cortex cell adjacent to an epidermal cell that started to form a root hair bulge. Scale bars = 100 pm.

Microphotograph was published in Ivanov V.B., Dubrovsky J.G. 2013. Longitudinal zonation pattern in plant roots: conflicts and solutions. 2013. Trends in Plant
Science, 18:237-243. Reproduced with permission of Elsevier.
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2013). Here we applied a statistical algorithm for determining
the number of zones and domains in the growing part of the root
and the limits between neighbouring zones and domains. Our re-
sults support the existence of three discrete regions in the grow-
ing part of the arabidopsis root: the PD, the TD and the EZ.

A rigorous qualitative and quantitative description of these
zones and domains and identification of their boundaries are es-
sential for understanding the effects of different genetic, chemi-
cal and physical alterations of cell proliferation, growth, and
differentiation during root growth and development.
Comparisons between different experimental conditions require
approaches that enable accurate evaluations of the size and
number of cells within the RAM or its PD. This is generally
done in the cortex cell layer (Casamitjana-Martinez et al.,
2003; Dello loio et al., 2007; Tsukagoshi et al., 2010; Zhou
et al., 2011; Garay-Arroyo et al., 2013). However, the lack of
objective criteria and subjectivity in identifying the boundaries
between root growth zones and domains indicates the need for
development of new approaches.

Several previous papers have approached this problem. For
example, Scheres and collaborators (Casamitjana-Martinez
et al., 2003) determined the boundary between the RAM and
the EZ as the point where cells begin to increase their lengths
significantly. The onset of rapid cell elongation and absence of
cell division in the EZ are taken as the only criterion to distin-
guish between these two regions. Although useful for rough
qualitative evaluations, without measuring cell lengths the iden-
tification of the point where rapid elongation starts may vary
among researchers. A relatively more objective way of deter-
mining this boundary implies finding the position at which cell
length in a file is more than twice that of the previous cell
(Gonzélez-Garcia et al., 2011). The latter method may yield bi-
ased results: before rapid elongation starts, a longer cell can be
followed by a shorter cell in the TD, indicating that this crite-
rion is not always sufficient for objective establishment of the
RAM/EZ boundary. Recently, a geometric approach for identi-
fication of the point at which cell elongation starts was pro-
posed that yields results similar to those obtained arbitrarily
(French et al., 2012). This and other studies (Dello Ioio et al.,
2007; Moubayidin et al., 2010; Tsukagoshi et al., 2010) do not
specify how to identify the border between the PD and the TD
of the RAM. Changes in cell proliferation precede the transition
to rapid cell elongation: the mitotic index (percentage of divid-
ing cells) decreases drastically (Ivanov and Dubrovsky, 2013)
and endoreduplication starts (Hayashi et al., 2013). For this rea-
son, the PD/TD boundary is associated with changes in cell pro-
liferation, whereas the RAM/EZ boundary defines the point
where a drastic shift to rapid elongation occurs.

The position of the PD/TD boundary is particularly difficult
to establish because it fluctuates in time within a cell file and,
additionally, is frequently different among different files of
cells of the same type or different types (Baluska and Mancuso,
2013; Ivanov and Dubrovsky, 2013). Because of this, the PD/
TD boundary can only be approximated with a certain error,
which should be estimated (Ivanov and Dubrovsky, 2013). The
position of this boundary can be determined as the point where
average cell length along the RAM has slightly increased, or
where the distances between nuclei in neighbouring cells along
a cell file become greater than the diameter of the nuclei (Rost
and Baum, 1988; Dubrovsky et al., 1998a, b; Garay-Arroyo

et al., 2013). It is also possible to locate the beginning of the
TD as the position where the mitotic index sharply decreases
for the tissue under consideration (Ivanov and Dubrovsky,
2013). Nonetheless, the latter approach is difficult to implement
and it is not valid for all species. All such criteria can lead to
variable and subjectively defined boundaries and/or require
considerable experience from the researcher in order to guaran-
tee reproducible and reliable data. Because of the importance of
each of the root developmental domains and/or zones in the cell
proliferation/differentiation balance (Dello Ioio et al., 2007;
Moubayidin et al., 2010; Tsukagoshi et al., 2010), establishing
the PD/TD and RAM/EZ boundaries is essential for a complete
phenotypical description of the root. This requires a quantitative
approach, which enables the unambiguous identification of the
different development stages along the root longitudinal axis.

Here, to identify the location of the PD/TD and RAM/EZ
boundaries we applied a multiple structural change algorithm
(MSCO) to cell length profile data collected on fixed root prepa-
rations. Because the position of the EZ/DZ boundary corre-
sponds to the location where root hair formation starts, this
location can be used as a qualitative criterion to determine the
shootward border of the EZ. For this reason the EZ/DZ bound-
ary can be easily established, and is not considered in this study.
We show here that by using the polygonal models obtained
from a MSC algorithm it is possible to estimate: (1) the lengths
of the PD, the TD and the EZ; (2) the distances from the QC at
which the different developmental transitions start; (3) the criti-
cal sizes of dividing and transitioning to the EZ cells; and (4)
the derivative of cell length as a function of position or gradient
in cell length (Silk et al., 1986). We also show that the MSC
yields similar results to those obtained with molecular markers
that have been used to determine the PD/TD boundary, as well
as those obtained by arbitrary estimations made by researchers
experienced in root developmental biology.

XAANTALI (XALI) or AGLI2 is a member of the MADS
box family of genes, which encode transcription factors impor-
tant for regulating plant and animal development. This gene
participates in the regulation of cell proliferation in the arabi-
dopsis RAM (Tapia-Lopez et al., 2008). Loss-of-function
allelic mutants have shorter roots and lower root growth rates
than wild type (wt), explained by a shorter RAM, lower rates of
cell production and a longer cell cycle duration than wt roots
(Tapia-Lopez et al., 2008). We used the proposed MSC ap-
proach to analyse arabidopsis wt and loss-of-function xall-2
(hereafter xa/l) mutant roots. We found that XAL! is necessary
for the increase in length of the PD during the first days after
seed germination and its loss of function altered the critical size
of dividing cells. This example illustrates that the MSC ap-
proach is useful for root phenotyping at the cellular level and
for comparing different experimental conditions or genotypes,
and can be applied to better understand changes in cell growth
rates, the distribution of cell divisions and, changes in the criti-
cal size of dividing cells and the longitudinal zonation pattern.

MATERIALS AND METHODS
Plant materials and growth conditions

Arabidopsis wt, xall, CycB1;1pp:GFP and pCCS52A1:GUS
are in Col-0 ecotype. C24 and Col-O were obtained from the
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Arabidopsis Biological Resource Center at the Ohio State
University. Seeds carrying pCCS52A1:GUS were kindly do-
nated by E. Kondorosi and CycBI;1pp:GFP was constructed
by P. Doerner (Ubeda-Tomas et al., 2009). All lines were ho-
mozygous; seeds were surface-sterilized and 2 d after vernaliza-
tion sown on medium containing 0-2x MS (Murashige and
Skoog) salts, 1 % sucrose and 1 % agar (except for
CycB1;1:GFP seeds; see below). Petri dishes were maintained
in vertical position. Plants were grown under long-day (16 h
light/8 h dark) conditions in growth chambers at 22-24 °C.
Seeds of the CycB1;1pp:GFP line were plated on agar media
N103 and N3003 that contained 0-3 % sucrose supplemented
with 1 (N103) or 30 (N3003) mm of total nitrogen (N) (final
concentrations of other components of the media were: CaCl,
[3 mm], MgSOy4 [1-5 mm], KH,PO, [1-5 mMm], 1 X MS microele-
ments, MES [5 mm], sucrose, 3 g L pH 5-6). After 2-7 d of
vernalization, Petri dishes were transferred to growth chambers
with constant light and maintained in vertical position. Root
growth increments were recorded daily by marking the root tip
position over the surface of the dish and increments were mea-
sured using ImageJ (http://rsb.info.nih.gov/ij).

Microscopy

In seedlings 7-9 d after sowing (DAS), roots were cleared
using Herr’s solution (Herr, 1971), which contains lactic acid
(85 %), chloral hydrate, phenol, clove oil and xylene (2:2:2:2:1
by weight). Excised roots were transferred to Herr’s solution
for at least 24 h at room temperature and subsequently mounted
in the same solution and visualized using an Olympus BX60
microscope equipped with Nomarski optics and photographed.

pCCS52A1:GUS seedlings were subjected to the B-glucuro-
nidase (GUS) reaction in the dark for 1 h at 37 °C and GUS
staining solutions were prepared as described by Malamy and
Benfey (1997). To restrict the diffusion of GUS blue precipi-
tate, 2 mm K3Fe(CN)g and K Fe(CN)g were added to the solu-
tion at the beginning. After GUS staining, seedlings were
immersed in Herr’s clearing solution and stored in the dark at
room temperature for 72 h and visualized as described above.

For simultaneous observation of the nuclei and green fluores-
cent protein (GFP) fluorescence (CycBI;Ilpp:GFP), 7-DAS
seedlings were fixed in 4 % formaldehyde in phosphate-buf-
fered saline (PBS) solution supplemented with 0-05 pg mL ™'
(final concentrations) of 4’,6-diamidino-2-phenylindole (DAPT)
overnight at 4 °C. Preliminary experiments showed that this
procedure did not quench the fluorescence activity of GFP.
Then, material was washed in PBS four times (10 min each),
mounted and analysed. Roots were mounted in a drop of PBS,
covered with a coverslip and observed under an inverted laser
scanning confocal Leica TCS NT microscope with a 63x HCX
PL APO water immersion Leica objective. After the optical me-
dian section of the apical root portion was found, the intensity
of the signal was set by using the look-up tables included in the
Leica software. DAPI and GFP channels were set separately
and colour intensity was always set to a standard for each indi-
vidual root at a low scanning speed. These same settings for
colour intensity and offset were used for more proximal root
portions. Final scanning of each root portion was done sequen-
tially, first for GFP and then for DAPI, and the average of four
scans was saved as a TIF file. To improve contrast between the

DAPI and GFP channels, images of GFP fluorescence were
pseudo-coloured in magenta. Images of two channels of each
root portion were merged and then the whole root tip image
was assembled in Adobe Photoshop 5.5. from four to eight orig-
inally saved files.

Quantitative analysis

We implemented a semi-automated procedure to system-
atically and accurately measure cell lengths. The algorithm
was constructed based on Java SRE and ImageJ 1-4 libraries.
This works properly for multi-platform environments such
as Windows, Linux and Mac OS. The software
(executable file: Cell_Length_V2-0jar) and its user manual
(Cell_Length_V2.0.pdf) are available at http://www.ibt.unam.
mx/labimage/proyectos/arabidopsis.

Using Nomarski micrographs, cell length profiles were ob-
tained by measuring a straight line from one end to the other
with ImageJ or Cell_Length_V2.0.jar software along a cortex
file from the QC to the first cortex cell adjacent to an epidermal
cell that had started to form a root hair bulge (Fig. 1A). For con-
focal images the data on meristem length, number of cells in
the meristem, the fraction of GFP-expressing cells and root
thickness were collected from assembled images. Root thick-
ness was measured at the level corresponding to the PD/TD
boundary for cortex determined by experienced biologists,
which implies a subjective method, abbreviated here as the
ExpBiol method. The PD/TD boundary determined by an
ExpBiol method was defined for epidermis and cortex, arbi-
trarily based on relative changes in cell lengths or internuclear
distances along the root, similar to other studies (Rost and
Baum, 1988; Dubrovsky, 1997; Dubrovsky et al., 1998a, b;
Tapia-Lopez et al., 2008; Garay-Arroyo et al., 2013).

All statistical analyses were performed using R (R
Foundation for Statistical Computing, version 2.15.1). MSC
analyses, including estimation of the optimal number of break-
points with the Bayesian information criterion (BIC) and estima-
tion of breakpoint positions with their 95 % confidence intervals
(CD for all cell length profiles were performed using the break-
points function of the R ‘strucchange’ package (Zeileis et al.,
2002, 2003). The breakpoints function estimates multiple break-
points simultaneously, implementing an algorithm that obtains
global minimizers of the sum of squared residuals (Bai and
Perron, 2003). Examples of MSC analyses using the breakpoints
function are provided (Supplementary Data Text S1). The distri-
bution function for the 95 % CI for the breakpoints is given in
Bai (1997). For comparison of the results obtained with ExpBiol
and MSC analyses, the intraclass correlation coefficient (ICC)
was estimated (model, two-way; type, absolute agreement; unit
of analysis, average measures) (McGraw and Wong, 1996;
Hallgren, 2012). The ICC and its 95 % CI were calculated using
the R ‘irr’ package (Matthias et al., 2012). We also developed a
publicly available web site (www.ibiologia.com.mx/MSC_analy
sis), where the MSC algorithm can be performed.

RESULTS

Previously, van der Weele and collaborators (2003) concluded
that the root has a velocity profile with linear phases (RAM, EZ
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and differentiation zone) separated by abrupt transitions. Based
on this conclusion, we propose that cell length profiles, where
cell length (L) is a function of cell position with respect to the
QC (i), can be fitted by a polygonal model, also known as
piecewise, segmented, broken-line regressions, multi-phase re-
gressions or multiple structural change (MSC) models (Bai and
Perron, 2003; Muggeo, 2003). In these models the points where
the behaviour or response of the dependent variable, as a func-
tion of the independent one, change abruptly are commonly
called breakpoints, change points, transition points or switch
points (Muggeo, 2003). In the cell length profiles, the break-
points correspond to the boundary between adjacent develop-
mental zones (Fig. 1A, B).

There is no consensus about the existence of the TD in roots.
Thus, the analysis of the longitudinal zonation pattern of the
arabidopsis root apex consists of two main problems: establish-
ing the number of domains and zones, and determination of the
position of the breakpoints between them. Here, we show that
an MSC approach can be productively used for solving these
problems and objectively establishing the longitudinal pattern-
ing in the arabidopsis growing root portion.

The growing part of the root consists of three discrete regions

The problem of single and multiple structural changes in lin-
ear models has been studied mainly in statistics, econometrics
and medicine (Auger and Lawrence, 1989; Bai and Perron,
1998, 2003; Kim et al., 2000; Muggeo, 2003). We know that
the growing part of the arabidopsis root has at least one
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transition or breakpoint that corresponds to the RAM/EZ
boundary. Some authors propose also the existence of a TD
formed by a group of cells elongating at the same rate as the
PD cells but with a very low probability of division. In contrast,
other authors consider that such a domain does not exist. If the
TD actually exists, then a polygonal model with two break-
points can be obtained from cell length profiles of single cell
files, and such breakpoints would correspond to PD/TD and
RAM/EZ boundaries.

There are several procedures to estimate the number of
breakpoints in MSC models (Yao, 1988; Liu et al., 1997; Bai
and Perron, 1998, 2003; Kim et al., 2000, 2009). Comparing
different methods for selecting the number of breakpoints, Bai
and Perron (2003) concluded that the BIC (Yao, 1988) works
well when there is at least one breakpoint, and Kim et al.
(2009) also indicate that the BIC performs well in picking up
small changes. This method adjusts the sum of squared resid-
uals for models with different numbers of breakpoints, and the
model with the lowest BIC value is accepted as the most parsi-
monious. To establish the number of regions in the growing
part of the root, we analysed arabidopsis Col-Owt and xall
roots at two different ages, 7 and 9 DAS, without specifying the
number of expected breakpoints. From cleared roots we ob-
tained the cell length profile of a cortex cell file, from the QC
to the first cortex cell adjacent to an epidermal cell that formed
a root hair bulge (Fig. 1A). For each cell length profile we esti-
mated MSC models with different numbers of breakpoints and
their positions.

We found that for 58 % of Col-0 cell length profiles analysed
(23 out of 40 cell files) the most parsimonious model was of
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FiG. 2. Estimation of the number of breakpoints and their position by an MSC-BIC approach in Col-0 wt cortical cell length profiles. (A, C) MSC-BIC models with

m breakpoints for representative cell length profiles shown in (B) and (D). The lowest value of BIC corresponds to the most parsimonious model for number of

breakpoints within a cell file. (B, D) Representative cell length profiles of wt 9-DAS seedlings. Vertical dashed lines represent the breakpoint position estimated by
an MSC approach.
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TABLE 1. Root growth and meristem characteristics in 7-DAS seedlings of CycB1;1pp:GFP (BJ3) line grown in media with low and
high concentrations of total N

Low N High N
Mean (s.d.) (n) 95 % CI Mean (s.d.) (n) 95 % CI

Root length (mm) 432 (6:9) (47) 412,452 20-7 (5:3) (44) 19-1,22:3
Rate of root growth during last 24 h (um h™ D} 400 (137) (47) 360, 440 160 (66) (44) 140, 180
Root thickness (um) 146 (11) (29) 142, 150 123 (12) (36) 119, 127
Fraction of GFP-positive cells per cell file (%)

Epidermis 12:6 (7-5) (39) 10-2, 15-0 12:1 (9-8) (57) 9-5,14.7

Cortex 11:7 (7-7) (35) 9-1, 143 13:9 (9-8) (43) 109, 169

two breakpoints (Fig. 2A, B). In these cell length profiles the
most shootward breakpoint corresponded to the RAM/EZ
boundary and the rootward breakpoint corresponded to the PD/
TD boundary. In 42 % of cell length profiles analysed in Col-0
(17 out of 40 cell files), the most parsimonious model was of
that of one breakpoint. This breakpoint corresponded to the
RAMY/EZ boundary (Fig. 2C, D). We found also that for these
roots the second most parsimonious model was that with two
breakpoints. When this model was applied, the same the RAM/
EZ boundary was found, and additionally the PD/TD boundary
was identified within the RAM.

Similar modelling was performed for the xa// mutant. Out of
40 cell length profiles analysed, the most parsimonious model
was of one, two and three breakpoints in 30, 62 and 8 % of the
profiles (Supplementary Data Fig. S1). The small number of
profiles with three breakpoints may represent an artefact as a
consequence of greater variability in cell lengths. To verify the
versatility of the approach, we compared Col-0 wt with a differ-
ent wt accession, C24. We found that 17, 75 and 8 % of cases
(n = 12 cortical cell length profiles) showed one, two and three
breakpoints respectively (Supplementary Data Table S1).

Opverall, our data support the existence of two developmental
transitions in the growing part of the root. One of these transi-
tions, the shootward, corresponds to the RAM/EZ boundary
(Fig. 1A). In the next section, we will show that the second, root-
ward, transition corresponds to the PD/TD boundary (Fig. 1B).

The MSC modelling approach identifies the PD/TD boundary

Because the different domains and root growth zones are
characterized by distinct and specific developmental processes,
the distribution of unambiguous molecular markers for these
processes could also be used to define the longitudinal zonation
of the root (Ivanov and Dubrovsky, 2013). The distribution of
molecular markers for the G2-to-M transition, CycBI,1pp:GUS
or CycB1;1pp:GFP, has been used as a marker for the PD of
the RAM (Col6n-Carmona et al., 1999; Hauser and Bauer,
2000; Aida et al., 2004; Ticconi et al., 2004; Li et al., 2005;
Cruz-Ramirez et al., 2012).

Cell length profiles were obtained from CycBI;Ipg:GFP
roots grown on media with low (1 mm) and high (30 mm) con-
centration of total N. These cell length profiles were collected
from assembled root images obtained under a confocal laser
scanning microscope at a high magnification and for this reason
did not include EZ cells. The CycBI;Ilpp:GFP reporter de-
tects cells in late G2 and early M phases of the cell cycle

(Coldén-Carmona et al., 1999). Therefore, the cell length profile
was obtained for a root portion where GFP-positive cells were
detected (presumptive PD) and shootward of this zone for a
portion of at least half of the presumptive TD. Thus, if a break-
point is detected, this should correspond to the PD/TD bound-
ary. Roots grown on the media with high and low N content
differed significantly in their growth rate and morphology and
on medium with low N grew 2-5-fold faster than under high N
(Table 1). This observation suggested that the PD would be of
different lengths in seedlings grown under these contrasting
conditions. Indeed, the PD length determined by the MSC ap-
proach was greater in low-N medium (Fig. 3).

The distribution of GFP-positive cells within the meristem
was random (Fig. 3A, B). In most cases, those meristematic cells
that were in mitosis were GFP-positive. The cells that were not
in mitosis but were weakly GFP-labelled were cells in G2, as
can be deduced from their size (these cells were approximately
twice as long as recently divided cells). The breakpoint values
estimated by the MSC approach corresponded to the last PD
cells. Cells that expressed CycBI;lpp:GFP at the moment of
fixation were in most cases located rootward to the breakpoints
estimated by the MSC approach (Fig. 3C-F), i.e. within the PD
domain. Expression of CycBI;Ipp:GFP was found in a shoot-
ward position with respect to the breakpoint only in 6 % of cell
files analysed (5 out of 80). These data indicate that the proba-
bility of cell division (GFP-positive cells) after the estimated
breakpoint position was low, although rapid cell elongation had
not yet started in the measured cell files. Our data indicate that
the PD/TD breakpoint estimated by the MSC approach coin-
cided well with the CycB1 ;1 pp:GFP expression pattern.

As mentioned above, changes in cell proliferation are associ-
ated with the PD/TD boundary before rapid elongation starts,
and particularly, before the changes in elongation rates can be
detected, cells enter the endoreduplicaction cycle (Hayashi
et al.,2013). Thus, we proposed that the TD can also be defined
as the region where cells start endoreduplication but have not
yet started rapid elongation. Therefore, a molecular marker for
endoreduplication could also be used to establish the PD/TD
boundary. The CELL CYCLE SWITCH52A1 (CCS52A1) gene,
an isoform of the substrate-specific activator of the anaphase-
promoting complex/cyclosome (APC/C), promotes the onset of
endoreduplication and its expression correlates with the transi-
tion from proliferation to endoreduplication (Vanstraelen et al.,
2009). The pCCS52A1:GUS reporter gene (Vanstraelen et al.,
2009) can be used as a molecular marker of the PD/TD bound-
ary as it is expressed only in the TD and the EZ (Vanstraelen
et al., 2009; Takahashi et al., 2013).
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FiG. 3. Distribution pattern of CycBI;1pp:GFP expression used as a molecular marker for PD determination and comparison of PD/TD border determinations by the
ExpBiol method and MSC approach. (A, B) Root tip longitudinal median sections made by laser scanning confocal microscopy. GFP and DAPI channels were
merged and images taken at different levels with respect to the root tip were assembled; the GFP signal is pseudo-coloured as magenta. (A) Roots grown on medium
with 1 mm N. (B) Roots grown in medium with 30 mm N. Yellow arrows indicate the PD/TD boundary for cortex and epidermis files determined by ExpBiol based
on changes in cell lengths or inter-nuclear distance; green arrows indicate the location within the PD where the cell expresses CycBI ;1 pp:GFP and is closest to the
PD/TD boundary in epidermis (E) or cortex (C) files; white arrows indicate the PD/TD boundary determined by the MSC approach. Scale bar = 50 pm. (C-F) X-
axis numbers indicate different cell files analysed (n=10 roots, one file of cortex and one file of epidermis for each root). The position of the last PD cell determined
by the MSC approach (black dots) and the position of the cells closest to the PD/TD boundary which expresses GFP (asterisks) in epidermis and cortex files for low-
and high-N media are shown. Note that not each cell file had cells expressing CycBI ;I p:GFP at the moment of fixation. For each condition, cell files are arranged

in ascending order of the number of cells in the PD determined by the MSC approach.

To test whether the breakpoint inside the RAM estimated
by the MSC approach corresponds with the transition from
proliferative state to endoreduplication, we obtained the cor-
tex cell length profile of ten roots of the pCCS52A1:GUS re-
porter line. Using the MSC approach, we determined the
breakpoint positions for these roots and estimated the 95 %
CI of the position of the last PD cell of each cell file ana-
lysed. This position was close to the rootward (distal) border
of the GUS-expressing region (seven out of ten cell files, or
70 %) (Fig. 4A—-G). In 30 % of the analysed cell files, the last
PD cell, estimated by the MSC approach was clearly in a
more rootward position than the GUS-expressing region
(Fig. 4H-J). Therefore, the PD/TD boundary estimated by
MSC coincided with the onset of pCCS52A1:GUS expression
in the majority of cases.

These data support the conclusion that the MSC approach en-
abled estimation of the position of the PD/TD boundary and
this position coincided with the distribution of cells expressing
the CycBI;l1pg:GFP marker and with the onset of
pCCS52A1:GUS expression. This PD/TD transition occurred
before rapid cell elongation started. Thus we conclude that
there are two developmental transitions in the growing part of
the root: PD/TD and RAM/EZ (Fig. 1A, B), the former related
to changes in proliferation behaviour and the latter to the onset
of rapid cell elongation.

Determination of the PD/TD boundary by the MSC approach
coincides with subjective determination by an experienced root
developmental biologist

In previous studies, the extension of the PD of the RAM was
determined based on relative changes in cell length along a root
meristem cell file. The PD/TD boundary has been determined
at a point from the QC where, in the shootward direction, cell
length or inter-nuclear distance increases significantly and
where a cell becomes longer than the average cell length within
the PD (Dubrovsky, 1997; Dubrovsky et al., 1998a, b; Tapia-
Lopez et al., 2008; Garay-Arroyo et al., 2013). Blind experi-
ments to determine this boundary on the same roots by different
biologists experienced in this technique (ExpBiol) gave similar
results, but students or biologists that are inexperienced in this
analysis obtained contrasting results (V.B.I., P.D. and J.G.D.,
unpubl. res.). Therefore, the ExpBiol is subject to biases de-
pending on the researcher that conducts the analysis. Hence, we
were interested in comparing the ExpBiol and MSC approaches
to establishing the PD/TD boundary.

The PD/TD boundary was estimated on CycBlI;1pp:GFP
roots grown on media with a low (1 mm) and high (30 mm) con-
centration of total N. Interestingly, PD length (estimated by
ExpBiol) in arabidopsis varied depending not only on N avail-
ability but also among roots grown under the same nutrient con-
ditions. The minimum—maximum numbers of cells in a cell file
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A B C D E

FiG. 4. Determination of the PD/TD boundary in the CCS52A1:GUS line using the MSC approach; GUS expression marks the beginning of endoreduplication. (A-J)
CCS52A1:GUS expression in wt roots (7 DAS) occurs in the TD and EZ. Yellow rectangles indicate the 95 % CI of the position of the last PD cell estimated by the
MSC approach. Scale bar = 50 pm.

within the PD (estimated by ExpBiol) in individual roots were estimated for each root when using the ExpBiol method and the
1341 (epidermis) and 24-48 (cortex) in low N and 9-30 (epi- MSC approach.

dermis) and 10-29 (cortex) in high N. Considering this varia- In statistics, inter-rater reliability (IRR) indicates ‘the degree
tion, we analysed the agreement between the PD/TD boundary of agreement between two or more coders who made
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TABLE 2. Agreement between determinations of the PD/TD boundary by the ExpBiol method and the MSC approach in roots of

CycB1;1p5:GFP (BJ3) line (n=20)

Distance from the PD/TD boundary to QC (um) Number of PD cells
ExpBiol MSC ExpBiol MSC
Mean (s.d.) 95 % CI1 Mean (s.d.) 95 % CI Mean (s.d.) 95 % CI Mean (s.d.) 95 % C1
Epidermis, low N 247 (37) 229,264 241 (47) 218,263 28 (10) 24,33 27 (9) 23,31
Epidermis, high N 199 (20) 190, 209 204 (57) 178, 231 18 (4) 16, 20 18 (5) 16, 21
Cortex, low N 245 (38) 227,262 270 (54) 245,295 33 (6) 30, 36 36 (6) 33,39
Cortex, high N 195 (23) 185, 206 211 (40) 192, 229 22 (4) 20,24 23 (5) 21,26

independent ratings about the features of a set of subjects’
(Hallgren, 2012). To evaluate IRR for estimates of the number
of PD cells obtained by the ExpBiol and MSC approaches, we
calculated the intraclass correlation coefficient (ICC) (McGraw
and Wong, 1996; Hallgren, 2012). Higher ICC values indicate
higher agreement. An ICC estimate of 1 indicates perfect agree-
ment and an estimate of 0 indicates only random agreement.
The ICC estimated for all the CycBI;1pp:GFP cell files was
significantly greater than 0 [ICC =0.9, F(79,80) = 10-2, P =
2-44e—21, 95 % CI 0-85, 0-94], and was in the ‘excellent’ qual-
itative range proposed by Cicchetti (1994), confirming that the
ExpBiol method (which has been traditionally used) and the
MSC approach had a high degree of agreement as no statistical
differences between the two approaches were detected
(Table 2). Importantly, as determined by MSC analysis, in
high-N medium the cortex PD length was ~80 % shorter than
that in roots grown in low-N medium. This indicates the versa-
tility of the MSC approach. Given that different researchers
may reach different results depending on their experience, the
use of the MSC approach is recommended as it can eliminate
subjective estimates and provide reproducibility within and
across laboratories, irrespective of the experience of the
observer.

The MSC approach can be used to estimate the critical size of
dividing cells and the critical cell size for the initiation of rapid
elongation

Organisms from bacteria to higher eukaryotes coordinate cell
growth and cell division through size-sensing checkpoint mech-
anisms in order to maintain a constant cell size. Cells have to
reach a certain critical size at which cell-cycle transitions are
triggered, such as GI1-S or G2-mitosis (Ivanov, 1971;
Dobrochaev and Ivanov, 2001; Dolznig et al., 2004; Yang
et al., 2006; Turner et al., 2012; Robert et al., 2014). Therefore,
along the PD it is expected that cells are equal to or smaller
than the critical size of dividing cells (L.;p). However, in the
TD the probability of cell division is very low (Ivanov and
Dubrovsky, 2013); therefore, cells that continue growing at the
same relative growth rate as in the PD are longer than the L p
(Hejnowicz, 1959; Hejnowicz and Brodzki, 1960; Ivanov and
Maximov, 1999; van der Weele et al., 2003). In the EZ, rapid
cell elongation is taking place among other processes due to
water uptake into the central vacuole (reviewed by Dolan and
Davies, 2004). We addressed in this study whether there is a
critical cell length related to the onset of rapid elongation in the

EZ, similar to the L ;p near the PD/TD boundary. We denote
this cell length as the critical cell size for the initiation of rapid
elongation (L E)-

To estimate the maximum cell lengths that correspond to the
PD and the TD, we used MSC analysis of sorted cell lengths.
We called this analysis the sorted MSC (sMSC). For this proce-
dure, we sorted cell lengths of a root cell file in ascending size
order (Fig. 5A, B). Thus, cell length is a function of the cell
length rank in the sorted cell length set (Fig. 5B). We assumed
that there are three subsets of sorted cell lengths that correspond
to the PD, TD and EZ. Then, after estimation of the breakpoints
that correspond to the ranks of the longest PD and TD cells
(Fig. 5B, C), we found the two linear equations that model the
PD and TD cell length subsets after determining the breakpoints
by MSC (Fig. 5D). Finally, we used these two linear equations
for the PD and TD to estimate the maximum cell length in the
PD and TD or the L.yp and Lg, respectively (Fig. 5D). In
this way the MSC approach can be used to estimate the critical
size of dividing cells and the critical size for the initiation of
rapid elongation. These parameters were subsequently used for
comparison of different genotypes.

MSC analysis of arabidopsis wt and xall roots

We generated MSC models with two breakpoints for each
cell length profile of wt and xall roots at 7 and 9 DAS. From
these models we estimated: (1) the position of RAM/EZ and
PD/TD boundaries by the MSC approach; (2) the linear equa-
tions for PD, TD and EZ; (3) the number of cells and length of
each domain; (4) the derivative of cell length as a function of
position (DLP), which corresponds to the slope of each linear
equation; and (5) the L.;p and L.;g. Once the PD/TD and
RAM/EZ boundaries were determined by the MSC approach,
we compared the sizes of the RAM, PD and TD in wt and xal/
seedlings 7 and 9 DAS. We found that the number of cells and
length of the wt PD and RAM increased from 7 to 9 DAS
(Table 3). In contrast, no change was detected in the TD during
this growth period in both genetic backgrounds (Table 3). Thus
the RAM size increase in the wt was due to a larger population
of proliferating cells in the PD at 9 DAS (Table 3).

Interestingly, in the xa/l mutant we did not detect changes in
PD and RAM lengths and corresponding numbers of cells from
7 to 9 DAS under our growth conditions (Table 3). Because ac-
celerated root growth is related mainly to changes in the num-
ber of proliferating cells (Beemster and Baskin, 1998),
the almost constant growth of xal/l roots from 3 to 11 DAS
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Fic. 5. Estimation of the critical size of dividing and elongating cells by the
sMSC approach. (A) Cortex cell length profile of the growing part of a represen-
tative root of wt Col-0, 9 DAS. (B) Sorted cell length profile in ascending order
of the growing part of the root shown in (A). Vertical dashed lines represent po-
sitions of breakpoints, estimated by the MSC approach, that correspond to the
PD/TD and the RAM/EZ boundaries of sorted cell lengths. (C) Sorted RAM cell
length profile of the RAM of the root shown in (A) and (B). Vertical dashed line
represents the breakpoint that delimitates the PD and TD cell length sets. (D)
Linear models for PD and TD cell length sets. The black dot represents the esti-
mated critical size of dividing cells (L.p) and the white triangle represents the
critical size for the initiation of rapid elongation (L) for the file of the cortex
shown in (A).

(Fig. 6A, B) suggested that xall PD hardly changes, at least
during the first 10 d. Thus, XAL! is necessary to maintain the
steady increase in the number of cells within the PD, and as a
consequence, accelerated root growth.

As xall root cells have a longer cell cycle than wt roots
(Tapia-Lopez et al., 2008), we asked whether this difference is
associated with a change in the L.;p. We estimated the mean
wt cortex Leip as 89 um (95 % CI 8-5, 9-3, n = 40), and the
Lo value for xall cortex cells as 11-4 um (95 % CI 10-7,

12-0, n = 40). This suggests that the size-sensing mechanism
that controls the critical cell size for division is altered by the
loss of function of XALI and, as a consequence, the cell cycle
duration of xall roots is longer, because it takes more time to
reach the L.;p (assuming the same cell growth rate with respect
to time). We also estimated the mean wt cortex cell critical size
for the initiation of rapid elongation, L.k, as 25 pm (95 % CI
23, 28, n = 40), and for xall cortex cells as 38 um (95 % CI 32,
44, n = 40). This analysis showed that the loss of function of
XALI altered both critical sizes. In summary, the MSC analysis
suggested that XALI may be involved in the regulatory mecha-
nisms that control critical cell size. Alternatively, XALI expres-
sion may depend on critical cell size.

DISCUSSION

We have applied the MSC model to establish the longitudinal
zonation pattern of arabidopsis roots. This approach is useful to
estimate different parameters, such as (1) the number of longi-
tudinal domains and zones, (2) the number of cells and lengths
of each domain and zone, (3) DLP and (4) the critical size of di-
viding cells (L.;p), and the critical size for the initiation of
rapid elongation (L.g). Using the BIC to estimate the most
parsimonious models for number of breakpoints, we have de-
tected two breakpoints or transitions in cell length profiles of
the growing part of the root for the majority of roots. One of
these breakpoints corresponds to the RAM/EZ boundary and
the other one defines the PD/TD boundary. When one or three
breakpoints were detected as the most parsimonious, this was
mainly due to internal variability in cell length profiles in arabi-
dopsis roots. Considering that (1) the two-breakpoint model
was more common; (2) the one-breakpoint model was a partic-
ular case where the PD/TD boundary was not sharp enough; (3)
CycBI;1pp:GFP was expressed mainly in the PD and (4)
pCCS52A1:GUS was expressed mainly in the TD, we can con-
clude that three distinct domains or zones (the PD, the TD and
the EZ) should be recognized in the arabidopsis root.

Some authors consider that within individual cell files there
is no TD before rapid elongation starts; it is thought that the
transition zone is just one point along the root where cells leave
the RAM and enter the EZ (Dello loio et al., 2007; Moubayidin
et al., 2010). These authors also consider that the onset of elon-
gation ‘is different for each cell type, giving a jagged shape to
the boundary between dividing and expanding cells’ (Dello
Toio et al., 2007, p. 679). Root tissues stop dividing at different
distances from the QC, but they all start rapid elongation at the
same distance due to symplastic growth (reviewed in Ivanov
and Dubrovsky, 2013). Hence, before rapid elongation, the
symplastic nature of plant tissues yields a domain at which cells
start endoreduplication but do not start rapid elongation; this re-
gion then corresponds to the TD (Baluska et al., 1996; Ivanov
and Dubrovsky, 2013). Indeed, experimental evidence has
shown that in arabidopsis endoreduplication precedes rapid cell
elongation (Hayashi et al., 2013). Thus, for a particular cell file
within the arabidopsis root, the TD can also be defined as the
region where cells endoreduplicate and continue elongating at
the same rate as in the PD. It has also been shown that phospho-
lipase DC2, involved in vesicle trafficking, is strongly expressed
in the transition zone (Li and Xue, 2007; Mancuso et al., 2007).

9T0Z ‘8 4800100 U0 159n6 Aq /610°S[euIno [pioxo-qoe//:dny wolj papeojumoq



Pacheco-Escobedo et al. — Root apex zonation in arabidopsis 773
TABLE 3. Quantitative analysis of arabidopsis Col-0 wt and xall roots evaluated at 7 and 9 DAS by MSC analysis (n=20)
wt xall
7 DAS 9 DAS 7 DAS 9 DAS

Mean (s.d.) 95 % CI Mean (s.d.) 95 % CI Mean (s.d.) 95 % CI Mean (s.d.) 95 % C1

Number of PD cells 40 (7) 36,43 49 (6) 46,52 26 (6) 23,28 28 (7) 24,31

Number of RAM cells 55(5) 52,57 63 (5) 60, 65 36 (5) 34,38 39 (5) 36,41
PD length (um) 245 (53) 220, 270 316 (53) 291, 340 189 (63) 160, 218 210 (63) 181, 240
TD length (um) 215 (56) 188, 241 216 (56) 189, 242 216 (121) 160, 273 206 (78) 170, 243
RAM length (um) 460 (61) 431, 488 531 (45) 510, 552 405 (145) 337,473 417 (90) 375, 459
PD DLP (um/cell position) 0-0 (0-1) —0-04, 0-04 0-0 (0-1) 00, 0-1 0-1(0-2) 00, 0-1 0-1(0-2) 0-0,0-1
TD DLP (um/cell position) 1-5(1) 0-8,2-1 1-3(1) 1-1,1-6 2.7(3-1) 1-2,4-1 2:6(2-2) 15,36
EZ DLP (um/cell position) 13 (4) 11,15 11 3) 10, 12 13(11) 8, 18 15 (6) 12,18
Leyirp Tank 43 (4) 41,45 50 (5) 48,53 29 (4) 27,31 30 (5) 28,32

Leyieg rank 55(5) 52,57 63 (5) 60, 65 37 (4) 35,39 38 (5) 36,41
A that corresponds to this scenario (Fig. 2). Within each domain,
10 different relationships between relative elongation and cell divi-
g sk /I/I sion rates (Green, 1976) or DLPs cause a change in the mean
E 6l /I/ZZ cell length. We have found that on average the PD DLP is equal
= to zero and the TD DLP is greater than zero (Table 3). This
L 4t O e implies that in the PD there is a balance between relative cell
;:3 oL B /_._/_._/--/'“ elongation and division rates (Baskin, 2000), while in the TD
_o_ﬁ./_ﬁ/*’ relative elongation rates are greater than relative division rates.
0= é zll ;3 é 7' é é 1'0 1'1 So, our results support the existence of two domains within the
) ) RAM. Thus, cell length profiles that include the RAM and the

Time (days after sowing) EZ must be modelled by two-breakpoint MSC models.

B 07 The PD/TD boundary is difficult to recognize, partially be-
T: L /I cause relative changes in cell lengths, which do not always
= i }:_E/:{ steadily increase in the shootward direction, have to be evalu-
E0S 1/ ated. Using a molecular marker such as CycBI,1pp:GFP, we
'% B - found here that most GFP-expressing cells were within the PD
2 03 o defined by the MSC approach. However, the fact that in 6 % of
7 _z/z/ i I/I cases GFP-expressing cells were found in the TD indicates two
& 01 :F—:F":F_:F/:T:—:.c . . . important aspects: (1) that some TD cells indeed are able to

3 4 5 6 7 8 9 10 11

Time (days after sowing)

FiG. 6. Growth of wt and xal! roots. (A) Root growth dynamics in wt (white cir-
cles) and xall (black dots) roots. (B) Root growth rates over time in wt (white
circles) and xall (black dots). Error bars represent 95 % CI, n = 20.

The MSC analysis used here clearly shows that before the
onset of rapid elongation all cells within a file, irrespective of
the tissue type, are distributed in two subsets separated by an
identifiable transition: those in the PD and those in the TD. A
clear difference between these two subsets and the difference
between the RAM and EZ subsets provide additional evidence
that the transition to elongation is not just one point along the
root but comprises a domain of cells that have lost or are in the
process of losing proliferation activity.

If we consider that the RAM does not include two domains
(and the transition to the EZ is not considered to span several
cells that constitute an identifiable domain of cells), the esti-
mated RAM linear model should have a slope or DLP greater
than zero. This would imply that, along the RAM, the relative
cell elongation rate is greater than the relative cell division rate,
but cell length profiles do not show a cell length distribution

proliferate; and (2) that an estimation error must be considered.
This same conclusion might also explain why in some cases
pGUS:CCS52A1 expression is detected shootward of the MSC-
determined position of the PD/TD boundary (Fig. 4H-J).
Additionally, this discrepancy can be explained by the observa-
tion that in arabidopsis roots the endoreduplication cycle can
also start in the EZ and that its duration is greater than that of
the cell cycle in the RAM (Hayashi et al., 2013).

It is important to point out that the cells at the TD have
unique physiological properties such as alterations in their cell-
wall structure and the onset of vacuolization, which enables fast
cell growth at the EZ (Verbelen et al., 2006; Baluska et al.,
2010). It has also been described that cells in the TD are very
sensitive to diverse external factors, such as gravity, light, oxi-
dative stress and humidity (Verbelen et al., 2006). Thus, evalu-
ating the extent to which such a domain is altered under
different genetic and environmental conditions becomes very
relevant. In this paper we propose an approach to the objective
establishment of the boundaries between the PD and the TD
and between the RAM and the EZ, as well as the sizes and
numbers of cells constituting each domain.

Using the MSC, we have found that the PD in wt roots in-
creases after 7 DAS, and such growth is related to an increase
in the number of proliferating cells and accelerated root growth,
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after 7 DAS. This observation is in accordance with many stud-
ies where similar criteria to determine the RAM/EZ boundary
have been used, and which report meristem length increase be-
yond 5 d after germination (DAG) and later (Galinha ef al.,
2007; Ubeda-Tomas et al., 2009; Gonzalez-Garcia et al., 2011;
Makkena and Lamb, 2013). Moreover, a kinematic analysis of
the arabidopsis root showed that accelerated root growth is
mainly due to an increased cell production rate during the first
14 DAG and a steady increase in meristem length during the
first 2 weeks of growth after germination (Beemster and
Baskin, 1998). These results are similar to our observations of
accelerated growth from 7 to 11 DAS (Fig. 6A, B), accompa-
nied by an increase in the PD length. However, these results
contrast with some previous studies that concluded that wt ara-
bidopsis RAM reaches its maximum size 5 DAG (Dello Ioio
et al., 2007; Achard et al., 2009; Moubayidin et al., 2010; Zhou
et al., 2011), equivalent to our 7 DAS. This discrepancy about
the age at which the RAM reaches its maximum size can be ex-
plained by the fact that this age is highly dependent on environ-
mental conditions that vary among studies and by possible
methodological differences in meristem length determination.
In any case, these variations among laboratories highlight the
need for a reliable approach to the identification of root growth
zones along the longitudinal axis and their boundaries. In con-
trast, xall roots showed an almost constant root growth rate
(Fig. 6A, B), possibly because the PD length hardly changes be-
tween, at least, 7 and 10 DAS. This result suggests that XAL/ is
involved in the regulation of the transition from the PD to the
TD.

Interestingly, the L.;p is altered by the loss of function of
XALI, suggesting that the longer cell cycle duration estimated
in xall roots (Tapia-Lopez et al., 2008) is possibly related to al-
terations in the size-sensing mechanisms that control the onset
of cell division. Fully elongated cells of xall roots are shorter
on average than wt ones (Tapia-Lopez er al., 2008).
Nonetheless, our results show that cells that enter the EZ are
larger in xall than in wt roots. Cell elongation stops at shorter
cell lengths in xall than in wt roots, although xall cells initiate
rapid cell elongation at larger sizes. Our results suggest that the
loss of function of XALI alters the two developmental transi-
tions along the root (PD/TD and RAM/EZ), as well as critical
cell sizes. Future studies will have to unravel how XALI is in-
volved in the regulation of cell division rate, directly or indi-
rectly, through the regulation of the mechanisms that control
the LcritD'

In conclusion, the MSC approach for determination of the
PD/TD boundary yields similar results to those based on spe-
cific molecular markers and those obtained by the ExpBiol sub-
jective method. The MSC approach is an objective and
versatile tool for determination of domains and zones and gives
reliable results for roots with RAM of different lengths. The
use of molecular markers implies genetic crosses and frequently
a mixture of different genetic backgrounds. To avoid this prob-
lem, the MSC approach permits a direct characterization of the
longitudinal zonation pattern. It can be used for different ge-
netic backgrounds and treatments, and can be applied for analy-
sis of developmental changes taking place with age. This
approach potentially could also be applied to species other than
arabidopsis to better characterize and understand the mecha-
nisms underlying the homeostasis of the RAM in angiosperms.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxfordjour
nals.org and consist of the following. Text S1: instructions to
analyse the cell length profile of arabidopsis root using the
‘strucchange’ package of R (two examples). Figure S1: estima-
tion of the number of breakpoints and their position by a MSC-
BIC approach in xall 9 DAS seedling. Table S1: quantitative
analysis of arabidopsis C24 wt roots.
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Discusidn

XAL1 y XAL2 participan en la regulacion del balance proliferacién/-
diferenciacion celular en la raiz de Arabidopsis

Las principales aportaciones que se presentan en esta tesis giran alrededor de dos ejes principales: 1) el papel de
los factores transcripcionales de dominio MADS en la regulacién del balance entre proliferacién y diferenciacién
celular, particularmente XAL1 y 2) el anélisis estadistico del patrén longitudinal de la zona de crecimiento activo,
ambos en la raiz de Arabidopsis. Estos dos ejes se interrelacionan, principalmente porque el analisis cuantitativo
longitudinal de la raiz aport6é datos importantes acerca del papel funcional de XAL1 en la regulacién del balance
proliferacion/diferenciacién celular.

En lo que se refiere a la funcién de los factores transcripcionales de dominio MADS, XAL1 y XAL2, en
la regulacién del crecimiento de la raiz se encuentran algunos aspectos en comin. Morfolégicamente alelos de
pérdida de funcién de ambos genes presentan, aunque en grado diferente, raices mas cortas en comparacién a las
raices wt; un DP de menor tamaiio, tanto en longitud como en niimero de células, en comparacién con las raices
wt; y células de la zona de diferenciacién de menor longitud (Tapia-Lépez et al., 2008; Garay-Arroyo et al., 2013).

El tamafio del RAM, o mas especificamente el tamafio del DP, es regulado por una compleja red de interacciones
entre diversas hormonas (auxinas, citocininas, giberelinas, brasinosteroides, acido absicico y etileno) y factores
transcipcionales —miembros de la familia PLETHORA (PLT), SHORT-ROOT (SHR), SCARECROW (SCR),
SHORT HYPOCOTYL 2 (SHY2), entre muchos otros— en donde la via de sefializacién de las auxinas tiene un
papel central (Dello loio et al., 2007; Grieneisen et al., 2007; Galinha et al., 2007, 2009; Ubeda-Tomés et al., 2009;
Moubayidin et al., 2010; Garay-Arroyo et al., 2012). Dada la importancia que tienen las auxinas en el balance
proliferacion/diferenciacién y el alargamiento celular (Grieneisen et al., 2007; Galinha et al., 2009; Garay-Arroyo
et al., 2012), resulta inevitable buscar una relacién entre el fenotipo de los alelos de pérdida de funcién de xall y
xal2 y la via de sefializacién de las auxinas o de manera mas general ubicar funcionalmente a estos dos factores

MADS en la red de regulacién del crecimiento de la raiz.
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Ambos genes se inducen transcripcionalmente por auxinas, como lo mostraron experimentos de induccién
con lineas reporteras y RT-PCR semicuantitativo (Tapia-Lépez et al., 2008; Garay-Arroyo et al., 2013). Ademas
existe un asa de retroalimentacion positiva entre XAL2 y la distribuciéon de auxinas, dado que este factor de
dominio MADS es un regulador transcripcional directo de los transportadores de auxinas PIN1 y PIN4 (ver:
Garay-Arroyo et al., 2013, Apéndice 1 ). Esta asa de retroalimentacion positiva puede contribuir a establecer un
patrén morfogenético robusto que se ve fuertemente alterado por la pérdida de funcién de XAL2 (Garay-Arroyo
et al., 2013). Es interesante observar que las alteraciones de este patrén morfogenético, si bien presenta algunas
modificaciones morfoldgicas, parece no afectar el establecimiento e identidad del nicho de células troncales, al
no observarse cambios en la expresion de genes como WOX5, SCR y PLTI1, necesarios para la identidad del CQ
(Garay-Arroyo et al., 2013).

Actualmente no se conoce un asa de retroalimentacién similar entre las auxinas y XALL, sin embargo se tienen
datos que sugieren que este factor MADS participa en el establecimiento de los patrones morfogenéticos que
determinan el crecimiento de la raiz de Arabidopsis. Por un lado el patrén de distribucién de PLT1, uno de los
principales componentes de la via de sefializacién de las auxinas y cuya funcién es dosis dependiente —una alta
actividad de las proteinas PLT es necesaria para la identidad y mantenimiento del nicho de células troncales;
niveles intermedios de actividad promueven la actividad mitética y bajos niveles de actividad son necesarios para
la diferenciacion celular (Galinha et al., 2007)— se ve alterada en raices xall, en donde se observa una menor
expresion y una distribucién espacial mas restringida del reportero PLT1::GUS (ver: Garcia-Cruz et al., 2016,
Apéndice 2).

El tamafio del RAM y el DP a los 7 y 9 dps permanecieron sin cambios significativos en raices xall, mientras
que en raices wt se pudo observar un crecimiento, en tamaifio y nimero de células en el DP, en el mismo periodo
(Pacheco-Escobedo et al., 2016). La velocidad de crecimiento de las raices esta correlacionada positivamente con
el nimero de células proliferativas, por lo que un incremento en la velocidad de crecimiento sugiere un crecimiento
del DP (Beemster y Baskin, 1998). Tanto las mediciones del tamafio del DP a los 7 y 9 dps como una aceleracién
casi de cero desde la germinacion hasta el décimo dps, sugieren que en las raices xall el DP tiene un crecimiento
practicamente constante durante los primeros dias de desarrollo, en contraste con las raices wt en donde el DP
aumenta de tamafio (Pacheco-Escobedo et al., 2016). Este dato indica que XAL1I es necesario para el crecimiento
del DP durante los primeros dias de desarrollo. Si consideramos que el tamafio del DP depende de un balance
entre la tasa de produccién celular y la tasa de transicion de las células a la ZA, tenemos que en las raices xall-2
estas dos tasas tienen valores muy similares, mientras que en las raices wt la tasa de proliferaciéon es mayor que la
tasa de transicién a la ZA.

En lineas de sobrexpresiéon de XAL1 se observa que la ZD comienza a una mayor distancia del CQ que en las

raices wt (ver: Garcia-Cruz et al., 2016, Apéndice 2). Por lo tanto, el tamafio de la zona de crecimiento y la
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actividad de XAL1 estan correlacionados positivamente. La actividad de XAL1 parece determinar la relacién entre
la proliferaciéon y la diferenciacion celular (Garcia-Cruz et al., 2016; Pacheco-Escobedo et al., 2016); a niveles muy
bajos de actividad de XAL1, proliferacién y diferenciacién ocurren en niveles muy similares (como lo muestra el
tamario constante del DP en raices xall); mientras que a mayor actividad de XAL1 hay una mayor proliferacion
en relacién a la diferenciacion celular como lo sugiere la mayor zona de crecimiento de las lineas de sobrexpresion
de XAL1 (Garcia-Cruz et al., 2016).

El crecimiento a velocidad constante, que sugiere un DP que no aumenta de tamafio, no se observa en raices
de alelos de pérdida de funcién de XAL2 (datos no mostrados), y la expresiéon de PLT1 parece no alterarse a pesar
de que hay una fuerte alteracién en la distribucién de auxinas (ver: Garay-Arroyo et al., 2013, Apéndice 1 ). Es
necesario realizar estudios cuantitativos a través de modelos MCE de lineas de ganancia y pérdida de funcién de
XAL2 para analizar la funcién de este gen en la regulacién del tamafio del RAM y el DP en el tiempo. El hecho
de que la distribucién de PLT1 se altera en raices xall, hace de este gen un candidato interesante para estudios
posteriores enfocados a determinar cémo XAL1 participa en la regulacion del balance proliferacién/diferenciacion
celular. Es necesario determinar si XAL1 es un regulador transcripcional directo de PLT1 y cémo se afecta la
distribucién de auxinas en lineas de pérdida y ganancia de funcién de XALI. Es muy probable que el efecto
que ejerce XAL1 sobre el balance proliferacién/diferenciacién celular tenga que ver con el establecimiento de los
distintos gradientes morfogenéticos que se dan en el eje longitudinal de la raiz.

Por otro lado se determind, a través de diferentes estrategias, que XAL1 tiene un papel funcional en la regulacién
del ciclo celular. Previamente, Tapia-Lépez et al. (2008) mostraron que el ciclo celular en el alelo de pérdida de
funcién xall es de una duracién mayor respecto a las raices wt. Apenas se empiezan a descubrir los mecanismos
a través de los cuales XAL1 participa en la regulacién del ciclo celular. Por un lado, componentes del ciclo celular
como CYCD3;1, CYCA2;3, CDKB1;1 y CDTl1a tienen una expresion a nivel transcripcional menor en relacién a
las raices wt (ver: Garcia-Cruz et al., 2016, Apéndice 2). Ademas, utilizando una variante de los modelos MCE
se encontré que el tamafios critico de division (LCritD) es mayor en raices xall (Pacheco-Escobedo et al., 2016).
Adn queda por determinar si la regulacién transcripcional de los componentes del ciclo celular por XAL1 es directa
o no. jEs la alteracién de la duracién del ciclo celular observada en raices xall producto de una regulacién directa
de XAL1 sobre los componentes del ciclo celular o sobre los mecanismos, atn desconocidos, que determinan el
LCritD? En el mismo sentido, serd importante utilizar la herramienta que proporcionan los modelos MCE para
calcular el LCritD, para estudiar distintos fondos genéticos con alteraciones en la duracién del ciclo celular para
poder determinar si estd alterado o no el LCritD. La respuesta a estas preguntas son de gran importancia y nos
aportaran informacién acerca de la regulacién del inicio de la divisién celular en general, particularmente el papel
que juega el LCritD, tal como lo han planteado para diferentes sistemas diversos autores (lvanov, 1971; Dobrochaev

y Ivanov, 2001; Dolznig et al., 2004; Yang et al., 2006; Turner et al., 2012; Robert et al., 2014). Es interesante



DISCUSION 42

que el tamafio critico del inicio del alargamiento rapido (LCritA) también es mayor en raices xall en comparacién
con las raices wt. Es curioso observar que a pesar de que las células inician el alargamiento rapido con un mayor
tamario en las raices xall, el tamafio de las células completamente diferenciadas es menor que en las raices wt.
Esto se puede deber a que la tasa de alargamiento en la ZA es menor en raices xall que en raices wt, al tiempo en
que las células permanecen en la ZA y por lo tanto en alargamiento rapido o a una combinacién de la velocidad y
tiempo del alargamiento rapido.

Finalmente es importante recordar que los factores de dominio MADS forman complejos proteicos de orden
superior, en donde se unen tanto a otras proteinas MADS como a proteinas de otras familias. Es necesario continuar
en esta area de investigacion para poder determinar la estructura y funcionamiento de estos complejos proteicos.
La caracterizacién de estos complejos no solo es necesaria para comprender la funcién de las proteinas MADS en
la regulacion del balance proliferacion/diferenciacién, sino que seran esenciales para entender cémo participan en
la regulacién transcripcional en general, principalmente a nivel de la topologia de la cromatina y dindmica nuclear.
La identificacion de genes que son regulados transcripcionalmente por XAL1 y XAL2 (Garay-Arroyo et al., 2013;
Garcia-Cruz et al., 2016), permitiran en un futuro poder identificar a otros miembros de los complejos proteicos
que forman estas dos proteinas MADS. El conocer la conformacién de estos complejos quizas ayude a entender
por qué en el caso de XALI y XAL2 no se observa la redundancia funcional presente en otros genes MADS-box

en la raiz.

La zona de crecimiento de la raiz de Arabidopsis esta compuesta de
tres regiones discretas

A través de los modelos MCE vy el criterio de informacién bayesiana (BIC) se encontré que en la mayor parte de
los perfiles de longitudes celulares los modelos poligonales méas parsimoniosos son aquellos que poseen dos puntos
de rompimiento o transiciones (Pacheco-Escobedo et al., 2016). Lo anterior tiene como consecuencia que la zona
de crecimiento de la raiz estd compuesta de tres zonas discretas, en relacién a la longitud celular, que coinciden
con las regiones longitudinales consideradas por lvanov y Dubrovsky (2013): El dominio de proliferaciéon (DP), el
dominio de transicién (DT) y la zona de alargamiento (ZA). Es importante destacar que en aquellos perfiles en los
que segin el BIC el modelo mas parsimonioso era aquel con una sola transicién (RAM/ZA), no significa que no
se hayan detectado otras transiciones; simplemente que el modelo con una transicién fue mas parsimonioso que
aquel modelo con dos transiciones.

i Qué representa esta segunda transicién detectada por los modelos MCE? Este segundo punto de rompimiento o

transicién siempre se ubicé entre el CQ y la transicion RAM/ZA, es decir, es una transicién que se encuentra dentro
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del RAM. Mediante el anélisis de la distribucién de las lineas reporteras CycB1;1DB:GFP y pCCS52A1:GUS se
determiné que esta transicion detectada por los modelos coincide con un cambio en el comportamiento proliferativo
de las células. Por un lado, la expresién de CycB1;1DB:GFP, que es un marcador de la transicion G2/M del ciclo
celular, se observa en la mayor parte de los casos en una posicion distal con respecto a la transiciéon detectada
por el modelo (Pacheco-Escobedo et al., 2016), lo que significa que esta transicién coincide o es muy cercana con
el limite proximal de la regién en que las células mantienen un estado proliferativo.. Previamente, Hayashi et al.
(2013) demostraron que el establecimiento del ciclo endorreduplicativo se establece antes de que se puedan detectar
cambios en la tasa de alargamiento celular. El producto del gen CELL CYCLE SWITCH52A1 (CCS52A1) promueve
el establecimiento del ciclo endorreduplicativo y la expresiéon de este gen tiene una correlacion con la transicion
de proliferacién a endorreduplicacién (Vanstraelen et al., 2009). Asi, la expresion del reportero pCCS52A1:GUS se
podra detectar en el DT y la ZA pero no en el DP (Vanstraelen et al., 2009; Takahashi et al., 2013). A través
de los modelos MCE se calcularon los intervalos de confianza (a= 0.05) de la posicién de la altima célula del
DP. En el 70% de los casos analizados (siete de diez raices) esta posicion se encontré cerca del limite distal
de la regidn que expresa el reportero pCCS52A1:GUS; mientras que en el 30 % restante de las raices analizadas
el limite calculado se encontré claramente en una posicion mas distal que el limite de la regién que expresa el
pCCS52A1:GUS. Esto significa en conjunto que esta segunda transicién detectada coincide con el establecimiento
del ciclo endorreduplicativo de las células y el cese de la proliferacion celular.

El DT se puede definir como la regién del RAM donde la probabilidad de divisién celular es muy baja y en
donde las células no presentan un cambio dréastico en la velocidad de alargamiento (Ilvanov y Dubrovsky, 2013). La
segunda transicion detectada por los modelos MCE coincide con un cambio en el estado proliferativo de las células
dentro del RAM, previamente van der Weele et al. (2003) demostraron que la misma velocidad de alargamiento
se registra desde la punta de la raiz hasta el inicio de la zona de alargamiento rapido o transicion RAM/ZA; por
lo tanto se puede concluir que este limite detectado es la transicion DP/DT. Lo anterior implica que cuando se
utilicen modelos MCE para la zona de crecimiento de |a raiz se deben elegir aquellos con dos transiciones o puntos
de rompimiento, aunque en algunas ocasiones no sean los mas parsimoniosos segiin el BIC.

Los modelos MCE permiten determinar la posicién de las diferentes transiciones con resultados relativamente
confiables. Al comparar los resultados de la determinacién de la posicién de la transicion DP/DT obtenida a
partir de modelos MCE vy la realizada por un investigador con experiencia en el método que analiza cambios en la
longitud promedio de las células —basado principalmente en la relacién entre las distancias de los niicleos de células
contiguas y el didmetro de los nacleos (Rost y Baum, 1988; Dubrovsky et al., 1998a; Garay-Arroyo et al., 2013)—,
no se encontraron diferencias significativas (Pacheco-Escobedo et al., 2016). Esto significa que los modelos MCE
son una alternativa objetiva y que necesita de poco entrenamiento para determinar la posicién de las transiciones

longitudinales de la raiz de Arabidopsis y asi obtener datos como el tamafio y niamero de células del DP, DT y ZA;
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Cuadro 1: Coeficientes de determinacién de cada una de las regiones longitudinales de raices wt y xall-2 a los
siete y nueve dps (n = 20).

wt 7dps wt 9 dps xall-2 7 dps xall-2 9 dps
media (d.t) 95% I.C  media (d.t) 95% I.C  media (d.t) 95% I.C  media (d.t) 95% I.C
RZDP 0.3(0.2) 0.21, 0.38 0.2 (0.1) 0.13,0.22 0.3(0.2) 0.15,0.38 0.3 (0.2) 0.26, 0.4
R2DT 0.7 (0.2) 0.66, 0.83 0.7 (0.2) 0.64, 0.79 0.8 (0.2) 0.66, 0.88 0.8 (0.2) 0.75, 0.91
RZZA 0.9 (0.1) 0.79, 0.92 0.8 (0.1) 0.73,0.86 0.7 (0.3) 06,09 0.8 (0.2) 0.76, 0.95

los tamafios criticos de divisién y transicién al alargamiento rapido (LcritD y LcritA); y la derivada de la longitud
celular en funcién de la posicion (DLP) (Green, 1976) para cada regién, que corresponde a la pendiente de la
ecuacién lineal que modela una regién longitudinal.

Una vez determinadas las posiciones de las transiciones DP/DT y RAM/ZA es posible analizar el comportamien-
to de las células en cada region. El anélisis de residuales (datos no mostrados) y los coeficientes de determinacion
de cada una de las zonas de las raices estudiadas indica que el DT y la ZA efectivamente tienen un comportamiento
lineal, sin embargo el DP no tiene un comportamiento lineal (Cuadro 1). Lo anterior concuerda con lo observado
previamente en maiz, en donde la media de la longitud de las células en divisién decrece primero de la parte distal
del DP a la parte media, y se incrementa después de la parte media a la parte basal del DP (Dobrochaev y Ivanov,
2001). Estos cambios se deben a que disminuye la proporcién de células de menor longitud en division al principio
y al final del DP, lo cual afecta el valor de la media, pero no implica un cambio en el tamafio critico de division,
ya que los limites de variacién del tamafio de las células en divisién no cambian (Dobrochaev y lvanov, 2001).
Ademas hay que considerar que las células iniciales son por lo general mas largas que las células de cortex, y que

en los perfiles analizados se incluyen estas células iniciales.

El céalculo del Lcrtip por medio de los modelos MCE de perfiles de células ordenados permite establecer
diferencias importantes entre el DP y el DT. Dentro del DP es muy raro encontrar células con una longitud mayor
al LcrtiD, mientras que en el DT la mayor parte de las células son mayores al LcrtiD. Esto se debe a que en el DP
si una célula alcanza el Lc¢riiD, se divide. Por lo tanto, en el DP practicamente la totalidad de las células estan
en estado proliferativo. En cambio, en el DT donde la probabilidad de divisién celular es muy baja es frecuente
encontrar células mayores al LCrtiD. Lo anterior se mantuvo tanto en raices wt y xallI-2 a pesar del cambio en
el LcrtiD observado, lo que pone de manifiesto que esta longitud critica si estd relacionada con cambios en el
comportamiento de las células. La estrategia presentada en este trabajo representa una herramienta muy atil que
permitird incluir datos acerca del LcrtiD en futuros estudios en raiz (en la actualidad es un dato que casi o0 nunca
se reporta) que podran aportar mayor informacién importante acerca de este parametro y su importancia en el

desarrollo de la raiz y el control en el inicio de la mitosis en general.
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La existencia del DT se demuestra en este trabajo a través de los modelos MCE, los cuales son capaces de
calcular la posiciéon de sus limites, y por lo tanto determinar su tamafio. Al analizar el tamaifio del DT en raices
de diferentes condiciones experimentales (raices wt y xall-2, siete y nueve dps, ecotipo Col-0; raices wt, 15 dias
posteriores a la germinacién, ecotipo C24) la media se mantuvo sin cambios significativos (ver: Pacheco-Escobedo
et al. 2016 y Apéndice 5), a pesar de los cambios observados en el tamafio del DP y en el LcrtiD. Lo que sugiere
que el tamafio del DT es un pardmetro robusto que se mantiene relativamente constante a pesar de que se hayan
alterado diversos aspectos del crecimiento de las raices. El DT practicamente no se ha considerado en ningiin
estudio previo, sin embargo, dada la evidencia que se presenta en esta tesis, serd importante que en el futuro
se incluya informacién acerca de esta regiéon como parte de la caracterizacién del RAM en diferentes condiciones
experimentales, esto nos permitird saber qué condiciones pueden alterar su tamafio, o las razones que lo hacen
tan robusto.

La utilizaciéon de modelos MCE para el anélisis del patrén de regionalizacién longitudinal de la raiz tiene
un gran potencial, no solo como herramienta en la caracterizaciéon morfolégica de la zona de crecimiento, sino
por las preguntas que se plantean a partir de su utilizacién en la identificaciéon y delimitacion de las distintas
regiones longitudinales de la raiz. El patrén de regionalizacién longitudinal que se observa en la raiz de Arabidopsis
conformado por DP, DT, ZA y zona de diferenciacién, jesta conservado en las raices de otras especies? j Cémo
es la regulacién del tamafio del DT? ; Qué funciones fisiolégicas tiene el DT? jQué caracteristicas fisioldgicas y
genético-moleculares tienen las células que pertenecen al DT? Al considerar la existencia del DT se abre todo un
conjunto de preguntas acerca de esta regién.

A partir de la modelacién de los perfiles de longitud celular la caracterizaciéon morfolégica de la zona de
crecimiento activo de la raiz no se limitara, como en la mayor parte de las publicaciones a reportar el nimero
de células meristematicas o tamafio del RAM, sino que pueden incluir informacién acerca de las tres regiones
y los tamafios criticos de division e inicio del alargamiento rapido. Si estos parametros se analizan en series de
tiempo la informacién que se puede obtener de raices en diferentes condiciones experimentales aumenta de manera
considerable. Asi, los modelos MCE son una herramienta que puede tener un impacto considerable en futuros
estudios acerca del crecimiento de la raiz que es, ademas, relativamente facil de aplicar ya sea con los paquetes
existentes en R u otros programas estadisticos o como los cédigos presentados en los Apéndices 3 y 4 y el sitio
web: www.ibiologia.com.mx/MSC _analysis.

A futuro, sera necesario realizar modelos de la dindmica de la zona de crecimiento de la raiz «in vivoy a través
de técnicas tipo time lapse y las diversas técnicas cinematicas que se han desarrollado para la raiz anteriormente,
pero tomando en cuenta la existencia del DT. Finalmente, lograr la integracién de la dindmica celular con la
dindmica de las redes de regulacion genética y su interaccién con el ambiente nos permitira tener una visién mas

realista e integral del desarrollo de la raiz y asi poder explotar todo su potencial como sistema modelo.



Conclusiones

s Los modelos de multiple cambio estructural (MCE) junto con el criterio de informacion Bayesiana (BIC)
identifican tres regiones discretas en la regién de crecimiento: El dominio de proliferaciéon (DP), el dominio

de transicién (DT) y la zona de alargamiento (ZA).

= La posicion de la transicion DP/DT determinada por los modelos MCE corresponde con la distribucién de la
expresion de los marcadores moleculares CycB1;1DB:GFP y pCCS552A1:GUS , los cuales indican cambios en
el comportamiento proliferativo de las células. Por lo tanto, la transicién DP/DT detectada por los modelos

coincide con cambios fisiol6gicos y no es un artefacto.

s Los modelos MCE se pueden usar para determinar el tamaiio de las distintas regiones longitudinales de la

raiz (DP, DT, RAM, ZA) de manera objetiva y sin la necesidad de adquirir experiencia previa.
s XAL1 es necesario para el crecimiento del DP durante los primeros dias de desarrollo.

» La pérdida de funcién de XALI altera los tamafios criticos de divisién (LCrtiD) e inicio del alargamiento

rapido (LCritE).
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Apéndice 1. El factor transcripcional
MADS XAL2/AGL14 modula el
transporte de auxinas a través de la
regulacién transcripcional de los

transportadores PIN
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The MADS transcription factor XAL2/AGL14
modulates auxin transport during Arabidopsis
root development by regulating PIN expression
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Elucidating molecular links between cell-fate regulatory
networks and dynamic patterning modules is a key for
understanding development. Auxin is important for plant
patterning, particularly in roots, where it establishes posi-
tional information for cell-fate decisions. PIN genes encode
plasma membrane proteins that serve as auxin efflux
transporters; mutations in members of this gene family
exhibit smaller roots with altered root meristems and
stem-cell patterning. Direct regulators of PIN transcription
have remained elusive. Here, we establish that a MADS-
box gene (XAANTAL2, XAL2/AGL14) controls auxin trans-
port via PIN transcriptional regulation during Arabidopsis
root development; mutations in this gene exhibit altered
stem-cell patterning, root meristem size, and root growth.
XAL2 is necessary for normal shootward and rootward
auxin transport, as well as for maintaining normal auxin
distribution within the root. Furthermore, this MADS-do-
main transcription factor upregulates PIN1 and PIN4 by
direct binding to regulatory regions and it is required for
PIN4-dependent auxin response. In turn, XAL2 expression
is regulated by auxin levels thus establishing a positive
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feedback loop between auxin levels and PIN regulation that
is likely to be important for robust root patterning.
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Introduction

Plant and animal development is guided by transcriptional
networks that control cell-fate decisions in conjunction with
dynamic patterning modules, such as those that regulate the
differential distribution (gradients) of hormones (Davidson
and Erwin, 2006; Newman et al, 2009). Establishing the
molecular links between such networks and hormone or
nutrient distribution is a key for understanding cell
patterning. Our current comprehension of how these two
types of processes are linked spatially and temporally in vivo
is limited (Newman et al, 2009).

The root of Arabidopsis thaliana has become an exemplar
for in vivo studies of molecular developmental mechanisms,
particularly of the molecular basis of stem-cell niche pattern-
ing and dynamics (van den Berg et al, 1997; Aida et al, 2004;
Sarkar et al, 2007; Fulcher and Sablowski, 2009). The root
stem-cell niche is a part of the cell proliferation domain
(Ivanov and Dubrovsky, 2013) and, like that of other
multicellular organisms, has in the centre an organizer,
called the Quiescent Centre (QC) in roots. Tissue-specific
progenitor cells, multipotent stem cells or initial cells,
surround the QC. The derivatives of the initial cells exhibit
a brief period of rapid cell proliferation shootward of the root
apical region. After 4-6 rounds of division, cells begin
elongation and ultimately differentiation (Dolan et al, 1993;
van den Berg et al, 1998).

Expression of GRAS family SCARECROW and SHORTROOT
(SCR/SHR) and AP2 family PLETHORA (PLT) transcription
factors is necessary for the formation and maintenance of the
stem-cell niche in Arabidopsis roots (Sabatini et al, 1999,
2003; Helariutta et al, 2000; Aida et al, 2004). Auxins are
fundamental plant hormones in embryonic development
(Moller and Weijers, 2009), organogenesis (Vanneste and
Friml, 2009), and root cell patterning (Friml et al, 2003).
An auxin gradient with a maximum level at the QC is
required for correct specification of the stem-cell niche.
Moreover, the cellular levels of auxin define root cell fate:
intermediate auxin concentrations are found in the cell
proliferation zone and low auxin levels characterize the
zones of elongation and differentiation along the root
longitudinal axis (Burstrom, 1957; Friml and Palme, 2002;
Petersson et al, 2009; Jurado et al, 2010). Directional auxin
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transport between cells, partially mediated by PIN auxin-
efflux carriers, is crucial for generating these auxin gradients
(Blilou et al, 2005; Vieten et al, 2005; Wisniewska et al,
2006). Differential PIN expression has been explored
extensively (Aida et al, 2004; Vieten et al, 2005; Ruzicka
et al, 2009), but little is known about the factors that directly
regulate PIN gene transcription or PIN expression in response
to auxins, as well as how this regulation impacts PIN-
dependent developmental processes.

Initial studies suggested that the PLT and SHR/SCR genes
constituted the main components of root stem-cell niche
patterning; based on the recent gene discoveries and a new
gene regulatory network (GRN) model it is hypothesized that
additional components remain undiscovered (Sarkar et al,
2007; Welch et al, 2007; Azpeitia et al, 2010). Plant MADS-box
genes have been extensively characterized as regulators of
reproductive development, flower transition, and organ
identity (Coen and Meyerowitz, 1991; Alvarez-Buylla et al,
2000a; Alvarez-Buylla et al, 2000b; Burgeff et al, 2002), and
recent studies suggest that auxin-regulated MADS-box genes,
such as XAANTALI/AGL12 (XAANTAL is the Mayan word for
‘go slower’ in recognition of the retarded root growth
phenotypes of xaantal mutants), also regulate root
development (Gan et al, 2005; Tapia-Lopez et al, 2008). We
report here that the Arabidopsis MADS-box gene, AGLI14/
XAANTAL2, closely related to the flowering gene,
SUPPRESOR OF OVEREXPRESSION OF CONSTANSI1 (SOCI)
(Martinez-Castilla and Alvarez-Buylla, 2003) is required for
root stem-cell niche and meristem patterning. Furthermore,
AGL14/XAL2 regulates auxin transport and gradients in the
root via direct regulation of PIN transcription.

Results

XAANTALZ2 (XAL2/AGL14) controls root stem-cell niche
delimitation and cell proliferation

We sought to test the role of MADS-box gene XALZ in
Arabidopsis root development. We obtained lines with loss-
of-function mutations in XAL2, a type Il MADS-box gene that
belongs to the SOCI clade (Figure 1A) and is highly expressed
in roots (Figure 1B). ‘In situ’ data of RNA expression derived
from both ‘in situ’ PCR and dig-labelled ‘in situ’ experiments
demonstrated that mRNA is found in lateral root cap, epi-
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dermis, endodermis, and columella of the root meristematic
region, as well as in the vascular cylinder in differentiated
zones of the primary root and in emerged lateral root
primordia (Figures 1C-H; Supplementary Figures S1B-H
and S2). In addition, we generated a 1-kb XALZ2 promoter
that also recovers the expression of the gene promoter in the
vascular tissue and in the lateral roots. This line recovers only
a scanty and light expression in the root meristematic tissues
after a few hours of GUS staining, maybe because the
cloned promoter fraction misses some important enhancer
sequences. This genetic marker is strongly expressed in the
root meristem only after several days of staining (data not
shown). Nonetheless, both this and the ‘in situ’ data show
clear and strong expression of XALZ2 in the central cylinder
and the emerging lateral roots. These data parallel the reports
by Birnbaum et al (2003) and Nawy et al (2005) for XALZ2;
who report expression in the meristematic tissues as our
‘in situ’ assays, and in the QC (see Supplementary Figure
S1A). We isolated two loss-of-function alleles for this XAL2
(called hereafter xaantal2-1 and xaantal2-2). Both mutants
develop shorter wild-type roots in the Columbia background,
similar in length to XALI mutants (Figure 11; Tapia-Lopez
et al, 2008). The xal2-2 allele exhibited the most pronounced
retarded root growth and altered cellular structure at the
stem-cell niche, and concordantly lacked detectable levels
of XAL2 mRNA, whereas the xal2-1 allele exhibited
intermediate phenotypes between wild type and xal2-2, and
exhibited residual XAL2 expression (Figures 11-K). The root
growth and stem-cell niche phenotypes, as well as the
correlated levels of expression of XAL2 in these two inde-
pendent alleles demonstrate that the observed phenotype can
be attributed to the loss of XAL2 function (Figure 2A). For the
rest of the functional analyses, we therefore focused on the
strong allele xal2-2.

Quantitative growth analyses of xal2-2 roots (Table I)
showed that the mutant displays a significantly lower number
of meristematic cells and lower rate of cell production, fewer
cells in the elongation zone and shorter fully elongated
cells compared with wild-type roots (Figures 2B-D; Table I)
and the xal2-2 line exhibits normal cell-cycle duration and
pCYCBI;1pg::GUS expression (Supplementary Figures S3A
and B). Consequently, decreased root growth in plants
with this strong loss-of-function xal2-2 allele results from

Table I Quantitative cellular analysis of root development for wild-type and xal2-2 seedlings (7 d.p.s.)

Root growth rate Proliferation domain

Cortical cell number

Cortical cell length Combined length of the transition

(umh—1 (PD) length (pum) within PD within PD (um) domain and the elongation zone (um)
* %k k %k %k ok * * %k %k ok * 3k
WT 265t 11 173+12 33.3t2.14 5.2+0.1 510+ 32
xal2-2 1633 142+5 26.51+1.43 54+0.1 385+22
Length of the growing Length of completely Cell-cycle Cell production Cortical cell number
part of the root (um) elongated cortical cells (um) duration (h) rate (1/h) in the elongation zone
* 3k k %k kK %k ok ok 3 ok %k %k ok * %k
WT 683 £ 32 156+ 6 12.3+0.7 19+0.1 20.1+£1.0
xal2-2 528 +22 113+4 12.7£1.03 1.5+0.6 16.5+1.12

Average (marked with bold letters) +s.d. with «<0.1, 2<0.05, <0.02, <0.005, 2 <0.002, and «<0.001 indicated as *, **, ***, ****,

raakk and ****** ) respectively; n=30.
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Figure 1 XAL2, a MADS-box gene, is highly expressed in roots and affects root growth. (A) Bayesian reconstruction of the phylogenetic
relationships among selected type II A. thaliana MADS-box genes, with XALZ2 position indicated by an arrow. (B) RT-PCR used to visualize
XAL2 expression in different tissues from 7 days post sowing (d.p.s.) in wild-type. Ubiquitin (UBI) was used as an internal control. (C-H)
Whole-mount ‘in situ’ RT-PCR hybridization (see Materials and methods for details of procedures used) of XAL2 in columella cells and lateral
root cap (C), in the vascular bundle in differentiated cells (E) and in the primordia of lateral roots (G). (D, F, and H) Negative sense controls
(Bar=50um). (I) XAL2 gene structure schematic model with the sites of transposon insertions. Squares correspond to exons while lines
represent introns. Root length phenotypes of seedlings at 7 d.p.s. of Col-0 wild type, xal2-1, and xal2-2 (n = 60). Tubulin (TUB) was used as an
internal control. (J) RT-PCR of XAL2 at 7 d.p.s. in wild type, xal2-1, and xal2-2. (K) Root growth curves of wild-type, xal2-1, and xal2-2 plants
grown in medium supplemented with 2% sucrose for 10 days (n=30). Average and s.d. are shown.

a combination of decreased cell production and shorter
cell length in the differentiation zone. The diminished size
of the completely elongated cells observed in xal2-2 accounts
for up to 86% of the decrease in root length in the mutant,
while only 14% of such length decrease could be attributed
to changes in a number of cells in the root apical meristem
(RAM) proliferation domain (Table I). In addition, we
documented that the diameter of the stele (provascular
tissues) of wild-type plants is not larger (see Supplementary
Figures S4A-E), in the root meristem compared to that
of xal2-2 plants. In wild type, a greater number of pericycle
cells are present in the transverse plane of the wild-type
roots in comparison to the mutant ones (14.8 cells in wild
type and 12.0 cells in xal2-2, Supplementary Figures S4C, D,
and F). It is important to note, that wild-type and xal2-2
mutant lines had roots and steles with the same width
also in the differentiation zone (see Supplementary
Figure S4G). We can conclude that xal2-2 loss-of-function
mutation significantly affects the proliferation of the pericycle

2886 The EMBO Journal VOL 32 | NO 2112013

cells, particularly the radial anticlinal divisions at the fifth
cortical cell.

To determine whether XAL2 is necessary for QC identity
and stem-cell niche patterning, we analysed whole mount
optical and thin plastic sections of roots for each allele. We
identified an altered stem-cell niche phenotype characterized
by altered shapes and distributions of the QC, initial, and
columella cells. XAL2 does not seem to be necessary for QC
identity, as WOXS, SCR, and PLT1 (COL148 (plt1-1-GUS); Aida
et al, 2004) were properly expressed in the xal2-2 mutants
(Supplementary Figure S5) and xal2-2 roots continued
growth until day 10, although at a lower rate than wild-type
roots (Figure 1K). The domains of expression of the
QC-specific markers QC25 and QC46 were abnormally expanded
in xal2-2 mutants towards the columella cells and provascular
initials, respectively (Figure 3A; Supplementary Figure S5),
suggesting that XAL2 is necessary for restriction of the QC to
its normal spatial domain. Expression of the columella initial
marker J2341 was expanded as well in 25% of the xal2-2

©2013 European Molecular Biology Organization
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Figure 2 XAL2 controls meristem size and patterning of the root apical meristem. (A) Organization of the quiescent center and initial cells in
the stem-cell niche from representative phenotypes for wild-type and XAL2 mutants in longitudinal root sections (100%; n=30) (Bar =50 um).
(B) Meristem length of wild-type and xal2-2 plants at 7 d.p.s.; the white line indicates the size of the meristematic region (Bar = 50 um). (C) Cell
length of fully elongated cells (see red arrowheads) at 7d.p.s. (n=30) in cleared roots observed with Nomarski optics (Bar =50 um). (D) Cell
production rate and length of completely elongated cortical differentiated cells; quantifications are described in detail in Materials and
methods. All data were analysed with the JMP 5.1.1 version statistical package. Measurements were obtained directly by measuring 10 cortical
cells from 10 plants. Average and s.d. are shown. (E) Nomarski photographs of wild-type and xal2-2 plants. The position of the QC is indicated
(see white arrowhead) and white arrows indicate position of columella initial tiers. Lugol staining marks starch granules observed in mature
wild-type and xal2-2 columella-differentiated cells (Bar = 50 um). (F) Percentage of one or two tiers of columella initials (CI) in wild-type plants

and xal2-2 mutants (n= 56 for wild type; n= 69 for xal2-2).

mutant roots (Figure 3A), and in these plants a super-
numerary columella layer lacking starch granules was
observed (Figures 2E and F); the rest of the mutant roots
did not show this phenotype. We interpret this as indicating a
delayed transition to columellar cell differentiation. The
above results suggest that XAL2 seems to be required for
normal spatial organization and patterning of the root stem-
cell niche, as well as for maintaining meristem homeostasis.

©2013 European Molecular Biology Organization

XAL2 controls auxin transport and concentration

Auxin is required for normal cell proliferation and elongation:
intermediate auxin levels are associated with highest cell
proliferation, while lower levels with cell elongation and
differentiation along the root (Burstrom, 1957; Grieneisen
et al, 2007; Jurado et al, 2010). Given the growth defects of
xal2-2 mutant roots, we hypothesized that XAL2 could be
important for maintaining auxin gradients along the root

The EMBO Journal VOL 32 | NO 21 | 2013 2887
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Figure 3 XAL2 is necessary to restrict QC and auxin distribution to its normal spatial domain in Arabidopsis root tip. (A) Two different
markers in wild-type and xal2-2 mutant plants: QC46 expression (95%; n=50) and specific enhancer trap J2341 expression (25%; n=30). In
the latter marker, two tiers of columella initials were observed in xal2-2 (white arrows) and the position of the QC is indicated (white
arrowhead). For this line, red signal is emitted by propidium iodide that was used as a counterstain. 7 d.p.s. plants were used for the experiment
with QC46 transgenic lines and 5d.p.s. plants for the J2341 marker (Bar=50um). (B) pDRS-GUS (90%; n = 80) expression of wild-type and
mutant xal2-2 plants with or without an auxin treatment (IAA 1 uM, 4 h) (Bar =50 um). (C) Quantification of free IAA levels in the root of wild-
type and xal2-2 plants (P<0.01, n=50). (D) Direct measurements of *H-IAA transport in shootward transport capacity from the root apex to
the first 2 mm section (P=0.052, n = 10). (E) Direct measurements of *H-IAA transport in rootward transport capacity in the hypocotyl to root-
shoot transition zone (P<0.001, n=10). In (C-E), bars represent standard errors (s.e.) and the * indicates significant differences (P<0.01,

n=>50).

longitudinal axis. Visualization of the auxin-responsive DRS
promoter (Sabatini et al, 1999; Friml et al, 2003) reporter
suggests that auxin levels or responses are elevated in the QC,
provascular initials, and columella cells of xal2-2 mutants
compared with normal siblings (Figure 3B). Moreover, exo-
geneous indole acetic acid (IAA) treatment of xal2-2 roots
resulted in increased pDRS:GUS expression throughout the
root (Figure 3B; Supplementary Figure S6A) compared with
wild-type treated roots. We performed several experiments to
distinguish whether these effects reflected alterations in
downstream signalling, free auxin levels, or auxin transport.
First, we tested several auxin responsive markers in the wild-
type and xal2-2 plants with or without auxin treatment and
found that all these markers were similarly induced by auxin
treatment in both genotypes (Supplementary Figure S6B),
implying that auxin response is not altered in the mutant.
Next, direct quantification of free IAA levels in xal2-2
seedlings confirmed that auxin levels are significantly in-
creased in the xal2-2 root compared with wild type
(Figure 3C). A reduction in rootward SH-IAA transport,
similar to levels seen in pinl mutants (Blakeslee et al,
2007), was also observed (Figure 3E). Diminished shootward
transport from the root apex (Figure 3D) is consistent with
the increased pDR5::GUS signal observed in xal2-2. These
results indicated that XAL2 is a positive regulator of auxin
transport towards and within the root. We then addressed

2888 The EMBO Journal VOL 32 | NO 21 ] 2013

whether such alterations were a consequence, at least in part,
of the misregulation of the transcription of PIN auxin trans-
porters, in the xal2-2 background.

XAL2 regulates the transcript accumulation of several
PIN genes
Despite functional redundancy, each PIN protein has been
implicated in particular developmental processes (Galweiler
et al, 1998; Luschnig et al, 1998; Friml et al, 2002a, b, 2003;
Mravec et al, 2009). For example, PIN4 has been associated
with root meristem activity and patterning (Friml et al,
2002b). Interestingly, roots with pin4 loss-of-function alleles
are strikingly similar to xal2-2 roots, with altered stem-cell
niches, two files of columella initials, expanded expression
domains of QC markers, and altered auxin gradients (Friml
et al, 2002b). Hence, we addressed whether XAL2 is involved
in regulation of PIN4 expression. We crossed xal2-2 with a
PPIN4:GUS line to assay an impact on RNA accumulation and
a pPIN4:PIN4-GFP translational fusion line. The progeny of
these crosses displayed clearly diminished GUS and GFP
signals, respectively (Figures 4A and B). Consistent with
this result, PIN4 transcript abundance in response to auxin
was also decreased by this visual assay in xal2-2 mutants
compared to wild type (Figures 4A and D).

Lower expression of PIN4 in xal2-2 mutants is insufficient
to explain the shorter roots and the rootward and shootward

©2013 European Molecular Biology Organization



auxin transport alterations observed in this mutant. Hence,
we decided to analyse the expression of other PIN genes.
xal2-2 exhibits similar root growth alterations observed in
double and triple pin mutants (Blilou et al, 2005). PINI is
preferentially expressed in the stele and is fundamental for
rootward auxin transport (Blilou et al, 2005; Vieten et al,
2005; Blakeslee et al, 2007); pPIN1:GFP signals in xal2-2 are
lower in comparison with the wild-type roots (Figures 4C and
D; Supplementary Figure S7). To distinguish whether the
observed differences reflected anatomical differences in
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stele width between wild-type plants and the xal2-2 mutant,
transverse sections were analysed by light and confocal
microscopy. As can be seen in Supplementary Figures S4F
and G, there were no differences between these plants in
terms of width of the root and the stele in the differentiation
zone although we can see more rounded cortical cells in
some xal2-2 mutant roots (Supplementary Figure S4F). We
also observed that there were a significantly lower number of
pericycle cells at the level of the fifth cortical cell from the QC
in xal2-2 compared to wild-type plants (see Supplementary
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Figure 4 XAL2 upregulates PINI and PIN4 gene expression and controls PIN4 auxin response. (A) pPIN4-GUS (100%; n = 60) expression of
wild-type and mutant xal2-2 plants with or without an auxin treatment (IAA 1uM, 4h) (Bar=50pum). (B) pPIN4:PIN4-GFP (30%; n=65)
expression in wild-type and xal2-2 mutant plants. In these lines, confocal image of longitudinal optical sections of root meristem and red signal
is emitted by propidium iodide that was used as a counterstain (Bar = 50 um). (C) pPINI-GFP (50%: n = 80) expression in wild-type and xal2-2
mutant plants (Bar =50 pm). Quantification of the fluorescent signal of the pPINI-GFP reporter (shown above) for wild-type and xal2-2 plants
(n=57 for wild type and n=52 for xal2-2 plants) Average and s.d. are shown. (D) qRT-PCR analysis of PINI1, PIN2, PIN4, and ABCB19
normalized to actin expression in 5d.p.s. wild-type and xal2-2 plants. Bars represent standard deviation (s.d.). *Marks that the change is
significant at P<0.001 by Student’s t-test followed by Neuman Keuls post hoc ANOVA. (E) Co-localization of expression of PIN1, PIN4, and
XAL2 in different tissues of the root: pPINI-GFP, pPIN4-GUS, and p1kbXALZ2:XAL2-GUS.
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Figures S4A-E). Nonetheless, the magnitude of the difference
is insufficient to explain the decrease found in the expression
of PINI in xal2-2 mutant. Moreover, we did not find that
XAL2 regulates PIN7 expression despite the latter is expressed
also in the vascular tissue (see Supplementary Figure S8A)
but we found that PIN7 has two overlapping phenotypes (see
Supplementary Figure S8A); in one of them, the expression of
PIN7 was expanded to the xylem root axis in both wild-type
and xal2-2 plants, thus suggesting that the mutation in XAL2
is not the causal factor of such patterns. The decrease in PIN1
and PIN4 expression was further confirmed quantitatively by
gRT-PCR measurements. Confirming the qualitative assess-
ment with visual PIN reporter lines, transcripts of PINI and
PIN4 genes were reduced in xal2-2 compared with wild-type
plants (Figure 4D). As can be seen in Figure 4E, PIN1, PIN4,
and XALZ2 are strongly expressed and their expression over-
laps in the vascular tissue in the differentiation zone of the
root; PIN4 and XALZ2 expression also overlaps in the colu-
mella and the three genes seem to have coincident patterns of
expression in the root meristem (Blilou et al, 2005; Vieten
et al, 2005; Figures 1C and 4E). XAL2 is not a general
regulator of PIN genes, because we found that this MADS
transcription factor does not regulate PIN2 or PIN7
(Supplementary Figure S8). We conclude that XAL2 is a
positive regulator of the mRNA expression of PINI and
PIN4 in the root. It is important to note that xal2-2 loss-
of-function allele has several phenotypes that cannot be
explained by the loss of function of PINI and PIN4,
thus suggesting that XAL2 is a regulator of several
additional genes involved in the networks important for
root development.

XAL2 directly binds to PIN regulatory sequences
Both PINI and PIN4 have several MADS DNA binding motifs
(CArG boxes; Riechmann et al, 1996) in their regulatory
regions and hence we tested whether XAL2 is able to
directly bind to any of such CArG boxes. Chromatin
immunoprecipitation (ChIP) assays with 35S:GFP-XAL2
were performed (Supplementary Figure S9). Three CArG
box-containing fragments, one in the promoter region of
PIN1, another one in the second intron of PINI, and the
third in the promoter region of PIN4 were consistently
enriched in three different biological experiments in the IP,
indicating that XAL2 directly binds to and presumably reg-
ulates the expression of both PINI and PIN4 (Figure 5A). We
also tested whether XAL2 recognizes additional CArG boxes
present in upstream regions of these genes (two for PINI and
one for PIN4) and confirmed that XAL2 does not bind to all
CArG boxes found in these regions (see — 2489 bp in the PIN1
promoter and + 100 pb in the PIN4 promoter in Figure SA).
Do the observed xal2-2 phenotypes result from the down-
regulation of PINI and PIN4 that, in turn, alter auxin dis-
tribution and transport in the root? The extent of decrease
(1010 + 23.51 in wild type and 864 + 39 in xal2-2) in rootward
transport in xal2-2 mutant (Figure 3E) is approximately
what we would expect for the loss of PIN1 and PIN4
activity (20-40% in Blakeslee et al, 2007). Ectopic auxin
accumulation observed in xal2-2 also appears to induce
compensatory auxin efflux mechanisms, as expression of
the auxin-inducible ABCB19 auxin transporter gene (Noh
et al, 2001) was significantly increased in auxin-treated
roots compared with the wild-type roots (Figure 4D;
Supplementary Figure S10); this result parallels what is
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Figure 5 XAL2 directly regulates PINI and PIN4 gene expression and is induced by auxin treatment. (A) Scheme of PINI and PIN4 genes; blue
boxes indicate putative CArG-boxes, red boxes indicate the XAL2 binding sites, and green box indicates the translation start site. PCR on total
DNA (Input) and on DNA recovered by immunoprecipitation with (ChIP anti-GFP) or without (NoAb) GFP antibody from 5 d.p.s. roots of wild-
type and 355-GFP:XAL2 lines, using primers to amplify region —3, —1 and + 1. (B) RT-PCR of XAL2, ARFS, and TUBZ2. RNA was isolated from
4 d.p.s. seedlings subject to 96 hours of 1-N-naphthylphthalamic acid (NPA) treatment and then transferred to 10 uM 2,4-D for 6, 12, or 24 h as
indicated. (C) pIKbXAL2:XAL2-GUS line induced by different auxin treatments. Plants were grown for 6d.p.s. in hormone-free medium and
then transferred to growth media supplemented with 1 and 5uM IAA (indole acetic acid) (n=4) (Bar=0.5mm).
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Figure 6 Positive feedback loop between XALZ2 gene transcription
and auxin distribution. Auxin upregulates XAL2 gene transcription
and this MADS regulates efflux auxin carriers controlling auxin
distribution/participation in the proliferation of the root meriste-
matic cells. It is shown that while the response to auxin of PIN4 is
mediated by XAL2, the auxin response of PINI does not depend on
XAL2. Red arrows indicate transcript regulation based on the
experimental data and green arrow indicates proteins involved in
auxin distribution.

observed in the weak pinl-S allele (Supplementary Figure
S$10). In conclusion, decreased PIN1 expression (and by
implication, function) in xal2-2 appears to increase local
auxin concentrations, which, in turn, increases ABCB19
abundance to compensate for the partial PINI loss-of-func-
tion in the xal2-2 background.

XAL2 gene responds to exogeneous auxins

According to TGA (http://bioinformatics.psb.ugent.be/webt-
ools/plantcare/html), there are several auxin response ele-
ments (AREs) in the regulatory regions of XALZ2. Does
this gene respond to auxin resulting in increased transcript
abundance, similar to XAANTALI? (Tapia-Lopez et al,
2008). Expression analysis using RT-PCR after 2,4-
Dichlorophenoxyacetic acid (2,4-D) (Figure 5B) or IAA in-
duction of pIKb::XAL2::gXAL2-GUS reporter lines (Figure 5C)
indicates that this XALZ2 is positively regulated by auxins.
Therefore, there is a positive feedback loop between auxin
levels and PIN regulation via XAL2, which in turn, affects
auxin levels and distribution in the root meristem (Figure 6).

Discussion

The focus of this study is XAL2, a MADS-box gene belonging to
the SOC clade (Martinez-Castilla and Alvarez-Buylla, 2003). We
establish that XAL2 is a component of the Arabidopsis GRNs
underlying root stem-cell and meristem patterning and that
XAL2 can control auxin transport via direct regulation of PIN1
and PIN4 genes. XAL2 directly binds to discrete motifs within
the regulatory regions of PIN1 and PIN4 and results in increased
transcript abundance; this activity is selective, because XAL2
does not affect PIN2 and PIN7. Furthermore, PIN4 response to
auxin depends on XAL2. Thus, we have uncovered a direct
molecular link between auxin transport dynamics, which is a
key plant hormone, and transcriptional MADS-box GRNs that
underpin cell-fate decisions.

xal2-2 roots showed an increased free auxin accumulation
in comparison to wild-type roots. Although this could appear
to contradict the observation of lower PINI and PIN4 expres-
sion in the mutant, redundant auxin efflux mechanisms must
compensate, which in turn could explain augmented ABCB19
expression levels. Such compensatory mechanisms are
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expected from the reported complexity of phenotypic effects
with multiple PIN mutations (Blilou et al, 2005). The
magnitude of ABCBI19 overexpression in xal2-2 mutant
could be important for auxin accumulation in the root tip,
especially when the mutants are treated with IAA. The fact
that xal2-2 roots showed increased free auxin levels along the
entire length of the Arabidopsis seedling root could explain
the decreased size of completely elongated and differentiated
cells in the mutant in comparison to wild-type cells.

Because both XAL2 and XALI (Tapia-Lépez et al, 2008) are
auxin-responsive genes, we hypothesize that a complex MADS
network functions to regulate auxin transport, distribution
patterns, and auxin levels within root cells. Auxin levels in
turn modulate PIN expression via at least one of these MADS
factors. Such feedback may contribute to the establishment of
a robust auxin and morphogenetic pattern along the root axis,
because it has been shown that positive feedback loops
amplify a received signal or stimulus and can generate
robust and precise patterns as it has been suggested by
theoretical dynamical systems (Kitano, 2004; Jaeger et al,
2008; Mitrophanov and Groisman, 2008). In Arabidopsis
roots, the complete mechanism likely involves XAL1 and
XAL2 plus additional MADS-box proteins that form
heterodimeric transcriptional activators and repressors
(Honma and Goto, 2001). MADS proteins already identified
as important regulators of root development include AGL16,
AGL20, and AGL21; XAL1 can interact by yeast two and three
hybrid, with all three of these AGLs and XAL2 with AGL16 and
AGL20 (de Folter et al, 2005; Immink et al, 2009). We propose
that both MADS-domain heteromultimeric complexes and yet
to be identified transcription factors are involved in the control
and readout mechanisms of auxin gradients along the root.
Those with maximum impact on auxin distribution should be
factors expressed primarily at the root stem-cell niche.

The PLETHORA genes have been reported to be crucial
genes to root patterning and auxin readout mechanisms
(Aida et al, 2004; Galinha et al, 2007). Future studies
should search directly for biochemical evidence of MADS-
PLT interactions combined with tests of functional relevance
in stem-cell patterning and auxin control and readout me-
chanisms. In fact, XAL and PLT mutants are quite similar in
root length and organization of stem-cell niche (Aida et al,
2004; Galinha et al, 2009) although the loss-of function or the
gain-of-function of PLT genes shows more drastic effects than
those observed in the MADS mutant lines.

A recent GRN model of root stem-cell niche patterning
suggests that additional components of the mechanisms
involved in root stem-cell patterning remain undiscovered
(Azpeitia et al, 2010). Here, we have provided data for XAL2
mutants, which have altered cellular patterns in the stem-cell
niche and apical meristem of Arabidopsis roots. We also
showed that this MADS factor is an important regulator of
transport and distribution of auxin, a hormone required for
stem-cell patterning. Future models should incorporate the
role of these and other MADS factors utilizing ChIP-Seq data
to define their target genes and detailed phenotypic
quantification to clarify their roles in controlling cell
patterning and proliferation in the root apex. Indeed, the
relatively more drastic alterations in the stem-cell and
meristem cellular patterns of xal2-2, in comparison to pin
mutants (Blilou et al, 2005), suggest that XAL2 regulates
other genes in addition to PINI and PIN4.
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Materials and methods

Plant materials, DNA constructs, and growth conditions
Arabidopsis thaliana wild-type, xal2-1, and xal2-2 plants, pPIN1-GFP,
DPINZ2:PIN2-GFP, pPIN4:PIN4-GFP, pPIN4-GUS, pWOX-GFP, and
DPSCR-GFP constructs and DR5-GUS auxin reporter lines are in a Col-
0 genetic background. QC25-GUS, QC46-GUS, and PLT1-GUS are in the
Ws ecotype, and J2341 is in C24 ecotype. All lines were homozygous.
The xal2-1 and xal2-2 alleles were identified by screening for En-I
insertions among a collection of Arabidopsis plants carrying ~ 50000
independent insertions of the autonomous maize transposable ele-
ment (En; Baumann et al, 1998). The collection was screened in pools
using the En-I transposon primer En8130 and the internal XAL2
primers: XAL2F and XAL2R (see Supplementary Table S1 for primer
sequences) and single insertion lines were confirmed with Southern
blot analyses and propagated for further analysis. For the 35S:GFP-
XAL2 construction, an (AGL14) XAL2 cDNA entry clone (de Folter
et al, 2005) was recombined using the Gateway system (Invitrogen) in
the pK7WG2 destination vector (Karimi et al, 2002). In the case of the
35S:XAL2 construction, an (AGL14) XAL2 cDNA entry clone (de Folter
et al, 2005) was recombined using the Gateway system (Invitrogen) in
the pH7WG2 destination vector (Karimi et al, 2007). For the pXAL2-
GUS promoter construction, Arabidopsis (Col-0 ecotype) genomic
DNA was used as a template to amplify a 1-kb fragment upstream
of the XAL2 start codon. The oligonucleotides used were up-p14-FW
and Atg-14-RV (+ Ncol; see Supplementary Table S1 for primer
sequences). The PCR product was purified by using a kit (Qiagen;
Cat. no. 28104) and cloned in pENTR/D, followed by sequencing and
recombination with pBGWFS7 (Karimi et al, 2007). Arabidopsis
thaliana plants were transformed using the floral dip method
(Clough and Bent, 1998), the transgenic lines were selected based
on their antibiotic resistance (different for each line), and expression
analysis was carried out on T3 homozygous lines. All seeds were
sown on vertical plates with 0.2X MS salts, 1% sucrose and 1% agar
(unless otherwise indicated). Plants were grown under long-day (LD;
16 h light/8 h dark) conditions in growth chambers at 22°C and with a
16-h photo/8-h dark period (110pEm s~ 1).

Seed carrying pPIN1-GFP was obtained from J Friml; pPIN4:PIN4-
GFP and pPIN4:GUS were obtained from E Benkova; QC25-GUS,
DPPIN2:PIN2-GFP, pPIN7:PIN7-GFP pDRS-GUS, pWOXS-GFP, pltl-1-
GUS, and QC46-GUS were obtained from B Scheres; pSCR-GFP was
obtained from P Benfey, pCYCBI;1pg::GUS was obtained from
P Doerner and J2341 was obtained from the Arabidopsis Stock
Center.

Phylogenetic analysis

We performed a Bayesian reconstruction of the phylogenetic rela-
tionships among selected type II Arabidopsis thaliana MADS-box
genes using the complete cDNA sequences from Martinez-Castilla
and Alvarez-Buylla (2003). Bayesian methods with Mr Bayes
(Huelsenbeck and Ronquist, 2001) were used with a Markov
chain Monte Carlo exploration of the tree likelihood surface. Four
independent Markov chains (three heated) were used according to
the Metropolis coupled scheme. The codon substitution model used
was that of Goldman and Yang (1994). Four independent runs of
2500000 generations each were performed, and every 100th tree
was saved. After checking for Markov chain convergence, we
discarded the first 15000 trees and used the remaining trees to
calculate Bayesian posterior probabilities of the clades. Results from
every independent run were similar.

Histological analysis

Roots were fixed, embedded in Historesin (Leica Instruments
GmbH) as described previously (Dubrovsky et al, 2000) and
2.5um sections obtained on a Leica RM2155 microtome
(Cambridge Instruments, Nussloch, Germany). Sections were
mounted on gelatin-coated slides (Baum and Rost, 1996), and
after 30 min of hydrolysis in 5N of HCI at room temperature, were
stained by the Feulgen technique (De Tomasi, 1936) for 1h. The
same material subsequently was stained by periodic Acid-Schiff
reaction (Baum and Rost, 1996).

‘In situ’ hybridization

For whole-mount ‘in situ” RT-PCR hybridization, we used the
protocol of Ruiz-Medrano et al (1999); probes were chosen to
avoid the presence of the MADS-box sequence and to have an
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average length of 200bp. Sense probes were used as negative
controls for XALZ2 in all experiments performed for different tissues.

GUS staining

Plant material for light microscopy and GUS staining was prepared
as previously described by Malamy and Benfey (1997) and
visualized microscopically (see below). Seedlings were subjected
to GUS reaction in the dark during 40 min at room temperature for
PDRS-GUS and plt1-1-GUS, 1 h at 37°C for pPIN4-GUS, 5 h at 37°C for
QC25-GUS, overnight at 37°C for QC46-GUS, 24 or 48 h, 4 or 6 days
at 37°C for pIKbXAL2:XAL2-GUS. To restrict the diffusion of GUS
blue staining, 2 mM of K3FE(CN)¢ and K4FE(CN)s was added in the
GUS solution at the beginning.

GFP quantification

Fluorescence intensity of green channel was measured using the FV10-
ASW 1.7 Software (Olympus, USA). To measure the intensity of GFP,
we used the same region shown in Figure 4C of WT and xal2-2 plants.
The figure shows the mean and standard deviation.

Microscopy

Plant material for light microscopy was cleared using a modified
Malamy and Benfey protocol (1997). Roots were visualized using
Nomarski optics under an Olympus BX60 microscope and photo-
graphed with a Leica camera. Confocal images were acquired using
an inverted Zeiss LSM 510 Meta microscope (Carl Zeiss,
Oberkochen, Germany) with a dry x 40 or a x 63 water immersion
C-Apochromat objectives after root tissue was stained with 5 or
10gul ' propidium iodide. For starch staining, live roots were
stained for 5min in Lugol (Sigma Aldrich) solution 1 x, washed
in 30% glycerol for 1 min, mounted into the Nal solution without
DMSO as described previously (Dubrovsky et al, 2009) and
immediately analysed using Nomarski optics.

Quantitative analysis of cellular parameters of root growth
Length of the cell proliferation domain of the RAM was determined for
the cortex cells as a point where the distances between nuclei in
neighbouring cells in a cell file became greater than the diameter of
the nuclei (Dubrovsky et al, 1998). The combined length of the
elongation zone and the transition domain defined as in Ivanov and
Dubrovsky (2013) was measured as the distance between the
shootward border of the RAM proliferation domain and the location
of the most distal root-hair bulge. The number of cortical cells in the
cell proliferation domain in 7-day and 8-day plants (a period during
which the rate of the root growth was estimated) was similar in wild-
type and mutant plants, which enabled us to consider root growth to
be at steady state and apply the rate of cell production method
(Ivanov and Dubrovsky, 1997) for estimation of average cell-cycle
duration in the RAM of 8-day plants. Cell-cycle duration (7, hours)
was calculated as T= (NppleIn2)V~! where Npp is the number of
cells in the cell proliferation domain, /. (um) is the average length
of 10 fully elongated cells and V (umh ') is the rate of root growth
during last day of growth (Ivanov and Dubrovsky, 1997). As the
transition domain of the RAM previously has not been defined, the
number of meristematic cells in the cited work corresponds to the Npp
in the current study. The rate of cell production was estimated as
V(l) ~' (Baskin, 2000). Student’s t-test or the Tukey-Kramer test
(depending on the sample size) was calculated by the JMP program
version 5.1.1 at different confidence level (see Table I).

Expression analysis by RT-PCR

Total RNA was isolated from seedlings using the Trizol reagent
(Invitrogen). Columbia wild-type, xal2-1, and xal2-2 seedlings were
grown for 7 days post sowing (d.p.s.); for PINI expression analysis
Columbia wild-type, xal2-2, and 35S:GFP-XALZ2 plants were grown
for 5d.p.s.; in both cases, the seedlings were grown in MS plates.
RT-PCR was done starting from 1 pg of total RNA to obtain cDNA
using Super Script 1I (Invitrogen). TUBULIN or UBIQUITIN was
amplified as an internal positive control; primer sequences of PCR
primers are included in Supplementary Table S1. The primers for
XAL2 were XAL2F1 and XAL2R2, for PIN1 were PIN1F and PIN1R, for
ARFS were ARF5F1 and ARF2R2; for TUB2 were TUB2F and TUB2R
and for UBI were UBIF and UBIR; primer sequences are described in
Supplementary Table S1. For auxin induction assays, seeds were
germinated in plates with 10puM 1-N-naphthylphthalamic acid
(NPA) for 96h and then were transferred to fresh plates with or
without 10 uM 2,4-D and incubated for 6, 12, and 24 h, as indicated.
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Real-time PCR

Seedlings were grown as described by Murphy and Taiz (1995).
RNA extraction and PCR conditions were as described by
Blakeslee and collaborators (2004). See http://www.psla.umd.edu/
faculty/Murphy/index_files/Page530.htm for complete details and
Supplementary Table S1 for primer sequences. Primer sequences for
quantitative PCR are marked with a g at the beginning of the primer
name. The qRT-PCR data were analysed using the value of the wild-
type amplification cycle divided by the internal standard compared
to the value of xal2-2 against the same standard for PINI, PIN2,
PIN4, ABCBI19, and alpha actin. The standard deviations are the
sum of standard deviations for N biological replicates with N
technical replicates of each sample. Quantification and data acqui-
sition was done using the iCycler Real Time system (Bio-Rad) using
Syber Green I as a fluorophor. Real-time PCR was run using 1:50
dilution of first strand at 95°C for 40's (denaturation), 54°C for 40's
(annealing), and 72°C for 20s (extension) for 35 cycles. The ABI
program was setup with an s.d. threshold for three replicates and
was set to <0.25. If data are >0.25, then they are not significant.

Chromatin immunoprecipitation

ChIP assays were carried out as previously described (Sanchez and
Gutierrez, 2009) with several modifications. For immunoprecipitation,
4l of an anti-GFP antibody (sc-8334; Santa Cruz Biotechnology) was
incubated in phosphate-buffered saline (PBS) with Protein A agarose;
500 ng of root fixed-chromatin extracts from 5-day-old 35S:GFP-XAL2
complementation plants or wild-type plants was added to the IP
reaction. The immunoprecipitated DNA was resuspended in 30 ul of
TE and 1 pl of this DNA and a 1/5 dilution of INPUT samples were
used for each PCR. The primers sequences are described in
Supplementary Table S1.

Hormone treatments

Plants of the lines harbouring the 1IKbXAL2:XAL2-GUS or PIN4-GUS
constructs were grown for 7 days in hormone-free medium plates
and then transferred to growth media supplemented with 1 or 5 uM
of IAA for 1 day. For the RT-PCR experiment, plants were grown in
2,4-D for 4 days in NPA and then transferred to 10 uM of 2,4-D for 6,
12, and 24 h as indicated. After IAA treatment, some seedlings were
subjected to GUS staining, pDR5-GUS (40 min at room temperature)
and pPIN4-GUS (1h at 37°C). In parallel, duplicate samples were
subjected to RNA extraction for RT-PCR experiments. T3 seeds of
two representative independent pIKbXALZ2:XAL2-GUS transfor-
mants were surface sterilized and sown in plates containing
0.2XMS medium with 1% sucrose and 1% micropropagation
grade agar. After three nights at 4°C, the plates were placed in a
growth cabinet (Percival) at 16 h photoperiod at 22°C.

Quantification of endogeneous-free auxin

Seedlings were grown as described by Murphy and Taiz (1995).
The protocol for quantification of free IAA is described in Kim et al
(2007).

Auxin transport assays

Seedlings were grown as described by Murphy and Taiz (1995).
Protocols for quantifying auxin transport are provided in Blakeslee
and collaborators (2007) and in Peer and Murphy (2007). A detailed
protocol can be found at http://www.psla.umd.edu/faculty/
Murphy/index_files/Page530.htm.
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e Background Morphogenesis depends on the concerted modulation of cell proliferation and differentiation. Such
modulation is dynamically adjusted in response to various external and internal signals via complex transcriptional
regulatory networks that mediate between such signals and regulation of cell-cycle and cellular responses (prolifer-
ation, growth, differentiation). In plants, which are sessile, the proliferation/differentiation balance is plastically ad-
justed during their life cycle and transcriptional networks are important in this process. MADS-box genes are key
developmental regulators in eukaryotes, but their role in cell proliferation and differentiation modulation in plants

remains poorly studied.

e Methods We characterize the XAL/ loss-of-function xal/-2 allele and overexpression lines using quantitative cel-
lular and cytometry analyses to explore its role in cell cycle, proliferation, stem-cell patterning and transition to dif-
ferentiation. We used quantitative PCR and cellular markers to explore if XAL1 regulates cell-cycle components
and PLETHORAI (PLT1) gene expression, as well as confocal microscopy to analyse stem-cell niche organization.
o Key Results We previously showed that XAANTALI (XALI/AGLI2) is necessary for Arabidopsis root develop-
ment as a promoter of cell proliferation in the root apical meristem. Here, we demonstrate that XAL1 positively
regulates the expression of PLT/ and important components of the cell cycle: CYCD3;1, CYCA2,3, CYCBI,I,
CDKBI;I and CDT!a. In addition, we show that xa//-2 mutant plants have a premature transition to differentiation
with root hairs appearing closer to the root tip, while endoreplication in these plants is partially compromised.
Coincidently, the final size of cortex cells in the mutant is shorter than wild-type cells. Finally, XALI
overexpression-lines corroborate that this transcription factor is able to promote cell proliferation at the stem-cell

niche.

e Conclusion XAL/ seems to be an important component of the networks that modulate cell proliferation/differenti-
ation transition and stem-cell proliferation during Arabidopsis root development; it also regulates several cell-cycle

components.

Key words: MADS-box, XAANTALI (XALI), cell-cycle, cyclins, CDKs, endoreplication, PLETHORA, prolifer-
ation/differentiation, root development, Arabidopsis thaliana.

INTRODUCTION

Development depends on the dynamic spatio-temporal modula-
tion of cell proliferation and differentiation during morphogen-
esis. When such modulation is perturbed, aberrant
morphologies, such as tumours, may emerge (Dick and Rubin,
2013). In plants, tumours are rare, in comparison with in ani-
mals, probably due to the existence of plant cell walls
(Sablowski and Carnier Dornelas, 2014), and also because plant
morphogenesis has evolved to plastically adjust to environmen-
tal conditions, while maintaining patterns within functional lim-
its (Lempe et al., 2013). In contrast to animals, which largely

terminate development during embryogenesis, plants produce
new organs during their whole life cycle. Plant growth and mor-
phogenesis rely on two main meristems that maintain a pool of
undifferentiated cells at the shoot (shoot apical meristem,
SAM) and the root (root apical meristem, RAM) tips (Sarkar
et al., 2007; Sablowski, 2011).

The root of Arabidopsis thaliana (Arabidopsis) has become a
useful system to address the molecular genetic components of
the networks underlying the modulation of cell proliferation
and differentiation during development (Moubayidin et al.,
2010). Within the root stem-cell niche (SCN), the stem or initial
cells surrounding the organizer or quiescent centre (QC)

© The Author 2016. Published by Oxford University Press on behalf of the Annals of Botany Company.
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eventually give rise to the cells of the differentiated tissues of
the root, which from its outermost to inner layers are: epider-
mis, cortex, endodermis, pericycle and vascular cylinder (van
den Berg et al., 1997). In addition, columella cells formed in
the root apex are differentiated from the initials beneath the QC
(Dolan et al., 1993). As the initial cells divide, daughter cells
are displaced outside the SCN where they form the proliferation
domain (PD) of the RAM, in which cells attain maximum div-
ision rates (Ivanov and Dubrovsky, 2013). After several div-
ision cycles, cells start dividing at lower rates at the transition
domain (TD) within the meristem, and then stop dividing and
start to enlarge at the elongation zone (EZ). Progressively, at
the differentiation zone (DZ), cells acquire their final size and
differentiated cellular features that are characteristic of each
root tissue layer (Dolan et al., 1993; Dello Ioio et al., 2007,
Ivanov and Dubrovsky, 2013).

Cell proliferation and differentiation are modulated by tran-
scriptional regulatory networks that integrate external and in-
ternal signals (Boye and Nordstrom, 2003; Farkas et al., 2006;
Slavov and Botstein, 2011). MADS-domain transcription fac-
tors have been shown to be key regulators of plant development
(Alvarez-Buylla et al., 2000a; Messenguy and Dubois, 2003;
Smaczniak et al., 2012), but their role in modulating cell prolif-
eration and differentiation has not been fully addressed. In pre-
vious studies we showed that XAANTALI (XALI/AGLI2) and
XAANTAL?2 (XAL2/AGLI14) two MADS-box factors, are neces-
sary for normal root development and cell proliferation control
(Tapia-Lopez et al., 2008; Garay-Arroyo et al., 2013). xall mu-
tants have shorter roots than wild-type plants with fewer meri-
stematic cells and longer cell-cycle duration, resulting in a
diminished cell production rate. Moreover xall differentiated
cells are smaller than in wild-type roots (Tapia-Lopez et al.,
2008).

Understanding the specific role of MADS-domain transcrip-
tion factors and the networks in which they participate in the
modulation of proliferation/differentiation requires exploring if
they regulate cell-cycle progression. The network underlying
the cell-cycle is complex and seems also to be involved in regu-
lating the transition of cells to endoreplication cycles during
cell differentiation (Vanstraelen et al., 2009; Fox and Duronio,
2013; Edgar et al., 2014). Cell-cycle progression is regulated
by cyclin-dependent kinases (CDKs), which associate with cyc-
lins (CYCs) that confer substrate specificity (Lim and Kaldis,
2013). Different CDK/CYC complexes act throughout the cell
cycle. The CDKA/CYCD complexes trigger the G1-S phase
transition. After DNA replication during G2, CDKA and
CDKB associated with A- and B-type CYCs induce G2/M tran-
sition and then, at later stages of the M phase, CYCA and
CYCB must be degraded by APC/C complex to exit mitosis
(Menges et al., 2005; Eloy et al., 2011).

When RAM cells exit from the proliferative mitotic cycle to
the EZ, plant cells may enter into endoreplicative cycles during
which their DNA content and cell size increase as a result of
DNA synthesis without mitotic cell division (Kondorosi et al.,
2000; Inze and De Veylder, 2006; De Veylder et al., 2011;
Edgar et al., 2014). Endoreplication is in part induced by inhib-
ition of the activity of mitotic CDK-CYC activity by Kip-
related proteins (KRPs) or STAMESE (SIM) proteins (Morgan,
1997; Walker et al., 2000; Schnittger et al., 2002; Verkest
et al., 2005; Boudolf et al., 2009).

Garcia-Cruz et al. — XALI participates in root cell dynamics

Here we show that XAL/ is necessary to promote the transi-
tion to differentiation during root development as meristematic
cells in the xall-2 mutant prematurely transit to the EZ and
next to the DZ but are unable to reach the final size of wild-
type cells, probably because they attain a limited number of
endoreplication cycles at the TD-EZ. We also found, in accord-
ance with our previous data in which the mutant xa// showed a
longer cell-cycle (Tapia-Lopez et al., 2008), that XAL1 posi-
tively regulates CYCD3,1, CYCA2,3, CYCBI 1, CDKBI ;I and
CHROMATIN LICENSING AND DNA REPLICATION
FACTOR 1 (CDTla; Castellano et al., 2004) expression, as
well as PLETHORAI (PLTI; Aida et al., 2004). XALI overex-
pression lines show a higher number of meristematic cells.
Interestingly, some plants of these lines also showed altered
SCN with abnormal cell divisions under and at the QC. Hence,
XALI seems to be an important component of a network that
underlies the modulation of cell proliferation/differentiation in
root development, and is responsible for regulating some com-
ponents of the mitotic and endoreplicative cycles (Ishida et al.,
2009). Furthermore, our results suggest that such a network is
involved in both SCN maintenance and apical-basal root devel-
opment zonation (proliferation, elongation and differentiation)
in Arabidopsis. This network also involves PLTI (Aida et al.,
2004; Galinha et al., 2007, Mahonen et al., 2014).
Alternatively, XALI could be an important link between the
two networks.

MATERIALS AND METHODS
Plant materials and growth conditions

The Arabidopsis plants used are Columbia-0 ecotype, except
for the PLT1::GUS (Aida et al., 2004) reporter line which is in
WS background. Seedlings were grown on vertical plates with
0-2x Murashige Skoog (Murashige and Skoog, 1962) salts
(MP Biomedicals) and 1 % sucrose, as described by Tapia-
Lopez et al. (2008).

XALI overexpression lines

XALI cDNA was amplified from the pSR102 clone
(Rounsley ef al., 1995) with the primers CB5F (5'-CGGATCC
TCTATGGCTCGTGGAAAGATTCA-3') and CB6R (5'-CCG
GATCCGCTAGAACTGAAATATTTCAC-3) that include
BamH1 restriction sites. This DNA fragment was transferred to
pGEM-T Easy (Promega, Madison, WI, USA) to generate the
RT150 plasmid. After sequence confirmation the BamH1 cut
fragment was cloned into the pBIN-JIT plasmid. Plants were
transformed via Agrobacterium tumefaciens by floral deeping
and plants resistant to kanamycin were selected.

RNA extraction and RT-gPCR

Plants were grown for 5 d post-germination (dpg) and roots
from three independent biological replicates (25 plants each)
were collected. Total RNA was extracted using Trizol reagent
(Invitrogen, Carlsbad, CA, USA) and it was reverse-transcribed
using Superscript Il (Invitrogen). We amplified PDF2
(AT1G13320) and UPL7 (AT1G13320) as housekeeping
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control genes (Czechowski et al., 2005), and their stability
across the compared samples was confirmed using NormFinder
(http://moma.dk/normfinder-software; Vandesompele et al.,
2002). Amplification efficiencies were analysed using real-time
PCR Miner (Zhao and Fernald, 2005), and relative expression
was calculated as in Perez-Ruiz ef al. (2015). Primer sequences
are included in Supplementary Data Table S1.

Microscopy

GUS-stained roots were cleared with Herr solution (Herr,
1971) and visualized by Nomarsky microscopy in an Olympus
BX60. For quantification of CYCBI,I::GUS-stained cells,
wild-type, xall-2 and XALI-OE 5.2.5 plants were grown for 1,
3,5 and 7 dpg and 15 roots for each genotype were mounted on
slides and all the spots visualized along the cortex tissue file
were counted and used for further statistical analysis (Hacham
et al., 2011). Root meristem organization was visualized using
an Olympus FV1000 confocal microscope after roots were
fixed and stained using the pseudo-Schiff protocol (Napsucialy-
Mendivil et al., 2014).

Quantitative analysis of cellular parameters

For quantitative cellular analysis, roots were mounted in
30 % chloral hydrate and examined with Nomarsky optics.
Measurements were performed according to Ivanov and
Dubrovsky (1997) and Tapia-Lopez et al. (2008). Cell size pro-
files along the apical-basal axis of the root were obtained by
cell size measurements along the cortex file of the root from
QC to the adjacent cell of the first primordial hair cell.

Flow cytometry analysis

Arabidopsis complete roots of 1 and 3 dpg and root tips 1 cm
long of 6 and 9 dpg were chopped and then incubated in
Galbraith’s buffer (Galbraith ez al., 1983). The extracts were fil-
tered with nylon filters of 30 pm (Millipore, Billerica, MA,
USA), and nuclei were stained with propidium iodide for
10min and treated with RNAase (10 pg mL™"). Finally 10000
events were measured, and DNA histograms were generated
with the cytometer FACS Calibur package (Becton Dickinson,
Franklin Lakes, NJ, USA).

RESULTS

XALL is a positive transcriptional regulator of cell-cycle
components

The fact that xal/-2 mutants have fewer root meristem prolifer-
ating cells and a longer cell-cycle duration in comparison with
wild-type roots (Tapia-Lopez et al., 2008) suggest that XALI1
could be a regulator of cell-cycle components. Hence we
assayed mRNA levels of several cell-cycle components in xall-
2 roots in comparison with wild-type (Fig. 1A). We found that
cyclin CYCD3;1, which participates in the G1-S transition
(Menges et al., 2006), as well as CYCA2,;3 and CDKBI,I,
which participate in the G2-M transition (Doerner et al., 1996;
Menges et al., 2003; Li et al., 2005; Inze and De Veylder,
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2006; Boudolf et al., 2009), are significantly down-regulated in
xall-2 in comparison with wild-type roots (Fig. 1B). However,
other cell-cycle components as HISH4, CYCA2;1, CDKA and
KRP?2 are not significantly affected at their mRNA accumula-
tion levels in the mutant background, indicating that XALIl
regulation is specific for some of the cell-cycle components
(Fig. 1B). CDKBI;1 interacts with CYCBI;1 to perform its ac-
tivity (Weingartner et al., 2004). Hence, it is not surprising that
CYCBI,;1::GUS (Colon-Carmona et al., 1999) was also dimin-
ished in the xall-2 background and up-regulated in the overex-
pression line (XAL/-OE 5.2.5), in comparison with wild-type
roots (Fig. 2A; Supplementary Data Fig. S1). We also found
that CDTla, an essential component for the pre-replication
complex during the S phase (Castellano et al., 2004), was
down-regulated in xal/l/-2 mutant compared with wild-type
roots (Fig. 2B).

The transcription factors PLT1 and PLT2 are important for
meristem function in a dose-response fashion in response to
auxins regulating proliferation and endocycle onset (Aida et al.,
2004; Galinha et al., 2007; Ishida et al., 2009; Zhou
et al., 2011). XALI is also induced by auxin (Tapia-Lopez
et al., 2008). Therefore, we tested if PLTI is altered in xall-2
roots. We found that PLTI::GUS (Aida et al., 2004) is down-
regulated in xall-2 roots in comparison with the wild-type
(Fig. 2C), particularly at the QC and initial cells, indicating that
XALL is a positive regulator of PLT as well.

XALLI overexpression lines have increased cell proliferation in
the root SCN

To corroborate the role of XAL/ in the establishment of SCN
(Tapia-Lopez et al., 2008), we generated several XALI overex-
pression (OE) lines under the 35S promoter. We analysed seven
100 % kanamycin-resistant OE lines and focused on two of
them, XALI-OE 5.2.5 and XALI-OE 7.9.1, that showed high
XALI mRNA expression levels (Supplementary Data Fig. S2).
Quantitative cellular analyses of these lines showed that XAL/
overexpression increases the meristem size and the number of
meristematic cells at 5 dpg (Fig. 3A, B). In contrast, cell pro-
duction rate and the final length of cortex cells in these overex-
pressing lines were similar to wild-type roots (Supplementary
Data Fig. S3). Interestingly, over 50 % of the plants of both OE
lines showed roots with cellular pattern alterations in the SCN
with increased cell divisions (Fig. 3C).

XALI1 participates in modulating the transition to cell
differentiation in roots

To test if XALI is involved in regulation of the cell transition
from the RAM to the EZ and DZ, we analysed the distance
from the QC at which root hairs, which are clear markers of dif-
ferentiation (Foreman and Dolan, 2001), first appear in XALI
loss- and gain-of-function lines. We found that root hairs ap-
peared at shorter distances from the QC in xall-2 (Fig. 4A, B,
D), while these appeared farther away from the QC in the
XALI-OE 7.9.11line in comparison with wild-type plants (Fig.
4A, C, D). Interestingly, root hairs in the mutant are longer and
in the OE line are shorter than in wild-type roots (Fig. 4A—C).
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FiG. 1. XALLI is necessary for CYCD3,1, CYCA2;3 and CDKBI,I transcriptional
regulation. (A) Schematic representation of the participation of some genes in
Arabidopsis cell-cycle transitions. The CYCD3;1/CDKA1 complex triggers
G1-S phase by phosphorylation of RB-E2F pathway (not shown) and is essen-
tial for cell proliferation. This complex could be inhibited by KRP2 depending
on hormonal conditions. CDTla and CDC6 form the pre-replication complex
performing in S phase. During G2 phase, cyclins CYCA2;3, CYCBI;1 and
CYCB1:4 are associated with other CDK types (A or B), promoting transition to
G2-M and their regulation is important for repressing the endoreplicative cycle.
(B) Relative expression levels of some cell-cycle components in xall-2 com-
pared with wild-type (WT) roots at 5 dpg, showing that CYCD3,1, CYCA2;3
and CDKBI;1 are down-regulated in the mutant. Relative expression data are
expressed as the mean = s.d. and statistically significant differences from WT
(*P < 0-05) were obtained by the Kruskal-Wallis test.
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In the transition between the RAM and the EZ, cells exit
from the mitotic cycle and go into endoreplicative cycles
(Vanstraelen et al., 2009). In fact, differentiated cells, such as
those with already formed root hairs, show the highest levels of
endoreplication in Arabidopsis roots (Abel et al., 1995; Guimil
and Dunand, 2007; Takahashi ez al., 2013). Hence, we hypothe-
sized that xall-2 roots, in which cells prematurely transit into
the EZ and DZ, should also prematurely enter the endoreplica-
tion cycle. We used flow cytometry analysis to determine the
ploidy levels found in xal/l-2 and the XAL/-OE 5.2.5 line com-
pared with wild-type complete roots at 1 and 3 dpg, and root
tips (1 cm long) at 6 and 9 dpg to avoid interference caused by
lateral roots at these ages (Fig. 4E). Our data showed that 16C
ploidy was reduced in xall-2 compared with wild-type roots, at
3, 6 and 9 dpg (Fig. 4E). These results suggest that the lack of
XAL]I causes diminished proportions of cells with higher ploidy
levels, at the same time that it causes a premature differenti-
ation of cells, with root hairs formed at shorter distances to the
QC than in wild-type roots (Fig. 4D). Ploidy levels in the
XALI-OE 5.2.5 line are similar to those of wild-type roots (Fig.
4E), although in the former, root hairs appeared farther away
from the QC than in wild-type roots (Fig. 4D).

We have previously reported (Tapia-Lopez et al., 2008) and
corroborated here (Supplementary Data Fig. S2B) that totally
differentiated cells in xall-2 roots are shorter than wild-type
cells, so it is possible that in this mutant, during transition to
differentiation, cells are unable to attain normal sizes due to
relatively lower ploidy levels (16C) compared with wild-type
roots. We measured all the cortex lineage cells from the initial
to the first differentiated cell that presented a root hair in xal/-2
and wild-type roots (Fig. 4F). We found that xall-2 cells started
to elongate sooner than wild-type cells, but at the equivalent
wild-type TD distance from the QC they stopped growing.
These data further suggest that xall-2 cells transit faster to the
elongation and differentiation zones, in comparison with wild-
type root cells, but they are unable to endoreplicate at the same
rate as in wild-type roots, in correlation with the smaller sizes
that they attain in comparison with cells in wild-type roots.

DISCUSSION

We had previously shown that XAL/ is necessary for normal
root growth and development by positively regulating cell pro-
liferation rates and cell elongation, and modulating cell-cycle
duration in Arabidopsis roots (Tapia-Lopez et al., 2008).
Hence, we tested here if XALI regulates cell-cycle regulators.

XALLI regulates some cell-cycle components

We found that expression levels of G1-S factors CYCD3,1
and CDTla (Menges et al., 2006) and G2-M check-point fac-
tors CYCA2,3, CYCBI;l and CDKBI;I (Doerner et al., 1996;
Menges et al., 2003; Li et al., 2005; Inze and De Veylder,
2006; Boudolf er al., 2009) are significantly diminished in
xall-2 mutant roots in comparison with wild-type (Figs 1 and
2). Also, we found that overexpression of XAL/ results in up-
regulation of CYCBI;1::GUS expression (Fig. 2A; Fig. S1). In
agreement with these results, xall mutant alleles have shorter
meristems with fewer meristematic cells and the XALI-OE lines
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xall-2 roots compared with WT roots. All plants are 5 dpg, n = 10 per line. Scale bars = 20 pm.

have a higher meristematic cell number than wild-type plants
(Fig. 3A, B; Tapia-Lopez et al., 2008).

CYCD3;1 forms a complex with CDKA;1 to phosphorylate
RBRI1, which in turn releases it from E2F transcription factors.
This process regulates entry to the cell-cycle and it is required
for cell-cycle transitions (Nakagami et al., 1999, 2002;
Uemukai et al., 2005; Magyar et al., 2012). The triple mutant
cycd3;1 cycd3;2 cycd3;3 has smaller organs with fewer cells
(Dewitte et al., 2007), thus confirming the role of CYCD3 pro-
teins in cell proliferation. Therefore, it is possible that XAL1, a
MADS-box transcription factor, promotes cell proliferation by
up-regulating CDKBI;1, CYCBI;1, CYCA2,3 and CYCD3,1 at
least. Also, lower levels of CDTla in xall-2, a component of
the pre-replication complex (Castellano et al., 2004; Sanchez
et al., 2012), could explain the longer cell-cycle observed in
xall root meristem (Tapia-Lopez et al., 2008).

Down-regulation of CYCA2;3, CYCBI,;l and CDKBI;I in
xall-2 should also favour endocycle entry (Schnittger et al.,
2002; Boudolf et al., 2004; Sablowski and Carnier Dornelas,
2014), but as mentioned above, premature enlargement of the
meristematic cells does not affect the first rounds of endorepli-
cation. Also we did not find alterations in KRP2 or CDKA;I
mRNA expression levels (Fig. 1). These latter components

participate in endocycle/mitosis decisions, indicating that at
least their transcriptional regulation is independent of XAL1.

Our results suggest that XAL1 regulates both cell prolifer-
ation at the meristem and endocycle maintenance during differ-
entiation and it seems that this transcription factor is one of the
interconnecting players of the networks underlying these two
processes, or they are both regulated by the same network in
which XALI participates.

MADS-domain factors seem to share some functions among
all eukaryotes as suggested by the high conservation of the
DNA-binding domain sequence in all lineages of the MADS-
domain protein family (Alvarez-Buylla ef al., 2000b). In ani-
mals, MEF-related MADS-domain factors, as is XAL1, have
been also identified as critical components of the mechanisms
involved in cell proliferation/differentiation decisions in myo-
blasts by regulating E2F (Naya and Olson, 1999).

XAL1 mediates the transition to cell differentiation

We analysed cells transition from the RAM to EZ to the DZ
in loss- and gain-of-function lines of XAL/. Cells in the xall-2
mutant showed premature transition to the elongation and dif-
ferentiation zones, while this transition was delayed in the
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plants compared with WT roots. Seedlings of 3 dpg were stained with the pseudo-Schiff technique. n = 35 (WT), 20 (XAL/-OE 5.2.5) and 32 (XAL/-OE 7.9.1)
plants. Scale bars = 10 pm.

XALI-OE lines (Fig. 4), where we found smaller and larger
meristems in the XAL/ loss- and gain-of-function lines, respect-
ively (Fig. 3A, B). Concordantly, we found that in xall-2, root
cells start to elongate and differentiate at positions closer to the
QC, in comparison with wild-type roots, and we observed the
opposite in the XAL/-OE lines (Fig. 4). These results imply that
XALI participates in the network that underlies the correct tim-
ing at which cells transit to a differentiation state.

Some mutants with short root phenotypes that are involved
in DNA replication mechanisms show smaller meristems and
differentiated cells similar to xall, but with overall diminished
ploidy levels and an accumulation of 2—4C cells in comparison
with wild-type roots (Breuer et al., 2007; Dittmer et al., 2007,
Kirik et al., 2007; Zhou et al., 2011). Here we demonstrated
premature and delayed transitions to differentiation in the mu-
tant and OE lines of XALI, respectively. Therefore, we ex-
pected to find a correlation with larger proportions of cells with

higher ploidy levels in the former and lower in the latter, in
agreement with studies that have demonstrated that prematurely
differentiated cells present higher ploidy levels in their nuclei
(Perilli et al., 2012). Contrary to this expectation, we found
lower proportions of 16C in the xa// mutant and no change in
ploidy levels in the OE line compared with wild-type roots
(Fig. 4E), thus indicating that XAL/ is necessary for maintain-
ing normal high ploidy levels in the root cells but is not suffi-
cient to alter them. It has been established that there is a
correlation between cell size and high ploidy levels (Kondorosi
et al., 2000; Sugimoto-Shirasu and Roberts, 2003; Inze and De
Veylder, 2006). Our results indicate that cells in xal/-2 start
elongating earlier than wild-type cells and as a consequence
they differentiate earlier as well, affecting their normal final
size (Fig. 4F; Supplementary Data Fig. S3B). Mutants in com-
ponents of the topoisomerase VI and II are unable to progress
into endoreplicative cycles beyond 8C ploidy. Thus, mutants
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such as rhll, rhi2, bin4 and mid showed very few root hairs and
less developed trichomes than wild-type plants (Sugimoto-
Shirasu et al., 2002; Kirik et al., 2007). As endoreplication and
higher ploidy levels have been related to cell differentiation as
in trichome cells (Walker et al., 2000; Pattanaik et al., 2014), it
is surprising that the xall mutant with low ploidy levels is able
to develop root hairs that are rather longer, and not shorter, than
wild-type roots. Also, it was unexpected that in the OE lines
ploidy levels were not significantly different from those
observed in wild-type roots, although as XALI1 is a MADS-

domain transcriptional factor it is possible that its function re-
quires the participation of additional MADS-domain proteins.
This is the case in floral organ development during which the
overexpression of single MADS-domain proteins is not suffi-
cient to cause the conversion of leaves into floral organs
(Honma and Goto, 2001). Overexpression of XAL/ is probably
not sufficient to alter cell growth and endoreplication.

In conclusion, the data presented in this study suggest that
XAL1 participates in the temporal pattern of cell-fate decisions,
particularly during the elongation/differentiation transition,
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probably by affecting endoreplication maintenance and com-
promising the final cell size of cortical cells (Tapia-Lopez
et al., 2008).

Several signals including plant hormones alter root develop-
ment, particularly proliferation profiles along the root, and the
rate and distance from the QC at which cells transit from the
proliferation to elongation/differentiation zones are affected by
auxin and cytokinin concentrations, at least (Dello loio et al.,
2007, 2008; Moubayidin et al., 2010; Takahashi et al., 2013).
Indeed, auxins and cytokinins have been associated with all or
most of these phenotypes in Arabidopsis root development
(Dello Ioio et al., 2008; Moubayidin et al., 2010; Su et al.,
2011). The xall mutant and XAL!I-OE lines have similar pheno-
types to those described above. We also know that XAL/ is
positively regulated by auxins (Tapia-Lopez et al., 2008) and
the PLT] gene is induced by XALI1 (Fig. 2C). Hence, these hor-
mone networks and the XAL/ regulatory module are probably
interconnected and together underlie proper root development.

XAL1 participates in cell division regulation at the SCN

The XALI loss-of-function mutant (Tapia-Lopez et al., 2008)
and OE lines presented abnormal stem-cell proliferation
(Fig. 3). Therefore, it is likely that XAL/ is a component of the
complex regulatory network that underlies stem-cell divisions
in the Arabidopsis roots. Among other transcription factors, the
PLT genes are important components of such a network
(Azpeitia et al., 2013; Davila-Velderrain et al., 2014a, b). PLTs
are necessary for stem-cell maintenance and cell division in the
root (Aida et al., 2004; Galinha et al., 2007) and also their pro-
teins accumulation level define the location of developmental
zones (proliferation, elongation and differentiation) (Mahonen
et al., 2014). Interestingly, here we have shown that XAL1 is a
positive regulator of PLT! (Fig. 2C). PLT1 is an AP2 transcrip-
tion factor family member that regulates CYCBI, ! transcription
during root development (Aida et al., 2004). PLTI presents
nine CArG boxes in its regulatory region that suggest that
XAL1 could directly bind the PLTI promoter [plant cis-acting
regulatory DNA elements (PLACE), http://www.dna.affrc.go.
Jp/PLACE/]. Interestingly, the plt/ plt2 double mutant has
reduced cell division rate in the root meristem and also shows
diminished levels of CYCBI,;1::GUS expression (Galinha et al.,
2007), as was found for xal/l-2. Furthermore, in a recent gen-
omic study that inferred regulatory networks for Arabidopsis
root from available microarray data, we found interactions be-
tween XAL/ and PLT genes (Chavez Montes et al., 2014).

In conclusion, our study further documents that XAL/ is an
important component of the network underlying cell prolifer-
ation and elongation/differentiation transitions and overall cell
proliferation at the root stem-cell niche. Moreover, XALI par-
ticipates in the maintenance of cell endoreplication. The results
presented here for this MADS-box factor together with previous
studies (Tapia-Lopez et al., 2008; Chavez Montes et al., 2014)
suggest that the regulatory networks in which this, and probably
other MADS-domain proteins participate, underlie all such dy-
namics. The role of XALI in cell proliferation, cell-cycle dur-
ation, cell transition to elongation/differentiation and endocycle
performance may be explained, at least in part, by its regulatory
role of some relevant cell-cycle components.

Garcia-Cruz et al. — XALI participates in root cell dynamics

SUPPLEMENTARY DATA

Supplementary information is available online at www.aob.
oxfordjournal.org and consist of the following. Fig. Sl:
pCYCBI;1::GUS mitosis marker in WT, xall-2 and XALI-OE
5.2.5line at 1, 3 and 7 dpg. Fig. S2: XALI mRNA accumulation
in XALI-overexpression lines. Fig. S3: Cell production rate and
mature cortical cell length in XAL/ mutant and overexpression
lines. Table S1: Primer sequences used for quantitative and
semi-quantitative RT-PCR.
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Apéndice 3. Analisis de perfiles de

longitudes celulares en lenguaje R

Instrucciones para analizar un perfil de longitudes celulares a través del paquete 'strucchange’ con un ejemplo. Es
necesario instalar el paquete desde el repositorio de R |la primera vez que se usa. Los comentarios dentro del cédigo

estan precedidos por el signo #.

install.packages("strucchange")

# Una vez instalado se carga y estd listo para usarse

library (strucchange)

# A continuacién muestro un ejemplos de cédmo calcular el namero

# 6ptimo de transiciones , su respectiva posicién y sendos intervalos

# del 5% de confianza. Se muestra también cémo calcular los tamafios criticos
# Se declara un perfil de longitudes celulares

wt.9DAS.4<—c(7.32,8.87,9.36,8.34,5.18,5.45,5.60,4.44 ,6.71,6.71,6.84,6.88,4.28 ,4.55,
3.93,4.41,3.80,4.07,3.93,4.07,7.87,6.71,7.82,5.81,4.34,3.95,5.98,7.02,6.35,4.87 ,4.36,
4.14,4.60,5.05,3.93,3.71,4.36,7.19,7.84,7.84,8.28,6.97,7.41,7.20,6.76,6.97,8.71,8.93,
9.15,7.84 ,6.54,6.75,6.75,8.28,8.06,13.29,16.12,16.77,17.00,14.16,15.90,18.98,17.87,
23.97,28.57,27.94,25.82,37.29,40.03 ,44.55,45.76,52.88,64.97,130.16,99.90,106.07 ,
103.62,99.61,114.69,91.06)

# Se declara un vector con las posiciones de las células del perfil analizado

# La posicién cero corresponde al CQ

71



19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

APENDICE 3. ANALISIS DE PERFILES DE LONGITUDES CELULARES EN LENGUAJE R 72

x1 <— seq(0,length (wt.9DAS.4)—1)
# Con la funcién 'breakpoints’ se crea el modelo de mualtiple cambio estructural
# usando como pardmetros el perfil de longitudes y el vector de posiciones

# Se guarda en el objeto 'modelo’ y se llama a éste para ver los resultados

modelo<—breakpoints (wt.9DAS.47 x1)

modelo

# Para observar como se determiné el nimero 6ptimo de transiciones a parir del

# criterio de informacién Bayesiana

plot (modelo)

# Para el caso de este perfil el namero 6ptimo de transiciones es uno

# El intervalo de confianza de la posiciéon se puede calcular con 'confint'

confint (modelo)

# En caso de que se desee calcular dos transiciones para este perfil

# creamos y llamamos un nuevo modelo a partir del ya creado

modelo 2<—breakpoints(modelo, breaks=2)

modelo 2
# Para calcular los tamafios criticos simplemente usamos la funcién 'breakpoints’
# pero ordenando de menor a mayor el perfil de longitudes celulares

# guardamos este perfil ordenado en un nuevo objeto Illamado 'sl1°

sl <—sort (wt.9DAS.4)
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# Creamos un modelo MCE para el

# Dado que es el

mismo nimero de células ,

# vector de posiciones 'x1’

model sl <— breakpoints(sl17x1)

model sl

# Este modelo del

# Se usa la primera transicién

# Se calcula un modelo lineal para las

perfil ordenado

perfil ordenado tiene dos transiciones en

# dominio de proliferacién

Imdl <— Im(s1[1:55]7x1[1:55])

Imd1

# Usamos los coeficientes calculados

# para interpolar en la posicién 54 el

lcritD1 <— 0.1%54 + 3.4

lcritD1

# Ahora usamos la segunda transicién

para calcular el

(intercept

se puede usar el mismo

las posiciones 54 y 68

tamafio critico de divisién

= 3.41, x1 =

longitudes ordenadas de las células

0.1)

tamafio critico de divisién

del modelo MCE para calcular

# el tamafio critico de inicio del alargamiento

# Se calcula el

# de transicidn

modelo lineal para las

Imel <— Im(s1[56:69] " x1[56:69])

Imel

# Usamos los coeficientes calculados

# para calcular

el

tamafio critico de

(intercept

inicio del

rapido

longitudes ordenadas del dominio

= —94.7, x1=1.9)

alargamiento

rapido
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# interpolamos en la posicién 68

lcritE1l <— 1.9x68 — 94.7
lcritE1l
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Apéndice 4. Analisis de perfiles de

longitudes celulares en lenguaje PHP

A continuacion presento el c6digo de un sitio web puablico disponible en www.ibiologia.com.mx/MSC _analysis que
obtiene modelos MCE para perfiles de longitudes celulares. Primero un documento basico HTML que sirve para

que el usuario introduzca sus datos e indique si desea analizar el perfil calculando uno o dos limites.

<IDOCTYPE HTML PUBLIC> <htm!| lang= "en">

<head>

<meta charset="utf-8">

<title > MSC analysis for roots</title >

</head>

<body>

Cell lengths: <br>

<textarea rows="10" cols="120" name="double" value= "<?php echo $double;?>">

</textarea>

<br>

<input type="submit" value= "One breakpoint analysis" name="one">
<input type="submit" value= "Two breakpoints analysis" name="two">
</body>

</html>

Una vez que se introducen los datos y se indica que tipo de andlisis se desea hacer, el siguiente cédigo
PHP realiza los calculos para determinar la posicién de las transiciones entre las diferentes regiones del perfil de

longitudes celulares introducido. Ademas, se calculan los pardmetros de las ecuaciones lineales correspondientes
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a cada region del perfil, el tamafio critico de inicio de la division celular (LCritD) y el tamafio critico de inicio
del alargamiento rapido (LCritE). Este cédigo no calcula los intervalos de confianza para las posiciones de las
transiciones ni el nimero 6ptimo de transiciones por el criterio de informacién Bayesiana, para calcular estos es

necesario recurrir al paquete strucchange de R (Zeileis et al., 2002).

<?php

function independent ($cells){
$independent = range(0, count($cells) —1);

return Sindependent; }

function LSM($cells, $positions){
$numero = count(S$cells);

$mediay = array _sum(S$cells) / $numero;
$mediax = array _sum($positions) / Snumero;
$dify = array ();

$difx = array ();

for($i = 0; $i <= $numero; S$i++){

$ly = Scells[$i] — $mediay;

$Ix = $positions[$i] — $mediax;

array push($dify , S$ly);

array push(S$difx, $Ix); }

$mult = array ();

$cuad = array();

for($i = 0; $i <= $numero ; Si++){
$difmul = $difx[$i] = S$Sdify[$i];
$difpow = pow(S$difx[$i], 2);

array _push($Smult, $difmult);

array push($cuad, S$difpow); }

$numerador = array_sum($mult);

$denominador = array _sum($cuad);
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$pendiente = $numerador / $denominador;

$intersection = $mediay — ($pendiente * $mediax);

$predicts = array ();

for($i = 0; $i <= $numero ; $i++){

$teorico = S$intersection + ($pendiente * $positions[$i]);
array _push($predicts, $teorico);

¥

$residuals = array ();

for($i = 0; $i <= $numero

$i++){ Sresiduo = S$predicts[$i] — Scells[S$i];

$resquar = pow(S$residuo, 2);

array _push(S$residuals, S$resquar);

}

return array _sum($residuals);

}

function IsmO ($cells, $positions){

$numero = count($cells); $mediay = array sum(S%cells) / $numero;
$mediax = array _sum($positions) / Snumero;

$dify = array (); $difx = array();

for($i = 0; $i <= Snumero; Si++){

$difcells = Scells[$i] — $mediay;

$difpos = $positions[$i] — $mediax;

array push(8dify, S$difcells);

array push($8difx, $difpos); }

$mult = array ();
$cuad = array ();
for(%i = 0; $i <= $Snumero—2 ; S$i++){
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$difx [$i] = $dify[$i];
$potencia pow($difx[$i].
array push($Smult,$prod );

array push(S$cuad, $potencia); }

$numerador = array_sum($mult);

$denominador = array _sum($cuad);

$pendiente = $numerador /$denominador;
$intersection = $mediay — ($pendiente * $mediax);
$resultado = array(S%pendiente, Sintersection);

return S$resultado;

}

function leftResiduals ($cells, $positions){

$residualsLeft = array();

for(%i = 2; $i <= count(%cells) — 2; $i++){

$hResidual = LSM(array slice(S$cells, 0, $i), array_ slice($positions, 0, $i));
array push(S$residualsLeft, $hResidual)

}

return S$residualslLeft;

}

function rightResiduals($cells, $positions){
$residualsRight = array ();

for(%i = 2; $i <= count(8%cells) — 2; $i++){

$hresidual= LSM(array slice($cells, $i, count(S$cells) — $i),
array slice($positions, $i, count($positions) — $i));

array push(SresidualsRight, Shresidual);

}

return S$residualsRight;

}

function sumaDobleResiduales($cells, $positions){

$izquierda = leftResiduals($cells, $positions);
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$derecha = rightResiduals(%cells, $positions);
$sumaDobleR = array ();

for(8%i = 0; $i <= count(Sizquierda) — 1; S$i++){
$resi = array(S%izquierda[$i] + S$derecha[$i]);

array push ($sumaDobleR , array _sum($resi));

}

return $sumaDobleR;

}

function limite($cells){

$positions = independent(S$cells);
$suma = sumaDobleResiduales($cells , $positions);
$minimum = min($suma);

$i = 0; $fin = count(S$cells);

while ($i < $fin) {

if ($suma[$i] == $minimum){
$i = $i + 2; break; }
else{ Si++; }

¥

$reslimite = array ($minimum, $i—1); return S$reslimite;

}

function tres residuales($cells){
$postotal = independent($cells);
$residualGlobal= array();

$EZresidual = array();

for (81 = 8; $1 <= count($cells) —2; $I++){

$residuales derecha = LSM(array slice(%cells, $1I, count(%cells)-5§1),

array slice($postotal, $I, count($postotal)—9$1));

array _push($EZresidual, Sresiduales derecha);

}
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$tdpositions = array (); $RAMresiduales = array ();
for (81 = 8; 81 <=count($cells)—2; $I++){
$resLimites = limite(array slice($cells, 0, $1));
array _push ($RAMresiduales, $resLimites[0]);

array push(S$tdpositions, S$resLimites[1]); }

for(dm = 0; m <=count($EZresidual) —1; Sm++){
$sumaTriple = array($RAMresiduales[$Sm] + $EZresidual [$m]);

array push(SresidualGlobal, array sum(S$sumaTriple)); }

$minimoTotal = min(%8residualGlobal);

$n = 0; $fin = count(S$residualGlobal);

while ($n < $fin) {
if($residualGlobal [$n] = $minimoTotal){
break; }

else{ $n++; }

}

$tzGlobal = $n + 8;
$tdGlobal = S$tdpositions[$n];
$posicionLimites = array ($tdGlobal —1, $tzGlobal —1);

return $posicionLimites;

}

function td(S%cells){

$tz = limite($cells);
$ram = array slice(S$cells, 0, $tz);
$td = limite ($ram)+1;

$limites = array ($td, $tz);
return $limites;

}
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APENDICE 4. ANALISIS DE PERFILES DE LONGITUDES CELULARES EN LENGUAJE PHP

function limiteO ($cells){
$ordenado = $cells;
sort($ordenado);

return limite ($ordenado);

}

function tdOrdenado($cells){
$ordenado = $cells;
sort($ordenado);

return td($ordenado);

}

function MSC (S$cells){

$ordenado = $cells;

sort ($ordenado);

$MSC_simple = tres residuales($cells);

$MSC ordenado = tres residuales($ordenado);

$pdSize = array _sum(array slice($cells, 0, $MSC simple[0]));
$ramSize = array sum(array slice($cells, 0, $MSC simple[1]));
$tdSize = $ramSize — $pdSize;

$ezSize = array sum($cells) — $ramSize;

$PD = IsmO(array slice(%cells, 0, $MSC simple[0]),

array slice(independent($cells), 0, $MSC simple[0]));

$TD = IsmO(array slice($cells, $MSC_ simple[0],

$MSC_simple[1] — $SMSC simple[0]), array slice(independent($cells),
$MSC_simple[0], SMSC_simple[1] — $MSC simple[0]));
$EZ = IsmO(array_slice($cells, $MSC_simple[1],
count($cells) — $MSC_simple[1]),

array _slice(independent($cells), $MSC_ simple[1],
count($cells) — $MSC_simple[1]));
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189 $PDo = IsmO(array slice($ordenado, 0, $MSC ordenado[0]) ,

190 array slice(independent($ordenado), 0, $MSC ordenado[0]));

191 $TDo = IsmO(array slice($ordenado, $MSC ordenado[0],

192 $MSC_ordenado[1l] — $MSC ordenado[0]), array_ slice(independent($ordenado),
193 $MSC_ordenado[0], $MSC_ ordenado[1l] — $MSC_ ordenado[0]));

194 $criticalSize = $PDo[1] +($PDo[0]*($SMSC_ordenado[0] —1));

195 SelongationSize =$TDo[1l] +($TDo[0]*($MSC_ordenado[1] —1));

196

197

198 echo "Number of Proliferation Domain cells = ". $MSC_simple[0];

199 echo "<br/>";

200 echo "<br/>"; echo "Number of RAM cells = ". $MSC_simple[1] ;

201 echo "<br/>";

202 echo "<br/>"; echo "Proliferation Domain size = ".round($pdSize ,0) ;
203 echo "<br/>";

204 echo "<br/>"; echo "Transition Domain size = ". round($%tdSize ,0)
205 echo "<br/>";

206 echo "<br/>"; echo "RAM size = ".round($%ramSize ,0); echo "<br/>";
207 echo "<br/>"; echo "Elongation zone size = ".round(%ezSize , 0)

208 echo "<br/>";

209 echo "<br/>"; echo "Proliferation Domain y—intercept = ". round($PD[1].0)
210 echo "<br/>";

211 echo "<br/>"; echo "Proliferation Domain slope = ". round($PD[0].,0);
212 echo "<br/>";

213 echo "<br/>"; echo "Transition Domain slope = ". round($TD[0].,0);
214 echo "<br/>";

215 echo "<br/>"; echo "Elongation zone slope = ". round($EZ[0],0);

216 echo "<br/>";

217 echo "<br/>"; echo "Critical size of dividing cells = ". round($criticalSize ,0)
218 echo "<br/>";

219 echo "<br/>"; echo "Critical size of transition

220 to elongation = ". round($%elongationSize ,0) ;
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222
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224
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230
231
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238
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echo "<br/>";

echo "<br/>"; echo "Rank of Critical size

of dividing cells = ".$MSC_ordenado[0];

echo "<br/>";

echo "<br/>"; echo "Rank of critical size of
transition to elongation = ".$MSC_ordenado[1];
echo "<br/>";

}

if (isset($ POST['one’])) { $cambio = $ POST[ double '];

$celulas = explode(’,’, $cambio);

echo "<h2>Results for one breakpoint:</h2>"; echo "<br/>";

$Numpd = limite($celulas);

echo "Number of Proliferation domain cells = " $SNumpd[1]; echo "<br/>";
echo "<br/>";

$RamS = array_ slice($celulas, 0, $SNumpd[1]); $sizeRamS = array_ sum($RamS);
echo "Proliferation domain size = ".round(%sizeRamS,0); echo "<br/>";
echo "<br/>";

$Numtd = count($celulas) — $SNumpd[1];

echo "Number of transition domain cells = ". S$Numtd;echo "<br/>";

echo "<br/>";

$sizeTD = array _sum(S$celulas)—9%sizeRamS;

echo "Transition domain size: ". round($sizeTD ,0);echo "<br/>";

echo "<br/>";

echo "RAM size: ". round($sizeRamS + $sizeTD ,0);echo "<br/>";

echo "<br/>";

$num = independent(S$celulas);

$posRam = array_slice($num, 0, $Numpd[1]);

$PDmodel= IsmO ($RamS, $posRam);

echo "Proliferation domain y—intercept = ". round($PDmodel[1],0); echo "<br/>";
echo "<br/>";

echo "Proliferation domain slope = ". round($PDmodel[0] ,0); echo "<br/>";
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253 echo "<br/>";

254 S$tdcells = array slice($%celulas, $Numpd[1], count(S$celulas) — $SNumpd[1]);
255 S$tdpositions = array _slice ($num, $Numpd[1], count($Snum) — $SNumpd[1]);

256 S$tdmodel = IsmO($tdcells, $tdpositions);

257 echo "Transition domain slope = ". round($tdmodel[0],0); echo "<br/>";
258 echo "<br/>";

259 $ramOrdenado = $celulas; sort($ramOrdenado);

260 SrankCritDiv = limite ($ramOrdenado);

261 echo "Rank of critical size of dividing cells = ". $rankCritDiv[1]; echo "<br/>";
262 echo "<br/>";

263 S$prolifLengths = array_ slice($ramOrdenado, 0, S$rankCritDiv[1]);

264 SposProlifLengths = array slice($num, 0, S$rankCritDiv[1]);

265 S$modelCritDiv = IsmO($prolifLengths , $posProlifLengths);

266 ScriticalSize = $modelCritDiv[1l] +($modelCritDiv[0]*($rankCritDiv[1l] —1));
267 echo "Critical size of dividing cells = ". round($criticalSize ,0); echo "<br/>";
268 echo "<br/>";

269 }

270

271

272 if (isset($ _POST[ 'two'])) {

273 $cambio = $ POST[ double '];

274 echo "<br/>"; echo "<h2>Results for two breakpoints:</h2>"; echo "<br/>";
275 S$celulas = explode(',’, $cambio);

276 MSC(S$celulas);

277}

278 7>



Apéndice 5. Andlisis cuantitativo de

raices Arabidopsis, ecotipo C24

Cuadro A3: Analisis cuantitativo de raices de Arabidopsis C24 tipo silvestre a los 15 dias después de la germinacién

por modelos MCE, (n = 12).

Media (d.t) 1.C 95%

Namero de células DP 42 (10) [35, 48]
Namero de células RAM 53 (12) [46, 60]
Longitud DP (pwm) 280 (61) [241, 319]
Longitud DT (pm) 215 (55) [180, 250]
Longitud RAM (pm) 495 (102) [430, 560]
Pendiente DP (pwm/posicion celular) 0 0
Pendiente DT (wm/posicién celular) 2.0 (1.2) [1.2, 2.8]
Pendiente ZA (pm/posicion celular) 11 (5) [8, 14]
LCritD (pm) 9.4 (1.2) 8.6, 10.2]
LCritA (pm) 29 (7) [24, 33]
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